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Erika Pétervári Department of Pathophysiology and
Gerontology, Medical School, University of Pécs, Pécs,
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Introduction to the Molecular Basis of Nutrition
and Aging

This book meets the goal of the Molecular Nutrition
series by providing a unique collection of fascinating
contributions on the fundamentals of the nutritional
connection between aging and health. The great chal-
lenge of this book is to address a field that benefits
from a marked popular interest with a critical scientific
perspective.

Hence, the book is organized in one introductory
section followed by three parts that each individually
take the reader on a journey from molecules through
cells and tissues up to the whole organism. This is
likely the most comprehensive volume ever published
on the impact of nutrition on aging as it encompasses
a wide field of knowledge from the molecular basis to
clinical interventions.

The book structures the scientific contributions
around both well-established and the most innovative
and novel potential targets for intervention to affect
the biology of aging. The development of this structure
and thus the content of the contributions are focused
on those nutritional factors and interventions that are
known to act on these targets, culminating in nutri-
tional advice or identification of priorities for future
research.

The book is particularly timely at this point of the
revolution in biogerontology. Many scientists are cur-
rently considering the concept that age-related pathol-
ogy is not separate and distinct from the physiological
process of aging. The free radical theory of aging is
under question and no longer appears to be the most
plausible and promising explanation for the process of
aging. In this context, belief in the likely effectiveness
of antioxidants as antiaging treatments has been weak-
ening while new discoveries on epigenetic, nutrige-
nomic, and nutrigenetic, as well as around cellular
hallmarks of aging have led to the view that other
mechanisms should be explored to develop nutritional
interventions that can delay or even partially reverse
aging.

This revolution is likely to have an impact on clini-
cal nutrition, not only in the area of primary and sec-
ondary prevention but also in the management of the

oldest old affected by age-related pathologies. This
exceptional volume could be considered a key reposi-
tory of information on well-established and novel
mechanisms of action that may underlie observed
effects of nutritional compounds on health during
aging. The book also aims to give practical advice as
well as to stimulate question and discussion around
the most debated aspects of this field. The overarching
goal of the editors is to provide fully referenced infor-
mation to advanced students, scientists, and health
professionals, to foster the development of new ideas,
scientific projects, and clinical trials, which will be piv-
otal to improve the health of current and future older
adults.

Marco Malavolta and Eugenio Mocchegiani, the
editors, are internationally recognized biogeronto-
logists with particular expertise in the area of
nutritional intervention. Both editors put substantial
effort into selecting the leading contributors from the
scientific community to assure the quality and compre-
hensiveness of the book to generate a benchmark in
the field. The book features the work of more than 85
scientists chosen from among the best-recognized and
internationally distinguished researchers, clinicians,
and epidemiologists in the fields of biogerontology,
geriatric and nutritional science. Each contribution
provides comprehensive information on a specific theme
to guide the reader’s understanding of the molecular
mechanisms that lie beneath the impact of nutrients and
dietary interventions on health during aging.

Common aspects of the 51 chapters are an explana-
tion of key terms by a mini-dictionary, an abstract, and
the presence of short informative summary points. The
volume contains more than 100 tables and 80 figures,
an extensive and detailed index and more than 3000
up-to-date references that provide the reader with an
extraordinary source of information for further insight
into specific themes.

Part I of the book contains nine chapters to intro-
duce the reader to the basic concepts of nutrition and
aging. Chapter 1 sets out the basis of biogerontology
currently used to explain the development of the
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phenotype of aging. In brief, the molecular and cellular
basis of aging lies in the occurrence and accumulation
of damage that is accompanied by defects in mainte-
nance and repair systems finally leading to dysregu-
lated function, increased vulnerability to stress, and
reduced ability to adapt and remodel. Importantly, age
may be predicted or defined as biological age, in con-
trast to chronological age. This concept is considered
in Chapter 8, which focuses on human biomarkers of
aging, and in Chapter 2, which reports a meaningful
example of a gene expression study performed in
mouse liver tissues. Those interventions, including
nutritional ones, that are able to minimize the occur-
rence and accumulation of molecular damage and
that mimic the metabolism of individuals genetically
predisposed to longevity (Chapter 4) have the poten-
tial to promote beneficial health effects. The develop-
ment of appropriate tools for the diagnosis of
nutritional status and individual response to nutrients
that will be likely used in future for a personalized
approach to nutrition is complementary to this knowl-
edge. A rational approach to personalized nutrition in
aging can be founded on diet�gene interactions
(Chapters 2 and 3) and drug�nutrient interactions
(Chapter 7), as well as in the changes in food prefer-
ences of the elderly (Chapter 9). The nutrition of
hospitalized older people deserved particular atten-
tion, where intervention with nutritional drinks/oral
supplements and, where applicable, supportive
supplementary tube feeding must be considered
(Chapter 5). Although still early for translation of the
body of scientific knowledge presented here, practical
application of this knowledge continues to grow and
medical practitioners as well as dietitians will soon
apply these new discoveries to tailor nutritional advice
as a precise intervention to promote health and
prevent disease in the older population.

Part II of the book is dedicated specifically to the
molecular hallmarks of aging, which are presented
and discussed from the perspective of them providing
targets for nutritional intervention. Among the pri-
mary hallmarks of aging, likely to cause the accumula-
tion of damage, telomere attrition (Chapter 10),
epigenetic alterations (Chapters 16, 17, and 21), and
genomic instability (Chapters 13 and 18) are discussed
from a nutritional perspective. Specific key concepts
include the possibility to manipulate with nutritional
interventions the activity of the Polycomb-group pro-
teins (key epigenetic regulators of stem cell self-
renewal and cellular senescence), microRNAs (a class
of small noncoding RNAs, which are powerful post-
transcriptional regulators of gene expression), the cel-
lular capacity to repair DNA damage, as well as the
exposure to xenobiotics and other DNA damaging
pollutants.

The key players in the response to age-related dam-
age could be considered secondary hallmarks of age-
ing. These molecular mediators are a focus of intense
debate and contradictory findings generated in the
main experimental models. Hence, major emphasis
in this part of the book is given to the phenomenon of
deregulated nutrient sensing including its primary
targets, that is, the target of rapamycin (TOR) kinase
(mTOR in the case of mammals) (Chapter 11) and the
FOXO family of transcription factors (Chapter 15), the
energy production problems and the related conse-
quences of mitochondrial dysfunction and oxidative
stress (Chapters 12 and 19), as well as to the hot topic
of modulation of cellular senescence (Chapter 22).
Features of the integrative hallmarks of aging are
also discussed, with a focus on alteration of the molec-
ular signals that regulate organismal energy balance
(Chapter 14) and on the alteration of intercellular com-
munication caused by exogenous and endogenous
advanced glycated end products (Chapter 20).

The major challenges that emerge from this section
are to disentangle the direct and indirect effects of
nutrients and dietary interventions on these candidate
hallmarks as well as to provide a quantitative estima-
tion of their impacts on improving human health.

Part III of the book is dedicated to the aging of
systems and organs with an emphasis on those
changes that compromise physiological effectiveness in
the organism. Systems and organs are thus described
as the targets of dietary and nutritional interventions
aimed to preserve their function during aging. Each
chapter of this section is dedicated to a different sys-
tem or organ and to the chronic noncommunicable dis-
eases that originate from its dysfunction in aging.
Although there is no specific focus on cancer (which
can originate in different organs and tissues), all
other global major causes of death and disability are
considered. Thus, the impact of nutrition on cardiovas-
cular aging and diseases (Chapter 23), brain aging and
dementia (Chapter 24), disorders of carbohydrate
metabolism and diabetes (Chapter 29), as well as lung
aging and chronic respiratory diseases (Chapter 30),
are all covered comprehensively.

Particular attention is also given to the impact of
nutrition on changes and diseases that affect the mus-
culoskeletal apparatus in the elderly, including bone
aging and osteoporosis (Chapter 25), as well as frailty
and sarcopenia (Chapter 26) and its consequences.

The role of nutritional factors implicated in the pro-
gression of renal failure or in preserving kidney func-
tion (Chapter 31) as well as in preventing or delaying
degenerative diseases of the eye (Chapter 32) are
also critically addressed. A specific chapter is dedi-
cated to the impact of nutrition on the decline of the
immune system in aging (Chapter 28) and another to

xx INTRODUCTION TO THE MOLECULAR BASIS OF NUTRITION AND AGING



the consequences of physiological and pathophysiolog-
ical changes associated with the aging of the human
gastrointestinal tract on nutritional status (Chapter 27).

This part of the book provides important informa-
tion related to medical nutrition therapies with an
impact on specific diseases of the elderly.

Part IV of the book is dedicated to dietary and nutri-
tional interventions with a focus on the effects of single
nutrients, dietary factors, supplements, or other nutri-
tional strategies aimed to prevent or manage age-related
diseases and preserve health and longevity. Particular
attention is also given to the metabolism, absorption, bio-
availability, distribution, and extraction of selected nutri-
tional factors in the context of aging. The interaction of
aging with a wide range of micronutrients is reviewed
and discussed, including vitamins A (Chapter 34),
B (Chapter 42), C (Chapter 43), D (Chapter 33), and
E (Chapter 45), folic acid (Chapter 36), essential

elements, such as zinc (Chapter 39), selenium
(Chapter 40), iron (Chapter 37), and iodine (Chapter 41),
as well as essential minerals (ie, magnesium, calcium,
and potassium) (Chapter 38). Dietary interventions that
impact on the macronutrient pool, such as caloric restric-
tion in humans (Chapter 48) and omega-3 polyunsatu-
rated fatty acids (Chapter 44), are also considered along
with the impact on aging of bioactive nonnutritional fac-
tors, including polyphenols (Chapter 46) and the bioac-
tive natural compounds prevalent in the Asian diet
(Chapter 47), with a chapter dedicated to curcumin
(Chapter 35). Beyond single micro- and macronutrients,
this section also considers the potential of probiotics and
prebiotics (Chapter 49) as well as the impact of dietary
vegetables and fruit (Chapter 50) in preserving health
in aging. A final chapter (Chapter 51) is dedicated to a
revision of current nutritional recommendations with a
specific focus on the needs of elderly people.
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Series Preface

In this series on Molecular Nutrition, the editors
of each book aim to disseminate important material
pertaining to molecular nutrition in its broadest sense.
The coverage ranges from molecular aspects to whole
organs, and the impact of nutrition or malnutrition on
individuals and whole communities. It includes con-
cepts, policy, preclinical studies, and clinical investi-
gations relating to molecular nutrition. The subject
areas include molecular mechanisms, polymorphisms,
SNPs, genomic-wide analysis, genotypes, gene expres-
sion, genetic modifications, and many other aspects.
Information given in the Molecular Nutrition series
relates to national, international, and global issues.

A major feature of the series that sets it apart from
other texts is the initiative to bridge the transintellec-
tual divide so that it is suitable for novices and experts

alike. It embraces traditional and nontraditional for-
mats of nutritional sciences in different ways. Each
book in the series has both overviews and detailed and
focused chapters.

Molecular Nutrition is designed for nutritionists,
dieticians, educationalists, health experts, epidemiolo-
gists, and health-related professionals, such as
chemists. It is also suitable for students, graduates,
postgraduates, researchers, lecturers, teachers, and
professors. Contributors are national or international
experts, many of whom are from world-renowned
institutions or universities. It is intended to be
an authoritative text covering nutrition at the molecu-
lar level.

V.R. Preedy
Series Editor
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C H A P T E R

1

Molecular and Cellular Basis of Aging
Suresh I.S. Rattan

Laboratory of Cellular Ageing, Department of Molecular Biology and Genetics, Aarhus University, Aarhus, Denmark

KEY FACTS

• Signs of biological aging appear progressively
and exponentially during the period of survival
beyond the ELS of a species.

• There are no gerontogenes evolved with a
specific function of causing aging and eventual
death.

• The role of genes in aging and longevity is
mainly at the level of longevity-assurance in
evolutionary terms.

• The phenotype of aging is highly differential
and heterogeneous at all levels of biological
organization.

• Aging is characterized by a stochastic
occurrence, accumulation, and heterogeneity of
damage in macromolecules.

• Mild stress-induced activation of defense and
repair processes helps to maintain health and
prolong longevity.

Dictionary of Terms

• Essential lifespan (ELS): optimal duration of life as
required by the evolutionary life history of a
species. ELS of a species is different from both the
average lifespan (ALS) of a cohort of a population,
and the maximum lifespan (MLS) recorded for an
individual within a species. For example, ELS for
Homo sapiens is considered to be about 45 years,
whereas the present ALS for the populations of
industrially developed countries is about 80 years,
and the MLS recorded so far for human beings is
122 years.

• Homeodynamics: in contrast to the machine-based
conceptual model homeostasis, which means the
same state, the term homeodynamics incorporates
the dynamic nature of the living systems, which is
not static but constantly changing, remodeling, and
adapting.

• Homeodynamic space: a conceptual term to describe
the “survival ability” or the “buffering capacity” of
a biological system; it is comprised of three main
categories of biological processes—stress response,
damage control, and continuous remodeling.

• Hormesis: biphasic dose response in which the
negative or toxic consequences of exposure to high
levels of a stressor are observed to be reversed
(positive or beneficial) at low levels. Moderate
physical exercise is the paradigm for physiological
hormesis. The science and study of hormesis is
known as Hormetics.

• Hormetin: a condition that induces hormesis; three
main types of hormetins are: physical hormetins
(temperature, irradiation, mechanical tension);
nutritional hormetins (spices and other NNFC,
calorie restriction, fasting); and mental hormetins
(psychological challenge, meditation).

INTRODUCTION

Improving human health and longevity through
nutrition is one of the longest running themes in his-
tory. While dreams of a perfect food for eternal youth
and immortality may still occupy the minds of some,
modern scientific knowledge has opened up novel
approaches toward understanding and utilizing nutri-
tion in a more realistic and rational way. However, in
order to fully appreciate and evaluate the possible
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approaches toward modulating aging, it can be useful
to have an overview and understanding of the current
status of biogerontology—the study of the biological
basis of aging.

This chapter aims to provide a general review of the
molecular and cellular basis of aging, mechanistic the-
ories of aging, homeodynamic mechanisms of survival,
maintenance, and repair, followed by a discussion of
nutrition-based aging interventions, especially the
nutritional hormetins that bring about their health ben-
eficial effects by stress-induced hormesis.

BIOLOGICAL PRINCIPLES OF AGING

Modern biogerontology can be considered to origi-
nate in the second half of the 20th century with the
writings and experimental findings of Peter Medawar
[1], Denham Harman [2], and Leonard Hayflick [3,4].
It can be safely said that the biological bases of aging
are now well understood and a distinctive framework
has been established [5�7]. This framework has been
developed from numerous theoretical analyses, and
hundreds of descriptive and interventional experimen-
tal studies performed on a wide variety of biological
systems with a range of life histories and traits. Four
main biological principles can be derived from these,
which cover evolutionary, genetic, differential, and
molecular aspects of aging and longevity (Table 1.1).

Thus, aging is an emergent and epigenetic metaphe-
nomenon, which is neither determined by any geronto-
genes, nor is it controlled by a single mechanism.
Furthermore, individually no tissue, organ, or system
becomes functionally exhausted even in very old
organisms; and it is their interconnectedness, interac-
tion, and interdependence that determine the survival
of the whole. Various ideas have been put forward to
explain the mechanistic basis of aging, and generally
all of them incorporate, in one or the other way, molec-
ular damage, molecular heterogeneity, and metabolic
imbalance as the cause of aging. These ideas include
virtual gerontogenes [12], system failure [13], unregu-
lated growth-related quasiprograms [14], and meta-
bolic instability [15,16]. Most importantly, almost all
these views directly or indirectly reject the notion of
the evolution of any specific and real genes for aging.

OCCURRENCE, ACCUMULATION,
AND CONSEQUENCES OF MOLECULAR

DAMAGE

As discussed in detail previously [9,17], molecular
damages within a cell arise constantly mainly from the
following sources: (i) reactive oxygen species (ROS)

and other free radicals (FR) formed by the action of
external inducers of damage (eg, UV-rays), and as a
consequence of intrinsic cellular metabolism involving
oxygen, metals, and other metabolites; (ii) nutritional
glucose and its metabolites, and their biochemical inter-
actions with ROS and FR; and (iii) spontaneous errors
in biochemical processes, such as DNA duplication,
transcription, posttranscriptional processing, translation,
and posttranslational modifications. Occurrence of
molecular damage has led to the formulation of at least
two mechanistic theories of biological aging, which
have been the basis of most of the experimental aging
research during the last 50 years [9].

The first one of these is the so-called free radical
theory of aging (FRTA), which arose from the premise
that a single common biochemical process may be
responsible for the aging and death of all living beings
[18,19]. There is abundant evidence to show that a
variety of ROS and other FR are indeed involved in
the occurrence of molecular damage that can then lead
to structural and functional disorders, diseases, and
death. The chemistry and biochemistry of FR are very
well worked out, and the cellular and organismic con-
sequences are also well documented [20]. However,
the main criticism raised against FRTA is with respect
to its lack of incorporation of the essential and benefi-
cial role of FR in the normal functioning and survival
of biological systems [21,22]. Furthermore, FRTA pre-
sents FR as the universal cause of damage without
taking into account the differences in the wide range
of FR-counteracting mechanisms in different species,
which effectively determine the extent of damage
occurrence and accumulation. Additionally, a large
body of data that shows the contrary and/or lack of
predictable and expected beneficial results of antioxi-
dant and FR-scavenging therapies has restricted the
application of FRTA [22�25].

TABLE 1.1 Principles of Aging and Longevity

1. Evolutionary life history principle: Aging is an emergent
phenomenon seen primarily in the period of survival beyond
the natural lifespan of a species, termed “essential lifespan”
(ELS) [8,9].

2. Nongenetic principle: There is no fixed and rigid genetic program
that determines the exact duration of survival of an organism,
and there are no real gerontogenes whose sole function is to cause
aging [9].

3. Differential principle: The progression and rate of aging is different in
different species, organisms within a species, organs and tissues
within an organism, cell types within a tissue, subcellular
compartments within a cell type, and macromolecules within a
cell [9].

4. Molecular mechanistic principle: Aging is characterized by a
stochastic occurrence, accumulation, and heterogeneity of damage
in macromolecules, leading to the failure of maintenance and
repair pathways [9�11].
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The second major mechanistic theory that incorpo-
rates the crucial role of macromolecular damage is the
so-called protein error theory of aging (PETA). The his-
tory of PETA, also known as the error catastrophe the-
ory, is often marked with controversy [9,17,26]. Since
the spontaneous error frequency in protein synthesis is
generally several orders of magnitude higher than that
in nucleic acid synthesis, the role of protein errors and
their feedback in biochemical pathways has been
considered to be a crucial one with respect to aging.
Several attempts have been made to determine the
accuracy of translation in cell-free extracts, and most of
the studies show that there is an age-related increase
in the misincorporation of nucleotides and amino acids
[26�30]. It has also been shown that there is an age-
related accumulation of aberrant DNA polymerases
and other components of the transcriptional and trans-
lational machinery [31,32].

Further evidence in support of PETA comes from
experiments which showed that an induction and
increase in protein errors can accelerate aging in
human cells and bacteria [26,33,34]. Similarly, an
increase in the accuracy of protein synthesis can slow
aging and increase the lifespan in fungi [35�37].
Therefore, it is not ruled out that several kinds of
errors in various components of the protein synthetic
machinery and in mitochondria do have long term
effects on cellular stability and survival [29,30].
However, almost all these methods have relied on
indirect in vitro assays, and so far direct, realistic, and
accurate estimates of age-related changes in errors in
cytoplasmic and mitochondrial proteins, and their bio-
logical relevance, have not been made. Similarly,
applying methods such as two-dimensional gel electro-
phoresis, which can resolve only some kinds of misin-
corporations, have so far remained insensitive and
inconclusive [26,38,39].

Both the FRTA and PETA provide molecular
mechanisms for the occurrence of molecular damage.
Additionally, nutritional components, especially the
sugars and metal-based micronutrients, can induce,
enhance, and amplify the molecular damage either
independently or in combination with other inducers of
damage. It is important to point out that although the
action of the damaging agents is mainly stochastic, the
result of whether a specific macromolecule will become
damaged and whether damage can persist depends
both on its structure, localization, and interactions with
other macromolecules, and on the activity and effi-
ciency of a complex series of maintenance and repair
pathways, discussed below [9,17]. Understanding the
quantitative and qualitative aspects of molecular dam-
age in terms of their biological relevance is one of the
most challenging aspects of the present biogerontologi-
cal research.

Whatever the reason for the occurrence of molecular
damage, accumulation of damage in DNA, RNA, pro-
teins, and other macromolecules is a well-established
molecular phenotype of aging. Since there is an
extremely low probability that any two molecules
become damaged in exactly the same way and to the
same extent, an increase in molecular heterogeneity is
inevitable. Increased molecular heterogeneity is the
fundamental basis for the molecular, biochemical,
cellular, and physiological changes happening during
aging. Such age-related changes include genomic
instability, mutations, dysregulated gene expression,
cellular senescence, cell death, impaired intercellular
communication, tissue disorganization, organ dysfunc-
tions, increased vulnerability to stress, reduced ability
to adapt and remodel, and increased chances of the
emergence of age-related diseases [7,40,41].

HOMEODYNAMICS AND THE
HOMEODYNAMIC SPACE

Another way to understand aging is by understand-
ing the processes of life and their intrinsic limitations.
Survival of an organism is a dynamic tug between the
occurrence of damage and the processes of mainte-
nance and repair systems (MARS). The main MARS
that comprise the longevity-assurance processes are
listed in Table 1.2.

Another way of conceptualizing MARS is the idea of
“homeodynamic space,” which may also be considered
as the survival ability or the buffering capacity of a bio-
logical system [10]. The term “homeodynamics,” mean-
ing “the same dynamics,” is distinct from the classical
term homeostasis, that means “the same state,” which
ignores the reality of ever-dynamic, ever-changing and
yet appearing to remain the same, dynamic living sys-
tems [42]. Biological systems—cells, tissues, organs,
organisms, and populations—are never static, and
therefore the most commonly used term homeostasis is
wrong for living systems.

Three main characteristics of the homeodynamic
space are the abilities to control the levels of molecular

TABLE 1.2 Main MARS in a Biological System

1. Nuclear and mitochondrial DNA repair
2. RNA and protein repair
3. Defenses against ROS and other FR
4. Removal of defective macromolecules and organelles by

autophagy, lysosomes, and proteasomes
5. Detoxification of chemicals and nutritional metabolites
6. Sensing and responding to intra- and extracellular stress
7. Innate and adaptive immune responses and apoptosis
8. Wound healing, tissue regeneration, and other higher order

processes, including thermal regulation, neuroendocrine balance,
and daily rhythms
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damage, to respond to external and internal stress, and
to constantly remodel and adapt in dynamic interac-
tions. A large number of molecular, cellular, and phys-
iological pathways and their interconnected networks,
including MARS listed in Table 1.2, determine the
nature and extent of the homeodynamic space of an
individual.

At the species level, biological evolutionary pro-
cesses have assured the essential lifespan (ELS) of
a species by optimizing for homeodynamic space
through MARS, which are also the main target of
evolutionary investment, stability, and selection
[16,43�47]. However, the period of survival beyond
ELS is characterized by the progressive shrinkage of
the homeodynamic space characterized by reduced
ability to tolerate stress, to control molecular damage,
and to adapt and remodel. Shrinkage of the homeody-
namic space leads to an increase in the zone of vulner-
ability, reduced buffering capacity, and increased
probabilities for the onset and emergence of chronic
diseases [10]. Major chronic conditions, for example,
metabolic disorders, depression, dementia, malnutri-
tion, and several types of age-related cancers, are
mostly due to the generalized failure and dysregula-
tion of processes of life and their interactive networks,
and not due to any specific cause(s) [48�51]. Thus,
aging in itself is not a disease, but is a condition that
allows the emergence of one or more diseases in some,
but not all, old people.

NUTRITION AND FOOD FOR AGING
INTERVENTIONS

There is a lot of scientific and social interest in
the real and potential power of food in improving
health, preventing diseases, and extending the lifespan
[52�55]. However, in scientific research and experi-
mentation, often little or no distinction is made
between nutrition and food, which is a gross omission
in a social context. As discussed elsewhere [56], nutri-
tion is the amalgamation of various components, such
as proteins, carbohydrates, fats, and minerals, which
are needed for the survival, growth, and development
of a biological system. However, food is what, why,
and how we eat for survival, health, and longevity.
This distinction between nutrition and food is a very
important variable for humans, and may be equally
important for other animal models used in research,
where the appearance, the smell, the texture, and the
taste of the food matter. None of the nutritional com-
ponents is by itself either good or bad, and none of the
foods is either healthy or unhealthy. Nutrition can lead
to either good effects or bad effects; and the food can
have consequences making us either healthy or

unhealthy. It is the quantity, quality, frequency, and
emotional satisfaction that determine whether any par-
ticular food can help us achieve the aim of maintaining
and improving health, and delaying, preventing, or
treating a disease [56].

Some food components in the diet of human beings
do not have any nutritional value in the normal sense
of providing material for the structure, function, and
energy requirements of the body [57]. Such nonnutri-
tional food components (NNFC) usually come from
spices, herbs, and the so-called vegetables and fruits,
for example, onion, garlic, ginger, shallot, chive, and
chilies [58]. Different combinations of NNFC are inte-
gral parts of different food cultures in different social
setups, and carry a wide range of claims made for their
health beneficial and longevity promoting effects. Not
all such claims for NNFC have been scientifically tested
and confirmed, and often very little is known about
their biochemical mode of action. However, recent
research in the field of hormesis is unraveling some of
the mechanistic basis for the effects of NNFC [59].

Hormesis is the positive relationship between low-
level stress and health [59�61]. Whereas uncontrolled,
severe, and chronic stress is recognized as being harm-
ful for health, single- or multiple-exposures to mild
stress are generally health beneficial. Moderate exer-
cise is the best example of such a phenomenon of mild
stress-induced physiological hormesis. Exercise ini-
tially increases the production of FR, acids, and other
potentially harmful biochemicals in the body, but the
cellular responses to stress, in increasing defense and
repair processes, protect and strengthen the body.
Such conditions, which induce hormesis, are called
hormetins, and are categorized as physical, mental,
and nutritional hormetins [62,63].

NUTRITIONAL HORMETINS

Among different types of hormetins, nutritional
hormetins, especially those derived from plant
sources, have generated much scientific interest for
their potential health beneficial effects. This is
because of the realization that not all chemicals found
in plants are beneficial for animals in a direct manner,
but rather they cause molecular damage by virtue of
their electrochemical properties [64]. Several NNFC
and their constituent chemical entities, such as flavo-
noids or bioflavonoids, are nutritional hormetins.
This is because they directly or indirectly induce one
or more stress responses, such as Nrf2 activation, heat
shock response (HSR), unfolded protein response,
and sirtuin response [63,65]. After the initial recogni-
tion of disturbance or damage caused by a stressor,
numerous downstream biochemical processes come
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into play, including the synthesis and activation of
chaperones, stimulation of protein turnover, induc-
tion of autophagy, and an increase in antioxidant
enzymes [65].

Several NNFC have been shown to achieve the
antioxidant effects by the activation of Nrf2 transcrip-
tion factor. This activation generally happens follow-
ing the electrophilic modification/damage of its
inhibitor protein Keap1, which then leads to the accu-
mulation, heterodimerization, nuclear translocation,
and DNA binding of Nrf2 at the antioxidant response
element, resulting in the downstream expression of
a large number of the so-called antioxidant genes,
such as heme oxygenase HO-1, superoxide dismutase,
glutathione, and catalase [64,66,67]. Some well-known
phytochemicals and plant extracts which strongly
induce Nrf2-mediated hormetic response include
curcumin, quercetin, genistein, eugenol coffee, tur-
meric, rosemary, broccoli, thyme, clove, and oregano
[64,68].

Another stress response pathway that has been
studied in detail and can be the basis for identifying
novel nutritional hormetins is the HSR. Induction of
proteotoxic stress, such as protein misfolding and
denaturation, initiates HSR by the intracellular release
of the heat shock transcription factor from their captor-
proteins, followed by its nuclear translocation, trimeri-
zation, and DNA-binding for the expression of several
heat shock proteins (HSP) [69,70]. A wide range of
biological effects then occur which involve HSP, such
as protein repair, refolding, and selective degradation
of abnormal proteins leading to the cleaning up and
an overall improvement in the structure and function
of the cells. Various phytochemicals and nutritional
components have been shown to induce HSR and
have health beneficial effects including antiaging and
longevity promoting effects. Some examples of nutri-
tional hormetins involving HSR are phenolic acids,
polyphenols, flavonoids, ferulic acid [71,72], geranyl-
geranyl, rosmarinic acid, kinetin, zinc [72�74], and the
extracts of tea, dark chocolate, saffron, and spinach
[75]. Further screening of animal and plant compo-
nents for their ability to induce HSR can identify other
potential nutritional hormetins.

Other pathways of stress response, which are
involved in initiating hormetic effects of nutritional
components are the NFkB, FOXO, sirtuins, DNA
repair response, and autophagy pathways.
Resveratrol and some other mimetics of calorie
restriction work by the induction of one or more of
these pathways [74,76]. Discovering novel nutritional
hormetins by putting potential candidates through a
screening process for their ability to induce one or
more stress pathways in cells and organisms can be a
promising strategy [63].

CONCLUSIONS

The molecular and cellular bases of aging lie in the
progressive failure of MARS that leads to the emer-
gence of the senescent phenotype. There are no geron-
togenes with the specific evolutionary function to
cause aging and death of an individual. The concept of
homeodynamic space can be a useful one in order
to identify a set of measurable, evidence-based, and
demonstratable parameters of health, robustness, and
resilience. Age-related health problems, for which there
are no clear-cut causative agents, may be better tackled
by focusing on health mechanisms and their mainte-
nance, rather than disease management and treatment.
Biogerontological and other research on life processes
and lifestyle-related diseases have shown that the
issues of aging, quality of life, and longevity need to be
approached with health-oriented paradigms.

SUMMARY POINTS

• Molecular and cellular bases of aging lie in the
occurrence and accumulation of damage.

• Imperfections of the MARS that comprise the
homeodynamic space for survival lead to a
progressive failure of homeodynamics.

• Impaired and dysregulated function, increased
vulnerability to stress, and reduced ability to adapt
and remodel are the major signs of aging.

• Aging is a continuum of life-history in which some
changes can lead to the clinical diagnosis as
emergence of one or more diseases.

• Approaches for intervention, prevention, and
modulation of aging require means to minimize the
occurrence and accumulation of molecular damage.

• Mild stress-induced hormesis caused by physical,
biological, and nutritional hormetins is a promising
holistic strategy for strengthening the homeodynamics.

• Some food components, which induce one or more
pathways of stress response, are potential
nutritional hormetins, and can have health- and
longevity-promoting effects.
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KEY FACTS

• Accumulation of cellular damage is a central
feature of aging, resulting in functional decline
and increased vulnerability to pathology and
disease. This accumulation occurs over time, but
is not exclusively time-dependent.

• Concerning biomedical issues, age may rather be
predicted or defined as biological age, in
contrast to chronological age.

• Examples of determinants of biological age are
functional and physiological parameters,
including pathological parameters.

• Age-related pathological phenotypes accumulate
at different rates per individual and independent
of other pathological endpoints within the same
tissue, or similar endpoints across tissues.

• Within one individual, severe scorings of
pathological parameters are rarely present for
multiple parameters, that is, individuals score
“old” on one parameter but not on the others,
within and between organs.

• Using age-related phenotypes, gene-expression
profiles and biological pathways are identified
which are different from the profiles and

pathways identified when using chronological
age as the sole determiner of age.

• As all age-related phenotypes show some
correlation with age, this new approach gives
insight in phenotype-specific age markers that
could be used to stratify individuals in their
personal aging trajectories.

• Appropriate weighing factors between
phenotype-specific markers may ultimately lead
to the derivation of a biological age score for the
entire individual organism.

Dictionary of Terms

• Chronological age: age expressed as the amount of
time a person has lived in years, weeks, or days
(eg, passport age).

• Biological age: age expressed as a measurement of
biologically relevant parameters such as
vulnerability to death and/or disease, risk of
functional decline, or frailty index.

• Gene expression profiles/whole transcriptome analysis:
profiles of the amount of mRNA expression in a
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certain set of samples. Whole transcriptome analysis
refers to the ability to analyze a large set of genes in
a single sample.

• Age-related phenotypes: phenotype is a term used to
parse a disease or set of symptoms in more
stable components. In our case, phenotypes are used
to parse symptoms related to aging into measurable
parameters which are (partially) independent of
each other.

• Markers of frailty: frailty refers to the age-related
decline in physical, mental, and/or social
functioning and as such is a concept of “unhealthy
aging.” Markers of frailty can be used to identify
people at risk for accumulated aging phenotypes.

• Lipofuscin: pigment granules that are mainly
composed of lipid-containing residues of lysosomal
digestion. Accumulation of lipofuscin is associated
with aging and can be observed in several organs
(such as liver, nerve cells, kidney).

• Karyomegaly: refers to the presence of enlarged cell
nuclei, and is associated with aging.

• Liver vacuolization: vacuolization potentially caused
by increased glycogen storage, fat storage, or
cellular swelling and may represent a (reversible)
degenerative stage.

INTRODUCTION

Aging can be broadly defined as the functional
decline occurring in organisms in a time-dependent
manner. Aging is a complex process comprising a
wide variety of interconnected features [1�7]. A central
feature is the accumulation of cellular damage which
results in functional decline and increased vulnerability
to pathology and disease [1,2]. This accumulation occurs
over time, but is not exclusively time-dependent. Human
lifespan varies from less than 10 years for the severe pro-
geria patients to over 100 years for centenarians [8�10].
This variation in human lifespan is partly related to
genetic variation [8�10]. However, even in genetically
identical animals and monozygotic twins lifespan, fit-
ness, and biological functions of, for example, the
immune system vary substantially [11�14], indicating
that other factors than time and genetic variation are
important determinants of biological aging as well. It is
likely that the heterogeneity in lifespan observed within
and between species is determined by a balance between
damaging exposures and resilience to this damage [15].
It is important to note that biological aging is a stochasti-
cally driven process; there are components of coinci-
dence involved in the net damage that occurs. Hence,
variations in lifespan and fitness at older age arise from

differences in exposure to damaging properties from the
environment, differences in the characteristics of the
damage done, and the body’s innate ability to repair and
compensate for this damage.

The functional decline associated with progressing
chronological age has been proven difficult to mechanis-
tically dissect or translate into consistent biomarkers of
this decline. Likely, this is partly due to the complex
interconnection of involved mechanisms that are diffi-
cult to disentangle and partly due to the use of chrono-
logical age (time) as the most important determinant in
defining “young” and “old” animals or humans. Each
individual organism follows its own path of aging, and,
as a result, generalization of groups based on chronolog-
ical age results in a heterogeneous set of aging processes,
particularly in older groups. Consequently, this hampers
investigations into the mechanisms underlying aging.
Instead of using chronological age as the most important
determinant, we propose to take biological age-ranks for
a better assessment of the underlying mechanisms.

The idea of investigating biological age was proposed
in 1969 by Alex Comfort [16] and has received attention
ever since (eg, see Refs. [2,12,15,17�21]). Biological age
refers to the age of an organism expressed in terms of
biological fitness based on parameters that relate to the
functional decline or vulnerability to death, in contrast
to the chronological age, which depends exclusively
on time. Hence, for a parameter to be informative of bio-
logical age it should associate with functional decline,
vulnerability to death, or lifespan, and not necessarily
with chronological age.

Several researchers have investigated whether phys-
iological and/or functional parameters were associated
with vulnerability to death or lifespan and, as such,
whether these parameters were suitable markers for
biological age. For example, Levine investigated
several methods to use a set of physiological factors
(eg, C-reactive protein, white blood cell count, serum
urea nitrogen) to predict biological age [15]. The value
of the predictions was tested by applying them to a
large cohort of subjects (30�75 years) of which the
physiological parameters and lifespan were known.
He concluded that the Klemera and Doubal method, in
which biological age is calculated based on a combined
score of multiple aging dependent fitness parameters
(including, eg, C-reactive protein, cholesterol levels,
forced expiratory volume, and blood pressure) is better
at predicting mortality than chronological age [15].
A slightly different approach was recently used by
Tomas-Loba et al., who related metabolic profiles to
chronological age and consecutively investigated if
these could predict biological age in mice known to
have a short or long lifespan [19]. The metabolic signa-
ture associated with chronological aging was able to
predict aging produced by telomere-shortening.
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However, in this study the researchers did not investi-
gate if the metabolic profile was related to actual life-
span or functional decline.

A study by Holly et al. identified a set of six genes
from human peripheral blood leukocytes that was
predicative for chronological age [17]. This set was
used in a second set of subjects to investigate if they
could identify subjects with a younger predicted bio-
logical age (ie, healthier phenotype) compared to their
chronological age. Subsequently, this group of “youn-
ger” subjects was compared to the remainder of the
group based on several functional and physiological
parameters associated with aging. They observed that
the “predicted biologically younger” group scored bet-
ter on the functional and physiological parameters
(such as muscle strength, c-reactive protein, and sev-
eral others), indicating that their biological age was
lower than their chronological age.

In summary, these studies indicate that physiologi-
cal and functional parameters can be used to predict
or determine biological age. For example, it has been
proposed that predicted biological age can be used to
estimate an individual’s chance of success when
undergoing a complex surgery [22]. Another important
functionality that using biological age enables is the
investigation of mechanisms underlying aging and the
search for pathology specific markers or frailty mar-
kers. In this chapter, we describe a method that takes
into account a measure of biological aging, histopatho-
logical parameters in the liver, instead of chronological
age as a mere determinant for age, with the aim of
investigating mechanisms underlying aging.

PATHOLOGICAL PARAMETERS ARE
ONLY PARTIALLY ASSOCIATED WITH

CHRONOLOGICAL AGE

To investigate biological aging-related processes,
different pathological parameters were scored at six
chronological ages (13, 26, 52, 78, 104, 130 weeks) in
female C57BL/6J mice [12,18]. Pathology scores
were used to “rerank” the animals, independent of
their chronological age, to derive a biological age
ranking for each specific phenotype (Fig. 2.1). In
Fig. 2.1, animals with the same rank are separated
by chronological age for visualization purposes
only, analyses were performed with original
rankings.

We focused on three different liver pathologies
(lipofuscin index, karyomegaly, and liver vacuoliza-
tion) and to allow comparisons between organs we
determined the severity of lipofuscin accumulation
in the brain (brain lipofuscinosis). This focus on the
liver was chosen considering the importance of

metabolic processes of the liver in aging [2]. These
three different pathological endpoints were selected
from a set of seven initially analyzed endpoints [12],
based on their scoring: higher dynamic scores are
favorable in correlation analyses. Lipofuscin refers
to the pigment granules that are mainly composed
of lipid-containing residues of lysosomal digestion.
Accumulation of lipofuscin is associated with chrono-
logical aging and can be observed in several tissues
(such as liver, brain, nerve cells, kidney). Lipofuscin
accumulation in the liver is expressed as the lipofuscin
index (spot count 3 spot size 3 spot intensity, for all
parameters the average of three fields is used). In the
brain, lipofuscin accumulation is scored as stages of
lipofuscinosis, which refers to the accumulation of
lipofuscin in neurons. Karyomegaly refers to the
presence of enlarged cell nuclei, associated with aging,
and liver vacuolization is likely a consequence of
increased glycogen storage, fat storage, or cellular
swelling and may represent a (reversible) degenerative
stage. The liver vacuolization was not further
specified. For some animals certain pathology scores
were not assessed. Therefore, the number of animals is
unequal: liver lipofuscin 51 animals, liver karyomegaly
49 animals, liver vacuolization 49 animals, and brain
lipofuscinosis 46 animals.

The pathology parameters partially correlate with
chronological age (Table 2.1 and Fig. 2.1(A)). The
strongest correlations are observed for lipofuscin
accumulation in liver (R5 0.85) and brain (R5 0.79).
The other two pathological parameters measured in
liver correlate less strongly with chronological age:
karyomegaly R5 0.54 and liver vacuolization
R5 0.52 (Table 2.1). In Fig. 2.1(B), individual mice
are ranked based on the separate pathology scores
and colors indicate chronological age. Here the
partial correlations observed between pathological
parameters and chronological age are visualized,
which exemplifies the concept of biological aging
being partially distinct from chronological aging and
emphasizes the importance of using biological
endpoints. For example, based on lipofuscin scoring,
a liver sample of a 2-year-old mouse could be
considered “younger” than the liver of a 1-year-old
mouse (mice are indicated with arrows in Fig. 2.1,
red arrow5 130 weeks of age, green arrow5 52
weeks of age).

Interestingly, the variation observed within the
age groups increases with chronological age for lipo-
fuscin accumulation in liver and brain, with low
levels of variation at a young age and increased
variation at older ages (Fig. 2.1(A)). This is a
phenomenon described for other factors as well: for
example, variation of immune parameters increases
with chronological age [23]. For liver karyomegaly
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TABLE 2.1 Correlation Matrix of Chronological Age and Pathology Parameters: Values Represent the Spearman Rank Correlation

Correlation matrix of chronological age and pathology parameters

Age (weeks) Liver lipofuscin Liver karyomegaly Liver vacuolization Brain lipofuscinosis

Liver lipofuscin 0.85 1.00

Liver karyomegaly 0.54 0.47 1.00

Liver vacuolization 0.52 0.49 0.44 1.00

Brain lipofuscinosis 0.79 0.61 0.55 0.45 1.00

van Kerkhof et al.: Expression profiles of aging-associated liver pathology phenotypes: unraveling stochastic aging processes.

FIGURE 2.1 Ranking of mice based on chronological age (A) and pathological endpoint (B). This figure shows that pathology scores
are partially associated with chronological age. Color indicates chronological age. Blue, 13 weeks; light blue, 26 weeks; green, 52 weeks;
yellow, 78 weeks; orange, 104 weeks; red, 130 weeks. Black cross (panel A) indicates average values per group. Arrows indicate an example of
a chronologically old mouse (130 weeks, red arrow) with a relatively low lipofuscin index (48.67, ranking 29/51) and a chronologically younger
mouse (52 weeks, green arrow) with a relatively high lipofuscin index (97.3, ranking 40.5/51), see also section Intraorgan Specific Biological
Phenotypes.
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and liver vacuolization, an increase in variation with
age is not clearly observed (Fig. 2.1). This might be
caused by the characteristics of these parameters. For
example, for karyomegaly, large variation is already
present at a young age. In addition, “ceiling effects”
might occur, when pathology is abundantly present
and is scored as the highest level, further increases
in pathology do not result in a higher score. For liver
vacuolization, scores might be underestimated when
the total number of “young” small nuclei are
decreased, since then size variation might be less
evident and scoring might be affected. In addition,
for liver vacuolization, a selection process might
occur during aging in which animals that develop a
more severe pathology score have a poorer survival,
resulting in higher numbers of animals with a low
pathology score in the older age groups (ie, the
animals that do survive).

In summary, pathology parameters only partially
correlate with chronological age, that is, within chro-
nological age groups variation in pathology scores is
clearly observed. This illustrates the concept of
biological aging being partially distinct from chrono-
logical aging and emphasizes the importance of
using biologically based endpoints.

INTRAORGAN SPECIFIC BIOLOGICAL
PHENOTYPES

Fig. 2.2 visualizes in 3D the correlation observed
between liver pathology parameters, of which the correla-
tion coefficients are presented in Table 2.1. These results
show that the severity of the lipofuscin index, karyome-
galy, and hepatocellular vacuolization differs within one
individual. The lipofuscin index correlates weakly with
karyomegaly (R5 0.47) and with hepatocellular vacuoli-
zation (R5 0.49) (Table 2.1 and Fig. 2.2). Interestingly,
only a few animals score “old” on all three parameters.
For example, when the criterion for an “old” mouse is set
to having for each parameter a score that is the “oldest”
approximately 10%: lipofuscin index $ 130 (5 out of 51
mice), karyomegaly score $ 5 (3 out of 49 mice), and
liver vacuolization score $ 4 (9 out of 49 mice), only one
mouse meets this criterion (age5 104 weeks, indicated
with orange arrow and number 1 in Fig. 2.2). When the
criterion is set to having the approximately 40% “oldest”
scores on liver pathology: lipofuscin index $ 90 (14 out
of 51), karyomegaly score $ 4 (23 out of 49), and liver
vacuolization score $ 3 (20 out of 49), only five mice
meet these criteria. These results indicate that there is a
low level of overlap in individual animals in intraorgan

FIGURE 2.2 Pathology ranking for multiple endpoints in the liver. Mice are arranged by liver lipofuscin (y-axis), liver vacuolization
(x-axis), and liver karyomegaly (z-axis). This figure visualizes the weak correlation between the different liver pathological parameters. Panels
represent different viewpoints to the 3D matrix. Bead size reflects distance from sight to position of beads in the 3D matrix. Color indicates
chronological age. Blue, 13 weeks; light blue, 26 weeks; green, 52 weeks; yellow, 78 weeks; orange, 104 weeks; red, 130 weeks. Arrows indicate
examples of mice: orange arrow (1) indicates a mouse with a high score (top 10%, see section Tissue-Specific Biological Phenotypes) on all
pathology parameters: lipofuscin index5 232, ranking 50/51, karyomegaly score5 4, ranking 36.4/48, vacuolization score5 4, ranking 45/45,
age5 104 weeks; blue arrow (2) indicates a mouse with low pathology scores: lipofuscin index5 1, ranking 10/51, karyomegaly score5 0, rank-
ing 1.5/48, vacuolization score5 1, ranking 10.5/45, age5 13 weeks; red arrow (3) indicates a mouse with high variation among pathology
scores: lipofuscin index5 48.67, ranking 29/51, karyomegaly score5 5, ranking 48/48, vacuolization score5 0, ranking 2/45, age5 130 weeks.
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pathology endpoints. The chronological age of the “40%
oldest” five mice was 104 weeks for two mice and 78
weeks for three mice. Interestingly, none of the chrono-
logically oldest mice (130 weeks) have an “old” pathology
score on all three liver pathology parameters. An example
of a 130-week-old mouse is indicated with the red arrow
in Fig. 2.2, modest lipofuscin index (48.67, ranking 29/
51), high karyomegaly score (5, ranking 48/48), and a low
vacuolization score (0, ranking 2/45). Keeping in mind
that the median survival of these mice is around 103
weeks of age [12], the mice in the oldest age group result
from a strong selection bias for successful aging.
Although it is not yet clear if the investigated pathological
phenotypes directly relate to survival and fitness, these
data suggest that having multiple severe pathology scores
is related to poor survival. Hence, it appears that a selec-
tion process occurs during aging, resulting in the finding
that some animals have a more beneficial or compensa-
tory aging scenario and, therefore, survive better (eg, the
130-week-old animals which are not in the top 40% bio-
logically “oldest” group). These findings strengthen the
importance of using biological phenotypes and indicate
that within an organ pathological processes occur largely
independent of each other, indicating the need for
intraorgan specific biological phenotypes.

TISSUE-SPECIFIC BIOLOGICAL
PHENOTYPES

For the use of pathological endpoints as determi-
nants of biological age, the question arises whether
these processes occur in multiple organs in a similar
fashion. Therefore, the severity of lipofuscin accumula-
tion in the liver and brain were compared. Fig. 2.3
shows that there is only partial correlation between the
severity of lipofuscin accumulation in the liver and
brain (R5 0.61) (Table 2.1), although it is the highest
correlation observed between the pathological para-
meters included. For example, the animal with the
highest liver lipofuscin score has a relatively low brain
lipofuscin score (Fig. 2.3, right most animal indicated
with a black arrow, age 130 weeks). This indicates that
within one individual tissue-specific aging processes
occur, which should be considered as (partially) sepa-
rate phenotypes, underlying the stochastic nature of
aging processes.

GENE EXPRESSION PROFILES RELATED
TO PATHOLOGICAL AGING

PARAMETERS

The scoring of the different pathological parameters
was used to investigate gene expression changes

associated with these parameters. Genes that alter
expression in a manner that follows the kinetics of a
certain pathological parameter might represent pro-
cesses related to that biological endpoint’s specific aging
course. Gene expression is involved in and affected by
most cellular processes, and therefore, whole transcrip-
tome analysis allows investigation of several of the dif-
ferent aging processes simultaneously. For
methodology of the whole transcriptome analysis, see
Refs. [12,18]. For each of the endpoints, we identified
genes that have an R2. 0.5 (R. 0.707 or R, 2 0.707; at
least 50% of the variation in ranking is related to the
pathological endpoint), using the Spearman rank
correlation analysis. The number of genes with significant
correlation to a pathological endpoint was highest for
liver lipofuscin (287), followed by karyomegaly (225),
brain lipofuscinosis (186), and liver vacuolization (111).
Heat maps for the most significantly correlating genes
(|R|. 0.8) are presented in Fig. 2.4(A�D). These
expression patterns are not very consistent across the
various pathological endpoints, which is in line with our
previous findings that there are different genes associated
with the different pathological endpoints [12,18].

Functional annotation analysis indicated that genes
positively associated with liver lipofuscin are mainly
associated with immunological processes, such as

FIGURE 2.3 Pathology ranking for lipofuscin accumulation in
liver and brain. Mice are arranged by liver lipofuscin ranking
(x-axis) and brain lipofuscinosis ranking (y-axis) to allow comparison
of both parameters. This figure visualizes the partial overlap between
lipofuscin scores in liver and brain. Color indicates chronological
age. Blue, 13 weeks; light blue, 26 weeks; green, 52 weeks; yellow,
78 weeks; orange, 104 weeks; red, 130 weeks. Arrow indicates an
animal with high liver lipofuscin ranking, but only modest brain
lipofuscinosis ranking (see also section Gene Expression Profiles
Related to Pathological Aging Parameters).
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immune response (20 upregulated genes), inflamma-
tory response (9 genes), and oxidative stress response
(3 genes), all indicating that stress at the cellular or
tissue level occurs. Additionally, these genes were
enriched for terms such as phagocytosis, vesicle medi-
ated transport, and lysosome, all of which point to
uptake and degradation of unwanted materials or
waste, such as done by macrophages. Among the
genes downregulated in relation to liver lipofuscin, a
notable number of mitochondria-associated genes were
detected. Mitochondrial dysfunction has previously
been associated with chronological aging [2,24]. Genes

associated with karyomegaly were also, albeit less
clearly, enriched for genes involved in immune
response- or lysosome-related processes as well as
oxidative stress. In addition, there was enrichment for
apoptosis-associated genes. In contrast, no significant
functional enrichment was found among the genes
associated with liver vacuolization, nor with brain
lipofuscin. This, again, indicates that there are different
functional processes involved in the various pathologi-
cal endpoints. Interestingly, several of the pathways,
such as the immune-related pathways, differ from the
pathways that are detected when using chronological

FIGURE 2.4 Heat maps of genes correlating with pathological parameters: (A) liver lipofuscin, (B) liver karyomegaly, (C) liver vacuoliza-
tion, and (D) brain lipofuscinosis. The genes correlating most significantly |R|. 0.8) are shown. Gene names and correlation coefficient
(in brackets) are shown on the y-axis. Age of the animals is shown on the x-axis in weeks.
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age as the sole determinant of age [12,18], indicating
the value of using pathology-related endpoints.

With respect to the genes that are involved in the
inflammatory response it should be noted that chrono-
logical aging and many aging-related chronic diseases
are accompanied by alteration and decline of immune
functions, such as the increased occurrence of chronic
inflammation, a process known as “inflammaging”
[25]. Moreover, in line with the increased variation
found for biological endpoints at higher chronological
age presented in this chapter (Fig. 2.1), also variation
of immune parameters increase with chronological
age [23]. In summary, these results indicate that the
process of inflammaging should be taken into account
in our search to further unravel the process of biologi-
cal aging and how biological aging may be function-
ally related to immunology.

GENE EXPRESSION PROFILES
CORRELATINGWITH PATHOLOGICAL

PARAMETERS ARE LARGELY SPECIFIC TO
THE PATHOLOGICAL PARAMETERS

As described in sections Tissue-Specific Biological
Phenotypes and Gene Expression Profiles Related to
Pathological Aging Parameters, there are large intrain-
dividual differences in the severity scores of different
pathologies, however, there is some correlation
between the liver pathologies as well (Table 2.1 and
Fig. 2.2). This indicates that there are animals with
similar severity levels of two (or three) liver patholo-
gies (Fig. 2.2), which might result in some contamina-
tion of the gene sets, that is, some of the genes
associated with one process are being detected in
the analysis of the other process as well due to the
ranking approach. To determine this possible bias in
the gene sets, we investigated the overlap in these
gene sets. For most endpoints very little overlap is
observed (Fig. 2.5), only between liver lipofuscin and
karyomegaly a substantial overlap (62 genes) was
observed (overlap is 22% of lipofuscin correlating
genes and 28% of karyomegaly correlating genes).
Therefore, some bias might be present in these results.

For lipofuscin accumulation in liver and brain, some
overlap in genes correlating with these endpoints
might be expected, since these phenotypes have simi-
larities. However, of the genes correlating with lipofus-
cin accumulation in liver and brain only four genes are
overlapping (of 287 genes associated with liver lipofus-
cin and 186 genes associated with brain lipofuscinosis).
To determine if the nonoverlapping genes were mainly
tissue-specific genes, we used a mouse tissue data set
[26] (www.biogps.org, top 1% tissue-specific genes).
Interestingly, only low levels of tissue-specific genes

were observed in the set of lipofuscin associated genes
in liver (10 genes) and brain (3 genes). Taken together,
these results might indicate that lipofuscinosis in liver
and brain are different. Possibly, cellular processes
that underlie lipofuscinosis in the liver and brain are
different, or alternatively, but not mutually exclusive,
liver and brain might to respond in a different manner
to similar types of cellular damage.

Interestingly, in the set of 283 genes correlating only
with liver lipofuscin, some genes belong to the top 1%
of immune cell specific genes. These are mainly macro-
phages and cell types related to these phagocytes of
the immune system (26�30 genes). These results indi-
cate that macrophages, or macrophage-like cells, such
as Kupffer cells of the liver, are likely involved with
liver lipofuscin accumulation, which is in line with
the results reported in the section Gene Expression
Profiles Related to Pathological Aging Parameters.

FUTURE PERSPECTIVES

We have shown that ranking complex data sets (ie,
gene expression data) according to lesion specific severity,
results in the detection of unique markers sets for each of
these endpoints. These markers are lost in the back-
ground noise when a chronological time ranking is used.
As all markers show some correlation with age, this new
approach gives insight in phenotype-specific age markers
that may be used to stratify individuals during their
respective aging trajectories. This type of approach can be
applied in large scale molecular epidemiology studies

Liver lipofuscin Liver karyomegaly

Liver vacuolization 20427

102

161

2

218

7

62

0

FIGURE 2.5 Venn diagram of genes correlating with the liver path-
ological endpoints (R2. 0.5, R. 0.707, or R, 2 0.707). Within the liver
gene set, a significant correlation was observed for 287 genes, for 225
genes with liver karyomegaly, and for 111 with liver vacuolization. This
figure shows the overlap among these genes. Of the gene set, 20,427
genes did not show a correlation with any pathological parameter.
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since it can be performed with any phenotype related to
biological aging, such as functional measurements (eg,
grip strength) and physiological measurements (eg, blood
pressure) or combinations of these (eg, a frailty index)
and can be applied to a variety of complex data sets, such
as metabolomics and epigenomics data sets. Application
of this approach in multiple studies on different pheno-
types and different data sets will greatly enhance our
understanding of the processes underlying aging and will
lead to the discovery of new biomarkers of unhealthy
aging, that is, biomarkers of frailty. These biomarkers of
frailty will aid in the early detection of unhealthy aging.
In addition, using appropriate weighing factors between
phenotype-specific markers may ultimately lead to the
derivation of a biological age score for the entire
individual organism and to the derivation of a
personalized biological age score for individuals within
the population comprising our aging society.

CONCLUSION

We have shown that pathological endpoints (as
phenotypes of biological aging) accumulate at different
rates per individual and independently of other patho-
logical endpoints within the same tissue, or similar end-
points across tissues. Furthermore, by ranking complex
data sets (ie, gene expression data) according to lesion
specific severity, unique sets of markers are found for
each of these endpoints. For example, reranking of mice
according to their lipofuscin score revealed the involve-
ment of immune processes, such as inflammation, indi-
cating that the process of “inflammaging” should be
taken into account in our search to further unravel
the process of biological aging. These genes are lost in
the background noise, that is, are not identified, when a
chronological time ranking is used. As all phenotypes
show some correlation with age, this new approach
gives insight in phenotype-specific age markers that may
be used to stratify individuals during their personal
aging trajectories. This approach will lead to more
insight into the mechanisms underlying aging.
Appropriate weighting factors between phenotype-
specific markers may ultimately lead to the derivation of
a biological age score for the entire individual organism.
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KEY FACTS

• The integration of the human genome project
with nutritional, genetic research, and health
outcomes studies has led to the emergence of
nutrigenetics and nutrigenomics.

• Nutrigenetics investigate in a systematic fashion
the effect of genetic makeup on individual dietary
response.

• Nutrigenomics focus in the role of dietary
factors and bioactive nutrient products in gene
expression and stability.

• Some nutrients contribute to limit DNA
damages caused by aging.

• Epigenetic changes may influence expression of
genes involved in nutrient metabolism and
signaling. Conversely, nutrients may modulate
processes that affect epigenetics.

INTRODUCTION

Many previous and ongoing large efforts aimed at
gathering information to link genetic variations to dis-
ease risk factors are promoting the emergence of preci-
sion or personalized medicine. Moreover, based in
their genetic variability, individuals differ in their abil-
ities to metabolize nutrients and to respond to diet.
Growing data on gene�disease and gene�nutrient

interactions have increased the interest in individual-
ized nutritional therapy with the general public and
health practitioners.

The ingestion of nutrients and other so-called food
bioactive components generates biological responses
sustained by multiple networks of linked physio-
logical processes. The latter include food absorption,
molecular transformation, nutrient transport, molecu-
lar uptake and storage in cells, and cellular mechan-
isms of action, metabolism, and elimination. It was
recognized decades ago that some individual genes
were necessary for the metabolism of very specific
nutrients. Indeed, some monogenic diseases have been
linked to defects in metabolism pathways as all
depend on the expression of a myriad of genes and
subsequent protein translation. Thus, (i) genetic var-
iants of these genes may exert diverse functional
effects, and (ii) various nutrients may differently affect
genes’ expression. Applied to nutrition, great progress
in genetics and genomics delineated two new fields:
nutrigenetics and nutrigenomics. Nutrigenetics studies
the effect of genetic variation on dietary response
(Fig. 3.1), whereas nutrigenomics studies the effect of
nutrients on DNA and gene expression; it often
includes the effects on DNA structure such as the epi-
genome (Fig. 3.2). Nutrigenetics and nutrigenomics
both aim to better understand nutrient�gene
interactions. An underlying but not exclusive goal is to
envision personalized nutrition strategies for optimal
health and disease prevention. The latter are obviously
goals to be reached for optimal and if possible delayed
aging.
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Aging is a process that combines different elements
leading to two nonexclusive clinical situations. The first
could be called healthy aging and the second is where
some pathologies develop because of the extended life
(eg, cancer, atherosclerosis, dementia, etc.). The distinc-
tion between these two processes may not be easy
although it is important to mention that some elderly
subjects have no clearly defined pathology, hence
healthy aging. Subsequently, to describe nutrigenomic
or nutrigenetic approaches of these situations is differ-
ent. For instance, it is often more straightforward to
imagine a link between nutrients, dyslipidemia, apoli-
poprotein polymorphisms and atherosclerosis, diabetes
or cancer than to explore genes that are not expressed
in healthy old subjects. Hence, many clinical or experi-
mental nutrigenomic or nutrigenetic approaches target
identified pathologies sustained by the idea that if a dis-
ease can be prevented or cured one can come back to a
healthy aging situation. However, thanks to major
advances in technologies investigating the whole
genome, transcriptome, epigenome, or metabolome at
affordable costs experimentally approaching healthy
aging is now easier. A very didactic review enumerates
the cellular hallmarks of aging [2].

The chapter will focus on nutrigenetics of cardiovas-
cular diseases (CVD) and cancer. We will use n-3

polyunsaturated fatty acids (PUFA) intake as an exam-
ple, taking into account gene variants encoding PUFA
targets but also those involved in PUFA processing, as
either genetic variability can affect response to PUFA
intake. We will also discuss some aspects of nutrige-
nomics related to the effects of nutrients on cellular
senescence, DNA damage, and epigenetics.

NUTRIGENETICS OF OMEGA-3
PUFA IN CVD

Inflammation and perturbed lipid metabolism are
major players in atherosclerosis development. The rela-
tionship between elevated circulating lipids and
atherosclerosis and cardiovascular diseases has been
clearly established. Indeed, better nutrition remains
the cornerstone to metabolic homeostasis and athero-
sclerosis prevention. Optimization of lipid metabolism
depends on the interplay of complex biochemical path-
ways involving numerous enzymes, receptors, activa-
tors, and other factors. Genetic variability of these
players is a key modulator of the final lipid phenotype.
Unfortunately, much of the traditional nutritional
research-based recommendations on reference values
and guidelines to the general population have not paid

FIGURE 3.1 Nutrigenetics and personal-

ized nutrition; one size doesn’t fit all.

The cartoon illustrates the fact that dietary
recommendation, which are designed for the
general population and based on different
metabolic outcomes, may not be optimized for
genetic subgroups. Here, heterogeneity in
LDL-cholesterol (LDL-C) was observed in
response to dietary intake, for example, 2.5 g
EPA1DHA/day supplement for a 6-week
period [1]. Among other factors, individual
genetic variability, for example, in apoE, con-
tributed to this heterogeneous response to
changes in dietary fat.

FIGURE 3.2 Nutrigenomic exploration of the role of dietary factors and bioactive nutrient products. Fish and fish oil rich in omega-3
PUFA such as DHA and their bioactive end-products affect specific gene expression in several cellular targets leading to different health out-
comes within the nervous, colorectal, and cardiovascular systems (see text for more information).
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sufficient attention to individual genetic variability; a
much more nuanced approach towards such recom-
mendations is warranted.

Dietary fatty acids such as omega-3 PUFAs are an
excellent example of a widely studied nutrient that
interacts with the genetic makeup in correlation with
cardiovascular disease and many other human diseases
[3]. A growing number of epidemiologic data attributed
atheroprotective properties to fish and fish oil rich in
omega-3 PUFA, in particular eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) used in nutri-
tional supplementation. However, many of these stud-
ies observed large variations in lipid phenotype, for
example, levels of LDL-c, triglycerides, and HDL-c,
which are probably related to the interactions between
these nutrients and the lipid traits [1]. Here we summa-
rize the interactions of individual gene variations in
apolipoprotein (apo)AI, apoA5, apoE, TNFalpha, PPAR
alpha, NOS3, lipoxygenases (ALOX) -5 and 12/15 genes
[4] with omega-3PUFA intake in modulating lipid
metabolism and cardiovascular outcome.

Studies of associations between plasma apoAI con-
centrations and circulating HDL-c levels have been
inconsistent probably because of the complex genetic
and dietary contribution to the control of HDL level.
Indeed, the Framingham Study has reported signifi-
cant interaction in women between a common genetic
polymorphism in the promoter region of the APOA1
gene, the 275G/A SNP and PUFA intake in determin-
ing plasma HDL-c concentration [5]. Carriers of the A
allele at the 275 G/A polymorphism show an increase
in HDL-c concentrations with increased intakes of
PUFA, whereas those of the more common G allele
show the opposite effect by displaying lower HDL-c
levels as the intake of PUFA increases.

Tumor necrosis factor-alpha (TNF-alpha) is a pro-
inflammatory cytokine that can have an impact on lipid
metabolism by modulating the expression of lipoprotein
lipase (LPL); proliferator activated receptors (PPARs);
apolipoprotein (apo) A-I, apo A-IV, and apo E;
and lecithin:cholesterol acyltransferase. TNF-alpha
itself is also known to be modulated by dietary
PUFAs. Two common genetic polymorphisms in the
promoter region of the TNF-alpha gene were known to
alter the transcriptional activity of the cytokine gene
in vitro. The potential role of these TNF-alpha geno-
types on the association between dietary PUFA intake
and serum lipid concentrations was investigated
among individuals with type 2 diabetes in the
Canadian trial of dietary Carbohydrate in Diabetes
study [6]. PUFA intake was positively associated with
serum HDL-c and apoA-I level in carriers of the
�238A allele, but negatively associated in those with
the �238GG genotype. PUFA intake was inversely
associated with HDL-c level in carriers of the �308A

allele, but not in those with the �308GG genotype. A
stronger nutrigenetic effect was observed when the
polymorphisms at the 2 positions (�238/�308) were
combined. If validated these associations suggest that
subjects with low levels of HDL-c, carriers of the A
allele at the APOA1 �75 G/A and the alleles �238A,
308GG at the TNF-alpha �238G/A and �308G/A
polymorphisms may benefit from diets containing
higher percentages of PUFA.

Apolipoprotein A-V (ApoA-V) is a component of
lipoproteins including HDL and chylomicrons and is
involved in postprandial lipoprotein metabolism. By
activating LPL, a key enzyme in the metabolism of TG,
apoA-V is an important determinant of plasma TG
concentrations. In the Framingham study, authors
demonstrated a significant interaction between
�1131T/C SNP, which is associated with greater TG
concentrations in carriers of the C allele and PUFA
intake [7]. The �1131C allele was associated with an
increased fasting TG and remnant-like particle�TG
concentrations only in subjects consuming 46% of
energy from PUFA.

Nitric oxide synthase (NOS3) is responsible for the
production of nitric oxide (NO), which is involved in
the regulation of vascular function and blood pressure.
SNPs in the NOS3 gene were found to be associated
with a number of CVD risk markers including dyslipi-
demia and inflammation. The effects of NOS3 poly-
morphisms were investigated in a cohort of 450
patients with metabolic syndrome from the LIPGENE
study, who participated in a 12-week dietary interven-
tion to alter dietary fatty acid composition and amount
[8]. The study demonstrated that carriers of the minor
allele for rs1799983 SNP showed a negative correlation
between plasma TG concentrations and plasma
omega-3 PUFA status compared with subjects homo-
zygous for the major allele. Following omega-3 PUFA
supplementation, subjects with the minor alleles had a
better response to changes in plasma omega-3 PUFA
than major allele homozygous carriers. This highlights
the potential benefit for individual carriers of the
minor allele at rs1799983 in NOS3 in omega-3 PUFA
supplementation to achieve reduction of plasma TG
concentrations.

Peroxisome proliferator-activated receptor a (PPAR-
a) is a ligand-dependent transcription factor that is a
key regulator of lipid homeostasis. Because of its
strong involvement in activating LPL, clearance of
plasma triglycerides, and upregulation of HDL-c,
PPARA has been a drug target for pharmaceutical
companies. The most frequently studied polymor-
phism of the PPARA gene was the Leu162Val variant
in which the minor allele was associated with lipid
metabolism and atherosclerosis. However, there was
controversy on the potential effect of this SNP on
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plasma TG and apoC-III concentrations. Subsequent
studies showed that dietary PUFA intake can
modulate the effects of this SNP on lipid metabolism
[9]. The 162V allele was associated with higher TG and
apoC-III levels only in subjects consuming a low-
PUFA diet. Conversely, high consumption of PUFA
diet in 162V subjects was related with the opposite
effect on apoC-III [9].

ALOXs are involved in the biosynthesis of special-
ized bioactive lipid mediators from n-3 essential
PUFAs, coined resolvins and protectins, which possess
potent anti-inflammatory and proresolving actions that
stimulate the resolution of acute inflammation [10].
Genetic studies on the role of 12/15-lipoxygenases in
human atherosclerosis suggest that ALOX15 locus is
more commonly associated with either a relatively
neutral or an atheroprotective effect [11]. On the other
hand, these human genetic studies did not consistently
show an association of functional variants in ALOX15
with clinical endpoints of atherosclerosis. Given the
potent actions of lipoxins, resolvins, protectins and
maresins in models of human disease, deficiencies in
resolution pathways may contribute to many
diseases including atherosclerosis [12]. Lipidomic and
metabolomic analysis of these bioactive lipid media-
tors provide a powerful approach to investigate the
nutrigenetic and nutrigenomic effect of omega-3
PUFAs in health and disease.

NUTRIGENETICS OF OMEGA-3
PUHA IN CANCER

Cancer is a complex and heterogeneous disease
with different types and forms also occurring at the
interplay between genetic predisposition and environ-
mental factors including nutrition. Many nutrients
affect DNA integrity, cancer cell proliferation, and
metabolic needs.

For these reason, many studies have investigated
the interaction between intake of nutrients like n-3
fatty acids and the risk of different types of cancer
such as breast, prostate, and colorectal cancers. As evi-
denced by experimental data, marine n-3 fatty acids may
provide protection against many cancers, by neutralizing
cytotoxic lipid peroxidation products, modulating inflam-
mation, and preserving DNA integrity. In this section, we
give examples of specific interactions of individual gene
variations in glutathione S-transferases (GSTs), X-ray
repair cross-complementing proteins (XRCC), Poly (ADP-
ribose) polymerase (PARP), cyclooxygenase-2 (COX-2)
or prostaglandin synthase (PTGS), lipoxygenases (5, 12,
and 15 ALOX), with omega-3 PUFA intake in modulat-
ing these protective features and ultimately cancer
outcome.

Experimental studies have demonstrated a direct
role for the peroxidation products of marine n-3 fatty
acids in breast cancer protection suggesting that the
GSTs may be major catalysts in the elimination of these
beneficial by-products [13]. GSTs are polymorphic
with three well-characterized isozymes, GSTM1, T1,
and P1, in which GSTM1 null, GSTT1 null, and GSTP1
AB/BB possess low GST activity. Genetic analysis on
258 breast cancer cases in the Singapore Chinese
Health Study found a stronger protection of the n-3
fatty acids in the low than high activity genotype sub-
groups. Indeed, the risk of breast cancer in high versus
low consumers of marine n-3 fatty acids, was reduced
by half in women with the genotype GSTP1 AB/BB
genotype, with similar borderline significance results
for the other genotypes. The study concluded for the
first time that the Chinese women carriers of the
genetic polymorphisms encoding lower or no enzy-
matic activity of GSTM1, GSTT1, and/or GSTP1 expe-
rienced more breast cancer protection from marine n-3
fatty acids than those with high activity genotypes.
Unfortunately, subsequent studies were not able to
replicate these results.

XRCC1 (X-ray repair cross-complementing protein
1) and XRCC3 (X-ray repair complementing defective
repair in Chinese hamster cells 3) are involved in the
efficient repair of DNA and may play an important
role in the repair or modulation of the effects of PUFA
intake on cancer colorectal cancer risk. A large
sigmoidoscopy-based case-control study (753 cases
and 799 controls) in Los Angeles County, investigated
possible associations between single-nucleotide poly-
morphisms in the XRCC1 (codons 194 Arg/Trp and
codon 399 Arg/Gln) and XRCC3 (codon 241 Thr/Met)
genes and colorectal adenoma risk and their possible
role as modifiers of the effect of monounsaturated fatty
acid, the ratio of omega-6/omega-3 polyunsaturated
fatty acids, and antioxidant intake [14]). Although they
did not find evidence of gene�dietary fat interactions
for the XRCC3 codon 241 polymorphism, the study
reported that high monounsaturated fatty acid intake
was associated with adenoma risk only among subjects
with the XRCC1 codon 194 Arg/Arg and codon 399
Gln/Gln combined genotypes. High omega-6/omega-3
polyunsaturated fatty acid ratios were associated with
adenoma risk among subjects with the XRCC1 codon
194 Arg/Arg and codon 399 Gln/Gln or the codon 194
Arg/Trp or Trp/Trp and codon 399 Arg/Arg or Arg/
Gln combined genotypes. These data suggest that the
XRCC1 polymorphisms may modify the effect of unsat-
urated fatty acid intake on colorectal adenoma risk.

A nested case-control study of colorectal cancer
(1181 controls and 311 cases) on Chinese participants
in the Singapore Chinese Health Study [15] extended
the previous study by simultaneously analyzing 7 SNP
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in various DNA repair genes: XRCC1 (Arg194Trp,
Arg399Gln), OGG1 (Ser326Cys), PARP (Val762Ala,
Lys940Arg), and XPD (Asp312Asn, Lys751Gln). The
study observed that the PARP Val762Ala SNP modi-
fied the association between marine n-3 PUFA and rec-
tal cancer risk, with no evidence of interaction among
colon cancer. Notably, high intake of marine n-3 PUFA
was associated with increased rectal cancer risk among
carriers of at least one PARP codon 762 Ala allele. The
latter is associated with reduced enzymatic activity.
These data suggest that among carriers of a PARP pro-
tein with reduced enzymatic activity, diets high in
marine n-3 PUFAs might be harmful for the rectum.
The PARP protein plays an important role in maintain-
ing genomic stability, apoptosis, and regulating tran-
scription (as coactivator of the beta-catenin-TCF-4
complex). The fact that the authors have not observed
similar findings for total n-3 PUFAs suggests that the
association is driven by the long-chain EPA and DHA
present mostly in fish.

COX-2 is a key enzyme in involved in the biosyn-
thesis of eicosanoids derived from arachidonic acid
and inflammation. Because prostate cancer tissues
express high levels of COX-2, this enzyme may play a
very important role in carcinogenesis. n-3 Fatty acids,
such as EPA and DHA, induce metabolic shift from
the biosynthesis of arachidonic acid-derived eicosa-
noids which can promote prostate cancer towards the
less inflammatory E- and D-series resolvins [16]. Two
independent studies demonstrated that the effect of
long chain n-3 fatty acids on the risk of prostate cancer
may be modified by COX-2 genetic variation. The first
is the Cancer Prostate in Sweden Study, a population-
based case-control study [17] that analyzed 5 SNPs in
the COX-2 gene in 1378 prostate cancer cases and 782
controls. The authors reported that frequent consump-
tion of fatty fish and marine fatty acids appears to
reduce the risk of prostate cancer, and this association
is modified by genetic variation in the COX-2 gene.
Indeed, eating fatty fish (eg, salmon-type fish) once or
more per week, compared to never, was associated
with reduced risk of prostate cancer. They also found
a significant interaction between salmon-type fish
intake and a SNP in the COX-2 gene (rs5275: 16365
T/C), but not with the 4 other SNPs examined and
strong inverse associations with increasing intake of
salmon-type fish among carriers of the variant allele,
but no association among carriers of the more common
allele. The second is a case-control study of 466 men
diagnosed with aggressive prostate cancer and 478
controls recruited by major medical institutions in
Cleveland, Ohio [18]. After analyzing nine polymorph-
isms in the COX-2 gene, the study found that increas-
ing intake of long chain (LC) n-3 was strongly
associated with a decreased risk of aggressive prostate

cancer. The association was stronger among men with
SNP rs4648310 (18897 A/G). Men with low LC n-3
intake and the variant rs4648310 SNP had an increased
risk of disease which was reversed by increasing
intake of LC n-3. The study did not find a similar pat-
tern of interaction with rs5275 as reported in the previ-
ous one. The SNP rs4648310 and rs5275 are located
2.4 kb apart and exhibit weak linkage disequilibrium
in their population. The functional effect of rs5275, an
intronic variant, and rs4648310, flanking the 30 end of
the COX-2 gene, on COX-2 activity is not yet known.
However, the combined findings of these two studies
support the hypothesis that the effect of LC n-3 fatty
acids on the risk of prostate cancer may be modified
by COX-2 genetic variation and that LC n-3 modifies
prostate inflammation through the COX-2 enzymatic
pathway.

The interaction of n3-PUFAs intake with other gene
variants affecting the enzymatic conversion of these
PUFAs was investigated in colorectal cancer [19] bear-
ing in mind that one of the proposed mechanisms by
which n-3 fatty acids may inhibit promotion or pro-
gression of carcinogenesis is through their suppressive
effect on the synthesis of AA-derived eicosanoids. A
population-based case-control study of colon (case
n5 1574), rectal cancer (case n5 791) and disease free
controls (n5 2969) investigated interactions between
dietary fatty acid intake and 107 candidate polymorph-
isms in PTGS1, PTGS2 (COX pathway), ALOX12,
ALOX5, ALOX15, and FLAP (5-lipoxygenase-activat-
ing protein). The authors reported statistically
significant increases in colon cancer risk for low DHA
acid intake among those with the PTGS1 rs10306110
(21053 A.G) variant genotypes and rectal cancer risk
for low total fat intake among those with the variant
PTGS1 rs10306122 (7135 A.G). The ALOX15
rs11568131 (10,339 C.T) wild-type in combination
with a high inflammation score (low EPA intake, high
AA intake, no regular NSAID use, high BMI, smoking)
was associated with increased colon cancer risk. Rectal
cancer risk was inversely associated with a low inflam-
mation score among PTGS2 rs4648276 (3934 T.C]
variant allele carriers. Overall, these data provide
some evidence for interactions between dietary fat
intake and genetic variation in genes involved in eicos-
anoid metabolism and colorectal cancer risk.

DNA DAMAGE AND NUTRIENTS

Nutrigenomics investigates the effects of dietary fac-
tors and bioactive nutrient products in gene expression
and genome stability (Fig. 3.2); it often includes the
effects on DNA structure such as the epigenome. This
section focuses on the effects of nutrients on DNA
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damage mainly correlated with aging. Indeed, the
accumulation of somatic damage is considered a major
cause of aging. Reactive oxygen species (ROS), the nat-
ural by-products of oxidative energy metabolism, are
often considered as major culprits of molecular
damages [20]. There are arguments for a role of nutri-
ents opposing the deleterious action of ROS and possi-
bly other causes of DNA damage thus improving
genomic stability.

Age-related alterations of DNA structure are partly
reversed by enzymes devoted to DNA repair. Some of
these enzymes are dependent on nutrients such as
selenium. Selenium (Se), an essential micronutrient, is
a component of the unusual amino acids selenocys-
teine (Se-Cys) and selenomethionine (Se-Met). It is also
a component of some antioxidant enzymes (glutathi-
one peroxidases and thioredoxin reductases). Various
selenoproteins demonstrate antioxidant effects, reduc-
ing the biological impact of ROS on DNA amongst
other biomolecules [21]. Se-related protection against
DNA or chromosome damage has been shown in both
in vivo and in vitro studies. Individuals with the low-
est serum selenium levels had significantly higher
levels of overall accumulated DNA damage [22]. A
supplementation study on young healthy nonsmokers
showed a reduction of DNA breakage after ingestion
of a Se-containing antioxidant supplement [23]. Se may
also protect mitochondrial DNA damages due to the
local very high production of ROS [21].

Se is not the only nutrient to have been studied,
vegetable-derived nutrients have also been investi-
gated. For instance, DNA damage has been studied in
women under a vegetarian diet [24]. In 60�70-year-old
subjects, this diet was linked to significantly reduced
values of DNA breaks with oxidized purines and
DNA breaks with oxidized pyrimidines. In a random-
ized, controlled intervention study carotenoid supple-
mentation decreased DNA damage [25]. More
generally, a Mediterranean diet supplemented with
coenzyme Q10 diet improved oxidative DNA damage
in elderly subjects [26]. In vitro, potential antiaging
molecules, such as rapamycin and metformin, but also
nutrients (berberine, resveratrol, vitamin D3) protect
cultured cells from DNA damage investigated with the
expression of phosphorylated histone H2AX (γH2AX)
[27, 28]. Thus, although as yet limited and fragmented,
there are arguments for actions of some nutrients initi-
ating on DNA repair or at least limiting damage.
However, experimental conditions and control groups
have to be carefully monitored. Indeed, for instance,
the effects of resveratrol on DNA damage and redox
status depend on the individual basal DNA status
(athletes versus sedentary subjects) [29].

Some studies focused on a more localized DNA
damage, telomeric damage. Telomeres, the ends of the

DNA linear molecules, are subjected to a progressive
shortening at each somatic cell division in cells devoid
of significant telomerase activity. Telomeres are
repeats of a species-specific hexamer sequence associ-
ated with the shelterin protein complex. The ends of
linear chromosomes are unable to fully replicate dur-
ing each cycle of cell division and thus telomeric DNA
is shortened by 30-200 bp. Briefly, this DNA shorten-
ing is interpreted by the cells as DNA damage and
drives the cells to a senescent state or to apoptosis.
Besides cell division, various environmental, physio-
logical, or psychological stressors may shorten telo-
meres. Targeting the latter may retard the signal for
somatic cell senescence. Conversely, many tumoral
cells exhibit telomerase activity or an alternative
lengthening of telomeres that prevents telomere short-
ening, which is a means for the cells to escape telomere
shortening-related apoptosis. Associative studies have
shown that vitamins D and E, dietary fiber, and
omega-3 fatty acid intakes in the diet correlated with
longer telomeres. Conversely, processed meat, alcohol
intake, and low fruit and vegetable intakes were nega-
tively associated with telomere length (for review see
[30]). Folates and vitamin B12 may for instance be indi-
rectly implicated in telomere length. When a diet is
deficient in these two nutrients, concentrations of
homocystein rise. This has been correlated to a reduc-
tion of telomere length [31, 32]. Briefly, folate defi-
ciency might induce telomere attrition and/or
dysfunction by: excision of increased uracil in the telo-
meric hexamer repeats; aberrant epigenetic state of the
subtelomeric DNA; and inefficient binding of the shel-
terin proteins [33]. This shows that there are argu-
ments for a role for nutrients deficiencies in telomere
length. The molecular processes are multiple and com-
plex. For instance, Se can also increase telomerase
activity and TERT expression [34]. However, many
studies are observational studies and interventional
studies are waited for. Obviously, interventional stud-
ies on telomere length will have to be conducted in
animal models with shorter lifespan then human life-
span. This is a limitation as telomere may not display
similar shortening nor have similar consequences in all
species [35].

Food intake and its consequences on telomere
length may not be related to a specific nutrient but
more largely to metabolism, especially glucose metabo-
lism [36]. The length of telomeres is associated with a
higher metabolic risk profile [37] and shortened telo-
meres are associated with stroke, myocardial infarc-
tion, and type 2 diabetes mellitus [38, 39]. The length
of type 2 diabetic patients telomeres was demonstrated
to be shorter than those of control subjects [40] and the
consumption of sugar-sweetened soda was also associ-
ated with shorter telomeres [41].
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CELLULAR SENESCENCE AND
NUTRIENTS

An aged organism differs from a young one by differ-
ent loss of functions such as resistance to disease,
homeostasis, and fertility, as well as an ill-defined “wear
and tear.” Aging includes, although is not limited to,
processes such as cellular senescence and organ senes-
cence. Cellular senescence is a status of irreversible
growth arrest. Although senescence contributes to aging
and age-related diseases, it must be kept in mind that it
also protects cells from cancerous transformation [42]. It
is usually mediated by a persistent DNA damage
response with an insensibility to mitogenic stimuli and
simultaneously an upregulation of tumor suppressor
pathways. Senescence may occur from different origins.
Replicative senescence is related to telomere attrition.
Stress-induced premature senescence occurs after an
exposure to stressors such as UV or ionizing radiations.
Oncogene-induced senescence occurs after an aberrant
activation of oncoproteins or a loss of tumor suppressors.
The molecular processes involved in these different
forms of senescence largely overlap with the presence of
DNA damage, telomere attrition, or persisting DNA
damage response. These pathways converge on the inhi-
bition of retinoblastoma protein phosphorylation, which
results in the inactivation of the E2F transcription factor
and of the target genes involved in cell cycle progression.
Thus, senescence implies modifications of gene tran-
scription. Are there experimental procedures using
nutrients and or food intake able to reverse cellular
senescence? In vitro experiments have indeed partially
rejuvenated senescent cells. The activation of cellular
growth pathways via the mammalian target of rapamy-
cin (mTOR) pathway is critical to induce senescence.
Some strategies involved molecules altering mTOR path-
way such as rapamycin (a.k.a. sirolimus) originating
from a bacteria of Easter Island. mTOR integrates vari-
ous extracellular inputs such as nutrients (amino acids
and glucose) and growth factors including insulin, IGF-
1, and IGF-2. mTOR also “senses” cellular nutrient
levels. It is likely that at least part of the beneficial effect
of caloric restriction on increase lifespan occurs through
a modulation of mTOR signaling hence the research on
caloric restriction mimetics [43]. It is also likely that
mTOR is a key component of the pathway that is defec-
tive in endocrine-mediated insulin signaling that can
extend longevity in most model organisms. Other strate-
gies to rejuvenate cells involved individual nutrients that
could be available via food intake. For instance,
L-carnosine, a natural dipeptide opposed the senescence
of fibroblasts [44]. Quercetin reversed cell arrested prolif-
eration [45]. Tocotrienol reversed the senescent morphol-
ogy and markers and elongated telomeres [46].

EPIGENETICS AND NUTRIENTS

Epigenetics is the study of modifications of DNA
and DNA-binding proteins through mechanisms
occurring after replication and translation, respec-
tively. These modifications alter gene transcription via
DNA compaction and accessibility to transcription
proteins. Initial work about the influence of diet
on epigenetics has investigated the consequences
of maternal diet on in utero development and, more
importantly, on subsequent life including aging
of offspring. Nutrient-related long-lasting epigenetic
changes were suggested to influence the expression of
gene somehow involved in the aging process. DNA
methylation is the likeliest candidate as post-
translational modifications of histones (acetylation,
phosphorylation, and methylation) are thought less
stable. Aging appears to decrease DNA methylation.
However, there are large inter-individual variations of
the rate of demethylation; some increase of methyla-
tion can even be noted. As there is some familial
clustering of the rate of demethylation a genetic
component has been suggested. Methylation of some
specific genes has been seen during aging (estrogen
and retinoic acid receptors, Glutathione S-transferase,
etc. [47�49]. Furthermore, it has been shown that the
age-related pattern of methylation may change according
to the tissue investigated [50]. This is complicated by the
fact that cell-type composition may change with age and
cell types aging may be heterogeneous. It then appears
that as far as aging is concerned DNA methylation has
to be investigated in large populations by a tissue-
specific approach with a correction of cellular hetero-
geneity. This is now possible with new available
techniques and published results of the methylome in
various tissues [51, 52]. When investigating blood tissue
as a model of DNA methylome changes with age a
recent paper addressed some of these questions showing
that age-associated hypomethylated blocks exist
associated with local hypermethylation at CpG islands.
Interestingly, the differentially methylated regions
involved transcription factors [53].

Lastly, some nutrients can be involved in different
age-related targets. For instance, the above-mentioned
Se also appears to play a role in DNA methylation with
different publications reporting a decrease in DNA
methylation upon Se supplementation [54]. Se action is
not restricted to DNA damage control but also inter-
feres with gene transcription [55], telomere length, and
epigenetic modulation in normal cells. Taken together,
a score of publications show that DNA methylation is
modified during aging and that this is now accessible
by specific chips. By comparison, the other epigenetic
modifications are less easily investigated. Some
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posttranslational histone modifications have been
related to aging and also appear to be tissue dependent.
Epigenetic modifications via interference by RNA can
lead to modified gene expression. This has yet to be
convincingly linked to the aging processes.

To summarize, epigenetic mechanisms that modu-
late gene expression are modified during aging. Can
these mechanisms be affected by nutrients or more gen-
erally by food intake? Considering the abundance of
the literature it would appear that the answer is posi-
tive although it is not always clear about the mechan-
isms involved. DNA methylation can be affected by
three nutrient related mechanisms: caloric intake, one
carbon metabolism, and bioactive nutrients [40].

SUMMARY POINTS

• Molecular and cellular mechanisms of aging may be
modulated by nutrients.

• Nutrients provide key proteins involved in aging-
limiting processes such as antioxidant capacity,
telomere length maintenance.

• Cellular senescence depends, at least in part, on
cellular nutrient sensors via the mTOR signaling
pathway.

• Many published investigations often indicated strong
nutrient-gene interactions with nutrient intake
potentially modulating risk factors of many diseases.

• More complex and wider interactions exist between
multiple gene variants influencing nutrient
metabolism and health outcomes. More robust
quantitative assessment of these genetic effects are
needed.

• The power of nutrigenetics and nutrigenomics can
be further enhanced with the inclusion of high-
throughput metabolomic assays. Well controlled
dietary intervention studies yielding consistent and
valid results are a prerequisite before genetic
patterns can be widely applied to individual dietary
advice.

• The knowledge from diet-gene interactions will
enable more effective and specific interventions for
disease prevention based on individualized
nutrition.
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KEY FACTS

• In the last century, human lifespan has obtained
the largest increase ever.

• Reaching extreme longevity requires the right
genetic make-up, a correct exposition to
environmental stimuli, and the occurrence of
positive stochastic events.

• The study of model organisms could explain
how to ameliorate the interaction with
environment.

• Different genetic make-ups produce different
responses to the same stimuli and for this reason
the study of long-lived individuals’ genomes
could reveal important functional secrets.

• An immediate and sophisticated link between
nutritional functions and genetic predisposition
to longevity is represented by epigenetic
mechanisms.

• A healthy nutrition style drives for longevity
delaying or escaping age-related diseases and
activating a complex pathway for improved
survival and stress response.

Dictionary of Terms

• Caloric restriction: reduced intake of nutritional
calories without malnutrition, often called “dietary
restriction.”

• Exceptional longevity: also called “extreme
longevity,” identified as an age over the average
and out of the ordinary.

• Epigenetic: describes the study of dynamic
alterations in the transcriptional potential of a cell.

• Unsaturation: characteristic of a carbon chain
that contains carbon�carbon double bonds or
triple bonds.

• Cellular energy sensors: a group of cellular molecules
able to monitor the ratio of AMP/ATP, or other
energetic signals, and to manage cellular metabolism.

INTRODUCTION

The number of centenarians in almost all western
populations has dramatically increased in the last 100
years. The US 1900 Birth Cohort Study noted that life
expectancy was 51.5 years for males and 58.3 years for
females and only 1 person in 100,000 reached 100 years
of age. Currently about 1 in 10,000 individuals reach
100 years of age and this prevalence will probably
soon approach 1 in 5000 [1]. The cause of this
increment—quantified as 3 months/year for females—
has been attributed to an improvement in diet beha-
viors and to a reduction in exposure to infection and
inflammation [2]. Progress in healthcare science and a
healthier lifestyle have reduced or erased many of the
avoidable or curable causes of death.

Today, for these reasons, people with the genetic
and behavioral characteristics that push life until 100
years are able to become long-lived people. The reach-
ing of this goal is accompanied by a better health con-
dition of people, either physical and/or mental status,
as a consequence of demographic selection, that com-
presses morbidity and mortality toward the end of the
lifespan [3]. The cognitive ability, for example, was lost
only in the last 3�5 years of life.
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Centenarians, despite being exposed to the same
environmental conditions as members of the average
population, manage to live much longer. The genetic
explanation of this compression in morbidity and mor-
tality reflects the correlation of the longevity pheno-
type with the enrichment of protective alleles and the
depletion of detrimental ones. This genetic make-up is
heritable, as shown by the familiar clustering of excep-
tional longevity, and affects at least 25% of the human
life-span, and for an even a larger proportion in indivi-
duals living to extreme age [4,5]. Thus, long-lived peo-
ple are a good model for studying the longevity
phenotype and age-related pathologies, such as
Alzheimer’s disease (AD), stroke, cardiovascular dis-
ease, diabetes, and Parkinson’s disease.

From a nutritional point of view, the improvements
in food quality and food-intake behaviors amplify and
realize the genetic potential for a good aging. Many
studies have demonstrated the ability of calorie restric-
tion (CR), which is defined as a reduced intake of
nutritional calories without malnutrition, often called
dietary restriction (DR), in maintaining biological
systems and increasing lifespan [6]. The molecular
signaling pathways that mediate the effects of CR on
longevity have been actively studied, and there are
evidences that endothelial nitric oxide synthase
(eNOS) plays a fundamental role in this process [7].

In addition, a large number of studies are exploring
and explaining how nutritional components contribute
to a good aging and which foods are favorable for
increasing lifespan, and not only in humans [8�13].
Nutrients are necessary for the maintenance of bio-
logical functions, including metabolism, growth, and
repair. They include organic chemicals, such as carbo-
hydrates, proteins, lipids, and vitamins, and inorganic
substances, such as minerals and water [14]. Some foods
interact with the organism in a direct, massive, and
manifest way, such as fat accumulation in vessels or
hepatic intoxication due to chemicals preservatives, while
other nutrients regulate gene expression in a fine and
complex way with an accurate control of protein system,
stress response, DNA damage repair mechanisms,
involvement of nervous system, cellular cycle, epigenetic
mechanisms, and telomeres length maintenance.

Nutrition and diet are unequivocally the most
influential of all the external environmental factors
and they are linked to aging and cancer incidence
and prognosis [15�17]. The delay of the aging process
is linked to epigenetic modifications too, and these
are potentiated by nutrition. The importance of the
changes within the epigenome also leads to the possi-
bility of using these changes as biomarkers in many
age-related diseases [18�20].

The amount of the impact of diet on lifespan
depends on the involvement of the particular signaling

pathway perturbed by the diet itself in the etiopathol-
ogy of a disease, but in particular it depends on the
incidence of this disease in the population. For exam-
ple, a very small healthy advantage with respect to a
very diffused disease could have an enormous impact
on lifespan (ie, cancer).

A promising way to study the correlation of diet
and longevity is the analyses of the human genome
and the characterization of polymorphisms associated
with extreme longevity that has a role in nutrients
processing.

For example, polymorphisms in the gene ELOVL6,
sited in the longevity-associated locus 4q25, and impli-
cated in the elongation of fatty acid chains, have a pro-
tective role against the insulin resistance after a high
fat diet [21,22].

Furthermore, a study conducted on a cohort of cente-
narian’s offspring demonstrated that the genetic
predisposition to longevity was linked with an improved
ability to organize the erythrocyte membrane fatty acids
that reflects reduced oxidative stress and increased
membrane integrity at the cellular level [23]. This
aptitude in managing the polyunsaturated fatty acids
(PUFA) is an important example of the close relationship
between diet and genetic predispositions.

MAIN TEXT

Nutrient Components and Aging Process

Many studies have illustrated the important role of
diet as a modulator of longevity explaining the effects
of a single nutrient or complex feeding plan, such as
the Mediterranean diet and its variants.

Carbohydrates, organic compounds consisted of car-
bon, hydrogen, and oxygen, have an important role
as signaling molecules, energy sources, and structural
components and the abundance of many of them is
very harmful for health and accelerates aging. Glucose,
for example, is the primary energy source of most
living organisms, but its consumption is linked to the
inactivation of AMP-activated protein kinase (AMPK)
and other proteins belonging to the energy-sensing
signaling pathways. These pro-longevity proteins form
a complex system of energy management, common
to various species, that includes transcription factors
(such as FOXO), protein deacetylase (such as Sirtuins),
enzymes (such as glyoxalase), and channel proteins
(such as aquaporin-1/glycerol channel). In contrast
to glucose, other carbohydrates or carbohydrate meta-
bolites have been shown to promote longevity in
Caenorhabditis elegans [24�27].

Low-carbohydrate diets improve health by reducing
several factors which are associated with aging or
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metabolic defects. Furthermore, reduced carbohydrate
intake decreases body weight and consequently reduces
the risk factors associated with heart disease. This
improvement in general health represents a big step
toward a good aging and longevity.

The studies on the function of proteins and amino
acids in diet have revealed that they have an important
role as structural constituents, catalysts for enzymatic
reactions, and energy sources. The influence that they
have on the aging process is not clear and seems to be
linked to the carbohydrates’ availability. Many scientists
have conducted studies on the P:C ratio and have found
that a low-protein/high-carbohydrate diet is associated
with health and longevity in different species, such
as in mice [28�30]. On the other hand, proteins are not
all equivalent. Animal proteins have demonstrated a
strong link with the risk of developing tumors, maybe
through IGF-1 and TOR signaling pathways, and with
excess weight and obesity. Plant proteins, instead, are
negatively associated with the same risk factors and this
is probably due to the lower amount of methionine con-
tent. A limitation of this amino acid intake through diet
is associated with an increased lifespan in Drosophila,
mouse, and rat [31,32]. This phenomenon probably
is due to a decrement of production of mitochondrial
reactive oxygen species (ROS) and DNA damage [33].
However, the mechanisms of action of methionine
and other amino acids are still unclear: several studies
demonstrated a positive impact of them on lifespan in
many different organisms.

Also lipids intake confers a bivalent influence on
lifespan. They constitute the main structures in biologi-
cal membranes, but a high-fat diet is associated
with cardiovascular diseases, diabetes, and reduction
of lifespan. These negative aspects are due to the inac-
tivation of SIRT1 gene, a cellular sensor for nutrient
availability, that affects metabolic dysfunction, insulin
resistance, and obesity.

Others important nutritional components are vitamins
and minerals. Humans are not able to synthesize these
components and so their correct quantity in diet is fun-
damental for health. Many diseases and dysfunction are
due to a too low provision of these elements and conse-
quently vitamins and minerals are indispensable for a
healthy aging. The better studied function of vitamins is
in their role as antioxidants. In many different organ-
isms, they are able to moderate levels of ROS acting as
cofactors in many diverse biological processes and a
deficiency of these components limits the beneficial
effects of other components. However, their provision
must be balanced, because a high-vitamin diet could
provoke detrimental effects on physiological functions,
with a negative association with the longevity pheno-
type. The role of minerals in nutrition is not well stud-
ied and the effects of these components are not clear.

There are no evidences that minerals could be associ-
ated to longevity, instead it has been demonstrated that
a supplementation of diet with selenium, iron, manga-
nese, copper, and zinc is harmful for organisms.

Crucial Role of Fatty Acid Component

One of the most important pathways implicated in
the aging process is the management of fatty acids.
Many studies have revealed the association of the
diverse abundances of particular kinds of fatty acids
with different pathologies. For example, omega-3 fatty
acid has a protective role for cardiovascular pathology
(with respect to the harmful impact of omega-6) but
has a detrimental impact on conduction disturbances,
like arrhythmias and fibrillations.

This was assessed by the study of Puca et al. [23]
on a group of people affected by atrial flutter (AFL)
or atrial fibrillation (AF). The phospholipid content
of erythrocyte membranes of these subjects was com-
pared with phospholipid content of age-matched con-
trols’ erythrocyte membranes. The study correlated the
percentage of the main saturated and unsaturated resi-
dues of membranes phospholipids together with the
sum of saturated (SFA), monounsaturated (MUFA),
and polyunsaturated (PUFA n-3 and PUFA n-6) fatty
acid residues, and some indicative ratios (SFA/MUFA;
Palmitoleic acid-C16:1/Palmitic acid-C16:0; Oleic acid-
C18:1/Stearic acid-C18:0). Furthermore, the indexes
of peroxidation (PI) and unsaturation (UI) were evalu-
ated. PI value provides information on the amount
of substrate for lipid peroxidation based on the contri-
bution of fatty acids according to their degree of
unsaturation. UI represents the concentration of the
unsaturated product proportional to the sum of the
unsaturated product and the saturated substrate.
Results indicated values of PI and UI were signifi-
cantly higher in AF/AFL subjects than in the control
groups, as well as the amount of PUFA (omega-3 vs
omega-6). Furthermore, the results show that mem-
branes of AF/AFL subjects have significantly lower
amounts of MUFA (especially C16:1 and C18:1) and
SFA (C18:0). These data mean that membranes of
AF/AFL affected subjects are more susceptible to
oxidative stress and that there is a direct correlation
between PUFA abundance in cells and predisposition
to these cardiovascular arrhythmias. This is informa-
tion that shows the importance of preferring a diet
based on MUFA content instead of PUFA.

The same indication was given by another study
conducted on a population of nonagenarian and nona-
genarian’s offspring; offspring of long-living people also
show a lower risk of all-cause mortality, cancer-
specific mortality, and coronary disease-specific mortality.
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The project compared fatty acid percentage of erythro-
cytes membrane of 41 healthy nonagenarians’ offspring
with 30 age-matched controls. Analysis of the erythrocyte
membranes’ fatty acid components was executed by
evaluating the fatty acid percentages and correlating the
percentages of the main saturated and unsaturated
residues of membrane phospholipids, together with some
indicative ratios (SFA/MUFA, C16:1/C16:0; C18:1/
C18:0). The study also evaluated the presence of some
trans-fatty acid isomers, which are indicative of an endo-
genous free radical process. The study revealed that
erythrocyte membranes from nonagenarian offspring had
significantly higher content of C16:1, trans C18:1, and total
trans-FA than matched controls and significantly reduced
content of C18:2 and C20:4 than matched controls. The
measure of the PI revealed that it was significantly lower
than that in the control groups. These evidences found in
the erythrocyte membranes could be realistically
expanded to the whole organism and reflect a generalized
mechanism of membrane bilayers of cells. This conforma-
tional condition of the membrane could alter cell meta-
bolism, the production of ROS, and the activity of
membrane-associated proteins [34,35]. Today we can
study the composition of centenarian’s membranes in
order to design a diet that allows the correct intake of the
right percentage of every kind of fatty acid. For example,
the peroxidizability property must be kept low, maintain-
ing a low intake of PUFA, while levels of trans C18:1,
C16:1, and C16:1/C16:0 ratio must be kept higher, for a
basal condition of free-radical stress, a process that has
been shown to induce antioxidant and cytoprotective
responses [36].

The importance of evaluating the lipid content of
cellular membranes is due to the fact that many of the
products of lipid peroxidation are powerful ROS them-
selves. These ROS are able to attack other PUFA mole-
cules with a domino effect that allows us to consider
lipid peroxidation as an autocatalytic, self-propagating
process [37]. The products of lipid peroxidation are
able to harm surrounding structures, such as protein
and nucleic acids, and cells with peroxidation-
susceptible membrane fatty acid composition espe-
cially. This was named “membrane pacemaker theory”
and was implied as a support for the oxidative stress
theory of aging. This is one of the various theories of
aging that has been proved in more than one species
and following its principles lifespan has been experi-
mentally modulated through caloric restriction.

Genomic Studies and Importance
of Palmitoleic Acid

Research on nutritional components could give us a
direction toward good aging and longevity, but today

a new important way to study the aging process con-
sists of the analysis of centenarian people’s genome. In
this kind of research, the object of the study is not lon-
gevity but extreme longevity: centenarian people are
perfect models to understand the mechanisms behind
aging process and their genetic make-up could reveal
how to take advantage from these information for a
good aging.

The studies on other species’ genome have the same
importance, because many of the mechanisms of aging
are highly conserved between species and the use of a
simpler and shorter-lived organism could give more
complete results.

A particular aspect of aging metabolism studied in
recent years is the elongation of very long chain fatty
acids protein 6 (ELOVL6). This protein is an elongase
enzyme that has the role of transforming C16:0 into
C18:0, and C16:1 (palmitoleic acid) into C18:1 adding
two carbon atoms to the fatty acid chain. The gene
that encodes this protein is sited in locus 4q25, an
important area of chromosome 4 that presents an high
concentration of polymorphisms associated with lon-
gevity that interact with lipid pathway management
(ie, microsomal triglyceride transfer protein, MTP).
Polymorphisms in ELOVL6 gene have been associated
with insulin sensitivity and an in vivo experiment in
mice demonstrated the importance of palmitoleic acid.
KO-mice for ELOVL6 are not able to transform palmi-
toleic acid into stearinic acid and the abundance of
palmitoleic acid avoids the oncoming insulin resistance
after a high-fat diet [21,27]. An experiment on geneti-
cally modified worms demonstrated that the abun-
dance of palmitoleic acid extended lifespan while
several experiments are now trying to explain how
these phenotypical effects are associated with this kind
of fatty acid.

A study from Clemson University (USA) was per-
formed to investigate the effects of palmitoleic acid
infusion in obese sheep [38]. Palmitoleic acid is almost
absent from common diets; it is present in little
doses in macadamia nuts and in buckthorn oil and the
presence in the human organism is due to the desa-
turation of palmitic acid via stearoyl-CoA desaturase-1.
Preliminary data on exogenous administration of
palmitoleic acid to bovine adipocytes in vitro shows it
downregulates de novo lipogenesis and upregulates
fatty acid oxidation to direct fatty acids, forcing cells to
expend energy and to avoid lipid storage. Obese
sheep, which are animal models with a fat distribution
patterns more similar to humans than the other models
such as pig or rodents, were infused intravenously
with a dose of 10 mg/kg of palmitoleic acid twice
daily for 28 days. While carcass traits, visceral adipose
depots, and body composition were not altered, levels
of palmitoleic acid in serum increased in a linear
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manner during the treatment. At the same time, levels
of arachidonic (C20:4) and eicosapentaneoic (C20:5)
acids increased. The total monounsaturated and poly-
unsaturated n-6 content in serum increased, as well as
the ratio of palmitoleic and palmitic acids. Plasma
insulin levels decreased and at the end of the treat-
ment the decrement was lower in the obese sheep than
in the control sheep infused with the same amount
of palmitoleic acid. Plasma glucose levels were
unchanged. The analysis of the muscular component
of these animals showed that the lipid content of long-
issimus and subcutaneous muscles was not changed
by infusions, but the lipid content in semitendinosus
(ST) and mesenteric muscles was decreased. There was
no variation in the lipid content of liver. The expres-
sion analysis of genes involved in energetic metabo-
lism showed that acetyl-CoA carboxylase and ELOVL6
were upregulated and the phosphorylated form of
AMPKa1 was more abundant after treatment. In the
subcutaneous adipose and liver tissues the expression
of GLUT4 and CPT1B was increased, but not in ST
muscle. Taken together, these results suggest a positive
association of palmitoleic acid infusions with insulin
sensitivity, weight gain, intramuscular adipocyte size,
and total lipid content. These effects are probably
related to the alterations of AMPK activity in muscles
and to the tissue-specific modulation of GLUT4 and
CPT1B that regulate glucose uptake and fatty acid
oxidation.

Similar results were found by Bolsoni-Lopes [39]
who demonstrated that white adipocytes, cells of
adipose tissue with an energy storage function,
were stimulated by palmitoleic acid toward glucose
uptake and expression of the major glucose transporter
GLUT4. This enhancement of adipocytes’ metabolism is
performed by the activity of AMPK that involves
the phosphorylation and activation of peroxisome
proliferator-activated receptor gamma coactivator
1-alpha (PGC1α) and histone deacetylase 5 (HDAC5).

The Central Position of Energy Sensor Systems

Another important player of these pathways,
involved in the management of nutritional component,
is cAMP responsive element-binding protein (CREB),
a ubiquitous transcription factor that is regulated
through phosphorylation and acetylation. Its activation
depends on many stimuli of different nature, such as
nutritional, hormonal, and growth factors, and causes
different effects in various tissues. In neuronal cells,
CREB mediated gene expression to promote neuronal
survival and growth, differentiation, and plasticity
[40]. Conditional deletion of CREB in neurons leads
to neurodegeneration and could increase damage

inflicted by neurodegenerative diseases. This singular
transcription factor is sited between the nutrient sens-
ing and neurotrophic signaling pathways and thus it is
able to translate nutritional and dietary healthy beha-
viors into beneficial neural signals.

Another recent study [41] used a targeted liquid
chromatography, mass spectrometry�based metabolo-
mics platform with high analyte specificity, to charac-
terize the metabolic response to exercise. Serial blood
samples obtained before and after exercise were ana-
lyzed and the magnitude, kinetics, and interrelated-
ness of plasma metabolic changes in response to acute
exercise were defined. In a second step, it was investi-
gated if these metabolites could modulate the expres-
sion of transcriptional regulators of metabolism in cell
culture and animal models. The results indicated that
during strong exercise, such as marathon training, the
metabolic pathways were improved for the utilization
of fuel substrates: glycolysis, lipolysis, adenine nucleo-
tide catabolism, amino acid catabolism, glycogenolysis,
and the presence of small molecules (that indicate
oxidative stress and modulation of insulin sensitivity).
The metabolites detected have a wide range of health
consequences on physiological pathways (especially in
skeletal muscle metabolism) and could protect against
the onset of pathological conditions (cardiovascular
disorders, obesity, and diabetes). The common player
of these processes is Nur77, a transcriptional factor that
had a threefold increment. Nur77, as well as CREB, is
under the control of Ca21/calmodulin-dependent protein
kinase (CAMKIV), which is activated by AMPK and has
been associated with exceptional human longevity
[42,43]. AMPK is, in turn, responsible for eNOS
phosphorylation that causes the beneficial effects of both
physical exercise and caloric restriction [44]. Another
aspect shared by these two behaviors is the activation of
mitochondrial biogenesis, with many metabolic
consequences [45].

The Involvement of Sympathetic System

The connection between food intake regulation
and modulation of cardiovascular system physiology
or tissues lipid content is a relatively well-known
mechanism and could appear a more direct and imme-
diate consequence. In recent years more and more
research studies have shown the involvement of the
nervous system with nutritional lifestyle. To appreciate
what kind of influence the diet could have on sympa-
thetic and parasympathetic systems, it has been neces-
sary to perform a long-term experiment on a group
of healthy subjects that agreed to undergo a caloric
restriction regime for 3�15 years. The CR diet con-
sisted of a variety of nutrient-dense unprocessed foods

35MAIN TEXT

I. INTRODUCTORY ASPECTS ON AGING AND NUTRITION



(eg, vegetables, fruits, nuts egg whites, beans . . .) that
supplied the recommended daily intake for all essen-
tial nutrients. Energy intake was 30% lower in CR diet
than in the control diet. Refined foods rich in trans-
fatty acids and salt were avoided.

An important physiological aspect that evolves in
organism life is heart rate variability (HRV), defined as
the phenomenon of variation in the time interval
between heartbeats, and it is a well-accepted index of
autonomic nervous system (ANS) function. The aging
process is associated with an alteration of ANS func-
tions such as a progressive decline in HRV and a gen-
eral increment of homeostatic imbalance. HRV
decreases in various diseases such as cardiovascular
disease, hypertension, obesity, and inflammatory
syndromes. In addition, experiments on mouse models
demonstrated that long-term caloric restriction
produced a beneficial effect on autonomic function
and HRV that is now considered a marker of biological
age (ie, it can describe the healthy status of an
organism, independently of its chronological age).

Taken together, these observations forced the con-
sideration of HRV values in CR-treated and control
subjects to understand if this nutritional style could
have an impact on the aging process of ANS. The
results of this study show that the control group has
higher values of total cholesterol and high-density
lipoprotein cholesterol, as expected. Furthermore, sys-
tolic and diastolic blood pressures of the CR group
were lower than controls of the same age and could be
compared with controls 10 years younger. Monitoring
of heart rate for 24 hours has shown significant lower
values in CR than in control group (p, 0.001) and
with corresponding virtually higher values of HRV
(p, 0.005) [46]. Crossing these data with the indica-
tions of a study of Mager et al. [47] on caloric
restriction and rat models, there is evidence that CR
results in decreased sympathetic activity and
augmented parasympathetic activity. These results
show that caloric restriction not only has the ability to
slow aging, prevent or delay several chronic diseases,
protect against diabetes, cancer, and cardiovascular dis-
ease in animal models, but it is also associated in humans
with many metabolic changes. These modulations give
protection against heart dysfunctions, hormonal age-
related disorders, and ANS decline. This latter discovery
has an enormous impact on the regulation of the whole
organism and could be implicated in the improvement of
aging process of many bodily districts.

The results obtained by this recent study were based
on a CR treatment of an average of 7 years of the sub-
jects. This treatment was defined as “caloric restric-
tion” but it is important to highlight that this regime
consisted of a very balanced diet, with the correct
intake of all necessary nutrients.

Similar results were obtained by Mager et al. [47]
with a different form of caloric restriction, called inter-
mittent fasting (IF), where meals are not limited in cal-
ories but consumed with decreased frequency. Rats
treated with IF showed an improvement in functional
and metabolic cardiovascular risk factors, including
enhancement of insulin sensitivity, decrease in blood
pressure, and improvement of cardiovascular stress
adaptation. The IF diet form was shown to be more
effective in the improvement of glucose regulation and
neuronal resistance to injury. Although it was less
clear, the hypothesis that the better condition of car-
diovascular function and general vessels resilience was
due to an alteration of ANSs had already been formu-
lated. In summary, this study identified a parasympa-
thomimetic effect of caloric restriction.

Another important research study, maybe one of the
first that theorized the possibility of nervous system
modulation by diet, was performed by Cowen et al. [48].
This study demonstrated that caloric restriction could
rescue enteric motor neurons in aged rats. In particular,
a very restrictive nutritional regime was shown to
increase the age of senescence to 30 months, instead of
24 months, and to prevent significant loss of myenteric
neurons up to that age. At the opposite, an ad libitum
diet was demonstrated to cause a premature loss of
myenteric neurons, especially if this diet regime was
imposed from a young age. The most involved neuronal
cells are the cholinergic group. There is no information
about the loss of other populations of neurons due to
diet or aging. The loss of cholinergic excitatory motor
neurons could explain a long list of age-associated dis-
turbances or disease. First of all the loss of motility in the
gut is associated with a direct effect on the increment of
constipation, but more important could be the relation-
ship, still unknown, between the alteration in elderly of
neuromuscular transmission, with an increment of vul-
nerability of neurons, and the onset of critical neuronal
diseases, such as Parkinson’s disease and AD. The fact
that NOS neurons are not involved in aging decline
could be explained by their function: they use nitric
oxide constitutively and for this reason they may have
developed a defense system against free radical damage.

Thus, longevity can be linked to the nutritional
behavior through another important way: the protec-
tion of the ANS and the healthy maintenance of the
submitted biological systems.

Epigenetic Linkage of Aging and Nutrition

In recent years, the number of studies around epige-
netics has become more and more consistent, and
the information that they produce is very innovative
and has clarified many aspects of gene expression.
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Epigenetic mechanisms, indeed, regulate the expres-
sion of genes basing on the external and internal sti-
muli that the individual receives. Thus, in different
phases of life, an organism needs different patterns of
protein synthesis because of the age or influence of
both the quality and quantity of diet. There are also
pathological causes that modulate an epigenetic trait
and, more importantly, there are nutrients or drugs
that can modulate epigenetic patterns to prevent
pathologies, such as the formation and progression of
various neoplasms. On the other hand, epigenetic
modulations have a genetic foundation and for this
reason each individual reacts in a personalized way to
different environmental stimuli. It has been demon-
strated in the literature that genetic regulation of the
epigenome is heritable and this could be an explana-
tion for the rapidity of the establishment of advanta-
geous traits in human. For example, the rapid
extension of lifespan in the last century could be
linked, in many aspects, with the inheritance of the
fine epigenetic mechanisms that allow humans to
better profit from environmental signals. Signals, in
turn, are becoming more and more characterized and
could be moderated. An epigenetic diet, as named
recently by Daniel and Tollefsboll [49], can induce
epigenetic mechanisms that protect against cancer and
aging through the consumption of certain foods, such as
soy, grapes, cruciferous vegetables, and green tea [50].
These food groups could be introduced in diet as a
helpful therapeutic strategy for medicinal and chemo-
preventive function. Inside these products, there are
sufficient amount of sulforaphane, epigallocatechin-
3-gallate, genistein, and resveratrol that act on the epi-
genome system affecting various mechanisms, such as
DNA methyltransferase inhibition, histone modifica-
tions via HDAC, histone acetyltransferase inhibition,
or noncoding RNA expression. These modulations
push the expression of positive genes in physiological
cells and proapoptotic genes in cancer cells and the
inhibition of detrimental genes in healthy cells and
survival genes in bad cells.

In 2012, the Franceschi research group performed
an epigenome-wide association study [51] that con-
sisted of the comparison of epigenetic characteristics of
a group of mothers (age range 42�83) with those
of the offspring group (age range 9�52). This kind of
analysis is able to indicate which areas of DNA have a
methylation pattern that follows the aging process.
The results of this investigation showed an association
of aging with three different genes that are more
and more methylated with age. One of these is
ELOVL2, of which we already know the link with
nutritional components: it encodes for a transmem-
brane protein involved in the synthesis of long
(C22 and C24) omega-3 and omega-6 PUFAs [52]. This

other piece of the puzzle links the crucial role of
PUFAs in biological functions (ie, energy production,
modulation of inflammation, and maintenance of cell
membrane integrity), and thus the role of ELOVL2,
with the biological age of an organism. The ELOVL2
hypermethylation, indeed, continuously increases from
the very first stage of life to nonagenarian. In addition
to the many advantages that this discovery can give
clinically and forensically, it is important because it
arises in connection with the fatty acid component in
homeostasis and biological age of an individual.

Another point of view was taken by Heyn et al. [53],
which compared the epigenome of 20 nonagenarians
with the epigenome of 20 newborn controls. This study
focused the attention on extreme longevity and tried
to discover the epigenetic characteristics that permit
reaching this exceptional age. They published a long
list of differentially hypermethylated or hypomethy-
lated genes in the long-lived subjects. The results of this
study indicate, as expected, that epigenomic conditions
are very different at the two extremes of the human life-
span, but a more attractive and interesting evaluation
could be the comparison of centenarian epigenome and
middle aged/old people epigenome. This matching
could highlight the particular characteristic that allows
a man to reach extreme longevity and not only old age.

SUMMARY

• The increase of lifespan in the last century is
associated with an ameliorated quality of the
environment and public health.

• Many nutritional studies explained the effects of
nutrients categories on human health and aging.

• Animal models were used to understand how diet
influences the aging process.

• Another finer approach in elucidating aging
mechanisms is the study of long-lived individuals and
genetic characteristics of extreme longevity phenotype.

• Combining information about food content action
on organisms and molecular aging mechanisms in
extreme longevity models, macronutrients have
been classified as positive or detrimental for aging
process.

• One of the most important roles is occupied by lipid
quantity and quality intake: this component could
modulate the homeostasis of many corporal districts.

• Many different pathways are involved in the
process regulated simultaneously by diet, physical
exercise, and aging: from the management of energy
resources to lipid content of muscles.

• Caloric restriction or fasting intermittent diet is the
nutritional styles that could bring the most
significant improvement of lifespan in all species.
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Nutrition in the Elderly: General Aspects
Eugenio Mocchegiani

Translational Center Research on Nutrition and Aging, Scientific and Technologic Pole INRCA, Ancona, Italy

KEY FACTS

• Ageing is a challenge for any living organism
and human longevity is a complex phenotype.

• Healthy ageing involves the interaction between
genes, the environment, and lifestyle factors,
particularly diet.

• Ageing and many prevalent conditions in old
age are known to affect nutritional needs along
lifetime.

• The concept of proper nutrition as the basis for
successful aging is a recent development in
nutrition research and it is still not completely
known how we should adapt nutritional needs
to the changes imposed by the aging process,
especially in the very old age.

• Good nutrition and appropriate physical exercise
are essential for healthy ageing from both a
physical and psychological perspective but, it is
conceivable that nutritional problems of older
people cannot be understood and engaged with
the same systems developed for younger adults.

• Current understanding of the biological
mechanisms of the ageing process, in particular
around the nutrient sensing pathways and
gene-nutrient interaction, are rising important
challenges and questions around the
development of the best dietary strategies and
dietary recommendations for adult and elderly.

Dictionary of Terms

• Malnutrition. Malnutrition is caused by eating a diet
in which nutrients are insufficient or are too much

such that it causes health problems. It is a category of
diseases that includes undernutrition and
overnutrition. Overnutrition can result in obesity and
overweight. Undernutrition is sometimes used as a
synonym of protein�energy malnutrition (PEM). It
differs from calorie restriction because calorie
restriction may not result in negative health effects.

• Caloric restriction. Caloric restriction (CR) is a
dietary regimen that is based on “low” calorie
intake (45%) resulting in longer maintenance of
youthful health and an increase in both median and
maximum lifespan in various species from yeast to
nonhuman primates. The mechanism by which CR
works is still not well understood. Some
explanations include reduced cellular divisions,
lower metabolic rates, reduced production of free
radicals, reduced DNA damage, and hormesis.

• Frailty. Frailty is a geriatric syndrome associated
with aging and defined as a clinically recognizable
state of increased vulnerability resulting from aging-
associated decline in reserve and function across
multiple physiologic systems, such that the ability
to cope with acute stressors is compromised. Frailty
has been defined as meeting three out of five
phenotypic criteria indicating compromised
energetics: low grip strength, low energy, slowed
walking speed, low physical activity, and/or
unintentional weight loss. A prefrail stage, in which
one or two criteria are present, identifies a subset at
high risk of progressing to frailty.

• Dietary Reference Intake (DRI). DRI is a system of
nutrition recommendations from the US National
Academy of Sciences. The DRI provides several
different types of reference value:
• Estimated Average Requirements (EAR), expected to

satisfy the needs of 50% of the old people.
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• Recommended Dietary Allowances (RDA), the daily
dietary intake level of a nutrient considered
sufficient to meet the requirements of 97.5% of
healthy individuals in each life-stage and sex
group. It is calculated based on the EAR and is
usually approximately 20% higher than the EAR.

• Adequate Intake (AI), where no RDA has been
established, but the amount established is
somewhat less firmly believed to be adequate for
everyone in the demographic group.

• Tolerable upper intake levels (UL), caution against
excessive intake of nutrients that can be harmful
in large amounts.

• Acceptable Macronutrient Distribution Ranges
(AMDR), a range of intake specified as a
percentage of total energy intake. Used for
sources of energy, such as fats and carbohydrates.

• Mini Nutritional Assessment (MNA). The MNA is a
validated nutrition screening and assessment tool
that can identify geriatric patients age 65 and over
who are malnourished or at risk of malnutrition.
Originally comprised of 18 questions, the current
MNA now consists of 6 questions and streamlines
the screening process. The revised and current
MNA Short Form makes the link to intervention
easier and quicker and is now the preferred form of
the MNA for clinical use.

• Body Mass Index (BMI). The BMI is a measure of
relative size based on the mass and height of an
individual. The BMI for a person is their body mass
divided by the square of their height—with the value
universally being given in units of kg/m2. BMI was
designed to classify average sedentary (physically
inactive) populations, with an average body
composition. The current value recommendations are
as follow: a BMI from 18.5 up to 25 indicates optimal
weight, a BMI lower than 18.5 suggests underweight,
a number from 25 up to 30 indicates overweight, a
number from 30 upwards suggests obesity.

• Nutrient-sensing pathway. Nutrient-sensing pathway
is a cell’s ability to recognize and respond to fuel
substrates such as glucose. Each type of fuel used
by the cell requires an alternate pathway of
utilization and accessory molecules. In order to
conserve resources a cell will only produce
molecules that it needs at the time. The level and
type of fuel that is available to a cell will determine
the type of enzymes it needs to express from its
genome for utilization. Receptors on the cell
membrane’s surface, designed to be activated in the
presence of specific fuel molecules, communicate to
the cell nucleus via a means of cascading
interactions. In this way the cell is aware of the
available nutrients and is able to produce only the
molecules specific to that nutrient type.

• mammalian Target of Rapamycin (mTOR). mTOR is
a protein that in humans is encoded by the mTOR
gene. mTOR is a serine/threonine protein kinase that
regulates cell growth, cell proliferation, cell motility,
cell survival, protein synthesis, and transcription.
mTOR integrates the input from insulin, growth
factors (IGF-1 and IGF-2), and amino acids. mTOR
also senses cellular nutrient, oxygen, and energy
levels. The mTOR pathway is dysregulated in aging
and in human diseases (diabetes, obesity, depression,
and cancers). Rapamycin inhibits mTOR by
associating with its intracellular receptor FKBP12.
The inhibition by rapamycin provides beneficial
effects of the drug and in life-span extension.

• Metallothioneins (MTs).MTs are a family of cysteine-
rich, low molecular weight proteins. They are
localized to the membrane of the Golgi apparatus.
MT have the capacity to bind both physiological (zinc,
copper, selenium) and xenobiotic (cadmium, mercury,
silver, arsenic) heavy metals through the thiol group
of its cysteine residues. MT exist in four isoforms and
are synthesized primarily in the liver and kidney.
Their production is dependent on availability of the
dietary minerals (zinc, copper and selenium) and the
amino acids histidine and cysteine. Cysteine residues
from MT capture harmful oxidant radicals. In this
reaction, cysteine is oxidized to cystine, and the metal
ions bound to cysteine are liberated to the media. So,
free zinc can activate the synthesis of more MT and
many other biological functions related to free zinc
ion bioavailability. This mechanism has been
proposed in the control of oxidative stress and
inflammatory/immune response by MT.

• Nutrigenomics. Nutrigenomics is a branch of
nutritional genomics and is the study of the effects
of foods and food constituents on gene expression.
This means that nutrigenomics is research focusing
on identifying and understanding molecular-level
interaction between nutrients and other dietary
bioactive compounds with the genome.
Nutrigenomics has also been described by the
influence of genetic variation on nutrition, by
correlating gene expression or Single Nucleodite
Polymorphisms (SNPs) with a nutrient’s absorption,
metabolism, elimination or biological effects. By
doing so, nutrigenomics aims to develop rational
means to optimize nutrition with respect to the
subject’s genotype.

• Single Nucleotide Polymorphism (SNP). SNP is a
variation at a single position in a DNA sequence
among individuals. Recall that the DNA sequence is
formed from a chain of four nucleotide bases: A, C,
G, and T. If more than 1% of a population does not
carry the same nucleotide at a specific position in
the DNA sequence, then this variation can be
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classified as an SNP. If an SNP occurs within a
gene, then the gene is described as having more
than one allele. In these cases, SNPs may lead to
variations in the amino acid sequence. However
SNPs can also occur in noncoding regions of DNA.
Although a particular SNP may not cause a
disorder, some SNPs are associated with certain
diseases. These associations allow the evaluation of
an individual’s genetic predisposition to develop a
disease or the influence of a single nutrient on the
DNA (Nutrigenomic approach).

INTRODUCTION

Life expectancy has been increasing in developed
countries over the past two centuries at a pace that
makes some experts suggest that most babies born in
the first decade of the 21st century in developed coun-
tries will celebrate their 100th birthdays [1]. Populations
of these countries are aging fast for many reasons, and
research suggests that aging processes may be amena-
ble to modification, with a postponement of functional
limitations. Therefore it is relevant to understand and
dispose of precise tools that allow to add years of life in
good health in the third age and over. In this context,
nutritional knowledge and education are considered
useful tools to promote health in elderly patients. The
aging process itself is thought to be not a cause of mal-
nutrition in healthy and active elderly people with
appropriate lifestyles. However, changes in body com-
position and organ function, the ability to eat or access
food, inadequate dietary intake and the partial loss of
taste and smell are associated with aging and may
contribute to malnutrition. Over the past decade, the
importance of nutritional status has been increasingly
recognized in a variety of morbid conditions including
cancer, heart disease, and dementia in persons aged 65
and over [2]. Indeed, proper nutrition is an essential
part of successful aging, and may delay the onset of dis-
eases [3]. However, the concept of proper nutrition as
the basis for successful aging is a recent development in
nutrition research and it is still not completely known
how we should adapt nutritional needs to the changes
imposed by the aging process, especially in the very old
age. Although improvement of health and functional
trajectories through life depends mostly on improve-
ments in older people, this process should probably start
by improving living conditions and lifestyle earlier in
life. Progress toward improvement of health is likely to
depend on public health to combat many problems,
inadequate nutrition being a major area of improvement
both in developing and developed countries, the latter
because inadequate nutrition may lead to an opposite

condition, that is, obesity [4]. Good nutrition and appro-
priate physical exercise are essential for healthy aging
from both a physical and psychological perspective.
Therefore, a multidisciplinary life course approach to
aging is vital to minimize its complications for quality of
life and subsequent public health [5].

Nutrition-related problems in older subjects, for-
merly ignored, have been gaining prominence in
recent years and are now highly relevant, both in
research and in usual clinical practice. Having a good
nutritional status is not only linked to health and wel-
fare, but is also related to an increased life expectancy
with reduced disability, and is an essential component
of the therapeutic plan in most chronic diseases.
Moreover, food and nutrition is a relevant aspect of
most cultures and is related with the individual life-
style of every person [6].

If good nutrition is key for healthy aging, nutritional
assessment and intervention should become part of
health care of both healthy and sick older people.
Nutritional counseling and intervention should be part
of a general care plan that takes into account all
aspects of an aged person. The promotion of health in
older individuals should incorporate the principles of
Gerontology and Geriatric Medicine to public health
interventions. At the individual level, strategies of
successful aging consist of having the opportunity to
make and making healthy lifestyle choices, implement-
ing various self-management techniques. Nutritional
programs that aim for high compliance should be indi-
vidualized, and would have to consider every aspect of
old age: beliefs, attitudes, preferences, expectations, and
aspirations [7]. However, it is also relevant to under-
stand better the biological alterations of aging and their
consequences in order to disentangle malnutrition from
other conditions, such as poor nutrition or inadequate
nutrition, taking into account that malnutrition is caused
by eating a diet in which nutrients are not enough or are
too much causing health problems, including obesity
and overweight. Among the biological changes naturally
occurring in aging, the deregulated nutrient-sensing
system seems relevant [8]. Thus, individualized inter-
vention strategies, possibly including the concept of
biological age, can be established. On the other hand, it
is conceivable that nutritional problems of older people
cannot be understood and engaged with using the same
systems developed for younger adults. Aging and many
prevalent conditions in old age are known to affect
nutritional needs through the lifetime. Thus, specific
guidelines on nutrition and recommended intakes for
older adults are more frequently being considered,
but the variability in biological age, morbidity status,
pharmacological treatments, and individual genetic
background suggest that established general nutritional
guidelines could be extremely complicated in such an
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heterogeneous population [9]. Even laypersons can
acknowledge that a healthy and active octogenarian/
nonagenarian will not have the same needs and
demands as a frail octogenarian/nonagenarian with
multiple disabling comorbidities and polypharmacy
[10]. Thus, special recommendations for subgroups of
individuals are essential, taking into account individual
health status and other factors [11]. In this specific
chapter, we describe important aspects of nutrition in
the elderly. First of all, we address the psychosocio and
economic conditions that can lead to malnutrition in the
elderly. Then, we discuss the problem of malnutrition
with a particular emphasis on the use of supplements in
the third age. An additional section is dedicated to the
current understanding of the biological mechanisms
of the aging process, in particular the nutrient-sensing
pathway, and how this knowledge can be related to
current dietary strategies and dietary recommendations
for the elderly. Finally, we also discuss critical aspects of
the nutrigenomic approach for a personalized diet in the
elderly that may give an exhaustive picture for a correct
diet for an healthy aging.

MALNUTRITION IN THE ELDERLY:
DEFINITION AND GENERAL ASPECTS

Malnutrition refers to any nutritional imbalance and
in the elderly it is frequently the result of a lack of calo-
ries, proteins, and other micronutrients [12]. This con-
dition tends to develop more frequently in the elderly
and may significantly affect the quality of life, physical
and psychological functions, as well as metabolic and
inflammatory status. Therefore, changes in body com-
position, organ functions, adequate energy intake, and
ability to eat or access food are associated with aging
and may contribute to malnutrition. Malnutrition is also
critical for hospitalized elderly patients as it is strongly
related to a high rate of infectious complications
and increased mortality rates. In this context, some
terms, such as geriatric syndrome, are used to define
the nutritional status, particularly the association
malnutrition/weight loss, in the elderly. The term
“anorexia of aging” is considered a geriatric syndrome
and most commonly refers to the loss of appetite and/
or reduced food intake beyond that normally expected
with physiological aging [13]. This condition is found in
up 30% of community-dwelling and institutionalized
older adults and is associated with weight loss and
higher rates of mortality [14]. Another geriatric syn-
drome and term associated with weigh loss is the
“frailty” in which decreased strength and endurance
and increased fatigability are present [15]. Finally, a
syndrome completely different from the others, but
associated with weight loss, is “cachexia” in which the
weight loss is mediated by cytokines released by

inflammatory states, often chronic diseases, such as
cancer, chronic obstructive pulmonary disease (COPD),
congestive heart failure, and rheumatoid arthritis [16].
However, regardless of the term used to define a geriat-
ric syndrome, weight loss and malnutrition are com-
mon features of the elderly person that must be taken
into serious consideration by the clinical point of view
to better address and/or prevent the state of disability
due to concomitant onset of diseases associated with
age, in which even the persistence of malnutrition can
aggravate the clinical picture of the elderly patient. In
this respect, the nutritional assessment is useful, neces-
sary, and indispensable to manage in the best way the
subject/elderly patient in order to have a decent life
and a healthy state. The nutritional assessment (particu-
larly, Mini Nutritional Assessment, MNA), therefore, is
a crucial part in the comprehensive evaluation of older
adults. The body weight is a critical component of the
MNA as weight loss is an early sign of the impaired
nutritional status from inadequate caloric intake, as
shown by recent meta-analysis of 16 studies on institu-
tionalized older adults, in whom also depression, swal-
lowing issues, and absence of physical activity are
strictly associated with weight loss [17]. One advantage
of the MNA is that it is applicable to a wide range of
elderly patients (ie, from those who are well to hospital-
ized elderly). The questions are simple and brief. It has
a 96% sensitivity and 98% specificity, and a predictive
value of 97% which distinguishes patients by their
adequate nutritional status (score $ 24), risk of malnu-
trition (score 12�23), and malnourishment (score ,17)
[18]. A short-form version of the MNA has been devel-
oped (MNA-SF) containing six questions and it is
strongly correlated with total MNA score (r5 0.945),
and is applicable for both community dwelling and
hospitalized elderly [19,20]. Other screening tools
(Nutrition Risk Index and Nutrition Risk Score) have
been designed to identify risk of malnutrition in the
elderly on admission to hospital [21]. The simplest
office measure reflecting undernutrition is a body
mass index (BMI5weight in kilograms (kg)/height in
meters (m)2) below 20 kg/m2 [22]. In the elderly, a
convenient approximation of height is arm span [23].
Another easy to remember mnemonic screening tool is
the SCALES assessment [24] in order to evaluate older
patients regarding: Sadness (depression); Cholesterol
levels; Albumin (serum levels ,40 g/L); Loss of weight;
Eating problems (cognitive and/or physical determi-
nants); and Shopping problems or inability to prepare a
meal. A problem with three or more of these areas
reflects a high risk for malnutrition [25]. Another tool is
the “Determine Your Nutritional Health Checklist”
which can be a very useful tool in the community set-
ting [24]. However, it may be of limited use for seniors
with cognitive impairment or poor vision because it
relies on self-reporting. In the nursing home setting, a
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validated tool is the amount of food left on a resident’s
plate. Residents who have more than 25% of their food
remaining on their plate are most likely to suffer from
protein undernutrition [26]. One estimate suggests that
84% of nursing home patients had intake less than their
calculated daily caloric expenditure, and only 5% were
receiving nutritional supplements. Those with lower
caloric intake had a higher mortality rate than those
whose intake more closely matched their caloric expen-
diture [27]. All these tools are useful in determining the
nutritional status of the elderly and therefore useful in
order to correct the body weight and condition of
malnutrition through specific supplements that are
useful and essential in both healthy subjects living at
home and in elderly hospitalized. Alongside supple-
ments, proper physical activity has been suggested as
physical activity is one of the beneficial components in
preventing some geriatric syndrome, such as sarcope-
nia, and some diseases related with malnutrition, such
as diabetes and cardiovascular diseases [28].

CAUSES OF MALNUTRITION
IN THE ELDERLY

Screening for malnutrition is recommended in elderly
subjects and must be carried out at least once a year in
community dwelling elderly and much more frequently
in institutionalized and hospitalized elderly. A screening
for malnutrition in the old persons is based on the search
for risk factors of malnutrition, the estimation of appetite
and/or food intake and periodic measurement of body
weight that are used to estimate weight loss compared
to a previous record. Careful examination of weight loss
is particularly important in aging as it is usually associ-
ated with onset of frailty, disability, and, finally, mortal-
ity. Although lean body mass may decline because of
normal physiological changes associated with age [29], a
loss of more than 4% per year is an independent predic-
tor of mortality [30]. Rapid weight loss of 5% or more in
1 month is considered significant for the appearance of
frailty [31], in which the weight loss and other dimen-
sions (exhaustion, weakness, slowness, and low levels of
activity) are the main causes of frailty syndrome [32]. It
has been shown that even moderate decline of 5% or
more over 3 years is predictive of mortality in older
adults [33]. Risk factors for malnutrition can also coin-
cide with causes behind this condition. These causes
include oral and dental disorders including loss of
dentition, poor fitting dentures, dryness of mouth and
other mastication disorders that lead the elderly to eat
soft foods, such as cheese and pasta, and to remove
meat and other foods that, conversely, are important to
sustain the protein and calorie requirements of the
organisms [34]. Additional important causes include
psychological, social and environmental factors such as

isolation from community, the loss of partner or other
family member, economic difficulties, medications and
hospitalization as well as admission to retirement insti-
tutions [35]. These conditions can lead to depressive
symptoms, which in turn are known to be strictly related
to malnutrition in the elderly. The prevalence of depres-
sive symptoms in older outpatients is around 15% and
this prevalence increases from 22% to 34% in hospital-
ized elderly patients [36]. In this last category, it is esti-
mated that about half of these patients is at risk of
undernutrition. However, even if various studies have
shown an association between undernutrition and
depressive symptoms, it is not easy to define the causal-
ity direction between undernutrition and depression.
Depression can have a great effect on appetite and eating
habits up to anorexia and, at the same time, not eating
sufficiently may lead to impaired mood and cognitive
performance [37]. Anyway, this information highlights
the need for nutritional screening of elderly with
depressive symptoms so that an appropriate combina-
tion of psychosocial and nutritional interventions can be
planned. Last, but not least, possible causes of malnutri-
tion are the diseases associated with aging. Dementia
(Alzheimer’s or other forms) and other neurological dis-
orders (Parkinson’s) can dramatically affect the nutri-
tional status of the elderly [38]. However, this could be a
consequence also of other diseases including infectious
diseases as a consequence of pain, decompensation
mechanisms as well as medications. In industrialized
countries the contribution of restrictive diets in the
elderly (ie, salt-free, diabetic diets, cholesterol lowering
diets, vegan or vegetarian diets, and other diets related
to cultural and religious habits) should not be excluded.
Even alcohol intake may replace or suppress the con-
sumption of foods with superior nutritional value.
Alcohol misuse in the elderly is associated with
impaired functional status, poor self-rated health, and
depressive symptoms [39]. Table 5.1 lists some of the
causes of weight loss and malnutrition in the elderly.

TABLE 5.1 Some Causes of Weight Loss Associated with
Malnutrition in the Elderly

• Alcohol and drug abuse • Dental problems

• Medical problems • Poor vision

• Dementia • Medication side effects

• Social isolation • Functional
dependencies

• Depression and other psychiatric
disorders

• Environmental factors

• Poverty • Limited access to or
intake of food

• Food attitudes and cultural or
religious preferences

• Elder abuse
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Therefore, functional, psychological, social, environmen-
tal, and economic issues associated with concomitant
medical problems may all contribute to malnutrition and
weight loss in the elderly [35]. A multidisciplinary geri-
atric assessment can be helpful to fully address all the
complex interacting issues of the frail seniors. This type
of comprehensive assessment may include the services
of physicians, psychologists, nurses, dieticians, occupa-
tional and physical therapists, speech and language
pathologists, and social workers, each of which can lend
their respective expertise to the effective diagnosis of the
functional, psychological, and socioeconomic contribu-
tors to malnutrition in the elderly. However, although
malnutrition and weight loss are common in elderly
populations, they are often underrecognized. One
complicating factor is the concomitant presence of a
disease tending to present atypically with nonspecific
complaints in the elderly individual, making detection
and diagnosis of physiological reasons behind malnutri-
tion a greater challenge. On the other hand, the conse-
quence of a malnutrition can be devastating and include
loss of strength and function, thereby placing an individ-
ual at higher risk for adverse events. Malnutrition is also
associated with increased falls and mortality as well as
increased hospitalization with thus subsequent negative
impact on the quality of life [40]. In this context, some
age-related diseases are associated with weight loss
and malnutrition.

For example, hyperthyroidism or new onset diabetes
are classic examples of medical conditions causing
weight loss. Progressive renal or hepatic insufficiency
may cause anorexia with highly morbid implications in
the elderly. Weight loss related to poor oral intake is
also associated with peptic ulcer disease and congestive
heart failure, as well as dental or chewing problems.
Decreased oral intake may slowly occur in Parkinson’s
disease, COPD, and Alzheimer’s disease [41]. Therefore,
the malnutrition state is often associated with the
healthy conditions of the old individual. Do not forget
that weight loss is also associated with another common
aging syndromes related to wasting muscles, such as
sarcopenia, even if sarcopenia is not always related to
any illness [42]. Anyway, malnutrition and weight loss
are often associated and when discussing weight loss
and malnutrition there are several commonly used
terms that are carefully defined, as reported before.

MALNUTRITION: POSSIBLE
CORRECTION WITH SUPPLEMENTS

IN THE ELDERLY

In this last decade sound research on nutritional
intervention has proved that strategies for individual
nutritional care, usually in the form of oral supplements,

can prevent and treat malnutrition in old individuals as
well as improve the outcome of elderly patients with
diseases [43,44]. Malnutrition is one of the first geriatric
syndromes and has deleterious effects on the recovery
and wellbeing of a wide range of patients and diseases.
The goal of nutritional support is to fight malnutrition
by supplying all nutrients required for the energy,
plastic, and regulatory needs of a given individual,
aiming to maintain or restore the functional integrity of
the body, including nutritional status, physical and
mental function, and quality of life, and to reduce
morbidity and mortality.

Following careful nutritional assessment, guidelines
have been developed to improve and maintain nutri-
tional status with a focus in preventing weight loss in
community-dwelling and hospitalized elderly patients.
Clinical studies in hospitalized old patients at risk of
undernutrition based on their initial MNA score, an
oral supplementation of 200 mL sweet or salty sip
feed twice daily (500 kcal, 21 g protein per day) for
2 months maintained body weight and improved MNA
score [45]. Recent Canadian guidelines recommend a
nutritional intake with foods containing fiber and com-
plex carbohydrates, such as whole grains, vegetables,
and fruits. Fat intake should be less than 30% of total
caloric intake [41]. The combination among carbohy-
drates, fat, and protein (casein) should be in a caloric
ratio of 3:1:1 respectively [46]. This combination has
been proven in different trials in elderly populations at
risk of malnutrition with a benefit in increasing body
weight by 2.2%, reduction of mortality, and improve-
ment of the healthy status with, however, no signifi-
cant evidence of improvement in functional benefit or
reduction in length of hospital stay with supplements
[47]. In a subsequent study, malnourished elders
received 600 supplemental calories daily for 3 months
had an increment of body weight of 1.5 Kg [48]. The
same supplemental in nursing home residents with
dementia had the same beneficial effect in body weight
but less in memory improvement [49]. Recently, a ran-
domized control trial with 400 calories daily for
3 months in frail community-dwelling older adults
showed less decline in short physical performance
battery and gait speed than the control group and
an improvement in the timed up-and-go test com-
pared with the decline in controls [50]. Formerly
known as Recommended Nutritional Intake (RNI),
Dietary Reference Intakes (DRI) guidelines have
been also revised recently and adjusted for the needs
of older adults aged 51�70 years and those over 70.
There are increased allowances for the elderly for
calcium, magnesium, vitamin D, fluoride, niacin,
folate, vitamin B12, vitamin E, and micronutrients
(zinc and selenium). A complete list summary of the
current DRI for Canada and the United States is listed
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at http://www.hc-sc.gc.ca/hpfb-dgpsa/onpp-bppn/
diet_ref_e.html#3 (this link reports types of nutri-
tional reference values including the recommended
dietary allowances (RDA)). Following these guide-
lines for the elderly, specific nutritional supports
have been suggested as preventive dietary strategies
for the old populations regarding high cholesterol
and fat intake, and their association with ischemic
heart disease and diabetes [51,52]. Increasing dietary
fiber, such as for example Mediterranean diet, may be
useful in the treatment of constipation, glucose intol-
erance, lipid disorders, and obesity, as well as in pre-
venting diverticular disease and colon cancers [53].
Reduction in sodium has been shown to reduce blood
pressure and also reduce the risk of developing
hypertension [54]. The recommended adult calcium
intake is 1200 mg/day for those over 50 years of age;
400 IU of vitamin D is recommended for ages 50�70,
and 600 IU for those over 70 years of age taking into
account that a seasonal vitamin D deficiency is recog-
nized that 35�90% of the institutionalized elderly are
estimated to be vitamin D deficient [55]. Treatment
with vitamin D prevents seasonal variations in vita-
min D levels and can reduce hip fractures and the risk
of developing osteoporosis [56]. Of interest is also the
ecessity to include as nutritional intake in the elderly
also some trace elements, such as selenium and zinc,
that are useful to reduce oxidative stress and inflam-
matory status that are usual events in the elderly [57].
Doses of 10�12 mg/day of zinc and 100 mg/day of
selenium in old individuals for 2�3 months are useful
to reduce the oxidative stress and to maintain the
inflammation under control [58]. From all these sup-
plemental trials, it emerges the power that some sub-
stances have in preventing the state of malnutrition
and in increasing body weight in the individual
seniors who are often led to eating foods low in these
substances for several reasons. Among them, intrinsic
biomolecular reasons present physiologically with
advancing age leading the elderly to be a frail person
(see the next subchapter). Therefore, adequate nutritional
support can be of great help for a satisfactory state of
health, especially in preventing the appearance of some
age-related diseases with the subsequent disability.

NUTRIENT-SENSING PATHWAYS

Aging is characterized by a progressive loss of
physiological integrity, leading to impaired function
and increased vulnerability to death. Many molecular
mechanisms are involved in inducing the aging pro-
cess that are defined as hallmarks of aging: genomic
instability, telomere attrition, epigenetic alterations,
loss of proteostasis, deregulated nutrient-sensing,

mitochondrial dysfunction, cellular senescence, stem
cell exhaustion, and altered intercellular communica-
tion [8]. Of particular interest is the nutrient-sensing
pathway because it is related to specific signals from
nutrients (also referred to as macronutrients), which
are simple organic compounds involved in biochemi-
cal reactions that produce energy or are constituents of
cellular biomass. Glucose and related sugars, amino
acids, and lipids (including cholesterol) are important
cellular nutrients, and distinct mechanisms to sense
their abundances operate in mammalian cells. In par-
ticular, in healthy individuals they control the cellular
homeostasis for cellular growth and division with an
intracellular de novo synthesis but they must be also
obtained from the environment (food). In such a way,
circulating nutrient levels within a narrow range are
maintained. Since internal nutrient levels do fluctuate,
and hence intracellular and extracellular nutrient-sensing
mechanisms exist in mammals [59]. In multicellular
organisms, nutrients also trigger the release of hormones,
which act as long-range signals with noncell autonomous
effects, to facilitate the coordination of coherent responses
in the organism as a whole [59]. Thus, it is clear the
importance that can have a good and proper nutrition in
cellular homeostasis through the nutrient-sensitive path-
ways for the whole life of an organism. Indeed, nutrient
sensors modulate lifespan extensions that occur in
response to different environmental and physiological
signals. Nutrient-sensing pathways are essential to the
aging process and longevity because several nutrients
can activate different pathways directly or indirectly [60].
Some examples of nutrient-sensing pathways involved in
the longevity response are the kinase target of rapamycin
(TOR) [61], AMP kinase (AMPK) [62], sirtuins [63]
and insulin and insulin/insulin-like growth factor-1
(IGF-1) signaling (IIS) [64].

Many of the genes that act as key regulators of the
lifespan also have known functions in nutrient-sensing
pathways, and thus are called “nutrient-sensing lon-
gevity genes.” Genetic polymorphisms or mutations
that reduce the functions of these genes (eg, IGF-1,
mTOR, and FOXO) have been linked to longevity, both
in humans and in model organisms, further illustrating
the major impact of trophic and bioenergetic pathways
on longevity [65]. Therefore, nutrient-sensing path-
ways and the related genes are connected to life-span
regulation. However, the full understanding of dietary
intake and composition to promote human longevity
targeting nutrient-sensing pathways require further
studies, even if a lot of studies report the beneficial
effect of some diets in various cohort of older indivi-
duals in the world called “Blue Zones” [66].

Anyway, some of these pathways identified in
worms or mice have been recently shown to have
human homolog, in particular IIS pathway via IGF-1.
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Indeed, it has been observed that natural genetic
variants of IGF-1 in nutrient-sensing pathways are
associated with increased human life-span [67]. More
recently, surprisingly, altered or decreased IGF-1 sig-
naling pathways confer an increased susceptibility to
human longevity [68,69]. Paradoxically, IGF-1 levels
decline during normal aging, as well as in mouse mod-
els of premature aging [70]. Thus, a decreased IIS is a
common characteristic of both physiological and accel-
erated aging, whereas a constitutively decreased IIS
extends longevity. These apparently contradictory
observations can be accommodated under a unifying
model by which IIS downmodulation reflects a defen-
sive response aimed at minimizing cell growth and
metabolism in the context of systemic damage [71].
According to this point of view, organisms with a con-
stitutively decreased IIS can survive longer because
they have lower rates of cell growth and metabolism
and, hence, lower rates of cellular damage. On the other
hand, recent studies have demonstrated a significant
association between mutations in genes involved in the
IIS pathway and extension of human life-span, as shown
in some cohorts of centenarians, suggesting that cente-
narians may harbor rare genetic variations in genes
encoding components of the IIS pathway [72]. Moreover,
polymorphisms of FOXO transcription factor FOXO3
(part of the IIS pathway) are associated with human
longevity in several different Caucasian elderly cohorts
[73,74] including Southern Italian centenarians [75] as
well as in Chinese centenarians [76]. However, despite
the recognition of FOXO3 as a “master gene” in aging,
the coding variants of FOXO3 may not be key players
for longevity being too rare in multiple ethnic groups
[77]. Therefore, the actual functional variant of this gene
remains unidentified requiring further studies. Anyway,
the IIS is an important part of the nutrient-sensing
pathways playing a pivotal role in aging contributing in
a large extent to reach the longevity.

In addition to the IIS pathway that participates in
glucose-sensing, three other additional related and
interconnected nutrient-sensing systems are: mamma-
lian Target Of Rapamycin (mTOR), for the sensing of
high amino acid concentrations; AMPK, which senses
low-energy states by detecting high AMP levels; and
sirtuins, which sense low-energy states by detecting
high NAD1 levels [78]. The mTOR pathway is an evo-
lutionarily conserved nutrient-sensing pathway which
has been implicated in the regulation of the life-span
and in the response to stress, nutrients, and growth
factors [79]. On the other hand, treatment with rapa-
mycin in mice extends longevity [80]. The mTOR
kinase is part of two multiprotein complexes, mTORC1
and mTORC2, that regulate essentially all aspects of
anabolic metabolism [81]. Genetic downregulation of
mTORC1 activity in yeast, worms, and flies extends

longevity, suggesting that mTOR inhibition phenoco-
pies Caloric Restriction (CR) [82], which is in turn
relevant to reach longevity [83] via possible nutrient-
sensing pathways [8]. Indeed, genetically modified
mice with low levels of mTORC1 activity but normal
levels of mTORC2 have increased life-span [84], and
mice deficient in S6K1 (a main mTORC1 substrate) are
also long-lived [85]. Therefore, the downregulation of
mTORC1/S6K1 appears as the critical mediator of
mammalian longevity in relation to mTOR. Moreover,
mTOR activity increases during aging in mouse
hypothalamic neurons, contributing to age-related
obesity, which is reversed by direct infusion of rapa-
mycin to the hypothalamus [86]. These observations,
together with those involving the IIS pathway, indicate
that intense trophic and anabolic activity, signaled
through the IIS or the mTORC1 pathways, are major
accelerators of aging whereas inhibition of mTOR activ-
ity has beneficial effects during aging. On the other
hand, aging may not necessarily be driven by damage,
but, in contrast, leads to damage and this process is
driven in part by mTOR [87]. However, to date human
data are scarce and the details of how mTOR exerts life-
span control and antiaging effects are still not fully
understood. Notably, it was recently demonstrated that
rapamycin reverses the phenotype of cells obtained from
patients with Hutchinson-Gilford progeria syndrome, a
lethal genetic disorder that mimics rapid aging [88].
Thus, the inhibition of mTOR signaling may have a
positive effect on healthy aging and longevity like CR.

A suggestive hypothesis relating to the possible role
of how the inhibition of mTOR may affect the healthy
status and the subsequent longevity is through the
action of specific proteins that are relevant against
oxidative stress, named Metallothioneins (MT). In
experiments in MT transgenic mice exposed to low
temperature, MT protected against cold exposure-
induced cardiac anomalies possibly through attenua-
tion of cardiac autophagy via mTOR inhibition [89].
The same role of protection by an upregulation of MT
occurs against hypoxia of the kidney through the
ERK/mTOR pathway [90]. From these last researches,
it is quite impressive to suggest the pivotal role played
by MT proteins in order to be included as the core of
the action of nutrient-sensing network (mTOR) to
reach a satisfactory state of health in the elderly and
subsequent longevity. Such an assumption is strongly
supported by an increased survival in MT transgenic
mice with respect to normal control mice [91]. Another
very impressive suggestion for a proper diet in the
elderly is that the MT and IGF-1 are closely zinc-
dependent [92]. So, in aging a diet that can contain this
trace element is essential to have a good health and
longevity through a correct nutrient-sensing pathways.
This particular assumption is supported by an
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increased survival in old mice after zinc supplementa-
tion [93] and by recovered immune efficiency, antioxi-
dant activity in the elderly after adequate zinc
supplementation [94] as well as increased IGF-1 levels
after zinc supplementation in conditions of severe zinc
deficiency, such as eutrophic children [95]. The other
two nutrient sensors, AMPK and sirtuins, act in the
opposite direction to IIS and mTOR, meaning that they
signal nutrient scarcity and catabolism instead of nutri-
ent abundance and anabolism. Accordingly, their upre-
gulation favors healthy aging. AMPK is a nutrient and
energy sensor that might be involved in the regulation
of life-span and in the mediation of the beneficial
effects of CR. Although this hypothesis is largely unex-
plored, especially in mammals, it seems likely that the
activation of AMPK may have an impact on the activ-
ity of FOXO, sirtuin, and the mTOR pathways, which,
in turn, have been linked to CR and to the promotion
of healthy longevity [8,96]. In particular, AMPK acti-
vation has multiple effects on metabolism and,
remarkably, shuts off mTORC1 with a subsequent
effect on prolonged life-span [97]. With regard to sir-
tuins, some of seven mammalian sirtuin paralogs can
ameliorate various aspects of aging in mice [98]. In
particular, transgenic overexpression of mammalian
SIRT1 improves aspects of health during aging but
does not increase longevity [99]. The beneficial effects
of SIRT1 are mainly addressed to improve genomic
stability in mouse embryonic stem cells that under-
went DNA damage by H2O2 [100] and in mutant
SIRT1 mice [101] as well as to enhance antioxidant
defense in response to fasting signals, via activation
of PPARγ coactivator 1a (PGC-1a) [102]. More com-
pelling evidence for a sirtuin-mediated prolongevity
role in mammals has been obtained for SIRT6, which
regulates genomic stability, NF-kB signaling, and glu-
cose homeostasis through histone H3K9 deacetylation
[103,104]. Mutant mice that are deficient in SIRT6
exhibit accelerated aging [105], whereas male trans-
genic mice overexpressing SIRT6 have a longer life-
span than control animals, associated with reduced
serum IGF-1 and other indicators of IGF-1 signaling
[106]. Interestingly, the mitochondria-located sirtuin
SIRT3 has been reported to mediate some of the bene-
ficial effects of CR restriction in longevity [107].
Recently, overexpression of SIRT3 has been reported
to improve the regenerative capacity of aged hemato-
poietic stem cells [108]. Therefore, in mammals, at
least three members of the sirtuin family, SIRT1,
SIRT3, and SIRT6, contribute to healthy aging and, to
some extent, also longevity. In conclusion, current
available evidence strongly supports the idea that
anabolic signaling accelerates aging and decreased
nutrient signaling extends longevity [65]. Further, a
pharmacological manipulation that mimics a state of

limited nutrient availability, such as rapamycin, can
extend longevity in mice [80].

NUTRIENT-GENE INTERACTION IN THE
ELDERLY (NUTRIGENOMIC APPROACH)

From the data reported above, it appears that the
nutrient-sensing pathways can play a pivotal role in
affecting healthy aging. However, this is not enough.
The individual genetic background is fundamental for
the benefit of the diet and the subsequent healthy
aging. It is not certain that a diet with some foods can
do well in general for all older people. Each of us has
a specific genetic background with specific polymorph-
isms that can influence in a positive or negative
absorption of foods with their subsequent effects. In
other words, it is not certain that a food that is of bene-
fit to one person, can be also of benefit to another per-
son. Therefore, it is essential to also consider the
individual genetic background for a proper diet and
that it is tailored to the presence of specific poly-
morphisms. Such an assumption is evident if one con-
siders the interaction between genes and nutrients in
particular with genes involved in inflammatory/
immune response and antioxidant activity interacting
with some micronutrients such as zinc, selenium, and
vitamin E [58,80]. In this context, the gene expression
of MT (a zinc-binding protein) regulates some zinc tar-
get inflammatory genes, such as IL-6 [110]. This find-
ing is of great interest in aging and in very old age
taking into account that in centenarians the MT gene
expression is low like in healthy adults and coupled
with good zinc ion bioavailability and satisfactory
innate immune response [111]. Therefore, a good MT/
zinc�gene interaction is preserved in very old age
playing a pivotal role in successful aging and, at the
same time, escaping some age-related diseases. Such
an assumption is supported by the recent discovery of
novel polymorphisms of MT2A and MT1A associated
with the inflammatory state, zinc ion bioavailability,
and longevity. Old subjects carrying AA genotype for
MT2A polymorphism display low zinc ion bioavail-
ability, chronic inflammation, and high risk for athero-
sclerosis and diabetes type II [112]. Conversely,
polymorphism corresponding to A/C (Asparagine/
Threonine) transition at 1647 nt position in the MT1A
coding region is the most involved in the longevity
[113]. In addition, 11245 MT1A polymorphism and
1647/1 1245 MT1A haplotype are implicated in car-
diovascular diseases (CVD) [114]. These findings are a
clear clue of the relevance of the zinc�MT�gene
interaction in inflammation and longevity. Such an
interaction is very useful for a possible zinc supple-
mentation in the elderly. Indeed, when the genetic
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variations of the IL-6 polymorphisms (IL-6-174G/C
locus) are associated with also the variations of
MT1A 1647A/C gene, the plasma zinc deficiency and
the altered innate immune response are more evident
[115], suggesting that the genetic variations of IL-6 and
MT1A are very useful tools for the identification of old
people who effectively need zinc supplementation.
These results suggest that the daily requirement of
zinc might be different in the elderly harboring a dif-
ferent genetic background with thus the possibility of
a personalized diet [58]. With regard to selenium, the
gene expression of selenoproteins (Glutathione peroxi-
dases (GPxs) and selenoproteins P1 (SEPS1)) are of a
great interest because they are involved in the main
age-related diseases, such as cancer and CVD [58]. A
variety of studies report the role played by selenopro-
teins GPxs, which protect the cells against oxidative
damage. Among them, GPx4 and GPx1 are the more
studied because they affect cell growth, apoptosis, and
inflammation [116]. A single polymorphism for GPx4
gene (a T/C SNP in position 718) shows that the C var-
iant is related to a higher frequency of colorectal can-
cer [117]. The recent discovery showing more
responsiveness to GPx4 activity in CC subjects than TT
ones after selenium supplementation, suggests that a
single nucleotide polymorphism (SNP) in the GPx4
gene, a T/C variation at position 718, has also func-
tional consequences against cancer [118]. Such a find-
ing is relevant because it indicates the potential
importance of the SNP in the GPx4 gene especially
when selenium intake is suboptimal like in cancer.
With regard to GPX1 198Pro/Leu variant genotypes,
subjects with 198Pro/Leu and 198Leu/Leu genotypes
had a significantly higher risk of CVD compared to the
198Pro/Pro carriers, suggesting that Pro/Leu and
Leu/Leu genotypes are significantly associated with
CVD risk [119]. Of particular interest is the gene
encoding the plasma SEPS1 since this protein is an ER
membrane protein that participates in the processing
and removal of misfolded proteins from ER to cytosol
[120]. This system constitutes a SEPS1-dependent regu-
latory loop in the presence of inflammation. Variation
in the SEPS1 gene affects the circulating levels of the
inflammatory cytokines IL-1, IL-6 and TNF-α [121].
Given the known association of SEPS1 with the inflam-
mation and CVD, a significant association was found
with an increased risk for coronary heart disease in
subjects carrying the minor allele of rs8025174 [122],
suggesting an involvement of SEPS1 in CVD risk.
Despite of all these data showing the relevance of
SNPs of selenoproteins in affecting the possible
appearance of some age-related diseases, many studies
report the role played by selenium deficiency and sele-
nium supplementation in aging and in age-related dis-
ease without considering these SNPs, but exclusively

based on the selenium content in the plasma with
often contradictory data [58]. Thus, there is the need to
assess SNPs in human intervention studies using geno-
typed cohorts in order to show the relationship
between selenium and SNPs for the healthy state in
aging. With regard to Vitamin E, in vitro experiments
and in animal models support the relevance of the
Vitamin E�gene interaction in aging and inflammatory
age-related diseases [110]. A substantial number of
papers reports polymorphisms of genes involved in
the uptake, distribution, metabolism, and secretion of
the micronutrient. Some genetic polymorphisms and
epigenetic modifications may lower the bioavailability
and cellular activity of Vitamin E [123,124] influencing
a differential susceptibility among old people to spe-
cific disorders, such as atherosclerosis, diabetes, CVD,
cancers, and neurodegenerative diseases, which could
be circumvented by Vitamin E supplementation.
Despite these genetic findings, little up-to-date data
exist on Vitamin E supplementation on the basis of
specific polymorphisms that can be crucial for the
effective beneficial effect of Vitamin E. In this context,
a paper of Testa et al. [125] shows the relevance of the
interaction between Vitamin E and the gene of plas-
minogen activator inhibitor type 1 (PAI-1), an indepen-
dent CVD risk factor in diabetic patients closely
related to the inflammatory status [126]. The 4G/5G
polymorphism of PAI-1 is involved in the incidence of
CVD by regulation of PAI-1 levels [127]. A treatment
with Vitamin E (500 IU/die for 10 weeks) in old dia-
betic patients carrying 4G allele provoked a delayed
decrease in PAI-1 levels with respect to those carrying
5G/5G genotype [125]. More recently, Belisle et al.
[128] proposed that single nucleotide polymorphisms
may influence individual response to vitamin E
treatment (182 mg/day for 3 years) in terms of pro-
inflammatory cytokine production (TNF-α). Old sub-
jects with the A/A and A/G genotypes at TNF-
α-308G.A treated with Vitamin E had lower TNF-α
production than those with the A allele treated with
placebo [128]. Since the A allele at TNF-α-308G.A is
associated with higher TNF-α levels [129], these results
suggest that the anti-inflammatory effect of Vitamin E
may be specific to subjects genetically predisposed to
higher inflammation. Anyway, more clinical studies in
the gene-Vitamin E supplementation are needed to be
carried out in order to better understand the beneficial
effects of Vitamin E in aging and age-related diseases.

CONCLUSIONS AND PERSPECTIVES

This chapter summarizes in general some of the
healthy aging nutritional secrets to achieve longevity.
Presently, it is of great interest to study characteristics
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and biomolecular/genetic targets in shaping longevity.
The realization of healthy aging and longevity is possi-
ble taking into account that genetic factors have an
incidence of only 30%, whereas the remaining 70% is
due to environmental and stochastic factors [130].
Thus, in order to achieve a longer and a healthier life,
increased attention must be placed on lifestyle choices,
particularly on the diet. There is a huge volume of sci-
entific literature on diet and health but less attention
has been paid to dietary patterns. Although it seems
unlikely that there is a particular dietary pattern that
promotes longevity, the contributing factors that lead
to a poor diet up to malnutrition are heterogeneous.
Among them, psychosocial conditions are involved but
they do not entirely explain the intrinsic reasons that
can be the basis of malnutrition resulting in the
appearance of age-related diseases. The scientific inter-
est around the nutrient-sensing pathways have greatly
increased in recent years as it has been well documen-
ted that the modulation of these pathways by diet or
pharmaceuticals can have a profound impact on health
and thus represent a therapeutic opportunity for the
extension of the human life-span and quality of life
improvement. The mTOR is considered the most
important biomolecular player of the nutrient-sensing
pathway. Various experimental nutritional strategies to
target mTOR are currently being developed. Among
the most innovative strategies in this field, it is rele-
vant to mention the possibility of inhibiting the mTOR
protein through the physiological modulation of pro-
teins involved in the regulation of zinc, namely the MT
proteins, whose relevance in healthy aging and longev-
ity is well documented. Furthermore, the concept of
gene�nutrient interactions could represent an added
value for the future development of correct and per-
sonalized diet in the elderly. The determination of spe-
cific polymorphisms of genes related to inflammatory/
immune response and antioxidant activity before
nutritional interventions aimed to modulate healthy
aging and longevity is thus a desired tool in the cur-
rent research in nutrition and aging. In conclusion,
there is enough background to support the concept
that the proper development of this field of research is
likely to produce effective nutritional strategies able to
promote health and longevity while lowering the risk
for the appearance of some age-associated diseases.
These strategies might be part of the new paradigm for
the biomedical sciences that can be termed “positive
biology” [131].

SUMMARY POINTS

• Nutrition-related problems in older subjects have
been gaining prominence in recent years. Having

a good nutritional status is not only linked to
health and welfare, but is also related to an
increased life expectancy with reduced disability
due to chronic diseases.

• Malnutrition in the elderly is frequently the result of
a lack of calories, proteins and other micronutrients.
This condition may significantly affect the quality of
life, physical and psychological functions as well as
metabolic and inflammatory status.

• A screening for malnutrition in the old persons is
based on the search for risk factors of malnutrition,
the estimation of appetite and/or food intake and
periodic measurement of body weight. A moderate
decline of 5% or more over three years of the body
weight is predictive of mortality in older adults. The
causes of malnutrition are various including
exhaustion, weakness, slowness, low levels of
activity, dental disorders, psychological, social and
environmental factors, the loss of partner or other
family member, economic difficulties, medications
and hospitalization as well as admission to
retirement institutions. It is also relevant to
underline that some age-related diseases
(hyperthyroidism, diabetes, dementia, COPD,
sarcopenia) lead to malnutrition.

• Oral supplements can prevent and treat
malnutrition in old individuals as well as improve
the outcome of elderly patients with diseases. Based
on MNA and DRI, supplements with carbohydrates,
fat and protein in the ratio 3:1:1 respectively as well
as with vitamins (Vit. D, Vit. B12, Vit. E),
micronutrients (zinc, selenium), calcium,
magnesium, fluoride, niacin, folate, in a
combination or alone may prevent the malnutrition
and increase the body weight in old individuals.

• It is conceivable that nutritional problems of older
people cannot be understood and engaged with
the same systems developed for younger adults.
While macronutrient supplements are proposed to
sustain health of elderly people, caloric restriction
is proposed as a health promoting strategy in
younger adults. This dichotomy could be in part
related to the decay and the role of nutrient
sensing pathways in aging.

• The nutrient-sensing pathways are biomolecular
processes activated in response to nutrients. These
pathways are claimed as hallmarks and
determinants of ageing process and longevity.
A general deregulation of these pathways is a
common characteristic of both physiological and
accelerated aging, whereas, paradoxically, their
constitutive decrease appears to extend longevity.
Some examples of nutrient-sensing pathways
involved in the longevity response are the
mammalian (or mechanistic) target of rapamycin
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(mTOR), AMP kinase (AMPK), sirtuins and insulin
and insulin/insulin-like growth factor-1 (IGF-1)
signaling (IIS).

• Many of the genes that act as key regulators in
nutrient sensing pathways are also called “nutrient-
sensing longevity genes”. Genetic polymorphisms or
mutations that reduce the functions of these genes
(IGF-1, mTOR, FOXO) have been associated with
longevity, both in humans and in model organisms.
Inhibition of TOR activity has been related to
longevity and beneficial effects during aging, but
may also present important adverse effects. It is thus
important to advance our knowledge around the
possibility to separate beneficial from adverse effects
around the inhibition of mTOR.

• The individual genetic background is another
factors that may explain the impact of diet on aging.
The concept of gene-nutrient interactions
(nutrigenomic approach) could therefore represent
an added value for the future development of
correct and personalized diet in the elderly.
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for undernutrition in geriatric practice: developing the short-form
mininutritional assessment (MNA-SF). J Gerontol A Bio Sci Med
Sci 2001;56A:M366�72.
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Y, et al. Prevalence of and interventions for sarcopenia in aging
adults: a systematic review. Report of the International Sarcopenia
Initiative (EWGSOP and IWGS). Age Aging 2014;43:748�59.

[43] Ahmed T, Haboubi N. Assessment and management of nutri-
tion in older people and its importance to health. Clin Interv
Aging 2010;5:207�16.

[44] Silver HJ. Oral strategies to supplement older adults’ dietary
intakes: comparing the evidence. Nutr Rev 2009;67:21�31.

[45] Gazzotti C, Arnaud-Battandier F, Parello M, Farine S, Seidel L,
Albert A, et al. Prevention of malnutrition in older people dur-
ing and after hospitalisation: results from a randomised con-
trolled clinical trial. Age Aging 2003;32:321�5.

[46] Gammack JK, Sanford AM. Caloric supplements for the elderly.
Curr Opin Clin Nutr Metab Care 2015;18:32�6.

[47] Milne AC, Potter J, Vivanti A, Avenell A. Protein and energy
supplementation in elderly people at risk from malnutrition.
Cochrane Database Syst Rev 2009;2:CD003288.

[48] Neelemaat F, Bosmans JE, Thijs A, Seidell JC, van Bokhorst-de
van der Schueren MA. Post-discharge nutritional support in
malnourished elderly individuals improves functional limita-
tions. J Am Med Dir Assoc 2011;12:295�301.

[49] Stange I, Bartram M, Liao Y, Poeschl K, Kolpatzik S, Uter W,
et al. Effects of a low-volume, nutrient- and energy-dense oral

nutritional supplement on nutritional and functional status: a
randomized, controlled trial in nursing home residents. J Am
Med Dir Assoc 2013;14: 628.e1�8.

[50] Kim CO, Lee KR. Preventive effect of protein-energy supple-
mentation on the functional decline of frail older adults with
low socioeconomic status: a community-based randomized con-
trolled study. J Gerontol A Biol Sci Med Sci 2013;68:309�16.

[51] Cheng C, Graziani C, Diamond JJ. Cholesterol-lowering effect
of the Food for Heart Nutrition Education Program. J Am Diet
Assoc 2004;104:1868�72.

[52] Ciardullo AV, Brunetti M, Daghio MM, Bevini M, Feltri G, Novi
D, et al. Characteristics of type 2 diabetic patients cared for by gen-
eral practitioners either with medica nutrition therapy alone or
with hypoglycaemic drugs. Diabetes Nutr Metab 2004;17:120�3.

[53] Sofi F, Macchi C, Abbate R, Gensini GF, Casini A.
Mediterranean diet and health. Biofactors 2013;39:335�42.

[54] De Santo NG. Reduction of sodium intake is a prerequisite for pre-
venting and curing high blood pressure in hypertensive patients—
second part: guidelines. Curr Hypertens Rev 2014;10:77�80.

[55] Compher C, Kim JN, Bader JG. Nutritional requirements of an
aging population with emphasis on subacute care patients.
AACN Clin Issues 1998;9:441�50.

[56] Holick MF. Vitamin D: a millennium perspective. J Cell
Biochem 2003;88:296�307.

[57] Mocchegiani E, Malavolta M, Muti E, Costarelli L, Cipriano C,
Piacenza F, et al. Zinc, metallothioneins and longevity: interre-
lationships with niacin and selenium. Curr Pharm Des
2008;14:2719�32.

[58] Mocchegiani E, Costarelli L, Giacconi R, Malavolta M, Basso A,
Piacenza F, et al. Micronutrient-gene interactions related to
inflammatory/immune response and antioxidant activity in
aging and inflammation. A systematic review. Mech Aging Dev
2014;136�137:29�49.

[59] Rossetti L. Perspective: hexosamines and nutrient-sensing.
Endocrinology 2000;141:1922�5.

[60] Efeyan A, Comb WC, Sabatini DM. Nutrient-sensing mechan-
isms and pathways. Nature 2015;517:302�10.

[61] Hansen M, Taubert S, Crawford D, Libina N, Lee SJ, Kenyon C.
Lifespan extension by conditions that inhibit translation in
Caenorhabditis elegans. Aging Cell 2007;6:95�110.

[62] Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K,
Blanchard D, et al. An AMPK-FOXO pathway mediates longev-
ity induced by a novel method of dietary restriction in C. ele-
gans. Curr Biol 2007;17:1646�56.

[63] Polito L, Kehoe PG, Forloni G, Albani D. The molecular genet-
ics of sirtuins: association with human longevity and age-
related diseases. Int J Mol Epidemiol Genet 2010;1:214�25.

[64] Kaletsky R, Murphy CT. The role of insulin/IGF-like signaling in
C. elegans longevity and aging. Dis Model Mech 2010;3:415�19.

[65] Fontana L, Partridge L, Longo VD. Extending healthy life
span—from yeast to humans. Science 2010;328:321�6.

[66] Appel LJ. Dietary patterns and longevity: expanding the blue
zones. Circulation 2008;118:214�15.
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KEY FACTS

• Nutritional deficiencies are more common
among hospitalized patients than community
dwelling elderly.

• The hospitalized elderly population is affected
by many causes of malnutrition, which can be
reversed if it is addressed early.

• Malnutrition is independently associated with
poor outcomes and decreased quality of life.

• Management of malnutrition in the elderly
population requires a multidisciplinary
approach that treats pathology and uses both
social and dietary forms of intervention.

• Many simple nutrition rules are clear and easy
to be applied in various hospitals setting either
regular ward or ICU.

• Ethical consideration should be reviewed
cautiously regarding artificial nutrition especial
in special group of patients like dementia.

Dictionary of Terms

• Anorexia: Anorexia is a true geriatric syndrome
defined as a loss of appetite and/or reduced food
intake. It is a multifactorial condition associated
with multiple negative health outcomes [1]. It
generally develops when the accumulated effects of
impairments in multiple systems make the older
subject more vulnerable to adverse health events [2].

• Malnutrition: There are still no universal accepted
definitions for the terms of undernutrition or
malnutrition. The current guidelines of National
Collaborating Centre for Acute Care define

malnutrition as state of nutrition in which a deficiency
of energy, protein, and/or other nutrients causes
measurable adverse effects on tissue/body form,
composition, function, or clinical outcome. According
to these guidelines, the term “malnutrition” was not
used to cover excess nutrient provision [3].

• Assisted eating: It is defined as “needing help from
another person to be able to eat.” Assisted feeding
ranges from verbal encouragement and nonverbal
prompts (like cutting meat, uncovering the food) up
to physical guidance to transfer food from the plate
to an individual’s mouth [4].

• Enteral feeding: It is defined as the process of the
delivery of nutritional needs containing protein,
carbohydrate, fat, water, minerals, and vitamins,
directly into the stomach, duodenum, or jejunum.

• Parenteral feeding: It is a way of supplying all the
nutritional needs of the body by bypassing the
digestive system and dripping nutrient solution
directly into a vein. It is used when individuals
cannot or should not get their nutrition through
eating. It is used when the intestines are obstructed,
when the small intestine is not absorbing nutrients
properly, or a gastrointestinal fistula (abnormal
connection) is present. It is also used when the
bowels need to rest and not have any food passing
through them like Crohn’s disease or pancreatitis,
widespread infection (sepsis), and in malnourished
individuals to prepare them for major surgery,
chemotherapy, or radiation treatment.

INTRODUCTION

Hospitalization is a critical issue for older patients,
about 40% of the hospitalized adults are 65 years of
age or older, and this percentage is expected to rise as
the population continues to age [5].
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For many older persons, especially for the frail and
the very old, hospitalization is a period of acute stress
and increased vulnerability. Elderly patients are sus-
ceptible to complications not directly related to the
illness for which they are hospitalized. These compli-
cations begin immediately upon admission and extend
beyond discharge [6]. One of the most debilitating and
the highly prevalent complications in the hospital set-
tings is malnutrition [7]. However, it is usually an
unrecognized and underestimated consequence of the
hospital setting [7]. Malnutrition constitutes an impor-
tant threat to the independence and quality of life of
hospitalized older people [6].

The prevalence of malnutrition among hospitalized
elderly varies considerably depending on the population
studied and the criteria used for the diagnosis. Nearly
55% of elderly hospitalized patients are undernourished
or malnourished on admission [1]. Moreover, the nutri-
tional status of the hospitalized patients tends to deterio-
rate during their hospital stay in 46�100% of the elderly
patients [8], and persists following their discharge into
the community [9].

Although the onset of malnutrition depends on the
nutritional reserve (independent of the disease status),
a connection between malnutrition and disease exists,
whereby disease may uncover malnutrition, or malnu-
trition may have a negative effect on disease.
Therefore, malnutrition is often referred to as “a cause
and an outcome of hospitalization” [10].

PATHOGENESIS OF MALNUTRITION IN
HOSPITALIZED ELDERLY

The Interaction Between Aging, Health Status,
Hospital Environment, and Nutritional Status:

The pathogenesis of malnutrition in hospitalized
elderly is multifactorial. Aging, disease, and hospital
related environmental factors determine the nutritional
status and control food intake in the elderly. With aging,
there is increased adipose tissue leading to subsequent
increase in tumor necrosis factor alpha (TNF-α) and
other pro-inflammatory cytokines. These inflammatory
cytokines are major contributors of anorexia in the
elderly [11].

Many acute and chronic conditions are also accompa-
nied by a pro-inflammatory state mediated by multiple
cytokines, such as interleukin-6 (IL-6) and TNF-α. These
cytokines alter brain circuitries controlling food intake,
have a negative effect on appetite, alter both gustatory
and olfactory sensation, delay gastric emptying, increase
the resting metabolic rate, enhance skeletal muscle
catabolism, and decrease muscle protein synthesis [12].

Hospitalization and acute illness cause marked
increase in the cytokines and hormone production that

trigger systemic inflammatory response which
increases the resting basal metabolic rate (BMR) in pro-
portionate to the severity of the insult. Moreover, the
release of stress related hormones, for example, cortisol
and norepinephrine, enhances protein catabolism and
aggravates malnutrition [12].

Cytokines such as ILβ-1, IL-2, IFN-γ, and TNF-α
may also inhibit feeding by causing nausea and vomit-
ing, decreasing gastric and intestinal motility, modify-
ing gastric acid secretion [13], or by stimulating the
release of serotonin, norepinephrine, and dopamine in
both the central and peripheral nervous systems
which, in turn, suppress food intake. Moreover, some
cytokines inhibit muscle protein synthesis by reduction
in anabolic hormones (IGF-1 and testosterone), and
induction of insulin resistance [14].

Other cytokines induce lipolysis and β-oxidation in
fat and liver with subsequent increased very low
density lipoprotein (VLDL) synthesis and decreased
lipoprotein lipase activity resulting in hypertriglyceri-
demia. All these processes result in negative energy
balance and weight loss [15] (Fig. 6.1).

WHYARE HOSPITALIZED OLDER
ADULTS NUTRITIONALLY

VULNERABLE?

Many predisposing factors make older adults sus-
ceptible to malnutrition compared to other age groups.
Aging itself is a major contributing risk factor for mal-
nutrition. Various physiologic, pathologic, psychologic,

Role of
cytokines

Appetite
suppression

Proteolysis,
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FIGURE 6.1 Role of cytokines in disease related malnutrition.
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and sociologic factors (eg, depression, delirium, social
isolation, chronic illness, and medications) increase the
risk of anorexia of aging which result in malnutrition
[16] (Fig. 6.2).

Age-Related Changes

Anorexia of Aging

Anorexia is a true geriatric syndrome defined as a
loss of appetite and/or reduced food intake. It affects
over 25% and 30% of elderly men and women, respec-
tively. Anorexia of aging represents one of the major
challenges for geriatric medicine given its impact on
quality of life, morbidity, and mortality [16].

The mean differences in caloric intake between ages
20�39 and $ 75 years were found to be 897 kcal/day
in men and 390 kcal/day in women which indicate
loss of appetite and reduced food intake in the elderly
group compared to younger adults. This decline is an
adaptive response to the reduction in energy expendi-
ture, loss of muscle mass, and reduced physical activi-
ties that accompany normal aging [17].

Appetite regulation is a complex process and is reg-
ulated by many central and peripheral orexigenic and
anorexigenic signals. The pathogenesis of anorexia is
thought to involve age-related regression in the activi-
ties of particular brain areas, including the hypothala-
mus, in response to peripheral stimuli (fat cell signals,
nutrients, circulating hormones), especially hunger
hormones such as ghrelin (orexigenic hormone) and
cholecystokinin (anorexigenic or satiety hormone).

These alterations may be responsible for decreased
hunger and unintended weight loss in old age [2]. In
healthy elderly, anorexigenic signals overcome orexi-
genic signals leading to prolonged satiety and inhibi-
tion of hunger [2,15]. The altered eating pattern in
elderly persons with anorexia, is characterized by
poorer consumption of nutrient-rich foods (eg, meat,
eggs, and fish) [16].

Anorexia itself leads to hypoalbuminemia, increases
synthesis of acute-phase proteins such as C-reactive
protein, decreases coagulation capacity leading to oxi-
dative stress, and enhances tissue damage, sarcopenia,
and decreases quality of life. Moreover, Inflammation,
which is linked to the aging process plays a key role
in anorexia associated with chronic diseases or
cachexia [2,18].

Changes in the Body Composition

Aging is accompanied by a progressive decline in
lean body mass and an increase in fat mass with redis-
tribution of fat to central locations within the body.
The loss of lean body mass affects mainly skeletal mus-
cle, particularly type II or fast twitch fibers. While, cen-
tral lean body mass, such as the liver and other
splanchnic organs, is relatively preserved [19]. The loss
of lean body mass subsequently leads to impaired
glucose tolerance, decreased BMR, decreased muscle
strength and limited physical activity [19].

Taste, Smell, and Mastication Dysfunction

Alterations in taste and smell in the elderly
decreases the enjoyment of food, leads to decreased
dietary variety, and promotes dietary use of salt and
sugar to compensate for these declines. With aging,
olfactory function declines due to reduced mucus
secretion, epithelial thinning, and impaired regenera-
tion of olfactory receptor cells [11,16]. However, the
alterations in taste sensation with aging are less obvi-
ous. There is a slight increase in taste thresholds that
occurs due to progressive loss in the number of taste
buds per papilla on the tongue sparing those involved
in bitter and sour sensations [16]. Weaknesses of the
muscles of mastication and decreased chewing effi-
ciency due to dental problems also have a negative
effect on food intake in older adults leading to avoid-
ance of foods that are difficult to chew, such as meat,
fruit, and vegetables, with subsequent malnutrition [2].
Dysfunction in both taste and smell among the aged
can also result from chronic disease and medication
use [16].

Gastrointestinal Changes

Multiple physiological and pathological changes in
the gastrointestinal tract interfere with food intake.
These changes include delayed esophageal emptying
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FIGURE 6.2 Predisposing factors for malnutrition in older
adults.
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and spontaneous gastroesophageal reflux caused by
changes in peristaltic activity, and decreased gastric
and pancreatic exocrine secretions [2].

With aging, fundal compliance decreases leading to
more rapid antral filling and increased central stretch
leading to delayed gastric emptying with an increase
in satiation [11]. The delayed gastric emptying in the
elderly has been also attributed to increased phasic
pyloric pressure waves in response to nutrients in the
duodenum, age- or disease-related autonomic neurop-
athy, and a reduction in nitric oxide production by the
stomach that reduces relaxation of the fundus [20].

Medical Causes

Multimorbidities are believed to be the main cause
of malnutrition in the older persons. With advancing
age the burden of chronic and acute diseases increases,
which directly impacts the balance of nutritional needs
and intake especially with multiple dietary restrictions
[21]. Numerous diseases, such as coronary heart dis-
eases, diabetes, and chronic liver disease, are extremely
common in the elderly and impose major modifications
in their diet. In addition, subclinical catabolic and
inflammatory states exist in association with these
chronic diseases lead to an increased production of cat-
abolic cytokines, more muscle catabolism, and
decreased appetite. The reduced metabolic reserve of
muscles due to age and disease related loss of muscle
mass results in a reduced ability to cope with any
stress. So, even minor stress of short duration can nega-
tively affect the nutritional status of older adults [22].

Disease related malnutrition occurs mainly due to
inadequate food intake, increased nutritional require-
ments, but can also result from complications of the
underlying illness such as poor absorption and exces-
sive nutrient losses, drug-related side effects, or a
combination of these aforementioned factors [12].
The causes of disease-related malnutrition remain
ill-defined but cytokines induced cachexia, hormonal
dysregulation, and drug-related side effects are major
underlying mechanisms [12].

Use of Multiple Medications

Many medications can cause anorexia or interfere
with the ingestion of food. Those most frequently
implicated include chemotherapy, morphine deriva-
tives, antibiotics, sedatives, neuroleptics, digoxin, anti-
histamines, captopril, etc. [23].

Functional and Psychosocial Factors

Functional impairments in basic and instrumental
activities of daily living, loneliness, weakness, fatigue,

lack of cooking skills, cognitive impairment, and pov-
erty can all predispose to malnutrition [2].

In older humans, depression is the most common
cause of anorexia-related weight loss. Depression in
older adults can be caused by age-related hormonal
dysregulation, for example, diminished testosterone
levels and raised leptin levels [2,24].

Hospital Environment-Related Risks

The hospitalization itself regardless the nature or
severity of acute illness is a major hazard in the fragile
elderly population. It affects every organ in the body
with especial impact on the nutritional status.
Admission to hospital can aggravate malnutrition due
in part to the disease process and in part to the hospital
environment that lead to insufficient nutrient intake.
The food served in hospitals often lacks the
palatable taste and is of poor quality. The choices of
food are often limited and the timing of meals may not
match the patients’ desires. Hospitalized patients fre-
quently experience multiple episodes of fasting prior to
undergoing investigations and when ordered nil by
mouth without being fed by an alternative route [7,25].

The functional dependency of the patients and the
lack of trained staff to assist with feeding contribute to
the decreased food intake in hospitals. Moreover,
many hospitals lack sufficient training of staff to early
recognize and manage the nutritional problems [23].
These risk factors are summarized in Table 6.1.

CLINICAL CONSEQUENCES OF
MALNUTRITION IN HOSPITAL

Malnutrition is associated with multiple negative
consequences that complicate the course of acute illness

TABLE 6.1 Effect of Hospitalization on Nutritional State
[8,26�28]

1. Exacerbation of already existing risk factors of malnutrition
2. Increased loss of appetite
3. Depressed mood
4. Dysphagia
5. Confusion
6. Isolation and hospital environment
7. Multiple medications
8. Organizational and catering barriers:

• Interruptions during mealtimes
• Disruptive behavior from staff members and other patients
• Missed meals because of scheduled investigatory procedures
• Inadequate feeding assistance, for example, to open packaging
• Unpleasant meals or unappealing smells
• Not given food and fluids between mealtimes
• Food and fluids were placed out of reach
• Inflexible mealtimes
• Lack of menu variability
• Multiple dietary restrictions
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and worsen its prognosis. Almost every body system
and function is affected by the nutritional status.
Malnutrition results in depressed immune response
and increased susceptibility to nosocomial infections.
It also increases the risk of pressure ulcers, delays
wound healing, decreases nutrient intestinal absorp-
tion, changes thermoregulation, and deteriorates renal
function. On a physical level, malnutrition results in
muscle and fat mass loss, reduced respiratory muscle
and cardiac function, and atrophy of visceral organs [7].

Moreover, malnutrition is associated with fatigue
and apathy, which in turn delays recovery, exacerbates
anorexia, and increases convalescence time [7].
Malnutrition was found to be an independent risk fac-
tor in the development of delirium [22,29], functional
decline, and increased risk of falling [29].

In a systematic review, authors found that in-
hospital and 1-year mortality following hospital
admission is associated with nutrition and physical
function rather than disease diagnosis itself [30].
Malnourished elderly have longer periods of illness,
longer hospital stays [7], higher morbidity and mortal-
ity rates [31], decreased response and tolerance to
treatment, poorer response to regular medical treat-
ment, lower quality of life [7], and significantly higher
healthcare costs. On the other hand, nutritional sup-
port has been shown to result in a more successful
rehabilitation, earlier discharge, fewer infections, and
lower mortality rates [32].

MALNUTRITION SCREENING AND
ASSESSMENT IN HOSPITALIZED

ELDERLY

The early recognition of malnutrition is essential for
timely intervention that will prevent subsequent com-
plications. Nutritional assessment should be per-
formed in two stages: first screening, and then a
detailed assessment for the malnourished and those at
risk for malnutrition.

The optimal nutritional screening for hospitalized
elderly should be conducted on admission and weekly
thereafter. Malnourished or vulnerable patients should
be referred for further assessment to create a nutrition
care plan and to monitor the adequacy of nutritional
therapy. In the absence of optimal screening programs
in hospital, many cases of malnutrition are missed
[25]. The need for comprehensive approach for nutri-
tion screening and support is needed to reduce the
cost and improve the clinical outcome, such as nutri-
tional status, quality of life, patient satisfaction, mor-
bidity, and mortality [33].

Multidisciplinary comprehensive assessment should
be conducted by trained professionals such as

physicians, nurses, occupational therapists, and dieti-
tians [2]. The systematic nutrition assessment comprises
a history-taking, and physical, clinical, biochemical,
anthropometric evaluation, dietary assessment, and
functional outcomes [34].

Malnutrition Screening as a Part from
Comprehensive Geriatric Assessment (CGA)

The use of malnutrition screening tools is a routine
part of CGA in elderly people in different clinical set-
tings. Since it is not easy to perform a complete nutri-
tional assessment for every patient, nutrition screening
tools were developed as a method of identifying the
vulnerable cases that require a more detailed nutri-
tional assessment [34]. Presumed the multifactorial
nature of malnutrition in the elderly and in the
absence of a single objective measure or “gold stan-
dard,” many malnutrition screening tools specific to
the older adults have been developed [2].

The clinical characteristics of some of the widely
used malnutrition screening tools in hospital setting
are shown in Table 6.2.

Assessment of functional status using Katz Activities of
Daily Living such as bathing, hygiene, dressing, feeding,
using the toilet, and moving around [47] and mental
cognitive ability using Mini Mental State Examination [48]
and psychological assessment including motivation and
mood are integral parts of the CGA and clearly help in
screening for the risk factors of malnutrition [34].

The planning for dietary support should be individ-
ualized according to the patient’s social situation,
financial resources, and living arrangements (living
independently, alone, in an assisted living facility, or
in a skilled nursing facility) [26].

Comprehensive Nutritional Assessment

If the malnutrition screening tool is positive, vulner-
able patients (at risk and malnourished) should be sub-
jected for a more detailed nutrition assessment that
includes the following (Fig. 6.3).

Nutritional History

The nutritional history is the first step in nutritional
assessment. It should address previous medical or sur-
gical problems, history of loss of appetite, dental pro-
blems, declining senses of taste and smell, chewing
and swallowing abilities, gastrointestinal symptoms,
weight loss during the past 3 months and past year,
severity of nutritional compromise and the rate of
weight decline, dietary habits, and alteration in dietary
intake using a dietary dairy. Alcohol use and medica-
tions history focusing on gastrointestinal side effects,
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TABLE 6.2 Malnutrition Screening Tools [35�46]

Risk

assessment tool Setting Description Advantage Limitation

Subjective global
assessment
(SGA) [35]

Heavily studied and
validated in hospital
setting

SGA includes:
Five features of patient
history:
weight change, dietary
intake change, GI symptoms,
functional capacity, and
disease and its relation to
nutrition requirements.
Five features of physical
examination:
loss of subcutaneous fat in
the triceps region, muscle
wasting in the quadriceps
and deltoids, ankle edema,
sacral edema, and ascites

It incorporates functional
capacity as an indicator of
malnutrition and also relies
heavily on physical signs
of malnutrition or
malnutrition-inducing
conditions.
It does not incorporate any
laboratory findings

The sensitivity of SGA is
dependent on the physical
signs of micronutrient
deficiency which are usually
late in the course of the
disease. Thus, SGA is
probably not useful as a tool
for early detection and is not
practical to use for follow up
and monitoring during
nutritional support

Mini nutrition
assessment
(MNA) [36]

Most commonly used in
elderly patients in different
setting.
Validated.

Consists of 18 assessment
questions including general
state, subjective clinical
evaluation of nutritional
status, anthropometric data,
and dietary history

Quick, noninvasive, and
inexpensive.
Available in different
languages

A limiting factor may be
accurate assessment of height
and weight to obtain BMI in
bedridden individuals.
Not appropriate for patients
who cannot provide reliable
information about themselves
(ie, patients with Alzheimer’s
disease, dementia, stroke,
etc.) and for patients
receiving nutritional support
through nasogastric tube
feeding [37]

Mini nutrition
assessment-
short form
(MNA-SF) [38]

Used in hospital and
geriatric rehabilitation
settings

It is the first six questions of
MNA.
It takes less than 5 minutes
to complete, it is used for
screening in low risk
patients

Quick, noninvasive, and
inexpensive

Not appropriate for patients
who cannot provide reliable
information about themselves
(ie, patients with Alzheimer’s
disease, dementia, stroke,
etc.) and for patients
receiving nutritional support
through nasogastric tube
feeding [37]

Malnutrition
universal
screening tool
(MUST) [39]

Developed to detect both
undernutrition and obesity in
adults, and was designed for
use in multiple settings
including hospitals and
nursing homes

It depends on unintentional
weight loss, BMI, disease
severity, and problems with
food intake

Quick (3�5 minutes), easy,
and accurate.
May be completed without
weighing patients

Need a reliable patient or
relative memory/recall.
Difficult to use with confused
patients

Nutrition risk
screening
(NRS)—2002
[40]

It is based on an analysis of
many controlled clinical trials.
Designed for use in hospital
setting

Total score is the sum of the
score for impaired
nutritional status and the
score for severity of disease.
Impaired nutritional status
depends on degree of
weight loss or BMI or
reduced food intake.
Severity of disease depends
on the reason for admission
(eg, COPD exacerbation
mild, moderate or severe, or
ICU admission).
Additional point given for
age 70 years and older

Classifying the patients with
respect to their nutritional
status and severity of
disease.
Determining the effect of
nutritional intervention on
clinical outcome

It requires a subjective
evaluation of the severity of
the disease which can alter
the final result.
Its accuracy to detect patients
likely to benefit from any
means of nutritional support
and not as a screening tool
for malnutrition per se [37]

(Continued)
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drug�nutrient interaction such as digoxin, antihista-
minic, antibiotics, etc. should be obtained [23]. A fam-
ily member or caregiver is helpful for obtaining an
accurate history [26,34].

Physical and Clinical Assessment

The physical examination is the second step in
nutritional assessment. The physical examination
should focus on the information obtained from
medical history and assess the general appearance,
musculature, the oral cavity, especially the dentition
and ability to swallow, taste, and smell, and
gastrointestinal as well as respiratory systems
[26,34].

The physical examination should target edema, asci-
tes, and other findings consistent with weight gain or
loss. It may not be helpful in detecting early malnutri-
tion in the elderly; the loss of muscle bulk may mimic

age-related processes. However, changes in nail, hair,
tongue, and angle of the mouth can be seen in case of
specific nutrient deficiencies [49].

Anthropometry

The single best measure of malnutrition in elderly is
weight loss. The anthropometric indices are simple
and inexpensive, but affected by age, gender, and eth-
nicity [50]. Patient’s current weight and body mass
index (BMI) are widely used as indicators for malnu-
trition. BMI is the description of weight in relationship
to height. It is unreliable in conditions where muscle
mass is replaced with adipose tissue or if there is asso-
ciated limb edema [50,51]. Individuals are classified as
underweight (BMI, 18.5 kg/m2), normal weight
(18.5�24.9 kg/m2), overweight (25�29.9 kg/m2), or
obese ($30 kg/m2) [52]. However, nutrition screening
tools such as the mini nutrition assessment-short form
(MNA-SF) [38] support the use of higher cut-off points
to identify malnutrition in older adults. The rationale
for higher BMI cut-off points is that older adults are
likely to [53] have a smaller proportion of lean body
mass than younger adults (as a result of aging, malnu-
trition, or inactivity). Research also indicates that mod-
erately higher BMI is protective against mortality [54].

Furthermore, the measurement of height in
the elderly is unreliable because of vertebral com-
pression, loss of muscle tone, and postural changes.
Hence, using the ulna length is a more
suitable alternative [50].

The other classical anthropometric measurements,
including skinfolds and circumferences, are useful,

TABLE 6.2 (Continued)

Risk

assessment tool Setting Description Advantage Limitation

Geriatric
nutritional
risk index
(GNRI) [41]

It was initially proposed for
sub-acute care and long-term
setting.
There is promising data
regarding its suitability for
hospital setting [42]

The GNRI was developed as
a modification for the
nutritional risk index in
elderly patients.
This index is calculated by
using albumin and weight

Suitable tool for patients who
cannot provide a reliable
self-assessment (advanced
dementia, aphasia, or
apraxia) or in those cases
where patients have
parenteral or enteral
nutrition

GNRI is an index of risk for
development of nutrition-
related problems rather than
a nutritional screening tool
[43]

Malnutrition
screening tool
(MST) [44]

Validated for use in general
medical, surgical and
oncology patients

Three questions assess only
weight loss, decreased
appetite, and recent intake

Quick and easy.
It does not require
calculation of BMI

Not suitable for monitoring
the patients’ nutritional status
over time [45]

The short
nutrition
assessment
questionnaire
(SNAQ) [46]

Validated for hospital
inpatient and outpatient use,
as well as residential patients

Four items for weight
change, appetite,
supplements, and tube
feeding.
Provides an indication for
dietetic referrals as well as
outlining a nutrition
treatment plan

Quick and easy.
It does not require
calculation of BMI

Not suitable for monitoring
the patients’ nutritional status
over time [45]

Nutritional
history

Comprehensive
nutritional assessment

Physical and
clinical

assessment

Anthropometric
measures

Biochemical
investigations

Others: eg,
FEV1 

FIGURE 6.3 Components of comprehensive nutritional
assessments.
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but require an appropriate training to achieve
acceptable reliability [34].

Advanced technology for assessing body composi-
tion including bioelectrical impedance analysis, dual-
energy X-ray absorptiometry, computed tomography,
and magnetic resonance imaging make anthropometry
more reliable in elderly population and hospitalized
patients, however, problems regarding access, referral,
and reimbursement may restrict their use [55].

The Biochemical Investigations

Laboratory tests can provide an objective measure
of the nutritional status; however, no single biochemi-
cal marker is considered a satisfactory screening test.
Their main value remains for more detailed assess-
ment and for monitoring. Serum proteins synthesized
by the liver such as albumin, transferrin, retinol-
binding protein, and thyroxine-binding prealbumin
are used as markers for nutritional state, however,
they are affected by inflammation and infection limit-
ing their usefulness in the acutely ill patients [50].

Other objective measures of malnutrition include
low total lymphocyte, low total cholesterol, and the
assessment of vitamin and trace element status
(including thiamine, riboflavin, pyridoxine, calcium,
vitamin D, B12, folate, zinc, and ferritin) [50].

Other Functional Measurements

Measurement of organ function as a determinant of
nutritional status, such as FEV1 (forced expiratory vol-
ume) or peak expiratory flow rates, are useful in youn-
ger adult populations but have limited utility in the
very elderly. Assessment of hand muscle strength
“hand grip” is an upcoming and promising tool but it
is still under investigation [32].

Barriers for Comprehensive Nutritional
Assessment

However, barriers in clinical practice are commonly
encountered; screening rates in hospitals are only
60�70% at best estimate. The lack of trained staff to
assess elderly at risk of malnutrition remains the most
encountered barrier for elderly assessment. Barriers for
proper nutritional assessment and management are
mentioned in Table 6.3 [23,27,56].

MANAGEMENT OF HOSPITALIZATION-
ASSOCIATED MALNUTRITION

It is therefore mandatory upon all those who care
for the elderly to understand the more limited nature
of the compensatory and regulatory mechanisms that
maintain normal fluid and food balance in elderly

patients, and to incorporate this understanding into
the diagnosis and clinical interventions that must be
made to provide optimal care for this uniquely suscep-
tible group of patients [2] (Table 6.4). In order to make
good use of today’s knowledge of nutritional medi-
cine, nutritional support teams are needed in hospitals.
These teams must consist of doctors in charge,
nutrition, care staff trained in nutrition, dietary assis-
tants, and/or dieticians [25,33,57]. Management of
malnutrition in the hospitalized elderly requires a
multidisciplinary approach that includes dietary
counseling, oral supplements, parenteral nutrition, and
enteral nutrition (EN), adapted to patients’ nutritional
needs [25,57] (Fig. 6.4).

Nonpharmacological Intervention

Care plans should be implemented to ensure an
adequate amount (and quality) of food to limit weight
loss in hospitalized elderly patients. There is an ulti-
mate need for enhanced collaboration between all the
multidisciplinary team involved in providing health-
care [2,27]. A number of interventions are required to
enhance the feeding process:

Eliminate All Potential Reversible Risk Factors

It is important to identify and remove all potentially
reversible factors that promote weight loss. For
example; liberalize the patient’s diet and remove or
substantially modify dietary restrictions putting in
mind the benefit, risk, and life expectancy of the
patient. Also replacement of medications that cause
anorexia and nausea should be done. Treatment of
depression, parkinsonism, and cognitive impairment
could help in improving food intake [2,26].

Enhance Food Environment

A good social environment and a pleasant physical
atmosphere during meals can have beneficial effects
on food intake and increase the time on the table.
Many measures can be used to enhance the food envi-
ronment such as [8,26]:

TABLE 6.3 Barriers for Comprehensive Nutritional
Assessment [23,27,56]

1. Lack of staff
2. Lack of staff training, skills, knowledge, and support
3. Patients’ short stays
4. Lack of time for what is considered a low priority is

commonly cited by nursing staff
5. Lack of prioritization and timely feeding assistance by

nursing staff
6. Lack of coordination of shared responsibility between

disciplines, including poor interdisciplinary
communication
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• Encouragement of the family to be present at
mealtime and to assist in the feeding process.

• Encouragement of eating in a dining room.
• Permitting patient interaction with staff during

meals.
• Ensuring that patients are equipped with all

necessary sensory aids (glasses, dentures, hearing
aids).

• Ensuring that the patient is seated upright at 90�,
preferably out of bed and in a chair.

• Ensuring that the food and utensils are removed
from wrapped containers and are placed within the
patient’s reach.

• Removing unpleasant sights, sounds, and smells.
• Allowing for a slower pace of eating; avoiding the

removal of the patient’s tray too soon.
• Allowing for adequate time for chewing,

swallowing, and clearing throat before offering
another bite should be allowed.

• Ensuring rapport between patient and feeder.

Up to 70% of elderly hospitalized patients require
some feeding assistance [27,28] and protected meal-
time is increasingly delivered by patient care assistants
as opposed to nurses whose role at mealtimes and
responsibilities for patient’s nutritional status has
diminished in recent years [58,59]. The use of a red
tray to identify patients in need of feeding assistance
has been encouraged across the United Kingdom and
also employed in a South Australian hospital [59,60].

Although some studies have shown that nutritional
intake can be improved, the evidence for the effective-
ness of feeding assistance in improving patient out-
comes is somewhat mixed [60�62].

Enhance the Quality and the Quantity of the Food
and Assess the Need for Food Supplements

Apart from the therapeutic benefit of nutritional
drinks and supplementary oral nutrition [57], there is
nearly no well-known pharmacological treatment iden-
tified in medical practice. The use of flavor enhancers,

TABLE 6.4 Estimating Nutritional Requirements of Different Nutrients [32]

Total energy The total energy intake needed to maintain weight in hospitalized patient is about 1.3 times estimated BMR, and
1.5�1.7 times BMR if weight gain is desired

The intake of 30�35 kcal/kg/day will therefore meet the needs of most elderly hospital patients’ requirements

Protein The dietary protein intake of 12�15% of total energy is well tolerated in all patients without advanced liver or
kidney disease

The current recommended dietary allowances (RDA) of 0.8 g of protein per kg/day is adequate in healthy
elderly. The requirements of the sick elderly are higher, that is, 1�1.5 g/kg/day

The high protein diet (.15% protein as calories) is debated in elderly patients for fear of precipitating renal
problems, but there is no evidence supporting this concern in patients who do not have preexisting renal disease

Fat It is recommended to increase dietary fat intake during acute illness to comprise 40�60% of energy; however,
for long-term treatment this should be reduced to 30%

The RDA for essential fatty acids (EFA) can be provided by as little as 2�3% of the total calorie intake, that is,
only 9�10 g of the EFA, linoleic, and linolenic acid, from animal and vegetable foods

Carbohydrates Slowly absorbed carbohydrates such as starches should constitute 55�60% of total calories

Carbohydrates provide the bulk of calories in enteral feedings and in parenteral formulas. However,
carbohydrate tolerance diminishes with advancing age. So, carbohydrates should be provided from complex
sources and blood sugar should be adequately monitored

Fiber Dietary fibers whether soluble or nonsoluble are essential for elderly nutritional support. The soluble fibers,
such as pectin, break down to short chain fatty acids which are important nutrients for the colonic mucosa.
These products may also be absorbed and can meet up to 5% of energy needs. The nonsoluble fibers remain
undigested and help to bulk the stool preventing constipation

Fluids Water is an important nutrient in elderly patients because of their tendency for rapid shifts in fluid
compartments. Daily fluid requirements are approximately 1 mL/kcal ingested or 30 mL/kg

Vitamins Vitamin requirements have not been established for persons over the age of 65 years. However, subclinical
vitamin deficiencies are common among elderly persons. The physiologic stress of illness may be sufficient to
deplete rapidly any residual stores, and cause deficiencies

Minerals Minerals (calcium, phosphorus, magnesium, iron, zinc, iodine, chromium, molybdenum, and selenium)
requirements do not seem to be altered at old age, but amounts adequate to maintain serum levels must be
provided by both enteral and parenteral solutions
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adding meat, peanut butter, or protein powder, can
enhance food intake and increase the nutritional value
of the meals. Considering ethnic food preferences and
permitting families to bring specific foods can also
increase the appetite of the patient [26].

The use of small, frequent portions of high-energy
food with no odor or flavor, such as maltodextrin
between meals (fingerfood, snacks, high-energy
drinks) and high protein diets and oral nutritional sup-
plements throughout the day have demonstrated
improved nutritional, clinical, and functional outcomes
and therefore should be provided to all patients not
meeting their dietary requirements during hospitaliza-
tion [10,57,63�65].

Nutritional drinks and oral nutritional supplements
should be given between meals rather than mealtimes,
or even in the evening as additions to patients’ food. In
patients with limited food intake, high-calorie drinks
with high-calorie content (1.5�2.7 kcal/mL) can be
given [57].

There is a debate regarding the benefit of oral sup-
plements. Some studies found minimal or no benefit
over dietary counseling alone. Further studies are
needed to justify their use especially with high cost on
the healthcare system [66,67].

Nutritional Counseling

Special nutritional education for family members
providing care and encouraging physical activity

between meals could be helpful in enhancing the
appetite [57].

Pharmacological Intervention

Pharmacological intervention has a limited role in
management of malnutrition. It is mainly indicated to
treat specific nutritional deficiencies. The use of some
vitamins and/or minerals is sometimes indicated to
treat clinical deficiencies [10]. A number of medications
have been used to stimulate appetite, but they are not
considered as a first line of treatment. Megestrol ace-
tate, dronabinol, and oxandrolone have been used to
treat cachexia and anorexia in patients with AIDS and
cancer. However, mixed evidence regarding the long-
term effectiveness of these agents in the geriatric
population has been produced. No drug has received
US Food and Drug Administration approval for treat-
ing anorexia in geriatric population [26].

Artificial Nutrition

If all the measures stated above have been used
with no therapeutic benefit, artificial nutrition must be
considered. Many factors should be addressed during
providing artificial nutrition. These factors include the
health status (underlying disease, comorbidities,
expected prognosis, mental/psychological status),
patients’ wishes, and ethical issues particularly in

All patients

Well-nourished

At risk or
malnourished

Nonpharmacological 
Artificial
nutrition

Follow up

Continue same
ordinary food

Screening Nutritional care plan
Discharge

plan

Comprehensive nutritional 
assessment

FIGURE 6.4 Scheme of nutritional management for all hospitalized elderly.
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elderly patients with special problems, for example,
advanced dementia, terminal illness [57,68].

The overall nutritional requirements of the older
adult do not change [69]. The estimated needs of dif-
ferent nutrients are shown in Table 6.4 [32].

Enteral Nutrition

Enteral feeding is used to meet the nutritional needs
of patients with a functional gastrointestinal tract but
who are unable to safely swallow [70]. It is usually
started through a nasogastric tube, however, in elderly
patients in whom EN is anticipated for longer than
4 weeks, placement of a percutaneous endoscopic gas-
trostomy tube is recommended [71].

Enteral feeding is always favored over parenteral
nutrition (PN) because the failure to maintain normal
oral nutrition is associated with immunological
changes and impairment of the gut associated lym-
phatic system (GALT), which in turn makes the intes-
tine a source of activated cells and pro-inflammatory
stimulants during gut starvation through lymphatic
drainage [72].

In addition, EN carried lower risk of infection with
increased secretory IgA, minimal or no risk of refeed-
ing syndrome, mechanical and metabolic derangement,
and it is more cost effective compared to PN [72]. The
data regarding effect of EN on survival, length of hos-
pital stay, and QOL remain conflicting [71].

The EN provided by the gastric route is more physi-
ologic, is easier to administer (ie, bolus feeding with
no need for delivery devices for continuous adminis-
tration), and allows for a larger volume and higher
osmotic load than the small intestine. While, postpylo-
ric feeding may be beneficial in patients at high risk of
aspiration, severe esophagitis, gastric dysmotility or
obstruction, recurrent emesis, and pancreatitis [70].

The complications of EN in elderly are similar to
those in other age groups [71]. The most prevalent
complications related to enteral feeding are abdominal
bloating, vomiting, high gastric residual volume, and
increased risk of aspiration especially in mechanically
ventilated patients [72].

Parenteral Nutrition

PN is the appropriate route of nutrition support in
patients with gastrointestinal tract dysfunction (eg,
ileus or other obstruction, severe dysmotility, fistulae,
surgical resection, severe malabsorption) that compro-
mise absorption of nutrients. It can be provided by
peripheral or central routes [73].

PN support should be instituted in the older person
facing a period of starvation of more than 3 days when
oral or EN is impossible, and when oral or EN has

been or is likely to be insufficient for more than 7�10
days [74].

Standard PN solutions contain carbohydrate (dex-
trose) and protein (amino acid) concentrates, fat emul-
sions (soybean or safflower oil with egg phospholipids),
micronutrients, and electrolytes. Electrolyte require-
ments depends on the patient’s underlying disease (eg,
heart failure, renal dysfunction) and factors such as
renal or GI fluid losses [73].

The most common, yet preventable, complications of
PN are overfeeding and the refeeding syndrome (in
patients with preexisting malnutrition). PN is also asso-
ciated with many metabolic complications as electrolyte
disturbance which can be reduced by early
introduction of micronutrients supply [75].

The risk of gastrointestinal immune system failure
associated with the lack of EN in many animal studies
was reversed by PN fortified by glutamine [72].

Costs and Budgeting of Artificial Nutrition:
A Paradigm Shift

Recent data evolved leading to a shift in the attitudes
toward supporting enteral feeding. It was believed that
resources needed to be spent in the clinical nutrition of
patients could not be expected to contribute to cost-
efficiency by shortening hospital stays.

Nowadays, however, the available clinical studies
and meta-analyses argued against the previous opin-
ion. The early treatment of malnutrition is one of the
most effective ways to save money. In both the major
Council of Europe resolution and very new programs
(Stop Malnutrition), they describe the high number of
undernourished patients in European hospitals as totally
unacceptable and decisively confirm the medical/clinical
consequences and the enormous unnecessary extra costs
for healthcare if left untreated [57].

POSTDISCHARGE PLAN

Despite the scarcity of literature and research dis-
cussing postdischarge follow up and nutritional sup-
port, there is a growing body of evidence to
support the use of these services for elderly patients
[10,76]. The postdischarge plan consisting of individ-
ualized dietary counseling by a dietitian with regu-
lar follow up by a general practitioner had a
positive effect on both functional and nutritional sta-
tus outcomes. In a Cochrane study, the structured
individualized discharge plans were associated with
reductions in LOS and readmission rates, improve-
ments in nutritional status, functional status, and
mortality rates [10,77].
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NUTRITIONAL ISSUES IN SPECIAL
GROUPS OF THE HOSPITALIZED

ELDERLY POPULATION

Critically Ill Elderly Patients

Elderly patients in ICUs are considered an excep-
tionally vulnerable population. This is because most of
them have many chronic conditions that impair their
oral intake and nutritional status. When coupled with
an acute condition, it is likely to be associated with
exceptional risk for nutritional decline in ICUs. These
critically ill elderly usually consume suboptimal calo-
ries and have less than ideal body weight [78]. The cat-
abolic effect on protein stores is one of the most
striking features of critically ill patients and it cannot
be simply attributed to starvation [72].

However, there is a scarcity of data that has specifi-
cally addressed these problems in this particular popu-
lation. One study demonstrated that malnutrition was
evident in 23�34% of elderly patients at the time of
admission to either medical or surgical ICU [78].

In an ICU setting, there is a wide variation in patient
nutritional state between and within patients on differ-
ent days [72]. Artificial nutrition in critically ill patients
remains an unresolved debate. Many studies revealed
that survival in ICU can be improved with earlier intro-
duction and more complete EN or PN delivery [72].
Most of the guidelines recommended early and aggres-
sive nutritional intervention in ICU patients [75].
However, it was reported that the early PN in critically
ill patients suppressed the ubiquitin-proteasome path-
way. Although this can preserve muscle mass, it also
leads to autophagy deficiency in liver and skeletal mus-
cle with subsequent accumulation of toxic protein aggre-
gates that ultimately compromises cell function [79].

Recently, two large trials studied the effect of target-
ing full-replacement feeding early in critical illness
and they found that it did not offer any benefit and
may even cause harm in some populations, especially
the elderly population. They recommended hypocalo-
ric enteral feeding for up to 7 days in formerly well-
nourished patients in the acute phase of critical illness
(EPaNIC [80] and EDEN trials [81]) but whether
patients with preexisting malnutrition should be other-
wise treated differently is still not certain [82].

Based on these observations, it has been speculated
that starvation during the early phase of acute illness
may be beneficial to the cell recycling system [83]. It is
not desirable to interfere with the early catabolic
response in critical illness. However, additional
research is still needed to explore the exact underlying
mechanisms and to identify biomarkers that could
classify the patients that are likely to benefit from
more aggressive earlier nutrition [82].

Another unresolved controversy is whether to sup-
port the use of EN over PN in ICU patients. Although
EN is the preferred route preserving GALT, the sicker
critically ill patients usually have gastrointestinal intol-
erance and are more at risk for aspiration, especially in
ventilated patients [72].

Patients with Advanced Dementia

Patients with advanced dementia have many swal-
lowing and feeding difficulties that jeopardize their
nutritional status and increase their susceptibility to
aspiration pneumonia [84]. According to American
Society for Parenteral and Enteral Nutrition (ASPEN),
EN in patients with advanced dementia is classified as
category E, not obligatory in those cases. The decision
for EN must be based on effective communication
with the caregivers to decide whether it should be
used or not [85].

However, the decision whether or not to provide
artificial nutrition is often associated with emotional
burden. Many surrogates agonize over the withholding
and/or withdrawal of artificial nutrition. Frequently
caregivers take their decisions without adequate infor-
mation regarding the clinical course of the patient.
Thus providing artificial nutrition to patients with
advanced dementia involves many ethical and legal
issues and the decision should be based on effective
patient and family communication, realistic goals, with
respect for patient dignity and autonomy [86].

Behavioral interventions as verbal cues, praise, and
mimic techniques can be used to encourage proper
meal intake. Verbal cues include reminding the patient
to lift the eating utensil, chew, and swallow. The praise
for following the cues and acting out lifting the fork to
the mouth and then demonstrate a chewing motion
and the use of fingerfoods can promote independent
feeding in this group of patients [87].

Cancer Patients

Cancer itself represents a state of hypercatabolic
state due to the high amount of inflammatory media-
tors. Patients with cancer represent the commonest
vulnerable group candidate to aggressive therapies in
the hospital as they may suffer from malnutrition
which can decrease the compliance to the oncologic
therapies or can be also worsened by such treatments.
Supportive nutrition can be given through port sys-
tems for patients receiving chemotherapy [4].

Nutrition and End-of-Life Care

Decisions regarding nutrition and hydration during
end-of-life are challenging. It is usually difficult for
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families to accept cessation of nutrition and hydration.
The key for optimal nutritional management during
the end of life is the good communication between
healthcare professionals and the family. The patient’s
comfort and dignity is the major concern at this point
[70]. Legally, the United States Supreme Court ruled in
1990 that artificial nutrition and hydration are not dif-
ferent than other life-sustaining treatments [88].

RECOMMENDATIONS

According to medical consensus of nutritional medi-
cine in order to prevent and treat malnutrition, many
practical applications are recommended:

• A qualified nutritional support team must be
established in all hospital settings including ICU.

• Immediately upon admission, all patients’
nutritional status must be systematically evaluated
using established, simple malnutrition screening
tool.

• Patients with under-/malnutrition or at risk, based
on the screening tool results, should undergo
further comprehensive nutritional assessment.

• Those with proved under-/malnutrition or at risk
by malnutrition should then receive standardized
nutritional intervention.

• Variable and flexible menu with special energy-rich
items, including energy-rich snacks (shakes, soups,
fingerfood) should be available in all hospitals.

• Based on current evidence, nutritional intervention
such as nutritional drinks/oral supplements and,
where applicable, supportive supplementary tube
feeding must be considered fundamental parts of
medical management and prevention in
malnourished patients.

• Finally, nutritional medicine must become a crucial
part of the training of medical students and
specialized physicians.

CONCLUSION

Nutritional deficiencies are more common among
the hospitalized elderly. This vulnerable population is
subjected to many predisposing factors of malnutri-
tion, which can be reversed if addressed early.
Malnutrition is independently associated with poor
outcomes and decreased quality of life. Management
of malnutrition in the elderly population requires a
multidisciplinary approach that treats pathology and
uses both social and dietary forms of intervention.
Many nutrition rules are simple, clear, and easy to
apply in all hospital settings. Ethical considerations

should be reviewed cautiously regarding artificial
nutrition in special vulnerable population, for example,
in patients with late dementia.

SUMMARY

• Hospitalization is a critical issue for older patients
as they represent about 40% of the hospitalized
adults.

• Malnutrition is common and frequently
underrecognized in the hospital setting especially in
the elderly.

• Many changes occur in the elderly to make them
more susceptible to malnutrition compared to their
younger counterparts.

• Malnutrition results primarily due to an increase in
nutritional needs or a decrease in food intake or
both.

• Predisposing factors for malnutrition in hospitals
are anorexia of aging, gastrointestinal system
changes, psychosocial, medical factors, and the use
of multiple medications.

• Organizational and catering barriers, such as fixed
mealtime, play important roles in precipitating or
exaggerating malnutrition in hospitalized elderly
patients.

• Malnutrition is associated with multiple negative
consequences that complicate the course of acute
illness and worsen its prognosis.

• The early recognition of malnutrition is essential for
timely intervention that will prevent subsequent
complications.

• Nutritional assessment should be performed in two
stages: initial screening stage, and then
comprehensive nutritional assessment for
malnourished and those at risk for malnutrition.

• The systematic nutrition assessment comprises a
history-taking, and physical, clinical, biochemical,
anthropometric evaluation, dietary assessment, and
functional outcomes evaluation.

• Nutritional care plans should be implemented to
ensure optimal nutritional status in hospitalized
elderly patients. They should focus on enhancing
food environment, the quality and the quantity of
the food, and assess the need for food supplement.

• Behavioral interventions are the first line of
management of malnutrition and if they fail to show
enough therapeutic benefit, artificial nutrition must
be initiated. The pharmacological intervention has a
limited role in management of malnutrition; its role
is limited to treating specific nutritional deficiencies.

• Choosing the optimal type of artificial feeding
depends on considering medical indications
(underlying disease, patients’ health status,
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comorbidities, expected prognosis, and mental/
psychological status), patients’ preferences, and
ethical issues dealing with nutritional intervention
in specific situations, for example, palliative care,
advanced dementia.

• Postdischarge nutritional plan should include
dietary counseling that is tailored for individual
patients with a dietitian along with follow up by a
general practitioner in order to improve functional
and nutritional outcomes.
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KEY FACTS

• Dietary supplement use is common and
increasing in the elderly, but not readily
disclosed to the healthcare provider.

• Elderly patients with comorbidities using
multiple medications and dietary supplements
are at increased risk of adverse interactions,
which could be clinically serious with drugs that
have a narrow therapeutic index.

• Patient-related and drug-nutrient-related factors
contribute to drug-nutrient interactions (DNI) and
need to be monitored to help reduce adverse DNI.

• Detailed assessment of nutritional status,
medication use and potential for DNI should be
performed routinely in the elderly with chronic
health conditions who take multiple medications
and are at greater risk than the general healthy
population for adverse DNI.

• Ensuring proper timing of food with drug
regimens, and regular monitoring of nutritional
status, medication profiles, and laboratory data to
evaluate the potential for interactions may help
reduce serious adverse DNI in high risk
individuals.

• Inclusion of elderly patients in clinical trials and
collection of data regarding DNI may help fill
knowledge gaps and increase understanding of
mechanisms underlying DNI so strategies to
prevent adverse DNI in the elderly can be
further improved.

Dictionary of Terms

• Amino acids: Any one of many acids that occur
naturally in living things and that include some that
form proteins

• Antiarrhythmic: Tending to prevent or relieve
cardiac arrhythmia, eg, an antiarrhythmic agent

• Anticoagulants: A substance, eg, a drug, that
hinders coagulation and especially coagulation of
the blood

• Antihypertensive: Used or effective against high
blood pressure, eg, antihypertensive drugs

• Atrophy: Decrease in size or wasting away of a
body part or tissue; also: arrested development or
loss of a part or organ incidental to the normal
development or life of an animal or plant

• Bioavailability: The degree and rate at which a
substance, eg, a drug, is absorbed into a living
system or is made available at the site of
physiological activity

• Ceftriaxone: A broad-spectrum semisynthetic
cephalosporin antibiotic C18H18N8O7S3
administered parenterally in the form of its
sodium salt

• Chelate: To combine with, eg, a metal, so as to form
a chelate ring

• Commensal: A relation between two kinds of
organisms in which one obtains food or other
benefits from the other without damaging or
benefiting it

• Comorbidities: A comorbid condition, eg, diabetes
patients tend to present with a long list of
comorbidities

1AJ is supported by grants from the National Heart, Lung and Blood Institute and the Aurora Health Care Intramural funding.
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• Cytochrome: Any of several intracellular
hemoprotein respiratory pigments that are enzymes
functioning in electron transport as carriers of
electrons

• Dextrose: Dextrorotatory glucose — called also
grape sugar

• Disposition: A tendency to develop a disease,
condition, etc.

• Divalent: Having a chemical valence of two eg,
divalent calcium

• DNI: Drug nutrient interactions
• Efficacy: The power to produce a desired result or

effect
• Efflux: Something given off in
• Electrolyte: Any of the ions, eg, sodium, potassium,

calcium or bicarbonate, that in a biological fluid
regulate or affect most metabolic processes, eg,
the flow of nutrients into and waste products out
of cells

• Endogenously: Growing from or on the inside
• Enteral: Of, relating to, or affecting the intestine
• Enterocytes: Intestinal absorptive cells, are simple

columnar epithelial cells found in the small
intestine. A glycocalyx surface coat contains
digestive enzymes. Microvilli on the apical surface
increase surface area for the digestion and transport
of molecules from the intestinal lumen

• Emulsion: A mixture of liquids
• Fluoroquinolones: Any of a group of fluorinated

derivatives of quinolone that are used as
antibacterial drugs

• Fortified: To add material to for strengthening or
enriching

• Homeostatic: A relatively stable state of equilibrium
or a tendency toward such a state between the
different but interdependent elements or groups of
elements of an organism, population or group

• Immunosuppression: Suppression, eg, by drugs, of
natural immune responses

• Insoluble: Incapable of being dissolved in a liquid
and especially water; also: soluble only with
difficulty or to a slight degree

• Isoenzyme: Any of two or more chemically distinct
but functionally similar enzymes

• Malabsorption: Faulty absorption of nutrient
materials from the alimentary canal

• MAOI: Monoamine oxidase inhibitor: any of various
antidepressant drugs that increase the concentration
of monoamines in the brain by inhibiting the action
of monoamine oxidase

• Milieu: The physical or social setting in which people
live or in which something happens or develops

• MVM: Multivitamin/multimineral
• Non-prescription: Capable of being bought without

a doctor’s prescription

• Oxidative: To become combined with oxygen
• Pathophysiologic: The physiology of abnormal

states; specifically: the functional changes that
accompany a particular syndrome or disease

• Permeability: The quality or state of being
permeable

• Pharmacodynamics: A branch of pharmacology
dealing with the reactions between drugs and living
systems

• Pharmacokinetics: The characteristic interactions of
a drug and the body in terms of its absorption,
distribution, metabolism and excretion

• Phyto-chemistry: The chemistry of plants, plant
processes and plant products

• Physiological: Characteristic of or appropriate to an
organism’s healthy or normal functioning

• Polymorphisms: The quality or state of existing in
or assuming different forms

• Polypharmacy: The practice of administering many
different medicines especially concurrently for the
treatment of the same disease

• Polyphenols: A polyhydroxy phenol; especially: an
antioxidant phytochemical, eg, chlorogenic acid,
that tends to prevent or neutralize the damaging
effects of free radicals

• Precipitation: The process of forming a precipitate
from a solution

• Prescription: A written direction for a therapeutic or
corrective agent; specifically: one for the preparation
and use of a medicine

• Psychotropic: Acting on the mind, eg, psychotropic
drugs

• Sequestration: The act of keeping a person or group
apart from other people or the state of being kept
apart from other people

• Therapeutic Indices: A measure of the relative
desirability of a drug for the attaining of a particular
medical end that is usually expressed as the ratio of
the largest dose producing no toxic symptoms to the
smallest dose routinely producing cures

• Thromboembolism: The blocking of a blood vessel
by a particle that has broken away from a blood clot
at its site of formation

• TPN: Total Parenteral Nutrition
• Trace elements: A chemical element present in

minute quantities; especially: one used by
organisms and held essential to their physiology

• Transfusions: The process of transfusing fluid into a
vein or artery

• Tyramine: A phenolic amine C8H11NO found in
various foods and beverages (as cheese and red
wine) that has a sympathomimetic action and is
derived from tyrosine

• Vasopressors: Causing a rise in blood pressure by
exerting a vasoconstrictor effect
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INTRODUCTION

Dietary supplement use has steadily increased in the
United States with nearly one-half of all Americans
reported to use some form of supplements to improve
or maintain overall health, as well as for specific rea-
sons, such as to promote bone or heart health among
the elderly [1�4]. According to the National Health and
Nutrition Examination Survey (NHANES) dietary sup-
plement usage has increased from 23% in NHANES I
(1971�1975) to 35% in NHANES II (1976�1980) and
40% in NHANES III (1988�1994) with another 10%
increase after the NANHES III report [5]. The majority
used only one supplement; however, a substantial 10%
reported taking five or more supplements (Fig. 7.1).
Americans spend more than $23 billion out-of-pocket
each year on dietary supplements, with multivitamin/
multimineral (MVM) products used by nearly one-third
[4,6]. The use is particularly prevalent in the elderly,
with approximately 70% of adults older than 70 years
of age using some form of dietary supplements [6]. This
is the same population in which the use of medicinal
products is also high, with older adults accounting for
approximately one-third of all prescription and non-
prescription medication use [7], posing a high risk
of drug�nutrient interactions (DNI). Although
drug�drug interactions are well recognized, the impor-
tance of DNI is slowly getting recognition as a potential
factor that may affect outcomes in the elderly with mul-
tiple comorbidities [8], polypharmacy [9], reduced
functional reserves, altered nutritional status, and
aging-associated physiological changes that alter the
disposition (absorption, distribution, metabolism, or
elimination) of the drug or nutrient and their effect on
the body (pharmacodynamics). Up to 45% of patients
using dietary supplements with prescription drugs are
at risk of interaction, with as many as 29% considered
clinically serious [10]. This is particularly the case with
drugs with narrow therapeutic indices, such as

chemotherapeutics, anticoagulants, and antiarrhythmic
agents. Several surveys suggest the percentage of
patients who do not disclose their supplement or other
complementary and alternative medicine use to health-
care professionals to be as high as more than 60% [11].
Thus, the risk for potential interactions between supple-
ments and medications to go undetected remains sub-
stantial. Increasing cognizance of such interaction,
including DNI may help reduce these adverse effects.
In this chapter, we will summarize different types of
DNI, highlight aging-associated alterations in pharma-
cokinetics and pharmacodynamics that increase predis-
position to DNI, and discuss issues in regulating
dietary supplements that can potentially improve their
safety.

TYPES OF DRUG�NUTRITION
INTERACTIONS

DNI may result from a physical, chemical, physio-
logic, or pathophysiologic interaction between a drug
and a nutrient, food in general or nutrition status, and
can be classified into four types depending on the site
of interaction, as summarized in Table 7.1 [12,13].

Type I or pharmaceutical interactions involve physico-
chemical reactions that usually occur outside the body,
such as in the nutrition or drug delivery device like
enteral feeding tube or intravenous (IV) tubing. Total
parenteral nutrition (TPN) is a complex formulation of
amino acids, fat emulsion, dextrose, vitamins, electro-
lytes, and trace elements and when administered with
IV drugs, can result in physical interactions, such as
precipitation of calcium phosphate when given with
IV drugs, such as ceftriaxone that in turn can cause
serious adverse vascular events that can become life-
threatening [14,15]. Enteral nutrition can also chelate
drugs such as fluoroquinolones, reducing their bio-
availability and effectiveness of TPN, therefore should
be administered separate from IV drugs [15].

Type II DNI occurs with oral or enteral administra-
tion affecting drug or nutrient bioavailability due to
interference with enterocytes metabolizing enzymes
(type IIA interaction), transporter P glycoprotein protein
(type IIB interaction) that normally acts as an efflux
pump returning the drug to the intestinal lumen, or
binding with divalent or trivalent cations (calcium,
magnesium, iron, zinc or aluminum) (type IIC interac-
tion). A common example of type IIA food�drug
interaction is between grapefruit juice and drugs
metabolized through the intestinal cytochrome-P-450
(Cyp) isoenzyme 3A4 system involved in oxidative
metabolism of more than 50% of all prescription medi-
cations [16,17]. Active ingredients within grapefruit
juice (naringenin, furanokumarin, and bergamottin)

FIGURE 7.1 The number of supplements taken by US adult sup-
plement users, NHANES, 2003�2006, n5 9132. Source: Adapted from
Bailey et al. Dietary Supplement Use in the United States, 2003�2006.
J Nutr. 2011;141(2):261�266, with permission from the American Society
of Nutrition.
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inhibit the CYP3A4 enzyme in small-intestine entero-
cytes, which increases blood levels of several of the
common drugs used in the elderly that are CYP3A4
substrates (Tables 7.2A and 7.2B), including statins,
midazolam, and terazosin besides others listed in
Tables 7.2A and 7.2B. Since the half-life of CYP3A4 is
more than 8 hours, its irreversible inhibition by grape-
fruit juice can increase bioavailability of the affected
drugs for 72 hours that increases the risk for adverse
effects, such as muscle or liver injury with statins or
excessive reduction in blood pressure with calcium
channel blockers with repeated juice intake. In post-
menopausal women taking estrogen, concern regard-
ing increased risk of breast cancer by inhibiting
estrogen metabolism by CYP3A4 has also been raised
[18,19]. Individual variability in the expression of
intestinal CYP3A4 exists and therefore the response to

grapefruit juice could be unpredictable in the elderly,
when taken with drugs metabolized by CYP3A4
(Tables 7.2A and 7.2B). This is not an uncommon situa-
tion in the elderly with heart disease who may be tak-
ing a number of drugs metabolized by this enzyme
system, such as calcium channel blocker (felodipine),
statin (simvastatin), antihypertensive (terazosin),
antiarrhythmic agent (amiodarone), blood thinner
(apixaban), or anxiolytic (triazolam). The potential for
interaction between grapefruit juice and medications
should be discussed with the elderly taking CYP3A
metabolized drugs (Table 7.2A) to avoid any potential
adverse effect [18]. P-glycoprotein transporter is
another protein whose activity is modulated by several
drugs (Table 7.3) and nutrients or food products, such
as grapefruit juice and vitamin E that can increase the
bioavailability of such drugs due to type IIB DNI.

TABLE 7.1 Classification of Interactions

Characteristics Possible effect Drug Possible mechanism

Type I Effects usually occur
when substances are in
direct physical contact

Physical, biochemical
reactions

Ceftriaxone Binding of drug with TPN or IV
calcium containing products

Type II Limited to substances
administered orally or
enterally

Increased or decreased
bioavailability

A Modified enzyme
activity

Warfarin Cranberry juice interferes
with the drug

CYP3A4 substrates
(see Table 7.2B)

Grapefruit juice increases bioavailability
for several days when taken with atorvastatin,
cyclosporine, diazepam, felodipine, lovastatin,
midazolam, nicardipine, nisoldipine, simvastatin,
and triazolam

B Modified transport
mechanism

P-glycoprotein
modulators (see
Table 7.3)
Cyclosporine, digoxin

Water-soluble formulations of vitamin E have
increased blood levels of drug

C Complexing or
binding of substances

Isoniazid Vitamin B6 complexes with the drug in Type IIC
interaction: useful in drug overdoses and in
minimizing drug side effects

Norfloxacin, ofloxacin,
tetracycline

Large amounts of calcium, iron, magnesium, or
zinc may bind levothyroxine and prevent complete
absorption

Type III Occur after the
substances have reached
the systemic circulation

Changed cellular or
tissue distribution

Tyramine-containing foods may provoke a
hypertensive crisis with furazolidone, isocarboxazid,
isoniazid, linezolid, phenelzine, procarbazine, selegiline
and tranylcypromine

Type IV Affect disposition of
substances by liver and
kidney

Promoted or impaired
clearance or
elimination of
substances

Lithium Increased sodium (salt) increases renal excretion
of the drug, decreasing its effect

Potassium-containing salt substitutes increase risk
for hyperkalemia when taken with captopril,
enalapril, lisinopril
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Elderly patients taking P-glycoprotein or CYP3A4
metabolized medications (Tables 7.2A and 7.3), there-
fore should avoid consumption of grapefruit juice,
water-soluble vitamin E, or other food products that
can potentially increase bioavailability of these drugs.

Drugs that have the potential for type IIC DNI form-
ing insoluble complexes with divalent cations include
commonly used drugs in the elderly, such as antimi-
crobials (tetracycline, ciprofloxacin, norfloxacin, and
ofloxacin), anticoagulants (warfarin), and antiepileptic
agents (phenytoin) that reduce their absorption. These
drugs, therefore, should not be administered within
1�3 hours of taking iron supplements, iron-containing
foods, or with milk, yogurt, dairy products, or
calcium-fortified juices [20]. Antacids containing mag-
nesium, aluminum, or calcium should also be avoided

and enteral feeding withheld for 1 hour before and
after the dose of these medications.

Type III DNI occurs after the drug or nutrient has
reached the systemic circulation and then undergoes
metabolism. Interactions with monoamine oxidase
inhibitors (MAOI) or warfarin are examples of
such interactions that are of clinical significance. MAO
are involved in the breakdown of dopamine and tyra-
mine, neurotransmitters necessary for normal function-
ing of the nervous system and synthesis of epinephrine
and norepinephrine, hormones involved in maintaining
blood pressure, heart rate, and day-to-day stress
response. Drugs, such as antidepressants, inhibit MAO
and elevate levels of epinephrine, norepinephrine, sero-
tonin, and dopamine in the nervous system, which help
counteract depression. A number of food products

TABLE 7.2A Drugs Affecting Cytochrome P450 Enzymes Involved in Anticoagulant Metabolism (Not All-Inclusive)a

CYP enzymes
(anticoagulant
metabolized)

Strong inhibitors $ fivefold m
in AUC or .80% k in CL

Moderate inhibitors $ 2 but

,fivefold m in AUC or 50�80%
k in CL

Weak inhibitors $ 1.25 but

,twofold m in AUC or 20�50%
k in CL

CYP2C9 (Warfarin) Amiodarone, fluconazole, miconazole,
oxandrolone

Cotrimoxazole, etravirine, fluvastatin,
fluvoxamine, metronidazole,
sulfinpyrazone, tigecycline,
voriconazole, zafirlukast

CYP3A4 (Apixaban,
rivoraxaban)

Conivaptan, grapefruit juice (1),
azole antifungals (itraconazole,
ketoconazole, posaconazole,
voriconazole) macrolides
(clarithromycin telithromycin),
nefazodone, protease inhibitors
(boceprevir, indinavir, nelfinavir,
ritonavir, saquinavir, telaprevir)

Amprenavir, aprepitant, atazanavir,
ciprofloxacin, calcium channel
blockers (diltiazem, verapamil),
dronedarone, erythromycin,
fluconazole, fosamprenavir, grapefruit
juice (1), imatinib, valerian

Alprazolam, amiodarone, amlodipine,
atorvastatin, bicalutamide,
buprenorphin, cilostazol, cimetidine,
cyclosporine, fluoxetine, fluvoxamine,
ginkgo (2), goldenseal (2), isoniazid,
nilotinib, oral contraceptives,
ranitidine, ranolazine, tipranavir/
ritonavir, zileuton

CYP enzymes
Strong inducers $80%
k in AUC

Moderate inducers 50�80%
k in AUC

Weak inducers 20�50%
k in AUC

CYP2C9 (Warfarin) Carbamazepine, rifampin Aprepitant, bosentan,
phenobarbital,
St. John’s wort (2,3)

CYP3A4 (Apixaban,
rivoraxaban)

Carbamazepine, phenytoin,
rifampin, St. John’s wort (2,3)

Bosentan, efavirenz, etravirine,
modafinil, nafcillin

Amprenavir, aprepitant,
armodafinil,
echinacea (2), pioglitazone,
prednisone, rufinamide

CYP3A4 inhibitors with and without
inhibitory effect on P-gp P-gp inhibitor Non-P-gp inhibitor

Strong CYP3A inhibitor Itraconazole, lopinavir/ritonavir, clarithromycin,
ritonavir, ketoconazole, conivaptan

Voriconazole,
nefazodone

Moderate CYP3A inhibitor Verapamil, diltiazem, dronedarone, erythromycin None identified

Weak CYP3A inhibitor Amiodarone, quinidine, ranolazine, felodipine, azithromycin Cimetidine

aAdapted from: http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DevelopmentResources/DrugInteractionsLabeling/ucm093664.htm#potency [Last accessed 6/20/2015].
(1) The effect of grapefruit juice varies widely among brands and is concentration-, dose-, and preparation-dependent. Studies have shown that it can be classified

as a “strong CYP3A inhibitor” when a certain preparation was used (eg, high dose, double strength) or as a “moderate CYP3A inhibitor” when another

preparation was used (eg, low dose, single strength).

(2) Herbal product.

(3) The effect of St. John’s wort varies widely and is preparation-dependent.
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(Table 7.4), such as aged and fermented food contain
high levels of tyramine, a metabolic intermediate prod-
uct in the conversion of the amino acid tyrosine to
epinephrine and normally rapidly deaminated by MAO
and thus when consumed with MAOI, result in ele-
vated levels of tyramine and other vasopressors, such
as epinephrine that can increase blood pressure or heart
rate in the elderly to dangerous levels.

Another common type III DNI in the elderly is
between foods rich in vitamin K (spinach, leafy
green vegetables, broccoli, Brussels sprouts) and vita-
min K-antagonist warfarin, whose anticoagulant
activity is reduced [21,22], thus increasing the risk
for a thromboembolic event in patients with atrial
fibrillation or a prosthetic heart valve. Consumption
of food high in vitamin K should therefore be
avoided or the warfarin dose adjusted to maintain
anticoagulation level, while on a consistent intake of
Vitamin K rich foods, thus avoiding fluctuation in its

efficacy. In addition, vitamin K is produced endoge-
nously by bacterial flora within the intestinal tract
and use of antibiotics that can change the flora may
result in altered vitamin K levels and anticoagulant
efficacy of warfarin [23].

Type IV DNI results from altered elimination of the
drug through the kidneys. Dietary salt, rich in sodium,
can increase the excretion of lithium, a drug given for
manic episodes or manic depressive illness, thus wors-
ening signs and symptoms of mania. On the other
hand, reduced sodium and fluid intake may lead to
lithium retention and toxicity (drowsiness, muscle
weakness, twitching, slurring of speech, and reduced
coordination). Similar effects may result from the use
of loop diuretics, increasing the risk for lithium toxicity
[24]. Therefore, it is important to maintain a steady
level of sodium intake in those taking lithium and it
may be prudent to monitor concentration or specific
gravity of the urine in high-risk patients.

TABLE 7.2B Substrates for CYP3A4

Analgesics

Acetaminophen, celecoxib, codeine, colchicine, fentanyl

Antiarrhthymics

Diltiazem, disopyramide, quinidine, verapamil

Antimicrobial agents

Dapsone, sulfamethoxazole

Antiplatelets

Cilostazil

Anxiolytics and sedatives

Clonazepam, midazolam, triazolam

Calcium channel blockers

Nifedipine

Chemotherapeutic agents

Cyclophosphamide, docetaxel, etoposide,
paclitaxel, vinblastine, vincristine

Erectile dysfunction

Sildenafil, tildenafil

Ergot alkaloids

Ergotamine

(HMG-CoA) reductase inhibitors

Statins

Immunosuppressive agents

Cyclosporine A, sirolimus, tacrolimus

Steroids

Dexamethasone

TABLE 7.3 Drugs Modulating P-glycoprotein (Not All-Inclusive)

Inhibitors

Amiloride, amiodarone, captopril, carvedilol, diltiazem,
dipyridamole, doxazosin, dronedarone, felodipine, nifedipine,
propranolol, propafenone, quinidine, ranolazine, spironalactone,
verapamil, statins

Azithromycin, cefoperazone, ceftriaxone, clarithromycin, conivaptan,
cortisol, cyclosporine, erythromycin, haloperidol, itraconazole,
ketoconazole, paroxetine, phenothiazines, ritonavir and lopinavir

Tacrolimus, tamoxifen, tricyclic antidepressants

Inducers

Carbamazepine, dexamethasone, phenobarbital, phenytoin, rifampin,
St. John’s wort, tipranavir/ritonavir

TABLE 7.4 Pressor Agents in Foods and Beverages (Tyramine,
Dopamine, Histamine, Phenylethylamine)

Aged cheeses

Aged meats (eg, dry sausage)

Miso

Fava beans or snow pea pods (contain dopamine)

Concentrated yeast extracts (Marmite)

Soy sauce

Sauerkraut, kimchi

Fermented soya beans and paste, teriyaki sauce

Avoid with MAOI medications: phenelzine (Nardil), tranylcypromine

(Parnate), isocarboxazid (Marplan), selegiline (Eldepryl) in doses .10 mg/day,

and the antibiotic linezolid (Zyvox).
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FACTORS AFFECTING DNI
IN THE ELDERLY

Factors contributing to DNI include patient-related
factors (age, sex, body size/composition, genetics, life-
style, and comorbidities) and drug�nutrient related
factors (amount, route, and time of administration).
People with chronic disease who use multiple drugs,
particularly those with a narrow therapeutic range, are
at particular risk of interactions. Poor nutritional sta-
tus, impaired organ function, and genetic variants in
drug metabolism are common factors that increase pre-
disposition to adverse DNI. There is also a concern
about potentially harmful effects of contaminants and
other nonnutrient components of some supplements
[25�27]. Excess nutrient intake from combinations of
dietary supplements and fortified foods, such as break-
fast cereals, juices, and milk, is another worry [28].

A variable rate of functional decline of different organ
systems, homeostatic mechanisms [29,30], and specific
receptor and target organ responses [31,32] with aging
may affect drug or nutrient disposition (absorption, dis-
tribution, metabolism, and elimination) or action increas-
ing sensitivity toward adverse drug�drug interactions or
DNI. The likelihood of adverse DNI in the elderly is
increased with the number of comorbidities, medications,
and supplements used, overall nutritional status, and
presence of critical illnesses [32�34]. Genetic factors also
play a role, for example, polymorphism of the methyle-
netetrahydrofolate reductase gene may affect the amount
of pyridoxine, cobalamin, folic acid, and riboflavin
required by the body, which is important in determining
the threshold intake that prevents certain DNI [35,36].

DNI Affecting Drug Absorption in the Elderly

Practically, there is no significant impact of aging on
absorption of most of the drugs, except for those
that require special transporter proteins, such as
P-glycoprotein or organic anion transporter which
could be downregulated with aging or aging-associated
diseases increasing sensitivity to DNI [37]. The solubil-
ity and intestinal permeability are also important
factors affecting the absorption of a drug in the pres-
ence of food and thus its clinical impact. Drugs with
low solubility but high permeability when adminis-
tered with food have a greater effect on absorption than
those with high solubility and the magnitude of change
in the bioavailability with food determines the clinical
impact [15]. The bioavailability of certain drugs, such as
antibiotics (ampicillin, cloxacillin, ciprofloxacin
and penicillin V, azithromycin), retroviral agents
(indinavir), antiosteoporotic drugs (alendronate, iban-
dronate or risedronate), and chemotherapeutic agents

(melphalan, mercaptopurine), is affected greatly when
taken on a full rather than an empty stomach and are
therefore better taken without food [38]. The absorption
of antiosteoporotic agents is also significantly reduced
when taken with coffee or orange juice. Food can also
delay absorption of some of the drugs (such as verapa-
mil) and care should be taken to administer these drugs
under similar conditions of food intake to achieve a
steady state condition, as fluctuation in drug absorption
can result in adverse effect when taken on an empty
stomach. Dietary fibers can also decrease absorption of
certain drugs taken by the elderly, such as digoxin (for
heart failure and/or atrial fibrillation), levothyroxine
(for hypothyroidism), tricyclic antidepressants (amitrip-
tyline), antibiotics, or metformin (for type 2 diabetes)
[39]. Fatty meals can also affect bioavailability of some
drugs (eg, griseofulvin for fungal infection), by chang-
ing solubility and interaction time with intestinal
mucosa by slowing gastrointestinal (GI) motility.

Phytochemicals in fruits, vegetables, and herbal teas
are modulators or substrates of P-glycoproteins and
could affect bioavailability of drugs by preventing
their efflux through these proteins [40]. Some nutri-
ents, such as vitamin B12, require normal acidity and
secretory function of the stomach that produces intrin-
sic factor for their absorption and any alteration in gas-
tric pH by aging, drugs (antacids, proton-pump
inhibitors (PPI), or histamine 2 (H2) receptor antago-
nists), or food can alter absorption of drugs requiring
acidic medium, such as ketoconazole [41]. Enteric-
coated drugs should not be taken with milk, alcohol,
or hot beverages that can cause early erosion of the
enteric coating making them less acid resistant and
likely to be degraded in the acidic medium of the
stomach, thus reducing their efficacy [42]. Diets con-
taining large amounts of divalent (calcium, magne-
sium, iron, or zinc) or trivalent (aluminum) ions or
chelative substances may also reduce absorption of
drugs such as levothyroxine, antibiotics (ofloxacin,
norfloxacin, or tetracycline), or Parkinson’s disease
drug (entacapone) (Table 7.5) [43].

Aging also causes atrophy of epidermis and dermis
with reduction of the barrier function of the skin and
thus transdermal absorption may be altered due to
changes in blood perfusion [44] affecting bioavailabil-
ity of drugs, such as transdermal fentanyl patch, in the
elderly compared to young subjects [45].

DNI Affecting Drug Distribution in the Elderly

The biodistribution of drugs can also be altered
with aging due to changes in body composition result-
ing in a decrease in total body water and lean body
mass, low albumin content, and an increase in total
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body fat. Thus, the volume of distribution of water sol-
uble drugs, like aspirin [44] or lithium [46], decreases
in the elderly. Since the plasma concentration of a
drug is inversely proportional to the volume of distri-
bution, a decrease in volume of distribution results in
greater plasma concentration of the drugs with a
potential for adverse effects and toxicity and therefore
a dose reduction may be needed in the elderly [46].
With an increase in total body fat content with aging
or obesity, there is increased sequestration of lipid-
soluble drugs (amiodarone, digoxin, and benzodiaze-
pines) [44] causing an increase in plasma half-life and
longer duration to reach a steady-state body concentra-
tion or elimination after discontinuation, thus increas-
ing the likelihood of adverse effects [47]. Poor
nutritional status with low albumin content in the
elderly can further alter distribution of drugs resulting
in a larger free fraction or unbound form increasing its
pharmacologic effects, with a greater potential for
adverse effect with other medications or nutrients,
especially with drugs with a narrow therapeutic index
(eg, valproate, phenytoin, or warfarin) [48] thus requir-
ing dose reduction and a closer monitoring of patients.

DNI Affecting Drug Metabolism in the Elderly

Most drug metabolism takes place in the liver or intes-
tinal membranes harboring cytochrome P-450 enzyme
superfamily or other enzymes that transforms the drug
usually from a lipid-soluble to a water-soluble form that
can then be eliminated. Activity of this enzyme system is
affected by conditions such as starvation, change in diet,
disease states, and genetics [49]. For example, the exclu-
sive use of TPN appears to decrease CYP1A and CYP2C
activities while increasing CYP2E1 activity [50,51].
Vegetarian diets are associated with decreased CYP1A
enzyme activity in Asians, but not in non-Hispanic
whites [52]. Induction of CYP enzymes increases the risk
of therapeutic failure due to augmentation of metabolic
clearance of the drug. For example, charcoal-rich food
induces CYP1A enzyme activity in humans. On the con-
trary, inhibition of CYP enzyme activities increases the
risk of drug-related toxicity as bioavailability increases.
Aging and aging-associated diseases decrease liver func-
tional capacity, blood flow, and/or synthesis of cyto-
chrome P-450 enzyme system that increases sensitivity to
dietary or herbal interactions due to impact on the extent
or rate of drug metabolism. Medications that undergo
large first pass metabolism are specially affected (eg,
fentanyl, propranolol) [53].

Herbal medicines or plant products are commonly
used by the elderly along with prescription medicines
and could result in serious adverse effects [18]. DNI
with use of grapefruit juice and CYP3A4-metabolized

TABLE 7.5 Drug�Nutrient Interaction

Drug Food Effect

ABSORPTION

Alendronate Any food intake
but water

k Absorption

Ciprofloxacin,
norfloxacin, ofloxacin

Any food intake k Absorption

Digoxin Foods high in fiber k Absorption

Metformin Foods high in fiber k Absorption

Melphalan Amino acids k Absorption

Indinavir Any food k Absorption by
precipitating the drug

GASTRIC DEGRADATION

Ampicillin,
azithromycin,
cloxacillin, isoniazid,
penicillin V

Food, acidic juices,
carbonated
beverages

m Gastric degradation
of the drug

Erythromycin Milk, alcohol, hot
beverages

k Gastric degradation
of the drug

SOLUBILITY

Atovaquone Fatty meals m Solubility

METABOLISM (BIOAVAILABILITY)a

Warfarin Large amounts of
vitamin K-rich
foods and
beverages

k Metabolism and m
Risk of bleeding
(Type IIA interaction)

k Anticoagulation
effect (Type III
interactions)

Concomitant enteral
feeding interferes with
warfarin absorption,
possibly through
protein binding (type II
C interaction)

k Anticoagulation
effect

Griseofulvin Fatty meal Taken with drug
stimulates bile secretion
and increases
bioavailability of the
drug

Mercaptopurine Food Oxidized by food into
inactive metabolites

Phenytoin Tube feeding k Serum levels, could
lead to breakthrough
seizures

aBioavailability (Metabolism)—See Table 7.1 Type IIA Interactions that occur after
oral or parenteral administration.
Cranberry juice interferes with warfarin.
Grapefruit juice increases bioavailability for several days when taken with

atorvastatin, cyclosporine, diazepam, felodipine, lovastatin, midazolam, nicardipine,
nisoldipine, simvastatin, and triazolam.
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drugs have been discussed above in the section on
type IIA DNI. In vitro studies and animal studies also
indicate that other fruit juices, such as pomegranate or
cranberry juice, may also inhibit intestinal CYP3A4
and CYP2C9 [54] resulting in elevated levels; however,
human data is limited and the bioavailability of drugs
metabolized by these enzymes was not significantly
altered in healthy volunteers [55,56]. A clinically
important interaction between herbal supplement and
medications metabolized through CYP3A4 system
(Table 7.2A) is with St. John’s Wort (SJW), one of
the top selling herbs in the United States, purportedly
used for varied conditions and known to in-
duce hepatic cytochrome P450 system (particularly
CYP3A4 and the transporter protein P-glycoprotein)
[4,18,19,57,58]. Coadministration of SJW with drugs
metabolized by CYP3A4 (Table 7.2A) or transported
by P-glycoprotein (Table 7.3), reduces their bio-
availability, resulting in loss of efficacy that can lead to
life-threatening situations [59]. In renal and cardiac
transplant recipients, the concentration of cyclosporine,
an immunosuppressant agent was significantly
reduced by SJW with subsequent transplant organ
rejection [19]. Reduced levels of ethinyl estradiol,
indinavir, calcium channel blockers, and antiarrhyth-
mic agents have been reported in patients with SJW
resulting in unintended pregnancy, recurrence of HIV
infection, hypertension, arrhythmia, or other undesir-
able effects [18,19,59,60]. Concomitant use of SJW with
warfarin could lead to subtherapeutic anticoagulation
and thromboembolism [61], and the elderly with a
history of blood clots, stroke, atrial fibrillation, or pros-
thetic heart valves should avoid the use of SJW.
Hypertensive crisis with foods rich in tyramine also
may occur [62]. Serotonin syndrome, a potentially life-
threatening adverse drug reaction caused by excess
serotonergic activity in the central and peripheral
nervous system, has also been reported with concomi-
tant use of antidepressants [63].

DNI Affecting Drug Excretion in the Elderly

Renal excretion (through glomerular filtration or
tubular secretion) is a major route of drug removal with
lesser extent elimination through feces or other body
fluids. Aging leads to a decrease in kidney mass, renal
blood flow, and the number of functioning glomeruli
with creatinine clearance declining by approximately
1 mL/min/year after age 40 years [64]. Decline in renal
function is correlated with the inability of kidneys to
effectively eliminate drugs resulting in prolongation of
their elimination half-life, increase in steady-state con-
centrations, and potential for adverse effects. Food and
nutrients can alter the resorption of drugs from the

renal tubule as described above in type IV DNI between
sodium/salt intake and lithium [24]. This is mainly due
to the close association of lithium resorption in the
tubules with sodium resorption and under conditions of
low sodium/salt intake or dehydration, when kidney
resorption of sodium is increased, more lithium is
absorbed with higher blood levels and increased poten-
tial for toxicity. Tubular resorption of drugs that are
weak acids or bases occurs in nonionic form of the com-
pound and any change in urinary pH by food (urinary
alkalinization by milk, fruits and vegetables) may alter
the nonionic versus ionic state of these drugs, such as
quinidine, an antiarrhythmic agent (weak base), thus
altering its excretion and blood levels.

DNI Affecting Drug Action in the Elderly

Aging-induced changes in cellular function also
result in alterations of drug�receptor interactions,
receptor�membrane interactions (signal transduction),
and postreceptor events in target organs thus affecting
the drug’s overall effect. There may also be blunting of
homeostatic counter regulatory mechanisms making
the elderly more vulnerable to the negative effects of
individual drugs and potential for adverse DNI. There
is paucity of data on age-related pharmacodynamics
changes or DNI in the elderly particularly in those
aged 80 years and older. The central nervous system is
a particularly sensitive drug target in the elderly and
adverse interactions with drugs (antidepressants,
anxiolytics, antihistamine) after alcohol intake is not
uncommon [65]. Elderly are also more sensitive to the
sedative effects of benzodiazepines which may cause
delirium, ataxia, and frequent falls. The relative risk of
hip fractures is doubled in elderly on psychotropic
drugs, including benzodiazepines and antidepressants,
and use of alcohol or supplements with sedative prop-
erties (such as valerian root or leaves and roots of pas-
sion flower [Passiflora incarnata and Passiflora edulis])
should be avoided [66,67]. Caffeine, in beverages or
energy drinks, has the potential to increase the adverse
effects of drugs, such as methylphenidate, amphet-
amine, or theophylline, that have a stimulant effect on
the nervous system [68]. A concern with regard to a
negative impact of caffeine intake on blood glucose
control in diabetics has also been raised [69]. The anti-
coagulant effect of vitamin K-dependent anticoagulant
warfarin is reduced by foods rich in vitamin K as dis-
cussed above. On the other hand, the bleeding risk is
increased when herbal or dietary supplements, such as
garlic, ginseng, papaya, mango, or vitamin E, that pro-
long bleeding or clotting time are used with warfarin
in the elderly.
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EFFECT OF DRUGS ON NUTRITIONAL
STATUS IN ELDERLY

A DNI is considered clinically significant if it
alters therapeutic drug response and/or compromises
nutrition status [15]. The mechanisms for impairment
in nutritional status in the elderly are diverse but
commonly result from drug side effects that reduce
nutrient bioavailability due to reduction in food intake,
digestion, or absorption [15]. Food intake can be
influenced by a drug’s impact on appetite, taste
or smell, or induction of nausea or vomiting [70] (such
as with chemotherapeutic agents, aspirin, or nonsteroi-
dal agents) irritating gastrointestinal mucosa or
anorexic agents (serotoninergic agents) used specifi-
cally for weight loss in obesity that may lead to nutri-
tional deficiency. Several drugs are known to cause
metallic or altered taste (dysgeusia), which is especially
common among elderly. Chemotherapeutics, including
methotrexate and doxorubicin, are a common cause of
taste changes but other medicines commonly used in
the elderly can alter taste, such as antihypertensives
(captopril, enalapril, or diltiazem), antiosteoporotic
agents (etidronate), antibiotics (ampicillin, clari-
thromycin, levofloxacin, tetracyclines), antifungals
(amphotericin B, griseofulvin), antihistamines (chlor-
pheniramine), oral hypoglycemic agents (glipizide), or
psychoactive drugs (lithium), which can then affect
the nutritional status in the elderly.

Overuse of antibiotics can alter commensal bacte-
ria within the gastrointestinal tract that lead to over-
growth of fungi (Candida) or bacteria, resulting in
malabsorption and diarrhea [71]. Drugs can also
reduce the absorption of specific nutrients by alter-
ation in intestinal absorptive surfaces, metabolizing
enzymes, transporter proteins, or gastrointestinal
transit time (laxatives, cathartic agents) [72].
Malabsorption syndromes induced by some of these
drugs can lead to loss of fat-soluble vitamins (A and
E) and minerals (calcium and potassium). On the
other hand, drugs such as corticosteroids, anabolic
steroids, megesterol, anticonvulsant agents or psy-
chotropic drugs may increase appetite and lead to
weight gain. Electrolyte deficiency (potassium, mag-
nesium, sodium, chloride, and calcium) can occur
with the prolonged use of loop diuretics (furosemide
or bumetanide) in the elderly and therefore require
close monitoring and supplementation if needed.
Use of thiazide diuretics, on the other hand, can
increase blood calcium levels by increasing tubular
resorption of calcium, which can be further
exaggerated in the elderly on vitamin D supplemen-
tation, particularly if there is renal compromise or
hyperparathyroidism [73]. Magnesium depletion is

associated with the use of cisplatin, a chemo-
therapeutic agent used in several malignancies,
and requires magnesium supplementation [71].
Chelating agents, such as D-pencillamine or ethylene-
diaminetetraacetic acid increases urinary excretion of
zinc that may result in its depletion.

DRUG INTERACTIONS WITH VITAMINS
SUPPLEMENTS IN THE ELDERLY

Micronutrients, such as vitamins and minerals, are
essential for normal functioning of the body, mainte-
nance of health, and its deficiency or excess can lead to
structural or functional changes and disease [12]
(Tables 7.6 and 7.7). Most of the vitamins needed for
normal functioning (the recommended daily allow-
ance) are covered by regular food intake and a bal-
anced diet [74]. Individuals deficient in vitamins or at
risk, such as those with alcoholism, malabsorption,
vegan diet, a history of gastric bypass surgery, osteo-
porosis, as well as those being treated with hemodialy-
sis or parenteral nutrition, could be candidates for
MVM supplementation [75]. However, the use of
multi-ingredient formulations containing high-dose
vitamins and mineral supplements is common in the
population with the misconception that vitamin sup-
plementation can prevent cardiovascular or other
aging-associated diseases [4]. The use of vitamin sup-
plements is likely safe in healthy individuals but costly
and has biological effects with potential for harm with
chronic exposure or megadoses, especially when used
with prescription medicines in high-risk individuals,
such as elderly with cardiovascular or other chronic
conditions. Harmful effects may not be evident imme-
diately, but only after a period of time. More than
60,000 vitamin overdose cases were reported to poison
control centers just in 2004, with more than 48,000
exposures reported in children younger than 6 years,
resulting in 53 major life-threatening outcomes includ-
ing deaths [76,77], raising concern about indiscriminate
use or unnecessary exposure for consumers and their
children at home. Overdosage of vitamin supplementa-
tion can cause adverse effects directly or indirectly
resulting from interactions with medications that can
impact intestinal absorption, bioavailability, elimina-
tion, or actions at the target organs. Some of these
adverse effects are summarized in Table 7.6.

Vitamin B and Folic Acid

Chronic vitamin B6 intake could potentially cause
nerve toxicity with symptoms of peripheral neuropa-
thy. Use of isoniazid is associated with vitamin B6
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TABLE 7.6 Vitamins�Drug�Nutrient Interactions

Vitamins Sources (food)
RDA/day
(adult)

TUL/day
(adult) Toxicity/side effects

Nutrient�nutrient
interactions Drug�nutrient interactions

Biotin Yeast, bread, egg, cheese,
liver, pork, salmon, avocado,
raspberries, cauliflower (raw)

30 mcg None Life-threatening eosinophilic
pleuro-pericardial effusion in
an elderly woman taking
combination biotin
(10,000 mcg/day) and
pantothenic acid (300 mg/
day) for 2 months (case
report)a

Pantothenic acid (large
doses) competes with
biotin for cellular and
intestinal uptakeb

Reduced biotin blood levels and increase
urinary excretion with anticonvulsantsc

Inhibition of biotin small intestine absorption
with anticonvulsants, primidone and
carbamazepine
Decreased bacterial synthesis of biotin with
sulfa drugs or other antibiotics

Folate Lentils, garbanzo beans
(chickpeas), asparagus,
spinach, lima beans, orange
juice, spaghetti, white rice,
bread

0.4 mg None Can saturate DHFR
metabolic capacity with
appearance of unmetabolized
folic acid in bloodd causing
poor cognition,e hematologic
abnormalities,d and poor
immune functionf

Vitamin C limits folate
degradation and improves
bioavailabilityg

May mask vitamin B12
deficiency
Interacts with
vitamin B12 and
vitamin B6h

Interacts with riboflavini

NSAIDs (aspirin, ibuprofen) interfere with
folate metabolism
Phenytoin, phenobarbital, and primidone
inhibit intestinal absorption of folatej

Pancreatin and sulfasalazine decrease folate
absorption
Cholestyramine and cholestipol decrease
absorption of folic acidk

Methotrexate, trimethoprim, pyrimethamine,
triamterene, and sulfasalazine exhibit antifolate
activity
Pharmacodynamic antagonism of
pyrimethamine antiparasitic effect
Decreased utilization of dietary folate with
triamterene

Niacin Yeast, meat, poultry, red
fish (eg, tuna, salmon),
cereals (especially fortified
cereals), legumes and seeds.
Milk, green leafy vegetables,
coffee, and tea

Male 16 mg
Female 14 mg

35 mg Skin flushing, itching, nausea,
vomiting, hepatotoxicity,l,m

impaired glucose tolerance,
blurred vision, hyperuricemia,
goutn

Increases in plasma
tryptophan levelso

Increased risk of myopathy or rhabdomyolysis
with statinsp

Inhibits “uricosuric” effect of sulfinpyrazonem

Cholestyramine and cholestipol decrease
absorption of niacin
Flushing and dizziness with nicotine
Estrogen and contraceptives (combined)
increase niacin synthesis from tryptophanq

Chemotherapy (long term) can cause symptoms
of pellagra
Diminished protective effects of the
simvastatin-niacin combination with concurrent
daily antioxidants therapy (1000 mg/day) of
vitamin C (1000 mg), alpha-tocopherol (800 IU),
selenium (100 mcg), and beta-carotene (25 mg)r

Pantothenic acid
(Vitamin B5)

Liver, kidney, yeast,
egg yolk, broccoli, fish,
shellfish, chicken, milk,
yogurt, legumes,
mushrooms, avocado, sweet
potatoes

5 mg None Diarrhea/GI side effects with
high intake (10�20 g/day)m

Life-threatening eosinophilic
pleuro-pericardial effusion in
an elderly woman taking
combination biotin (10,000
mcg/day) and pantothenic
acid (300 mg/day) for 2
months (case report)a

Oral contraceptive pills may increase
requirement of pantothenic acidu

Additive effects in lowering blood lipids with
statins or nicotinic acidm

(Continued)



TABLE 7.6 (Continued)

Vitamins Sources (food)

RDA/day

(adult)

TUL/day

(adult) Toxicity/side effects

Nutrient�nutrient

interactions Drug�nutrient interactions

Riboflavin
(Vitamin B2)

Milk, egg, almonds, salmon,
chicken, beef, broccoli,
asparagus, spinach, bread

Male 1.3 mg
Female 1.1 mg

None Excess riboflavin may
increase the risk of DNA
strand breaks in the presence
of chromium (VI), a known
carcinogens

Decreases plasma
homocysteine levelsi

Long-term use of the anticonvulsant,
phenobarbital, may increase destruction of
riboflavin by liver enzymes, increasing the risk
of deficiencyt

Chronic alcohol consumption has been
associated with riboflavin deficiencyu

Thiamin Lentils, green peas, fortified
cereals, pork, pecans,
spinach, orange, milk,
cantaloupe, egg

Male 1.2 mg
Female 1.1 mg

None Life-threatening anaphylactic
reactions with large IV doses
of thiaminv

Diuretics (furosemide) increase urinary
excretion of thiaminew

Long-term phenytoin use reduces blood levels
of thiaminem

Chronic alcohol abuse is associated with
thiamine deficiency (low dietary intake,
impaired absorption, impaired utilization, and
increased excretion)x

Vitamin A Cod liver oil, egg, fortified
cereals, butter, milk, sweet
potato, carrot, cantaloupe,
mango, spinach, broccoli,
kale, collards, squash,
butternut

Male 900 mcg
Female 700 mcg

3000 mcgy Hypervitaminosis A
Acute toxicity: Nausea,
headache, fatigue, anorexia,
dizziness, dry skin,
desquamation, cerebral
edema
Chronic toxicity: Dry itchy
skin, desquamation, anorexia,
headache, cerebral edema,
and bone and joint pain
Severe cases: Liver damage,
hemorrhage, and coma
Increases risk of lung cancer
in high risk individuals
(smokers)z

Increased risk of osteoporotic
fracture and decreased BMD
in older men and womenaa,ab,ac

Zinc deficiency interferes
with vitamin A
metabolismad, ae

Vitamin A deficiency may
exacerbate iron deficiency
anemiaaf

Chronic alcohol consumption results in
depletion of liver stores of vitamin A and may
contribute to alcohol-induced liver damageag

Oral contraceptives (combined) increase retinol-
binding protein synthesis by the liver and may
increase the risk of vitamin A toxicitym

Increased risk of bleeding with blood thinners
(warfarin, fondaparinux, heparin, Plavix,
Agatroban, bilvarudin)
Decreased vitamin A effectiveness with
cholestipol
Increased risk of pseudotumor cerebri (BIH)
with minocycline

Vitamin B6
(Pyridoxine)

Fish, poultry, nuts, legumes,
potatoes, bananas, spinach,
hazel nuts, avocado, fortified
cereals.

Male 1.7 mg
Female 1.5 mg

10 mgah Sensory neuropathy Antituberculosis drugs, antiparkinsonians,
NSAIDs drugsai and oral contraceptivesaj,
interfere with vitamin B6 metabolism
Enhances amiodarone-induced photosensitivity
reactions
Methylxanthines (eg, theophylline) reduce
bioavailability of vitamin B6ak

Decreases the efficacy of phenytoin,
phenobarbital, and levodopaal,am



Vitamin B12
(Cyanocobalamin)

Clams, mussels, mackerel,
crab, salmon, beef, milk,
turkey, egg, poultry, brie
(cheese) Note: Only bacteria
can synthesize vitamin B12an

2.4 mcg None Previous reports that
megadoses of vitamin C
destroy vitamin B12 have
not been supportedao and
may have been an artifact
of the assay used to
measure vitamin B12
levelsap

PPI (eg, omeprazole, lansoprazole) and H2

receptor antagonists (eg, cimetidine, famotidine)
decrease absorption of vitamin B12 by
suppressing gastric acid secretion
Drugs decreasing vitamin B12 absorption:
Antacids, cholestyramine, cholestipol,
chloramphenicol, neomycin, colchicine,
nitrous oxide, and metformin
Decreased hematological response to
cyanocobalamin with chloramphenicol

Vitamin C
(Ascorbic Acid)

Orange, grapefruit, kiwi,
strawberries, tomatoes,
broccoli, potato, spinach,
sweet red pepper

Male 90 mg
Female 75 mg

2000 Large doses can cause
diarrhea and gastrointestinal
disturbances
Increases urinary oxalate
levels which may increase
risk of calcium oxalate
kidney stonesaq, ar

Inverse association between
vitamin C status and blood
lead levelas, at

Aluminum toxicity
(personality changes,
seizures, coma)
Interacts with free metal
ions to produce free
radicals

Estrogen containing oral contraceptives and
aspirinau lower vitamin C concentrations
Interact with anticoagulant (eg, warfarin)
medications
Diminishes the protective effects of simvastatin-
niacin combination.av However, findings are
refuted in a much larger RCT

Vitamin D Salmon, mackerel, sardines,
fortified milk, fortified
orange juice, fortified cereal,
egg yolk

51�70 y
15 mcg (600 IU)
$ 71 y
20 mcg (800 IU)

1000 mcg
(4000 IU)

Hypervitaminosis D:
Hypercalcemia, kidney
stones

Drugs increasing metabolism of vitamin D:
phenytoin (Dilantin), fosphenytoin,
phenobarbital, corticosteroids, carbamazepine,
and rifampinaw

Cholestyramine, cholestipol, and mineral oil
decrease intestinal absorption of vitamin Dax, ay

Ketoconazole reduces serum levels of 1,25-
hydroxyvitamin D levels in health menaz

Glucocorticoids and HIV treatment drugs
(HAART) increase catabolism of vitamin Dba

Vitamin D-induced hypercalcemia may
precipitate cardiac arrhythmia in patients on
digitalism,bb

Vitamin E Vegetable oils (olive,
sunflower and safflower
oils), nuts, whole grains,
green leafy vegetables,
peanuts, carrots, avocado

15 mg 1000 mg
(1500 IU)

Increase likelihood of
hemorrhage stroke
Increase risk of lung cancer
in current smokersbc

17% higher risk of prostate
cancer compared to placebo
at doses of 400 IU/daybd

Supplementation with
400 IU/day of vitamin E has
been found to accelerate the
progression of retinitis
pigmentosa that is not
associated with vitamin E
deficiencybe

Increased bleeding risk with warfarin, Plavix,
dipyridamole, aspirin, and NSAIDs
(eg, ibuprofen)
Medications decreasing vitamin E absorption:
Cholestyramine, cholestipol, isoniazid, mineral
oil, orlistat, sucralfate, olestra
Anticonvulsant drugs, such as phenobarbital,
phenytoin, or carbamazepine, may decrease
plasma levels of vitamin Em,bf

May diminish the protective effects of
simvastatin-niacin combinationav. However,
findings refuted in much larger RCTbg

(Continued)



TABLE 7.6 (Continued)

Vitamins Sources (food)
RDA/day
(adult)

TUL/day
(adult) Toxicity/side effects

Nutrient�nutrient
interactions Drug�nutrient interactions

Vitamin K Phylloquinone (vitamin K1)
major dietary form Vitamin
K2: Menaquinones are
primarily of microbial origins
and thus commonly found in
fermented foods, such as
cheese, curds, natto
(fermented soybeans and
animal liversbh)

Male 120 mcg
Female 90 mcg

None Allergic reaction
Can interfere with the
function of glutathione, one
of the body’s natural
antioxidants, resulting in
oxidative damage to cell
membranes

Large doses of vitamin A
and antagonizes
vitamin Kbi

Interferes with vitamin K
absorption
May inhibit vitamin K-
dependent carboxylase
activity and interfere with
the coagulation cascadebj

Increases bleeding risk with anticoagulant
drugs (eg, warfarin)
Decreases anticoagulant effectiveness
(eg, warfarin)
Prolonged use of broad spectrum antibiotics
(eg, cephalosporin, salicylates) can interfere
with vitamin K synthesis by intestinal bacteria
and lower vitamin K absorption
Cholesterol-lowering medications (eg,
cholestyramine and cholestipol), orlistat,
mineral oil, and the fat substitute, olestra, may
affect the absorption of fat-soluble vitamins,
including vitamin Km
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TABLE 7.7 Mineral�Drug Interactions

Minerals Sources (food)

RDA/day

(adult)

TUL/day

(adult) Toxicity/side effects Nutrient�nutrient interactions Drug�nutrient interactions

Calcium Tofu (prepared with
calcium sulfate), yogurt,
sardines, cheddar
cheese, milk, white
beans, orange, kale,
pinto beans, broccoli,
red beans

51�70 y
Male 1200 mg
Female 1000 mg
$ 71 y
1200 mg

2000 mg Mild hypercalcemia:
Asymptomatic, loss of
appetite, nausea, vomiting,
constipation, abdominal pain,
fatigue, frequent urination
(polyuria), and hypertensiona

Severe hypercalcemia:
Confusion, delirium, coma,
and, if not treated, deathb

Milk-alkali syndrome
(hypercalcemia, metabolic
alkalosis, renal failure)
Concerns for risks of prostate
cancerc and vascular diseased

with high intakes of calcium

Decreases absorption of both
heme and nonheme irone

High sodium intake results in
increased loss of calcium in the
urineb

Reduces zinc absorptionf

Increasing dietary protein intake
enhances intestinal calcium
absorption and urinary calcium
excretiong

Phosphorus increases the
excretion of calcium in the urine
Caffeine (large amount) increases
urinary calcium content for a
short timeh

Oxalic acid (oxalate) is the most
potent inhibitor of calcium
absorption

Hypercalcemia and milk-alkali syndrome
with hydrochlorthiazide
Increase likelihood of arrhythmias with
digoxini

Calcium IV decreases efficacy of calcium
channel blockers,j effect not seen with oral
calcium supplementation
Decreases absorption of tetracycline,
quinolones, bisphosphonates, and
levothyroxine
Ciprofloxacin, norfloxacin, ofloxacin, and
tetracycline will yield insoluble compounds
with calcium, decreasing absorption
H2-receptor blockers (eg, cimetidine,
famotidine) and PPI (eg, omeprazole) may
decrease absorption of calcium carbonate
and calcium phosphatek

Corticosteroids can deplete calcium and
increase risk of osteoporosisl

Reduces plasma concentration of atazanavir
Guar gum delays calcium absorption
Decreases phosphate absorption
Reversal of hypotensive effects of verapamil

Chromium Broccoli, green beans,
potatoes, grape juice,
orange, beef, waffle,
bagel, banana, turkey
breast

Male 30 mcg
Female 20 mcg

None No adverse effects have been
convincingly associated with
excess intake of trivalent
chromium from food or
supplements
Hexavalent chromium
(chromium VI; Cr61) is a
recognized carcinogen.
Exposure to hexavalent
chromium in dust increases
lung cancer incidence and is
known to cause dermatitis
Chromium picolinate
supplementation may
increase DNA damage,m

kidney failure,n,o and impair
liver functionp

Chromodulin improves tissue
sensitivity to insulin and facilitates
glucose transport
Iron overload in hereditary
hemochromatosis may interfere
with chromium transport by
competing for transferrin binding
contributing to the pathogenesis of
diabetes mellitus in patients with
hereditary hemochromatosisq

Diets high in simple sugars
(eg, sucrose) result in increased
urinary chromium excretion in
adults

Little is known about drug interactions with
chromium in humans



Copper Meats, shellfish, nuts,
seeds, wheat-bran
cereals, liver (beef),
crab, mollusks, cashew
nuts, hazel nuts,
almonds, peanut butter,
lentils, mushrooms,
chocolate

900 mcg 10 mg Acute intoxication: Abdominal
pain, nausea, vomiting, and
diarrhea
Severe toxicity: Liver damage,
kidney failure, coma, and
death.
Immune function and
antioxidant status might be
affected by higher intakes of
copperr

Adequate copper nutritional status
is necessary for normal iron
metabolism and red blood cell
formation. Copper deficiency can
lead to secondary ceruloplasmin
deficiency and hepatic iron
overload and/or cirrhosiss

High supplemental zinc intakes of
50 mg/day may result in copper
deficiency

Penicillamine increases the urinary excretion
of copper
Antacids may interfere with copper
absorption when used in very high amountst

Fluoride Black tea, crab, rice,
fish, chicken

Male 4 mg
Female 3 mg

10 mg Acute toxicity: Nausea,
abdominal pain, vomiting ,
diarrhea, excessive salivation,
tearing, sweating, and
generalized weaknessu

Dental fluorosis

Both calcium and magnesium
form insoluble complexes with
fluoride and are capable of
significantly decreasing fluoride
absorption when present in the
same meal. However, the
absorption of fluoride in the form
of monofluorophosphate (unlike
sodium fluoride) is unaffected by
calcium

Calcium supplements, as well as calcium
and aluminum-containing antacids, can
decrease the absorption of fluoridev

A diet low in chloride (salt) has been found
to increase fluoride retention by reducing
urinary excretion of fluoridew

Iodine Salt (iodized), cod,
shrimp, fish, milk, egg,
seaweed, potato

150 mcg 1100 mcg Acute toxicity: Burning of the
mouth, throat, and stomach;
fever; nausea; vomiting;
diarrhea; a weak pulse;
and coma
Increased incidence of
thyroid papillary cancer with
increased iodine intake in
observational studies

Selenium deficiency can
exacerbate the effects of iodine
deficiencyx,y

Deficiencies of vitamin A or iron
may exacerbate the effects of
iodine deficiencyx,z

Amiodarone may affect thyroid function
Antithyroid medications, propylthiouracil
and methimazole, may increase the risk of
hypothyroidism
Lithium in combination with pharmacologic
doses of potassium iodide may result in
hypothyroidism
Pharmacologic doses of potassium iodide
may decrease the anticoagulant effect of
warfarin (Coumadin)x,aa

Iron Beef, poultry, oysters,
shrimp, tuna, prune
juice, potato, kidney
beans, lentils, tofu,
cashew nuts

8 mg 45 mg Gastrointestinal irritation,
nausea, vomiting, diarrhea, or
constipation. Stools will often
appear darker in color
Acute toxicity (doses
20�60 mg/kg)
Stage 1 (1�6 h): Nausea,
vomiting, abdominal pain,
tarry stools, lethargy, weak
and rapid pulse, low blood
pressure, fever, difficulty
breathing, and coma; Stage 2:
Symptoms may subside for
about 24 h; Stage 3 (12�48 h):
signs of organ failure
(cardiovascular, kidney, liver,
hematologic, and central

Vitamin A deficiency may
exacerbate iron-deficiency
anemiaac

Copper is required for iron
transport to the bone marrow for
red blood cell formationt

High doses of iron supplements
can decrease zinc absorptionab

Aluminum reduces iron
effectiveness
Enhancers of nonheme iron
absorption: Vitamin C, organic
acids (citric, malic, tartaric, lactic
acids), meat, fish, poultryab,ad

Inhibitors of nonheme iron absorption:
phytic acid, polyphenols, and soy
protein

Medications that decrease stomach acidity,
such as antacids, H2 receptor antagonists
(eg, cimetidine, ranitidine), and PPI (eg,
omeprazole, lansoprazole), may impair iron
absorption and reduce iron bioavailability
Taking iron supplements at the same time as
the following medications may result in
decreased absorption and efficacy of the
medication: ciprofloxacin, levodopa,
levothyroxine, methyldopa, norfloxacin,
ofloxacin penicillamine, quinolones,
tetracyclines, and bisphosphonate
Cholestyramine interferes with
iron absorption
Allopurinol, a medication used to treat gout,
may increase iron storage in the liver and

(Continued)
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RDA/day
(adult)

TUL/day
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nervous systems); Stage 4
(2�6 weeks): long-term
damage to the central
nervous system, liver
(cirrhosis), and stomach may
developab

should not be used in combination with iron
supplementsv,ae

Hypothyroidism with levothyroxine

Magnesium Cereal, brown rice, fish,
spinach, almonds, lima
beans, peanuts, okra,
milk, banana chelates,
including magnesium
aspartate. Magnesium
hydroxide is used as an
ingredient in several
antacidsag

Male 420 mg
Female 320 mg

350 mg Diarrhea, hypotension,
lethargy, confusion, renal
impairment, dysrhythmias,
cardiac arrest

High doses of zinc supplements
interfere with the absorption of
magnesiumaf

Large increases in the intake of
dietary fiber have been found to
decrease magnesium utilization in
experimental studiesag

Dietary protein may affect
magnesium absorptionah

Vitamin D (calcitriol) slightly
increases intestinal absorption of
magnesiumai

Inadequate blood magnesium
levels are known to result in low
blood calcium levels, resistance to
parathyroid hormone (PTH) action
and resistance to some of the
effects of vitamin Dao,ag

Interferes with the absorption of digoxin,
nitrofurantoin and certain antimalarial drugs
Reduces the efficacy of chlorpromazine,
ciprofloxacin, norfloxacin, ofloxacin,
penicillamine, oral anticoagulants,
quinolone, and tetracycline
Bisphosphonates (eg, alendronate) and
magnesium should be taken 2 h apart so that
the absorption of the bisphosphonate is not
inhibited
Furosemide (Lasix) and some thiazide
diuretics (eg, hydrochlorothiazide) may
result in magnesium depletionv

Long-term use (3 months or longer) of PPI
increases the risk of hypomagnesaemiam

IV magnesium has increased the effects of
certain muscle-relaxing medications used
during anesthesia
Hypermagnesemia with calcitriol,
doxercalciferol
Decreases drug bioavailability of
lansoprazole, delavirdine
Decreased plasma concentration of digoxin,
atazanavir
Hypotension with felodipine
Hypoglycemia with nicardipine, felodipine,
oral sulfonylureas
Bradycardia and decreased cardiac output
with labetalol
Increased risk of metabolic alkalosis with
polystyrene sulfonate
Neuromuscular weakness with amikacin,
gentamicin, tobramycin

Manganese Whole grains, nuts,
leafy vegetables, teas

Male 2.3 mg
Female 1.8 mg

11 mg Neurological: irritability,
tremors, hallucinations, facial
muscle spasms, ataxia
Pulmonary: cough, acute
bronchitis, decreased lung
function
Individuals with increased
risk of manganese toxicity:

Intestinal absorption of manganese
is increased during iron deficiency
and vice versaaj

Supplemental calcium (500 mg/
day) may decrease bioavailability
of manganese
Intakes of other minerals,
including iron, calcium, and

Magnesium-containing antacids and
laxatives and the antibiotic medication,
tetracycline, may decrease the absorption of
manganese if taken together with
manganese-containing foods or
supplementsaa

Supplemental magnesium (200 mg/day) has
been shown to slightly decrease manganese
bioavailability in healthy adults, either by



chronic liver disease, iron
deficiency

phosphorus, have been found to
limit retention of manganeseak

decreasing manganese absorption or by
increasing its excretional

Molybdenum Legumes (beans, lentils,
and peas), grain
products, nuts

45 mcg 2000 mcg Hyperuricemia, gout Study reported that molybdenum
intakes to increase urinary copper
excretion,am however, more recent,
well-controlled study indicated
that very high dietary
molybdenum intakes (up to
1500 mcg/day) did not adversely
affect copper nutritional status in
eight, healthy young menan

Little is known about drug interactions
with molybdenum in humans

Acute toxicity: acute psychosis
with hallucinations, seizures

Phosphorus Dairy food, cereals,
meat, fish, beef, lentils,
almond, carbonated cola
drink, yogurt, milk

700 mg 19�70 y
4000 mg
$ 71 y
3000 mg

High serum phosphorus
concentrations have been
associated with increased
rates of CVD and mortality in
subjects with or without
kidney diseaseao,ap,aq

High serum phosphorus has
been shown to impair
synthesis of the active form of
vitamin D (1,25-
dihydroxyvitamin D) in the
kidneys, reduce blood
calcium and lead to increased
PTH release by the
parathyroid glandsar

Aluminum-containing antacids reduce the
absorption of dietary phosphorus by forming
aluminum phosphate
PPI may limit the efficacy of phosphate-
binder therapy in patients with kidney
failureas

Excessively high doses of 1.25-
dihydroxyvitamin D or its analogs, may
result in hyperphosphatemiaat

Potassium supplements or potassium-
sparing diuretics taken together with
phosphorus supplements may cause
hyperkalemia and life-threatening
arrhythmias
Hormone replacement therapy causes
increased urinary excretion of
phosphorousau

Potassium Banana, potato, prune
juice, plums, orange,
tomato, raisins,
artichoke, spinach,
sunflower seeds,
almonds, molasses

4700 mg None Gastrointestinal symptoms:
nausea, vomiting, diarrhea,
abdominal discomfort
Hyperkalemia: tingling of the
hands and feet, muscular
weakness, temporary
paralysis, cardiac arrhythmia,
cardiac arrestav

Medications associated with hypokalemia:
potassium-wasting diuretics (eg, thiazide
diuretics or furosemide), beta adrenergics,
pseudoephedrine, bronchodilators,
fludrocortisone, licorice, gossypol, penicillin,
caffeine, phenolphthalein, sodium
polystyrene sulfonate
Medications associated with hyperkalemia:
potassium sparing diuretics (eg,
spironolactone, triamterene, amiloride) ACE
inhibitors, NSAIDs, trimethoprim/
sulfamethoxazole, pentamidine, heparin,
digitalis, beta-blockers, alpha-blockers

Selenium Brazil nuts, shrimp,
crab, salmon, poultry,
pork, beef, milk,
walnuts

55 mcg 400 mcg Selenosis- hair and nail
brittleness and loss,
gastrointestinal disturbances,
skin rashes, a garlic-breath

Selenium deficiency may
exacerbate the effects of iodine
deficiency
Selenium supplementation in a
small group of elderly individuals

Valproic acid has been found to decrease
plasma selenium levels

(Continued)
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odor, fatigue, irritability,
nervous system abnormalities

decreased plasma T4, indicating
increased deiodinase activity and
thus increased conversion of T4 to
T3

a

Sodium
(Chloride)

Most of the sodium and
chloride in the diet
comes from salt

51�70 y
1.3 g
$ 71 y
1.2 g

2.3 g Hypernatremia- edema
(swelling), hypertension,
rapid heart rate, difficulty
breathing, convulsions, coma,
and death

Medications associated with hyponatremia:
diuretics (hydrochlorthiazide, furosemide),
NSAIDs (ibuprofen, naproxen), opiates
(codeine, morphine), phenothiazines
(promethazine, prochlorperazine), SSRIs
(fluoxetine, paroxetine), tricyclic
antidepressants (amitriptyline, imipramine)
Medications associated with hyponatremia:
carbamazepine, chlorpropamide, clofibrate,
cyclophosphamide, desmopressin, oxytocin,
vincristine

Zinc Oysters, beef, crab,
pork, turkey, beans,
poultry, cashews,
chickpeas, milk,
almonds, peanuts,
cheese (cheddar)

Male 11 mg
Female 8 mg

40 mg Abdominal pain, diarrhea,
nausea, and vomiting
Metal fume fever has been
reported after the inhalation
of zinc oxide fumes.
Specifically, profuse sweating,
weakness, and rapid
breathing may develop
within 8 h of zinc oxide
inhalation and persist
12�24 h after exposure is
terminatedaw

Intranasal zinc is known to
cause a loss of the sense of
smell (anosmia)ax

Long-term consumption of zinc in
excess of the tolerable upper
intake level (40 mg/day for
adults) can result in copper
deficiency
Iron decreases zinc absorptionay

Calcium in combination with
phytic acid or phytate might affect
zinc absorption
The bioavailability of dietary
folate is increased by the action of
a zinc-dependent enzyme,
suggesting a possible interaction
between zinc and folic acid
Zinc deficiency is associated with
decreased release of vitamin A
from the liveraz

High amounts of zinc decreases
copper absorption

Concomitant administration of zinc and
certain medications (tetracycline, quinolones,
bisphosphonates) may decrease absorption
of both zinc and the medication, thus
reducing drug efficacyae

Penicillamine can result in severe zinc
deficiency
Valproic acid may precipitate zinc deficiency
Prolonged use of diuretics may increase
urinary zinc excretion, resulting in zinc
deficiency
Penicillamine decreases zinc absorption
Decreases drug effectiveness of
ciprofloxacin, gatifloxacin, ofloxacin,
norfloxacin, and tetracycline
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depletion that results in neuropathy, while high doses
of vitamin B6 can induce metabolism of anticonvul-
sants [78] or levodopa [79] with loss of efficacy, which
could result in suboptimal control of seizures or
Parkinson’s disease [80]. Thiamine and folic acid trans-
port can be reduced by polyphenols [81]. Therapeutics
targeting cofactors for enzymes involved in cell cycle
regulation, such as chemotherapeutics (methotrexate,
also used for arthritis) or antimicrobials (trimethoprim
or pyrimethamine) may lead to folate deficiency that,
in turn, results in megaloblastic anemia and other dys-
function. Use of statins for cholesterol lowering is asso-
ciated with a reduction in mitochondrial and serum
co-enzyme Q, a vitamin-like, fat-soluble quinone pres-
ent on mitochondrial inner membranes with antioxi-
dant properties and it has been suggested that CoQ10
supplementation might benefit those patients suffering
from statin-induced myopathy [8,82]. Coenzyme Q10
is chemically similar to vitamin K, and in animal stud-
ies, reduced the anticoagulant effect of warfarin and
increased its clearance [83]. Vitamin B12 excess may
cause diarrhea, itching and allergic reactions. Vitamin
B12 requires an acidic gastric milieu for its removal
from dietary proteins and secretion of intrinsic factor
for its absorption in the terminal ileum and therefore
increase in gastric pH by drugs, such as PPI or H2-
blockers, can reduce Vitamin B12 absorption and blood
levels [84,85]. The reduction in B12 blood levels with
prolonged PPI use was not prevented by concomitant
B12 supplementation [86]. Given the data from major-
ity of clinical studies, PPI should be used with caution
in the elderly, known to have a high prevalence of
vitamin B12 deficiency [72,85,87]. Prolonged use of
metformin in diabetic patients has also been associated
with an increase in incidence of vitamin B12 and folic
acid deficiency [49]. Monitoring of B12 levels have
been recommended in patients on metformin with
supplementation if required [8].

Vitamin C

Vitamin C is metabolized to dehydroascorbic acid,
which is then oxidized to oxalic acid and its pro-
longed use, especially in high doses, can increase
propensity to form renal stones due to relative
hyperoxaluria, crystalluria, and hematuria [88]. In
patients with glucose 6 phosphate dehydrogenase
deficiency, high doses of vitamin C may cause hemo-
lysis [89]. Vitamin C absorption requires an acidic
gastric milieu and any increase in pH, such as with
the use of PPI or H2-blockers, can reduce vitamin C
absorption [72]. Vitamin C is depleted by corticoster-
oids. It enhances iron absorption and should be
avoided in high doses in patients with

hemochromatosis [90]. Since genetic abnormalities
leading to iron overload are common in the popula-
tion, the potential for iron overload mediated hepatic
and cardiac toxicity increases with chronic vitamin C
consumption [91]. Similar concerns are present in
patients at risk of secondary iron overload, such as
those requiring frequent blood transfusions for thal-
assemia or sickle cell disease [91].

Vitamin E

Studies have raised concerns about the use of large
doses of vitamin E demonstrating an increased risk of
bleeding, heart failure, cancer, and all-cause mortality
[65,66,92�94]. An increased risk of hemorrhagic stroke
was demonstrated in participants taking alpha-
tocopherol in the alpha-tocopherol, beta-carotene, and
vitamin C study (ATBC) study [95] and Physicians
Health Study [96]. This raises serious concerns regard-
ing the use of vitamin E in elderly patients with car-
diovascular disease (CVD), many of whom are on
antiplatelet agents or anticoagulants, and hence are at
increased risk for bleeding with concomitant use of
vitamin E [97]. Increased risk of bleeding has been
reported in patients taking large doses of vitamin E
and warfarin concomitantly [97]. A trend toward an
increased incidence of prostate cancer was also
reported in the Selenium and Vitamin E Cancer
Prevention Trial that was terminated prematurely [98].

Vitamin A

Excessive vitamin A intake has been associated with
abnormal liver profile, reduced bone mineral density,
and increased risk for osteopenia and fractures
[99,100]. In the Nurses’ Health Study, 72,337 postmen-
opausal women aged between 34 and 77 years were
followed for 18 years. Women taking higher doses of
vitamin A ($3000 μg of retinol equivalents daily) had
an increased risk for hip fracture as compared to those
taking lower doses (,1250 μg per day) [101]. High
levels of vitamin A are also associated with liver
abnormalities, neurotoxicity, and birth defects
[102,103]. β-carotene as well as long-term retinol has
been associated with increased risk of lung cancer,
CVD, and death in smokers and those exposed to
asbestos [103]. The increased mortality risk with the
use of vitamin A, E, and beta-carotene was demon-
strated in a Cochrane systematic review [104].

Vitamin D

Excessive vitamin D can cause hypercalcemia result-
ing in nausea, vomiting, poor appetite, constipation,
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weakness, and weight loss [105]. An increase in the
risk of kidney stones with calcium and phosphate
deposition and vascular calcification [106,107] and
increased risk of cardiovascular events with calcium
supplementation [108] may occur. Concerns regarding
induction of hypercalcemia by toxic levels of vitamin
D precipitating cardiac arrhythmia in patients on
digitalis have also been raised [109]. Vitamin D is
metabolized through CYP3A4 and could be affected
by drugs that modulate CYP3A4 activity (Table 7.2A).
Therefore, several drug�vitamin D interactions have
been described, including with cholesterol lowering
statins affecting Cyp3A, such as atorvastatin and its
metabolites, that were reduced when used concomi-
tantly with vitamin D supplements [73]. CYP3A4
inducers, such as phenobarbital and phenytoin used
for seizure control, could increase clearance of vita-
min D metabolites and thus lower serum 25 (OH) D
levels but the data is mixed and complicated by con-
founding factors, such as exposure to sunlight and
seasonal effects [73]. Concomitant use of thiazide
diuretic and vitamin D supplementation should be
avoided in the elderly with compromised renal func-
tion to avoid hypercalcemia [73].

Vitamin K

Vitamin K antagonizes the effect of warfarin. When
vitamin K-containing products are taken together with
warfarin, reduction in anticoagulation effect occurs
[21,22]. Patients with CVD who are on therapeutic
anticoagulation with warfarin to prevent thromboem-
bolism should not take vitamin K. The major micro-
somal enzyme system involved in warfarin
metabolism, CYP2C9, is inhibited by several drugs,
including amiodarone and its major metabolite that
potentiates the anticoagulant effects of warfarin,
increasing the risk of serious bleeding.

DRUG�HERB INTERACTIONS
IN THE ELDERLY

The use of herbal supplements is common and con-
tinues to increase in the elderly [3,110]. Although per-
ceived as being natural and, therefore, safe, many
herbal remedies could potentially have adverse effects
when used with prescription medicines that can pro-
duce life-threatening consequences [18,19]. These can
be easily missed because patients do not routinely dis-
close the use of these supplements to their healthcare
providers [18]. Some of the common herb�drug inter-
actions are summarized in Table 7.8.

DNI IN THE ELDERLY: CHALLENGES
AND FUTURE DIRECTIONS

Likelihood of dietary (Fig. 7.2) and herbal supple-
ment interactions with prescription medicine increases
in the elderly with an increase in the number of
comorbidities and use of multiple medications, how-
ever, information on DNI from well-controlled studies
are scarce and it is difficult to define the risk for a seri-
ous interaction in an individual patient. Most studies,
whether in humans, experimental animals or in vitro
systems, are conducted not for characterizing adverse
effects but for other purposes, such as investigating
metabolism, nutrient balance, interactions, or possible
benefits [111]. Few high-quality clinical trials have
been conducted to determine the efficacy and safety of
single-use or paired vitamins/minerals in prevention
of chronic diseases that incorporate relevant clinical,
genetic, pharmacologic, or physiological characteristics
into trial design. Although the general principles of
nutrient risk assessment have been established, enor-
mous gaps exist in the information required to conduct
a robust risk assessment for many of the nutrients and
potential DNI. Dietary or MVM supplements with
high nutrient content higher than dietary reference
intake (DRI) recommendations contribute substantially
to total nutrient intake, raising additional safety con-
cerns with nutritional excess that further increases risk
for adverse DNI. Limited regulation of dietary supple-
ments compared to that of prescription medicine pose
additional challenges regarding mislabeling, purity,
toxicity, and contamination with medications with
potential for adverse drug�drug interactions and DNI
[112]. Systematic information on the bioavailability
and bioequivalence of dietary/herbal supplements in
marketed products is scarce and, when provided, not
necessarily accurate [113]. Although the Food and
Drug Administration (FDA) oversees its use, sufficient
regulation of the supplement industry has been diffi-
cult to achieve as supplements are regulated as food
products under the dietary supplement and education
act and not as rigorously assessed as medications
despite documented adverse effects and repeated con-
cerns raised [18,19,114,115]. The FDA has insufficient
resources and legislative authority to require specific
safety data from dietary supplement manufacturers or
distributors before their products are made available
to the public. Reports of suspected or documented
adverse events may be submitted voluntarily to the
FDA’s MedWatch program [116] or other organiza-
tions, such as poison control centers. Yet, adverse
events from supplements are typically underreported,
a problem also highlighted by the Office of the
Inspector General Report [117]. Many adverse events
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TABLE 7.8 Herb�Drug Interactions (List Not All-Inclusive)

Herbs Purported health benefits Adverse effects Herb�drug interactions, comments

Alfalfa (Medicago
sativa)

Hyperlipidemia, asthma, arthritis,
diabetes, urinary retention,
benign prostatic hypertrophy

Autoimmune hemolytic anemia, systemic
lupus erythematosus exacerbation, acute graft
rejection due to immune-stimulant properties

Increases bleeding risk with warfarina

Decreases effectiveness of oral contraceptives

Hypoglycemia when used with antidiabetics

Increased photosensitivity with amitriptyline, tetracycline,
trimethoprim/sulfamethoxazole, levofloxacin

Aloe vera Laxative (oral), dermatologic
conditions (topical)

Abdominal cramps, diarrhea,
hypokalemia, acute hepatitis

Hypokalemia causing digitalis toxicity and arrhythmiab

Increased blood loss with anesthetic sevofluranec

Hypoglycemia with antidiabetic medicationsd

Bitter orange
(Citrus aurantium)

Indigestion, anorexia, nasal congestion,
weight loss

Hypertension, tachycardia, arrhythmias Decrease effect of antihypertensive medicationse

Tachycardia and hypertension with caffeine use and MAOI

Arrhythmogenesisf,g

Black cohosh
(Cimicifuga
racemosa)

Premenstrual tension, menopause,
osteoporosis

Liver injury? Conflicting reports with increased incidence of primary
breast cancer

Potential liver toxicity with statins, amiodarone,
acetaminophen, methyldopa, erythromycin, fluconazole

Decrease efficacy of cisplatin, CYP2D6 substrates (codeine,
amitriptyline, metoprolol, trazodone)

Increased lung metastasis of preexisting breast cancerh

Butchers broom
(Ruscus aculeatus)

Circulatory disorders, venous
insufficiency, constipation, leg cramps,
water retention, hemorrhoids (topical)

Nausea , high blood pressure Decreases effects of alpha-blockers on blood pressurei

Cannabis
(Cannabis sativa L.)

Nausea, vomiting, anorexia, cachexia,
neuropathic pain, asthma, glaucoma

Central nervous system depressant Potentiates central nervous system depressant effects with
alcohol, benzodiazepines, narcotics, and antihistamine use

Altered patient’s response to stress
in patients undergoing oral surgery

Increases bleeding risk with warfarinj

Decreases phenytoin concentration by CYP2C9 expression
and increase hydroxylation of liver microsomesk

Causes manic symptoms with fluoxetine usel

Reduced blood level of protease inhibitors: indinavir and
nelfinavirm

Alters response to stress and anesthetic medications in oral
surgery patientsn

Capsicum
(peppers or bell
peppers)

Analgesic, shingles, antidiabetic, trigeminal
neuralgia, anti-inflammatory, weight loss

Hypertension, myocardial infarction,
coronary vasospasm

Hypertensive crisis with MAOI



Cat’s claw
(Uncaria tomentosa)

Antioxidant, immunomodulation, antiherpetic,
anti-inflammatory, immunostimulant

Nausea, vomiting, gastrointestinal discomfort,
reversible worsening of Parkinson’s disease
motor symptoms, allergic interstitial nephritis

Increases bleeding risk with warfarin,o ginkgo biloba, garlic,
saw palmetto

Potentiates hypotension with antihypertensive drugs

Potentiates the effect of benzodiazepinesp

Increased plasma concentration of protease inhibitors
atazanavir, ritonavir, and saquinavir by inhibition of
CYP3A4q

Disulfuram-like reaction when used with metronidazole

Chamomile
(Matricaria recutita)

Anxiolytic, sedative, anti-inflammatory,
spasmolytic, upper respiratory tract infections
and premenstrual syndrome

Increases bleeding risk with aspirin or warfarin user

Increases sedative effects of benzodiazepines and
barbituratess

Co-Enzyme Q10
(Theobroma cacao)

Antioxidant, used in heart failure, angina,
hypertension, and preeclampsia

Increased breast cancer risk in
postmenopausal women, insomnia, elevated
liver enzymes, rash, nausea, abdominal pain
dizziness, photosensitivity, headache,
irritability, heartburn, fatigue

Reduces anticoagulant effect of warfarint

Cranberry
(Vaccinium
macrocarpton)

urinary tract infection, diabetes, wounds,
Helicobacter pylori�induced gastric ulcers, blood
and digestive disorders

Potential inhibitory effect on CYP2C9 and
CYP3A4 (Tables 7.2A and 7.2B)

Increases bleeding risk with warfarinu

Danshen (Saliva
miltiorrhiza)

Ischemic stroke, angina, myocardial infarction Increases bleeding risk with warfarin usev

Falsely elevates or lowers serum digoxin levelsw

Increases metabolism of CYP substrates (see Table 7.2B)

Devil’s claw
(Harpagophytum
procumbens)

Osteoarthritis, myalgia, back pain,
atherosclerosis, anorexia, palpitations, difficult
childbirth, dyspepsia, bladder and kidney
problems

Decreases heart rate and blood pressure Increases bleeding risk of warfarinx

Inhibits CYP 3A4 and elevates blood levels of drugs
summarized in Tables 7.2A and 7.2B

Inhibits P-glycoprotein activity and can increase blood
levels of drugs summarized in Table 7.3y

Echinacea purpurea Immunostimulant, upper respiratory tract
infections but efficacy studies have yielded
conflicting results

Nausea, dizziness, abdominal discomfort,
liver toxicity, thrombotic thrombocytopenic
purpura, rash, and anaphylaxis

May induce or inhibit hepatic CYP 3A4 enzymes depending
on structure and condition. Inhibition of CYP3A4 enzymes
may elevate blood levels of drugs listed in Tables 7.2A and
7.2Bz,aa

Inhibits P-glycoprotein activity and may elevate blood
levels of drugs listed in Table 7.3y

Increases QT interval with amiodarone or ibutilide

Increases risk of hepatotoxic effects with statins, fibrates,
niacin

(Continued)



TABLE 7.8 (Continued)

Herbs Purported health benefits Adverse effects Herb�drug interactions, comments

Ephedra (ma
huang)

Weight loss, nasal decongestant, increased
alertness boosts athletic performance, common
cold/flu, asthma, headache

Increase heart rate, increased blood pressure,
fainting, palpitations, insomnia, flushing,
headache, motor restlessness, tremors, dry
mouth, blurred vision, anorexia, decreased
appetite, secondary rhabdomyolysis, renal
failure, psychosis, seizure, skin rash, vasculitis,
stroke, cardiomyopathy, myocardial infarction,
and sudden death

Avoid with caffeinated products.

Avoid with drugs causing QT prolongation,
antiarrhythmics, and diureticsab

Fenugreek
(Trigonella foenum-
graecum)

Hyperlipidemia, indigestion, menopausal
symptoms, labor induction, appetite stimulant,
lactation, diabetes wound and leg ulcers (topical)

Dyspepsia, abdominal distension, hypoglycemia,
hypokalemia

Avoid with diuretics; can potentiate hypokalemiaac

Garlic (Allium
sativum)

Hypertension, hypercholesterolemia, heart
disease, hyperglycemia, antimicrobial, immune
enhancing effects, HIV, prevention of stomach
and colon cancers

Postoperative bleeding, spontaneous spinal
epidural hematoma and other bleeding reported

Increases bleeding risk with warfarinad and antiplatelet
drugsae,af

Hypoglycemia with oral hypoglycemic (chlorpropamide)ag

Severe GI side effects with ritonavir

Ginger (Zingiber
officinale Roscoe)

High cholesterol, motion sickness,
chemotherapy-induced nausea, indigestion,
arthritis, muscular pain, antispasmodic

Increased risk of bleeding with warfarinah

Ginkgo biloba Alzheimer’s dementia, tinnitus, peripheral
arterial disease, and senile macular degeneration

Decrease in blood pressure, potential risk of
seizures

Increases risk of bleeding with warfarin,ai aspirin,aj

and nonsteroidalak,al

Increases effects of digoxinam

Reduces efficacy of antiviral agents (efavirenz)an

Can cause priapism with risperidoneao

Worsening of seizure with valproic acid and phenytoinap

Ginseng Stress reduction, immunomodulation, memory
enhancement, attention deficit hyperactivity
disorder, sexual dysfunction, alleviation of
menopausal symptoms, antidiabetic, antiaging,
antifatigue, anticancer

Hepatotoxicity, abnormal vaginal bleeding,
gynecomastia, hypertension, mastalgia, manic
episode, rapid heartbeat, allergic reactions

Decreases anticoagulation effect of warfarinaq

Can potentiate arrhythmogenesis with antiarrhythmic
agentsar

Interferes with digoxin assay, leading to falsely elevated
levels (Siberian ginseng)as

Hypoglycemia with oral hypoglycemics, eg,
chlorpropamideat and herbs lowering blood sugar level
(Devil’s claw, ginger, fenugreek, gum, guar)

Can induce liver enzymes and inhibit CYP3A4.au Use with
caution in CYP metabolized drugs (Tables 7.2A and 7.2B),
hepatitis, or cirrhosis

Hepatotoxicity with antiretroviral raltegravirav and
imattinib mesylateaw



Grapefruit juice Diabetes, CVD, anticancer Increase risk of bleeding with anticoagulant
or antiplatelet agents and can potentiate
side effects of drugs metabolized by
CYP3A4 (Table 7.2B)

Increases bleeding risk with warfarinax or antiplatelet
(cilostazol) leading to purpuraay

Inhibits CYP3A4 and p-glycoprotein activity elevating
serum levels of drugs metabolized in Tables 7.2A�7.3 such
as tachycardia, flushing, and hypotension with calcium
channel blockersaz, rhabdomyolysis with statins,
hypertension and tachycardia with appetite suppressant
sibutramine, and hypoglycemia with oral hypoglycemic
agent repaglinide

Potentiates toxicity QT prolongation and Torsades de
pointesba

Causes hypotension with sildanefil, tadalafil or varendafil
or nitrates

Hawthorn
(Crataegus spp.)

Hypertension, coronary heart failure,
atherosclerosis, angina pectoris,
bradyarrhythmias

Hypotension, tachycardia, arrhythmias Increases effects of digoxinbb

Potentiates the effects of vasodilators or drugs used for
heart failure, hypertension, angina, and arrhythmiasbc

Kava (Piper
methysticum)

Stress, anxiety, sleeping aid Hepatitis and liver failure Potentiates the effects of benzodiazepines causing dystonia

Interacts with drugs used for Parkinson’s disease

Sedatives (alprazolam, lorazepam, clonazepam) increase
central nervous system side effects

To be avoided with hepatotoxic drugs (acetaminophen,
amiodarone, carbamazepine, isoniazid, methotrexate,
methyldopa, erythromycin, phenytoin, statins)

Kelp (Laminaria) Hypothyroidism, goiter, cancer, obesity,
immune-stimulation, osteoarthritis, indigestion,
upper respiratory tract infection, genitourinary
infection, promotion of healthy growth of hair,
skin, and nails

Uterine stimulant: can dilate the cervix and
induce abortion

Can increase effects of bleeding with warfarin and
antiplatelet drugsbd

Due to high iodine content can potentiate action of
levothyroxine causing tachycardia, tremors, acne, and
hypertensionbe

Avoid with potassium supplements

Licorice
(Glycyrrhiza glabra)

Peptic ulcer, catarrhs of upper respiratory tract,
hepatitis, cirrhosis, polycystic ovarian syndrome,
prostate cancer, eczema

Mineralocorticoid effect, hypertension,
hypokalemia, life-threatening ventricular
arrhythmias, cardiac arrest, myoglobinuria,
tetraparesis, can worsen coronary heart failure
(causes sodium retention, edema, and
hypertension)

Decreases anticoagulant effect of warfarin

Use with caution with drugs that can cause hypokalemia
(eg, diuretics)

Can potentiate digoxin toxicity and arrhythmogenesisbf

Increases plasma prednisolone concentrationbg

Increases effects of spironolactone

Use with caution in hormone-sensitive conditions (breast,
uterine, and ovarian cancer, endometriosis and uterine
fibroids)

(Continued)



TABLE 7.8 (Continued)

Herbs Purported health benefits Adverse effects Herb�drug interactions, comments

Peppermint
(Mentha piperita)

Aroma, cold, pain (headache, muscle ache,
nerve pain), digestive disorders, antitussive,
spasmolytic, antioxidant, antimicrobial,
anticarcinogenic, radioprotective, analgesic,
and anesthetic effects

Heart burn, allergies Increases the levels of CYP3A4 metabolized drugs
(Tables 7.2A and 7.2B) such as felodipinebh

Caution is advised in its co-use with CYP3A4 metabolized
drugs

Caution is also urged for peppermint oil therapy in patients
with GI reflux, hiatal hernia, or kidney stonesbi

Red clover
(Trifolium pratense)

High cholesterol, menstrual irregularities,
mastalgia, osteoporosis, prostatic enlargement,
depression, anxiety, favorable influence on
markers of cardiovascular function (systemic
arterial compliance, endothelial function, and
serum HDL cholesterol)

May alter blood clotting and increase risk of
surgical bleeding

Increases bleeding risk with warfarinbj,bk

Can induce CYP enzymes. Use with caution with CYP
metabolized drugs (Tables 7.2A and 7.2B)x

Due to estrogen-like compounds; avoid red clover use in
hormone sensitive conditions (breast cancer, endometrial
cancer, ovarian cancer, uterine fibroids, and endometriosis)

Red yeast rice
(Monascus
purpureus)

Hyperlipidemia Myopathy, rhabdomyolysis, liver damage Potentiates effects of statins including side effects

Saw palmetto
(Serenoa repens)

Benign prostatic hyperplasia, genitourinary
conditions, azospermia, decreased libido,
augmentation of breast size, edema, mild
diuretic

Hypertension, fatigue, sexual dysfunction,
tachycardia, angina pectoris, extrasystole,
intraoperative hemorrhage, bleeding
susceptibility

May increase bleeding risk with warfarin or antiplatelet
agentsbl

Should be avoided with contraceptives and estrogens as it
decreases effectiveness of estrogen pills

Soya (Glycine max
Merr.)

Hyperlipidemia, hot flushes, osteoporosis Increased risk of endometrial hyperplasia Decreases anticoagulant effects of warfarinbm and other
anticoagulantsbn

Decreases absorption of levothyroxinebo

Inhibits CYP3A4 and CYP 2C metabolized drugs
(Tables 7.2A and 7.2B)bo,bp

St. John’s wort
(Hypericum
perforatum)

Depression, anxiety, sleep disturbances,
mental health conditions

Reversible photosensitivity, induction of mania
or hypomania in patients with bipolar disorder,
hypertensive crisis (case report)

Increases heart rate and blood pressure with MAOI

Decreases anticoagulant effects of warfarinbq

Increases activity of clopidogrel with increased bleeding
tendency

Induction of CYP3A4 reduces blood level of drugs
metabolized (Tables 7.2A and 7.2B) and therefore decreases
effectiveness of statins, antiarrhythmics (precipitating
arrhythmias)

Decreases cyclosporine concentration due to increased
clearance (transplant rejection)br,bs,bt,bu,bv

Decreases plasma levels of indinavir (treatment failure in
HIV patients)bw



Decreases drug levels of ethinyl estradiol (increase
breakthrough bleeding and unplanned pregnancies in
women taking oral contraceptive pills)bx

Yohimbine Aphrodisiac, impotence, erectile dysfunction,
orthostatic hypotension

Lightheadedness, confusion, incoordination,
submucosal hemorrhage, retrograde amnesia,
incoordination, systemic lupus erythematosus-
like syndrome, renal failure, exacerbation of
panic attacks in post traumatic stress disorder,
chest pain, and arrhythmias

Increases bleeding with warfarin, antiplatelet drugsby or
herbs (angelica, clove, danshen, garlic, ginkgo biloba,
ginger)

Elevated blood pressure and tachycardia when used with
caffeine, central nervous system stimulants (ephedra), or
tyramine-containing products (MAOI)

Decreases blood pressure reduction effect of centrally acting
agents (clonidine, guanabenz), ACE inhibitors
(hypertension), and beta-blockers (hypertension and
increase in heart rate)
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related to excess nutrition use, drug�nutrition, or
drug�herb interaction go unreported to the FDA
because consumers are more likely to associate an
adverse event with a drug they are taking rather than
a dietary supplement that they consider inherently
safe or “natural” and could be embarrassed to tell their
healthcare provider that they were self-treating a med-
ical condition using a dietary or herbal supplement.

In order to reduce the risk for adverse DNI, a
detailed assessment of nutritional status, medication
use and potential for DNI should be performed rou-
tinely, even more so in the elderly population with
chronic health conditions who take multiple medica-
tions and are at greater risk than the general healthy
population for adverse DNI. Ensuring proper timing of
food with drug regimens and regular monitoring of
nutritional status, medication profiles, and laboratory
data to evaluate the potential for interactions may help
reduce serious adverse DNI [118]. Maintaining a
healthy balanced diet rich in vegetables and fruits,
whole grains, fat-free and low-fat dairy products, and
seafood, and that is low in saturated fats and added
sugars as specified by the 2015 dietary guidelines advi-
sory committee may help maintain health in the elderly
[119]. Supplements, if needed, should be used spar-
ingly, best decided in consultation with healthcare

professionals, who should help patients decide dietary
supplement use after considering the risk-benefit ratio,
particularly in those on polypharmacy. Strategies to
address DNI in long-term care facilities [118], emphasis
on education in assessing the need for supplements and
concerns associated with their use with medications,
and proper coaching of the patient to take an active role
in his or her care and communication with healthcare
providers may help reduce unnecessary inconvenience
and costs associated with preventable adverse DNI
in the elderly [120]. Additionally, inclusion of older-
elderly patients in clinical trials and nutrition�drug
interaction research in geriatric patients will help fur-
ther improve understanding of mechanisms underlying
adverse DNI to design further strategies to prevent
adverse DNI in the elderly.

SUMMARY

• Dietary supplement use is common and increasing
in the elderly with MVM being the most common
supplements consumed.

• Three-fifths of the patients using supplements do
not disclose their use to healthcare professionals,

FIGURE 7.2 Dietary nutrient�drug
interactions. Source: Adapted from Oklahoma
Cooperative Extension Fact Sheets http://
osufacts.okstate.edu and http://pods.dasnr.
okstate.edu/docushare/dsweb/Get/Document-
2458/T-3120web-2014.pdf.
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increasing the risk for potential interactions between
supplements and medications to go undetected.

• Elderly patients with comorbidities using multiple
medications and dietary supplements are at
increased risk of adverse interactions, which could
be clinically serious with drugs that have a narrow
therapeutic index.

• Factors contributing to DNI include both patient-
related and drug�nutrient-related factors and
increasing recognition of risk factors particularly in
elderly with chronic disease who use multiple drugs
require closer monitoring of DNI particularly with
drugs with narrow therapeutic index to help reduce
adverse DNI.

• Improving regulatory vigilance of dietary
supplements manufacturing and distribution and
consumers and healthcare providers’ education
about DNI and its proper reporting may help
strategies to reduce adverse events that otherwise
go undetected.

• Detailed assessment of nutritional status,
medication use and potential for DNI should be
performed routinely in the elderly with chronic
health conditions who take multiple medications
and are at greater risk than the general healthy
population for adverse DNI.

• Ensuring proper timing of food with drug regimens,
and regular monitoring of nutritional status,
medication profiles, and laboratory data to evaluate
the potential for interactions may help reduce
serious adverse DNI in high risk individuals.

• Inclusion of older-elderly patients in clinical trials
and collection of data regarding DNI may help fill
gaps in our knowledge and increase understanding
of mechanisms underlying adverse DNI so
strategies to prevent adverse DNI in the elderly can
be further improved.
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KEY FACTS

• Different aging theories based on progressive
accumulation of damage caused by reactive
species.

• Antioxidant network builds a defense system
against reactive species.

• Lower susceptibility for some age-related
diseases by consuming a diet rich in
antioxidants.

• Aging is affected by endogenous and exogenous
influencing factors.

• Biomarker of aging should either alone or in a
composite better predict functional capability
than chronological age.

Dictionary of Terms

• Reactive species: Reactive species is the common term
for both free radicals and reactive oxygen species
(ROS), which include radicals, such as superoxide
radical anion and hydroxyl radical, and nonradicals,
such as hydrogen peroxide.

• Oxidative stress: Technically, oxidative stress is an
imbalance between prooxidative reactive species
and antioxidants, in which more prooxidative
reactive species than antioxidants exist.

• Antioxidative network: Endogenous as well as
exogenous antioxidant systems together build up
a functional intracellular antioxidative network
which is mainly involved in the defense against
oxidative stress.

• Chronological age: The calendrical age is determined
by the date of birth and the number of years a
person has lived and is also referred to as
chronological age.

• Biological age: The discrepancy between subjects
with the same chronological age but different
biological function, such as health state, is attributed
to the biological age. Although little consensus
regarding assessment of biological age exists, it is
often outlined as a frailty/fitness index [1] or by
complex mathematical modeling [2].

• Biomarker: A biomarker is an objectively measured
characteristic that is evaluated as an indicator of a
normal biologic and pathogenic process or of a
pharmacologic response to an intervention [3].

INTRODUCTION

For a long time the causal relationship between
aging and nutrition has been a subject matter of
research. Basically, aging is the progressive accumula-
tion of damage with time, associated with or responsi-
ble for the ever-increasing susceptibility to disease and
death which accompanies advancing age [4]. Nutrition
in terms of a balanced healthy diet has the ability to
reduce the risk of malnutrition, deficiency diseases,
and moreover can help to prevent chronic diseases
and aid recovery from illnesses. But besides these
capabilities the main question of the connection
between nutrition and healthy longevity still plays a
key role in recent research. Hence the major challenge
is the characterization of suitable biomarkers to assess
these connections. Basically, a biomarker is an objec-
tively measured characteristic that is evaluated as an
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indicator of a normal biologic and pathogenic process
or of a pharmacologic response to an intervention [3].
Moreover, a nutritional biomarker is any parameter
that reflects biological consequence of dietary intake or
dietary patterns and should indicate the nutritional
status with respect to intake or metabolism of dietary
constituents [5]. Beyond that, a biomarker of aging is a
biological parameter of an organism that either alone
or in some multivariate composite will, in the absence
of disease, better predict functional capability at some
advanced age or remaining lifespan than will the chro-
nological age [6]. All in all, a nutritional biomarker of
aging should objectively reflect the influence of dietary
intake or the nutritional status of functional perfor-
mance with regard to age.

Among the different aging theories the class based
on damage due to toxic by-products of metabolism or
insufficient biological repair mechanisms during aging
provides a basis for emphasizing the relationship of
nutrition and aging. One of the most noted and com-
plex damage-based theories turned out to be Harman’s
aging theory based on free radicals which was already
provided in the 1950s [7]. Within the free radical the-
ory the major cause of aging was described as a life-
long accumulation of oxidative alterations in proteins,
lipids, and DNA induced by free radicals and reactive
oxygen species (ROS), which include both radicals,
such as superoxide radical anion and hydroxyl radical,
and nonradicals, such as hydrogen peroxide. In the fol-
lowing chapter free radicals and ROS will be referred
to as reactive species [8]. Although nowadays reactive
species are known as being products of normal cellular
metabolism and, at low to moderate concentrations,
are known to play essential roles in cell signaling and
regulation [9], they were mostly seen as toxic by-
products within this theory. Possible consequences
due to damage of essential cell components by free
radicals are impaired function of the cell membrane,
enzyme inactivation, effected cell receptors, and
decreased protein biosynthesis. Additionally, DNA can
be damaged with the result of reduced cell persistence,
uncontrolled proliferation, or cellular senescence. The
term oxidative stress is used to describe the imbalance
between the increased damaging effects of reactive
species and insufficient antioxidative capacity. This is
in opposition to the antioxidant network which enables
controlling of their formation and supports repair
mechanisms. The cells’ ability to resist oxidative dam-
age is based on a balance between the occurrence of
reactive species and the supply with antioxidants.

The antioxidant network is directly and indirectly
supported by nutrition. The cells’ antioxidant molecules
(vitamins, polyphenols, etc.) are mostly derived from
dietary fruit and vegetables. Whereas most vitamins
themselves have an antioxidative effect, trace elements,

such as selenium, copper, and zinc, are crucial for the
function of antioxidant enzymes. Therefore this work
focuses on the antioxidant network and the contribu-
tion of nutrition on healthy aging and longevity.

THE ANTIOXIDANT NETWORK

The defense system against reactive species is built
up by enzymatic as well as nonenzymatic antioxidants.
The first line of enzymatic antioxidants includes
superoxide dismutase (SOD), catalase (CAT), thiore-
doxin reductase, and glutathione peroxidase (GPx).
Nevertheless, a second line of defense is essential to
detoxify secondary products which are generated
within the interaction of reactive species with biologi-
cal macromolecules. These include for instance GPx
and glutathione S-transferase [10]. Nonenzymatic anti-
oxidants can be divided into hydrophilic as well as
lipophilic radical scavengers. Thereby, ascorbate, urate,
and glutathione (GSH) belong to the hydrophilic
antioxidants; tocopherols, polyphenols as well as caro-
tenoids represent the lipophilic radical scavengers.
Most of these parameters interact synergistically and
all together build up the antioxidative make-up of a
tissue. For an optimal protection against oxidative stress
the endogenous antioxidant system (including
glutathione) should be intact and additionally an
adequate supply with exogenous antioxidants
(eg, α-tocopherol, vitamin C, polyphenols) should be
guaranteed. Endogenous as well as exogenous systems
together build up a functional intracellular antioxidative
network. The interaction of α-tocopherol, vitamin C,
and glutathione illustrates the network character (see
Fig. 8.1): α-tocopherol inhibits lipid peroxidation in cell
membranes and lipoproteins. But this function can only
be assured if vitamin C is provided in adequate
quantity to regenerate the tocopheryl radical.
Subsequently, glutathione regenerates the function of
vitamin C. Apart from that carotenoids present the cells’
most efficient singlet oxygen quencher [12].

In the following sections focus is laid on the individ-
ual components of the antioxidative network (enzy-
matic antioxidants, hydrophilic and lipophilic radical
scavengers) as well as their main representatives ((1)
SOD, GPx; (2) vitamin C, glutathione; (3) carotenoids,
tocopherols, polyphenols) and their causal relationship
with aging and age-related diseases.

Enzymatic Antioxidants and Trace Elements

Superoxide Dismutase (Copper and Zinc)

Superoxide dismutases are enzymes which catalyze
the reduction of superoxide anions to hydrogen
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peroxide and thereby play a critical part in cell defense
against the damaging effects of free oxygen radicals.
Due to their function SODs are present in all oxygen-
metabolizing cells. SODs are divided into different
groups according to their capabilities for binding spe-
cific metal cofactors. There are SODs containing zinc
and copper (Cu/ZnSOD), manganese (MnSOD), or
iron (FeSOD) [13]. In the following passage the
thematic priority focuses on the zinc and copper con-
taining SOD.

Crucial for the function of Cu/ZnSOD are appar-
ently the trace minerals zinc and copper. The lack of
zinc stores in the human body necessitates the require-
ment for a constant adequate daily supply of dietary
zinc [14]. The recommended intake for adults amounts
to 10 mg/day for men and 7 mg/day for women in
German-speaking countries [15]. Zinc is widely distrib-
uted in food, whereby the primary dietary sources of
zinc are animal sources, being protein-rich food such
as meat, seafood, and eggs [14]. Theoretically, whole
grain products are an additional source for zinc.
However, plant based food contain high values of

zinc-chelating phytates which reduce dietary zinc
absorption. Consuming vegetarian diets might there-
fore require up to 50% more zinc compared to nonveg-
etarian diets [16].

Estimated values for an adequate copper intake
amount to 1.0�1.5 mg/day [15] or an average demand
of 11 μg/kg body weight [17]. Dietary sources are
mainly cereal products, giblets, and fish.

The intake of zinc decreases during aging due to
intestinal malabsorption, inadequate diet, and
increased incidence of age-related degenerative dis-
eases [18]. Zinc may play an important role in lower-
ing oxidative stress in cells of elderly subjects [19] and
supplementing the elderly’s diet with zinc can
improve the immune response and reduce oxidative
stress markers [18]. Decreasing plasma zinc levels
occur with age in both genders. However, the modifi-
cation in activity of SOD during aging has become a
controversial topic of discussion. In one study lower
SOD activity was detected in aged subjects compared
to a younger control group. Additionally a negative
correlation of plasma zinc level and antioxidant

Selenium

Copper Zinc

Vitamin C

Vitamin E

Glutathione

FIGURE 8.1 Antioxidative network and accompanying reactions, pathways, and effects. Source: Based on Valko et al. [11].
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enzyme activity to age was observed [20]. In contrast,
increasing activity of SOD with increasing age was
assessed in another study which might be explained
by an adaptive response to an increased level of oxida-
tion products during aging [21]. The conflicting results
of these studies might be attributed to methodological
differences or individual responses to factors involved,
such as nutrition or health state.

Similar to zinc, copper is an integral part of many
enzymes (as SOD), which are involved in a number of
biological procedures. Different from zinc, no variation
in copper levels can be obtained in elderly subjects
[20]. Apart from the important function as a metallic
cofactor of SOD, free copper, especially during copper-
overload, may initiate oxidative damage. In contrast,
copper deficiency also leads to higher sensitivity to
oxidative damage. As far as this is concerned,
vitamin E, β-carotene, and polyphenols provide
protection against copper-induced oxidative damage.
Additionally, ascorbic acid and zinc indirectly support
this process by inhibiting copper uptake indicating the
need for a tightly regulated copper concentration [22].

Glutathione Peroxidase (Selenium)

Gluthatione peroxidases are a group of 8 enzymes
which are responsible for the reduction of hydrogen
peroxide to water and thereby play a crucial role in
detoxification and cell protection against oxidative
damage [23]. For their antioxidant function GPxs are
dependent on selenium [24]. Selenium is an essential
trace element and micronutrient for humans and has
its biological function mainly as a part of selenopro-
teins, for example, GPxs. Plasma selenium is not a
suitable marker for the functional selenium body pool
because it includes not only selenoproteins but also
proteins in which selenomethionine nonspecifically
substitutes for methionine are included. However, GPx
activity can be used as a biomarker for selenium
function [25].

The recommended dietary intake for selenium is
from 30 to 70 μg/day for adults. Good sources of sele-
nium are meat, seafood, and eggs, but even so nuts or
legumes [15]. The tolerable upper intake level for
adults is determined to be 300 μg/day. Furthermore,
the no adverse observed effect level of selenium is set
to 850 μg/day [25].

In older women a lower level of selenium may con-
tribute to inflammation and a higher mortality rate
[26]. Similar to SOD, the activity of GPx seems to fade
during aging and there is a negative correlation to age
[20]. There are several trials dealing with GPx activity
in specific disease states. Cardiovascular diseases and
diabetes have been shown to be connected with modi-
fied activity of GPx [27,28]. On the basis of selenium
serum/plasma levels of above 100 μg/L, an inverse

relationship to a decreased risk of certain types of
cancer (eg, prostate cancer) and total mortality rate is
suggested [25].

Hydrophilic Antioxidants

Vitamin C

Vitamin C is referred to as ideal antioxidant due to
the fact that ascorbate possesses a low reduction
potential which enables the reaction with nearly all rel-
evant reactive species. Vitamin C also acts as a
coantioxidant by regenerating α-tocopherol from its
radical. Beyond that the ascorbyl radical, which forms
when ascorbate scavenges ROS, has a low reactivity
and can additionally be converted back to ascorbate.

The recommended intake of vitamin C is established
to be 100 mg/day for adults and is increased for smo-
kers (150 mg/day) [15]. In general, fruit, and
vegetables are rich sources of vitamin C, whereby sea-
buckthorn, sweet peppers, broccoli, and citrus fruit
need to be highlighted as prominent specimens with
considerable amounts of vitamin C. The vitamin C
content in food is decreased by prolonged storage and
the cooking process during the preparation of food. In
total, five servings of fruit and vegetables are sufficient
to cover the requirements. Nevertheless, the optimal
intake might be higher and vary with life stage and
disease state. A level of supply status is the plasma
vitamin C concentration. Thereby a preventive
vitamin C concentration of $ 50 μmol/L is assumed in
epidemiologic studies [29].

In comparison to younger people elderly people as
well as people suffering from diabetes or hypertension
have lowered plasma vitamin C levels [30]. A strong
inverse trend for all-cause mortality and blood
ascorbate is known [31]. However, ascorbic acid
supplementation can substantially reduce oxidative
stress, particularly when combined with vitamin E.
A vitamin C rich diet associates with protective effects
regarding the risk of some types of cancer, for exam-
ple, upper gastrointestinal tract cancer [32]. Apart
from that, the relationship between vitamin C and
cognitive function as well as Alzheimer’s disease was
investigated. Although inconsistencies between study
results exist, an optimal supply with vitamin C seems
to support cognition and may prevent from
Alzheimer’s disease [33].

Glutathione

The redox buffer glutathione (GSH) is characterized
by the thiol group (-SH) of cysteine. GSH is converted
into its dimer glutathione disulfide (GSSG) after reduc-
tion of target molecules. In principle, the GSH/GSSG
ratio is an indication of the organism’s oxidative
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state [34]. Furthermore its main protective role
includes scavenging hydroxyl radicals and singlet
oxygen directly or regenerating other antioxidants
(vitamin C, E) back to their active forms [10].

Glutathione is synthesized in the cytosol from cyste-
ine, glycine, and glutamate and is abundant in nearly
all cell compartments, for example, cytosol, nuclei, and
mitochondria [11,35]. However, the oral administration
of glutathione supplements is possible but appears
problematic. On the one hand it can be assumed that
the tripeptide is broken down into the single amino
acids in the acidic gastric milieu when using
nongastro-resistant preparations. On the other hand
even if using gastro-resistant capsules, glutathione
might only be slightly membrane-permeable. But
besides that, dietary supplementation with the precur-
sors cysteine and glycine seems to restore glutathione
concentrations [36].

Due to increased oxidative stress during aging and
the fact that aging affects the glutathione redox system,
a negative correlation between age and GSH, GSH/
GSSG ratio, as well as a positive correlation between
age and GPx and GSSG levels appear [37]. Glutathione
deficiency during aging occurs due to a pronounced
reduction in synthesis. The restoring by dietary sup-
plementation with the amino acids cysteine and gly-
cine suggests an effective approach to decrease
oxidative stress in aging [36]. Low levels of glutathione
are also found in various diseases. GSH is linked to
positive effects with regards to cancer and its thera-
peutics, alcoholic and nonalcoholic fatty liver disease
and Alzheimer’s disease [34]. Glutathione loss is stron-
gest in the brain and implicated in Parkinson’s disease
and neuronal injury following a stroke [38].

Lipophilic Antioxidants

Carotenoids

About 600�700 different carotenoids are known of
which α- and β-carotene, lycopene, lutein, and zeaxan-
thin are the most prominent ones. Thereof, β-carotene
is the most known carotenoid and the most often natu-
rally occurring carotene. β-carotene, also known as
provitamin A, can be metabolized to vitamin A in dif-
ferent tissues (eg, small intestine, liver). In turn, vita-
min A (retinol) can be transformed to retinal, which is
essential for vision, or retinoate, which is involved in
cell proliferation and cell differentiation via binding to
the retinoic acid receptors RAR and RXR. These recep-
tors act as transcriptional regulators. β-carotene itself is
an antioxidant as are nearly all carotenoids. Similar to
tocopherols, β-carotene possesses chain-breaking
abilities. Carotenoids present the cell’s most efficient
singlet oxygen quencher. But unlike α-tocopherol

carotenoids are not depleted by quenching a radical
but absorb their energy and reemit this as thermal
energy [12].

Carotenoids are secondary plant substances. As
naturally occurring color, α- and β-carotene and lyco-
pene appear predominantly in red, orange, and yellow
fruit and vegetables, whereas lutein and zeaxanthin
occur mainly in green-leaved vegetables. Thereby, the
plasma β-carotene level is a marker for fruit and
vegetable uptake [15]. Bioavailability of carotenoids is
subject to high variability. This might rather be due to
individual differences in fat absorption than due to
the necessity of presence of fat for carotenoid absorp-
tion [15]. A few years ago the average carotenoid sup-
ply was estimated to be 5�6 mg/day, but recent
insights indicate a higher intake [39]. The estimated
value for the intake of β-carotene is extrapolated to be
2�4 mg/day [15].

Carotenoids have many different positive effects on
age-related pathological conditions. Lutein and
zeaxanthin possess the highest benefit with regard to
age-related macular degeneration compared to other
carotenoids [40]. Increased levels of plasma carote-
noids contribute to lower cardiovascular disease.
Additionally, an inverse association between carote-
noids and the inflammatory biomarkers C-reactive
protein and sICAM-1 could be detected [41].
Carotenoids, particularly lycopene are connected with
a decreased risk of different types of cancer, for exam-
ple, prostate, colon, and cervical cancer [42]. Apart
from that, serum carotenoids are positively associated
with SOD [41].

Beyond its positive properties, several studies
detected toxic effects of β-carotene in smokers. Indeed,
the toxicity does not originate from the antioxidative
activity or reactive products, but is based on a molecu-
lar mechanism. Lung cancer can be caused by
chromosomal instability induced by a polycyclic aro-
matic hydrocarbon which is a component of tobacco
smoke. A special isoform of glutathione S-transferase
is involved in the protective mechanism against poly-
cyclic aromatic hydrocarbon metabolites, but can also
be attenuated by β-carotene [43]. In general, a maxi-
mum uptake of 20 mg β-carotene is classified as safe.
Starting with the consumption of more than 20
cigarettes/day this limit should not be exceeded [44].

Tocopherols

Vitamin E, the collective term for tocopherols and
tocotrienols, is primarily located in the cell and its
membranes, where it defends the cell against lipid per-
oxidation and free radicals. Basically, all natural iso-
forms of tocopherol show the ability to disrupt radical
chain reactions due to inhibition of lipid peroxidation.
In this respect, the antioxidative capacity varies
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between the various derivates. The reestablishment by
reduction is supported by ascorbate and glutathione.

α- and γ-tocopherol are the two major forms of vita-
min E which occur naturally and which can be found
in plasma and red blood cells. Naturally occurring
tocopherols are only synthesized by plants, which is
why good suppliers are plant oils, for example, wheat-
germ oil, sunflower oil, corn oil, rapeseed oil, and soy-
bean oil. Additionally, lipid-rich plant products, for
example, nuts, seeds, and grain are a main dietary
source of vitamin E. Estimated values for an adequate
tocopherol supply amount to 15�12 mg tocopherol
equivalents per day for men and 12�11 mg tocopherol
equivalents per day for women in Germany (decreas-
ing with age; 1 mg tocopherol equivalent5 1 mg RRR-
α-tocopherol5 1,49 IU) [15]. The requirements do not
increase with advanced age (.80 years) compared to
young age [15]. In order to fulfill the demand plasma
tocopherol levels should be within the reference range
of 12�46 μmol/L or 0,8 mg/g total lipids for adults
[15]. Basic requirements of 4 mg α-tocopherol equiva-
lent are considered necessary to protect from increased
lipid peroxidation [45].

According to the available literature a clear state-
ment about vitamin E and aging or age-related diseases
cannot be made. Within a meta-analysis, supplementa-
tion with vitamin E appears to have no effect on
all-cause mortality and therefore should not be recom-
mended as a means of improving longevity [46]. In
contrast to this, tocopherol has been associated with
disease prevention with regard to cardiovascular
health, cancer, and Alzheimer’s disease due to its anti-
oxidative activity [42,47]. Furthermore, healthy (Italian)
centenarians exhibit higher plasma vitamin E levels
and an improved nutritional status compared to youn-
ger, but also aged subjects [48]. On the one hand, low
dosages of 50 mg/day have beneficial effects on pros-
tate cancer incidences, on the other hand, supplementa-
tion of high dosages of 400 IU (268 mg) significantly
increase prostate cancer risk. These results are in accor-
dance with a Cochrane systematic review which
showed a causal link between vitamin E supplementa-
tion and increased mortality rate [49]. A meta-analysis
which was conducted later specified the results.
Increased mortality after vitamin E supplementation
was attributed to the intake of doses above the recom-
mended daily allowance [50]. This points out the
importance to focus on recommended intake levels [51].

Polyphenols

Polyphenols are secondary metabolites which are
synthesized by plants as a defense mechanism against
stressors such as pathogens. They possess antioxida-
tive activity, which is dependent on their chemical
structure. In this respect, flavonoids have the most

potent antioxidative activity [42]. Many of these
substances have radical-scavenging activity accompa-
nied by the ability of quenching chain reactions [10].
Thus, polyphenols can reduce oxidative stress and as a
consequence have protective effects against cellular
damage.

Several hundred polyphenols are found in fruit,
vegetables, and other edible plants and also in their
resulting products, such as wine, tea, or chocolate. The
most prominent ones are resveratrol, which is for
example found in, red grapes and blueberries, and epi-
gallocatechin gallate (EGCG), which is commonly
known as the bioactive substance in green tea extract.
The estimated uptake of these secondary plant sub-
stances amounts to 50�200 mg/day for flavonoids and
200�300 mg/day for phenolic acids in Germany [39].

A great number of nutritional epidemiological stud-
ies indicate a lower susceptibility to cardiovascular
diseases, cancer, and neurodegenerative disorders in
populations generally consuming diets rich in poly-
phenols [10,42,52]. The Mediterranean diet, which is
rich in the olive oil polyphenols hydroxytyrosol and
oleuropein, is frequently mentioned. Additionally, the
moderate consumption of red wine, occurring with the
French diet, is associated with a low risk of coronary
heart disease. Another well-known example is the car-
dioprotective effect of EGCG, which is abundant in
green tea, which in turn is related to the far eastern
diet. Furthermore, soy products (isoflavones) are
positively related to antiartherosclerotic effects [42].
Nevertheless, the effects of soy isoflavones are ambigu-
ous and subject to controversial discussion particularly
regarding breast cancer [53].

DISCUSSION

Nutrition seems to play an important role in the
aging process. An adequate supply achieved by a bal-
anced diet is prerequisite for the provision with vita-
mins, essential trace elements, and secondary plant
products. The antioxidative network is built by a vari-
ety of these substances, each exhibiting special proper-
ties. This network is a dynamic and well-matched
system involving synergistic effects of several compo-
nents (see Fig. 8.1). The antioxidative network is
affected by exogenous supply and endogenous
demand. Consequently nutrition is an influencing key
factor. But also conditions consuming antioxidants, for
example, diseases influence this network. Antioxidants
exhibit in some studies positive properties which
include but are not limited to different age-related dis-
eases. In contrast, reactive species positively correlate
with most of these diseases such as cardiovascular dis-
eases or cancer [54]. But it is arguable whether the
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reactive species are really the primary cause of these
diseases or just a consequence of the pathological con-
ditions. Using the example of cancer, the answer seems
obvious because cancer is evoked by DNA damage.
But regarding other diseases like neurologic disorders
the relationship seems to be uncertain. DNA damage
due to oxidative stress is certainly not the basis for all
degenerative conditions [11]. Nevertheless, accumula-
tion of damage is believed to be one relevant cause for
aging and therefore reactive species are very probably
a crucial cause for aging, too. Basically it can be stated
that oxidative stress, health, and aging are closely
interconnected, which is also the basis for the general
theory of aging published by Liochev: reactive species
as well as other causes generate damage. This damage
can be of a functional or structural nature. Both
interact and result in pathologic conditions and aging.
Death is therefore a direct result of pathologic condi-
tions, but not necessarily of aging. People do not die
directly due to aging but due to various pathological
conditions and aging increases the probability of such
pathological conditions to occur [8]. Thus, aging is a
complex process including the accumulation of dam-
age in an organism over the course of time (see
Fig. 8.2). Therefore, aging should rather be referred to
as senescence which is affected by internal factors,
such as genes, as well as dynamic external factors,
such as lifestyle and diet. Dietary interventions in

terms of antioxidant supplementation have been
undertaken to verify beneficial effects on longevity.
Most of them not merely failed but detected side
effects or even an increased mortality rate [56].

Reactive species are not only endogenously gener-
ated toxic by-products of the metabolism, but also
play an important role in different signal transduction
pathways affecting cell growth and differentiation.
Beyond that, reactive species are beneficial within the
concept of adaptive stress response, commonly
known as hormesis [57]. Technically, oxidative stress
is an imbalance between prooxidative reactive species
and antioxidants, in which more prooxidative reactive
species than antioxidants exist. But moreover, control-
lable low levels of reactive species possess the ability
to stimulate the cell’s resistance against higher, usu-
ally harmful doses of the same species. Nevertheless,
this fact does not make reactive species less toxic in
all circumstances [8]. The concept of hormesis was
further developed to the concept of hormetics, deal-
ing with dietary ingredients which stimulate hormesis
[54]. Many antioxidants exhibiting positive effects
with regard to degenerative diseases are now exam-
ples for hormetics, such as resveratrol. Depending on
the concentration and duration of treatment, resvera-
trol exhibits proliferative as well as proapoptotic
properties, increasing levels of reactive species and
depleting GSH [54]. Alcohol induces hormesis and
when consumed in low doses it is associated with
decreased death from all causes [58]. Although alco-
hol and therefore ethanol abuse refers to the contrary,
moderate consumption of alcoholic beverages might
be beneficial due to the polyphenol content of for
instance red wine and beer. This could be demon-
strated in volunteers drinking one or alternatively
three drinks of red wine and beer. After consuming
one drink, plasma antioxidant activity increased,
whereas plasma prooxidant activity was elevated
after ingestion of three drinks [59]. During hepatic
ethanol metabolism reactive species are generated.
Moreover, ethanol induces dyslipidemia and hepatic
insulin resistance [60].

A general change in eating habits from basic food
toward intensively processed finished products has
been observed within the last decades. Additionally,
intensive agricultural techniques and infertile soils
lead to lower micronutrient concentration of arable
crops and food. As a result, cooccurring trace element
and vitamin deficiency are also known in western
countries although food is abundant [61]. A few years
ago metabolic syndrome was an accompanying effect
of obesity, but nowadays more and more people with
normal weight manifest this syndrome. This might be
explained by increased fructose consumption. Within
one hundred years fructose uptake was increased

Reactive species/oxidative stress

Structural/functional damage

Proteins Lipids

E

Aging/age-related diseases

FIGURE 8.2 Scheme of the complex aging process including
endogenous and exogenous influencing factors, basic mechanisms
involved, and outcomes which manifest aging and age-related
diseases. Source: Based on Jacob et al. [55].
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fivefold to 12% of the total energy uptake in
Americans [62]. In general, the consumption of five
servings or about 400 g of fruit and vegetables are suf-
ficient to achieve the recommended daily allowance.
However, the intake of high levels of fructose by
normal diet can lead to the curious situation that
excess fruit consumption might have a negative side
effect, because the hepatic fructose metabolism gener-
ates inflammation and insulin resistance. Evidently,
insulin resistance is one manifestation of the metabolic
syndrome, cooccurring with adiposity, dyslipidemia,
impaired glucose tolerance, and hypertension.

Supplementation of single nutrients or even multivi-
tamin and trace element preparations is the most
frequently used method to counter nutrient deficien-
cies. This might be favorable to rapidly achieve opti-
mum supply but beyond that an added benefit might
not be expected. For certain groups with increased
requirements such as pregnant and breastfeeding
women or smokers and during certain illnesses when
requirements may not be covered by nutrition, supple-
mentation of selected nutrients should be mandatory.
In general an adequate, balanced nutrition seems to be
preferable and should not be replaced by food fortifi-
cation and nutritional supplements. Another point that
supports a balanced nutrition is that phytochemicals of
fruit and vegetables might be a prerequisite for a hor-
metic response and interrelated beneficial effects [54].
The effects of nutrition and dietary supplements are
still controversially discussed. There seems to be a fine
line between antioxidants acting toxic or healthy.
Supplementation with antioxidants needs to be consid-
ered very carefully with regard to dosage, which
should be oriented toward the tolerable upper intake
level, and the duration of treatment [43]. To assess the
actual level of supply with micronutrients the estab-
lishment of suitable nutritional biomarkers is a focus
of current research.

NUTRITIONAL BIOMARKERS OF AGING

Many concepts of biomarkers exist, from basic ones
in which a biomarker should originally reflect the con-
sequences of an external chemical, physical, or biologi-
cal exposure on a biological system [63], through to
complex ones including the causal relationship of spe-
cific issues such as nutrition or aging. Biomarkers
might serve as diagnostic agents, represent the severity
or progression of an illness, function as prognostic
markers, or illustrate effects of therapeutic interven-
tions. Examples for generally accepted biomarkers
which are validated for biological plausibility are the
low density lipoprotein (LDL) cholesterol with regards
to cardiovascular diseases as well as the glycated

hemoglobin (HbA1c) referring to diabetes. The assess-
ment of HbA1c is not only the gold standard for super-
vision of glycemic control in people with manifest
diabetes but also for people with a high risk for diabe-
tes [64]. A significant correlation of LDL cholesterol
and cardiovascular diseases was established, proving a
benefit toward a better clinical outcome due to a
reduction of LDL cholesterol [65]. In contrast to clinical
endpoints biomarkers depict a biological process and
not necessarily the state of health [66]. In turn, a plau-
sible, powerful, and validated biomarker which exhi-
bits clinical relevance can be used as a surrogate
endpoint in clinical research, being a substitute for a
clinical endpoint [3]. However, determination of a bio-
marker’s relevance is a crucial point. On the one hand
a biomarker should act as an indicator for physiologi-
cal or pathological processes. This implies the under-
standing of the complete underlying complex
physiology. On the other hand biomarkers need to be
measured objectively. This requires essential instruc-
tions regarding sample-taking and storage but also
other laboratory issues such as reasonable precision
and reproducibility of the method. A broad range of
suitable specimen for biomarker analysis exist, such as
serum, plasma, red and white blood cells, dried blood
spot, urine, feces, buccal mucosa cells, adipose tissue,
hair, toenails, or mother’s milk. Attention should be
paid to the fact that with increasing level of specimen
complexity the mechanistic linkage to metabolic effects
also increases, but the relation to the initial exposure
decreases [63]. Additionally, the number of influencing
factors which might affect the biomarker rises.

After identifying the general influence of nutrition
on the aging process, physiological processes should
be assessed in order to identify suitable biomarkers. A
nutritional biomarker is any parameter that reflects a
biological consequence of dietary intake or dietary pat-
terns and should indicate the nutritional status with
respect to intake or metabolism of dietary constituents
[5]. Hence, nutritional biomarkers should either
directly measure the nutritional status of a nutrient or
indirectly reflect dietary intake using a substitutional
indicator, such as metabolites of the nutrient. A widely
used instrument to assess nutrient supply is the die-
tary questionnaire which should estimate the quantity
of the uptake. However the validity is limited due to
the questionable truth of the statements as well as
insufficient knowledge about growth, storage, and
cooking conditions and therefore nutrient content of
the food. Additionally, overestimation and underesti-
mation of serving sizes play a part in contributing to
miscalculation of nutrient uptake. In contrast to dietary
questionnaires, a biomarker reflects the complex pro-
cess of absorption, metabolism, tissue distribution, and
excretion. This is also referred to as bioavailability.
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Interindividual bioavailability of most nutrients varies
substantially whereas intraindividual processes remain
predominantly consistent. For the most part bioavail-
ability is determined by the absorption of nutrients. In
this respect, absorption depends on external influenc-
ing factors including matrix effects of different food or
interaction with antinutrients, such as phytates which
among others obtain zinc-chelating properties and
therefore reduce dietary zinc absorption. Beyond that,
individual biologic or metabolic characteristics involv-
ing feedback control mechanisms and transit time
have an impact on nutrient absorption. Therefore, a
nutritional biomarker does not necessarily reflect the
amount of nutrient ingested with the diet but is related
to the nutritional status of the associated nutrient.
Total serum carotenoids are a good marker for intake
of fruit and vegetables [67] whereas plasma vitamin E
poorly predicts the intake and should be related to
total plasma cholesterol [68]. Using fasting blood sam-
ples and a suitable stabilizer, plasma vitamin C levels
should reflect vitamin C uptake of low ranges. In gen-
eral plasma vitamin C fluctuations are high and after
reaching saturation, renal clearance increases [68]. The
homeostatic regulation of trace elements like zinc lim-
its the blood zinc level’s suitability for biomarker use.
Another point which needs to be considered is that
nutrient blood concentrations might be subject to circa-
dian variations. Again the example of zinc can be used
to illustrate that standardized sampling times are nec-
essary [69]. Nevertheless, plasma zinc is still a widely
recommended biomarker of zinc status [70]. A func-
tional biomarker for zinc such as the enzyme activity
of Cu/ZnSOD might be a better predictor of nutrient
status but is influenced by more than one micronutri-
ent. In contrast, plasma selenium concentrations seem
to be a reliable marker of short-term selenium status
and whole blood selenium might be suitable as a bio-
marker for long-term selenium intake [70]. The classic
example in which nutrient blood concentrations are
unsuitable to detect deficiency is iron. In this case a
combination of the biomarkers hemoglobin, ferritin,
soluble transferrin receptor, and hepcidin should be
used for diagnosing of the varying manifestations of
iron deficiency.

Furthermore nutritional concepts such as special
diets (eg, the Mediterranean or far eastern diet), caloric
restriction or items which are dependent on nutrition
like the body mass index (BMI) might influence
longevity. The main benefit of the Mediterranean and
far eastern diet, which are rich in polyphenols, is the
prevention of cardiovascular diseases. A similar effect
as the polyphenol consumption was detected after calo-
ric restriction. Caloric restriction means reduced caloric
intake while avoiding malnutrition. It decreases forma-
tion of reactive species and consequently has a

beneficial effect on oxidative damage [71]. For most
humans the main problem of caloric restriction is com-
pliance. Alternative approaches with similar benefits
might be fasting periods [72]. However, the concept of
caloric restriction is matter of controversial discussion
and further investigations need to be done to identify
the relevant mechanisms. The same applies to the
hypothesis, that obesity defined by a BMI .25 kg/m2 is
a strong predictor of overall mortality [73].
A suitable biomarker for nutrient exposure does not
have to be equivalent to a biomarker of nutritional
status which in turn is not necessarily synonymous to
the nutrient’s effect. Therefore the ideal nutritional
biomarker reflects exposure, status, and effect of a spe-
cific nutrient [74]. Besides the identification of single
components a sum parameter representing cumulative
antioxidant capacity is worth striving for. Therefore, in
absence of the ideal biomarker the combination of
different biomarkers might most often be the preferable
approach.

A biomarker of aging is a biological parameter of an
organism that either alone or in some multivariate
composite will, in the absence of disease, better predict
functional capability at some advanced age than will
the chronological age [6]. Besides the fact that the
method for assessing a biomarker of aging should be
simple, valid, and universally usable it should depict
the aging process itself. Furthermore, a comprehensive
biomarker of aging should predict remaining longevity
and mortality due to diseases. Therefore it should rep-
resent the biological age independently from the chro-
nological age. Subjects with the same chronological age
might not necessarily exhibit the same health state.
That is why the chronological age seems to be
unsuitable to assess a subject’s functional decline. This
discrepancy in biological function is referred to as bio-
logical age. Due to the complexity of human aging, the
prediction of biological age by a single marker is
implausible. Although little consensus regarding
assessment of biological age exists it is often outlined
as a frailty/fitness index [1] or by complex mathemati-
cal modeling [2]. Since genes, as well as environmental
and lifestyle factors, affect aging, biomarkers should
presumably be a combination of markers reflecting
these influences. A considerable amount of individual
lifespan seems to be influenced by lifestyle factors
such as nutrition and only one-third can be predicted
as owing to genetic factors [75]. A variety of genes
associated with longevity have been revealed based on
large groups of centenarians. This exceptional long-
evity might play a key role in the investigation of
underlying biological processes [76]. Other factors
influencing the aging process are epigenetic mechan-
isms. Epigenetic mechanisms cause physiological traits
which are heritable but not caused by changes in the
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DNA sequence but in changes in DNA methylation or
histone modifications. These epigenetic mechanisms
may play a key role with regard to oxidative stress
during aging. Increased oxidative damage leads to a
shift in the balance between functional and altered
proteins for the benefit of the latter ones. Therefore the
quality of proteins rather than the exclusive accumula-
tion of damaged proteins may induce age-related dis-
eases such as diabetes and furthermore aging itself.
Additionally, systemic redox regulation with regard to
the ability to deal with oxidative stress has been shown
to be an important influencing factor for longevity. As
a result the generation of reactive species should be
prevented to reduce the aging process [77]. Beyond
that, epigenetic mechanisms may also result from
nutritional interventions during pregnancy and affect
physiological equipment of the offspring [78].
Therefore, not only the actual nutritional status affects
longevity but early life nutrition should also be
included in the development of nutritional interven-
tion strategies. Important issues concerning the plastic-
ity of epigenetics and aging are to determine the
critical windows of development, the reversibility of
epigenetic imprinting, and the development of
suitable biomarkers [78].

CONCLUSION

Sufficient evidence exists that the foundation for the
aging process is already laid during the early stages of
development in pregnancy. Aging itself is a lifelong
process affected by genetic make-up, lifestyle, includ-
ing nutrition, and the lifespan which was experienced
so far. The combination of these exogenous and endog-
enous influencing factors has an impact on the genera-
tion of reactive species as well as on the antioxidant
network. An overload of oxidative stress can lead to
structural and functional damage of DNA, RNA, pro-
teins, and lipids. However, an oversupply with antiox-
idants might also entail pathological conditions or
increased mortality. Further investigations to improve
knowledge of basic physiological and biological pro-
cesses are necessary and should provide the basis for
predicting the optimal supply for each individual.
Additionally, biomarkers need to be established to cap-
ture hormetic stress response and epigenetics as well
as influences of dietary antioxidants on oxidative stress
and age-related conditions. Due to the large number of
factors involved and the complexity of the aging pro-
cess the result might be a combination of various bio-
markers rather than a single biomarker.

SUMMARY

• Aging is characterized by a progressive
accumulation of damage with time (associated with
the susceptibility to disease).

• Different aging theories based on damage caused by
toxic by-products of the metabolism and/or
insufficient biological repair systems during aging
exist.

• Reactive species are seen as the major cause of this
damage as they lead to oxidative alterations of
proteins, lipids, and DNA which is often
summarized by the term “oxidative stress.”

• The body’s ability to resist oxidative damage is
based on a balance between the occurrence of
reactive species and supply with antioxidants for
example by means of nutrition.

• The antioxidant network builds the defense system
against reactive oxygen species by controlling their
formation and supports repair mechanisms and is
built up by enzymatic as well as nonenzymatic
antioxidants.

• Copper, zinc, and selenium are important cofactors
for enzymes, for example, SOD or GPx which
catalyze essential reactions in protection against
oxidative damage and detoxification.

• Vitamin C is an ideal antioxidant due to its low
reduction potential which enables reactions with
nearly all reactive species.

• Glutathione exerts its protective role by scavenging
hydroxyl radicals and singlet oxygen.

• Carotenoids such as β-carotene and tocopherols
like vitamin E and polyphenols are discussed
regarding their relationship to aging and
age-related diseases.

• A great number of studies indicate a lower
susceptibility for some age-related diseases for
subjects consuming a diet rich in antioxidants.

• A biomarker of aging is a biological parameter of an
organism that either alone or in composite better
predicts the functional capability at some age than
will the chronological age.

• Oversupply of antioxidants, particularly β-carotene,
might also entail pathologic conditions.

• Foundations for the aging process are already laid
during early stages of pregnancy.

• Aging is a lifelong process affected by endogenous
influencing factors, such as genes, and exogenous
influencing factors, such as lifestyle and nutrition.

• In the absence of the ideal biomarker to reflect the
aging process a combination of different
biomarkers might be the preferable approach.
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[15] Referenzwerte für die Nährstoffzufuhr, Deutsche Gesellschaft für
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KEY FACTS

• Protein energy malnutrition is associated with
functional impairment, comorbidity, delayed
recovery from acute events, and increased
mortality.

• Physiological modifications together with
modifications of clinical/nutritional status and
to loss of motivations may represent an
important determinant of food choices.

Dictionary of Terms

• Malnutrition results from eating a diet in which
nutrients are either not enough (undernutrition,
protein-calorie malnutrition) or are too much
(overnutrition, obesity) such that the modification of
nutritional status may predispose to health
problems. Malnutrition may refer to energy and/or
nutrients (protein, carbohydrates, fat, vitamins,
minerals, bioactive molecules, . . .).

• Nutritional status: the condition of the body in those
respects influenced by the diet, the levels of
nutrients in the body, and the ability of those levels
to maintain normal metabolic integrity. Nutritional
status is assessed by measuring body composition,
by evaluating food intake, energy and nutrient
requirement, and by assessing functional status.

• Senile anorexia refers to a loss of appetite and/or
reduced food intake. It affects a significant number
of elderly people and it is more prevalent in
institutionalized and frail individuals. Senile
anorexia depends on a multifactorial origin

characterized by various combinations of
physiological, pathological, environmental, and
iatrogenic conditions.

• Sensory property of foods depends on the integration
of sensory attributes including product taste,
texture, and appearance with consumer attitudes
and health biases. Both sensory and attitudinal
variables determine food preferences, product
purchase, and food consumption.

• Orexigenic and anorexigenic hormones: the
gastrointestinal tract, the central nervous system,
and the adipose tissue (AT), referred to as the
AT�gut�brain axis, produce a series of hormones
with orexigenic and anorexigenic effects. Ghrelin
represents a regulatory circuit controlling appetite
and energy homeostasis by stimulating the release
of other orexigenic peptides and neurotransmitters
as well as NPY. Alternatively, anorexigenic CCK,
PYY, and leptin have an opposite effect at the
hypothalamic level. The differential release of these
hormones may act to initiate, maintain, or
exacerbate cycles of food restriction.

INTRODUCTION: THE CONCEPT
OF NUTRITIONAL FRAILTY

A close relationship exists between nutritional status
and health in the elderly. Changes in body composition
are physiological during the aging process and are
mainly due to the decrease in lean body mass.
Furthermore, the presence of chronic diseases, multiple
medications, cognitive impairment, depression, and
social isolation can act synergistically with the decline in
digestive, olfactory, and salivary functions, as well as in
hormonal profile, affecting the nutritional status [1,2].
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A wealth of studies have shown that elderly people
eat less food with an average 30% decline in energy
intake between the ages of 20 and 80 years of age
(cross-sectional NHANES [III] study from the United
States of America; longitudinal study from New
Mexico). This anorexia of aging is characterized by
reduced appetite, slow eating, smaller meals, and
fewer snacks between meals [3].

Senile anorexia may predispose elderly subjects to
protein energy malnutrition in particular in the pres-
ence of other “pathological” factors associated with
aging. Therefore, malnutrition is a very frequent condi-
tion in the frailest groups of the population: available
data in the literature show that up to 15% of
community-dwelling and home-bound elderly,
23�62% of hospitalized subjects, and up to 85% of
nursing home residents are malnourished [2,4].

Protein energy malnutrition is associated with func-
tional impairment (due to impaired muscle function
and/or decreased bone mass), comorbidity (related to
immune dysfunction, anemia, reduced cognitive func-
tion, poor wound healing), delayed recovery from
acute events, and increased mortality [3,5�7].

Finally elderly subjects may be considered as nutri-
tionally frail: their nutritional status is at an increased
vulnerability to stressors. Social, psychological, func-
tional, and clinical difficulties may lead to malnutrition
(over- and undernutrition), more easily than in youn-
ger subjects. Moreover, in the elderly, the conse-
quences of malnutrition may be more insidious and
potentially harmful while the recovery from malnutri-
tion is more difficult [1].

PHYSIOLOGICAL MODIFICATIONS
LEADING TO REDUCED ENERGY

AND/OR NUTRIENT INTAKE

Physiological changes in gastrointestinal function
that occur with aging may have a significant impact on
appetite and food intake in older people. When these
factors are combined with adverse social and psycho-
logical aspects of aging many of this group are at risk
of developing sarcopenia and protein-energy malnutri-
tion: leading to an increased risk of acute and chronic
illness, hospitalization, and loss of independence, in
turn, leading to a greater dependence on community
and healthcare facilities [8].

Appetite and energy intake are controlled by a cen-
tral feeding drive and a peripheral satiety system inte-
grating feedback mechanisms, linking energy intake to
usage and storage. These mechanisms include inputs
from mechano- and chemoreceptors that respond to
the presence of food in the gastrointestinal tract. In
particular gastrointestinal satiety signals depends on

gastric distension (a reduced ability to extend the gas-
tric fundus is frequent in the elderly and may explain,
at least in part, the reduction of food intake) and the
interaction of nutrients with gastrointestinal tract
receptors that stimulate the release of satiety hormones
(cholecystokinin [CCK], glucagon-like peptide-1, gas-
tric inhibitory peptide, and amylin), and inhibit the
release of ghrelin, which stimulates feeding. These hor-
mones play a role in both satiation (meal termination)
and satiety (time to subsequent meal consumption). In
the elderly a relative increase of the effect of satiety
hormones (CCK in particular) and a reduction of the
action of ghrelin are present [8].

The physiological increased drive to eat, following
an acute event leading to a loss of body weight, may
be reduced in elderly people and may be explained by
the above-mentioned factors. After periods of either
underfeeding or overfeeding younger men readjusted
their energy intakes, while older men did not, suggest-
ing that long-term energy balance mechanisms may be
different in older adults [9].

Molecular circadian clocks might have evolved to
synchronize internal metabolic rhythms to predictable
environmental cycles to most advantageously time
functions such as feeding [10]. In addition, a growing
body of evidence suggests reciprocal links between
nutrient-sensing pathways and circadian clocks [11].
The mammalian circadian clock is constituted by a
coordinator center which integrates cues derived from
peripheral tissues with external light:dark cycles. The
circadian clock machinery seems to be affected in the
elderly and may, in turn, condition nutrient metabo-
lism. During aging there is a decline in circadian
rhythms that may affect the overall homeostasis of the
organism. The progressive deterioration of neuronal
networks in the circadian system may lead to the
destabilization of daily circadian oscillations in hor-
mones such as leptin, insulin, and glucagon affecting
food intake and metabolic homeostasis [12,13].

Relative satiating effects of different macronutrients
may change with age. Oral liquid preloads (either high
fat, high carbohydrate, or high protein drinks) result in
greater suppression of food intake and fat or carbohy-
drate consumption in older compared to young adults
[8]. In fact among the physiological mechanisms gov-
erning dietary selection, postingestive nutritional fac-
tors (concentration of the nutrients in the diet) have
been shown to influence food intake. Nutrient-sensing
mechanisms that play an important role in food intake
modulation according to the nutrient content in the diet
are affected during the aging process leading to an
inappropriate dietary selection and food choice. In self-
selection experiments performed in rats, aging induced
a significant shift in energetic nutrient preference from
carbohydrates to fat while other studies have
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highlighted the regulation of protein intake as a func-
tion of amino acid composition in the diet, through the
action of the GCN2 amino acid sensor [14].

A number of diverse signaling proteins (acting as
hormones or as neurotransmitters or neuromodulators)
seem to affect energy intake. Together with protein
receptors on specific target cells and other biochemical
factors, signaling proteins relay information on nutri-
tional status. They represent important metabolic sati-
ety signals or signals necessary to increase energy
intake. Some of these signaling proteins (neuropeptide
Y [NPY], orexins, amylin, CCK, ghrelin, glucagon, pan-
creatic polypeptide, and peptide YY [PYY]) undergo
measurable changes in RNA or protein levels (in animal
models or human studies) that are reported to be asso-
ciated with anorexia or unintentional weight loss [9].

Aging is associated with the general downregulation
of hypothalamic peptides that stimulate food intake
and unchanged expression of anorexigenic peptides.
Experimental studies trying to understand the mechan-
isms related to aging-related impairments of food
intake (performed mainly on rat, and to some extent, on
nonhuman primates) found that the expression of NPY,
and of its receptors, is highly suppressed in the hypo-
thalamus of old rats. Moreover, the expression of NPY
mRNA after fasting was severely depressed in old as
compared to young rats. Significant changes are
reported for other hypothalamic orexigenic compounds
(agouti-related peptide and orexins, in particular) while
no effect was found on anorexigens such as cocaine-
and amphetamine-regulated transcript and alpha-
melanocyte stimulating hormone [15].

Ghrelin and insulin are, respectively, orexigenic and
anorexigenic hormones regulating feeding behavior,
energy, and glucose metabolism. Moreover they are
known to influence aging since they are implicated in
learning/memory and cognitive decline in Alzheimer
disease. The impaired action of these hormones, which
is frequent in the elderly, may therefore affect the eat-
ing behavior and therefore nutritional status [16].

MODIFICATIONS OF CHEMOSENSORY
FUNCTIONS AND FOOD PREFERENCES

IN THE ELDERLY

Individual differences in the ability to detect differ-
ent tasting compounds (such as bitter taste) has long
been recognized as a common genetic trait (eg, TAS2R
receptor gene family encode taste receptors on the
tongue) that can explain some of the variability in the
dietary habits of a population. However, an association
between genotype and food preferences has been
found among children, but no associations have been
reported among older adults, suggesting that

environmental factors are more important than genetic
influences in food preferences among the elderly
[17�19].

In the elderly, tasting and olfactory function are
essential in providing healthy nutrition and a balanced
diet. Elderly patients are more likely to wear dentures,
take medications, and suffer from comorbidities,
which, together or alone, make the aging population
much more likely to experience sensorial disorders.
Elderly patients with chemosensory complaints will
most likely use more salt or sugar, and eat less than an
adequate amount or quality of food [20].

In particular, taste distortions in human beings have
been attributed to various physiological and environ-
mental factors including aging and disease conditions.
Aging is associated with a reduced ability to taste
foods thereby reducing the possibility to select such
foods. In addition, age-related diseases, such as degen-
erative (eg, stroke, dementia) and cardiovascular dis-
eases, have also been reported to play important roles
in the distortion of chemosensory functions as the
result of degeneration of regions of the brain that
mediate olfactory functions. Moreover oral health,
accumulative effects of drug administration, and zinc
deficiency (although Zn supplementation in order to
restore taste acuity produced conflicting results in dif-
ferent studies) may impair taste perception. It has to
be considered that there may be synergistic effects of
all or most of the aforementioned factors [17,21�33].

MODIFICATIONS OF CLINICAL AND
NUTRITIONAL STATUS LEADING TO
CHANGES IN FOOD PREFERENCES

It has been shown that in the elderly, food prefer-
ences are greatly affected by health status and func-
tional abilities. The nature of the health condition and
its effect on physiological function will drive the die-
tary change process. The extent to which healthcare
providers counsel their patients to incorporate changes
into their diet and the mindset and belief system of
each individual may also have a strong impact on food
choices. Impairment of health and/or functional status
may cause a vicious circle. On one hand, the ability to
procure and prepare food and eat independently is
essential to having an adequate diet. On the other, a
poor diet can contribute to frailty and complicate func-
tional limitations. In fact, nutrition surveys of home-
dwelling elderly subjects with functional disabilities or
poor health have suggested a high prevalence of inad-
equate food consumption [27,34�37].

Age-associated increases in the production and/or
effect of satiating cytokines (secreted in response to acute
illness and significant stress) may contribute to the
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anorexia of aging. In particular interleukin 1 (IL-1), inter-
leukin 6 (IL-6), and tumor necrosis factor alpha (TNF-α)
act to decrease food intake and reduce body weight via a
number of central and peripheral pathways. Aging itself
seems to be associated with stress-like changes in circu-
lating hormonal pattern (increased cortisol and catecho-
lamines and decreased sex hormones and growth
hormone and inflammatory pattern (increased produc-
tion of IL-6, TNF-α, and IL-1). Increased cytokine levels,
due to the “stress” of aging per se, or the amplified
stressful effects of acute or chronic illness, may be con-
sidered an essential contributor to the decline in appetite
that occurs in many older people [3].

Cognitive decline and dementia in particular seem
to be linked to nutritional status [38]. Nutrition may
play an important role in the causation and prevention
of age-related cognitive decline and dementia (positive
associations have been shown between antioxidants,
folate, omega-3 and omega-6 fatty acids, and cognitive
performance), while dementia and cognitive decline
may cause an important perturbation of eating behav-
ior leading to altered eating patterns and malnutrition
[27,33,39,40].

OTHER DETERMINANTS OF FOOD
CHOICE AND CONCLUSIONS

Food choices are based upon a complex interaction
between the social and environmental context, the
individual, and the food. Motivations and perceived
barriers may represent an important determinant of
food choices made, in particular, by homebound older
adults. Key motivations in food choice may be repre-
sented by sensory appeal, convenience, and price,
while key barriers may embody health, being on a spe-
cial diet, and being unable to shop. To change eating
behaviors, interventions aimed at preventing malnutri-
tion must take into account individuals’ self-perceived
motivations and barriers to food selection. Considering
foods that are tasty, easy to prepare, inexpensive, and
that involve caregivers is critical for successful inter-
ventions [41].

Behavioral research suggests that amount consumed
and rate of eating can be strongly affected by a number
of characteristics related to the food consumed. In par-
ticular increases in the pleasantness of foods and
greater familiarity with foods has been found to result
in greater consumption. In different studies the use of
condiments and sauces resulted in greater intakes of
energy, energy consumed from protein, and energy
consumed from fat regardless of premeal hunger and
desire to eat, or postmeal pleasantness [42].

The sensory properties of foods and beverages are
among the most important determinants of food

choice. Hedonic properties of foods are related to fla-
vor components including spices that seem to influ-
ence ingestive behavior. These flavor-active
compounds are also involved in digestive, absorptive,
and metabolic processes through direct activation of
signaling pathways or via neurally mediated cephalic
phase responses.

However, the efficacy of flavor fortification to
increase energy and nutrient intake largely focused on
the aging population is not strong, possibly due to
methodological issues. Greater short-term energy
intake has been reported in a small sample with natu-
ral flavors added to lunch and dinner meals of hospi-
talized elderly and in elderly residents of a nursing
home [43�46].

The food industry may have an important role in
trying to combine the necessity to ensure nutritional
needs and sensory perception to compensate for age-
related impairments in odor, flavor, trigeminal mouth
feel, and texture perception [32,47,48].

SUMMARY

• A close relationship exists between nutritional
status and health in the elderly.

• Changes in body composition (in particular
sarcopenia) together with chronic diseases, multiple
medications, cognitive impairment, depression, and
social isolation can act synergistically with the
decline in digestive, olfactory, and salivary
functions, as well as in hormonal profile, affecting
the nutritional status.

• Senile anorexia may predispose elderly subjects to
protein energy malnutrition which is associated
with functional impairment (due to impaired
muscle function and/or decreased bone mass),
comorbidity (related to immune dysfunction,
anemia, reduced cognitive function, poor wound
healing), delayed recovery from acute events, and
increased mortality.

• Physiological modifications (changes in
chemosensory function, impairment of
gastrointestinal function, modified satiating effects
of different macronutrients, and downregulation of
signaling proteins and hormones) may lead to
reduced energy and/or nutrient intake.

• Modifications of clinical and nutritional status (eg,
disability and cognitive decline) together with
motivations and perceived barriers may represent
an important determinant of food choices.

• The food industry may have an important role in
trying to combine the necessity to ensure nutritional
needs and sensory perception to compensate for
age-related impairments.
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Telomeres, Aging, and Nutrition
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KEY FACTS

• Telomeres are nucleoprotein structures at the
ends of chromosomes that are essential for
maintaining chromosomal stability.

• Telomeric DNA consists of a repeat TTAGGG
sequence and together with its complementary
sequence, AATCCC, forms a T-loop structure at
the terminal ends of the sequence.

• The length of telomeres can vary between 4-11
kilobases in humans. However, telomeres become
dysfunctional if they become too short to form
the T-loop structure or if they accumulate an
excess of DNA strand breaks and base damage.

• Telomere shortening and telomere DNA damage
accumulates with age and as a consequence of
poor nutrition and/or exposure to endogenous
and environmental genotoxins.

• Telomere length in humans has been shown to
be influenced beneficially by dietary factors such
as the Mediterranean dietary pattern, higher
intake of plant foods, adequate folate status,
higher intake of 3-fatty acids, and weight loss.

• Telomere shortening in humans has been shown
to be associated with increased intake of red
meat, processed meat, sweetened carbonated
beverages, sodium, white bread and with obesity.

Dictionary of Terms

• Chromosomal instability�a cellular phenotype in
which an abnormally high rate of structural
chromosome aberrations, including chromosome

rearrangements and gene amplifications, are
recurringly generated during mitosis by
chromosomal breakage-fusion-bridge cycles that are
initiated by the formation of dicentric chromosomes
caused by telomere end fusions or mis-repair of
DNA strand breaks.

• PARPs�polyADPribose polymerases.
• Telomeres�hexamer TTAGGG repeats at the ends

of chromosomes.
• Shelterin�Proteins (TRF1, TRF2, POT1, TIN2, TPP1,

RAP1 and Tankyrase) associated with telomere
DNA to form the shelterin complex which interacts
with enzymes such as telomerase and other proteins
required for proper telomere maintenance and
function.

• Telomeres�hexamer TTAGGG repeats at the ends
of chromosomes.

• T/S ratio�number of telomere repeats (T) normalised
to the number of copies (S) of a reference gene, such as
GAPDH and expressed as a T/S ratio.

INTRODUCTION

What Are Telomeres?

Telomeres are nucleoprotein structures at the end
of each chromosome. The nucleic acid sequence of
telomeres is a TTAGGG hexamer repeat and its com-
plementary sequence AATCCC [1]. The number of
these hexamer repeats can vary greatly from very few
repeats to thousands of repeats with most reported
telomere lengths varying between 4 and 11 kilobases
in humans [2,3]. Several proteins (TRF1, TRF2, POT1,
TIN2, TPP1, RAP1, and Tankyrase) are associated with
the telomere sequence to form the shelterin complex
which interacts with enzymes, such as telomerase, and
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other proteins required for proper telomere mainte-
nance and function [2,4].

What Are the Mechanisms of Telomere
Maintenance?

Telomeres can only function properly if they are long
enough to form the T-loop structure (Fig. 10.1) which is
essential to prevent the telomeric ends of chromosomes
being wrongly identified as double strand breaks (DSBs)
in DNA [4,5]. This is important to avoid because DNA
repair of DSBs leads to fusion of broken ends; if this
were to happen to telomeres it would result in the for-
mation of abnormal chromosomes such as dicentric
chromosomes. Dicentric chromosomes are likely to be
pulled to opposite poles of the cell forming anaphase
bridges which eventually break leading to daughter
chromosomes without telomere sequences at one end.
This event triggers breakage�fusion�bridge cycles that
further amplify chromosomal abnormalities and gene
amplification leading to aberrant cells from which can-
cers and other abnormalities may arise [5�7].

Telomere maintenance is based on at least three
functions: (1) ability to restore telomere length to
an appropriate size to form the T-loop structure,
(2) accurate replication of the telomere sequence, and
(3) prevention of damage to the telomere sequence by
endogenous or exogenous genotoxins. The ability to

restore or lengthen telomeres depends mainly on the
action of telomerase and tankyrase [4,8]. Telomerase is
the enzyme complex that can add TTAGGG hexamer
repeats to the telomere sequence and consists of
three major proteins TERT, TERC, and Dyskerin [2,8].
Tankyrase is a member of the shelterin complex and
acts as a telomeric poly(ADP-ribose) polymerase to
promote telomerase access by inhibiting TRF1, another
member of the shelterin complex. Accurate replication
of the telomere sequence depends on availability of
nutrient cofactors essential for DNA replication which
include folate, zinc, and magnesium [9,10].
Surprisingly it has become evident that DNA damage
to the telomere sequence (eg, DNA strand breaks, UV-
induced thymidine dimers) is not repaired [11,12].
Furthermore such damage could cause replication
stress leading to formation of single- or double-
stranded DNA breaks in the telomere sequence which
could accelerate telomere attrition. Therefore, mitiga-
tion of exposure of telomeres to endogenous or exoge-
nous genotoxic agents is important for their integrity
to be maintained. A possible approach is to optimize
dietary intake of cofactors required for function of
antioxidant enzymes (eg, selenium, zinc) to prevent
oxidative damage to the telomere sequence [13,14] or
intake of nutrients that may prevent UV damage, such
as thymidine dimers, to the telomere sequence (eg,
folate) [15].
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FIGURE 10.1 The telomere and shelterin structure when telomeres are excessively short and when they are long enough to form the
T-loop structure. Note: it also possible that the T-loop may not form efficiently due to damage in the telomere sequence.
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What Happens When Telomeres Become
Too Short?

The actual terminus of mammalian telomeres is
not blunt-ended, but consists of a single-stranded
30-protrusion of the G-strand, known as the 30 over-
hang [5,6]. The 30 overhang of mammalian telomeres
varies between 50 and 500 nucleotides, which is con-
siderably longer than the protrusion of most other
eukaryotes. T-loops are presumably formed through
strand invasion of the duplex telomeric repeat by the
30 overhang. As indicated above there is a critical length
that telomeres must achieve to form the T-loop. PCR
mediated analysis of short telomeres in human fibro-
blasts showed that at least 13 TTAGGG repeats (78 bp)
are required to prevent telomere fusions [16,17]. This
means a telomere that is less than 78 bp long can be con-
sidered to be too short. Other experiments showed that
as little as 400 bp of TTAGGG repeats can seed the for-
mation of a fully functional telomere [18,19]. When a
telomere becomes so short that T-loops cannot be formed
the risk of telomere end-fusions increases and could
result in rampant chromosomal instability which may
trigger the evolution of cancer cells or senescence [20].

What Happens When Telomeres Are Too Long?

It is not yet clear whether telomeres may become
too long for a lengthy and healthy lifespan. However,
there are reasons to suspect that excessively long
telomeres may not be beneficial. Mice have telomeres
that are up to ten times longer than humans, however,
their lifespan is 30 times shorter [21]. Therefore, one
could argue that it is the quality rather than the length
that matters. In addition, telomere length distribution
in leukocytes from exceptionally old individuals exhib-
ited overrepresentation of ultra-short telomeres com-
pared with younger groups [22]. In addition both
shorter and longer telomeres have been associated
prospectively with cognitive decline [23] which sug-
gests that excessively long telomeres may also be detri-
mental to cell survival or function and that there may
be an optimal but restricted telomere length range
for longevity. One plausible explanation is that keep-
ing functional telomeres as short as possible has the
advantage that it makes them a smaller target for
DNA damage [24].

What Happens When Telomeres Are Damaged?

It has been recently shown that damage to telo-
meric DNA, such as DNA strand breaks, is not effi-
ciently repaired and leads to the accumulation of

phosphorylated уH2AX [12]. The persistent DNA
damage уH2AX signal induces the senescence asso-
ciated secretory phenotype (SASP), which is a com-
plex mixture of cytokines that is intended to trigger
cell senescence mechanisms to immunologically
remove cells with damaged telomeres and trigger
cellular regeneration [25,26]. However, with aging
the efficiency of immunologically removing the
accumulating number of senescent cells is dimin-
ished leading to an increasingly pro-inflammatory
state [25,27].

TELOMERES AND AGING

How Do Telomeres Change with Age?

Generally telomeres reduce in length with aging.
This reduction may be due to telomere attrition that
occurs as a result of the telomere end-replication prob-
lem [28]. Another explanation is that unrepaired
double-stranded DNA breaks lead to the formation of
terminal fragments containing telomere sequences that
are lost during mitosis as they lack centromeres
required to engage with the mitotic spindle. With
aging, other insults to the telomere sequence may
accumulate, such as point mutations, which may be
caused by folate deficiency leading to uracil incorpo-
ration instead of thymidine or formation of adducts on
DNA bases which may either be small (eg, 8-oxo-gua-
nine) or large (eg, benzo-[a]-pyrene diol epoxide
adducts). The accumulation of adducts on the telomere
sequence interferes with binding of shelterin proteins,
such as TRF1 and TRF2, which play a key role in telo-
mere replication, recruitment of helicases, and T-loop
formation [29�32].

Does Telomere Length Predict Healthy Aging?

Several studies have shown that shorter telomere
length in white blood cells, buccal cells, or saliva in
humans is usually associated cross-sectionally or pro-
spectively with increased risk of degenerative diseases
of aging, such as cancer, cardiovascular disease, diabe-
tes, and dementia [33�38]. However, more recently
some exceptions have started to appear such as the
association of longer telomeres in blood with increased
risk of breast cancer, lung cancer, pancreatic cancer,
melanoma and cognitive impairment [23,39�44]. This
brings to attention the possibility that both critically
short telomeres and dysfunctional long telomeres may
be hallmarks of unhealthy aging.
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Which Factors Apart from Nutrition Affect
Telomere Length with Aging?

There are several factors apart from nutrition that can
significantly affect telomere length. Mutations in genes
coding for proteins required for telomerase activity
(hTERT, DKC1) and the shelterin complex (eg, TRF2)
lead to abnormal rates of telomere shortening and dys-
function [2]. Furthermore, it is evident from twin studies
and parent�child association studies that there is a high
heritability of telomere length and paternal age is posi-
tively correlated with telomere length [45,46]. There are
however some unexpected exceptions such as the recent
observation that those with mutations in the breast can-
cer genes BRCA1 and BRCA2 have longer telomeres
than normal and that the increased telomere length
occurred in both the carriers who had breast cancer and
those who did not [47]. Psychological stress caused by
different factors (eg, caring for those who are ill, sexual
abuse, harsh parenting, neuroticism, pregnancy-specific
stress in the mother, and social disadvantage) and lower
socioeconomic status and lower attainment of education
by the parents all impact adversely on telomere length in
somatic tissues [48]. Among lifestyle factors, smoking is
consistently associated with reduced telomere length
even when it occurs indirectly via the mother during
pregnancy [49]. In addition low physical activity and
sedentary behaviors are generally linked with increased
telomere attrition [50]. Several studies show that occupa-
tional or therapeutic exposure to genotoxins may lead to
either lengthening or shortening of telomeres compared

to unexposed controls indicating the need to understand
both the genetic and environmental factors that may reg-
ulate telomere integrity [51�54]. There is growing evi-
dence that inflammation including related conditions
such as life-course persistent asthma and obesity contri-
butes to accelerated telomere shortening [55,56]. The
mechanisms for these associations are not yet well-
defined but there is substantial evidence that increased
oxidative stress can damage the telomere sequence by
causing oxidation of guanine and inducing DNA strand
breaks that either leads to disruption of the binding of
shelterin complex proteins to the telomere DNA tem-
plate or induction of persistent DNA damage response
or loss of telomeres due to terminal deletion of the chro-
mosome ends [12,29,57].

NUTRITION AND TELOMERES

Which Dietary Factors Are Associated with
Telomere Length in Humans?

Several dietary factors have been associated with
telomere length usually measured in blood leukocytes.
These associations have been derived from molecular
epidemiological cross-sectional or prospective studies
examining dietary intake and/or blood micronutrient
concentration as well as from dietary intervention
studies. A summary of all the studies published to
date is provided in Tables 10.1�10.3.

TABLE 10.1 Cross-Sectional Studies—Dietary Intake, Dietary Pattern, or Vitamin Supplement Use and Telomere Length

Participants & country Longer TL Shorter TL Ref.

1958 middle-aged and older Korean adults Prudent dietary pattern characterized by high

intake of whole grains, seafood, legumes,

vegetables, and seaweed

Red meat or processed meat and sweetened

carbonated beverages

[58]

840 white, black, and Hispanic adults from the

Multi-Ethnic Study of Atherosclerosis

After adjustment for age, other demographics,

lifestyle factors, and intakes of other foods or

beverages, only processed meat intake was

associated with telomere length. For every 1

serving/d greater intake of processed meat,

the T/S ratio was 0.07 smaller. Categorical

analysis showed that participants consuming

. or 5 1 serving of processed meat each week

had 0.017 smaller T/S ratios than did

nonconsumers

[59]

4676 disease-free women from nested case-

control studies within the Nurses’ Health

Study (USA)

Greater adherence to the Mediterranean diet

was associated with longer telomeres

[60]

217 elderly subjects (in Italy) stratified

according Mediterranean diet score (MDS) in

low adherence (MDS# 3), medium adherence

(MDS 4�5), and high adherence (MDS$ 6)

groups

High adherence group showed longer

leukocyte telomere length (p5 0.003) and

higher telomerase activity (p5 0.013) compared

to others

[61]

(Continued)
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TABLE 10.1 (Continued)

Participants & country Longer TL Shorter TL Ref.

This study assessed the relationship between

telomere length and changes in adiposity

indices after a 5-year Mediterranean diet

intervention in 521 subjects (55�80 years, 55%

women) randomly selected from the

PREDIMED-NAVARRA

Higher baseline telomere length significantly

predicted a greater decrease in body weight,

body mass index, waist circumference and

waist to height ratio. The risk of remaining

obese after 5 years was lower in those

participants who initially had the longest

telomeres and increased their TL after

intervention (odds ratio5 0.27, 95%

CI: 0.03�2.03)

[62]

521 subjects (55�80 years) participating in the

Prevención con Dieta Mediterránea

randomized trial were assessed over 5 years of

a nutritional intervention, which promoted

adherence to the Mediterranean diet (MeDiet)

in Spain

A higher adherence to the MeDiet pattern

strengthens the prevention of telomere

shortening among Ala carriers of the variant

Pro/Ala (rs1801282) in the PPARγ2. This
association was modulated by MeDiet because

those Ala carriers who reported better

conformity to the MeDiet exhibited increased

telomere length (P, 0.001). Moreover, a
reduction in carbohydrate intake (#9.5 g/d)

resulted in increased TL among Ala carriers

[63]

1743 multiethnic community residents of New

York aged 65 years or older

Higher adherence to a MeDiet was associated

with longer leukocyte telomere length (LTL)

among whites but not among African

Americans and Hispanics. Additionally, a diet

high in vegetables but low in cereal, meat, and

dairy might be associated with longer LTL
among healthy elderly

[64]

5309 USA adults, aged 20 to 65 years, with no

history of diabetes or cardiovascular disease,

from the 1999 to 2002 National Health and

Nutrition Examination Surveys

100% fruit juice was marginally associated with

longer telomeres

Sugar-sweetened soda consumption was

associated with shorter telomeres

[65]

287 participants (55% males, 6�18 years), who

were randomly selected from the GENOI

study (Spain)

A positive correlation between dietary total

antioxidant capacity and telomere length

(r5 0.157, p5 0.007) was found after

adjustment for age and energy intake

Higher white bread consumption was

associated with shorter telomeres (β520.204,

p5 0.002)

[66]

4029 apparently healthy postmenopausal

women who participated in the Women’s

Health Initiative (USA)

Intake of short-to-medium-chain saturated

fatty acids (SMSFAs; aliphatic tails of #12

carbons) was inversely associated with TL.

Intakes of nonskim milk, butter, and whole-

milk cheese (major sources of SMSFAs) were

all inversely associated with TL.

[67]

2284 female participants from the Nurses’

Health Study (USA)

Dietary fiber intake was positively associated

with telomere length (z score), specifically
cereal fiber, with an increase of 0.19 units

between the lowest and highest quintiles

(P5 0.007, P for trend5 0.03)

Polyunsaturated fatty acid intake, specifically

linoleic acid intake, was inversely associated

with telomere length after multivariate

adjustment (20.32 units; P5 0.001, P for

trend5 0.05).

[68]

Framingham USA Offspring Study (n5 1,044,

females5 52.1%, mean age 59 years) using

data from samples collected before and after

folic acid fortification

Multivitamin use was associated with shorter

telomeres in this cohort (P5 0.015)

[69]

586 participants (age 35�74 years) in the Sister

Study (USA)

After age and other potential confounders were

adjusted for, multivitamin use was associated

with longer telomeres. Compared with

nonusers, the relative telomere length of

leukocyte DNA was on average 5.1% longer

among daily multivitamin users (P for

trend5 0.002). Higher intakes of vitamins C

and E from foods were each associated with

longer telomeres, even after adjustment for

multivitamin use

[70]

766 adolescents aged 14�18 years (50%

female, 49% African Americans)

Higher dietary sodium intake was associated

with shorter LTL in the overweight/obese

group (BMI$ 85th percentile, β520.37,

P5 0.04), but not in the normal weight group

(β5 0.01, P5 0.93) after adjusting for multiple

confounding factors

[71]



TABLE 10.2 Cross-Sectional Studies—Biomarkers of Nutritional Status and Telomere Length

Participants & country Longer TL Shorter TL Ref.

43 younger (18�32 years) and 47 older
(65�83 years) adults in South Australia

In older males, there was a significant inverse
correlation between telomere length and
plasma homocysteine (r520.57, p5 0.004),

but this effect was not observed in the younger
cohort or in the older female group

[72]

The association of plasma homocysteine and
other CVD biomarkers with LTL were

assessed in 100 samples drawn from the
Singapore Chinese Health Study (SCHS).
SCHS, a population-based cohort, recruited

Chinese individuals, aged 45�74 years,
between 1993 and 1998

After adjustment for age, gender, smoking
status, education and dialect, LTL was found

to be inversely associated with plasma
homocysteine levels (p for trend5 0.014)

[73]

1319 healthy subjects were recruited from a
population-based cohort in the UK.

LTL was negatively correlated with plasma
homocysteine levels, after adjustment for
smoking, obesity, physical activity,

menopause, hormone replacement therapy
use, and creatinine clearance. The difference
in multiply-adjusted LTL between the highest

and lowest tertile of homocysteine levels was
111 base pairs (p5 0.004), corresponding to 6.0
years of telomeric aging

[74]

195 healthy men in Milan, Italy When plasma folate concentration was above

the median, there was a positive relationship
between folate and telomere length

When plasma folate concentration was below

the median, there was a negative relationship
between folate and telomere length

[75]

Framingham USA Offspring Study
(n5 1,044, females5 52.1 %, mean age
59 years) using data from samples collected

before and after folic acid fortification

The leukocyte TL of the individuals in the fifth
quintile of plasma folate was shorter than that
of those in the second quintile by 180 bp

(P, 0.01). There was a linear decrease in
leukocyte telomere length with higher plasma
folate concentrations in the upper four quintiles

of plasma folate (P for trend5 0.001).

[69]

786 participants in the Austrian Stroke

Prevention Study 9 mean age of 666 7 58%
female)

Multiple linear regression analyses with

adjustment for age and sex demonstrated that
higher lutein, zeaxanthin, and vitamin C
concentrations in plasma were strongly

associated with longer telomere length

[76]

2160 women aged 18�79 years (mean age:
49.4) from a large population-based cohort of
twins in the UK

Serum vitamin D concentrations were
positively associated with LTL (r5 0.07,
P5 0.0010), and this relation persisted after

adjustment for age (r5 0.09, P, 0.0001) and
other covariates (age, season of vitamin D
measurement, menopausal status, use of

hormone replacement therapy, and physical
activity; P for trend across tertiles5 0.003)

[77]

43 younger (18�32 years) and 47 older
(65�83 years) adults in South Australia

Ca/Mg ratio was positively associated with
lymphocyte telomere length (r5 0.55,
P5 0.007)

Negative association between lymphocyte
telomere length and both plasma calcium and
magnesium levels, (r520.47, P5 0.03 and

r520.61, P5 0.001 respectively), in older
females; Intriguingly Ca/Mg ratio was
positively associated with telomere length

(r5 0.55, P5 0.007)

[78]

437 healthy children ages 3, 6, and 9 years in

Western Australia

Lymphocyte TL was inversely associated

with plasma zinc (r520.13, P, 0.001)

[79]

125 participants being treated for chronic
essential hypertension, 77 old (age range
60�79 years) and 48 very old (age range

80�100 years)

In participants at the age 80�100 years, a
significant positive correlation between mean
telomere length and intracellular labile zinc

(r5 0.502; p, 0.01) was observed

In participants at the age 80�100 years, a
significant inverse correlation existed
between % cells with critically short

telomeres and intracellular labile zinc
(r520.456; p, 0.01)

[80]

134 10. TELOMERES, AGING, AND NUTRITION

II. MOLECULAR AND CELLULAR TARGETS



The results from dietary pattern studies indicate that
a predominantly plant-based diet such as a prudent or
Mediterranean diet is consistently associated with longer
telomeres [58,60�64]. Some studies revealed associations
with specific components of the plant-based diet as
being protective, such as total antioxidant capacity of the
diet, fruit juice, dietary fiber, and higher intakes of
vitamin C and vitamin E [65,66,68,70]. Higher intake of
processed meat, red meat, sweetened carbonated bev-
erages, white bread, short- to medium-chain saturated
fatty acids and their sources such as whole milk (and
products such as butter and cheese), linoleic acid
(n6 fatty acid), and higher sodium intake (in those with
high BMI) were all associated with shorter telomeres
[58,59,65,67,68,70,71]. Multivitamin use was associated
with both shorter and longer telomeres [69,70].

Studies on blood nutrient concentrations showed
U-shaped relationships between plasma folate and
telomere length [69,75] and a reduction of telomere
length is associated with higher homocysteine (a
metabolic biomarker of folate and/or vitamin B12
deficiency) in older subjects indicating a rather com-
plex relationship with B vitamins [72�74]. Higher
plasma zeaxanthin, lutein, vitamin C, vitamin D, and
Ca/Mg ratio was associated with longer telomeres
but, in contrast, higher plasma concentration of
calcium, magnesium, and zinc was associated with
shorter telomeres (the latter in children) [76�79].
In the very old (8�100 years), intracellular labile zinc
was positively correlated with telomere length and
negatively with percentage of cells with critically
short telomeres [80]. It is evident that a nutrient

TABLE 10.3 Intervention Studies on the Effects of Nutrition on Telomere Length

Participants & country Intervention and outcome Ref.

521 subjects (55�80 years, 55% women) from the PREDIMED
intervention in Spain

Increase in TL with reduced obesity after a 5-year Mediterranean
diet intervention

[62]

54 obese men on calorically restricted weight loss diets in
Australia

Telomere length in mid-rectal biopsy tissue increased 4-fold and
10-fold after 12 and 52 weeks on a calorically restricted weight-loss
diet respectively. Gain of telomere length was greater if more
weight and body fat was lost

[81]

35 men who had biopsy-proven low-risk prostate cancer and had
chosen to undergo active surveillance in the USA

Men in the intervention group who followed a program of
comprehensive lifestyle changes (physical activity, stress
management, and social support), and a diet high in whole foods,
plant-based protein, fruits, vegetables, unrefined grains, and
legumes, and low in fat (approximately 10% of calories) and
refined carbohydrates had increased telomerase and longer LTL
after 5 years compared to the men in the control group who
underwent active surveillance alone

[82]

Prospective cohort study of 608 ambulatory outpatients in
California (USA) with stable coronary artery disease recruited
from the Heart and Soul Study between September 2000 and
December 2002 and followed up to January 2009 (median, 6.0
years; range, 5.0�8.1 years)

Individuals in the lowest quartile of DHA1EPA experienced the
fastest rate of telomere shortening (0.13 telomere-to-single-copy
gene ratio [T/S] units over 5 years; 95% confidence interval [CI],
0.09�0.17), whereas those in the highest quartile experienced the
slowest rate of telomere shortening (0.05 T/S units over 5 years;
95% CI, 0.02�0.08; P, .001 for linear trend across quartiles)

[83]

Double-blind 4-month trial included 106 healthy sedentary
overweight middle-aged and older adults in the USA who
received (1) 2.5 g/day n-3 PUFAs, (2) l.25 g/day n-3 PUFAs, or (3)
placebo capsules that mirrored the proportions of fatty acids in the
typical American diet

The adjusted mean change in telomere length, expressed in base
pairs (bp), was an increase of 21 bp for the low-dose group and
an increase of 50 bp in the high-dose group compared to a
decrease of 43 bp for placebo. Telomere length increased with
decreasing n-6:n-3 ratios, p5 0.02

[84]

Thirty-three adults ages .65 y with MCI in South Australia were
randomized to receive a supplement rich in the long-chain ω-3
PUFAs eicosapentaenoic acid (EPA; 1.67 g EPA1 0.16 g
docosahexaenoic acid DHA/d; n5 12) or DHA (1.55 g
DHA1 0.40 g EPA/d; n5 12), versus ω-6 PUFA linoleic acid (LA;
2.2 g/d; n5 9) for 6 months

The intervention did not show an increase in telomere length with
treatment and there was a trend toward telomere shortening
during the intervention period. Telomere shortening was greatest
in the LA group (d5 0.21) than in the DHA (d5 0.12) and EPA
groups (d5 0.06). Increased erythrocyte DHA levels were
associated with reduced telomere shortening (r520.67; P5 0.02)
in the DHA group

[85]

A 12-week placebo-controlled intervention trial with zinc
carnosine supplement was performed with 84 volunteers
from an elderly (65�85 y) South Australian cohort with
low plasma Zn levels

Telomere length was not significantly affected but telomere base
damage was found to be significantly decreased in the Zn
supplemented group (p, 0.05)

[14]
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biomarker profile that is associated with shorter
telomeres can be identified.

Is There Any Evidence That Telomere Length
Can Be Modified by Nutritional Intervention?

Although it is too early to provide definitive answers
there are promising results that telomere length may be
modifiable by diet and/or lifestyle. The 5-year
PREDIMED intervention observed an increase in TL in
those assigned to the Mediterranean diet intervention
[62]. In men with low-risk prostate cancer a holistic life-
style program including a plant-based diet significantly
improved telomere length and telomerase activity in
blood cells [82] whilst a weight loss program on either a
high-carbohydrate or high-protein calorie restricted diet
increased telomere length in mid-rectal biopsies in
obese men [81]. Three studies with ω-3 fatty acid sup-
plementation showed marginal changes in telomere
length with trends indicating prevention of telomere
shortening with decreasing ω6:ω3 ratios [83�85]. Zinc
carnosine supplementation did not affect telomere
length but appeared to reduce telomere base damage in
those with low plasma zinc; this was the first study to
report on telomere base damage in an in vivo human
intervention study [14]. Most of these studies have
several limitations such as small cohort size and short
duration of intervention and therefore can only be
considered as providing preliminary evidence.

What Are the Plausible Mechanisms by Which
Nutrients Can Affect Telomere Maintenance?

We and others have performed in vitro modeling
experiments to obtain some insights on how micronutri-
ent deficiencies or excess may affect DNA and telomere
integrity. Deficiencies in micronutrients such as vitamin
C, vitamin E, zinc, and selenium may lead to increased
susceptibility to oxidative radicals which can either oxi-
dize guanine in the telomere sequence or cause single- or
double-stranded breaks in telomeric or subtelomeric
sequences [86�92]. Alternatively, deficiencies in vitamins
involved in one carbon metabolism could lead to uracil
incorporation instead of thymidine and also induce breaks
in DNA when excised by one or more of the uracil glyco-
sylases especially when uracils occur within 12 bases from
each other on opposite strands of DNA [93]. Our studies
showed that folate deficiency initially leads to telomere
elongation but subsequently telomeres start to shorten
due to terminal deletions of chromosomes; both telomere
elongation and shortening occurred concurrently with
increased chromosomal instability indicating that telo-
mere lengthening on its own is not an adequate measure
of chromosomal stability [94,95]. Another important
micronutrient is niacin which is required to generate
NAD as a substrate of PARPs, such as tankyrase, in the
shelterin complex, which regulates telomere length
through its interaction with TRF1 [96,97]. These plausible
mechanisms are explained schematically in Fig. 10.2, but
it is likely that other important roles for micronutrients in
telomere homeostasis will be discovered.
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or oxidative stress
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methyl donors (eg,
folate, vitamin B12)
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FIGURE 10.2 Plausible mechanisms by which nutritional deficiency can to telomere shortening or telomere dysfunction.
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Although considerable progress has been made
regarding the role of nutrition in maintenance of telo-
mere integrity this progress appears to have been
focused entirely on effects relating to telomere length.
There is however sufficient reason to argue that pre-
vention of telomere shortening or lengthening is not
the only aspect that should be addressed and other
measures of telomere dysfunction should also be con-
sidered. For example several studies show effects on
telomere length of just a few tens or hundreds of bases
but this may not be sufficient to make telomeres dys-
functional and might be beneficial if it makes the telo-
mere a smaller target for DNA damage. Furthermore,
lengthening could be associated with indirect effects
caused by loss of telomere length control due to
damages to the telomere sequence or defective activity
of shelterin proteins. Therefore, incorporation of mea-
sures of telomere base damage, subtelomere methyla-
tion, and measures of telomere dysfunction, such as
failure to form T-loops and telomere end fusions,
should be incorporated to enable a more comprehen-
sive assessment of telomere integrity.

Additionally, polymorphisms in genes coding for
proteins required for telomerase activity and for the
shelterin complex and other genes coding for poly-
morphisms in transporters and enzymes involved
in micronutrient metabolism may also modify effects
exerted by dietary factors on telomere structure and
function. Thus a nutrigenetic/nutrigenomic approach
may also uncover important new knowledge that could
lead to more personalized approaches for maintaining
optimal telomere integrity throughout the life-span.

CONCLUSION

It is evident that telomeres are degraded with aging
and that nutrition can modify the rate at which these
deleterious effects occur. The next challenges for future
studies will be to include a more comprehensive
assessment of telomere integrity that goes well beyond
just measuring telomere length and also incorporates
study designs that are sufficiently powered to study
nutrient�gene interactive effects on this critical com-
ponent of the genome.

SUMMARY

Telomeres are nucleoprotein structures at the end of
each chromosome. The nucleic acid sequence of telo-
meres is a TTAGGG hexamer repeat. The number of

hexamer repeats can vary greatly from very few to thou-
sands of repeats with most reported telomere lengths
varying between 4-11 kilobases in humans. Several pro-
teins (TRF1, TRF2, POT1, TIN2, TPP1, RAP1 and
Tankyrase) are associated with telomere DNA to form
the shelterin complex which interacts with enzymes such
as telomerase and other proteins required for proper telo-
mere maintenance and function. Shortening of telomeres
may increase excessively with age and lead to telomere-
end-fusions, chromosomal instability and accelerated
senescence. Telomeres may become dysfunctional if base
damage and/or DNA strand breaks accumulate in the
telomere sequence. Several lines of evidence indicate that
telomere shortening, telomere base damage and telomere
strand breaks may increase due to poor nutrition and
that dietary intervention has the potential to improve
telomere integrity.
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KEY FACTS

• mTOR sense the nutritional status of the cell.

• mTORC dysregulation plays a fundamental role
in human pathology.

• Nutritional regulation of mTORC may be used
to counteract diseases.

Dictionary of Terms

• mTOR5 mechanistic Target of Rapamycin
• mTORC5 mechanistic Target of Rapamycin Complex

Alterations in the target of the rapamycin (TOR)
nutrient-sensing pathway are thought to contribute to
physiological aging. In normal conditions the activity
of the pathway is promoted by mitogens, growth
factors, and nutrients (in particular amino acids) thus
regulating diverse fundamental functions such as cell
growth, proliferation, development, memory, angio-
genesis, autophagy, and immune responses. Through
life hyperactivation of the mTOR complexes is associ-
ated with more rapid aging, whereas hypoactivation
leads to reduced translation and increased longevity in
several animal species.

MECHANISTIC TARGET OF RAPAMYCIN

mTOR (originally used as an abbreviation of
mammalian Target of Rapamycin but now used as an
abbreviation of mechanistic TOR), an atypical

protein kinase essential for organism survival, was first
discovered as a target of rapamycin, an FDA-approved
bacterial natural product used as a potent
immunosuppressant.

To date a single gene encoding for mTOR (TOR) has
been identified in every eukaryote genome examined
except yeast, which may own two TOR genes. mTOR is
a highly conserved homolog of the yeast protein (2549
amino acid, around 289 kD, NCBI ACCESSION:
NP_004949) phosphatidylinositol kinase-related kinase
(PIKK), which plays the role of a catalytic subunit of two
distinct dimer multiprotein complexes termed mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
In these complexes mTOR acts as a multieffector protein
kinase containing a carboxy-terminal serine/threonine
protein kinase domain. The C-terminal end of mTOR
contains several important elements, including the
kinase catalytic domain (KIN). This domain also
includes a small region called negative regulatory
domain (NRD). Within this region, phosphorylation at
specific residues (thr2446, ser2448, and ser2481) leads to
higher levels of mTOR activity. Adjacent to the KIN
domain is the 11 kDa FKBP12�rapamycin binding
domain (FRB) at the N-terminus of the PIKK domain.
This domain, which does not exist in the other members
of the PIKK family, is the site of the inhibitory interac-
tion between rapamycin and mTOR.

Companions of mTOR, in particular, the regulatory-
associated protein of mTOR (RAPTOR) (defining
component of mTORC1) and rapamycin-insensitive
companion of mTOR (RICTOR) (defining component of
mTORC2) are scaffolds for assembling the complexes
and for binding to substrates and regulators. RAPTOR is
a scaffolding companion to binding TOR signaling
(TOS) motif-containing proteins and is essential for all
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mTORC1 functions [1]. Apart from RAPTOR, mTORC1
consists of mammalian lethal with sec13 protein 8
(mLST8), which is dispensable for mTORC1 activity,
proline rich Akt/PKB substrate 40 kDa (PRAs40 also
known as AKT1s1), and DEP domain-containing mTOR
interacting protein (DEPTOR).

mTORC2 consists of RICTOR, mLST8 protein (also
known as Gβl) observed with RICTOR (PROTOR,
PRR5), DEPTOR, and mammalian stress-activated
map kinase-interacting protein 1 (msIn1; also known
as mAPKAP1), which may target mTORC2 to mem-
branes, and SAPK kinase interacting protein 1 (Sin1).
Meanwhile mLST8 is necessary for mTORC2 catalytic
function. The functional role of PROTOR, which binds
RICTOR independent of mTOR and is not funda-
mental for mTORC2-mediated Akt/PKB activation, is
currently unknown. Another unique component of
mTORC2 is Sin1 (with at least five alternative splicing
isoforms in mammals) which promotes upstream regu-
lator Akt/PKB-Ser473 phosphorylation (see below)
required for mTORC2 function in cell survival but is
dispensable for mTORC1 function. In fact Sin1 deletion
is embryonically lethal and genetic ablation of Sin1 is
followed by disruption of RICTOR-mTOR interaction,
whereas Akt/PKB-Thr308 phosphorylation is main-
tained. RICTOR and RAPTOR recruit different sub-
strates to mTOR for phosphorylation and this explains
the diverse selection of substrates by the two mTOR
complexes. On the other side, mTORC1 and mTORC2
share mLST8 and DEPTOR and these companions
may play the role of positive and negative regulators,
respectively [2].

Rapamycin (C51H79NO13; molecular weight: 914.2) or
sirolimus is a macrocyclic lactone (macrolide) produced
by the bacterium Streptomyces hygroscopicus, first isolated
from soil found on Easter Island Rapa Nui and devel-
oped as antifungal agent with no antibacterial activity.
Based on the discovery of its immunosuppressive prop-
erties, its use as an immunosuppressive agent to prevent
organ rejection was encouraged and led to FDA approv-
ing in 1999. Thereafter, a number of studies demon-
strated that rapamycin is also a potent inhibitor of
vascular smooth muscle proliferation. These findings led
to the development of the rapamycin-eluting stent to
treat atherosclerosis in coronary arteries, and its use was
FDA-approved in 2003 to prevent in-stent restenosis.
Thus, to date, significant experience exists with the clini-
cal application of this drug to prevent organ rejection
after kidney transplantation and to prevent occlusion of
cardiac stents. It took around 20 years to first identify
the molecular target of rapamycin. In 1994 three inde-
pendent research groups found the protein target of
rapamycin [3�5] by selection of spontaneous mutations
capable of conferring resistance to the growth inhibitory
effect of rapamycin in Saccharomyces cerevisiae. These

investigations led to the identification of three genes.
The first gene identified was RBP1 (homolog of the
human peptidyl-prolyl isomerase FKBP12) which was
identified in a search for receptors for the immunosup-
pressant drug with structural homology to rapamycin
[6]. Its deletion in yeast was followed by drug resistance
while expression of human FKBP12 restored sensitivity
to rapamycin thus suggesting that rapamycin forms a
toxic complex with FKBP12, inhibiting the function of
other cellular proteins. The other two identified genes
were TOR1 and TOR2, originally called DRR1 and
DRR2, encoding two highly homologous proteins.

To date it is known that in yeast and mammals upon
entering the cell rapamycin binds to the FKBP12-
rapamycin binding domain of mTORC1 (also known as
PPIase FKBP1A). The binding of rapamycin to FKBP12 is
followed by dissociation of mTOR from RAPTOR [7]
thus preventing the mTORC1 mediated phoshorylation
of specific substrates and the translocation of specific cell
mRNAs required for G1 to S phase transition. This
process ultimately decreases protein synthesis, increases
autophagy, and arrests cell growth. Importantly rapa-
mycin is unable to acutely inhibit mTORC2 as the
rapamycin�FKBP12 complex cannot interact with the
FRB domain of mTORC2. By contrast prolonged rapamy-
cin exposure determines inhibition of mTORC1 and
mTORC2 assembly in vitro in cancer cell lines and
in vivo in mice thereby inhibiting their activity [8]. In
particular, prolonged rapamycin exposure may be
responsible for RICTOR (major component of mTORC2)
depletion followed by glucose intolerance due to
decreased hepatic insulin sensitivity and impaired life-
span in males and not in females, as recently demon-
strated in three different mouse models of RICTOR
depletion with reduced mTORC2 signaling [9]. This phe-
nomenon may be subsequent to a progressive sequestra-
tion of the cellular pool of mTOR due to prolonged
rapamycin exposure in a complex with rapamycin�
FKBP12, thus making it unavailable for assembly into
mTORC2 [10].

NUTRIENTS AND ENERGY STATUS
AS UPSTREAM REGULATORS OF

mTORC1 AND mTORC2

Four major inputs regulate mTORC1 by cooperating
or antagonizing each other and include nutrients (amino
acids and glucose), growth factors, energy status,
and stress. Therefore different regulatory signaling
inputs may converge onto mTORC1 and consist of the
PI3K/Akt and Ras/MAPK pathways, as well as AMPK
signaling.

PI3K/Akt and Ras/MAPK pathways activation is
due to the interaction of growth factors to specific
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receptor tyrosine kinases [11]. Akt/PKB activation
depends on mechanical load as functional overload and
hormones as insulin [12].

The fundamental interplay between insulin-mediated
PI3K/Akt activation and TORC1 signaling suggests an
important role of mTOR in controlling glucose homeosta-
sis and protein synthesis through insulin-dependent and
insulin-independent mechanisms [12]. Binding of insulin
to the α-subunit of its receptor leads to the
autophosphorylation of tyrosine residues, which in
turn causes activation (tyr phosphorylation) of the
insulin receptor substrate (IRS) proteins, with IRS-1 being
the most important of the cells that respond to insulin
with glucose transporter (GLUT4) translocation. IRS1
interacts with phosphatidylinositol 3,4,5-triphosphates
kinase (PI3K). IRS1 functions as a docking site for
many effector proteins bearing an SH2 domain.
Phosphorylated IRS1 binds the p85 subunit of PI3-kinase
(PI3K), which activates the enzyme leading to generation
of phosphatidylinositol 3,4,5-trisphosphate (PIP3) and
phosphatidylinositol 3,4-bisphosphate (PIP2) from phos-
phatidylinositol 4,5-bisphosphate and phosphatidylinosi-
tol 4-phosphate, respectively. Modulation of PI3K
activity by IRS1 is thus responsible for Akt/PKB activa-
tion followed by transmission of the insulin signal and
regulates glucose uptake by insulin. PIP3 recruits Akt/
PKB to the inner leaflet of the plasma membrane
where it binds with high affinity to 3-phosphoinositides
and this process is followed by Akt/PKB phosphoryla-
tion mediated by two distinct kinases PDK1 on Thr308
and mTOR-rictor, rapamycin insensitive companion of
mTOR complex, on Ser473 [13].

PI3K activation is negatively modulated by dephos-
phorylation of PIP3 via PTEN and SHIP2 3’ phospha-
tases. Upon activation by PDK1, Akt/PKB regulates a
plethora of cellular events, including protein synthesis
and degradation, cell cycle progression, glycogen syn-
thesis, and overall cell survival. Akt/PKB is a serine/
threonine kinase expressed in three highly homologous
isoforms Akt1 (PKBa), Akt2 (PKBb), and Akt3 (PKBg).
Insulin activates Akt2 isoform while Insulin Growth
Factor 1 (IGF-1) activates Akt1 isoform [14]. Akt/PKB
isoforms have an N-terminal pleckstrin homology
(PH) domain which mediates binding of Akt/PKB to
3-phosphoinositides, the kinase catalytic domain which
displays threonine residue (Thr308 in PKBa/Akt1)
whose phosphorylation is necessary for Akt/PKB activa-
tion and the C-terminal tail, containing a regulatory
phosphorylation site (Ser473 in PKBa/Akt1), activation
leads to maximal Akt/PKB activation. Major down-
stream targets of Akt/PKB include caspase-9, Bad, inhib-
itory kB kinase, mTOR, tuberous sclerosis complex 1-2
(TSC1-TSC2), and FOXO. Stimulated Akt/PKB inhibits
the TSC1-TSC2 complex through phosphorylation of
TSC2. The complex acts as a GTPase activating protein

(GAP, an heterodimer of TSC1, TSC2, and TBC1D7) for
Rheb which is a farnesylated GTPase anchored to the
lysosome surface that, once GDP-loaded, is unable to
activate mTORC1 [15]. Therefore, the TSC1-TSC2 effec-
tively shuts off the mTORC1 signaling, and GTP loading
of Rheb activates the complex (Fig. 11.1). Akt/PKB is
also known to promote mTORC1 activation through
activation of PRAs40 that binds to inhibitory proteins to
mTORC1. If, from one side, Akt/PKB pathway signals
mTORC1, from the other mTORC1 is directly involved
in the regulation of insulin signaling through IRS1 phos-
phorylation at different residues. In fact IRS1 phosphor-
ylation on different Ser residues uncouple PI3K from
IRS1 which downregulates insulin signaling through the
PI3K/Akt pathway, while phosphorylation on different
Tyr residues activates the response to insulin. In particu-
lar the mechanism of insulin desensitization involves
phosphorylation of the Ser/Thr residues on IRS1 and its
reduced Tyr phosphorylation.

Prolonged insulin stimulation with nutrient overload
promotes Ser phosphorylation of IRS1 through chronic
activation of mTORC1 [16] or its downstream effector
protein S6 kinase 1 (S6K1). First it has been shown that
insulin/amino acid activation of the pathway causes
increased IRS1 Ser phosphorylation followed by inhibi-
tion of glucose transport in L6 myocytes and 3T3-L1 adi-
pocytes [17]. Next it has been demonstrated that
rapamycin administration reduces Ser phosphorylation
and prolongs insulin-stimulated PI3K activity at least in
skeletal muscle of the mouse. Furthermore, the TSC1-
TSC2 complex also appears to be involved as its disrup-
tion is followed by S6K1 activation that leads to the
decrease of both IRS1 mRNA and protein expression
levels. mTORC1 and/or S6K1 phosphorylate diverse Ser
residues on IRS1 proteins (rodent/human) including
Ser-265/270, Ser-302/307, Ser-307/312, Ser-632/636, and
Ser-1097/1101. Importantly rapamycin-insensitive
kinases are also involved in the insulin-dependent Ser
phosphorylation of IRS1 in the absence of nutrient over-
load [18] as recently demonstrated for the insulin-
mediated activation of 90 ribosomal S6 kinases (RSK)
activated by the ERK-MAP kinase pathway, which pro-
motes IRS-1 phosphorylation on Ser-1101, independently
of the mTOR/S6K1 pathway [19].

Interestingly the lysosome appears as a major site of
interaction between the insulin-IR-PI3K-Akt and the
mTOR pathways in response to amino acids exposure.
In particular, it has been shown that translocation of
mTORC1 to the lysosome is under control of Rag
GTPase and Ragulator that is a pentameric complex
anchoring Rag to the lysosome and known as LAM-
TOR1-5 [20]. This process is not inhibited by rapamy-
cin [15]. Once active, Rag recruits mTORC1 probably
in the cytoplasm shuttling it back to Rheb on the
lysosome surface [20] where it forms a supercomplex
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including Rag (Fig. 11.2), Ragulator, and vacuolar H1-
adenoside triphosphate ATPase (v-ATPase). The latter
is a multisubunit proton pump which works by hydro-
lyzing ATP at the peripheral cytosolic v1 domain to
maintain low pH within the lysosomes, thus

contributing to maintaining their function. v-ATPase
probably senses the amino acids content within the lyso-
some leading to the subsequent Rag activation (see
below) [21]. In fact depletion of v-ATPase prevents
mTORC1 activation and its localization stimulated by

FIGURE 11.2 Amino acids entrance
into the cell stimulates the recruitment
of mTORC1 in a Rag-dependent man-
ner to the lysosomal surface, whereas
Akt inhibits the TSC complex possibly
at the lysosome.

FIGURE 11.1 TOR signaling is
responsible for a cellular reaction
toward amino acids, energy disposal,
and hypoxia, and is highly integrated
in AMPK and insulin cascades. mTORC1
regulates mRNA translation, ribosome
biogenesis, autophagy, and insulin
signaling at IRS1; mTORC2 regulates
cytoskeletal response, and, possibly,
survival at the Akt/PKB level.
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amino acids whose depletion strengthens the binding
between v-ATPase and Ragulator, whereas amino acids
availability weakens this binding.

It is important to underline that cells lacking TSC
are unable to respond to growth factors withdrawal
but are still responsive to amino acids thus suggesting
that mTORC1 activation needs amino acids targeting
the lysosome. On the other hand amino acids appear
ineffective to activate mTORC1 via Rag when the com-
plex is forcedly localized at the lysosome [22]. Indeed
lines of evidence suggest that mTORC1 can be inde-
pendently activated at different locations within the
cell other than the lysosomes, including cytoplasm,
nucleus, and mitochondria, thus suggesting that the
complex may respond to different cues with phosphor-
ylation of separate substrates.

As chemical inhibitors of glycolysis suppress
mTORC1 activity, the complex senses the cellular energy
of the cell. This phenomenon suggests that changes in
energy disposal may promote convergent upstream reg-
ulatory signals on mTORC1. As already known, glycoly-
sis and mitochondrial respiration convert nutrients into
energy, which is stored in the form of ATP. Glucose loss,
inhibition of glycolysis, or mitochondrial respiration
cause a significant reduction of the intracellular ATP
levels that determines a change in the intracellular
ADP/ATP and AMP/ATP ratios (Fig. 11.1). This change
is sensed by heterotrimeric complex AMP dependent
protein kinase (AMPK) consisting of two regulatory
(β and γ) and one catalytic subunits (α) and activated by
binding of ADP or AMP to the regulatory subunit γ or
phosphorylation of thr172 by LKB1 kinase. Therefore,
ADP and AMP work as allosteric regulators of AMPK.
AMPK acts as a key regulator of cellular metabolism
and complete loss of AMPK kinase activity is not toler-
ated at the whole-body level in vivo. In fact Ampkα12/2

and Ampkα22/2 mice are embryonic lethal at E10.5.
Interestingly deletion of AMPK regulatory subunits is
associated with metabolic alterations without significant
effects on mouse survival. In particular the Ampkγ32/2

mice show impaired glycogen resynthesis after deple-
tion and muscle-specific Ampkβ1/Ampkβ2 DKO mice
are physically inactive and display reduced mitochon-
drial content in muscle cells. This evidence suggests an
essential role for AMPK in maintaining mitochondrial
content and glucose uptake in skeletal muscle during
exercise [23].

Under nutrient deprivation AMPK transmits stress
signals to mTORC1 (Fig. 11.1). In fact when the AMP/
ATP ratio increases, AMPK phosphorylates TSC2 and
RAPTOR [24]. Phosphorylation of TSC2 at ser 1345
inhibits mTORC1 by stimulating the GAP activity of
the TSC1-TSC2 complex toward Rheb inactivation.
Furthermore AMPK-mediated phosphorylation of
RAPTOR leads to it binding to cytosolic chaperone

proteins 14-3-3 followed by indirect mTORC1 inhibi-
tion allosteric mechanisms [25]. The energy stress may
lead to mTORC regulation through diverse mechan-
isms but changes ATP levels. For example hypoxia may
promote the expression of Regulated in development
and DNA damage response 1 (REDD1; also known as
DDIT4) thus inhibiting mTORC1 by promoting the sub-
sequent assembly of TSC1-TSC2 complex. It is impor-
tant to highlight that recent observations suggest
further AMPK alternative mechanisms of mTORC1
inhibition, as demonstrated in the presence of energetic
dysfunction due to mitochondrial inhibition in the
AMPK null cells [26].

The energy status of a cell is tightly linked to
amino acids, the building blocks of proteins also used
in the synthesis of DNA, glucose, and ATP, which
contribute to the overall balance between cell synthe-
sis and catabolism. Therefore, amino acid availability
is fundamental for maintenance of the constancy of
the cell size over time, strictly linked to ribosomal
activity and efficiency. Initial fundamental observa-
tions demonstrated that amino acids are required for
mTOR activation in the budding yeast [27]. Later the
link between amino acids and mTOR was also estab-
lished in mammals where withdrawal of amino acids
from the nutrient medium of Chinese hamster ovary
cells (CHO-IR), which overexpress the human insulin
receptor when treated with insulin, results in a rapid
deactivation of downstream mTOR effectors as p70S6
kinase 1 and eIF-4EBP1, whereas their readdition
quickly restore the responsivity of both signals to
insulin. It is currently believed that in the postpran-
dial period, when a significant increase in transla-
tional efficiency arises despite no change in ribosomal
content, translational activation is to be at least partly
attributed to Branched Chain Amino Acids (BCAA;
leucine, isoleucine, and valine) through the activation
of the mTORC1 signaling [28,29], whereas these
amino acids are not required to activate the mTORC2
complex. In particular, leucine administration
markedly increases protein synthesis concomitant
with the hyperactivation of p70S6 kinase 1 and eIF-
4EBP1. Hyperphosphorylation of p70S6 kinase 1 and
eIF-4EBP1 has been also found following isoleucine
exposure but this change is not associated with a con-
comitant increase of protein synthesis. Rapamycin
treatment, responsible for reduced protein synthesis
independently of leucine administration, completely
prevents leucine-induced eIF-4EBP1 and p70S6 kinase
1 activation. Also rapamycin pretreatment reduces
leucine-dependent activation of mTORC1. However
rapamycin is unable to completely block the mTORC1
signaling activated by BCAA thus suggesting that this
pathway activation is not sufficient to fully explain the
activation of BCAA-dependent anabolism.
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The mechanisms by which the amino acids are
sensed intracellularly is still largely unknown and
recent avenues of research identified new potential can-
didate mediators acting downstream (MAP4K3; RalA;
Rab5; GCN2) or upstream (amino acids transporters) of
amino acids. Nevertheless, to date the major accepted
players of the link between amino acids and mTORC
are Rag GTPases and Ragulator. The RRag GTPase fam-
ily displays four evolutionally well-conserved members
consisting of RagA, RagB, RagC, and RagD. RagA or
RagB forms a stable heterodimer with RagC or RagD.

In the absence of amino acids, the Rag GTPases are
found in an inactive conformation.

When the levels of intracellular amino acids are high,
Rag GTPases recruit mTORC1 to lysosomes and pro-
mote its activation [20]. Following amino acid accumu-
lation into the lysosomes, a v-ATPase dependent
mechanism, which includes the activation of Ragulator,
causes Rag GTPases to switch to the active conforma-
tion, in which RagA/RagB is loaded with GTP and
RagC/RagD is loaded with GDP. When RagC/RagD is
GDP charged RagA/RabB interacts with RAPTOR
resulting in mTORC1 recruitment and activation. The
importance of Rag GTPases integrity for mTORC1 acti-
vation has been confirmed in S. cerevisiae by the expres-
sion of the dominant negative mutant of the RacA/
RacB that completely abolished mTORC1 activity even
in the presence of adequate amino acids stimulation.
This evidence suggested that the nucleotide bound state
of RacA/RacB, unlike RacC/RacD, is fundamental for
amino acids-mediated mTORC1 stimulation [15].

Interestingly it has been found that Rag and amino
acids, being unable to directly activate mTORC1 kinase,
appear as regulators of spatial disposal of the complex.
In fact amino acids depletion determines diffusion of
mTORC1 throughout the cytoplasm, whereas in the
presence of sufficient amino acids and activated Rag
mTORC1 is recruited to the lysosome where it is acti-
vated by Rheb in its GTP-bound state [15]. The spatial
regulation of mTORC1 activity may explain why growth
factors (such as Insulin/IGF1) are unable to efficiently
activate the complex in the absence of amino acids.

Recent observations also suggest that Rags interact
with the transcription factor EB (TFEB), the master regu-
lator of a gene network that promotes lysosomal biogen-
esis and autophagy. In basal conditions, TFEB is in the
cytoplasm. However, under starvation, TFEB rapidly
translocates into the nucleus and activates a transcrip-
tional program that includes genes associated with lyso-
somal biogenesis and function and genes implicated in
the major steps of the autophagy. Under overnutrition,
mTORC1 phosphorylates TFEB at several residues
(including ser211). This phosphorylation promotes inter-
action of TFEB with the cytosolic chaperone 14-3-3 and
consequent retention of TFEB into the cytosol. In

presence of mTORC1 inactivation the TFEB-14-3-3 com-
plex dissociates and TFEB enters the nucleus. This phe-
nomenon is followed by lysosomal biogenesis and
autophagy activation. The molecular machinery regulat-
ing the association of TFEB to the lysosomal membranes
has been recently elucidated and includes an amino
acids-dependent mechanism through a direct interaction
with active Rags [30]. Therefore, Rags play a critical role
in coordinating nutrient availability within the cell and
cellular clearance [30].

Apart from the “lysosome model” of amino acids,
sensing, a new mechanism involving leucyl-tRNA syn-
thetase (LRS), which normally charges leucine to its
tRNA, has been proposed to explain leucine sensing in
mammals. In particular LRS has been proposed to act as
GAP RagD thus leading to active configuration of the
Rag complex [31]. Notwithstanding these initial results,
further studies are needed to fully elucidate which is the
relative contribution of this mechanism on the overall
sensing of amino acids to mTORC1 activation.

Although the new intriguing advancements in
understanding the transmission of amino acids signal
to mTORC1, it remains to be elucidated how amino
acids sensing is actually initiated and which molecules
are able to detect their availability and quality.

The scenario arising from these findings open new
avenues on the role of endomembranes as key deter-
minants of the cascade activation by nutrients and it is
currently unknown whether the lysosome membrane
is the only site of Rheb-mediated TORC1 activation.

Upstream regulation of mTORC2. mTORC2 controls
growth by regulating lipogenesis, glucose metabolism,
actin cytoskeleton, and apoptosis. The regulation of
mTORC2 is only beginning to be discovered. Available
evidence suggests that growth factors (such as insulin)
may directly regulate this complex. In fact given their
role in regulating Akt/PKB, it is generally believed
that growth factors may control mTORC2, directly or
indirectly. Recent studies have strongly suggested that
TORC2 may play the role of PDK2 kinase for Akt/PKB
ser473. Thus, insulin stimulation of cultured cells
promotes ser473 phosphorylation of Akt/PKB by
mTORC2. In addition it has been recently demon-
strated that Sin1, a unique component of mTORC2,
plays a role as a regulator of the Akt/PKB pathway by
controlling Akt/PKB ser473 phosphorylation and acti-
vation. These studies highlight the role of the SIN1-
rictor-mTOR complex in defining the function and
specificity of Akt/PKB. Therefore, Akt/PKB acts as an
upstream activator of mTOR for TORC1 but since
Akt/PKB activation may be dependent on TORC2,
Akt/PKB is also a target of mTOR via TORC2.

It is known that upstream signals (Akt/PKB and
others) may respond to different growth factors but it
is currently unknown how signaling specificity is
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achieved at the mTORC2 level. The role of splicing
variants of msIn1 (mAPKAP1) mTORC2 component as
an adaptor between the complex and specific growth
factors has been recently proposed but requires further
confirmation.

DOWNSTREAM TARGETS OF
mTORC1 AND mTORC2

The best characterized function of mTORC1 is the
regulation of translation. Protein synthesis proceeds
through mRNA translation which includes initiation
(the initiator methionyl-tRNA and mRNA bind to 40S
ribosomal subunit), elongation (tRNA-bound amino
acids are incorporated into growing polypeptide
chains according to the mRNA template), and termina-
tion (the completed protein is released from the ribo-
some). The first two steps of mRNA translation are
highly regulated at two different levels, that is, the
binding of methionyl-tRNA to 40S ribosomal subunit
to form 43S preinitiation complex, and recognition,
unwinding, and binding of mRNA to the 43S, cata-
lyzed by a multisubunit complex of eukaryotic factors
(eIFs).

mTORC1 critical substrates include p70 ribosomal
S6 kinase 1 and 2 (S6K1-2) and eIF4 binding proteins
(4E-BP1), which associate with mRNAs and regulate
translation initiation and progression, thus control-
ling the rate of protein synthesis. Furthermore,
mTORC1 regulates the activity of protein phospha-
tases (PP2A), which may ultimately control the initia-
tion rate.

4E-BP1, which is now considered a key regulator of
cell proliferation, releases the inhibition on eIF4F
which mediates translation initiation. When 4E-BP1 is
active it blocks the ability of eIF4E to bind to eIF4G
(a scaffolding component of elF4F) by forming an
active 4E-BP1-eIF4E complex that precludes mRNA
binding to the ribosome. When phosphorylated by
mTORC1, inactive 4E-BP1 dissociates from eIF4E
which then participates to eIF4F complex formation
(eIF4A, eIF4B, eIF4G, eIF4E), thus allowing the com-
plex to interact with the 43S preinitiation and recruits
it to the 50 end of several mRNAs (c-Myc, cyclin D1
and D3, vascular endothelial growth factor VEGF and
signal activator and transducer of transcription 3
STAT3). eIF4F complex determines circularization of
mRNAs mediated by the association of eIF4G with
poli A binding proteins and promote the unwind of
secondary structure in the 50 untranslated regions
(UTRs) of diverse mRNAs, which normally impairs
the access to ribosome start codon (AUG).

S6K1 is a kinase which requires phosphorylation at
two sites as it should be first primed by mTORC1

(at Thr389) and then activated by phosphoinositide-
dependent kinase-1 PDK1 on the T-loop by PDK1.
Interestingly, a feedback loop involving phosphoryla-
tion of mTORC1 at Thr2446 and Ser2448 by S6K1 has
been reported but its role is still uncertain.

Once activated by mTORC1, pS6K1 kinase may be
targeted to the exon junction complex, where it enhances
the translation of newly generated mRNAs through its
association with S6K1 Aly/REF-like target (sKAR;
known as POlDIP3) and promotes translation initiation
and elongation by activating or binding diverse proteins
including eEF2K, sKAR, 80 kDa nuclear capbinding pro-
tein (CBP80; known as nCBP1), and eIF4B. In particular,
pS6K1 kinase regulates the synthesis of ribosomal
subunit S6 of the 40S small subunit of ribosome and acti-
vates noncatalytic cofactor eIF4B of eIF4A by phosphory-
lation on Ser422. Once activated eIF4B and S6 can
associate with translation initiation complex thus pro-
moting translation. eIF4B enhances the activity of eIF4A
which plays the role of a RNA helicase that promotes
the unwinding of the UTRs of diverse mRNAs. s6K1
activation also releases the inhibitory effect on eIF4A
mediated by phosphorylation-dependent degradation of
programmed cell death 4 (PDCD4) which usually blocks
the association of eIF4A with the translation preinitiation
complex. S6K can also regulate the activity of eEF2K
which inactivates eEF2 in a rapamycin/insulin depen-
dent manner. This release of inhibition determines an
increase in elongation rate. Recently, the role of
mTORC1 in regulating translation was questioned by
the finding that rapamycin, that invariantly promotes
S6K1 dephosphorylation, does not inhibit 4E-BP1 phos-
phorylation equally well [32]. On the other hand, Torin1,
catalytic site ATP-competitive mTOR inhibitor, restrains
both S6K1 and 4E-BP1 phosphorylation and potently
dowregulates other mTORC-regulated functions, such
as autophagy and proliferation.

Taken together these findings identify mTORC1 as a
fundamental regulator of translation and ribosome bio-
genesis that controls several anabolic and catabolic
pathways at the mRNA expression level.

The effects of mTORC1 on other anabolic processes
are less well understood and may involve several down-
stream mTORC1 substrate candidates identified so far
that include: sterol regulatory element-binding protein 1
(SREBP1, lipid biosynthesis), peroxisome proliferator-
activated receptor γ coactivator α (PGC-1α, mitochon-
drial biogenesis), STAT3 (cell growth and division, cell
movement, apoptosis), PPARa (lipid metabolism in the
liver), PPARg (fatty acid storage and glucose metabo-
lism), HIFa (response to hypoxia), yin-yang 1 (YY1,
mitochondrial function), RNA polymerase I and III
(ribosome biogenesis).

Among them SREBP1 and HIFa are involved in glu-
cose and lipid biosynthesis whereas PGC-1α and YY1
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are involved in mitochondrial biogenesis. The SREBP
family, belonging to basic helix-loop-helix-leucine zip-
per (bHLH-Zip), is critical to the regulation of fatty acid
and cholesterol biosynthetic gene expression. The
SREBP transcription factors family consists of three
members: SREBP1a, SREBP1c, and SREBP2. After syn-
thesis SREBPs localize to the endoplasmic reticulum
where they bind to the sterol cleavage activating protein
(SCAP). The SREBP/SCAP complex translocates to the
Golgi where a proteolytic cleavage allows the entry into
the nucleus. SREBPs bind to sterol regulatory element
(SRE) and E box sequences found in the promoter
regions of genes involved in cholesterol and fatty acid
biosynthesis. SREBP1 function is positively regulated by
mTORC1 through Lipin1 (phosphatidic acid phospha-
tase) activation [33] and has been associated with
advanced glycation endproducts (AGEs) accumulation
in skeletal myofibers of animal models of obese diabetes
(diabesity) [34]. In particular, the loss of mTORC1-
mediated Lipin1 phosphorylation promotes its nuclear
entry that is followed by downregulation of nuclear
SREBP protein [35]. Interestingly no physical interaction
between Lipin1 and SREBP-1 has been found and a pos-
sible indirect mechanism has been hypothesized involv-
ing the nuclear lamina. Furthermore, a discrepancy
between the effects of rapamycin, which does not affect
SREBP target gene expression in all cellular contexts,
and Torin1, which is more effective in this sense, sug-
gests that the mechanisms through which mTORC1 reg-
ulates SREBP are complex and not yet fully understood.

mTORC1 is involved in mitochondrial expression
and function [36,37]. It has been established that
mTORC1 promotes transcription of PGC-1α, the master
regulator of mitochondrial biogenesis and function, and
activity of YY1, a mitochondrial zinc finger protein
binding to DNA. PGC-1α is also known as a regulator
of autophagy and stabilizer of the neuromuscular junc-
tion program. Thus PGC-1α links mitochondrial func-
tion to tissue (in particular muscle) integrity and its
expression is significantly impaired in aging. In cells
rapamycin exposure results in reduced gene expression
of the mitochondrial transcriptional regulators PGC-1α,
estrogen-related receptor α, and nuclear respiratory fac-
tors (NRF) and inhibition requires YY1 integrity. In fact
mTOR and RAPTOR interacts with YY1 and inhibition
of mTOR results in a failure of YY1 to interact with
PGC-1α [38]. These changes impair mitochondrial gene
expression and oxygen consumption [38]. It has been
found that mTORC1 may also exert a direct control of
the mitochondrial function in cells. In particular
mTORC1 coimmunoprecipitates with the outer mito-
chondrial membrane proteins VDAC1 (mediators of
substrate transport into the mitochondria), Bcl2
and Bcl-xl (mediator of mitochondrial function and
cellular apoptosis), probably through involvement of

FK506-binding family (as FKBP38). FKBP38 is localized
on the mitochondria and has been shown to anchor
proteins like Bcl2 and Bcl-xl to this organelle.

Autophagy is the controlled self-degradation of
damaged, redundant, or even dangerous cellular
components, ranging from individual proteins (micro-
autophagy) to entire organelles (macroautophagy).
Autophagy is key in providing substrates for energy
production during periods of low extracellular nutri-
ents. mTORC1 actively suppresses autophagy and,
conversely, inhibition of mTORC1 (by small molecule
or by amino acid withdrawal) strongly induces autop-
hagy [34,35]. In S. cerevisiae, TOR-dependent phosphor-
ylation of autophagy-related 13 (Atg13) disrupts the
Atg1�Atg13�Atg17 complex that triggers the forma-
tion of the autophagosome [36]. The mammalian
homologs of yeast Atg13 and Atg1, ATG13 and UlK1,
associate with 200 kDa FAK family kinase-interacting
protein (FIP200; a putative ortholog of Atg17) and the
mammalian-specific component ATG101 (Fig. 11.2). By
phosphorylating ATG13 and UlK1, mTORC1 blocks
autophagosome initiation. However, unlike the similar
complex in yeast, the formation of the UlK1�ATG13�
FIP200�ATG101 complex is not regulated by nutrients
[38,39]. mTORC1 also controls the activity of several
transcription factors that are implicated in lipid
synthesis and mitochondrial metabolism.

Substrates of mTORC2. TORC2, first identified as a
mediator of actin cytoskeletal organization and cell
polarization, controls members of the AGC kinase
family (as Akt/PKB) and cytoskeletal regulators
(as Rho1 GDP�GTP exchange protein 2: Rom2 gua-
nine nucleotide exchange factor (GEF) for Rho1 and
Rho2). TORC2 phosphorylates Akt/PKB at ser473 in
mammals. This activation primes Akt/PKB for further
phosphorylation at Thr308 by PDK1 leading to full
activation. Importantly the Akt/PKB inhibition of
FOXO proteins involved in regulation of metabolism,
cell cycle, and apoptosis is regulated by mTORC2.
Phosphorylation of FOXO1 and FOXO3 by Akt effec-
tively prevents them from translocating to the nucleus.
Thus mTORC2 may favor cell survival through
Akt-mediated inhibition of FOXO proteins. Recent
findings revealed that mTORC2 plays a variegated role
in regulating AGC kinase family members. In particu-
lar it has been found that mTORC2 phosphorylates
and activates Akt/PKB, serum- and glucocorticoid-
regulated kinase (sGK), and protein kinase C (PKC).
PKC phosphorylation by mTORC2 determines actin
reorganization and immune cell differentiation. sGK is
an inhibitor of FOXO proteins and the nTORC2 medi-
ated activation of sGK depends on PROTOR.
Considering that the cell cycle progression depends on
mTORC1 through sGK, mTORC2 appears as an indi-
rect regulator of mTORC1.
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Collectively, these findings place mTORC2 as a key
regulator of fundamental cellular processes such as
cell-cycle progression, anabolism, and cell survival.
Importantly initial results show that downregulation
of RICTOR appears to positively regulate protein
synthesis as shRNA knockdown of RICTOR stimulates
protein synthesis in C2C12 myocytes and the increase
was correlated with decreased RICTOR phosphoryla-
tion. These results appear to strengthen a possible reg-
ulatory link between the action of mTORC1 and
mTORC2 but the mechanisms underlying this relation-
ship deserves future rigorous investigations.

mTOR IN SENESCENCE

There is an increasing body of evidence to support a
role for mTOR as a major gauge of nutrient signaling
and energy balance directly impacting on organismal
longevity, particularly in females. Longevity depends
on aging that is the failure to maintain homeostasis to
physiological and environmental cues. In particular,
aging-induced alterations of the balance between
energy intake and its consumption leads to related dis-
orders including obesity, sarcopenia (loss of muscle
mass and strength), anorexia, glucose intolerance,
or type 2 diabetes mellitus. All these conditions may
negatively impact on maximal and/or average life-
span, and suppression of growth-promoting cellular
processes, which are believed to accelerate the aging
process, has been identified as the rational approach to
promote well-being and improve survival.

In recent years, dietary intervention and genetic
manipulations of nutrient sensing and stress response
pathways have been used to extend lifespan of diverse
organisms as the budding yeast S. cerevisiae, the nema-
tode Caenorhabditis elegans, the fruit fly Drosophila mela-
nogaster, and the laboratory mouse Mus musculus.
These interventions consist of dietary restriction (calo-
rie restriction, CR), inhibition of mTOR and insulin/
IGF-1-like signaling.

The fundamental role of mTOR signaling as a cross-
road between metabolism, nutrition, and longevity
was first revealed in C. elegans by Vellai and coworkers
[39]. In their work they demonstrated that in this
organism mutations of RNAi against let-363, the worm
mTOR gene (as well as against S6 kinase homolog
rsks-1), extend lifespan. Similar evidences were
obtained from mutations in the RAPTOR gene, daf-15.
In parallel with these results, similar observations
emerged from genetic studies in S. cerevisiae and
D. melanogaster. In S. cerevisiae, Fabrizio and colleagues
first isolated a mutation in SCH9, the yeast ortholog of
S6 kinase [40]. Subsequent studies demonstrated that
deletion of either SCH9 or TOR1 also extends the yeast

lifespan. Lifespan extension was observed in D. mela-
nogaster following overexpression of homologs of TSC1
or TSC2 (mTORC1 inhibitors), as well as dominant
negative alleles of mTOR or S6 kinase (dS6K), or over-
expression of 4E-BP. In mice, genetic manipulation
aiming at significantly decreasing mTORC1 expression
and function revealed an increase in lifespan as
observed in female mice heterozygous for both mTOR
and mLST8 or in those carrying two hypomorphic
mTOR alleles. Indeed, mutations or RNAi knockdown
of several ribosomal protein genes has been shown to
extend lifespan in budding yeast and C. elegans.

To date consolidated genetic and molecular evidence
suggests that under conditions of calorie restriction,
(CR where the caloric intake is decreased by 10�50%),
the only paradigm that has consistently increased life-
span in a wide variety of organisms, longevity is pro-
moted, at least in part, through a reduction in mTORC1
activity followed by mTOR-dependent changes in
metabolism, mRNA translation, and autophagy. In fact,
in mice, CR causes changes in gene expression profiles
that are similar to those resulting from loss of s6K1,
further supporting the view that CR acts through inhi-
bition of mTORC1. Furthermore, treatment with
mTORC1 inhibitor rapamycin, extends lifespan in bud-
ding yeast, in C. elegans and D. melanogaster (during
adulthood) and in mouse strains. Interestingly, in mice,
the same dose of rapamycin equally administered
resulted in similar lifespan extension (of about 15% in
females and 10% in males) when the delivery regimen
was initiated at 9 months of age or at 20 months [41],
roughly equivalent to a human age of 60 years, thus
suggesting that at least part of the rapamycin- and thus
mTORC1-inhibition-mediated beneficial effects on
longevity are due to the delay of age-related diseases.
Since these initial results, several research groups have
replicated the ability of rapamycin and genetic inhibi-
tion of mTORC1 signaling to extend lifespan. Other
studies have also found a positive effect of rapamycin
on lifespan in aged male C57BL/6 mice, in a short-
lived, tumor-prone strain of mice (FVB/N HER-2/neu
transgenic), and in 129/Sv mice. All this evidence
makes this pathway the current best candidate for
interventional strategies to slow aging in mammals.
Importantly the beneficial effects of rapamycin on life-
span, observed at concentrations about ten times higher
than the concentrations currently used in human trans-
plantation medicine, appear to be independent from
the drug’s antitumor activity as yeast, flies, and worms
do not develop cancer and a prolongevity effect of
rapamycin is observed in mouse strains with typical
lifespan and tumor incidence, such as C57BL/6 and
129/Sv. However, the mechanisms involved in the
prolongevity effect of rapamycin/genetic inhibition of
mTORC1 signaling are still uncertain.
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It has been hypothesized that these interventions
may reduce cell stress via a dual-edged mechanism for
controlling cellular protein content, that is, the regula-
tion of protein translation via 4E-BP1 and the recycling
of proteins via activation of autophagy. The final effect
may be a reduction of protein flux through the endo-
plasmic reticulum. Importantly the lifespan-extending
activity of rapamycin may arise independently from
S6K1 inhibition. Recent findings demonstrate that that
single dose of rapamycin reduces the portion of active
ribosomes in liver and muscle tissue, whereas mice
chronically treated with multiple doses of rapamycin
show no change in ribosome activity. Furthermore, liver
and skeletal muscle from S6K12/2 mice have normal
ribosomal activity. Thus, as chronic treatment with
rapamycin and knockout of S6K1 can extend lifespan in
mice they appear to do so without altering ribosome
activity [42]. Thus, selective inhibition of the translation
of certain transcripts and other unknown mechanisms
may play a key role in the antiaging effects of
rapamycin.

EFFECTS OF mTORC1 IN
AGE-RELATED DISEASES

As healthspan is defined as the period of life free of
chronic diseases, the relevance of mTORC1 in longev-
ity should be considered in the context of its correla-
tion with age-related, and potentially deadly, diseases.

Cancer

Deregulation of the mTOR signaling pathway is
observed in human cancers. The oncogenic activation
of the mTOR signaling contributes to cancer cell
growth, proliferation, and survival. In fact mutations
or loss-of-function of upstream regulator genes, such
as TSC1/2 or LKB1 (liver kinase B1), have been linked
to clinical tumor syndromes (Tuberous Sclerosis com-
plex, Peutz�Jeghers syndrome), whereas PI3K and
Akt/PKB hyperactivation or genetic loss or mutation
of PTEN have been observed in many types of human
cancers. Considering that hyperactivation of mTORC1
contributes to cancer initiation and development,
targeting the oncogenic mTOR pathway components
could potentially be an effective strategy to prevent or
treat cancer. Despite the robust anticancer effects in
several cancer-prone mouse models (heterozygous
p53, heterozygous Rb mice, multiple tumor xenograft
models) and cell cultures, rapamycin and derivatives
(Temsirolimus and Everolimus, FDA approved) have
shown limited potency in clinical trials with the

exception of renal cell carcinoma and other rare can-
cers [43]. The observations that mTORC1 has both
rapamycin-sensitive and rapamycin-insensitive sub-
strates, that Akt/PKB activation may follow prolonged
mTORC1 inhibition, and that mTORC2 activation is
largely unaffected by cellular exposure to rapamycin
may contribute to explain the clinical ineffectiveness of
the treatments. Promising results arise from combined
therapies simultaneously targeting mTORC1, mTORC2
and Akt/PKB, and the clinical impact of these
approaches remains to be determined.

Cardiac Dysfunction

Rapamycin’s properties against cell growth have been
used for cardiovascular benefit. Evidence is accumulat-
ing that mTORC1 inhibition may provide, at least in ani-
mal models (mouse, rat, zebrafish), protective effects
against cardiomyopathy. A beneficial effect of rapamycin
(or derivatives) has been observed in hormone-induced
cardiomyopathy, cardiac ischemia/reperfusion injury,
hypertrophic cardiomyopathy, and dilated cardiomyop-
athy. In particular rapamycin, through S6K inhibition,
significantly attenuates both cardiomyocyte and heart
hypertrophy induced by several factors as growth fac-
tors, hormones (as angiotensin II-induced increases in
protein synthesis in myocytes) or overload and this effect
is followed by improvement of cardiac function. Recent
evidence also demonstrates that S6K inhibition is
followed by beneficial effects on left ventricular function
and alleviated pathological cardiac remodeling and cell
apoptosis following myocardial infarction in mice due to
enhanced Akt/PKB signaling [44].

Neurodegenerative Diseases

In neurodegenerative diseases (only Alzheimer’s
and Parkinson’s diseases are briefly discussed) an
accumulation of toxic misfolded proteins may lead to
neuronal cell death. This phenomenon suggests that, at
least in some cases, defects in autophagy may promote
their pathogenesis. Therefore, it was initially hypothe-
sized that stimulation of autophagy by mTOR inhibi-
tion would have a beneficial effect via autophagic
clearance of these proteins and current research is
focused on testing single (mTORC1) or dual (mTORC1
and mTORC2) inhibition as a potential therapeutic
strategy in diverse diseases models [45].

Alzheimer’s disease (AD) is a progressive neurode-
generative disorder which represents the leading cause
of dementia in the aged population. AD symptoms
include cognitive impairment with progressive mem-
ory deficits and personality changes. The causes of
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such cognitive decline has been attributed to a progres-
sive synaptic dysfunction and subsequent loss of neu-
rons, which appears to be located in many regions of
the brain: mainly neocortex, limbic system, and the
subcortical regions. The pathological features of AD
are the accumulation of extracellular senile plaques
and intracellular neurofibrillary tangles (NFT), leading
to chronic inflammatory responses, increase in oxida-
tive stress, mitochondrial dysfunction and neural loss.
The two major lesions in AD, plaques and NFT, are
caused by distinct proteins, tau in the case of the neu-
rofibrillary tangles and amyloid β-protein in the case
of amyloid plaques. The amyloid cascade hypothesis
refers to abnormalities in the cleavage of the amyloid
precursor protein (APP) resulting in the generation of
toxic oligomeric Aβ. Aβ accumulation has been corre-
lated with increased mTOR signaling and increases
Akt/PKB levels followed by the appearance of NFT.
Importantly inhibition of mTOR signaling appears to
be followed by beneficial effects on both behavioral
and pathophysiological outcomes in diverse animal
models of AD.

Another common debilitating neurodegenerative
disease is Parkinson’s disease (PD), characterized by
bradykinesia, resting tremor, postural and autonomic
instability, and rigidity. The pathological signature of
PD is the loss of dopaminergic neurons in the substan-
tia nigra and the formation of aggregates (Lewy bodies)
in neurons. Alpha-synuclein is the major protein in
Lewy bodies and missense mutations in alpha-
synuclein (A53T and A30P) cause autosomal dominant,
early-onset PD. Lewy bodies are also seen in dementia,
the Lewy body variant of Alzheimer’s disease, and in
other forms of neurodegeneration (brain iron accumula-
tion type I and multiple system atrophy). These dis-
eases, collectively known as alpha-synucleinopathies,
suggest that alpha-synuclein is likely to play main role
in neurodegeneration. Also in PD case the accumula-
tion of toxic proteins may suggest that defective autop-
hagy may play a role in promoting pathogenesis. As a
matter of fact rapamycin-promoted autophagy is fol-
lowed by alpha-synuclein degradation in alpha-
synuclein-overexpressing cells and mice [46], whereas
constitutively active form of Akt/PKB (myristoylated
Akt/PKB, Myr-Akt), remarkably preserved the dopa-
minergic nigrostriatal axon projections in a highly
destructive neurotoxin model of PD characterized by
increased mTOR activity through suppression of
macroautophagy by Myr-Akt. On the contrary in the
pharmacological PD model induced by the neurotoxin
1,2,3,6-tetrahydro-1-methyl-4-phenylpyridine hydro-
chloride (MPTP) the mouse mutants display nucleolar
disruption restricted to dopaminergic (DA) neurons

resulting in increased p53 levels and downregulation of
mTOR activity, leading to mitochondrial dysfunction
and increased oxidative stress.

Diabesity (Diabetes and Obesity) and Sarcopenia

As known, aging is associated with reduced lean
body mass, increased adiposity and insulin resistance.
The loss of lean body mass (from the second to the
eighth decade of life about 18% in sedentary men and
by 27% in sedentary women) is linked to concomitant
increase in fat body mass as described by increased
body mass index, waist circumference, or waist to-hip
ratio. The progressive loss of skeletal muscle mass pro-
motes strength reduction (known as sarcopenia), the
change in fiber type composition, including selective
loss of fast type II fibers [12], and, considering that the
skeletal muscle represents the major glucose acceptor,
the appearance of reduced insulin sensitivity. Therefore,
late in life, the mechanisms and the reciprocal
interactions between loss of lean mass and the arising
dysmetabolism are difficult to be distinguished and the
relationship between mTOR signaling and age-related
diabesity and sarcopenia appears less straightforward
than that observed for other age-related phenotypes.
Several factors may contribute to sarcopenia, and indi-
rectly, to sarcopenia-related metabolic dysfunction. In
particular, a general or selective reduction in muscle
protein synthesis (MPS) that is responsible for altered
efficiency of the protein turnover and reduced respon-
siveness to specific stimuli (mechanical stress, anabolic
hormones as insulin) and amino acids (essential amino
acids) plays a major role. It is currently debated
whether mTOR pathway is dysregulated during muscle
aging. Recently It has been found that, although the
basal levels of activation of mTORC1 and downstream
target kinases S6K1 and 4E-BP1 in elderly humans
appears almost comparable to the adult, a significant
increase in rpS6 235/236 phosphorylation is detectable in
800-day-old mice as compared to the 200-day-old mice,
suggesting an increased mTORC1 activity in skeletal
muscles at least in aging mice [47]. It has been suggested
that decreased AMPK activity may concur to the age-
related increase in mTORC1 signaling observed in mice
(Fig. 11.3). Importantly a chronic activation of mTOR is
observed in adipose tissue in presence of overnutrition
(Fig. 11.3) and this change has been linked with cancer,
beta cell dysfunction, and fatty liver diseases. It is pres-
ently not known if the increased mTORC1 activation cor-
relates with sarcopenia (Fig. 11.3). It has been
hypothesized that, apart from the changes in the basal
level of mTOR signaling that may justify a plethora of
changes due to prolonged inhibitory feedback through
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mTORC1/S6K1 cassette to IRS-Akt/PKB signaling, the
increase of MPS induced by physiological stimuli as
mechanical load and nutrients appears to be attenuated
[48], particularly in fast twitch muscles. In agreement the
change in MPS to mechanical load is delayed and par-
tially reduced by altered activation response of the
mTORC1/S6K1 pathway. In accordance, an increased
expression of negative mTORC1 and mTORC2 regulators
(DEPTOR, TSC1, and TSC2) as well as translation initia-
tion factor EIF4G2, the cellular differentiation and prolif-
eration factor PRKCA and the transcription factor
FOXO1 has been observed with senescence at least in
human cell lines. An increased level of complication
arises when considering the relationship between sarco-
penic obesity and age-related alteration of glucose toler-
ance. S6K1 knockout mice appear hypoinsulinemic and
glucose intolerant due to decreased beta cell size and
function [28,29]. Also rapamycin treatment determines

glucose intolerance, insulin resistance, and dyslipidemia
and these effects has been attributed to inhibition of
mTORC2. Despite the apparently detrimental effects of
both interventions, S6k1 knockout and mTORC blockage,
on metabolism mice are long-lived. Therefore additional
studies are needed to determine whether targeted inhibi-
tion of mTORC1 can prove useful against diabetes melli-
tus and/or obesity and whether possible metabolic
changes in lipid profile, insulin sensitivity, and glucose
homeostasis resulting from chronic mTORC1 inhibition
may be harmful.

SUMMARY

• mammalian Target of Rapamycin (mTOR) kinase is
a fundamental intersection between cell functions
and nutrients and is indispensable for life.

FIGURE 11.3 With age mTOR pos-
sibly increases its basal level of expres-
sion and activation. This change is
paralleled by reduced responsiveness
to stimuli (ie, mechanical load), partly
ascribable to increased expression
of negative regulators. Increased
loss of muscle mass and concomitant
increased insulin resistance contribute
to the arising of age-related diseases.
In overnutrition the observed changes
in mTOR basal activation, insulin
resistance, and loss of mass appear
amplified with age. It is currently
unknown whether these changes are
paralleled by a further decrease of
mTOR responsiveness to stimuli and
increased expression and function of
negative regulators. Magnification of
mTOR dysfunction and insulin resis-
tance lead to premature appearance of
age-related diseases and/or premature
death.
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• mTORC1 complex hyperactivation by nutrients may
be detrimental in physiological conditions.

• mTORC1 and mTORC2 complexes interactions are
only partially known.

• Amino acids and, in particular, essential amino
acids are fundamental regulators of mTOR signaling
in cells.

• Calorie restriction leads to reduced mTOR signaling
activation and pharmacological reduction of mTOR
signaling increases lifespan.

• Molecular events associated with calorie restriction
and anabolic signaling are increasingly understood
and the identification of novel signaling pathways
controlling mTORC complexes may open further
clinical avenues in human disease.
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KEY FACTS

• Humans can utilize ω-6, ω-3 or ω-9 PUFAs in
cellular membranes depending on the dietary
intake of the former two which cannot be
synthesized de novo by vertebrates.

• ω-3 PUFAs counterbalance ω-6 PUFA
proinflammatory activities but are highly
susceptible to oxidation producing genotoxic
lipid peroxides.

• ω-9 PUFAs are the most resilient membrane
building blocks selected during evolution of the
longevous animal species.

• Seed oils containing mainly ω-6 concentrated
PUFAs are excessively used in modern foods of
Western nations substituting for traditional fats
low in PUFAs.

• Indigenous human populations utilizing
traditional saturated fats seem to be protected
from the typical chronic degenerative diseases.

• DNA lesions derived from lipid peroxidation of
dietary ω-6 and ω-3 PUFAs accumulate in
human genome during aging as their repair and
detoxification gradually weaken.

• Lipid peroxide derived DNA adducts are
mutagenic in several standard mutagenicity
assays.

• Seed oil PUFA rich diets fuel the growth of
cancers in particular of reproductive organs
while diets deficient in ω-6 and ω-3 PUFAs
inhibit experimental carcinogenesis.

Dictionary of Terms

• PUFA: polyunsaturated fatty acid
• MUFA: monounsaturated fatty acid
• LC-PUFA: long-chain polyunsaturated fatty acid

(20-carbon chain length)
• VLC-PUFA: very long-chain polyunsaturated fatty

acid (more than 20 carbon chain length)
• EFA: essential fatty acid
• EFAD: essential fatty acid deficiency, a state

characterized by increased levels of ETrA
• MCFA: medium chain fatty acids
• DNA: deoxyribonucleic acid
• LA: 9,12-octadecadienoic acid, linoleic acid (18:2n6)
• ALA: 9,12,15-octadecatrienoic acid, α-linolenic acid

(18:3n3)
• AA: 5,8,11,14-eicosatetraenoic acid, arachidonic acid

(20:4n6)
• ETrA: 5,8,11-eicosatrienoic acid, mead acid (20:3n9)
• DHA: 4,7,10,13,16,19-docosahexaenoic acid,

docosahexaenoic acid (22:6n3)
• ROS: reactive oxygen species
• ETC: electron transport chain (in mitochondrial

membrane)
• TOR: target of rapamycin (a protein kinase that

regulates cell growth)
• MLSP: maximum lifespan
• MDA: malondialdehyde
• 4-HNE: 4-hydroxy-2-nonenal
• 4-HPNE: 4-hydroperoxy-2-nonenal
• EH: 2,3-epoxy-4-hydroxynonanal
• 4-ONE: 4-oxo-2-nonenal
• 4-OHE: 4-oxo-2-hexenal
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• 4-HHE: 4-hydroxy-2-hexenal
• 13-HODE: 13-hydroxyoctadecadienoic acid
• COX-2: prostaglandin-endoperoxide synthase 2

(cyclooxygenase 2)
• 5-LOX: arachidonate 5-lipoxygenase
• PLA2: phospholipase A2
• LTA4: leukotriene A4
• PGE2: prostaglandin E2
• PGH2: prostaglandin H2
• PGF2α: prostaglandin F2α
• NSAIDs: nonsteroidal anti-inflammatory drugs
• LPO: lipid peroxides
• AGE: advanced glycation end products
• ALE: advanced lipoxidation end products
• dG: deoxyguanosine
• dA: deoxyadenosine
• dC: deoxycytosine
• εdG: 1,N2-etheno-2’-deoxyguanosine
• εdA: 1,N6-etheno-2’-deoxyadenosine
• εdC: 3,N4-etheno-2’-deoxycytosine
• 7εdG: heptanone-etheno-2’-deoxyguanosine
• 7εdA: heptanone-etheno-2’-deoxyadenosine
• 7εdC: heptanone-etheno-2’-deoxycytosine
• 4εdC: butanone-etheno-2’-deoxycytosine
• M1dG: 1,N2-propano-2’-deoxyguanosine
• γ-HOPdG: γ-hydroxypropano-2’-deoxyguanosine
• HNE-dG: trans-4-hydroxy-2-nonenal-2’-

deoxyguanosine (1,N2-propano-deoxyguanosine
type adduct)

• LTA4-dG: 5-hydroxy,12-[Guo-N2-yl]-6,8,11,14-
eicosatetraenoic acid

• 8-oxo-dG: 8-oxo-2’-deoxyguanosine
• DHT: dihydrotestosterone
• AD: Alzheimer’s disease
• TLS: translesion DNA synthesis, replication of

damaged template
• PPAR: peroxisome proliferator-activated receptor
• NFkB: nuclear factor kappa-light-chain-enhancer of

activated B cells, transcription factor
• NER: nucleotide excision repair
• BER: base excision repair
• Polk: DNA polymerase κ, DinB homologue

INTRODUCTION

Nearly all aging theories converge at the fact that
molecular damage accumulates with advancing age.
Since energy sources had been scarce during evolution
our ontogenetic program has been optimized to invest
into the somatic maintenance and repair only to the
extent necessary to ensure successful reproduction.
This is best described by the disposable soma theory
[1], which is essentially a subset of the antagonistic plei-
otropy theory. The cause of biological aging is a failure

to repair and replace complex biological molecules
which are being continuously damaged by the side-
products of metabolism. The downregulation of the
repair and maintenance systems also called “determi-
nants of longevity” results in an increase in vulnerabil-
ity to age-associated diseases and functional decline [2].

The source and perhaps the most important target
of the primary damaging molecules designated as
Reactive Oxygen Species (ROS) is the energy produc-
tion machinery in mitochondria. Dysfunctional dam-
aged mitochondria leak more ROS affecting other
systems in the body leading for example, to telomere
shortening, cellular senescence, and tumorigenesis
[3,4]. The whole process has been well described by
the mitochondrial theory of aging [5].

Although aging theories describe the process of a
gradual breakdown of organism as a whole and in
general terms, they don’t address the molecular details
of the key events occurring at the cellular and tissue
levels. The purpose of this chapter is to describe in
detail one, and perhaps the most important molecular,
aspect of the aging process, which is the accumulation
of oxidized lipids. Since all biological membranes con-
tain fatty acids as basic building blocks, their sponta-
neous oxidation wreaks havoc on the structural
integrity of cells and also damages other key molecules
such as the DNA. The significance of damage to DNA
from lipid peroxidation in the long term cannot be
overlooked since it triggers cellular senescence and
initiates mutagenesis leading to gradual healthy stem
cell exhaustion and the rise of cancer stem cells [6].
Because the fatty acid composition of cellular mem-
branes can be altered through diet some suggestions
will be made to render cells and their genetic material
more resistant to the damage and deterioration coming
along with advancing age. This parallels the evolution-
ary strategies undertaken by long-living species which
minimize the use of oxidation prone lipids in their
membranes.

FLEXIBLE FATTY ACID COMPOSITION
OF HUMAN CELLS

The PUFAs of the omega-3 and omega-6 series are
regarded as the essential fatty acids (EFAs) because ver-
tebrates cannot synthesize them de novo in contrast to
the omega-9 series (Fig. 12.1). The long-chain PUFAs
(LC-PUFA) with 20 carbons such as AA or EPA used as
the precursors of eicosanoids, however, can be synthe-
sized from their shorter counterparts of plant origin,
namely linoleic acid (LA) and α-linolenic acid (ALA).
The elongation and desaturation processes in the body
produce even longer chain VLC-PUFAs with 22 or 24
carbons, such as DHA, which seem to play specific
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structural functions in certain tissues such as the retina
(Fig. 12.1). Due to the large number of double bonds in
the carbon chain of EFAs they remain liquid at low tem-
peratures and are therefore predominantly found in
plants and animals, such as the cold water fish, to pre-
serve their biological membranes fluidity.

The proportion of different fatty acids in cellular
membranes, adipose tissue stores, and body fluids is
strongly influenced by the type of fat in the diet [7,8]
and it may take over 2 years to significantly alter the
human body fatty acid composition [9].

Durability and Oxidizability of Fatty Acids

Lower double bond content in unsaturated fatty
acids leads to a lower sensitivity to in vitro lipid

peroxidation, and is associated with a lower concentra-
tion of lipid peroxidation products in vivo [10]. But the
susceptibility of a membrane to peroxidation is not
simply given by its unsaturation index which is just a
measure of the density of double bonds in the mem-
brane. By definition, MUFA have a single double-
bonded carbon unit (�C5C�) per acyl chain while
PUFA chains have more than one �C5C� unit per
acyl chain. DHA is the most polyunsaturated of the
common fatty acids in mammalian membranes and
has six such units along its 22-carbon hydrocarbon
chain (it is commonly written as 22:6, Fig. 12.1). In nat-
urally occurring polyunsaturates, the �C5C� units
are all separated by a single-bonded �C� atom. The
hydrogen atoms attached to each of these intermediate
�C� atoms are called bis-allylic hydrogens, and have
the lowest C�H bond-energies of the fatty acid chain.

α

Δ

Δ5

Δ

Δ5

Δ9

Δ

Δ5

Δ6

FIGURE 12.1 Schematic representation of three main families of polyunsaturated fatty acids (PUFAs) present in human body and their
endogenous synthesis. The structures of the most important members with 18, 20, and 22 carbons chain length referred to in the text are
shown. The synthesis of omega-6 and omega-3 start from their PUFA precursors with 18-carbon chain length which are supplied by the diet
since vertebrates cannot manufacture them de novo.
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This makes them the most susceptible to attack by
ROS such as the hydroxyl radical produced during
aerobic metabolism (Fig. 12.2). For example, DHA
(22:6) with its six double bonds and consequently five
bis-allylic hydrogens per chain is 320 times more sus-
ceptible to ROS attack than the common monounsatu-
rated oleic acid (18:1) which has no bis-allylic
hydrogens in its chain. The peroxidation index takes
into account the double bond positioning and is the
most accurate measure of unsaturated membrane sen-
sitivity to lipid peroxidation [11].

In vitro experimental evidence suggests that the per-
oxidation of some major LC-PUFAs, such as AA, could

be a more significant source of the Advanced Glycation
End Products (AGEs), such as the lysine adducts on pro-
teins, than the glycoxidation reactions [12,13].

Benefits of the Omega-9 PUFAs

In contrast to the cold-blooded worms which syn-
thesize their own omega-6 and omega-3 PUFAs [14],
vertebrates can only de novo synthesize omega-9
PUFAs. The omega-9 series PUFA synthesized by
humans is termed 5,8,11-eicosatrienoic acid (ETrA) or
the Mead acid (Fig. 12.1) and its manufacture has been

N N

NN

N N

NN

N N

NN

FIGURE 12.2 Pathways leading to the formation of propano- and etheno-DNA adducts from aldehydes and epoxides, respectively. Leaks
at the mitochondrial electron transport chain or water radiolysis produces •OH radical that attacks polyunsaturated fatty acids (PUFAs) con-
taining methylene-interrupted double bonds. This triggers a lipid peroxidation chain reaction that provides a continuous supply of free radi-
cals to initiate future peroxidation and thus has potentially devastating effects. The reaction products are lipid hydroperoxides (LOOH) which
homolytically decompose to genotoxic α,β-unsaturated aldehydes that directly react with DNA or are transformed to corresponding epoxides
which possess even higher reactivity toward DNA. An alternative pathway for the LOOH formation by enzymatic oxidation of PUFAs with
cyclooxygenase (COX-2) is also shown.
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recently deciphered in detail [15]. Although most tis-
sues prefer to synthesize the LC-PUFAs from their
plant omega-6 and omega-3 precursors LA and ALA,
these EFAs are not required in large amounts but
rather in proper balance to each other.

The omega-9 ETrA is present in normal and young
tissues [16] and can be also metabolized to potential sig-
naling molecules derived from the COX [17�19], LOX
[20,21], and P450 epoxygenase [22] pathways. Although
ETrA cannot be converted into the classical cyclic
prostaglandin-type signaling molecules, prostaglandin
deficiency is not fatal [23]. Mice deficient in COX-1 live
uneventful lives despite a 99% reduction in overall
prostaglandin production [23] and a lifetime absence of
COX-2 downregulates NFkB and produces resistance to
neuroinflammation, excitotoxicity, and carcinogenesis
[24�26]. ETrA can be also further elongated and desa-
turated to VLC-PUFAs [27,28] even in the presence of
EFAs in certain vertebrate cells [29]. The metabolites of
ETrA have been reported to exert the same biological
activities as their counterparts derived from AA acting
as a chemoattractant for the immune system [30] or an
endogenous agonist for the cannabinoid receptor [31].

LA present in cooking oils is converted into AA
which is known to fuel chronic inflammatory pro-
cesses. Overreactivity of the immune system mediated
by the AA metabolites such as PGE2 and LTB4
leads to immunosenescence which is directly linked
to aging [32,33]. The common recommendation is to
increase the consumption of the omega-3 type fats
which interfere with AA metabolization and their
LC-PUFA derivatives like EPA are converted into less
pro-inflammatory eicosanoids. However, given the
higher susceptibility of the omega-3 PUFAs to oxida-
tion it may be wiser to simply reduce the omega-6
intake or rather supplement with ETrA [20,34,35],
which is the most stable among the PUFAs and has
been found to attenuate toxicity due to lipid peroxida-
tion [36]. The ETrA metabolite LTA3 is also a potent
inhibitor of the LTA4 hydrolase, an enzyme responsi-
ble for LTB4 synthesis [21,37], which is being targeted
by various synthetic inhibitors developed to be used
as therapeutic anti-inflammatory agents [38]. The LC-
PUFAs of the omega-3 series are known to alter the
immune system balance causing a Th1 to Th2 shift
which is associated with the development of allergies
[39,40]. Indeed the LC-PUFAs in maternal milk are a
risk factor for the development of atopy in breastfed
infants [41]. EPA has been reported to suppress the
activity of NK cells which play an important role in
cancer immunity and immune tolerance [42,43].

Although the omega-3 fat consumption is highly
advocated by the supplement industry and medical
community, there is no evidence that it prevents cancer
or cardiovascular diseases [44�46]. Also of concern are

reports about some cancer-promoting effects of the
omega-3 PUFAs [47�50]. Given the pro-inflammatory
nature of the AA metabolites, the omega-6 PUFAs seem
to be contributing to carcinogenesis the most. Corn oil
rich in LA scores the highest in numerous cancer promo-
tion studies using DMBA-induced adenocarcinomas in
rats [51�54]. In the rodent studies the proportion of die-
tary fat in the fat-rich diets is usually 20% of what
approximately corresponds to the amount of fat con-
sumed in the human diet [55�57]. It seems that the die-
tary intake of corn oil exceeding 3% is sufficient for its
cancer promoting effect [58] while less than 1% dietary
EFAs is generally considered to lead to EFAD. LA is
essential in mammary tumorigenesis with sensitivity
increasing proportionately in the range up to 4% [59].
Mice fed only saturated fat diet (lacking appreciable LA
amounts) are resistant to the promotion of skin cancer
[60]. LA is released from the fat stores upon starvation
and its metabolite 13-HODE is a strong cancer growth
promoter [61,62]. Omega-6 fatty acids have been also
implicated in the activation of chemical mutagens such
as the benzo[a]pyrene [63,64] and chronic exposure to
them results in direct oxidative DNA damage such as 8-
oxo-dG [65] suggesting the generation of superoxide
anion and singlet oxygen.

Rats chronically fed specially designed semipurified
diets rich in unsaturated fats showed an increased degree
of fatty acid unsaturation of postmitotic tissues, such as
brain, and had elevated not only lipid but also protein
and mtDNA oxidative damage [66]. ROS are generated
by the mitochondrial forward electron transport in the
presence of PUFAs due to their inhibitory effect on the
Complex III of ETC [67,68]. The lower unsaturation of
mitochondrial membranes indeed correlates with lower
ROS production and increased lifespan [69,70]. Other
benefits of dietary EFA restriction relate to calming down
an overreactive immune system and include, for exam-
ple, protection against streptozotocin-induced diabetes
[71], kidney injury [72], or suppression of exacerbated
immune shock responses to endotoxin [73].

In summary, it seems that the common food-derived
PUFAs play important roles in the development of
numerous problems associated with aging, such as
derailed immunity, susceptibility to tissue peroxidation
and inflammation, atherosclerosis, and growth of
tumors, and are probably involved in most other health
problems even in children. Hence limiting exposure to
dietary PUFAs could prove beneficial not only because
of decrease in lipid peroxidation [36].

Lessons from Human Populations with Low
PUFA Intake

Numerous statistical cohort, clinical, and meta-
analysis studies demonstrate the short-term benefits of
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omega-3 supplements on mortality and surrogate mar-
kers of different inflammatory diseases which are
explainable by their antagonistic effects on the exag-
gerated omega-6 AA pro-inflammatory signaling. On
the other hand there are examples of positive effects
of substituting saturated fat, which is often being
demonized as an unhealthy part of diet, for PUFA-
rich vegetable oils. Vascular and other chronic dis-
eases are uncommon in the south Asian populations
thriving on saturated fat derived from coconuts
instead of using the common PUFA-rich seed oils for
cooking [74]. Good examples are the Pukapukans and
Tokelauans whose diet is reflected in their adipose
tissues having eight times less linoleic acid than is
present in New Zealand Europeans [75]. Stroke, ische-
mic heart disease, and the metabolic syndrome are
also nonexistent among the inhabitants of Kitava
[76,77] eating a similar high saturated fat diet. Even
the saturated fat of animal origin containing longer
chain fatty acids than present in coconut does not
induce deleterious metabolic effects and leads to
weight reduction when substituted for dietary carbo-
hydrates [78,79]. High saturated fat diet is associated
with diminished coronary artery disease progression
in women with the metabolic syndrome [80,81].
France, the country having the oldest recorded person
in the world reaching the age of 122, has
a low occurrence of coronary heart disease despite a
high consumption of saturated fatty acids—what
is known as the French paradox [82]. Although this
paradox has been attributed to the higher dietary
intake of resveratrol from red wine, a recent popula-
tion study did not confirm any substantial influence
of this antioxidant on health status and mortality risk
[83]. Cardiovascular disease is also unheard of in the
African tribe of Maasai whose potentially atherogenic
diet is high in saturated fats and cholesterol [84,85].
High fat ketogenic diets proved also beneficial in the
treatment of mental disorders and brain cancers
[86,87]. The stable isotope analysis of several
Neanderthal remains across Europe suggests that our
ancestors were indeed top-level carnivores likely
obtaining staple fat from animal sources [88]. It is
therefore tempting to speculate that the excessive
PUFAs in the current Western diets are directly
responsible for the protein and DNA damage underly-
ing molecular pathologies of various degenerative dis-
eases and that a diet containing more saturated fatty
acids would be less damaging in the long term. PUFAs
have been indeed found to be the causative agent for
many AGE/ALE adducts in animal as well as in vitro
experiments [13,89,90]. Increased omega-6 consump-
tion has been also linked to higher rates of violence
and homicide mortality [91] worldwide and induces
obesity epigenetically across generations [92].

LIPID PEROXIDATION AND ITS
CONSEQUENCES FOR GENOME

STABILITY

The products of lipid peroxidation (LPO) are very
reactive and attach to different biomolecules forming
bulky adducts responsible for various pathologies [93].
Because of their hydrophobicity and membrane prox-
imity to DNA they readily form DNA lesions and
are able to potentiate the activity of other chemical
carcinogens [94�96]. Lipid peroxidation dominates
the chemistry of DNA adduct formation during
inflammation [97,98] and oxidative and nitrative DNA
damage occurs at the sites of carcinogenesis [99].
The most studied DNA adducts formed during the
peroxidation of PUFAs include the derivatives of
acrolein [100�102], malondialdehyde (MDA) [96,103],
4-hydroxy-2-nonenal (4-HNE) [95,104�109], and 4-oxo-
2-hexenal (4-OHE) [110�112].

Enzymatic PUFA Oxidation

Specific LPO with signaling functions are formed as
a part of the inflammatory response to stressors by
enzymatic reactions mediated by the epoxygenases
(CYP), eicosanoid cyclooxygenases (COX-1,2), and
lipoxygenases (5-LOX) [113,114]. The enzyme phos-
pholipase (PLA2) releases the unsaturated fatty acids
from membranes to make them available for this oxi-
dation [115�117]. The mechanisms and significance of
the enzymatic oxidation of PUFAs by the lipoxygenase
have been covered by Spiteller [118] while the geno-
toxic properties of the cyclooxygenase metabolites
have been extensively studied by Marnett [119].

Eicosanoids are the signaling molecules produced
by enzymatic oxidation of PUFAs during the inflam-
matory response which guide the immune system in
tissue repair and warding off infections. The COX-1,2
enzymes produce prostaglandins while 5-LOX gives
rise to leukotrienes. The prostaglandins can be further
enzymatically activated to MDA [120] or converted to
levuglandins [121,122] which generate protein-DNA
cross-links potentially leading to strand breaks result-
ing in clastogenicity. Androgens such as DHT have
been reported to promote the MDA guanine adduct
formation [123]. The leukotrienes, such as LTA4
[124�126], are able to directly react with DNA bases to
form adducts. The series 2 prostaglandins, such as
PGE2 and PGF2α, are genotoxic by themselves as is
their precursor free AA [127,128].

It is important to understand that both the strength
and threshold of the inflammatory response are depen-
dent on the amount of arachidonic acid (AA) in cell
membranes because this particular omega-6 PUFA
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serves as the precursor for the most pro-inflammatory
eicosanoids. AA plays an important role in the pro-
growth signaling occurring, for example, during devel-
opment, and is therefore also directly implicated in
cancer promotion. It is possible that an excessive TOR
signaling leading to hypertrophies associated with
aging pathologies is at least partially caused by “over-
charging” of tissues with AA. Indeed the phosphatidic
acid containing AA chain at its sn2 position is an
important natural positive regulator of TOR and com-
petes with rapamycin [129,130].

Various inhibitors of AA metabolization such as the
COX inhibitors (NSAIDs) or inhibitors of AA release
from phospholipids by PLA2 (glucocorticoids) are used
as drugs today to alleviate many chronic inflammatory
symptoms and cancer [114]. The inhibition of both
COX-2 [131] and 5-LOX [132,133] pathways seems ben-
eficial in suppressing carcinogenesis. Many natural
compounds considered as “antioxidants” act the same
way. In this respect it is worth mentioning the inhibi-
tors present directly in the traditional cooking oils used
as part of the healthy Mediterranean and Japanese
diets, that is, hydroxytyrosol and sesamin in olive
and sesame oils, respectively [134,135]. In recent
years newly discovered anti-inflammatory metabolites
of omega-6 and omega-3 fatty acids have also gained
attention. In addition to the well-known prostaglandin
PGE1 formed from DGLA, the AA derived lipoxins as
well as resolvins and protectins synthesized from EPA
and DHA, respectively, act during the resolution of the
inflammatory response [136].

Nonenzymatic PUFA Oxidation

Although ROS such as the superoxide anion (O2
2),

singlet oxygen, H2O2, and hydroxyl radical (OH �) can
directly damage DNA and its precursors, this type of
damage doesn’t form bulky adducts and therefore can
be readily repaired or avoided by specific DNA repair
systems [137,138]. On the other hand the same ROS
can react with the unsaturated fatty acids present in
the mitochondrial and nuclear membranes to form
reactive LPO (Fig. 12.2). Superoxide also reacts with
nitric oxide producing peroxynitrite, which is a power-
ful oxidant capable of initiating lipid peroxidation
[139] similarly to the hydroxyl radical.

Endogenous Oxidation and Reproductive Organ
Cancers

From the structural point of view, the most common
DNA adduct derived from endogenous lipid peroxida-
tion is a guanine covalently linked to the fatty acid
chain at its N2 position with either open or closed exo-
cyclic conformation. Examples of such guanine DNA

adducts with a chain length of 2 is 1,N2-etheno-dG,
with that of 3 is M1dG or γ-HOPdG, with that of 9 is
HNE-dG, and with that of 20 is LTA4-dG [140].

Breast cancer, the most common cancer in women,
could be related to the genotoxic effects of lipid peroxi-
dation products since human breast milk is a rich
source of LC-PUFAs [141,142]. It also contains xanthine
oxidase, an enzyme that oxidizes xanthine by molecu-
lar oxygen and produces superoxide in cells. The
extracellular xanthine oxidase is responsible for the
sterility of milk because ROS are potent bactericidal
agents. Early termination of breastfeeding is thus likely
to lead to the accumulation of both bactericidal H2O2

and LC-PUFAs susceptible to oxidation in the breast
tissue. Such combination would produce large
amounts of genotoxic LPO which could even coacti-
vate other procarcinogens such as the aromatic and
heterocyclic amines [143,144] or directly initiate and
promote mammary carcinogenesis. In fact, genotoxins
have been detected in breast lipid and milk samples
from different countries [145] but the particular agents
have not been characterized or identified yet [146]. The
generally inhibitory omega-3 PUFAs have been shown
to actually promote development of mammary tumors
in a rat model [48]. Perhaps not accidentally, the breast
milk from women living in Malawi, one of the coun-
tries with the shortest life expectancy, is exceptionally
high in both DHA and AA LC-PUFAs [147]. The lipids
in milk could have great impact on the progeny given
that most of the mutations causing mitochondrial
defects at advanced age are actually generated very
early in life [148]. Reduction mammoplasty or lactation
both reduce breast cancer risk and the reduction is
proportional either to the amount of tissue removed or
to the total duration of lactation [149].

Evidence is also mounting that the highly unsatu-
rated PUFAs such as ALA may negatively affect the
development of prostate cancers [150�154]. Prostate,
as its name suggests, is rich in prostaglandins. Jamaica
is the country with the highest incidence of prostate
cancer in the world and this has been attributed
to local diet which is rich in the omega-6 linoleic
acid [155,156].

Exogenous Oxidation

The modern Western food is laden with high
amounts of vegetable oils containing PUFAs which
can be converted to genotoxic LPO even before con-
sumption especially during high temperature cooking
[111]. Significant concentrations of oxygenated
α,β-unsaturated aldehydes were found in edible oils
submitted to frying temperature before they reached
25% of polar compounds [157]. Among the genotoxins
detected in these oils and foods were 4-HNE, 4-ONE,
4-HHE, and 4-OHE, as well as 4-hydroxy-2-octenal,
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4-oxo-2-decenal, 4,5-epoxy-2-decenal, and 4-oxo-2-
undecenal [157,158]. Recently such compounds in
foods are receiving a great deal of attention because
they are being considered as possible causal agents of
numerous diseases, such as chronic inflammation,
neurodegenerative diseases, adult respiratory distress
syndrome, atherogenesis, diabetes, and different types
of cancer [158].

While the oils containing saturated or monounsatu-
rated fatty acids are relatively safe for cooking, the
oils with high omega-3 ALA content should be of the
greatest concern. The ALA-rich oils as well as other
food sources high in omega-3 such as broiled fish
have been shown to contain the novel lipid peroxide
mutagenic product 4-OHE [111,159]. After oral
administration of 4-OHE to mice multiple DNA
adducts were detected in esophageal, stomach, and
intestinal DNA [110], although it failed to show
cancer-initiating activity in a 5-week liver assay [160].
The other oxygenated α,β-unsaturated aldehyde pres-
ent in common foods is 2-hexenal that has been found
to form 1,N2-propanodeoxyguanosine-type adducts in
liver after gavage to male Fischer rats [161]. Although
not promoters, the omega-3 fatty acids could be
responsible for the initiation of certain cancers
appearing decades later, such as breast cancer
[47,48,162]. It is prudent to limit the dietary exposure
to LPO particularly in aged individuals since the pro-
tective detoxification biotransformations in liver seem
to diminish as a consequence of aging [163].

Another negative effect of modern technological
manipulation of food at high temperatures is the for-
mation of trans fatty acids which are especially abun-
dant in partially hydrogenated seed oils [164]. These,
in contrast to the naturally curved cis-conformation
PUFAs, render the biological membranes stiffer and,
more importantly, jam the enzymatic machinery (eg,
desaturases) needed to produce LC-PUFAs for both
structural and autocrine/paracrine regulatory pur-
poses. Cooking foods containing both PUFAs and cho-
lesterol also produces cholesterol oxidation products
such as 7-ketocholesterol found at high levels, for
example, in steamed salmon [165]. Both trans fatty
acids and oxidized cholesterol in diet increase the risk
of cardiovascular disease.

Presence of Lipid Peroxidation DNA Adducts in
Living Tissues

Short- and long-chain enals and their epoxides
derived from oxidized omega-3 and omega-6 PUFAs
are endogenous sources of cyclic propano and etheno
DNA adducts. Numerous adducts, such as acrolein
and crotonaldehyde as well as the longer MDA and

4-HNE derived deoxyguanosine adducts, have been
detected in human tissues [166] and implicated in
mutagenesis and carcinogenesis [167].

The crotonaldehyde dG adduct has been detected in
human DNA extracted from lung and to a lesser extent
from liver but not in DNA from blood [168]. The primary
propano dG adduct M1dG derived from the genotoxic
bifunctional electrophile MDA was found to be present
in leukocytes of healthy human donors at the levels of 5.1
and 6.7 adducts/108 bases in females and males, respec-
tively [169]. Other studies report the presence of this
adduct at the levels of 1�5 per 107 nucleotides in white
blood cells and breast tissue of human volunteers and its
2�3 fold rise in the normal tissue of women with breast
cancer [119]. The MDA DNA adduct levels rise dramati-
cally 20�45-fold in white cells of females fed LA-rich
vegetable oils that has been explained by estrogen redox
cycling [170,171]. The acrolein dG adducts, which are
preferentially formed in the p53 mutational hotspots in
human lung cancer, were detected at concentrations
ranging from 16�209 adducts/109 nucleotides in human
lung DNA collected from both current and ex-smokers
[172]. The acrolein adduct has been also found in brain
tissues from Alzheimer’s disease (AD) subjects and age-
matched controls at the levels of 2800�5100 adducts/109

nucleosides with significantly higher occurrence in the
hippocampal region of the AD subjects [173]. The longer
chain AA peroxidation product 4-HNE forms the propa-
no HNE-dG adduct which is a potential promutagenic
endogenous lesion found in the DNA of rodent and
human tissues and its levels increase with age or under
the conditions of increased lipid peroxidation and gluta-
thione depletion [174]. It was present in hippocampus/
parahippocampal gyrus and inferior parietal regions of
postmortem brains from AD subjects at the frequencies
of 556 and 238 per 109 nucleosides, respectively [175].

The 4-HNE derived etheno DNA adducts such
as εdG and εdA are normally repaired faster than the
propano HNE-dG in dividing cells but are present
at rather high levels in human sperm [176,177].
Recently characterized novel genotoxin 4-oxo-2-
nonenal (4-ONE) derived from LA preferentially forms
εdC adduct in dsDNA [178]. This adduct structurally
resembles the mutagenic cytosine adduct derived from
the potent germ cell mutagen and carcinogen 1,3-buta-
diene [179,180]. The same compound also produces
the εdA adduct [181,182]. The εdA and εdC adducts
are present at elevated levels in people having
acquired or inherited cancer risk factors such as hemo-
chromatosis, Wilson’s disease, inflammatory bowel
disease, familial adenomatous polyposis, or being on a
high LA diet [171] and are also concentrated in the
human atherosclerotic lesions [183]. They have been
detected at the levels of 65 and 59 adducts per 109 par-
ent nucleotides for εdA and εdC, respectively, in
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epithelial cell DNA of patients with familial adenoma-
tous polyposis that is 2 to 3 times higher than in unaf-
fected colon tissue and may be the result of
upregulated COX-2 [184�186]. In the chronic inflam-
matory diseases of the digestive tract only εdC was
found to be increased in affected colonic mucosa of
Crohn’s disease (19 times) and of ulcerative colitis
patients (4 times) when compared to asymptomatic tis-
sues. In chronic pancreatitis these lesions have been
elevated 3 and 28 times for εdA and εdC, respectively,
in the inflamed pancreatic tissue [187]. They were also
detected in the white blood cells of mother-newborn
child pairs with the mothers having 317 and 916 per
109 parent nucleotides of εdA and εdC, respectively,
and their children having about two times lower levels
[188]. Interestingly, the levels of both adducts were
inversely related with total plasma cholesterol levels
and were lowest on a high saturated fat diet (cocoa
butter based) in the apolipoprotein E deficient mouse
model. These mice had 1.6 and 4.8 per 108 parent
nucleotides of εdA and εdC, respectively, in their aor-
tas at 12 weeks of age, which is about half the levels in
the wild-type controls. This phenomenon is being
attributed to the increased expression of the BER and
NER repair enzymes by the high fat diet and hyper-
cholesterolemia [189,190]. But the substitution of
PUFAs with the saturated fatty acids and MUFAs
could play a role as well since dietary PUFAs such as
LA have been shown to elevate the levels of εdA and
εdC in the colon and white blood cells of volunteers
with lower intake of dietary antioxidants [191,192].

Endogenous DNA adducts derived specifically from
the omega-3 fatty acids have not been extensively stud-
ied since these fats are not considered cancer promoters.
They are accepted rather as chemopreventives since they
counteract the pro-inflammatory and growth stimulating
AA signaling on multiple fronts (inhibitory eicosanoids,
PPARs, NFkB) [193]. Despite their high oxidizability,
which makes them even more reactive with DNA, most
of the DNA adducts omega-3 LPO produce result in apo-
ptotic cell death under the conditions of suppressed AA
eicosanoid signaling. Nevertheless, increased cell death
is responsible for different classes of neurodegenerative
diseases. Thus DHA, the content of which is 30�50%
higher than that of AA in many brain regions, can be
oxidized to the potent neurotoxin 4-hydroxy-2-hexenal
(4-HHE) as well as to other lipid peroxidation products,
such as the F4-neuroprostanes, particularly in
patients suffering from the Alzheimer’s and Parkinson’s
diseases [194,195]. It is likely that LPO and subsequently
DNA adducts derived from the omega-3 PUFAs can be
also formed in vivo [110,111]. Some DNA modifications
derived from 4-OHE have been already described
in respect to the exogenous oxidation of PUFAs in
cooking oils.

Recent analysis of human autopsy tissues by mass
spectrometry showed the presence of both omega-6
and omega-3 derived DNA adducts, in some cases at
levels exceeding those of the most abundant DNA
adduct 8-oxo-dG. The omega-6 adducts 7εdC, 7εdA,
and 7εdG (derived from 4-ONE) were present in vari-
ous human tissues at median values of 10, 15, and 8.6
adducts per 108 bases, respectively, with ten times
higher levels observed in several cases. The omega-3
DNA adduct 4εdC (derived from 4-OHE) was present
at about a seven-fold lower concentration than 7εdC
suggesting the endogenous formation of LPO from tis-
sue fatty acids where omega-6 concentration is
markedly higher than that of omega-3 [196].

Mutagenicity of Lipid Peroxidation Products

Taken from the carcinogenesis point of view the
bacterial Ames test is considered a golden standard
among the in vitro assays for cancer initiators and has
been widely accepted for genotoxic risk evaluations by
governments all over the world. It is based on the
reversions of specific mutations responsible for histi-
dine auxotrophy [197]. Interestingly, the longer DNA
reactive lipid peroxidation products show only mar-
ginal or no mutagenicity in this test. This has been
attributed to their high toxicity (particularly the enals
with higher molecular weights) due to preferential
reactions with the sulfhydryl groups of proteins which
are often essential for enzymatic activities. The
α,β-unsaturated aldehydes such as acrolein or 4-HNE
are soft electrophiles that preferentially form adducts
with soft nucleophiles such as the cysteine sulfhydryls
of proteins [198] rather than DNA. However, in the
presence of a scavenger like glutathione, which sup-
presses these toxic reactions, normally nonmutagenic
compounds, such as the lipid peroxidation product
4-hydroxy-pentenal, become mutagenic [199].

Despite their high toxicity, the mutagenicities of the
following LPO have been demonstrated in the Ames
test: Acrolein in the TA104 and TA100 strains
[199�201], crotonaldehyde using the liquid preincuba-
tion assay with the strain TA100 [202], MDA in the
frameshift hisD3052 uvrB-proficient strain [103,203],
4-hydroxy-pentenal (4-HNE homolog) in TA104 using
the reduced glutathione chase [199], and 4-OHE in
the TA100 and TA104 standard strains [112,159]. It
appears that the activation increasing preferential reac-
tion with DNA bases is epoxidation since 4-HNE
acquires strong mutagenicity in both strains TA100
and TA104 upon conversion to its epoxide (Fig. 12.2)
[204]. Moreover this epoxide (EH) is not a substrate for
the human epoxide hydrolase which normally detoxi-
fies similar compounds such as B[a]P-epoxide to blunt
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their in vivo mutagenicity [205]. EH can be produced
in vivo in a reaction with the LA hydroperoxide
13-HODE, which is coincidentally known to be a
strong cancer growth promoter [62,206], or in decom-
position reactions catalyzed by vitamin C [207�210]. It
is also possible, that the primary 4-HNE propano DNA
adducts are nonmutagenic in nature compared to the
smaller etheno EH adducts. That would explain why
4-HNE acts as a potent inducer of the SOS response
indicating the presence of DNA damage in bacteria
[211]. Indeed the propano-dG DNA modifications
formed directly from the enals without epoxidation
(Fig. 12.2) are good candidates for the nonmutagenic
adducts, because they can be replicated in an error free
manner [210,211].

Nonmutagenicity in the bacterial assay does not,
however, imply that the aldehydes forming bulky
adducts, such as 4-HNE, do not induce mutations in
different organisms or in different DNA sequence con-
texts. This is documented by another widely accepted
mutagenicity bioassay utilizing the mouse lymphoma
cells heterozygous at the TK locus. In this assay not
only acrolein and crotonaldehyde but also 4-HHE and
4-ONE turned clearly mutagenic [212]. It was even
possible to demonstrate the mutagenicity of 4-HNE
when it was delivered to cells in its protected triacetate
form [213]. Moreover, 4-HNE forms DNA adduct pref-
erentially at the third base of codon 249 in the p53
gene which is a mutational hotspot in human cancers
[104�106].

Various LPO have been also found to potentiate the
mutagenicities of other strong mutagens such as B[a]P
and UV light [96]. The levels of the most abundant oxi-
dative stress-induced DNA lesion 8-oxo-dG in fact rise
on a diet rich in LA which increases LPO formation
[214]. This can be explained by the direct oxidation of
DNA or its precursors by lipid peroxidation intermedi-
ates, such as the peroxyl radicals of AA [215].

PROTECTIVE MECHANISMS AGAINST
LIPID PEROXIDATION

Healthy and young organisms are protected against
the negative outcomes of lipid peroxidation on multi-
ple levels. It starts with the prevention of excessive
ROS release by regulating their production enzymes
and sequestrating free metals. Then the scavenging,
trapping, and quenching systems are able to restrain
the free radicals leaking, for example, from the mito-
chondrial respiratory chain. Once lipids get damaged,
they can be removed by the detoxification enzymes.
Finally if damage to structural or informational mole-
cules occurs, it can be repaired either by the immune
system and self-destruction (apoptosis) or by specific

DNA repair processes. At last but not least, frequently
occurring damage to DNA can be tolerated and
“diluted” by an error free chromosomal replication. It
is when these protective systems get overwhelmed
that the organism starts to age and break down.

Endogenous Antioxidant Systems

The enzymatic antioxidant systems scavenging free
radicals leaking from the mitochondrial energy pro-
ducing machinery restrain the formation of the
hydroxyl radical and include superoxide dismutase
(SOD), catalase, glutathione peroxidase and the thiore-
doxin system. The cytosolic glutathione peroxidases
also act directly on the lipid peroxides (LOOH) and
reduce them. Some of the glutathione-lipid peroxide
detoxification products have been recently character-
ized in great detail [216,217]. Cancer cells often hijack
and upregulate the glutathione-utilizing antioxidative
defenses as a strategy to protect themselves from
apoptosis [218,219].

The nonenzymatic natural LPO quenchers include,
for example, carnosine present in tissues like skeletal
muscle or the transparent crystalline eye lenses
[220�222], bilirubin which protects the neonatal blood
plasma from oxidizable PUFAs [223], and the sleep
hormone and universal antioxidant melatonin [224].
Biological membranes are then protected internally by
scavengers which terminate the lipid peroxidation
chain reactions, such as the tocopherols (vitamin E),
retinol (vitamin A), or carotenoids (eg, astaxanthin). To
counteract the increased susceptibility of omega-3
rich membranes to oxidation animals like fish seem to
utilize special antioxidants/radical scavengers termed
the furan fatty acids [225]. Other soluble antioxidants
such as the uric acid or ascorbic acid (vitamin C) act
in synergy with the lipophilic antioxidants and can
support them, for example, by recycling of vitamin E
by vitamin C.

Exogenous Supplemental Antioxidants

Since humans cannot synthesize some essential anti-
oxidants such as vitamin C or vitamin E they need a
steady supply of these compounds in the diet together
with other cofactors of the endogenous enzymatic anti-
oxidant systems, such as the minerals selenium, man-
ganese, or zinc. This can be usually achieved by an
adequate diet rich in agricultural products.

The question raised in recent years is whether extra
supplemental antioxidants have any benefits or rather
negative effects on the aging process. It seems that
increasing certain protective antioxidants in diet could
have negative effects in healthy individuals perhaps by
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interfering with the intricate endogenous homeostasis
control mechanisms. This is demonstrated, for exam-
ple, in the recent exemplary study by Spindler et al.
who found no benefits but rather harmful effects of
different combinations of nutraceuticals including anti-
oxidants on murine lifespan [226]. Similarly vitamin E
and C supplementation had deleterious consequences
on lifespan of wild-derived voles [227]. Beta carotene
supplementation increased deaths from lung cancer
and ischemic heart disease in a human study [228] and
vitamin E markedly increased tumor progression in a
lung cancer mouse model [229]. These studies provide
laboratory evidence that some of the effects of antioxi-
dants backfire. Particularly adding antioxidant supple-
ments could defeat the body’s ability to fight cancer
and accelerate tumor growth by disrupting the ROS-
p53 axis [230]. In this context it is also important to
mention the work of S. Hekimi who showed that upre-
gulating the mitochondrial ROS production could in
fact have antiaging effects in worms and mice as a con-
sequence of upregulating the apoptosis pathway and
activating the immune system, respectively [231,232].
The adaptive effects of exercise that reverse muscle
aging are also blunted by supplementary antioxidants
such as vitamins C and E [233,234].

In contrast to the beneficial signaling effects of tun-
ing up the source of oxidative damage (ie, unre-
strained output of ROS from mitochondria) on the
lifespan there have not been any reports of similar pos-
itive effects of increasing the target of this damage (ie,
the peroxidation index of biological membranes), for
example, by supplementing the omega-3 fatty acids
which are sometimes also regarded as “antioxidants.”
The omega-3 PUFAs upregulate the endogenous anti-
oxidant defenses and calm inflammation but that is
also immunosuppressive decreasing T lymphocyte
proliferation and natural killer cell activity [42,235] as
well as Th1-type cytokine production [39]. In this
respect another recent study by Spindler et al. clearly
demonstrated that dietary supplementation with fish
oils shortened the lifespan of long-lived mice [236].
Omega-3 rich oils also shortened lifespan in the
senescence-accelerated mouse model [237], were catar-
actogenic [238,239], and higher n-3/n-6 ratio increased
the risk of glaucoma [240]. Despite their inhibitory
effects on cancer promotion the omega-3 fatty acids
may be in fact responsible for the initiation of certain
reproductive tissue cancers particularly when fed pre-
pubertally [47,48,241]. In an animal model of colon
cancer metastasis in rat liver, omega-3s from fish oil
actually promoted the colon carcinoma metastasis
while omega-6 had no effect compared to the control
diet [49,50]. Omega-3-rich diets are reported to have
negative effects on murine fecundity and maternal
behavior and a detrimental effect on learning ability in

old mice [242,243]. So highly unsaturated molecules
could also increase production of ROS and perturb
mitochondrial metabolism in oocytes and zygotes [244]
and reduce endurance in rats [245,246]. Dietary PUFAs
directly influence the vasculature and increase aortic
plaque formation [247] and some systematic reviews of
epidemiological literature conclude that the omega-3
fatty acids are unlikely to prevent cancer or cardiovas-
cular events [44�46]. This is conceivable because an
increase in lipid peroxidation after supplementing fish
oil cannot be suppressed by extra vitamin E [248].

Tolerance and Repair of Lipid Peroxide DNA
Adducts

The major DNA adduct produced by the reaction of
various lipid hydroperoxides with DNA is the N2-dG
adduct where the fatty acid-derived chain points
into the minor groove of the DNA helix. Although this
type of lesion can be repaired by NER [106,249], such
a repair is not very efficient. An alternative pathway
to deal with this lesion is a replicative bypass by
specialized DNA polymerase through the process of
translesion DNA synthesis (TLS). The LPO derived
minor groove guanine DNA adducts are bypassed
in an error free manner by the sequential action of
the recently uncovered Y-family DNA polymerases
ι and DNA polymerases κ (Polk) [250], thereby sup-
pressing genomic instability and cancer induced
by food-derived genotoxins such as 4-HNE [251].
Interestingly in mammals, Polk is strongly expressed
in testis [252,253] where both omega-6 and omega-3
LC-PUFAs are concentrated [254] and the content of
VLC-PUFAs, such as DHA, greatly increases at the
onset of puberty [255,256].

The exocyclic lipid peroxidation-derived DNA
adducts affecting bases other than dG have been also
detected in tissues and could be considered the main
culprit in carcinogenesis because they are not
bypassed in an error free manner by the specialized
TLS DNA polymerases. If left unrepaired, these lesion
are highly mutagenic and that is also why they are
specifically targeted by the base excision repair
[257,258]. The repair of 1,N6-ethenoadenine (εdA) is
preferentially performed by the MPG and AlkA alkyl
purine DNA-glycosylase in mammalian cells and
E. coli, respectively, and NER pathway is not involved
in its repair [259]. 3,N4-ethenocytosine (εdC) is then
repaired by the thymine or uracil DNA-glycosylases
[260]. Moreover, there is also a direct lesion reversal
repair for these εdA and εdC adducts carried out by
the AlkB protein in Escherichia coli [261]. The bulkier
and more complex LPO adducts are then mainly
repaired by NER. As an example the functional
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product of the XPG gene involved in NER suppressed
base-substitution mutations induced by AA which
was both mutagenic and clastogenic in fibroblasts
under peroxidizing conditions [128].

Some of the chemopreventive activities particularly
of the omega-3 fatty acids could be mediated by the
damage they cause. Certain DNA adducts may pre-
vent the highly processive DNA replication required
for the proliferation of symmetrically dividing immor-
tal cancerous cells while allowing asymmetrical DNA
replication in normal tissue stem cells to take place.
Due to their structural features the telomeres could be
especially sensitive to the attack by LPO which may
interfere with proper telomere maintenance in cancer-
ous cells. If encountered within the normal replication
fork, the PUFA derived DNA adducts are replicated
through by the specialized TLS DNA polymerases,
but these could not possibly act at the chromosome
tips. Thus, telomerase may be a key enzyme inhibited
by this sort of DNA damage. The perinuclear localiza-
tion of telomeres makes them prone to the attacks
by LPO produced by the enzymatic oxidation of
LC-PUFAs at the nuclear membrane [262].

RESISTANCE TO OXIDATIVE DAMAGE
IN LONG-LIVED SPECIES

Unsaturated fatty acids are responsible for the
“fluid” nature of functioning biological membranes. It
has been shown that it is the introduction of the first
double bond to an acyl chain that is primarily respon-
sible for its fluidity at normal physiological tempera-
tures, and introduction of more and more double
bonds to the acyl chain has relatively little additional
effect on membrane fluidity. Thus substitution of fatty
acids with four or six double bonds with those having
only two (or sometimes three) double bonds will
strongly decrease the susceptibility to lipid peroxida-
tion while maintaining membrane fluidity. This phe-
nomenon may be helpful in longevous animals, and in
view of membrane acclimation to low temperature in
ectotherms, has been called homeoviscous longevity
adaptation [11].

In recent years, it is becoming more apparent that
the membrane content of highly unsaturated fatty
acids like DHA negatively correlates with the maximal
life span (MLSP) of different species and is linked to
the accumulation of somatic mutations in mitochon-
drial DNA [263,264]. Among the bird species signifi-
cant allometric decline in the percentage of omega-3
PUFAs with increasing body mass has been observed
[265]. Because of their high susceptibility to lipid per-
oxidation, the omega-3 PUFAs are consistently and
inversely correlated to MLSP, which gave birth to

the membrane pacemaker theory of aging [266,267].
The data collected from different species suggest that
membrane phospholipid composition is an important
determinant of longevity with the DHA content play-
ing especially important role [268,269] and that the low
degree of tissue fatty acid unsaturation of longevous
homeothermic animals have been selected during
evolution to protect their tissues against oxidative
damage [270�272]. The pigeon is a good example
having similar metabolic rate and body size as the rat
but reaches nearly an order of magnitude longer MLSP
(35 vs 4 years) owing to its lower content of the highly
unsaturated PUFAs [10,273]. The lower degree of
unsaturation of fatty acids in birds renders the avian
mitochondria less susceptible to oxidative damage
due to much lower rate of lipid peroxidation [274].
Animals such as ruminants naturally feeding on forage
high in omega-3 ALA have evolved a special stomach
that houses symbiotic microorganisms helping them to
reduce PUFA unsaturation by biohydrogenation [275].
A recent lipidomic profiling of 11 mammalian species
with MLSP ranging from 3.5 to 120 years confirmed a
tight negative correlation of the peroxidizability index
and LPO content with longevity [276].

It is interesting that even within the same species
(and genome) lowering the fatty acid unsaturation
correlates with longer lifespan [267]. An intriguing
example is found among the eusocial insects where
the queen bees live an order-of-magnitude longer than
the workers while having highly monounsaturated
membranes with very low content of PUFAs despite
originating from the same genome. This difference
is contributable to nutrition since the workers increase
their PUFA membrane content probably as a result
of pollen consumption [277]. Two mouse lines with
extended lifespan have been shown to have reduced
amount of the highly polyunsaturated omega-3 fatty
acid DHA which makes their membranes peroxidation-
resistant and extends longevity [278]. Also the increas-
ing content of DHA with age in mice can explain
its nearly order of magnitude shorter MLSP than
that of the similarly sized naked mole-rat [269,279].
Even the longevity within our human species has
been shown to correlate with the membrane building
block composition, particularly higher content of the
omega-9 MUFAs and reduced content of the omega-6
PUFAs such as LA and AA in nonagenarian offspring
[280]. Older Italian subjects consuming diet high in
MUFA from olive oil had lower all-cause mortality
in contrast to subjects ingesting diet higher in PUFAs
and a MUFA-rich diet also protects against cognitive
decline [267].

As proposed recently by Zimniak [267] electrophilic
stress, which is chemically distinct from oxidative
stress, has a causal relationship to longevity. The level
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of electrophiles such as 4-HNE having deleterious
effects on lifespan is dependent mainly on the content
of peroxidizable PUFAs in membranes and not on the
initiating ROS which are not needed for the propaga-
tion of the peroxidation chain reactions. Several
interventional studies have been used to demonstrate
the causative role of the membrane peroxidizability
index in determining the life span. Probably most
impressive is the manipulation of membrane unsa-
turation or the electrophile levels in worms [14] by
multiple approaches including single gene mutation,
RNAi silencing, transgene expression, or application
of 4-HNE scavengers. Silencing the elongases and
desaturases resulting in higher MUFA to PUFA ratio
increased while silencing the glutathione transferase
(GST) or aldehyde dehydrogenases detoxifying 4-HNE
decreased the lifespan of Caenorhabditis elegans worms.
Likewise overexpressing the murine GST or applying
scavengers like carnosine and hydralazine extended
the lifespan of worms. Similar manipulations increas-
ing the SFA and MUFA while decreasing the highly
peroxidizable omega-3 PUFA in the heart of mice also
showed health benefits [90,267].

CONCLUDING REMARKS

Over the last several decades a phobia of animal fats
has led food manufacturers and health authorities to
replace naturally occurring animal fats with industrially
processed vegetable oils in many foods. This in turn has
resulted in a massive increase in PUFA intake in
humans compared to preindustrial populations.
The increased consumption of seed oils containing
mainly omega-6 concentrated PUFAs coincides with the
epidemic of degenerative diseases characterized by
chronic inflammation. Certain PUFAs such as the
omega-3 type with the highest level of unsaturation are
also being promoted by the supplement industries
because of their inhibitory effects on the metabolism of
the pro-inflammatory omega-6 PUFA-derived eicosa-
noids and pro-apoptotic activities serving as a cancer
chemoprevention. However, enzymatic and spontane-
ous oxidation of PUFAs produces reactive electrophiles
which attack biomolecules creating DNA and protein
adducts. 4-hydroxy-2-alkenals which are generated both
in vivo and ingested in the foods are one of the most
toxic compound types. For instance it has been esti-
mated that the Korean population is exposed to 16.1 μg
of 4-HHE and 4-HNE combined per person daily from
their PUFA-rich food sources alone [281]. The risk of
these cytotoxic aldehydes for humans could not be
quantified due to the lack of a virtually safe dose.
Agriculture was developed about 10,000 years ago,
and the industrial processing to render vegetable oils

only became widely available within the last 50 years.
Humans have been evolving for 2.5 million years.
This means that high concentrations of grains and
vegetable oils in the diet have only been possible
for 0.4% and 0.002% of our evolutionary history,
respectively. This is certainly not enough to permit
sufficient evolutionary adaptation and it is not sur-
prising that introducing massive amounts of these
foods never seen before can negatively affect human
health.

The evolutionary strategy to increase longevity in
animal species teaches us that biological membranes
with lower content of the highly unsaturated PUFAs
are better fit for the long run due to lower susceptibil-
ity to oxidation [282]. ROS mainly attack carbon atoms
located between two double bonds on a PUFA chain.
Saturated fatty acids and MUFAs lack such configura-
tions of carbon in the acyl chains and to a great extent
they are not affected by the ROS, whereas the chains
of PUFAs are highly vulnerable to lipid peroxidation.
This process is autocatalytic and produces irreversible
damage in the membrane and nearby cellular struc-
tures. Strengthening the resistance of cellular compo-
nents to oxidative damage by free radicals has been an
attractive antiaging strategy discussed recently [283].
Given the current PUFA-rich human diet, it may be
feasible to avert the age-associated degenerative dis-
eases and extend lifespan by simply reducing the con-
tent of the highly unsaturated plant-derived PUFA in
our diet. Increasing threshold of the inflammatory
responses by reducing omega-6 PUFA intake, rather
than trying to counteract it with the even more
unstable omega-3 PUFAs, could also prove beneficial,
for example, for the autoimmune diseases. This is
more economical than targeting the mitochondrial
membranes with antioxidants designed to protect the
crucial phospholipids, such as cardiolipin, from oxida-
tive damage [284�289].

It seems that the least unsaturated omega-9 PUFA
naturally synthesized by our body can substitute for
the plant-derived omega-6 EFAs in membranes and at
least in some enzymatic reactions needed to supply
essential signaling molecules. Since the type of PUFAs
used in membranes is determined to a large extent by
their dietary intake, lowering the dietary omega-61
3 fatty acids (EFAs) altogether would allow for the
formation of omega-9 ETrA. This could be beneficial
particularly past the reproductive age and when physi-
cally inactive since the omega-6 derived eicosanoids
seem to fuel not only growth but also the aging process
afterwards and are a source of damage to the cellular
components including DNA. It is generally accepted
that the human body requirement for the EFAs is about
1% of calories which is more than met with a normal
diet containing meat and vegetables without any added
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polyunsaturated oils or supplements [290]. Under these
conditions, the content of less unsaturated omega-9
MUFA and PUFAs would increase and render the cel-
lular membranes more durable while lessening burden
on the protective, repair, and detoxification systems.
This may be in fact one of the mechanisms as to how
caloric restriction extends the lifespan in mammals
since the total intake of the most energy dense nutri-
ents, that is, lipids rich in EFAs, is limiting available
space for the utilization of the more stable omega-9
MUFA and PUFAs. When desirable, the EFAs are
better supplemented in their shorter 18-carbon length
plant precursor form not to bypass the regulatory
mechanisms controlling the synthesis of LC-PUFAs
[46]. The LC-PUFAs, such as AA, EPA, or DHA, are
the “active” substrates for eicosanoid synthesis as
well as more prone to lipid peroxidation and their
exogenous (over)supply could interfere with the fine
tuning of endogenous metabolism.

Due to the advances in modern medicine and
healthcare systems the populations in developed coun-
tries such as Japan are aging rapidly with increasing
numbers of elderly people. Although long-term caloric
restriction has been shown to reduce mortality in pri-
mates [291], it is considered useful to supplement frail
elderly with extra caloric and protein intake. As sug-
gested by Rose [292] the aging may eventually stop at
late life but by that time most of the organs including
the digestive system already have severely impaired
functionality. Thus caloric restriction in aged subjects
can easily lead to malnutrition. As demonstrated
recently by Khrapko et al. the malfunction of the
absorption system is largely due to the clonal expan-
sion of mitochondrial mutations in colonic crypts
[148,293]. Since these mutations occur early in life,
reducing the source of mitochondrial DNA damage
such as the highly oxidizable PUFAs from very young
age could have profound effect on the ability to extract
nutrients from foods at an old age.

Aging is also associated with an oxidizing shift in
the redox state enforced by a sedentary lifestyle and
excessive consumption of sugary beverages which fur-
ther decreases mitochondrial capacity while relying on
glycolysis for energy production [294]. This state can
be counteracted with exercise or ketogenic diet [79]
which increase mitochondrial biogenesis and eliminate
damaged mitochondria via the mitophagy [295].
Rather than restricting calories in the elderly, more
energy can be supplied from safe fat sources, such as
coconut oil, which do not produce LPO during cook-
ing or in vivo due to very low PUFA content. This oil
is rich in the saturated medium chain fatty acids
(MCFA) which are absorbed more efficiently, bypass-
ing the chylomicrons lymphatic route, to enter the
mitochondria independently of the carnitine transport

system and undergo preferential oxidation [296]. Since
MCFA produce ketone bodies, coconut oil has a simi-
lar effect on the mitochondria as fasting or very low-
carbohydrate ketogenic diet because it can supply
alternative energy to the brain. This has been taken
advantage of in alternative treatments of neurodegen-
erative disorders such as the Alzheimer disease or
even autism [87,297,298]. Supplying easily digestible
saturated fats in place of PUFAs should also reduce
the accumulation of the age pigment lipofuscin and
protect the heart [90].

SUMMARY

An unconventional review of lipid peroxidation in
its relation to human nutrition and aging is presented.
Although emphasis is put on DNA damage as a key
molecular target, other aspects of the oxidation of
polyunsaturated fatty acids (PUFAs) in the body are
covered. This includes the chemical stability of PUFAs,
the meaning of their enzymatic oxidation for the
immune system, spontaneous oxidation either endoge-
nously in membranes or exogenously during food
preparation, the modifications of DNA by lipid peroxi-
dation products and their effects on genome stability.
The protective mechanisms against PUFA oxidation
are discussed in terms of evolutionary trends and nat-
ural cellular defenses, as well as interventions with
antioxidant supplements. References to human dis-
eases and population studies are provided together
with some detailed experimental data to support the
conclusions drawn. It is suggested that minimizing
dietary exposure to highly unsaturated PUFAs while
not interfering with the internal oxidative stress signal-
ing would increase long term resilience and maximize
the utilization of genetic potential for healthy aging.

References

[1] Drenos F, Kirkwood TB. Modelling the disposable soma theory
of ageing. Mech Ageing Dev 2005;126(1):99�103.

[2] Hayflick L. The causes of biological ageing are known. In: 19th
IAGG world congress of gerontology and geriatrics.
International Association of Gerontology and Geriatrics 2009.
SA6 044-1.

[3] Passos JF, Saretzki G, Ahmed S, et al. Mitochondrial dysfunction
accounts for the stochastic heterogeneity in telomere-dependent
senescence. PLoS Biol 2007;5(5):e110.

[4] Lu J, Sharma LK, Bai Y. Implications of mitochondrial DNA
mutations and mitochondrial dysfunction in tumorigenesis. Cell
Res 2009;19(7):802�15.

[5] Loeb LA, Wallace DC, Martin GM. The mitochondrial theory of
aging and its relationship to reactive oxygen species damage
and somatic mtDNA mutations. Proc Natl Acad Sci USA
2005;102(52):18769�70.

168 12. LIPID PEROXIDATION, DIET, AND THE GENOTOXICOLOGY OF AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref4


[6] Brunet A, Rando TA. Ageing: from stem to stern. Nature
2007;449(7160):288�91.

[7] Actis AB, Perovic NR, Defago D, Beccacece C, Eynard AR.
Fatty acid profile of human saliva: a possible indicator of die-
tary fat intake. Arch Oral Biol 2005;50(1):1�6.

[8] Nakamura T, Takebe K, Tando Y, et al. Serum fatty acid com-
position in normal Japanese and its relationship with dietary
fish and vegetable oil contents and blood lipid levels. Ann Nutr
Metab 1995;39(5):261�70.

[9] Beynen AC, Hermus RJ, Hautvast JG. A mathematical relation-
ship between the fatty acid composition of the diet and that of
the adipose tissue in man. Am J Clin Nutr 1980;33(1):81�5.

[10] Pamplona R, Portero-Otin M, Requena JR, Thorpe SR, Herrero
A, Barja G. A low degree of fatty acid unsaturation leads to
lower lipid peroxidation and lipoxidation-derived protein mod-
ification in heart mitochondria of the longevous pigeon than in
the short-lived rat. Mech Ageing Dev 1999;106(3):283�96.

[11] Hulbert AJ, Pamplona R, Buffenstein R, Buttemer WA. Life and
death: metabolic rate, membrane composition, and life span of
animals. Physiol Rev 2007;87(4):1175�213.

[12] Refsgaard HH, Tsai L, Stadtman ER. Modifications of proteins
by polyunsaturated fatty acid peroxidation products. Proc Natl
Acad Sci USA 2000;97(2):611�16.

[13] Fu MX, Requena JR, Jenkins AJ, Lyons TJ, Baynes JW, Thorpe
SR. The advanced glycation end product, Nepsilon-(carboxy-
methyl)lysine, is a product of both lipid peroxidation and gly-
coxidation reactions. J Biol Chem 1996;271(17):9982�6.

[14] Shmookler Reis RJ, Xu L, Lee H, et al. Modulation of lipid
biosynthesis contributes to stress resistance and longevity of
C. elegans mutants. Aging (Albany, NY) 2011;3(2):125�47.

[15] Ichi I, Kono N, Arita Y, et al. Identification of genes and path-
ways involved in the synthesis of Mead acid (20:3n-9), an indi-
cator of essential fatty acid deficiency. Biochim Biophys Acta
2014;1841(1):204�13.

[16] Adkisson HDt, Risener Jr. FS, Zarrinkar PP, Walla MD, Christie
WW, Wuthier RE. Unique fatty acid composition of normal car-
tilage: discovery of high levels of n-9 eicosatrienoic acid and
low levels of n-6 polyunsaturated fatty acids. FASEB J 1991;
5(3):344�53.

[17] Elliott WJ, Morrison AR, Sprecher H, Needleman P. Calcium-
dependent oxidation of 5,8,11-icosatrienoic acid by the cycloox-
ygenase enzyme system. J Biol Chem 1986;261(15):6719�24.

[18] Lagarde M, Burtin M, Rigaud M, Sprecher H, Dechavanne M,
Renaud S. Prostaglandin E2-like activity of 20:3n-9 platelet
lipoxygenase end-product. FEBS Lett 1985;181(1):53�6.

[19] Oliw EH, Hornsten L, Sprecher H. Oxygenation of 5,8,11-eico-
satrienoic acid by prostaglandin H synthase-2 of ovine placental
cotyledons: isolation of 13-hydroxy-5,8,11-eicosatrienoic and
11-hydroxy-5,8,12-eicosatrienoic acids. J Chromatogr B Biomed
Sci Appl 1997;690(1�2):332�7.

[20] Stenson WF, Prescott SM, Sprecher H. Leukotriene B formation
by neutrophils from essential fatty acid-deficient rats. J Biol
Chem 1984;259(19):11784�9.

[21] Jakschik BA, Morrison AR, Sprecher H. Products derived from
5,8,11-eicosatrienoic acid by the 5-lipoxygenase-leukotriene
pathway. J Biol Chem 1983;258(21):12797�800.

[22] Oliw EH, Hornsten L, Sprecher H, Hamberg M. Oxygenation of
5,8,11-eicosatrienoic acid by prostaglandin endoperoxide
synthase and by cytochrome P450 monooxygenase: structure
and mechanism of formation of major metabolites. Arch
Biochem Biophys 1993;305(2):288�97.

[23] Langenbach R, Loftin C, Lee C, Tiano H. Cyclooxygenase
knockout mice: models for elucidating isoform-specific func-
tions. Biochem Pharmacol 1999;58(8):1237�46.

[24] Fischer SM, Pavone A, Mikulec C, Langenbach R, Rundhaug
JE. Cyclooxygenase-2 expression is critical for chronic UV-
induced murine skin carcinogenesis. Mol Carcinog 2007;46
(5):363�71.

[25] Ma K, Langenbach R, Rapoport SI, Basselin M. Altered brain
lipid composition in cyclooxygenase-2 knockout mouse. J Lipid
Res 2007;48(4):848�54.

[26] Rao JS, Langenbach R, Bosetti F. Down-regulation of brain
nuclear factor-kappa B pathway in the cyclooxygenase-2 knock-
out mouse. Brain Res Mol Brain Res 2005;139(2):217�24.

[27] Retterstol K, Haugen TB, Woldseth B, Christophersen BO. A
comparative study of the metabolism of n-9, n-6 and n-3 fatty
acids in testicular cells from immature rat. Biochim Biophys
Acta 1998;1392(1):59�72.

[28] Retterstol K, Woldseth B, Christophersen BO. Studies on the
metabolism of [1-14C]5.8.11-eicosatrienoic (Mead) acid in rat
hepatocytes. Biochim Biophys Acta 1995;1259(1):82�8.

[29] Tocher DR, Dick JR, Sargent JR. Occurrence of 22:3n-9 and
22:4n-9 in the lipids of the topminnow (Poeciliopsis lucida)
hepatic tumor cell line, PLHC-1. Lipids 1995;30(6):555�65.

[30] Patel P, Cossette C, Anumolu JR, et al. Structural requirements
for activation of the 5-oxo-6E,8Z, 11Z,14Z-eicosatetraenoic acid
(5-oxo-ETE) receptor: identification of a mead acid metabolite
with potent agonist activity. J Pharmacol Exp Ther 2008;325
(2):698�707.

[31] Priller J, Briley EM, Mansouri J, Devane WA, Mackie K, Felder
CC. Mead ethanolamide, a novel eicosanoid, is an agonist for
the central (CB1) and peripheral (CB2) cannabinoid receptors.
Mol Pharmacol 1995;48(2):288�92.

[32] Franceschi C. Inflammaging as a major characteristic of old people:
can it be prevented or cured? Nutr Rev 2007;65(12 Pt 2):S173�6.

[33] Vasto S, Candore G, Balistreri CR, et al. Inflammatory networks
in ageing, age-related diseases and longevity. Mech Ageing
Dev 2007;128(1):83�91.

[34] James MJ, Gibson RA, Neumann MA, Cleland LG. Effect of die-
tary supplementation with n-9 eicosatrienoic acid on leukotri-
ene B4 synthesis in rats: a novel approach to inhibition of
eicosanoid synthesis. J Exp Med 1993;178(6):2261�5.

[35] James MJ, Gibson RA, Cleland LG. Dietary polyunsaturated
fatty acids and inflammatory mediator production. Am J Clin
Nutr 2000;71(Suppl. 1):343S�8S.

[36] Wey HE, Pyron L, Woolery M. Essential fatty acid deficiency in
cultured human keratinocytes attenuates toxicity due to lipid
peroxidation. Toxicol Appl Pharmacol 1993;120(1):72�9.

[37] Mancini JA, Waugh RJ, Thompson JA, et al. Structural charac-
terization of the covalent attachment of leukotriene A3 to leuko-
triene A4 hydrolase. Arch Biochem Biophys 1998;354(1):117�24.

[38] Penning TD. Inhibitors of leukotriene A4 (LTA4) hydrolase
as potential anti-inflammatory agents. Curr Pharm Des 2001;
7(3):163�79.

[39] Wallace FA, Miles EA, Evans C, Stock TE, Yaqoob P, Calder
PC. Dietary fatty acids influence the production of Th1- but not
Th2-type cytokines. J Leukoc Biol 2001;69(3):449�57.

[40] Zhang P, Smith R, Chapkin RS, McMurray DN. Dietary (n-3)
polyunsaturated fatty acids modulate murine Th1/Th2 balance
toward the Th2 pole by suppression of Th1 development.
J Nutr 2005;135(7):1745�51.

[41] Stoney RM, Woods RK, Hosking CS, Hill DJ, Abramson MJ,
Thien FC. Maternal breast milk long-chain n-3 fatty acids are
associated with increased risk of atopy in breastfed infants.
Clin Exp Allergy 2004;34(2):194�200.

[42] Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme
EA, Calder PC. Dietary supplementation with eicosapentaenoic
acid, but not with other long-chain n-3 or n-6 polyunsaturated

169REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41


fatty acids, decreases natural killer cell activity in healthy sub-
jects aged .55 y. Am J Clin Nutr 2001;73(3):539�48.

[43] Margalit M, Ilan Y. Induction of immune tolerance: a role for
natural killer T lymphocytes? Liver Int 2005;25(3):501�4.

[44] Hooper L, Thompson RL, Harrison RA, et al. Risks and benefits
of omega 3 fats for mortality, cardiovascular disease, and can-
cer: systematic review. Br Med J 2006;332(7544):752�60.

[45] MacLean CH, Newberry SJ, Mojica WA, et al. Effects of omega-3
fatty acids on cancer risk: a systematic review. J Am Med Assoc
2006;295(4):403�15.

[46] Peskin BS. Why fish oil fails: a comprehensive 21st century
lipids-based physiologic analysis. J Lipids 2014;2014:495761.

[47] Olivo SE, Hilakivi-Clarke L. Opposing effects of prepubertal
low- and high-fat n-3 polyunsaturated fatty acid diets on rat
mammary tumorigenesis. Carcinogenesis 2005;26(9):1563�72.

[48] Sasaki T, Kobayashi Y, Shimizu J, et al. Effects of dietary n-3-to-
n-6 polyunsaturated fatty acid ratio on mammary carcinogene-
sis in rats. Nutr Cancer 1998;30(2):137�43.

[49] Griffini P, Fehres O, Klieverik L, et al. Dietary omega-3 polyun-
saturated fatty acids promote colon carcinoma metastasis in rat
liver. Cancer Res 1998;58(15):3312�19.

[50] Klieveri L, Fehres O, Griffini P, Van Noorden CJ, Frederiks
WM. Promotion of colon cancer metastases in rat liver by fish
oil diet is not due to reduced stroma formation. Clin Exp
Metastasis 2000;18(5):371�7.

[51] Abou-el-Ela SH, Prasse KW, Carroll R, Wade AE, Dharwadkar
S, Bunce OR. Eicosanoid synthesis in 7,12-dimethylbenz(a)
anthracene-induced mammary carcinomas in Sprague-Dawley
rats fed primrose oil, menhaden oil or corn oil diet. Lipids
1988;23(10):948�54.

[52] Costa I, Moral R, Solanas M, Escrich E. High-fat corn oil diet
promotes the development of high histologic grade rat DMBA-
induced mammary adenocarcinomas, while high olive oil diet
does not. Breast Cancer Res Treat 2004;86(3):225�35.

[53] Moral R, Solanas M, Garcia G, Colomer R, Escrich E.
Modulation of EGFR and neu expression by n-6 and n-9 high-
fat diets in experimental mammary adenocarcinomas. Oncol
Rep 2003;10(5):1417�24.

[54] Solanas M, Hurtado A, Costa I, et al. Effects of a high olive oil
diet on the clinical behavior and histopathological features of
rat DMBA-induced mammary tumors compared with a high
corn oil diet. Int J Oncol 2002;21(4):745�53.

[55] Astorg P, Arnault N, Czernichow S, Noisette N, Galan P,
Hercberg S. Dietary intakes and food sources of n-6 and
n-3 PUFA in French adult men and women. Lipids 2004;
39(6):527�35.

[56] Flood VM, Webb KL, Rochtchina E, Kelly B, Mitchell P. Fatty
acid intakes and food sources in a population of older
Australians. Asia Pac J Clin Nutr 2007;16(2):322�30.

[57] Sioen IA, Pynaert I, Matthys C, De Backer G, Van Camp J, De
Henauw S. Dietary intakes and food sources of fatty acids for
Belgian women, focused on n-6 and n-3 polyunsaturated fatty
acids. Lipids 2006;41(5):415�22.

[58] Cave Jr. WT, Jurkowski JJ. Dietary lipid effects on the growth,
membrane composition, and prolactin-binding capacity of rat
mammary tumors. J Natl Cancer Inst 1984;73(1):185�91.

[59] Ip C, Carter CA, Ip MM. Requirement of essential fatty acid
for mammary tumorigenesis in the rat. Cancer Res 1985;
45(5):1997�2001.

[60] Reeve VE, Matheson M, Greenoak GE, Canfield PJ, Boehm-
Wilcox C, Gallagher CH. Effect of dietary lipid on UV light
carcinogenesis in the hairless mouse. Photochem Photobiol
1988;48(5):689�96.

[61] Sauer LA, Dauchy RT. Identification of linoleic and arachidonic
acids as the factors in hyperlipemic blood that increase

[3H]thymidine incorporation in hepatoma 7288CTC perfused in
situ. Cancer Res 1988;48(11):3106�11.

[62] Sauer LA, Dauchy RT, Blask DE, Armstrong BJ, Scalici S.
13-Hydroxyoctadecadienoic acid is the mitogenic signal for
linoleic acid-dependent growth in rat hepatoma 7288CTC
in vivo. Cancer Res 1999;59(18):4688�92.

[63] Sevanian A, Peterson H. Induction of cytotoxicity and mutagen-
esis is facilitated by fatty acid hydroperoxidase activity in
Chinese hamster lung fibroblasts (V79 cells). Mutat Res 1989;
224(2):185�96.

[64] Gower JD. A role for dietary lipids and antioxidants in the acti-
vation of carcinogens. Free Radic Biol Med 1988;5(2):95�111.

[65] de Kok TM, ten Vaarwerk F, Zwingman I, van Maanen JM,
Kleinjans JC. Peroxidation of linoleic, arachidonic and oleic acid
in relation to the induction of oxidative DNA damage and cyto-
genetic effects. Carcinogenesis 1994;15(7):1399�404.

[66] Pamplona R, Portero-Otin M, Sanz A, Requena J, Barja G.
Modification of the longevity-related degree of fatty acid
unsaturation modulates oxidative damage to proteins and
mitochondrial DNA in liver and brain. Exp Gerontol 2004;
39(5):725�33.

[67] Schonfeld P, Wojtczak L. Fatty acids decrease mitochondrial
generation of reactive oxygen species at the reverse electron
transport but increase it at the forward transport. Biochim
Biophys Acta 2007;1767(8):1032�40.

[68] Cocco T, Di Paola M, Papa S, Lorusso M. Arachidonic acid
interaction with the mitochondrial electron transport chain pro-
motes reactive oxygen species generation. Free Radic Biol Med
1999;27(1�2):51�9.

[69] Barja G. Mitochondrial oxygen radical generation and leak:
sites of production in states 4 and 3, organ specificity, and relation
to aging and longevity. J Bioenerg Biomembr 1999;
31(4):347�66.

[70] Herrero A, Portero-Otin M, Bellmunt MJ, Pamplona R, Barja G.
Effect of the degree of fatty acid unsaturation of rat
heart mitochondria on their rates of H2O2 production and lipid
and protein oxidative damage. Mech Ageing Dev 2001;
122(4):427�43.

[71] Wright Jr. JR, Fraser RB, Kapoor S, Cook HW. Essential fatty
acid deficiency prevents multiple low-dose streptozotocin-
induced diabetes in naive and cyclosporin-treated low-
responder murine strains. Acta Diabetol 1995;32(2):125�30.

[72] Takahashi K, Kato T, Schreiner GF, Ebert J, Badr KF. Essential
fatty acid deficiency normalizes function and histology in rat
nephrotoxic nephritis. Kidney Int 1992;41(5):1245�53.

[73] Autore G, Cicala C, Cirino G, Maiello FM, Mascolo N, Capasso
F. Essential fatty acid-deficient diet modifies PAF levels in
stomach and duodenum of endotoxin-treated rats. J Lipid
Mediat Cell Signal 1994;9(2):145�53.

[74] Lipoeto NI, Agus Z, Oenzil F, Wahlqvist M, Wattanapenpaiboon
N. Dietary intake and the risk of coronary heart disease among
the coconut-consuming Minangkabau in West Sumatra,
Indonesia. Asia Pac J Clin Nutr 2004;13(4):377�84.

[75] Prior IA, Davidson F, Salmond CE, Czochanska Z. Cholesterol,
coconuts, and diet on Polynesian atolls: a natural experiment:
the Pukapuka and Tokelau island studies. Am J Clin Nutr
1981;34(8):1552�61.

[76] Lindeberg S, Ahren B, Nilsson A, Cordain L, Nilsson-Ehle P,
Vessby B. Determinants of serum triglycerides and high-density
lipoprotein cholesterol in traditional Trobriand Islanders:
the Kitava Study. Scand J Clin Lab Invest 2003;63(3):175�80.

[77] Lindeberg S, Berntorp E, Nilsson-Ehle P, Terent A, Vessby B.
Age relations of cardiovascular risk factors in a traditional
Melanesian society: the Kitava Study. Am J Clin Nutr 1997;
66(4):845�52.

170 12. LIPID PEROXIDATION, DIET, AND THE GENOTOXICOLOGY OF AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref65
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref66
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref66
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref66
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref66
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref66
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref67
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref68
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref68
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref68
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref68
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref68
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref69
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref70
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref70
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref70
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref70
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref70
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref71
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref71
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref71
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref71
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref72
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref72
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref72
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref72
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref72
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref73
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref73
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref73
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref73
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref73
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref74
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref74
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref74
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref74
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref74
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref75
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref75
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref75
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref75
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref75
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref76
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref76
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref76
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref76
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref76


[78] McClellan WS, Du Bois EF. Clinical calorimetry. XLV. pro-
longed meat diets with a study of kidney function and ketosis.
J Biol Chem 1930;87(3):651�68.

[79] Grieb P, Klapcinska B, Smol E, et al. Long-term consumption
of a carbohydrate-restricted diet does not induce deleterious
metabolic effects. Nutr Res 2008;28(12):825�33.

[80] Mozaffarian D, Rimm EB, Herrington DM. Dietary fats, carbo-
hydrate, and progression of coronary atherosclerosis in post-
menopausal women. Am J Clin Nutr 2004;80(5):1175�84.

[81] Knopp RH, Retzlaff BM. Saturated fat prevents coronary
artery disease? An American paradox. Am J Clin Nutr 2004;80
(5):1102�3.

[82] Ferrieres J. The French paradox: lessons for other countries.
Heart 2004;90(1):107�11.

[83] Semba RD, Ferrucci L, Bartali B, et al. Resveratrol levels and
all-cause mortality in older community-dwelling adults.
JAMA Intern Med 2014;174(7):1077�84.

[84] Mbalilaki JA, Masesa Z, Stromme SB, et al. Daily energy
expenditure and cardiovascular risk in Masai, rural and urban
Bantu Tanzanians. Br J Sports Med 2008.

[85] Mann GV, Spoerry A, Gary M, Jarashow D. Atherosclerosis in
the Masai. Am J Epidemiol 1972;95(1):26�37.

[86] Zhou W, Mukherjee P, Kiebish MA, Markis WT, Mantis JG,
Seyfried TN. The calorically restricted ketogenic diet, an effec-
tive alternative therapy for malignant brain cancer. Nutr
Metab (Lond) 2007;4:5.

[87] Napoli E, Duenas N, Giulivi C. Potential therapeutic use of
the ketogenic diet in autistic spectrum disorders. Front Pediatr
2014;2.

[88] Richards MP, Pettitt PB, Trinkaus E, Smith FH, Paunovic M,
Karavanic I. Neanderthal diet at Vindija and Neanderthal pre-
dation: the evidence from stable isotopes. Proc Natl Acad Sci
USA 2000;97(13):7663�6.

[89] Portero-Otin M, Bellmunt MJ, Requena JR, Pamplona R.
Protein modification by advanced Maillard adducts can be
modulated by dietary polyunsaturated fatty acids. Biochem
Soc Trans 2003;31(Pt 6):1403�5.

[90] Lemieux H, Bulteau AL, Friguet B, Tardif JC, Blier PU. Dietary
fatty acids and oxidative stress in the heart mitochondria.
Mitochondrion 2011;11(1):97�103.

[91] Hibbeln JR, Nieminen LR, Lands WE. Increasing homicide
rates and linoleic acid consumption among five Western coun-
tries, 1961�2000. Lipids 2004;39(12):1207�13.

[92] Massiera F, Barbry P, Guesnet P, et al. A Western-like fat diet
is sufficient to induce a gradual enhancement in fat mass over
generations. J Lipid Res 2010;51(8):2352�61.

[93] Negre-Salvayre A, Coatrieux C, Ingueneau C, Salvayre R.
Advanced lipid peroxidation end products in oxidative
damage to proteins. Potential role in diseases and therapeu-
tic prospects for the inhibitors. Br J Pharmacol 2008;
153(1):6�20.

[94] Baynes JW. The Maillard hypothesis on aging: time to focus
on DNA. Ann NY Acad Sci 2002;959:360�7.

[95] Feng Z, Hu W, Tang MS. Trans-4-hydroxy-2-nonenal inhibits
nucleotide excision repair in human cells: a possible mecha-
nism for lipid peroxidation-induced carcinogenesis. Proc Natl
Acad Sci USA 2004;101(23):8598�602.

[96] Feng Z, Hu W, Marnett LJ, Tang MS. Malondialdehyde, a
major endogenous lipid peroxidation product, sensitizes
human cells to UV- and BPDE-induced killing and mutagene-
sis through inhibition of nucleotide excision repair. Mutat Res
2006;601(1�2):125�36.

[97] Pang B, Zhou X, Yu H, et al. Lipid peroxidation dominates the
chemistry of DNA adduct formation in a mouse model of
inflammation. Carcinogenesis 2007;28(8):1807�13.

[98] Williams MV, Lee SH, Pollack M, Blair IA. Endogenous lipid
hydroperoxide-mediated DNA-adduct formation in min mice.
J Biol Chem 2006;281(15):10127�33.

[99] Kawanishi S, Hiraku Y, Pinlaor S, Ma N. Oxidative and nitra-
tive DNA damage in animals and patients with inflammatory
diseases in relation to inflammation-related carcinogenesis.
Biol Chem 2006;387(4):365�72.

[100] Kim SI, Pfeifer GP, Besaratinia A. Lack of mutagenicity of
acrolein-induced DNA adducts in mouse and human cells.
Cancer Res 2007;67(24):11640�7.

[101] Foiles PG, Akerkar SA, Miglietta LM, Chung FL. Formation
of cyclic deoxyguanosine adducts in Chinese hamster ovary
cells by acrolein and crotonaldehyde. Carcinogenesis 1990;
11(11):2059�61.

[102] Foiles PG, Akerkar SA, Chung FL. Application of an immuno-
assay for cyclic acrolein deoxyguanosine adducts to assess
their formation in DNA of Salmonella typhimurium under
conditions of mutation induction by acrolein. Carcinogenesis
1989;10(1):87�90.

[103] Basu AK, Marnett LJ. Molecular requirements for the mutage-
nicity of malondialdehyde and related acroleins. Cancer Res
1984;44(7):2848�54.

[104] Feng Z, Hu W, Amin S, Tang MS. Mutational spectrum and
genotoxicity of the major lipid peroxidation product, trans-4-
hydroxy-2-nonenal, induced DNA adducts in nucleotide exci-
sion repair-proficient and -deficient human cells. Biochemistry
2003;42(25):7848�54.

[105] Hu W, Feng Z, Eveleigh J, et al. The major lipid peroxidation
product, trans-4-hydroxy-2-nonenal, preferentially forms DNA
adducts at codon 249 of human p53 gene, a unique mutational
hotspot in hepatocellular carcinoma. Carcinogenesis 2002;23
(11):1781�9.

[106] Chung FL, Pan J, Choudhury S, Roy R, Hu W, Tang MS.
Formation of trans-4-hydroxy-2-nonenal- and other enal-
derived cyclic DNA adducts from omega-3 and omega-6
polyunsaturated fatty acids and their roles in DNA repair
and human p53 gene mutation. Mutat Res 2003;531
(1�2):25�36.

[107] Kowalczyk P, Ciesla JM, Komisarski M, Kusmierek JT,
Tudek B. Long-chain adducts of trans-4-hydroxy-2-nonenal
to DNA bases cause recombination, base substitutions and
frameshift mutations in M13 phage. Mutat Res 2004;550
(1�2):33�48.

[108] Fernandes PH, Wang H, Rizzo CJ, Lloyd RS. Site-specific
mutagenicity of stereochemically defined 1,N2-deoxyguano-
sine adducts of trans-4-hydroxynonenal in mammalian cells.
Environ Mol Mutagen 2003;42(2):68�74.

[109] Chung FL, Nath RG, Ocando J, Nishikawa A, Zhang L.
Deoxyguanosine adducts of t-4-hydroxy-2-nonenal are endog-
enous DNA lesions in rodents and humans: detection and
potential sources. Cancer Res 2000;60(6):1507�11.

[110] Kasai H, Maekawa M, Kawai K, et al. 4-oxo-2-hexenal, a muta-
gen formed by omega-3 fat peroxidation, causes DNA adduct
formation in mouse organs. Ind Health 2005;43(4):699�701.

[111] Kawai K, Matsuno K, Kasai H. Detection of 4-oxo-2-hexenal, a
novel mutagenic product of lipid peroxidation, in human diet
and cooking vapor. Mutat Res 2006;603(2):186�92.

[112] Maekawa M, Kawai K, Takahashi Y, et al. Identification of
4-oxo-2-hexenal and other direct mutagens formed in model
lipid peroxidation reactions as dGuo adducts. Chem Res
Toxicol 2006;19(1):130�8.

[113] Phillis JW, Horrocks LA, Farooqui AA. Cyclooxygenases,
lipoxygenases, and epoxygenases in CNS: their role and
involvement in neurological disorders. Brain Res Rev 2006;
52(2):201�43.

171REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref77
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref77
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref77
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref77
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref78
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref78
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref78
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref78
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref79
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref79
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref79
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref79
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref80
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref80
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref80
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref80
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref81
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref81
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref81
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref82
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref82
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref82
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref82
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref83
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref83
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref83
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref84
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref84
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref84
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref85
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref85
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref85
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref85
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref86
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref86
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref86
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref87
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref87
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref87
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref87
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref87
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref88
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref88
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref88
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref88
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref88
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref89
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref89
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref89
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref89
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref90
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref90
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref90
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref90
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref90
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref91
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref91
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref91
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref91
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref92
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref93
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref93
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref93
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref94
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref94
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref94
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref94
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref94
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref95
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref96
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref96
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref96
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref96
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref97
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref97
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref97
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref97
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref98
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref98
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref98
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref98
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref98
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref99
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref99
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref99
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref99
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref100
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref100
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref100
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref100
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref100
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref101
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref102
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref102
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref102
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref102
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref103
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref104
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref105
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref106
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref107
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref107
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref107
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref107
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref107
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref108
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref108
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref108
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref108
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref108
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref109
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref109
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref109
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref109
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref110
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref110
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref110
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref110
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref111
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref111
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref111
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref111
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref111
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref112
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref112
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref112
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref112
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref112


[114] Cuendet M, Pezzuto JM. The role of cyclooxygenase and lipox-
ygenase in cancer chemoprevention. Drug Metabol Drug
Interact 2000;17(1�4):109�57.

[115] Nanda BL, Nataraju A, Rajesh R, Rangappa KS, Shekar MA,
Vishwanath BS. PLA2 mediated arachidonate free radicals:
PLA2 inhibition and neutralization of free radicals by anti-
oxidants � a new role as anti-inflammatory molecule. Curr
Top Med Chem 2007;7(8):765�77.

[116] Farooqui AA, Ong WY, Horrocks LA. Inhibitors of brain phos-
pholipase A2 activity: their neuropharmacological effects and
therapeutic importance for the treatment of neurologic disor-
ders. Pharmacol Rev 2006;58(3):591�620.

[117] Farooqui AA, Horrocks LA. Phospholipase A2-generated lipid
mediators in the brain: the good, the bad, and the ugly.
Neuroscientist 2006;12(3):245�60.

[118] Spiteller G. Lipid peroxidation in aging and age-dependent
diseases. Exp Gerontol 2001;36(9):1425�57.

[119] Marnett LJ. Oxy radicals, lipid peroxidation and DNA dam-
age. Toxicology 2002;181�182:219�22.

[120] Plastaras JP, Guengerich FP, Nebert DW, Marnett LJ. Xenobiotic-
metabolizing cytochromes P450 convert prostaglandin endoper-
oxide to hydroxyheptadecatrienoic acid and the mutagen,
malondialdehyde. J Biol Chem 2000;275(16):11784�90.

[121] Murthi KK, Friedman LR, Oleinick NL, Salomon RG.
Formation of DNA-protein cross-links in mammalian cells by
levuglandin E2. Biochemistry 1993;32(15):4090�7.

[122] Salomon RG. Levuglandins and isolevuglandins: stealthy
toxins of oxidative injury. Antioxid Redox Signal 2005;
7(1�2):185�201.

[123] Pathak S, Singh R, Verschoyle RD, et al. Androgen manipula-
tion alters oxidative DNA adduct levels in androgen-sensitive
prostate cancer cells grown in vitro and in vivo. Cancer Lett
2007.

[124] Hankin JA, Jones DN, Murphy RC. Covalent binding of leuko-
triene A4 to DNA and RNA. Chem Res Toxicol 2003;16
(4):551�61.

[125] Hankin JA, Murphy RC. Covalent binding of leukotriene A4
to nucleosides, nucleotides, and nucleic acids. Adv Exp Med
Biol 2003;525:29�33.

[126] Hankin JA, Murphy RC. Mass spectrometric quantitation of
deoxyguanosine and leukotriene A4-deoxyguanosine adducts
of DNA. Anal Biochem 2004;333(1):156�64.

[127] Das UN, Ramadevi G, Rao KP, Rao MS. Prostaglandins can
modify gamma-radiation and chemical induced cytotoxicity
and genetic damage in vitro and in vivo. Prostaglandins
1989;38(6):689�716.

[128] Lim P, Sadre-Bazzaz K, Shurter J, Sarasin A, Termini J. DNA
damage and mutations induced by arachidonic acid peroxida-
tion. Biochemistry 2003;42(51):15036�44.

[129] Toschi A, Lee E, Xu L, Garcia A, Gadir N, Foster DA.
Regulation of mTORC1 and mTORC2 complex assembly by
phosphatidic acid: competition with rapamycin. Mol Cell Biol
2009;29(6):1411�20.

[130] Sun Y, Fang Y, Yoon MS, et al. Phospholipase D1 is an effector
of Rheb in the mTOR pathway. Proc Natl Acad Sci USA
2008;105(24):8286�91.

[131] Lee SH, Williams MV, Dubois RN, Blair IA. Cyclooxygenase-2-
mediated DNA damage. J Biol Chem 2005;280(31):28337�46.

[132] Chen X, Sood S, Yang CS, Li N, Sun Z. Five-lipoxygenase
pathway of arachidonic acid metabolism in carcino-genesis
and cancer chemoprevention. Curr Cancer Drug Targets
2006;6(7):613�22.

[133] Chen X, Wang S, Wu N, Yang CS. Leukotriene A4 hydrolase
as a target for cancer prevention and therapy. Curr Cancer
Drug Targets 2004;4(3):267�83.

[134] Rosignoli P, Fuccelli R, Fabiani R, Servili M, Morozzi G. Effect
of olive oil phenols on the production of inflammatory media-
tors in freshly isolated human monocytes. J Nutr Biochem
2013;24(8):1513�19.

[135] Shimizu S, Akimoto K, Shinmen Y, Kawashima H, Sugano M,
Yamada H. Sesamin is a potent and specific inhibitor of delta
5 desaturase in polyunsaturated fatty acid biosynthesis. Lipids
1991;26(7):512�16.

[136] Serhan CN. Pro-resolving lipid mediators are leads for resolu-
tion physiology. Nature 2014;510(7503):92�101.

[137] Michaels ML, Miller JH. The GO system protects orga-
nisms from the mutagenic effect of the spontaneous lesion
8-hydroxyguanine (7,8-dihydro-8-oxoguanine). J Bacteriol 1992;
174(20):6321�5.

[138] Kim JE, Chung MH. 8-Oxo-7,8-dihydro-2’-deoxyguanosine is
not salvaged for DNA synthesis in human leukemic U937
cells. Free Radic Res 2006;40(5):461�6.

[139] Hogg N, Kalyanaraman B. Nitric oxide and lipid peroxidation.
Biochim Biophys Acta 1999;1411(2�3):378�84.

[140] Gruz P, Shimizu M. Origins of age-related DNA damage and
dietary strategies for its reduction. Rejuvenation Res 2010;13
(2�3):285�7.

[141] Brenna JT, Varamini B, Jensen RG, Diersen-Schade DA,
Boettcher JA, Arterburn LM. Docosahexaenoic and arachido-
nic acid concentrations in human breast milk worldwide. Am
J Clin Nutr 2007;85(6):1457�64.

[142] Das UN. Is metabolic syndrome X a disorder of the brain
with the initiation of low-grade systemic inflammatory
events during the perinatal period? J Nutr Biochem 2007;18
(11):701�13.

[143] Gorlewska-Roberts KM, Teitel CH, Lay Jr. JO, Roberts DW,
Kadlubar FF. Lactoperoxidase-catalyzed activation of carcino-
genic aromatic and heterocyclic amines. Chem Res Toxicol
2004;17(12):1659�66.

[144] Josephy PD. The role of peroxidase-catalyzed activation of aro-
matic amines in breast cancer. Mutagenesis 1996;11(1):3�7.

[145] Martin FL, Cole KJ, Weaver G, et al. Genotoxicity of human
breast milk from different countries. Mutagenesis 2001;
16(5):401�6.

[146] Phillips DH, Martin FL, Williams JA, et al. Mutagens in
human breast lipid and milk: the search for environmental
agents that initiate breast cancer. Environ Mol Mutagen
2002;39(2�3):143�9.

[147] Yakes Jimenez E, Mangani C, Ashorn P, Harris WS, Maleta
K, Dewey KG. Breast milk from women living near Lake
Malawi is high in docosahexaenoic acid and arachidonic
acid. Prostaglandins Leukot Essent Fatty Acids 2014.

[148] Greaves LC, Nooteboom M, Elson JL, et al. Clonal expansion
of early to mid-life mitochondrial DNA point mutations drives
mitochondrial dysfunction during human ageing. PLoS Genet
2014;10(9):e1004620.

[149] Grover PL, Martin FL. The initiation of breast and prostate
cancer. Carcinogenesis 2002;23(7):1095�102.

[150] Brouwer IA, Katan MB, Zock PL. Dietary alpha-linolenic acid
is associated with reduced risk of fatal coronary heart disease,
but increased prostate cancer risk: a meta-analysis. J Nutr
2004;134(4):919�22.

[151] Christensen JH, Fabrin K, Borup K, Barber N, Poulsen J.
Prostate tissue and leukocyte levels of n-3 polyunsaturated
fatty acids in men with benign prostate hyperplasia or pros-
tate cancer. BJU Int 2006;97(2):270�3.

[152] Giovannucci E, Liu Y, Platz EA, Stampfer MJ, Willett WC.
Risk factors for prostate cancer incidence and progression in
the health professionals follow-up study. Int J Cancer 2007;121
(7):1571�8.

172 12. LIPID PEROXIDATION, DIET, AND THE GENOTOXICOLOGY OF AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref113
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref113
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref113
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref113
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref113
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref114
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref115
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref115
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref115
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref115
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref115
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref116
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref116
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref116
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref116
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref117
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref117
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref117
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref118
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref118
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref118
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref118
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref119
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref119
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref119
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref119
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref119
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref120
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref120
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref120
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref120
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref121
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref121
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref121
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref121
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref121
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref122
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref122
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref122
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref122
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref123
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref123
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref123
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref123
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref124
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref124
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref124
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref124
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref125
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref125
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref125
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref125
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref126
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref126
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref126
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref126
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref126
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref127
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref127
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref127
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref127
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref128
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref128
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref128
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref128
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref128
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref129
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref129
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref129
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref129
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref130
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref130
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref130
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref131
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref131
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref131
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref131
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref131
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref132
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref132
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref132
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref132
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref133
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref133
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref133
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref133
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref133
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref134
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref134
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref134
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref134
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref134
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref135
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref135
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref135
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref136
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref136
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref136
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref136
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref136
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref137
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref137
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref137
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref137
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref138
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref138
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref138
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref138
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref139
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref139
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref139
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref139
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref139
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref140
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref140
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref140
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref140
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref140
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref141
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref141
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref141
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref141
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref141
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref142
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref142
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref142
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref142
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref142
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref143
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref143
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref143
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref144
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref144
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref144
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref144
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref145
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref146
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref146
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref146
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref146
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref147
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref147
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref147
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref147
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref148
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref148
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref148
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref149
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref149
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref149
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref149
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref149
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref150
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref150
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref150
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref150
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref150
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref151
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref151
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref151
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref151
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref151


[153] Leitzmann MF, Stampfer MJ, Michaud DS, et al. Dietary intake
of n-3 and n-6 fatty acids and the risk of prostate cancer. Am J
Clin Nutr 2004;80(1):204�16.

[154] Pandalai PK, Pilat MJ, Yamazaki K, Naik H, Pienta KJ. The
effects of omega-3 and omega-6 fatty acids on in vitro prostate
cancer growth. Anticancer Res 1996;16(2):815�20.

[155] Ritch CR, Brendler CB, Wan RL, Pickett KE, Sokoloff MH.
Relationship of erythrocyte membrane polyunsaturated fatty
acids and prostate-specific antigen levels in Jamaican men.
BJU Int 2004;93(9):1211�15.

[156] Ritch CR, Wan RL, Stephens LB, et al. Dietary fatty acids cor-
relate with prostate cancer biopsy grade and volume in
Jamaican men. J Urol 2007;177(1):97�101 discussion.

[157] Guillén MD, Uriarte PS. Aldehydes contained in edible oils of
a very different nature after prolonged heating at frying tem-
perature: presence of toxic oxygenated α,β unsaturated alde-
hydes. Food Chem 2012;131(3):915�26.

[158] Guillen MD, Goicoechea E. Toxic oxygenated alpha,beta-
unsaturated aldehydes and their study in foods: a review. Crit
Rev Food Sci Nutr 2008;48(2):119�36.

[159] Kasai H, Kawai K. 4-oxo-2-hexenal, a mutagen formed by
omega-3 fat peroxidation: occurrence, detection and adduct
formation. Mutat Res 2008;659(1�2):56�9.

[160] Takasu S, Tsukamoto T, Hirata A, et al. Lack of initiation
activity of 4-oxo-2-hexenal, a peroxidation product generated
from omega-3 polyunsaturated fatty acids, in an in vivo five-
week liver assay. Asian Pac J Cancer Prev 2007;8(3):372�4.

[161] Schuler D, Budiawan B, Eder E. Development of a
32P-postlabeling method for the detection of 1, N2-
propanodeoxyguanosine adducts of 2-hexenal in vivo.
Chem Res Toxicol 1999;12(4):335�40.

[162] Hilakivi-Clarke L, Olivo SE, Shajahan A, et al. Mechanisms
mediating the effects of prepubertal (n-3) polyunsaturated
fatty acid diet on breast cancer risk in rats. J Nutr 2005;135
(Suppl. 12):2946S�52SS.

[163] Rikans LE, Hornbrook KR. Lipid peroxidation, antioxidant
protection and aging. Biochim Biophys Acta 1997;1362
(2�3):116�27.

[164] Mozaffarian D, Katan MB, Ascherio A, Stampfer MJ, Willett
WC. Trans fatty acids and cardiovascular disease. N Engl J
Med 2006;354(15):1601�13.

[165] Al-Saghir S, Thurner K, Wagner KH, et al. Effects of different
cooking procedures on lipid quality and cholesterol oxidation
of farmed salmon fish (Salmo salar). J Agric Food Chem
2004;52(16):5290�6.

[166] Chung FL, Zhang L, Ocando JE, Nath RG. Role of 1,N2-propa-
nodeoxyguanosine adducts as endogenous DNA lesions in
rodents and humans. IARC Sci Publ 1999;150:45�54.

[167] Eder E, Scheckenbach S, Deininger C, Hoffman C. The possi-
ble role of alpha, beta-unsaturated carbonyl compounds in
mutagenesis and carcinogenesis. Toxicol Lett 1993;67(1�3):
87�103.

[168] Zhang S, Villalta PW, Wang M, Hecht SS. Analysis of crotonal-
dehyde- and acetaldehyde-derived 1,n(2)-propanodeoxygua-
nosine adducts in DNA from human tissues using liquid
chromatography electrospray ionization tandem mass spec-
trometry. Chem Res Toxicol 2006;19(10):1386�92.

[169] Rouzer CA, Chaudhary AK, Nokubo M, et al. Analysis of the
malondialdehyde-2’-deoxyguanosine adduct pyrimidopuri-
none in human leukocyte DNA by gas chromatography/elec-
tron capture/negative chemical ionization/mass spectrometry.
Chem Res Toxicol 1997;10(2):181�8.

[170] Fang JL, Vaca CE, Valsta LM, Mutanen M. Determination of
DNA adducts of malonaldehyde in humans: effects of dietary
fatty acid composition. Carcinogenesis 1996;17(5):1035�40.

[171] Bartsch H, Nair J. Ultrasensitive and specific detection meth-
ods for exocylic DNA adducts: markers for lipid peroxidation
and oxidative stress. Toxicology 2000;153(1�3):105�14.

[172] Zhang S, Villalta PW, Wang M, Hecht SS. Detection and quantita-
tion of acrolein-derived 1,N2-propanodeoxyguanosine adducts
in human lung by liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry. Chem Res Toxicol 2007;20(4):
565�71.

[173] Liu X, Lovell MA, Lynn BC. Development of a method for
quantification of acrolein-deoxyguanosine adducts in DNA
using isotope dilution-capillary LC/MS/MS and its applica-
tion to human brain tissue. Anal Chem 2005;77(18):5982�9.

[174] Chung FL, Nath RG, Nagao M, Nishikawa A, Zhou GD,
Randerath K. Endogenous formation and significance of 1,N2-
propanodeoxyguanosine adducts. Mutat Res 1999;424
(1�2):71�81.

[175] Liu X, Lovell MA, Lynn BC. Detection and quantification of
endogenous cyclic DNA adducts derived from trans-4-
hydroxy-2-nonenal in human brain tissue by isotope dilution
capillary liquid chromatography nanoelectrospray tandem
mass spectrometry. Chem Res Toxicol 2006;19(5):710�18.

[176] Badouard C, Menezo Y, Panteix G, et al. Determination of
new types of DNA lesions in human sperm. Zygote 2008;16
(1):9�13.

[177] Douki T, Odin F, Caillat S, Favier A, Cadet J. Predominance
of the 1,N2-propano 2’-deoxyguanosine adduct among
4-hydroxy-2-nonenal-induced DNA lesions. Free Radic Biol
Med 2004;37(1):62�70.

[178] Kawai Y, Uchida K, Osawa T. 2’-deoxycytidine in free nucleo-
sides and double-stranded DNA as the major target of lipid
peroxidation products. Free Radic Biol Med 2004;36(5):529�41.

[179] Adler ID, Filser J, Gonda H, Schriever-Schwemmer G. Dose
response study for 1,3-butadiene-induced dominant lethal
mutations and heritable translocations in germs cells of male
mice. Mutat Res 1998;397(1):85�92.

[180] Fernandes PH, Lloyd RS. Mutagenic bypass of the butadiene-
derived 2’-deoxyuridine adducts by polymerases eta and zeta.
Mutat Res 2007;625(1�2):40�9.

[181] Rindgen D, Lee SH, Nakajima M, Blair IA. Formation of a
substituted 1,N(6)-etheno-2’-deoxyadenosine adduct by lipid
hydroperoxide-mediated generation of 4-oxo-2-nonenal. Chem
Res Toxicol 2000;13(9):846�52.

[182] Lee SH, Rindgen D, Bible Jr. RH, Hajdu E, Blair IA.
Characterization of 2’-deoxyadenosine adducts derived from
4-oxo-2-nonenal, a novel product of lipid peroxidation. Chem
Res Toxicol 2000;13(7):565�74.

[183] Nair J, De Flora S, Izzotti A, Bartsch H. Lipid peroxidation-
derived etheno-DNA adducts in human atherosclerotic
lesions. Mutat Res 2007;621(1�2):95�105.

[184] Schmid K, Nair J, Winde G, Velic I, Bartsch H. Increased levels
of promutagenic etheno-DNA adducts in colonic polyps of
FAP patients. Int J Cancer 2000;87(1):1�4.

[185] Bartsch H, Nair J. Potential role of lipid peroxidation derived
DNA damage in human colon carcinogenesis: studies on exo-
cyclic base adducts as stable oxidative stress markers. Cancer
Detect Prev 2002;26(4):308�12.

[186] Pugh S, Thomas GA. Patients with adenomatous polyps and
carcinomas have increased colonic mucosal prostaglandin E2.
Gut 1994;35(5):675�8.

[187] Nair J, Gansauge F, Beger H, Dolara P, Winde G, Bartsch H.
Increased etheno-DNA adducts in affected tissues of patients
suffering from Crohn’s disease, ulcerative colitis, and chronic
pancreatitis. Antioxid Redox Signal 2006;8(5�6):1003�10.

[188] Arab K, Pedersen M, Nair J, Meerang M, Knudsen LE, Bartsch
H. Typical signature of DNA damage in white blood cells: a

173REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref152
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref152
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref152
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref152
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref153
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref153
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref153
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref153
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref154
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref154
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref154
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref154
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref154
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref155
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref155
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref155
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref155
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref156
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref157
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref157
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref157
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref157
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref158
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref158
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref158
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref158
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref158
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref159
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref159
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref159
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref159
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref159
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref160
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref160
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref160
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref160
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref160
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref161
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref161
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref161
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref161
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref161
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref162
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref162
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref162
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref162
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref162
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref163
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref163
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref163
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref163
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref164
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref164
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref164
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref164
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref164
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref165
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref165
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref165
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref165
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref166
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref167
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref168
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref169
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref169
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref169
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref169
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref170
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref170
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref170
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref170
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref170
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref171
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref172
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref172
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref172
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref172
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref172
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref173
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref174
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref175
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref175
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref175
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref175
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref176
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref176
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref176
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref176
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref176
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref177
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref177
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref177
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref177
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref178
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref178
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref178
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref178
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref178
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref179
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref179
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref179
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref179
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref179
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref180
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref180
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref180
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref180
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref180
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref181
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref181
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref181
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref181
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref181
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref182
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref182
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref182
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref182
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref182
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref183
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref183
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref183
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref183
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref184
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref184
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref184
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref184
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref184
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref185
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref185
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref185
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref185
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref186
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref187
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref187


pilot study on etheno adducts in Danish mother-newborn
child pairs. Carcinogenesis 2009;30(2):282�5.

[189] Godschalk RW, Albrecht C, Curfs DM, et al. Decreased levels
of lipid peroxidation-induced DNA damage in the onset of
atherogenesis in apolipoprotein E deficient mice. Mutat Res
2007;621(1�2):87�94.

[190] Vogel U, Danesvar B, Autrup H, et al. Effect of increased
intake of dietary animal fat and fat energy on oxidative dam-
age, mutation frequency, DNA adduct level and DNA repair
in rat colon and liver. Free Radic Res 2003;37(9):947�56.

[191] Fang Q, Nair J, Sun X, Hadjiolov D, Bartsch H. Etheno-DNA
adduct formation in rats gavaged with linoleic acid, oleic acid
and coconut oil is organ- and gender specific. Mutat Res
2007;624(1�2):71�9.

[192] Hagenlocher T, Nair J, Becker N, Korfmann A, Bartsch H.
Influence of dietary fatty acid, vegetable, and vitamin intake
on etheno-DNA adducts in white blood cells of healthy female
volunteers: a pilot study. Cancer Epidemiol Biomarkers Prev
2001;10(11):1187�91.

[193] Davidson LA, Nguyen DV, Hokanson RM, et al.
Chemopreventive n-3 polyunsaturated fatty acids reprogram
genetic signatures during colon cancer initiation and progres-
sion in the rat. Cancer Res 2004;64(18):6797�804.

[194] Long EK, Murphy TC, Leiphon LJ, et al. Trans-4-hydroxy-2-
hexenal is a neurotoxic product of docosahexaenoic (22:6; n-3)
acid oxidation. J Neurochem 2008;105(3):714�24.

[195] Fam SS, Murphey LJ, Terry ES, et al. Formation of highly reac-
tive A-ring and J-ring isoprostane-like compounds (A4/J4-
neuroprostanes) in vivo from docosahexaenoic acid. J Biol
Chem 2002;277(39):36076�84.

[196] Chou PH, Kageyama S, Matsuda S, et al. Detection of lipid
peroxidation-induced DNA adducts caused by 4-oxo-2(E)-
nonenal and 4-oxo-2(E)-hexenal in human autopsy tissues.
Chem Res Toxicol 2010;23(9):1442�8.

[197] Mortelmans K, Zeiger E. The Ames Salmonella/microsome
mutagenicity assay. Mutat Res 2000;455(1�2):29�60.

[198] Lopachin RM, Gavin T, Petersen DR, Barber DS. Molecular
mechanisms of 4-hydroxy-2-nonenal and acrolein toxicity:
nucleophilic targets and adduct formation. Chem Res Toxicol
2009.

[199] Marnett LJ, Hurd HK, Hollstein MC, Levin DE, Esterbauer H,
Ames BN. Naturally occurring carbonyl compounds are muta-
gens in Salmonella tester strain TA104. Mutat Res 1985;148
(1�2):25�34.

[200] Eder E, Deininger C. Mutagenicity of 2-alkylpropenals in
Salmonella typhimurium strain TA 100: structural influences.
Environ Mol Mutagen 2001;37(4):324�8.

[201] Parent RA, Caravello HE, San RH. Mutagenic activity of
acrolein in S. typhimurium and E. coli. J Appl Toxicol 1996;
16(2):103�8.

[202] Neudecker T, Eder E, Deininger C, Henschler D.
Crotonaldehyde is mutagenic in Salmonella typhimurium
TA100. Environ Mol Mutagen 1989;14(3):146�8.

[203] Riggins JN, Marnett LJ. Mutagenicity of the malondialdehyde
oligomerization products 2-(3’-oxo-1’-propenyl)-malondialde-
hyde and 2,4-dihydroxymethylene-3-(2,2-dimethoxyethyl)glu-
taraldehyde in Salmonella. Mutat Res 2001;497(1�2):153�7.

[204] Chung FL, Chen HJ, Guttenplan JB, Nishikawa A, Hard GC.
2,3-epoxy-4-hydroxynonanal as a potential tumor-initiating
agent of lipid peroxidation. Carcinogenesis 1993;14(10):
2073�7.

[205] Chen HJ, Gonzalez FJ, Shou M, Chung FL. 2,3-epoxy-4-hydro-
xynonanal, a potential lipid peroxidation product for etheno
adduct formation, is not a substrate of human epoxide hydro-
lase. Carcinogenesis 1998;19(5):939�43.

[206] Chen HJ, Chung FL. Epoxidation of trans-4-hydroxy-2-nonenal
by fatty acid hydroperoxides and hydrogen peroxide. Chem
Res Toxicol 1996;9(1):306�12.

[207] Lee SH, Oe T, Blair IA. Vitamin C-induced decomposition of
lipid hydroperoxides to endogenous genotoxins. Science
2001;292(5524):2083�6.

[208] Lee SH, Arora JA, Oe T, Blair IA. 4-Hydroperoxy-2-nonenal-
induced formation of 1,N2-etheno-2’-deoxyguanosine adducts.
Chem Res Toxicol 2005;18(4):780�6.

[209] Blair IA. Lipid hydroperoxide-mediated DNA damage. Exp
Gerontol 2001;36(9):1473�81.

[210] Blair IA. DNA adducts with lipid peroxidation products.
J Biol Chem 2008;283(23):15545�9.

[211] Benamira M, Marnett LJ. The lipid peroxidation product
4-hydroxynonenal is a potent inducer of the SOS response.
Mutat Res 1992;293(1):1�10.

[212] Demir E, Kaya B, Soriano C, Creus A, Marcos R. Genotoxic
analysis of four lipid-peroxidation products in the mouse lym-
phoma assay. Mutat Res 2011;726(2):98�103.

[213] Singh SP, Chen T, Chen L, et al. Mutagenic effects of
4-hydroxynonenal triacetate, a chemically protected form of the
lipid peroxidation product 4-hydroxynonenal, as assayed in
L5178Y/Tk1/2 mouse lymphoma cells. J Pharmacol Exp Ther
2005;313(2):855�61.

[214] Eder E, Wacker M, Lutz U, et al. Oxidative stress related DNA
adducts in the liver of female rats fed with sunflower-, rape-
seed-, olive- or coconut oil supplemented diets. Chem Biol
Interact 2006;159(2):81�9.

[215] Lim P, Wuenschell GE, Holland V, et al. Peroxyl radical
mediated oxidative DNA base damage: implications for lipid
peroxidation induced mutagenesis. Biochemistry 2004;43(49):
15339�48.

[216] Blair IA. Endogenous glutathione adducts. Curr Drug Metab
2006;7(8):853�72.

[217] Jian W, Lee SH, Mesaros C, Oe T, Elipe MV, Blair IA. A novel
4-oxo-2(E)-nonenal-derived endogenous thiadiazabicyclo glu-
tathione adduct formed during cellular oxidative stress. Chem
Res Toxicol 2007;20(7):1008�18.

[218] Huang G, Mills L, Worth LL. Expression of human glutathione
S-transferase P1 mediates the chemosensitivity of osteosar-
coma cells. Mol Cancer Ther 2007;6(5):1610�19.

[219] Wright SC, Wang H, Wei QS, Kinder DH, Larrick JW. Bcl-2-
mediated resistance to apoptosis is associated with
glutathione-induced inhibition of AP24 activation of nuclear
DNA fragmentation. Cancer Res 1998;58(23):5570�6.

[220] Aldini G, Facino RM, Beretta G, Carini M. Carnosine and
related dipeptides as quenchers of reactive carbonyl species:
from structural studies to therapeutic perspectives. Biofactors
2005;24(1�4):77�87.

[221] Aldini G, Granata P, Carini M. Detoxification of cytotoxic
alpha,beta-unsaturated aldehydes by carnosine: characteriza-
tion of conjugated adducts by electrospray ionization tandem
mass spectrometry and detection by liquid chromatography/
mass spectrometry in rat skeletal muscle. J Mass Spectrom
2002;37(12):1219�28.

[222] Babizhayev MA. Analysis of lipid peroxidation and electron
microscopic survey of maturation stages during human catar-
actogenesis: pharmacokinetic assay of Can-C N-acetylcarno-
sine prodrug lubricant eye drops for cataract prevention.
Drugs R D 2005;6(6):345�69.

[223] Wiedemann M, Kontush A, Finckh B, Hellwege HH,
Kohlschutter A. Neonatal blood plasma is less susceptible to
oxidation than adult plasma owing to its higher content of bili-
rubin and lower content of oxidizable fatty acids. Pediatr Res
2003;53(5):843�9.

174 12. LIPID PEROXIDATION, DIET, AND THE GENOTOXICOLOGY OF AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref187
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref187
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref187
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref188
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref189
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref189
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref189
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref189
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref189
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref190
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref191
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref192
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref192
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref192
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref192
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref192
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref193
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref193
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref193
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref193
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref194
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref194
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref194
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref194
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref194
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref195
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref195
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref195
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref195
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref195
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref196
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref196
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref196
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref196
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref197
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref197
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref197
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref197
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref198
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref199
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref199
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref199
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref199
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref200
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref200
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref200
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref200
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref201
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref201
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref201
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref201
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref202
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref203
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref203
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref203
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref203
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref203
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref204
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref204
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref204
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref204
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref204
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref205
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref205
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref205
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref205
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref206
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref206
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref206
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref206
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref207
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref207
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref207
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref207
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref208
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref208
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref208
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref209
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref209
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref209
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref210
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref210
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref210
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref210
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref211
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref211
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref211
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref211
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref212
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref213
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref213
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref213
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref213
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref213
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref214
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref214
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref214
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref214
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref214
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref215
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref215
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref215
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref216
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref216
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref216
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref216
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref216
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref217
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref217
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref217
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref217
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref218
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref218
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref218
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref218
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref218
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref219
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref220
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref221
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref222


[224] Catala A. The ability of melatonin to counteract lipid peroxi-
dation in biological membranes. Curr Mol Med 2007;7(7):
638�49.

[225] Spiteller G. Furan fatty acids: occurrence, synthesis, and reac-
tions. Are furan fatty acids responsible for the cardioprotective
effects of a fish diet? Lipids 2005;40(8):755�71.

[226] Spindler SR, Mote PL, Flegal JM. Lifespan effects of simple
and complex nutraceutical combinations fed isocalorically to
mice. Age (Dordr) 2014;36(2):705�18.

[227] Selman C, McLaren JS, Collins AR, Duthie GG, Speakman JR.
Deleterious consequences of antioxidant supplementation on
lifespan in a wild-derived mammal. Biol Lett 2013;9(4):
20130432.

[228] Heinonen OP, Albanes D. The effect of vitamin E and beta car-
otene on the incidence of lung cancer and other cancers in
male smokers. N Engl J Med 1994;330(15):1029�35.

[229] Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P,
Bergo MO. Antioxidants accelerate lung cancer progression in
mice. Sci Transl Med 2014;6(221):221ra15.

[230] Kaiser J. Biomedical research. Antioxidants could spur tumors
by acting on cancer gene. Science 2014;343(6170):477.

[231] Hekimi S. Enhanced immunity in slowly aging mutant mice
with high mitochondrial oxidative stress. Oncoimmunology
2013;2(4):e23793.

[232] Yee C, Yang W, Hekimi S. The intrinsic apoptosis pathway
mediates the pro-longevity response to mitochondrial ROS in
C. elegans. Cell 2014;157(4):897�909.

[233] Gomez-Cabrera MC, Domenech E, Romagnoli M, et al.
Oral administration of vitamin C decreases muscle mitochon-
drial biogenesis and hampers training-induced adaptations
in endurance performance. Am J Clin Nutr 2008;87(1):142�9.

[234] Ristow M, Zarse K, Oberbach A, et al. Antioxidants prevent
health-promoting effects of physical exercise in humans. Proc
Natl Acad Sci USA 2009;106(21):8665�70.

[235] Thies F, Nebe-von-Caron G, Powell JR, Yaqoob P, Newsholme
EA, Calder PC. Dietary supplementation with gamma-
linolenic acid or fish oil decreases T lymphocyte proliferation
in healthy older humans. J Nutr 2001;131(7):1918�27.

[236] Spindler SR, Mote PL, Flegal JM. Dietary supplementation
with Lovaza and krill oil shortens the life span of long-lived
F1 mice. Age (Dordr) 2014.

[237] Umezawa M, Takeda T, Kogishi K, et al. Serum lipid concen-
trations and mean life span are modulated by dietary polyun-
saturated fatty acids in the senescence-accelerated mouse. J
Nutr 2000;130(2):221�7.

[238] Lu M, Taylor A, Chylack Jr. LT, et al. Dietary linolenic
acid intake is positively associated with five-year change
in eye lens nuclear density. J Am Coll Nutr 2007;26
(2):133�40.

[239] Mibu H, Nagata M, Hikida M. A study on lipid peroxide-
induced lens damage in vitro. Exp Eye Res 1994;58(1):85�90.

[240] Kang JH, Pasquale LR, Willett WC, et al. Dietary fat consump-
tion and primary open-angle glaucoma. Am J Clin Nutr
2004;79(5):755�64.

[241] Brouwer IA. Omega-3 PUFA: good or bad for prostate cancer?
Prostaglandins Leukot Essent Fatty Acids 2008;79(3�5):97�9.

[242] Fountain ED, Mao J, Whyte JJ, et al. Effects of diets enriched
in omega-3 and omega-6 polyunsaturated fatty acids on off-
spring sex-ratio and maternal behavior in mice. Biol Reprod
2008;78(2):211�17.

[243] Carrie I, Guesnet P, Bourre JM, Frances H. Diets containing
long-chain n-3 polyunsaturated fatty acids affect behaviour
differently during development than ageing in mice. Br J Nutr
2000;83(4):439�47.

[244] Wakefield SL, Lane M, Schulz SJ, Hebart ML, Thompson JG,
Mitchell M. Maternal supply of omega-3 polyunsaturated fatty
acids alter mechanisms involved in oocyte and early embryo
development in the mouse. Am J Physiol Endocrinol Metab
2008;294(2):E425�34.

[245] Ayre KJ, Hulbert AJ. Dietary fatty acid profile affects endur-
ance in rats. Lipids 1997;32(12):1265�70.

[246] Turbill C. Mice run faster on a high n-6 polyunsaturated fatty
acid diet. In: Society for experimental biology annual meeting.
Glasgow; Society for Experimental Biology 2009. p. A5.37.
,http://www.sciencedaily.com/releases/2009/06/090629081
120.htm., ,http://phys.org/news/2009-06-mice-faster-high-
grade-oil.htm..

[247] Felton CV, Crook D, Davies MJ, Oliver MF. Dietary polyunsat-
urated fatty acids and composition of human aortic plaques.
Lancet 1994;344(8931):1195�6.

[248] Allard JP, Kurian R, Aghdassi E, Muggli R, Royall D. Lipid
peroxidation during n-3 fatty acid and vitamin E supplemen-
tation in humans. Lipids 1997;32(5):535�41.

[249] Choudhury S, Pan J, Amin S, Chung FL, Roy R. Repair kinet-
ics of trans-4-hydroxynonenal-induced cyclic 1,N2-propano-
deoxyguanine DNA adducts by human cell nuclear extracts.
Biochemistry 2004;43(23):7514�21.

[250] Wolfle WT, Johnson RE, Minko IG, Lloyd RS, Prakash S,
Prakash L. Replication past a trans-4-hydroxynonenal minor-
groove adduct by the sequential action of human DNA poly-
merases iota and kappa. Mol Cell Biol 2006;26(1):381�6.

[251] Temviriyanukul P, Meijers M, van Hees-Stuivenberg S, et al.
Different sets of translesion synthesis DNA polymerases pro-
tect from genome instability induced by distinct food-derived
genotoxins. Toxicol Sci 2012;127(1):130�8.

[252] Velasco-Miguel S, Richardson JA, Gerlach VL, et al.
Constitutive and regulated expression of the mouse Dinb
(Polkappa) gene encoding DNA polymerase kappa. DNA
Repair 2003;2(1):91�106.

[253] Ogi T, Mimura J, Hikida M, Fujimoto H, Fujii-Kuriyama Y,
Ohmori H. Expression of human and mouse genes encoding
polkappa: testis-specific developmental regulation and AhR-
dependent inducible transcription. Genes Cells 2001;6(11):
943�53.

[254] Furland NE, Maldonado EN, Aveldano MI. Very long chain
PUFA in murine testicular triglycerides and cholesterol esters.
Lipids 2003;38(1):73�80.

[255] Connor WE, Lin DS, Neuringer M. Biochemical markers for
puberty in the monkey testis: desmosterol and docosahexae-
noic acid. J Clin Endocrinol Metab 1997;82(6):1911�16.

[256] Lin DS, Neuringer M, Connor WE. Selective changes of doco-
sahexaenoic acid-containing phospholipid molecular species
in monkey testis during puberty. J Lipid Res 2004;45(3):
529�35.

[257] Gros L, Ishchenko AA, Saparbaev M. Enzymology of repair of
etheno-adducts. Mutat Res 2003;531(1�2):219�29.

[258] Saparbaev M, Laval J. Enzymology of the repair of etheno
adducts in mammalian cells and in Escherichia coli. IARC Sci
Publ 1999;150:249�61.

[259] Choudhury S, Adhikari S, Cheema A, Roy R. Evidence of com-
plete cellular repair of 1,N6-ethenoadenine, a mutagenic and
potential damage for human cancer, revealed by a novel
method. Mol Cell Biochem 2008;313(1�2):19�28.

[260] Saparbaev M, Laval J. 3,N4-ethenocytosine, a highly mutagenic
adduct, is a primary substrate for Escherichia coli double-
stranded uracil-DNA glycosylase and human mismatch-specific
thymine-DNA glycosylase. Proc Natl Acad Sci U S A 1998;
95(15):8508�13.

175REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref223
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref223
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref223
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref223
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref224
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref224
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref224
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref224
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref225
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref225
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref225
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref225
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref226
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref226
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref226
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref226
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref227
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref227
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref227
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref228
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref228
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref229
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref229
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref229
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref230
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref230
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref230
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref230
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref231
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref231
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref231
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref231
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref231
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref232
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref232
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref232
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref232
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref233
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref233
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref233
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref233
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref233
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref234
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref234
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref234
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref235
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref235
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref235
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref235
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref235
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref236
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref236
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref236
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref236
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref236
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref237
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref237
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref237
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref238
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref238
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref238
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref238
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref239
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref239
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref239
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref239
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref240
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref240
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref240
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref240
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref240
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref241
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref241
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref241
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref241
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref241
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref242
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref243
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref243
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref243
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://www.sciencedaily.com/releases/2009/06/090629081120.htm
http://phys.org/news/2009-06-mice-faster-high-grade-oil.htm
http://phys.org/news/2009-06-mice-faster-high-grade-oil.htm
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref244
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref244
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref244
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref244
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref245
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref245
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref245
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref245
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref246
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref246
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref246
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref246
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref246
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref247
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref247
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref247
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref247
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref247
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref248
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref248
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref248
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref248
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref248
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref249
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref249
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref249
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref249
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref249
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref250
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref251
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref251
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref251
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref251
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref252
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref252
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref252
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref252
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref253
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref253
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref253
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref253
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref253
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref254
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref254
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref254
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref254
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref255
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref255
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref255
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref255
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref256
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref257


[261] Delaney JC, Smeester L, Wong C, et al. AlkB reverses etheno
DNA lesions caused by lipid oxidation in vitro and in vivo.
Nat Struct Mol Biol 2005;12(10):855�60.

[262] Ebrahimi H, Donaldson AD. Release of yeast telomeres from
the nuclear periphery is triggered by replication and main-
tained by suppression of Ku-mediated anchoring. Genes Dev
2008;22(23):3363�74.

[263] Pamplona R, Portero-Otin M, Riba D, et al. Low fatty acid
unsaturation: a mechanism for lowered lipoperoxidative modi-
fication of tissue proteins in mammalian species with long life
spans. J Gerontol A Biol Sci Med Sci 2000;55(6):B286�91.

[264] Barja G. The flux of free radical attack through mitochondrial
DNA is related to aging rate. Aging (Milano) 2000;12(5):
342�55.

[265] Hulbert AJ, Faulks S, Buttemer WA, Else PL. Acyl composition
of muscle membranes varies with body size in birds. J Exp
Biol 2002;205(Pt 22):3561�9.

[266] Hulbert AJ. Life, death and membrane bilayers. J Exp Biol
2003;206(Pt 14):2303�11.

[267] Zimniak P. Relationship of electrophilic stress to aging. Free
Radic Biol Med 2011;51(6):1087�105.

[268] Hulbert AJ. The links between membrane composition, meta-
bolic rate and lifespan. Comp Biochem Physiol A Mol Integr
Physiol 2006.

[269] Hulbert AJ, Faulks SC, Buffenstein R. Oxidation-resistant
membrane phospholipids can explain longevity differences
among the longest-living rodents and similarly-sized mice.
J Gerontol A Biol Sci Med Sci 2006;61(10):1009�18.

[270] Pamplona R, Portero-Otin M, Ruiz C, Gredilla R, Herrero A,
Barja G. Double bond content of phospholipids and lipid per-
oxidation negatively correlate with maximum longevity in the
heart of mammals. Mech Ageing Dev 2000;112(3):169�83.

[271] Portero-Otin M, Bellmunt MJ, Ruiz MC, Barja G, Pamplona R.
Correlation of fatty acid unsaturation of the major liver mito-
chondrial phospholipid classes in mammals to their maximum
life span potential. Lipids 2001;36(5):491�8.

[272] Hulbert AJ. Explaining longevity of different animals: is mem-
brane fatty acid composition the missing link? Age (Dordr)
2008;30(2�3):89�97.

[273] Pamplona R, Prat J, Cadenas S, et al. Low fatty acid unsatura-
tion protects against lipid peroxidation in liver mitochondria
from long-lived species: the pigeon and human case. Mech
Ageing Dev 1996;86(1):53�66.

[274] Skulachev VP. Mitochondria, reactive oxygen species and lon-
gevity: some lessons from the Barja group. Aging Cell 2004;3
(1):17�19.

[275] Bauman DE, Perfield JW II, deVeth MJ, Lock AL. New perspec-
tives on lipid digestion and metabolism in ruminants. In: Proc
Cornell nutr conf, Cornell University; 2003. p. 175�89. ,http://
dairynutrition.msu.edu/animal_nutrition/publications..

[276] Jove M, Naudi A, Aledo JC, et al. Plasma long-chain free fatty
acids predict mammalian longevity. Sci Rep 2013;3:3346.

[277] Haddad LS, Kelbert L, Hulbert AJ. Extended longevity of
queen honey bees compared to workers is associated with
peroxidation-resistant membranes. Exp Gerontol 2007.

[278] Hulbert AJ, Faulks SC, Harper JM, Miller RA, Buffenstein R.
Extended longevity of wild-derived mice is associated with
peroxidation-resistant membranes. Mech Ageing Dev 2006;127
(8):653�7.

[279] Mitchell TW, Buffenstein R, Hulbert AJ. Membrane phospho-
lipid composition may contribute to exceptional longevity of

the naked mole-rat (Heterocephalus glaber): a comparative study
using shotgun lipidomics. Exp Gerontol 2007;42(11):1053�62.

[280] Puca AA, Andrew P, Novelli V, et al. Fatty acid profile of
erythrocyte membranes as possible biomarker of longevity.
Rejuvenation Res 2008;11(1):63�72.

[281] Surh J, Kwon H. Estimation of daily exposure to 4-hydroxy-2-
alkenals in Korean foods containing n-3 and n-6 polyunsatu-
rated fatty acids. Food Addit Contam 2005;22(8):701�8.

[282] Catala A. Five decades with polyunsaturated fatty acids:
chemical synthesis, enzymatic formation, lipid peroxidation
and its biological effects. J Lipids 2013;2013:710290.

[283] Demidov VV. Heavy isotopes to avert ageing? Trends
Biotechnol 2007;25(9):371�5.

[284] Kaneko T, Kaji K, Matsuo M. Protective effect of lipophilic
derivatives of ascorbic acid on lipid peroxide-induced endo-
thelial injury. Arch Biochem Biophys 1993;304(1):176�80.

[285] Kelso GF, Porteous CM, Hughes G, et al. Prevention of mito-
chondrial oxidative damage using targeted antioxidants. Ann
NY Acad Sci 2002;959:263�74.

[286] Smith RA, Adlam VJ, Blaikie FH, et al. Mitochondria-targeted
antioxidants in the treatment of disease. Ann N Y Acad Sci
2008;1147:105�11.

[287] Doughan AK, Dikalov SI. Mitochondrial redox cycling of mito-
quinone leads to superoxide production and cellular apopto-
sis. Antioxid Redox Signal 2007;9(11):1825�36.

[288] Skulachev VP. A biochemical approach to the problem of
aging: “megaproject” on membrane-penetrating ions. The
first results and prospects. Biochemistry (Mosc) 2007;72(12):
1385�96.

[289] Anisimov VN, Bakeeva LE, Egormin PA, et al. Mitochondria-
targeted plastoquinone derivatives as tools to interrupt execu-
tion of the aging program. 5. SkQ1 prolongs lifespan and
prevents development of traits of senescence. Biochemistry
(Mosc) 2008;73(12):1329�42.

[290] Abrams HL. Anthropological research reveals human dietary
requirements for optimal health. J Appl Nutr 1982;16(1):
38�45.

[291] Colman RJ, Beasley TM, Kemnitz JW, Johnson SC, Weindruch
R, Anderson RM. Caloric restriction reduces age-related and
all-cause mortality in rhesus monkeys. Nat Commun 2014;
5:3557.

[292] Shahrestani P, Mueller LD, Rose MR. Does aging stop? Curr
Aging Sci 2009;2(1):3�11.

[293] Khrapko K, Turnbull D. Mitochondrial DNA mutations in
aging. Prog Mol Biol Transl Sci 2014;127:29�62.

[294] Brewer GJ. Epigenetic oxidative redox shift (EORS) theory of
aging unifies the free radical and insulin signaling theories.
Exp Gerontol 2010;45(3):173�9.

[295] Santra S, Gilkerson RW, Davidson M, Schon EA. Ketogenic
treatment reduces deleted mitochondrial DNAs in cultured
human cells. Ann Neurol 2004;56(5):662�9.

[296] Papamandjaris AA, MacDougall DE, Jones PJ. Medium chain
fatty acid metabolism and energy expenditure: obesity treat-
ment implications. Life Sci 1998;62(14):1203�15.

[297] Nafar F, Mearow KM. Coconut oil attenuates the effects of
amyloid-beta on cortical neurons in vitro. J Alzheimer’s Dis
2014;39(2):233�7.

[298] Doty L. Coconut oil for Alzheimer’s disease? Clin Pract 2012;
1(2):12�17.

176 12. LIPID PEROXIDATION, DIET, AND THE GENOTOXICOLOGY OF AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref258
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref258
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref258
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref258
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref259
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref259
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref259
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref259
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref259
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref260
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref260
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref260
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref260
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref260
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref261
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref261
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref261
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref261
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref262
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref262
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref262
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref262
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref263
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref263
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref263
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref264
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref264
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref264
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref265
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref265
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref265
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref266
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref266
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref266
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref266
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref266
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref267
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref267
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref267
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref267
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref267
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref268
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref268
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref268
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref268
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref268
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref269
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref269
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref269
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref269
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref269
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref270
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref270
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref270
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref270
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref270
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref271
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref271
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref271
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref271
http://dairynutrition.msu.edu/animal_nutrition/publications
http://dairynutrition.msu.edu/animal_nutrition/publications
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref272
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref272
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref273
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref273
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref273
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref274
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref274
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref274
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref274
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref274
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref275
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref275
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref275
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref275
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref275
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref276
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref276
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref276
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref276
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref277
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref277
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref277
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref277
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref278
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref278
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref278
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref279
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref279
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref279
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref280
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref280
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref280
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref280
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref281
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref281
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref281
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref281
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref282
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref282
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref282
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref282
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref283
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref283
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref283
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref283
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref284
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref284
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref284
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref284
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref284
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref285
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref286
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref286
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref286
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref286
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref287
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref287
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref287
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref287
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref288
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref288
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref288
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref289
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref289
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref289
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref290
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref290
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref290
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref290
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref291
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref291
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref291
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref291
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref292
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref292
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref292
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref292
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref293
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref293
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref293
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref293
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref294
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref294
http://refhub.elsevier.com/B978-0-12-801816-3.00012-1/sbref294


C H A P T E R

13

Accumulation of Damage Due to Lifelong
Exposure to Environmental Pollution as Dietary

Target in Aging
Gabbianelli Rosita1, Fedeli Donatella1 and Nasuti Cinzia2
1Molecular Biology Unit, School of Pharmacy, University of Camerino, Camerino, Italy

2Pharmacology Unit, School of Pharmacy, University of Camerino, Camerino, Italy

KEY FACTS

• Toxicology

• Neurodegeneration

• Epigenetics

• Redox system

Dictionary of Terms

• Toxicology: is a branch of pharmacology concerned
with the study of the adverse effects of chemicals on
living organisms. It studies the relationship between
dose of chemicals and their effects on the exposed
organisms.

• Neurodegeneration: a process of progressive loss of
function of neurons, including death of neurons.

• Epigenetics: study the effect of environmental
factors on genome leading to modulation of gene
expression. DNA methylation and histone
modification represent the two main epigenetic
mechanisms that can alter gene expression without
altering the nucleotide sequence. Epigenetics
modification may or not be hereditable leading to
transgenerational effects.

• Redox system: System of redox couples of
macromolecules such as glutathione, thioredoxin,
etc, participating in a reversible chemical reaction in

which one reaction is an oxidation and the reverse
is a reduction. It participates in cell signaling and
modulation of cell function.

INTRODUCTION

Exposure to environmental pollution represents an
important risk factor associated with homeostatic
unbalance leading to the development of various
diseases. Consumption of fruit, vegetables, and cereals,
inhalation of suspended particles, and dermal uptake
are widely reported to be the means of absorption.
Moreover, the identification of xenobiotic metabolites
in the urine of the adult and child population
represents a useful biomarker of exposure [1]. Several
studies also show that low levels of pesticides may
negatively affect the brain inducing the loss of neurons
that leads to cognitive decline, impaired memory and
attention, and motor dysfunction [2,3].

Lifestyle, diet, pesticides, metals, and solvents are
potential risk factors of epigenetic changes that affect
the development of neurodegeneration and other
diseases of adult age. DNA methylation and posttrans-
lational histone modifications are the major epigenetic
changes, frequently involved in the modulation of
gene expression profiles. The prenatal and postnatal
lifetime represents a window of great plasticity for
epigenetic modifications because epigenetics is not
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only the main actor in the process of cellular differenti-
ation but also it can be inherited, having a strong
impact on the phenotype of the offspring generations.

In this context, early exposure to environmental
pollutants can have long-term effects on health and
it can induce transgenerational consequences on the
progenies.

The identification of early biomarkers of toxicity
and mechanisms associated with the toxicant exposure
represents a key approach to manage the effects of
pollution on health.

This chapter describes the main environmental
pesticides and toxicants and their long-term effects on
health. Moreover, the biomarkers of damage that are
useful to predict signs of developmental diseases
are presented.

XENOBIOTICS

Xenobiotic exposure may take place through food or
air, via solids and liquids that accidentally or deliber-
ately come into contact with the skin, and through
drinking water.

Apart from nutrients, food contains numerous
organic and inorganic toxic compounds which occur
naturally in food, but in such minute quantities that
they do not cause any adverse effects. Some edible
plants contain highly toxic substances which, in the
course of normal preparation, undergo degradation or
disappear. For example, certain poisonous proteins
present in various types of beans, are denatured by
cooking. Other substances, such as deoxynivalenol
(DON), nivalenol, and T-2 toxin, which may be haz-
ardous to humans, are synthesized by species of fungi,
mainly by Fusarium mycotoxins that are abundant in
cereals (wheat, barley, and maize) and their products.
DON is probably the best known and most common
contaminant of grains and its occurrence in food repre-
sents more than 90% of the total number of samples.
Its molecule contains three free hydroxyl groups,
which are associated with its toxicity. It affects animal
and human health causing acute temporary nausea,
vomiting, diarrhea, abdominal pain, and fever.
Pathophysiologic effects associated with DON include
altered neuroendocrine signaling, pro-inflammatory
gene induction, disruption of the growth hormone
axis, and altered gut integrity [4].

Foodstuffs also contain a variety of nonnatural and
undesirable substances. These may be contaminants
such as pesticide residues, heavy metals taken up from
polluted soil, residues of veterinary drugs in meat, etc.
Pollution of the soil can lead to the occurrence of
undesirable substances in food stuffs. In this respect
cadmium, mercury, and PCBs are notorious examples.

One route of exposure is the consumption of crops
grown in polluted soil. An indirect route of exposure
is through eating beef or drinking milk from cows that
have grazed on polluted grasslands.

The abundant use of nitrogen fertilizer can lead to
excessive nitrate levels in green vegetables. Under cer-
tain physiological conditions (ie, low pH condition of
saliva), nitrate can be converted to the much more
poisonous nitrite and ultimately, in the gut by reacting
with proteins, can be converted into more carcinogenic
nitrosamine.

Some substances are formed during food processing
procedures such as acrylamide during food cooking.
The main formation mechanism of acrylamide occurs
upon food heating when amino acids interact with
sugars in the presence of heat. One noteworthy exam-
ple of acrylamide formation involves the conventional
production of potato chips. During the frying process,
fats used for frying can be oxidized and can become
converted into acrolein and acrylic acid. Starches
in the potato can also be broken down into sugars.
This unique mixture of substances can interact in a
way that results in unusual amounts of acrylamide
formation. Humans metabolize acrylamide to a chemi-
cally reactive epoxide, glycidamide, responsible for
genotoxic and neurotoxic effects [5].

The use of pesticides worldwide has grown signifi-
cantly since the 1950s, with approximately 2.3 million
tons of industrial pesticides now used annually. With
this boom has come larger crop yields and more
secure and reliable food sources for growing popula-
tions. Many low- and middle-income countries have
even been able to produce enough food to sustain a
large agricultural export economy, as well as to better
feed their own population. These successes have led
to an increase of pesticide use. However, the mass
application of these agrochemicals has impacted
human health and has been linked to a wide range of
human health hazards, ranging from short-term
impacts, such as headaches and nausea, to chronic
impacts like impaired brain development, cancer,
reproductive harm, endocrine disruption, cardiovascular
problems, reduced immune response, neurodegenera-
tive diseases, etc. [6]. Common pathways for human
exposure include inhalation when pesticides are applied
through spraying, ingestion of contaminated foods,
especially cereals, vegetables, and fruits, and contamina-
tion of surface or groundwater and subsequent
ingestion.

Children are particularly susceptible to the hazards
associated with pesticide use. There is now consider-
able scientific evidence that the human brain is not
fully formed until the age of 12, and childhood expo-
sure to some of the most common pesticides on
the market may greatly impact the development of the
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central nervous system. Children have more skin
surface for their size than adults, and absorb propor-
tionally greater amounts of many substances through
their lungs and intestinal tracts. Children have not
developed their immune system, nervous system, or
detoxifying mechanisms completely, and, conse-
quently, they are less capable of fighting the introduc-
tion of toxic pesticides into their systems. Many of the
activities that children engage in, such as playing in
the grass, putting objects into their mouth, and even
playing on carpet, increase their exposure to toxic pes-
ticides. Because of the combination of likely increased
exposure to pesticides and lack of bodily development
to combat the toxic effects of them, children suffer
disproportionately from their impacts. For example, a
study conducted at the University of California found
a six-fold increase in risk factor for autism spectrum
disorders for children of women who were exposed to
organochlorine pesticides [7].

PYRETHROIDS

Today, pyrethroids are among the most frequently
used pesticides because they often replace home
and agricultural use of certain restricted or banned insec-
ticides, such as organophosphates [8]. Pyrethroids are
selected as replacement pesticides because they
are potent insecticides with relatively low mammalian
toxicity. Low mammalian toxicity, relative to insects,
is attributed to increased levels of detoxifying enzymes in
mammals, higher body temperature, and an inherently
lower sensitivity of the analogous mammalian
ion channel target sites [9]. Additionally, pyrethroids are
relatively nonvolatile, thus leading to speculation that
inhalation exposure after use for residential pest control
would be minimal. The main commercially available pyr-
ethroids include allethrin, bifenthrin, cyfluthrin, lambda
cyhalothrin, cypermethrin (CY), deltamethrin, permeth-
rin (PERM), d-phenothrin, resmethrin, and tetramethrin.

Pyrethroids are a class of synthetic insecticides
and their chemical structure is based on naturally
occurring pyrethrins, which are found in the flowers
of Chrysanthemum cineraraefolum. The basic pyrethroid
structure consists of an acid and an alcohol moiety,
with an ester bond. Changes have been progressively
introduced to increase their insecticidal potency and
decrease their sensitivity to air and light. Most pyre-
throids are chiral molecules and exist as mixtures of
enantiomers.

In mammals and insects, the primary target of pyr-
ethroids is the nervous system [10]. They are generally
divided into two groups depending upon their acute
neurobehavioral effects in rodents and the absence
(Type I) or presence (Type II) of a cyano group at the

carbon of the alcohol moiety. Regardless of the group,
they primarily act by disrupting voltage-gated sodium
channel (VGSC) function in the axons. Radioligand
binding experiments revealed that the pyrethroid
binding site is intrinsic to the sodium channel
α-subunit [11]. The generally lower sensitivity of the
mammalian sodium channel, compared to insect chan-
nels, contributes to the favorable selective toxicity of
pyrethroids for insects. Nevertheless, binding studies,
analyzing the sensitivity of different sodium channel
isoforms to pyrethroids, showed a higher pyrethroid
affinity for the isoforms Nav 1.8 and 1.3 expressed
respectively in cardiac muscle and brain only during
development of mammals, [12]. These data suggest
that heart and brain during the developmental phase
could be more susceptible to pyrethroid effects in
mammals.

With regard to the mechanism of action, pyrethroids
slow the rate of VGSC closing, prolong the inward
sodium conductance, and then shift the membrane
to more polarized potentials [13]. A secondary conse-
quence to cell membrane depolarization is an increased
Ca12 influx into the neurons through voltage-gated
calcium channel (VGCC) that contributes to impact
neuronal synaptic plasticity of neurons [14]. These
changes in synaptic transmission may alter neuronal
function and may contribute to excitotoxicity and
neurodegenerative pathology [15].

In laboratory animals, the most common signs of
acute oral poisoning by Type I compounds tend to be
hyperexcitability and whole-body tremors, while
Type II elicit choreoathetosis and salivation.

They are found in many formulations used in
agriculture to control insect pests in crops, forestry,
horticulture, and in gardens. They are also widely used
as insecticides in indoor environments such
as households, warehouses, and farm and public build-
ings. Pet shampoos, medication used for treating for
scabies, and topical louse treatments also contain these
compounds. Some pyrethroids, such as permethrin, can
be impregnated into clothing and fabric (eg, carpets,
blankets, uniforms) as arthropod contact repellents.

Environmental exposure among the general popula-
tion mostly results from dietary intake and residential
application of pyrethroids in gardens and homes for
pest-control purposes. Consumption of fresh and
cooked fruit and vegetables has been linked to higher
levels of exposure, as assessed by biological monitoring
and analysis of pesticide residues in raw and processed
food products [16]. Low concentrations of pyrethroids
have been measured in indoor-air settings, probably
due to their low vapor pressure. Nevertheless, addi-
tional exposure via ingestion of contaminated house-
hold dust may occur after the indoor application of
pesticides. Floor dust is one of the major source of
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exposure in infants and toddlers, with nondietary
ingestion (eg, through hand-to-mouth contact) contrib-
uting substantially to intake doses [17]. Dermal uptake
of pyrethroids can also occur during loading and
mixing operations, treatment of pets, and via contact
with contaminated work clothes or carpets and other
textiles impregnated with pyrethroids for insect protec-
tion, such as battle dress uniforms, but the percentage
of pyrethroid absorbed dermally is less than oral
absorption [18].

The pyrethroids are rapidly metabolized in the liver
of mammals by cytochrome P450 oxidation, or esterase
hydrolysis followed by the formation of glucuronide
and glycine conjugates. Their half-life is short (96 h) and
they are mainly excreted in urine as sulfate and glucu-
ronide conjugates. 3-phenoxybenzoic acid (3-PBA) is a
metabolite of several commonly used pyrethroids,
including permethrin and cypermethrin. This main
metabolite has been used as a biomarker to monitor
acute or short-term exposure in adults and children
from the general population and several studies indi-
cate that children may have higher exposures than ado-
lescents and adults [19]. In addition, pyrethroids are
highly lipophilic and by easily crossing the blood�brain
barrier they can reach the CNS at concentrations that
can be potentially neurotoxic.

The higher hazard of pesticides is not only from
acute exposure to high doses but also from long-term
exposure to low doses as we will explain in the next
section.

ACUTE AND CHRONIC EXPOSURE

In humans, the most frequently reported symptoms
after acute exposure are paresthesia of the eyes,
face and breast, or symptoms from the respiratory
tract, while systemic effects like dizziness, nausea,
palpitations, headache, anxiety, hyperactivity, ataxia,
salivation, tremor, choreoathetosis, clonic seizure, and
confusion are reported after ingestion or inhalation
exposures [20]. However, the reports are descriptions
of single or a few cases and do not reveal any informa-
tion about the dose response relationship or the actual
frequency of the different health effects.

Less is known about the long-term health effects
of repeated exposure to low levels of pyrethroids.
Sensory impairments such as irritation and reddening
of the skin were reported by soldiers wearing
permethrin-impregnated uniforms [21]. Slight changes
to a small number of immune response mediators
have been observed in workers exposed to pyrethroids
[22]. Several epidemiological studies demonstrated
the environmental and occupational exposure to pyre-
throids by measuring pyrethroid metabolites in urine,

and also associated it with altered semen quality,
including sperm DNA damage (eg, aneuploidy) and
decreased sperm concentration [23].

Several studies investigated the effects of pyrethroid
insecticide exposure during pregnancy. These essen-
tially concern growth and neurobehavioral develop-
ment and hormonal balance in infants. Some of these
studies suggest that the use of pyrethroids during the
first or second trimester in women with farming jobs
was associated with a small, but significant, decrease
in birth weight [24].

No clear conclusion can be drawn from the few
epidemiological studies that specifically address the
potential carcinogenicity of pyrethroids after childhood
or adult exposure. A large-scale prospective study of
cancer incidence among permethrin-exposed-pesticide
applicators found no evidence for increased risk of
the different types of cancer that were assessed (mela-
noma, leukemia, non-Hodgkin lymphoma, or cancer of
the colon, rectum, lung, or prostate) [25]. A recent
study has suggested that urinary levels of pyrethroid
metabolites may be associated with an elevated risk of
childhood acute lymphocytic leukemia [26].

EARLY LIFE EXPOSURE AND
LONG-TERM EFFECTS

Prenatal and postnatal life represents a key window
of plasticity important for the programming of
development through the cellular differentiation [27].
During this period exogenous and endogenous factors
(ie, nutrition, xenobiotics, stress, hypoxia, infections,
hormones, etc.) can induce epigenetic changes leading
to the development of diseases in adult age.
Transgenerational studies on animal models show that
epigenetic changes, such as DNA methylation and
histone modifications, may be responsible for transge-
nerational effects. DNA methylation of CpG islands in
the promoter region of genes leads to downregulation
of their expression (Fig. 13.1A), while either a down-
or upregulation can occur when the methylation is on
the regulatory regions of DNA (Fig. 13.1B). Besides,
posttranslational modifications, such as acetylation,
methylation, phosphorylation, ubiquitination, and
sumoyltation of histone proteins (H2A, H2B, H3,
and H4), modify their interaction with DNA and
finally the chromatin condensation status, which also
regulates gene expression. In particular, acetylation of
lysine residues by histone acetyltransferase complexes
(HCT), increases gene expression decreasing the elec-
trostatic interactions between DNA and lysine. On the
other hand, histone deacetylase (HDAC), removing the
acetyl group from lysine, shifts the chromatin toward a
more condensed status, where gene is off (Fig. 13.2).
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These epimutations, are tissue specific and may be
reversible according to environmental factor exposure
during life (ie, lifestyle, xenobiotics, stress, etc.) [28].

Epidemiological studies support the concept of
developmental programming or “Developmental Origins of

Health and Diseases” (DOHaD), suggesting that the
more common diseases of adult age (ie, metabolic
syndrome, neurodegeneration, cancer, type-2 diabetes)
are correlated with early exposure to environmental
factors during pregnancy and nursing [29,30]. The role

FIGURE 13.1 Effect of DNA methylation, in the promoter (A) and in the regulatory sequences (B) on gene expression.

FIGURE 13.2 Histone acetylation by HAT modifying the interactions between DNA and lysine positively modulate gene expression.
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of the developmental programming has been demon-
strated in both animals and humans. Offspring from
undernourished mothers showed in adult age altera-
tions of the glucose metabolism, and dyslipidemia
[30,31]. Moreover, offspring (F1) from undernourished
women (F0) during the first trimester of pregnancy,
developed diabetes and cardiovascular diseases at
adult age [32], while the F2 generation developed a
less unfavorable metabolic syndrome. Veenendaal
et al. report the same transgenerational effects on adult
offspring (F2) of prenatally undernourished fathers
(F1) [33] (Fig. 13.3).

Lifestyle, diet, pesticides, metals, and solvents are
potential risk factors of epigenetic changes that affect
the development of neurodegeneration. Several stud-
ies describe the neonatal origin of neurodegeneration
focusing on the role of pesticide exposure during
pre- and postnatal age [34]. Rats treated with low
dose of permethrin pesticide for 15 days from the 6th
to 21st days of life develop in adult age a Parkinson’s
like disease, characterized by a decrease of Nurr1
gene expression and dopamine level, an imbalance
of the redox system with significant reduction of GSH,
and a deficit of spatial working memory [35�37].
As well as an increase of calcium level in the striatum,
and increase in the prefrontal cortex and cerebellum
was measured, while calcium was decreased in the
hippocampus [35]. Furthermore, the early exposure to
the permethrin pyrethroid leads to increased free
and aggregated alpha synuclein and activation of
DNMTs in striatum [38]. Cardiotoxicity following the
same early life treatment was also reported at differ-
ent ages [39]. On the other hand, subchronic permeth-
rin exposure (60 days) in adolescent rats and in early
life age induces an important imbalance in the redox
system [40]. However, the subchronic treatment seems
to promote the oxidative processes more than the
treatment in early life. Also early exposure to dieldrin

leads to alterations in the dopaminergic system
in adult age [41]. Learning deficit was measured
following deltametrin exposure due to endoplasmic
reticulum stress and apoptotic cell death in the hippo-
campus [42]. Neuroinflammation was observed in rat
following early life paraquat exposure [43]. Permanent
loss of olfactory receptor neurons, due to nasal inflam-
mation and respiratory metaplasia, was observed
in mice following herbicide 2,6-dichlorobenzonitrile
exposure [44].

Studies on children’s hair show different level of
propoxur and pyrethroids at 2, 4, and 6 years of age, and
at 2 years of age, prenatal exposure to propoxur was
linked with lesser motor development in children [45,46].

A large-scale study in Norwegian mothers and
children (MoBa) shows that prenatal exposure to acryl-
amide or to polycyclic aromatic hydrocarbons has
a negative impact on fetal growth [47,48]. Similarly
effect on fetal growth was observed following prenatal
exposure to dioxins and PCBs [49].

Studies on two large cohorts of people show that
prenatal and early postnatal exposure to tetrachlor-
oethylene, contained in drinking water, improves the
risk of epilepsy and certain types of cancer, such
as cervical cancer in adult age, and it increases the
risk of bipolar disorder and posttraumatic stress
disorder [50].

Moreover early exposure to other environmental
compounds like metals has been associated with
neuronal disorders. Lead exposure has been correlated
to central and peripheral damage of the nervous
system with myelin loss, cognitive dysfunction, deficit
in school performance in children, and DNA damage
[51�53]. A large-scale study on Swedish children
underlines the neurotoxic effect of lead exposure and
its long-term effects: a significant correlation between
low blood lead at the age 7�12 and high school perfor-
mance at the age of 16 and 18�19 in girls and boys

FIGURE 13.3 Impact of environmental factors on developmental programming during prenatal and postnatal life.
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was measured [54]. On the other hand, male workers
with a history of chronic lead exposure present slowed
vegetative nervous system according with individual
blood lead level [55]. Lithium exposure via drinking
water during early gestation, was associated with
impaired fetal size of child [56].

Women living in rural Bangladesh areas having
high levels of urinary cadmium produce daughters
with decreased head circumference and birth weight
[57]. Moreover prenatal exposure to cadmium and
arsenic was associated with an impairment in cogni-
tive development and decreased fetal size in females at
5 years old [58,59].

Alterations of cognitive function were measured at
6 months of age in children whose mothers were
exposed to lead and cadmium during pregnancy [60].

Changes in the epigenome, in absence of direct
exposure, occur through transgenerational inheritance
of germline, in which the epigenome undergoes repro-
gramming during fetal gonadal development. After
fertilization, the male germline spread the epigenome
changes to somatic cells modulating the health status
at adult age. Via this method, epigenetic transgenera-
tional action of various environmental compounds has
been studied. Different pesticide mixtures (permethrin,
DEET, plastic mixture, dioxin, and hydrocarbons) are
able to induce various epigenetic effects in the F1�F3
generations [61]. Early life exposure to the endocrine
disruptor vinclozolin, a dicarboximide with fungicide
activity, can influence embryonic testis development,
improve spermatogenic cell apoptosis at adult age,
and this effect on spermatogenesis can be carried on
across multiple generations [62]. Although this effect
was observed at a dose level higher than NOAL (No
Observed Adverse Effect Level) (100 mg/kg/day), it
should be considered the unknown role of multiple
environmental toxicants [63].

Sperm epimutations were measured in F1, F3, and
F4 generations born from female rats exposed to the
methoxychlor pesticide during fetal gonadal develop-
ment (from 8th to 14th gestation days) [64]. Dioxin,
which is able to induce liver disease, weight loss, thy-
mic atrophy, and immune suppression in animals, can
induce transgenerational effects in F3 generation if ani-
mals are exposed to dioxin during gonadal sex
determination [65].

A transgenerational effect on fat deposits was mea-
sured in the F3 generation of mice following a normal
diet and the exposure to the antifouling trybutiltin
during pregnancy [66]. Transgenerational effects of
heavy metals were measured in rice plants through
epigenetic modifications via both maternal and pater-
nal germline [67].

Finally, the early environmental exposure to
pesticides and metals can induce long-term effects

either following epigenetic modifications or a different
detoxifying ability as revealed by the higher metabo-
lites accumulated in the biological fluids of children
versus adults. However, it should be underlined that
the epigenetic modifications occur easily during early
life, but they can be modulated by lifestyle and, in the
complexity of healthy and unhealthy status, a key role
is related to the type of diet and to the frequency of
physical activity during the lifespan.

BIOMARKERS OF DAMAGE

In order to better understand the role of environ-
mental exposures in human disease, accurate and
relevant exposure assessment remains a critical and
complex component. It is important to note that to
accurately measure a toxin (or metabolite) in a bioma-
trix is not sufficient to correctly assess the exposure to
it, but a verified relationship between the intake of the
toxin and its “biomeasure” is also required. This aspect
is exemplified by the studies on aflatoxin. AFB1 is the
most frequently occurring toxin of this family, and it is
partially transferred as an unmetabolized molecule to
urine; nevertheless, the concentration of AFB1 itself in
urine does not reflect the quantity of toxin ingested
[68]. On the contrary, a strong dose-response relation-
ship has been demonstrated between aflatoxin expo-
sure and its monohydroxil metabolite AFM1 in breast
milk, indicating a higher risk of infant exposures to
it. The metabolite aflatoxin-N7-guanine (AF-N7-Gua)
in urine has been correlated with aflatoxin intake in
chronically exposed individuals and has been defined
as an aflatoxin exposure biomarker. Instead, the con-
centration of aflatoxin-albumin adduct (AF-albumin)
in the blood has been strongly correlated with
aflatoxin intake [69].

Hemoglobin adducts of acrylamide (AA) and epox-
ide glycidamide (GA), its main metabolite, quantified
in the blood represent good biomarkers, reflecting the
average exposure to acrylamide through food intake
[70]. In fact, their plasma levels are well correlated to
dietary intake of acrylamide, estimated from food
frequency questionnaires [71]. Moreover, the ratio of
GA-Hb to AA-Hb seems to contribute to the overall
risk of individuals for acrylamide-associated disease
such as neurotoxicity and cancer. In addition, urine
biomarkers, such as mercapturic acids of acrylamide,
can be used for validation of dietary intake estimation
and ranking of persons with regard to acrylamide
exposure.

Levels of arsenic or its methylated metabolites in
blood, hair, nails, and urine are used as biomarkers of
arsenic exposure in humans and most common labora-
tory animals. Speciated metabolites in urine, expressed
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either as inorganic arsenic or as the sum of metabo-
lites, provide the best quantitative estimate of recently
absorbed doses of arsenic. Blood arsenic and its
metabolites are useful biomarkers only in the case of
acute arsenic poisoning or stable chronic high-level
exposure. Arsenic is rapidly cleared from blood, and
speciation of its chemical forms in blood is difficult.
Levels of arsenic in hair and nails can be indicators
of past arsenic exposure, provided care is taken to
prevent external arsenic contamination of the samples.
Arsenic in hair may also be used to estimate relative
length of time since an acute exposure [72].

The lifelong exposure to pesticides introduced
mainly through the food, has as a consequence the
impairment of redox, nervous and immune systems, the
damage of proteins, DNA, and other cell compartments.
Both the accumulation of damage due to pollutant
exposure and aging cause the acceleration of the onset
of many pathologies. Considering that the exposure to
risk factors occurred years or decades before the diag-
nosis, the assessment of chronic exposures is difficult to
perform in retrospective studies and to associate them
with the onset/development of the disease. In this con-
text the identification of early biomarkers associated
with the onset of long-term diseases, could represent a
useful approach to counterbalance, when possible, the
progression of the disease.

Modifications induced by xenobiotics can be
assessed by analyzing specific parameters related to
redox or immune systems, DNA, neuronal proteins,
microbiota, or by identifying analytes present in
plasma or urine useful as disease biomarkers.

The environmental contaminants introduced
through the food chain, can impair the immune system
and activate inflammatory cytokines that are suggested
to play a role in human diseases including depression,
cardiovascular disease, type-2 diabetes, autoimmune
diseases, and neurodegeneration [73�75].

It has been reported [39] that rats treated in early
life with permethrin showed in adult phase an increase
in the pro-inflammatory cytokines IL-1β, IL-2, IFN-γ,
and rat-Rantes that were absent in the oldest rats
showing an evident decline in the immune system
with the aging. Other studies confirm that pro-
inflammatory cytokines increased significantly with
exposure to higher level of various pollutants [76] in
subjects with coronary artery disease and they are
associated with adverse cardiac-related health
outcomes [77].

Another important target of xenobiotics introduced
through the diet is the redox system. The antioxidant
enzyme system represents the primary response of the
body to counteract oxidative stress induced by several
environmental stimuli (ie, pesticides, metals, and
radiations). Redox status has been proven to be an

important tool in toxicological evaluation, mostly
providing cellular and biochemical mechanism of
toxicity for chemicals and drugs.

Oxidative stress reduces the glutathione (GSH) pool
and decreases the GSH/GSSG ratio [78]. ROS-mediated
toxicity by oxidation of GSH to GSSG in response to
pesticide exposure has been demonstrated in many
workers [79�82]. Decreased GSH level in plasma [83]
of rats treated sub-chronically with permethrin, in
genetic modified animal models of Parkinson’s disease,
and in aged astrocytes cultured from Parkin knockout
mice were measured [84].

Many studies report that superoxide dismutase,
catalase, and glutathione peroxidase, which represent
the main endogenous antioxidant enzymes, can both
(1) increase, trying to counterbalance the overproduc-
tion of ROS induced by pollutants, or (2) decrease,
following prolonged exposure [85]. Higher superoxide
anion and hydrogen peroxide production together
with an imbalance in the erythrocyte redox system
were consequent to polymorphonuclear respiratory
burst activation [86�88].

An important biomarker for oxidative stress
induced by pollutant exposure is lipid peroxidation,
which can be evaluated by measuring malondialde-
hyde (MDA). The latter is considered as the most
significant marker of membrane lipid peroxidation,
being one of the major final products of lipid peroxi-
dation, which is produced by free radical-mediated
degradative process. It has been reported that MDA
increases in the liver and kidney tissue following
treatment with glyphosate, an insecticide frequently
used in agriculture [89].

Three important transcription factors, Nurr1, NF-κB,
and Nrf2, are involved in the regulation of genes
modulating the pro-inflammatory response, redox, and
immune systems. Nrf2 is an important indicator of cel-
lular oxidative stress because is an oxidant-responsive
transcription factor involved in the induction of
antioxidant genes and it is a key regulator of the
cellular adaptive response to oxidative stress.

Nurr1 plays an essential role in physiological
processes (ie, development of dopaminergic neurons,
apoptosis in lymphocytes and other cell types) and it is
highly inducible in macrophages by inflammatory cyto-
kines and oxidized lipids such as oxidized LDL [90].

Moreover, its gene expression is increased by
enhanced NF-κB and CREB-1-binding activity on
the gene promoter and also by stimulation of
pro-inflammatory cytokines (ie, IL-1β and TNFα)
or PGE2 [91]. It represents a specific marker for Parkinson
Disease as demonstrated by plasma levels changes mea-
sured in lymphocytes of parkinsonian patients.

A recent study on HepG2 cells treated with organic
extract contaminants from drinking water reports the
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increase in Nrf2 protein expression [92] demonstrating
the clear response to chemical-induced activation.
NF-κB p65, Nurr1, and Nrf2 protein expressions have
been studied in leukocytes of rat exposed to permethrin
in early life [83]. Leukocytes are important blood com-
ponents, which represent indicative indices of altera-
tions that have occurred in other tissues, because of
their sensitivity to the environmental contaminants able
to influence their gene expression during immune dif-
ferentiation. In the latter study, Nurr1 protein expres-
sion increased in leukocytes from treated rats while NF-
κB p65, and Nrf2 protein expression increased with the
aging but not for the treatment with permethrin; this
could be due to the chronic activation of NF-κB that has
the capacity to induce the senescent phenotype by
increasing inflammatory and homeostatic responses
such as apoptosis, autophagy, and tissue atrophy.

The overproduction of reactive oxygen species due
to pollutant exposure induces oxidative damage to
DNA that is known to be one of the most important
mechanisms for the pathogenesis of cancer, cardiovas-
cular, and other chronic diseases [93]. Reactive oxygen
species attack DNA, generating intermediates, which
can react with DNA and form adducts, including
single-strand breaks and the formation of modified
bases such as 8-hydroxydeoxyguanosine (8-OHdG)
[94]. Thus, the measurement of 8-OHdG may be use-
ful as a marker of oxidative DNA damage. A recent
study conducted in Iran has compared the urinary
concentration of 8-OHdG between workers in a sub-
way system underground exposed to air pollution and
those who work outside the tunnel [95]; the result was
that exposed workers presented higher 8-OHdG
levels than those measured in the control group.
Similar results have been obtained in people exposed
to other pollutants such as ethylbenzene [96].

Environmental pollutants represent a risk factors for
the onset of neurodegenerative disorders; [97] there
are many evidences indicating that the brain responds
to diverse inhaled air pollutants, through a common
pathway of neuroinflammation [98]. For example, the
accumulation of α-synuclein, an highly conserved
presynaptic protein, in the brain of PD patients repre-
sents a typical response to a inflammatory status [99].
Alpha-synuclein neuronal aggregation and accumula-
tion of 3 nitro-tyrosine and 8-hydroxydeoxyguanosine
(8-OHdG), evidence of oxidative stress, were detected
in brainstem nuclei of children exposed to environ-
mental pollution in Mexico City [73]

Catecholamines are pivotal signal molecules in the
communication between the neuroendocrine system
and immune system and serve as neurotransmitters
and hormones in the catecholaminergic neuroendo-
crine system, and immunomodulators in the immune
system. Plasma of old rats treated in early life

with permethrin presents lower adrenaline and
noradrenaline levels with respect to the controls
and it could be related to poor activation of
the hypothalamic�pituitary�adrenal axis due to the
immune system impairment measured in the same
animal model [100].

Calcium is another important parameter related
to aging processes; its limited intestinal absorption is in
fact the cause of osteoporosis. The main hormonal
regulator of intestinal calcium absorption is the
1,25-dihydroxyvitamin D3 or calcitriol, whose action is
mediated by an intracellular vitamin D receptor protein
that regulates the transcription of these vitamin D-
responsive genes. Intestinal calcium malabsorption,
could be due to a primary hormone deficiency because
of lower circulating levels of 1,25-dihydroxyvitamin D3
or to a reduced responsiveness of the intestine to 1,25-
dihydroxyvitamin D3. Lower level of calcium in plasma,
associated with higher levels of 25-hydroxy-Vit D, were
measured in treated old rats. The plasma level of 25-
hydroxy-Vit D was higher in treated rats, most probably
due to the compensatory stimulation of the parathyroid
hormone directed to restore the negative calcium
balance through the increased synthesis of vitamin D at
the level of kidney [100]. In addition, plasma sodium
levels observed in old treated subjects were higher than
the controls, and this could be explained by considering
the decreased kidney’s ability to excrete sodium. Given
that the capacity of the kidney to excrete sodium
decreases with age, the changes observed for plasma cal-
cium and sodium concentration in exposed rats confirm
that permethrin treatment accelerates the aging process.

In conclusion, exposure to xenobiotics impairs
various cellular targets that can be used as biomarkers
for the screening of correlated diseases.

SUMMARY

• Xenobiotics overviews.
• Acute and chronic toxicity due to xenobiotics.
• Long-term consequences to early-life exposure to

toxicants.
• Transgenerational effects of toxicants.
• Biomarkers related to diseases induced by

environmental xenobiotics.
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KEY FACTS

• In the background of middle-aged obesity and
aging anorexia/cachexia in humans and
mammals, autonomic regulatory changes
influencing the balance of anabolic and catabolic
systems may be assumed.

• In the regulation of body mass/composition
orexigenic/anorexigenic signals from the
gastrointestinal tract represent actual feeding
state for the brain, while adiposity signals such
as leptin and insulin convey information on the
nutritional state.

• In addition to aging, nutritional states
themselves (eg, obesity or calorie-restriction)
may also induce shifts in regulatory processes.

• Obesity induces resistance to catabolic signals,
calorie-restriction enhances their efficacy, thus
promoting further obesity or maintenance of
lean shape.

Dictionary of Terms

• Catabolic effect: A combination of appetite reducing
and hypermetabolic actions leading to weight loss.

• Anabolic effect: A combination of appetite inducing
and hypometabolic actions leading to weight gain.

• Feeding state: It is an short-term characteristic of
energy balance that originates from the
gastrointestinal system. Such short-term shifts may
be due to a current deficit induced by food

deprivation (hunger) or to a recent bout of energy
intake (satiety).

• Nutritional state: It is a long-term characteristic of
energy balance characterized by body weight and
body composition (eg, obesity or cachexia).

• Middle-aged obesity: In humans and other mammals
middle-aged individuals tend to gain weight,
especially fat mass. In the background of
consequent obesity intrinsic regulatory changes may
also be assumed.

• Aging anorexia: Food intake of old individuals and
old age-groups of mammals decline without any
obvious or pathological reason leading to weight
loss. In the background intrinsic regulatory changes
may also be assumed. Aging sarcopenia (muscle
atrophy) may be aggravated by such loss of appetite
leading to frailty in the elderly.

INTRODUCTION

In view of the many tons of food an individual con-
sumes throughout his/her life, the relative stability of
body mass is most remarkable. In an adult, as little as
about 20 g of glucose per day (continuously in excess
of the actual need) could result in about 3.5 kg rise in
fat stores—plus the bound water—within a year. This
could mean an enormous increase in body mass
through the lifespan. Although mass, shape, and com-
position of the body do change with age, these changes
are usually gradual and not excessive: some fat tissue
often accumulates even normally at middle-age or later
on in transition-age, and anorexia/sarcopenia may
develop at real old age. Similar changes can also be
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observed in experimental or domestic animals (less in
wildlife). This obviously indicates that the regulation
of a balance of uneven food intake versus energy
expenditure is under the influence of feedback signal-
ing from the periphery—whether it be the actual short-
term feeding state or the more long-term nutritional
state, that is, body mass and composition. Although a
number of signals originate from the periphery, a bal-
ance is reached by activating central anabolic (orexi-
genic with suppression of energy expenditure) versus
catabolic (anorectic with enhancement of energy
expenditure) pathways (for reviews see Refs [1�3]).
Explanations for the regulation of body energy balance
had earlier been attempted by important glucostatic,
lipostatic, aminostatic [4], even thermostatic (for
reviews see Refs [5,6]), etc. hypotheses, all of which
had described a certain facet of the regulatory system,
but none of them had been able to give on their own a
sufficient answer to this problem. The idea of complex
feedback signaling of the feeding and nutritional states
appears to be more promising.

Peripheral orexigenic or anorexigenic signals
representing the feeding state originate from the
gastrointestinal (GI) system: primarily GI-peptides [7,8],
endocannabinoids, and also some circulating nutrients,
for example, glucose [9]. In young men an exercise-
induced energy deficit induced smaller appetite than a
similar deficit induced by food deprivation, suggesting
the importance of GI signaling (although the subse-
quent 8-h ad libitum food intakes were similar—this
late period represents the nutritional rather than the
feeding state) [10]. GI signals are received by central
receptors, mainly, but not exclusively in the dorsova-
gal complex (DVC): (1) the specific sensory inputs car-
ried by afferent vagal fibers plus the sensory structures
of the area postrema (AP), (2) the integrating center in
the nucleus of the solitary tract (NTS), and (3) the
motor/secretory efferent center of the dorsal motor
nucleus (DMN) of the vagus [11]. Peripheral humoral
signals representing the nutritional state (mainly the
circulating leptin, insulin) act primarily in the arcuate
nucleus (ARC) (for reviews see Refs [12,13]) using spe-
cial transport mechanisms [14] to get through the cir-
cumventricular organ. Feeding-related signals from the
NTS may act also at the ARC. The inputs (Table 14.1)
reach hypothalamic nuclei and activate catabolic or
anabolic processes—in fact, there is a bidirectional
connection between hypothalamic centers and the
hindbrain. Abnormalities of signaling may lead to
anomalies of body mass/composition.

The opposite problem is how a preexisting abnor-
mality of body mass/composition might modify the
expression and efficacy of peripheral signaling
mechanisms or their central transmission? Anomalies
of body mass and composition increase exponentially.

On the one hand, many regions of the world still
struggle with the problem of mass-undernutrition. On
the other hand, one of the greatest health problems of
the 21st century is the increasing number of over-
weight or even grossly obese persons in the popula-
tion, starting already at childhood and affecting about
2 billion persons. The abovementioned age-related
changes of body mass/composition in humans or ani-
mals may be consequences of regulatory changes in
energy balance (altered signaling system due to aging
or some other, eg, endocrine, factors). Alternatively,
primary changes of body adiposity (spontaneous or
diet-induced forms) may also excite or inhibit periph-
eral or central parts of this regulatory system and may
lead to further modification of body mass in the course
of aging. The questions that arise are: (1) what sort of
connection may exist between feeding- or nutritional
state-related inputs and alterations of nutritional state?

TABLE 14.1 Neuropeptides in the Control of Food Intake

CNS factors that stimulate

food intake

CNS factors that suppress food intake

(CNS: central nervous system)

AgRP (agouti-related
peptide)

alpha-MSH (POMC, pro-
opiomelanocortin derivative alpha-
melanocyte-stimulating hormone)

NPY (neuropeptide Y) CART (cocaine-ampetamine-regulated
transcript)

Orexin A and B CRH (corticotropin-releasing hormone)
and urocortins

MCH (melanin-
concentrating hormone)

TRH (thyrotropin-releasing hormone)

Galanin BDNF (brain-derived neurotrophic
factor)

GHRH (growth-hormone-
releasing hormone)

GALP (galanin-like peptide)

GLP-1 (glucagon-like
peptide 1)

Neurotensin and neuromedins

Nesfatin-1

Peripheral
orexigenic signals Peripheral anorexigenic signals

Ghrelin Leptin, adiponectin

Insulin and amylin

Enterostatin

Bombesin and GRP (gastrin-releasing peptide)

Oxyntomodulin

CCK (cholecystokinin), PYY3-36 (peptide YY)

GLP-1 (glucagon-like peptide-1), GLP-2, GIP
(glucose-dependent insulinotropic peptide)
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And (2) can supposedly primary shifts of body mass/
composition (including age-related and diet-induced
changes) alter the mechanisms of anabolic and cata-
bolic signaling?

CHARACTERISTIC AGE-RELATED AND
DIET-INDUCED CHANGES IN BODY

MASS/COMPOSITION IN RATS

In mammals, the nutritional state varies with age:
the extent is different, but the changes show similar
characteristics. Fig. 14.1 demonstrates growth rate,
while Table 14.2 shows fat/muscle mass indicators of
male Wistar rats (in females the growth rate is differ-
ent and the endocrine cycles make any evaluation of
food intake more difficult). Normally fed (NF) juvenile
(6�8 weeks old) male Wistar rats grow quickly and do
not accumulate excess fat in their body. Mature adult
animals (3�4 months) are already heavier and accu-
mulate both retroperitoneal and epididymal fat.
Further, but slower growth (mainly fat accumulation)
can be observed until age 6 months, then, from age 12

to 18 months (corresponding to the age of transition)
there is again a somewhat accelerated weight gain
(obesity), followed by a decline of body mass by the
old age of 24 months. At this last stage not only fat but
also muscle tissue is lost (Table 14.2).

Both growth rate curves (Fig. 14.1) and the indica-
tors of body composition can be altered by life-long
dietary modifications that start at weaning [15].
Calorie-restriction (to 66% of normal calorie intake,
CR-rats) suppresses growth rate, that is, young mature
body mass remains standard, retroperitoneal fat practi-
cally diminishes, and—except for some muscle loss at
the latest age—without changes in indicator muscles
(Table 14.2) there is no sarcopenia. In contrast, high-fat
(60% of calories) diet enhances growth rate and fat
mass (HF-rats), although these animals usually have
shorter lifespan and start losing fat and muscle already
before the age of 18 months. These models allow the
investigation of the effects of both age and nutritional
state on peripheral versus central signaling
mechanisms.

PERIPHERAL SIGNALING, CENTRAL
PROCESSING

Gastrointestinal Signals of the Feeding
State (Hunger vs Satiety)

One of the first GI peptide hormones, cholecystoki-
nin (CCK), was discovered almost a century ago by its
stimulatory effects to duodenal motility and biliary
secretion. However, since 1973 it has been known to
have neural effects, too: to signal the actual feeding
state [16], to cause meal termination (satiation), and
also to induce a period of postprandial satiety. CCK
primarily forwards signals which represent GI stretch
and food composition, and are conveyed by the affer-
ent vagus to the NTS. These signals are basically inde-
pendent of the nutritional state: satiation can be
reached even in severely undernourished persons or

TABLE 14.2 Indicators of Body Composition

Group (age)

Epididymal fat (g/kg body weight) Retroperitoneal fat (g/kg body weight) Tibialis anterior muscle (g/kg body weight)

HF NF CR HF NF CR HF NF CR

3 months 3.76 0.2 3.26 0.2 2.06 0.1

6 months 11.26 0.8 4.76 0.2 2.66 0.1 19.06 1.0 4.86 0.4 0.76 0.3 1.86 0.1 1.96 0.1 2.06 0.2

12 months 5.36 0.5 2.56 0.5 4.76 0.7 1.26 0.2 1.96 0.1 2.16 0.2

18 months 9.06 1.2 5.56 0.7 15.06 3.6 6.46 1.4 1.56 0.1 1.76 0.1

24 months 4.16 0.2 2.06 0.9 5.96 0.9 0.26 0.4 1.36 0.1� 1.86 0.2

NF: normally fed, CR: calorie-restricted, HF: high-fat diet-induced obese.

Asterisk (�) indicates significant difference between muscle indicator values of NF24 versus all other groups except for HF18. P, 0.05, one-way ANOVA test.

FIGURE 14.1 Mean body mass changes in the course of life in
normally fed (NF) male Wistar rats and in similar rats fed from
weaning by a calorie-restricted diet (CR) or by a high-fat diet (HF).
HF animals had a shorter lifespan. Source: Soós et al. (unpublished).
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experimental animals, while obese individuals may
become hungry upon fasting.

Apart from CCK, such short-term regulation
involves many other signals of GI origin. Stretch of the
gastric/duodenal/gut wall or altered composition of
food enhances also the postprandial secretion of sev-
eral other peptides produced in the pancreas (gluca-
gon, amylin, pancreatic polypeptide (PP)), together
with many lower gut peptides that are produced in
mucosal L-cells (glucagon-like peptide (GLP-1), oxy-
ntomodulin (OXM), peptide YY (PYY3�36 sequence)) or
K-cells (glucose-dependent insulinotropic polypeptide
(GIP)). Instant satiation or a period of satiety develops
mainly by their action in the brainstem and the hypo-
thalamus: they act via the afferent vagus and, at least
some of them, also directly at the ARC [17,18]. The
orexigenic ghrelin from the stomach [19] as well as the
endocannabinoids of the GI tract [20] possibly also
induce orexigenic actions partly via the vagus, at the
ARC, and at further hypothalamic nuclei. The brain-
stem mechanisms may be influenced by tonic neuro-
peptide and/or monoamine actions from the
hypothalamus [21], and conversely, they can influence
functions of various hypothalamic nuclei. The hind-
brain mechanisms have mostly short-term actions and
modify hunger/satiety, although occasional abnormal-
ity of some of such actions may result in disorders of
body mass, for example, lack of CCK1 receptors is
coupled by OLETF (Otsuka Long-Evans Tokushima
Fatty)-type obesity in rats, and by lack of anorectic
action of peripherally applied CCK [22]. Alterations in
the activities of these peptides cannot be excluded in
other abnormalities of energy balance, either. Still,
such regulation, per se, is assumed to explain satiation
but not the long-term relative stability or possible
abnormalities of weight and/or composition of the
body. Apparently, other signals must be fundamental
in the regulation of body weight/composition, meta-
bolic rate, and overall energy balance, which signals
represent body mass/composition—in interaction with
short-term signals [23].

Age-Related Changes of Signaling Feeding State

Intraperitoneal (IP) CCK acts as the endogenous
CCK that is produced postprandially in intestinal
I-cells: it decreases feeding duration and total food
consumption. The effect is exerted via the afferent
vagus, NTS, and DVC [12,24,25]. As mentioned previ-
ously, lack of CCK1 receptors results in OLETF-type
obesity in rats [22,26]. Although centrally (into a cere-
bral ventricle, ICV) administered CCK has similar ano-
rectic effect—probably as part of the sickness
behavior—the peripheral route of administration

appears to be more natural, and central CCK may
have somewhat different role(s). However, central
CCK2 receptor knockout animals are also obese [27].

IP administration of CCK was ineffective in juvenile
(aged 6�8 weeks) NF rats (as if “there were almost no
physiological ways to suppress their appetite” at juve-
nile age). The satiating effect of CCK was very pro-
nounced in young 3�4 month-old adult NF animals,
still strong at age 6 months, then gradually decreased
to nonsignificant levels by age 12 months, before
becoming more effective again with further aging and
extremely pronounced in old animals [28]. These
changes in CCK-sensitivity must be explained mainly
by the age and not the nutritional state, since the fat
ratios did not change concordantly with efficacy: the
fat content was similarly high at age 12 and 18 months
and still high at age 24 months (Table 14.2). However,
such a sensitivity pattern possibly contributes to the
explanation of age-related changes in body weight/
composition, that is, to the tendency for decreased sati-
ation and increased adiposity at middle-age, and,
together with data on high plasma CCK levels in old
persons [29], such a sensitivity pattern might also
explain the early satiation, anorexia, and falling body
mass at old age. Nevertheless, it will be shown
(Sections Obesity and GI Peptides and Signaling
Feeding State in Calorie Restriction or Starvation) that
nutritional state also has a strong impact on the
responsiveness to IP administered CCK.

It needs to be analyzed whether or not similar age-
related patterns are valid for other peripheral satiety
signals. Unfortunately, only relatively few studies ana-
lyzed the efficacy of GI peptides as a function of age,
and even then usually only two groups (“young” vs
“old”) of rodents/subjects were compared. It is a gen-
eral, although not convincingly proven opinion that
with aging the orexigenic signaling becomes weaker
and the postprandial anorexigenic one prevails, con-
tributing to the explanation of anorexia of aging [29,30]
in old subjects, although this cannot explain the weight
gain at earlier stages.

Pancreatic glucagon, amylin, and PP produced by
pancreatic islet cells play very similar roles to that of
CCK in the short-term inhibition of food intake [24].
They act via the afferent vagus, brainstem, and hypo-
thalamus, with great affinity for Y4 receptors, and lead
to anorexia. Glucagon (cleaved from preproglucagon in
pancreatic α-cells) suppresses appetite and it can also
enhance energy expenditure [31], but its main action is
the elevation of blood glucose (in contrast to hypotha-
lamic glucagon, which inhibits hepatic glucose produc-
tion; [32]). Amylin, co-released with insulin upon food
intake, causes anorexia [33] and increases metabolic
rate [34,35]. In rats, IP amylin elicited somewhat stron-
ger anorexia at age 13 months than 4 months, and the
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effect decreased slightly again by 2 years of age [36],
although the differences were rather small. In aging
humans (as compared with young ones) the food-
induced adaptive release of amylin and insulin was
attenuated [37], pointing to a delay in satiation
(although this may be overcome by enhanced satiating
effect of CCK and other GI peptides). Lower gut pep-
tides (GIP, PYY3�36 and gut preproglucagon-derived
GLP-1, OXM) inhibit feeding, enhance pancreatic β-cell
activity and insulin effects, and their plasma levels
increase postprandially [38,39]. An anorexigenic role
for GIP is supported by the finding that the diet-
induced obesity was only moderate in GIP-
overexpressing mice [39]. Similarly to CCK, PYY3-36

secretion increases with age [29]. IP applied GLP-1 or
its agonist exendin-4 induces dose-dependent anorexia,
while the antagonist exendin9-39 enhances food intake
[40]. GIP and GLP-1 also stimulate insulin secretion/
sensitivity, and they decrease plasma glucose level
(incretin effect; [41]). GLP-1 levels may decrease with
age, possibly contributing to type-2 diabetes [42]. OXM
exerts a metabolic activity resembling that of GLP-1—it
suppresses food intake and enhances energy expendi-
ture [43,44]. The suppression can be blocked by GLP-1R
antagonist exendin9-39, and the suppression cannot be
evoked in GLP-1R null mice [45].

Ghrelin is the only known peripheral orexigenic
peptide, produced mainly in mucosal X/A-like cells of
oxyntic glands in the empty stomach [46]. However,
ghrelin is not strictly a “hunger hormone,” it also
influences energy homeostasis (suppresses energy
expenditure), and moreover it enhances insulin sensi-
tivity [47]. In mice lacking ghrelin receptor the energy
expenditure and body temperature are high [48]. The
peptide acts at the DVC [49] and at receptors of the
ARC by activating neurons expressing orexigenic neu-
ropeptide Y (NPY, which acts at Y1/Y5 receptors) and
agouti-related peptide (AgRP), a natural antagonist of
anorexigenic melanocortins [50,51]. ICV ghrelin injec-
tions for 5 consecutive days caused greater rise of food
intake and body weight in young than in middle-aged
rats [52]. Independent of nutritional state, the plasma
ghrelin levels were significantly lower in elderly than
in young persons [29,53]. In old animals fasting failed
to enhance ghrelin secretion [54,55], while refeeding
could not significantly lower ghrelin levels of old
rodents [56], suggesting that the expression of this
peptide changes with aging. Furthermore, in old ani-
mals exogenous ghrelin was hardly able to stimulate
food intake [57], pointing to age-related alteration in
ghrelin receptor expression, or to altered postreceptor-
al function. Ghrelin-receptors were not expressed in
white and brown fat tissue of young mice but were
detectable in old ones, and old ghrelin-receptor null
mice had higher energy expenditure and less white

adipose tissue than their young or wild-type old coun-
terparts [58,59]. There is an interaction between ghrelin
and CCK at the level of the afferent vagus: CCK pre-
treatment prevented the ghrelin-induced food intake,
except in OLETF rats [60].

Signals of Nutritional State and the Role of Age

Defective feedback signals from body mass/compo-
sition, like deficiency or structural abnormality of lep-
tin (eg, ob/ob mice), lack or abnormality of its receptors
(eg, Koletsky rats, db/db mice), as well as leptin resis-
tance (Zucker rats), may block the normal regulation
of body mass, resulting in obesity. Resistance to central
actions of leptin [61]—what is assumed to often
develop by middle-age—may promote weight gain in
humans as well as in experimental animals. In con-
trast, transgenic mice with leptin overexpression lose
body fat [62]. Increased leptin sensitivity could contrib-
ute to anorexia/sarcopenia in the oldest age groups
[15,63], or possibly to other abnormalities coupled with
anorexia. Insulin in the CNS has similar roles, in many
aspects, to those of leptin [61].

In young men, exposures to 21-day periods of over-
feeding or underfeeding (that caused weight gain or
weight loss, respectively) were quickly followed by
compensation, while in old men the compensatory
food intake responses to similar exposures were insuf-
ficient for as much as 7 weeks, that is, the original
body weight was not restored, presumably due to
defective signaling from the increased or decreased
body mass [64]. Aging appears to have an impact on
responses to changes in nutritional state. The expres-
sion of or sensitivity to a number of peripheral and
central regulatory peptides conveying the appropriate
signals was shown to be altered with age [65].

Leptin

Leptin is produced mainly in white adipose tissue
(proportionately to its amount), together with other
adiopokines (adiponectin, resistin). From the plasma,
leptin reaches the ARC by a special transport system
[14] through the blood�brain barrier. Apart from
enhancing here the expression of the POMC
(proopiomelanocortin)�derived anorexigenic melano-
cortin (alpha�melanocyte stimulating hormone,
α�MSH) and the similarly anorexigenic cocaine�
amphetamine-regulated transcript (CART), it also inhi-
bits the expression of orexigenic NPY and AgRP. Such
catabolic imbalance of peptides can alter activity at var-
ious receptors on second�order neurons of hypotha-
lamic nuclei to finally exert anorectic and
hypermetabolic effects [66]. Leptin also has basic
(enhancing) influence on hindbrain actions of CCK-like
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short-term satiety signals [67] and promotes the anorec-
tic effects of GLP-1 [68]. Most investigators described
that with age and adiposity some leptin resistance and
increase in leptin level can be demonstrated [69�71].
This is often thought to contribute to the fat accumula-
tion or to definite obesity that develops by middle-age
or transitional age. However, increased adiposity, per
se, at any age, may cause elevation of plasma leptin
level [69] and leptin resistance [72].

Leptin deficiency in leptin null mice resulted in ob/ob
type obesity, and in leptin receptor knockout rodents
the glucose homeostasis was also impaired [73].

In general, ICV injection or infusion of leptin induces
anorexia and hypermetabolism in rats [71,72], although
the two effects may not be interconnected. However, the
response appears to depend on the adiposity of the ani-
mal [61] and on its age [74�76]. There were reports dem-
onstrating that age rather than fat content is responsible
for leptin resistance [77]. In contrast, other observations,
using 1-week-long ICV leptin infusion came to the con-
clusion that aging—without obesity (eg, in old rats that
were lean due to lifelong calorie restriction)—did not
cause leptin resistance, on the contrary, the anorectic/
hypermetabolic effects were rather enhanced (Fig. 14.2)
and not decreased at old age [15,63].

In mildly obese 18-month-old rats ICV administra-
tion of recombinant adeno-associated virus that encoded
rat leptin cDNA (rAAV-leptin) inhibited food intake
for 25 days, elevated metabolic rate for 83 days, and
suppressed body weight for the corresponding period
[78]. Plasma leptin levels and hypothalamic NPY
mRNA expression exhibited good negative correlation
in young rats, but not in more fatty old ones. In old
rats high leptin levels were found but the NPY mRNA
expression did not change [79]. Lasting elevation of
circulating leptin (as in obesity) was shown to reduce
hypothalamic leptin receptor expression [80], practi-
cally resulting in a form of leptin resistance.

Insulin

According to some data, the cerebrospinal fluid and
CNS insulin concentrations are higher than those of
the serum, suggesting that—although debated—some
of this peptide may be produced within the brain [81].
The circulating insulin can still cross the blood�brain
barrier by a saturable transport mechanism [82] and
this seems to be the really important source of active
insulin in the brain. Similarly to leptin, changes in
serum insulin level reflect alterations of body fat mass
[83] and the two peptides have many similar steps in
their central signal transduction pathways and actions.
Accordingly, despite the idea that the great amount of
cerebral insulin (or the disorders of its amount/action)
may have several functions (eg, in the pathomechan-
ism of Alzheimer disease), the function of regulating

metabolic homeostasis [84] is proportional to the
serum levels of the peptide. Insulin—just like
leptin—acts in the ARC, influences the expression of
orexigenic and anorexigenic peptides (NPY/AgRP and
melanocortin/CART, respectively) in order to suppress
food intake and to enhance metabolic rate [61].
Moreover, the postreceptoral effects of the two pep-
tides share some common pathways [63,84], although
they differ in final modulation of the electrical activity
of hypothalamic neurons [85]. ICV insulin administra-
tion proved that insulin entering the CNS also
suppresses hepatic glucose production, independently
of serum levels of insulin, glucagon, or other glucore-
gulatory hormones [86], while ICV applied insulin
antibodies acted in the opposite way and induced
hyperglycemia.

A recent study [87] analyzed the incidence of insu-
lin resistance in several thousand nondiabetic,

FIGURE 14.2 Part A: Cumulative deviation of food intake (FI) in
the course of a 7 day-long ICV leptin infusion as compared with sim-
ilar infusion of physiological saline in normally fed (NF) versus calo-
rie restricted (CR) rats of various ages. Part B: Deviations of daytime
heart rates (HR) in NF and CR rats of various ages on the 5th day of
ICV leptin infusion as compared with the corresponding value of
saline-infused animals (HR represents metabolic rate). Source:
Pétervári et al. (unpublished).
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nonobese persons aged 30�79 years, and found a posi-
tive correlation between resistance and age.
Inflammatory processes that are related to aging (or
obesity) may also contribute to the development of
insulin resistance [88]. Obesity also leads to insulin-
resistant diabetes [89]. In animal experiments insulin
resistance was demonstrated to develop gradually
with aging and obesity [90], including resistance in the
CNS [61,71]. Signals of adiposity and body composi-
tion (fatty acids, amino acids, leptin, insulin) and fuel
sensing mechanisms in the brain are important in the
regulation of body weight and glucose homeostasis.
Fatty acids can also inhibit insulin transport through
the blood�brain barrier, attenuating central insulin
activity. By various, not fully clarified mechanisms,
central insulin resistance may develop in the brain
generally, and specifically in cerebral nuclei involved
in the regulation of energy balance. It is often assumed
that cerebral insulin resistance is starting point rather
than consequence of metabolic syndrome [85]. The
consequent obesity further elevates plasma fatty acids,
reduces peripheral insulin sensitivity, thereby reinfor-
cing obesity, hyperglycemia, β-cell dysfunction, and
diabetes [85,91]. ICV infusion of insulin to 4-month-old
rats elicited significant anorexia and also hypermetabo-
lism (Fig. 14.3), but these effects faded gradually with
aging and they were below significance level by the
age of 24 months.

Central Processing

Collectively, signals representing feeding and/or
nutritional states are in functional interaction when
transmitted via capsaicin-sensitive fibers of the afferent
vagus [3,92] to the brainstem or directly to the ARC—
these signals together may influence not only food
intake but also metabolic rate and body temperature
[93]. This system activates hypothalamic catabolic (eg,
melanocortin /α-MSH/, CART) or anabolic (eg, NPY,
AgRP) signaling pathways and second-order neuro-
peptide producing neurons. Such neurons are located
partly in the paraventricular nucleus (PVN) which acti-
vates anorexigenic mechanisms (eg, thyrotropin releas-
ing hormone (TRH), corticotropin releasing hormone
(CRH)), partly in the lateral hypothalamic area (LHA),
perifornical area (PFA), and suprachiasmatic nucleus
(SCN) which activate orexigenic mechanisms (eg,
orexin-A (OXA), melanin concentrating hormone
(MCH)). Neural connections exist between PVN and
LHA, they also send reverse signals back to the DVC.

Age-related alterations of these central regulatory
mechanisms may result in abnormalities of body
mass/composition. The anorexigenic responses to ICV
α-MSH infusion to NF rats [94,95] were high at ages 4

and 6 months, decreased to practically nonsignificant
levels by age 12 months, but became very pronounced
again at ages 18�24 months. The hypermetabolic
effects were highest in middle-aged (12 month old)
animals, then they were attenuated with further aging,
but the overall catabolic effect was strongest in old ani-
mals. Single ICV injections of the peptide caused more
pronounced hypermetabolism in the oldest groups
than in middle-aged ones, suggesting that old animals
were still responsive, but they could not sustain the
hypermetabolism for long during infusions. In other
studies, age-related monotonous decrease in resposive-
ness to various centrally applied orexigenic peptides
[57,65] has also been described. Some of such changes
in central processing might be due to altered receptor
expression in connection with altered peripheral sig-
naling (eg, more circulating peptide—less central
receptors—smaller effect of ICV applied exogenous
peptides). Alternatively, deviations in central

FIGURE 14.3 Part A: Suppression (%) of cumulative food intake
(FI) in the course of a 7-day intracerebroventricular insulin infusion
as compared with FI during a similar infusion of physiological saline
in normally fed (NF) rats aged 4 versus 24 months. Part B:
Deviations of daytime heart rates (HR) in NF rats aged 4 versus
24 months on the 4th day of ICV insulin infusion as compared with
the corresponding value of saline-infused animals. Part C:
Differences in daytime core body temperatures (Tc) on the 4th day of
ICV insulin or saline infusion in NF rats aged 4 versus 24 months.
Source: Soós et al. (unpublished).
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processing might also be primary, like the phasic
changes of ICV α�MSH effects. In any case, altered
central responsiveness to various peptides possibly
contributes to age-related differences in the regulation
of energy balance.

In contrast to age, data on nutritional state-related
changes in responsiveness to central orexigenic/
anorexigenic substances or changes in the function of
central signaling pathways are rather scarce, how-
ever, it cannot be disputed that the central processing
of signals is also influenced by the nutritional state
[76]. The age-dependent changes in central sensitivity
to anorexigenic or orexigenic peptides vary with
nutritional state: they are different in NF, CR, and HF
animals ([15,63,72,76], Sections Signaling Nutritional
State in Obesity and Signaling Nutritional State:
Eating Disorders, Calorie Restriction, Chronic
Diseases). Additionally, the expression and action of
CART were lower in obese than in control rats. The
ICV applied NPY evoked stronger feeding response
in CR than in NF rats, and practically no response in
HF obese ones. In middle-aged NF, but not in CR
rats, resistance to the catabolic effects of ICV leptin or
insulin injections was found, the resistance was
enhanced in HF obese animals [72,76]. For α-MSH,
the nutritional state-dependent differences were of
similar nature.

DIET-INDUCED CHANGES OF BODY
MASS/COMPOSITION

Overfeeding—Obesity

In many studies it is not clarified, whether the
altered peptide activities are causes or consequences
of concurrent obesity. It is tacitly accepted that abnor-
mal peptide activities may be primarily responsible
for the development of increased body mass and adi-
posity. However, it is remarkable that in diet-induced
obese primates (with originally normal GI hormone
and leptin, insulin levels) a chronic increase of plasma
cytokines is accompanied by elevated levels of circu-
lating leptin, insulin, glucagon, GLP-1, and PYY3-36

[96], that is, obesity per se may have an impact on
peptide-related functions. Moreover, such obesity-
induced changes in GI peptides, leptin, and insulin
levels/effects may be responsible for sustaining high
body mass, once obesity has developed. Obesity (and
the concurrent low-grade chronic inflammatory state)
may lead to anomalies of insulin production and/or
sensitivity, and to peripheral and central insulin
resistance [89].

In other studies [97] it was demonstrated that
POMC neurons of the ARC of diet-induced obese

rodents lost synapses, exhibited increased glial
ensheatment of perikarya, decreased stimulation of
neighboring NPY cells, and reactive gliosis, making
transport through the blood�brain barrier more diffi-
cult, that is, in obesity the ARC cytoarchitecture may
have changed irreversibly in a way to decrease the
efficacy of peripheral signaling.

Obesity and GI Peptides

Both the fasting plasma CCK level and its postpran-
dial rise were significantly lower in morbidly obese
women than in lean controls [98]. The age-related
changes in sensitivity to the anorectic action of IP CCK
seen in NF rats (ie, high sensitivity in young adult and
old, with resistance in middle-aged) were also strongly
influenced by the nutritional state [28]. In experiments
on HF obese rats IP CCK was ineffective already at
6 months of age, when NF rats exhibited high sensitiv-
ity to CCK. The HF state not only promoted the devel-
opment of CCK resistance, but also promoted the
reappearance of sensitivity already at age 12 months,
when NF rats were least sensitive [28]. Accordingly,
HF obese state appeared to speed up the development
of age-related changes in CCK-effects. Preexisting obe-
sity seems to induce a vicious circle by decreasing the
CCK sensitivity at relatively young age and thereby
promoting further obesity.

Plasma PP levels were low in obesity and high in
anorexia nervosa, suggesting a possible causal relation-
ship between PP levels and anomalies of body mass
[99]. Although infusion of PYY3-36 (acting at Y2 recep-
tors) similarly suppressed food intake in lean and
obese subjects, both the fasting PYY3-36 level and the
postprandial rise of the peptide were lower in the
obese group [98,100�102]. Obesity-prone rats kept on
high-fat diet exhibited reduced GLP-1 levels and GLP-
1 receptor activation [103]. GLP-1 did induce anorexia
in both lean and obese subjects, however, the obese
ones exhibited smaller responses [23,104]. In view of
the role of GLP-1 to stimulate insulin release and sensi-
tivity [41], this may also be important in the explana-
tion of type 2 diabetes commonly seen in obesity [105].
Apparently, in diet-induced obesity a suppression of
these peptide actions may promote further increase in
body mass and adiposity.

Other anorexigenic peptides exhibited changes that
were different from the previous ones. In ob/ob (but not
in lean) mice the plasma amylin (and insulin) levels
increased extremely with age, but finally (in old ani-
mals) the insulin concentrations exhibited an even
greater rise, suggesting pronounced insulin resistance
[106]. Plasma amylin [107] and glucagon [108] concen-
trations were higher in obese elderly patients than in
lean ones.
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Despite similar gastric ghrelin mRNA levels, the
plasma level of the orexigenic ghrelin was higher in
undernourished than well-nourished adults [54] and
low in obese ones [98,109]. Both acyl ghrelin and desa-
cyl ghrelin levels were low in obese persons, and post-
prandially mainly the desacyl form decreased slightly,
while in controls a suppression of the acyl form was
characteristic [110]. Diet-induced obesity in mice
caused ghrelin resistance in ARC neurons expressing
NPY/AgRP [111]. In obese mice deficient of both
CCK1 and CCK2 receptor the fasting ghrelin level was
shown to be lower than in controls [112]. These data
suggested compensatory changes for ghrelin activity
according to body mass.

However, other investigations revealed that in obese
adolescents the calorie intake-induced suppression of
ghrelin production was defective [113]. Vagal afferent
neurons of diet-induced obese rats were also demon-
strated to exhibit decreased sensitivity to anorexigenic
signals, but enhanced sensitivity to ghrelin [3,114,115],
as if obesity elicited a fasting mode-like transformation
of the vagal activity, contributing to further mainte-
nance of the obese state.

Signaling Nutritional State in Obesity

Obesity was found to elevate plasma leptin levels,
while the levels of adiponectin declined, and resistin
was not significantly higher [116]—all these correlated
with insulin resistance. Hypothalamic leptin and insu-
lin sensitivities were shown to decrease in diet-
induced obesity [72,117]. In rats, after remission of
diet-induced obesity (and fall in plasma fatty acids)
the insulin transport to the cerebrospinal fluid was
found to increase, and the sensitivity to the anorexi-
genic action of ICV insulin also improved [118]. Diet-
induced obesity in mice caused severe but reversible
leptin resistance of melanocortin expressing ARC neu-
rons [119]. However, in rats with high-fat diet-induced
leptin resistance [120] rAAV-leptin (with lasting high
central leptin action) did not promote similar revers-
ibility or normalization of leptin sensitivity. In addi-
tion, the diet-induced obesity—as expected in cases of
enhanced leptin levels—was associated by suppressed
NPY expression in the ARC, however, also by
enhanced NPY and CART expression in the dorsome-
dial hypothalamus [121].

In earlier experiments old calorie-restricted rats still
exhibited resistance to the anorectic effects of leptin
[77], suggesting that age and not adiposity is responsi-
ble for the resistance. However, in recent experiments
using lifelong calorie restriction (CR rats) the sensitiv-
ity to the anorexigenic as well as the hypermetabolic
effects of ICV leptin was maintained, moreover, in the
oldest rats it was even enhanced. This was in contrast
to HF obese rats in which resistance developed at an

earlier phase than in NF animals [15,63]. These data
point to the role of fat content rather than age as
inducer of leptin resistance.

Obesity and/or aging can also lead to peripheral
and central insulin resistance [89]. On the one hand,
this might explain the obesity-related type 2 diabetes,
and might contribute to maintenance of an obese state.
On the other hand, insulin resistance (together with
leptin resistance) possibly affects skeletal muscle. In
muscle a resistance to insulin decreases the supply of
substrates, adipocytokines inhibit muscle cell metabo-
lism, differentiation, and renewal, altogether leading to
loss of muscle cells, to decrease of muscle protein
anabolism, to ectopic lipid accumulation in muscle
[122], and to sarcopenia, often in the presence of still
high fat mass, that is, leading to sarcopenic obesity,
with lipid infiltration of skeletal muscle and with
lipotoxicity.

Roux-en-Y Gastric Bypass (RYGB) Surgery,
Other Surgical Methods

RYGB is increasingly used in the surgical treatment
of morbid obesity. Fast weight loss after the operation
is not a simple consequence of decreased intake/
absorption of nutrients, since an increase of weight-
adjusted resting metabolic rate [123,124] and higher
thermic effect of feeding [125,126] also contribute to
the weight loss. This is particularly important, since
loss of body weight (malabsorption, malnutrition, star-
vation), in itself, would evoke a decrease (and not an
increase) in resting metabolic rate. Some GI hormones
may have a role in this effect of RYGB [127]. After
RYGB the production and effect of incretin hormones
GLP-1 [41,128], GIP [129] and probably also PYY3-36

were enhanced in diet-induced obese mice as well as
in humans [100,130], and in humans the meal-induced
suppression of ghrelin was more pronounced [131].
The GI signals may have an action via the afferent
vagus [132] and the melanocortin system: in MC4R
null mice with diet-induced obesity the RYGB-induced
weight loss was significantly smaller than in their
wild-type counterparts [133]. Both secretion of and
sensitivity to insulin are improved after the operation
[134], the preoperative hyperglycemia is attenuated,
although the glucagon level may remain high [135].
Activation of incretin peptide hormones (GLP-1, GIP)
is important not only in the decrease of body weight
but also in the improvement of glucose metabolism:
some derivatives of exogenous agonist exendin-4 ver-
sus structural analogs of GLP-1 (eg, exenatide versus
liraglutide) or blockers of its degrading dipeptidyl-
peptidase-4 enzyme (eg, sitagliptin) are already used
in the medical practice treating type 2 diabetes and
obesity.
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Some other surgical interventions (eg, sleeve gas-
trectomy, adjustable gastric banding) cause much
smaller changes in incretin functions—these are less
effective than RYGB in reducing body weight and
hyperglycemia. However, ob/ob mice failed to maintain
low body mass after RYGB [137].

Apparently, this raises the idea that in the back-
ground of massive obesity and diabetes not only glut-
tony but also some primary disorder of such incretin
mechanisms [42] might play a role.

Anorexia—Eating Disorders—Calorie
Restriction—Chronic Diseases

Signaling Feeding State in Eating Disorders,
Anorexia Nervosa

In anorexia nervosa the baseline PYY3-36, PP, CCK,
and insulin plasma levels were high (although with
great heterogeneity) [99,136�139], and the postpran-
dial CCK rise started earlier and reached higher peak
values than in controls [140]. These seem to suggest
that abnormalities of the GI peptides may be responsi-
ble for the anorexia. However, since most of these
alterations were normalized after special feeding and
recovery [141], the changes may also be regarded as
consequences rather than causes of the disease. Data
gained in cases of simple starvation and refeeding
were different from those seen in anorexia nervosa
and recovery from the disease.

Similarly to starvation, anorexia nervosa is also a
ghrelin hypersecretory state [142], but with decreased
responsiveness to ghrelin [143]—obestatin, which is
derived from the same prohormone as ghrelin but has
an opposite action, increases only moderately [144].

Bulimia nervosa is accompanied by elevated CCK
level in the “urge to vomit” stage [145], but not earlier.

Signaling Feeding State in Calorie Restriction
or Starvation

In contrast to anorexia nervosa, primary calorie
restriction in men resulted in decreased (rather than
increased) baseline levels of CCK, with enhanced post-
prandial rise of the peptide, and also with increased
sensitivity to duodenally applied lipids [146].
In undernourished adult persons the plasma ghrelin
levels exceeded those in well-nourished ones [54].
In calorie-restricted rodents the baseline levels of CCK,
PYY3-36 were also low, those of ghrelin were high, in
all cases with pronounced changes postprandially
[147]. These changes in peptide function appear to be
adaptive responses to the calorie-restriction. In contrast
to the dietary calorie-deficit, in healthy young men
with exercise-induced moderate loss of calorie content

the plasma PYY3-36 increased and the appetite was
suppressed [10].

Plasma ghrelin was higher in undernourished
adults than in well-nourished individuals [54], but in
elderly subjects malnutrition did not induce a signifi-
cant rise in ghrelin levels. The role of ghrelin still
has not been clarified: while an antighrelin oligonucle-
otide [148] effectively inhibited the effects of
exogenous ghrelin, it had hardly any effect on the
calorie-deprivation-induced food intake, although
plasma ghrelin level was high in both cases.

In CR rats kept on low energy intake an eventual
free food intake was halved by IP CCK even at age 12
months [28] when in NF rats the anorectic effect of IP
CCK has already vanished. Accordingly, CR state
appeared to delay the development of resistance to
CCK (in contrast to the HF state, which promoted it).
Lean body composition in CR states maintained CCK
sensitivity and this, in turn, tended to sustain the lean
state.

Signaling Feeding State in Chronic
Wasting Diseases

Chronic wasting diseases often lead to cachexia,
that is, to severe fall in body mass, including both fat
and lean body mass together with the muscle (sarcope-
nia). In cancer-induced anorexia�cachexia syndrome,
alterations in the feedback loop of food intake
regulation involve several neuropeptides [149]. In
tumor-bearing states the amount of various cytokines
rises. Interleukin-1α may enhance plasma CCK levels,
and in mice with various tumors CCK1-receptor
antagonists attenuated the anorexia. Furthermore, in
such states the ratio of insulin/glucagon decreased,
that is, there was a relative glucagon excess which was
also promoted by interleukin-6. Glucagon can suppress
appetite, and it simultaneously enhances hepatic glu-
cose production, mainly from glucoplastic amino acids
of muscle tissue, thus, not only the fat mass, but also
the protein (muscle) content decreases, and severe
cachexia and sarcopenia may develop.

In other chronic wasting diseases (end-stage renal
failure, chronic heart disease, chronic obstructive pul-
monary disease, etc.), accumulation of inflammatory
cytokines have similar consequences to those in cancer
cases [150,151]—ghrelin analogs have been suggested
to improve the anorexia [150].

Signaling Nutritional State: Eating Disorders,
Calorie Restriction, Chronic Diseases

In anorexia nervosa patients low plasma leptin (and
high adiponectin) levels [152] and high levels of
cerebrospinal fluid NPY [153] and AgRP [154] were
demonstrated, with gradual normalization after
recovery—it can be concluded that these peptide
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changes correlate with the actual fat content. However,
other data allow an opposite conclusion: according to
these, in the CNS and in the cerebrospinal fluid the
expression of both POMC [155] and CRF [156] were high
in acute forms of anorexia nervosa, but not in recovered
patients. Accordingly, a high anorexigenic tone is
coupled with the acute phase of the disease (when the
fat content is low) and this tone is normalized upon
recovery. The initial nutritional state cannot explain
the elevation of anorexigenic factors, but no data sup-
port, that a primary increase of the anorexigenic tone
would be responsible for the disease either.

Irrespective of whether the energy deficit was due
to calorie-deprivation or exercise, in young healthy
men the plasma PYY3-36 increased (more in case of
exercise), and the appetite was suppressed [10].
However, in the brainstem the expression of PYY3-36

decreased during acute or chronic calorie-deprivation
[157]. Exercise-induced energy deficit resulted in the
expected changes in neuropeptide expression in the
first-order neurons of rat hypothalamus (suppression
of POMC, CART, increase of AgRP, NPY), but in the
second-order neurons no changes were observed
[158]. In rats calorie restriction between the ages of
6 weeks and 6 months elicited elevation of hypotha-
lamic NPY mRNA with decrease of POMC and
growth hormone releasing hormone [159], at the same
time low ghrelin levels were also found. In other
studies chronic food restriction was followed by
decrease in plasma leptin and insulin levels and a
corresponding rise of ghrelin [160]. During restoration
of body weight, plasma ghrelin and leptin were nor-
malized more quickly than the insulin level. In rats,
the hypothalamic mRNA expression for POMC
decreased following calorie-restriction but it was soon
normalized upon restoration, while the restoration of
mRNA for AgRP and NPY was slower, particularly in
the ARC [160]. In the LHA versus the ARC/SCN the
number of OXA- versus NPY-immunoreactive neu-
rons increased after food deprivation. However, inter-
estingly, these changes were more pronounced in
animals that had previously been maintained on a
high-fat diet than in those that received a normal diet
[161], suggesting that the diet to which an animal had
been used prior to restriction and restoration has a
strong influence on its regulatory processes.

The functional responses to regulatory peptides are
also different in chronically CR and NF rats. The ano-
rectic action of ICV administrations of melanocortins
decreased by age 12 months in NF rats, but not in CR
animals [76,95,162]. The effects of ICV leptin exhibited
a similar pattern: decreased efficacy with age in NF
(and HF) rats, maintained efficacy in CR ones [72].

Leptin, as a helical cytokine—together with other
cytokines (as in chronic diseases like chronic

inflammatory processes, cancer, chronic uremia,
chronic heart failure, chronic obstructive pulmonary
disease)—particularly if its level is high (as in
HF-obese animals), may elicit imbalance of central
anabolic versus catabolic neuropeptide mechanisms
with catabolic overweight, and may lead to defective
metabolic functions in muscle, finally resulting in
severe anorexia�cachexia [163,164]. In late phases of
HF-obesity the leptin may still suppress NPY expres-
sion in ARC [121], causing anorexia and fasting-
induced rise in gluconeogenesis, thus, muscle tissue
may be lost more quickly than the adipose tissue, and
the high body mass may fall only gradually, with
altered body composition, and finally may result in
sarcopenic obesity.

CONCLUSIONS

The relative stability of body mass depends on a
complexity of signals originating from the gastrointes-
tinal system that represent the actual feeding state,
and some other signals that represent the more long-
term nutritional state. Orexigenic (ghrelin) versus
anorexigenic (CCK, PP, PYY3-36, amylin, glucagon,
GLP-1, GIP, OXM, etc.) gastrointestinal peptides sig-
nalize the feeding state primarily via the afferent
vagus and brainstem. Simultaneously, leptin and insu-
lin convey information on the nutritional state (energy
content of the body) and inhibit food intake mainly via
the arcuate nucleus. Second-order neurons and
peptides of hypothalamic nuclei contribute to the
regulation of energy balance, establishing anabolic
(orexigenic plus hypometabolic) or catabolic (anorexi-
genic plus hypermetabolic) states. Apart from humans,
age-related changes of sensitivity to these factors may
contribute to the age-related changes of body mass/
composition in rodents: anabolic/catabolic balance in
young adults, weakened catabolic tone (resistance to
catabolic peptides) with maintained anabolic effects in
middle-aged adults of higher fat content (but not in
calorie-restricted lean middle-aged animals), and cata-
bolic hypersensitivity in the anorectic old (irrespective
of body weight). Conversely, diet-induced variations
in nutritional state can alter the peripheral and central
sensitivity to signaling mechanisms. Diet-induced or
spontaneous obesity leads to resistance to leptin and
insulin, and also to anorexigenic gastrointestinal pep-
tides like CCK: both the midlife resistance and the
final hypersensitivity appear earlier in obese than in
normally fed animals. Such obesity-induced resistance
to anorexigenic/catabolic peptides quasireinforces the
manifestation of adiposity and diabetes. Incretins
(GLP-1, GIP, adipokines, etc.) act in the opposite way:
they enhance weight loss and improve glucose
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homeostasis. In contrast to dietary obese rats, calorie-
restricted lean animals exhibit no resistance to leptin
signaling at any age (quasipromoting maintenance of a
lean shape), however a late hypersensitivity even in
these rats contributes to the aging anorexia/sarcope-
nia. Combined changes of nutritional state and age
also influence the ingestive behavior and metabolic
responsiveness to hypothalamic peptides.
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the University of Pécs (PTE 34039 KA-OTKA/13-02 and PTE ÁOK
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SUMMARY

• Obesity in the young and middle-aged and frailty of
the elderly are severe public health burdens.

• Investigation of age-related regulatory changes
aggravating obesity or frailty may promote the
development of effective prevention.

• This chapter focuses on the impact of nutritional
state on such age-related regulatory changes.

• By suppressing the efficacy of weight reducing
regulatory mechanisms, obesity promotes further
accumulation of fat.

• Lifelong moderate calorie restriction increases
weight-reducing regulatory mechanisms, promoting
further weight loss/maintenance of lean shape.

• Prevention of accumulation of fat mass by lifelong
calorie restriction helps maintain a healthy
regulation of energy balance and avoidance of the
vicious circle seen in unmanageable obesity.

• In nonobese aging individuals appropriate energy
and nutrient intake need to be maintained (even a
slight increase may be advised) to avoid rapid
progression of the age-related weight loss.
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KEY FACTS

• Age-related decline in FoxO activity shortens
lifespan through decreased gene expressions of
antioxidant enzymes, superoxide dismutase
(SOD) and catalase.

• FoxO-targeted enzymes, SOD and catalase
scavenge reactive species and decrease oxidative
stress.

• Modification of FoxO by acetylation and
phosphorylation decreases FoxO activity during
aging.

• Insulin level increases with aging, while anti-
aging paradigm, calorie restriction (CR)
decreases it.

• Upregulation of PI3K/Akt pathway during
aging causes the decline of age-related FoxO
activity.

• Age-related FoxO1 activity is suppressed
through PI3K/Akt pathway during aging, while
CR reverses it.

Dictionary of Terms

• Aging: Aging is a biological process characterized by
progressive decline in physiological function and
structural integrity affected by intrinsic and
extrinsic factors. The progressive deterioration in

maintenance of homeostasis, broadly defined as
aging, leads to increased risk of age-related diseases
including type 2 diabetes, cardiovascular diseases,
dementia, rheumatoid arthritis, osteoporosis, and
cancer, and, finally, death. The incidence of such
age-related diseases, which cause substantial
difficulties to affected individuals and public health
issues, is significantly increased since lifespan of
human has been extended. Increasing interest on
aging research over the past several decades has
shed light on a number of profound theories
attempting to define underlying mechanisms of
aging and extend healthspan.

• Calorie restriction (CR): It has been demonstrated that
CR delays age-related biologic changes and
decreases risk of age-related diseases across
mammalian and nonmammalian species and in both
genders. CR is associated with various beneficial
physiologic effects including suppression of
inflammatory responses in aging, inhibition of
protein oxidation in liver and skeletal muscle, and
augmentation of immune function. In addition, CR
decreases blood insulin and NADH levels, and
altered NAD/NADH ratio causes phosphorylation
and acetylation of FoxO.

• FoxO1: Forkhead box subgroup “O” (FoxO)
transcription factors are highly associated with
downstream mechanisms of insulin/IGF-1 pathway,
and have been suggested to moderately affect
lifespan by providing enhanced resistance to
oxidative stress, diminishing overproduction of
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reactive oxygen species and preventing
accumulation of oxidative damage that may
accelerate aging. The transcription factor
mammalian FoxO family including FoxO1, FoxO3,
FoxO4, and FoxO6, is characterized by a highly
conserved DNA binding motif, reported as forkhead
box O or a winged helix domain. FoxO1 expression
is found in brain, liver, pancreas, spleen, heart,
lung, thymus, ovary, prostate, and testes. In the
nucleus, translocated FoxO1 proteins bind to IRE in
the proximal promoter of target genes related to
insulin sensitivity, DNA repair, cell cycle, and cell
survival, and induce their transcription.

• Oxidative stress: The main cause of oxidative stress is
imbalance between reduction and oxidation (redox)
by systemic overproduction of reactive species (RS),
and deteriorated detoxification capability to degrade
them. The disruption of balance between RS, such
as superoxide anion (�O2

2), hydrogen peroxide
(H2O2), peroxynitrite (ONOO2), hydroxyl radical
(�OH), and antioxidant species, such as glutathione
(GSH) and thioredoxin (Trx), has been found to be a
major factor underlying development of various
diseases or aggravation of symptoms in heart
failure, myocardial infarction, atherosclerosis,
Parkinson’s disease, Alzheimer’s disease,
schizophrenia bipolar disorder, fragile X syndrome,
sickle cell disease, and cancer. On the other hand,
RS can be beneficial in the immune system as they
attack and eliminate pathogens in infection.

• PI3K/Akt pathway: PI3K/Akt pathway is one of the
main signaling pathways regulated by insulin. PI3K is
activated when insulin or growth factors bind to
specific receptor tyrosine kinases, then, subsequently,
serine/threonine-specific kinase Akt is
phosphorylated and activated by PI3K. Akt directly
phosphorylates and inhibits members of FoxO
subfamily of forkhead transcription factors, enhancing
cell survival and proliferation. As insulin binds to its
responding receptor, the receptor itself and adaptor
molecule, and insulin receptor substrate (IRS) 1 on
tyrosine residues are phosphorylated. This leads to
PI3K activation which enhances production of
phosphatidylinositol 3,4-diphosphate (PIP2) and
phosphatidylinositol 3,4,5-triphosphate (PIP3). Akt is
recruited into the plasma membrane through the
series of signaling. Phosphorylation of Thr308 and
Ser473 in Akt is induced by PIP3-dependent kinase-1
and -2 (PDK-1 and PDK-2), respectively. PDK-1 is
activated by PIP2 and PIP3, lipid products of PI3K,
whereas the PDK-2 activation mechanism has not
been elucidated.

INTRODUCTION

Forkhead box subgroup “O” (FoxO) transcription
factors are pivotal downstream targets of inhibiting
insulin/IGF-1 signaling and are postulated to affect lon-
gevity in part by increasing an organism’s oxidative
stress resistance, decreasing reactive oxygen species
(ROS) production, and slowing the accumulation of oxi-
dative damage that accelerates aging [1]. Some of these
antioxidative effects are associated with members of the
FoxO family, which, in the absence of insulin/IGF-1 sig-
naling, freely bind to promoters of antioxidant enzymes,
thus upregulate their expressions [2]. Although these
findings implicate FoxO in the aging process and in
age-related diseases, at present, little is known for
FoxO’s precise role in protective mechanisms.

It has been shown that the ability of FoxO to regu-
late inflammation reactions plays a major role in many
metabolic disorders and diseases, such as obesity,
type 2 diabetes mellitus, insulin resistance, hyperlipid-
emia, and nonalcoholic fatty liver disease (NAFLD)
[3]. The notable association between metabolic
syndrome and the aging process indicates that inflam-
mation underlines the onset and progression of metabolic
syndrome [4]. Furthermore, it has been established that
insulin resistance is potentiated by upregulated
pro-inflammatory TNF-α and other cytokines during
aging [5]. More recent findings on FoxO1 show its
important roles in regulating energy homeostasis [6].

Calorie restriction (CR), the most potent dietary anti-
aging intervention, elicits coordinated and adaptive
stress responses at cellular and organism levels; and in
Caenorhabditis elegans and Drosophila models. CR extends
lifespan in a FoxO-independent manner [7]. Previous
studies on CR clearly showed its efficacy on the aging
process, and identified several key regulatory signaling
pathways [8]. Epigenetic studies reported that histone
modifications and DNA methylation sites on specific
gene promoters or in chromosomal regions have direct
functional impacts on aging [9]. Importantly, CR has
been shown to regulate epigenetically the aging process
[10], for instance, by its ability to reverse age-related
histone acetylation and DNA methylation changes,
thereby, increasing genomic stability [11].

This chapter reviews the important findings on
FoxO1 modification in relation to aging and describes
its modulation by CR as a possible underlying mecha-
nism influencing the aging process. In addition, we
posit that the transcription activities of FoxO1 act as a
bridge between aging and age-related changes and
suggest a mechanism for the modification of FoxO1 by
age-related signaling pathways.
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ALTERED FOXO1 TARGET GENES
DURING AGING AND THEIR

MODULATION BY CR

The evolutionarily conserved FoxO family consists
of FoxO1, FoxO3, FoxO4, and FoxO6 in mammals [12].
These FoxO transcription factors are characterized by a
highly conserved DNA binding motif, known as fork-
head box O or a winged helix domain [13,14]. FoxO
are expressed in various tissues, including ovary, pros-
tate, skeletal muscle, brain, heart, lung, liver, pancreas,
spleen, thymus, and testes [15].

Recent studies revealed that FoxO regulates various
downstream target genes involved in cell cycle, cell
death, and the oxidative stress response [12,13]. One of
the key mechanisms of FoxO regulation involves its
phosphorylation by protein kinase B (also known as
Akt) in response to insulin or other growth factors and
its subsequent translocation from the nucleus to the
cytoplasm [13,14,16]. cAMP-response element-binding
protein (CREB)-binding protein (CBP) attenuates the
transcriptional activities via acetylation of FoxO1 [17].
However, the acetylation of FoxO1 can be reversed by
NAD-dependent deacetylase, silent information regu-
lator 1 (SIRT1), consequently, activating transcription
is mediated by FoxO1 [18]. However, when SIRT1 is
inactive, FoxO1, which is highly acetylated by CBP,
increases the levels of its phosphorylation through the
PI3K/Akt pathway [19].

As mentioned earlier, FoxO transcription factors,
which are negatively regulated by signals derived
from the PI3K/Akt pathways, are involved in the
upregulation of a series of target genes that regulate
the cell cycle, DNA repair, stress resistance, and cell
survival or apoptosis in response to cellular stress [20].

Among members of the FoxO family, FoxO1 was
better studied for the regulation of several genes
involved in cell cycle arrest (p21), DNA repair
(Gadd45a), apoptosis (Bim), and the stress response in
response to oxidative stress in liver [21]. It was
reported that nuclear FoxO1 activates the
transcriptions of stress-inducible genes like manganese
superoxide dismutase MnSOD to battle mitochondrial
ROS [22]. Moreover, the FoxO1-mediated transcrip-
tions of antioxidant genes such as MnSOD can also be
facilitated by the activation of FoxO1 via deacetylation
by deacetylase, SIRT1 [23]. As summarized in
Table 15.1, many lines of evidence indicate that the
function of FoxO affects the expression of various
genes in various species and tissues.

CR increases lifespan in various species of experi-
mental animals such as fly, yeast, worm, rat, and mon-
key. CR has been shown to delay age-related biologic
changes and to suppress a number of age-associated
pathologic abnormalities in both genders and across
mammalian and nonmammalian species [24]. Several
CR studies [21,25] illustrated that the functions of
FoxO1 were modulated under various conditions such

TABLE 15.1 Functions of FoxO and Target Gene Expressions in Various Tissues

Tissue Functions Target genes

Liver Increase of gluconeogenesis in mice G6P, PEPCK, PGC-1a

Reduced triglyceride in pig and mice ApoCIII, MTP

Pancreatic β-cell Protection against oxidative stress MafA, NeuroD

Repression of β-cell proliferation PDX-1, NGN3, NKX61, CyclinD1

Adipose tissue Control of differentiation P21, PPARγ

Kidney Protection of lipotoxicity and disease Bcl-2, Bax, Catalase, MnSOD, Bim

Brain Protection of neuronal death Bim, Fas ligand

Skeletal muscle Repression of differentiation Atrogin-1, MuRF1

Induction of muscle atrophy MAFbx

Lung Regulation of lung tumor in mice P21, P27, CyclineD1

Suppression of lung adenocarcinoma in human GADD45

Heart Protection of ischemic heart in mouse MnSOD, Catalase

Inhibition of cardiac mass loss in rat Autophagy genes
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as oxidative stress. These findings strongly support the
notion that FoxO1 transcription factor is intricately
involved in cell death and survival and with the
prolonged lifespan as seen in CR [21,26].

EPIGENETIC INFLUENCES ON FOXO1

Aging is predominantly influenced by lifestyle-
associated epigenetic modifications on histones and
chromatins [27]. Among many extrinsic factors, CR is
regarded as the most influential dietary mediator
owing to its powerful ability to manipulate epigenetic
modifications. FoxO also is involved in a key epige-
netic modulation mechanism during aging [28]. In
response to insulin or oxidative stress, FoxO proteins
are phosphorylated by protein kinase B (PKB, also
known as Akt), a downstream kinase of phosphatidyli-
nositol 3-kinase (PI3K) that leads to the translocation
of these proteins from the nucleus into cytoplasm [17].

Recently, Li et al. [29] described decreased global
DNA methylation in aged animals and the blunting
effect of CR. At present, quantitative data on specific
modifications of chromatin and histones during aging
and CR are sparse; however, increased aberrant hyper-
methylation of promoter CpG islands and high levels
of DNA methylation have been reported in relation to
the inflammatory process [30]. In this regard, it is
worth noting that age-related hypermethylation was
found in pro-inflammatory genes [31], which was sup-
pressed by CR (unpublished data).

The major advantage of epigenetic modification as a
prime modifier of underlying gene expression regula-
tion lies in its ability to regulate gene activities without
changing DNA sequences. Of the many epigenetic
modifications identified, the two most studied are DNA
and histone modification. For example, oxidative stress
can induce cellular senescence via FoxO transcription
factors as well as by deacetylase, SIRT1, but changes in
these activities likely lead to cellular malfunction [32].
Structurally, deacetylated histone lysine residues attract
negatively charged DNA strands to form a compact
chromatin state that would lead to transcriptional
repression [28], while methylation of histone lysine resi-
dues leads to either activation or repression depending
on the location of modified lysine residues [33].

Recent work on CR as a potent epigenetic modifier
documented increased deacetylase activity as shown
by SIRT1 activation, implying the possibility that
global acetylation may underlie the aging process. It
is interesting to note that SIRT1 deacetylates FoxO
(nonhistone substrate transcription factors) [28,34], and
diversely modulates age-related cellular mechanisms.

Furthermore, SIRT1 can interact with several key tran-
scriptional factors and regulatory proteins that may
contribute to lifespan extension by CR [35].

A better understanding of the epigenetic interaction
between FoxO1 and CR certainly will lead to a clearer
view of the modus operandi of FoxO1 in aging and
will provide molecular clues for possible interceptive
measures against aging and age-associated diseases.

Modifications of FoxO1 by Phosphorylation

One of the key regulatory mechanisms of FoxO factors
involves the phosphorylation reaction. Phosphorylation
of FoxO by protein kinase B in response to insulin or sev-
eral growth factors (PKB, also known as Akt), allows
translocation from the nucleus to the cytoplasm
[13,14,16]. FoxO1 is sensitive to Akt-dependent phos-
phorylation, and emerging evidence suggests that PI3K/
Akt signaling regulates cellular status of oxidative
stress [36]. Akt-mediated phosphorylation of FoxO1 inhi-
bits FoxO1 activity through nuclear exclusion; by
contrast, oxidative stress-associated phosphorylation of
FoxO1 suppresses the translocation of FoxO1 into the
nucleus and deactivates the transcription of FoxO1 target
genes [25].

Intricate interactions between Akt and FoxO have
been reported in the context of the mechanisms of cel-
lular regulation. For example, in yeast, the mutation of
Sch 9, which is homologous to Akt, extends lifespan
[37] by decreasing Akt signaling and activating FoxO;
and an insulin receptor mutation that decreases activ-
ity in the insulin/IGF-1-like pathway increases the
longevity of fruit flies [38] and mice [39].

Lifespan-extending mutations are often associated
with increased resistance to oxidative stress, which is
partly mediated by the increased expression of antioxi-
dant genes [40]. It was shown that Akt-regulated phos-
phorylation of FoxO can reduce levels of cellular
oxidative stress by directly increasing the mRNA and
protein levels of MnSOD and catalase [41]. Also, Yiu
et al. [42] reported that through the Akt/FoxO
pathway in mouse, increased renal oxidative stress led
to the increased NADPH oxidase activation and sup-
pression of antioxidant enzymes, including MnSOD
and catalase in the kidney.

FoxO1 is regulated by signaling molecules, such as
cyclin-dependent kinases (CDK)1/2, which catalyze
FoxO1 phosphorylation at Ser249. The phosphorylation
of FoxO1 favors cell survival in response to DNA
damage [43]. However, FoxO1 is a substrate of protein
phosphatase 2A (PP2A) that dephosphorylates FoxO1,
which in cultured lymphoid FL5.12 cells promotes its
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nuclear localization [44]. Furthermore, the inhibition of
PP2A protects FoxO1 from dephosphorylation and
prevents its nuclear localization, leading to a decreased
defense mechanism [44].

Modifications of FoxO1: Acetylation
and Deacetylation

Four mammalian FoxO transcription factors, all
which are negatively regulated by insulin signaling
through Akt, are further modified in the nucleus by
acetylase CBP/p300, which serves as a transcriptional
coactivator [45].

FoxO1 activity is modulated by acetylation via the
CBP/p300 factor [46], which enhances its trans-
activation activity [47]. In contrast, FoxO1 acetylation
at its basic residues, LysK242, Lys245, and Lys262,
attenuates FoxO1 activity (corresponding to Lys 242
and Lys 245 in FoxO3) by inhibiting its ability to bind
target DNA [19]. Furthermore, the acetylations of
FoxO1 and FoxO3 at these three residues by CBP
appear to enhance their phosphorylations at Ser253 by
Akt/PKB, which inhibits the activity of FoxO1 [19].
These observations indicate the diverse effects of acety-
lation on the transcriptional activity of FoxO1. In aged
rats, it was shown that CBP interacts with FoxO1 and
acetylates FoxO1 [25].

Data show that FoxO proteins are substrates of
SIRT1, the mammalian ortholog of yeast Sir2 deacety-
lase [26,48�50]. Furthermore, deacetylation of FoxO
proteins by SIRT1 modulates their trans-activation
activities, which has been viewed as an important
cellular defense mechanism against oxidative stress
[20,34,51].

It should be noted that not all phosphorylated
FoxO1 proteins are destined for proteasome-mediated
degradation in cytoplasm, as there is evidence that
cytosolic phosphorylated FoxO1 proteins undergo
SIRT1-dependent deacetylation, which results in the
reverse translocation of FoxO1 to the nucleus in
cultured hepatocytes in response to oxidative stress
[51]. SIRT1 activation also promotes the nuclear reten-
tion of FoxO1 and enhances its activity in resveratrol-
treated cells [51]. The activation of SIRT1 by CR in
many experimental models has been proposed as one
of the major antiaging mechanisms [52].

Significance of FoxO1 Ubiquitination
and Degradation

FoxO1 phosphorylation in response to insulin/IGF-1
results in becoming a target of ubiquitination and

proteolytic degradation [53]. In fact, the efficient
ubiquitination of FoxO1 depends upon its phosphory-
lation and cytoplasmic retention. Two studies carried
out independently on the molecular basis of ubiquitin-
mediated FoxO1 degradation showed that MDM2
serves as an E3 ligase to promote the ubiquitinations of
FoxO1 and FoxO4 [54]. The cytosolic ubiquitination
and degradation of FoxO1 are also stimulated by the
E3 ligase activity of COP1 [55]. Furthermore, FoxO1
ubiquitination serves as a distinct posttranslational
mechanism whereby insulin/IGF-1 inhibits FoxO1
activity in cells.

MODULATION OF FOXO1 BY
CALORIE RESTRICTION

In aging, oxidatively altered DNA, proteins, lipids,
and other cellular components, including antioxidative
defense systems, lead to functional deficits, which
underlie many age- and inflammatory-related degener-
ative diseases [56]. FoxO and SIRT1, considered as
longevity factors, regulate directly or indirectly the
inhibitors of inflammatory factor NF-κB [57], and well
maintained FoxO and SIRT1 would guard cellular
defenses against continual oxidative stress during
aging [58]. The beneficial effects of CR on the aging
process are its ability to maintain the integrity of FoxO
and SIRT1, as reviewed by Redman and Ravussin [59].
It is evident that the application of CR has preventive
and therapeutic potential in age-related disorders,
such as, obesity, insulin resistance, type 2 diabetes, ath-
erosclerosis, and cancer [60]. The age-related decrease in
FoxO1 transcriptional activity is due to increased phos-
phorylation, whereas PI3K/Akt and NF-κB activation
increase during aging, all which may closely be related
to the increased levels of insulin and oxidative stress
with age [25].

CR maintains well-regulated immune function and
inhibits the inflammatory responses associated with
aging [61]. CR also reduces NADH levels, a competi-
tive inhibitor of SIRT1 [62], and decreases the blood
insulin level, and the NAD/NADH ratio energy states
converge to regulate FoxO by causing phosphorylation
and acetylation of FoxO [48].

FoxO1 regulates the aging process in response to
dietary cues, and in mammals, the dysregulation of
insulin signaling has been associated with obesity and
insulin resistance [63]. In addition, FoxOs induce the
expression of many genes, including regulators of
metabolism, cell cycle, cell death, and the oxidative
stress response [64].
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These newly found effects of CR on the FoxO1, pro-
vide a broader molecular basis for the extremely
diverse effects of CR, which is the most powerful
epigenetic antiaging modifier identified to date.

CONCLUSION

Alterations in the physiology of FoxO family mem-
bers during the normal aging process and effects of CR
on FoxO activities can potentially produce profound
changes in the course of aging and related metabolic
disorders. A better understanding of FoxO and its
alteration should provide intriguing insights into the
precise involvement of FoxO in the aging process. Loss
of FoxO1 is known to influence age-related insulin
resistance and energy metabolism as highlighted
under CR conditions, as depicted in Fig. 15.1. FoxO1 is
regulated by different growth factors and hormones,
and their activities are tightly controlled by post-
translational modifications such as phosphorylation,
acetylation, and ubiquitination and transcription fac-
tors. Further observations of posttranslational modifi-
cations will undoubtedly provide new insights as to
how FoxO1 conveys environmental stimuli into
specific gene expressions and cellular functions to pre-
vent age-dependent diseases.

SUMMARY

• Aging reflects all biological changes that
predominantly show time-dependent, progressive,
and physiological declines with increased risk of
age-related diseases.

• Age-related redox imbalance is attributed by
overproduction of reactive oxygen species or
reactive nitrogen species, and deteriorated
antioxidative defense mechanism.

• Calorie restriction (CR) retards aging and
suppresses age-related deleterious disease, thus
improves healthspan and lifespan.

• FoxO1 is a transcription factor which increases a
variety of gene expressions related to metabolism,
cell cycle, cell death, and oxidative stress responses.

• Phosphorylation and acetylation levels of FoxO1
increase through aging.

• Accumulated data through years of research
demonstrate that CR is one of the most powerful
epigenetic antiaging modulator. FoxO1 is associated
with molecular mechanisms of the
anti-inflammatory property of CR among various
beneficial effects.
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[28] Ribarič S. Diet and aging. Oxid Med Cell Longev 2012;2012:
741468.

[29] Li Y, Daniel M, Tollefsbol TO. Epigenetic regulation of calorie
restriction in aging. BMC Med 2011;9:98.

[30] Stenvinkel P, Karimi M, Johansson S, Axelsson J, Suliman M,
Lindholm B, et al. Impact of inflammation on epigenetic DNA
methylation � a novel risk factor for cardiovascular disease?
J Intern Med 2007;261:488�99.

[31] Issa JP, Ahuja N, Toyota M, Bronner MP, Brentnall TA.
Accelerated age-related CpG island methylation in ulcerative
colitis. Cancer Res 2001;61:3573�7.

[32] Giannakou ME, Partridge L. The interaction between FOXO
and SIRT1: tipping the balance towards survival. Trends Cell
Biol 2004;14:408�12.

[33] Kouzarides T. Histone methylation in transcriptional control.
Curr Opin Genet Dev 2002;12:198�209.

[34] Guarente L, Picard F. Calorie restriction � the SIR2 connection.
Cell 2005;120:473�82.

[35] Duan W. Sirtuins: from metabolic regulation to brain aging.
Front Aging Neurosci 2013;5:36.

[36] Erol A. Insulin resistance is an evolutionarily conserved physio-
logical mechanism at the cellular level for protection against
increased oxidative stress. BioEssays 2007;29:811�18.

[37] Fabrizio P, Pozza F, Pletcher SD, Gendron CM, Longo VD.
Regulation of longevity and stress resistance by Sch9 in yeast.
Science 2001;292:288�90.

[38] Tatar M, Kopelman A, Epstein D, Tu MP, Yin CM, Garofalo RS.
A mutant Drosophila insulin receptor homolog that extends life-
span and impairs neuroendocrine function. Science 2001;292:
107�10.

[39] Bluher M, Kahn BB, Kahn CR. Extended longevity in mice lack-
ing the insulin receptor in adipose tissue. Science 2003;299:
572�4.

[40] Honda Y, Honda S. The daf-2 gene network for longevity regu-
lates oxidative stress resistance and Mn-superoxide dismutase
gene expression in Caenorhabditis elegans. FASEB J 1999;13:
1385�93.

[41] Burgering BM, Medema RH. Decisions on life and death: FOXO
Forkhead transcription factors are in command when PKB/Akt
is off duty. J Leukoc Biol 2003;73:689�701.

[42] Yiu WH, Mead PA, Jun HS, Mansfield BC, Chou JY. Oxidative
stress mediates nephropathy in type Ia glycogen storage dis-
ease. Lab Invest 2010;90:620�9.

[43] Huang H, Regan KM, Lou Z, Chen J, Tindall DJ. CDK2-
dependent phosphorylation of FOXO1 as an apoptotic response
to DNA damage. Science 2006;314:294�7.

[44] Yan L, Lavin VA, Moser LR, Cui Q, Kanies C, Yang E. PP2A
regulates the pro- apoptotic activity of FOXO1. J Biol Chem
2008;283:7411�20.

[45] Nasrin N, Ogg S, Cahill CM, Biggs W, Nui S, Dore J, et al.
Alexander-Bridges MC. DAF-16 recruits the CREB-binding pro-
tein coactivator complex to the insulin-like growth factor bind-
ing protein 1 promoter in HepG2 cells. Proc Natl Acad Sci USA
2000;97:10412�17.

[46] van der Heide LP, Smidt MP. Regulation of FoxO activity by
CBP/p300-mediated acetylation. Trends Biochem Sci 2005;30:
81�6.

[47] Perrot V, Rechler MM. The coactivator p300 directly acety-
lates the forkhead transcription factor foxo1 and stimulates
foxo1-induced transcription. Mol Endocrinol 2005;
19:2283�98.

[48] Daitoku H, Hatta M, Matsuzaki H, Aratani S, Ohshima T,
Miyaqishi M, et al. Silent information regulator 2 potentiates
Foxo1-mediated transcription through its deacetylase activity.
Proc Natl Acad Sci USA 2004;101:10042�7.

[49] Essers MA, Weijzen S, deVries-Smits AM, Saarloos I, de Ruiter
ND, Bos JL, et al. FOXO transcription factor activation by oxi-
dative stress mediated by the small GTPase Ral and JNK.
EMBO J 2004;23:4802�12.

211REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref44
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref45
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref46
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref47
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref48
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref49
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref49


[50] Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y,
et al. Stress-dependent regulation of FOXO transcription fac-
tors by the SIRT1 deacetylase. Science 2004;303:2011�15.

[51] Frescas D, Valenti L, Accili D. Nuclear trapping of the forkhead
transcription factor FoxO1 via Sirt-dependent deacetylation
promotes expression of glucogenetic genes. J Biol Chem
2005;280:20589�95.

[52] Mercken EM, Hu J, Krzysik-Walker S, Wei M, Li Y, McBurney
MW, et al. SIRT1 but not its increased expression is essential for
lifespan extension in caloric-restricted mice. Aging Cell 2014;
13:193�6.

[53] Aoki M, Jiang H, Vogt PK. Proteasomal degradation of the FoxO1
transcriptional regulator in cells transformed by the P3k and Akt
oncoproteins. Proc Natl Acad Sci USA 2004;101:13613�17.

[54] Brenkman AB, de Keizer PL, van den Broek NJ, Jochemsen AG,
Burgering BM. Mdm2 induces mono-ubiquitination of FOXO4.
PLoS One 2008;3:e2819.

[55] Kato S, Ding J, Pisck E, Jhala US, Du K. COP1 functions as a
FoxO1 ubiquitin E3 ligase to regulate FoxO1-mediated gene
expression. J Biol Chem 2008;283:35464�73.

[56] Yu BP. Aging and oxidative stress: modulation by dietary
restriction. Free Radic Biol Med 1996;21:651�68.

[57] Lee EK, Kim JM, Choi J, Jung KJ, Kim DH, Chung SW, et al.
Modulation of NF-κB and FOXOs by baicalein attenuates the

radiation-induced inflammatory process in mouse kidney. Free
Radic Res 2011;45:507�17.

[58] van der Horst A, Tertoolen LG, de Vries-Smits LM, Frye RA,
Medema RH, Burgering BM. FoxO4 is acetylated upon peroxide
stress and deacetylated by the longevity protein hSir2 (SIRT1).
J Biol Chem 2004;279:28873�9.

[59] Redman LM, Ravussin E. Caloric restriction in humans: impact
on physiological, psychological, and behavioral outcomes.
Antioxid Redox Signal 2011;14:275�87.

[60] Yu BP, Chung HY. The inflammatory process in aging. Rev
Clin Gerontol 2006;16:179�87.

[61] Longo VD, Finch CE. Evolutionary medicine: from dwarf
model systems to healthy centenarians? Science 2003;
299:1342�6.

[62] Lin SJ, Ford E, Haigis M, Liszt G, Guarente L. Calorie restric-
tion extends yeast life span by lowering the level of NADH.
Genes Dev 2004;18:12�16.

[63] Cameron AR, Anton S, Melville L, Houston NP, Dayal S,
McDougall GJ, et al. Black tea polyphenols mimic insulin/insulin-
like growth factor-1 signaling to the longevity factor FoxO1a.
Aging Cell 2008;7:69�77.

[64] Hedrick SM. The cunning little vixen: FoxO and the cycle of life
and death. Nat Immunol 2009;10:1057�63.

212 15. THE ROLE OF FOXO1 IN AGING

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref50
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref51
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref52
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref53
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref54
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref55
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref56
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref57
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref58
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref59
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref60
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref61
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref62
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref63
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref64
http://refhub.elsevier.com/B978-0-12-801816-3.00015-7/sbref64


C H A P T E R

16

Epigenetic Responses to Diet in Aging
Dianne Ford

Human Nutrition Research Centre and Institute for Cell and Molecular Biosciences, Newcastle University,

Newcastle upon Tyne, UK

KEY FACTS

• DNA exists as part of a complex structure, in
association with histone proteins.

• The DNA and histone proteins can undergo a
range of specific chemical modifications that can
be referred to as “epigenetic marks.”

• These epigenetic marks do not change the
genetic code as held in the DNA sequence but
they do affect how the code is unlocked.

• Epigenetic marks differ between young and old
cells; while some of these differences may be
simply “bystander” effects of aging, some of
them may actually affect how the cell functions
and cause it behave as a more “aged” cell.

• Diet, and specific components of food, can affect
epigenetic marks so could affect aging through
this mechanism.

• Epigenetic marks are most plastic, and are most
readily affected by diet, during early
development.

• Some age-related changes in epigenetic marks
are seen in all tissues and in all individuals.
These epigenetic marks may be most useful in
terms of providing a “biological readout” of
aging.

• Some age-related changes in epigenetic marks
may occur at the level of the stem cells from
which the mature tissues develop. These
epigenetic marks may be the most important
with respect to them having functional
consequences.

• It is not currently a realistic ambition to reverse
or slow down aging specifically through
targeting particular epigenetic changes using
specific nutritional interventions. However, the
current knowledge could be developed to
provide a readout of aging that responds to diet
and can be used to test if dietary changes are
having beneficial actions with respect to aging.

Dictionary of Terms

• Chromatin: macromolecular structural “packing”
arrangement of DNA in the cell nucleus, including
association with histone proteins.

• CpG site: DNA sequence comprising cytosine (5’)
followed by guanine (3’) within a stretch of DNA,
which is a substrate for DNA methylation (on
cytosine) in the mammalian genome.

• DNA methylation: the addition of a methyl group
(chemical group composing one carbon unit) to DNA.

• Epigenetics: the chemical modification of the genome
(including DNA and histone protein) in a manner
that is heritable (passed on through cell division).

• Epigenetic drift: the alteration in cell epigenetics that
is observed over time/with aging.

• Epigenome: epigenetic modifications in a cell in their
entirety.

• Euchromatin: a configuration of chromatin in which
genes are actively expressed (as a result of
epigenetic modifications that allow the DNA to be
accessible to factors required to drive expression).
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• Heterochromatin: a configuration of chromatin in
which genes are not actively expressed (as a result
of epigenetic modifications that “tighten” the
association between DNA and histone proteins).

• Histone covalent modification: the addition of small
chemical groups through covalent bonding to the
histone proteins (a form of epigenetic modification).

• Polycomb group protein gene targets (PCGTs): a set of
genes that are repressed by the binding of polycomb
repressive regulatory protein complexes and that
are typically in this inactive state in stem cells.

• Polycomb repressive complex: a complex of proteins
(polycomb proteins) that bind to and repress
particular genes (polycomb group protein gene
targets) as a result of effecting epigenetic changes.

• Sirtuins: proteins belonging to a family (histone
deacetylases) that appear to have roles in aging
and/or determining lifespan.

• Transcription: the process of “copying” DNA into
RNA so that genes are eventually expressed (as
proteins).

INTRODUCTION

Features of the epigenetic architecture, including
DNA methylation, histone covalent modification,
chromatin structure, and small noncoding RNAs,
change during aging. It is an established principle that
diet, or specific dietary components, can also affect
these epigenetic marks. Thus the idea that aging could
be slowed through dietary interventions that target
epigenetic processes is seductive. However, there are
substantial caveats to this suggestion. These include
the likelihood that many of these observed epigenetic
events may be nonfunctional with respect to affecting
the process of aging. Also epigenetic alterations are
one component of a plethora of molecular events that
contribute to the aging process. While age-related
epigenetic drift can be shaped by the environment,
there appears to be an underlying genetic influence,
and there may be specific windows of nutritional
epigenomic plasticity during the life-course when
age-protective interventions can be of benefit. Better
understanding of the interactions between nutrition,
epigenetics, and aging will begin to address these
points. Other questions to consider include whether
beneficial dietary influences on aging mediated
through epigenetic actions directly reverse age-related
epigenetic drift or if they have separate but beneficial
actions, and if effects of diet on specific cell types—
notably stem cells—are particularly pertinent. Better
understanding at the fundamental level of how
elements of the diet modify the activity of the

epigenetic machinery may reveal that specific compo-
nents have actions that make them particularly attrac-
tive targets to develop as diet-based interventions to
counteract aging. In this context components that act
on targets with key roles in aging, such as sirtuins and
polycomb group proteins gene targets (PCGTs), may
be particularly relevant. This chapter explores all
of these questions, then looks toward to a realistic
application of the emerging knowledge over the short
to medium term to guide nutritional intervention in
the aging process.

EPIGENETIC MODIFICATION OF
THE MAMMALIAN GENOME

The concept of epigenetic modification encompasses
DNA-sequence-independent genome features that are
heritable though cell division. An understanding
of epigenetic modification requires knowledge of the
structure of chromatin—the macromolecular arrange-
ment of DNA in the nucleus [1]. DNA and histone
proteins are the two major constituents of chromatin.
Their intimate association forms the nucleosome, com-
prising approximately 146 base pairs of DNA wound
as 1.65 turns of a left-handed helix around a core
of basic (positively charged) histone proteins. This
histone protein “core” is an octamer, comprising two
molecules each of histones H2A, H2B, H3, and H4. The
continuous DNA molecule links multiple histone pro-
tein cores, in a structure often likened to beads on a
string. In mammalian somatic cells the DNA linker
region between nucleosomes is approximately 60 bp [2]
and the linker histone H1 covers approximately 10 bp
as DNA enters and exits the core octamer in an esti-
mated 70% of mammalian nucleosomes. Epigenetic
modifications affect gene expression essentially by
rendering the DNA in specific regions as “active”
euchromatin, in which the interaction between DNA
and the histone proteins is such that the DNA is in a
“looser” configuration and thus more accessible to
regulatory proteins such as transcription factors, or
“repressed” heterochromatin, which can be visualized
as a structure in which the DNA is more tightly associ-
ated with the histone proteins and thus in a configura-
tion less accessible to transcription factors and other
regulatory proteins. This chromatin configuration is
labile, rather than fixed, and can be influenced by
extrinsic factors, including diet, and also by aging.

Epigenetic modifications of the DNA and histone
proteins affect chromatin configuration, and are where
age and dietary factors have their influence. Epigenetic
modification of mammalian DNA comprises mainly
methylation on the C5 position of cytosine, which can
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occur when the cytosine is the 50 base of a CG pair
(CpG dinucleotide). Most CpGs in the genome are
methylated, except where they occur at high density in
gene promoter regions in clusters often termed CpG
islands. CpG islands occur in the promoter regions
of approximately 60% of mammalian genes. DNA
methylation of CpG islands can occur, and is generally
associated with transcriptional repression and with the
chromatin being in the inactive heterochromatin
configuration. DNA methylation of additional regions,
typically of lower CpG density, up to 2 kb upstream of
CpG islands, which have been termed CpG island
shores, appears also to influence gene expression [3].
Hydroxymethylation of DNA [4] has received less
attention than methylation. Thus, current understand-
ing of its functional importance, relationship with
aging, and plasticity with respect to dietary remodeling
lags well behind that of DNA methylation. However,
the potential importance of this epigenetic modification
with respect to modifying effects of diet on aging
should not be overlooked.

Histone proteins have N-terminal “tails” that are
rich in basic amino acid residues and extend out from
the more globular histone core. These regions are
subject to covalent modifications, which include acety-
lation at lysine residues on the N-terminal tails of all
four core histones and methylation of lysine and argi-
nine residues in the N-terminal tails of histones H3 and
H4 [5]. Other covalent modifications to histone proteins
include phosphorylation, ubiquitination, glycosylation,
ADP-ribosylation, and crotonylation [5]. As a generali-
zation, histone acetylation, though reducing the charge-
charge interaction between the positively charged
histone tail lysine residues and the negatively charged
phosphate residues of the DNA backbone, opens up
the nucleosome structure so favors transcriptionally
active euchromatin [5]. Histone acetylation may also
promote transcription through providing binding sites
for transcriptional coactivators. Specific patterns of
histone methylation are associated with different
chromatin states and thus with transcriptionally active
or silent chromatin. For example, methylation of
H3K4 and H3K36 is generally associated with gene
expression while methylation of H3K3 and H3K27 is
generally associated with transcriptional repression
(for reviews see Refs [1] and [5]).

Modification of gene expression by small noncoding
RNAs is considered an additional form of epigenetic
modification and another mechanism susceptible to
influences of both diet and aging. Current knowledge
about the effects of diet and aging on small noncoding
RNAs lags behind understanding of impacts on other
forms of epigenetic modification and the likely multiple
points of interaction between diet and aging mediated
through these molecules must still be uncovered.

EPIGENETIC ALTERATIONS
ASSOCIATED WITH AGING: POSSIBLE
FUNCTIONAL CONSEQUENCES AND

RELATIONSHIP TO A GLOBAL
SIGNATURE OF AGING

Differences in epigenetic features between younger
and older mammals have been observed with respect
to DNA methylation, histone modification, and
chromatin architecture. The term “epigenetic drift” has
been used to describe these differences. Given the
importance of all of these features in the regulation and
maintenance of genome function and stability it is
highly likely that many of these changes have a causal
impact on the aging process. However, showing
directly that these observed differences are more than
simple bystander effects of cellular aging is challeng-
ing. Thus, a direct functional influence of many
recorded age-related epigenetic changes has not been
demonstrated. Another important point to make that
also relates to the need to take a critical and balanced
view when considering age-related epigenetic drift is
that epigenetic changes observed during aging are only
one feature of what could be considered a much more
complex signature of the aged phenotype. A recent
review identifies 9 interacting elements of this hallmark
[6], in which epigenetic alteration features along with
genomic instability, telomere attrition, loss of proteosta-
sis, deregulated nutrient sensing, mitochondrial dys-
function, cellular senescence, stem cell exhaustion, and
altered intercellular communication. While the authors
elegantly rehearse the point that these features
are highly interrelated and none is boundaried, the
accumulation of advanced glycation end products [7]
is added to the representation of these interacting
hallmarks shown in Fig. 16.1.

Age-Related Alterations in DNA Methylation

It is often stated that globally DNA methylation
decreases with age, reflected, for example, in a reduc-
tion in total methylcytosine content of the genome
[8,9]. However, this generalization appears not to
hold true for all individuals, as longitudinal measure-
ment over 11�16 years in two human cohorts showed
that global DNA methylation increased in some indi-
viduals [8]. Mapping of changes in DNA methylation
to specific sites has revealed both increased and
reduced age-related local DNA methylation [10�15],
some of which appear to be tissue-specific and others
tissue-independent [10,13]. As emphasized already,
it is difficult to show direct causal links between
these epigenetic changes and features of age-related
impaired genome function, such as a breakdown

215EPIGENETIC ALTERATIONS ASSOCIATED WITH AGING

II. MOLECULAR AND CELLULAR TARGETS



in transcriptional fidelity, RNA processing errors,
impaired DNA repair, and chromosomal instability
[6]. However there are arguments to support causal-
ity. For example, the fundamental role of epigenetic
reprogramming in the process of gamete formation,
which must reverse the aging clock to prevent
progressively shortened lifespan in each successive
generation, provides a compelling argument to
support this view; likewise the role of epigenetic
reprogramming to restore pluripotency in the success
of somatic cell nuclear transfer [16]. Also consistent
with the premise that epigenetic changes contribute
to aging is that extended lifespan can be inherited
transgenerationally in Caenorhabditis elegans via genes
that are components of a major epigenetic modifier—
the histone H3 lysine 4 trimethylation (H3K4me3)
complex [17]. Other indications that (at least some
specific) changes in DNA methylation have direct
causal links with aging include the fact that some
changes cluster in particular at the gene targets of
polycomb group proteins (PCGTs) [10,14,18], which
are important determinants of stem cell differentiation
that are repressed in stem cells by mechanisms

involving chromatin modification [19] and tend to be
hypermethylated in cancer [20�22]. A further caveat
relating to interpreting observed alterations in epige-
netic modifications in the context of aging is that dif-
ferences measured in samples prepared from tissues
from younger compared with older animals could
reflect a change in the distribution of cell subpopula-
tions that carry different epigenetic marks rather than
being a readout of true “epigenetic drift” that occurs
on the subcellular level. The results of studies that
measured age-related changes in DNA methylation in
whole blood exemplify this issue. A number of such
studies have shown that age-related changes in DNA
methylation in whole blood are linked to a change in
the profile of different white blood cell populations
[23�25]. However, while some age-related changes in
DNA methylation profiles that have been measured
are tissue-specific others are tissue-independent [13].
Tissue-independent changes in DNA methylation
could be considered robust signatures of epigenetic
drift that occurs on the subcellular level. Such tissue-
independent signatures have been shown to include
69 CpGs in the promoters of PCGTs [14], 71 CpG sites
measured in blood that were highly predictive of age
and translated to other tissues [11] and 353 CpG sites
proposed to comprise an “epigenetic clock” measured
across multiple tissues and cell types and also predic-
tive of age [26]. Importantly, use of both of the latter
two signatures to determine the difference between
actual chronological age and DNA-methylation-
predicted age in a meta-analysis of 4 longitudinal
cohorts of older people showed that a difference
(“accelerated DNA-methylation aging”) of 5 years
was associated with a 16�21% higher mortality risk
[27]. Interactome nodes of age-related DNA methyla-
tion changes discovered through a systems approach
further point to age-related DNA methylation drift
as disturbing in particular in stem cell differentiation
pathways and being tissue-independent [28].

Age-Related Alterations in Histone Modification

Changes in histone modifications observed in older
compared with younger mammals include increased
histone H4K20 trimethylation and reduced H3K4
trimethylation. Specifically, an increase in H4K20
trimethylation was detected in liver and kidney of older
compared with younger rats [29] and was also seen
as a feature of the premature aging syndrome
Hutchinson�Gilford progeria [30]. H3K4me3 peaks
were detected at a larger number of loci in neurons from
the prefrontal cortex of infants (,1 year) compared with
old adults (. 60 years) [31]. Moreover, genetic manipu-
lation in C. elegans of components of the protein
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Stem cell
exhaustion

Cellular
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Deregulated
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Mitochondrial
dysfunction
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intercellular
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cation
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FIGURE 16.1 Interacting hallmarks of aging and extrinsic modi-
fying factors. Nine of the ten hallmarks of aging shown as the
periphery of the figure are as previously defined [6]. Accumulation
of glycation end products is an added feature. The
figure emphasizes that epigenetic alteration is only one of many hall-
marks of aging, but that all of these hallmarks are interdependent.
The extrinsic modifying factors of genotype and environment are
represented in the centre of the figure, and diet is shown as only one
component of the environment that can influence the features of
aging, including epigenetic alteration.
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complexes responsible for maintaining the level of
H3K4me3 affect lifespan [32] suggesting a possible
causal link between this epigenetic mark and aging.

Age-Related Alterations in Chromatin
Architecture

A redistribution of heterochromatin [33] plus net loss
[34] appear to be characteristic features of aging cells.
This change in chromatin architecture may be the
manifestation of observed diminished levels or function
in aged cells of proteins that modify chromatin state
[35], including chromatin remodeling complexes, such
as polycomb group proteins [36], and also components
of the NuRD complex [37]. The potential of age-related
changes in chromatin architecture to contribute to cellu-
lar aging is supported by the observation that loss of
function mutations in the Drosophila heterochromatin
protein HP1α shortened lifespan in a manner rescued
by overexpression of HP1α [38].

Age-Related Alterations in Small,
Noncoding RNAs

Comparative transcriptional profiling of tissues from
younger and older animals has identified among the
signatures of age-related change noncoding RNAs,
including miRNAs, that target genes that affect stem cell
function and/or signaling pathways implicated in
determining lifespan [6]. There is thus a strong indica-
tion that age-related changes in miRNA expression have
an impact on the aging process. Proof of concept that
miRNAs can determine lifespan comes from work in
model organisms, in particular Drosophila and C. elegans,
that shows changes in lifespan in response to loss or
gain of function of specific miRNAs [6].

THE ROLE OF ENVIRONMENTAL
VERSUS GENETIC FACTORS IN
SHAPING AGING-RELATED

EPIGENETIC DRIFT

The fact that the epigenome is plastic invites hypoth-
eses concerning the potential of environmental factors,
including diet, to have modifying actions. However,
for a balanced view it is important to be aware that
genetic factors also may have substantial influence
over epigenetic marking (as applies also to other char-
acteristic features of aging; Fig. 16.1). Convincing
evidence revealing an impact of genetics on age-related
epigenetic drift was the observed clustering of
tendency to gain or lose global DNA methylation
among family members in a cohort from Utah studied

longitudinally over an average of 11 years [8]. Also a
difference between chronological age and “biological”
age based on DNA methylation profiles was shown to
have a heritable component [27].

THE IMPACT OF DIET ON EPIGENETIC
ALTERATIONS ASSOCIATED

WITH AGING

Arguably, the epigenome may be more susceptible
to diet-driven alterations when endogenous remodel-
ing mechanisms are most active, as opposed to under
conditions where the epigenome remains relatively
static. Such reasoning points toward the period before
birth as a likely susceptibility window. In support, a
plethora of studies reveal that suboptimal early life
nutrition affects epigenetic marks [39]. Also, it is a
well-established principle that early life nutrition, and
particularly nutrition in utero, has consequences for
lifelong health. More recent work links suboptimal
early nutrition to measures of accelerated cellular
aging, including DNA damage and shortening of telo-
meres (reviewed in Ref. [40]). However, direct medi-
ating effects of these epigenetic changes on the later
phenotypic manifestations of aging or age-related dis-
eases have not been demonstrated robustly, and the
supportive evidence at present is tenuous.

Recent data indicate that the pattern of accumula-
tion of epigenetic alterations over the life-course
ex utero is, unsurprisingly, nonlinear and point
to early life as a period of more rapid epigenomic
change, when dietary influences on aging mediated
through epigenetic alterations are thus likely to be
most marked. A longitudinal study in twins
revealed that methylation of buccal DNA changed
markedly between birth and 18 months [41]. At
12 months there was a significant 3% difference in
DNA methylation across the genome compared with
the profile at birth. Comparison with data on the
magnitude of DNA methylation changes observed in
people differing in age by several decades—typically
in the order of 10�20% [11,14]—highlights the rela-
tive rapidity with which DNA methylation is altered
during very early life. The findings of a second
study that measured DNA methylation in a pediatric
cohort, comprising of boys between the ages of
3 and 17 years, were that the profile of DNA methyl-
ation in whole blood samples accounted already for
most of the variability seen between older adults
and mapped to these same loci [42], which suggests
that any diet-induced changes that occur during
early years are likely to be stable and could thus
influence aging.
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EPIGENETIC ACTIONS OF SPECIFIC
DIETARY COMPONENTS AND

PRACTICES

An early indication of the potential of diet to modify
gross chromatin structure comprised the observation
that the susceptibility of rat liver chromatin to digestion
by micrococcal nuclease was altered as a function of
diet, with the amount of DNA susceptible to digestion
ranging from 71.4% (in rats fed a high-carbohydrate,
fat-free diet) to 38.8% (in rats fed a low carbohydrate,
protein-free diet) [43].

A large body of work, using predominantly cell line
and rodent models but also including research in
humans, has shown effects of diet or specific nutrients
on epigenetic marking. Other works provide more
comprehensive accounts of this body of research (eg,
Ref. [39]). An overview of selected dietary components
or specific nutritional interventions that have been
shown to affect DNA methylation, histone covalent
modification, and/or small noncoding RNAs is given
below, to provide background and context to evaluat-
ing the likelihood that some of these actions translate
into effects on aging.

Effects of Diet on DNA Methylation

Methyl Donors

Methyl groups (1-carbon units) for the methylation
of DNA are donated by S-adenosylmethionine (SAM)
in the reaction catalyzed by the DNA methyltrans-
ferases (DNMTs). SAM is generated from 1-carbon
donors in the diet, such as folate, methionine, betaine,
and vitamin B12, through the folate cycle. The exis-
tence of this direct mechanism though which altering
the dietary supply of these compounds could alter
DNA methylation has been the motivation for much of
the research on their potential epigenetic actions. Proof
of concept that these agents can have profound effects
on DNA methylation is borne out by studies in
cultured cells and animal models. The variable yellow
agouti (Avy) mouse has provided an elegant model
in experiments that demonstrate the ability of diets
modified with respect to one carbon donors to affect
DNA methylation. In this model a genetic insertion at
the 5’end of the agouti gene provides a cryptic pro-
moter that is suppressed by DNA hypermethylation,
resulting in a yellow, rather than brown, coat color
(and also associated predisposition to obesity, diabetes,
and cancer) [44�46]. Observed directions of change
in DNA methylation in response to restricting the
supply of 1-carbon units in the diet, in particular at
specific genes (as opposed to global DNA methyla-
tion), appears variable. As examples, depletion then

supplementation of folate induced reversible changes
in global and p53 locus-specific DNA methylation in
colonic adenocarcinoma cells (SW620 cell line) [47].
Here the direction of change showed a (perhaps more
predictable) positive association with folate availabil-
ity. Similarly, folate deficiency in weanling male rats
induced hypomethylation of the p53 tumor suppressor
gene after 6 weeks in liver [48] and choline deficiency
in pregnant mice induced global and site-specific
(Cdkn3 gene) DNA hypomethylation in fetal brain [49].
In contrast, folate depletion caused hypermethylation
of the CpG island of the H-cadherin gene in nasopha-
ryngeal carcinoma cells [50] and a flate-deficient diet
induced transient global DNA hypermethylation in
weanling male rats [51]. Intervention studies have
shown that manipulation of the dietary folate supply
can affect DNA methylation also in human subjects.
For example, it was found in two separate studies that
a low folate diet led to hypomethylation of leukocyte
DNA in postmenopausal women, which was revered
by subsequent dietary folate supplementation [52,53],
and in patients with colorectal adenoma a dietary
folate supplement increased DNA methylation in
leucocytes and colonic mucosa [54].

Bioactive Phytochemicals

Among the various dietary bioactive phytochemicals
shown to affect DNA methylation [39] there is particu-
larly strong evidence that the soyabean isoflavones,
in particular genistein, can be active. As examples,
genistein, and to a lesser extent the isoflavones biocha-
nin A and daidzein, reversed gene-specific (p16INK4a,
RARβ, and MGMTI) hypermethylation in both
esophageal (KYSE 510) and prostate (PC3 and LNCaP)
carcinoma cell lines [55]. In mice, genistein in the diet
given postweaning increased DNA methylation at some
CpG islands [56] and in the variable yellow agouti (Avy)
mouse genistein in utero affected coat color (a readout
of DNA methylation as explained above), and increased
DNA methylation at the Avy locus [57]. Significantly,
in this latter study these effects persisted into
adulthood and were associated with protection against
obesity.

Zinc

It seems highly likely that zinc should affect
epigenetic modification, given that enzymes involved
in epigenetic modification, including the DNA
methyltransferases (DNMTs) and histone deacetylases
(HDACS) [58], are zinc metalloproteins. Evidence
that zinc can have epigenetic effects includes the
observation that depressed immune function in
mice resulting from a single gestational exposure to
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zinc deficiency was inherited transgenerationally [59]
and a zinc deficient diet in rats lad to that global
DNA hypomethylation in the liver [60].

Selenium

Examples of published work showing that DNA
methylation can be influenced by the availability of
selenium include the observations that removal of
selenium from culture medium induced DNA hypo-
methylation in human intestinal Caco-2 [61] and
HT-29 [62] cells and reduced methylation of the p53
promoter in Caco-2 cells [61]. Also, a
selenium-deficient diet induced global DNA hypo-
methylation in rat liver and colon [61,63].

Vitamin A

Observed effects of vitamin A or its metabolites on
DNA methylation include an effect of the active
metabolite all-trans retinoic acid (ATRA) to demethyl-
ate the promoter of the tumor suppressor gene RARβ2,
possibly only in selected cell types [64,65]. ATRA, but
not vitamin A (retinyl palmitate) or 13-cis-retinoic acid,
in the diet induced global hypomethylation of hepatic
DNA in rats [66]. Thus it appears that that only in
certain cell types and in certain forms can vitamin A
and its derivatives affect DNA methylation.

Protein-Restricted Diet

A low level of protein in the maternal diet during
development in utero is perhaps the nutritional assault
thus far linked most robustly with phenotypic manifes-
tation in older animals through epigenetic action, in
particular effects on DNA methylation. In rodents,
this intervention is typically associated with low birth
weight followed by development of a metabolic
phenotype that mimics some of the characteristics of
the metabolic syndrome in humans [67,68]. Parallel
transgenerationally inherited effects on DNA methyla-
tion and expression of genes that are likely mediators
of these phenotypic outcomes (eg, PPARα (peroxisome
proliferator-activated receptor α], GR1 (glucocorticoid
receptor 1), Acaca (aceyl-CoA oxidase), and PEPCK
(phospho-enol-pyruvate carboxykinase) in liver) have
been observed [69�71].

Effects of Diet on Histone Modification

Research on the impact of specific dietary agents or
interventions to affect histone modification has lagged
behind studies on effects on DNA methylation. The
body of published data on this topic is thus compara-
tively small, but this is not necessarily an indication
that diet is any less potent a modifier of histone modifi-
cation than it is of DNA methylation. The short chain

fatty acid butyrate, which is generated in the large
bowel as a result of bacterial fermentation of dietary
fiber, has received particular attention as a dietary-
derived compound likely to affect histone modification
because of its well-established action as a histone
deacetylase (HDAC) inhibitor [72]. A simplistic expec-
tation would be that butyrate should increase histone
acetylation and thus exposure generally would be
associated with chromatin being in the more active
euchromatin configuration. Many observations, largely
based on exposure of cell line models in vitro, support
this prediction and show effects of butyrate to increase
acetylation of histones H3 and H4 (eg, Refs [73�75]).
However, local variation in this response occurs,
as revealed in HepG2 and colon adenocarcinoma HT29
cells where butyrate led to deacetylated regions
close to transcription start sites and concomitant gene
repression in spite of an overall increase in the total
level of H3 and H4 acetylation [74].

The focus of work exploring the capacity of other
dietary agents shown to affect histone modification has
been generally (though not exclusively) on histone
acetylation and methylation, and currently most of the
evidence for effects is from work in cell line models
and rodents. From this body of work dietary agents
that emerge as having actions include organosulfur
compounds, in particular the isothiocyantes, methyl
donors, and retinoic acid. As examples: the garlic-
derived organosulfur compound diallyl sulfide
increased hsitoneacetylation selectively (H3K14, H3K9,
H4K12 and H4K16, but not H4K9) and transiently in
the Caco-2 human intestinal cell line [76]; trimethyla-
tion at H3K9 was reduced in the liver of rats fed a
methyl-deficient diet [77]; all-trans retinoic acid
increased H3 and H4 acetylation at the retinoic acid
receptor (RAR) β P2 promoter in the T47D breast
cancer cell line accompanied by a concomitant increase
in RARβ2 mRNA levels [65]. Protein restriction is
highlighted above as an intervention that in utero has
been seen to have effects on DNA methylation in mice
that are transgenerationally inherited and associated
with effects on adult health. Observed effects on
histone modification concomitant with these effects
on DNA include a shift in the modification state of
histones at the glucocorticoid receptor GR110 promoter
in liver toward a more active chromatin configuration
in parallel with DNA hypomethylation in this region
and increased expression of the corresponding RNA
transcript [70].

Effects of Diet on Small Noncoding RNAs

There is good evidence, based on a body of pub-
lished work, that diet or specific dietary elements can
affect the profile of noncoding RNAs, in particular
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miRNAs, in various cells and tissues, as well as in
plasma [78]. For example zinc depletion and repletion
in young males affected reversibly a specific serum
miRNA signature that included miRNAs associated
with inflammation [79], and other work uncovered
associations between miRNA profiles and vitamin D
status in women during early pregnancy [80]. Also,
selenium depletion in human intestinal Caco-2 cells
altered the expression of miRNAs that included a
group predicted to target selenoprotein transcripts [81].
More provocative is the suggestion that miRNAs in
food may survive intact to cross the gut epithelium
into the circulation, from where they could potentially
have direct and profound functions. While an intrigu-
ing notion, the evidence that this process occurs
remains equivocal [78].

INTERRELATIONSHIPS BETWEEN
AGE-ASSOCIATED AND DIET-INDUCED

EPIGENETIC ALTERATIONS

The malleability of the epigenetic architecture and
the ability of components of the diet to modify epige-
netic features together suggest that modification of
food intake is a plausible route to slow the aging
process and protect against age-related disease.
Factors in the diet could in principle protect against
the effects of aging-related epigenetic drift through
one of three fundamental mechanisms: they could sta-
bilize the epigenome such that the accumulation of
epigenetic “damage” is slowed, they could reverse
the age-related accumulation of epigenetic alterations,
or they could induce “de novo” epigenetic changes
that are in some way protective. These different
potential actions of diet are shown in Fig. 16.2. At
present, there is an insufficient relevant body of
knowledge to evaluate which, if any, of these
mechanisms operates to link diet to the aging trajec-
tory. However, the likelihood that the relationship
between nutrition, epigenetic alteration, and aging is
even predominantly linear and causal is remote.
While there may well be instances where a specific
nutrient or dietary practice induces an epigenetic
effect that then impacts on the aging process, and
indeed may directly reverse “pro-aging” epigenetic
changes, the interrelationships between aging,
epigenetic alteration, and diet are undoubtedly more
complex, as represented in Fig. 16.3. Nutrition will
undoubtedly affect aging through processes
independent of any element of epigenetic action.
Even where parallel effects of diet on both epigenetic
marks and aging are clear, a causal relationship
cannot be assumed, and, as emphasized already,
showing the causality of such links is difficult.

Nutrition

Aging

“Young”
epigenome

“Old”
epigenome

“Protective”
epigenome

FIGURE 16.2 Possible points of protective actions of nutrition on
epigenetic features of aging. Alterations in epigenetic features,
shown as a change from a “young” epigenome to an “old” epigen-
ome, are observed during aging. Protective nutritional influences
could potentially halt or slow this change or promote its reversal.
Alternatively, or additionally, there may be nutritionally stimulated
epigenetic features that are distinct from the features of either the
“young” or “old” epigenome that are protective. The diagrammatic
representations of these three hypothetical epigenomic states show
DNA (thick line) wrapped around a series of histone protein cores.
Covalent epigenetic modifications to both the DNA (shown in lilac)
and the histone proteins (shown in blue (dark gray in print versions),
green (light gray in print versions), yellow (white in print versions),
and pink (light gray in print versions)) are represented as spheres.
Note the different distributions of these covalent modifications in the
three different states.

Epigenetic
alteration

Aging

Nutrition

FIGURE 16.3 The multiple interactions between nutrition, epige-
netic alteration and aging. The figure emphasizes that a direct causal
effect of nutrition on aging mediated through epigenetic alteration
(represented as the heavy colored (light gray in print versions)
arrows) is only one possible direction of interaction.
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A further dimension of this complex interacting
network is that epigenetic changes themselves are
likely to affect nutrition, as suggested by effects
of nutritional interventions associated with altered
feeding patterns on epigenetic modification of genes
coding for appetite-regulating neuropeptides. For
example, altered DNA methylation and histone
modification of the gene for pro-opiomelanocortin
(POMC) was observed in fetuses of undernourished
ewes (which are known to develop into animals
predisposed to obesity [82]) and adult rats reared
on a high-carbohydrate milk formula, which induced
hyperinsulinemia and obesity, had DNA hypomethy-
lation of the neuropeptide Y gene promoter in
hypothalamus [83].

Despite the likelihood that age-associated epigenetic
alterations associated with aging or age-related diseases
are reversible (and thus could, in principle, be reversed
by diet), evidence that shows this reversibility directly
is currently sparse. A notable example is that in aged
mice impaired hippocampal-dependent memory forma-
tion (measured by fear-conditioning) was associated
with deregulated H4K12 acetylation and an abnormal
transcriptional response profile. However, this learning
deficit was reversed and the transcriptional response
profile reestablished when hippocampal H4K12 acetyla-
tion was restored by hippocampal injection of the
potent HDAC inhibitor suberoylanilide hydroxamic
acid (SAHA) [84].

POTENTIAL MECHANISMS THROUGH
WHICH DIET COULD INDUCE

EPIGENETIC ALTERATIONS THAT
PROTECT AGAINST AGING

As already rehearsed above (and see Fig. 16.2)
diet-induced epigenetic alterations that protect against
aging could theoretically be de novo epigenetic
modifications, layered on top of but counterbalancing
damaging age-related epigenetic drift and/or be
changes that are direct reversals of this age-related
epigenetic drift. However, irrespective of the knowl-
edge of specific target site in the genome and direction
of change (be this in DNA methylation or histone
modification) the likely fundamental mechanism is
common, viz., that dietary components alter availabil-
ity, expression, and/or activity of the elements of cel-
lular machinery (enzymes and their cofactors) that
shape the epigenetic architecture. Potential enzyme tar-
gets that could be modified by components of the diet
to effect epigenetic change include DNA methytrans-
ferases, DNA demethylases, histone acetyltransferases,
histone deacetlyases, histone methyltransferases,

and histone demethylases. Dietary effects on cofactor
availability have been studied most extensively in the
context of methyl group supply. The interrelationship
between DNA methylation and histone modification
renders it very likely that dietary agents acting primar-
ily at one epigenetic level may produce effects on the
other. Some of the evidence for these actions of diet is
presented below.

Effects of Diet on Methyl Group Supply

The potential of components of the diet that feed into
the 1-carbon cycle to affect the availability of the methyl
donor SAM is noted above. In addition to this effect on
the availability of substrates to feed into the 1-carbon
cycle, dietary agents can influence SAM availability
through effects on the expression or activity of specific
enzymes in the cycle, as shown in the case of both
vitamin A [66] and selenium [85] with respect to expres-
sion of the enzyme glycine N-methyltransferase in rat
liver.

Effects of Diet on DNMTActivity

Two principal mechanisms through which dietary
agents can affect DNMT activity have been
identified: (1) direct, competitive inhibition, and
(2) in the case of catechol compounds, through catechol-
o-methyltransferase (COMT)-catalyzed methylation lead-
ing to the generation of SAH, a potent, noncompetitive
DNMT inhibitor, from SAM. Several dietary polyphe-
nols, including the tea catechins catechin, epicatechin,
and epigallocatechin-3-gallate, and the flavonoids quer-
cetin, fisetin, myricetin, gentisein, daidzein, and biocha-
nin A, all inhibit DNMT activity through one or both of
these mechanisms in vitro ([55,86]. A correlation between
the efficacy with which the isoflavones genistein, daid-
zein, and biochanin A inhibited DNMT activity and the
ability of these compounds to reverse site-specific DNA
hypermethylation in prostate cancer LNCaP and PC3
cells provides evidence that the DNMT-inhibitory effects
of the polyphenols are important mediators of their
effects on DNA methylation [55]. Selenium (as selenite)
has been shown in vitro to be a noncompetitive inhibitor
of DNMT activity [87,88] and also to reduce DNMT1
protein expression in HT29 cells [62].

Effects of Diet on Histone Deacetylase Activity

The HDAC-inhibitory action of the short chain fatty
acid butyrate is well established in vitro [72], as is the
ability of butyrate to induce histone hyperacetylation
(see above). Particularly convincing evidence that the
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HDAC-inhibitory action is primarily responsible for
the gene-regulatory effects of butyrate is that treatment
of HT-29 cells with butyrate induced an identical panel
of 23 genes (from a pool of 588 measured) as did the
well-characterized pharmacological HDAC inhibitor
TSA [89]. Other dietary compounds with HDAC inhib-
itory action include the metabolite of the organosulfate
diallyl sulfate S-allylmercaptocysteine, found in garlic,
and the cysteine conjugates of the isothiocyanates,
derived from glucosinolates found in cruciferous vege-
tables [58,90], as well as the soybean isoflavone genis-
tein [55].

THE FUNCTIONAL CONSEQUENCES OF
STEM CELL AGING AND THE ROLE OF

EPIGENETIC ALTERATIONS

Stem cell exhaustion has been cited as a key
hallmark of aging [6], which likely results from
multiple forms of cellular damage including DNA
damage and telomere shortening. However,
epigenetic changes are also a probable contributing
mechanism. The reversibility of this stem cell func-
tional decline (or stem cell “rejuvenation”) points
toward there being a (reversible) epigenetic compo-
nent. The phenomenon has been shown through
experiments based on joining the circulatory systems
of young and old mice (parabiotic pairing). For
example, parabiotic pairing reversed age related loss
of the proliferative capacity of muscle satellite cells
from mice, coincident with restored activation of
NOTCH signaling [91]. Direct evidence that epige-
netic changes are a feature of stem cell rejuvenation
is lacking, but highly plausible given the central role
of epigenetic modification in shaping stem cell func-
tion. While attractive, the principle the diet can have
an impact on stem cell rejuvenation through
affecting the epigenome remains a point to address
through studies designed specifically to address the
question, which are currently lacking. The fact noted
above that the changes in DNA methylation associ-
ated with aging cluster at the gene loci of the
polycomb repressive complexes, which are key
epigenetic regulators of stem cell differentiation, is a
further observation consistent with stem cell exhaus-
tion having an epigenetic component. There is also
direct evidence that epigenetic changes are a feature
of stem cell aging. For example, comparison of the
epigenetic profiles of muscle stem cells (quiescent
muscle satellite cells) from young and old mice
revealed an increase with age in the repressive
chromatin mark H3K27me3 [92], low levels of which
are associated with pluripotency of ESCs [93,94].

SIRTUINS AS MEDIATORS OF
DIET-INDUCED EPIGENETIC

ALTERATIONS THAT
COUNTERACTAGING

Important roles for epigenetic influences on aging are
implicit in the very large body of work that links the
actions of sirtuins, which are classed as histone deacety-
lases, to effects on lifespan and/or other features of aging
[6,95]. The mammalian enzyme Sirt1 (an NAD-dependent
(class III) histone deacetylase) and its homologs Sir2 in
yeast, sir-2.1 in C. elegans and dSir2 in Drosophila, appear
to be mediators of the effect of dietary restriction (DR) to
increase lifespan and/or mitigate against features of
aging [96,97]. Evidence that supports this view includes
the abolition of lifespan extension by DR in mutants that
do not express Sir2 in yeast [98], sir-2.1 in C. elegans [99],
or dSir2 in Drosophila [100]. Also consistent with sirtuins
having actions that counteract features of aging are effects
of transgenic expression of Sirt1 in mouse models [101].
Such effects include reduced fasting concentrations of
insulin, glucose, and cholesterol and reduced adiposity
[102], improved glucose tolerance due to increased
hepatic insulin sensitivity [103], and reduced production
of β-amyloid plaques in brain—the hallmark of
Alzheimer’s disease [104]. There has been debate
concerning the extent to which the sirtuin transgenes con-
tribute to extended lifespan in C. elegans and Drosophila
sir-2.1/dSir2 transgenic strains. Other background genetic
factors appear to be alternative explanations for extended
lifespan in some cases [105]. However, later work in
Drosophila that took more careful account of the genetic
background of long-lived dSir2 transgenic lines [106] and
reassessment of transgenic overexpression of sir2.1 in
C. elegans [107] substantiated the view that these genes
can have positive effects on lifespan.

It is important to note that the deacetylation activity
of Sirt1 is not restricted to histones. Deacetylation by
Sirt1 of other cellular substrates offers alternative or
additional plausible explanations for positive effects
on healthspan. These substrates include intermediates
in pleiotropic cellular pathways and several key tran-
scription factors linked to aging, for example PGC1α,
which controls mitochondrial biogenesis, p53 [96], and
many others [101], However, a recent discovery that
Sirt1 affects DNA methylation with a bias toward
genes that also show altered expression in response to
dietary restriction [108] provides sound evidence that
epigenetic actions of Sirt1 are a feature of its positive
effects on healthspan.

The mammalian sirtuin family comprises seven
members, and there is compelling evidence for the
involvement of members additional to Sirt1 in influenc-
ing aging and/or lifespan. Notably Sirt6 knockout mice
aged prematurely [109] and male transgenic mice
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overexpressing Sirt6 lived longer than control animals
in parallel with reduced IGF-1 signaling [110]. Sirt3 is a
mitochondrial isoform and appears to contribute to
longevity associated with DR due to deacetylation of
mitochondrial proteins [111]. Overexpression of Sirt3 in
mouse hematopoietic stem cells rescued an age-related
decline in colony formation and in ability to regenerate
bone marrow in irradiated mice, indicating the poten-
tial of Sirt3 to promote longer healthspan [112].

THE UTILITY OF EPIGENETIC
ALTERATIONS AS A

NUTRITIONALLY MODIFIABLE
MARKER OF THE AGING TRAJECTORY

The translational potential of the growing body of
knowledge concerning age-related epigenetic drift
and effects of diet on epigenetic marking is worth
considering. A highly simplistic view would be to
posit that aging could be slowed using targeted diet-
based interventions to prevent or reverse epigenetic
changes that drive aging. This view is unrealistic, at
least over the short to medium term, given the many
current caveats explored in this chapter. These
caveats include the uncertainly that many age-related
epigenetic changes play any causal role in aging.
Also, any epigenetic changes that do actually have a
causal role would be only one component in a multi-
faceted aging process. Moreover, the full profile of
epigenetic alterations the result from any nutritional
influence remains difficult both to measure and to
interpret functionally. However, there is a strong
argument that some signatures of DNA methylation
provide a biomarker of the aging trajectory that is
more stable, and thus more robust, than other mea-
sures such as patterns of gene expression. The finding
that discordance between chronological age and a
measure of “biological age” based on DNA methyla-
tion profiling was associated with increased risk of
mortality in later life [27] is a compelling argument to
use DNA methylation as a measure of aging. As
explained, it is difficult to disentangle the difference
in “epigenetic readout” that could result from age-
associated changes in the distribution of the heteroge-
neous cell types (with different epigenetic signatures)
that comprise tissues from true epigenetic drift at cel-
lular level. There is thus an argument that robust
indicators of likely efficacy of dietary strategies to
slow or reverse age-associated epigenetic change are
labile loci where consistent changes have been
observed in different tissues. Moreover, there is an
argument that effects of diet (or indeed other modify-
ing factors) at such loci may be more efficacious than

tissue-specific actions with respect to counteracting
the process of aging “holistically.” Perhaps, then, a
defined aging-linked, tissue-independent, labile DNA
methylation signature should be developed as part of
a toolkit to indicate the efficacy of dietary changes to
slow the aging process that could be useful both for
individual health monitoring and also in nutritional
research on aging.

SUMMARY

Some epigenetic features are affected by diet, and
epigenetic alteration is a hallmark of aging. The extent
to which these epigenetic changes are causative, and
thus the potential for influences of diet on these fea-
tures to slow the aging process, requires critical evalu-
ation. Multiple molecular markers of aging interact
with epigenetic alteration, and diet is one component
of environmental impact that, along with genotype, is
likely to influence how epigenetic alterations refine the
aging trajectory. Diet could contribute to healthier
aging by reversing or slowing age-related causative
epigenetic changes or by promoting a different but
protective epigenetic state. The plasticity of the epigen-
ome during early development may afford a particular
window of opportunity for dietary intervention in
aging, and effects on stem cells are likely to be of par-
ticular functional importance. Some of the effects of
sirtuins to counteract aging may be via epigenetic
actions on polycomb group protein gene targets, which
have a role in stem cell integrity. Tissue-independent
global epigenetic signatures of aging may provide a
biological readout of the efficacy of dietary interven-
tion to counteract effects of aging.
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The Controversy Around Sirtuins and
Their Functions in Aging

Yu Sun and Weiwei Dang
Huffington Center on Aging, Baylor College of Medicine, Houston, TX, USA

KEY FACTS

• Sirtuins are a class of evolutionarily conserved
protein deacetylases.

• Activation or overexpression of sirtuins provide
longevity benefits in many organisms.

• Some sirtuins seem to mediate some effects of
CR, though it is only one of the many pathways
exploited by CR.

• Whether resveratrol directly activates sirtuins
remains a highly contested topic among
researchers.

• Some sirtuins act more like proto-oncogenes,
some function like tumor suppressors, while
others might be considered both depending on
the molecular context and the type of cancer.

• Sirtuins are very intriguing targets for various
therapeutic purposes, many involves aging.

Dictionary of Terms

• Lifespan: The length of time an organism is expected
to remain alive.

• Deacetylase: The enzyme that removes acetyl groups
from lysine amino acid on substrates.

• HDAC: Histone deacetylase
• NAD1/NADH: The oxidized and reduced form of

nicotinamide adenine dinucleotide. Sirtuins remove
acetyl group from substrates to the ADP-ribose

moiety of NAD1 thus performing its function as a
deacetylase.

• Heterochromatin: The inactive parts of chromatin that
consist of tightly packed DNA.

• rDNA: The DNA sequences that codes ribosomal
RNA.

• Autophagy: The intracellular degradation system that
delivers unnecessary or dysfunctional cellular
components to lysosomes for catabolic actions.

• Circadian rhythm: A 24-hour cycle of endogenous
change of physical, mental, and behavioral
biological process.

• Senescence: Senescence means biological aging,
referring to both cellular senescence and senescence
of the whole organism. Cellular senescence indicates
the state of permanent cell-cycle rest of proliferating
cells.

• Hypoxia: The state of the body or a region of the
body that is deprived of oxygen supply.

• Telomere: Telomeres are the caps at the end of
chromatids that protects chromosomes from
deterioration and fusion with adjacent
chromosomes. It consists of highly repetitive and
tightly packed nucleotides.

• Calorie restriction: The dietary strategy that is based
on low calorie intake. “Low” can mean either the
relative restriction of calorie intake compared to the
individual’s previous intake, or relative low intake
compared to the average intake of the people of
similar body type.

• Resveratrol: 3,5,40-trihydroxy-trans-stilbene, a type of
natural phenol produced by several plants
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including the skin of grapes, blueberries, and
raspberries, etc.

• STAC: The abbreviation of Sirtuin-activating
compounds, the chemical compounds that have
effect on Sirtuins.

• Proto-oncogene: Oncogenes are the genes that have
potential to cause cancer, usually mutated or highly
expressed in tumors. Proto-oncogenes are the
normal genes that can become oncogenes under
certain circumstances, often mutated or
overexpressed. They generally code for proteins that
help regulate cell growth and differentiation.

• Tumor suppressor: The gene that usually control the
opposite side of cell growth and proliferation. When
this gene is mutated or inhibited, the cell can
progress to cancer.

INTRODUCTION

Sirtuins are defined as homologs of yeast Sir2,
which is encoded by one of the four genes that are
required for transcriptional silencing in the budding
yeast, Saccharomyces cerevisiae [1]. Among these Silent
Information Regulators (SIR), Sir2 was found to be an
enzyme that removed acetyl groups from acetylated
histones. It is unique from other histone deacetylases
characterized at the time in that its enzymatic activity
requires and consumes NAD1; therefore, it was cate-
gorized as a class III histone deacetylase. Many Sir2
homologs have since been discovered in all model
organisms studied, including seven sirtuins, SIRT1 to
SIRT7, in mammals [2]. Sirtuins have since been shown
to target many nonhistone proteins, and are now
known as NAD1-dependent protein deacetylases.

ENZYMATIC ACTIVITIES OF SIRTUINS

Sirtuins deacetylate acetyl-lysine by coupling the
hydrolysis of NAD1 with transferral of the acetyl group
to the ADP-ribose moiety of NAD1 to form O-
acetyl-ADP-ribose and releasing free nicotinamide
(Fig. 17.1A). This NAD1-dependence distinguishes
sirtuins from previously identified class I and II histone
deacetylases [3]. Because NAD1 is required for sirtuin
activity and the NAD1/NADH ratio is determined by
the nutritional state of the cell, sirtuins are thought to
be a direct link between cellular metabolism and
protein posttranslational modifications. In addition to
the NAD1/NADH influence, this reaction is also
regulated by one of its products, nicotinamide, which is

a noncompetitive inhibitor of sirtuins [4]. The other
reaction product, O-acetyl-ADP-ribose, has been sug-
gested to facilitate heterochromatin formation and
silencing, regulate ion channels and modulate cellular
redox state [3].

Some sirtuins carry out reactions that remove larger
acetyl moiety-containing groups, such as malonyl,
succinyl, and crotonyl groups, as well as the lipoyl
group, from their target proteins using a very similar
mechanism (see Table 17.1). Some sirtuins do not
exhibit deacetylase activity, but rather are ADP-
ribosyltransferases, enzymes that add an ADP-ribosyl
group to lysines [5] (Fig. 17.1B).

SIRTUINS IN NONMAMMALIAN
MODEL ORGANISMS

Yeast Sir2 is a major regulator of transcription silenc-
ing at the three heterochromatin-like regions: telomeres,
rDNA repeats and the hidden mating type loci HML
and HMR. Sir2 does not have specificity for a particular
DNA sequence, but rather is recruited to silencing loci
by other DNA binding proteins. At telomeres and the
HML/HMR loci, it forms a heterotrimeric SIR complex
with silencing proteins Sir3 and Sir4; this complex is
recruited by Rap1. At the rDNA locus, Sir2 exists in a
homotrimeric form in the RENT (REgulator of
Nucleolar silencing and Telophase) complex, with Net1
and Cdc14, and is recruited by Fob1 [6]. In a genome-
wide analysis, Sir2, together with Hst1 and Sum1, was
found to repress genes involved in fermentation, glycol-
ysis, and translation during diauxic shift [7]. In addition
to transcriptional repression and silencing, Sir2 also reg-
ulates DNA replication at the rDNA locus [8], maintains
asymmetric segregation of protein aggregates during
cell divisions [9�12], promotes DNA damage repair
[13], prevents apoptosis during sustained stress

NAD+ 2’-O-acetyl-ADP-ribose

Acetyl-lysine
Nicotinamide

Lysine

Sirtuin

H2O

(A)

ADP-ribosyl-lysine
(B)

+

NAD+

Lysine Nicotinamide

Sirtuin

H2O
+

+

+

+

FIGURE 17.1 Chemical reactions catalyzed by sirtuin enzymes.
(A) Protein lysine deacetylation by sirtuins requires NAD1 as
a cofactor and releases deacetylated protein, nicotinamide, and
20-O-acetyl-ADP-ribose. Reactions removing larger acyl groups (mal-
onyl, succinyl, glutaryl, and crotonyl) and lipoyl group are similar to
deacetylation. (B) Certain sirtuins are ADP-ribosyltransferases,
attaching the ADP-ribose moiety to the ε-amine of lysine, releasing
nicotinamide.
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TABLE 17.1 Summary of Sirtuin Functions

Localization Activity Target Molecular and cellular function

YEAST

Sir2 Nucleus, nucleolus Deacetylation H4K16, H3K56, H3K4, H3K79,
Ifh1

Gene silencing, heterochromatin,
transcriptional regulation

Hst1 Nucleus Deacetylation H3K4, H4K5, NDT80 Transcription repression, DNA
replication, NAD1 biogenesis, thiamin
biosynthesis

Hst2 Cytoplasm Deacetylation H4K16 Nucleolar and telomere silencing

Hst3 Nucleus Deacetylation H3K56 DNA replication and repair,
heterochromatin silencing

Hst4 Nucleus Deacetylation H3K56 DNA replication and repair

WORM

sir-2.1 Nucleus Deacetylation H3K9, H4K16, 14-3-3, DAF-16 Transcription silencing, heterochromatin,
stress response, calorie restriction

FLY

dSir2 Nucleus, cytoplasm Deacetylation Histone, Dmp53 Transcription silencing, heterochromatin

MAMMAL

SIRT1 Nucleus, cytoplasm Deacetylation H1K26, H4K16, H3K9, H3K14, p53,
PGC-1α, NF-κB, FOXO1, FOXO3,
FOXO4, Notch, HIF-1α, 14-3-3, PI3K,
DNMT1, TORC1, HSF1, Ku70, LC3,
BMAL1, PER2, MLL1

Transcription silencing, mitochondria
regulation, insulin signaling,
tumorigenesis, apoptosis, cell proliferation
and survival, tissue regeneration, stem
cell differentiation, stress response,
autophagy, circadian rhythm,
neurodevelopment and memory,
cardiovascular protection, delaying
replicative senescence

SIRT2 Cytoplasm, nucleus Deacetylation H3K18, H4K16, Tubulin, PAR-3, FOXO1,
FOXO3, CDH1, CDC20, PGC-1α, p65,
RIP, ATP-citrate lyase, HIF-1α, PR-Set7,
CDK9, G6PDH, PGAM2, BubR1

Mitosis, nerve myelination and
regeneration, brain aging, adipocyte
differentiation, genome integrity and
stability, oxidative catabolism, oxidative
stress response, programmed necrosis,
tumor suppression, lifespan regulation

SIRT3 Mitochondria Deacetylation LCAD, VLCAD, PDHA1, PDP1, IDH2,
GDH, ACS2, GOT2, SOD2, complex I, III,
V, OPA1

Fatty acid oxidation, TCA cycle, oxidative
phosphorylation, oxidative stress,
mitochondria dynamic, mitochondria
unfolded protein response

Decrotonylation H3K4

SIRT4 Mitochondria ADP-ribosylation,
lipoamidation

GDH, PDH TCA cycle, fatty acid oxidation

SIRT5 Mitochondria Deacetylation,
demalonylation,
desuccinylation

CPS1, VLCAD Urea cycle

SIRT6 Nucleus Deacetylation H3K9, H3K56, GCN5, p65, BMAL1,
SREBP-1, TNF-α

Genome stability, telomere silencing,
gluconeogenesis, osteogenic
differentiation, autophagy, circadian
rhythm, DNA repair, retrotranspositionADP-ribosylation PARP1, KAP1

SIRT7 Nucleolus Deacetylation H3K18, PAF53, GABPβ1 rDNA transcription, oncogenesis, stress
response, mitochondria unfolded protein
response, mitochondrial function
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mediated by stress-activated protein kinase Hog1 [14],
and is required for Hsf1 activation induced by heat
shock response and ER unfolded protein response
[15,16]. Sir2 deacetylates histones and shows activity
toward histone H4 lysine 16 (H4K16), histone H3K56,
H3K4, and H3K79ac [17]. Recently, nonhistone targets
of Sir2 have also been found, such as ribosome protein
transcription factor Ifh1 [18].

There are four additional sirtuins in yeast, Hst1�4,
all of which are involved in transcription silencing or
repression [2]. Hst1 forms a complex with Sum1 and
Rfm1, deacetylates H3K4ac and H4K5ac, and regulates
the initiation of DNA replication [19,20]. The Hst1/
Sum1/Rfm1 complex also functions as a transcrip-
tional repressor for the critical meiotic gene NDT80
[21] and NAD1 biogenesis genes [22], as well as thia-
min biosynthesis genes [23]. Hst2 also regulates tran-
scriptional silencing, but predominantly localizes in
the cytoplasm due to a unique nuclear export
sequence, regulating its nuclear activity [24,25]. Hst3
and Hst4 deacetylate H3K56ac, a modification found
on newly synthesized histones that is critical for DNA
replication and repair [26]. Hst3 also contributes to the
stability of the silenced heterochromatin state [27].

In the nematode, Caenorhabditis elegans, four sirtuins
have been identified, with SIR-2.1 showing the highest
homology to yeast Sir2. Worm SIR-2.1 deacetylates
H3K9ac and H4K16ac and is involved in transcrip-
tional silencing and heterochromatin formation [28]. Its
activity on H4K16ac is required for the dosage com-
pensation complex-dependent twofold reduction in
transcription on the X chromosome [29]. Several non-
histone targets, including 14-3-3 and DAF-16, have
been identified for worm SIR-2.1 and many of them
regulate aging and stress responses [30]. In addition,
the heat shock response and calorie restriction (CR)-
induced resistance to heat shock depend on SIR-2.1
[31]. Deletion of the sir-2.1 gene moderately shortens
lifespan [32]. However, the longevity-promoting effect
of sir-2.1 overexpression has been debated among dif-
ferent groups. The initially observed lifespan extension
by either chromosomal duplication or transgene was
attributed to secondary mutations unrelated to sir-2.1
[33,34]. Details of this controversy are discussed below.

In Drosophila melanogaster, five sirtuins have been
found, with dSir2 being the closest homolog to yeast
Sir2. dSir2 shows histone deacetylase activity in vitro
and is required for heterochromatin silencing in vivo
[35]. Knocking out dSir2 shortens lifespan [36]. Lifespan
extension upon dSir2 overexpression has been found
using a number of different genetic manipulations,
including several different transgenes, different drivers,
and tissue-specific and adult-only inductions [37].
However, several of these results have also been chal-
lenged and are discussed in detail below [34].

MAMMALIAN SIRTUINS

In mammals, there are seven sirtuins, named SIRT1
to SIRT7. They are involved in a broad range of cellu-
lar processes and pathways with distinct cellular local-
ization and molecular targets (Table 17.1).

SIRT1 is the closest mammalian homolog of the yeast
Sir2 protein in sequence and is the most studied mamma-
lian sirtuin. SIRT1 predominantly localizes to the nucleus
and acts as a deacetylase for histones H1K26 and H4K16
[38], as well as many nonhistone targets (Table 17.1).
Deacetylation of p53 by SIRT1 upon DNA damage
and oxidative stress results in reduced apoptosis [39,40].
SIRT1 activates PGC-1α (Peroxisome proliferator-
activated receptor Gamma Coactivator 1-α) through
deacetylation, thus regulating mitochondria biogenesis
and activity [41]. Acetylation state of FOXO transcription
factors, regulated by SIRT1, is thought to selectively
direct them to certain targets, representing another level
of regulation of metabolism and stress response medi-
ated by FOXO [5]. Upon inhibition of insulin signaling,
SIRT1 is actively shuttled out of the nucleus into the cyto-
plasm. Many physiological functions of SIRT1 lie in its
roles in regulating autophagy: it deacetylates K49 and
K51 of LC3, a key component of autophagy pathways,
turning on autophagy targeting nuclear proteins under
starvation [42,43]. SIRT1 activity is circadian, and it regu-
lates circadian rhythm by deacetylating BMAL1, PER2,
and MLL1 in a circadian pattern [44,45]. SIRT1 is also
recruited by CLOCK and BMAL1 to clock-controlled
genes where it deacetylates histone H3, K9, and K14 [44].
SIRT1 has numerous roles in cancer and apoptosis, which
is reviewed in greater detail below. Other newly identi-
fied novel functions of SIRT1 include neurodevelopment
and memory [46], protection against various neurode-
generative diseases [46,47], cardiovascular protection
[48], promoting liver function and regeneration [49], stem
cell differentiation and cell fate determination [50�54],
and delaying replicative senescence and senescence asso-
ciated secretory phenotype in primary fibroblasts [55,56].

SIRT2 exists in the cytoplasm, deacetylates tubulin,
and regulates skeletal muscle differentiation [5]. It
accumulates in neurons in the central nervous system
in aging brains and its microtubule deacetylase activity
is linked to the pathology of brain aging and neurode-
generative diseases [57]. In the peripheral nervous sys-
tem, however, SIRT2 appears important for nerve
myelination and regeneration by deacetylating Par-3, a
critical regulator of cell polarity and myelin assembly
in Schwann cells [58]. In adipocytes, SIRT2 regulates
metabolism through deacetylating FOXO1 and PCG-1α
[5,59]. When FOXO3 is deacetylated by SIRT1 or
SIRT2, it is targeted for polyubiquitination and degra-
dation [60]. Tissues from human breast cancers and
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hepatocellular carcinoma exhibit reduced levels of
SIRT2, which regulates the anaphase-promoting
complex activity in these tissues by deacetylating
CDH1 and CDC20 to preserve genome integrity and
antagonize tumorigenesis. The activity of transcription
factor NF-κB p65 is regulated by SIRT2 targeting its
K310; deacetylation of this residue is required for
expression of many NF-κB-dependent genes upon
TNF-α stimulation [61]. The RIP1�RIP3 complex is
activated by TNF-α to induce programmed necrosis.
Deacetylation of RIP lysine 510 by SIRT2 is critical for
complex formation and the induction of necrosis [62].
Another tumor suppressor function of SIRT2 lies in its
role in deacetylating and destabilizing ATP-citrate
lyase, an important enzyme for fatty acid synthesis for
membrane expansion [63]. The most recently identified
target for SIRT2 in the context of tumor suppression is
K709 of hypoxia-inducible factor 1-α (HIF-1α), a criti-
cal regulator of hypoxia. Overexpression of SIRT2 desta-
bilizes HIF-1α [64]. Despite its predominant cytoplasmic
localization, SIRT2 was recently shown to deacetylate the
H4K20 methyltransferase PR-Set7 at K90, which
regulates its chromatin localization; thus SIRT2 indirectly
influences H4K20 methylation and its associated genome
stability [65]. Another role for SIRT2 in maintaining
genome stability is to stimulate CDK9 kinase activity by
deacetylating K48 in response to replication stress [66].
During bacterial infection, SIRT2 relocates to the nucleus
and represses the transcription of a set of genes involved
in immune response by deacetylating H3K18ac [67].
Under oxidative stress, SIRT2 targets glucose-6-
phosphate dehydrogenase K403 and phosphoglycerate
mutase PGAM2 K100 to regulate NADPH homeostasis
and promote cell survival [68,69]. Finally, the mitotic
checkpoint kinase BubR1, an important longevity regula-
tor, is targeted by SIRT2, which deacetylates K668, thus
stabilizing the protein; hyperacetylation of K668 contri-
butes to BubR1 loss during aging [70].

SIRT3 primarily localizes to mitochondria and is the
major mitochondrial deacetylase, targeting numerous
enzymes playing critical roles in maintaining metabolic
homeostasis [71]. It is highly enriched in hematopoietic
stem cells and is critical for their maintenance under
stress and during aging [72]. In the fatty acid oxidation
pathway, SIRT3 deacetylates the long-chain acyl CoA
dehydrogenase (LCAD) at conserved K318 and K322,
near the active site, as well as the very long-chain
acyl-CoA dehydrogenase (VLCAD) K229 [73,74]. The
critical link between glycolysis and the citric acid cycle,
pyruvate dehydrogenase (PDH) complex, is also
regulated by SIRT3, which targets the E1 pyruvate
dehydrogenase PDHA1 K321, as well as PDH phospha-
tase PDP1 K202 [75,76]. Among enzymes involved in
the citric acid cycle, both isocitrate dehydrogenase
(IDH2) and glutamate dehydrogenase (GDH) are

deacetylation targets of SIRT3. Furthermore, SIRT3 dea-
cetylates many components of the electron transport
chain, including complex I 39-kDa subunit, complex III
core I subunit and complex V ATP synthase F1 α, β, γ
subunits [77�79]. The acetyl-coA synthase AceCS2 and
glutamate oxaloacetate transaminases are also targets of
SIRT3 [71,80]. In addition to these metabolic enzymes,
SIRT3 provides protection against oxidative stress by
deacetylation and activation of SOD2, an important
mitochondrial antioxidant enzyme [71]. In cardiomyo-
cytes, SIRT3 deacetylates and activates OPA1, an impor-
tant mitochondria fusion protein that is acetylated
under pathological stress [81]. SIRT3 was also shown to
regulate the mitochondria unfolded protein response;
however, its targets in these pathways remain elusive
[82]. Although most research on SIRT3 has focused on
the processed short isoform of SIRT3 localized in the
mitochondria, new evidence suggest that the full-length
form of SIRT3 localizes to the nucleus and represses
gene expression by deacetylating histones. This nuclear
full-length SIRT3, but not the smaller mitochondria iso-
form, is degraded by the ubiquitin-proteasome pathway
upon various stresses, activating its target genes [83]. In
addition to functioning as a deacetylase, SIRT3 is also
found to decrotonylate H3K4 in vivo [84].

SIRT4 and SIRT5 are also localized to the mitochon-
dria. SIRT4 was initially identified as an enzyme with
ADP-ribosyltransferase activity that targeted GDH [5].
Recently, it was found to function as a lipoamidase for
the PDH complex E2 component dihydrolipolylysine
acetyltransferase, reducing PDH activity [85]. SIRT5
targets many metabolic enzymes to remove large
acetyl-containing groups, such as malonyl, succinyl,
and glutaryl, in a fashion very similar to deacetylation
[86]. Well-characterized SIRT5 targets include carba-
moyl phosphate synthetase CPS1, a critical enzyme in
the urea cycle, and VLCAD [74,87].

SIRT6 localizes to the nucleus and deacetylates his-
tone H3K9 and H3K56 to maintain genome stability
and telomere function [88]. It binds to DNA double-
stranded break sites, deacetylates H3K56ac, and
recruits chromatin remodeling enzyme SNF2H [89].
SIRT6 deacetylates and activates GCN5, which in
turn leads to expression of PGC-1α, a key transcrip-
tion factor for gluconeogenesis [90]. In bone marrow-
derived mesenchymal stem cells, SIRT6 regulates
osteogenic differentiation through deacetylation and
inactivation of NF-κB p65 [91]. SIRT6’s deacetylase
activity is required for its role in activating autop-
hagy; however, its direct targets in autophagy regula-
tion remain unknown [92]. SIRT6 also regulates
circadian rhythm by recruiting transcription factors
BMAL1 and SREBP-1 to their target genes [93]. In
addition to deacetylation, SIRT6 removes long-chain
acylation from TNF-α, regulating its secretion [94].
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Furthermore, SIRT6 functions as an ADP-
ribosyltransferase for PARP1 (Poly ADP-ribose
polymerase 1) under oxidative stress, stimulating
PARP1 function to support DNA repair [95]. It has
also been reported that SIRT6 carries out ADP-
ribosylation of nuclear corepressor protein KAP1 and
represses the activity of LINE1 retrotransposons [96].

SIRT7 is a histone deacetylase that targets H3K18ac
at selected gene promoters, repressing their transcrip-
tion. This activity promotes oncogenesis [97].
Repression of ribosomal genes is mediated through the
recruitment of SIRT7 by Myc, leading to hypoacetyla-
tion of H3K18, and is important to relieve ER stress
[98]. SIRT7 also targets RNA polymerase I subunit
PAF53 directly to repress its activity upon stress [99].
Furthermore, SIRT7 collaborates with NRF1 to repress
expression of nuclear mitochondrial ribosomal genes
and transcription factors to enhance the mitochondria
unfolded protein response, a mechanism that regulates
hematopoietic stem cell aging [100]. In addition, SIRT7
deacetylates GABPβ1, a master regulator of nuclear-
encoded mitochondrial genes, controlling mitochon-
drial function [101].

In the following sections, we will discuss the major
controversial issues around sirtuins and their roles in
aging and age-related diseases.

DOES OVEREXPRESSION OF SIRTUINS
EXTEND LIFESPAN?

The discovery that sirtuins regulate aging was first
made in yeast. In 1995, Kennedy et al. reported that
Sir4 regulates yeast lifespan. A mutation in Sir4 pre-
vents it from silencing HML/HMR and telomeres and
extends lifespan, despite that sir4 mutant yeast still
have shortened telomeres. The authors proposed that
Sir4 localizes to another unknown genomic locus that
is critical for yeast lifespan in the absence of normal
telomere length [102]. This region was subsequently
recognized as the ribosomal gene cluster (rDNA) loci
[103]. These findings led to the discovery of one of the
causes of aging in yeast: the accumulation of extra-
chromosomal rDNA circles (ERCs) in old cells due to
the inherent instability of the tandemly repeated
rDNA locus [104]. Sir2 has previously been shown to
repress recombination at rDNA [105]. This protein was
quickly shown to be part of the Sir4 complex that regu-
lates the rate of ERC generation, and thus regulates the
rate of yeast aging. Furthermore, deletion of Sir2 short-
ens and overexpression of Sir2 significantly extends
yeast lifespan [106]. In this experiment, overexpression
was achieved by inserting another copy of the SIR2
gene into the genome. The strains with twofold

expression of Sir2 showed a 30% increase in lifespan.
More recently, telomere-associated Sir2 was also
shown to be critical to regulating lifespan. Sir2 protein
levels are much lower in old cells, leading to increased
H4K16 acetylation at telomere regions, which is
thought to be another cause of aging in yeast [107].
Sir2 is also required for the asymmetric segregation of
damaged and misfolded proteins during cell division,
which leads to their accumulation in mother cells and
contributes to their aging [9�12].

The longevity effects of Sir2 homologs in other
eukaryotic models have also been investigated.
However, debates arose from studies in worms and
flies due to concerns about inconsistency in experimen-
tal results. The first study in C. elegans by Tissenbaum
et al. showed that three independent extrachromo-
somal sir-2.1 transgenic lines had a lifespan extension
of about 20�50%. This was also the case with inte-
grated sir-2.1-overexpression strains. Furthermore, it
was suggested that sir-2.1 functions in the DAF-2 and
DAF-16 insulin-signaling pathway that had been
shown to regulate worm longevity [108]. In flies, three
GAL4 driver strains that induced greater than fourfold
overexpression of dSir2 showed a 29% lifespan
increase for females and 18% for males [109]. This
effect appeared to be dose-dependent, since a 10%
increase in dSir2 expression had no effect on lifespan.
Additionally, overexpressing the fly nicotinamadase
D-NAAM, either ubiquitously or neuron-specifically,
hence activating dSir2 activity by decreasing the levels
of nicotinamide, also showed significant increase in
lifespan in both males and females [110].

Interestingly, in 2011, a study conducted by several
labs across Europe and the United States questioned
whether overexpression of Sir2 indeed extends lifespan
in worms and flies. In C. elegans, Burnett et al. first reexa-
mined the lifespan extension effect of one of the inte-
grated high-copy sir-2.1 strains. When outcrossed five
times to the wild-type strain, the longevity-promoting
effect was abrogated [34]. Meanwhile, after outcrossing
for six generations, the low-copy sir-2.1 overexpressing
strains failed to show the lifespan extension effect. In
Drosophila, outcrossing the GAL4-driven dSir2 overex-
pressing strain still resulted in lifespan extention
compared to the wild-type controls, but the GAL4
driver-only control also showed a similar long lifespan,
indicating that dSir2 is not the reason for the increased
longevity. Another independently created dSir2 overex-
pression strain also showed no effect on lifespan
compared to the transgenic controls in this study [34].

Following up on these reports, several groups reexa-
mined the effect of Sir2 overexpression in worms and
flies and reinforced its central role in lifespan regulation.
The researchers who originally did the C. elegans work
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revisited their data and found that the original results
overestimated the extension of lifespan in a high-copy
transgenic sir-2.1 strain due to an unlinked mutation
causing defects in sensory neurons. However, they were
still able to observe an approximately 10�14% lifespan
extension by sir-2.1 overexpression with strict back-
ground controls [33]. Another group using the same
strain also confirmed the lifespan extension effect of
sir-2.1 overexpression [111]. Meanwhile, knocking down
sir-2.1 in the low-copy sir-2.1 overexpression strain
abrogated the longevity promoting effect, demonstrating
that sir-2.1 is indeed responsible for the observed life-
span extension [112]. Moreover, several new studies
implicate sir-2.1 in regulating longevity. Mouchiroud
et al. confirmed that sir-2.1 overexpression extended life-
span [113]. Boosting NAD1 level in worms promotes
longevity in a sir-2.1-dependent manner. They found
two distinct pathways for NAD1/sir-2.1 mediated lon-
gevity effect: one involves the insulin-like signaling path-
way and the other is related to the mitochondrial
unfolded protein response caused by an imbalance of
nuclear versus mitochondrial expression of mitochon-
drial genes. Importantly, this explains a cause of aging:
NAD1 decreases with age due to chronic DNA damage-
induced PARP activation.

New evidence from functional studies suggests that
SIR-2.1 is indeed intricately involved in aging-
regulation in worms. Deletion of sir-2.1 disrupts the
functions of cholinergic neurons in males, resulting in
a mating behavior decline similar to older wild-type
animals [114]. SIR-2.1 is required for longevity by
amino acid supplements [115]. Upregulation of SIR-2.1
has been attributed to the longevity and stress resis-
tance of glutathione treatment [116].

With regards to the fly studies, in Burnett et al.’s
paper, they failed to test a previous study that used
inducible dSir2 expression to extend lifespan in flies
[117]. In fact, another study apllied appropriate genetic
controls and still found a lifespan extension that
depended on dSir2 levels [118]. Interestingly, they
found that increasing dSir2 levels by approximately
fivefold showed a 38% increase of median lifespan in
females compared to the original 10% increase
observed with about threefold overexpression, indicat-
ing a dose-dependent effect of lifespan extension by
overexpressing dSir2. Another report showed that
tissue-specific overexpression of inducible dSir2 in the
fat body is sufficient to extend lifespan on a normal
diet [119]. These findings were confirmed by another
research group [120].

Overall, more studies have confirmed that overexpres-
sion of sirtuins, either ubiquitously or in a tissue-specific
way, in worms and flies indeed extends lifespan. The
conflicting results remind us all about the importance of

accurate experimental controls when performing lifespan
tests. Better communications are needed to eliminate the
differences between strain backgrounds, protocols, and
technical operations that might cause the discrepancies
between results from different labs. Additionally, it is
necessary to test the dose-dependent effect of lifespan
extension by sirtuin overexpression with strict controls
across a series of strains.

Given the confusing results from these two organ-
isms, it is more critical and informative to look at
whether sirtuins also have lifespan extension effects in
mammalian models. Although studies from yeast,
worms, and flies provided many clues about the func-
tion of sirtuins in lifespan extension, these systems are
still very different from humans. Therefore, experi-
ments in mammals will better bypass the debates from
the lower metazoans while providing valuable knowl-
edge to the aging field. Research initially focused on
SIRT1, the closest homolog of Sir2 in mammalian cells.
However, in a transgenic mouse model that overex-
presses SIRT1 to moderate levels, despite its protecting
effects against several aging-related phenotypes such
as osteoporosis, glucose intolerance, and metabolic
syndrome-related cancers, these mice did not live lon-
ger [121]. The explanation could be either that SIRT1
does not function to extend lifespan or moderate over-
expression (approximately threefold) was not sufficient
to give longevity-promoting phenotype.

SIRT6 is another longevity regulator. SIRT6-deficient
mice have severe aging-associated degenerative and pre-
mature aging phenotypes [122]. The remarkable evi-
dence came from the Cohen group: overexpression of
SIRT6 transgene extended lifespan of male mice [123].
Both median and mean lifespan of males were signifi-
cantly increased byB15% in SIRT6 transgenic mice com-
pared to wild-type littermates. There was no significant
change in females. SIRT6 was suggested to function in
the insulin-like growth factor-1 pathway to mediate lon-
gevity effects, which is consistent with the findings in
worm studies. With proper controls and two different
experimental lines used to counteract any background or
site-specific transgenic effects, this study for the first
time conclusively showed that sirtuins can extend mam-
malian lifespan when overexpressed. Another exciting
report came from a brain-specific transgenic SIRT1-
overexpressing mouse strain (BRASTO). These mice
showed significant lifespan extension in both females
and males with phenotypes consistent with a delay in
aging [124]. However, much more work is needed to
address the molecular mechanisms by which SIRT1
extends mouse lifespan and whether other sirtuins may
also contribute to longevity in mammals. Nevertheless,
these results opened the way for promising aging studies
focused on sirtuins.
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DO SIRTUINS MEDIATE THE
LONGEVITY EFFECTS OF CALORIE

RESTRICTION?

Calorie restriction (CR) is the most robust way to
slow the process of aging in diverse species, ranging
from yeast, worms, and flies to mammals. In yeast,
Sir2 was implicated to be a nutrient sensor that was
involved in CR-mediated aging regulation. However,
in the past decade, this idea has been challenged [125].

CR was shown to extend yeast lifespan in strains
with mutated nutrient-sensing pathways or cultured
with reduced glucose. This extension was dependent
on Sir2 and NAD1 [126]. Specifically, CR increases the
NAD1/NADH ratio by increasing respiration [127].
Consistent with this, the NAD1 salvage pathway
enzyme Pnc1 was shown to be upregulated by CR,
thus facilitating NAD1 synthesis, which enhances Sir2
activity and ultimately promoting longevity [128].
Furthermore, deletion of Sir2 blocked lifespan exten-
sion in different yeast CR models. Similar conclusions
were also reached in worms [129] and flies [109].

However, in addition to these reports implicating a
role for Sir2 in CR, additional studies found opposite
effects. In yeast, CR could still significantly extend life-
span in cells lacking Sir2 as long as the generation of
ERCs was inhibited through the FOB1 deletion [130].
Furthermore, CR was also shown to extend lifespan in
strains depleted of Sir2 and two of its paralogs, Hst1 and
Hst2 [131]. At the same time, the TOR nutrient sensing
kinase signaling pathway emerged as a conserved mech-
anism behind CR since disruption of TOR1 mimics and
is epistatic to CR [132]. Sir2 was also not required for the
lifespan extension by TOR1 deletion, a proposed CR
mimetic. Others monitored Sir2 activity by gene silenc-
ing and found that the effect of CR on Sir2 function
was moderate or undetectable, and much lower
than previous suggested [133]. In C. elegans, several
sir-2.1-independent CR mechanisms were proposed. The
DAF-2/insulin-like signaling pathway-mediated CR lon-
gevity does not require sir-2.1 [134]. Other mechanisms
depending on the mTOR signaling pathway [135], mito-
chondrial respiration [136], and long-term neuroendo-
crine control [137] did not require sir-2.1. The role of
dSir2 in CR-mediated lifespan extension in flies was also
challenged in Burnett et al.’s paper. The central contro-
versy focused on the link between nutrient-sensing path-
ways and lifespan regulation pathways. With different
standards for “calorie restriction” in lower organisms,
different experimental conditions may trigger different
subsets of stress response pathways and metabolic path-
ways that lead to varying results among different labs.
This may explain how various observations were
obtained throughout the past decade.

In recent rodent studies, the experimental condi-
tions of CR were better standardized, and thus more
consistent conclusions were made on sirtuins’ role in
CR. The expression of all mammalian sirtuins, except
SIRT7, have been reported upregulated in various tis-
sues by CR conditions [138�144]. Many sirtuin targets
are critical metabolic enzymes and signaling factors
that are essential for adaptation to dietary changes
(Table 17.1). Hence, sirtuins are important regulators
of cellular response of CR. Furthermore, various sir-
tuin knockout strains failed to respond to CR retreat-
ment: SIRT1 knockout mice did not show lifespan
extension by CR [145,146]; the protective effects of CR
on oxidative stress and hearing loss were abrogated in
SIRT3 knockout mice [147,148].

These accumulating pieces of evidence suggest the
importance of sirtuins in mediating many beneficial
effects conferred by CR. Adaptation to metabolic
stress is essential for the survival of individuals as
well as species. It is not hard to understand that mul-
tiple nutrient-sensing and metabolic pathways are
affected by CR, including TOR, AMPK, and insulin-
signaling. So far, the evidence supports that sirtuins
function in these pathways, as part of the metabolic
network, regulating physiology, fitness, and lifespan.

IS RESVERATROL A SIRTUIN
ACTIVATOR?

Soon after sirtuins emerged as a class of conserved
aging regulators, efforts were made to identify chemi-
cal inhibitors and potential activators of these
enzymes. It was especially intriguing to search for acti-
vators since overexpression of sirtuins was shown to
have longevity benefits. A screen using an in vitro dea-
cetylation assay featuring a fluorophore-labeled acety-
lated p53 peptide identified a number of inhibitors
and activators for mammalian SIRT1. Among them,
resveratrol, a polyphenol enriched in red wine,
showed the strongest effect [149]. Strikingly, treating
yeast with resveratrol extended their lifespan by 70%.
Similar lifespan extension effects by resveratrol treat-
ment were also found in worms and flies, and a
sirtuin-dependent CR mimic mechanism was proposed
[150]. In Nothobranchius furzeri, a very short-lived
fish, resveratrol extends lifespan and delayed age-
dependent cognitive decline [151]. In mammals, the
Sinclair group showed that although resveratrol has no
effect on lifespan of mice fed with normal diet, it pro-
duces a significant beneficial effect of longevity and
health on mice fed on high-fat diet by shifting their
metabolic physiology [152]. Consistently, they also
reported that resveratrol induced numerous health
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benefits in these mice, mimicking transcriptional
aspects of CR [153].

However, along with these exciting reports were
many contradictory findings that lead to controversial
conclusions about how resveratrol works. The first
question was whether resveratrol indeed extended life-
span. There were conflicting results showing that res-
veratrol had no or inconsistent effects on lifespan
extension in yeast, worms, and flies [154,155]. Second,
whether resveratrol actually activates SIRT1 in vitro is
heavily argued. It was found that in the original
report, the covalently bounded fluorophore was
required for SIRT1 enzymatic activation by resveratrol
[154]. Along with some other proposed SIRT1 activa-
tors, resveratrol in fact interacts with the fluorophore-
containing peptides directly, thus showing that the
in vitro experimental effects of resveratrol were inde-
pendent of SIRT1 [156]. Moreover, resveratrol can tar-
get other regulators to elicit its physiological functions
through SIRT1-dependent or SIRT1-independent path-
ways. Several studies showed that AMPK is activated
by resveratrol in vivo [152,157]. This suggested that
SIRT1 might be an indirect target of resveratrol, down-
stream of AMPK. Indeed, AMPK is known to activate
nicotinamide phosphoribosyltransferase (NAMPT), an
enzyme required for NAD1 synthesis, and by activat-
ing AMPK, resveratrol may enhance SIRT1 function by
this mechanism [158].

So is SIRT1 required for the physiological function
of resveratrol in vivo? The answer depends on a num-
ber of factors, including the type of tissue, the dose of
treatment and the physiological or pathological condi-
tions. It was suggested that, at a low dose, resveratrol
functions by activating SIRT1, which deacetylates the
AMPK kinase LKB1, activating the AMPK pathway
[159,160]. Others suggested that resveratrol activates
protein kinase A by inhibiting cAMP phosphodies-
terases, which leads to the activation of AMPK and
NAMPT, increased levels of NAD1 and eventually
SIRT1 activation [161]. However, in vivo data showed
no increase in NAD1 levels in resveratrol treated ani-
mals [159]. Among those who are convinced that res-
veratrol directly activates sirtuins, there are several
different hypotheses for how resveratrol could struc-
turally activate SIRT1. The Steegborn group proposed
a model in which resveratrol-like STACs directly inter-
act with the enzyme-substrate complex [162]; while the
Sinclair group proposed a direct “assisted allosteric
activation” mechanism, in which the binding of sub-
strates with SIRT1 causes the formation of an exosite
that facilitates STAC binding, which, in turn, stabilizes
the docked substrate [163]. The E320 site at the
N-terminus of SIRT1 is especially critical for STAC-
mediated activation.

Indeed, these lines of evidence demonstrate the
great potential of resveratrol as therapeutics to antago-
nize aging and age-associated pathologies. Although
most of the in vivo studies showed that the therapeutic
effects of STACs require sirtuin activation, whether sir-
tuins are the direct molecular targets of these drugs is
unknown. Although some STACs have promising clin-
ical potential, the underlying molecular mechanisms
still need to be further clarified.

ARE SIRTUINS PROTO-ONCOGENES OR
TUMOR SUPPRESSORS?

Aging is a strong risk factor for most types of adult-
onset cancer. As conserved aging regulators, many
sirtuins have been shown to promote cellular survival
and replicative growth [164]. This is further evidenced
by the overexpression of SIRT1 in several types of can-
cer. However, disruption of SIRT1 was also shown to
promote tumorigenesis, while overexpression of SIRT1
and SIRT6 in normal animals and tissue showed tumor
suppressor effects [165]. Thus, whether sirtuins are
proto-oncogenes or tumor suppressors became a
heated discussion.

SIRT1 was first linked to tumorigenesis through its
role in deacetylating and inactivating p53, a well-
defined tumor suppressor, and promoting cell survival
under stress [39,40]. Inhibition of SIRT1 leads to hyper-
acetylation of p53, thus elevating p53-dependent apo-
ptosis [166], which supports the classification of SIRT1
as a proto-oncogene. SIRT1 also interacts with E2F1, a
cell cycle regulator, and interferes with its apoptotic
function during DNA damage responses [167]. SIRT1
was found to be expressed in several types of cancer,
including primary colon cancer, acute myeloid leuke-
mia, prostate cancers, and nonmelanoma skin cancers
[168], supporting that SIRT1 could be a proto-
oncogene. Moreover, overexpression of SIRT1 either
epigenetically represses the expression or directly inhi-
bits the activity of numerous tumor suppressors, such
as FOXO family members, p73, Rb, MLH1, and Ku70
[169]. Consistently, SIRT1 was found to be inhibited by
several tumor suppressors: HIC1 (Hypermethylated In
Cancer-1) and DIB1 (Deleted in Breast Cancer-1)
[170�172]. In a PTEN (Phosphatase and tensin
homolog)-deficient thyroid carcinoma model, trans-
genic overexpression of SIRT1 promoted carcinogene-
sis by upregulating the c-Myc transcriptional system
[173]. Other sirtuins have also been found to be associ-
ated with cancer development. SIRT2 is upregulated in
acute myeloid leukemia, in which it deacetylates and
activates Akt [174]. In colon cancer patients, SIRT3
overexpression is associated with metastasis and poor
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prognosis [175]. In nonsmall cell lung cancers, SIRT5
overexpression correlates with poor survival; knocking
down SIRT5 not only repressed the growth of cancer
cells, but also sensitized them to chemotherapy agents
[176]. Both SIRT2 and SIRT6 are expressed in retino-
blastomas [177]. Finally, SIRT7 is overexpressed in a
number of different tumors in which it represses the
expression of tumor suppressor genes. Since knocking
down SIRT7 could arrest the growth of cancer cells
and reverse the transformed phenotype, it has been
considered a promising pharmaceutical target [178].

However, in other contexts, it has been reported that
sirtuins function as tumor suppressors. Studies in
mouse models showed that disruption of SIRT1 in p53
heterozygous mice leads to tumor development in mul-
tiple tissues, whereas resveratrol treatment reduced
tumorigenesis [179]. In a colon cancer mouse model,
activation of SIRT1 by CR significantly reduced tumor
formation and morbidity by promoting cytoplasmic
localization of oncogenic form of β-catenin [180]. The
protection from cancer by overexpression or activation
of SIRT1 was also shown in metabolic syndrome-
associated liver cancer model [121] and the irradiation-
induced p53 heterozygous cancer model, in which
SIRT1 functions as a tumor suppressor mainly by pro-
moting genome stability [181]. Another possible tumor
suppression mechanism of SIRT1 is through deacetyla-
tion and inactivation of HIF-1α, an important factor for
cancer growth [182]. In a more recent study, Di Sante
et al. showed that loss of SIRT1 promoted prostatic
intraepithelial neoplasia, which was supported by clini-
cal data showing that lower SIRT1 expression was asso-
ciated with poor disease prognosis [183]. Furthermore,
SIRT1 deacetylates EZH2 at K348; and elevated EZH2
acetylation has been linked to lung adenocarcinoma
[184]. In leukemia cells, SIRT1 deacetylates H3K9ac at
the promoters of MLL fusion genes and represses their
expression [185]. SIRT3 can also act as a tumor suppres-
sor. Loss of SIRT3 in mice leads to spontaneous mam-
mary gland tumors and SIRT3 suppresses formation of
these tumors by modulating ROS in mitochondria
[186]. SIRT4 suppresses tumor formation in the model
of Myc-induced B-cell lymphoma [187]. SIRT6 was also
shown to be a tumor suppressor. Conditional knockout
of SIRT6 in mice results in increased number, size, and
aggressiveness of tumors; SIRT6 inhibits the growth of
these tumors possibly by regulating aerobic glycolysis
and ribosomal metabolism [188].

How can these conflicting findings be reconciled?
The tumor suppressor function of sirtuins is consistent
with the idea that sirtuins, in general, promote longev-
ity and healthspan. However, at the cellular level,
many sirtuins promote replicative growth and cell sur-
vival through various targets. These activities could

certainly be hijacked by cancer cells to promote tumor
growth and metastasis. Thus, some sirtuins may show
tumor suppressor properties in some cell types and
situations, while displaying features of proto-
oncogenes in others. Therefore, the molecular and cel-
lular functions of sirtuins should be carefully analyzed
for each type of cancer, or even on the basis of indivi-
duals, before they can be targeted for therapeutic pur-
poses. In terms of this controversy, some sirtuins, so
far, have clearer roles than others. For example, SIRT4
has generally considered a tumor suppressor [187];
while SIRT7 is regarded as a proto-oncogene and a
hallmark of certain cancers [178].

THE POTENTIAL OF SIRTUINS AS
THERAPEUTIC TARGETS

Despite the many controversies, mammalian sirtuins
are clearly implicated as a class of enzymes regulating
many cellular processes and playing important func-
tions in diverse tissues and systems. Sirtuin functions
have been described in the central/peripheral nerve
system, cardiovascular system, immune system, liver,
bone, skeletal muscles, stem cells, and tissue regenera-
tion [44,46,48,125,189]. They have also been associated
with most major diseases, including cardiovascular dis-
eases, cancer, metabolic disorders, neurodegenerative
diseases, arthritis, and osteoporosis, all of which are
age-related. For instance, in several types of cancers,
knocking down SIRT1 sensitizes cancer cells to radia-
tion and chemotherapies [190,191]. However, the com-
plexity of functions of sirtuins, and their widespread
roles and activities, increases the difficulty of determin-
ing how best to modulate them therapeutically.

Sirtuins are a class of epigenetic regulators that
modulate transcription by deacetylating histones in the
promoter region of their target genes. Small molecule
regulators targeting sirtuins would provide a robust,
rapid, and yet reversible cellular response. Indeed, two
histone deacetylase (HDAC) inhibitor drugs have
already been approved to treat a certain type of lym-
phoma, another one is being used for pancreatic can-
cer, and many more are under clinical trials for more
types of cancers [178].

It should be noted that current HDAC inhibitor drugs
all target the class I and II HDACs, not sirtuins, which
are class III HDACs. Nevertheless, due to the interest in
screening for small molecular modulators of sirtuins,
many sirtuin-specific inhibitors have been discovered
and characterized, several of which have been tested to
treat cancer in mouse models [191]. Although resvera-
trol’s function as a sirtuin activator is still under debate,
it did show many health benefits in clinical trials [192].
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Current controversies and continued debates
around sirtuins and their biological functions will
inspire more research and eventually lead us to a
much better understanding of the molecular mechan-
isms for this class of enzymes. These mechanistic stud-
ies should provide a clearer perspective for their use
as targets in future medicine.

CONCLUSIONS

Sirtuins are a class of conserved enzymes that influ-
ence aging and longevity through many molecular
pathways. Here, we have provided an overview of the
most recent findings in sirtuin functions and discussed
several major controversial issues around sirtuins.
First, more studies, especially those done in mice, sug-
gest that activation or overexpression of sirtuins may
provide real longevity benefits. Second, some sirtuins
seem to mediate some effects of CR; however, it is
only one of the many pathways exploited by CR to
realize its longevity effects. Third, despite of years of
research and interesting results from clinical tests,
whether resveratrol directly activates sirtuins remains
a highly contested topic among researchers. Fourth,
pertaining to their roles in oncogenesis, some sirtuins
act more like proto-oncogenes, some function like
tumor suppressors, while others might be considered
both depending on the molecular context and the type
of cancer. Finally, sirtuins remain intriguing targets for
various therapeutic purposes, including many that are
related to aging.

SUMMARY

Sirtuins are a class of evolutionarily conserved
protein deacetylases and ADP-ribosyltransferases.
They are shown to play various and important roles
in aging process and generally considered as a pro-
longevity molecule. In the past two decades, sirtuins
has become a hot target for aging research covering
both basic biological mechanisms and therapeutic
developments. However, accompanying with their
rising fame, the debates on the functional roles of sir-
tuins in aging regulation and their involvement in
age associated diseases, such as cancer, heated up,
not only in the scientific community, but also among
the general public. In this chapter, we will discuss
the controversies that received the most attentions in
recent years, hoping to shed light on the potential
applications of future sirtuin-based antiaging drug
development.
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DNA Damage, DNA Repair,
and Micronutrients in Aging
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KEY FACTS

• Poor nutrition in elderly and its consequences
for genomic stability.

• Nutritional interventions in elderly and their
impact on DNA damage protection.

Dictionary of Terms

• Micronutrient: A chemical element or substance
required in trace amounts indispensable for the
normal growth and development of living
organisms.

• DNA lesions: Sites of damage in the base-pairing or
structure of DNA. There are several types of lesions
such as mismatch, strand breaks, abasic sites,
modified bases, and cross-links.

• DNA repair: The cellular mechanisms by which,
using specialized enzymes, DNA lesions can be
restored to the DNA original state. The relevant
DNA repair pathways are base excision repair
(BER), nucleotide excision repair (NER), mismatch
repair (MMR), homologous recombination (HR),
and nonhomologous end joining (NHEJ).

• Genomic stability: An increased propensity for
genomic alterations when processes involved in
maintaining and replicating the DNA are
compromised.

• Enzymatic co-factor: A substance that usually
contains a vitamin or mineral, which forms a
complex with specific enzymes and is essential for
their activity.

• Apoptosis: A genetically programmed sequence of
events leading to cell self-destruction and
elimination without releasing harmful substances
into the surrounding tissue.

• Micronucleus formation: Small nuclei originated
during cell division when a chromosome or a
fragment of a chromosome is not incorporated into
one of the daughter nuclei. Several genotoxic
compounds induce micronuclei formation.

• Mutation: A permanent alteration in the DNA
sequence. Mutations can result from unrepaired
damage to DNA and significantly increase risk of
cancer.

INTRODUCTION

Reactive oxygen species (ROS) are produced contin-
uously in our cells as by-products of various metabolic
pathways. On the one hand, ROS play an important
role in the modulation of intracellular signaling path-
ways [1], but on the other hand excessive cellular ROS
can lead to oxidative stress and DNA damage.
However, cellular antioxidant systems or compounds,
including superoxide dismutase (SOD), catalase, gluta-
thione peroxidase (GPx), vitamin E, carotenes, and
vitamin C, are responsible for ROS removal ensuring
the balance between reactive oxygen species and anti-
oxidant systems. With increasing age, the oxidation
products from lipids, nucleic acids, proteins, and
sugars are found to increase. Thus, reactive oxygen
species might be a determinant in the aging process
[2]. Mammalian species with a high metabolic rate,
short lifespan and high age-specific cancer rate have a
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higher rate of oxidative damage than long-lived mam-
mal species with a lower metabolic rate and a lower
age-specific cancer rate [3]. Furthermore, there is evi-
dence that both oxidant production and the ability of
organisms to respond to oxidative stress are connected
to aging and lifespan [4].

Reactive oxygen species generate more than one
hundred different types of oxidative DNA lesions,
such as base modification, deoxyribose oxidation,
single- or double-strand breakage, and DNA-protein
cross-links [5]. Excessive or unrepaired DNA damage
plays a role not only in carcinogenesis, but is also asso-
ciated with aging processes. Preventing or eliminating
disproportionate ROS production might protect cells
against DNA damage and consequently against tumor
progression or premature onset of aging-related phe-
notypes. Therefore, strategies to reduce ROS or to
increase antioxidants might be relevant, especially in
elderly individuals.

Nutritional intervention strategies might promote
healthy aging. Dietary restriction is recognized to
extend lifespan and retard aging in several animal
models. However, reduced food intake in the elderly
increases the risk of malnutrition leading to decline of
their body functions and the development of chronic
diseases. Recent studies suggest that diet composition,
rather than restriction of calorie intake, might affect
aging [6]. The effects of dietary restriction on DNA
integrity as well as on the cellular ability to repair
DNA have been investigated. Dietary restriction was
associated with reduced levels of certain types of DNA
damage and DNA repair in cells isolated from calorie-
restricted rodents compared to cells from ad libitum
rodents [7].

Considering the effect of dietary restriction on DNA
damage and DNA repair, there is a necessity to inves-
tigate which nutrients protect against ROS formation
and enhance DNA repair mechanisms as well as their
impact on aging processes and tumor progression.

Micronutrient Deficiency and Consequences for
Genomic Stability

Several studies report that malnutrition, especially
undernutrition, is prevalent among the elderly human
population. Older adults experience less of a feeling of
hunger and more quickly a feeling of fullness as com-
pared to younger adults. A decrease in both taste and
smell in elderly individuals can also cause a decreased
interest in food and subsequently a decreased intake of
nutrients. Indeed, vitamins and trace elements intake
are frequently deficient in the elderly. Micronutrient
deficiency induces DNA damage [8]. For instance,
deficiency of vitamins such as vitamin C, B12, B6, folic

acid, and niacin or trace elements, such as iron or zinc,
cause DNA single- and double-strand breaks as well
as DNA oxidative lesions [9].

Vitamin B12

Elderly people are especially at risk of developing a
vitamin B12 deficiency, which affects 10%�15% of peo-
ple over the age of 60 years [10]. Vitamin B12 acts as a
coenzyme of methionine synthase, which is required
for the synthesis of S-adenosyl-methionine (SAM).
SAM is the main methyl group donor necessary for
DNA methylation reactions. In vitro studies show that
vitamin B12 deficiency is significantly correlated with
increased micronucleus formation [11].

Folic Acid

The human body needs folic acid to synthesize,
repair, and methylate DNA, as well as for cell division
and growth. Among persons aged 65�74 and older
than 75 years, about 10% and 20%, respectively, are at
high risk of folic acid deficiency [12]. Folic acid is
required for the synthesis of 20-desoxythymidine-
50-monophosphate (dTMP) from 20-desoxyuridine-50-
monophosphat (dUMP). Under conditions of folic acid
deficiency dUMP accumulates and uracil is incorpo-
rated into the DNA instead of thymine. Excessive mis-
incorporation of uracil into DNA not only leads to
point mutation but may also result in chromosome
breakage and micronucleus formation [13]. Folic acid
deficiency induces chromosomal aberrations, DNA
strand breaks, excessive uracil in DNA, micronucleus
formation, and DNA hypomethylation in vivo and
in vitro [14]. Other data suggest that folic acid defi-
ciency impairs DNA repair in neurons sensitizing
them to oxidative damage [15].

Niacin

Niacin, also called vitamin B3, and the nicotinamide
adenine dinucleotides, are proposed to play a central
role in the aging processes of mammals [16]. Niacin is
a precursor of the coenzymes nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinu-
cleotide phosphate (NADP). In addition to functions in
energy metabolism, niacin, in the form of NAD, is
important in cell signaling and DNA repair pathways.
It participates in a wide variety of ADP-ribosylation
reactions. Poly(ADP-ribose), a negatively charged poly-
mer, is synthesized by Poly(ADP-ribose) polymerase-1
(PARP-1), which plays an important role in DNA
repair, maintenance of genomic stability, and cell death
signaling, such as apoptosis. A large number of studies
have reported that NAD1 status influences genomic sta-
bility. For instance, niacin deficiency increases sponta-
neous micronucleus formation and sister chromatid
exchange (SCE) frequency [17]. Furthermore, studies in

244 18. DNA DAMAGE, DNA REPAIR, AND MICRONUTRIENTS IN AGING

II. MOLECULAR AND CELLULAR TARGETS



animal models as well as epidemiological data from
human populations provide evidence that niacin could
also have an impact on cancer risk [18].

Trace Elements

Not only vitamins but also trace elements can
compromise directly or indirectly DNA integrity.
Trace elements are key regulators of metabolic and
physiological pathways, which become altered during
the aging process. Therefore, trace elements might
have the capacity to influence the rate of biological
aging [19]. Reduced intake of several trace elements
can be particularly challenging for elderly people.

Copper (Cu) is a catalytic cofactor for Cu/Zn super-
oxide dismutase (SOD) and ceruloplasmin, which are
two important antioxidant enzymes. Thus, copper defi-
ciency might promote oxidative stress and DNA dam-
age. Indeed, in vitro oxidatively challenged human
lymphoblastoid cells showed higher levels of DNA
damage under copper deficiency suggesting a decline
in the antioxidant defense system of cells, thereby
increasing their susceptibility to oxidative DNA damage
[20]. Moreover, copper-deficient rats treated with a
flatoxin B1 show a significantly higher induction of the
enzymes poly(ADP-ribose) polymerase, DNA polymer-
ase beta (Polβ), and DNA ligase suggesting a higher
level of DNA oxidative damage and consequently a
stimulation of DNA base excision repair. Rats supple-
mented with copper were able to bring down the induc-
tion of these enzymes to the level observed in normal
rats supporting a protective role of copper against the
DNA damaging effects of aflatoxin B1 [21]. A more
recent study conducted in cattle associated copper defi-
ciency with an increase in the frequency of chromo-
somal aberrations as well as in DNA damage [22].

Iron (Fe) is a transition-metal ion important for a
number of complex processes in the body. Iron defi-
ciency is the most frequent micronutrient deficiency
and is particularly prevalent in poor children and
women. Moreover, prevalence of anemia increases
with advancing age and exceeds 20% in those 85 years
and older [23]. Moreover, DNA damage in lympho-
cytes from patients with iron deficiency anemia was
significantly higher than in those from control indivi-
duals, while total antioxidant capacity was signifi-
cantly lower. Adult women with iron deficiency
anemia show an increased DNA strand breaks [24],
children with iron deficiency anemia present an
increase of DNA strand breaks and Fpg-sensitive sites
[25]. Iron deficiency has also been associated with
imbalances in key physiologic functions, including
DNA synthesis and DNA repair [26].

Zinc (Zn) plays a crucial role in several body
functions such as growth, development, neuronal func-
tions, and immune response. Zinc deficiency has been

observed in elderly individuals [27]. At the cellular
level, zinc is an essential component of numerous pro-
teins involved in the defense against oxidative stress,
such as Cu/Zn superoxide dismutase (SOD), and is
required for maintaining genomic stability, for exam-
ple, as an important component of DNA repair
enzymes such as 8-oxoguanine glycosylase 1 (OGG1),
apurinic/apyrimidinic endonuclease (APE) and
PARP-1 [28]. OGG1, APE, and PARP-1 are essential
enzymes involved in base excision repair (BER), the
main pathway responsible for removing damaged
DNA bases. OGG1 recognizes and removes the
ROS-induced mutagenic base 8-oxoguanine (8-oxoG)
creating an apurinic/apyrimidinic (AP) site (baseless
site). APE makes an incision at the AP site before a
new base can be incorporated and thus DNA damage
can be repaired. PARP-1 binds to DNA strand breaks
via its Zn-finger motifs and recruits other DNA repair
proteins to the damaged site allowing the completion
of BER. A positive correlation between cellular poly
(ADP-ribosyl)ation capacity and zinc status has been
reported before [29]. Thus, decrease of PARP activity
in response to Zn depletion can compromise the BER
pathway contributing to the accumulation of DNA
damage. Indeed, Zn deficiency reduces the ability of
cells to repair oxidative DNA damage [30]. Moreover,
zinc is not only crucial for DNA repair but also acts
as a biological antioxidant therefore zinc deficiency
can lead to an increase of ROS and consequently even
higher DNA damage accumulation.

Magnesium (Mg) is a cofactor of numerous enzymes,
which regulate many important biochemical reactions
in the human body. Alterations of Mg metabolism that
have been associated to aging include a reduction of
Mg intake and intestinal absorption [31]. At the cellular
level magnesium not only stabilizes DNA structures, it
also functions as a cofactor in DNA synthesis especially
with respect to high fidelity. Furthermore, Mg is
required for the removal of DNA damage through
several repair pathways, such as nucleotide excision
repair, base excision repair, and mismatch repair.
Animal experiments and epidemiological studies show
that magnesium deficiency may decrease membrane
integrity and membrane function and increase oxidative
stress, cardiovascular heart diseases as well as acceler-
ated aging [32]. Moreover, DNA synthesis is slowed by
insufficient Mg and low Mg level affects the efficiency
of DNA repair systems [32].

In the face of the importance of micronutrients for
the maintenance of the genomic stability and the fact
that micronutrients decline with aging, it is not
surprising that several cellular pathways involved in
antioxidant mechanisms, DNA protection, and DNA
repair are impaired in elderly individuals. Indeed, a
decrease in the antioxidants glutathione peroxidase
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and catalase has been found in elderly people [33].
Furthermore, age-associated changes in efficiency of
several DNA repair pathways, such as mismatch
repair (MMR), base excision repair (BER), nucleotide
excision repair (NER), and double-strand break (DSB),
has been reported before and are summarized by
Gorbunova and collaborators [34].

Taken together, deficiency in key micronutrients, which
are not only required as biological antioxidants but also
for maintaining genomic stability, may lead to the accu-
mulation of DNA damage. The question arises as to
whether nutrition can influence the level of DNA damage
and the efficiency of DNA repair mechanisms preventing
accelerated aging and age-related diseases, such as cancer.

Nutritional Interventions in the Elderly and
their Impact on Genomic Stability

The DNA damage theory of aging proposes that
aging is a consequence of accumulation of DNA dam-
age, which occurs during physiological processes when
DNA repair mechanisms fail. At a molecular level, there
are obvious correlations between premature aging and
impaired function of proteins involved in DNA repair
pathways. Some progeroid syndromes, a group of rare
genetic disorders caused by a single mutation in DNA
repair genes and characterized by signs of premature
aging phenotype, provide clear evidence of a relation-
ship between defects in DNA repair and accelerated
aging. In mammals there are 5 main DNA repair path-
ways, encoded by approximately 125 genes. Base exci-
sion repair (BER) removes the DNA damage that
usually occur due to the cellular metabolism itself.
Therefore, BER might play a distinguished role in aging
and age-related diseases. Indeed, BER is highly compro-
mised in brain cells with increasing age and this could
be one of the causes for aging and age-associated neuro-
logical abnormalities [35]. Another study suggested that
BER capacity may be impaired in aging muscle leading
to higher sensitivity to oxidative damage [36].

Both age-related decrease in DNA repair capacity
and age-related increase in ROS production, have been
identified as the two major causes of age-associated
accumulation of DNA damage.

In young healthy organisms an equilibrated nutri-
tional status maintains micronutrients homeostasis.
However, micronutrients which are necessary for
optimal cellular antioxidant and DNA repair functions
decrease with aging, leading to accumulation of
DNA damage, higher risk of mutations and hence can-
cer development. Therefore nutritional intervention
strategies to maintain antioxidant capacity as well as
to ensure DNA repair efficiency might be relevant in

elderly individuals. The most important source of anti-
oxidants is provided by nutrition. Supplemental nutri-
ent administration and addition of selected nutrients
to the food (food fortification) has been proposed to
have a benefit not only in the elderly but also in
healthy young individuals as a strategy to prevent the
risk of future age-associated diseases such as cardio-
vascular diseases, diabetes, and cancer. At the molecu-
lar level dietary factors may influence the effectiveness
of DNA repair [37]. Calorie restriction (CR) is an
experimental nutritional intervention that extends life-
span in laboratory animals. Calorie restriction in rats
and mice is associated with reduced ROS production
and appears to retard the age-related decline in DNA
repair [7], for example, CR can reduce age-dependent
decline of nonhomologous end-joining (NHEJ), a path-
way that repairs DNA double-strand breaks, in various
tissues of rats possibly through upregulation of the
DNA repair protein X-ray repair cross-complementing
4 (XRCC4) [38]. Furthermore, the activity of apurinic/
apyrimidinic endonuclease (APE), an enzyme involved
in BER, declines with increasing age but CR signifi-
cantly retards this age-dependent process in several
regions of the aging rat brain [39]. Regarding dietary
factors responsible for reduction of age-dependent
decline of DNA repair, there are several studies indi-
cating that intake of certain nutrients might reduce the
level of DNA damage or enhance DNA repair. One of
the dietary factors responsible for the life extension
effect of CR seems to be methionine [40]. Seleno-L-
methionine (SeMet) is a naturally occurring amino acid
containing selenium and appears to selectively regu-
late the DNA nucleotide excision repair (NER) path-
way. NER is required for the repair of several
chemotherapy-induced DNA lesions but cancer cells
generally lack a SeMet-inducible DNA repair response.
Thus, SeMet might provide a convenient tool in cancer
treatment [41]. Another study revealed that Zn supple-
mentation can increase cellular PARP enzymatic capac-
ity in human peripheral blood mononuclear cells
(PBMC) from elderly individuals resulting in the main-
tenance of genome stability and integrity [29]. Also res-
veratrol, a natural compound found in grapes and red
wine, has been shown to extend lifespan and to pre-
vent early mortality. A low dose of dietary resveratrol
partially mimics CR and might promote pathways that
maintain genomic stability, or prevent epigenetic
alterations, and therefore retard some aspects of the
aging process [42]. Resveratrol combined with exercise
can reverse the effect of aging in liver of old animals,
maintaining higher antioxidant activities and decreas-
ing oxidative damage [43]. Coenzyme Q10, also called
ubiquinone, is a vitamin-like substance present in the
mitochondria. It participates in the generation of
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energy in the form of adenosine triphosphate (ATP).
Rats supplemented on coenzyme Q10 are protected from
age-related DNA double-strand breaks and have a sig-
nificantly higher lifespan than nonsupplemented ani-
mals [44]. More general daily supplementation with
fruit and vegetable extracts reduce the level of DNA
damage in peripheral lymphocytes of older people [45].

Genotoxic Effects of Nutritional Interventions

An optimal intake of nutrients might depend on age,
health status, and genetic background. This became
evident in a study conducted with Down syndrome
(DS) patients who experience an accelerated aging.
Interestingly, the study showed that the rate of DNA
repair in Down syndrome individuals is significantly
increased compared to control individuals, but DNA
repair rate after Zn supplementation decreases reaching
levels similar to the control subjects [46]. Since DS sub-
jects show a higher degree of DNA damage [47],
enhanced DNA repair could be explained as result
of compensatory mechanism against excessive DNA
damage.

An age dependency in protein function can be
found in PARP-1, which has been associated with the
aging process. PARP-1 plays an essential role not only
in genomic maintenance but also in inflammation pro-
cesses and might act as a longevity assurance factor at
younger age (or physiological conditions) or an aging-
promoting factor at older age (or pathological condi-
tions) [48]. Therefore stimulation of PARP-1 activity
under pathological conditions, such as inflammation,
might also be accompanied by side effects.

Several studies have shown that nutritional inter-
ventions can extend lifespan in species ranging from
yeast to nonhuman primates, but conversely unbal-
anced intake of micronutrients can also contribute to
higher production of ROS. For instance, excessive
intake of some trace elements, such as copper and
iron, can result in higher DNA damage [49]; in the
case of iron, through H2O2 lethality generated from
iron-mediated Fenton reactions [50]. Furthermore,
copper-mediated reactive oxygen species induces
DNA double strand breaks in vitro [51]. Regarding
genotoxic effects of copper occurring in vivo, there is
evidence that toxic levels of copper ions may tran-
siently be reached. However, there are robust mechan-
isms that maintain copper homeostasis, namely
albumin and ceruloplasmin, which, in turn, can bind
high quantities of copper with high affinity [52].
Although dietary Zn might counter the Zn deficiency
observed in elderly subjects, high levels of Zn could
also act as a pro-oxidant inducing DNA damage by
triggering a decline in erythrocyte Cu�Zn superoxide

dismutase (SOD) [53]. Also, vitamin C-mediated for-
mation of genotoxins has been reported [54].

Calorie restriction can causes beneficial functional
changes, but the precise amount of calorie intake nec-
essary for optimal health and maximum longevity in
humans is not known. In addition, calorie restriction
might not be favorable in specific populations, such as
lean persons [55] or elderly people [56]. Excessive calo-
rie restriction can lead to detrimental effects such as
anemia, muscle wasting, neurologic deficits, lower
extremity edema, weakness, dizziness, lethargy, irrita-
bility, and depression [55]. Several studies on whether
dietary restriction extends life when initiated at
advanced ages show contradictory findings [57].

CONCLUSIONS

Aging is a complex biological process in which nutri-
ent deficiency contributes to accelerated aging and to
the development of several age-related diseases. Free
radicals produced by metabolic processes lead to DNA
damage compromising genomic integrity. Cells from
young individuals have an efficient system to ensure a
proper balance between free radicals and antioxidants,
as well as functional DNA repair pathways, while in
old age this balance is disturbed. Nutritional interven-
tions might help to restore this balance protecting
against oxidative stress and in turn against progression
of degenerative diseases and aging.

Micronutrients regulate many biochemical reactions
including metabolic ROS production and the DNA dam-
age response. A balanced micronutrient intake is neces-
sary to ensure cellular functions. Even if several studies
show that micronutrient supplementation may decrease
the risk of DNA damage and enhance DNA repair, this
may depend on several factors like genetic background,
age, or health status. Therefore, future studies for identi-
fying an appropriate and balanced micronutrients intake
and the role of micronutrients in genomic stability
should be considered a fundamental goal in achieving
optimal health. Special attention should be dedicated to
elderly people since the aging process is considered the
major risk factor for disease and death.

SUMMARY

• Micronutrient deficiency induces DNA damage.
• Micronutrients are necessary for the DNA repair

machinery.
• Micronutrients deficiency in elderly might have

consequences for genomic stability.
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• Nutritional strategies to reduce ROS or increase
antioxidants might be relevant in elderly
individuals.

• Appropriated nutrition in elderly might protect
against oxidative DNA damage and enhance DNA
repair.
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KEY FACTS

• Several studies indicate that the interconnection
between oxidative stress and inflammation is a
key determinant of brain aging and cognitive
decline.

• Diets rich in phytochemicals and plant-based
foods can induce a mild adaptive stress response
and modulate hormetic signaling pathways to
attenuate pro-inflammatory and oxidative
damages.

• The major signaling pathways by which dietary
phytochemicals offer neuroprotection include
the transcription factors Nrf2 and NF-κB and the
superfamily of serine/threonine kinases MAPKs.

• To date, the challenge is to establish the clinical
relevance of dietary phytochemicals and the
effective dose range to regulate neuronal
function and delay brain aging.

Dictionary of Terms

• Aging: Aging is an inherently complex process
accompanied by a general dysregulation of different
systems and tissues. Stochastic theories suggest that

aging is the result of accumulating random changes
that negatively affect biological systems. Aging
could be the result of the accumulation of toxic
byproducts, cellular damage, or other gradual
deteriorative process such as such as oxidation,
chronic inflammation and telomere shortening.

• Phytochemicals: Phytochemicals consist of a large
group of nonnutrient compounds that are biologically
active in the body. As implied by the name,
phytochemicals are found in plants, including fruits,
vegetables, legumes, grains, herbs, tea, and spices.

• Hormesis: Dose-response phenomenon
characterized by a low-dose stimulation and a high-
dose inhibition. Hormesis is involved in the
biological amplification of adaptive responses and
protective mechanisms, leading to the improvement
in overall cellular functions and performance.

• Inflammation: Inflammation is a crucial component
of innate (non-specific) immunity and plays a
crucial role in immunosurveillance and host
defence. It is characterized by increased blood flow,
leucocyte infiltration, and production of chemical
mediators, which serves to eliminate toxic agents
and initiate the repair of damaged tissue. Chronic
low-grade inflammatory state is a pathological
feature of a wide range of chronic conditions,
including age-related diseases and
neurodegeneration.
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• Oxidative stress: Oxidative stress is described as a
condition under which increased production of free
radicals, reactive species, and oxidant-related
reactions occur and result in cellular damage.
However, oxidative stress can be also defined
within the context of a changed redox status, where
the redox balance between oxidant and antioxidant
is disrupted.

• Neuroprotection: Neuroprotection is a term
generally used to describe the effect of interventions,
not necessarily pharmacological, aiming to protect
the brain from pathological damage. Moreover,
neuroprotection also refers to strategies that interfere
with biochemical and molecular events which
eventually leads to the neuronal death.

INTRODUCTION

Aging is associated with an inevitable loss of tissue
homeostasis and the brain is more vulnerable to the del-
eterious effects of aging than other organs. Although
this vulnerability is not uniform in the brain, a key fac-
tor that plays a crucial role in brain aging is the high
demand that neurons have for oxidative metabolism in
the generation of energy [1]. Therefore, normal brain
metabolism is associated with unavoidable and intrin-
sic mild oxidative stress increasing processes related to
senescence and aging. The central nervous system can
be affected by more than one process contributing to
the occurrence of changes in redox state. For instance,
high content of polyunsaturated fatty acids (PUFAs) in
neuronal membranes (easily peroxidizable), high con-
sumption of oxygen, limited amount of endogenous
antioxidant defenses, low rate of cell turnover, and high
production of reactive species signaling make the brain
a favored target for oxidative stress [2]. Thus, oxidative
stress appears one of the primary physiological
mechanism for functional impairment in brain aging
and related neurodegenerative disorders, contributing
to many types of cellular damage, including DNA
damage, mitochondrial damage, telomere attrition,
and accumulation of macromolecular waste [3].
The neuropathologic changes associated with brain
aging also include deposition of lipofuscin and other
insoluble materials, such as amyloid-β (Aβ) plaques
and neurofibrillary tangles (NFTs), reduction of the
length of neuronal dendritic trees accompanied by a
reduction of dendritic spine number in different
neuronal populations [1]. All these features characterize
“normal brain aging” as well as neurodegenerative
disorders and may be attributed to decreased cognitive
performances and motor abilities [4,5]. Moreover, it is
important to mention that inflammation, being associ-
ated with oxidative stress plays an essential role in

brain aging. Many chronic neurological disorders
associated with advancing age are also characterized
by inflammatory reactions. Several components of
the inflammatory response produce reactive oxygen
species (ROS) in the forms of superoxide, hydrogen
peroxide, hydroxyl radical, nitric oxide, hydrochlorous
acid, and peroxynitrite [6]. Increased production
of ROS by immune system regulates the synthesis
of numerous chemokines and pro-inflammatory
cytokines, including interleukin (IL)-1, IL-6, and tumor
necrosis factor-α (TNF-α). These inflammatory
responses activate microglia and astrocytes to generate
large amounts of ROS and experimental evidence
suggests that neuroinflammation may be considered as
a cause and a consequence of chronic oxidative stress.
Furthermore, neuroinflammatory processes lead to Aβ
and NFTs generation, which are the main factors of cell
death and age-associated dementia [7]. Emerging stud-
ies show that some food-derived small molecules, also
called phytochemicals, may be an effective approach to
delay the aging process and age-associated neurode-
generation. In particular, most phytochemicals are
secondary plant metabolites and these bioactive com-
pounds are present in a large variety of foods including
fruit, vegetables, cereals, nuts, and cocoa/chocolate, as
well as in beverages including juice, tea, coffee, and
wine [8]. There are several categories of phytochemicals
but phenolic compounds, also known as polyphenols,
are the most studied. Numerous mechanisms have
been proposed for the health benefits of phytochem-
icals, however, their ability to increase the expression of
antioxidant proteins and activate transcription factors
that antagonize inflammation have attracted consider-
able interest because of their role in brain aging [9].
Neuroprotective pathways may be triggered by small
concentrations of polyphenols and these “phytonutri-
ents” are not only powerful radical scavengers but they
are also important in the chelation of ion metals or in
the modulation of signal transduction cascades leading
to the expression of neurotrophic factors and antiapop-
totic proteins [10]. In this chapter, we summarize the
main brain-protective activities of polyphenols that
have been studied in cells, animals, and humans.
Furthermore, we highlight the importance of oxidative
stress and inflammation, the most promising areas in
which to explore the role of diet in influencing the
biology of brain aging.

OXIDATIVE DAMAGE
AND BRAIN AGING

The generation of reactive species in the brain
can increase through both spontaneous and enzy-
matic reactions and the expression of protective
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proteins are crucial in the preservation of brain homeo-
stasis. Specific neurodegenerative diseases, including
Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), and stroke, are
characterized by increased levels of oxidative markers
and damaged cell components [11]. Indeed, oxidative
stress is one of the main aging processes that can cause
direct damage to cellular architecture within the brain.
An age-associated increase in oxidative damage has
been shown in neurons of human and rodent brains,
and a selective susceptibility of different neuronal
populations to oxidative stress has been demonstrated.
For example, oligodendrocytes are at a high risk for
oxidative damage due to their role in myelin mainte-
nance and production and their limited repair mechan-
isms, suggesting that white matter may be particularly
vulnerable to oxidative activity [12]. Prominent levels
of neuronal oxidation can lead to the destruction of
cellular components including lipids, proteins, nucleic
acids, and ultimately cell death via apoptosis or necro-
sis [13]. Oxidative damage to cellular components
have been described in several neurodegenerative
disorders and it has been found also in cellular
and animal models of neurodegeneration. To date,
accumulating evidence obtained from human studies
suggests that oxidative damage to cellular products
increases in both central nervous and peripheral
systems of many patients with different neurodegener-
ative diseases. In addition to the impaired function of
the mitochondrial electron transport chain, an imbal-
ance between the rate of oxidant generation and the
endogenous antioxidant capacity is the primary source
of oxidative stress in brain aging [14]. As already men-
tioned, many intracellular components are vulnerable
to oxidative damage and various important classes of
macromolecules are particularly liable to the deleteri-
ous effects of oxidative modification. For instance,
protein carbonyl reflects protein oxidation and can be
produced from direct free radical attack on amino acid
side chains, glycation, and glycoxidation or from lipid
oxidation products [15]. Moreover, there are several
studies reporting that oxidative damage to nucleic
acids can actively contribute to the background, the
onset, and the development of the neurodegenerative
disorders [16]. Age-associated accumulation of oxida-
tive DNA damage, as evidenced by the presence of the
modified base 8-hydroxydeoxyguanosine (8-OHdG),
has been observed in many neuron types, including
cerebellar granule cells and retinal ganglion, amacrine,
and horizontal cells [17]. Interestingly, it has been
recently demonstrated in human neurons that oxida-
tive RNA modification can occur not only in protein-
coding RNAs but also in noncoding RNAs, leading
to activate inappropriate cell fate pathways [16].
Furthermore, oxidative damage of the brain is

characterized by increased lipid peroxidation products
in the cerebrospinal fluid (CSF) and plasma, and
reduced membrane PUFAs. PUFAs, such as arachido-
nic acid (AA), are abundant in the aging brain and are
highly susceptible to free radical attack. It has been
shown that redox changes in membrane fatty acid
composition contribute to the deterioration of neuronal
functions [18�20]. Besides oxidation of nucleic acids,
lipids, and proteins, other modifications of proteins
can affect brain performances and contribute to the
pathophysiology of neurodegenerative diseases. For
instance, synaptic plasticity is known to be dependent
on nitric oxide (NO)-mediated signaling pathways.
NO is an endogenous gasotransmitter and plays a
crucial role in neurotransmission. NO exerts its effects
via S-nitrosylation, a redox reaction that occurs on
cysteine residues of various proteins. Aging brain pro-
cesses exacerbate nitrosative stress via excessive pro-
duction of NO and it has been reported that increased
NO levels may produce increased vulnerability to
nitrosative stress and contribute to the onset of neuro-
degenerative diseases [21]. Nitrated α-synuclein (αSyn)
protein has been observed in different regions
of patients with synucleinopathies including PD, and
dementia with Lewy bodies (DLB). Nitration of tau
protein has been found in the hippocampus and neo-
cortex of patients with AD, Down syndrome, and in
other tau pathologies [22,23].

BRAIN INFLAMMATION AS A FORM
OF OXIDATIVE STRESS

Brain aging involves an excess of free radical gener-
ation and increasing evidence associates chronic
low-grade systemic inflammation with the onset
of age-related brain disorders [24,25]. The molecular
interactions between the immune and nervous
systems are now known to play a pivotal role in oxi-
dative brain injuries and neurodegenerative diseases.
Although the immune function of neurons in regulat-
ing neuroinflammatory processes remains elusive, all
types of glia cells (mainly microglia and astrocytes)
are important to maintain the homeostasis and
regulate neuroinflammation processes in the central
nervous system. The accumulation of reactive micro-
glia in areas of degeneration can sustain a systemic
inflammatory response in the brain. Activated micro-
glia and astrocytes can produce ROS, an important
defense mechanism against microbial infection, which
can, however, contribute to neurodegeneration [26].
Elevated levels of microglial activity were found in
aged animals and when chronic inflammation occurs,
microglia upregulate a variety of cell surface receptors
involved in immune responses and trigger the release
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of a wide array of neurotoxic products, including
pro-inflammatory cytokines. Chronic inflammation
produces reactive species and it has been observed
that the increase in brain microglial activation
may be an early event leading to oxidative
damage and depletion of endogenous antioxidants.
Interestingly, the relationship between oxidative stress
and inflammation in chronic neurodegenerative dis-
eases is exemplified by the cytokine TNF, which is
released by activated astrocytes and microglia. TNF
can exacerbate inflammation and promote the release
of ROS from microglia, thus promoting neurodegen-
eration. In contrast, it should be noted that TNF not
only produce degenerative responses in the brain but
can also ameliorate immune responses and promote
regeneration and neuroprotection [26]. Chronic
pro-inflammatory markers including IL-6, C-reactive
protein (CRP), matrix metalloproteinases (MMPs),
cytosolic phospholipase A2 (cPLA2), cyclooxygenase-2
(COX-2), and TNF-α are consistently elevated in
neurodegenerative diseases, which are largely the
result of chronically elevated levels of ROS [27]. Key
peripheral blood markers of inflammation have been
examined in brain aging to investigate their role in
cognitive function. Several studies showed an associa-
tion between blood levels of inflammatory markers
and severity of brain functional impairment.
Moreover, it has been hypothesized that IL-6 is a
central regulator of the neuroinflammatory responses
in aging brain. Animal models and patients with
neurodegenerative diseases had higher levels of IL-6
and CRP, providing evidence that peripheral inflam-
matory mediators can interfere with neurocognitive
functions and neurophysiological processes [28,29].
Therefore, reactive species, glial and immune cells
form a coordinated network to maintain a proper
equilibrium between physiological and pathological
process in the central nervous system. The role of free
radicals linked to persistent low-basal inflammation
and brain aging is schematized in Fig. 19.1.

NEUROPROTECTION OF
PHYTOCHEMICALS IN BRAIN AGING

Dietary phytochemicals, at least partly, have a pro-
found effect on many aspects of brain aging, through
interactions with the genome which result in altered
gene expression. Recent findings suggest that several
polyphenolic phytochemicals exhibit biphasic dose
responses on cells with low doses activating signaling
pathways that result in an increased expression of
genes encoding survival proteins [30]. The neuropro-
tective effects of polyphenols are due to their ability in
modulating intracellular signaling cascades involved

in the control of neuronal survival, death, and differen-
tiation. Moreover, antioxidant defense enzymes within
the brain, such as superoxide dismutase (SOD), cata-
lase (CAT), glutathione peroxidase (GPx), and
glutathione S-transferase (GST), are crucial for break-
ing down the harmful products of oxidative stress.
Previous studies have revealed that polyphenol com-
pounds may induce the expression of these enzymes
and modulate their activity in the central nervous sys-
tem. Polyphenols constitute an extremely diverse class
of plant secondary metabolites and appear to have
many diverse functions in plants, including protective
roles. These metabolites are present in a variety of
fruits, vegetables, cereals, tea, wine, and fruit juices
[31]. A classification of polyphenolic compounds men-
tioned in this chapter and their food sources is shown
in Table 19.1. In the next sections, we will present the
main classes of food polyphenols and their emerging
role as hormetic inducers of neuroprotective pathways
relevant for brain aging.

Resveratrol

The phytoalexin resveratrol (3,5,40-trihydroxystilbene)
is a polyphenolic small molecule present in many plant-
derived foods, including grapes, red wine, peanuts,
various berries, and cocoa [32]. Although in humans
there is still no solid evidence that resveratrol intake can
exerts its health benefits on the brain, several short-term
supplementation studies showed that resveratrol
decreased oxidative stress and inflammation with poten-
tial effects on brain performances [33,34]. Whereas many
reports have supported the in vitro antioxidant activity
of resveratrol, its in vivo efficacy is still controversial,
possibly due to the limited knowledge of its bioavailabil-
ity in humans. However, resveratrol has been shown to
protect rat glioma cells from Aβ plaques toxicity by
reducing the expression of inducible nitric oxide synthase
(iNOS) and COX-2, thus preventing the uncontrolled
release of NO and prostaglandin E2 (PGE2) [35]. In astro-
glial cells, resveratrol prevented ammonia neurotoxicity
by modulating oxidative stress and inflammatory
responses, thus inhibiting ROS production and cytokine
release [36]. Consistent with the hormetic mechanism of
action of resveratrol, a preconditioning/treatment was
required in many animal studies in which resveratrol
was demonstrated to be neuroprotective [37]. Exposure
of cats to a high level of arsenic results in oxidative stress
and brain damage that can be ameliorated when the
cats are pretreated with resveratrol [38]. Furthermore,
brain-derived neurotrophic factor (BDNF) has been
implicated in regulating neurogenesis and mediates, at
least in part, the enhancement of neurogenesis by dietary
restriction. Resveratrol elicits gene expression profiles
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that strongly resemble those induced by calorie restric-
tion and this phytochemical might differentially regulate
BDNF expression depending upon the level of stress
encountered by neurons.

Curcumin

Curcumin (diferuloylmethane) is present in 31 species
of curcuma plants, including Curcuma longa, the rhizome
of which provides the spice turmeric [39]. Curcumin has
a broad spectrum of efficacy in inflammation and oxida-
tive stress-driven diseases, and its beneficial effects have
been reviewed previously [37]. A biphasic effect of
curcumin on the nervous system have been reported,
including a dose-response effect on hippocampal neuro-
genesis in mice [40]. Therefore, curcumin can stimulate
neurogenesis but high concentrations may have an inhibi-
tory effect. Several studies have shown that curcumin has
a neuroprotective effect in animal models, and these early
studies attributed these effects to the intrinsic antioxida-
tive properties of curcumin. This polyphenolic compound
has been proposed in the therapy of neurodegenerative
disorders, but translational problems may be due
to its pharmacokinetic parameters and bioavailability.
However, exposure of neurons to curcumin can protect
against oxidative insults, dysfunction, and degeneration
in a range of experimental cell culture and animal models
[41,42]. For instance, it was shown that curcumin reduced
oxidative stress and Aβ-induced inflammatory responses
in primary cultured astrocytes attenuating memory defi-
cits in a mouse model of neurodegeneration. Studies in
rats and mice demonstrated that curcumin treatment
improves oxidative stress, neuroinflammation responses,
and cognitive impairment caused by exposure to Aβ pla-
ques. More interestingly, it was observed that curcumin
can exert its neuroprotective functions by a mechanism
involving BDNF upregulation and TNF-α signaling [37].

Impaired redox homeostasis
free radicals production

Oxidative stress Neuroinflammation

Oxidative damage
to macromolecules

Age-associated brain diseases

Activation of
inflammatory cells

Pro-inflammatory mediators
and ROS production

DNA

Protein

Lipid

RNA

Altered gene expression modified
fatty acid composition

mitochondrial dysfunction

FIGURE 19.1 Oxidative stress, chronic
inflammation, and brain aging are closely linked.
The figure depicts the central roles of free
radicals linking oxidative stress to inflammation
and brain aging.

TABLE 19.1 Main Classes of Phytochemicals and Their Food
Sources

Category Name

Food

sources

Phenolic
compounds

Phenolic
acids

Curcumin Turmeric

Stilbenoids Resveratrol Grape,
nuts

Flavonoids

Flavonols Quercetin Onions,
tea, apples

Flavan-3-ols Catechin Green and
black tea

Epicatechin Tea, cocoa,
grape

EGCG Green tea

Anthocyanins Delphinidin Berry
eggplant

Glucosinolates Sulforaphane Broccoli,
cauliflower
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Flavan-3-ols: Catechin, (2)-Epicatechin, EGCG

These polyphenols belong to the subgroup named
flavan-3-ols, also known as catechins. Flavan-3-ols, sim-
ilarly to other polyphenols, are effective antioxidants,
and this feature contributes to the benefits of their
consumption. Their chemical structures vary
with respect to the presence or absence of gallate and
gallo moieties, and epigallocatechin gallate (EGCG),
epigallocatechin, and epicatechin gallate (ECG), are the
most abundant food flavan-3-ols, among which EGCG
is the most studied [43]. There are numerous examples
of the neuroprotective effects of flavan-3-ols in various
cell culture and animal models of neurodegenerative
disorders. Epicatechin can be found from various foods
such as berries, chocolate, grapes, and tea; however,
cocoa bean has the highest levels of epicatechin [44].
Epicatechin and its in vivo metabolite 30-O-methyl
epicatechin have potential as protective agents against
neuronal degeneration. In particular, preexposure of
epicatechin to cultured primary neurons enhanced their
resistance to oxidized low-density lipoprotein through
selective actions within stress-activated cellular path-
ways [45]. EGCG also reduced levels of lipid peroxida-
tion and protein oxidation in neurons exposed to
advanced glycation end products [46]. In orally treated
mice, EGCG reduced myelin-reactive T-cell prolifera-
tion and TNF production, and protected neurons
against degeneration in a mouse model of multiple
sclerosis [47]. However, the neuroprotective effects of
EGCG may depend on the dosage, duration of the
treatment and animal age at which the intervention
begins.

Other Phytochemicals

To date, the neurohormetic protective actions of
several phytochemicals have been elucidated.
Sulforaphane, which is one of the primary phytochem-
icals in broccoli, cabbages, and other cruciferous
vegetables, can protect brain against oxidative insults.
Sulforaphane administration ameliorated cognitive
deficits without affecting the aggregation of Aβ in a
mouse model of AD. Sulforaphane exposure also pro-
tected against neuronal death of nigral dopaminergic
neurons by decreasing astrogliosis, microgliosis, and
release of pro-inflammatory cytokines in an experi-
mental PD model [48,49]. An example of one of the
most studied phytochemicals is quercetin. This flavo-
noid is abundant in many fruits and vegetables,
including onions and berries. Quercetin was shown to
inhibit generation of ROS in rat glioma cells [50].
Interestingly, consistent with hormesis concept and
dose-response mechanisms, primary neurons treated
with low concentrations of quercetin and exposed

to Aβ showed reduced oxidative damage (protein
carbonyls, and nitrotyrosine). In contrast, higher
concentrations of quercetin damaged the neurons [51].
Anthocyanins are one type of flavonoid and
anthocyanin-rich fruits (berry, grape) providing
beneficial effects against age-related neurodegenera-
tion and cognitive decline. Dietary anthocyanins
improved brain functions reducing neuroinflamma-
tion mediators, such as IL-1 and TNF-α. Anthocyanins
were reported to protect dopaminergic neurons
against oxidative stress. The modulation of neural
signaling by anthocyanins involves BDNF and its role
in neurogenesis [52].

NEUROPROTECTIVE PHYTOCHEMICALS
AND MODULATION OF STRESS

SIGNALING PATHWAYS

Phytochemicals exert their beneficial effects on the
nervous system modulating cellular stress-response
signaling pathways [53]. Phenolic compounds such as
resveratrol, sulforaphane, curcumin, and catechins are
well-established examples of hormesis. At low doses,
several phytochemicals are known to enhance neuro-
nal stress resistance by inducing adaptive stress
response signaling pathways [54]. In the next sections,
we highlight the major hormesis-based mechanisms by
which dietary phytochemicals are capable of inducing
a mild stress in neuronal cells and enhancing cellular
resistance to the mechanisms that determine brain
aging.

Nuclear Factor Erythroid 2-Related Factor 2

The transcription factor nuclear factor E2-related
factor 2 (Nrf2) has emerged as a key regulator that
plays an important role in cellular protection against
oxidative stress and inflammation. Nrf2 mediates
cellular adaptation to redox stress, regulating the main
cellular defense mechanisms evolved to protect cell
components from oxidative damage. Nrf2 is ubiqui-
tously expressed in all tissues including the brain, and
coordinates the transcription of genes involved in
phase II detoxification and antioxidant defense [55].
Some examples include SOD, CAT, GPx, GST, NAD(P)
H, quinone oxidoreductase 1 (NQO1), heme oxigenase-1
(HO-1), and the thioredoxin/peroxiredoxin system.
Under basal conditions, Nrf2 is kept transcriptionally
inactive and sequestered in the cytoplasm by its repres-
sor protein, the Kelch-like ECH-associated protein 1
(Keap1). This binding provides the turnover of
Nrf2 through proteasomal degradation and Keap1,
a sulfhydryl-rich protein, is a specialized sensor
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to quantify stress, including ROS and genotoxic
chemicals. In response to oxidative and electrophilic
stress, Nrf2-Keap1 dissociation is triggered with
consequent translocation of Nrf2 to the nucleus, where
it heterodimerizes with members of the small muscu-
loaponeruotic fibrosarcoma oncogene family proteins.
The formed heterodimer binds the antioxidant
response element (ARE) sequence in the promoter
regions of genes inducing detoxifying proteins and
antioxidant enzymes [56]. Elevated levels of oxidative
stress in patients with neurodegenerative diseases have
been reported and neurodegeneration may reduce the
free radical scavengers activities regulated by Nrf2.
Studies have established that Nrf2 nuclear translocation
is diminished in hippocampus neurons in AD cases
and mRNA and protein levels of Nrf2 are reduced in
the motor cortex and spinal cord in amyotrophic lateral
sclerosis (ALS) patients [22]. There are several sub-
stances involved in the activation of Nrf2 signaling and
numerous findings suggest that phytochemicals may
exert cytoprotective effects on neurons by Nrf2 activa-
tion. Also, pharmacological and genetic studies have
been performed in animal models of AD, PD, and ALS
to demonstrate the neuroprotective effects of Nrf2-
activating phytochemicals [30,37]. A recent study
showed that resveratrol promotes the survival of
cerebellar granule neurons in rats by enhancing
DNA-binding activity of Nrf2 and the expression of its
downstream cytoprotective proteins like NQO1 and
SOD [57]. Resveratrol induces HO-1 expression via the
ARE-mediated transcriptional activation of Nrf2 in
PC12 cells and primary neuronal cultures [58,59]. The
neuroprotective effects of curcumin have been widely
reported and it has been shown to have neuroprotec-
tive effects through Nrf2 activation increasing the
activity of SOD, GPx, and HO-1 in experimental
models of brain aging. In particular, HO-1 appears
very active in the brain and its modulation plays an
essential role in the pathogenesis of neurodegenerative
diseases. Curcumin induces the expression of HO-1 in
different brain cells including astrocytes and neurons
by activating the Nrf2/ARE pathway, and thereby pro-
tecting against damage, inflammation, and oxidative
cell death [60]. In addition, dietary intake of epicatechin
and EGCG also enhanced Nrf2 protein expression and
HO-1 accumulation in the nuclei of primary cortical
neurons [61,62]. A low concentration of EGCG induces
HO-1 through the ARE/Nrf2 pathway in neurons
of the hippocampus, protecting against different types
of oxidative damage [63]. In primary neuronal
cultures of rat striatum, pretreatment with sulforaph-
ane prevented oxidative stress by raising the intracellu-
lar glutathione content via activation of the Nrf2-ARE
pathway [64]. Interestingly, the neuroprotection of
sulforaphane was also associated with increased

expression of the antioxidant enzymes NQO1 and HO1
in cultured mouse hippocampal neurons exposed to
oxygen and glucose deprivation [65].

Nuclear Factor-κB
In response to a wide range of biological stimuli,

the transcription factor nuclear factor κB (NF-κB) coor-
dinates the expression of inflammatory genes encoding
pro-inflammatory cytokines, chemokines, and induc-
ible growth factors. Deregulated NF-κB activity is
found in several illnesses, including neurodegenerative
diseases, cancer, and chronic inflammation disorders.
NF-κB is expressed in all animal tissues and it is
located in the cytoplasm in an inactive complex form
consisting of two subunits of 50 kDa (p50) and 65 kDa
(p65) and an inhibitory subunit called IkB (IkBα or
IkBβ). Induction of NF-κB and its translocation to the
nucleus depends on the phosphorylation of IkB. In
response to activating stimuli, IkB is phosphorylated,
ubiquitinated, and degraded by the proteasome, which
in turn allows the nuclear translocation of NF-κB to
regulate gene expression. Although the exact mecha-
nism is still elusive, it is remarkable to mention the
potential cross-talk between the NF-κB and Nrf2
signaling pathways. The role of Nrf2 against inflam-
mation has been related to its ability to antagonize
NF-κB. This interconnection affects many signaling
pathways to maintain redox homeostasis and coordi-
nate cell fate determination [66]. Data obtained from
Nrf2-deficient mice reported decreased expression of
phase II detoxifying enzymes in parallel with upregu-
lation of pro-inflammatory cytokines/biomarkers [67].
More interestingly, it has been demonstrated that
HO-1 induced by the Nrf2 inhibits the NF-κB tran-
scriptional apparatus, and thereby HO-1 is one of the
key mediators for the interplay between Nrf2 and
NF-κB [68]. Disturbances in the Nrf2�NF-κB axis can
contribute to the onset and progression of neurodegen-
erative diseases. In neuronal cells, increased NF-κB
activity during brain aging is associated with enhanced
production of pro-inflammatory cytokines, such as
IL-6, TNF-α, and COX-2. Reduced Nrf2 activity is
characterized by a decline in HO-1, SOD, and NQO1,
thus leading to increased levels of oxidative stress
and neuroinflammation. A schematic illustration of
relationships between Nrf2 and NF-κB in the brain is
depicted in Fig. 19.2. Studies with phytochemicals like
resveratrol, curcumin, and sulforaphane have reported
beneficial effects on neurons by inhibiting NF-κB and
activating Nrf2. In particular, sulforaphane provides
neuroprotective mechanisms through activation of
Nrf2 and inhibition of NF-κB, which may contribute
to its effect in reversing various deficits associated
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with brain aging [69]. Resveratrol attenuated
Aβ-induced microglial inflammation by inhibiting the
NF-κB signaling cascade and interfering with IkB
phosphorylation [70]. Furthermore, resveratrol exerts
anti-inflammatory effects in murine primary microglia
and astrocytes by inhibiting NF-κB activation and
pro-inflammatory cytokines [71]. Recently, it has been
reported that curcumin may improve inflammatory
injury, neuronal apoptosis, and activation of micro-
glia/macrophages by inhibiting the NF-κB signaling
pathway [72]. Berries rich in anthocyanins can
attenuate inflammatory signaling in primary hippo-
campal neurons and BV-2 mouse microglial cells
through a concentration-dependent mechanism involv-
ing reduction in NF-κB expression [73]. In human
cerebral microvascular cells EGCG significantly sup-
pressed the expression of inflammatory cytokines by a
mechanism involving reduction of NF-κB activation [74].

Mitogen-Activated Protein Kinase

Mitogen-activated protein kinases (MAPKs) belong
to the superfamily of serine/threonine kinases that
mediate a wide range of cellular responses. MAPKs
have emerged as critical players that connect various
extracellular signals into intracellular response. Based
on the degree of sequence homology, MAPK transduc-
tion cascades are organized into at least three subfami-
lies: the extracellular signal regulated kinases (ERKs),
the stress activated protein kinase/jun N terminal
kinase (JNK), and the p38 MAPK [75]. These kinases
are involved in both survival and death pathways in
response to different stresses to regulate cellular pro-
cesses such as cell proliferation, survival, differentia-
tion, and metabolism. The role of ERKs usually is
associated with prosurvival signaling, while JNK is
involved in the transcriptional regulation of apoptotic
pathways. p38 MAPKs are activated by inflammatory

cytokines and environmental stresses [76]. Although
the mechanism is still unclear, several studies have
indicated that phytochemicals and their metabolites
may interact within the MAPK signaling pathways,
particularly in cancer. However, different phytochem-
icals may also promote neuroprotection and suppress
neuroinflammation by specifically inhibiting JNK and
p38. For instance, modified derivatives of resveratrol
suppressed the neurotoxicity of the parkinsonian
mimetic 6-hydroxydopamine (6-OHDA) in neuroblas-
toma cells by attenuating phosphorylation of JNK [77].
Resveratrol increased BDNF in rat primary astroglia
through a mechanism involving phosphorylation of
ERK [78]. Moreover, JNK is involved in dopaminergic
neuronal degeneration, and specific inhibitors of JNK
may slow the neurodegeneration. Recent in vivo and
in vitro studies have shown that curcumin can effec-
tively target the JNK pathway by inhibiting phosphor-
ylation of JNK and preventing dopaminergic neuronal
death [79]. Curcumin promoted cell proliferation and
hippocampal neurogenesis by activating ERK and p38
kinases [80]. Interestingly, even though ERK is
involved in cell survival signaling, quercetin has been
shown to stimulate neuronal apoptosis via a mecha-
nism involving the inhibition of ERK, rather than by
induction of pro-apoptotic signaling through JNK [81].
Epicatechin, and its metabolites, have been shown to
induce phosphorylation of ERK in primary cortical
neurons. Epicatechin at nanomolar concentrations
acts as a rapid stimulator of ERK and this activation
was no longer apparent at higher concentrations
(micromolar) [82], suggesting hormetic effects of
epicatechin on this pathway. Berry supplementation
was demonstrated to partially reverse the deleterious
effects of aging on neuronal signaling. Anthocyanin,
and its metabolites, improved spatial memory and
regulated hippocampal ERK expression in senescence-
accelerated mice [83].

CONCLUSIONS

One of the greatest challenges to maintain brain
health is to identify how to interrupt the vicious circle
between oxidative stress and inflammation in brain
aging. Research on bioactive compounds in food plants
has rapidly evolved and these phytochemicals may
become an important strategy to slow and prevent brain
aging. So far, many efforts have been made to achieve a
comprehensive understanding of the physiological
effects of phytochemicals. Nevertheless, much remains
to be elucidated, in particular how phytochemicals
might activate neuroprotective pathways. However,
current evidence suggests potential therapeutic applica-
tion of phytochemicals in neuroinflammatory and
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FIGURE 19.2 Schematic illustration on the role of Nrf2�NF-κB
axis in bran aging. An imbalance between Nrf2 and NF-κB can lead
to increased levels of oxidative stress and neuroinflammation, result-
ing in structural and functional damage to nervous tissue.
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neurodegenerative disorders. Here, we have described
the major classes of phytochemicals and their main tar-
gets for dietary interventions. The neurobiological
mechanisms of action of certain phytochemicals involve
the modulation of specific adaptive stress response
pathways.

Many phytochemicals display hormetic biphasic
dose responses and this mechanism can enhance cellu-
lar resistance to oxidative damage and inflammation.
Current evidence points to a crucial role of hormesis
to explain the neuroprotective and neuromodulatory
effects of phytochemicals at low doses. The challenge
now is to establish the exact dose range in which
stress response pathways are activated to regulate
neuronal function. Future investigations should be
carried out in order to determine the actual relevance
of phytochemicals for treatment of human brain aging
and neurodegeneration.

SUMMARY

Brain energy metabolism is intimately associated
with an intrinsic mild oxidative stress contributing to
chronic low-grade inflammatory state. There is a sub-
stantial amount of evidence suggesting that many die-
tary phytochemicals modulate signaling pathways
involved in the attenuation of inflammation and oxida-
tive stress. Plant-based foods include a number of
phytochemicals such as resveratrol, curcumin and fla-
vanols. These compounds act as hormetic inducers of
neuroprotective pathways, leading to the expression of
cytoprotective and restorative proteins. Future studies
need to determine the effective physiological concen-
trations of these compounds in order preserve cogni-
tive function and delay brain aging.
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[15] Pamplona R, Dalfó E, Ayala V, Bellmunt MJ, Prat J, Ferrer I,
et al. Proteins in human brain cortex are modified by oxida-
tion, glycoxidation, and lipoxidation. Effects of Alzheimer’s
disease and identification of lipoxidation targets. J Biol Chem
2005;280:21522�30.

[16] Nunomura A, Moreira PI, Castellani RJ, Lee HG, Zhu X, Smith
MA, et al. Oxidative damage to RNA in aging and neurodegen-
erative disorders. Neurotox Res 2012;22:231�48.

[17] Klein JA, Ackerman SL. Oxidative stress, cell cycle, and
neurodegeneration. J Clin Invest 2003;111:785�93.

[18] Ulmann L, Mimouni V, Roux S, Porsolt R, Poisson JP. Brain
and hippocampus fatty acid composition in phospholipid
classes of aged-relative cognitive deficit rats. Prostaglandins
Leukot Essent Fatty Acids 2001;64:189�95.

[19] Petursdottir AL, Farr SA, Morley JE, Banks WA, Skuladottir GV.
Lipid peroxidation in brain during aging in the senescence-
accelerated mouse (SAM). Neurobiol Aging 2007;28:1170�8.

[20] Farooqui AA, Horrocks LA. Lipid peroxides in the free radical
pathophysiology of brain diseases. Cell Mol Neurobiol
1998;18:599�608.

[21] Nakamura T, Prikhodko OA, Pirie E, Nagar S, Akhtar MW, Oh
CK, et al. Aberrant protein S-nitrosylation contributes to the
pathophysiology of neurodegenerative diseases. Neurobiol Dis
2015; S0969-9961:00089-3.

[22] Gan L, Johnson JA. Oxidative damage and the Nrf2-ARE
pathway in neurodegenerative diseases. Biochim Biophys Acta
2014;1842:1208�18.

[23] Martı́nez A, Portero-Otin M, Pamplona R, Ferrer I. Protein targets
of oxidative damage in human neurodegenerative diseases with
abnormal protein aggregates. Brain Pathol 2010;20:281�97.

[24] Rosano C, Marsland AL, Gianaros PJ. Maintaining brain health
by monitoring inflammatory processes: a mechanism to
promote successful aging. Aging Dis 2012;3:16�33.

[25] Calabrese V, Cornelius C, Mancuso C, Lentile R, Stella AM,
Butterfield DA. Redox homeostasis and cellular stress response
in aging and neurodegeneration. Methods Mol Biol 2010;610:
285�308.

[26] Fischer R, Maier O. Interrelation of oxidative stress and inflam-
mation in neurodegenerative disease: role of TNF. Oxid Med
Cell Longev 2015;2015:610813.

[27] Hsieh HL, Yang CM. Role of redox signaling in neuroinflam-
mation and neurodegenerative diseases. Biomed Res Int 2013;
2013:484613.

259REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00019-4/sbref27


[28] Godbout JP, Johnson RW. Interleukin-6 in the aging brain.
J Neuroimmunol 2004;147:141�4.

[29] Weaver JD, Huang MH, Albert M, Harris T, Rowe JW, Seeman
TE. Interleukin-6 and risk of cognitive decline: MacArthur
Studies of Successful Aging. Neurology 2002;59:371�8.

[30] Calabrese V, Cornelius C, Mancuso C, Pennisi G, Calafato S,
Bellia F, et al. Cellular stress response: a novel target for chemo-
prevention and nutritional neuroprotection in aging, neurode-
generative disorders and longevity. Neurochem Res 2008;
33:2444�71.

[31] Abuajah CI, Ogbonna AC, Osuji CM. Functional components
and medicinal properties of food: a review. J Food Sci Technol
2015;52:2522�9.

[32] Davinelli S, Sapere N, Zella D, Bracale R, Intrieri M, Scapagnini
G. Pleiotropic protective effects of phytochemicals in
Alzheimer’s disease. Oxid Med Cell Longev 2012;2012:386527.

[33] Ghanim H, Sia CL, Abuaysheh S, Korzeniewski K, Patnaik P,
Marumganti A, et al. An antiinflammatory and reactive oxygen
species suppressive effects of an extract of Polygonum cuspidatum
containing resveratrol. J Clin Endocrinol Metab 2010;95:E1�8.

[34] Kennedy DO, Wightman EL, Reay JL, Lietz G, Okello EJ, Wilde
A, et al. Effects of resveratrol on cerebral blood flow variables
and cognitive performance in humans: a double-blind,
placebo-controlled, crossover investigation. Am J Clin Nutr
2010;91:1590�7.

[35] Kim YA, Kim GY, Park KY, Choi YH. Resveratrol inhibits nitric
oxide and prostaglandin E2 production by lipopolysaccharide-
activated C6 microglia. J Med Food 2007;10:218�24.

[36] Bobermin LD, Quincozes-Santos A, Guerra MC, Leite MC,
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KEY FACTS

• AGEs exerts their biological effects by two
mechanisms: one independent of receptors by
damaging protein structure and one involving
receptors which induce pro-inflammatory
molecules that could contribute to cellular
dysfunction and tissue damage.

• In patients with diabetes and renal failure,
intake of AGEs could increase circulating AGEs,
affect endothelial function, increase pro-
inflammatory cytokine and oxidation markers,
and affect insulin resistance.

• Studies with healthy individuals only have
shown that intake of AGEs could affect
circulating AGEs.

• Safe and effective antiglycation treatments are
needed to palliate the potential damage exerted
by endogenous and exogenous AGEs.
Benfotiamine could be useful, but more evidence
is needed.

Dictionary of Terms

• AGEs: Advanced glycation end products
• CML: Carboxymethyl-lysine
• CEL: Carboxyethyl-lysine
• dAGEs: Dietary advanced glycation end products

• DOLD: 3-deoxyglucosone-derived lysine dimer
• ELISA: Enzyme-linked immunosorbent assays
• FMD: Flow-mediated dilation of the brachial artery
• GC/FID: Gas chromatography with flame ionization

detector
• GC/MS: Gas chromatography with mass

spectrometric detection
• GOLD: Glyoxal-derived lysine dimer
• HMW: High molecular weight
• HOMA: Homeostatic model assessment
• HPLC: High-performance liquid chromatography
• LC-MS/MS: Liquid chromatography with tandem

mass spectrometric detection
• LMW: Low molecular weight
• MOLD: Methylglyoxal-derived lysine dimer
• MRP: Maillard reaction products
• MALDI-TOF/MS: Matrix-assisted laser desorption

ionization-mass spectrometry with time-of-flight
detection

INTRODUCTION

How advanced glycation end products (AGEs)
influence and are influenced by the aging process is a
growing area of research interest, in part due to their
influence on chronic disease development and morbid-
ity. AGEs are formed physiologically (endogenously)
and also in food, which is an exogenous source.
Because the gradual accumulation of AGEs is the
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factor that provides AGEs with their substantial influ-
ence, the process of aging is also very important in dis-
cussing the impact of AGEs on health. This chapter
will review AGEs formation, dietary absorption, and
metabolism, as well as their impact on aging and
chronic disease. The final section addresses interven-
tions with dietary AGEs (dAGEs) and their influence
on disease outcomes.

AGEs FORMATION IN VIVO

The AGEs are heterogeneous groups of compound
that are formed both outside and inside the body.
Physiologically AGEs result from the nonenzymatic
reaction of reducing sugar such as glucose,
α-oxoaldehydes, and other saccharide derivatives with
free amino groups of biological molecules, such as pro-
teins, lipids, and nucleic acids [1].

The Maillard reaction was the first described as
responsible for the formation of AGEs; and four types
of processes have been identified in the formation of
AGEs under physiological conditions: (i) monosaccha-
ride autoxidation (autoxidative glycosylation) or the
degradation of saccharides unattached to a protein,
(ii) Schiff base fragmentation, (iii) fructosamine degra-
dation, and (iv) α,β-dicarbonyl compounds (methyl-
glyoxal, glyoxal, and 3-deoxyglucosone) formed from
lipid peroxidation [2]. The formation of AGEs is cata-
lyzed by transitional metals and is inhibited by reduc-
ing compounds such as ascorbate. Many AGEs have
been found in physiological systems (Table 20.1).

AGEs have different biological and physiological
functions: some are protein cross-links (pentosidine,
MOLD, GOLD, and DOLD), some are recognition fac-
tors for specific AGE-binding cell-surface receptors
(carboxymethyl-lysine (CML), methylglyoxal-derived

hydroimidazolone) and some are markers and risk
predictors of disease processes [3].

Glycation is one of the most common types of pro-
tein modification. This spontaneous damage of pro-
teins affects approximately 0.1�0.2% of the arginine
and lysine residues in vivo [4]. Glycation of proteins
proceeds with a variable rate and extent during the
lifespan of proteins in tissues and body fluid under
physiological conditions, but it is more intensive in
several disease conditions such as diabetes [5], athero-
sclerosis [6], neurodegenerative diseases [7], osteoar-
thritis [8], and renal failure [9].

Glycating agents in vivo include free sugars
(glucose), glycolytic intermediates, such as glucose
and fructose-6-phosphates, and dicarbonyls and
3-deoxyglucosone. Glycation by sugars proceeds
through the early (Schiff bases) and intermediate
stages (the Amadori rearrangement to fructosamines)
toward the formation of heterogeneous moieties collec-
tively termed AGEs [10]. If the initial glycating agent is
glucose the initial product is termed a fructosamine;
traditionally considered to be a major source of AGEs
in vivo. The best studied fructosamine to date is hemo-
globin A1c (HbA1c), which is a widely used and very
useful marker of medium- to long-term complications
of diabetes [11]. A brief description will be given of
the Maillard reaction and alternative pathways.

Maillard Reaction

There are three phases of the Maillard reaction. First,
the carbonyl group of a reducing sugar interacts in a non-
enzymatic way with an amino acid to form an
unstable compound called a Schiff base. Sugars are reac-
tive toward lysine residues while dicarbonyls are mainly
reactive toward arginine residues of proteins. During the
second phase, the Schiff base may undergo hydrolyzation
and generate the original sugar and amino acid; or it
could undergo cyclization and further Amadori rearran-
gements to form more stable compounds (Amadori pro-
ducts). However, under physiological and nonoxidative
conditions, 90% of Amadori products could sustain a
reversible reaction to the initial sugar and amino acid
[12]. Finally, in the last phase, Amadori products can gen-
erate AGEs by either oxidative or nonoxidative cleavage.
In the oxidative cleavage, the principal AGEs produced is
CML, one of the first AGEs characterized in vivo and the
major AGEs’ biomarker in human tissues [13].
In contrast, the nonoxidative cleavage of Amadori
products will produce the α-dicarbonyl derivative
3-deoxyglucosane. This derivative can react with an
amino acid and also form CML or other AGEs cross-
links, such as pyrraline, pentosidine, or imidazolone, con-
sidered the predominant class of AGEs in vivo [14,15].

TABLE 20.1 Types of AGEs

3-deoxyglucosone-derived lysine dimer (DOLD)

Argpyrimidine

Bis(lysyl)imidazolium derivatives

Glyoxal-derived lysine dimers (GOLD)

Hydroimidazolones derived from methylglyoxal, glyoxal, and
3-deoxyglucosone

Methylglyoxal-derived lysine dimers (MOLD)

Nε-(carboxymethyl)-L-lysine (CML)

Nε-(1-carboxyethyl)-lysine (CEL)

Pentosidine

Pyrraline
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Formation of α-Dicarbonyl: Methylglyoxal,
Glyoxal, and 3-Deoxyglucosane

The α-dicarbonyls have been proposed as the pri-
mary precursors for AGEs formation, particularly
methylglyoxal [16]. There are two pathways that pro-
duce α-dicarbonyls. The Namiki pathway occurs when
a Schiff base degrades and forms glyoxal; the Wolff
pathway involves the autoxidation of monosacchar-
ides, as may be found with the autoxidation of glucose
at physiological conditions. However, there are other
metabolic intermediates that have been implicated in
α-dicarbonyl production and the subsequent AGEs
generation. Some of those include glycolytic inter-
mediates (glucose-6-phosphate, glyceraldehyde 3 phos-
phate, and dihydroacetone phosphate), a polyol
pathway intermediate (fructose-6 phosphate), an inter-
mediate from ketone body and threonine metabolism
(acetol), and lipid peroxidation also generates methyl-
glyoxal [17,18].

FORMATION OF DIETARY AGEs

The reaction of reducing carbohydrates with amino
compounds (Maillard reaction) was described in 1912
by Louis Camille Maillard. It has been used for
caramel production, coffee roasting, and bread baking
[19]. Protein glycation increases emulsifying activity,
improves foaming properties, increases protein solubil-
ity, and promotes the formation of compounds with
antioxidant activity (extending food shelf life by delay-
ing lipid oxidation) [20]. In the olfactory and visual
area, the Maillard reaction leads to the formation of a
diverse range of aromatic and color compounds, as
well as AGEs [21].

AGEs production in foods (dAGEs) involves the
Maillard reaction in a similar manner as in vivo: an
amino acid from a protein, amine, or phospholipids
reacts in a nonenzymatic fashion with carbonyl groups
from reducing sugars as well as with degradation pro-
ducts of carbohydrates, lipids, and ascorbic acid. The
resulting products often are referred to in the food sci-
ence literature as Maillard reaction products (MRP).
There are low molecular weight (LMW) Maillard pro-
ducts such as aldehydes, ketones, acryl amides, and
AGEs, as well as high molecular weight (HMW) pro-
ducts such as melanoidins [22]. Other products formed
during this intricate reaction are furfurals, pyrralines,
and α-dicarbonyl compounds, such as methylglyoxal, as
well as CML and pentosidine formed in the last stage of
the Maillard reaction [23]. Another source of dAGEs
could be autoxidation of fatty acids and amino acids [24].

Regardless of the diversity of AGEs, CML has been
reported as one of the most abundant in vivo and it

was one of the first to be characterized in foods (milk
and milk products). For this reason, in most studies,
CML is chosen as a marker of AGEs in foods and
in vivo [25].

The rate of formation and the diversity of the gener-
ated AGEs in food depend on factors such as composi-
tion, availability of precursors, presence of transition
metals, pH, processing temperature, availability of
water, and availability of pro- and antioxidants [26].

METHODS FOR MEASURING AGEs

At present there are several methods to determine
AGEs in tissues, biological fluids, and food (Table 20.2);
immunochemical and instrumental methods all have
their advantages and disadvantages, as do other meth-
odologies. In general, AGEs can be measured by:

1. Enzyme-linked immunosorbent assays (ELISA)
using monoclonal or polyclonal antibodies [29,30].
This technique has limitations. For example, the
lack of specificity of the antibody, high background
responses due to significant glycation adduct
content of proteins [31], interference with glycation
free adducts [32], and pretreatment techniques, such
as heating and alkaline treatment [33]. However,
important contributions have been made using this
methodology. For example, measurement of CML in
plasma and urine [34] and in different foods [26].

2. Fluorescence with excitation and emission
wavelengths of 350 and 450 nm, respectively [35],
with modification of this method to detect low
molecular mass AGE peptides or free adducts
[36,37]. These methods have analytical problems, for
example, different fluorophores contribute to the
global measure of fluorescence each with a different
specific fluorescence such that no quantitative
calibration can be achieved [4].

3. High-performance liquid chromatography (HPLC)
with diode array detector, fluorometric detector, and
mass spectrometry [38]. For example, measurement
of pentosidine in skin [39] and in meat, such as beef,
rabbit, pork, chicken, turkey [40].

4. Gas chromatography with flame ionization detector
(GC/FID) or with mass spectrometric detection
(GC/MS). This technique requires a precolumn
derivatization to convert volatile AGEs in
thermosetting compounds. This method is sensitive,
reproducible, and accurate [41]. For example,
measurement of CML of peritoneal dialysis fluids
[42] and infant foods [41].

5. Liquid chromatography with tandem mass
spectrometric detection (LC-MS/MS) [4]. It has been
reported that this is the best analytical method
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available to quantify glycation adducts. For
example, measurement of pyrraline in raw and
processed cow milk [43]. Detection in plasma, urine,
and dialysate samples has provided a
comprehensive and quantitative analysis of
glycation adducts [38].

6. Matrix-assisted laser desorption ionization-mass
spectrometry with time-of-flight detection
(MALDI-TOF/MS) is a promising tool to analyze
AGE-modified proteins [44].

7. Measurement of skin autofluorescence is a rapid
and noninvasive method, which was validated
against biochemical analyses of AGEs in dermal
tissue in biopsies taken from the same spot on the
arm [45].

Methods of determining dAGEs usually rely on
food composition reports and quantitation of dAGEs

from dietary records. A more recent food frequency
has also been validated to alleviate some of the quanti-
fication burden [46�48].

ABSORPTION, METABOLISM, AND
ELIMINATION OF dAGEs

It is important to understand the absorption, metab-
olism, and elimination of dAGEs because of their
potential for accumulation and contribution to chronic
disease. Evidence from human studies shows dAGEs,
such as CML and methylglyoxal, contribute to the
levels of circulating AGEs. Cross-sectional and ran-
domized studies have demonstrated the correlation
between dAGEs and circulating AGEs. In addition, it
has been estimated that 10�50 times more dAGEs are

TABLE 20.2 Summary of Methods for Measuring Different AGEs in Tissues, Biological Fluids, Food

AGEs Sample Method Reference

Nε-(carboxymethyl)-L-lysine Serum ELISA [27]

Plasma ELISA [28]

Urine

Plasma UPLC-MS/MS [102]

Serum

Peritoneal dialysis fluids Immunological methods, HPLC, GC/MS [42]

Animal-derived foods, carbohydrate-rich foods ELISA [26]

Raw and roasted almonds HPLC-MS/MS [103]

Infant foods ESI-LC-MS/MS [41]

GC-MS [104]

Pentosidine Plasma/serum ELISA, HPLC [105]

Plasma HPLC [106]

Skin HPLC-FLD [39]

Skin autofluorescence AGE reader [107]

Urine HPLC [108]

Human cortical bones UPLC [109]

Beef, rabbit, pork, chicken, turkey HPLC/MS [40]

Bread crust extract RP-HPLC [110]

Pyrraline Urine HPLC [111, 108]

Urine RP HPLC with UV detection [112]

Raw and processed cow milk LC-MS/MS [43]

ELISA, enzyme-linked immunosorbent assay; UPLC-MS/MS, ultraperformance liquid chromatography-tandem mass spectrometry;

HPLC, high-performance liquid chromatography; GC/MS, gas chromatography-mass spectrometry; ESI, electrospray ionization; FLD, postcolumn

fluorescence derivatization; UPLC, ultrahigh-pressure liquid chromatography; RP, reverse phase; UV, ultraviolet.
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supplied by a conventional diet than those found in
plasma or tissues of subjects with uremia [49].

Several researchers have studied the absorption,
metabolism, and elimination of dAGEs as well as their
precursors. Erbersdobler and Faist [50] reported
Amadori products (dAGEs precursors) underwent
intestinal absorption by diffusion. 14C-labeled fructose
amino acids in rats and humans revealed that urinary
excretion of Amadori products after test meals was
rapid, while the fecal output was slow, and persisted
for 3 days in small quantities. Surprisingly, only 1�3%
of the ingested amounts of protein-bound Amadori
products were recovered in the urine. A larger per-
centage of urinary end products have been reported in
a review of premelanoidins and melanoidins. These
authors’ data suggested that 16�30% of absorbed pre-
melanoidins were excreted in the urine and 1�5% for
melanoidins. This low recovery of pre- and melanoi-
dins could be due to degradation by digestive micro-
bial enzymes during intestinal transit or retention of
premelanoidins by different tissues [51]. To support
this former concept, Wiame et al. [52] showed that bac-
teria normally residing in the large intestine degrades
around 80% of dietary Amadori products. However,
excretion rates of different Amadori products differ
widely, and may depend on the previous intake of
dAGEs. In one study, seven healthy subjects ingested a
normal diet on days 1 and 5; on days 2, 3, and 4 they
ate a diet virtually free of Maillard compounds.
Urinary excretion of free pyrraline was directly
affected by composition of the diet, decreasing from
4.8 mg/day on day 1 to 0.3 mg/day on days 2, 3, and
4 [53]. More recently, nine healthy volunteers ate either
a “no-AGEs” diet or an unrestrictive diet. Urinary
excretion of an AGEs precursor, 3-deoxyglucosone,
was significantly lower after the “AGEs free diet” [54].

Excretion rates of dAGEs may also depend upon the
disease state of the individual. One study of 38 patients
with diabetes and with or without renal disease
reported that indicators of renal disease were related to
the serum rise in AGEs, and that urinary excretion was
reduced in those with diabetes and renal disease [55].
However, urinary CML has been reported to increase in
diabetes, although these reports are at times conflicting
depending on whether type 1 or type 2 diabetes is stud-
ied. However, urinary CML is associated with the
degree of microalbuminuria present in those with dia-
betes, and may be a marker for renal disease [28].

MOLECULAR ACTION

AGEs can exert their biological effects by at least two
well-identified mechanisms: (i) one independent of recep-
tor which involves modification of intracellular proteins,

alteration of extracellular matrix metabolism with dam-
age of cellular function, and modification of circulating
proteins with alteration of its function; and (ii) interaction
with receptors such as RAGE (receptor for AGEs), and
AGEs receptor 1 (AGER1). These receptors serve in the
regulation of AGEs uptake and removal [56,57].

The receptor-independent mechanism has been stud-
ied in the glycation of lipoproteins, specifically the low-
density lipoprotein (LDL) on their apolipoprotein B
(ApoB) and phospholipid components. The uptake of
the glycated LDL by its receptors will be decreased
with its subsequently reduction in clearance, however
its uptake by macrophages will be increased with the
consequent stimulation of foam cells formation and pro-
motion of atherosclerosis [56].

Whereas the receptor mechanism mainly involves
RAGE, which is present constitutively in skin and lungs,
but they can be induced by its ligands (AGEs among
them) on vascular, renal, hemopoietic, and neuronal/
glial cells. RAGE can triggers oxidative stress and inflam-
mation in both acute and chronic diseases [58,59].

The interaction of AGEs and RAGE promotes the acti-
vation of the mitogen-activated protein kinases
(MAPKs), the phosphatidylinositol-3 kinase (PI3-K), and
the nicotinamide adenine dinucleotide phosphate-
oxidase (NADPH, a complex of enzymes that produces
superoxide) among other signaling pathways. When this
complex is upregulated, it increases intracellular oxida-
tive stress. The activation of these signaling pathways
will lead to the activation of the transcription factor NF-
κB (nuclear factor kappa B), which regulates target genes
that are involved in the adaptive and innate immune
system as well as the gene for RAGE itself [58]. Thus,
activation of NF-κB triggers the transcription of genes
for pro-inflammatory cytokines, growth factors, and
adhesive molecules, such as tumor necrosis factor α
(TNF-α), interleukin 6 (IL-6), well-known inflammation
promoters, and vascular cell adhesion molecule 1
(VCAM-1) [60,61]. Because NF-κB also regulates RAGE
transcription this will promote the maintenance and
amplification of the signal with a sustained response and
induction of the pro-inflammatory molecules, which
could be responsible for chronic alterations and could
contribute to cellular dysfunction and damage target to
organs, and ultimately lead to complications as athero-
sclerosis, cardiovascular disease, nephropathy, and reti-
nopathy among others [62�64] (Fig. 20.1).

Several ligands can interact with RAGE and this
interaction seems to depend on the molecule size. It
has been found that high molecular weight CML can
bind to RAGE, which raised the question if dAGEs
could bind to RAGE. Birlouez-Aragon found that after
intake of high AGEs diet there was an increase in
high-molecular-weight AGEs, therefore dAGEs could
be a potential ligand for RAGE [65]. Indeed, it has
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been shown that dAGEs could act as RAGE ligands
and activate major signal transduction pathways
in vitro [66,67]. dAGEs, together with those made
endogenously, could promote a systemic glycoxidant
burden, oxidant stress, and cell activation, which
increases vulnerability of target tissues to injury [68].

In addition to the transmembrane RAGE, other
isoforms have been found. For instance, two forms of
circulating RAGE, soluble RAGE (sRAGE) that is pro-
duced by proteolytic cleavage from the transmembrane
receptor and the endogenous secretory RAGE
(esRAGE) that is a natural gene alternative splicing.
The function of these isoforms could be removal or
neutralization of ligands thus counteracting the dam-
aging effect of AGE�RAGE axis [69].

Additionally, AGER1 suppresses AGEs and their
related oxidative stress and inflammation.
Overexpression of AGER1 inhibits the epithelial
growth factor receptor, suppresses RAGE pro-
inflammatory signaling pathways, and is involved in
the clearance and possible detoxification of AGEs [70].

AGEs AND NORMAL AGING

Normal aging is associated with a decline in organ
function and structural integrity, even in the absence of

chronic disease. The theories associated with this
decline include oxidative stress, mitochondrial dysfunc-
tion, inflammation, and glycation. Most of these have
overlapping and synergistic pathways and outcomes
from a biochemical and physiological perspective.

Glycation’s role in normal aging is related to the
accumulation of AGEs and their disruption of normal
processes through the aforementioned theories on
aging: increased oxidative stress, mitochondrial dys-
function, and increased inflammation. Glycated pro-
teins contribute to oxidative stress because they are
reactive compounds and can propagate free radical
reactions [71]. In addition, AGEs contribute to oxida-
tive stress through activating NAPH oxidase through
the AGE�RAGE interaction [72]. AGEs have pro-
inflammatory consequences through the activation of
RAGE, which then leads to an inflammatory cascade,
beginning with upregulation of genes such as NF-κB
[72]. As proteins are damaged by oxidative stress with-
out adequate repair in normal aging, leading to organ
and system decline, proteins damaged by AGEs also
can lead to or parallel this aging phenotype [73].

The theoretical frameworks for aging all include
uncompensated changes, or poorly compensated
changes, that occur over many years. For AGEs to elicit
or contribute to this aging process, similarly,
longitudinal effects would be needed. For AGEs to

FIGURE 20.1 Molecular action of AGEs: interaction with receptors. Abbreviations: AGE, advanced glycation end product; RAGE, receptor for
AGE; AGER1, AGEs receptor 1; sRAGE soluble RAGE; MAPK, mitogen-activated protein kinases; PI-3k, phosphatidylinositol-3 kinase; NAD(P)H
oxidase, enzymes complex that produces superoxide; NK- κB, nuclear factor- κB; TNF-α, tumor necrosis factor α; IL-6, interleukin 6; VCAM-1,
vascular adhesion molecule 1.
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accumulate over many years, one of three scenarios is
likely: increased production; decreased degradation and
excretion; and targeted proteins with a long life, such as
collagen or extracellular matrix [74]. However, increased
production, degradation, and excretion processes them-
selves decline with aging. In terms of the third scenario,
researchers have found increased AGEs accumulation in
proteins and protein complexes with long half-lives [75].

The long accumulation and slow turnover of these
glycated proteins further damage organ function and
structural integrity. The extent to which this happens
may be influenced by genetic predisposition to protein
repair as well as the reactivity of the proteins that
are glycated. Highly reactive proteins will increase the
oxidative stress, which also lead to mitochondrial damage
and further diminished function or impaired structure.
As with all the theoretical processes of aging, the impact
of AGEs is probably influenced by genetic predisposition
or resilience, as well as environmental factors.

AGEs AND CHRONIC DISEASES
ASSOCIATED WITH OLDER AGE

Just as the AGEs accumulation over time influences
the aging process, it also influences chronic disease
progression and possibly chronic disease development.
Studies of AGEs and chronic disease have included
cardiovascular disease; neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease, and
vascular dementias; renal disease; rheumatoid arthritis,
sarcopenia, cataracts, and other degenerative ophthal-
mic diseases; and diabetes (Fig. 20.2).

Cardiovascular Disease

Cardiovascular disease encompasses a variety of
conditions affecting the heart, the vascular and arterial
systems, and dysfunctional components, such as
hypertension. Cardiovascular disease development
and progression is influenced by a complex interplay
among genetic and environmental factors. AGEs’ role
in cardiovascular disease appears to be one of promot-
ing inflammation, changing endothelial function, mod-
ifying the vascular wall, and amplifying the effects of
other mediators of cardiovascular disease, such as
lipoproteins.

It has been proposed that collagen-AGEs crosslink-
ing contributes to vascular stiffening, and thus also
contributes to atherosclerosis development and pro-
gression. In addition, foam cell development is
enhanced with increased AGEs through their promo-
tion of adhesion molecules [56]. AGEs may also cause
cross-linking of lipoproteins, including LDL, causing
LDL to not be recognized by receptors, whereby reduc-
ing LDL clearance.

Another way that AGEs could influence cardiovas-
cular functioning is through a decrease of nitric oxide
activity. Normally, endothelial cells produce nitric
oxide; low levels of nitric oxide indicate endothelial
cell dysfunction. This is not the exclusive indicator,
with others including increased platelet aggregation
and increased reactive oxygen species production, as
well as several other indicators. However, nitric oxide
is a stimulus for vasodilation, and low nitric oxide
diminishes the dilation response and capacity, which
in turn affects vascular tone, immune functions, and
barrier capacity [76].

With the AGE�RAGE interaction, barrier function
is diminished, which results in greater migration of
monocytes across the endothelium and thus, foam cell
development is promoted [56]. In vitro work has
suggested that AGEs accumulation can also decrease
the amplitude, width, and duration of calcium-related
contractile functions of heart tissue, adding to cardiac
dysfunction in diabetes [77].

Neurodegenerative Diseases

The progressive damage or death of neurons is
characteristic of neurodegenerative diseases. The most
prevalent within this category are Alzheimer’s disease
and Parkinson’s disease. While Alzheimer’s disease
reflects cognitive decline as a hallmark, characteristics
of Parkinson’s focus on muscular dysfunction.

Several AGEs have been implicated in cognitive
decline and Alzheimer’s disease development and pro-
gression in particular, primarily through promotion of
amyloid tangles and plaques as well as increased beta

FIGURE 20.2 Organs and body sites where AGEs may
accumulate and cause damage.
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amyloid and associated toxicity. Albumin has also
been found to be transformed from an alpha helical
structure to a beta-sheet structure secondary to glyca-
tion. A study of 49 nondemented young elderly (mean
age 71 years) revealed that dAGEs were associated
with a faster decline in memory over a mean follow-
up of 35 months [78].

Although AGEs are found in the brain tissue of
those without apparent Parkinson’s disease, levels
have been found to be higher in those with the condi-
tion than in age-matched controls. Enhanced expres-
sion of RAGE and possibly increased inflammation
reflect AGEs influence in neural death and symptoms
of Parkinson’s disease [7].

Renal Disease

Acute injury can result in resolvable kidney mal-
function, but chronic renal disease reflects a progres-
sive loss of filtration and excretion capacity of the
kidneys that is not reversible. The etiologies of chronic
renal disease include cardiovascular disease and diabe-
tes, as well as chronic inflammation of the kidneys and
genetic predisposition.

In chronic kidney disease, the excretion of AGEs is
decreased with the decline in glomerular filtration, and
the production may be increased secondary to oxidative
stress, causing circulating AGEs to be increased. These
increased circulating AGEs are not adequately cleared by
dialysis, and potentiate the vascular damage associated
with chronic kidney disease. The increased plasma AGEs
also lead to RAGE activation, which in turn, activates
inflammatory cascades and reactive oxygen species pro-
duction. With this process, renal sclerosis is enhanced by
additional cross-linking, and renal function suffers addi-
tional decline [79].

Rheumatoid Arthritis

Osteoarthritis reflects deterioration of joints occur-
ring after decades of use, often worse in those who are
overweight. Rheumatoid arthritis is an autoimmune
disorder that also affects joints. These diseases often
share comorbidity with cardiovascular disease.

An increased risk for cardiovascular disease in per-
sons with rheumatoid arthritis is believed to be sec-
ondary to chronic inflammation associated with
rheumatoid arthritis. This increased inflammation may
promote the development of AGEs. Indeed, AGEs
have been reported to be elevated in patients with
rheumatoid arthritis (n5 49) without cardiovascular
disease as compared to age- and gender-matched
healthy controls. AGEs were measured by skin auto-
fluorescence, and were related to endothelial activation

and dysfunction [80]. RAGE activation by increased
ligands, such as AGEs, may contribute to the cartilage
degradation characteristic of both rheumatoid arthritis
and osteoarthritis [58].

Sarcopenia

The loss of muscle tissue and muscle function is
represented by the term sarcopenia. Sarcopenia may
occur in both under- and overweight, but is more
prevalent in older age groups. Sarcopenia can lead to
increased physical dependence for activities of daily
living as mobility declines, which also contributes to
increased morbidity from other chronic diseases.

Collagen cross-linking, inflammation, and endothe-
lial dysfunction are pathways where AGEs have been
implicated in sarcopenia. A study of older women
(n5 394; .65 years) found that those in the upper
quartile of CML were more likely to develop walking
disability, but other conditions were also associated
with the disability, including older age, congestive
heart failure, peripheral artery disease, and diabetes
[81]. Nevertheless, this study suggests a potential for
AGEs in sarcopenia and associated functional disabil-
ity. An earlier study also reported increased CML and
RAGE immunostaining in elderly subjects and in sub-
jects who had gained weight but were not obese. The
staining intensities were correlated with each other, as
well as with muscle TNF-α (P# .02) [82]. Although
sarcopenia was not diagnosed in these subjects, the
authors suggest that sarcopenia could be developing in
both the elderly and weight gaining subjects.

Degenerative Eye Diseases

Although there are numerous degenerative eye dis-
eases, those most commonly associated with AGEs are
diabetic retinopathy, cataracts, glaucoma, and macular
degeneration. The complex function and structure of
the eye holds several areas of particular concern rela-
tive to the effect of AGEs (Fig. 20.3). In diabetic reti-
nopathy, changes to the blood vessels in the retina of
the eye include blood vessel occlusion and prolifera-
tion, with vessel leakage possible into the macula.
AGEs have been implicated with the breakdown of the
inner blood�retinal barrier, which then leads to pro-
gressive degeneration. AGEs influence connective tis-
sue growth factor and thus extracellular membrane
changes with basal membrane thickening; activation of
caspases which leads to pericyte apoptosis; and
increased adhesion molecules, with subsequent retinal
leucostasis, and increased transjunction permeability.
Methylglyoxal AGEs have been particularly implicated
in diabetic retinopathy [83].
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Myelin, composed primarily of protein and fat, and
proteins such as tubulin, and lens crystallins may also
be modified to produce AGEs, and thereby initiate
processes leading to cataract formation [83]. Cataracts
are formed in the eye lens, which is composed mostly
of protein and water. Modification of this lens protein
can cause clouding, which is a symptom of cataracts.
Cataracts are more common in older age, in diabetes,
and in those exposed to sunlight for prolonged periods
of time.

Glaucoma is a term used to represent a group of
optic nerve damage conditions, usually caused by
increased eye pressure. One study of age-matched eye
donors reported that AGEs accumulation and RAGE
upregulation were greater in those with glaucoma as
compared to those without glaucoma. Both AGEs and
RAGE were greater in older versus younger eyes. An
increased rigidity of the structure where the optic
nerve exists in the eye is postulated to be a conse-
quence of AGEs accumulation [84].

Age-related macular degeneration (AMD) refers to
the conditions where the macula is damaged. The mac-
ula is part of the retina where the light-sensing cells
contribute to clear, focused vision. As its name implies,
AMD is more common in older age, and those with a
family history of the condition. The associated oxidative
damage, inflammation, changes to vascularization and
nervous tissue, and extracellular matrix abnormalities
that include cross-linking, all suggest a role for AGEs in
AMD [85]. However, in a cross-sectional study of nearly
5000 subjects, higher serum CML levels were not associ-
ated with the prevalence of AMD [86].

Diabetes

AGEs have been known to be increased in persons
with diabetes, secondary to increased blood glucose
[47,48]. Blood proteins can undergo the nonenzymatic
reaction of a reducing sugar (glucose) reacting to a

reactive amino acid (hemoglobin). HbA1c is a glycated
protein that has been used to diagnose and monitor
the blood glucose control of those with diabetes.
HbA1c represents the average glycemic level over a
period of 1�2 months. However, glycation of other
proteins occurs during hyperglycemia, such as gly-
cated albumin, which represents a shorter period of
time [88].

The increased blood glucose, and possibly increased
AGEs themselves, contribute to secondary morbidity
with cardiovascular, renal, and eye damage. For
instance, a pilot study found increased risk for cardio-
vascular complications in those with higher dAGEs
intake [46�48]. AGEs have also been shown to damage
pancreatic beta cells, and thereby may also contribute
to the development of diabetes [89].

DIETARY INTERVENTIONS FOR dAGEs

The dAGEs can have an impact on health through a
variety of systematic mechanisms. Their effects have
been studied in patients with chronic diseases showing
that AGEs intake could increase circulating AGEs,
accumulate in tissues, affect endothelial function,
increase pro-inflammatory cytokine and oxidation
markers, and affect insulin resistance. Most of these
effects have been studied in clinical trials with dietary
manipulation of the amount of AGEs and the first
studies were done in patients with renal disease, dia-
betes or both [90�93]. More recently other studies
have also focused on other chronic diseases, healthy
subjects and individuals with overweight and obesity,
a representative sample of these is presented on the
next page (Table 20.3).

A study with 18 nondiabetic patients with peritoneal
dialysis, with a reduction of AGEs intake for 4 weeks by
exposing meat to different cooking methods found a
34% reduction in serum CML and 35% reduction in
methylglyoxal when compared to baseline. In contrast,
the subjects in the same study with high AGE diet had
elevation of serum CML and methylglyoxal by 29% and
26%, respectively [92]. In a similar study, a decrease in
VCAM-1 and TNF-α were also found in the low AGE
diet compared with the high AGE diet [91].

Several studies in subjects with diabetes have found
similar results. For instance, a study of 13 patients
with type 2 diabetes mellitus found that decreasing the
intake of dAGEs (meals were provided to participants)
for 6 weeks contributed to decreased levels of circulat-
ing AGEs and inflammatory markers (VCAM-1 and
TNF-α) [93]. In another study, 24 patients with diabe-
tes mellitus were randomized to one of two groups
with different diets for 6 weeks (meals were provided),
one with a high level of dAGEs and the other with low

FIGURE 20.3 Structures of the eye where AGEs may accumulate
and cause damage.
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AGEs. It was found that the LDL in the group with
high dAGEs intake was more glycated than in the
group with low AGEs intake [90]. In addition, the
acute effect of a meal rich in dAGEs has also been
measured in type 1 and type 2 diabetes mellitus. It
was found that flow-mediated dilation (FMD) of the
brachial artery (used as a measure of endothelial func-
tion) decreased after a single challenge with dAGEs
and inflammatory markers as VCAM-1 increased [94].
Long-term effects of dAGEs on FMD have not been
studied, but it is possible that a prolonged exposure
could provoke permanent damage of vascular tissue.
Indeed, a clinical study carried out over 6 weeks found
that LDL in the group with high AGEs intake was
more glycated than the low AGEs intake [90]. As men-
tioned before, it hypothesized that glycated LDL could
promote atherosclerosis by decreasing uptake by its
receptors and increasing uptake by macrophages [56].
The longest intervention on the effects of dAGEs
(4 months) included healthy and subjects with diabe-
tes, and it showed that patients (n5 18) assigned to the

low AGEs diet had lower levels of serum CML,
methylglyoxal, 8-isoprostanes (a lipoxidation marker)
and insulin in serum, as well as a lower insulin resis-
tance measured by the homeostatic model assessment
(HOMA) when compared with the subjects with the
regular AGEs intake (around 20 equivalent of AGEs,
measured by 3 days of dietary records) [27]. Lastly, a
pilot study showed that subjects with higher intake of
AGEs have a higher risk level for cardiovascular dis-
ease. dAGEs better explained a high level of risk for
cardiovascular disease than other variables from the
diet (saturated fat) or any other variable studied
[46�48].

Some authors have proposed a relationship between
AGEs and cancer, and recently an association was
found between dAGEs and pancreatic cancer. A pro-
spective study carried out by the National Health
Institute (NIH) and the American Association for
Retired Persons (AARP) the NIH-AARP Diet and
Health Study explored the association between CML-
AGE consumption and pancreatic cancer. The results

TABLE 20.3 Representative Clinical Interventions with dAGEs

Study

Low AGEs diet High AGEs diet

[2700�5500 KU AGEs] [12,200�16,300 KU AGEs]
�[2.26 0.9 mg CML] �[5.46 2.3 mg CML]

[93] 11 DM subjects CML 40% CML 28%

CRP 20% CRP 35%

VCAM-1 20% TNF-α 80%

[92] 26 RD subjects CML 34% CML 29%

MG 35% MG 26%

CML-LDL 28% CML-LDL 50%

[90] 24 DM subjects LDL was 50% less Phosphorylation MAPK

Glycated and 80% less oxidized Activity NF-κB

VCAM-1

[94] 20 DM subjects CML and MG TBARS 21%

I-CAM and VCAM

E-selectin 51%

[65]� 62 healthy subjects Triglycerides 9% Triglycerides, cholesterol, CML plasma, urine

HOMA 17%

[27] 36 DM and healthy subjects CML, MG CML

8-isoprostane HOMA

HOMA

RD, renal disease; DM, diabetes mellitus; AGEs, advanced glycation end products; CML, carboxymethyl-lysine; MG, methylglyoxal; TNF-α, tumor necrosis factor

α; CRP, C-reactive protein; VCAM-1, vascular cell adhesion molecule 1; ICAM-1, intracellular adhesion molecule; MDA, malondialdehyde; TBARS, thiobarbituric

acid-reactive substance; LDL, low-density lipoprotein; HOMA, homeostatic model assessment; MAPKs, mitogen-activated protein kinases; NF-κB, nuclear factor
kappa B.
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showed that men in the fifth quartile of CML-AGE
consumption had increased pancreatic cancer risk
(Hazards Ratio [HR]: 1.43; 95% Confidence Interval
[CI]: 1.06, 1.93, p5 0.003) but not women (HR: 1.14;
95% CI: 0.76, 1.72, p5 0.42). Additionally, men in the
highest quartile of red meat consumption had higher
risk of pancreatic cancer (HR: 1.35; 95% CI: 1.07, 1.70),
which attenuated after adjustment for CML-AGE
consumption (HR: 1.20; 95% CI: 0.95, 1.53) [95].

In addition, clinical trials in overweight and obese
subjects have been of special interest since they are at
higher risk for chronic diseases. Harcourt et al. found
that renal function (measured as urinary albumin/
creatinine ratio) and the inflammatory profile
improved following a low-AGE diet in a group of 11
subjects with overweight and obesity in a crossover
design [96]. Whereas Mark et al. found that after 4
weeks with a low AGEs diet the urinary AGEs and the
HOMA-IR decreased in a group of 37 overweight
women in comparison with their counterpart (n5 37)
in a high AGE diet [97]. Other clinical trials exploring
the effect of a low AGE diet versus a supervised mod-
erate aerobic exercise program (three times per week,
45 min sessions) found that exercise alone did not
modify CML-AGEs, however the low AGE diet
reduced serum AGE and indices of body fat, and the
combined treatment had similar results but also
improved lipid profile [98].

However, studies designed to evaluate the impact
of dAGEs on healthy individuals have had contradic-
tory results. A recent study in 24 healthy adults did
not find changes in endothelial function or inflamma-
tory markers after reducing dAGEs for 6 weeks. In the
low-AGE diet group, there was a change in serum
CML and urine CML, but there were no significant
changes in the group with higher AGEs intake [86,87].
In contrast, Birlouez-Aragon studied 62 healthy adults
and found that the group with a low AGE diet had a
decrease in total cholesterol, HDL-cholesterol, and tri-
glycerides whereas the group with the high AGE diet
had increased CML, fasting insulinemia, and insulin
resistance measured by HOMA [65].

Even when some studies have not found changes
on inflammatory or oxidation markers, one outcome
is similar: there is an association between the con-
sumption of AGEs and their circulatory level. This
result supports the earlier concept of Vlassara that
dAGEs contribute to the AGEs body pool [93].
Therefore, the search for inhibitors of glycation is of
special interest, and the supplementation with thia-
mine and currently benfotiamine (a derivative of thia-
mine) suggest a possible inhibition of the formation
of AGEs. One of the proposed mechanisms is that
benfotiamine increases the endogenous enzyme trans-
ketolase, which degrades AGEs. Benfotiamine is a

lipophilic compound (allowing it to cross cell
membranes easily) and, with a superior absorption,
bioavailability, and effectiveness than thiamine [99].
A few clinical trials have been done with benfotia-
mine. A study by Stracke et al. [100] showed that
patients with diabetic neuropathy in the treatment
group had fewer symptoms when compared with the
placebo group. However, more clinical trials are
needed to prove their effectiveness and safety.

SUMMARY

• There are two main sources of AGEs:
Physiologically formed AGEs defined as the
nonenzymatic reaction of glucose, α-oxoaldehydes,
and other saccharide derivates, with proteins,
nucleotides, and lipids, in the human body; and
exogenous AGEs formed mainly in food.

• There are several methods to determine AGEs in
tissues, biological fluids, and food; immunochemical
and instrumental methods all have their advantages
and disadvantages.

• dAGEs may be important contributors to the
accumulation of AGEs and their effect. Therefore,
understanding the absorption, metabolism, and
excretion is important.

• AGEs exert deleterious effects and have been
implicated in aging and several chronic diseases.

• Interventions have shown an association between
dAGEs and circulating AGEs, but modifying dAGEs
for healthy adults have had ambiguous results.
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Zasada K, Castro-Rivas A, et al. Advanced glycosylation end
products in skin, serum, saliva and urine and its association
with complications of patients with type 2 diabetes mellitus.
J Endocrinol Invest 2005;28:223�30.

[6] Hanssen NM, Stehouwer CD, Schalkwijk CG. Methylglyoxal and
glyoxalase I in atherosclerosis. Biochem Soc Trans 2014;42:
443�9.

273REFERENCES

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref6


[7] Salahuddin P, Rabbani G, Khan RH. The role of advanced
glycation end products in various types of neurodegenerative
disease: a therapeutic approach. Cell Mol Biol Lett 2014;19
(3):407�37.

[8] Hiraiwa H, Sakai T, Mitsuyama H, Hamada T, Yamamoto R,
Omachi T, et al. Inflammatory effect of advanced glycation end
products on human meniscal cells from osteoarthritic knees.
Inflamm Res 2011;60:1039�48.

[9] Thornalley PJ. Advanced glycation end products in renal fail-
ure. J Ren Nutr 2006;16:178�84.
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Isotope dilution ESI-LC-MS/MS for quantification of free and
total Nε-(1-carboxymethyl)-L-lysine and free Nε-(1-carbox-
yethyl)-L-lysine: comparison of total Nε-(1-carboxymethyl)-L-
lysine levels measured with new method to ELISA assay in
gruel samples. Food Chem 2013;141:4253�9.

[42] Ruiz MC, Portero-Otı́n M, Pamplona R, et al. Chemical and
immunological characterization of oxidative nonenzymatic
protein modifications in dialysis fluids. Perit Dial Int
2003;23:23�32.

[43] Hegele J, Buetler T, Delatour T. Comparative LC-MS/MS profil-
ing of free and protein-bound early and advanced glycation-
induced lysine modifications in dairy products. Anal Chim
Acta 2008;617:85�96.

274 20. NUTRITIONAL MODULATION OF ADVANCED GLYCATION END PRODUCTS

II. MOLECULAR AND CELLULAR TARGETS

http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref18
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref19
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref40
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref41
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref42
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref43
http://refhub.elsevier.com/B978-0-12-801816-3.00020-0/sbref43


[44] Kislinger T, Humeny A, Peich CC, Becker CM, Pischetsrieder
M. Analysis of protein glycation products by MALDI-TOF/MS.
Ann N Y Acad Sci 2005;1043:249�59.

[45] Smit AJ, Gerrits EG. Skin autofluorescence as a measure of
advanced glycation endproduct deposition: a novel risk marker
in chronic kidney disease. Curr Opin Nephrol Hypertens
2010;19:527�33.

[46] Luevano-Contreras C, Durkin T, Pauls M, Chapman-
Novakofski K. Development, relative validity, and reliability of
a food frequency questionnaire for a case-control study on die-
tary advanced glycation end products and diabetes complica-
tions. Intern J Food Sci Nutr 2013;64(8):1030�5.

[47] Luevano-Contreras C, Garay-Sevilla ME, Chapman-Novakofski
K. Role of dietary advanced glycation end products in diabetes
mellitus. J Evid Compl Altern Med 2013;18(1):50�66.

[48] Luevano-Contreras C, Garay-Sevilla ME, Preciado-Puga M,
Chapman-Novakofski KM. The relationship between dietary
advanced glycation end products and indicators of diabetes
severity in Mexicans and non-Hispanic whites: a pilot study.
Inter J Food Sci Nutr 2013;64(1):16�20.

[49] Henle T. AGEs in foods. Do they play a role in uremia? Kid
Inter 2003;63:S145�7.

[50] Erbersdobler HF, Faist V. Metabolic transit of Amadori pro-
ducts. Die Nahrung 2001;45:177�81.

[51] Faist V, Erbersdobler HF. Metabolic transit and in vivo effects
of melanoidins and precursor compounds deriving from the
Maillard reaction. Ann Nutr Metab 2001;45:1�12.

[52] Wiame E, Delpierre G, Collard F, Van Schaftingen E.
Identification of a pathway for the utilization of the Amadori
product fructoselysine in Escherichia coli. J Biol Chem
2002;277:42523�9.

[53] Forster A, Kuhne Y, Henle T. Studies on absorption and elimi-
nation of dietary Maillard reaction products. Ann N Y Acad Sci
2005;1043:474�81.

[54] Degen J, Beyer H, Heymann B, Hellwig M, Henle T. Dietary
influence on urinary excretion of 3-deoxyglucosone and its
metabolite 3-deoxyfructose. J Agric Food Chem 2014;62
(11):2449�56.

[55] Koschinsky T, He CJ, Mitsuhashi T, et al. Orally absorbed reac-
tive glycation products (glycotoxins): an environmental risk fac-
tor in diabetic nephropathy. Proc Nat Acad Sci 1997;94:
6474�9.

[56] Stirban A, Gawlowski T, Roden M. Vascular effects of
advanced glycation endproducts: clinical effects and molecular
mechanisms. Mol Metab 2013;3(2):94�108.

[57] Yamagishi S. Role of advanced glycation end products (AGEs)
and receptor for AGEs (RAGE) in vascular damage in diabetes.
Exp Geron 2011;46(4):217�24.

[58] Chuah YK, Basir R, Talib H, Tie TH, Nordin N. Receptor for
advanced glycation end products and its involvement in
inflammatory diseases. Inter J Inflam 2013;2013:403460.

[59] Gao X, Zhang H, Schmidt AM, Zhang C. AGE/RAGE produces
endothelial dysfunction in coronary arterioles in type 2 diabetic
mice. Am Physio: Heart Circ Physiol 2008;295(2):H491�8.

[60] Fleming TH, Humpert PM, Nawroth PP, Bierhaus A. Reactive
metabolites and AGE/RAGE-mediated cellular dysfunction
affect the aging process: a mini-review. Gerontol 2011;57
(5):435�43.

[61] Bierhaus A, Humpert PM, Morcos M, et al. Understanding
RAGE, the receptor for advanced glycation end products. J Mol
Med (Berl) 2005;83(11):876�86.

[62] Penfold SA, Coughlan MT, Patel SK, et al. Circulating high-
molecular-weight RAGE ligands activate pathways implicated
in the development of diabetic nephropathy. Kidney Inter
2010;78(3):287�95.

[63] Ramasamy R, Yan SF, Herold K, Clynes R, Schmidt AM.
Receptor for advanced glycation end products: fundamental
roles in the inflammatory response: winding the way to the
pathogenesis of endothelial dysfunction and atherosclerosis.
Ann N Y Acad Sci 2008;1126:7�13.

[64] Yan SF, Ramasamy R, Schmidt AM. The receptor for advanced
glycation endproducts (RAGE) and cardiovascular disease. Exp
Rev Mole Med 2009;11:e9.

[65] Birlouez-Aragon I, Saavedra G, Tessier FJ, et al. A diet based on
high-heat-treated foods promotes risk factors for diabetes melli-
tus and cardiovascular diseases. Am J Clin Nutr 2010;91
(5):1220�6.

[66] Holik AK, Rohm B, Somoza MM, Somoza V. N(epsilon)-
Carboxymethyllysine (CML), a Maillard reaction product, sti-
mulates serotonin release and activates the receptor for
advanced glycation end products (RAGE) in SH-SY5Y cells.
Food Function 2013;4(7):1111�20.

[67] Somoza V, Lindenmeier M, Hofmann T, et al. Dietary bread
crust advanced glycation end products bind to the receptor for
AGEs in HEK-293 kidney cells but are rapidly excreted after
oral administration to healthy and subtotally nephrectomized
rats. Ann N Y Acad Sci 2005;1043:492�500.

[68] Vlassara H, Uribarri J. Advanced glycation end products (AGE)
and diabetes: cause, effect, or both? Curr Diab Rep 2014;14
(1):453.

[69] Sanguineti R, Puddu A, Mach F, Montecucco F, Viviani GL.
Advanced glycation end products play adverse proinflamma-
tory activities in osteoporosis. Med Inflam 2014;2014:975872.

[70] Vlassara H, Striker GE. AGE restriction in diabetes mellitus: a
paradigm shift. Nature Rev Endo 2011;7(9):526�39.

[71] Grillo MA, Colombatto S. Advanced glycation end-products
(AGEs): involvement in aging and in neurodegenerative dis-
eases. Amino Acids 2007;35:29�36.

[72] Van Puyvelde K, Mets T, Njemini R, Beyer I, Bautmans I. Effect
of advanced glycation end product intake on inflammation and
aging: a systematic review. Nutr Rev 2014;72:638�50.

[73] Baraibar MA, Liu L, Ahmed EK, Friguet B. Protein oxidative
damage at the crossroads of cellular senescence, aging, and
age-related diseases. Oxid Med Cell Longev 2012;919832.

[74] Contreras CL, Chapman-Novakofski K. Dietary advanced gly-
cation end products and aging. Nutrients 2010;2(12):
1247�65.

[75] Nowotny K, Jung T, Grune T, Höhn A. Reprint of “accumula-
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KEY FACTS

• MicroRNAs (miRNAs) are a class of small
noncoding RNAs which are powerful
posttranscriptional regulators of gene
expression.

• MicroRNAs are altered during ageing in
different tissues and also during senescence in
different cells.

• MicroRNAs can be modulated by dietary intake
and nutraceuticals in animal disease models.

• More studies are necessary in humans to
determine whether dietary modulation of
miRNAs can be used for the prevention or
treatment of age-related diseases.

Dictionary of Terms

• 3’UTR � The three prime untranslated region is the
part of messenger RNA that procedes the
translation termination codon. The 3’UTR of mRNA
is transcribed from DNA, but is not translated into
protein.

• Exosomes � are large vesicles between 30�100 nm
which are released by cells and found in many
biological fluids such as blood, urine, salvia.
Exosomes can contain DNA, mRNA, miRNA and
proteins.

• microRNAs (miRNAs) � are a novel class of small
non-coding RNAs which are part of the non-coding
genome, which do not code for protein. miRNAs
post-transcriptionally regulate protein-coding genes.

• myomiR � refers to a miRNA which is highly
expressed in skeletal muscle tissue.

• RISC � the RISC is a ribosomal induced silencing
complex which contains multiple proteins and can
bind to different types of double-stranded RNA
including small interfering RNA and miRNA.

• Seed sequence � the miRNA seed sequence or seed
region refers to positions 2�7 from the 5’ prime end
of the miRNA, which binds the complementary
nucleotides in the 3’UTR target mRNAs.

• Target gene � refers to a protein-coding gene which
harbors a complementary miRNA target site in the
3’UTR of transcribed mRNA.

• qPCR � refers to quantitative polymerase chain
reaction and is a technique to measure the level of
mRNA or miRNA in different cells, tissues or
biological fluids. qPCR requires reverse
transcription of RNA into cDNA, before
amplification and quantification of the template
cDNA.

INTRODUCTION

MicroRNAs (miRNAs) are a class of small noncod-
ing RNAs, 19�22 nucleotides in length, which were
first discovered over a decade ago [1�3]. Many
miRNAs are highly conserved across species. The
human genome contains over 1500 miRNA genes,
which are encoded in intronic and intergenic regions,
or within protein-coding gene regions [4]. miRNAs are
expressed in many different cell types and also in a
tissue-specific pattern [5]. miRNAs are widely estab-
lished as powerful posttranscriptional regulators of
gene expression, which can fine-tune cellular protein
levels within cells and across tissue types [6]. miRNAs
can bind to complementary sites with the 30 untrans-
lated region (30UTR) of target mRNAs, causing
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translational repression, mRNA deadenylation, or
mRNA decay [7], which in turn alters corresponding
protein levels. Human protein-coding genes harbor
over 45,000 putative miRNA target sites [8]. Each
miRNA can regulate several hundred mRNAs [9].
Furthermore, multiple miRNAs can bind to a single
mRNA, thus can act combinatorially to posttranscrip-
tionally regulate gene expression [7]. Consequently,
miRNAs play a role in almost all biological processes
targeting genes such as those involved in cellular
development and growth [10], as well as those
involved in cellular senescence. Many miRNAs have
been identified that may play a role in aging and age-
related diseases [11�15]. Antisense targeting methods
using cholesterol conjugated chemically modified anti-
sense oligonucleotides or mimics have been success-
fully used to alter specific miRNAs in liver [16], but
this approach is expensive and limited to targeting
specific miRNAs. Recently, there has been a growing
interest in the potential of a dietary approach to modu-
late aging and disease-associated miRNAs [11,17�20],
because of the association between dietary intake and
age-related conditions such as loss of muscle mass,
insulin resistance, cardiovascular disease, and type 2
diabetes [21�23]. Furthermore, micronutrients and
other dietary compounds including flavonoids and
polyphenols are known to modulate transcription
and also act via epigenetic mechanisms [18,20,24,25],
and therefore are potential candidates for modulating
miRNA expression.

miRNA BIOGENESIS AND PROCESSING

miRNAs are initially transcribed by RNA polymer-
ase II into primary miRNA transcripts (pri-miRNAs)
that are several hundred nucleotides in length [26].
Pri-miRNAs are cleaved in the nucleus by an RNAase
III enzyme called Drosha [27�29], which leaves a
B70�80 nucleotide hairpin precursor miRNA (pre-
miRNA), which is exported to the cytoplasm through
Exportin-5, a nuclear transport protein [30]. Pre-
miRNAs are subsequently cleaved in the cytoplasm by
Dicer, leaving an unstable RNA duplex [31]. The RNA
duplex rapidly unwinds, releasing the 19�22 nucleo-
tide mature miRNA [31], which is incorporated into a
ribosomal induced silencing complex (RISC) and can
bind to 6�8 complementary sites in the 30UTR of pro-
tein coding mRNAs [32]. The magnitude of posttran-
scriptional suppression is related to the degree of
complementarity between the miRNA seed sequence
and the target mRNA among other factors [8,33].
Importantly, miRNAs have been demonstrated to
have a widespread impact on cellular protein levels
in vivo [6,34]. The miRNA biogenesis and processing

pathway is also regulated at multiple levels by
RNA-binding proteins [35]. A recent study revealed
that methyltransferase-like 3 (METTL3) binds and
methylate’s pri-miRNAs, which leaves a mark that
is recognized by DGCR8, which subsequently binds
to the pri-miRNA for processing by Drosha. Around
14% of all pri-miRNAs have highly conserved stem
loops, which have been proposed to act as landing
pads for RNA-binding proteins and block miRNA
processing [36]. hnRNP A1 has been shown to bind
specifically to pri-miR-18a before Drosha processing,
and absence of hnRNP A1 blocks miRNA processing
[37]. These studies suggest that miRNA biogenesis
and processing can be regulated at multiple points,
and RNA-binding proteins may regulate specific
subgroups of miRNAs, rather than global tissue
miRNA expression levels. Currently, we know very lit-
tle about whether dietary factors can modulate miRNA
biogenesis and processing.

CIRCULATING miRNAs

miRNAs are also found in whole blood, plasma,
and serum [38]. miRNAs in blood can be either cell-
free or contained within platelets, erythrocytes, and
nucleated cells. miRNAs found in plasma are remark-
ably stable even when subject to harsh conditions such
as boiling, acidity, alkalinity, and freeze�thaw cycles
[39]. Many circulating miRNAs can be found packaged
in exosomes, microvesicles, and apoptotic bodies or
attached to RNA-binding protein complexes or lipo-
protein complexes [40]. Circulating miRNAs are
reported to be modulated by aging and by age-related
chronic conditions [12]. Therefore, circulating miRNAs
are attractive biomarkers of aging and age-related con-
ditions [11]. The origin and function of circulating
miRNAs is still not fully understood [41]. Changes in
circulating miRNA profiles may be due to active secre-
tion from cells or passive release following acute tissue
damage [42]. Exercise-induced muscle damage appears
to lead to a shift in circulating miRNAs [43,44].
Senescent cells also represent a possible source of cir-
culating miRNAs with direct relevance to aging [14].
Exosomes and microvesicles are thought to play a role
in intercellular communication and provide a vehicle
for trafficking proteins, lipids, and RNAs between cells
[40]. However, it is difficult to study intracellular traf-
ficking of miRNAs in vivo. Nevertheless, in vitro stud-
ies have demonstrated that mouse exosomal RNA can
be transferred to human recipient cells and results in
expression of mouse proteins not normally present
in the recipient cells [45], but it is not known
how widespread intracellular trafficking of miRNAs is
in vivo.
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Changes in circulating miRNAs with aging are
likely to occur slowly, due to slow changes in muscle,
neural, endothelial, hepatic, and other tissues during
aging. It will be important to establish what a healthy
circulating miRNA profile looks like, so we can detect
when a detrimental shift in circulating miRNAs occurs.
A rapidly growing number of studies have measured
circulating miRNAs as potential biomarkers in a wide
range of clinical conditions [46�48]. Differences in
methodologies used for blood sampling, processing,
and analysis may contribute to some inconsistencies
now emerging between studies [49]. Hematopoietic
cells are an abundant source of circulating miRNAs
[50] and care needs to be taken during blood sampling
and processing to avoid contamination of plasma with
hematopoietic-derived miRNAs [51]. Ideally, candidate
circulating miRNA biomarkers need to be validated in
larger independent cohorts or systematic meta-analysis
may help identify candidate miRNA biomarkers that
are consistently modulated across multiple cohort
studies.

AGING ASSOCIATED miRNAs
IN DIFFERENT TISSUES

Age-related differences in miRNAs in various tis-
sues have been reported in a lower organisms, rodents,
primates, and humans [11]. In humans, age-related
changes occur much more slowly and lifespan is lon-
ger compared to lower organisms and rodents. One
mouse year is equal to around 30 human years.
Therefore, we are reliant on comparing miRNA
expression in tissues between younger and older
adults. Confounding factors may contribute to any
age-associated miRNAs identified when using a cross-
sectional design, including factors such as previous
diet, physical activity levels, acute injuries, and even
environmental exposure [11]. A study of small noncod-
ing RNAs in mononuclear cells of centenarians living
near Valencia in Spain revealed that centenarians
shared an overlapping small noncoding RNA expres-
sion signature with young adults rather than octogen-
arians [52]. Furthermore, six small noncoding RNAs
were more highly expressed in the centenarians com-
pared to the octogenarians and young adults [52].
Independent validation by qPCR confirmed significant
overexpression of miR-21, miR-130a, and SCARNA17
in centenarians, but not miR-494 [52]. It was speculated
that these small noncoding RNAs play a role in
extreme longevity, but conversely these small noncod-
ing RNAs may also be a consequence rather a cause
of extreme longevity. It is important to emphasize
that small RNA expression in mononuclear cells may
not be representative of expression in other tissues,

which are also undergoing age-related changes.
Mononuclear cells found in the blood, typically include
lymphocytes, monocytes or macrophages, which are
components of the immune system. Nevertheless,
differences in small RNA expression in immune cells
may confer protection against infectious diseases and
foreign pathogens.

A screen of age-related and senescence-related
changes in miRNA expression in several human cells
types including endothelial cells, replicated CD8(1)
T cells, renal proximal tubular epithelial cells, skin fibro-
blasts, foreskin, mesenchymal stem cells, and CD8(1)
T cells from young and old donors revealed commonly
regulated miRNAs [15]. miR-17 was universally down-
regulated in all cell types tested, miR-19b, miR-20a, and
miR-106a were downregulated in 5�6 cell types tested
[15]. Several established target transcripts were con-
versely upregulated including p21/CDKN1A, which is
a cyclin-dependent kinase inhibitor and regulates cell
cycle progression and cell senescence [15].

Age-related loss of muscle mass and function is
termed sarcopenia and can be a precursor to decline in
mobility and the onset of frailty [53]. Some research
groups have argued that older individuals develop
anabolic resistance [54] and therefore have reduced
capacity for muscle plasticity in response to nutrients
or exercise [55]. A study of changes in miRNA expres-
sion in skeletal muscle after an acute bout of resistance
exercise found 21 miRNAs were modulated in young
men, whereas none were modulated in older men [55].
Furthermore, exercise-induced changes in mRNA
expression were blunted in older men [55]. In vitro
experiments in myocytes revealed miR-126 as a poten-
tial regulator of skeletal muscle growth genes and
insulin growth factor 1 (IGF-1) signaling [55]. Other
studies have reported higher levels of pri-miRNA tran-
scripts in older men compared to younger men,
including pri-miRNA-1-1, -1-2, -133a-1, and -133a [56],
which encode the muscle-specific mature miR-1 and
miR-133a transcript. miR-1 expression was reported to
remain elevated in older men after resistance exercise
and an anabolic stimulus, while miR-1 was downregu-
lated in younger men at 3 and 6 h postexercise [56].
A more recent study in young and older men screened
changes in 754 miRNAs, 2 h after an acute resistance
exercise bout [57]. The study identified 26 miRNAs
that were differentially expressed with age and/or
exercise, which notably included five miRNAs, which
target mRNAs that code for proteins in the Akt-mTOR
signaling pathway. The authors suggested the miR-99/
100 family as an attractive target for regulating skeletal
muscle mass [57]. This miRNA family can bind to the
30UTR of mTOR, RPTOR, and IGF-1R, which encode
major proteins in the Akt-mTOR pathway regulating
skeletal muscle growth [57]. Bed rest studies provide a
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particularly useful model of accelerated aging in
humans. Bed rest leads to marked changes in insulin
sensitivity, muscle enzyme activity, muscle size, and
muscle strength, which can be reversed by a period of
resistance exercise [58]. A bed rest study in men over
10 days reported that 13 miRNAs were downregulated
and 2 miRNAs were upregulated in skeletal muscle.
Notably among the downregulated miRNAs were,
miR-206, which is a muscle-specific myomiR involved
in skeletal muscle development, and miR-23a, which is
associated with the insulin response and atrophy
defense [59]. In addition, several of the let-7 family
were downregulated, which are involved in cell cycle,
differentiation, and glucose homeostasis [59].

DIETARY MODIFICATION OF miRNAs

Evidence is growing that miRNAs are modulated
by dietary intake of macronutrients, micronutrients, or
natural food-derived compounds, such as flavonoids
and polyphenols [18,19,24]. Therefore, specific dietary
interventions or nutraceutical supplements may poten-
tially be used to either directly or indirectly target
miRNAs altered during aging and in age-related
diseases. Most studies to date have focused on the
potential of nutraceuticals such as curcumin and
resveratrol to modulate miRNAs in a wide variety of
cancer cell types. Few studies have assessed dietary
or nutraceutical mediated miRNA modulation in
in vivo age-related disease models. Caloric restriction
is a model often used to study molecular events and
interventions to promote longevity. In Caenorhabditis
elegans, miR-80 expression is high when ab libitum
food is available, and conversely low when food is
restricted [60]. In addition, a recent study in nonhu-
man primates reported decreased miR-451, miR-144,
miR-18a, and miR-15a, as well as increased miR-181a
and miR-181b expression in skeletal muscle during
aging [61]. Furthermore, a recent study used deep
sequencing to characterize differences in circulating
miRNA in young, old, and caloric restricted old mice
[62]. Many circulating miRNAs were increased in the
old mice, of which 50 were conversely reduced by
caloric restriction, the targets of these miRNAs were
enriched in genes involved in the regulation of macro-
molecular biosynthetic processes, regulation of apopto-
sis, and the Wnt signaling pathway [62]. While
prolonged caloric restriction is not recommended in
humans, it is plausible that the increased longevity
observed in lower organisms may be mediated in part
by nutrient sensitive miRNAs and modulation of their
target genes. In the following, we will discuss evidence
of miRNA modulation by protein, carbohydrate, fat,
micronutrients, and other nutraceuticals based on

studies to date. Much of the evidence of miRNA mod-
ulation by dietary factors is based on findings from
cell lines. It will be important in future to establish
whether findings from nutraceutical modulation of
miRNAs in cell lines can be translated from bench to
beside in humans.

miRNAs MODULATED BY PROTEIN

Essential amino acids (EAAs) are well established as
potent stimulators of muscle protein synthesis and
therefore are particularly useful in medical foods and
supplements designed to maintain or increase skeletal
muscle mass [63]. EAAs have been shown to modulate
miRNA levels in skeletal muscle too [64]. A study in
young men found that ingestion of 10 g of EAAs
increased the expression of mature miR-499, miR-208b,
miR-23a, and miR-1 transcripts, as well as pri-miR-206
after 3 h [64]. These EAA-induced changes were
accompanied by alteration of muscle growth related
genes [64]. No studies have investigated the time
course of changes in miRNA expression levels after
feeding EAAs, other amino acids, or different types of
proteins. Past studies have shown that whey protein,
casein protein, soy protein can all stimulate muscle
protein synthesis in humans; leucine is a particularly
potent anabolic agent [65]. Future studies are needed
to ascertain how and which miRNAs are modulated
by whole proteins from different food sources, as well
as individual amino acids.

miRNAs MODULATED BY
CARBOHYDRATES

Aging is associated with changes in the regulation
of glucose homeostasis, related to reduced insulin sen-
sitivity, which can lead to impaired glucose tolerance
and increased risk of type 2 diabetes in older adults
[66]. Age-related decreases in insulin sensitivity can
influence the postprandial response to simple carbohy-
drates such as glucose, unless sufficient insulin can be
produced by the pancreatic beta cells to compensate.
However, age-related variability of glucose tolerance is
also strongly influenced by fatness and fitness [67].
Impairment in glucose tolerance and the gradual onset
of hyperglycemia can remain undetected for several
years in older adults, which can lead to a wide range
of complications including neuropathy, nephropathy,
diabetes retinopathy, susceptibility to infections, osteo-
porosis, and cardiovascular disease [66,68].

Many cells are sensitive to high-glucose concentra-
tions and also show concomitant modulation of
miRNAs. For example, miR-1 expression is increased
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in rat cardiomyocytes exposed to high glucose, which
also promotes apoptosis [69]. miR-1 targets the IGF1
signaling pathway, hence high-glucose induced
expression of miR-1 resulted in a posttranscriptional
suppression of IGF-1 and increased apoptosis [69]. In
pancreatic beta cells, high-glucose levels are reported
to lead to an upregulation of miR-29a and increased
proliferation [70]. In adipocytes, high-glucose and
insulin exposure increases miR-29 expression levels,
which leads to an inhibition of insulin signaling [71].
This latter observation has been confirmed in more
recent studies, which also showed that miR-22 and
miR-27a expressions in adipocytes are sensitive to
extracellular glucose.

Diets high in fructose can lead to nonalcoholic fatty
liver disease, which is also more prevalent in older
adults and can be driven by a variety of factors includ-
ing high-fat or alcohol intake. A study in Sprague-
Dawley rats fed a high-fructose diet or a high-fat and
fructose diet compared to a standard diet or high-fat
diet for 3 months revealed marked differences in liver
miRNA expression dependent on dietary intake [17].
Three miRNAs were consistently downregulated in liver
by high fructose intake, including miR-21, miR-122,
miR-451, and miR-27, whereas three miRNAs were
consistently upregulated in liver by high fructose
intake, including miR-200a, miR-200b, and miR-429
[17]. The targets of these miRNAs are involved in the
control of lipid and carbohydrate metabolism, signal
transduction, cytokine signaling, and apoptosis [17].
The differences in miRNAs were accompanied by
histological evidence of liver injury and metabolic
dysfunction in the high-fructose fed rats. It was not
established whether subsequently reducing fructose
intake could reverse high-fructose-induced miRNA
expression in liver. Future studies are needed to estab-
lish the effect of different types of carbohydrates on
miRNA expression, as diets rich in low-glycemic index
carbohydrates, which contain a higher proportion of
complex sugars rather than simple sugars are recom-
mended to maintain metabolic flexibility and prevent
metabolic health-related disorders [72].

miRNAs MODULATED BY DIETARY
FATAND FATTY ACIDS

Aging is associated with increased adipose tissue,
which is suggested to be due to reduced metabolically
active fat-free tissue mass and hence a decrease in rest-
ing metabolic rate, rather than alterations in fat oxida-
tion [73]. Nevertheless, prolonged high dietary fat
intake without a corresponding increase in energy
expenditure can lead to fat accumulation and related
comorbidities, such as insulin resistance and

nonalcohol fatty liver disease. Saturated fatty acids
have been suggested to play a role in insulin resistance
through inhibition of the insulin signaling pathway.
Palmitate is a common saturated fatty acid found in
Western diets. Palmitate treatment increases miR-29a
in skeletal muscle myocytes in vitro, which is in con-
cordance with increases in miR-29a expression induced
by a high-fat diet [74]. Whether palmitate directly or
indirectly induces miR-29a expression has not been
established, nonetheless miR-29a can bind to the
30UTR of IRS-1 mRNA, which inhibits the translation
of IRS-1 into protein, leading to impaired insulin
signaling and glucose uptake [74]. Furthermore, satu-
rated fatty acid has also been observed to increase
miR-195 expression in hepatocytes [75]. miR-195 can
bind to the 30UTR of INSR mRNA, which reduces
insulin receptor protein levels, resulting in impaired
insulin signaling and glycogen synthesis [75].

A high-fat diet has been shown to modulate multiple
miRNAs in murine and rodent models. In adipose
tissue, a prolonged high-fat diet was reported to
increase expression of miR-22, miR-342-3p, miR-142-3p,
miR-142-5p, miR-21, miR-146a, miR-146b, miR-379 and
decrease expression of miR-200b, miR-200c, miR-204,
miR-30a�, miR-193, miR-378 and miR-30e�, miR-122,
miR-133b, miR-1, miR-30a�, miR-192, and miR-203.
Whether changes in these miRNAs play a role in
obesity development or are only consequences of exces-
sive fat accumulation is difficult to ascertain from this
study, in future a time-course approach may provide
new insights in the molecular events underlying diet-
induced obesity [76,77]. In skeletal muscle, microarray
analysis revealed 30 miRNAs are differentially
expressed in mice fed a high-fat diet for 12 weeks com-
pared to normal diet fed mice [78]. Notably several
muscle-specific miRNAs were downregulated includ-
ing miR-1, miR133a, miR-133b, and miR-206, which
target muscle development genes [78]. A previous
study in individuals with varying insulin resistance
and glucose tolerance also found miR-133a and
miR-206 were downregulated [79]. In the hypothala-
mus, high-throughput screening revealed expression of
let-7a, miR-9a, miR-30e, miR-132, miR-145, miR-200a,
and miR-218 in hypothalamus is sensitive to high
dietary fat intake, these groups of miRNAs were
conversely regulated by dietary restriction [80]. Finally,
in liver more than 50 miRNAs were found to be modu-
lated in diet-induced obese mice. miR-107, which was
downregulated, was found to inversely correlated
with FASN which encodes fatty acid synthase [81].
A combined high-fat and high-cholesterol diet was
reported to induce modulation of miRNAs in liver of
baboons, which differed dependent on their lipoprotein
cholesterol phenotype [82]. Next generation sequencing
revealed 18 miRNAs were differentially expressed in
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response to a combined high-fat and high-cholesterol
diet in baboons with high basal LDL concentration,
whereas 10 miRNAs were differentially expressed in
response to the same diet in baboons with a low basal
LDL concentration [82]. Notably, the miR-29 family
members were downregulated in baboons regardless
of basal LDL levels [82].

Dysregulated miRNA levels are also seen in subcu-
taneous adipose tissue of obese humans, however
whether these miRNAs represent the cause or conse-
quences of obesity is yet to be established [83]. For
example, a recent clinical study of obese individuals
found miR-223 and miR-143 levels were significantly
lower in their blood compared to normal or over-
weight individuals [84]. Whether normalization of
blood miRNA levels either with a diet or pharmaceuti-
cal would reverse obesity is unknown. In addition,
many putative targets of high-fat diet sensitive
miRNAs remain to be experimentally validated.

Some poly-unsaturated fatty acids (PUFA) are
reported to have potential health benefits and modulate
miRNA levels. One study showed that omega-3 PUFA
treatment can modulate miR-122 and miR-33a levels
in diet-induced obese rats fed a cafeteria diet, which
was high in both carbohydrate and fat content [85].
The diet-induced increase in miR-33a and miR-122 in
the liver was attenuated by omega-3 PUFA treatment
[85]. Interestingly, changes in miR-33a levels in
peripheral blood mononuclear cells (PBMCs) mirrored
changes in the liver, which raises the prospect that
miR-33a levels in PBMCs could be used as a biomarker
of miR-33a in the liver.

miRNA MODULATION BY DIETARY
MICRONUTRIENTS

Dietary intake of micronutrients can be deficient
in some elderly individuals [86] and is closely associ-
ated with consumption of fruit and vegetables [87].
Micronutrient intake patterns were recently reported to
be associated with brain biomarkers of Alzheimer’s
disease in cognitively normal individuals. Micronutrient
intake has also been associated with a variety of age-
related conditions such as osteoporosis [88]. Provision
of vitamin-D (5000 IU) fortified bread in elderly nursing
home residents with low basal vitamin-D levels led to
significantly increased bone mineral density in the lum-
bar spine and hip [89]. Micronutrients are potentially
valuable modifiers of miRNA expression levels, because
the caloric content of micronutrients is very low com-
pared to macronutrients [90]. In addition, micronutri-
ents can be used to fortify a wide variety of foods.
To date studies of micronutrient modulation of miRNA

levels have primarily been conducted in cell- or animal-
based models.

miRNA MODULATION BY VITAMIN D

The main metabolite of vitamin D is calcitriol
(1,25-dihydroxyvitamin D3), which can directly bind to
nuclear transcription factors and hence modulate gene
expression [91]. Some miRNAs are also regulated
by nuclear transcription factors and therefore may be
also modulated by vitamin D metabolites. In vitro
experiments of calcitriol treatment of colon cancer cells
have shown that several miRNAs, including miR-22,
miR-146a, and miR-222, are upregulated, while miR-203
is downregulated. These calcitriol induced changes
in miRNA expression were accompanied by reduced
proliferation. Both miR-222 and miR-22 target genes
involved in DNA methylation and histone modifica-
tion, therefore can modulate many more genes indi-
rectly via epigenetic modification. Calcitriol treatment
of other colon cancer cell lines, such as HT-29,
modulated additional miRNAs including miR-627, but
not miR-22. Notably, miR-627 targets a histone
demethylase gene, and blocking miR-627 suppresses
the calcitriol-induced antiproliferative effect on HT-29
colon cancer cells [92]. miRNA modulation by the
vitamin D metabolite, calcitriol, has been tested in a
variety of other cancer cell lines, however studies
have typically focused on measuring selected tumor
suppressor or oncogenic miRNAs, rather than
genome-wide miRNA changes [18]. For example, calci-
triol treatment of leukemia cells reduced miR-181a and
miR-181b expression and led to cell-cycle arrest, while
addition of precursor miR-181a reduced the antiproli-
ferative effects of calcitriol [93]. Calcitriol treatment of
several prostate cancer cell lines including RWPE-1,
RWPE-2, PrEC, and PrE causes upregulation of miR-
100 and miR-125b, which are both tumor-suppressor
miRNAs. Similarly, calcitriol treatment of LNCap pros-
tate cancer cells caused the upregulation of another
tumor-suppressor miRNA, miR-98. Interestingly, the
miR-98 promoter region harbors a VDRE response ele-
ment, therefore calcitriol treatment can directly induce
miR-98 transcription, as well as indirectly through
suppression of gene expression [94].

Taken together there is evidence that vitamin D
treatment can modulate miRNA expression in cancer
cells, which is particularly relevant within the context
of aging and prevention of cancer. However, it will be
important to establish the effect of vitamin D in
normal healthy cells. Typically, supra-physiological
concentrations of vitamin D or its metabolites have
been used for in vitro experiments on cancer
cell lines. Treatment of normal lines or primary
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human-derived cell lines with similar concentrations of
vitamin D is most likely to also suppress proliferation
and may result in cell death.

Vitamin D is also associated with modulation of
cellular stress. Calcitriol treatment of serum-starved
breast cancer cells suppressed the induction of cellular
stress related miRNAs, including miR-26b, miR-182,
miR-220b/c, and let-7 family members [95]. Cellular
stress is a hallmark of aging and it would be useful
in future to establish whether calcitriol treatment of
normal cells exposed to cellular stressors such as star-
vation or hypoxia, results in modulation of miRNAs
associated with cellular stress pathways.

There have been limited human intervention studies
so far on the relationship between vitamin D supple-
mentation and miRNA levels in blood. Cross-sectional
analysis revealed a positive correlation between serum
25-hydroxyvitamin D and miR-532-3p levels in the
serum of healthy individuals. Twelve months of
Vitamin D supplementation compared to placebo
revealed a significant reduction of miR-221 only in
individuals administrated the placebo treatment [96],
but no other serum miRNAs were altered. In another
study, in pregnant women with low levels of plasma
calcitriol (,25.5 ng/mL) indicative of vitamin D defi-
ciency, 10 miRNAs were lower and 1 miRNA was
higher compared to pregnant women with high levels
of plasma calcitriol (.31.7 ng/mL) [97]. It is not yet
known the functional consequences of diet-induced
changes in blood miRNA levels. There have been no
studies to date on the effects of vitamin D supplemen-
tation in the elderly on blood miRNA levels.

miRNA MODULATION BY FOLATE

Folate is essential for many biological processes and
cannot be synthesized de novo, therefore sufficient
daily intake of folate is necessary in humans. Folate is
used in DNA synthesis, repair, and methylation, in
addition to being a cofactor in amino acid metabolism.
Folate could potentially modulate miRNA levels by
mechanisms involving methylation reactions. Most of
the research on folate deficiency-induced miRNA mod-
ulation has focused on cancer, due to the role of
methyl groups in various cancers. Manipulation of
folate availability in various mouse and human cell
lines indicates folate deficiency modulates miRNA
levels. In mouse embryonic stem cells, folate deficiency
leads to reduced growth and apoptosis, which is
accompanied by changes in 12 miRNAs [98]. Similar
widespread changes in miRNAs have been reported in
folate deficient human lymphoblast cells, including
upregulation of miR-22 and miR-222, that was
reversed by restoring folate availability [99].

Interestingly, miR-22 and miR-222 levels in blood were
also observed to be higher in head and neck squamous
cell carcinoma patients with low folate intake [99],
although this finding remains to be confirmed in a
larger cohort.

In vivo studies of rats fed with methyl group defi-
cient diets leads to the development of hepatocellular
carcinoma after 12�13 months, which is accompanied
by upregulation of hepatic let-7a, miR-21, miR-23,
miR-130, miR-190, and miR-17-92, as well as downre-
gulation of miR-122 in comparison to rats fed a methyl
sufficient diet [100]. Changes in miR-122 were reversed
when methyl group deficient rats were provided
with a methyl sufficient diet, which in turn prevented
the development of hepatocellular carcinoma [100].
Overlap between aging and cancer pathways suggests
findings from manipulation of folate in cancer cells or
animal models modulate miRNAs which may be
relevant in the context of aging. However, further
mechanistic studies are necessary in different tissues
which undergo age-related changes that are sensitive
to dietary manipulation such as liver, fat, muscle, and
endothelium among others.

miRNA MODULATION BY VITAMIN A

The main metabolite of vitamin A is retinoic acid,
which plays a role in growth and development.
Retinoic acid can bind to nuclear receptors and modu-
late transcription of genes harboring a retinoic acid
response element. Treatment of various cells lines with
retinoic acid has been shown to modulate miRNA
levels with functional consequences. For example, reti-
noic acid inhibits proliferation and stimulates differen-
tiation of neuroblastoma cells, with concomitant
upregulation of miR-9 and miR-103a, which target the
transcriptional factor ID2 that is involved in neuronal
related tumorigenesis [101]. Retinoic acid has also been
shown to trigger DNA demethylation events during
neuroblastoma cell differentiation [102]. The action of
retinoic acid on DNA methylation in neuroblastoma
cells appears to be partially mediated via increased
expression of miR-152, which can bind to DNMT1
[102]. Another study identified the miR-17 family as
sensitive to retinoic treatment in neuroblasts, which
triggers differentiation. The targets of the miR-17 fam-
ily include protein coding genes of the mitogen-
activated protein kinase (MAPK) signaling pathway,
as well as protein coding genes that are involved in
proliferation. Retinoic acid has also been demonstrated
to modulate multiple miRNAs in leukemia cell lines.
Notably, miR-29a and miR-142-3p have been shown to
be upregulated by trans-retinoic acid treatment in
three different leukemia cell lines, including HL-60,
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THP-1, and NB-4 cells. Overexpression of miR-29a or
miR-142-3p in hematopoietic stem cells from patients
with acute myeloid leukemia or healthy individuals
stimulates myeloid differentiation. To date studies of
miRNA modulation by retinoic acid have focused on
various cancer cell lines. It will be useful in future to
establish the effect of retinoic acid on miRNAs in nor-
mal cells and aging cells. Retinoic acid treatment has
already been tested in a variety of cells and animal
disease models, due to the ability of retinoic acid to
bind to nuclear receptors, but differences in miRNA
expression were not assessed. Expression of the
nuclear retinoic acid receptor in peripheral blood
mononuclear cells has been reported to decrease with
age [103]. Neutrophils appear to be preferentially tar-
geted by retinoic acid in the elderly [104]. Retinoic acid
has also been proposed as a topical treatment to pre-
vent age-related changes in skin [105], as well as an
oral treatment for preventing age-related cognitive
decline [106], but whether these effects are mediated
through miRNAs is yet to be established.

miRNA MODULATION BY VITAMIN C

Vitamin C is one of the most widely studied micro-
nutrients and plays a role in many biological pro-
cesses. Past studies have focused on the potential for
vitamin C to increase immunity, as well as for treat-
ment of chronic medical conditions associated with
oxidative stress, such as cardiovascular disease and
diabetes among others. To date very few studies have
investigated whether vitamin C influences miRNA
expression in different cells or animal models.
Ascorbic acid treatment of multipotent periodontal
cells upregulates miR-146 expression and promotes
differentiation [107]. In a rat model of mammary carci-
nogenesis, vitamin C treatment suppressed the
17-beta-estradiol-induced increase in miR-93 and con-
versely increased nuclear erythroid-related factor 2
(NRF2) target protein levels. Follow-up experiments
revealed overexpression of miR-93, posttranscription-
ally suppressed both NRF2 and genes regulated by
NRF2, as well as promoted carcinogenesis [108].
Conversely, inhibition of miR-93 suppressed carcino-
genesis [108]. A recent study, highlighted the role of
vitamin C in reprogramming of somatic cells into
induced pluripotent stem cells. JHDM1A and JHDM1b
have been identified as vitamin-C-dependent H3k36
demethylases, which promote cell cycle progression
and suppress senescence. Interestingly, JHDM1B was
shown to activate the miR-302/367 cluster, therefore
suggesting that vitamin C can modulate histone
demethylases partly through miRNA modulation
[109]. More systematic studies are required to

determine which miRNAs and related targets are mod-
ulated by ascorbic acid in different cell lines and the
implications for dietary supplementation in humans.

miRNA MODULATION BY VITAMIN E

Vitamin E includes a group of fat soluble com-
pounds that are found naturally in many foods includ-
ing vegetables, oils, meat, eggs, and fruits, as well
as being readily available as a dietary supplement
and in fortified foods such as cereals. There are 10
common forms of vitamin E including alpha-, beta-,
gamma-, delta- and epsilon-tocopherol, and alpha-,
beta-, gamma-, delta- and epsilon-tocotrienol. The
alpha-tocopherol form of vitamin E is reported to be
the most biologically active and is a potent antioxidant
in the glutathione peroxidase pathway, as well as
modulating gene expression. Whether the antioxidant
effects of alpha-tocopherol are mediated via miRNAs
has not been studied. Nevertheless, vitamin E defi-
ciency in rodents has been reported to decrease miR-
122 and miR-125b expression in liver, concomitantly
with a reduction in plasma cholesterol levels [110].
miR-122 plays a role in the regulation of lipid metabo-
lism and miR-125b is related to inflammation. In
addition, a recent study in juvenile Nile tilapia fish
reported that diets with higher doses (2500 mg/kg) of
alpha-tocopherol decreased superoxide dismutase
activity and increased expression of miR-21, miR-223,
miR-146a, miR-125b, miR-181a, miR-16, miR-155,
and miR-122 in liver. Whereas, diets with no added
alpha-tocopherol led to reduced expression of several
of these miRNAs, including miR-223, miR-146a,
miR-16, and miR-122 [111]. However, there have been
no studies to date that have determined whether
vitamin E supplementation directly modulates miRNA
levels in human cells.

miRNA MODULATION BY DIETARY
MINERALS

Healthy diets contain a range of essential dietary
minerals, including calcium, phosphorus, potassium,
sulfur, sodium, chlorine, and magnesium. In addition,
healthy diets contain a range of dietary trace elements
including iron, cobalt, copper, zinc, manganese,
molybdenum, iodine, bromine, and selenium. These
dietary minerals and trace elements are necessary for
biochemical reactions. Deficiency in trace elements can
occur during caloric restriction and when dietary food
variety is limited. Trace element deficiencies have been
reported in some elderly groups and the efficacy of
trace element supplementation has been suggested to
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protect against a variety of age-related conditions
including cognitive impairment.

To date there have been very few mechanistic stud-
ies of miRNA modulation by trace elements. Selenite
treatment of human prostate cancer cells has been
reported to upregulate miR-34b and miR-34c expres-
sion, which target the cell-cycle regulator p53 [112].
A recent study of rats fed selenium deficient diets
revealed cardiac dysfunction was associated with upre-
gulation of miR-374, miR-16, miR-199a-5p, miR-195,
and miR-30e, and downregulation of miR-3571, miR-
675, and miR-450a� [113]. miR-374 targets multiple
genes which code for proteins in the Wnt/beta-catenin
signaling pathway [113].

miRNA MODULATION BY FLAVONOIDS

Quercetin is a natural flavonol found in a wide vari-
ety of foods including fruits, vegetables, and grains.
Similar to other flavonoids, quercetin is reported to
have potential antioxidant, anti-inflammatory, and
anticarcinogenic properties primarily based on in vitro
cell experiments. There is in vitro evidence that
quercetin can modulate miR-155, which is a pro-
inflammatory associated miRNA. Murine macro-
phages activated with lipopolysaccharide and treated
with quercetin downregulated miR-155, as well as
mRNA and protein levels of TNF-α [114]. Quercetin
also suppressed interleukin 1β, interleukin 6, macro-
phage inflammatory protein 1α, and inducible nitric
oxide synthase genes [114]. There is in vivo evidence
that quercetin can modulate miR-125b which is associ-
ated with inflammation and miR-122 which is associ-
ated with lipid metabolism. Laboratory mice fed a
high-fat diet for 6 weeks and treated with quercetin
showed higher expression of miR-125b and miR-122,
as well as lower expression of inflammatory related
genes including interleukin 6, C-reactive protein,
monocyte chemoattractant protein 1, and acyloxyacyl
hydrolase [115].

Apigenin is a dietary flavone with anti-
inflammatory potential, which may be mediated via
miRNAs. A high-throughput screen of apigenin treated
lipopolysaccharide (LPS)-activated macrophages revealed
miR-155 expression was reduced. LPS is an endotoxin
that when administrated to cells produces a strong
immune response. Apigenin treatment of LPS-
stimulated macrophages appeared to alter both miR-
155a primary and precursor transcripts, which sug-
gests apigenin may regulate miR-155 transcription.
Several food types contain a high content of apigenin
including celery. An in vivo follow-up study revealed
apigenin treatment or a celery-based diet effectively
suppressed miR-155 expression in LPS-treated mice

[116]. Another study in transgenic mice with glucose
intolerance due to overexpression of miR-103 showed
that apigenin treatment improved glucose tolerance.
Apigenin treatment was hypothesized to inhibit
phosphorylation of TRBP, which is a component
of the RSIC complex and therefore reduce mature
miR-103 levels [117].

miRNA MODULATION BY POLYPHENOLS

Resveratrol is a natural phenol which has been
extensively studied for potential health benefits related
to cancer, cardiovascular disease, diabetes, aging, and
lifespan extension. Resveratrol is found in high
concentrations in certain grape varieties, particularly
in grape skins, and therefore red wine is a rich source
of resveratrol. Dark chocolate and peanuts are also
sources of dietary resveratrol. Resveratrol has
been observed to directly bind to miR-33 and miR-122
in hepatic cells [118]. Interestingly, resveratrol appears
to bind to the mature miR-33 transcript independently
or its host-gene SREBP2. This study showed for the
first time using 1H NMR spectroscopy that polyphe-
nols can directly bind to miRNAs, revealing a new
mechanism through which polyphenols modulate
metabolism [118].

A polyphenol mixture containing anthocyanins,
flavonols, and phenolic acid derivatives extracted from
Hibiscus sabdariffa, a variety of plant grown and
harvested in Senegal [119]. Atherosclerosis susceptible
mice (LDLr2/2) were fed high-fat, high-cholesterol
diet (22% fat and 0.32% cholesterol, w/w) for 10 weeks
and either plain or polyphenol enriched drinking
water. Polyphenol treatment reversed changes in miR-
103 and miR-107 expression caused by the high fat and
cholesterol diet. miR-122 was not altered by the diet,
but was markedly reduced in the polyphenol treated
mice [119].

Proanthocyanidins are polyphenols that are found
in a variety of plants and have a chemical structure
of oligomeric flavonoids. Proanthocyanidins are pres-
ent in high concentrations in grape seeds and also in
cocoa beans. An in vitro screening study of HepG2
cells treated with various proanthocyanidins derived
from grape seed or cocoa revealed between 6 and 15
miRNAs were differentially modulated out of over
900 miRNAs, including upregulation of miR-1224-
3p, miR-197, and miR-532-3p [120]. Another study
showed proanthocyanidin treatment can transiently
reduce miR-33 and miR-122 levels in hepatocytes,
with concomitant increases in the mRNA and protein
of target genes, including ATP-binding cassette A1
and fatty acid synthase [121]. Three weeks proantho-
cyanidin extract supplementation was recently shown
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to be sufficient to suppress miR-33a and miR-122
expression in liver of diet-induced obese rats [122].
Proanthocyanidin treatment exerted a dose-dependent
effect on plasma lipids and liver lipids; however, there
was no clear dose-dependent effect on miR-33a or
miR-122 expression [122]. A similar study in rats fed a
cafeteria diet found proanthocyanidin treatment was
able to effectively counteract diet-induced increases
in miR-122 and miR-33a expression in liver [85].
Expression of targets of miR-122 and miR-33a
was conversely increased including FAS and PPARβ/
δ, CPT1A, and ABCA [85].

miRNAs MODULATED BY CURCUMIN

Curcumin treatment has been widely studied in
cancer cell lines. Treatment of H460 and A427 lung
cancer cells with curcumin increased miR-192-5p and
miR-215, which appear to be tumor suppressors of
nonsmall cell cancer and promote apoptosis, via
targeting of X-linked inhibitor of apoptosis (XIAP)
[123]. In pancreatic cancer cells, curcumin treatment
increased miR-7 expression, which was accompanied
by increased apoptosis. miR-7 targets SETD8, which is
a histone-lysine N-methyltransferase that methylates
histones and nonhistone proteins that are involved in
the cell cycle [124]. In breast cancer cells exposed to
bisphenol A, curcumin treatment inhibited prolifera-
tion and suppressed miR-19a and miR-19b, and
increased expression of miR-19 family target genes
[125]. Another study in metastatic breast cancer cells
showed that curcumin treatment increased the expres-
sion of miR-181b, while also inhibiting proliferation
and invasion and promoting apoptosis. Curcumin
induced upregulation of miR-181b causes concomitant
downregulation of pro-inflammatory cytokines CXCL1
and CXCL2, which are targets of miR-181b [126]. In
human prostate cancer cells and murine melanoma
cells, a curcumin analog called EF24 was reported to
inhibit miR-21 expression, and upregulate several miR-
21 target genes including PTEN, in turn promoting
apoptosis [127]. In a lung metastasis animal model,
EF24 treatment similarly led to decreased miR-21
expression and increased miR-21 target gene expres-
sion [127]. Curcumin treatment has also been reported
to suppress miR-21 expression in human colon cancer
cells, by reducing promoter activity and inhibiting AP-
1 promoter binding [128]. In a variety of hepatocellular
carcinoma cells, susceptibility to curcumin treatment
appears to be determined by the expression of
miR-200a/b, as cells expressing high levels of miR-
200a/b were more resistance to the pro-apoptotic
effects of curcumin [129].

Dietary modulation of miRNAs by curcumin treat-
ment has also been investigated in animal models of
liver fibrosis. miR-29b was increased in activated
hepatic stellate cells by curcumin treatment, which
led to hypomethylation and upregulation of PTEN.
miR-29b was confirmed as a target of DNA methyl-
transferase 3b (DNMT3b) [130]. Thus curcumin action
is mediated in part through miR-29b-induced epige-
netic regulation. In an in vivo animal model of
liver fibrosis induced by carbon tetrachloride (CCL4)
injection, miR-199 and miR-200 were confirmed to
be upregulated and some of their target genes were
downregulated [131]. Curcumin treatment reduced
miR-199 and miR-200 expression, which, in turn,
normalized the expression of several target genes [131].

Curcumin treatment has also been investigated as a
potential treatment for Alzheimer’s disease. miR-146a
is involved in modulating the innate immune response
as well as inflammatory signaling. In stressed primary
human neuronal-glial cells, miR-146a expression was
upregulated, which was reversed by curcumin treat-
ment and other NF-κB specific inhibitors. Notably
miR-146a expression was associated with senile plaque
density, as well as synaptic pathology in the Tg2576
transgenic Alzheimer’s disease mouse model [132].
miR-146a was also observed to be upregulated in
the hippocampus and neocortex of brains from sub-
jects with Alzheimer’s disease, while interleukin-1
receptor-associated kinase-1 (IRAK-1) was suppressed.
Curcumin treatment reversed the expression of miR-
146a and its target IRAK-1 in stressed human astroglial
(HAG) cells [133].

miRNAs MODULATED BY MILK

Milk may have beneficial effects on multiple aspects
of metabolic health in middle-aged and older adults,
primarily related to increased satiety which may aid
weight maintenance, as well as increased muscle
protein anabolism which may aid maintenance of mus-
cle mass [65]. However, several recent reports have
shown miRNAs are present in milk from different
sources, including human breast milk and bovine milk
[134,135]. Milk miRNAs are predominantly contained
inside membrane vesicles such as exosomes, but can
also be present in fluid [136]. Isolated milk-derived
exosomes containing miRNAs are capable of being
taken up by human macrophages [137]. The question
still remains whether exogenous diet-derived miRNAs
can survive digestion and intestinal absorption to exert
functional effects in different tissues in vivo. A study
in humans of miRNA changes in peripheral blood
mononuclear cells after milk or broccoli consumption
indicated miR-29b and miR-200c can be absorbed.
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A follow-up study in mice fed with miRNA-depleted
milk for 4 weeks indicated that miR-29b concentrations
were substantially lower compared to normal milk
[138]. However, the horizontal transfer of miRNA
between species remains a controversial issue and
more evidence is required. Nevertheless, exosomal
miRNAs from milk or other foods may exert functional
effects even from within the gastrointestinal tract, as
exosomal miRNAs have been shown to be resistant to
acidic conditions [137].

CONCLUSION

Since the discovery of miRNAs over a decade
ago, they have been established as important posttran-
scriptional regulators of gene expression. miRNAs can
target multiple genes causing posttranscription sup-
pression and modulation of cellular protein levels.
miRNAs are modulated during cellular development,
growth, and senescence. Furthermore, dysregulated
miRNA expression occurs during aging and in age-
related conditions, therefore miRNAs are attractive as
biomarkers and therapeutic targets. In the last five years,
evidence has begun emerging that nutrients and diet
can modulate miRNA expression in different tissues,
which suggests that dietary modulation of miRNAs
may explain some of the beneficial effects of specific
nutraceuticals on health. However, more in vivo studies
are required in animal models of aging and age-related
disease to provide causative evidence of the potential
for dietary modulation of miRNAs in the context of
aging. The challenge in future will be to translate evi-
dence of dietary modulation of miRNAs into useful
nutritional recommendations for older adults.

SUMMARY

A growing number of studies now provide evidence
that miRNAs can be modulated by dietary factors,
including macronutrients (protein, fat, carbohydrate),
micronutrients, trace minerals, and nutraceuticals,
such as flavonoids and polyphenols.

Many studies to date have focused on nutraceutical
modulation of miRNAs in cancer cells, but nutraceuti-
cal modulation of miRNAs still needs to be explored
further in other cell types.

Current evidence of miRNA modulation by diet or
nutraceuticals is heavily reliant on in vitro studies. The
challenge in future will be to move towards establish-
ing whether dietary modulation of miRNAs plays an
active role in the prevention or treatment of age-
related diseases in vivo in animal or human studies.
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KEY FACTS

• Cellular senescence is a complex response to
stress that contributes to suppress cancer and to
initialize mechanisms of repair after tissue injury.

• Senescence cells have to be rapidly removed
after their formation to ensure correct functional
repair.

• The accumulation of senescent cells is
considered a hallmark of aging and is believed
to contribute to the aging phenotype and age
related disease.

• It is possible to modulate cellular senescence
(induce or delay) in vitro with a multitude of
compounds including nutritional compounds.

• Modulators of cellular senescence have been
identified in vitro from a wide range of
nutritional compounds.

• The effects of nutritional compounds on cellular
senescence appears to be frequently dependent
on cell type, concentration of the compound and
condition (ie, stress) that induce senescence.

• Common mechanisms of action of nutritional
compounds that can explain their outcome
related to the senescent phenotype include

activation of NRF2 stress response pathway,
interference with metal homeostasis, alteration
of metabolic pathways, and epigenetic changes.

• Application of this knowledge in vivo requires
further study to clarify the role of senescence in
diseases and to identify better the specific
cellular target and the modality of action of
nutritional compounds.

Dictionary of Terms

• Cellular senescence: A complex cellular response to
stress and other signals that comprise arrest of cell
cycle, upregulation of tumor suppressor pathways,
alteration of chromatin, and modification of
transcriptional and secretory profile. The concept of
senescence is currently rapidly evolving as in the
last few years various stimuli and cellular contexts
that induce senescence in physiological and
pathological processes have been identified.

• Nutritional compounds or nutritional factors: this term
includes any food component or nutritional
supplement that influence physiological or cellular
activities.
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• In vitro: In this chapter, this term refers to studies
carried out with cells (primary cells, cancer cells or
any other type of cell) outside their normal
biological context.

• Biological Pathway: is a series of actions among
molecules in a cell that leads to a certain product or
a change in a cell. Such a pathway can trigger the
assembly of new molecules, such as a fat or protein
as well as turn genes on and off, or spur a cell to
move.

• Age-related diseases: are diseases most often seen
with increasing frequency with advancing
chronological age (ie, cardiovascular diseases
including heart disease, stroke and atherosclerosis,
cancer, diabetes, chronic obstructive pulmonary
disease, etc.). It is still unclear if these diseases are
the direct consequence of the aging process itself or
if they can be disentangled from the aging process.
Age-related diseases do not refer to age-specific
diseases, such as childhood diseases, and should
also not be confused with accelerated aging
diseases, all of which are genetic disorders.

INTRODUCTION

More than 50 years ago, Leonard Hayflick and Paul
Moorhead described a phenomenon, that is known
today as “replicative senescence,” consisting of the
irreversible growth arrest of human cells in vitro after
a period of apparently normal cell proliferation [1].
Telomere attrition was firstly identified as possibly
responsible for this phenomenon [2], but now it is
known that other factors can accelerate and/or trigger
cellular senescence including DNA damage, oxidative
stress, oncogene activation and inactivation, loss of
tumor suppressors, nucleolar stress, epigenetic changes
and others [3]. This complex response appears to be
involved in various processes including tumor sup-
pression, aging, embryogenesis, tissue repair and
wound healing. In the last two year there have been at
least three excellent comprehensive reviews with a
focus on cellular senescence, which highlight the rele-
vance of this field in biology and aging [3�5]. Hence
there is growing interest to find modulators of cellular
senescence that can be used for a multitude of clinical
purposes. Experiments in vitro performed with differ-
ent models of cellular senescence have provided evi-
dence that it is possible to delay, induce, or accelerate
cellular senescence as well as to interfere with the
phenotype of senescent cells using bioactive natural
compounds [6]. In the first part of this chapter we
provide an overview of cellular senescence and its
relevance in physiological and pathological process.

In the second part we will focus on the strategies to
modulate the process of cellular senescence and will
report a collection of the most relevant studies focused
on modulation of cellular senescence in vitro by
dietary bioactive compounds. Finally we will discuss
critical aspects related to their putative mechanisms
of action, especially in the context of their possible
translation for the development of nutraceuticals.

CELLULAR SENESCENCE

Definition and Triggers of Cellular Senescence

Cellular senescence is a response characterized by a
state of metabolic active mitogen insensible growth
arrest in which cells show a series of phenotypic
alterations including profound chromatin and tran-
scriptional changes. The concept of cellular senescence
is continuously evolving and appears to be much more
complex than a static endpoint. Perhaps it is still
not completely possible to answer the question: what
is cellular senescence with a simple definition. Indeed,
recent observations support the hypothesis that senes-
cence can be a highly dynamic, multistep process,
during which the properties of senescent cells continu-
ously evolve and diversify [3]. A variety of stimuli is
able to induce cellular senescence. Telomere erosion,
which naturally occurs when cells divide, ultimately
leads to “Replicative Senescence.” Certain types of
DNA damage and reactive oxygen species (ROS) can
trigger a premature senescence, which can occur inde-
pendently by telomere length. Both types of senes-
cence, however, seem to be characterized by the
activation of the DNA damage response (DDR) signal-
ing pathway. Well-known triggers of cellular senes-
cence are also activated oncogenes (ie, Ras, BRAF,
E2F3) and inactivated tumor suppressor (ie, RB, PTEN,
NF1, and VHL), but there are other less investigated
inducers of cellular senescence [4]. These include
chronic mitogenic signaling (ie, prolonged exposure to
interferon-beta), epigenetic, nucleolar, and mitotic
spindle stresses. All the types of senescent response
induced by different intrinsic and extrinsic stressors
(ie, oxidative or other forms of stress, DNA including
telomere damage, oncogene activation, and tumor sup-
pressor loss) can be generically termed as “damage
induced senescence.” However, senescence can be also
triggered by signals occurring in the process of
embryogenesis where it seems to play a role in tissue
remodeling, as well as during processes of polyploidi-
zation and cell fusion, thus suggesting that other forms
of senescence not strictly related to damage and
described as “developmentally programmed senes-
cence” could play a role in physiological processes.
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Characterization of Cellular Senescence

Senescent cells differ from other states of cell cycle
arrest, such as quiescence or terminal differentiation,
by distinctive but not exclusive markers and morpho-
logical changes. A flattened and enlarged morphology
with increased cellular granularity is generally
observed in cultures of senescent cells [7]. However,
these morphological changes seems to be not a distinc-
tive feature of senescent cells in vivo, likely as a conse-
quence of the barriers imposed by the 3D tissue
architecture [4]. A basic condition of senescent cells is
the absence of proliferative markers such as Ki67
and 5-bromodeoxyuridine (BrdU) incorporation but
this is clearly insufficient to define the senescent
state as it is a common feature of cell cycle arrest.
Conversely, the upregulation of tumor suppressor
pathways appears a distinctive, yet heterogeneous, fea-
ture of senescent cells. These mediators of senescence
include various cellular signaling cascades that fre-
quently involve p53 and ultimately activate different
cyclin dependent kinase (CDK) inhibitors. The most
famous of these CDK inhibitors is p16 (also named
INK4A), an inhibitor of CDK4 and CDK6 that is
encoded by CDKN2A locus (also known as INK4A/
ARF as it encodes also the p53 activator ARF). This
locus is known to be epigenetically derepressed with
aging [8], likely as a consequence of the loss of
Polycomb repressive complexes [9], and to be involved
in senescence mediated by ROS as well as oncogenic
signaling. Another important piece in the senescence
puzzle is the CDK inhibitor p21 (also named WAF1
and encoded by CDKN1A locus) that is pivotal in
developmentally regulated senescence [8] and is known
to be induced by p53 in most models of damage
induced senescence [4]. Oxidative damage and telo-
meric erosion can activate the DNA damage response
(DDR), a signaling pathway in which ATM, ATR,
CHK1, and CHK2 kinases activate various cell cycle tar-
gets including p53 and its downstream target p21 [10].
Both p16 and p21 as well as other cell cycle inhibitors
leads to Rb dephosphorylation/activation thus causing
the repression of its target gene, E2F, that is required
for the progress of cell cycle. The mechanisms involved
in the stable repression of the cell cycle during cellular
senescence are still not completely understood but it is
likely that chromatin remodeling plays a major role
[11]. An important chromatin remodeling of senescent
cells seems to consist of an early distension of centric
and pericentric satellite heterochromatin [12], termed
senescence-associated distension of satellites (SADS).
This recent discovery raises the possibility that the
formation of SADS could contribute to permanent cell
cycle withdrawal as various components of the inter-
phase centromere/kinetochore interacts with Rb and

play a role in cell cycle regulation and stabilization of
satellite heterochromatin. Regions of highly condensed
chromatin called senescence-associated heterochromatin
foci (SAHFs) that are characterized by the presence
of various chromatin markers (ie, HMGA proteins,
HP1g, HIRA, ASF1, macroH2A, and H3K9me3) are also
a feature of some senescent cells (mainly p16 and
p21 dependent oncogene-induced senescence). These
regions have been shown to sequester genes involved
in cell-cycle control thus explaining the stable condition
of growth arrest during senescence. A key feature of
the senescent nucleus related to SAHF formation is the
loss of lamin B1 (a component of the nuclear lamina)
[13,14]. A decrease in lamin B1, shown in the transition
from early to full senescence, is thought to initiate
global chromatin changes that are likely to drive the
global transcriptome phenotype of senescent cells.
These transcriptional changes are responsible for the
production of the senescence associated secretory phe-
notype (SASP), whose function is still not completely
understood [15]. The SASP includes cytokines
(TGF-beta, IL-6, IL-1, CSFs), chemokines (ie, CXCR2
ligands, CXCL1, CXCL8, GROs), growth factors
(ie, IGF-1, IGFBPs, PDGFs, amphiregulin), proteases (ie,
MMP-3, MMP-10, collagenase-1), and other molecules
(ie, PAI1). The SASP has been shown to be involved in
multiple and even pleiotropic phenomena including
tissue repair [16], clearance of senescent cells by the
immune system [17], propagation of senescence in
the neighboring cells [18], as well as driving or exacer-
bation of age-related pathologies including cancer [19].
The production of the SASP may also vary depending
on the cell type and conditions, thus it is conceivable
that the respective function in vivo could be dependent
upon the systemic- and tissue-specific environment.
Anyway, both SASP-related metabolic activity and
chromatin remodeling could be responsible for an
increase in the lysosomal content of senescent cells,
and this enables detection of senescent cells with the
histochemical or flow cytometry detection of beta-
galactosidase activity at pH 6.0, also known as
senescence associated beta-galactosidase (SA-betaGal)
activity [20]. However, even if SA-betaGal it is the most
widely used senescence biomarkers, it lacks complete
specificity as SA-betaGal activity can be increased also
in confluent quiescent cells [21]. Senescent cells can
also be marked with Sudan Black B, which detects the
complex lysosomal aggregate known as lipofuscin, and
seems to be less sensitive to quiescence compared to
SA-betaGAL [22]. It is still unclear if SA-betaGal activity
in senescent cells reflects also increased autophagy [23],
the process of digestion of the cell’s organelles. Also in
this case, the role of autophagy seems to depend
on cell type and senescence triggers [24] and appears
to be functionally related to the massive SASP protein
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synthesis [25]. A number of studies have also shown
that the mammalian target of rapamycin (mTOR), a
master regulator of cell growth and negative regulator
of autophagy, positively regulates senescence in dif-
ferent systems [26�28]. However, mTOR seems not to
play an essential role in all modes of senescence,
because different studies have found that inhibition of
mTOR (a process also used to activate autophagy),
alternately delays or potentiates aspects of senescence
[26�30]. The possibility that mTOR inhibits the initial
step of autophagy, whereas the last stage of autop-
hagy (autolysosomes) can facilitate mTOR activation
has been recently proposed [31] to explain the
observation of simultaneous activation of anabolic
(mTOR driven) and catabolic processes (autophagy) in
certain models of senescence [32]. Least but not last,
it is important to mention the evidence that endoge-
nous retroelements expression and retrotransposition
is increased in late senescent cells [33,34]. This appears
to be a phenomenon particularly associated with
the late senescent stage that can determinate genomic
instability and a substantial heterogeneity in the
phenotype of senescent cells.

Another open question regards whether the phe-
nomenon of cellular senescence involves also postmito-
tic cells like neurons and cardiomyocytes. Indeed, these
cells are normally irreversibly blocked from reentering
the cell cycle but they can accumulate DNA damage
and exhibit senescent like phenotypes including
heterochromatinization, production of SASP compo-
nents, and staining with SA-betaGal. A p21-dependent
senescence-like phenotype driven by a DDR has been
observed in postmitotic neurons from aged mice that
was aggravated in brains of late-generation telomerase
null mice and ameliorated by caloric restriction [35].
Similarly, cardiomyocytes obtained from aged rats are
positively stained for SA-betaGal and protein and RNA
levels of CDK inhibitors similarly to young cardiomyo-
cytes treated with DNA damaging agents [36].

In summary, the complexity and heterogeneity of
cellular senescence provides evidence of the multiface-
ted nature of this phenomenon. Indeed, there is sub-
stantial evidence that mechanisms that establish
senescence are cell type and conditions dependent and
that cellular senescence is a dynamic process that
involves several phases from the initial trigger to a
deep senescence status where phenotypic diversifica-
tion might be increased.

CELLULAR SENESCENCE IN AGING
AND AGE-RELATED DISEASES

Studies of human tissues and cancer-prone mice
argue strongly that cellular senescence is one of the

most important processes to suppress cancer in vivo
[6]. Moreover, the SASP produced by senescent tumor
cells developing in premalignant lesions can trigger
complementing signaling pathways that mobilize natu-
ral killer (NK) cells to eliminate malignant cells [37].
Nevertheless, senescent cells can also drive hyper-
plastic pathology in the neighboring environment and
stimulate malignant phenotypes, likely as a conse-
quence of some SASP components (growth factors,
chemokines, and cytokines) [6].

In this scenario, the accumulation of senescent
cells in aging together with age-related immune
dysfunctions could contribute to explain why cancer
incidence is exponentially related to aging. Although it
is extremely complex to characterize cellular senescence
in vivo, the use of multiple and single biomarkers
(CDK inhibitors, SA-betaGal, SASP components, and
DNA damage markers) of senescence has provided
considerable evidence that senescent cells accumulate
in mammalian organs during aging [3]. The presence
of senescent cells appears to be particularly marked
in tissues affected by age-related pathologies such
as atherosclerosis, sarcopenia, and heart failure, osteo-
porosis, macular degeneration, chronic obstructive
pulmonary disease, renal failure, Alzheimer’s, and
Parkinson’s [4]. However, the role of cellular senes-
cence in each disease is still not completely clarified.
For example, a detrimental role of cellular senescence
has been suggested in type 2 diabetes, cataract, and
sarcopenia, where muscle stem cells (satellite cells)
undergo a transition from quiescence to irreversible
senescence thus impairing the ability to regrowth
muscle mass.

Conversely, there are data suggesting a beneficial
role of cellular senescence in atherosclerosis, cardiac
and liver fibrosis, renal diseases, and wound healing.
This is most likely related to a role of cellular senes-
cence in restricting tissues fibrosis and promote tissue
repair. The relationship between tissue regeneration
and cellular senescence is still unclear. Anyway, an
interesting model consisting of the sequence of 3
events has been recently proposed: the first event is
the induction of senescence that limits fibrosis and fur-
ther damage, then senescent cells recruit phagocytic
immune cells (via their SASP) that are engaged to pro-
mote their clearance, and finally progenitor cells can
start to proliferate and regenerate the damaged tissue.

In this context, the accumulation of senescent
cells in tissues during aging and age-related diseases is
considered a sign of dysfunction in this dynamic
mechanism and might play an overt detrimental
role. An experimental proof that accumulation of
senescent cells is related to the aging phenotype has
been provided using a transgenic mouse model in
which p16INK4a-expressing cells can be specifically
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eliminated upon drug treatment [38]. In the BubR1
progeroid mouse background, this strategy was
shown to delay age-related dysfunction in organs
such as adipose tissue (loss of subcutaneous fat), skel-
etal muscle (sarcopenia) and eye (cataracts) as well as
to attenuate progression of already established age-
related disorders.

Two major mechanisms are thought to contribute to
the accumulation of senescent cells in aging. The first
involves processes (ie, epigenetic changes, oxidative
damage, and telomere shortening) that are affected by
aging and that could increase the rate with which
senescent cells are produced in aged tissues. This
mechanism may eventually affect also progenitor cells
devolved to regenerate the tissues thus limiting the
capacity of renewal that is typical of old age. The sec-
ond involves a diminished efficiency with which
senescent cells are removed. Removal of senescent cells
is thought to be a competence of the immune system
with a process named “senescence immunosurveil-
lance.” The major players involved in senescence
immunosurveillance are peripheral macrophages, NK
cells, and T cells. Notably, immunosenescence-related
dysfunctions affect all these players thus suggesting
that their efficiency to remove senescent cells could be
impaired by the aging process. Another possible prob-
lem for the clearance of senescent cells in aging is
likely the heterogeneity of the SASP. Indeed, the phe-
notypic heterogeneity of the SASP produced by late
senescent cells could contribute to select those cells
that are less able to recall immune cells. An additional
factor that could play a role in this phenomenon is the
susceptibility to undergo apoptosis of senescent cells.
Some senescent cells display resistance to apoptosis
in vitro. Although this is not a universal property of
senescent cells, it is possible that the accumulation of
senescent cells in aged tissues is linked to the survival
of cells resistant to apoptosis that escape senescence
immunosurveillance.

STRATEGIES TO TARGET CELLULAR
SENESCENCE WITH THERAPEUTICAL

PERSPECTIVE

Coincident with this increased knowledge, modula-
tors of the dynamics that control senescent-cell forma-
tion, fate, and subsequent effect on tissue function have
gained critical interest in experimental gerontology and
cancer research. There is a growing number of com-
pounds and biomolecular strategies that have been
shown to modulate cellular senescence (Fig. 22.1). These
approaches can be currently classified into at least 6 cate-
gories: (1) rejuvenators of senescent cells; (2) direct abla-
tors of senescent cells (strategies or compounds that
induce apoptosis in senescent cells); (3) indirect ablators
of senescent cells (strategies or compounds that are able
to promote senescence immunosurveillance); (4) SASP
modulators; (5) senescence inducers; and (6) senescence
delayers.

Strategies to Rejuvenate Senescent Cells

Cellular senescence is considered at a glance an irre-
versible process of cell cycle arrest. However, there
studies that suggest that it is possible to reverse senes-
cence (at least in particular laboratory settings), allow-
ing cells to reenter the cell cycle. One of these ways is to
adapt the technology used to generate induced pluripo-
tent stem cells (iPSCs). IPSCs are a particular type of
stem cells that can be obtained from adult differentiated
cells by genetic reprogramming (ie, delivering a specific
set of pluripotency-associated genes). IPSCs, function-
ally indistinguishable from embryonic stem cells,
have been obtained also from in vitro senescing cells by
using lentivirus-mediated delivery of six transcription
factors (OCT4, SOX2, KLF4, c-MYC, NANOG, and
LIN28) [39]. While it is still uncertain to what extent
iPSCs can be considered similar to ESCs [40], the

FIGURE 22.1 Modulators of cellular senescence and
their potential targets.
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potential reversibility of the cell cycle arrest during
senescence addresses two important issues. The first is
the relevance of epigenetic regulation in the establish-
ment of the senescent state (indeed, it is likely that an
irreversibly damaged DNA would have made it not
possible to reverse the process). The second is that this
mechanism could play a role in normal biological
processes, in particular in the development of cancer or
in the resistance of cancer cells to therapy induced
senescence. Inactivation of p53 pathway in senescent
fibroblasts that display low expression of p16 is another
technique that is capable to restore cell cycle in senes-
cent cells [41]. Suppression of p53 using shRNA was
also shown to induce rapid reentry into the cell cycle of
senescent mouse embryonic fibroblasts [42]. However,
it should be emphasized that reversibility of senescence
appears to be technically feasible in early but not in late
senescent stages [43,44]. Inhibitors of mTOR, such as
rapamycin (a natural drug isolated from bacteria), have
been reported to partially reverse the senescent pheno-
type in mouse embryonic fibroblasts (MEFs) [27] and
primary human fibroblasts (hF) [45]. Interestingly,
some bioactive compounds derived from food sources
or used as supplements have been shown to display
partial rejuvenating effects on senescent cells in vitro.
The transfer of fibroblasts approaching senescence
from normal medium to a medium supplemented with
L-Carnosine (20�50 mM) was reported to partially
rejuvenate these cells [46]. Similar results have been
also reported after treatment of senescent fibroblasts
in vitro with the flavonols quercetin (6�7 μM) [47] and
with a tocotrienol rich extract (0.5 mg/mL for 24 h) [48].
Hence, it seems technically possible to overcome the
irreversibility of cell cycle arrest of senescent cells with
different experimental strategies in vitro. However,
since cellular senescence could be a primary defense
mechanisms against cancer prone damaged cells, the
possibility to overcome cell cycle arrest of senescent
cells is currently unlikely to be potentially used for the
development of therapies to counteract the exhaustion
of stem cells pools in aging.

Direct Ablators of Senescent Cells

Since the finding that p16 positive senescent cells
removal in mice counteracts some age-related dysfunc-
tion (ie, cataract, sarcopenia, and fat deposits) [38],
there has been a strong interest in the identification of
compounds or pharmacological strategies that are able
to induce apoptosis in senescent cells. This will likely
be a target of future development in gene therapy.
Indeed, preliminary experiments using ganciclovir
combined with the herpes simplex virus thymidine
kinase suggest that it is possible to kill senescent cells

in vivo with strategies similar to the suicide gene ther-
apies used for cancer [49]. However, the development
of strategies to induce apoptosis in senescent cells with
pharmacological or natural compounds that interfere
with specific metabolic pathways of some senescent
cells is already a reality. This new class of compounds,
which selectively kill senescent cells, has been recently
termed senolytics drugs [50]. The identification of this
class of compounds originated from the discovery of
an increased expression of specific prosurvival genes
(ie, ephrins (EFNB1 or 3), PI3Kδ, p21, BCL-xL, or plas-
minogen activated inhibitor-2) in senescent cells.
Targeting these genes with silencing technology selec-
tively killed senescent cells, but not proliferating or
quiescent, differentiated cells. Most importantly, com-
pounds able to target these factors selectively killed
senescent cells. Dasatinib and quercetin were effective
to kill selectively senescent human fat progenitor cells
and endothelial cells, respectively. The combination of
dasatinib and quercetin was effective in eliminating
various type of senescent cells in vitro and in extend-
ing health span in the short living Ercc1-/Δ mice as
well as in delaying age-related symptoms and pathol-
ogy in mice. This is perhaps a breakthrough discovery
that opens a new field not only in the treatment of
age-related diseases, but also in the improvement of
the efficacy of prosenescent therapies for cancer.
Anyway, before the publication of these studies, the
natural phenol phloretin, an inhibitor of glucose trans-
porters, was found to reduce specifically the viability
of therapy-induced senescent lymphoma cells [51].
These cells were also shown to be sensitive to another
blocker of glucose transporters, cytochalasin B, and
to the pharmacological block of glycolysis by 2-deoxy-
D-glucose (2DG), as well as to inhibition of lactate
dehydrogenase and of the energy sensor AMPK by
sodium oxamate and compound-C, respectively.
Suppression of autophagy by 3-MA (3-methyl-adenine,
a known inhibitor of phosphatidylinositol 3-kinase
class III enzymes) or CQ (chloroquine, a lysosome
inhibitor) can also increase apoptosis of human
(apoptosis resistant) senescent colorectal cancer cells
induced by treatment with low-dosecamptothecin [52].
This is currently one of the most promising fields of
research around cellular senescence.

Indirect Ablators of Senescent Cells

Indirect removal of senescent cells might be poten-
tially achieved by potentiating the mechanisms by
which the immune system keeps under control senes-
cent cells. Macrophages, neutrophils, CD4 T-cells, and
NK cells appear to be the main players of the immune
system involved in this process. Immune-mediated
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clearance of senescent cells is currently largely unex-
plored. However, this process appears to be mediated
by the SASP and seems to involve different players
of the immune system in different tissues [53]. Up to
now there are only hypotheses of interventions that
may act to increase the clearance of senescent cells by
acting through the immune system.

A recent senescence inducing strategy, using a
combination of the mitotic kinase Aurora A (AURKA)
inhibitor with an MDM2 antagonist, was shown to
induce p53-mediated senescence and immune clear-
ance of senescent cancer cells by antitumor leukocytes
in a manner reliant upon SASP components such as
Ccl5, Ccl1, and Cxcl9 [54]. However, a direct
“booster” of senescence immune surveillance has still
not been found. Possible candidates might include
the drug lenalidomide, which was shown to reverse
T-cell abnormalities of immunosenescence and to
induce hair repigmentation in a clinical case with
multiple myeloma [55], and Zn, which was shown to
restore multiple parameters of innate immunity in
elderly patients [56].

SASP Modulators

Targeting SASP is another attractive aim of research
around cellular senescence. Inhibition of SASP could
represent a kind of cancer therapy to reduce preneo-
plastic cell growth, angiogenesis, and invasion. At the
same time however, promotion of selected components
of SASP could be useful to promote clearance of senes-
cent cells and to enhance repair processes of the tissues
in response to damage. There are already various com-
pounds that are potentially able to interfere with the
production of pro-inflammatory components of SASP
by interfering with NF-κB pathway. Corticosterone
and the related glucocorticoid cortisol, well known
inhibitors of NF-κB pathway, have been shown to
decrease the production and secretion of selected
SASP components in human senescent fibroblasts [57].
However, NF-κB is an ubiquitary pathway, thus this
approach is likely to be limited by the lack of selectiv-
ity toward senescent cells. Interestingly, metformin (an
antidiabetic drug) was shown to prevent events
required for activation of the NF-κB pathway [58], but
at the same time it was shown to promote SASP and
reinforce growth arrest in human fibroblasts and in
various cancer cell lines [59]. This activity could be
related to a possible selective targeting of senescent
cells but further research is needed to clarify these
aspects. Most importantly, it would be useful to under-
stand these mechanisms for their relevance in type II
diabetes therapy, a pathology in which senescence is
known to play a crucial but not well-defined role.

Additional compounds that could be able to decrease
the inflammatory components of SASP are those used
during the treatment of osteoarthritis. These include
phycocyanobilin (a tetrapyrrole chromophore com-
monly found in the blue-green algae spirulina), berber-
ine (an alkaloid usually found in the roots of berberis),
and glucosamine (an amino sugar precursor for glyco-
saminoglycans, which are the major component of joint
cartilage), which in turn was shown to inhibit IL-1β-
induced activation of NF-κB by specific epigenetic
changes [60]. In agreement with this putative role of
SASP inhibitor, a decreased risk for cancer and total
mortality was observed in regular users of this nutra-
ceutical by prospective epidemiological studies [61].
Inhibition of p38MAPK has been suggested as an effec-
tive strategy to reduce the stability of mRNA of SASP
factors in senescent cells [62]. Oral administration of a
p38MAPK inhibitor (CDD-111, also referred to as SD-
0006) in nude mice inhibits SASP production of subcu-
taneously injected senescent fibroblasts and inhibits
SASP-mediated tumor growth driven by senescent
fibroblasts. Whether it is important to inhibit the SASP
to reduce its negative effects on the microenvironment
or to promote its components to enhance senescence
immunosurveillance is still intensively debated.
Disruption of the NF-κB-mediated SASP has been
shown to lead to chemo-resistance in various model of
cancer in mice [37,63]. In conclusion, while inhibition of
SASP could counteract tissue dysfunction, a possible
drawback of this strategy could be related to the inhibi-
tion of the inflammatory reaction necessary to activate
the clearance of senescent cells by the immune system.
Perhaps it would be useful to disentangle the role of
single components of the SASP in order to inhibit those
who can display the negative effects on the microenvi-
ronment while keeping unaltered or boosting those
involved in senescence immunosurveillance.

Senescence Inducers

The possibility to take opportunity of senescence
response is considered as a key component for
therapeutic strategies in the suppression of cancer.
However, taking into account the putative beneficial
role of cellular senescence in various physio- and path-
ological processes [4], it is not excluded that induction
of cellular senescence might represent in the near
future a therapeutic tool for conditions different from
cancer (ie, to reduce fibrosis associated to pathological
conditions). Anyway, current research is mostly
focused on therapy-induced senescence as a functional
to improve cancer therapy. Targeting the most com-
mon pathways that the tumor uses to escape the cell
cycle block is behind the strategy for prosenescence
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therapy [64]. Moreover, reactivation of the senescence
program triggers an innate immune response in vivo,
likely mediated by the SASP, which contributes to
tumor clearance [17]. Therefore, it is not surprising
that compounds potentially able to induce senescence
in tumor cells have been widely studied in the last
decade. Various anticancer agents, including well-
recognized inducers of apoptosis, can act also as
inducers of cellular senescence. This indicates that pro-
senescence strategies may have applications in both
early prevention and late stages of cancer develop-
ment. Also conventional treatments, such as chemo-
and radiotherapies, have been shown to preferentially
induce premature senescence instead of apoptosis in
the appropriate cellular context [65�67]. Moreover,
senescence of cancer cells can be achieved with lower
doses of anticancer drugs compared to the conven-
tional cytotoxic approach, thus suggesting that prose-
nescence therapy has the potential to be less severe
and with reduced toxic side effects. The recent obser-
vation that tumors can be massively infiltrated by a
population of (CD11b1Gr-11 ) of myeloid cells that
protect a fraction of proliferating tumor cells from
senescence enhance the availability of targets to engage
cellular senescence response in the eradication of can-
cer [68]. The possibility to target cellular senescence
with natural bioactive substances has been also exten-
sively investigated. Examples of natural bioactive sub-
stances that can promote senescence of cancer cells
in vitro include various phenols such as resveratrol,
epigallocatechin-gallate, quercetin, curcumin, and sily-
bin as well as isothiocyanates (ie, the organosulfur
compound sulforaphane), methyl-tocols (ie, tocotrie-
nols), and alkaloids (ie, berberine). A possible draw-
back of prosenescence therapy is the possibility that
senescent cancer cells can survive evading immune
surveillance and later reenter the cell cycle or promote
the growth of new tumors in the microenvironment
with their SASP. However, while the reversibility of
senescence in vitro is possible by technical artifacts,
the concept of reversibility of senescence in vivo is still
an unanswered question.

Senescence Delayers

Delay in the onset of cellular senescence is consid-
ered nowadays among the most promising strategies
to counteract age-related syndromes (ie, cataract, sar-
copenia, arthritis) and age-related diseases including
cancer. Extension of replicative lifespan of cells in vitro
can be achieved by targeting the biomolecules that
mediate senescence response. The first breakthrough
studies around the possibility of delaying senescence
in humans cells were made by overexpression of

hTERT, the catalytic subunit of telomerase (ie, the
enzyme that elongates telomere) [69]. Repression of
p16 expression by antisense technology [70], by
stable ectopic expression of the polycomb group pro-
teins (ie, BMI1 CBX7 CBX8) [71�73], as well as by
ectopic expression of Id1 (an additional repressor of
p16 expression) [74,75] and silencing of E47 (a target of
Id1) [76], can also delay cellular senescence in human
cells. Inactivation of p53, p21, and Rb is an alternative
tool that has been proven to delay or bypass cellular
senescence in human fibroblasts [77,78]. However, it is
important to consider that direct inhibition of tumor
suppressor pathways could not be a useful target for
delaying the onset of cells senescence as this is the
same mechanism used by many cancer lines to over-
come cell cycle blocks. Other studies in vitro suggest
that it is possible to delay replicative and stress-
induced senescence in primary cells by treatments
even with nutritional and pharmacological com-
pounds. Inhibitors of mTOR, such as rapamycin (a nat-
ural drug isolated from bacteria), have been reported
to delay the onset and partially reverse the senescent
phenotype in mouse embryonic (MEFs) [27] and pri-
mary human fibroblasts [45]. Lots of different natural
compounds known to activate the cytoplasmic oxidative
stress system, Nrf2-Keap1 (Kelch-like ECH-associated
protein 1), and the downstream antioxidant response
elements (AREs) of many cytoprotective genes have
been shown to delay cellular senescence in different
cells and conditions [79]. In this case, since the effects
on cellular senescence is thought to be the consequence
of a reduction of damage, there is the possibility
to translate these finding into useful clinical tools to
prevent age-related pathologies. Similar conclusions can
be drawn by the observation that exposure to serum
from calorie-restricted animals as well as manipulation
of SIRT1 can delay senescence and extend lifespan of
normal human fibroblasts in vitro [80].

NUTRITIONAL FACTORS AND
CELLULAR SENESCENCE “IN VITRO”

There are two proven facts around the effects of
nutritional compound on cellular senescence in vitro.
The first is that a multitude of natural compounds can
effectively modulate (mainly to induce or delay) cellu-
lar senescence in vitro. The second is that most of these
compounds have been shown to delay cellular senes-
cence in particular experimental settings and, surpris-
ingly, to induce senescence in others (usually in
treatments of cancer cells) (Table 22.1). Here we show
that most nutritional compounds claimed to have
effects on health and eventually used as supplements
modulate cellular senescence in vitro. The compounds
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TABLE 22.1 Examples of Divergent Effects of Some Bioactive Dietary Compounds on Cellular Senescence “In Vitro”

Cancer cells Normal cells

Concentration (timing) Modela (type

of senescenceb)

Effectc Dietary bioactive

compound

Effectc Modela (type

of senescenceb)

Concentration (timing)

50�100 mM (24 h) hCCC I L-Carnosine D/R hF (RS) 20�50 mM (chronic)

20�30 mM (chronic) mTC I L-Carnosine

10�20 μM (chronic) hGC I Resveratrol I hMSC .10 μM (4 d)

30 μM (chronic) hCCC I Resveratrol D hMSC (RS) 0.1 μM (30 d)

75�250 μM (72 h) hCCC I Resveratrol I hEC 10 μM (chronic)

10�50 μM (chronic) NSCLC I Resveratrol D hT (SIPS) 30 μM (72 h during SIPS)

50 μM (96 h, then left

recovery for 48 h)

hOC, HACC I Resveratrol I hMSC 20 μM (chronic)

50 μM (48 h) mSCC I Resveratrol D hF, hRPE

(SIPS)

50 μM (30 min during H2O2

stress or 3 d during other

stress)

100 μM (chronic) hHC I Resveratrol D pTM (SIPS) 25 μM (chronic during 40% O2

stress)

50�100 μM (chronic) mBCC I Tocotrienols D/R hF (RS) Gold Tri E 50 0.5 mg/mL

(24 h at various PD including

senescent hF)

100 μM (chronic) mBCC I Berberine D hF (RS) 60 μM (24 h)

10�60 μM (Co-treatment with

mitoxantrone stress)

hNSCLC (SIPS) D Berberine

20�40 μM (24�72 h) hBCC I Bisdemethyoxycurcumin D hF (SIPS) 20 μM (pre-treatment 48 h)

25 μM (24�72 h) hGC I Quercetin D/R hF (RS, SIPS) 6�7 μM (chronic)

300 μM (2 h co-treatment

with H2O2)

mFCL (SIPS) D Quercetin

300 μM (2 h co-treatment

during stress)

mFC (SIPS) D Quercetin

0.15�0.3 mM (5 d co-treatment

with peroxide)

hBCC (SIPS) D Vitamin C

1 mM (Co-treatment with 4 μM
phenylaminonaphthoquinones)

hBCC SIPS I Vitamin C D (RS) hEmC, hF 0.2 mM (chronic)

1 mM (2 d co-treatment with

CKII inhibitor stress)

hCCC D

(SIPS)

Vitamin C D (RS) hEC 0.13 mM (chronic)

20 μM (48�72 h) hLC (SIPS) I Ginsenoside Rg1 D (SIPS) hF 5�20 μM (chronic pre-

treatment from 24�30 PD)

Ginsenoside Rg1 D (RS) hEPC 1�5 μM (24 h)

Ginsenoside Rg1 D (SIPS) hF 5�20 μM (24 h pre-treatment)

20 μM (chronic) hGC I Ginsenoside Rg3 D (SIPS) hOAC 1�2.5 μM (24 h co-treatment

with IL-1β stress)
SIPS)

15 μM (chronic) hCCC, hLC I EGCG D (RS, SIPS) rVSMC, hF,

hAC

50�100 μM (chronic)

aModel: hF, human fibroblasts; hCCC, human colon cancer cells; hMSC, Human mesenchymal stem cells; hEC, human endothelial cells; hGC, human glioma cells; hT, human tenocytes; hRPE,

Retinal pigment epithelial cells; pTM, Porcine trabecular meshwork; mHER2, mouse breast cancer cells; hKSC, Human keratinocyte stem cells; hNSCLC, human pulmonary nonsmall cell lung

carcinoma; mSCC, murine squamous cell carcinoma; mTC, mouse teratocarcinoma cells; mESC, mouse embryonic stem cells; hHC, human hepatoma cells; hOC, human osteosarcoma cells;

hACC, human adenocarcinoma cells; hamF, hamster fibroblasts; mFCL, mouse fibroblasts cell line; hBCC, human bladder cancer cells; hLC, human lymphoblastoid cells; hEmC, human

embryonic cells; hEPC, human endothelial progenitor cells; hOAC, human osteoarthritic chondrocytes; mFC, mouse fibroblastoma cells; rVSMC, rat vascular smooth muscle cells; hAC, human

articular chondrocytes.
bType of senescence: SIPS, stress induced premature senescence; RS, replicative senescence.
cEffect: I, inducer of a senescent-like phenotype; R, Rejuvenator of the senescent state; D, delayer of senescence markers onset.

For References see Malavolta et al. [6].
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are here grouped and presented according to their
structural category. Only documented activity on cellu-
lar senescence in vitro (ie, from PubMed or Google
search including the name of the compound and the
term “cellular senescence”) is reported here. Special
emphasis is given to the putative mechanisms
involved, especially in the cases where the same com-
pound has been shown to display opposite effects in
normal versus cancer cells.

Triterpenoid Saponins: Cycloastragenol (also
named TA-65), Ginsenosides, Epifriedelanol

Cycloastragenol (TA-65), a small-triterpenoid puri-
fied from the root of an Asian medicinal herb, has cur-
rently received particular attention for its potential to
regulate transcription of telomerase. TA-65 is capable
to increase average telomere length and to decrease
the percentage of critically short telomeres and DNA
damage in MEFs that harbor critically short telomeres
[81]. The effects on telomerase appear to be in common
with other triterpenoid saponins (ie, ginsenosides RG1
and Rg3). These compounds at concentrations from 1
to 20 μM were reported to protect against IL-1β-,
H2O2-, and tert-butylhydroperoxide-induced senes-
cence in human chondrocytes [82], endothelial
progenitor cells and fibroblasts [83], respectively. Also
another triterpenoid isolated from the root bark of
Ulmus davidiana, epifriedelanol, was shown to suppress
adriamycin-induced cellular senescence as well as rep-
licative senescence in HDFs and HUVECs [84].
Interestingly, in the same range of concentrations that
are active in normal cells, ginsenoside Rg3 was
reported to induce Akt and p53/p21-dependent senes-
cence in human glioma cells [85] and ginsenoside Rg1
to induce p21-Rb and p16-Rb dependent senescence in
human leukemia K562 cells [86]. This likely supports
the possibility that ginsenosides interfere with
additional mechanisms upstream of telomerase that
are differently regulated in cancer cells compared to
primary normal cells.

Benzopyranols (or Methyl Tocols): Tocopherols
and Tocotrienols (Vitamin E)

Tocopherols and tocotrienols are members of the
vitamin E family. Both class of compounds are subdi-
vided into four lipophilic isomers (α-, β-, γ-, and δ-)
that are naturally found in different percentages in a
number of vegetable oils, wheat germ, barley, and
certain types of nuts and grains. In biological systems,
their association with lipoproteins, fat deposits, and
cellular membranes is thought to protect polyunsatu-
rated fatty acids (PUFA) from peroxidation reactions.

Indeed, this mechanism was indicated as a possible
explanation of the antisenescence effects shown
by lipophilic antioxidants, including α-tocopherol
at 100 μM, in human fibroblasts treated with
8-methoxypsoralen plus ultraviolet-A [87]. In recent
years tocotrienols have been shown to display biologi-
cal properties, including senescence modulatory func-
tions that are much more evident than tocopherols
preparations. Treatment with a mixture consisting of
ϒ- and/or δ-tocotrienols (0.5 mg/mL) delayed and par-
tially reversed replicative cellular senescence in human
fibroblasts [48]. Elongated telomeres and increased tel-
omerase activity as well as alteration in senescence-
associated miRNA (mainly miR-34a, miR-24a, miR-20a
and miR-449a) [88] were observed in the treated cells
compared to controls, thus suggesting the involvement
of important posttreatment epigenetic changes.

Conversely, experiments in vitro with cancer cells
support a proapoptotic and prosenescence activity of
tocotrienols. Tocotrienols were shown to inhibit hTERT
in human colorectal adenocarcinoma cell lines at
concentration of 10�20 μM [89] as well as to induce
senescence-likephenotype in breast cancer cells at
50�100 μM [90]. These effects could be mediated by a
possible downregulation of c-Myc and subsequent epi-
genetic changes leading to derepression of p21 [91]. The
selective accumulation of tocotrienols in cancer cells
compared to normal cells might at least in part explain
these dicothomic results. Another explanation could
involve the high affinity of tocotrienols for the estrogen
receptor, which in turn may activates the expression of
estrogen responsive genes involved in growth arrest in
estrogen receptor positive cancer cells [92].

Amino-Acids and Peptides: N-acetylcysteine
(NAC), Carnosine

N-acetylcysteine (NAC), a metabolite of the amino
acid cysteine that is sold as a dietary supplement, is
widely known and used for its antioxidant properties.
It was among the compounds that displayed the major
protective effects in replicative senescence of endothe-
lial cells [93] and in human fibroblasts induced to
senescence by treatment with 8-methoxypsoralen plus
ultraviolet-A[87]. NAC pretreatment (1�10 mM range)
can attenuate or delay senescence in various models
where reactive oxygen species are suspected to partici-
pate in the induction of the senescent response. Some
examples include 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-induced senescence in human neuroblastoma
and rat pheochromocytoma cells [93], IFN-gamma-
induced senescence in Human Umbilical Vascular
Endothelial cells (HUVECs) [94], senescence associated
with differentiation processes of IPSCs [95], and many

302 22. NUTRITIONAL MODULATORS OF CELLULAR SENESCENCE IN VITRO

II. MOLECULAR AND CELLULAR TARGETS



more. The inhibition of nuclear export of TERT associ-
ated with the age-induced increase in ROS formation
has been recently proposed as a mechanism of action.

A natural occurring dipeptide, L-Carnosine, was
shown to display similar effects on human fibroblasts
[46]. The culture of presenescent fibroblasts in a medium
supplemented with L-Carnosine (20�50 mM) leads to a
partial cellular rejuvenation with a variable extension of
the lifespan. Carnosine’s ability to scavenge free radicals
is believed to be mainly responsible for these effects.
However, this mechanism is not consistent with the
inhibitory activity of carnosine on the growth of cultured
tumor cells [96]. A possible explanation of these different
effects could be related to the Zn binding activity of car-
nosine. This activity might influence the function of one
or more glycolytic enzymes resulting in the decrease of
ATP levels and ATP synthesis [97]. Moreover, given the
relevance of Zn for p53 transcriptional activity, the
involvement of this mechanism in the senescence-
modulatory effect of this nutritional compound would
deserve appropriate investigation [6]. Other classes of
peptides may have a valuable role to counteract senes-
cence. For example, calcitonin-related peptide was
reported to inhibit angiotensin II-induced endothelial
progenitor cells senescence through upregulation of
klotho expression [98].

Organosulfur Compounds: Alpha-Lipoic Acid
(Alpha-LA), Sulforaphane

Various organosulfur compounds are claimed to
have powerful antioxidant activity. Their capacity to
scavenge ROS plays perhaps an important role in their
antisenescence activity in vitro. This conclusion can be
drawn by various studies on stress-induced senescence.
Alpha-LA (5 mM) was shown to delay senescence in
human fibroblasts treated with 8-methoxypsoralen plus
ultraviolet-Amethoxypsoralen plus ultraviolet-A [87],
while Sulforaphane (SFN) at low doses (0.25 and 1 μM)
improved mesenchymal stem cells (MSC) proliferation
and reduced their senescence related changes [99].
Interestingly, higher doses of SFN (5�20 μM) can induce
senescence and even produce cytotoxic effects [99,100].
Besides scavenging ROS, common mechanisms that
might explain the effects of organosulfur compounds on
cellular senescence include chelation of metals and
induction of the antioxidant response pathway medi-
ated by the nuclear factor erythroid 2-related factor 2
(NRF2) [6,79].

Sugars: Glucose

Among nutrients, glucose constitutes a fundamental
metabolic fuel, which is catabolized through the

glycolytic pathway providing energy in the form of
ATP. Following a mechanism that appears to be in line
with the modulatory effects of caloric restriction on
organism lifespan the energetic stress of glucose
restriction can induce an increase of cellular lifespan.
In the case of normal human fibroblasts, a glucose
depleted medium (below 1 mM) was shown to induce
SIRT1-mediated epigenetic changes that repress p16
expression [101] and can maintain hTERT levels [102]
with a considerable delay of replicative senescence.
Conversely, high glucose conditions (around 25 mM)
are commonly used to accelerate senescence in various
cellular models [103,104]. Interestingly, glucose restric-
tion in precancerous cells was shown to produce a dif-
ferent epigenetic regulation and cellular fate compared
to normal cells [102]. This is likely related to the meta-
bolic shift of cancer cells that in most cases require
high rate of glycolysis [105].

Stilbenoids (a Class of Natural Phenols):
Resveratrol

The modulatory effects of resveratrol on cellular
senescence appear to be related to the same pathways
controlled by glucose probably because the activity of
this stilbenoid is at least in part mediated by its inter-
action with the SIRT1 pathway [106]. In this context, it
is indicative that a resveratrol derivative was shown to
antagonize high-glucose-induced senescence [107].
However, the effects of resveratrol on cellular senes-
cence are still unclear. It appears that very low
(0.1 μM) and low doses (5 μM) can delay replicative
senescence of human mesenchymal stem cells and
human umbilical cord fibroblasts, respectively.
Conversely, higher doses (10�50 μM) are required to
counteract the effects of stress-induced senescence in
various cellular models [6]. These doses and even
higher (up to 100 μM) have been also shown to induce
senescence-like growth inhibition of cancer cells associ-
ated with the increase in the activity and expression of
senescence-associated effectors (ie, p53 and p21) as
well as with instability of telomeres and DNA damage
[108]. Hence, the ability of resveratrol to modulate
cellular fate affecting pathways related to cellular
senescence depends on the cell types and treatment
conditions.

Diarylheptanoids: Curcumin

Apparently in contrast to the anti-inflammatory and
antiaging effects claimed to curcumin, its activity in
vitro is in line with a clear prosenescence activity.
Curcumin was shown to exert antitumor activity by
inducing cellular senescence in human colon cancer
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cells (HCCC) with associated induction of p53 (in p53
responsive lines), p21, and autophagy [109]. Moreover,
curcumin was shown to induce a p16-dependent
senescence and to suppress the SASP of breast cancer
associated fibroblasts [110]. The prosenescence activity
of curcumin has been also demonstrated in vasculature
related primary human cells. In vascular smooth mus-
cle cells and endothelial cells, curcumin (2.5�7.5 μM)
induce senescence by a mechanism which appears to
be DNA damage and ATM independent and does not
involve increased ROS level [111]. Interestingly, it has
been suggested that curcumin can play a beneficial
role in the cardiovascular system [112] and there are
hypotheses, although controversial, that cellular senes-
cence may also exert beneficial role in cardiovascular
diseases [4].

B-Vitamins: Biotin (Vitamin B7)

Biotin is necessary for cell growth, the production of
fatty acids, and the metabolism of fats and amino
acids. It has been shown that biotin-deficient primary
human lung fibroblasts (IMR90 grown in medium
with 10% FCS containing 0.29 μg/L biotin, B0.6% that
of normal serum) lose their biotin-dependent carboxy-
lases as well as the biochemical integrity of Krebs cycle
and senesced before biotin-sufficient cells [113].
Biotinylation of histones (in particular biotinylation of
lysine 12 in Histone H4), an epigenetic mechanism
involved in repression of long terminal repeat (LTR)
retrotransposons, has been found to be downregulated
by telomere attrition and associated to cellular senes-
cence [114]. Hence, covalent modification of histones is
likely to play a role in the accelerated senescence
caused by biotin deficiency.

Secoiridoids: Oleuropein

Oleuropein is a phenylethanoid, a type of phenolic
compound found in the olive leaf. It has been sug-
gested to activate the gerosuppressor AMPK and delay
senescence in human primary cells as well as to trigger
numerous transcriptomic signatures that can suppress
biologically aggressive cancer cells [115]. Oleuropein is
rapidly degraded by colonic microflora producing one
of its most important metabolites, Hydroxytyrosol
(HT). This compound is also found in the olive leaf
and olive oil and is claimed to be among the most
potent antioxidants found in nature to date. It has
been shown to delay cellular senescence of normal
human fibroblasts by increasing MnSOD activity
and decreasing age-associated mitochondrial reactive
oxygen species accumulation [116].

Vitamin C (Ascorbic Acid)

Vitamin C is another intensely studied antioxidants in
the context of cellular senescence in vitro. In primary
cell culture, physiological concentrations of Vitamin C
(0.1�0.2 mM) promote growth, cell division, and cell
differentiation while delaying the onset of replicative
senescence as well as counteracting the effects of stress
induced senescence [6]. Importantly, Vitamin C enhances
also primary fibroblast reprogramming to pluripotency,
but the underlying mechanisms are unclear [117]. These
effects could be related to a possible inhibition of intra-
cellular ROS, prevention of DNA damage, and subse-
quent repression of cell cycle blocks. This mechanism
was proposed in a model of p53-induced senescence of
human bladder cancer cells, in a model of RS of human
vascular endothelial cells and in a model of CKII
inhibition-mediated senescence in hCCC. Moreover,
some studies have suggested that there is a close correla-
tion among declines in internal ascorbic acid levels, vari-
ous disorders, and cellular senescence. Indeed, uptake of
ascorbic acid was increased in old cells compared with
young cells while the requirement for this vitamin was
found to be enhanced by cellular senescence [118].

Trace Elements: Zinc, Copper, Iron, Selenium

The trace elements like zinc, copper, and iron have
been shown to display a general prosenescence activity
in vitro. Dysregulated zinc has been shown to induce
senescence in dermal fibroblasts [6] and the zinc iono-
phorepyrithione was identified as a major senescence-
inducing compound from a screen of 4160 compounds
[119]. In addition to these data we have recently estab-
lished that zinc (50 μM) accelerates senescence in pri-
mary human endothelial cells [120]. Interestingly, other
trace elements display similar effects. Prosenescence
effects mediated by downregulation of Bmi-1 pathway
were demonstrated with Cu treatment (250 μM) in
human glioblastoma multiforme cells [121]. Conversely,
the Se compounds, sodium selenite, methylseleninic
acid, and methylselenocysteine (at doses above 0.1 μM),
induced an ATM-dependent senescence response likely
mediated by ROS in normal cells (MRC-5 and CRL-1790)
but not in cancerous cells (PC-3 and HCT 116) [122].
Regarding Fe, increasing intracellular Fe levels through
Fe-citrate supplementation or decreasing intracellular
iron levels using iron-selective chelators had little
effect on cellular lifespan of primary human fibroblasts
and markers of cellular senescence when used at
subtoxic doses. However, Fe content increased exponen-
tially during cellular senescence in fibroblasts and
HUVECs (respectively 10-fold higher and 50-fold higher
than young cells) whilst a treatment with low-doses
of hydrogen peroxide accelerated Fe accumulation and
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senescence-related changes [123]. These results suggest
that a common mechanism of action of bioactive dietary
factors, especially phenolic compounds, could involve
interference with Zn, Cu, and Fe through their oxydryl
and chetoester groups or other mechanisms involving
intracellular stress response. In this context, there is
already evidence that the polyphenols luteolin, apigenin,
EGCG, resveratrol, olive oil polyphenols, and caffeic
acid can inhibit cell proliferation and induce apoptosis
in different cancer cell lines through mobilization
of intracellular Cu and generation of ROS [124,125]. We
also herein report our evidence of cell-type selective
mobilization of Zn after treatment with resveratrol and
annatto tocotrienol (Figs. 22.2 and 22.3).

Catechins: Epigallocatechin Gallate (EGCG)

Nontoxic concentrations (15 μM) of epigallocatechin
gallate (EGCG) can shorten telomeres, increase SA-
betaGal staining, induce chromosomal abnormalities
and, most importantly, limit the lifespan of U937

monoblastoidleukemia and HT29 colon adenocarci-
noma cell lines [126]. Further experiments in MCF-7
and HL60 cell lines confirmed an inhibitory activity on
telomerase activity by EGCG [127]. Alterations in his-
tone modifications, decreased methylation of hTERT
promoter and increased binding of the hTERT repres-
sor E2F-1 at the promoter were proposed as mediators
of the observed bioactivity. In contrast to the pro-
senescent activity of EGCG at 15 μM in U937 and
HT29 cells, higher concentration of EGCG (50�100 μM)
were shown to the prevent replicative and stress
induced senescence in various primary cells, likely as
a consequence of its inhibitory activity on p53 [128].
However, these opposite findings are in agreement
with the previously observed cancer-selective prooxi-
dant effects induced by EGCG [129].

Alkaloids: Berberine, 1-Deoxynojirimycin

There is a series of scientific evidence about the abil-
ity of berberine to exert cell type-specific effects that, in

FIGURE 22.2 Evaluation of free Zn by FLuozin-3AM (fluorimetry) after treatment with Annatto tocotrienols (50 μM) in HER/Neu1
breast cancer cells, KG1 cell line, and primary human carotid artery endothelial cells (HCAEC) (all signals significantly increased with time
with cell-type differences; �p, 0.05 compared to HCAEC). Cells were incubated with the intracellular Zn probe FLuozin-3AM 1 μM, added
with the nutritional compound, and fluorescence continuously monitored by fluorimetry. Fluorescent signals were converted into an estima-
tion of labile Zn using the formula of Grynkiewicz (Grynkiewicz et al. J Biol Chem. 1985;260:3440-50) after assessment of minimum (with
addition of 50 μM TPEN) and maximum (with addition of 100 μM Zn-Pyrithione) fluorescence in separate wells.
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certain circumstances, include cell cycle arrest and
induction of a senescent-like phenotype. Although sev-
eral studies show that berberine primarily exerts its
anticancer effect by inducing cell cycle arrest, apoptosis,
and autophagy, it has been observed that the antitumor
effect of berberine on glioblastoma cells is mediated by
senescence induction [130]. This effect was reported to
be a consequence of the inhibition of RAF-MEK-ERK
signaling pathway. Moreover, the antitumor effects of
berberine and berberine-derived synthetic derivatives
in human HER-2/neu overexpressing breast cancer
cells were found to be mediated by increased expres-
sion of p53, p21, p16, and PAI-1 mRNAs, thus suggest-
ing that the mechanism of action of berberine may
include also the induction of cellular senescence [131].
However, berberine is also reported as an inhibitor of
AMPK/mTOR [132] and, consistently with this activity,
it was shown (at 5�60 μM) to block stress-induced
senescence in lymphoblastoid and cell lung cancers
[132] as well as to delay replicative senescence
of human fibroblasts [133]. A different alkaloid,
1-deoxynojirimycin, which is obtained from several
plants (ie, mulberry) and microorganisms, was also
shown to delay cellular senescence that is promoted

under high glucose condition in HUVECs [134]. This
effect is likely related to its previously recognized activ-
ity as an inhibitor of α-glucosidase and suppressor of
postprandial hyperglycemia that makes this compound
relevant to the pharmaceutical industry.

Flavones and Isoflavones: Apigenin, Genistein

A putative inhibitor of Nrf2 pathway and of protein
kinase CKII, apigenin (belonging to flavone class), was
shown to induce senescence at 20 μM in human
diploid fibroblast IMR-90 cells [135]. Conversely, the
isoflavone genistein was shown to display protective
activity against cellular senescence in UVB-induced
senescence model using human dermal fibroblasts
[136]. Downregulation of total and phosphorylated
p66Shc on Ser36, as well as FKHRL1 and its phosphor-
ylation on Thr32, were observed after genistein treat-
ment and are likely to be involved in the mechanisms
of protection. Since there are still poor data on the
effects of flavones and isoflavones on cellular senes-
cence it is difficult at this moment to build a hypothe-
sis on the common mechanism of action.

FIGURE 22.3 Evaluation of free Zn by fluozin-3AM (fluorimetry) after treatment with resveratrol (50 μM) in HER/Neu1 breast cancer
cells, KG1 cell line and primary human carotid artery endothelial cells. (All signals significantly increased with time with cell-type differences;
�p, 0.05 compared to HCAEC.) For technical details see Fig. 22.3.
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Flavonols: Quercetin, Morin

Conversely to isoflavone and flavones, various data
are available around the modulatory activity of flavo-
nols, especially quercetin, on cellular senescence. One
of the most important findings regards the activity of
quercetin on terminally senescent human fibroblasts.
These cells, treated with 6�7 μM of quercetin for 5 con-
secutive days were surprisingly shown to restart
proliferation compared to the control cultures [47].
Quercetin even at very high concentration (300 μM)
was also shown to prevent the premature senescent
phenotype and the upregulation of caveolin-1 induced
by hydrogen peroxide in different cellular models
[137,138]. Similar results were obtained with a rela-
tively lower concentration (50 μM) of quercetin in a
model of stress-induced senescence in retinal pigment
epithelial cells [139]. An example of positive induction
of cellular senescence has been also reported with
25 μM quercetin in C6 rat glioma cells [140]. Senescent
modulatory effects of morin were studied with the aim
to find a protective agent against UVB irradiation in
human keratinocyte stem cells. Treatment of morin in
this model suppressed the induction of senescence
markers involving the activation of MDM2 and subse-
quent inhibition of p53 [141].

Cannabinoids: Cannabinol

Cannabinoids include a range of bioactive compo-
nents of the Cannabis plant. An arrest at all phases of
the cell cycle was reported as a main effect of different
cannabinoids in leukemic cells. Moreover, gene expres-
sion analysis of cannabidiol and Δ(9)-tetrahydrocan-
nabinol (THC) (10 μM) in BV-2 cells revealed an
upregulation of senescence effectors including
CDKN2A (p16) and CDKN1A (p21), in particular with
cannabidiol [142]. Regarding treatments in primary
cells there are no data available in literature. However,
in our laboratory we have demonstrated that HUVECs
cells approaching senescence restart proliferation com-
pared to untreated cells after treatment with cannabi-
nol 0.5 μM (Fig. 22.4). The mechanism involved in the
activity of cannabinoids in these models could involve
a downstream inhibition of mTOR as a consequence of
the activation of the cannabinoid receptors pathway.

COMMENTS AND CONCLUSIONS

This chapter does not encompass the use of nutri-
tional modulators of cellular senescence in vivo as this
argument is covered in another large review [6].

FIGURE 22.4 Effect of cannabinol on growth
curve of primary human umbilical endothelial cells
(HUVECs) approaching to senescence. The
figure display cumulative population doublings
(CPDs) versus days in culture. Treatment with canna-
binol (in blue (gray in print versions)) slows the
growth arrest compared to controls (in red (black in
print versions)).
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However, the data herein reviewed show that cellular
senescence can be modulated by a variety of nutri-
tional compounds. This evidence opens the question of
whether there is the possibility to use this knowledge
to develop nutraceuticals for therapeutic purposes and
if common mechanisms could explain the common cel-
lular outcome in response to different compounds.
Regarding this last point it can be observed that all
nutritional compounds presented above can interfere
with one or more of these biochemical pathways:
(1) the nuclear factor erythroid 2-related factor 2
(NRF2) pathway, which is involved in a cytoprotective
response to stress; (2) the pathways that regulate
homeostasis of trace elements; (3) metabolic pathways
that regulate energy consumption and storage.
Another possible common mechanism, that might be
the direct consequence of an early alteration in one of
the pathways above, regards epigenetic modifications
in target genes involved in regulation of senescence
effectors. The presence of common mechanisms how-
ever does not impede that these compounds display a
cell-type and condition specific response that makes it
difficult to evaluate the real potential for human
health. Moreover, we still don’t know exactly the role
of cellular senescence in aging and in various age-
related diseases thus making it complicate to address a
specific pathology. Another critical aspect regards the
concentrations commonly used in vitro. In most cases
concentrations in the micromolar range are used
whereas it is more likely that oral consumptions of
these polyphenols and other nonnutrient antioxidants
can determinate nanomolar or subnanomolar concen-
trations in blood. This is also complicated by the meta-
bolic rearrangement by gut microbiota and other
transformation that occur in our body. Regarding gut
microbiota it is noteworthy to mention the recent
discovery that colibactin, a genotoxic compound
produced by Escherichia coli, can induce senescence
and promote tumor growth in vivo [143]. The lack of
appropriate biomarkers of cellular senescence for
human studies and the poor evidence from clinical
studies with adjuvants in chemotherapy makes it nec-
essary to investigate this field with further studies.

SUMMARY

• Cellular senescence is an antagonistic hallmark of
aging, as it can be a beneficial response that in the
long term may turn into dangerous

• Senescent cells accumulate in aged tissues and are
currently a major target of developing therapies to
prevent or cure age related diseases

• Bioactive dietary compounds (including resveratrol,
tocotrienols, berberine, quercetin, curcumin, vitamin
C, ginsenosides, polyphenols and cannabinoids)
may be used to induce, slow or even partly reverse
cellular senescence depending on the experimental
settings and on the cellular targets

• A new type of compounds that is able to remove
the excessive accumulation of senescent cells in
aging (named senolytic compounds) is emerging as
potential therapy for a multitude of age related
diseases.

• Careful attention in the development of nutritional
compounds with senolytic activity should be given
(as senescence may exert a beneficial response) and
appropriate studies in experimental models are
required before planning clinical trials.
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KEY FACTS

• Cardiovascular diseases are aging-related.

• Low saturated fat diet should
achieve an optimal macronutrient
composition.

• A cardioprotective dietary pattern contains
foods high in bioactive compounds.

• Long-term dietary intervention is the key
for successful primary and secondary
prevention of cardiovascular diseases.

Dictionary of Terms

• ASCVD: Atherosclerotic cardiovascular disease
• CHO: Carbohydrates
• CVD: Cardiovascular disease
• DBP: Diastolic blood pressure
• HDL-C: High-density lipoprotein cholesterol
• LDL-C: Low-density lipoprotein cholesterol
• MetS: Metabolic Syndrome
• MNT: Medical Nutrition Therapy
• MUFA: Monounsaturated fatty acids
• PUFA: Polyunsaturated fatty acids
• RCT: Randomized controlled trial
• RDN: Registered Dietitian Nutritionist
• ROS: Reactive oxygen species
• SBP: Systolic blood pressure
• SFA: Saturated fatty acids

• TC: Total cholesterol
• TG: Triglycerides

INTRODUCTION

Cardiovascular disease (CVD) includes coronary
heart disease (CHD), cerebrovascular disease (includ-
ing transient ischemic attack and stroke), hypertension,
peripheral artery disease, rheumatic heart disease,
arrhythmias, congenital heart disease, and heart fail-
ure. CVD is ranked as the leading cause of morbidity
and mortality in both developed and developing coun-
tries; the global burden of CVD is still rising [1]. The
2015 update on heart disease statistics from
the American Heart Association (AHA) reported that
the prevalence of CVD in American adults in 2012 was
35%, an estimated 85.6 million adults (.1 in 3) have at
least one type of CVD. Of these, 43.7 million are esti-
mated to be $60 years of age. CVD as the listed
underlying cause of death accounted for 31.3% all
deaths, or �1 of every 3 deaths in the United States.
By 2030, 43.9% of the US population is projected to
have some form of CVD [2].

The initiation of atherosclerosis results from a com-
bination of abnormalities in lipoprotein metabolism,
oxidative stress, thrombosis, and chronic inflammation
[3]. Multiple factors are involved in the development
of CVD, including nonmodifiable risk factors (age,
gender, and family history), and modifiable risk factors
(including dyslipidemia, hypertension, hyperglycemia,
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poor diet, smoking, overweight/obesity, physical inac-
tivity) [4�6]. The role of nutrition in the initiation, pro-
gression, and reversal of CVD is well established. The
purpose of this chapter is to review our current under-
standing of the role that nutrition plays in the preven-
tion and treatment of CVD associated with aging.

MOLECULAR BASIS AND MODIFIABLE
RISK FACTORS OF

CARDIOVASCULAR DISEASE

The current model for the pathogenesis of atheroscle-
rotic cardiovascular disease (ASCVD) is based on sev-
eral hypotheses, including vascular response to injury,
vascular wall retention of low-density lipoprotein
(LDL) particles, and oxidative modification of LDL.
Overall, atherosclerosis is proposed to be an inflamma-
tory disease of arteries. Modified forms of LDL, such as
acetylated LDL and oxidized LDL, can be taken up by
macrophages by the scavenger receptor, leading to sub-
stantial cholesterol accumulation and foam cell forma-
tion. The activated macrophage produces inflammatory
cytokines and leads to inflammatory processes and the
evolution of a more advanced atherosclerotic lesion [7].

Aging is associated with a redistribution of both fat
and lean tissue within the body. Along with aging,
physical inactivity, menopause, hormonal changes,
reduced fatty acid utilization, resistance to leptin, and
increased oxidative stress all expedite intra-abdominal
fat accumulation and the loss of lean body mass (sarco-
penia) [8]. Increases in visceral fat play a major role in
the pathogenesis of insulin resistance that induces
metabolic syndrome. Metabolic syndrome is a multi-
component risk factor for CVD and type 2 diabetes
that reflects the clustering of cardiometabolic risk
factors (excess abdominal adiposity, dyslipidemia, ele-
vated blood pressure, and hyperglycemia) and is also
related to other cardiovascular risk factors, such as insu-
lin resistance, nonalcoholic fatty liver disease, and
prothrombotic and pro-inflammatory states [9]. It
increases the likelihood of developing CVD within 10
years, even in the absence of diabetes [10]. The criteria
for defining metabolic syndrome (MetS) include three
or more of the following: (1) elevated waist circumfer-
ence (according to population and country-specific defi-
nitions); (2) triglyceride (TG) $150 mg/dL; (3) high
density lipoprotein (HDL)-cholesterol ,40 mg/dL in
men and ,50 mg/dL in women; (4) blood pressure of
130/85 mmHg or greater or on treatment; and (5) fast-
ing glucose 100 mg/dL or greater or on hypoglycemic
treatment. Most criteria of MetS are associated with pre-
diabetes or diabetes; however, many investigators prefer
to separate out those who have frank diabetes from those
with metabolic syndrome [10]. At the same time, vessel

aging leads to intimal and medial thickening (vascular
remodeling) as well as gradual loss of arterial elasticity,
resulting in vascular stiffness and subsequently hyper-
tension [11]. Vascular aging and atherosclerosis are also
associated with cellular senescence. Cellular senescence
impairs cell proliferation resulting in irreversible growth
arrest and impairs survival, due to an accumulation of
nuclear and mitochondrial DNA damage, increased
reactive oxygen species (ROS), and a pro-inflammatory
state [11]. A summary of aging and atherosclerosis is
presented in Fig. 23.1.

Recommended nutrition and medical interventions
target modifiable risk factors and can significantly reduce
the progression of atherosclerosis and CVD. These modi-
fiable risk factors are presented in Table 23.1 [4�6]. The
2013 American College of Cardiology (ACC) /AHA
Guideline on the Assessment of Cardiovascular Risk
estimates 10-year and lifetime ASCVD risk from age, sex,
race, total cholesterol, HDL cholesterol, systolic blood
pressure, blood pressure lowering medication use, diabe-
tes status, and smoking status [13].

NUTRIENTS, FOODS AND ASCVD
RISK FACTORS

Lipids and Lipoproteins

The primary focus of prevention of ASCVD is on
lowering LDL-C. Non-HDL-C has been treated as a
secondary therapeutic target for CVD since the resid-
ual risk is mainly due to low HDL-C and TG-rich lipo-
protein levels. The atherogenic lipoprotein phenotype
associated with insulin resistance includes high TG,
increased very low-density lipoprotein (VLDL), low
HDL-C, and increased small, dense LDL particles
(sdLDL), the latter of which are more susceptible to
in vivo oxidation in the artery wall [14]. The following
are general dietary recommendations for achieving
optimal lipids and lipoproteins:

• Reducing dietary saturated fat and achieving an optimal
macronutrient intake

The 2013 AHA/ACC Guideline on Lifestyle
Management to Reduce CVD Risk recommends a
dietary pattern aimed on LDL-lowering that
emphasizes intake of vegetables, fruits, and whole
grains; includes low-fat dairy products, poultry,
fish, legumes, nontropical vegetable oils and nuts;
and limits intake of sweets, sugar-sweetened
beverages, and red meats [15]. Specifically, a focus
of dietary recommendations is reducing saturated
fat and trans fat intake, primarily as a means of
lowering LDL-cholesterol concentrations. The 2010
Dietary Guidelines and the 2015 Dietary Guidelines
Advisory Committee (DGAC) [16,17] recommend
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healthy dietary patterns that contain less than 10%
calories from saturated fat (SFA) for lowering
LDL-C. The 2013 AHA/ACC Lifestyle Guidelines
recommend 5�6% of calories from SFA [15].

Multiple clinical trials and epidemiological data
have demonstrated that dietary SFAs raise LDL-C
level by decreasing LDL receptor activity, protein,
and mRNA abundance, while unsaturated fatty
acids increase these variables [18]. Intake of trans
fatty acids induces an increase in cholesterol
synthesis and LDL-C level. Trans fatty acids
decrease HDL-C too. In 2013, the FDA made a
tentative determination on the ban of any use of
partially hydrogenated oils that contain trans fatty
acids [19]. SFAs exist broadly in the common
western diet, such as animal fats and dairy desserts.
Nonhydrogenated vegetable oils that are high in
unsaturated fats and relatively low in SFA (eg,
soybean, corn, olive, and canola oils) instead of
animal fats (eg, butter, cream, beef tallow, and lard)
or tropical oils (eg, palm, palm kernel, and coconut
oils) should be recommended as the primary source
of dietary fat [17].

A meta-analysis of 60 controlled trials shows all
SFAs except stearic acid increase LDL-C and HDL-C
[20]. A recent Cochrane review concluded that
reducing SFAs lowered the risk of CVD events by
14% [21]. In contrast, two recent meta-analyses

TABLE 23.1 Modifiable Risk Factors and Ideal Levels for CVD
Health [4�6]

Modifiable risk

factors Goals for modifiable risk factors

Weight BMI: 18.5�24.9

Lipid profilea Total cholesterol: ,200 mg/dL

LDL-C: ,100 mg/dL; ,70 mg/dL if with clinical
CVD or diabetes

Non-HDL-C: ,130 mg/dL; ,100 mg/dL if with
clinical CVD or diabetes

HDL-C: Men: $40 mg/dL; Women: $50 mg/dL

Triglycerides: ,150 mg/dL

Blood pressure Systolic: ,120 mmHg; Diastolic: ,80 mmHg

Glycemic control Blood glucose: ,100 mg/dL

Physical activity 150 min moderate activity or 75 min vigorous
activity per week

Smoking Stop smoking

Diet Follow a cardioprotective dietary pattern

Stress Keep stress as low as possible

aThe LDL-C and nonHDL-C targets are endorsed by International Atherosclerosis
Society [5] and National Lipid Association [6]. Instead, 2013 ACC /AHA Guideline
suggests initiating statin therapy and lifestyle change to reduce risk of ASCVD in
four statin eligible groups of individuals: (1) those with clinical ASCVD, (2) primary

elevations of LDL-C $90 mg/dL, (3) aged 40�75 years old with diabetes and LDL-C
70�189 mg/dL without clinical ASCVD, and (4) those aged 40�75 years old with
LDL-C 70�189 mg/dL and 10-year ASCVD risk $7.5% [12].

FIGURE 23.1 A summary of aging and other risk factors in the development of atherosclerosis.
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including prospective cohort studies showed poor
association of dietary SFA intake with CHD [22,23].
However, many of the studies that were included
(more than half) in these meta-analyses used
24-hour recalls or some other dietary assessment
method with known limitations to assess long-term
dietary habits raises questions about the reliability
of the results [24]. Also, a reduction in SFA intake
must be evaluated in the context of food source and
the replacement by other macronutrients. Mensink
and Katan [20,25] found that replacing 1% of SFA
with an equal amount of CHO, MUFA, or PUFA led
to comparable LDL-C reductions: 1.2, 1.3, and
1.8 mg/dL, respectively. Replacing 1% of SFA with
carbohydrate (CHO), monounsaturated fatty acid
(MUFA), or polyunsaturated fatty acid (PUFA) also
lowered HDL-C by 0.4, 1.2, and 0.2 mg/dL,
respectively. Replacing 1% of CHO by an equal
amount of MUFA or PUFA raised LDL-C by 0.3 and
0.7 mg/dL, raised HDL-C by 0.3 and 0.2 mg/dL,
and lowered TG by 1.7 and 2.3 mg/dL, respectively
[20,25]. The ratio of total cholesterol to HDL-C (TC/
HDL-C), a stronger predictor of CVD risk than total
or LDL cholesterol alone, did not change when SFA
was replaced by CHO, but the ratio significantly
decreased when SFA was replaced by unsaturated
fats, especially PUFA [20]. Current macronutrient
intake status in US adults and the recommended
intake range of each macronutrient is shown in
Table 23.2.

• Carbohydrates
Replacing SFA with CHO also reduces total and

LDL cholesterol, but significantly increases TG and
reduces HDL-C. Large prospective studies showed
replacing total fat with CHO does not lower CVD
risk [17]. However, a diet high in complex CHO,
whole grain foods and dietary fiber, and low in
SFA, has benefits on CVD risk [27]. It was estimated
that every serving (28 g/day) of whole grain

consumption was associated with a 5% (95%
confidence interval [CI]: 2�7%) lower total morality
or a 9% (95% CI: 4�13%) lower CVD mortality [27].
In contrast, total grain intake and refined grain
intake were not associated with CVD risk [28].
Overall, there is insufficient evidence exists to
conclude the effect on CHD risk of replacing SFAs
with CHO although there might be a benefit if the
CHO composition includes more whole grain
products and has a low glycemic index.

• Polyunsaturated fat
Clinical, epidemiological, and mechanistic studies

consistently show that the LDL-C and risk of CHD
are reduced when SFAs are replaced with PUFAs.
For every 1% of energy intake from SFA replaced
with PUFA, incidence of CHD is reduced by 2�3%
[29]. However, intakes of PUFAs have been limited
to #10% of energy due to their potential adverse
effects, including a reduction of HDL-C level and
increased susceptibility of LDL to oxidation [30].
Omega-3 (n-3) and omega-6 (n-6) PUFAs are
essential nutrients that cannot be synthesized by
humans [26]. The parent fatty acid for the n-3 series
is α-linolenic acid (ALA; 18:3n-3), and the parent
fatty acid for the n-6 series is linoleic acid (LA;
18:2n-6). Bioconversion of these PUFAs leads to the
production of several LC fatty acids including
eicosapentaenoic acid (EPA; 20:5n-3) and
docosahexaenoic acid (DHA; 22:4n-6) in the n-3
series, and arachidonic acid (AA; 20:4n-6) in the n-6
series. However, the bioconversion of the n-3 series
to these very long chain FAs is low [26]. Research
have confirmed the protective effect of both
marine-derived and plant derived n-3 FAs against
CVD [31]. The evidence for plant-based n-3 FAs
(rich in ALA) is less conclusive than that for
marine-based, longer chain n-3 FAs, EPA and DHA
[32]. Flaxseeds, walnuts, and canola oil are sources
of ALA, while seafood, such as salmon, mackerel,
herring, and sardines, are the richest sources of EPA
and DHA [33,34]. ALA can reduce total and LDL
cholesterol and TG; EPA and DHA can increase
HDL-C and reduce TG [35]. LA is the primary n-6
FA in the diet, found in vegetable oils, such as corn,
soybean, and safflower oil, as well as many seeds
and nuts. Using LA to replace SFA can decrease
LDL-C and improve LDL/HDL-C. The possible
mechanism by which n-6 PUFAs decrease
cholesterol include upregulation of the LDL
receptor and increased cholesterol 7 α-hydrolase
(CYP7) acitivity through the upregulation on liver X
receptor (LXR), whereas n-3 PUFAs decrease TG by
decreasing lipogenesis and VLDL secretion,
increasing LPL activity, and increasing reverse
cholesterol transport.

TABLE 23.2 Current Macronutrient Intake Status in US Adults
and the Recommended Intake Range of Macronutrients

Macronutrients NHANES 2010�2012a Recommend intakeb

Total fat (% kcal) 33% 20�35%

SFA (% kcal) 11% #7%

PUFA (% kcal) 7% Up to10%

MUFA (% kcal) 12% Up to 20%

CHO (% kcal) 49% 45�65%

Protein (% kcal) 15% 10�35%

aData source: NAHNES 2010�2012.
bBased on Institute of Medicine’s Acceptable Macronutrient Distribution Range [26],
Dietary Guidelines 2010 [16], and AHA/ACC diet and lifestyle guidelines [15].
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• Monounsaturated fatty acids
Clinical studies have demonstrated convincingly

that dietary MUFA beneficially affect MetS risk
versus dietary CHO since the potential
cardioprotective, high-MUFA Mediterranean diet
was examined in the Seven Countries Study [36].
Substituting SFA with MUFA lowers LDL-C,
increases HDL-C, and lowers TC/HDL-C ratio.
Replacing 5% calories from SFA with MUFA could
potentially reduce CHD risk by 7.5% via reduction
in the TC/HDL-C ratio [37]. However, there is a
lack of randomized controlled trials (RCTs) directly
confirm the casual link. Studies suggest using
dietary MUFA to replace SFA and refined CHO
promotes healthy blood lipid profiles, mediates
blood pressure, improves insulin sensitivity and
regulates glucose levels. Moreover, metabolism of
dietary MUFA may affect body composition and
ameliorating the risk of obesity [38]. Epidemiologic
studies conducted with western populations have
reported a neutral or positive association of dietary
MUFA and CHD risk [39,40], but high-MUFA foods
in the Mediterranean diet (olive oil and nuts) have
demonstrated cardioprotective benefits in
epidemiologic studies [41�43] and a long-term RCT
[44]. Insufficient evidence exists to judge the effect
on CHD risk of replacing SFAs with MUFAs,
mainly because the available data on MUFAs are
limited and confounded by the major food sources
of MUFAs (eg, dairy and meats) in Western dietary
patterns. It is evident that we need to identify the
favorable food sources of MUFA in a healthy diet,
such as extra virgin olive oil, nuts and avocados.
Unlike SFA and PUFA with a recommend limit,
MUFA intakes are determined by calculating the
difference, that is, MUFA (% energy)5 total fat
(% of energy)—SFA (% of energy)—PUFA (% of
energy)—trans fat (% energy), thus, MUFA intakes
will range with respect to the CHO and total fat
composition of the diet. Current dietary guidelines
recommend the intake range of total fat is 20�35%
of total energy, including MUFA up to 20%
(Table 23.2).

• Dietary cholesterol
Previously, the Dietary Guidelines for Americans

recommended that cholesterol intake be limited to
no more than 300 mg/day. The 2015 DGAC
discontinued this recommendation because
available evidence shows no strong relationship
between consumption of dietary cholesterol and
serum cholesterol, consistent with the conclusions of
the 2013 AHA/ACC guideline [15,17]. Typically,
dietary cholesterol suppresses the activity of LDL
receptors, thereby inhibiting cholesterol clearance
from plasma and increasing LDL-C levels [45].

However, the causal link is not established because
there are hyperresponders and hyporesponders on
LDL-C to dietary cholesterol intake [46]. An
overview of epidemiological studies reported no
association between eating one egg a day (�200 mg
cholesterol) and CVD risk in nondiabetic men and
women [47]. In contrast, several cohort studies have
shown that persons with type 2 diabetes who
consume one egg a day have up to a two-fold
increase in CVD risk over type 2 diabetes that
consume less than one egg per week [48�50].
Furthermore, consumption of $2 eggs/day has
been associated with a greater risk of heart failure
among male physicians (1.64 [95 % CI: 1.08�2.49],
P, 0.006 for trend) [51]. Since LDL receptor protein
expression is decreased with aging [52], older adults
tend to have more hyperresponders to dietary
cholesterol impacting on LDL�C level. Thus,
limiting dietary cholesterol intake ,300 mg/day
may be reasonable for people with or at high risk of
CVD or type 2 diabetes, especially in the aged
population.

Because of the recent controversy surrounding
recommendations for dietary cholesterol intake,
most recently the National Lipid Association (NLA)
[52a] completed a thorough review of the effects of
dietary cholesterol on atherogenic lipid levels,
including well-controlled randomized controlled
trials (RCTs) and meta-analyses of RCTs. This
review indicated that, for each 100 mg/day of
dietary cholesterol, blood levels of LDL-C increase
by an average of ~1.9 mg/dL and that within the
population, there are hyper- and hypo-responders
where some individuals experience little or no
increase in LDL-C in response to a greater intake of
dietary cholesterol, whereas others experience
greater increases. As there is no method available to
determine hyper- vs. hypo-responders, the NLA
recently recommended that dietary cholesterol be
limited to , 200 mg per day as part of a
cardioprotective dietary pattern to reduce LDL-C
and non-HDL-C levels by limiting egg yolks to 2�4
a week and avoiding organ meats like liver and
gizzards.

• Diet portfolio to achieve LDL-C lowering
A moderate body of evidence suggest that soy

protein decreases total cholesterol (TC) and LDL-C
in both normo- or hyperlipidemic individuals [53].
When plant sterols (1 g/1000 kcal), viscous fiber
(8.2 g/1000 kcal), and plant protein (�50 g/
1000 kcal) were incorporated into a diet already low
in dietary cholesterol (99 mg/1000 kcal) and
saturated fat (7.7% of energy), both normal and
hyperlipidemic subjects had a significant decrease
in TC (222.3%), LDL-C (229.0%), the TC/HDL-C
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ratio (219.8%), and the LDL-C/HDL-C ratio
(226.5%) compared to baseline [54]. Based on these
blood lipid results, the calculated CHD risk
reduction of this Portfolio Diet is 30% [54]. A
summary of change in dietary factors and estimated
LDL reduction is shown in Table 23.3.

Blood Pressure

Both blood lipids and blood pressure could be signifi-
cantly affected by dietary factors and have been treated
as the primary therapeutic targets in CVD prevention
and therapy [15]. Both a healthy dietary pattern and a
reduced sodium intake lower BP independently. A com-
bined DASH (Dietary Approaches to Stop Hypertension)
dietary pattern with lower sodium intake could lead
to greater BP reduction outcomes. The 2013 AHA/ACC
Lifestyle Management Guideline recommended lowering
sodium intake to less than 2400 mg/day. A further
reduction to 1500 mg/day in sodium intake is recom-
mended for those at higher risk or for those who seek fur-
ther BP lowering. A reduction of sodium intake by
1000 mg/day at any intake level will further reduce BP
[15]. A reduction in sodium intake by approximately
1000 mg/day reduces CVD events by about 30% [56].
Changes in sodium intake influence blood volume;
increased sodium levels cause an increase in water reten-
tion resulting in an increase in blood volume and blood
pressure [57,58]. A meta-analysis of 13 cohort studies by
Strazzullo and colleagues reported that an increased
sodium intake increased risk for stroke and cardiovascu-
lar disease; 2000 mg/day increase in intake resulting in a

23% higher risk for stroke [59]. Other evidence, however,
has shown that a restricted sodium intake (1840 mg/
day) in persons with heart failure significantly increased
hospitalization and mortality when compared to persons
on an intake of 2760 mg/day [60], indicating that restric-
tion may be harmful in certain populations [61]. The
2015 DGAC report concurs with the 2013 AHA/ACC
Lifestyle Management Guideline report that evidence is
not sufficient to determine the association between
sodium intake and the development of heart failure
[15,17].

There is a moderate body of evidence for an associa-
tion between potassium intake and blood pressure
levels [62]. A higher potassium intake has been associ-
ated with lower blood pressure in adults [63�67] and
several observational studies have shown that an
increase in potassium intake decreases risk of stroke
and coronary heart disease [34]. Meta-analyses of
clinical and cohort studies showed that an increase in
potassium intake, for an average supplemental level
between 44 and 86 mmol/day, lowered blood pressure
[65,66]. However, evidence is not sufficient to determine
whether increasing dietary potassium intake lowers
blood pressure and CHD risk. Foods high in potassium
includes beans, dark leafy greens, potatoes, squash,
banana, mushrooms, and avocados. The 2015 DGAC
report stated that “in observational studies with appro-
priate adjustments (eg, blood pressure, sodium intake),
higher dietary potassium intake is associated with
lower risk for stroke” [17].

Other minerals like calcium and magnesium also
have potential benefits on blood pressure, but the evi-
dence is not adequate to determine their effects on CVD
risk. Also, consumption of calcium and magnesium is
limited to relatively few specific food groups, it was
unlikely to make a recommendation on the food groups
to increase or decrease consumption of the mineral [15].

Insulin Resistance and Metabolic Syndrome

Aging increases the risk of MetS, mainly due to the
visceral fat accumulation induced insulin resistance.
The treatment of MetS aims to improve insulin sensi-
tivity and prevent the associated metabolic and cardio-
vascular abnormalities. Since many individuals with
MetS are overweight, dietary treatment should be pri-
marily focused on weight reduction, especially on
reduction of visceral fat. An optimal diet for decreas-
ing risk of MetS includes three basics: (1) reduced SFA;
(2) increased vegetables, fruit, legumes, nuts and low-
glycemic index CHO; and (3) energy intake balance for
weight loss. In traditional low-fat diets, fats are often
replaced with refined CHO and this is of particular
concern because such diets are generally associated

TABLE 23.3 Change in Dietary Factors and Estimated LDL
Reduction

Dietary component Recommendation
Approximate LDL
reduction

Major:

Saturated fat ,7% calories 8�10%

Weight reduction Lose 10 lb 5�8%

Other:

Soy protein 25 g/day 5 %

Viscous fiber 5�10 g/day 3�5%

Plant sterol/stanol
esters

2 g/day 6�15%

Cumulative estimate 25�35%

Adapted from the Third Report of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation and Treatment of High Blood
Cholesterol in Adults-Adult Treatment Panel III [3] and the clinical trials on diet

portfolio [55] and soy protein [53].
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with atherogenic dyslipidemia (hypertriglyceridemia
and low HDL-C concentrations) [68]. Therefore, die-
tary advice should put more emphasis on optimizing
types of dietary fat than reducing total fat. Dietary
CHO increases blood glucose levels, particularly in the
postprandial period, and consequently increases insu-
lin levels and plasma TG. The detrimental effects of a
high-CHO diet on plasma glucose/insulin, TG/HDL
or fibrinolysis occur only when CHO foods with a
high glycemic index are consumed, while the side
effects are attenuated if the diet is based largely on
fiber-rich, low-glycemic-index foods [69].

Evidence has shown that a high MUFA diet signifi-
cantly improves insulin sensitivity compared to a high
SFA diet. However, this beneficial effect of monounsat-
urated fat disappears when total fat intake exceeds
38% of total energy [69]. Recent data suggest a role
for preferential oxidation and metabolism of dietary
MUFA, influencing body composition and ameliorat-
ing central obesity [38].

Protein intake is also important to maintain body lean
mass for older adults. The AHA Science Advisory takes
a more modest stance, and recommends that diets con-
tain 15�20% of calories from protein [70]. Higher protein
diets must be planned carefully to incorporate important
nutrients found in fruits, vegetables, and whole grains
and to avoid protein-rich foods excessively high in total
fat, saturated fat, and dietary cholesterol [70].

N-3 PUFAs have multiple effects on MetS risk fac-
tors including dyslipidemia, insulin resistance, visceral

adiposity, hypertension and oxidative stress [35].
Summary of effects of ALA, EPA, and DHA on MetS
is shown in Table 23.4 [35].

Obesity

Approximately 70% of adults who are overweight
and 75% of those who are obese have one or more car-
diometabolic risk factors [15]. Overweight and obese
adults can achieve weight loss through a variety of
dietary patterns when calorie intake is controlled.
Clinically meaningful weight losses that were achieved
ranged from 4 to 12 kg at 6-month follow-up [17].
Thereafter, slow weight regain is observed, with total
weight loss at 1 year of 4�10 kg and at 2 years of
3�4 kg. However, some dietary patterns may be more
beneficial in the long term for cardiometabolic health
[17]. A moderate amount of evidence demonstrates
that intake of dietary patterns with less than 45% calo-
ries from CHO or more than 35% calories from protein
are not more effective than other diets for weight loss
or weight maintenance, are difficult to maintain over
the long term, and may be less safe [17]. The 2013
AHA/ACC/TOS Guideline for the Management of
Overweight and Obesity in Adults [71] recommends
reducing dietary energy intake via:

• Specification of an energy intake target that is less
than that required for energy balance, usually
1200�1500 kcal/day for women and

TABLE 23.4 Summary of Responses of ALA, EPA, and DHA on Metabolic Syndrome Risk Factors [35]

Physiological responses

Risk factor ALA EPA and DHA

Adiposity None Reduces visceral adiposity

Increases mitochondrial biogenesis and oxidative metabolism

Dyslipidemia Reduces total cholesterol, LDL-C and TG Increases HDL-C

Reduces TG

Increases lipoprotein lipase activity

Reduces TG lipase activity

Insulin resistance Animal studies show improved glucose tolerance
and insulin resistance index

Unknown

Hypertension Reduces systolic blood pressure Inhibits renin secretion

Reduces the formation of thromboxane A2

Oxidative stress Data inconclusive Does not reduce oxidative damage but improves serum
antioxidant enzymes levels. Animal studies show reasonable
evidence of reducing oxidative damage but also show
prooxidant responses to EPA and DHA at higher doses

Inflammation Reduces pro-inflammatory cytokines and LOX/COX metabolites of AA

Adapted from Poudyal et al. [35].
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1500�1800 kcal/day for men (kcal levels are usually
adjusted for the individual’s body weight and
physical activity levels);

• Estimation of individual energy requirements
according to expert guidelines and prescription of
an energy deficit of 500 kcal/day or 750 kcal/day or
30% energy deficit;

• Dietary patterns should be individualized as a
variety of dietary approaches can produce weight
loss in overweight and obese adults if reduction in
dietary energy intake is achieved. At least 14 visits
over 6 months with a Registered Dietitian
Nutritionist (RDN) for behavior modification and
personalized meal planning.

Oxidative Stress and Telomere Length

Telomere length is an indicator of biological aging
and linked to pathology of CVD. Telomere length has
been shown to be positively associated with nutritional
status in human and animal studies. Various nutrients
influence telomere length potentially through mechan-
isms that reflect their role in cellular functions includ-
ing inflammation, oxidative stress, DNA integrity,
DNA methylation, and activity of telomerase, the
enzyme that adds the telomeric repeats to the ends of
the newly synthesized DNA [72]. Folate, vitamin B12,
nicotinamide, vitamin A and D, vitamin C and E, zinc,
magnesium, omega-3 fatty acids, tea, and grape seed
polyphenols are associated with longer telomere length
via the enhancement of telomerase activity and DNA
methylation, or the decrease of oxidative stress [72].
Studies on food groups showed that dietary fiber intake
from whole grains, vegetable, and fruits consumption
were associated with longer telomere length, but the
processed meat consumption showed an inverse associ-
ation with telomere length [72]. An analysis on 4676
women from the Nurses’ Health Study concluded that
greater adherence to the Mediterranean diet was associ-
ated with longer leukocyte telomeres [73].

The benefit of antioxidant bioactive compounds on
CVD risk is to reduce oxidant stress and inflammation.
Mechanistic studies have shown that individual anti-
oxidants can successfully reduce antioxidant stress
in vitro. However, clinical trials have failed to justify
the routine use of antioxidant supplements (vitamins
C and E) for the prevention and treatment of CVD
[74]. In contrast, current evidence supports recom-
mending consumption of a diet high in food sources of
antioxidants instead of antioxidant supplements to
reduce risk of CVD [75]. Recent studies also suggest
that the antioxidant potential of plant foods is a func-
tion of the synergistic effects of numerous antioxidant
compounds [76], which may explain the “antioxidant
paradox” of antioxidant supplements.

In conclusion, a cardioprotective diet including
foods high in antioxidants, vitamins, minerals, poly-
phenols, n-3 fatty acids, and dietary fiber can reduce
oxidative stress, improve telomere length, and reduce
biological aging linked risk for CVD.

FUNCTIONAL FOODS

Conventional Functional Foods in
Cardioprotective Dietary Patterns

Under current US food regulations, functional foods
have no definition despite providing a health benefit
beyond the traditional nutrients [77]. Functional foods
include whole foods along with fortified, enriched, or
enhanced foods that could be beneficial to health
within the context of a consistent well balanced diet
[78]. All cardioprotective dietary patterns recommend
consumption of conventional functional foods
including whole grains, legumes, vegetables, fruits,
nuts, seeds, and fish. These foods contain more than
8000 flavonoids that are associated with prevention of
CVD [79,80]. Strong evidence shows that cardioprotec-
tive dietary patterns including the DASH dietary pat-
tern (Dietary Approaches to Stop Hypertension),
Mediterranean Style Dietary Pattern, HEI (Healthy
Eating Index) dietary pattern by the United States
Department of Agriculture (USDA), and the Alternate
Healthy Eating Index (AHEI) by the American Heart
Association have had a significant beneficial impact on
all cause and cardiovascular mortality among older
adults [81]. A summary of the effects of major recom-
mended foods on CVD risk factors are presented in
Table 23.5.

Whole Grains

Whole grains such as whole wheat, rye, oats, and bar-
ley have protective effects against obesity, type 2 diabe-
tes (T2DM), cardiovascular disease, hypertension,
metabolic syndrome, and various cancers [82].
Functional components in whole grains include nondi-
gestible complex polysaccharides, for example, soluble
and insoluble fibers, inulin, beta-glucan and resistant
starches. Additional bioactive components in whole
grains include carotenoids, phytates, phytoestrogens,
phenolic acids (ferulic acids, vanilic acid, caffeic acid,
syringic acid, P-cumaric acid) and tocopherols [83,84].
Moderate evidence has shown that consumption of
foods rich in cereal fiber or mixtures of whole grains
and bran is associated with a reduced risk of obesity
(level of evidence: B/C), T2DM (level of evidence: B), or
CVD (level of evidence: B) [85].
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Legumes

Pinto, dark red kidney, and black beans were
reported to be associated with improved dyslipidemia,
postprandial glycemic responses, and weight manage-
ment in T2DM patients [86]. Soybeans have antioxi-
dant, anti-inflammatory and hypotensive effects [87].
A meta-analysis of 30 studies based on 2013 adults
with normal or mild hypercholesterolemia showed
that soy protein (25 g/day) lowered LDL-C 6% [53].

Fruits and Vegetables

Evidence from clinical trials and meta-analyses
show that fruits and vegetables are associated with
reduced risk of CVD, diabetes, obesity, and metabolic
syndrome. Intake of fruits and vegetables showed
improvements in TG and hemoglobin A1C levels, anti-
oxidants, oxidative stress, and inflammatory markers
and risk of carotid atherosclerosis [88].

Of the several dietary factors implicated in CHD
prevention, the evidence is most consistent for fruits
and vegetables [89,90], which may be due to their rich
content of dietary fiber, micronutrients, and beneficial
bioactive compounds. Both antioxidant (polyphenols,
flavonoids, and carotenoids) and nonantioxidant (phy-
tosterols) bioactive compounds have been intensively
studied, inspired by many epidemiologic studies that
have shown protective effects of plant-based diets on
CVD. Recently, low fruit and vegetable consumption
has been identified as one of the top risk factors for
causing the greatest “loss of health” in the Global
Burden of Disease 2010 Study [91].

Nuts

Moderate evidence has shown that consumption of
unsalted peanuts and tree nuts, specifically walnuts,
almonds, and pistachios, in the context of an isocalo-
ric diet have a favorable impact on CVD risk factors,
particularly serum lipid levels [16]. A recent meta-
analysis [36] reported that nut consumption was asso-
ciated with a reduction in risk of incident ischemic
heart disease (IHD). Consumption of nuts was
inversely associated with fatal IHD (six studies; 6749
events; RR per four servings weekly, 28.4 g; 0.76; 95%
CI: 0.69, 0.84) and inversely associated with nonfatal
IHD (four studies; 2101 events; RR per four servings
weekly, 28.4 g; 0.78; 95% CI: 0.67, 0.92; I25 0%) [36].
Nuts lower inflammation by reducing C-reactive
protein (hs CRP), interleukin 6, fibrinogen and by
increasing adiponectin [92]. Nuts could have a benefi-
cial effect on the endothelium due to high L-arginine
content that leads to an increase in nitric oxide
production [92].

Fish and Seafood

Consumption of eicosapentanoic acid (EPA)1doco-
sahexaenoic acid (DHA) (250�500 mg/day) was asso-
ciated with a 25% lower risk of coronary heart disease
(CHD) death [93]. Higher plasma levels of phospho-
lipid n-3 fatty acids were associated with lower CV
mortality and incident CVD. From the first quintile to
the fifth, as plasma phospholipid n-3 FA levels
increased a reduction was noted in total CVD mortal-
ity (235%), CHD deaths (240%), arrhythmic deaths
(248%), fatal and nonfatal CHD (228%), and ischemic
stroke (237%), P, 0.05 for all [94]. Blood levels of total
long-chain n-3 FA and DHA were associated with a
lower risk of incident atrial fibrillation (229% for
EPA1DPA1DHA and 223% for DHA; P, 0.01 for
both) [95]. Based on seven prospective studies, a meta-
analysis showed a decrease in relative risk for heart
failure comparing the highest to the lowest fish intake
(215%) along with marine n-3 FA intake (214%;
P, 0.05 for both) [96]. Current US dietary guidelines
recommend consumption of two servings (6�8 oz) per
week to consume 250�500 mg/day of EPA and DHA
for prevention of coronary heart disease [34].

Green Tea, Dark Chocolate, and Red Wine

In addition to the above functional foods found con-
ventionally in currently recommended cardioprotective
dietary patterns, benefits have also been noted from
green tea, dark chocolate, and red wine in the preven-
tion of CVD [97�102].

Epidemiological, clinical, and experimental evidence
supports the role of green tea in preventing CVD [97].

TABLE 23.5 Effects of Recommended Foods by Lifestyle
Guidelines on CVD Risk Factors

Foods Effects on CVD risk factorsa

Fruits and vegetables kLDL-C, kBP, mglycemic control,
k oxidative stress

Whole grains versus
refined CHO

kLDL-C, kBP, mglycemic control

Soy, legumes kLDL-C, kBP

Nuts, seeds kLDL-C, kBP, mglycemic control,
mHDL-C, k oxidative stress

Vegetable oils versus
solid fat

kLDL-C

Low fat/skim versus full-
fat dairy products

kLDL-C, kBP

Lean meat, poultry versus
high-fat meat

kLDL-C, kBP

Seafood kTG, kBP, k arrhythmia,
kinflammation

aSource: original studies that have been reviewed by scientific reports of DGAC [17]
and AHA/ACC Task Force on Practice Guidelines [15].
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A meta-analysis of 5 studies on green tea showed a
significant association between highest green tea con-
sumption and a decrease in risk of CAD, specifically
one cup per day was associated with a 10% reduction
in CAD risk and another meta-analysis of 13 studies
on black tea was not associated with a reduction in
CAD risk [98].

Cocoa polyphenols contain catechins, epicatechins,
and procyanidins. These flavonols scavenge ROS and
upregulate antioxidant defenses to improve endothe-
lial hyper permeability by acting as antioxidants, anti-
hypertensives, anti-inflammatory, antiatherogenic and
antithrombotic effect, and also improve insulin sensi-
tivity, vascular endothelial function, and activation of
nitric oxide [99]. A meta-analysis based on seven
studies reported a positive association between with
the highest levels of chocolate consumption and an
adjusted lower risk for CVD (RR5 0.63 (95% CI
0.44�0.90) and a 29% reduced risk of stroke compared
with the lowest levels [100]. However, there is a lack
of well-designed clinical studies demonstrating a car-
dioprotective benefit of chocolate. Uncontrolled con-
sumption of chocolate candies could lead to high
caloric and high sugar consumption [101].

High polyphenol content in red wine (but not alco-
hol) is associated with antioxidant, anti-inflammatory,
and vasodilator effects. Evidence from small RCTs
reported that red wine showed greater benefit in insu-
lin resistance, lipid profiles, and endothelial function
versus other alcoholic beverages [78]. A daily con-
sumption of 275 mL/day of dealcoholized red wine
decreased systolic and diastolic blood pressure by
increasing nitric oxide levels [103].

DIETARY PATTERNS AND
CLINICAL OUTCOMES

Dietary recommendations on nutrients for reducing
CVD risk should be emphasizing foods that characterize
healthy dietary patterns. 2015 DGAC identifies that a
healthy dietary pattern is higher in vegetables, fruits,
whole grains, low- or nonfat dairy, seafood, legumes,
and nuts; moderate in alcohol; lower in red and pro-
cessed meats; and low in sugar-sweetened foods and
drinks and refined grains [17]. Cardioprotective dietary
patterns that consistently associated with prevention of
ASCVD are low in saturated fat, salt, and trans-fatty
acids and encourage consumption of seafood and plant-
based foods such as vegetables, fruits, legumes, lentils,
nuts, seeds, and whole grains [104]. Strong evidence
shows that cardioprotective dietary patterns have greater
impact on all cause and cardiovascular mortality include
the DASH dietary pattern (Dietary Approaches to Stop
Hypertension), the Mediterranean Style Dietary Pattern,

the HEI (Healthy Eating Index) dietary pattern by the
USDA, and the AHEI (Alternate Healthy Eating Index)
food pattern by the AHA among older adults [81].

The 2013 AHA/ACC Lifestyle Guidelines focus on
four dietary patterns designed for the prevention of
CVD: Dietary Approaches to Stop Hypertension (DASH)
diet, a Mediterranean-style diet, a vegetarian diet, and
the National Cholesterol Education Program Adult
Treatment Panel III (NCEP ATP III) recommended
Therapeutic Lifestyle Changes (TLC) diet. With these
cardioprotective dietary patterns there are many options
to accommodate individual preferences so as to enhance
adherence to current guidelines for reducing CVD risk.

Dietary Approaches to Stop Hypertension
(DASH) Dietary Pattern

The DASH dietary pattern emphasizes fruits, vege-
tables, and low-fat dairy products; incorporates whole
grains, fish, nuts, and poultry; and reduces intake of
red meats, sweets, and sugar-sweetened beverages
[105]. Consequently, nutrient targets are higher for
potassium (4700 mg/day), magnesium (500 mg/day),
and calcium (1240 mg/day) and lower for total
fat (27% total energy), saturated fat (6% total energy),
and cholesterol (150 mg/day) in a diet providing
2100 kcal/day; CHO) and protein intake comprise 55%
and 18% of total energy, respectively [105]. Other
DASH-style dietary patterns have been evaluated with
higher unsaturated fat content and higher protein con-
tent [68]. The DASH diet has been shown to decrease
CVD risk factors, including: systolic and diastolic
blood pressure (25.5 and 23.0 mmHg, respectively),
total cholesterol (213 mg/dL), and LDL-C (210.7 mg/
dL) compared to a typical American diet [105,106]. The
blood pressure-lowering effect of the DASH dietary
pattern compared to typical US dietary intake was sig-
nificant in all populations studied, with this effect
being greater in individuals with hypertension than in
those who were prehypertensive. The total and LDL-
cholesterol lowering effects of the diet did not differ
by race or baseline lipid concentration [106]. Overall,
the DASH diet decreased 10-year CHD risk by 18%
compared to the control diet, that is, the typical
American diet [107]. In a study that evaluated the orig-
inal DASH diet, a higher unsaturated fat- DASH diet
(37% FAT, 15% PRO, 48% CHO), and a higher protein-
DASH diet (27% FAT, 25% PRO, 48% CHO), all three
diets reduced systolic (28.2 to 29.5 mmHg) and dia-
stolic (24.1 to 25.2 mmHg) blood pressure and total
(212.4 to 219.9 mg/dL) and LDL-cholesterol (211.6 to
214.2 mg/dL) concentrations in prehypertensive and
stage 1 hypertensive individuals [68]. HDL-C signifi-
cantly decreased in both the original DASH diet

324 23. NUTRITION, DIET QUALITY, AND CARDIOVASCULAR HEALTH

III. SYSTEM AND ORGAN TARGETS



(21.4 mg/dL) and the higher protein DASH diet
(22.6 mg/dL), while HDL-C remained unchanged
during the higher fat DASH diet [68]. The higher pro-
tein and higher fat DASH diets both significantly
decreased TG [68]. Overall, the original DASH dietary
pattern, the higher protein-DASH diet, the higher
unsaturated fat-DASH diet, and the DASH diet with
reduced sodium all favorably affect blood pressure,
blood lipids, and CVD risk [34].

Mediterranean-Style Dietary Patterns

Although there is no uniform definition of a
Mediterranean diet, some common attributes of the
Mediterranean diet include: increased consumption of
fruits, vegetables, whole grains, legumes, nuts, seeds,
and olive oil; low to moderate consumption of red
wine (nonIslamic countries), fish, poultry, and dairy
products; and decreased consumption of red meat
[108]. The major food sources of dietary MUFA in
Mediterranean diet are nuts and olive oil, what are
also high in other bioactive compounds that may have
additional benefits on lowering the risk of CVD and
metabolic syndrome. Epidemiological and clinical evi-
dence both show benefits of a Mediterranean-style diet
on CVD risk factors. In a prospective cohort study
of a Greek population, greater adherence to a
Mediterranean diet was associated with decreased
total mortality, CHD death, and cancer death [109]. In
the Nurses’ Health Study, women who followed a
Mediterranean diet most closely were at a lower rela-
tive risk (RR) for CHD (0.71) and stroke (0.87) inci-
dence and total CVD mortality (0.61) compared to
women with the lowest adherence [110]. A recent
meta-analysis confirmed these results, reporting
decreased total mortality (0.92) and CVD-related inci-
dence or mortality (0.90) with a 2-point increase in the
Mediterranean diet scoring index [111]. In 2013, the
PREDIMED (Prevención con Dieta Mediterránea) trial
reported that a Mediterranean diet (supplemented
with either extra-virgin olive oil or nuts) reduced the
incidence of major CVD events by approximately 30%
after 5 years intervention in men and women (50�80
years of age) who were at high risk for CVD [44].
A meta-analysis of 50 studies on Mediterranean diet
concluded the protective role of the Mediterranean diet
on components of metabolic syndrome, including waist
circumference (20.42 cm, 95% CI: 20.82 to 20.02),
HDL-C (1.17 mg/dL, 95% CI: 0.38�1.96), TG
(26.14 mg/dL, 95% CI: 210.35 to 21.93), systolic BP
(22.35 mmHg, 95% CI: 23.51 to 21.18) and diastolic
BP (21.58 mmHg, 95% CI: 22.02 to 21.13), and glucose
(23.89 mg/dL, 95% CI:2 5.84 to 21.95) [112].
However, due to the lack of uniform definition of the

Mediterranean diet in the RCTs and cohort studies, the
strength of evidence for Mediterranean diet lowering
CVD is still estimated as low in the 2013 AHA/ACC
Lifestyle Management Guidelines. Since a higher
Mediterranean diet scoring index tends to have reduced
total mortality, CVD risk factors, and CVD incidence,
the 2015 DGAC report provided a Mediterranean-style
food pattern based on the healthy U.S.-Style food pat-
tern due to the recent data supporting the health-
related benefits of a Mediterranean-style diet [17].

Vegetarian Dietary Pattern

Vegetarian is a broadly encompassing term used for
a variety of different categories: ovo-lactovegetarians do
not consume meat or fish; ovo-vegetarians do not
consume meat, fish, or dairy products; lacto-vegetarians
do not consume meat, fish, or eggs; vegans do not
consume any animal products; while raw vegans, Su
vegetarians, and fruitarians do not consume any animal
products or vegetables in the Allium family (eg, onions,
garlic) [113]. Vegetarian diets emphasize fruits, vegeta-
bles, whole grains, legumes, nuts, seeds, and soy foods
and include little or no animal products. Vegetarians
typically consume increased fiber, soy, CHO, potas-
sium, magnesium, folic acid, n-6 PUFAs, nonheme iron
(the less biologically absorbable form of iron found pre-
dominantly in plants), and vitamin C, and have
decreased total calories, total fat, SFA, cholesterol, and
sodium compared to nonvegetarians [34,114].

Vegetarians tend to have lower mortality from CHD,
specifically, a 24% decrease in mortality from ischemic
heart disease (IHD) compared to nonvegetarians
[115,116]. Epidemiological data indicate that vegetar-
ians have a decreased prevalence of diabetes and
hypertension [115,117] and a significantly lower BMI
than nonvegetarians [115,117�119]. Clinical interven-
tions show decreased total (27.6 to 226.6%) and
LDL-cholesterol (29.2 to 237.4%) in participants
randomized to a plant-based diet versus a typical
Western diet [120]. A vegan combination diet (plant
sterols 1.2 g/1000 kcal, soy protein 16.2 g/1000 kcal,
viscous fiber 8.3 g/1000 kcal, almonds 16.6 g/1000 kcal)
has been shown to decrease total cholesterol (226.6 vs
29.9%), LDL-C (235.0 vs 212.1%), the total choles-
terol: HDL-C ratio (220.8 vs 22.6), and the LDL: HDL-
C ratio (230.0 vs 25.1) compared to a low-fat control
diet and similarly to first generation statin drug therapy
[121]. It was estimated that lipid profile improvements
may be responsible for the overall 31.7% decrease in
CHD mortality witnessed in individuals who follow
plant-based, vegetarian, and vegan diets [121].

A concern for vegetarians, especially vegans, is
that they typically have lower levels of circulating
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serum ferritin and vitamin B12 and decreased
phospholipid-incorporated n-3 PUFAs [118,119,122].
Vegetarians also show elevated blood homocysteine
level [122] that has been associated with increased
risk of atherosclerosis [123]. Individuals consuming
vegetarian diets should therefore monitor their B-12
levels, consume B-12 fortified foods, and consider
taking a B-12 supplement. In addition, decreased die-
tary n-3 PUFA (especially longer-chain n-3 fatty
acids) intake in vegetarians may contribute to platelet
aggregation and platelet structural changes, which
may be associated with an increased tendency for
thrombosis [113].

MEDICAL NUTRITION THERAPY FOR
MANAGEMENT OF CARDIOVASCULAR

RISK FACTORS

In the United States, Registered Dietitian Nutritionists
(RDN) are qualified nutrition professionals who provide
personalized nutrition counseling referred to as medical
nutrition therapy (MNT) for the management of dyslipi-
demia and related cardiovascular risk factors, including
hypertension, overweight/obesity, prediabetes, diabetes,
and MetS [6,15,104,124]. The ACC/AHA/TOS guidelines
for overweight and obesity management recommend at
least 14 MNT visits over 6 months with an RDN [124].
MNT includes nutrition assessment, nutrition diagnosis,
nutrition intervention, nutrition monitoring, and evalua-
tion [104,125,126]. In a recent review of 34 studies by Lin
et al. [127], the following benefits were noted:

• MNT reduced LDL-C by 3.43 mg/dL (95% CI,
5.37�1.49) at 12�24 months (25 studies);
improvement in CVD risk factors include:
hypertension, dyslipidemia, MetS, and impaired
fasting glucose or glucose tolerance (34 studies).

• Systolic blood pressure was reduced by 2.03 mmHg
(95% CI, 2.91�1.15) (31 studies) and diastolic blood
pressure by 1.38 mmHg (95% CI, 1.92�0.84) at
12�24 months (24 studies). Fasting glucose was
reduced by 2.08 mg/dL (95% CI, 3.29�0.88) at
12�24 months (22 studies).

• Improved weight outcomes by a pooled mean
difference of 0.26, using standardized units (95% CI,
0.35�0.16) (34 studies).

• Diabetes incidence was reduced by a relative risk
of 0.58 (95% CI, 0.37�0.89) at 12�24 months
(8 studies).

• Improvements in intakes of fruits, vegetables, and
fiber and reduction in saturated fat intake without
an overall increase in sugar or total calories
consumed (8 studies) [127].

A Cochrane review of nine studies [128] concluded
that MNT by a RDN is recommended for treating
patients with dyslipidemia and other coronary
heart disease risk factors. The Academy of Nutrition
and Dietetics Expert Panel on Disorders of Lipid
Metabolism recommends that the RDN should provide
multiple MNT visits (3�6 visits) over 8�2 weeks to fur-
ther improve a patient’s lipid profile. Two studies
reported that the magnitude of LDL-C reduction
increased with additional visits or time spent with the
RDN. One study reported further reduction in LDL-C
(k21% with four RDN visits [180 min] vs k12% with
two RDN visits [120 min] (P, 0.027) [129,130] and three
studies in this Cochrane review also noted a reduction
in the use of lipid lowering medications when MNT
was provided by a RDN [129�131]. The Academy of
Nutrition and Dietetics recommends that if a patient is
on lipid-lowering medications, the RDN should provide
three or four MNT visits averaging 45 min per session
over a 6�8 week period to improve the patient’s lipid
profile [132].

In conclusion, Multiple MNT visits with a RDN is
important for helping patients adopt cardioprotective
dietary patterns and to manage dyslipidemia and
related CVD risk factors such as diabetes, prediabetes,
hypertension, and MetS.

SUMMARY

• Cardiovascular disease represents the leading cause
of morbidity and mortality globally. Cardiovascular
risk increases significantly with age due to factors
such as aging-related visceral fat accumulation,
arterial stiffness, inflammation, cellular senescence,
and oxidative stress.

• Key lifestyle-related risk factors are modifiable and
include dyslipidemia, hypertension, hyperglycemia,
obesity, and inflammation and have important
nutritional determinants.

• Nutritional guidelines recommend to reduce intake
of saturated and trans-fats, sodium, and sugar and
other simple CHO can make a significant impact on
improving lipids, blood pressure, insulin sensitivity,
inflammation, oxidative stress, and other key
cardiovascular risk factors.

• Functional foods include whole foods along with
fortified, enriched or enhanced foods that could be
beneficial to health within the context of a consistent
well balanced diet. Cardioprotective dietary
patterns recommend consumption of conventional
functional foods including whole grains, legumes,
vegetables, fruits, nuts, seeds, and fish.

• Recommended dietary patterns, such as those rich
in fresh vegetables, fruits, whole grain products,
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fiber, and low in sodium and sugar rich foods and
specifically a DASH, Mediterranean, or vegetarian
dietary pattern can reduce levels of atherogenic
lipids, blood pressure, and help to prevent
cardiovascular disease and/or diabetes.

• Medical nutrition therapy provided by a registered
dietitian/nutritionist over multiple sessions is a key
for achieving required lifestyle behavioral change
over the long term to provide the required
cardiovascular benefits.
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[86] Helmstädter A. Beans and diabetes: phaseolus vulgaris pre-
parations as antihyperglycemic agents. J Med Food 2010;13
(2):251�4.

[87] Liu CF, Pan TM. Beneficial effects of bioactive peptides
derived from soybean on human health and their production
by genetic engineering. In: Hany El-Shemy, editor. Soybean
and health, agricultural and biological sciences; September 12,
2011, ISBN 978-953-307-535-8.

[88] Toh J, Tan VM, Lim PC, Lim S, Chong MF. Flavonoids from
fruit and vegetables: a focus on cardiovascular risk factors.
Curr Atheroscler Rep 2013;15(12):1�7.

[89] Dauchet L, Amouyel P, Hercberg S, Dallongeville J. Fruit and
vegetable consumption and risk of coronary heart disease: a
meta-analysis of cohort studies. J Nutr 2006;136(10):
2588�93.

[90] He FJ, Nowson CA, MacGregor GA. Fruit and
vegetable consumption and stroke: meta-analysis of cohort
studies. Lancet 2006;367(9507):320�6.

[91] Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani
H, et al. A comparative risk assessment of burden of disease and
injury attributable to 67 risk factors and risk factor clusters in 21
regions, 1990�2010: a systematic analysis for the Global Burden
of Disease Study 2010. Lancet 2013;380(9859):2224�60.

[92] Ros E. Nuts and novel biomarkers of cardiovascular disease.
Am J Clin Nutr 2009;89(5):1649S�56S.

[93] Hoekstra J, Hart A, Owen H, Zeilmaker M, Bokkers B,
Thorgilsson B, et al. Fish, contaminants and human health:
quantifying and weighing benefits and risks. Food Chem
Toxicol 2013;54:18�29.

[94] Mozaffarian D, Lemaitre RN, King IB, Song X, Huang H,
Sacks FM, et al. Plasma phospholipid long-chain ω-3 fatty
acids and total and cause-specific mortality in older adults: a
cohort study. Ann Intern Med 2013;158(7):515�25.

[95] Wu JH, Lemaitre RN, King IB, Song X, Sacks FM, Rimm EB, et al.
Association of plasma phospholipid long-chain omega-3 fatty
acids with incident atrial fibrillation in older adults the cardiovas-
cular health study. Circulation 2012;125(9):1084�93.
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KEY FACTS

• Modern dietary lifestyles have diverged from
our ancestors to include substantial amounts of
refined and artificial sugars, especially after
technological advancements in food processing
techniques and the industrial revolution

• The increased prevalence of metabolic
abnormalities seen in cardiovascular disease and
type II diabetes may be the result of increased
refined sugar consumption

• There are common insulin and blood glucose-
related mechanisms which underlie the
development of both cardiovascular and
neurological disturbances

• There are relationships between sugar
consumption, type II diabetes, insulin resistance,
cardiovascular disease and the onset of cognitive
impairment, abnormal brain aging, and dementia

• Insulin resistance and insulin-related
mechanisms seem to play a crucial role in
mediating cognitive and brain changes observed
in Alzheimer’s Disease

• Low sugar diets and normalizing insulin are
effective in ameliorating symptoms of
Alzheimer’s Disease

• There may be too much emphasis placed on the
importance of dietary fat and cholesterol on
health, and more focus is needed on
investigating the influences of dietary sugar and
blood sugar on both physical and brain health.

Dictionary of Terms

• CVD: Cardiovascular Disease
• T2D: Type II Diabetes
• GI: Glycemic Index
• GL: Glycemic Load
• BDNF: Brain-Derived Neurotropic Factor
• CREB: Cyclic AMP Response Binding Element

Protein
• ROS: Reactive Oxygen Species
• HFCS: High Fructose Corn Syrup
• LTP: Long-Term Potentiation
• STZ: Streptozotocin
• AD: Alzheimer’s Disease
• SMC: Smooth Muscle Cell
• IGF: Insulin-like Growth Factor
• Ang-II: Angiotensin-II
• AGE: Advanced Glycation End Product
• LDL: Low Density Lipoprotein
• MI: Myocardial Infarction
• VaD: Vascular Dementia
• SCE: Spontaneous Cerebral Emboli
• RAGE: Receptors for Advanced Glycation End

Products
• Apo: Apolipoprotein

INTRODUCTION

The influence of diet on health has become of major
concern in recent years. According to the American
Heart Association, cardiovascular disease (CVD) is the
single largest killer of Americans [1]. In addition to
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contributing to poor cardiovascular health, accumulat-
ing evidence suggests that diet has a detrimental effect
on brain and cognitive aging. Much of the research in
this area has identified dietary saturated fat and cho-
lesterol as the main contributors to poor cognitive
health and accelerated brain aging. However, an accu-
mulating body of evidence suggests that refined sugar
consumption may not only be a substantial factor in
the etiology of physical disorders, such as CVD [2], but
also cognitive deficits and neurological impairment
underlying the development of dementia [3].

As indicated by the United States Department of
Agriculture, there has been an increase in refined sugar
consumption over the past several decades [4]. In turn,
this increased consumption has been related to the
development of development of insulin resistance syn-
drome, type II diabetes (T2D), and CVD [5]. With this
information, this chapter will focus on: (1) Research
assessing the effects of dietary sugar on brain and cog-
nitive impairment; (2) how diet influences the develop-
ment of metabolic disorders such as CVD and T2D; (3)
the influence of metabolic disorders on abnormal cogni-
tive and brain aging; (4) dementia and glucose dysregu-
lation; and (5) a discussion of dietary treatment
strategies for poor cognitive aging and dementia. In
summary, this chapter provides unique insight into
common mechanistic pathways shared in the etiology
of both cardiovascular and neurological abnormalities
that may lead to accelerated brain aging. Gaining
knowledge in this area is important in the development
of strategies that may not only help to prevent cardio-
vascular/metabolic abnormalities, but also in the identi-
fication of possible risk factors and treatments for
cognitive deficits in an increasingly aging population.

THE INFLUENCE OF DIETARY SUGAR
ON BRAIN AND COGNITIVE

IMPAIRMENT

Carbohydrates/Sugar

Carbohydrates have different physical and chemical
structures. They can be classified according to three
principal groups: sugars, oligosaccharides, and poly-
saccharides. In turn, each of these subclassifications
can be further divided according to their monosaccha-
ride chemical composition. The term sugars refers to
monosaccharides (glucose, galactose, fructose), disac-
charides (sucrose, lactose, trehalose), and polyols (sor-
bitol, mannitol), which are considered to be simple or
refined. The effects of dietary carbohydrates on physio-
logical responses have been studied for decades and
seem to differ depending on, in part, the type of carbo-
hydrate and rates of digestibility [6].

A major source of carbohydrates in the human diet
is starch, a complex energy source found in many
plants, and can be beneficial for health [6]. The con-
sumption of simple sugars has been related to the
development of various diseases, such as CVD [5], a
major source of global health concern [7]. A commonly
utilized measure to predict the physiological effects of
various forms of carbohydrates is the glycemix index
(GI). The GI is used to illustrate the relative rate of glu-
cose absorption from foods and, hence, the rate at
which glucose appears in the bloodstream. For this
reason, plasma glucose is often referred to as “blood
sugar.” Simple sugars are indexed by a higher
GI value compared to more complex carbohydrates,
although glycemic load (GL) is increasing in usage
since it takes into account the amount of carbohydrates
ingested in addition to its potency in elevating plasma
glucose [6]. Evidence indicates that people replacing
low GI/GL foods (ie, simple carbohydrates/refined
sugars) for high GI/GL foods (ie, complex carbohy-
drates/less refined sugars) demonstrated decreases in
glucose and insulin elevations, which have been used
as dietary treatments for glucose intolerance [8].

Diet and Brain Impairment

An increasing body of evidence has shown that ani-
mals maintained on high refined sugar diets exhibit
neurobiological and behavioral changes indicative of
cognitive impairment. Such studies are useful in that
dietary factors can be experimentally manipulated.
This allows for the causal assessment of the specific
effects of dietary factors on brain changes and behav-
ioral measures of cognitive abilities. Thus, understand-
ing findings from animal research provides a basis for
understanding sugar-induced cognitive impairments
observed in humans.

A majority of animal studies in this field have impli-
cated high saturated fat consumption in the develop-
ment of neurobiological and behavioral impairments
related to, for instance, learning and memory.
Specifically, investigators have found that rats main-
tained on a high saturated fat diet for 2, 6, or 24
months demonstrated significantly lower expression of
hippocampal brain-derived neurotropic factor (BDNF),
critical for synaptic plasticity and learning, relative to
controls maintained on control diets for the same
duration. They also found an inhibition of cyclic AMP-
response element-binding protein (CREB) in the hippo-
campus, a protein required for various forms of
memory regulated by BDNF [9]. This is corroborated
by results showing that high fat diet-induced inhibi-
tions in BDNF [10] and synapsin I [9], a molecule
which modulates neurotransmitter release by BDNF,
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critical in hippocampus synaptic functioning. Similarly,
Baran and colleagues found that rats fed diets high in
saturated fat for 3 weeks exhibited significant retrac-
tions in hippocampal dendrites relative to controls,
again suggesting inhibitions of this brain structure criti-
cal to learning and memory processes [11]. In other
measures of hippocampus functioning, one study
showed that rats maintained on a high fat�high sugar
diet for 8 months demonstrated significant inhibitions
of spine density, and long-term potentiation measured
in the hippocampus, indicative of impaired neuronal
communication [12].

Although studies such as these seem to suggest that
high fat feeding impairs hippocampus functioning, it
is important to note that in a majority of studies,
simultaneous feeding of saturated fat and sugar are
employed. It is unclear, therefore, whether the fat or
sugar components of these diets contribute to the
observed changes. It is possible that high sugar content
itself facilitated deleterious hippocampal functioning.
The literature in this area provides insight into under-
lying biological processes, such as oxidative stress,
blood sugar, and insulin resistance, which may explain
the source of these impairments.

Oxidative Stress. Oxidative stress refers to an imbal-
ance between normal free radical production and an
inability of cells to buffer against them, which can con-
tribute to cellular damage [13]. A molecular sign of
oxidative stress is the presence of reactive oxygen spe-
cies (ROS) [14]. In addition to impairments in synaptic
plasticity, findings showed that high sugar diets
produced significant increases in protein oxidation,
suggestive of protein damage [15�16], as well as hip-
pocampal levels of ROS [15]. These results suggest that
high sugar diet-induced impairments in plasticity may
be modulated by oxidative stress. In turn, research
suggests that elevations in blood sugar may play a crit-
ical role in the oxidative stress response.

Blood Sugar. Elevations in plasma glucose are a main
source of free radical production, a biomarker of oxi-
dative stress [17]. Elevations in blood sugar, which
can be the result of high sugar diets, have been related
to impaired memory. Sucrose supplemented animals,
along with elevations in plasma glucose, showed
impairments in spatial learning [18] and declarative
memory [19] performance compared with control diet
rats. Other work found that rats fed high fructose corn
syrup (HFCS), exhibited significant reductions in hip-
pocampal dendritic spines, BDNF, and long-term
potentiation (LTP) compared to controls. Furthermore,
HFCS fed animals had impaired spatial memory per-
formance which was accompanied by significant eleva-
tions in blood glucose [12]. Chronic elevations in
plasma glucose produced by high sugar diets have
been posited to produce disturbances in intracellular

secondary messenger systems and elevations in ROS,
all implicated in contributing substantially to neuronal
loss and cognitive impairment [3]. Here, elevations
in blood sugar may have contributed to increased
oxidative damage and, as a result, produced cellular
damage.

Insulin Resistance. Insulin stimulates the uptake of
glucose into cells for energy. Insulin resistance arises
when cells become resistant to the actions of insulin.
The pancreas, in an attempt to overcome this resis-
tance, secretes more insulin and, therefore, it can result
in an overproduction of insulin (ie, hyperinsulinemia).
Hyperinsulinemia and insulin resistance can arise as a
result of chronic elevations in plasma glucose, which
may be produced by the ingestion of foods high in
refined sugar [6].

Insulin resistance may be a crucial mediator in the
relationship between high sugar diet and cognitive/
brain impairments by affecting synaptic plasticity in
the hippocampus. To this point, animals genetically
depleted of insulin receptors exhibited significant
reductions in phosphorylated Akt and GSK3β, two of
the main downstream targets of growth and neuro-
tropic factors [20]. Some findings have suggested
that normalizing insulin signaling may protect against
neurobiological impairments. For instance, animals
injected with streptozotocin (STZ; a pharmacological
agent which depletes insulin, insulin receptor and
insulin-like growth factor activity) showed significant
reductions in insulin binding, as well as insulin
receptor and insulin-like growth factor receptor
expression in the hippocampus, thereby mimicking an
insulin resistant state. Additionally, STZ animals were
impaired on spatial memory performance relative to
controls. Importantly, STZ-induced impairments were
prevented with administration of an insulin sensitizing
agent. Here, normalizing insulin signaling protected
against impairments in brain and behavioral assess-
ments of memory impairment and elevations in ROS
[21]. These findings suggest that insulin signaling may
modulate free radical production and, in turn, contrib-
ute to oxidative stress-induced brain impairments gov-
erning brain functioning.

Diet and Cognitive Impairment

Research, in addition to examining specific brain
changes, has also focused on studying the effects of
high saturated fat feeding on behavioral measures of
cognitive abilities in experimental models. Specifically,
findings have illustrated that rats maintained on high
saturated fat diets demonstrate impaired performance
on spatial memory tasks, where rats are trained to
locate a hidden platform in a water maze and
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subsequently tested for their memory of the platform
location [9,22,23]. Wu and colleagues found that rats
fed a high fat diet for 2 months demonstrated impaired
performance on their ability to learn a hidden platform
location, and spent significantly less time in the plat-
form target zone at testing compared to controls [16].
These studies indicating that high fat diets impair
behavioral measures of cognition in experimental mod-
els are, again, confounded by the high carbohydrate
content present in the high fat diets given to animals.

To illustrate the need to rigorously examine the spe-
cific influence of dietary carbohydrates on cognition,
some findings have indicated that high sugar intake
alone produced cognitive impairments. For instance,
rats given a high fructose diet were impaired on a spa-
tial learning task [24]. Additionally, a high sucrose diet
was shown to impair performance on a novel object
recognition task, often utilized in rat models to mea-
sure declarative memory [19]. Other measures of cog-
nition showed that rats fed a diet high in carbohydrate
content demonstrated heightened anxiety by exploring
a novel environment for significantly less time than
controls [17]. Further, compared to animals maintained
on a sugar free (complex vegetable starch) or
refined sucrose diet, rats supplemented with honey
showed less behavioral signs of anxiety and spatial
memory impairment [25]. Therefore, it is possible that
honey, a less refined sugar rich in antioxidant proper-
ties, alleviated anxiety and memory deficits compared
to the ingestion of a more refined sugar. Animal
research provides insight into the potential detrimental
effects of dietary sugar on the brain and behavior.

Although the human literature is limited, existing evi-
dence indicates that individuals consuming high levels
of sugar demonstrate impaired cognitive performance
across various measures. Other studies indicate that
individuals ingesting high refined sugar foods demon-
strated impaired verbal recall [26,27], recognition mem-
ory [28], and reaction time [29] compared to those eating
complex carbohydrates. In other findings, dementia-free
older adults with higher levels of refined sugar con-
sumption showed poorer overall performance on tests of
perceptual speed and spatial performance. Further, old-
er adults showed greater rates of cognitive decline over
time on assessments of general cognitive ability, percep-
tual speed, verbal ability, and spatial performance [30].
Other findings show that sugar consumption may also
be particularly harmful to those with T2D [31]. In this
fashion, sugar consumption, in combination with T2D,
may exacerbate cognitive deficits, possibly through oxi-
dative stress-related mechanisms.

Accumulating evidence provides support for the
theory that CVD may mediate the relationship
between sugar consumption and cognitive impairment.
Since T2D is a risk factor for CVD [32], it is important

to understand research assessing the impact of dietary
sugars on the development of CVD. Analysis of the lit-
erature provides support for the notion that a high
refined sugar dietary lifestyle is a risk factor for CVD,
which, in turn, may underlie the development of cog-
nitive dysfunction and neurodegenerative disorders,
such as Alzheimer’s disease (AD) [33]. In order to gain
insight into the mechanistic link between CVD and
accelerated brain aging, it is important to understand
the etiology of CVD, its physiological precursors, and
biological consequences. This provides the foundation
for discussing how dietary sugar may facilitate CVD
and, in turn, increase the risk for cognitive abnormali-
ties. A key biological process in the progression of
CVD is the development of atherosclerotic plaques.

METABOLIC DISORDERS

Atherosclerosis

Atherosclerosis, a main feature of CVD, is an
inflammatory process [2,34], characterized by the
development of arterial plaques and damage to the
endothelium (ie, the inner lining of blood vessels and
arteries) functioning [35]. Atherosclerotic plaques are
the result of, in part, the proliferation and migration of
monocytes, lymphocytes and smooth muscle cells into
the arterial wall after injury to the endothelium on the
surface of the arterial wall. Accumulating substances
in the arterial wall can produce an atheroma (ie,
“bulge”) which can eventually rupture resulting in a
cardiac event. Under normal metabolic conditions, the
endothelium (surface lining of arteries) maintains a
nonadhesive, smooth surface, which acts to inhibit
abnormal growth of SMCs and damage may compro-
mise this protective state [2]. Research suggests that
abnormalities in insulin signaling contribute to the
damage observed on the endothelial surface, abnormal
SMC growth, and, in turn, atherosclerosis.

The atherosclerotic process involves the transition of
SMCs from a static to a dynamic state, where they can
proliferate, migrate, and accumulate inside the arterial
wall, contributing to the atherosclerotic process. This
process seems to be governed, in part, by insulin and
insulin-like growth factors. Monocytes and macro-
phages which proliferate in the arterial wall have been
shown to secrete insulin-like growth factor-I (IGF-I).
These elevations, in turn, interact with surrounding
SMCs thereby modulating their accumulation and, in
turn, contribute to the atherosclerotic plaque [36].
Underlying this biological process is IGF-I, a potent
chemo-attractant to SMCs which facilitates SMC hyper-
trophy [37]. Studies also show that elevated insulin
levels are associated with the proliferation of SMCs [5].
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Hyperinsulinemia promotes the growth and
migration of SMCs, in part, by activating the
renin-angiotensin system. Specifically, activation of
angiotensin- II (ang-II [5]) through increased ang-II
enzymes [38] seems to underlie this insulin-related pro-
gression. Ang-II, in turn, facilitates the production of
ROS, an inflammatory biomarker key in the atheroscle-
rotic process [5,39]. ROS further inhibits the synthesis
of NO, a potent vasodilator [5]. Therefore, activation of
ang-II under hyperinsulinemia conditions may act as a
vasoconstrictor, thereby restricting blood flow and
increasing the risk of CVD through inflammatory-
mediated processes, as well as by increasing indices of
coagulation [32]. The relationship between insulin resis-
tance and CVD has also been illustrated in epidemio-
logical studies. One study, which directly measured
insulin resistance and atherosclerosis, directly found
significant negative relationship between insulin sensi-
tivity and intima-media thickness [40], suggesting that
this specific marker of atherosclerosis was directly
related to insulin resistance.

Glycation and Atherosclerosis

Glycation refers to the irreversible binding of glucose
with proteins and lipids and is an important factor in
the pathogenesis of atherosclerosis. Understanding the
process of glycation leads to greater insight into mecha-
nistic link between glycation, CVD, and cognitive
deficits.

Increased glycation may lead to the production of
advanced glycation end products (AGEs). Some work
indicates that AGEs are more likely to be engulfed by
macrophages and taken into the arterial wall, facilitat-
ing atherosclerosis and the pathogenesis of CVD.
Additionally, glycated products, such as low density
lipoproteins (LDL) in the bloodstream are at increased
susceptibility to be oxidized [41]. Oxidized LDL, in
turn, has been shown to facilitate the atherosclerotic
process [42�44], and is a strong predictor of CVD,
independent of total LDL levels [45]. The glycation of
LDL, therefore, has been a major focus of study in rela-
tion to atherosclerosis and its pathogenesis.

Early in vitro studies showed that LDL glycation
varies as a function of glucose concentration. Studies
also revealed, interestingly, that both T2D and elevated
blood sugar is significantly related to increased protein
glycation [46]. This suggests that dietary measures to
control blood sugar levels may be important in miti-
gating glycation. In addition, macrophages, which
accumulate in the walls of arteries contributing to the
development of atheromas, contain a surface receptor
for AGEs which bind the products. In the vessel wall,
macrophages may engulf the AGEs and enhance foam

cell formation, the release of pro-inflammatory cyto-
kines, and generally contribute to oxidative damage to
arterial walls. AGEs may also inhibit the activity of
nitric oxide, which plays a role in the elasticity of ves-
sel walls. In this fashion, rigidity is promoted, which
may contribute to increased sheer stress and the pro-
pensity for a cardiac event [47]. Therefore, reductions
in dietary sugar, which may lead to elevations in blood
sugar and insulin abnormalities, may be an important
strategy in minimizing cardiovascular risk and, as will
be discussed, poor cognitive aging.

Type II Diabetes, Insulin Resistance,
and Atherosclerosis

T2D is a physiological disease characterized by an
elevation on blood glucose levels and abnormal insulin
metabolism. Individuals with the disease may exhibit a
state of insulin resistance, arising from an increase in
insulin secretion to counteract the decrease in insulin
sensitivity in bodily tissues [48]. Over time, a reduced
sensitivity to insulin may develop known as insulin
resistance, a primary deficit characteristic of T2D [49].
Substantial evidence has indicated T2D to be a signifi-
cant risk factor for CVD [32,40,50]. Additionally,
insulin seems to mediate the development of athero-
sclerosis via several mechanisms, such as the accumu-
lation of oxLDL [51] and changes in IGF [36]. Other
work reveals that PPAR (an insulin sensitizing agent)
agonist administration blocked the differentiation of
monocytes into activated macrophages suggesting an
amelioration of the atherosclerotic process [52]. As dis-
cussed in the following section, evidence indicates that
metabolic abnormalities, such as T2D and CVD are
strongly related to accelerated brain aging.

METABOLIC DISORDERS AND
BRAIN AGING

Type II Diabetes and Cognition

Experimental studies indicate that T2D patients
assigned to high GI diets scored significantly worse on
immediate [31] and delayed [53] word recall compared
to control and low GI diet groups. Interestingly, find-
ings also showed significant correlations between
increased levels of plasma glucose and impaired mem-
ory performance [31,53]. T2D patients also show
impairments in performance on executive functioning,
immediate verbal recall, information processing speed,
and reaction time tests [54,55].

In case control and large population-based studies,
there are robust findings indicating a relationship
between T2D and impaired immediate and delayed
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verbal/visuospatial recall, verbal fluency, mental flexi-
bility, psychomotor speed and semantic memory per-
formance [56]. It is important to note, however, that
conclusions based on case control studies should be
treated with caution since, typically, T2D participants
are part of outpatient groups and, therefore, findings
may not generalize to other populations. Additionally,
inconsistencies across studies may arise due to the
lack of control of comorbidities, such as hypertension
and depression, which are independently related to
impaired cognition [56,57]. There is a lack of research
examining the influence of refined sugar diets on long-
term cognitive functioning. Existing evidence does
indicate, however, a relationship between T2D and
cognitive decline with age [57]. This body of literature,
in turn, provides some insight into the potential harm-
ful effects of dietary sugars, which may lead to T2D
[4], on cognitive aging.

Type II Diabetes, Cognitive
Aging, and Dementia

Findings suggest that T2D is related to cognitive
declines in verbal fluency [58], executive functioning,
verbal recall memory, mental speed, motor speed [55],
information processing, and executive functioning [59].
Additionally, T2D patients were impaired on organiza-
tion, attention [60], as well as planning and sequencing
[61], which may also target executive processes.
Importantly, these decrements were present after
controlling for hypertension, which is a significant
risk factor for cerebrovascular injury [62] and stroke
[63], both which can potentiate cognitive decline.
Additional findings have shown that T2D diagnosis at
mid-life increases the risk for dementia, and related
cognitive declines, assessed later in life [64].
Interestingly, those that reported a 15-year or more
duration of T2D demonstrated accelerated cognitive
decline compared to those having the disease for a
shorter amount of time [61], suggesting that high sugar
intake contributing to the development of T2D may
exert harmful effects on cognition in a compounding
fashion over time.

Dementia is characterized by a rapid decline in cog-
nitive abilities, such as memory loss, and can eventu-
ally lead to more progressive, debilitating neurological
disorders. A growing body of literature indicates a
strong link between T2D, insulin resistance and
dementia [54,65,66]. In a meta-analysis study, 14 longi-
tudinal large population-based studies showed that
the incidences of total dementia was increased in those
diagnosed with T2D [67]. Strachan and colleagues ana-
lyzed controlled studies which examined the relation-
ship between T2D and cognitive functioning. They

found that, in studies with adequate statistical power
to detect between-group differences, diabetics demon-
strated impaired performance on cognitive tasks, such
as verbal memory, psychomotor function, and concen-
tration relative to healthy counterparts [68].

Evidence for T2D-mediated changes in brain struc-
tures governing cognitive functioning was provided in
a study where investigators found that, through MRI
examinations, elderly subjects with T2D exhibited sig-
nificant reduction in the volumes of medial temporal
lobe structures, such as the hippocampus and amyg-
dala [69]. These findings suggest that T2D may
mediate the development of cognitive functioning
associated with these structures, such as learning,
memory, and emotion. In support of this notion,
neuropsychological scores on memory and general
cognition were significantly worse in patients with
T2D compared to healthy controls [55]. These results
corroborate with evidence indicating that AD patients
exhibited smaller hippocampal volumes relative to
healthy controls [70]. Chronic ingestion of refined
sugars, therefore, may increase the risk of T2D and
progressive cognitive decline potentially characteristic
of dementia.

Cardiovascular Disease, Cognitive Decline,
and Dementia

Findings based on large prospective studies have
found that previous myocardial infarction (MI) served
to shift population scores of cognitive functioning
lower compared to those without MI or CVD [71]. A
more recent study indicated a significant relationship
between CVD and cognitive decline in studies with an
average follow-up period of 8 years [72]. In a related
study, CVD, independent of stroke, increased the risk
of AD, vascular dementia (VaD), as well as “mixed”
dementia, where both cerebrovascular and neurode-
generative processes were present [73]. Further, AD
and VaD were found to be significantly associated ath-
erosclerosis severity [74]. These findings suggest that
CVD may potentiate the onset of dementia and related
neurobiological and cognitive impairments.

CVD may facilitate cognitive decline through the
formation of spontaneous cerebral emboli (SCEs). CVD
can increase the chances of SCE as a result of blood
vessels breaking loose, traveling through the blood-
stream and blocking vessels [75]. SCE production, in
turn, increases the risk of stroke or transient ischemic
attacks, and leukoaroasis (changes in cerebral white
matter resulting from multiple microvessel infarcts),
contributing to neuronal loss and cellular injury, which
are common in dementia, especially VaD [75]. The
development of age-related cognitive decline, are the
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results of complex cascades of interacting mechanisms.
Chronic elevations in blood sugar increases the
chances of glycation and AGEs, which have been
found in both plaques and tangles in AD brains, and
found to facilitate plaque aggregation in vitro [33].

Studies showing a relationship between CVD and
dementia enable us to clearly assess the intimate
nature of the brain-heart connection. For instance, in a
longitudinal cohort study, researchers studied a group
of healthy individuals for 5 years to investigate rela-
tionships between various markers of CVD and cogni-
tive impairment. Neuropsychiatric testing assessed
dementia prevalence using the Mini Mental State
Examination, which measures general intelligence, lan-
guage, visuoperceptual abilities and executive control.
They found that, at the follow-up time point, rates of
dementia, independent of stroke prevalence, were
significantly higher in those with CVD compared to
those without Additionally, to assess specific CVD
markers, the investigators found a significant relation-
ship between arterial thickening-related atherosclerotic
changes and rates of total dementia [73]. Importantly,
their findings indicated that statistical adjustment for
hypertension, cholesterol, and smoking did not attenu-
ate the observed associations. These results may indi-
cate that the prevalence of CVD, and specific markers
of atherosclerosis, may reduce the threshold for
dementia, and common mechanisms may underlie the
development of the two disorders.

The Rotterdam study is a single center prospective
follow-up study assessing individuals 55�94 years of
age, and has been the focus of researchers examining
risk factors and prevalence of CVD prevalence. Breteler
and colleagues analyzed the distribution of cognitive
function in this population and its relationship with ath-
erosclerosis and CVD. Findings revealed that, indepen-
dent of age and education level, the presence of plaques
in the carotid arteries, and the presence of arterial ath-
erosclerotic disease, assessed by ultrasound, were sig-
nificantly related to poorer performance on cognitive
testing, measured utilizing the mini mental state exami-
nation [71]. In another Rotterdam analysis, researchers
examined 284 patients diagnosed with dementia and
found that the frequencies of total dementia were posi-
tively related to the prevalence of atherosclerosis.
Additionally, findings revealed that rates of dementia
increased with the degree of atheroscelerosis, measured
by carotid arterial wall thickness and widening [74].
Interestingly, these investigators also showed that the
relationship between atherosclerosis and dementia
prevalence was unchanged after adjusting for total cho-
lesterol suggesting that factors, other than total choles-
terol, may be of greater importance. In fact, high total
cholesterol levels have been associated with reduced
risk of dementia [76�78].

In recent years, there has been increased focus on the
relationship between dietary carbohydrates, CVD, and
related risk factors, such as insulin resistance and T2D
on dementia development. Examining the literature in
this area suggests that dementia may be the result of an
insulin resistant brain state. Some researchers, in fact,
have classified AD as type III diabetes [21]. This is sug-
gestive of common biological processes which underlie
both metabolic disturbances and dementia.

DEMENTIA AND METABOLIC
DISTURBANCES

Glucose Hypometabolism

One of the main characteristics of the AD brain is
the dramatic reduction in glucose metabolism. Since
the brain relies heavily on glucose utilization for
energy, the integrity and functionality of neuronal
communication is highly dependent on glucose usage.
Some work has indicated that impaired glucose metab-
olism occurs early on in the progression of AD and
correlates with clinical measures of cognitive abilities
in these patients [79]. Research suggests that a dysre-
gulation of glucose metabolism can ultimately lead to
the production of ROS, thereby heightening oxidative
stress-induced cell death. Furthermore, oxidative stress
is associated with the aggregation of plaques and tan-
gles in AD brains [80].

Increased metabolism of glucose in the AD brain
may indicate an insulin-resistant type of state which
could be exacerbated by a high carbohydrate dietary
lifestyle. To this point, investigators have shown a rela-
tionship between insulin resistance and AD and, in
fact, some have referred to AD as being type III diabe-
tes. The mechanisms by which insulin resistance may
impact AD are not clearly understood. Growing evi-
dence, however, suggests that insulin and the develop-
ment of insulin resistance may facilitate the
accumulation of plaques [81], which could facilitate
cognitive impairment associated with AD.

Alzheimer’s Disease and Insulin Resistance

Consistent research has indicated that insulin resis-
tance and T2D are significant risk factors for AD
[82,83]. Additionally, AD may be closely related to
insulin resistance stemming from an inhibition of
insulin-like growth factor activity. One study, for
example, found that, relative to control samples, IGF-1
receptors, as well as IGF-II expression were downregu-
lated in the hippocampi of AD postmortem tissues
[84]. Reduced levels of growth factor receptor expres-
sion may exert inhibitory effects on insulin signaling
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and, therefore, be indicative of indicate insulin resis-
tance. Furthermore, there are indications that IGF-I
promotes neuronal survival [85,86]. Insulin-induced
exacerbation of AD-like brain changes were also indi-
cating by significant increases in Aβ deposition in the
brains of individuals who were offspring of AD
patients after insulin infusions [87], indicating that
genetic factors may also play a role in insulin-
mediated AD responses.

Experimental nonhuman animal work has contrib-
uted most substantially to the literature regarding the
effects of insulin resistance on the formation of AD-
related changes. For instance, one study showed that
rats administered STZ, which depletes brain insulin,
showed decreases in IGF-I and IGF-II expression in the
temporal lobe and cerebellar regions. Additionally,
treatment with PPAR (an insulin sensitizing agent)
recovered these deficits. Other results showed that
STZ increased the phosphorylation of tau proteins
which, again, was recovered with PPAR treatment.
Indications of insulin-mediated cytotoxicity were
found in results revealing that STZ produced eleva-
tions in p53 (a proapoptosis gene), which was blocked
with PPAR administration. In spatial learning testing,
STZ impaired working memory performance, which
was prevented with PPAR treatment [21]. To further
illustrate the possible mediation of AD-related changes
by insulin, one group of investigators found a signifi-
cant increase in the phosphorylation of tau proteins in
an insulin receptor genetic knockout mouse model
[20]. Others found that transgenic mice lacking the
gene for insulin degrading enzyme, which has been
found to breakdown Aβ (the main constituent of pla-
ques observed in AD brains), exhibited significant
increases in cerebral Aβ accumulation relative to con-
trols. These investigators also showed that mice in the
experimental group exhibited hyperinsulinemia and
glucose intolerance, supporting the notion that insulin
could mediate AD-like brain responses [88]. In one
human study, investigators showed that healthy adults
receiving infusions of insulin, to hyperinsulinemic
levels, showed significant increases in plasma Aβ
levels relative to the placebo group [89]. These findings
suggest that insulin resistance and insulin-related
mechanisms could play a crucial role in mediating
AD-related symptoms.

High refined sugar consumption may result in insu-
lin resistance which, in turn, could exacerbate AD and
related symptoms. Cao and colleagues, for instance,
showed that transgenic AD mice given free access to
sucrose, developed hyperinsulinemia after 5 weeks,
indicative of insulin resistance onset. Additionally,
they found a significant increase in cortical Aβ
expression, accompanied by impaired spatial learning.
Finally, they also showed elevated blood glucose

responses during testing relative to controls [81], sug-
gesting that elevated blood sugar may produce insulin
resistance and, in turn, exacerbate AD-like responses.
These findings are supported by human literature
showing significant correlations between high blood
glucose and impaired memory performance in AD
patients [90]. In addition to the potential for insulin
resistance, chronic blood sugar elevations increases the
potentially for the glycation of proteins and lipids
which, as mentioned previously, may facilitate the ath-
erosclerotic process. Increasing evidence also suggests
that glycation may play a critical role in the progres-
sion of AD.

Alzheimer’s Disease and Glycation

The formation and accumulation of AGEs in tissue
may play a critical role in the pathogenesis of AD and
may be an important biomarker for the disease [91].
Studies have indicated that AD brains contain high
levels of AGEs relative to healthy age-matched con-
trols [92]. Some in vitro work indicates that Aβ pep-
tides modified by AGEs accelerate the formation of
plaque aggregation [93]. In addition, tau proteins
extracted from AD tissue show an increased propen-
sity to be glycated relative to healthy tissue [94]. Also,
examinations of AD patients have revealed elevated
AGE levels in Aβ deposits of these individuals [91,95].
Investigations have also indicated that AGE receptors
(RAGE) may provide an indication of the effects of
AGE influences on cognitive impairments associated
with AD. Some animal work, for instance, showed
that transgenic mice overexpressing both RAGE and
amyloid precursor protein were significantly impaired
on spatial learning tasks and exhibited impairments
in hippocampal synaptic activity relative to controls
[96]. These results suggest that glycation and the
formation of AGEs may facilitate neurobiological
changes accompanied by AD as well as cognitive
dysfunction.

There is strong evidence that certain genetic factors
increase the risk of individuals to developing AD.
Established research indicates that the apolipoprotein
(apo) E4 allele is the most important genetic risk factor
for AD [97] with AGE-binding activity greater in E4
positive individuals. This suggests that glycation may
increase the likelihood of AD in those genetically pre-
disposed to developing the disease [92]. This is sup-
ported by research indicating that apoE4 positive
patients exhibited larger plaque depositions than those
homozygous for the apoE3 isoform of the gene [98].

Existing evidence in this area suggests that a dietary
lifestyle consisting of high levels of carbohydrate
intake could result in chronic elevations in blood
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sugar, thereby increasing the production of AGEs,
and facilitating an insulin resistant brain state, which
could all mediate both CVD and neurotoxicity associ-
ated with AD. To this point, dietary treatment strate-
gies for AD have become of increased interest in
recent decades. New lines of evidence suggest that
diets low in sugar may be effective in treating AD.

DIET AND BRAIN HEALTH

Ketogenic Diets

The ketogenic diet, consisting of high-fat and very
low carbohydrate content, was developed in the 1920s,
and was primarily found to be effective in the treat-
ment of epilepsy. The traditional ketogenic diet con-
sists of 80�90% fat, with carbohydrate and protein
comprising the remainder of the diet composition. In
recent years, there has been increased interest in the
potential of ketogenic diets to treat neurological disor-
ders, such as AD. Accumulating evidence indicates
that ketone bodies, a by-product of strict adherence to
the diet, may exert protective influences on neurode-
generation accompanied by neurological disorders,
including AD. Research examining the effects of
strictly limiting carbohydrate intake in AD patients
may be of great importance in treating the disease, as
there is some evidence indicating that high carbohy-
drate intake is associated with poor cognitive perfor-
mance on neuropsychiatric scales measuring memory,
motor abilities, and social engagement in patients with
the disease [99].

The underlying metabolic mechanism utilized by
the ketogenic diet is the conversion of fat to ketone
bodies, as opposed to glucose metabolism as a main
energy source. There are some indications that ketone
bodies may exert their protective efficacy against neu-
rodegeneration by increasing mitochondrial respiration
[100] and decreasing the production of ROS [101],
which may, in turn, protect against cell death [102].
One of the main ketone bodies generated by fat
conversion under strict adherence to the diet is
β-hydroxybutyrate. This substance represents an alter-
native energy source to glucose and has been the focus
of work aimed at treating cognitive problems related
to neurological diseases.

In one study, AD patients were given daily adminis-
tration of a ketogenic agent for 90 days, thereby signifi-
cantly increasing the levels of the ketone body
β-hydroxybutyrate from baseline. AD patients were
then given a battery of tests to measure cognitive abili-
ties. They found that, relative to baseline pretreatment
time points, patients significantly improved on cogni-
tive measures of, for instance, memory, language, and

orientation [103]. It is important, and perhaps crucial,
to note that these cognitive improvements seemed to
be more effective in those without the apoE4
genetic variant. In light of this evidence, further testing
with this ketogenic compound is needed to examine
whether this may be a potential treatment even
for those genetically at risk for developing AD.
Nonetheless, administration of ketogenic agents, and
perhaps prescribing ketogenic diets, may be effective
in treating cognitive dysfunction associated with AD,
especially in nonpredisposed individuals. Other find-
ings supporting the protective influence of ketone bod-
ies revealed a positive correlation between plasma
levels of β-hydroxybutyrate with memory performance
in memory-impaired adults [104].

Experimental work has also served to illustrate the
protective efficacy of ketone bodies against deleterious
neurobiological changes accompanying AD. One study,
for example, showed that transgenic AD mice main-
tained on a ketogenic diet for 43 days exhibited signifi-
cant elevations in β-hydroxybutyrate levels and
significant reductions in Aβ depositions relative to con-
trols [105]. Another study showed that direct incuba-
tion of β-hydroxybutyrate protected hippocampal
neurons in culture against Aβ toxicity [106], also illus-
trating the potentially for by-products of ketogenic diets
to be neuroprotective. Findings such as these are in con-
trast to findings indicating that ketogenic diets actually
produce increases in Aβ deposition and, as a result,
were said to contribute to the progression of AD and
related symptoms [107,108]. This conflict can be
addressed by noting that the diets in those studies were
also high in sugar content. It is, therefore, not possible
to conclude that fat itself contributed to AD in these
studies, as carbohydrates may be the most detrimental
factor.

Adherence to a low carbohydrate diets may elevate
ketone body levels, which may be an ideal treatment
for patients with AD to ameliorate cognitive symptoms
associated with the disease. Some researchers have
posited that it may be difficult to implement a keto-
genic diet for substantial lengths of time in AD
patients because of their seemingly stronger preference
for sugar [109]. Here, it can be seen how treatment
with nondietary ketogenic compounds may be of use.

Concerns over the use of ketogenic diets to treat cog-
nitive deficits revolve around its potential to exert detri-
mental effects on cardiovascular health. There have
been, however, no substantiated associations between
ketosis and abnormal physiological profiles [110]. In
fact, some evidence indicates that ketogenic diets pro-
duce improvements in cardiovascular health, such as
decreased triglyceride levels [111]. It may be of great
clinical relevance, therefore, to consider ketogenic diets
as part of treatments strategies for CVD and AD.
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CONCLUSIONS

Research suggests that dietary carbohydrates,
through their influence on CVD and risk factors for
the disease, may also play a critical role in the devel-
opment of dementia. Existing literature suggests that
there are mechanisms by which the etiologies of CVD
and dementia are linked. Specifically, a high carbohy-
drate dietary lifestyle increases the chances of elevated
blood sugar [49]. This, in turn, could lead to an insulin
resistant state and the development of T2D, both
which are suggested to be risk factors for CVD [32]
and dementia [66]. Additionally, chronic blood glucose
elevation may result in increased glycation of proteins,
which also seem to play a critical role in the inflamma-
tory process of atherosclerosis [2] a main feature of
CVD, as well as the progression of AD [92]. The appar-
ent effectiveness of ketogenic diets on ameliorating AD
and related symptoms brings to light the importance
of continuing research examining the specific influence
of dietary carbohydrates on affecting cognitive func-
tioning. Reviewing existing research also suggests that
there may be too much emphasis placed on the impor-
tance of dietary cholesterol on health [112] and, in fact,
limiting cholesterol intake may be detrimental to men-
tal health [76]. This also falls in line with evidence sug-
gesting that dietary fat and total cholesterol may not
produce CVD [112�114].

In developing treatment strategies for CVD a multi-
tude of factors need be taken into consideration. There
is an urgent need, however, for further research in
order to elucidate the specific mechanisms of the asso-
ciation between dietary carbohydrates, CVD and the
development of debilitating neurodegenerative disor-
ders causing severe impairments in cognition.

FINAL REMARKS

The evolution of humans began approximately 2.6
million to 10,000 years ago during the Paleolithic period
[115]. Historical and archaeological evidence portrays
Paleolithic man as being lean, fit, and largely free of
signs indicating chronic disease [116]. In terms of die-
tary lifestyle, the Paleolithic time period consisted of
hunter-gatherer societies surviving off food foraged or
hunted from plants and animals available in the natural
surroundings. There are indications that animal sources
comprised more than half of the hunter-gatherer diet,
and that they consumed very low amounts of carbohy-
drates [117]. The dietary lifestyle in contemporary
Western societies has drastically diverged from that of
Paleolithic man, with the onset of the agricultural

revolution. Technological advancements in food pro-
cessing techniques, beginning with the industrial revo-
lution in the nineteenth century approximately 200
years ago, and more so in recent decades, reflects this
drastic shift in diets. Dietary lifestyles have changed
from our ancestors, who derived the majority of their
nutrition from high protein and animal fat, to a lifestyle
consisting of refined and artificial sugars [5].

The increased prevalence of CVD could be the result
of, in part, sugar-induced metabolic disturbances pro-
duced by a lack of adaptation to starch and sugars.
Increased refined sugar intake could also be a major
factor in facilitating cognitive dysfunction and the
development of neurodegenerative diseases such as
AD. In light of the available evidence, there is an
urgent need for further research examining specific
dietary factors, such as refined sugar, on the etiology
of cognitive dysfunction and dementia, especially
prevalent in aging populations.

It should be emphasized that dementias, such as
AD, are complex, multifaceted neurodegenerative dis-
orders, consisting of various stages. Therefore, dietary
considerations may be only one factor which may
influence the etiology of such disease. Better insight
into the direct link between high sugar dietary life-
styles and dementia is essential for public health policy
in order to identify risk factors for, and develop treat-
ment strategies for such cognitive disorders.

SUMMARY

1. Diets high in refined sugar produce
neurobiological, cognitive, and behavioral
impairments, especially related to memory.

2. High sugar diets may result in brain impairment
through oxidative damage produced by elevations
in blood sugar and insulin resistance.

3. Hyperinsulinemia contributes to the inflammatory
process leading to the development of
atherosclerosis in cardiovascular disease.

4. High blood sugar increases the risk for glycation
(irreversible binding of glucose with proteins)
which, in turn, facilitates the atherosclerotic process.

5. Type II Diabetes is related to cardiovascular
abnormalities through dysregulations in insulin
signaling and oxidative stress.

6. Type II Diabetes and cardiovascular disease are
related to accelerated brain and cognitive aging,
including the development of dementia.

7. Alzheimer’s disease is characterized by a diabetic
brain state, including disruptions in insulin
signaling and glucose hypometabolism.
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8. Glycation facilitates abnormal brain changes found
in Alzheimer’s disease (eg, the development of
plaques).

9. Ketogenic (very low sugar) diets may be effective
in the treatment of dementia.

10. There is an urgent need for public health policy to
further address the detrimental effects of refined
sugar on poor cognitive aging.
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Dietary Factors Affecting Osteoporosis
and Bone Health in the Elderly
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KEY FACTS

• More than 200 million people suffer from
osteoporosis worldwide.

• Insufficient calcium intake can raised risk of
bone fractures.

• The most abundant sources of calcium are
rennet-coagulated ripening cheeses among dairy
products and sesame seeds among other foods.

• Although 90% of vitamin D is synthesized in the
skin, adequate vitamin D intake is associated
with a lower risk of osteoporotic hip fractures.

• Calcium supplementation is not necessary when
appropriate quantities of dairy products are
consumed.

• Increased intake of dairy foods and fruits may
decrease the risk of osteoporosis in
postmenopausal women.

• Low vegetable protein intake is associated with
lower bone mineral density.

• Abstainers have a higher risk of hip fracture
compared with those who consume from 7 to
14 g of ethanol per day.

Dictionary of Terms

• AI: adequate intake
• PRI: population reference intake
• RDA: reference daily allowance
• RDI: reference daily intake
• EAR: estimated average requirement

• UL: tolerable upper intake level
• 25OHD: 25-hydroxyvitamin D
• PTH: serum parathyroid hormone
• BMD: bone mineral density

INTRODUCTION

Osteoporosis is a growing problem in the world.
Due to aging societies, there is considerable increase in
the number of osteoporotic fractures worldwide. To
prevent them, there is a need to promote good nutri-
tional and lifestyle habits. Many excellent reviews and
reports precisely explain the role of nutrients in osteo-
porosis and bone health management. Two of the most
important nutrients are calcium and vitamin D and
their influence on the human body have been very
well discussed, for example, by the European Food
Safety Authority Panel [1], the WHO/FAO report [2],
or recommendations published by the American
Institute of Medicine [3]. However, these documents
focus mainly on the nutrients per se, not the role of
foods. Although it is not possible to discuss factors
affecting osteoporosis and bone health in the elderly
without referring to recommended Dietary Reference
Values, in this chapter however, diet ingredients are
discussed mostly.

OSTEOPOROSIS

Osteoporosis is a systemic skeletal disease, charac-
terized by low bone mineral density and abnormal
bone microarchitecture, which in consequence leads to
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fragility and increased susceptibility to fractures [4]. In
Europe, USA, and Japan, osteoporosis has been diag-
nosed in 75 million individuals [5]. More than 200
million people suffer from osteoporosis worldwide [6]
and due to the aging of society the incidence of osteo-
porosis will increase. Fig. 25.1 shows the share of
osteoporotic fractures in men and women aged 50 years
or more in different WHO regions. Osteoporosis
increases the risk of fractures, it is associated with
increased mortality, increased morbidity, limitations in
physical function, pain, and losses in health-related
quality of life [8]. Osteoporosis is a disease affecting
both sexes, however due to the late start of losing bone
mass and a milder course with no sudden changes in
hormonal activity, osteoporosis develops less often in
men than in women [4]. Seventy to eighty percent of
people suffering from osteoporosis are women.
Women have a 40�50% risk of having a fracture dur-
ing their lifetime, while men have a 13�22% risk [9].
Ciesielczuk et al. [4] in their study registered that due
to osteoporosis the wrist, forearm, and hip were bro-
ken most frequently. As well as those, osteoporotic
fractures can affect the spine, shoulder, or femoral
neck. According to the WHO [7], more than 50% of
fractures concern the spine and hip (Fig. 25.2).

There are two critical periods in a lifetime affecting
bone mass. One of these is childhood and adolescence.
Because adolescence is a time of rapid skeletal growth,
during this period, adequate intake of calcium leads to
high peak bone mass which decreases the risk of osteo-
porosis in the elderly. About 85�90% of adult bone
mass is acquired by the age of 18 in girls and the age
of 20 in boys [10]. Ninety-nine percent bone mass is
achieved by age 26 [11]. Adequate nutrition and
regular participation in physical activity are important
factors in achieving and maintaining optimal bone
mass [10].

The second crucial period is the elderly, generally,
and in case of woman, postmenopausal period.
Women generally lose about 1�2% of their bone per
year during and after menopause [12]. In the case of
older man this loss may reach 0.5�1% per year [13].
During this period, adequate nutrition and the use of
supplements help to reduce and sometimes even stop
these losses.

DIETARY REFERENCE VALUES
FOR CALCIUM

Calcium is a macromineral that is very important in
nerve transmission, constriction and dilation of blood
vessels, and muscle contraction [10]. 99% of calcium in
a human body is in bones and teeth and for this reason
adequate calcium intake is important for optimal bone
health. Insufficient calcium intake can cause low bone
mass, a risk factor for osteoporosis, and consequently
raise the risk of bone fractures.

Many institutions worldwide recommend different
dietary reference values for calcium. Table 25.1 shows
these values for adults with special emphasis on older
adults and postmenopausal women.

In Dietary Guidelines for Americans [10], the
recommended Reference Daily Intake for adults 511
are 1200 mg calcium per day for men and women.
The newest recommendations for Americans and
Canadians published Institute of Medicine [3]. IOM
recommends a lower Reference Daily Allowance
(RDA) for calcium to be 1000 mg per day for males
aged 51�70. The other recommendations are in agree-
ment with Dietary Guidelines for Americans 2010. The
abovementioned recommendations are based, inter
alia, on calcium balance data.

The newest European Food Safety Authority Panel
recommendations are based mainly on the calcium
excretion data [1]. Calcium balance data were collected
from a number of carefully controlled metabolic
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FIGURE 25.1 Share (%) of osteoporotic fractures in men and
women aged 50 years or more in 2000, by WHO regions [7]. �Includes
Australia, China, Japan, New Zealand, and the Republic of Korea.
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FIGURE 25.2 Estimated number of osteoporotic fractures in the
world, in men and women aged 50 years or more in 2000 [7].
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studies and analyzed to determine the value where
calcium intake equals calcium losses via urine and feces.
In addition, dermal losses of calcium were added to
derive an average requirement of 750 mg/day. Finally,
the Population Reference Intake (PRI) was established on
950 mg calcium per day. That value represents the 97.5th
percentile of the distribution of the individual predic-
tions for calcium intake. Final PRI is lower than former
recommendations for females aged 50 and older, but
higher than general recommendation.

The highest recommendations are suggested by the
WHO [2]. Their Population Reference Intake for males
aged 65 and older, as well as postmenopausal women
is 1300 mg calcium per day. These recommendations
result from an analysis of many prospective trials and
a meta-analysis suggesting that calcium at this level,
mainly achieved by supplementation, helps in bone
mineralization.

The lowest recommendations for calcium intakes are
for Asians. In the Dietary Reference Intakes for Japanese
[14], the Estimated Average Requirement (EAR) was
calculated by considering the calcium accumulated in
the body, excreted by urine, lost via skin, and assuming
apparent absorption rate. The final RDA is 650 mg
calcium for females aged 15 plus and 700 mg for
males aged 50 and older [15]. Very similar recommenda-
tions can be found in Dietary Reference Intakes for
Koreans [16]. Harinarayan et al. [17] indicate that the
recommended dietary allowances of calcium in India for
men and women equal 400 mg calcium per day. Some
explanation of these recommendations was given by
Barrett-Connor et al. [18]. According to these authors,
Asian women have a lower bone mineral density (BMD)
than white or black women due to their relatively small
body size, genetics, lifestyle, and culture.

FOOD SOURCES OF CALCIUM

Milk and dairy products appeared in the human diet
during the agricultural revolution, approximately 10,000
year ago [11]. According to different studies milk is a
major food source of calcium in Western countries,
contributing 36�70% of the dietary calcium gene-
rally [11,19]. Practically, it is really hard to achieve die-
tary calcium recommendations without consuming
dairy products. Besides calcium and vitamin D, dairy
foods provide substantial amounts of other essential
nutrients including potassium, phosphorus, riboflavin,
vitamin B12, protein, zinc, magnesium, and vitamin [11].

Table 25.2 summarizes the content of calcium in
different foods. The most abundant sources of calcium
are rennet-coagulated ripening cheeses among dairy
products and sesame seeds among other foods. Since
cheese usually contains a lot of saturated fatty acids, it
is not recommended by many nutritionists, especially
for older adults. For example, Dietary Guidelines for
Americans, 2010 [10] recommends consuming fat-free
or low-fat milk and milk products. Milk and fermented
milk beverages, like yoghurt are easily consumed in
large volume, while other foods rich in calcium are
either consumed occasionally (spinach) or not in big
quantities (white bean). Quite interesting sources of
calcium are nuts and some seeds and dry fruits. They
can be an alternative calcium source for those who
have cows’ milk protein allergy. In contrast to western
countries, most calcium ingested in eastern and black
African countries comes from vegetables and fish [22].

One should remember that the availability of
calcium present in the food is different. Calcium bio-
availability from milk and dairy products is approxi-
mately 30% [23]. However, calcium in plant-based

TABLE 25.1 Overview of Dietary Reference Values for Calcium (mg/day) for Older Adults

Dietary guidelines for

Americans (2010) WHO/FAO (2004) EFSA (2015) EFSA (2010)

Dietary reference intakes

for Japanese (2010)

Female 511 (RDA) 1200

Male 511 (RDA) 1200

Male $65 (PRI) 1300

Postmenopausal female (PRI) 1300

Adults $25 years (PRI) 950

Female 501 (RDA) 1200

General population (RDA) 800

Female $15 (RDA) 650

Male $50 (RDA) 700
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foods is less available due to the presence of fiber or
phytin or calcium’s chemical form [17]. However, there
are several studies suggesting that soluble fiber (inulin,
fructooligosaccharose, oligofructose) enhances calcium
absorption. These fructans are fermented by pro-
healthy intestinal bacteria and products of this
fermentation decrease pH in the colon increasing
macrominerals absorption [24].

On the other hand, high calcium intake is linked
with higher risk of cardiovascular events and mortal-
ity. The Tolerable Upper Intake Level (UL) for calcium
is 2000�2500 mg [1,3]. Although it is not practically
possible to reach this level in a diet, it is possible to
reach it and exceed by taking supplements or by
consuming an excess of supplemented foods.

DIETARY REFERENCE VALUES
FORVITAMIN D

Vitamin D is very important in calcium regulation
and bone metabolism. The most important con-
sequences of vitamin D deficiency include secondary

hyperparathyroidism, accelerated bone loss, increased
bone turnover, proximal muscle weakness, increased
body sway, falls, osteoporosis, and fractures [25].
Vitamin D is synthesized in the skin from ultraviolet
irradiation, which mainly comes from the sun.
Although 90 % of vitamin D is endogenic, there are
some food sources of this vitamin. The two major
forms are vitamin D2 (ergocalciferol) and vitamin D3

(cholecalciferol). Vitamin D from the diet has to be
activated in the human body. There are several inter-
mediate compounds before forming the final bio-
logically active vitamin D. One of this is a serum
25-hydroxyvitamin D (25OHD), a very often used
marker allowing the estimation of a person’s nutrition.
A 25OHD level of less than 27�30 nmol/L is
associated with an increased risk for developing
rickets. Practically all persons are sufficient with serum
25OHD levels of at least 50 nmol/L (20 ng/mL) [3],
however according to Verhaar [26] the optimal level
for intestinal calcium resorption is about 80 nmol/L.

The Institute of Medicine [3] estimated recommen-
dations for vitamin D, based on measures of
serum 25OHD level as a reflection of total vitamin D

TABLE 25.2 Content of Calcium in Different Foods [10,20,21]

Product Serving size

Calcium in serving

size (mg)

Calcium

(mg/100 g)

Dairy products Milk (skim, low fat, whole) 1 cup/250 mL 293�305 117�122

Yogurt (nonfat, low-fat, whole milk, fruit) 8 ounces/227 g 275�452 121�199

Kefir 1 cup/250 mL 260 103

Cream (9�30%) 1 ounce/28 g 24�31 86�109

Buttermilk 1 cup/250 mL 275�300 110�120

Ice cream 0.5 cup/125 mL/80 g 100�125 125�155

Cottage cheese 0.5 cup/125 mL 65 52

Quark (skim, low fat, whole) 11/2 ounces/42 g 37�40 88�96

Rennet-coagulated ripening cheeses
(eg, brie, cheddar, gouda, emmentaler)

11/2 ounces/42 g 252�351 600�835

Other products White bean, dry seeds 1 cup/250 mL 400 163

Broccoli, cooked 1 cup/250 mL 180 48

Spinach, cooked 1 cup/250 mL 240 93

Figs, dried, uncooked 1 cup /250 mL 300 203

Kiwi, raw 1 cup/250 mL 50 25

Almonds, toasted unblanched 1 ounce/28 g 67�80 239�286

Sesame seeds, whole roasted 1 ounce/28 g 280 1000

Sardines, canned 3 ounces/84 g 326�370 388�440

Molasses, blackstrap 1 tablespoon 135 600
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exposure. 50 nmol 25OHD/L of serum was estimated
as a level reasonable for nearly all the population.
Although increasing intake of vitamin D results in not
quite linear higher blood levels of 25OHD, the final
Reference Daily Allowance (15 μg vitamin D/day)
should cover the needs of 97.5 % of USA and
Canadian society. The RDA value for persons aged
70 years and more was increased to 20 μg vitamin D/
day, due to changes in bone density and fracture risk
(Table 25.3).

FAO/WHO recommendations were established
after analysis of several studies that found that modest
increases in vitamin D intake reduces the rate of bone
loss and the incidence of hip fractures. These findings
have led the FAO/WHO to recommend an intake of
10�15 μg/day vitamin D for the elderly [2].

According to Japanese recommendations concerning
vitamin D, only the adequate intake was established due
to limitations on the available data. 5.5 μg vitamin D/
day was set, because this level allowed serum parathy-
roid hormone (PTH) level to keep low, and prevent bone
demineralization [14,27].

EFSA, on the basis of available scientific data,
estimated that 800 I.U. (20 μg) of vitamin D from all
sources should be consumed daily by women 50 years
and older in order to obtain a reduction of bone loss.
Five micrograms of vitamin D is recommended for the
general population. According to EFSA’s opinion, such
an intake allows a serum concentration of 25OHD to
be maintained above 50 nmol/L during winter [28].

The differences in Dietary Reference Values are
quite striking, especially between Japan and Western
countries. Although vitamin D deficiency is related to
osteoporosis in observational studies in Western
populations, completely different conclusions were
drawn from analysis taken in the Lanzhou, which is
located on the northwestern inland of China. Zhen
et al. [25], in a cross-sectional study, analyzed serum
25OHD levels and BMD in 2942 men and 7158 women

aged 40�75 years. They concluded that vitamin D
deficiency is prevalent in the middle-aged and elderly
northwestern Chinese population but reduced 25OHD
levels were not associated with an increased
osteoporosis risk.

FOOD SOURCES OF VITAMIN D

The main sources of vitamin D are fish (Table 25.4),
especially those with red meat, like salmon or tuna. In
addition, vitamin D can be found in eggs, meat, and
dairy products; however these products are not very
rich sources of this vitamin. Mushrooms deserve
special attention. The very vast range of vitamin D
content in this product depends on the method of
cultivation. Vitamin D2 is almost totally absent
in cultivated mushrooms, while some wild mushrooms
contained very high concentrations of this vitamin. The
level of this compound depends on exposition to UV
light of wavelengths 280�320 nm [29]. For this reason,
wild mushrooms which grow exposed to the sun can
contain almost two-fold higher levels of vitamin D in
comparison to those which grow in the shade.
Nowadays, it is possible to buy cultivated mushrooms
with higher levels of vitamin D, because they were
additionally treated with UV light during cultivation.

Since eggs and dairy products do not contain very
high levels of vitamin D, mushrooms can be an inter-
esting source of this vitamin, especially for vegetarians.
The only problem is the availability of this product for
consumers. Although mushrooms are cultivated in
many countries worldwide, the choice is rather limited
to a few species. Edible wild mushrooms naturally
grown in forests, parks, and meadows give much
better choice. However, because of many cases of
people eating poisonous mushrooms, foraging for wild
mushrooms is limited only to those who are very
experienced.

TABLE 25.3 Overview of Dietary Reference Values for Vitamin D (μg/day) for Older Adults

IOM (2011) WHO/FAO (2004) EFSA (2010) Dietary reference intakes for Japanese (2010)

Female, male 1�70 (RDA) 15

Female, male.70 (RDA) 20

Adults 51�65 (RDI) 10

Adults 651 (RDI) 15

Female 501 (RDA) 20

General population (RDA) 5

Female$18 (AI) 5.5

Male$18 (AI) 5.5
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THE EFFECT OF DAIRY PRODUCTS
ON OSTEOPOROSIS

Clinical and epidemiological studies published since
1939 indicate that consuming adequate amounts of
calcium or calcium-rich foods, such as milk and other
dairy foods, throughout life helps to optimize peak
bone mass development by age 30 or earlier, slow
age-related bone loss, and reduce the risk of osteo-
porotic fracture in later adult years [1,11].

McCabe et al. [30] analyzed the relationship
between baseline dairy intake and mean percentage
change in femoral neck bone mineral density in 121
white men and women supplemented with 750 mg
Ca/day or placebo over 4 years. Subjects were
classified into two groups on the basis of whether they
consumed less than 1.5 or more than 1.5 servings of
dairy products/day (450 mg Ca). A mean percentage
change in femoral neck bone mineral density and total
hip BMD in subjects consuming dairy products (more
than 450 mg Ca/day at baseline) was not evident
when compared to those who were provided with
more than 450 mg Ca/day in dairy products and addi-
tionally supplemented their diet with calcium. From
this study it can be concluded that supplementation is
not necessary when appropriate quantities of dairy
products are consumed. However, those who had
deficient diets had more than 2% mean percentage
change in femoral neck bone mineral density.

Shin and Joung [31] in a study of 3735 Korean post-
menopausal women identified four dietary patterns
using factor analysis. These patterns were as follows:
“meat, alcohol, and sugar,” “vegetables and soya
sauce,” “white rice, kimchi, and seaweed,” and “dairy
and fruit.” Statistical analysis showed that a diet rich
in dairy and fruit products is positively associated
with the BMD of five regions of the femur

(femoral neck, trochanter, intertrochanter, Ward’s
triangle and total) and the lumbar spine. Shin and
Joung [31] in this study analyzed different nutrient
intakes, and as expected the “dairy and fruit” dietary
pattern score was positively associated with the most
nutrients, including Ca, except carbohydrates and Na.
Even though the dietary intakes of the subjects were
assessed using a single 24 h recall, which might not
represent the individual’s usual intake, the results
showed that subjects consuming more dairy and fruit
products had a 53% lower risk of osteoporosis in the
lumbar spine, while those with a diet based on white
rice, kimchi, and seaweed had a 40% higher risk of
osteoporosis in the lumbar spine. Since the traditional
Korean diet is based on white rice, vegetables, and
fermented foods, an increased intake of dairy foods
and fruits may decrease the risk of osteoporosis in
postmenopausal women [31].

Storm et al. [32] analyzed sixty older postmeno-
pausal women without osteoporosis. The group con-
suming 4 glasses of milk/day averaged a calcium
intake of 1028 mg/day and the placebo-treated women
consumed a mean of 683 mg/day. After two years, the
placebo group lost 3.0% of their greater trochanteric
(GT) bone mineral density (BMD) (p, 0.03 vs baseline)
and dietary supplemented women sustained minimal
loss from the GT (21.5%; p5 0.30). What is more inter-
esting, femoral bone loss occurred exclusively during
the two winters of the study and there was no change
in GT BMD during summer. Serum 25-OH vitamin D
level decreased more than 20% in both groups during
the winter months but returned to baseline in the
summer and parathyroid hormone levels increased
about 20% during winter but did not return to baseline
during the summers. Statistical analysis showed that
total calcium intake was the strongest predictor of
bone loss from the hip. They concluded that calcium

TABLE 25.4 Content of Vitamin D in Different Foods [10]

Product Serving size Vitamin D in serving size (μg) Vitamin D (μg /100 g)

Salmon (cooked, smoked, canned) 3 ounces/84 g 11�20 13�24

Tuna (canned in oil or water, drained) 3 ounces/84 g 3.8�5.7 4.5�6.8

Sardines, canned 3 ounces/84 g 3.1 3.7

Herring, pickled 3 ounces/84 g 2.4 2.9

Cod, cooked 3 ounces/84 g 1 1.2

Pork 3 ounces/84 g 0.6�2.2 0.7�2.6

Milk (skim, low fat, whole) 1 cup/250 mL 2.9�3.2 1.2�1.3

Egg, hard-boiled 1 large 0.7 1.4

Mushrooms 1/2 cup/125 mL 0.6�24 0.3�15
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supplementation prevents bone loss in elderly women
by suppressing bone turnover during the winter when
serum 25-OH vitamin D declines and serum PTH
increases [32].

On the other hand, there are studies questioning the
role of dietary calcium. Feskanich et al. [19] examined
calcium and vitamin D intakes, milk consumption, and
use of calcium supplements during 18 years of follow-
up in 72,337 postmenopausal women with repeated
measures of dietary intake and supplement use.
During the 18 years of follow-up, 7466 women (10%)
reported a diagnosis of osteoporosis. Six hundred three
incident hip fractures caused by low or moderate
trauma (eg, slipping on ice, falling from the height of a
chair) were identified. Fractures caused by high trauma
(eg, skiing, falling down a flight of stairs) were excluded
from analysis (15% of the reported fractures). After
statistical analysis, they concluded that neither milk nor
a high-calcium diet appears to reduce the risk of osteo-
porotic hip fractures in postmenopausal women. Only
an adequate vitamin D intake is associated with a lower
risk of such incidents. Although the authors indicate that
higher milk consumption conferred a weak, insignificant
reduction in fracture risk—women consuming more
than 1.5 glasses of milk/day had a relative risk of 0.83
compared with women who consumed less than
1 glass/week—they did not observe a dose response
relation (P for trend5 0.21), and with higher daily
intakes of more than 2.5 glasses of milk, there was still
no evidence of a protective effect [19].

Beside calcium, milk contains 19 minerals that are
considered to be nutritionally essential for health.
An excellent review concerning the role of calcium,
phosphorus, magnesium, sodium, potassium, and
zinc in bone health is presented by Cashman [23].
Cashman [23] analyzed the role of phosphorous
which is critical in bone formation. There is no phos-
phorus deficiency in an average diet. The ratio of
phosphorus:calcium seems to be quite controversial.
Although the excess phosphorus increases parat-
hyroid hormone levels, some studies suggest that
there are no links between high levels of phosphorus
intake and lower bone mass or higher rates of bone
loss in humans. What is more important, the P:Ca
ratio in milk is well balanced [23].

Another macromineral present in milk and milk
beverages is magnesium, although dairy products are
not the main food sources of this nutrient. While
magnesium deficiency has been identified as a
possible, risk factor for osteoporosis in humans, the
effect of magnesium on bone health requires further
investigation [23]. In particular, the excess of
magnesium in a diet seems controversial because it is
able to decrease the serum levels of calcium [33].

VITAMIN K AND BONE HEALTH

Vitamin K is important in bone metabolism and prob-
ably has a positive influence on bone health.
Osteocalcin, one of the bone matrix proteins is vitamin K
dependent. This protein may play an important role in
maintaining bone mineral density (BMD) and reducing
the incidence of fractures through incremental bone for-
mation [34].

There are two major forms of vitamin K—K1 and
K2. The main sources of vitamin K1 are green and leafy
vegetables. Vitamin K2 is formed by some fermentation
bacteria. Low vitamin K intake is associated with an
increased risk of hip fracture, but different studies
have been inconsistent regarding its effect on BMD
[35]. According to Asakura et al. [36] Vitamin K was
one of the most frequently administered drugs for the
treatment of patients with osteoporosis in Japan.

SEMINUTRITIONAL FACTORS
AFFECTING OSTEOPOROSIS AND RISK

OF FRACTURES

Besides nutrition, bone density and strength depend
on many factors like genetics, age, physical activity,
gender, ethnicity, endocrine changes, lifestyles, general
health condition, smoking, and alcohol consumption
as well as taking drugs [4,23]. One of the most impor-
tant factors affecting osteoporosis is physical activity.
Exercise is necessary to stimulate bone modeling and
remodeling while calcium, vitamin D, and other nutri-
ents are important substrates for bone mineralization
[37]. According to Daly et al. [37], calcium in the diet
may improve the effects of exercise on bone mass both
in children and adults, particularly in those with inad-
equate intakes. Interestingly, combining exercise and
calcium appears to have little effect on bone structure
or strength, which is predominantly regulated by
mechanical loading. However, insufficient intake can
compromise the skeletal response to loading.

There are alternative studies trying to find new depen-
dences. According to Feskanich et al. [38], greater milk
consumption during teenage years was not associated
with a lower risk of hip fracture in older adults. The
positive association observed in men was partially
mediated through attained height, which may suggest
that height can be an independent risk factor for fracture.

Barrera et al. [39] confirmed the protective effect of
a high BMI on femoral neck bone mineral density
among elderly subjects. They studied 615 women
and 230 men with mean age, 756 4.4 years. One quar-
ter of women and 11% of men had osteoporosis.
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The age-adjusted odds ratios for femoral osteoporosis
were 0.34 and 0.13 for women and men with a BMI
between 25 and 30 kg/m2, respectively. The odds
ratios for women and men with a BMI between 30 and
35 kg/m2 were 0.21 and 0.09, respectively. The risk for
osteoporosis among men and women with a BMI
above 30 kg/m2 was approximately 33% compared
with subjects with a normal BMI.

Kouda et al. [40] in a large-scale study of elderly
Japanese men revealed that an alcohol intake of below
55 g/day was positively correlated to BMD, whilst
alcohol intake of $ 55 g/day was inversely correlated
to BMD. The studied group counted 1665 subjects
aged $65 years with no diseases or drug therapy
affecting bone mineral density. Adjusted total hip
BMD of men with alcohol intake above 39 g/day was
0.90 g/cm2and that of abstainers was 0.85 g/cm2.
These results are in agreement with many other
studies. Berg et al. [41] in their meta-analysis
concluded that abstainers had a higher risk of hip
fracture compared with those who consume from 7 to
14 g of ethanol per day. The mechanisms hiding
behind these observations remain unknown as yet.

Muraki et al. [42] studied lifestyle factors associated
with BMD. After a cross-sectional study with 632
women age $60 years they concluded that patients
with the habit of green tea drinking had significantly
higher BMD than patients without such a habit.
Multiple regression analysis showed that the effect of
green tea on BMD was independent of age and BMI.
The authors suggest that the connection between green
tee drinking and BMD can be related to flavonoids
present in the infusions having a weak estrogenic
effect, which may increase BMD.

A quite interesting study was published by Varenna
et al. [43] who analyzed 3301 postmenopausal women
to find a link between hypertension and osteoporosis.
Osteoporosis was diagnosed by lumbar dual-energy
X-ray absorptiometry and hypertension was defined
by blood pressure data and/or the use of antihy-
pertensive medication. The subjects were divided into
four groups on the basis of dairy food consumption
which was evaluated using a weekly food-frequency
questionnaire. The lowest quartile corresponded to an
intake less than 400 mg Ca per day and the higher
quartile more than 800 mg per day. After statistical
analysis Varenna et al. [43] concluded that osteoporo-
sis and hypertension are associated in postmenopausal
women, and a low dairy intake may increase the risk
of both diseases. 25.7% women were found to be
affected by osteoporosis and 25% by hypertension. The
proportion of subjects in the lowest quartile of dairy
intake was significantly higher among women with
osteoporosis compared to nonosteoporotic women

(32.0 vs 24.1%). Additionally, women affected by
hypertension were more often found in the osteo-
porosis group (32.2 vs 22.5%). A link between calcium
intake and blood pressure can be the result of
numerous biological mechanisms, ie, association
between reduced calcium intake and increasing
vascular tone and blood pressure. High sodium intake,
typical for subjects with hypertension, could affect a
negative Ca balance [44] or dietary calcium may
influence the activity of the renin�angiotensin system
critical in blood pressure regulation [45,46].

Link between osteoporosis and the cardiovascular
system were also found by Abou-Raya and Abou-Raya
[47]. 126 consecutive patients aged 65 years and above,
with moderate to severe congestive heart failure (CHF)
were screened for osteoporosis. The results suggest
that the increased bone loss in conjunction with CHF
is likely to increase fracture risk.

PROTEIN CONSUMPTION AND
BONE HEALTH

According to Hampson et al. [48], elderly men and
women with a lower protein intake have been shown
to have increased bone loss. A few studies showed
that hip fracture patients have diets particularly
deficient in protein and energy and protein supple-
mentation reduced femoral bone loss and a shortened
rehabilitation time [48]. On the other hand, excess of
protein in a diet can be problematic as well.

Sellmeyer at al. [49] and Weikert et al. [50] showed
that a high ratio of dietary animal to vegetable protein
increased the rate of bone loss and the risk of fracture
in postmenopausal women. Animal protein is
supposed to provide a higher dietary acid load and
consequently affect increased calcium excretion and
negative calcium balance [51]. However, Fentron et al.
[52] in a meta-analysis showed that increasing the diet
acid load does not promote skeletal bone mineral loss
or osteoporosis. Promotion of the “alkaline diet” to
prevent calcium loss is not justified. This conclusion
supports other later studies. Beasley at al. [53]
examined cross-sectional and longitudinal associations
between baseline dietary protein and bone mineral
density among 560 females aged 14�40 years. The role
of protein source (animal or vegetable) and participant
characteristics were considered. Data from this longi-
tudinal study suggest that a higher protein intake does
not have an adverse effect on bone in premenopausal
women. However cross-sectional analyses suggested
that low vegetable protein intake is associated with
lower BMD.
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FUTURE TRENDS

Literature data suggests that calcium intake may need
to be adjusted for dietary factors (eg, animal/plant protein
consumed ratio, sodium and vitamin D intake) and non-
dietary factors, for example, sun exposure (regarding
latitude and geographic location). Although high calcium
intakes promote bone health, maybe in the future
recommended daily intakes will depend on additional
factors. For example, physical activity enhances BMD.
Even longer sleepers—sleeping more than 8 h—have high-
er odds of osteoporosis compared to those who sleep
shorter [54]. Bearing in mind that recommended dietary
intake is very hard to achieve, because even three dairy
servings per day give calcium intake well below the
recommended dietary intake [55], maybe in future studies
it will be possible to estimate the level of main factors
affecting osteoporosis development and in this way to
recommend more precise calcium as well as vitamin D
intakes. Another conclusion which can be drawn from the
above review is that considering osteoporosis separately as
a health problem can be insufficient. Since there are links
between osteoporosis and diseases of the cardiovascular
system [43,47], perhaps dietary approaches should be
broader, and not only focus on a few food ingredients, like
calcium or vitamin D. This conclusion is supported by
positive correlations between the decreased risk of osteo-
porosis and moderate alcohol or green tea drinking [39,42].

SUMMARY

• Milk and dairy products are the most abundant
sources of calcium and positively affect bone health
in the elderly, preventing from bone fractures.

• Vitamin D is very important in bone metabolism and
the main sources of vitamin D are fish, especially
those with red meat.

• Besides dairy products, increased intake of fruits
and vegetables may decrease the risk of
osteoporosis.

• Moderate alcohol intake decrease the risk of
osteoporotic fractures in older adults.

• Calcium intake may need to be adjusted for dietary
factors (eg, animal/plant protein consumed ratio,
sodium and vitamin D intake) and nondietary factors
as sun exposure, smoking, or physical activity.
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KEY FACTS

• The age-related loss of muscle mass and
function (sarcopenia) is associated with multiple
adverse health outcomes.

• Sarcopenia is a major determinant of physical
frailty, a condition of increased vulnerability to
developing negative health-related events.

• The age-associated “physiologic” decline in
appetite may be aggravated by health, social and
financial conditions, leading to overt
malnutrition.

• Inadequate quantitative or qualitative food
intake contributes to the development of
sarcopenia and frailty.

• Supplementation with specific nutrients (eg,
protein, amino acid metabolites, vitamin D,
creatine, polyunsaturated fatty acids) amplifies
the beneficial effects of physical activity on
muscle health and functional status.

Dictionary of Terms

• Anorexia of aging: age-related decline in appetite
and/or food intake.

• Frailty: state of increased vulnerability to internal
and/or external stressors with greater risk of
incurring adverse events.

• Multidomain intervention: therapeutic approach
employing complementary and synergistic
treatments to address complex health conditions
(eg, sarcopenia and frailty).

• Recommended dietary allowance (RDA): average daily
level of intake sufficient to meet the nutrient
requirements of nearly all (97�98%) healthy people.

• Sarcopenia: pathologic reduction of muscle mass and
function during aging.

INTRODUCTION

Nutrition is a major determinant of the health status
throughout the life course. Indeed, inadequate nutri-
tion, either excessive or insufficient, is associated with
the development and progression of virtually all major
health conditions, including cancer, cardiovascular
disease, chronic kidney disease, diabetes mellitus, obe-
sity, immunodepression, neurodegeneration, etc. [1].
In advanced age, inadequate quantitative and/or quali-
tative food intake has also emerged as a main contrib-
uting factor to the development of sarcopenia and
frailty [2].

The age-related loss of muscle mass and function
(sarcopenia) is one of the most pervasive changes that
accompany aging. As acknowledged by Rosenberg [3],
“There may be no single feature of age-related
decline that could more dramatically affect ambula-
tion, mobility, calorie intake, and overall nutrient
intake and status, independence, breathing, etc.”
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Sarcopenia is indeed associated with a multitude of
adverse health outcomes, among which falls, disability,
institutionalization, and mortality are certainly the
most worrisome.

The relationship between inadequate nutrition and
sarcopenia is bidirectional. In fact, the ingestion of
insufficient amounts of calories and specific nutrients
promotes the development of sarcopenia. Once sarco-
penia has developed, the ability to shop for and pre-
pare adequate meals may be impaired. This vicious
circle may lead to severe malnutrition, weight loss,
and progression of sarcopenia into disability and,
eventually, death [4].

The maintenance of an adequate nutritional status,
through dietary optimization and eventual targeted
supplementation, is therefore instrumental for preserv-
ing muscle health and functional ability into advanced
age [2].

AGE-RELATED CHANGES IN DIETARY
INTAKE AND EATING HABITS

Food intake declines gradually throughout adult-
hood. The third National Health and Nutrition
Examination Survey (NHANES III) [5] has shown that
that energy intake peaks during late adolescence and
young adulthood and declines thereafter. Remarkably,
relative to the 20- to 29-year age group, persons 801
year�old ingest approximately 1000 fewer calories per
day, regardless of gender [5].

The origin of declining food intake in old age is
multifactorial. Advancing age per se is associated with
a “physiologic” reduction in appetite, known as
anorexia of aging, that can eventually evolve into path-
ologic anorexia and malnutrition [6]. Common condi-
tions in old age, such as poor dentition, acute and
chronic medical conditions, medications and polyphar-
macy, functional limitations, depression, cognitive
decline, social isolation, and financial constraints, all
contribute to decreasing food intake in late life [7]. As
a consequence, malnutrition is highly prevalent among
older adults, with rates of 5�20% in the community
and exceeding 60% in institutionalized elderly [8].

Although it is virtually impossible to discern
changes in food preferences attributable to cohort dif-
ferences from pure age-related modifications, older
persons seem to develop predilection for energy-dilute
foods, such as grains, vegetables, and fruits, in place of
energy-dense sweets and protein-rich nutrients [6].
This phenomenon, coupled with the overall decrease
in food intake, is thought to play a major role in the
development of sarcopenia [2].

NUTRITIONAL INTERVENTIONS
AGAINST SARCOPENIA AND FRAILTY:

PRELIMINARY CONSIDERATIONS

The changes in dietary behaviors outlined above
suggest that, when designing a nutritional interven-
tion against sarcopenia, several factors must be con-
sidered, in order to (1) provide an adequate calorie
intake; (2) ensure the provision of appropriate nutri-
ents, taking into account age, sex, physical activity
level, eventual comorbidities, and medications; and
(3) provide the adequate quality and quantity of
nutrients at the right time, that is, when there is a
physiological need.

A major, unresolved issue involves the duration of
the intervention that maximizes the benefits and
reduces the risk of adverse effects. Indeed, while
6 months are typically considered the minimum time
frame to expect sizable changes in muscle mass [9],
it is unclear whether nutritional supplementations
induce linear gains in muscle mass over time or a ceil-
ing effect occurs before substantial improvements in
muscle health have been attained. In addition, it is
presently unclear to what extent nutritional interven-
tions impact muscle function. For instance, nitrogen
balance does not appear to directly relate to functional
outcomes in older adults [10]. To further complicate
the matter, there is a lack of consensus on clinically
meaningful thresholds that distinguish normal from
abnormal values of muscle mass and function [11].

It should also be considered that achieving a true
nutritional supplementation in older people is often
challenging. Indeed, older adults prescribed with nutri-
tional supplements tend to proportionally decrease
their dietary intake. As a result, the total daily energy
intake remains often unchanged in spite of the supple-
mentation [12]. On the other hand, no drug is currently
recommended to stimulate appetite in old age. For
instance, metoclopramide has shown to improve symp-
toms of early satiety; however, its long-term use is asso-
ciated with several side effects, mainly extrapyramidal
symptoms. Other orexigenic drugs (eg, testosterone,
megesterol, meclobemide, tetrahydrocannabinol, cypro-
heptadine, cholecystokinin antagonists, such as loxiglu-
mide) have been associated with numerous adverse
effects, including cardiovascular events, delirium, and
abdominal symptoms [13]. Finally, while nutritional
supplementation may be per se sufficient at improving
muscle health in old age [14], compelling evidence
indicates that the combination of nutrition and exercise
is required to prevent or reverse sarcopenia [15].

Based on the current state of the science, the nutri-
tional factors whose deficiency is linked to sarcopenia
and frailty include protein, several amino acids, and
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vitamin D. Growing evidence indicates that supple-
mentation with the above-listed nutrients as well as
with other dietary components may be harnessed as a
strategy to restore muscle health in old age.

PROTEIN SUPPLEMENTATION: A
MATTER OF QUANTITY AND QUALITY

Adequate protein intake is advocated as the most
effective remedy against sarcopenia [16]. Dietary
protein is the major source of amino acids needed for
muscle protein synthesis. Absorbed amino acids also
stimulate muscle anabolism through direct and indi-
rect actions [17]. In particular, leucine (especially abun-
dant in whey) is recognized as the master dietary
regulator of muscle protein anabolism, owing to its
ability to activate the mammalian target of rapamycin
(mTOR) pathway [18] and inhibit protein breakdown
by the ubiquitin-proteasome system (UPS) [19].

Data from the Health, Aging, and Body Composition
Study, a prospective cohort study conducted in over
3075 community-living older persons, showed that
participants in the highest quintile of protein intake
lost approximately 40% less appendicular lean mass
over 3 years of follow-up than did those in the lowest
quintile [20]. The association remained significant
after adjustments for several potential confounders,
including total energy intake. The relevance of dietary
protein to physical function is further supported by
findings from the Invecchiare in Chianti (InCHIANTI)
study showing that low protein intake is indepen-
dently associated with physical frailty [21]. Further to
this point, a low intake of protein and leucine has
recently been associated with reduced muscle mass in
older hip fractured patients, regardless of gender and
several confounding factors [22]. Similarly, an inverse
correlation was reported between protein intake and
muscle mass in healthy, sedentary older women [23].
Interestingly, animal protein intake emerged as the
only independent predictor of muscle mass. This
observation echoes previous findings by Pannemans
et al. [24], who reported lower net protein synthesis
in older women consuming a high vegetable-protein
diet relative to those on a high animal-protein regi-
men. The different muscle anabolic potency evoked by
the two protein sources may be linked to the higher
content in branched-chain amino acids, especially leu-
cine, of animal protein relative to their plant-derived
counterparts.

In spite of the beneficial effects of dietary protein
on muscle trophism, more than one-third of older
persons ingest less than the recommended dietary
allowance (RDA) for protein (0.8 g/kg/day), and

virtually no older adult introduces the highest accept-
able macronutrient distribution range (AMDR) for
protein (35% of total energy intake) [25]. In addition,
the extraction of dietary amino acids by the splanchnic
bed is higher in advanced age, which can lead to
lower peripheral amino acid availability [26]. The
ability to upregulate protein synthesis in response to
anabolic stimuli, such as protein intake and physical
exercise, is also blunted in the aged muscle [27].
However, such an “anabolic resistance” may be over-
come by the ingestion of protein-rich meals [28] and
high-quality protein food [29].

An increase in protein intake above 0.8 g/kg/day
is deemed as necessary to maintain muscle protein
homeostasis in advanced age [16]. Indeed, a daily pro-
tein intake of 1.0 g/kg is presently considered the mini-
mum amount required to preserve muscle mass in old
age [30]. Higher intakes are advisable for older persons
engaged in physical exercise ($1.2 g/kg/day) or suffer-
ing from acute or chronic diseases (1.2�1.5 g/kg/day),
unless presenting with severe kidney disease (ie, esti-
mated GFR ,30 mL/min/1.73 m2) [31].

The protein ingestion pattern is another important
aspect to be taken into account. For instance, a pulse-
feeding pattern, in which 80% of the daily protein
intake is provided in one meal, has been shown to
improve whole-body protein retention to a greater
extent than the same amount of protein distributed
evenly across four meals [30]. However, the ingestion of
large protein quantities in a single occasion may be dif-
ficult to maintain over the long term. Furthermore, the
consumption of more than 30 g of protein per meal
does not appear to further stimulate muscle protein
anabolism in either young or old individuals [29].
Hence, it is agreed that a moderate amount of high-
quality protein spread equally throughout the day
(ie, 25�30 g per meal) may elicit an optimal 24-hour
anabolic response [29,32]. With regard to the timing of
protein ingestion, the maximal muscle protein synthesis
occurs approximately 60 min after the end of physical
exercise. Hence, older subjects engaged in physical
activity should be advised to ingest a protein meal
1 hour after the completion of the exercise session [33].

In summary, the provision of adequate amounts of
protein and amino acids, especially essential amino
acids and leucine, is necessary to support muscle
anabolism. The current RDA for protein seems to be
insufficient to maintain muscle health in old age. The
ingestion of 1.0�1.2 g of protein/kg/day may represent
a reasonable and safe nutritional target to pursue in old-
er adults. Indeed, there is no evidence for a detrimental
effect of such an intake in elderly with normal renal
function. Protein restriction should only be considered
in subjects with advanced chronic kidney disease.
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VITAMIN D

Vitamin D is a secosteroid prohormone generated in
the skin through photolysis of 7-dehydrocholesterol by
UV light or ingested with food. The biologically active
form is achieved through a two-step hydroxylation.
The first reaction occurs largely in the liver to produce
25-hydroxy vitamin D (calcidiol). This molecule circu-
lates bound to a specific transport protein and is indic-
ative of vitamin D status. The second hydroxylation
takes place mainly in the kidney to generate 1α,25-
dihydroxy vitamin D (calcitriol), the biologically active
metabolite of vitamin D. Vitamin D receptors (VDRs)
have been found in many tissues and organs. With
regard to the skeletal muscle, the activation of nuclear
VDR initiates a genomic pathway that modulates the
transcription of genes involved in calcium uptake,
phosphate transport, phospholipid metabolism, and
satellite cell proliferation and terminal differentiation
[34]. Binding of vitamin D to cell surface VDR triggers
a nongenomic pathway involved in calcium transport
and protein synthesis [35].

Low serum levels of vitamin D are commonly
observed in advanced age. Indeed, up to 60% of per-
sons older than 60 years are vitamin D deficient
(,30 ng/mL) [36]. Prevalence rates are higher in sub-
jects 801 year old and in institutionalized elderly, as a
consequence of poorer dietary intake, decreased sun-
shine exposure, and more severe multimorbidity [37].

Vitamin D deficiency has been associated with a
multitude of negative health outcomes, including oste-
oporosis, diabetes mellitus, cancer, cardiovascular dis-
ease, cognitive decline, multiple sclerosis, and greater
susceptibility to infections [38]. In addition, studies
have shown that older adults with vitamin D defi-
ciency are at higher risk of postural instability, falls,
and sarcopenia [39,40]. On the other hand, supplemen-
tation with vitamin D, either alone or combined with
physical exercise, improves muscle mass and function
[41,42] and decreases the risk of falls [43]. Although a
recent meta-analysis has questioned the fall-preventive
properties of vitamin D supplementation [44], there
is sufficiently robust evidence to obtain routine mea-
surement of serum 25-hydroxy vitamin D in older
persons diagnosed with sarcopenia and recommend
supplementation (800 IU/day) to those with values
lower than 100 nmol/L [45].

CREATINE

Creatine (Cr) is a nonprotein tripeptide composed
of glycine, arginine, and methionine. The compound is
synthesized endogenously in the liver and kidney and

introduced with foods (eg, lean red meat, tuna, and
salmon). De novo synthesized and dietary-derived Cr
is taken up by muscle cells and neurons and converted
into the high-energy metabolite phosphocreatine (PCr)
by creatine kinase. During the initial phase of an
intense muscular effort, PCr donates a phosphate
group to ADP to form ATP. At rest or during periods
of low activity, excess ATP is used to regenerate PCr
from Cr. Apart from its function as an energy buffer,
Cr promotes muscle anabolism by stimulating muscle
protein kinetics, satellite cell activity, and anabolic hor-
mone secretion, and reducing reactive oxygen species
generation [2].

Advancing age has been associated with reduced
muscle content of Cr/PCr in skeletal muscle [46]. Cr
depletion is thought to have a greater impact on type II
muscle fibers, which rely on anaerobic metabolism
to generate fast contractions [47] and are those mostly
affected during aging [48]. Cr supplementation has
shown to increase intramuscular Cr concentration
and improve muscle mass and strength in older sub-
jects engaged in resistance exercise training [49�53].
Notably, the combination of Cr and whey protein may
potentiate the muscle anabolic effects of the two nutri-
ents during resistance exercise [52], suggesting that Cr
and high-quality protein sources could synergistically
stimulate muscle anabolism.

In summary, Cr has emerged as an effective nutri-
tional aid able to improve muscle mass and function in
older adults practicing resistance exercise. In these sub-
jects, short-term Cr supplementation (eg, 5�20 g/day
for 2 weeks) may be advisable [2]. Further research is
however necessary to establish the optimal dosing and
timing of Cr supplementation in sarcopenic elderly
and determine the risk of possible adverse events
associated with this intervention (eg, renal damage).

POLYUNSATURATED FATTY ACIDS

Recent research suggests that supplementation with
polyunsaturated fatty acids, especially long-chain
omega-3 fatty acids, may be harnessed as a nutritional
countermeasure against muscle wasting associated
with aging and several disease conditions [53]. The
consumption of fatty fish (the richest dietary source of
omega-3 fatty acids) has indeed been correlated with
grip strength in older community dwellers [54]. With
regard to omega-3 fatty acid supplementation, small
clinical studies have shown that these compounds
elicit a muscle anabolic response, sustained by mTOR
activation [55] and blunting of inflammation [56].

These observations suggest that an adequate intake of
omega-3 fatty acids could offer therapeutic gain against
sarcopenia. Available data indicate that 1 g/day of
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omega-3 fatty acids may help support muscle anabolism
in advanced age. Such an intake is ensured by the con-
sumption of two servings of fatty fish a week
(eg, salmon, mackerel, herring, lake trout, sardines, and
albacore tuna) or can be obtained via pharmacologic
supplementation [2].

AMINO ACID METABOLITES AND
PRECURSORS: β-HYDROXY

β-METHYLBUTYRATE AND ORNITHINE
α-KETOGLUTARATE

β-Hydroxy β-methylbutyrate (HMB) is a metabolite
of leucine that possesses anticatabolic, anabolic, and
lipolytic properties. At the muscle level, HMB inhibits
protein breakdown via UPS downregulation, stimu-
lates protein synthesis through mTOR activation, pro-
motes sarcolemmal integrity, and increases fatty acid
oxidative capacity [57]. Preclinical data also suggest
that HMB stimulates satellite cell proliferation [58] and
inhibits myonuclear apoptosis [59].

HMB supplementation (3 g/day) for 8 weeks has
shown to improve muscle strength and body composi-
tion in older persons participating in a strength train-
ing program [60]. Furthermore, administration of a
nutritional mixture containing HMB (2 g), arginine
(5 g), and lysine (1.5 g) for 12 weeks improved mea-
surements of physical performance, muscle strength,
body composition, and whole-body protein synthesis
in sedentary older women [61]. Similar benefits were
observed in sedentary elderly men and women supple-
mented for 1 year with a nutrition cocktail of HMB
(2�3 g), arginine (5�7.5 g), and lysine (1.5�2.25 g) [62].
Notably, daily supplementation with HMB (3 g) has
been shown to preserve muscle mass in older adults
during 10 days of bed rest [63].

Ornithine α-ketoglutarate (OKG), an ionic salt
formed by two molecules of ornithine and one of
α-ketoglutarate, is the precursor of several amino
acids, such as glutamate, glutamine, arginine, and pro-
line, and of other bioactive compounds, including
polyamines, citrulline, α-ketoisocaproate, and nitric
oxide [64]. These molecules are important modulators
of protein metabolism and hemodynamics in the skele-
tal muscle. OKG also acts as a potent secretagogue of
anabolic hormones, including insulin and growth hor-
mone [65]. OKG administration, either orally or intra-
venously, has shown to stimulate muscle protein
anabolism in experimental model of cancer cachexia,
endotoxemia, burn injury, and traumata [66]. Small
clinical trials also reported improvements in muscle
protein anabolism during the postoperative period
[67,68]. Interestingly, administration of OKG (10 g/day

for 2 months) ameliorated appetite, nutritional status,
and body composition in ambulatory elderly patients
recovering from acute illnesses [69].

In summary, HMB and OKG have emerged as candi-
date nutritional aids against sarcopenia. Larger scale clin-
ical trials are necessary to determine their optimal dosage
as well as timing and duration of the supplementation.

CONCLUSION

The nutritional status is a major determinant of the
person’s well-being. In old age, inadequate nutrition is
an important, modifiable factor contributing to sarcope-
nia and physical frailty [2]. As such, nutrition plays a
role in the definition of the interventions aimed at
restoring robustness and contrasting sarcopenia [70].
A careful assessment of dietary habits, with special
attention to nutritional patterns potentially affecting
muscle trophism, should therefore be routinely carried
out in older adults [6]. Given the capacity of nutrition
to provide beneficial effects in multiple systems, acting
at biological, clinical, and social levels, dietary optimiza-
tion nutrition may be considered a true “multidomain”
intervention [71]. In the context of sarcopenia, the provi-
sion of adequate amounts of high-quality protein, vita-
min D, and omega-3 fatty acids may offer substantial
benefits both in prevention and treatment interventions.
Supplementation with specific nutrients (eg, branched-
chain amino acids, Cr, HMB, and OKG) is advisable in
older persons engaged in physical exercise programs.

SUMMARY

• Inadequate food intake is commonly observed in
older adults and is associated with a vast array of
negative health outcomes, including disability, loss
of independence, and mortality.

• Malnutrition is causatively linked to the geriatric
syndromes of sarcopenia and physical frailty.

• The maintenance of an adequate nutritional status,
through dietary optimization and eventual targeted
supplementation, is recognized as a fundamental
factor for preserving muscle health and functional
ability in advanced age.

• The provision of adequate amounts of protein,
certain amino acids, and vitamin D may amplify the
beneficial effects of physical activity on muscle mass
and function in older persons.

• Specific nutrient supplementation regimens may
offer therapeutic gain against sarcopenia and
physical frailty in the context of multimodal
treatment strategies.
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KEY FACTS

• Physiological aging of the intestinal tract may
cause increased intestinal symptoms but is
unlikely to affect nutritional status.

• In disease, however, aging of the gastrointestinal
tract predisposes to increased and faster
susceptibility to malnutrition, especially when
combined with polypharmacy, care-dependence,
and altered diet.

Dictionary of Terms

• CCK: cholecystokinin
• CrP: C-reactive protein
• GERD: gastroesophageal reflux disease
• IL: interleukin
• JAM: junctional adhesion molecule
• NSAID: nonsteroidal anti-inflammatory drug
• PYY: peptide YY

INTRODUCTION

Malnutrition is common in older adults [1] and a
functioning gastrointestinal tract is important to main-
tain a good nutritional status. Therefore, it is reason-
able to question if aging itself leads to compromised
function of the gastrointestinal tract and predisposes
older humans to nutritional risk independent of
disease.

Intestinal dysfunction can lead to symptoms,
impaired quality of life, and can contribute to malnu-
trition in older people. In an Italian trial Pilotto and
colleagues [2] investigated UPPER gastrointestinal
symptoms in 3100 community-living older people
(60�96 years, mean 72) who had neither significant
cognitive impairment nor advanced cancer. As many
as 43% had upper gastrointestinal symptoms. Overall,
30% reported indigestion, 22% reflux syndrome, and
14% abdominal pain [2]. In a trial in the United States,
Ferch and colleagues [3] investigated the prevalence of
LOWER gastrointestinal symptoms in 242 community-
living adults (60�84 years, mean 76). In total, 38%
demonstrated lower gastrointestinal symptoms, with
32% reporting chronic constipation, 42% fecal inconti-
nence, and 1% diarrhea. Overall, 11% fulfilled the
Rome III criteria for irritable bowel syndrome (IBS),
which parallels the general population [3]. Fecal
incontinence together with chronic constipation or IBS
resulted in significantly lower quality of life [3].

Thus, the prevalence of gastrointestinal symptoms
is high in free-living older people, but it is unclear if
these symptoms alone already contribute to compro-
mised nutritional status. This chapter highlights the
physiological and pathophysiological changes associ-
ated with the aging of the human gastrointestinal tract,
including intestinal barrier function and microbiota
composition. It will mainly deal with the question to
which extent these physiological changes affect the
nutritional status in older persons. Special emphasis is
laid on the physiological aspects of healthy aging. We
report on human research rather than animal studies
whenever possible.
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ENTERIC NERVOUS SYSTEM

The enteric nervous system plays a central role in
the regulation of the gastrointestinal function [4]. The
motor activity of the intestine is controlled by neural
plexuses between the circular and longitudinal muscle
layers (myenteric plexus) and in the submucosa [5].
Aging is associated with loss of neurons in both the
myenteric and submucosal plexus, beginning in adult-
hood and progressing thereafter [6]. Predominantly
cholinergic rather than nitrergic neurons are involved
in the neuronal loss in human colon specimens over an
age range of 33�99 years [7] with parallel loss of
enteric glia examined in aging rodents [6]. The losses
are greater in the distal than proximal gut [8].

In addition, specialized pacemaker cells, the intersti-
tial cells of Cajal (ICC), decline in numbers in human
aging tissue [9]. ICC set the underlying rhythm of
depolarization necessary for the motor activity [5]. ICC
decrease in both stomach and colon in a linear fashion
(approximately 13% every 10 years) between the third
and tenth decades [9].

Upper gastrointestinal sensory function was
recently investigated in older individuals (.60 years)
compared to younger persons (,40 years), by means
of a nutrient drink test [10]. The older group reported
substantially lower scores for abdominal pain and
nausea [10].

Suggested mechanisms for neuronal loss with aging
include oxidative stress and mitochondrial dysfunction
[6]. Despite being extensive, the changes in the enteric
nervous system do not seem to result in major physio-
logical changes in the intestine, indicating enormous
redundancy of these neurons and a large adaptive
activity [4,5]. Still, possible effects on prolonged gastro-
intestinal transit time, particularly in the colon, and
contribution to constipation cannot be excluded [5].

TASTE AND SMELL (CHEMOSENSATION)

The enjoyment of food depends on olfaction and
taste sensation.

The major component involved in food tasting is
olfaction [4], owing to volatile compounds released
from food in the mouth that stimulate odor receptors
in the nasal epithelium. All these sensations are inte-
grated in the orbitofrontal cortex. The human genome
encodes about 800 olfactory receptors [11], which by
type are G-coupled receptors [11]. The complex back-
ground of a multitude of odor receptors and receptor
interactions must be known to interpret the relative
crude testing done in humans to understand the effects
of aging on oral sensation [4].

About 50% of the population over 65 years of age
and 75% of those aged 80 years and more have
impaired olfaction [12]. Over the lifespan, the loss of
olfactory receptors is at the rate of about 10% per
decade [13]. In persons with Alzheimer’s disease [14]
the alterations in odor perception are even greater
with a reduction in the olfactory tracts and their
myelination [15].

In regard to taste receptors it is still unclear
whether they and their intracellular signal transduc-
tion are altered with aging [4]. The recognition of
bitter, sweet, and umami tastes are dependent on
the activation of G-protein-coupled receptors in the
taste buds [16]. Each taste bud has a single receptor
that recognizes a single flavor. Interestingly, similar-
protein coupled taste receptors are present throughout
the mucosa of the gastrointestinal tract [17]. Those
intestinal taste receptors transmit signals that regulate
nutrient transporter expression, nutrient uptake, and
possibly gastrointestinal hormone and neurotransmitter
release [17].

In general, the effect of changes in taste sensation
on total food intake with aging is felt to be minor [4].
Alterations in saliva due to xerostomia (increased
salt content), mouth hygiene and periodontal disease,
medications, and cigarette smoking are all thought to
be more important for altered taste perception than
aging [4].

Nevertheless, taste changes may play a role in food
choice [4]. There are preliminary data to suggest that
altering meal composition [18] and using taste enhan-
cers [19] can encourage increased food intake in older
persons.

In summary, olfaction seems to be more important
to enjoy food than do basic taste sensations [4]. It has
been estimated that changes in taste and smell associ-
ated with aging account for approximately a 100 calo-
ries decrease per day in food intake between the ages
of 20 and 80 years [4]. It does not appear to be a major
factor contributing to malnutrition in healthy older
people.

THE ANOREXIA OF AGING

The concept physiological anorexia of aging was
introduced by Morley and Silver [20] in 1988. They
suggested that the major effects were due to altered
release of anorexogenic (satiety) hormones and neuro-
transmitters in the gut and subsequent changes in the
activation of the ascending vagal fibers. In one study,
10 community-dwelling healthy older persons (mean
77 years of age) were compared to 9 younger adults
(mean 32 years of age) and showed higher and more
persistent elevation of cholecystokinin (CCK) and
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peptide YY (PYY) concentrations after a meal, coupled
with longer gastric emptying time and reduced chole-
cystic emptying [21]. In the older group postprandial
satiety lasted significantly longer [21]. This study con-
firmed previous results of increased CCK and PYY
release in duodenal enteroendocrine cells with age
[22]. Older people also seem to have earlier satiation
compared to younger adults when eating a meal [23].
This early satiation appears to be due to decreased
stomach fundal compliance leading to more rapid
antral stretch [24] (see also section “Stomach, Gastric
Emptying, Postprandial Hypotension, and Acid
Secretion”).

These changes combined can help to explain why
older humans face more difficulties to upregulate their
food intake after a period of food deprivation [25].
Overall, in free-living older people the effects of physi-
ological anorexia of aging seem not to impact the body
mass index on the population level [26]. The reasons
for anorexia of aging are multifactorial and predomi-
nantly due to altered fundal compliance, delayed gas-
tric emptying, and increased activity of CCK [4,21]. As
energy requirements decrease with age, they might
also be part of physiological adaption. There is consen-
sus that the much stronger contributor to malnutrition
in older age is the pathophysiological anorexia of
aging, including poverty, loneliness, social isolation,
depression, and medical conditions [27].

OROPHARYNGEAL CAPACITIES AND
SWALLOWING

With aging, there is a decrease in saliva production
and possibly alterations in dentition, which affect the
formation of the food bolus [4,6]. In the oropharyngeal
phase, there is a reduced driving force of the tongue
and reduced pharyngeal swallowing, all of which
favors increased retention of food in the valleculae
and piriform sinuses [6]. This is probably in part com-
pensated for by relaxation of the upper esophageal
sphincter and well-preserved pharyngeal peristalsis
leading to minimal changes in the swallowing func-
tion in healthy aging [28,29]. Nevertheless, the gag
reflex is apparently absent in 40% of the healthy older
people [6].

In independent-living facilities, up to 15% of older
persons have problems with swallowing and half of
these feel that dysphagia substantially reduced their
quality of life [30]. The existence of dysphagia and oro-
pharyngeal or gastric aspiration in older patients are
important factors in the occurrence of aspiration pneu-
monia, but are not sufficient to cause aspiration pneu-
monia in the absence of other risk factors [31]. In
healthy older people the glottal closure protecting

against aspiration is well-preserved [32]. Salivary flow
and swallowing can eliminate Gram-negative bacilli
from the oropharynx and normal immunity and pul-
monary clearance will avoid the development of aspi-
ration pneumonia in absence of disease [31].

Among frail older people with dysphagia, however,
those with unsafe swallowing have an approximately
50% 1-year mortality compared to 13% in those whose
swallowing is deemed safe [33]. The pathomechanisms
contributing to dysphagia and aspiration in frailty are
abnormally slow laryngeal closure, upper sphincter
opening and vertical hyoid motion, and weaker tongue
propulsion compared to healthy young people [34].
Parkinson’s disease, stroke, and cerebrovascular dis-
ease are main risk factors for oropharyngeal dysphagia
in older patients [5,31]. The severity of dysphagia
increases with disease progression [35]. Silent aspira-
tion of oropharyngeal bacteria is often and mostly due
to unrecognized swallowing disorders [5,36].
Diminished production of saliva due to medications
and oral/dental disease, leading to poor oral hygiene
resulting in oropharyngeal colonization with patho-
genic organism, impaired immunity or pulmonary
clearance, and a decreased cough reflex is a combina-
tion of risk factors that will increase the development
of aspiration pneumonia in disease.

In conclusion, there are several changes in the oro-
pharyngeal capacities with aging, but in the absence of
disease, they seem to have little clinical significance.
According to Britton and McLaughlin [37], all patients
with dysphagia or aspiration are recommended to be
thoroughly investigated to ascertain an underlying
cause rather than attributing the change solely to aging.

ESOPHAGUS, ACHALASIA, AND
GASTROESOPHAGEAL REFLUX DISEASE

In the esophagus with age, there is reduction in the
amplitude of peristaltic contractions, increased nonpro-
pulsive contractions, decreased esophageal all compli-
ance, and a reduction in the lower esophageal
sphincter pressure [6]. These changes are of little clini-
cal significance in physiological aging and the absence
of major disease.

A pathological condition arising from these changes
is esophageal achalasia. This is an esophageal motility
disorder involving the smooth muscle layer of the
esophagus, the lower esophageal sphincter [38], and
the loss of esophageal ganglia. Achalasia is character-
ized by swallowing difficulties, regurgitation, and
sometimes chest pain. The incidence peaks in the third
and seventh decades of life [39]. Older patients tend to
have a longer duration, but less severe symptoms than
younger patients [39].
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In the older population, the prevalence of symptom-
atic gastroesophageal reflux disease (GERD) seems high
with 40% having occasional and 20% weekly reflux
symptoms [40,41]. Interestingly, this prevalence is not
higher than in younger adults. In a recent report on
1107 US adults with a mean age of 46 years, heartburn
was shown in 59% and regurgitation in 39% of cases
[42]. In this study, higher visceral anxiety and being
divorced, but not age, was associated with GERD [42].
Multiple factors contribute to GERD, several of which
might be influenced by age, including hiatus hernia,
lower esophageal sphincter pressure, acid production
and clearance, salivary and bicarbonate secretion, and
delayed gastric emptying [41,43]. Interestingly, the
severity of reflux esophagitis increases with age, but
that of symptoms decreases [41,44]. A recent study of
GERD patients confirmed that those of at least 60 years
have reduced perception of esophageal acid infusion
and respond with a lower swallow frequency [45].

STOMACH, GASTRIC EMPTYING,
POSTPRANDIAL HYPOTENSION, AND

ACID SECRETION

As mentioned above (see section “The Anorexia of
Aging”), the aging process seems to reduce fundus
compliance leading to earlier arrival of food at the
antrum with earlier antral stretch in smaller antral vol-
ume as well as early and prolonged satiety [21].

Delayed gastric emptying might predispose to reflux.
Motor function of the stomach is nevertheless rela-
tively well preserved with healthy aging [6]. The
slowing of gastric emptying concerns mainly large
solid meals [46], whereas small meals fail to demon-
strate any changes [47]. Other changes in gastric
motility are usually secondary to disease process such
as diabetes mellitus, neurological or connective tissue
disease, rather than a consequence of aging per se.
For example, 70�100% of Parkinson’s patients attend-
ing neurology clinics have abnormally delayed gastric
emptying [5,48]. Those patients also often report
nausea, vomiting, and bloating. In addition to L-dopa,
delayed gastric emptying also might contribute to
these symptoms [48].

Another phenomenon common in old age is the
mild, meal-induced decrease in blood pressure.
Postprandial hypotension can be found at all meal
times [49] and can result in falls and cardiovascular
events [50]. The blood pressure nadir varies but
generally occurs within 30�90 minutes postmeal [49].
Postprandial hypertension is inversely correlated
to the rate of gastric emptying [51] meaning that slow-
ing gastric emptying improves its clinical presenta-
tion. Size and nutrient content of meals affect

the magnitude of the decrease in postprandial blood
pressure, with sugars (mono- and disaccharides)
being particularly implicated [49,52]. The underlying
mechanisms for postprandial hypotension are unclear,
but adenosine-induced splanchnic vasodilatation and
increase in superior mesenteric artery blood flow may
play a role [49].

Hypochlorhydria is particularly common in older
people and gastric acid secretion was long thought to
decline with age, This was probably confounded by
atrophic gastritis caused by Helicobacter pylori infection
[41], because hypochlorhydria has its highest preva-
lence in those previously or currently affected by
H. pylori [41]. Hypochlorhydria can predispose to iron
malabsorption, small bowel bacterial overgrowth, and
vitamin B12 deficiency if associated with atrophic
gastritis [37].

Overall, reduced fundal compliance may contribute
to early satiety, postprandial hypotension is amelio-
rated by low-glycemic food and hypochlorhydria
seems to be mostly the result of H. pylori infection
rather than aging.

SMALL BOWEL, NUTRIENT
ABSORPTION, AND SMALL INTESTINAL

PERMEABILITY

There is little evidence to show any structural or
functional change in the small bowel mucosa
attributable to the normal healthy aging process.
Lipski and colleagues investigated distal duodenal
biopsy specimen from healthy adults and found no
correlation between age and duodenal surface epithe-
lium, crypts and lamina propria, height of villi and
surface epithelium, depths of crypts, crypt to villus
ratio, the number of intraepithelial lymphocytes, duo-
denal architecture, enterocytes, or brush borders [53].
Trbojevic-Stankovic and colleagues performed mor-
phometric studies in 24 jejunal and 25 ileal biopsies
from healthy people younger than 60 years of age and
older people of at least 60 years of age [54]. Older peo-
ple had narrower jejunal villi and wider ileal villi but
mucosa epithelium height, crypt numerical density,
villous height, crypts and villous perimeter, diameter,
and epithelium height were similar [54]. Most studies
have shown no effect on small bowel transit [6,55].

Changes in satiety hormones are discussed in the
section “The Anorexia of Aging.” The release of the
“incretin” hormones glucagon-like peptide-1 (GLP-1)
and glucose-dependent insulinotropic polypeptide
(GIP) in response to small intestinal nutrient seems not
to be deficient in healthy aging [56].

Most probably the changes with healthy aging in
nutrient absorption are small and clinically insignificant

366 27. NUTRITIONAL STATUS AND GASTROINTESTINAL HEALTH IN THE ELDERLY

III. SYSTEM AND ORGAN TARGETS



[37,57,58]. Concerning macronutrients, there is no mal-
absorption of fat or protein in older persons into their
nineties [59]. Despite reduced postprandial serum bile
acids concentrations, no correlation between age and
72-hour fecal fat excretion was found [60]. Absorption
of fat may take longer in older people [61] and delayed
absorption of fat may induce postprandial satiety and
reduce nutrient intake [62]. Amino acid absorption, for
example, tyrosine, arginine, and aspartic acid, decline
in aging rodents [63], but systematic human studies
are still missing [58]. Furthermore, there is no evidence
to support significant changes in the brush border
enzymes without the presence of concurrent disease
[64,65].

Regarding carbohydrates, a decreased urinary
excretion of orally ingested D-xylose was observed in
older humans indicating a decreased absorption of
sugars in the intestine [66]. However, the difference
got lost when normalizing the results for kidney func-
tion [66]. The amount of glucose transporters such as
sodium-glucose cotransporter 1 (SGLT1), glucose
transporter 2 (GLUT2), and NA1K1-ATPase is similar
in young and old rats [67]. The prevalence of lactose
intolerance is similar in younger and older humans
[68] and suggests that lactose malabsorption is not
more common with aging.

Also in regard to micronutrient absorption there is
also little change with aging (Table 27.1). Increased
prevalence of vitamin B12 deficiency is attributed
mainly to atrophic gastritis, which occurs in approxi-
mately 10�30% of older adults and impairs splitting
vitamin B12 from its protein binding [69]. Another
potential cause for vitamin B12 deficiency is long-term
use of drugs that block gastric acid secretion (hista-
mine H2 receptor antagonists or proton pump inhibi-
tors), which are commonly used for treating GERD
and peptic ulcer disease [70].

There is reduced fractional absorption rate of cal-
cium with aging [71]. Furthermore, younger persons
increase calcium absorption with a low-calcium diet,
but older persons fail to do this [72]. In the presence
of atrophic gastritis, calcium carbonate is not trans-
formed into soluble calcium chloride [73]. A decline in
vitamin D receptors in the intestinal epithelium con-
tribute to decreased calcium and vitamin D absorption
with age [74].

Small intestinal permeability: The function of an intact
intestinal barrier is to prevent the permeation of anti-
gens, endotoxins, pathogens, and other pro-inflamma-
tory substances into the human body. Intestinal
dysintegrity might trigger inflammation locally or sys-
temically, and cause disease [37,75].

Small intestinal permeability does not appear to
change with healthy aging up to about 80 years of
age [76,77] (see Fig. 27.1). In healthy older people,

low-grade inflammation alone, defined as C-reactive
protein (CrP) concentrations between 1 and 10 mg/L,
does not seem to impair small intestinal permeability
[76]. However, presence of low-grade inflammation
together with even minor comorbidities, such as diabe-
tes type 2, is associated with increased intestinal per-
meability in older adults [76]. These results suggest
that low-grade inflammation makes the intestinal bar-
rier more vulnerable to insults from minor disease
challenges. Intestinal permeability is increased in the
presence of nonalcoholic fatty liver disease [78],
chronic heart failure [79], and malnutrition [80].
Higher use of drugs (eg, NSAID) plays an important
role in the development of higher permeability in older
people [58].

Two recent studies investigated the intestinal per-
meability of patients with Parkinson’s disease. One
study shows changes pointing toward alterations in
the enterocyte brush border membrane [81], the second
demonstrates an increased permeability in about
25�30% of Parkinson’s patients [82]. In these patients,
increased intestinal permeability is not associated with
increased gastrointestinal symptoms [82].

TABLE 27.1 Effects of Physiological Aging on
Absorption of Nutrients

Nutrient Effect

Protein None

Fat None

Cholesterol Increase

Carbohydrate None

Thiamin (vitamin B1) None

Riboflavin (vitamin B2) None

Niacin (vitamin B3) None

Pyridoxalphosphat
(vitamin B6)

None

Folate (vitamin B9) Decrease

Vitamin B12 Decreased with
atrophic gastritis

Vitamin A Increase

Vitamin C Increase

Vitamin D Decrease

Vitamin K None

Zinc None

Magnesium None

Iron None

Calcium Decrease

Combined from Refs. [37] and [57].
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The production of cytokines by intestinal epithelial
cells in the gastrointestinal tract significantly increases
with aging [83]. Some of these cytokines, such as inter-
leukin (IL)-1b, increase the leakiness in intestinal epi-
thelial tight junction, via activation of both canonical
and noncanonical NF-kB pathways [84]. The age-
associated remodeling of the epithelial barrier includes
reduced expression of the tight junction proteins such
as zonula occludens (ZO)-1, occludin, and junctional
adhesion molecule (JAM)-A [85].

In summary, in the absence of disease, there is cur-
rently no evidence within the literature to support any
significant alteration in small bowel function associ-
ated with aging. Therefore, in patients presenting with
clinical features suggestive of small bowel malabsorp-
tion, active investigation for underlying pathology is
indicated [37]. Polypharmacy and diseases of old age
can lead to impaired barrier function in older people.

COLON, CONSTIPATION, AND GUT
MICROBIOTA

Colonic transit time appears to increase with age
due to a decline in propulsive activity in the colon [86]
(see section “Enteric Nervous System”). Saad and col-
leagues [55] investigated 243 humans with chronic
constipation aged 18�79 years (mean 44 years) with
wireless motility capsules and found an increase of
colonic transit time by 29 minutes for every 1 year
increase in age. Increased colonic transit time allows
increased water absorption and makes older indivi-
duals more prone to constipation.

As many as 50% of community-dwelling older peo-
ple report constipation and over 70% of nursing homes
residents [87]. Factors additionally contributing to con-
stipation include poor mobility, comorbidities (eg,
stroke, dementia, depression, diabetes, or Parkinson’s
disease), medications (opiates and anticholinergics),
and impaired anorectal sensation. Often more than one
contributing cause can be identified [87]. In healthy
older persons, decreased fiber and fluid intake
and lower physical activity are the most prominent
factors [88].

Dysphagia, impaired gastric emptying, and consti-
pation occur frequently in patients with Parkinson’s
disease. Recent evidence indicates that these gastroin-
testinal features are evident in the course of the dis-
ease, even before formal neurological diagnosis,
probably reflecting the involvement of the dorsal
motor nucleus of the vagus and the enteric nervous
system [89].

Intestinal microbiota: The human microbiota is an
individual and adaptable collection of bacteria and its
balanced composition is important for the mainte-
nance of health [90�93]. Some main functions of
the microbiota are the regulation of the mucosal
immune system, releasing nutritional contents from
the diet, synthesizing vitamins and cofactors [93,94],
and providing energy as short-chain fatty acids
(SCFAs) [91,94].

Claesson et al. [95] compared 161 Irish older people
(.65 years) with 9 younger (28�46 years) adults. The
microbiota of the older group was dominated by 57%
Bacteroidetes and 40% Firmicutes, whereas in the
younger group, the dominant phylum was Firmicutes
with 51% and Bacteroidetes followed with 41% [95].
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FIGURE 27.1 Intestinal permeability in older

adults. The figure displays the lactulose/mannitol
ratio (5permeability index) of 83 overall healthy older
people compared to 90 healthy younger people show-
ing no difference in intestinal permeability with higher
age (Valentini L, unpublished data).
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Claesson concluded older adults show an atypical
Firmicutes/Bacteroidetes ratio compared to younger
adults [95], which was in line with results of Mariat
et al. [92]. However, there were big interindividual dif-
ferences in the microbiota composition. The variations
were extreme with the proportion of Bacteroidetes,
ranging from 3% to 92% and that of Firmicutes varying
from 7% to 94% in the older individuals [95]. Moreover,
the results concerning changes in Firmicutes and
Bacteroidetes in older adults vary due to nationality
and age of the subjects [96].

Variations in the microbiota composition of Irish
older adults were also found in the other phyla like
Proteobacteria (11�23%) and Actinobacteria (0�8%),
the latter including Bifidobacteria [95].

Mueller et al. [97,98] compared 145 healthy older
people (61�100 years) from four European countries
with 85 young adults with a mean age of 34 years
and showed no age-related microbiota changes in
the French and Swedish study arms [97,98]. In the
German and Italian groups some changes were pres-
ent, however, they were inconsistent between the two
countries [97,98].

Biagi et al. [99] showed that the structure and diver-
sity of gut microbiota were largely comparable between
younger adults (20�40 years) and healthy older
people up to the age of about 80 years. Centenarians,
however, demonstrated interesting differences [99].
The microbiota of centenarians was still dominated
by Bacteroidetes and Firmicutes but in comparison
to younger adults, it was less diverse [99]. In centenar-
ians the Clostridium cluster XIVa was decreased, espe-
cially the SCFA-producers like Ruminococcus, Roseburia,
Eubacterium rectale, and E. hallii [99]. Low fiber diets
are associated with decreased Clostridium cluster XIVa
[100,101], and might have contributed to those results.
The Bifidobacteria species were significantly lower
and the gut microbiota were enriched with facultative
anaerobes (eg, Fusobacterium, Bacillus, Staphylococcus,
Escherichia coli) [99].

In the Elderment study [95], the microbiota of 26 of
161 older adults was again analyzed after 3 months.
The microbiota seems to be temporal stable [93] and
the observed interindividual difference in the micro-
biota composition were greater than the differences
within individuals [95].

Older adults who lived in long-stay residential care
differed from the microbiota of free-living older peo-
ple, even if they lived in the same ethnogeographic
region [96,102]. The microbiota of institutionalized old-
er adults contained higher proportions of phylum
Bacteroidetes and lower proportions of Bifidobacterium
and Clostridium cluster IV. A 2.5-fold decrease of the
Bifidobacterium species was described by Bartosch et al.
for hospitalized and antibiotic receiving older adults

[103,104]. In addition, an increase of facultative anae-
robes, especially after antibiotic treatment was
observed [91,104�106].

In the Elderment study [107] not only the influence
of the living situation but also the influence of the diet
on the microbiota was analyzed. The older adults
who consumed a diet enriched in animal products and
with high glycemic index had a greater abundance
of Bacteroides and Alistipes species as those who con-
sumed a diet rich in plant-based foods. Those har-
bored an abundance of bacteria from the genus
Prevotella [102,107].

A change from community-dwelling to long-term
residential care apparently correlates with changes in
the diet and subsequent reduced microbiota diversity
[107]. Higher levels of butyrate was found in fecal
water of community-dwelling subjects compared to
residents in long-term care [100,102].

The microbiota composition is characterized by the
hosts’ dietary habits [96,108]. Thus modification of the
diet and dietary habits, due to different reasons, is one
of the main factors for microbiota changes in older
adults [91].

These age-related alterations lead to a less variable
diet with a decreased intake of high-fiber and protein-
rich food and an increased intake of high sugar and
high fat food with a low-nutrient density [107].
Malnutrition is often a consequence of these age-
related diets and can consequently lead to changes in
the gut microbiome [109]. Furthermore, the frequent
use of antibiotics and other medications [95,103] and
changes in the lifestyle [103] and living situation of the
elderly (community-dwelling or long-term care) cause
a microbiota change [109].

In summary, the main change within the colon is an
increased transit time that is related to both reduced
neurotransmitters and receptors [37]. Although this
can cause symptoms of constipation and flatulence,
it is unlikely to affect an individual’s nutritional status
[37]. During adulthood the microbiota composition
seems to be relatively stable up to about 80 years of
life but diseases of old age can reduce biodiversity
and stability of the microbiota [96,99,103,110]. An over-
view of microbial changes in disease is shown in
Fig. 27.2.

CONCLUSION

“Old age” spans over nearly 40 years of life that are
characterized by health or advancing morbidity, multi-
morbidity, and increasing intake of medical drugs,
bodily limitations, and possibly care dependence, all to
a very different degree. Thus, finding consistent
answers is challenging in many circumstances. Many
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scientific investigations do not precisely characterize
their populations or use heterogenic study popula-
tions, which sometimes hamper the interpretation of
results. Still, physiological aging of the intestinal tract
in absence of disease may cause increased gastrointes-
tinal symptoms in older people, but it is unlikely that
relevant changes in nutritional status occur. A sum-
mary of changes can be found in Table 27.2. However,
in disease with polypharmacy, care-dependence, and

altered diet, aging-associated changes in the intestinal
tract predisposes for increased and faster susceptibility
for malnutrition.

SUMMARY

• In healthy aging changes in the enteric nervous
system include continuous loss of neurons and
enteric glia with minor physiological consequences.

Unhealthy aging: compromised health, diseases, frailty, inflammation

Changes in
dietary intake

Decreased
physical activity

and function

Polypharmacy
and antibiotics

Care dependence,
institutionalized

care

Malnutrition

Reduced bio-
diversity

Decreased
quantity

Reduced
stability

Shifts of
dominant
species

Decrease of
protective
anaerobes

Increase of
pathobionts

Changes of

the gut 

microbiota

composition

FIGURE 27.2 The unhealthy aging�microbiota

interaction. Unhealthy aging is characterized by
compromised health, diseases, frailty, and inflam-
mation. Unhealthy aging and diseases often result
in a dietary intake that is less variable, with a
decreased content of food rich in fiber, proteins,
and vegetables. The dietary changes can also con-
tribute to malnutrition. Another effect is decreased
physical activity due to compromised bodily func-
tions, which predisposes to constipation and
reduced bacteria excretion. Moreover, diseases in
older adults often lead to polypharmacy and to fre-
quent use of antibiotics. Due to care dependence, it
is often necessary to live in institutionalized care.
These consequences of unhealthy aging lead to an
intestinal microbiota with a reduced biodiversity, a
decreased quantity of bacteria, and a reduced sta-
bility of the microbiota. Moreover, shifts of the
dominant species with a decrease of protective
anaerobes and increased pathobionts are observed.

TABLE 27.2 Changes in Physiological Aging

Reduced Minor or no change Increased

Enteric nervous system • Cholinergic neurons
• Interstitial cells of Cajal
• Enteric glia

• Nitrergic neurons

Oropharynx • Olfaction
• Saliva production

• Taste sensation
• (Swallowing)

Esophagus • Sensation Achalasia

Stomach • Sensory functions
• (Mucus)
• (Bicarbonate secretion)

• Motor function
• Gastric emptying
• GERD
• (hypochlorhydria)

Postprandial hypotension

Small intestine • Intestinal motor function
• Small bowel transit
• Incretin hormone secretion (GLP-1, GIP)
• Duodenal, ileal, and jejunal architecture,

enterocytes or brush borders
• Nutrient absorption
• Intestinal permeability

Postprandial hypotension

Colon • Transit time
• Rectal compliance
• (Ano)rectal sensation

• Colon transit time
• Gut microbiota composition

Constipation
Fecal incontinence
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• Changes in smell and olfaction do not seem to have
major effects on caloric intake in physiological
aging.

• Poverty, loneliness, social isolation, depression, and
medical conditions are much stronger predictors of
anorexia than aging itself.

• There are several changes in the oropharyngeal
capacities with aging, but they have little
significance in the absence of disease.

• In free-living older people the prevalence of
gastroesophageal reflux disease is similar to
younger people.

• Changes in the stomach can cause earlier satiety
even in healthy aging.

• In the absence of disease, there is currently no
evidence to support any significant changes in small
bowel function, in small intestinal permeability and
only minor changes in nutrient absorption.

• In healthy aging the increased colonic transit time
can cause symptoms of constipation but not changes
in nutritional status.

• The intestinal microbiota is stable up to at least 80
years of age in healthy older people.
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KEY FACTS

• With increasing age the immune system declines
which is known as immunosenescence.

• Immunosenescence appears, at least in part, to
be effected by dietary intake, giving potential for
small but significant dietary alterations to
improve aging immune function; such as
response to vaccinations.

• More work is required but some findings show
that increasing polyphenol and fiber intake or
changing which types of fat we consume can
influence certain immune cell types, such as
dendritic cells and T cells.

• Many parts of the immune system have shown
changes as a result of nutritional intervention,
showing potential for targeted approaches.

• Traditional diets, such as the Mediterranean
diet, might be of crucial importance in
developing specific recommendations for an
elderly population.

Dictionary of Terms

• Immunosenescence: the progressive decline in
immune function associated with age.

• Antigen presenting cells (APCs): specific innate
immune cells responsible for linking the innate and
adaptive immune system; DCs are professional
APCs.

• Thymic atrophy: damage to the thymus that occurs
with age resulting in reduced production of “new”
naı̈ve T cells.

• VDJ-recombination: the random organization of VH,
DH, and JH gene segments that occurs during B cell
development to create a vast array of antigen
receptors.

• B cell repertoire: the variety of immunoglobulins
specific to different antigens, which reduced with
age.

• Immunonutrition: changes to the functionality of the
immune system using nutritional intervention.

INTRODUCTION

The immune system comprises the innate immune
system, which is the first line of defense against patho-
gens and is fast acting, nonspecific and short lived [1],
and the adaptive immune system which is slower to
respond, is antigen specific, and longer lasting due the
generation of long-lived memory T and B cells [2].
During aging there is a progressive decline in immune
function which in the elderly adversely affects
response to vaccines and resistance to infection [3,4]
and has been termed immunosenescence [5].

This chapter will summarize the characteristic
changes to the immune system with age that impacts
the innate and adaptive immune responses, highlight-
ing the key areas for any intervention. The evidence
that dietary intervention can beneficially impact
on the aged immune system will be summarized,
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identifying how small but significant nutritional
changes might result in improved quality of life of
the elderly.

AGING AND THE INNATE
IMMUNE SYSTEM

There are reports of age-associated alterations in the
innate immune system with alterations in numbers
being restricted to specific cell populations, while the
functionality of most cell types is affected. In particu-
lar, antigen presenting cells (APCs) and dendritic cells
(DCs) are affected by aging, which impacts on adap-
tive immune responses.

Dendritic Cells

DCs circulate in the blood and can be divided into
two subsets; myeloid (mDC) and plasmacytoid (pDC)
DCs. DCs are professional APCs and crucially link the
innate and adaptive immune response. Numerous
observations of reductions in numbers of pDCs with
age have been made [6�9]. Additionally, both subsets
are substantially reduced in frail elderly as compared
to healthy elderly and young subjects [9]. These find-
ings are not however uniform with some [10] describ-
ing no changes in either DC population with age.
Among mDCs no changes in their distribution have
been reported [11]. There is therefore controversy sur-
rounding the impact of aging on DCs, which may be
in part due to differences in experimental methodolo-
gies, the age range of subjects representing the elderly,
and whether or not the strict SENIEUR protocol [12,13]
was used for recruiting study participants.

DC functionality is affected by aging as evidenced by
[14] where older DCs are shown to be causal in defec-
tive CD41 and CD81 T-cell responses [15] while the
“age” of the T cells themselves appeared less important,
highlighting a reduction in the functional ability of DCs
to present antigen to T cells. Functional defects of aged
DCs also include reduced IFN-γ production by pDCs in
mice and elderly human subjects compared to young
controls [7,8,16�18]. Alterations in DC cytokine secre-
tion may account for the age-related impairment of
T-cell responses [19]. The age-related impairment in
IFN-γ expression has been associated with reduction
in phosphorylation of interferon regulatory factor-7
(IFR-7), which is required to initiate transcription of
genes encoding IFN-I and -III [17]. Surface expression
of CD40, CD80, CD86, and MHC II [20] and CD54,
CD86, CD80, and HLD-DR [10,21] was similar among
young and old DCs (mDCs and pDCs), suggesting
that DC maturation is not impaired with age. Indeed,

expression of maturation markers in response to
influenza virus vaccine was comparable among DCs
from young and elderly subjects with no differences
seen in IL-12 and TNF-α production [22]. Other groups,
however, have observed reduced expression of HLA-
DR on DCs from elderly subjects compared to young
individuals [23], and mature monocyte-derived DCs
(Mo-DCs) from elderly subjects had reduced expression
of CD25 with expression of ICAM-1 also being lower
among LPS-stimulated Mo-DCs [24].

In considering the central importance of DCs in link-
ing innate and adaptive responses, the age-associated
defects in their function is likely to be a major contrib-
uting factor in declining T-cell responses with age
and immunosenescence in general.

Monocytes/Macrophages

Monocytes and macrophages contribute to host
defense and innate immunity by contributing to anti-
gen presentation, phagocytosis, and production of
numerous factors and chemicals toxic to various bacte-
rial pathogens. Age-associated increases in intermedi-
ate and nonclassical monocyte populations have been
observed with an alteration in the proportion of mono-
cytes subsets with age, as well as reduced expression
of CD38, CD62L, and CD115, and increased expression
of CD11b [25]. The expression of Toll-like receptor
(TLR)-4 [25] was also reduced by age, in addition to
other TLRs and their associated downstream signaling
pathways leading to induction of cytokine production
[26]. Expression of the costimulatory molecules CD80
and CD86 by activated monocytes after stimulation of
TLRs was defective in elderly subjects which impacted
on post-influenza virus vaccine cell expansion [27].
No effect of age on monocyte antigen presenting
ability has been described, although altered expression
of MHC class II molecules has been observed in
elderly versus young subjects [28,29]. While bone
marrow�derived macrophages from aged mice have
reduced expression of MHC class II molecules, in
addition to other age-associated alterations this is not
seen in humans [30�32]. Additionally, reduced TNF-α,
macrophage-inhibitory protein (MIP)-1α, MIP-1β, and
MIP-2, RANTES and eotaxin secretion by macrophages
was observed in the skin of aged mice [33], while
MCP-1 was increased [34] in parallel with an increased
numbers of macrophages at the wound site but with
reduced phagocytic ability.

Neutrophils

Neutrophils contribute to innate immunity via their
ability to produce reactive oxygen species (ROS) and
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by their phagocytic ability. Neutrophils are the most
numerous phagocytic cells within the blood and are
the first cells found at the site of infection or tissue
damage [1,35]. Their numbers appear to remain con-
stant with advancing age [1]. The impact of aging on
neutrophil function is however less clear but of consid-
erable significance for host defense from infection.
Impairments in phagocytosis, in terms of the number
of neutrophils available for phagocytosis and the
amount of bacteria ingested [36], have been observed
in the elderly. The causes of this are unclear with no
obvious change in opsonizing complement and
immunoglobulin (Ig) that enhance and promote
phagocytosis being described. Neutrophil extracellu-
lar trap (NET) formation has been shown to be defec-
tive with age in elderly human subjects when
neutrophils were primed with TNF-α and stimulated
with IL-8 or LPS, compared to cells from young sub-
jects [37]. Of note, the respiratory burst and spontane-
ous generation of ROS is significantly elevated
among neutrophils from old compared to young sub-
jects [36,38]. However, others have found no differ-
ence in ROS generation [38,39]. The short lifespan of
polymorphonuclear neutrophils (PMNs) can be
extended in vitro using the growth factor GM-CSF in
cells from young subjects, but this is not replicated in
cells from elderly subjects, which may be related to
age-associated alterations in the Jak/STAT intracellu-
lar signaling pathway [40,41].

Natural Killer Cells

Natural killer (NK) cells play a central role in
immune surveillance and killing of virus-infected cells
and tumor cells [42,43]. However, the effectiveness of
this cytotoxicity declines with age and is therefore
directly implicated in immunosenescence; the incidence
and mortality of viral infections increases in the elderly
[44,45]. NK cells are divided into two main subsets:
CD56DIM and CD56BRIGHT, along with a third subset
CD562CD161, all of which have differing functions.
With advanced age the total number of NK cells
increases [42,46,47], although this may not occur within
all NK cell populations. Whereas the CD562CD161 cell
population [48] and the CD56DIM population, consid-
ered to be mature cytotoxic effector NK cells, appear to
increase with age [12], the number of CD56BRIGHT cells,
which are the more immature and developing NK cells,
may decrease [42,46]. Interestingly, these age-associated
changes in NK cells have been investigated in the con-
text of obesity-associated inflammation, demonstrating
that CD56BRIGHTCD161 cells are significantly negatively
associated with inflammation, while CD56DIMCD161

and CD562CD161 NK cells were significantly positively
associated with body mass index (BMI) [46]. Other

phenotypic changes observed among NK cells include
increased expression of HLA-DR and CD95, while
CD69 expression decreased among NK cells from
elderly compared to young subjects [12,49]. Conversely,
other studies have seen no effect of age on NK cell
function [42,49], however, while cytotoxic potential
was preserved in the oldest old (80�100 years), some
subjects aged 60�80 years did not demonstrate the
same response; preservation of cytotoxic potential of
NK cells may be a factor associated with longevity.
Similarly, middle-aged subjects displayed a signifi-
cantly lower NK cell activity compared to young
controls and centenarians [50], suggesting that the
immune system of centenarians is affected differently
by age. Functional decline and reduced response
of NK cells has been observed in other studies [12,48]
where a reduction in proliferation and CD69 induc-
tion was observed; this study implemented the
SENIEUR protocol for recruitment of elderly partici-
pants [12], and selected only the healthiest elderly
subjects, ruling out the effect of other diseases on this
response.

NKT cells have been less extensively studied
although their numbers may be augmented with
increasing age [51]. Other studies, however, have
identified a reduction in the number of NKT cells. It
is possible that these contrasting findings may be
due to differing effects on different subsets of NKT
cells, the invariant NKT (iNKT) and the NKT-like
lymphocytes [52�54]. iNKT cells are thought to
decrease with age, while the NKT-like lymphocyte
may increase [52].

AGING AND THE ADAPTIVE IMMUNE
SYSTEM

Immunosenescence is mainly associated with detri-
mental changes to the adaptive immune system, which
is partially attributed to thymic atrophy and involution
and the loss of functional thymic tissue [55], resulting
in a reduction in T-cell production. However, the total
number of peripheral (blood) T cells appears to remain
constant throughout life [42]. Additionally, production
of B cells by the bone marrow has been suggested to
be impaired with age [56], resulting in an imbalance in
the lymphocyte pool consisting of progressively more
memory cells and fewer naı̈ve cells. With age, numbers
of activated B cells (CD691), CD81 T cells, and naı̈ve
(CD45RA1CCR71) T cells decrease significantly while
the CD4:CD8 T cell ratio and the number of effector
memory T cells (CD45RA2CCR72) increase [57], with
males being more susceptible to immunosenescence
than females.
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Cell-Mediated Adaptive Immune Responses

The production of “new” T cells with a diverse rep-
ertoire of T cell receptors (TCRs) from the thymus is
an inefficient and energy intensive process but is
required in order to protect the host from infection
during reproductive age. Once humans approach
60 years old this process deteriorates [58] with accumu-
lating numbers of memory and effector CD81 T cells,
while the numbers of naı̈ve CD81 T cells decreases
[59�61]. By comparison, the distribution of naı̈ve and
effector CD41 T cells appears to be less affected by age
[59,61,62]. The profile of cytokine production by T cells
changes with aging with increasing production of pro-
inflammatory cytokines and other factors which has
led to the use of the term inflammaging [63]. This phe-
nomenon has been investigated in the context of
in vitro studies using non antigen-specific stimuli (eg,
PMA/ionomycin) which has shown that naı̈ve, mem-
ory, and cytotoxic CD81 T cells from elderly subjects
produced higher levels of IL-2, IFN-γ, and TNF-α than
equivalent cells from young subjects [60]. Naı̈ve CD41

T cells from elderly subjects produced less IFN-γ, with
memory CD41 T cells producing more IL-4 compared
to cells from young subjects [62]. IFN-γ and IL-4 are
important in influencing Ig production and in particu-
lar which Ig isotypes are produced by mature B cells
(Ig switch factors) with IL-4 inducing class switching
for IgG1 and IgE producing B cells [64] and type I
interferons inducing increased antibody titers for all
IgG subclasses [65,66]. Reversing these age-associated
alterations in the T cell�derived class switching cyto-
kines may prove to be important in alleviating pro-
blems associated with immunosenescence and
declining antibody (IgG) production. CD81 T cells pro-
duce significantly less IFN-γ and display a reduced
ability to mount responses against influenza when anti-
gen is presented by older DCs that have impaired
TNF-α production [15].

Age-related decline in thymic output and the gener-
ation of new naı̈ve populations of T cells alters the
makeup and balance of peripheral naı̈ve and memory
T cells populations. The half-life of memory T cells is
much shorter than that of naı̈ve T cells [67] which con-
tribute to a decline in TCR repertoire with age. As
noted above, with increasing age the effector functions
of CD41 and CD81 T cells decline and compounds the
ability of the immune system to effectively combat
infections and tumor growth. The extent to which
CD41 and CD81 T cells are affected by the aging pro-
cess may not be uniform, with differences noted in the
oligoclonal expansion within each T cell compartment
[61] and in accessory molecule (KIR, CD28, CD57)
expression with differences in the extent of CD28
expression [61]. The age-related changes in CD81

T cells have been attributed to lifelong, chronic, virus
infection and in particular, cytomegalovirus infection
(CMV) which causes progressive and chronic antigenic
stimulation and oligoclonal expansion of activated
CD81 T cells [68�71]. These observations provide an
explanation for the observed clonal expansions of the
CD81 T cell pool seen with increasing age, though
others have refuted this explanation [61].

Humoral Adaptive Immune Responses

Aging of the B cell compartment has not been exten-
sively investigated and findings to date have demon-
strated varying age-associated alterations. Although
similar concentrations of antibody are produced in
adults of all ages in response to vaccinations, the func-
tionality of antibodies and ability to opsonize bacteria
is reduced in elderly subjects (. 77 years) [72,73].
Additionally, the elderly demonstrate progressive
reductions in their response to vaccinations in a year
on year fashion [74,75]. It is not surprising therefore
that the elderly have greater susceptibility to infections
[3,76], and in particular to viruses. In terms of the
composition of the B cell pool it appears the overall
number of B cells remains the same but fewer
IgM-expressing cells were observed within lymph
nodes of elderly subjects [77], suggesting that the ratio
of B cell subsets within the B cell pool may be subject
to change with age. Numbers of memory B cells
increased in elderly subjects [78], although the size
of the study population used meant it was under-
powered. The absolute total number of B cells in old
subjects (60�80 years) has been observed to be signifi-
cantly lower than that of younger adults (18�60 years)
[42]. Other groups have observed increases in IgG and
IgA, while IgM and IgD decreased with age [79] sug-
gesting an increase in memory B cells in the periphery
with developing or naı̈ve B cells expressing membrane
IgM or IgD, which after antigen driven selection and
differentiation leads to memory B cells expressing IgG,
IgA, or IgE; naı̈ve IgD1CD272 B cells decreased and
IgD2CD272, exhausted memory B cells, increased with
age [80,81].

The underlying defects contributing to these func-
tional defects with aging are not understood but they
may relate to recombination events that occur during
B cell development within the variable region of the Ig
heavy chain. This involves the random reassortment of
VH, DH, and JH gene segments [82] to create a vast rep-
ertoire of antigen receptors enabling a wide array of
antigens to be recognized. The effect of aging on this
process is evidenced by Streptococcus pneumoniae infec-
tion in mice, which identified differences in antibody
structures and the protective ability of antibodies
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between young and old mice [83,84]. More recently
similar findings have been observed in elderly humans
after vaccination with the pneumococcal vaccine
in which the VH3-07 and VH3-74 region encoding
genes were more frequently expressed in young than
elderly with the opposite seen for VH3-21 and VH3-30
genes, accompanied by a loss of oligoclonality with
aging in response to vaccines [85]. This demonstrates a
significant alteration in the Ig-VH gene repertoire with
age. Analysis of the Ig response to influenza virus
and pneumococcal vaccines using high-throughput
sequencing revealed a potential delay in clonal expan-
sion with age as well as significant age-related changes
in the size of the CDR3 region, which comprise the
junctions between the V, D, and J gene segments [86],
of IgA [87] and IgM clonotypes but not IgG [88].
Recently, increased B cell clonality scores, indicative of
a persistence of one or more large clonal B cell popula-
tions, in the oldest subjects (72�89 years) have been
observed [89] suggesting a diminishing B cell reper-
toire with age. Along with evidence of reduced B cell
diversity between CDR3 regions of the Ig heavy chain
from elderly subjects [90], which appeared to correlate
with health status and could indicate a reduction in
bone marrow output of naı̈ve B cell and thus an accu-
mulation of antigen experienced cells as a result. There
have, however, also been observations of a preserved
diversity of VDJ-recombination in aged subjects
[89,91], while CDR3 was observed to be shorter in
length when compared to that of young subjects [91].

Studies examining the ability of B cells to act as
APCs in older subjects have revealed no differences
between young and old subjects although there was
diversity between subjects, with the B cells from some
older subjects showing inferior antigen presentation
compared to B cells from younger subjects [29]. This
may be associated with the age-associated alterations
in V, D, J gene rearrangements and diminishing B cell
repertoire since the IgM and MHC class II molecules
were still able to take up and present antigen to
T cells.

These findings may be significant should it prove
possible to counteract the observed reductions in B cell
diversity, as it may then be possible to restore immune
competency in the elderly.

TARGETS OF NUTRITIONAL
INTERVENTION

It is clear that the immune system experiences a
number of changes as a result of aging, and that some
components are affected to greater extents than others.
There is growing interest in the interaction of nutri-
tional intake on the immune system (immunonutrition)

with mounting research into the effects different nutri-
ents can have on immune function and their mecha-
nism of action. These effects are not all beneficial, as
will be detailed below, and have been observed for
polyphenols, fatty acids, particularly polyunsaturated
fatty acids (PUFAs), and fiber.

Polyphenols are compounds within many of the
foods and beverages commonly consumed, which con-
fer health benefits [92,93]. Typical sources are red
wine, fruits, vegetables, cereals, tea, and cocoa. Recent
research has highlighted the need to investigate meta-
bolites of polyphenols since they undergo extensive
changes in the body, particularly in the large intestine
[93]. A key product of anthocyanin metabolism is pro-
tocatechuic acid (PCA), which, along with the isothio-
cyanate sulforaphane, can influence DCs by impairing
production of pro-inflammatory cytokines including
IL-6, IL-8, IL-12, and IL-23 in response to LPS stimula-
tion [94,95], while neither DC maturation nor T-cell
activation were affected by sulforaphane, suggesting
that the NF-κB signaling pathway is somehow
affected.

Since there have been reports of PUFA intake influ-
encing antigen presentation [96�98] including altering
the MHC II complex on B cells [99] and also lipid raft
size within plasma membranes [100�103], it is likely
that B cells and DCs are key targets for nutritional
intervention. Activation of B cells by n-3 PUFAs
in vitro resulted in reduced IL-6 secretion with docosa-
hexanoic acid (DHA) not inhibiting MHC II or CD69
expression nor promoting apoptosis, unlike palmitic
acid [104]. While feeding with a high fat diet enriched
with n-3 PUFA increased CD69 surface expression and
secretion of IL-6 and IFN-γ by B cells, this was also
observed when using physiologically relevant doses of
n-3 PUFA but the ability of B cells to stimulate CD41

T cells was suppressed [100]. When considering an
elderly population the detrimental effects of high
intakes of n-3 PUFAs in this population must be taken
into account since high intakes of PUFA by the elderly
may increase susceptibility to infection [105].

Vitamin E has been shown to reduce the production
of 2-series prostaglandins (PGE2) in mice [106,107].
This is an important observation since PGE2 is known
to increase with age and is associated with increased
inflammation and dysregulated immune function
[106]. The production of PGE2 has been shown to be
regulated by the short-chain fatty acid, butyrate [108].

Additionally, the consumption of dietary fiber,
which leads to the production of short-chain fatty
acids as a result of bacterial fermentation in the colon,
has been shown to have effects on effector and regula-
tory T-cells [109]. Both acetate and propionate
increased naı̈ve T cell differentiation into Th17 cells, as
well as increasing expression of IL-10. Short-chain fatty
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acids have been implicated in affecting the balance of
anti-inflammatory and pro-inflammatory cells and
their products [110] though additional effects of fiber
alone have shown that some of the anti-inflammatory
effects were a result of direct contact between fiber
and intestinal epithelial cells (IECs) and DCs [111]
with the effect being dependent on the type of fiber.
However, as this work relied on an in vitro approach
it may not be directly applicable to the in vivo situa-
tion since not all relevant cells, including the mucous
layer, are represented.

Hence, the use of nutritional intervention in terms
of immunomodulation is important and should be fur-
ther investigated in aging subjects. Evidence of immu-
nomodulatory effects in aging subjects is limited to
focusing on single nutrients or individual food groups.

CAN NUTRITION IMPACT ON IMMUNE
COMPONENTS AFFECTED BY AGE?

Since cells of the immune system contain large
quantities of PUFAs, within their membranes, antioxi-
dants have a crucial role in protecting them from oxi-
dative damage due to constant exposure to ROS that
are by-products of normal processes such as energy
generation [87,112,113]. This is important as oxidative
damage appears to accumulate with age, which brings
with it an increased incidence of infection [113].
A number of studies have investigated the effects of
single vitamins (E, C, A, D) or minerals (zinc) in the
elderly and have demonstrated modulation of cytokine
production, reductions in bactericidal activity and
directed migration of neutrophils, increasing antibody
titers for vaccine antigens, increasing numbers of naı̈ve
T cells, and reducing levels of PGE2 [87,107,114�117].
While some studies have shown no changes in the
immune parameters tested, this does include prospec-
tive cohort studies which rely on self-report data
[112,118,119]; see Table 28.1 for details. One study
demonstrated the importance of dietary carotenoids
through a depletion�repletion study, with one of the
main outcomes showing that carotenoid supplementa-
tion decreased CD4-CD45RO1 memory T cell numbers
in all age groups, which is of importance in the elderly
since naı̈ve T-cell production is reduced with age [87].
However, vitamins and minerals are not usually con-
sumed in isolation but within foods, which means that
studying them alone is of less value. Many of these
micronutrients are found in large quantities within
fruits and vegetables, the consumption of which by
elderly subjects has been shown to improve the anti-
body response to the Pneumovax II vaccine in those
consuming five or more portions per day of fruits and
vegetables, with each additional portion suggested to

increase total IgG response by 18% [120]. Polyphenols
have similar effects with the consumption of
polyphenol-rich biscuits (naturally present in cereals)
increasing proliferative response upon LPS stimulation,
as well as increased NK cell activity and chemotaxis
indexes in aged mice [121]. Cocoa consumption by
elderly subjects has shown significant reductions in the
monocyte surface markers VLA-4, CD40, and CD36,
along with reduced circulatory levels of ICAM-1
and P-selectin [122]. Unfortunately, relatively few
similar studies have been carried out in elderly humans.

The gastrointestinal tract is one of the physical
barriers protecting the host from the external environ-
ment, with the intestinal epithelial barrier playing a
major role, not just as a physical barrier but via sophis-
ticated structures involving M cells and Peyer’s
patches to sample luminal antigens and to orchestrate
appropriate immune responses to them [131].
Numerous studies have investigated the use of probi-
otic bacteria to target parameters of aging with one
suggested mechanism of protective effects being
adherence of probiotic bacteria to the epithelial cells to
form a protective barrier [132�134]. However, such
protective effects do not appear to be limited to this
mechanism since increased levels of Escherichia coli
specific IgG1 and IgA antibodies and pro-
inflammatory cytokines IFN-γ, MCP-1, and TNF-α
were observed after pathogen challenge in an aged
mouse model compared to young control animals
[135]. The authors claimed evidence of an impact of
probiotics on redressing the Th2 to Th1 imbalance seen
in immunosenescence. It is important to note however
that it is difficult to extrapolate findings from animal
models to humans. A study using human low density
cells, which are typically 98�100% HLA-DR1 and
strongly induce T-cell proliferations with very few
allogenic T cells, as a source of human blood�derived
DCS (LDCs) investigated the effect of four different
strains of probiotics on young and aged LDCs. Old
LDCs failed to respond to probiotics in terms of
integrin-β7 expression and induction of T-cell activa-
tion with no effect of probiotics on DC-T cell priming
seen with either young or old DCs, though the type of
DCs used may impact on the observed results [136];
for further studies and more details refer to Table 28.2.
It is difficult to summarize the beneficial effects of pro-
biotics as a whole because different strains were used
in various studies and showed varying effects indicat-
ing that probiotic effects are very likely strain and pos-
sibly subject specific.

Dietary fatty acids include saturated fatty acids
(SFA), monounsaturated fatty acids (MUFAs), and
PUFAs with the effect of each on immunosenescence
varying. It is crucial that the most efficacious amounts
of each type are incorporated in the diet to have
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TABLE 28.1 Studies Investigating the Immunomodulatory Effects of Single Nutrients

Nutrient/

food Dosage

Study design

and duration N5 Main outcomes Reference

MICRONUTRIENTS

Lycopene
and
β-carotene

13.3 mg lycopene
8.2 mg β-carotene

RCT, PC, DB
12 weeks

52 free-living
elderly subjects

• No change in cell counts, lymphocyte
proliferation, or cytokine production

[112]

β-carotene 15, 30, 45, or
60 mg/day

RCT, PC, single-
blinded 7 months

20 “elderly”
subjects (mean age
56 years)

• Significantly increased CD41 T cells,
NK cells, and markers of expression
with supplementation $ 30 mg

• Increased ratio helper: suppressor
T cells at highest dosage

[116]

Carotenoids 30 mg β-carotene, 15 mg
lycopene, 9 mg lutein

Depletion (3
weeks)-repletion
(5 weeks) of
carotenoids

98 males, 26 of
which aged 60�75
years

• Significantly decreased bactericidal
activity and directed migration of
neutrophils with diet

• Significantly higher number of
positive reactions for DTH skin test
response in the oldest subjects (70�75
years), though carotenoids had no
effect

[87]

Cocoa
polyphenols

40 g RCT, CO, 8 week
duration

42 subjects
(69.76 11.5) years

• Significant reduction in expression of
VLA-4, CD40, and CD36 expression
on monocytes after cocoa
consumption

• Significantly lower circulatory levels
of P-selectin and ICAM-1 after cocoa
consumption

[122]

Vitamin E 60, 200, and 800 mg/day RCT, DB, PC
4 months

88 elderly subjects
($65 years)

• Increased DTH and a sixfold increase
in antibody titer for hepatitis B for
200 mg/day, compared to placebo
and other dosages

[117]

Vitamin E Control diet 30 ppm,
supplemented diet 500 ppm
DL-α-tocopherol acetate

Animal feeding
study

140 specific
pathogen-free
C57BL/6NCrlBR
mice (70 young,
70 old)

• Significant reduction in lung viral
titers postinfection in vitamin E
supplemented old mice

• Increased IL-2 and IFN-γ and
decreased TNF-α production
postinfection with vitamin E

• Reduced prostaglandin E2 production
by vitamin E supplemented old mice

[107]

Vitamin E 200 IU DL-α-tocopherol/day RCT, PC, DB 1
year

451 elderly subjects
(68�100 years)

• Significant interaction with IFN-γ,
TNF-α, IL-1β, and IL-6 compared
to baseline

[115]

Vitamin E Control, 30 ppm, supplemented
diet 500 ppm D-α-tocopheryl
acetate

Animal feeding
study/ex vivo
analysis of
human
neutrophils

Male C57BL/6
mice. 12 mice/
group

• Increased resistance to pneumococcal
infection in old mice receiving the
supplemented diet

• Reductions in TNF-α and IL-6
productions by old supplemented
mice

• Reduced human PMN transepithelial
migration postinfection with vitamin E

[123]

Zinc Average intakes 3.3�52.2 mg/
day

Observational
study, one visit

201 elderly subjects
($80 years)

• Significant association between
plasma zinc levels and CRP and
leukocyte count

[124]

(Continued)
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beneficial immunomodulatory effects. The PUFA, eico-
sapentanoic acid (EPA), has been tested in healthy
young and older men and showed reduced neutrophil
respiratory burst in older men in a dose-dependent fash-
ion as well as elevated incorporation of EPA into plasma
and mononuclear cell (MNC) phospholipids of MNCs
of older men [125]. High intakes of n-3 PUFAs, espe-
cially in women, can impair immune responses by
increasing lipid peroxidation and suppressing produc-
tion of IL-2 and T–cell proliferation [142] with consump-
tion of very low doses of fish oils by elderly subjects
demonstrating diminishing effects on lymphocyte

proliferation in response to all mitogens tested [129]. It
is, however, imperative to consider the doses tested in
terms of actual fish consumption. Since a dose of 0.4 g
EPA1DHA corresponds to 2 portions of fish per week,
the aforementioned studies used dosages greater than
this, with one using doses equivalent to 10 portions per
week, which are much greater than the current recom-
mendations of 2 portions of fish per week [143], and is
considerably greater than the 85 g of fish per week that
UK elderly currently consume [144].

There have, however, been observations from pro-
spective investigations showing that men who

TABLE 28.1 (Continued)

Nutrient/

food Dosage

Study design

and duration N5 Main outcomes Reference

Vitamin D Vitamin D serostatus
316 11 ng/mL

Prospective
cohort study

1103 community-
dwelling adults
(646 10 years)

• No consistent effect of vitamin D on
seroprotection or seroconversion for
any vaccine strains tested

[119]

Vitamins E,
A, and zinc

Serostatus: Vitamin A 72.96 5.4,
vitamin E 1750.76 809.24, Zinc
80.36 11.6 (all in μg/dL)

Observational
prospective
cohort study

205 Elderly subjects
(65�92 years)

• No association of vitamin E, A, or
zinc with prevaccination or
postvaccination seroprotection or
seroconversion for any vaccine
antigens

[118]

MACRONUTRIENTS

n-3 PUFA:
EPA

Low (3 g) RCT, DB, PC.
12 weeks

93 young (18�42
years) and 62
elderly (53�70
years) subjects

• Significant effect on percentage of
neutrophils engaging in respiratory
burst in response to E. coli with EPA,
inversely affected by dose

• Significant reduction in PGE2 across
all EPA doses upon LPS stimulation

[125]

Moderate (6 g)

High (9 g EPA)

n-3 PUFA:
EPA

2 g ALA/day or, 700 mg DHA
or, 700 mg AA or, 700 mg GLA
or, 720 mg EPA, and 280 mg
DHA in FO

RCT, PC, DB,
parallel 12 weeks

46 healthy subjects
(55�75 years)

• FO significantly decreased NK cell
activity at 12 weeks compared to
0 and 4 weeks

[126]

n-3 PUFA:
EPA

2 g ALNA/day, or B700 mg
GLA, or B700 mg AA,
or B700 mg DHA, or
720 mg EPA, and 280 mg DHA
in FO

RCT, PC, DB,
parallel 12 weeks

46 subjects (55�75
years)

• GLA and FO significantly decreased
lymphocyte stimulation index in
response to all but the highest dose of
Con A

[127]

n-3 and n-6
fatty acids

0.22�5.29 g/day ALNA Prospective
cohort study,
10-year follow-up

38,378 males
(44�79 years)

• Increased intake of ALNA or linoleic
acid were associated with reduced
risk of pneumonia, with 31%
reduction with each 1 g/day ALNA
increase in intake

[128]

1.46�53.16 g/day linoleic acid

Fish oil 30 mg EPA and 150 mg DHA/
day

RCT, DB, PC
6 weeks

20 elderly subjects
(70�83 years)

• Significantly reduced lymphocyte
proliferative responses in FO group

[129]

Fish oil Low dose (0.4 g/day) RCT, PC, single-
blinded 26 weeks

302 elderly subjects
($65 years)

• 900 uniquely changed genes in the
high dose FO group compared to
control

• Significantly reduced expression of
genes involved in inflammatory
pathways with high dose

[130]

High dose (1.8 g/day)

RCT, randomized controlled trial; DB, double-blind; PC, placebo-controlled; CO, cross-over; ALA, α-linoleic acid; ALNA, α-linolenic acid; GLA, γ-linolenic acid;
DHA, docasahexanoic acid; EPA, eicosapentanoic acid; AA, arachidonic acid; FO, fish oil.
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TABLE 28.2 Studies Investigating the Immunomodulatory Effects of Functional Foods

Nutrient/food Dosage

Study design and

duration N5 Main outcomes Reference

PROBIOTICS

Lactobacillus rhamnosus
(MTCC 5897)

13 109 CFU/
mL in
fermented milk

In vivo, aging mice
dietary
supplementation and
pathogen challenge

6 animals/group • Interleukin levels altered to levels
near that of young counterparts
with the probiotic

• Increased production of IFN-γ,
MCP-1, and TNF-α upon
stimulation and reduced IL-4 and
IL-10

• Highly significant decrease in
pathogen colonization in all areas
tested in probiotic treated group

• Increase in E. coli specific IgG1
and IgE antibody production in
probiotic treated group

[135]

8 animals/group for
pathogen challenge

Lactobacillus delbrueckii
subsp. Bulgaricus 8481

At least 33 107

bacteria per
capsule

Human randomized
intervention DB, PC,
MC; 6 months

47 elderly subjects
(. 65 years)

• Modulated percentages of CD81

T cells and NK cells
• Increase in naı̈ve T cells and

decrease in memory T cell subsets
associated with increased
generation of immature T cells
evaluated via TREC content in
peripheral T cells

• Decreased IL-8 secretion
• Effects lost once probiotics

stopped

[137]

Lactobacillus casei Shirota 1.33 1010

CFUs/day
RCT, PC, single-
blinded, CO study;
12 week duration

30 healthy subjects
(55�74 years)

• NK cell activity was significantly
increased with probiotic
consumption compared to
baseline but not placebo

• The ratio of IL-10:IL-12 was
significantly increased with
probiotic compared to placebo

[133]

L. rhamnosus HN001 or
B. lactis HN019

53 1010 CFUs/
day (L.
rhamnosus)
53 109 CFUs/
day (B. lactis)

Base diet run in
controlled, 3-stage
dietary intervention,
blinded; 9 week
duration

27 healthy elderly
subjects (60�84
years)

• Significant increases in CD561

NK cell numbers with
consumption of probiotics

• Significant increases in
tumoricidal activity of PBMCs
upon probiotic consumption;
greater responses observed in
subjects over 70 years

[138]

B. lactis HN019 53 1010/day or
53 109/day

3 stage dietary
supplementation trial
(run in,
supplementation,
washout), 3 week
duration

30 healthy elderly
subjects (63�84
years)

• Increased total, helper and
activated T cells, as well as
increased NK cells after probiotic
consumption

• Typical dose showing significant
increase in phagocytosis and
tumoricidal activity by
polymorphonuclear and
mononuclear cells, compared to
pretreatment

[134]

B. infantus 52486,
B. longum SP 07/3,
L. rhamnosus GG, and
L. casei Shirota

13 107 CFUs/
mL

Ex vivo assays using
human blood

Pooled samples
from young (20�30
years) and old
(65�75 years)

• DCs were more responsive to
probiotics with age (increased
CD80 expression)

• TGF-β, TNF-α, IFN-γ influenced
by probiotic exposure and age,

[136]

(Continued)
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consumed more α-linolenic acid, linoleic acid, and n-3
and n-6 PUFAs from fish had a reduced risk of pneu-
monia [128], though this data is based on food fre-
quency questionnaires which includes an element of
reporter bias. A comparative study in women found
opposite results [105], suggesting the effects of these
dietary lipids may be gender specific. Additionally, an
investigation of high daily doses (1.8 g) and low daily
doses (0.4 g) DHA1EPA in elderly subjects showed
reductions in plasma free fatty acids (FFAs) with the
high dose showing 900 unique changes in gene expres-
sion with gene profiling, including reduced levels of
expression of a number of pro-inflammatory gene pro-
ducts, including NF-κB, and Ig-like receptors [130].
The overall picture is that any beneficial effects are
specific and restricted to particular immune functions.
Fish oil supplementation (EPA1DHA) significantly
reduced lymphocyte proliferation in a time- and dose-
dependent manner which is similar to the results using
γ-linolenic acid (GLA) although secretion of IL-2 and
IFN-γ was unaffected by GLA [127]. It is important to

note that α-linolenic acid (from flax seed oil) had no
impact on any immune parameters tested. Further
investigation into various fatty acids, α-linolenic acid
(ALNA), γ-linolenic, arachidonic acid (AA), DHA, and
fish oil (EPA1DHA), showed that GLA, AA, and fish
oil caused changes to plasma phospholipids but only
fish oil caused a reduction in NK cell activity [126],
suggesting that the effect seen by fish oil may be due
to the EPA content, not DHA.

In order to achieve consistent amounts of the fatty
acids under investigation the participants in these
studies consumed capsules, which does not take into
account the food matrix in which the fatty acids are
normally consumed. Soybean oils with varying fatty
acid compositions have been developed to investigate
the effects of changing the ratio of n-6 to n-3 PUFAs
(LA:ALA). Oils high in oleic acid and low in SFAs
increased lymphocyte proliferation in response to phy-
tohemagglutin (PHA), while oils with low α-linolenic
acid reduced lymphocyte proliferation [145]. This high-
lights that, although the most studied fatty acids are

TABLE 28.2 (Continued)

Nutrient/food Dosage

Study design and

duration N5 Main outcomes Reference

with most efficient production of
TGF-β in the old DCs

• Reduced ability of young or old
DCs exposed to probiotics to
prime T cells as assessed by
levels of T-cell proliferation

PREBIOTICS

β-galactooligosaccharides
(B-GOS)

5.5 g/day RCT, DB, CO human
intervention with
elderly subjects

41 elderly subjects
(64�79 years)

• Increased IL-10 production and
decreased IL-6, IL-1β, and TNF-α
production

[139]

Oligosaccharides 1.3 g/250 mL Prospective RCT, DB,
12 week duration

74 community-
dwelling elderly
and/or nursing
home residents
(846 7 years)

• Reduced TNF-α and IL-6 mRNA
in the oligosaccharide group
compared to the controls

[140]

70% raftilose and 30%
raftiline mixture

6 g/day PC, RCT, DB human
intervention; 28 week
duration

43 elderly subjects
($70 years)

• No differences in antibody titers
against influenza (A or B) and
S. pneumoniae between groups

• No difference in stimulation
induced lymphocyte proliferation
between groups

• No differences in IL-4 or IFN-γ
secretion between groups

[141]

SYNBIOTICS

Lactitol and
L. acidophilus NCFM

23 109 CFUs/g
(5�5.5 g/
sachet)

RCT, PC, DB, parallel,
2 week run in period
followed by 2 week
intervention

47 healthy elderly
subjects ($65 years)

• Significant differences in PGE2

concentrations with symbiotic
treatment

[132]

RCT, randomized controlled trial; DB, double-blind; PC, placebo-controlled; CO, cross-over; MC; multicentered; CFU, colony forming units.
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n-3 and n-6 PUFAs, MUFAs may be more beneficial
for improving immune function during aging.
Therefore, while studies using capsules is useful they
do not reflect the dietary response, and consequently
whole foods and the whole diet situation needs to be
studied to give more relevant data; a summary of the
immunomodulatory effects of nutrition is given in
Table 28.3. It is therefore, more relevant to refer to
studies that have focused on the entire diet consumed
by elderly subjects. A key example is the
Mediterranean diet (Med Diet) which has been consid-
ered to have beneficial health effects, in particular,
related to cardiovascular health and longevity
[146�149], as well as cognitive health [150,151]. This
dietary pattern incorporates many of the beneficial die-
tary components already discussed within one diet,
which includes for example, increased amounts of
fruits and vegetables, oily fish and wholegrain cereals,
reduced consumption of red and processed meats and
moderate consumption of red wine with meals. Since
these polyphenols, n-3 PUFAs and wholegrains have
been shown to improve health alone, the impact of
them combined is of interest.

Investigation of the polyphenols present in virgin
olive oil (VOO) within a Med Diet demonstrated that
compared to consumption of “washed” olive oil
(WOO) the diet containing VOO significantly
decreased plasma IFN-γ and s-P-selectin, as well as
downregulating the expression of a number of genes

in PBMCs involved in the inflammatory process, oxi-
dative stress, and DNA damage [152]. Recently, the
effects of the Med Diet enriched with MUFA, a SFA
enriched diet or a low fat and high carbohydrate diet
enriched with n-3 PUFA in elderly subjects demon-
strated that the Med Diet was associated with lower
levels of NF-κB expression compared to the SFA rich
diet (in the fasting state) and lower expression of the
p65 subunit within 2 h of consumption. Additionally,
consumption of the SFA rich diet caused increased
gene and plasma expression of MCP-1, while a carbo-
hydrate (CHO) rich diet induced increased expression
of TNF-α mRNA compared to that for the Med Diet
[153]. Similarly, consumption of Med Diets supple-
mented with VOO, or nuts caused significantly
reduced monocyte expression of CD49d and CD40
when comparing the VOO Med Diet to the SFA diet,
as well as plasma levels of VCAM-1, ICAM-1, IL-6,
and CRP [154]. These studies indicate an anti-
inflammatory effect of the Med Diet, and in particular
olive oil. Additional evidence of different fats impact-
ing on expression of pro-inflammatory cytokines in the
postprandial state in young, healthy men emphasizes
this point and that these effects may be translatable to
an elderly population [153�155]. Adherence to the
Med Diet was shown to be negatively associated with
plasma levels of IL-8, while assessment of the individ-
ual components showed that olive oil was negatively
associated with plasma levels of IL-6, IL-8, MCP-1, and

TABLE 28.3 The Nutritional Effects on Aged Immune Cells

Cell type Age-associated effects Evidence of potential dietary impact on aged cells

DCs • Reduction in pDC numbers
• Reduction in IFN-γ production by pDCs

• Increased costimulatory expression and production of
TNF-α, TGF-β, and IFN-γ with probiotics

Monocytes/macrophages • Increase in intermediate and nonclassical monocytes
• Defective costimulatory receptor expression
• Reduced phagocytic ability

Neutrophils • Defective NET formation
• Impaired phagocytosis
• Potential impact on ROS generation

• Increased numbers of cells involved in respiratory
burst with EPA

NK cells • Increase in total numbers
• Decrease in CD56BRIGHT cells
• Increase in CD562CD161 and CD56DIM cells
• Increased expression of HLA-DR and CD95

• Modulated percentages and activity with probiotics

T cells • Reduced production of naı̈ve T cells
• Increase in memory T cells
• Increased production of pro-inflammatory cytokines

• Increased numbers of naı̈ve T cells with β-carotene
• Reduced CD4-CD45RO1 memory T cells with carotenoids
• Increased lymphocyte proliferation with high oleic acid

containing oils (MUFAs)

B cells • Increased production of memory B cells
• Defects in B cell Ig repertoire diversity

• Increased antibody titers for vaccinations with increased
fruit1vegetable intake

• Reduced risk of pneumonia with n-3 PUFA (controversial;
opposing results found)

• Increased IgG1 and IgE antibody production specific for
E. coli with probiotics
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TNF-α, with all of these inflammatory markers being
positively associated with red meat consumption, and
MCP-1 and TNF-α were positively associated with
nonrefined cereal consumption [156].

Additional dietary patterns include the Okinawan
diet and the New Nordic diet (NND), which have
been associated with health benefits and longevity
[157�163]. The Okinawan diet combines dietary pat-
terns from China, Southeast Asia, and Japan with the
majority of energy provision from sweet potatoes,
which are high in fiber, vitamins, and minerals as well
as polyphenols. The Okinawan diet also consists of
large amounts of seaweed, which is high in EPA and
DHA, leafy vegetables, and soy as the principle source
of protein [159,161]. This diet is also associated with
increased longevity, like the Med Diet; however, the
effects are thought to be due to caloric restriction [161].
However, to date immune parameters have not been
investigated so further research is required to define
the potential effects of this dietary pattern in relation
to immunosenescence. The NND was developed to
produce a diet which not only addresses health but
also is palatable, ecologically sustainable, and that
includes regional foods. The dietary pattern of the
NND is very similar to that of the Med Diet with
increased intake of fruits and vegetables but with
emphasis on berries, cabbage, root vegetables, and
legumes, and increased intake of wholegrains and fish
is also encouraged [164,165]. There have been few
studies investigating the impact of this dietary pattern
on health outcomes in the elderly as of yet, however,
the latest reports show that in adults aged on average
55 years with metabolic syndrome (MetS) the NND
reduced levels of IL-1Ra, which is a marker of inflam-
mation in obesity and MetS, and this increased with
length of adherence; all other inflammatory markers
remained unaffected [160].

CONCLUSIONS

So far reductions in expression of pro-inflammatory
markers have been shown when investigating the
effects of the Med Diet on elderly subjects [152�154];
with other dietary patterns showing some potential.
However, as the adaptive immune system is substan-
tially altered with age and T-cell proliferation has been
shown to be effected by fat intake [127,142] there is
potential for fatty acids to impact on B cells. Thus, this
raises the potential for restoration of immune compe-
tencies in elderly people and counteracting the reduc-
tion in diversity observed with increased age. With
further research it may be possible to improve the
defects in aged immune function providing future die-
tary guidelines, specific to the elderly.

SUMMARY

• While the entire immune system is affected by the
aging process, the adaptive immune system and the
professional antigen presenting cells, DCs, are
particularly affected.

• With age T and B lymphocyte pools accumulate
increasing numbers of memory cells, while naı̈ve
cells decrease.

• The B cell Ig repertoire has reduced diversity with
increasing age.

• Nutritional intervention of immune parameters has
been effective with the use of polyphenols, fatty
acids, and fiber.

• Key targets of nutritional intervention include T cells
and DCs, with potential for effects on B cells.

• Single nutrient studies have provided useful
information; however, it is more appropriate to
investigate effects of immunonutrition using the
whole diet.

• Diets such as the Med Diet have demonstrated some
promising findings relating to ameliorating some
deleterious effects of immunosenescence such as
reducing production of inflammatory markers.

• The Okinawan Diet and the New Nordic Diet may
also have potential in improving immune function,
but further research is required.

• There may be potential to restore immune
competencies in elderly people if the reduction in
diversity can be counteracted.

• This research could result in future dietary
guidelines specific to the elderly.
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KEY FACTS

• Aging is associated to alterations in glucose
metabolism.

• Impairment of insulin secretion and action have
been demonstrated in aging individuals.

• Glucose homeostasis is linked to cognitive
decline.

• Inflammation and oxidative stress alter glucose
tolerance.

• Change in body composition partially account
for altered glucose metabolism in the elderly.

• Diet influences aging processes.

Dictionary of Terms

• IVGTT (intravenous glucose tolerance test): a method
to estimate insulin sensitivity based on intravenous
glucose infusion.

• SIR Sirtuin or Sir2: silent mating-type information
regulation 2 proteins with deacylase activity,
including deacetylase, desuccinylase, activity.
Sirtuins have been implicated in a wide range of
cellular processes, such as transcription, apoptosis,
inflammation, and stress resistance, as well as energy
efficiency and alertness during low-calorie diets.

• GLUTs (Glucose transporter): a class of membrane
proteins that allow the transport of glucose over
plasma membranes.

• RNS (reactive nitrogen species): family of antimicrobial
molecules derived from nitric oxide and superoxide.
Reactive nitrogen species cause nitrosative stress.

• ROS (Reactive oxygen species): reactive molecules
containing oxygen formed as a natural byproduct of
the normal metabolism of oxygen. ROS have
important roles in cell signaling and homeostasis.
Increase of ROS levels as a consequence of
environmental stress results in damage to cell
structures oxidative stress).

• mTOR (mammalian target of rapamycin): protein
encoded by the MTOR gene with enzymatic activity.
mTOR is serine/threonine protein kinase that
regulates cell growth, cell proliferation, cell motility,
cell survival, protein synthesis, and transcription.

• AGEs (Advanced glycation end-products): compounds
derived from the glycation reaction, which refers to
the irreversible addition of a carbohydrate to a
protein without the involvement of an enzyme.
AGEs overproduction is involved in aging, diabetes
vascular complications, and oxidative stress

Aging is characterized by a reduction in whole-body
carbohydrate metabolism. Glucose tolerance declines
with age and. currently, 30% of older adults in the
United States meet the criteria for diabetes diagnosis,
and a 4.5-fold increase in those aged 65 years and older
with diabetes has been projected from 2005 to 2050 [1].
At the same time, hyperglycemia, as the result of the
reduced glucose tolerance, exacerbates and accelerates
aging processes such as those involved in oxidative
damage, DNA repair, collagen cross-linking, and
capillary basement membrane thickening [2�5].
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From a clinical perspective, impaired glucose toler-
ance and diabetes are emerging risk factors for cogni-
tive decline and dementia [6,7] and in a more general
way hyperglycemia worsens geriatric syndromes lead-
ing to frailty [8].

In elder populations the first expression of glucose
intolerance is the increase in the postprandial blood
glucose levels; after an oral glucose tolerance test
(OGTT), fasting blood glucose level rises by
0.06 mmol/L per decade and the 2-h level by
0.5 mmol/L.

Several factors predispose the elder individual to
diabetes. The genetic component plays a pivotal role in
glucose metabolism alterations as demonstrated by
studies in elderly identical twins [9] and in specific
ethnic groups; some candidate genes have been identi-
fied and particularly one of them, the TCF7L2 gene
[10,11], is associated with a nearly 40% increase in the
risk of developing type 2 diabetes (T2DM). Other
genes are associated both with unsuccessful aging and
diabetes [12].

On this genetic background other environmental
factors and age-associated conditions, such as central
and sarcopenic obesity [13], inactivity, comorbidities,
and polypharmacology, would act leading to impaired
glucose tolerance and diabetes. Nevertheless, age
results as an independent determinant of glucose intol-
erance [14] and age-dependent changes in carbohy-
drate metabolism have been identified.

The possible mechanisms underlying these changes
are discussed in this chapter.

ALPHA AND BETA CELL MASS

A decline in insulin secretion is crucial for the
development of T2DM. The loss of beta cell mass and
function may be ascribed to several mechanisms, and
among those glucose and lipid overload have been
indicated as the most important [15,16]. In an in vitro
model of human islets, age correlates with glucose
induced beta cell apoptosis [17] and beta cell function
declines at a rate of about 1% per year with age in glu-
cose tolerant Caucasian individuals [18]. Obese indivi-
duals have an increase in relative beta cell volume of
about 50% compared to nondiabetic lean controls;
obese individuals with impaired fasting glucose (IGT)
and T2DM have a 40�63% beta cell volume deficit
compared to obese nondiabetic controls indicating that
these subject are unable to adaptively increase their
beta cell volume. Beta cell apoptosis is increased
by three- to ten-fold in obese and lean diabetic indivi-
duals compared to obese and lean nondiabetic indivi-
duals, respectively [19,20]. Nevertheless, in normal

aging, both alpha and beta cell mass appear to be
quite stable and, contrary to rodents, human islet cells
have shown a low rate of regeneration and prolifera-
tion; beta cell replication decreases age-dependently
while apoptosis remains stable [21]. The long lifespan
of human islet cells and the reduced plasticity of
this cell population contrast with the current opinion
on the expansion of cell mass when hormone demand
is increased, such as in aging. Expansion of beta
cell mass during obesity seems to be mainly attribut-
able to neogenesis [22]. Even if the possibility that
neogenetic processes from ductal and hematopoietic
cells in aging individuals are a balancing effect of
increased apoptosis, as seen in rodents [23], cannot be
excluded, these phenomena seem both to be marginal
in glucose homeostasis maintenance during aging.
Thus it is more likely that a compensatory increase
in insulin secretion may account for a functional
rather than an anatomical process [24�26]. Whereas in
diabetic subjects a relative and absolute increase
in alpha cell mass has been documented [27], there
is no evidence of an expansion of this cellular line
during aging.

INSULIN SECRETION, METABOLISM,
AND CLEARANCE

Aging is associated with insulin secretion dysfunc-
tion leading to glucose metabolism disturbances and
accounting for the increased prevalence of diabetes in
the elderly population. Beta cell secretory ability can
be evaluated by several techniques, the most relevant
being Homa beta cell, IVGTT, Disposition Index using
Minimal Model, Oral Glucose Tolerance Test (OGTT),
and Hyperglycemic Clamp Technique; the latter is
considered the golden standard. Nevertheless each
method shows advantages but also limitations and dis-
advantages [28]. All these techniques have been used
for estimating beta cell function in aging, giving often
contrasting results. Apart from the techniques applied
in the different studies, multiple factors can account
for conflicting results such as a small magnitude of the
aging effect, coexisting confounding factors, such as
obesity or decreased physical activity, and the degree
of insulin resistance. Taken as a whole, the literature
shows that almost all the indices of insulin secretion
are potentially affected in aging, indicating a decreased
beta cell secretory reserve [29] but this defect would
not entirely explain the reduced glucose tolerance in
the elderly population.

The hypothesis that beta cell sensitivity to glucose
stimuli is reduced in elderly people is still under
debate. Elahi and colleagues [30] using hyperglycemic
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clamp did not find any differences in the first and sec-
ond phase of insulin response in elderly volunteers
compared to middle-aged and young individuals. In
contrast, when insulin secretion is matched to sus-
tained continuous glucose stimuli, elderly people show
a decrease in mass and amplitude of rapid insulin
pulse accounting for a reduced responsiveness of the
beta cell to the glucose [31]. The aging beta cell
appears also less able to properly adapt insulin secre-
tion to the oscillating blood glucose. In addition insulin
secretion in response to arginine stimulus is reduced
by 48% in older compared to younger people [32].

When beta cell function is assessed by an OGTT-
based disposition index, a measure of the capacity for
insulin secretion adjusted for insulin sensitivity, an
age-dependent decline is evident [33].

Applying a sophisticated research design, Bazu and
colleagues demonstrated an impairment of insulin
secretion in elderly individuals [34]. The study was
conducted using both a mixed meal and an intrave-
nous glucose tolerance test and insulin secretion was
considered in light of the degree of insulin resistance.
The defect concerned the first and the second phase of
insulin secretion as well as glucose-sensitivity.

Aging is also associated to disruption in the rhyth-
micity of insulin release. Insulin is normally secreted
in a pulsatile way consisting of rapid low amplitude
pulses occurring every 8�15 min and ultradian pulses
with a periodicity of 60�140 min having a larger
amplitude. The rapid pulses inhibit hepatic glucose
production and the ultradian ones stimulate peripheral
glucose disposal. Both patterns appear to be dysregu-
lated in elderly individuals as the rapid pulses are
reduced in amplitude and the ultradian in frequency
[35,36].

The glucose-induced insulin secretion has as the
first step the translocation of the glucose transporters
(GLUTs) and especially the GLUT2 on the cell surface.
While demonstrated in rodent and primate models, at
present time there is no evidence of defect of beta cell
GLUTs in nondiabetic elderly people; on the contrary
some evidence exists regarding a lower glucose oxida-
tion and an higher lipid oxidation in the elderly com-
pared to young. The enhancement of the Randle cycle
may lead to a reduced ATP generation and conse-
quently to a reduced insulin secretion [37]. Data
obtained in rats demonstrated an impairment of insu-
lin granule exocytosis due to a diminished calcium
uptake in response to an age-dependent decline of
potassium efflux [38]. More recently evidence on the
role of the NAD-dependent acetylase proteins belong-
ing to the SIR2 family in both senescence and metabo-
lism has raised interest for a possible implication of at
least two of them, namely SIRT1 and SIRT4, in beta

cell survival, insulin secretion, and peripheral glucose
utilization but data on humans are lacking.

Another putative mechanism for reduced insulin
action is linked to an age-dependent impairment of the
conversion of proinsulin to insulin. Even though proin-
sulin concentration and the proinsulin/insulin ratio
increase with advancing age, this could be ascribed to
the age-related decline in kidney function given that
the renal metabolic clearance is normally greater for
proinsulin than for insulin [39].

Incretins are gut hormones that potentiate insulin
release and diminish glucagon secretion in response to
meals. A reduced incretin action has been recognized
as one of the key factors leading to hyperglycemia in
diabetes. Two incretins, the glucagon-like peptide 1
(GLP-1) and the glucose-dependent insulinotropic
polypeptide (GIP), have been extensively studied in
diabetic individuals. In elder people, basal GIP levels
do not differ from those of young and middle-aged
people while the response of both GIP and GLP-1 to
oral glucose can be normal or increased. This latter
condition is most likely attributable to a reduced activ-
ity of the dipeptidyl peptidase IV (DPPIV), the enzyme
that cleaves and inactivate the hormones, in old people
[40,41]. Using clamp technique, the potentiation of
insulin secretion in response to GIP infusion is reduced
by 48% at low glycemic plateau but does not differ
between young and old individuals at high glycemic
plateaux accounting for a partial reduction of beta cell
sensitivity to this hormone, a defect that disappears at
elevated glucose concentration.

Total body insulin clearance is lower in elderly peo-
ple despite a higher hepatic insulin extraction [42,34];
this evidence can partially account for the unchanged
basal and early postmeal insulin levels, reported by
many authors in elderly people, masking the reduction
in insulin production. The reduction of insulin clear-
ance could be attributable to the age-related decline
in kidney function but other mechanisms involving
vascular insulin proteases or insulin receptor binding
can be invoked. However, it has been proposed
that the increased hepatic extraction may represent
a balancing mechanism for the reduced insulin clear-
ance. More recently, in healthy 70-year-old individuals
with nonalcoholic fatty liver disease, which is one
of the components in the insulin-resistant state, a
reduction in hepatic insulin extraction has been
reported [43].

Alpha cell activity is preserved during aging; nei-
ther basal nor stimulate glucagon level vary and alpha
cell sensitivity to alanine is normal; furthermore, gluca-
gon suppression by both hyperglycemia and hyperin-
sulinemia, as well as its metabolic clearance rate, do
not differ in young and older individuals [42].
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INSULIN ACTION

Insulin is the main regulator of glucose metabolism.
Insulin action begins with the binding of insulin to a
heterotetrameric receptor on the cell membrane of the
target cells. Insulin receptors are membrane glycopro-
teins composed of two separate insulin-binding (alpha-
subunits) and two signal transduction (beta-subunits)
domains. The insulin signal is further propagated
through a phosphorylation network involving other
intracellular substances.

Insulin exerts its metabolic action in the so-called
insulin-dependent tissue, mainly muscle and adipose
tissue. The liver is not such a tissue but insulin action
on the hepatocyte is central in glucose metabolism.

Insulin resistance can be defined as a subnormal
biological response to normal insulin concentrations.
Thus it reflects the inability of insulin to increase glu-
cose uptake and utilization in an individual as much
as it does in a normal population; in clinical practice,
insulin resistance refers to a state in which a given con-
centration of insulin is associated with a subnormal
glucose response.

It is well established that aging is a major risk factor
for the development and progression of insulin resis-
tance, central obesity, type 2 diabetes, and cardiovascu-
lar disease, but what links aging and metabolic
dysfunction at the molecular and cellular level is less
known. A cluster of age-related alterations has been rec-
ognized responsible for insulin resistance: (1) oxidative
stress and acquisition of mitochondrial dysfunctions;
(2) systemic inflammation; (3) changes in body compo-
sition, in term of reduction of lean muscle mass (sarco-
penia) and redistribution of fat mass with a greater
increase of intraabdominal fat; (4) hormonal changes,
specifically reduction in growth hormone secretion
(somatopenia), late onset hypogonadism, impairment of
thyroid and adrenal functions, altered secretion of
appetite-related peptides (leptin, ghrelin, and adiponec-
tin); and (5) influence of energy balance [44].

Resting on the results of the hyperinsulinemic-
euglicemic clamp studies, insulin sensitivity appears to
be reduced in older versus younger adults. The reduc-
tion in insulin effectiveness can be potentially
explained by some of the above-cited conditions, such
as obesity and inactivity, as well as by mitochondrial
dysfunction, increased oxidative stress, and inflamma-
tion, nevertheless it appears to be decreased even after
adjustment for these variables.

Hepatic glucose production (HGP) plays a pivotal
role in glucose homeostasis both in the fasting and in
the postprandial state. The ability of insulin in sup-
pressing hepatic glucose production is not reduced in
elderly individuals. On the contrary, at a physiological

level HGP suppression occurs more rapidly in older
than in younger subjects probably by virtue of a
delayed suppression of endogenous insulin release.
Thus HGP seems not to play a significant role in
decreased glucose tolerance of elderly people.

On the contrary, there is a general consensus on the
fact that aging is accompanied by an increased periph-
eral tissue insulin resistance, mainly at the level of
skeletal muscles. Skeletal muscle is responsible for
70�80% of whole body insulin-stimulated glucose
uptake and is therefore generally considered the most
important site of insulin resistance. Lean body mass
decreases with age with a loss of approximately 30%
from the third to the seventh decade and 40�45% from
the eighth decade [45]. Muscle mass, a change in the
proportion of different fiber types within the muscle
and a lower density of capillary supply to the tissue,
could be virtually evoked as causes for a reduced insu-
lin action but it is unlikely that this mechanism per se
could explain the development of insulin resistance in
aging.

Muscular lipid infiltration may play an important
role in the adverse metabolic profile associated with
muscle loss in aging. Intermuscular fat has been corre-
lated with insulin resistance in numerous studies inde-
pendently of body weight, fat mass, or percentage
body fat. Muscular lipid accumulation is higher in
insulin-resistant state [46].

Aging is also characterized by the accumulation of
visceral fat and hepatic lipid, both of which are associ-
ated with insulin resistance and metabolic markers of
cardiovascular disease and systemic inflammation [47].

It has been demonstrated that glucose can stimulate
its own uptake in the absence of insulin, an effect
which is known as “glucose effectiveness” or
noninsulin-mediated glucose uptake.

In healthy elderly subjects glucose effectiveness is
impaired during fasting, but is normal during hyper-
glycemia. It has also been demonstrated that elderly
patients with diabetes have an even greater
impairment in glucose effectiveness than healthy
elderly subjects although the cause of this abnormality
is uncertain, it may relate to a decreased ability of glu-
cose to recruit glucose transporters to the cell surface
in these patients [48].

In the past decade much effort has been applied to
understanding the role of oxidative stress and low-
grade systemic inflammation in the process of aging
and to studying the key pathway involved in the regu-
lation of glucose metabolism, the mammalian target of
rapamycin (mTOR) and the insulin/IGF1-like signaling
pathway (IIS).

Oxidative stress is recognized as a key participant
in the development of insulin resistance in the elderly.
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The reactive oxygen species (ROS), generated via
incomplete reduction of oxygen, and the reactive
nitrogen species (RNS), produced via the reaction
of the nitric oxide with superoxide, induce a cumu-
lative damage to cellular macromolecules during
aging [49,50].

The oxidative phosphorylation represents the main
mitochondrial process by which the electrons are
removed and transferred from organic molecules to
oxygen and the energy released is used to synthesize
ATP. Thus mitochondria are the main source of superox-
ide anion and the principal target of oxidative damage
(known as the mitochondrial free radical theory of
aging) [51]. Cumulative oxidative alterations of proteins,
lipids, and DNA (mtDNA) during the lifetime impairs
the respiratory chain components, leading to an insuffi-
cient supply of energy to cells and finally apoptosis [52].

Evidence suggests a link between oxidative stress
and insulin resistance. In pancreatic beta cells, the dys-
function of mitochondrial energy metabolism impairs
glucose-induced insulin secretion [53,54]. Hydrogen
peroxide is able to activate the same IIS signaling path-
way, which thus induces the GLUT4 translocation
from intracellular vesicles to the plasma membrane
with glucose uptake in adipocytes and muscles and
lipogenesis in adipose tissue [55,56]. In a state of
augmented oxidative stress, the effectors for tyrosine
kinase activity of the insulin receptor (IR), IRS
molecules, have been found hyperphosphorylated,
released from the internal membrane, and subjected
to increased protein degradation. From this perspec-
tive, mitochondrial impairment may explain the
failure of insulin signaling and insulin resistance [57].
Some authors have hypothesized that the decreases
in number and mitochondrial function constitute
the mechanism by which triglycerides have been
found accumulated in skeletal muscle and liver,
thus interfering with insulin-stimulated glucose metab-
olism [58,59]. Petersen et al. using magnetic resonance
spectroscopy have shown in elderly participants an
increased intramuscular and intrahepatic fat accumula-
tion and an impaired synthesis of ATP; these patients
were markedly insulin resistant as compared with
young controls [53]. Furthermore, enhanced lipid per-
oxidation markers have been reported in animal mod-
els of diabetes and obesity and in plasma and urine of
diabetic patients [60]. A sustained hyperglycemia may
contribute to oxidative stress: the urinary excretion
rates of 8-iso-PDG2α, an isoprostane isomer derived
from free radical-mediated oxidation of arachidonic
acid, has been found to be significantly higher in
patients with type 2 diabetes as compared with nondi-
abetic healthy subjects [61].

Finally an elevated ROS production has been pro-
posed as a marker of accelerated senescence; Passos

et al. observed in senescent cells higher ROS levels,
mtDNA damage, and shorter telomere [62].

Several large epidemiologic studies have described
in older adults a chronic low-grade inflammation,
revealed by increased levels of cytokines, especially
CRP, IL-6, and TNF-α. The proposed mechanisms
include: (1) the shift to more visceral adiposity, which
exerts the role of active endocrine organ by secreting
cytokines and adipokines; (2) declining levels of sex
hormones after andropause and menopause, both tes-
tosterone and estrogen are suggested to be able to
inhibit the secretion of IL-6; and (3) cumulative oxida-
tive damage, which further invokes an inflammatory
response. Pro-inflammatory cytokines play a role in
developing insulin resistance. In human studies, CRP
and IL-6 have been found to predict diabetes develop-
ment, even though in some of them the association
became nonsignificant after adjustment for possible
confounders, such as body mass index, smoking, and
systolic blood pressure [63].

Mammalian TOR is an evolutionarily conserved
cytoplasmic protein which belongs to the phosphoino-
sitide 3-kinase (PI3K)-related protein kinases (PIKK)
family. It is the target of rapamycin, a macrolide with
immunomodulatory properties produced by the bacte-
rium Streptomyces hygroscopicus [64,65]. mTOR is the
catalytic subunit of two distinct complexes, mTORC1
and mTORC2. They share some components and dif-
ferentiate for a unique accessory protein: mTORC1
contains the regulatory-associated protein of mTOR
(RAPTOR), and mTORC2 the rapamycin-insensitive
companion of mTOR (RICTOR) [66,67]. mTORC1 inte-
grates signals from growth factors (insulin and insulin-
like growth factors (IGFs)), nutrients (especially amino
acids), energy status, and various stressors (hypoxia
and DNA damage) to inhibit autophagy and promote
mRNA translation, cell mass increase (especially in
skeletal muscle), lipogenesis, and mitochondrial bio-
genesis (proliferation and function). Little is known
about the upstream activators of mTORC2, probably
its interaction with growth factors determines glucose
uptake and glycogen synthesis in peripheral tissues
and inhibition of hepatic gluconeogenesis [68].

The inhibition of mTORC1-regulated processes
(mRNA translation and autophagy) through dietary
restriction or rapamycin has been documented to
extend life in yeasts, worms, flies, and rodents and to
delay the incidence of age-related disease, including
cancer, neurodegeneration, cardiovascular disease,
and diabetes in rodents and rhesus monkeys [69,70].
An inhibited mRNA translation reduces the demands
on the protein folding systems and maintains protein
homeostasis. The evidence come from different
species, even if the specific mRNAs seem to differ [71].
Furthermore, studies in yeast and invertebrates
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support that activation of autophagy through
mTORC1 inhibition, is required to extend lifespan
[72,73]. Autophagy declines with age; the accumula-
tion of damage (unfolded proteins, endoplasmic
reticulum stress, and degenerate mitochondria) may
contribute to the development and progression of
age-related disease [74]. mTORC1 also regulates
mitochondrial function; its inhibition in yeast and its
lack in adipose tissue of mice resulted in a shift toward
greater respiration [75,76].

mTOR increases pancreatic beta cell mass and
function in response to signals from glucose, amino
acids, and fatty acids; this mechanism helps to com-
pensate the age-related development of insulin resis-
tance. However, hyperactivation of mTORC1 during
aging or in the condition of chronic overabundance of
nutrients, contributes to alteration of energetic homeo-
stasis [77]. Interestingly, mTORC1 and insulin/IGF1-
like signaling pathways are linked: mTOR is activated
by IIS through AKT and negatively regulates IIS
through S6 kinase 1(S6K1)-mediated phosphorylation
of IRS-1 at the cellular membrane with consequent
insulin desensitization [78,79].

The upregulation of mTORC1 triggers an S6K1-IRS-1
negative feedback loop which translates into reduced
cellular glucose uptake and glycogen synthesis in liver
and muscle, increased hepatic gluconeogenesis, excess
fat deposition in white adipose tissue, and ectopic
lipogenesis in liver and muscle. This deregulation
of mTOR signaling contributes to the development
of hyperinsulinemia, insulin resistance, hyperglycemic
condition, and, from a clinical perspective, obesity [80].
Metformin has been shown to be an inhibitor of
mTORC1: it decreases the phosphorylation of its
substrates S6K1 and 4E-BP1 and increases longevity in
some species [81,82].

A LINK BETWEEN INSULIN AND
CENTRAL NERVOUS SYSTEM AGING:

BRAIN INSULIN RESISTANCE

Insulin plays a key role in the central nervous sys-
tem (CNS). This is demonstrated by the fact that insu-
lin receptors are very abundant in the brain [83].
Insulin receptors are located in the synapses of both
astrocytes and neurons. Although insulin and insulin
receptors are abundant in the brain, they are selec-
tively distributed, with high concentrations in the
olfactory bulb, cerebral cortex, hippocampus, hypo-
thalamus, amygdala, and septum [84].

It is controversial as to if insulin is synthesized in
the adult brain or if it is readily transported into the
central nervous system across the blood�brain barrier
by a saturable, receptor-mediated process.

Raising peripheral insulin levels acutely elevates
brain and cerebrospinal fluid insulin levels, whereas
prolonged peripheral hyperinsulinemia downregulates
blood�brain barrier insulin receptors and reduces
insulin transport into the brain.

Due to structural and functional homology,
both insulin and IGF-1 can bind and activate
both their receptors: insulin receptor (IR) and IGF-1
receptor (IGF-1R) [85]. Following the binding of the
receptor with its ligand, two main pathways can
be activated: the PI3K/Akt/GSK-3beta and the Ras/
Raf-1/ERK [86].

The activation of the first signaling cascade (PI3K/
Akt) results in inhibition of cellular apoptosis [87] and
increased synthesis of proteins involved in neuronal
antioxidant defense [88] as, for example, increased
expression of the Cu/Zn-superoxide dismutase [89],
stimulation of NFR-2/antioxidant responsive element
ARE [90], and glucose metabolism; another target of the
signaling cascade is CREB with an improvement of mito-
chondrial membrane potential, intracellular levels of
ATP, and hexokinase activity: this improves glucose
metabolism in adult neurons and axonal outgrowth [91].

The parallel signaling cascade (ERK) has tradition-
ally been a mitogenic role [92]. Some authors suggest it
is involved in synaptic plasticity and cell death after
oxidative stress [93] and excitotoxicity mediated by
N-methyl D-aspartate (NMDA) receptor [94].

Insulin performs multiple functions within the CNS:
regulation of glucose metabolism, involvement in syn-
aptic transmission and memory/learning, and a neuro-
protective role.

As for glucose metabolism, it is known that a
group of neurons called glucosensing neurons, are
located in the hypothalamic arcuate nucleus and
regulate energy homeostasis of the organism [95].
Two antagonistic neuronal populations are present:
orexigenic neurons coexpressing neuropeptide Y
(NPY) and agouti-related peptide (AgRP) and the
anorexigenic neurons that produce proopiomelanocor-
tin (POMC) and cocaine and amphetamine related-
transcript (CART [96]. Both of the above physiological
levels of blood sugar and intracerebroventricular
administration of insulin reduce the level of expres-
sion of NPY/AgRP and increase those of POMC/
CART, leading to a reduced ratio of orexigenic/
anorexigenic signals and therefore reduced body
weight. On the contrary, an alteration of brain insulin
signal (as is the case of insulin resistance state), deter-
mines activation of the neurons containing NPY,
AgRP, and GABA, resulting in an orexigenic effect
and increase of body weight [97]. In addition, insulin
at the hypothalamic level regulates hepatic glucose
production: the central insulin infusion suppresses
hepatic glucose production, while the alteration of
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hypothalamic insulin signaling stimulates gluconeo-
genesis [98].

Another important role that insulin plays in the
CNS is its involvement in memory/learning and in
synaptic transmission. Insulin has been shown to
improve memory/learning in rats [97] and in healthy
humans after nasal administration, without changes in
peripheral blood glucose levels [99]. These effects may
be mediated by the known actions of insulin on synap-
tic transmission (promotion of the release of epineph-
rine and norepinephrine from adrenergic terminals
[100], inhibition of synaptic reuptake of norepineph-
rine, stimulation of neuronal uptake of serotonin
[101]), and the most recent discoveries about the
actions of insulin confirm this hormonal activity (mod-
ulation of the NMDA receptor and the increased influx
of intracellular calcium and reinforcement of synaptic
communication between neurons) [102].

Neuroprotection is an additional role that insulin
plays in the brain. Both insulin and IGF-1 attenuate
apoptosis of neurons subjected to oxidative stress or
other harmful conditions [88]. Indeed the signal IR/
IGF-1R improves neuronal metabolism of glucose and
increases the antioxidant defenses [103].

The harmful effect of insulin deficiency in the
brain in the case of type 2 diabetes mellitus is an
important evidence of the key role of insulin in the
CNS. During type 2 diabetes mellitus, hyperinsuline-
mia determines a downregulation of transport of insu-
lin within the brain resulting in a reduction of the
insulin signaling pathways and glycolytic enzymes
[104]. This alters the mitochondrial electron transport
chain (which can be further altered by aging and by
amyloid-beta peptide) and leads to oxidative stress
and metabolic dysfunctions [105].

During diabetes and chronic hyperglycemia, an
increased activity of mitochondrial nitric oxide
synthase (NOS) may occur, leading to increased levels
of nitric oxide (NO) and inhibition of ATP synthase;
this can lead to an alteration in the production of ATP
and cell death [106]. Moreover, chronic hyperglycemia
can aggravate oxidative stress through advanced gly-
cation endproducts (AGEs) formation, autooxidation
of glucose, endoplasmic reticulum stress, and alter-
ation of antioxidant defenses [107].

Diabetes can cause brain damage through another
fundamental mechanism that is hypoglycemia. Mainly
in elderly patients, recurrent hypoglycemia alters glu-
cose metabolism and protein synthesis, accelerates
lipolysis, and alters the ion homeostasis as well as
mitochondrial function; ultimately it causes neuronal
dysfunction especially in areas of the brain involved in
memory and learning [108].

Insulin appears to play a key role in the brain even
in the etiology of age-related neurodegenerative

disorders: the most important of which is Alzheimer’s
disease (AD). AD is a degenerative disease character-
ized by a progressive deterioration of cognition [109].
Hallmarks histological of the disease are senile
plaques (formed by deposition of amyloid beta) and
intracellular neurofibrillary tangles (composed of
hyperphosphorylated tau protein) [110]. Indeed the
accumulation of amyloid beta is a physiological pro-
cess that occurs during aging, but in the case of AD
this process is expanded, probably due both to over-
production of the amyloid beta and a reduction of its
catabolism [111]. Abnormal metabolism of amyloid
beta seems to be secondary to oxidative stress and
metabolic and mitochondrial disorders [112].

Impaired insulin signaling and reduced glucose
transport in the brain seem to be central in the devel-
opment of the disease. Not surprisingly AD and type 2
diabetes are epidemiologically strongly related. Type 2
diabetes increases the risk of developing AD [113], and
patients with AD have a higher incidence of diabetes
[114]. Furthermore, the two pathologies, as age-related
degenerative processes, share many common features:
CNS insulin resistance, abnormal IR-mediated signal,
reduced transport into the cells, and altered intracellu-
lar glucose metabolism [115]. In both diseases there is
a reduction of levels of insulin mRNA expression,
IR and IGF-1R, insulin receptor substrate (IRS-1 and
IRS-2) [109]. Moreover amyloid beta, and in particular
the soluble amyloid beta oligomers, have been shown
to alter the function of the IR resulting in metabolic
and neurotrophic damage of neurons [116]. The above-
mentioned evidence led to defining AD as a state of
cerebral insulin resistance or type 3 diabetes [117].

In addition, insulin modulates the metabolism of
amyloid beta, and the activation of IR and IGF-1R via
the signaling cascade of PI3K/Akt pathway inhibits
the production of amyloid beta and its abnormal intra-
cellular accumulation [118]. Insulin also competes with
amyloid beta for the same catabolic enzyme (insulin-
degrading enzyme IDE), a metal-protease that
degrades both the substances. In insulin resistance
states, this enzyme can be inhibited with subsequent
impairment of the degradation of amyloid beta and
this process enhances its neurotoxicity [119]. Insulin
and IGF-1 may also modulate the phosphorylation of
tau protein, but not all authors reached the same con-
clusions. Some have shown that treatment with insulin
can reduce the phosphorylation of this protein [120],
whereas other authors reported that exposure to insu-
lin by some human brain cells can lead to the hyper-
phosphorylation of tau protein [121].

The decline of brain insulin action is not found only
in pathological conditions (eg, diabetes and AD)
but also in a physiological condition and it can be
demonstrated in aging.
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Aging is associated with changes in the metabolism
of insulin, reduced expression of IRs and IR mRNA,
reduced accessibility of insulin to the brain, lower
affinity of insulin to its binding sites, and, finally,
changes in intracellular signaling pathways [122,123].

A growing body of evidence suggests that aging is
associated with a state of chronic low-grade inflamma-
tion, in the same way as occurs in obesity and during
high fat diet (HFD) [124].

Following a diet rich in fatty acids or as a result of
obesity-mediated release of pro-inflammatory cyto-
kines, activation of the inflammatory cascade occurs in
the hypothalamus [125].

During normal aging, the basal hypothalamic level
of activated NF-kB increases gradually leading to a
pro-inflammatory state [126].

Hypothalamic inflammation is expressed mainly
through the activation of inflammatory kinases: c-Jun
N-terminal kinase (JNK) and nuclear factor-kB (NF-kB)
[127]. Furthermore, obesity, HFD and the activation of
NF-kB pathways, can lead to endoplasmic reticulum
(ER) stress that further activates NF-kB so that a
vicious circle occurs [128]. The inflammatory cascade
directly determines insulin resistance, mainly by inter-
fering with the phosphorylation of second messengers
after IR activation [96]. For example, the activation of
JNK inhibits the phosphorylation of IRS and thus ulti-
mately reduces the action of the insulin signal [129].

The inflammatory condition is further exacerbated
in the brains of individuals with AD; a vicious circle is
created as inflammation facilitates the formation and
deposition of amyloid beta [130], and, on the other
hand, amyloid beta stimulates and perpetuates the
inflammation of the brain [131].

PREVENTING GLUCOSE METABOLISM
ALTERATION

Over recent years, improvements in standards of liv-
ing and health care have resulted in a significant
increase in life expectancy and of frailty, defined as
an increased vulnerability to stress in old age. The
Cardiovascular Health Study Collaborative Research
Group has provided the criteria for defining frailty,
including a decline in strength, unintentional weight
loss, fatigue, low physical activity level, and slow walk-
ing speed. Frail older adults have high risk for frequent
falls, hospitalizations, disability, and death [132,133].

As previous described, the age-related changes in
body composition include a body fat redistribution
with increase of intraabdominal and intrahepatic fat,
and a progressive loss of skeletal muscle mass and
muscle strength, known as sarcopenia. The prevalence
of sarcopenia is estimated to range from 6% to 26%

depending on age, sex, and measurement of muscle
mass; in persons aged 80 and older the prevalence
increases to over 50% [134,135]. Sarcopenia explains
the functional decline in older adults and recognizes a
multifactorial etiology: lifestyle factors (smoking, alco-
hol consumption, limited physical activity, and sun
exposure), socioeconomic status (income, education,
and occupation), nutritional habits (reduction of pro-
tein intake), altered muscle structure (increased fatty
infiltration in skeletal muscle and myostatin expres-
sion, impaired muscle metabolism, mitochondrial dys-
function with impaired sensitivity to insulin),
inflammatory status, hormonal changes (lower secre-
tion of growth hormone and testosterone), and chronic
diseases [136�143].

On the other hand, longevity is the result of numer-
ous factors, including genetic, environmental, and
medical factors (preventive and curative medicine),
but it is also recognized that there is a stochastic com-
ponent [144]. These determinants are still under inves-
tigation, but it is clear that protective behaviors may
result in exceptional longevity: abstaining from smok-
ing and alcohol consumption, constant and moderate
physical activity, social engagement, and a diet rich in
vegetables, fruits, and whole grains.

Older adults should engage in regular physical
activity and avoid an inactive lifestyle in order to
increase energy expenditure and attenuate the risk for
developing and progression of most chronic diseases.
Unfortunately, the arthritic disorders, and heart and
pulmonary failure contribute to a sedentary life with
advancing age [145]. A study of approximately 13,000
elderly people (median age at baseline of 74 years) fol-
lowed up for 28 years, has showed in those who have
spent any amount of time in physical activity a
15�35% lower risk of mortality than those who have
spent no time in physical activity [146]. Similar results
have been shown by the longitudinal Survey in
Europe on Nutrition and the Elderly: a Concerted
Action (SENECA) Study and by the Italian Silver
Network Home Care project [147,148]. Physical activity
is associated with beneficial metabolic changes:
reduced body weight and fat mass, decrease in blood
concentrations of insulin, proinsulin, insulin-like
growth factors, glucose and lipids, increased energy
expenditure, changes in sex hormone levels, and
immune function. The improvement in metabolic pro-
file reduces consequently the prevalence of cardiovas-
cular disease and cancer [149].

Regular exercise is the only strategy found to prevent
frailty, improve sarcopenia and physical function in
older adults by guaranteeing the maintenance of muscle
strength, postural balance, functional independence,
and health-related quality of life. Resistance exercise
training is more effective in increasing muscle mass and
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strength, whereas endurance exercise is superior for
maintaining and improving maximum aerobic power.
Recommendations should include a balanced program
of both endurance and strength exercises, performed
regularly, at least 3 days a week [150].

In the last years, the sarcopenic obesity, born from
the confluence of longevity and augmented incidence
of obesity, has been recognized as an emerging prob-
lem. It has a prevalence of 20% in older adults
[151,152]. The combination of both obesity and sarco-
penia augments the risk for poor health-related out-
comes, disability (including dyskinesia and difficulties
of endurance), metabolic comorbidities, and mortality
[153�156]. Diabetes, as well as obesity, has been found
to accelerate the progression of sarcopenia and physi-
cal disability in older adults.

The effects of weight loss in older adults remains
controversial because of the concomitant loss in lean
body mass and exacerbation of sarcopenia [157].
Several studies have focused on the association
between body mass index (BMI) in the elderly and
mortality, with contrasting results. A collaborative
analysis of 57 prospective studies which included
almost 900,000 adults, has shown that each 5-point
increase in BMI over 25 kg/m2 is associated with an
increase in mortality of 30% in patients above 70 years
and of 15% in those above 80 years [158]. Among 13
prospective studies conducted in people aged $65
years during a follow-up of 3�23 years, none of them
has recognized in mild-to-moderate overweight (BMI
range 20�27) a risk factor for all-cause mortality. Few
of them have described an association between BMI
over 27 kg/m2 and mortality, but the same association
seems to disappear in adults above 75 years [159]. The
reason for this contrasting result is not clear, the high
BMI may reflect an increase of total (and abdominal)
fat mass with adverse effects or, on the contrary, may
reflect a higher lean mass, a nutritional reserve in peri-
ods of illness and disease [160].

It has also been recognized that a low BMI, espe-
cially below 20 kg/m2, is associated with an increased
mortality among elderly people, probably due to loss
of peripheral and respiratory muscle mass and to coex-
isting illness [158,160].

Some studies have examined the role of physical
activity in obese older adults. Davidson et al. have ran-
domized abdominally obese older patients in 4 groups:
resistance exercise, aerobic exercise, resistance and
aerobic exercise (combined exercise), or nonexercise
control. After 6 months, significant improvements in
functional limitations have been found in all groups
compared with controls and amelioration of insulin
resistance in the aerobic exercise and the combined
exercise group but not in the resistance exercise group.
Thus the combination of resistance and aerobic

exercise appears to be the optimal exercise strategy for
simultaneous reduction in insulin resistance and func-
tional limitation in this kind of patients [161].
However, Manini et al. have found that one year of
moderate intensity physical activity intervention
involving aerobic, strength, balance, and flexibility
exercise (150 min per week) may improve physical
function in older adults, but the positive benefits are
attenuated with obesity [162].

Other authors have illustrated the superior benefits
of a combined treatment program, including both diet
and exercise. Villareal et al. have studied 107 obese
adults, 65 years of age or older, randomly assigned to
a control group, a weight-management (diet) group, an
exercise group, or a weight-management-plus-exercise
(diet-exercise) group. Body weight decreased by 10%
in the diet group and by 9% in the diet-exercise group,
but did not decrease in the exercise group or the con-
trol group. Lean body mass and bone mineral density
at the hip decreased less in the diet-exercise group
than in the diet group; furthermore, strength, balance,
and gait improved consistently in the same group
[163]. Similarly, Santanasto and colleagues have exam-
ined 36 overweight to moderately obese sedentary
older adults for 6 months. They were randomized into
either a physical activity plus weight loss (both aerobic
and resistance exercise training and a healthy-eating
weight loss plan based on the Diabetes Prevention
Program), or physical activity plus successful aging
health education programs. In the weight loss group,
the loss of muscle fat infiltration, thigh fat, muscle
area, and strength were greater, but thigh fat area
decreased 6-fold in comparison to lean area.
Significant improvements on the SPPB score (Short
Physical Performance Battery) were achieved in this
group probably due to an inverse correlation between
the score and change in fat [164].

Regarding older adults with diabetes, only a few
studies have specifically analyzed the effects of exercise
on physical function. Allet et al. have shown that in dia-
betic participants in physiotherapeutic training group
after 12 weeks there was a significant improvement in
gait speed, balance, muscle strength, and joint mobility
compared to participants in the no-treatment control
group [165]. Geirsdottir et al. have investigated muscle
mass and physical function before and after a resistance
exercise program of 12 weeks in participants with pre-
diabetes or type 2 diabetes mellitus compared with
healthy controls. All groups experienced significant
improvement in muscle strength and function. Glucose
and triacylglycerol improved significantly in the healthy
group, glucose level alone improved significantly in the
prediabetic group, whereas in patients with T2DM no
metabolic parameters changed significantly [166].
Furthermore, a balance exercise program has been
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found able to improve balance and trunk propriocep-
tion in individuals with diabetic neuropathy [167].

Physical activity seems also able to reduce the levels
of age-related inflammatory markers, probably due to
a greater decrease in visceral fat. In this respect, the
Cardiovascular Health Study (CHS), the MacArthur
Studies of Successful Aging and the InCHIANTI study
have shown a beneficial association between inflam-
matory markers and physical activity [168�170].

NUTRITION AND AGING

In recent decades, great advances have been made
in research on aging processes and molecular path-
ways involved in aging and age-related diseases: car-
diovascular disease, type 2 diabetes, and Alzheimer’s
disease. These findings can be applied to the field of
nutrition: some foods seem to accelerate and facilitate
the processes of aging, while other foods can have the
opposite effect, slowing malicious processes and
reducing the incidence of age-related chronic diseases.

The two pathways most studied and most involved
in the aging process are: mTOR (mammalian target
of rapamycin) [71] and ISS (insulin/insulin-like growth
factor signaling) [171]. Both are nutrient-sensing
pathways: they can be triggered by nutrient in the
diet; carbohydrates trigger especially the ISS pathways
[171], while amino acids trigger primarily the mTOR
pathways [172]. ISS is activated by the binding of the
transmembrane receptor for insulin and IGF-1 with its
ligand, and promotes the growth and proliferation of
cells; mTOR is an intracellular protein and is a potent
protein translation.

A large amount of data on experimental animals
suggests that the loss or reduction of the signal ISS and
mTOR may increase lifespan. This also seems to be true
in humans: polymorphisms of IGF1 pathways give a
benefit in terms of health and lifespan [173], centenar-
ian Ashkenazi Jewish women have mutations in the
receptor for IGF1 [174], in Laron dwarfism there is a
reduction in the incidence of cancer and diabetes, in
spite of the frequent incidence of overweight [175].

Therefore, some foods may continuously stimulate
the ISS and mTOR systems; this would reduce the life-
span through several mechanisms: reduced clearance
of protein aggregates, increased protein aggregation
and proteotoxicity, inflammation, reduced expression
of antioxidant proteins [176], atherosclerosis, neurode-
generative diseases, cancer, osteoporosis, and other
age-related diseases. Aging could be interpreted as a
process in which cells are bombarded by stimuli to
growth, hyperactivity, and replication [177]; these
pulses can also be obtained from food and excesses of

certain nutrients: a diet low in these harmful foods
could slow the aging process.

Amino acids activate the mTOR pathways.
Therefore, a diet with avoidance of an overload of
amino acids can be beneficial [178]. Animal data sup-
port this thesis. In humans, it was shown that a diet
rich in red meat can have deleterious effects on health
and it may increase mortality [179]. A diet rich in ani-
mal protein increases the likelihood of cancer, type 2
diabetes, and other age-related diseases [180].
Conversely the proteins of plant origin do not have the
same effect [180]. The explanation could be that the
plant protein does not contain methionine and sulfur-
rich amino acids. All this supports the recommenda-
tion to replace red meat with vegetable proteins such
as beans, nuts, and tofu [181]. However, it is important
to prevent sarcopenia in the elderly; many authors
suggest a good protein intake in old age. In fact, the
reduction in protein intake leads to a reduction of
muscle mass and body weight, but it does not seem to
reduce the duration of life. Moreover, the substances
that naturally inhibit mTOR pathways can be present
in foods: ethylxantine in coffee [182], epigallocatechin
gallate (EGCG) in green tea [183], quercetin in fruit,
vegetables, and spices [184], and resveratrol in red
grape skin [185]. Other substances such as curcumin
and extracts of cinnamon may reduce the effects of the
activation of mTOR: they can reduce the formation of
beta amyloid and tau protein aggregation (two main
features of Alzheimer’s disease) [186].

The other way related to the aging process is ISS
pathways: this way is activated in particular from car-
bohydrates. In fact, studies show that a diet with a
high glycemic index and high glycemic load, is corre-
lated with increased risk of type 2 diabetes, stroke, car-
diovascular disease, and other age-related diseases
[187]. A diet high in carbohydrates with a high glyce-
mic index may have harmful effects through other
mechanisms, such as the formation of advanced glyca-
tion end products (AGEs) [188].

On the contrary, some micronutrients may have a
protective effect: anthocyanidis content in blueberries
increase insulin sensitivity [189], extracts of cinnamon
reduce glycated hemoglobin and fasting glucose in
subjects with type 2 diabetes mellitus [190], the cacao
increases insulin sensitivity and reduces the risk of car-
diovascular disease [191].

Caloric restriction also appears to be useful, regard-
less of which macronutrients are recruited. Both caloric
restriction and fasting reduces drastically the ISS and
mTOR signaling in many animal species [69]. In
humans, long-term caloric restriction leads to an
improvement of metabolic parameters and reduction
of atherosclerotic processes [192]. Furthermore, inter-
mittent fasting (fasting every other day or fasting for
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several days per week) seems able to reduce LDL cho-
lesterol levels and increase insulin sensitivity [193].
Fasting could also be useful in treating cancer [194].

Among the many diets available, there are some that
meet the characteristics required from the anti-aging
diet. In particular the Mediterranean diet. Characteristics
of this diet are: abundance of plant foods (fruits, vegeta-
bles, bread, cereals, legumes, nuts, and seeds), fresh, and
seasonal; olive oil is the principal source of fat; dairy
products consumed in low/moderate amount; eggs con-
sumed with moderation, red meat consumed rarely, red
wine in moderate amounts.

The Mediterranean diet has been shown to be able
to reduce major cardiovascular risk factors: it reduces
the levels of blood pressure, serum cholesterol, and
blood sugar; it also appeared to reduce the levels of
inflammation in diabetics [195] and in patients with
metabolic syndrome [196].

The Mediterranean diet is also effective in
the elderly: in the PREDIMED study, in just three
months on the diet, the elderly participants showed
an improvement in the lipid profile [197] and a reduc-
tion of the blood concentration of pro-inflammatory
molecules [198].

Finally, the Mediterranean diet seems to be also
associated with a lower incidence of depression [199],
Alzheimer’s disease [200], and other types of cognitive
decline in the elderly [201].

CONCLUSIONS

Glucose metabolism modifications in the elderly are
caused by a combination of genetic and environmental
factors acting together with age-related changes
in carbohydrate handling. At the pancreatic level, there
are functional rather than anatomical changes regarding
beta cell’s ability to produce and secrete insulin
that characterize the aging process. On the other
side, insulin action is impaired at muscular level while
its hepatic action is not diminished. The increase in
peripheral insulin resistance can be attributable to
environmental-driven processes, such as those leading
to modification in body mass composition. The increase
in intraabdominal fat and in intramuscular fat and the
contemporary reduction in muscle mass decrease both
insulin and noninsulin-mediated glucose disposal. The
accumulation of fat accounts for the development of a
low-grade chronic inflammation in aging people and
subsequent insulin resistance; different pathways link
inflammation and glucose metabolism impairment.
Among them, those leading to an increase of oxidative
stress can affect energy handling and cause mitochon-
drial damage. Change in lifestyle via combined treat-
ment programs addressing both dietary habits and

physical activity levels can contrast and slow the devel-
opment of visceral obesity and sarcopenia thus amelio-
rating carbohydrate metabolism. Altered glucose
metabolism and impaired insulin action are linked to
brain aging. There is evidence that in the brain insulin
is a key hormone for both cell survival and normal
function which opens the door to new scenarios for the
prevention of cognitive decline and dementia in aging.
Finally, dietary components can influence aging pro-
cesses acting on glucose-related pathways so that a
healthy diet can favor a healthy aging.

SUMMARY

1. Abnormal glucose metabolism is a frequent but
not a necessary component of aging and
genetically predisposed individuals develop
reduced glucose tolerance and diabetes.

2. Changes in beta and alpha-cell mass do not
explain the reduction in glucose tolerance, thus
functional rather than anatomic changes account
for glucose metabolism disturbances in the elderly.

3. The most relevant modification in glucose
metabolism are attributable to a decline in insulin
secretion, disturbances in insulin release, and a
reduction of peripheral insulin action.

4. Hepatic insulin sensitivity seems not to be reduced
in aging while it is impaired at muscle and fat
tissues level.

5. Insulin resistance is possibly driven by the
increased low grade inflammation and oxidative
damage, central to these processes are the mTOR
and the insulin/IGF1-like signaling pathways.

6. Insulin plays a central role in CNS function and its
action is involved at different levels in brain
function and in neuroprotection, both in diabetic
and nondiabetic individuals.

7. Impaired insulin signaling and reduced glucose
transport in the brain seem to play a key role in
the development of Alzheimer’s disease.

8. Age-related changes in body composition, such as
increase in intraabdominal, intrahepatic, and
intramuscular fat, are common features of aging as
well as a reduction in muscle mass and strength
(sarcopenia).

9. Age-related modification of body composition are
mainly due to incorrect lifestyle and represent
main drivers for insulin resistance development.

10. Combined treatment programs addressing both
dietary habits and sedentarity are effective in
reversing glucose metabolism alterations due to
body mass composition modifications.

11. Dietary components can modulate mTOR and the
insulin/IGF1-like signaling pathways.
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[56] May JM, de Haën C. The insulin-like effect of hydrogen perox-
ide on pathways of lipid synthesis in rat adipocytes. J Biol
Chem 1979;254(18):9017�21.

[57] Powell DJ, Hajduch E, Kular G, Hundal HS. Ceramide disables
3-phosphoinositide binding to the pleckstrin homology domain
of protein kinase B (PKB)/Akt by a PKCzeta-dependent mecha-
nism. Mol Cell Biol 2003;23(21):7794�808.

[58] Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of
mitochondria in human skeletal muscle in type 2 diabetes.
Diabetes 2002;51(10):2944�50.

[59] Shulman GI. Cellular mechanisms of insulin resistance. J Clin
Invest 2000;106(2):171�6.

[60] Davı̀ G, Ciabattoni G, Consoli A, Mezzetti A, Falco A,
Santarone S, et al. In vivo formation of 8-iso-prostaglandin
f2alpha and platelet activation in diabetes mellitus: effects of
improved metabolic control and vitamin E supplementation.
Circulation 1999;99(2):224�9.

[61] Monnier L, Mas E, Ginet C, Michel F, Villon L, Cristol JP, et al.
Activation of oxidative stress by acute glucose fluctuations

compared with sustained chronic hyperglycemia in patients
with type 2 diabetes. J Am Med Assoc 2006;295(14):1681�7.

[62] Passos JF, Saretzki G, Ahmed S, Nelson G, Richter T, Peters H,
et al. Mitochondrial dysfunction accounts for the stochastic het-
erogeneity in telomere-dependent senescence. PLoS Biol 2007;5
(5):e110.

[63] Singh T, Newman AB. Inflammatory markers in population
studies of aging. Ageing Res Rev 2011;10(3):319�29.

[64] Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL,
et al. With TOR, less is more: a key role for the conserved
nutrient-sensing TOR pathway in aging. Cell Metab 2010;11
(6):453�65.

[65] Blagosklonny MV. Calorie restriction: decelerating mTOR-
driven aging from cells to organisms (including humans). Cell
Cycle 2010;9(4):683�8.

[66] Hara K, Maruki Y, Long X, Yoshino K, Oshiro N, Hidayat S, et al.
Raptor, a binding partner of target of rapamycin (TOR), mediates
TOR action. Cell 2002;110(2):177�89.

[67] Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek RR,
Erdjument-Bromage H, et al. Rictor, a novel binding partner of
mTOR, defines a rapamycin-insensitive and raptor-independent
pathway that regulates the cytoskeleton. Curr Biol 2004;14
(14):1296�302.

[68] Shimobayashi M, Hall MN. Making new contacts: the mTOR
network in metabolism and signalling crosstalk. Nat Rev Mol
Cell Biol 2014;15(3):155�62.

[69] Fontana L, Partridge L, Longo VD. Extending healthy life span �
from yeast to humans. Science 2010;328(5976):321�6.

[70] Colman RJ, Anderson RM, Johnson SC, Kastman EK,
Kosmatka KJ, Beasley TM, et al. Caloric restriction delays dis-
ease onset and mortality in rhesus monkeys. Science 2009;325
(5937):201�4.

[71] Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key
modulator of ageing and age-related disease. Nature 2013;493
(7432):338�45.

[72] Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M, Kenyon C.
A role for autophagy in the extension of lifespan by dietary
restriction in C. elegans. PLoS Genet 2008;4(2):e24.

[73] Alvers AL, Wood MS, Hu D, Kaywell AC, Dunn Jr WA, Aris JP.
Autophagy is required for extension of yeast chronological life
span by rapamycin. Autophagy 2009;5(6):847�9.

[74] Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy
fights disease through cellular self-digestion. Nature 2008;451
(7182):1069�75.

[75] Pan Y, Schroeder EA, Ocampo A, Barrientos A, Shadel GS.
Regulation of yeast chronological life span by TORC1 via
adaptive mitochondrial ROS signaling. Cell Metab 2011;13
(6):668�78.

[76] Polak P, Cybulski N, Feige JN, Auwerx J, Rüegg MA, Hall MN.
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[90] Li F, Szabó C, Pacher P, Southan GJ, Abatan OI, Charniauskaya T,
et al. Evaluation of orally active poly(ADP-ribose) polymerase
inhibitor in streptozotocin-diabetic rat model of early peripheral
neuropathy. Diabetologia 2004;47(4):710�17.

[91] Huang TJ, Verkhratsky A, Fernyhough P. Insulin enhances
mitochondrial inner membrane potential and increases ATP
levels through phosphoinositide 3-kinase in adult sensory
neurons. Mol Cell Neurosci 2005;28(1):42�54.

[92] Groop PH, Forsblom C, Thomas MC. Mechanisms of disease:
Pathway-selective insulin resistance and microvascular com-
plications of diabetes. Nat Clin Pract Endocrinol Metab 2005;1
(2):100�10.

[93] Purves T, Middlemas A, Agthong S, Jude EB, Boulton AJ,
Fernyhough P, et al. A role for mitogen-activated protein
kinases in the etiology of diabetic neuropathy. FASEB J
2001;15(13):2508�14.

[94] Haddad JJ. N-methyl-D-aspartate (NMDA) and the regulation
of mitogen-activated protein kinase (MAPK) signaling path-
ways: a revolving neurochemical axis for therapeutic interven-
tion? Prog Neurobiol 2005;77(4):252�82.

[95] Porte Jr D, Baskin DG, Schwartz MW. Insulin signaling in the
central nervous system: a critical role in metabolic homeostasis
and disease from C. elegans to humans. Diabetes 2005;54
(5):1264�76.
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et al. PREDIMED Study Investigators. Effect of a traditional
Mediterranean diet on lipoprotein oxidation: a randomized
controlled trial. Arch Intern Med 2007;167(11):1195�203.

[199] Sánchez-Villegas A, Bes-Rastrollo M, Martı́nez-González MA,
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KEY FACTS

• Lung diseases, though to a variable extent and
through different mechanisms, impact the
nutritional status.

• Undernutrition may impact health-related
quality of life; the association between
underweight and increased mortality risk has
been well established in patients with lung
diseases.

• Pulmonary cachexia is caused by a combination
of several physiological and pathophysiological
alterations, such as local and systemic
inflammation, increased respiratory work,
hypoxia, inadequate energy intake, and/or
increased energy expenditure.

• For these reasons, nutritional screening is
considered as an essential component of
integrated lung disease management.

• Nutritional assessment and support seems to be
a key component of this approach, but the
inherent scientific evidence is too limited to
reach firm conclusions and, then, to suggest
clear cut dietary interventions.

Dictionary of Terms

• COPD: is characterized by airflow limitation that is
usually progressive and associated with an
enhanced chronic inflammatory response to noxious
particles or gas in the airways and the lungs.

Exacerbations and comorbidities contribute to the
overall severity in individual patients.

• Asthma: is a chronic inflammatory disorder of the
airways in which many cells and biochemical
pathways play a role. The chronic inflammation is
associated with airway responsiveness that leads to
recurrent episodes of wheezing, breathlessness,
chest tightness, and coughing, particularly at night
or in the early morning. These episodes are usually
associated with widespread, but variable, airflow
obstruction within the lung that is often reversible
either spontaneously or with treatment.

• Emphysema: is a chronic respiratory disease where
there is overinflation of the air sacs (alveoli) in the
lungs, causing a decrease in lung function, and
often, breathlessness. It is a phenotypic variant of
COPD.

• Bronchiectasis: is a condition in which an area of the
bronchial tubes is permanently and abnormally
widened, with accompanying infection.

• Lung cancer: is a cancer that forms in tissues of the
lung, usually in the cells lining air passages. The two
main types are small cell lung cancer and nonsmall
cell lung cancer.

• Sarcopenia: is a syndrome characterized by
progressive and generalized loss of skeletal muscle
mass and strength with a risk of adverse outcomes
such as physical disability, poor quality of life and
death.

• Pulmonary cachexia: (including anorexia) has been
defined as disproportionate cytokine-driven loss of
skeletal muscle, which is reflected in the loss of
free-fat mass associated with an accelerated decline
in functional status and can affect patients with any
type of advanced lung disease.
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• Mini nutritional assessment: is structured into 18
questions grouped in four rubrics (anthropometry,
general status, dietary habits, and self-perceived
health and nutrition states), the MNA provides a
multidimensional assessment of the patients.

• Bode index: is a multidimensional scoring system
and capacity index used to test patients who have
been diagnosed with chronic obstructive pulmonary
disease (COPD) and to predict long-term outcomes
for them.

INTRODUCTION

Pulmonary diseases are heterogeneous in nature.
COPD is the most common chronic respiratory condition
in the elderly, but the prevalence of asthma, interstitial
lung disease, bronchiectasis, and other conditions in the
elderly population is worthy of consideration. All these
chronic respiratory disorders, though to a variable extent
and through different mechanisms, impact the nutri-
tional status and are variably amenable to nutritional
interventions. Most of them are typical age-related dis-
eases: the mean age of COPD patients is 646 9 year [1],
but that of patients on long-term oxygen therapy (LTOT)
is over 72 years [2], whereas the mean age at presenta-
tion of primary lung fibrosis is 66 years [3]. Thus, these
disorders are expected to add to the effect of age itself on
the nutritional status. Furthermore, COPD may be con-
sidered to potentiate the aging process: telomere shorten-
ing has been observed in the alveolar, bronchial, and
endothelial cells of the COPD lung, which is older than
expected based on the biological age [4]. On the other
hand, being an umbrella definition, COPD encompasses
a variety of conditions variably impacting the nutritional
status. Indeed, a hypercatabolic form of COPD seems to
account for loss of free fat mass and ensuing sarcopenia
in a minority of patients [5], but deconditioning per se
frequently accounts for decreased muscle mass. Selected
nutritional deficits are also common in COPD patients
and have the potential for affecting the health status and
the course of the disease. For instance, vitamin D serum
level has been positively associated with lung volumes
in the third National Health and Nutrition Examination
Survey [6] and is inversely related to lung function
decline in smokers [7], while low serum levels are com-
mon in the elderly with respiratory diseases [8].
Furthermore, important regional variations in nutritional
status and nutrient intake have been reported, with
Mediterranean countries experiencing a lower preva-
lence of sarcopenia and a better nutrient intake [9]. Thus,
nutritional status eventually results form a complex
interplay among the disease status, social conditions and
aging itself. Furthermore, the onset of the respiratory
insufficiency, that is, of hypoxemia, dramatically impacts

the nutritional status, whichever is the baseline respira-
tory condition, but LTOT, if correctly tailored to the indi-
vidual needs, can to some extent smooth this effect [10].
Unfortunately, complications of chronic respiratory dis-
eases such as depression and cognitive impairment, may
further impair the nutrient intake, and the same is true
of comorbidity, mobility limitations, and lack of support.
Accordingly, the nutritional status of older respiratory
patients variably reflects nonrespiratory and primarily
respiratory factors (Fig. 30.1).

NUTRITION AND LUNG DISEASE:
PATHOLOGICAL PATHWAYS

Aging per se is associated with important changes in
body composition. During adulthood, the body under-
goes a progressive loss of fat-free mass and an increase
in fat mass. Nonmuscle lean tissue is preserved and
the most significant reductions in fat-free mass occur in
the muscle compartment [11]; static and dynamic
muscle strength also decreases and type II muscle fibers
tend to atrophy. Changes in muscle mass have profound
effects, reducing basal metabolic rate and limiting
maximal exercise capacity. Additionally, in the presence
of chronic diseases, nutritional status is tightly linked to
underlying diseases, and indices of nutritional status are
usually considered as markers of disease severity.

Among purely respiratory factors affecting nutritional
status in patients with lung diseases, increased respira-
tory work and hypoxia deserve mention. Increased
respiratory work is frequently observed in COPD
patients where it is mediated by increased inspiratory
resistance (mainly related to mucosa inflammation and
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FIGURE 30.1 Respiratory and non-respiratory factors affecting
nutritional status and related clinical characteristics and therapeutic
approach.
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thickening in COPD, or to destruction of small airways
in emphysema), elastance of lung and chest wall (espe-
cially during exercise or when breathing rate increases),
expiratory resistance, and hyperinflation (reducing the
strength of inspiratory muscle contraction, decreasing
the ventilatory reserve capacity, and increasing dys-
pnea). All the above mechanisms contribute to increase
energy output among respiratory patients [12]. Hypoxia
activates the sympathetic nervous system, which in turn
increases systemic inflammation, ROS, and TNF-α secre-
tion. TNF-α upregulates the transcription factor NF-κB,
which promotes protein breakdown in cells, providing a
molecular mechanism for muscle loss [13]. Thus, chronic
inflammation significantly contributes to the link
between lung diseases and malnutrition not only by
locally increasing respiratory work, but also by affecting
muscle structure and function [14].

Muscle mass reduction is the result of an imbalance
between protein breakdown and synthesis, and it repre-
sents an important nonrespiratory factor. Sedentary
habits, systemic inflammation, and use of steroids are
involved in COPD-related muscle loss [5]. A central
actor in the control of protein degradation is protein-
kinase B (AKT). In its phosphorylated form, AKT con-
trasts protein degradation by downregulating two
muscle-specific E3 ligases, muscle ring finger-1 (MuRF-1)
and muscle atrophy F-box (atrogin-1), which are
involved in the transfer of activated ubiquitin to the
proteins targeted for degradation [15]. Recently, an
increase of mRNA of MuRF-1, atrogin-1, and FoxO-1
was found in the quadriceps muscle of patients with
COPD compared with controls matched for age and
level of activity [16]. Fiber type shift characterizes limb
muscle in COPD. Biopsies from limb muscle in patients
with COPD showed a selective loss of type I and IIa
fibers, while glycolytic type IIb fibers were relatively
spared [17]. Mitochondria density is decreased in the
limb muscle of patients with pulmonary diseases,
especially in COPD [18]. One obvious reason is that in
COPD muscle there is an increased proportion of type IIb
fibers, which are poor in mitochondria. However, other
important elements are involved. Hypoxia-inducible
factors (HIF-1) are known to induce mitochondrial
autophagy and to inhibit mitochondrial biogenesis [19].
A smaller number of mitochondria allows sparing of
oxygen consumption, protecting the muscle from
oxidative stress. Nevertheless, biopsies obtained from
limb (vastus lateralis) and respiratory (external interco-
stalis) muscles in patients with COPD showed an
increased reactive oxygen species production [20].

Changes in nutrient intake also play a relevant role
(Fig. 30.2). Appetite is known to be regulated by a fine
balance between orexigenic and anorexigenic neuropep-
tides in the hypothalamus and this balance frequently
bends toward anorexia in chronic lung diseases

[21]. Ghrelin, an endogenous ligand of the growth
hormone (GH) secretagogue receptor, promotes
anabolism by stimulating GH secretion and activating
neuropeptide Y neurons in the hypothalamus. The role
of ghrelin in cachexia is not completely understood.
However, circulating ghrelin is inversely correlated to
the body mass index (BMI) [11], and has been reported
to increase among COPD patients [22], which could be
interpreted as a compensatory mechanism to anorexia.
Leptin, a hormone mainly secreted by adipocytes, has
an anorectic effect by negatively regulating neuro-
peptides involved in food intake such as neuropeptide
Y or positively regulating others involved in anorexia
such the α-melanocyte stimulating hormone or
corticotrophin-releasing hormone. It is known that the
human leptin gene is induced by HIF-1, which suggest
a potential role in lung disease-related anorexia [23].

Visfatin, an adipocytokine involved in the matura-
tion of B-cell precursors, has pro-inflammatory activity
and is increased by hypoxia via the HIF-1 pathway
[24]. Adiponectin is a protein secreted from adipo-
cytes, just like leptin, but with opposite actions: adipo-
nectin enhances appetite and acts to reduce the fatty
acids in muscle tissues. The blood adiponectin level is
elevated in COPD patients, with the levels reported to
be positively correlated with plasma TNF-α levels as
well as with the residual volume, and to be negatively
correlated with the body weight [25]. Thus, adiponec-
tin seems to mark and to contrast a hypercatabolic sta-
tus in the emphysematous variant of COPD.

Reduced intake of selected nutrients is frequently
observed among older patients with lung diseases.
This is more relevant for vitamin D because reduced
outdoor mobility may affect its synthesis in the skin
mediated by the UV radiation. Vitamin D deficiency is
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FIGURE 30.2 Effects of COPD on pathway regulating appetite.
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a risk factor for respiratory infection because of the
important regulatory activities of vitamin D on genes
expression in leukocytes, synthesis of antimicrobial
peptides, lymphocyte response to antigens, and pro-
duction of inflammatory cytokines [26]. Additionally,
vitamin D is crucial for maintaining lower extremity
function and reducing risk of falls. Proximal muscle
weakness, diffuse muscle pain, and gait impairments
are well-known clinical symptoms of vitamin D defi-
ciency [27]. Moreover vitamin D is essential for bone
growth and bone health preservation, and its deficit,
together with systemic inflammation and steroids pro-
vide substantial contribution to the well known associ-
ation between COPD and osteoporosis [28].

Bronchiectasis also contribute to increase the risk of
malnutrition [29]. In patients with bronchiectasis, high
plasma levels of inflammatory cytokines have been
described in association with a reduction in fat-free
mass (FFM), increased muscle proteolysis, respiratory
exacerbations, severe phenotypes, and worse pulmonary
function, even in patients who are clinically stable [30].

Patients with lung cancer exhibit relevant changes in
nutritional status that often lead to cancer cachexia.
Although the etiology of cancer-induced cachexia remains
to be fully understood, several cellular and molecular
mechanisms have been proposed such as systemic
inflammation, oxidative stress, metabolic disturbances,
and nutritional abnormalities [31]. The myostatin and
activin IIB system is also a relevant proposed mechanism
contributing to muscle protein catabolism. Indeed, it was
clearly demonstrated that the soluble receptor antagonist
of myostatin (sActRIIB) improved muscle mass loss, sur-
vival, and physical activity in cancer cachectic rodents
[32]. Furthermore, mitogen-activated protein kinases
(MAPK) and nuclear factor (NF)-kB, which are central
regulators of gene expression, redox balance, and metabo-
lism, have also been shown to play a major role in adap-
tive or maladaptive responses to cellular stress within
skeletal muscles. MAPK activation also seems to mediate
oxidative stress-induced muscle atrophy. Interestingly,
MAPK signaling was also shown to be involved in
enhanced expression of proteasome via proteolysis-
inducing factor in C2C12 myotubes [33]. NF-kB was also
demonstrated to participate in the process of muscle
wasting under several conditions such as sepsis, cancer
cachexia [34], and COPD [35].

NUTRITIONAL ASSESSMENT FOR
PULMONARY DISEASE

As previously discussed, changes in the nutritional
status often parallel, although to a different extent, the
progression of respiratory diseases, and may impact

health-related quality of life [36]. In this scenario, the
association between underweight and increased mor-
tality risk has been well established in retrospective
studies on COPD patients [37]. For these reasons,
nutritional screening is considered as an essential com-
ponent of integrated COPD management.

Though more frequent in subjects at the advanced
stages of the respiratory disease, malnutrition may occur
earlier and insidiously, and serum biomarkers of malnu-
trition may not be detected at earlier stages. The risk of
malnutrition is estimated in individuals who involun-
tary lose .10% of their weight in the last three months,
or when body weight is ,90% of the ideal weight; a
condition of ,85% of the ideal body weight is sugges-
tive of malnutrition. A large number of clinical signs
indicate nutritional deficiencies, including wasting, dry
skin, thin hair, depigmented nails, bone and joint pain,
and edema. As mentioned earlier, malnutrition can also
occur for dramatic depletion of lean body mass in the
context of normal body weight, resulting in decreased
muscle function, which may also affect respiratory mus-
cles [38], and health status [39].

Methods for nutritional assessment are summarized
in Table 30.1. Twenty-four-hour dietary recall repre-
sent the most simple screening method [40]. BMI mea-
surement is also very simple to apply, but it should be
considered that a variable loss of skeletal muscle can
manifest in up to 25% of COPD patients with normal
BMI [41].

The Malnutrition Universal Screening Tool (MUST)
consists of a five-step screening tool (based on BMI,
history of unexplained weight loss, and acute illness
effect) that allows to derive a malnutrition risk score
on which to develop a care plan both in hospitals and
in the community [45]. Studies have shown that it has
a high predictive validity in the hospital environment
(length of stay, mortality in older people, and dis-
charge destination in orthopedic patients) [46], as well
as in respiratory patients admitted to a pulmonology
hospital department [42].

One of the most common and sensitive methods to
assess the risk of (or the presence of) malnutrition is
the Mini Nutritional Assessment (MNA) [47]. The
MNA test is a two-step procedure (screening for risk of
malnutrition followed by global assessment of the
nutritional conditions), which evaluates the overall
health status of elderly subjects by rating cognitive
function, functional status, walking, balance, and socio-
economic status. It includes anthropometric variables
(BMI, upper arm and calf circumference, recent weight
loss), dietary habit (food and liquid intake, number of
meals, and feeding autonomy), general status (global
assessment of lifestyle, medication, acute stress, and
mood changes), and self-perception of quality of life
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and nutrition. The MNA is divided into two sections:
the screening phase is followed by the assessment
phase if the minimum score of 12 is not attained. The
MNA provides a total score ranging 0 to 30 points,
which allows to differentiate among undernourished
(#17 points), at risk of malnutrition (17.5�23.5), and
well-nourished (. 23.5). MNA was found to predict
the perception of dyspnea in elderly individuals with
COPD and normal BMI [48]. When the MNA
questionnaire was applied in COPD subjects of
different severity of disease to assess the nutritional
status [43], it was independently correlated with
disease severity and age, suggesting that it may best
explain the complexity of the different components of
the nutritional status.

The assessment of nutritional status can be
incorporated in a multidimensional grading system,
which also takes into account respiratory symptoms,
the exercise capacity, and the spirometric measure
of airflow. The BODE index requires BMI, degree of
airflow obstruction measured by means of spiro-
metry (percentage of predicted FEV1), dyspnea as
assessed by the modified Medical Research Council
dyspnea scale, and exercise capacity as determined
by a 6-min walk test. The BODE index was shown to

be better than lung function in predicting the risk of
death in patients with COPD [49] and hospitali-
zation for COPD [50]. The discriminative capacity of
the BODE index in predicting mortality was recently
confirmed in a 15-year prospective cohort study
[51], conducted in elderly individuals suffering from
COPD. The BODE index is, however, impractical for
debilitated persons. In one prospective study of
survival, 26% of the original cohort of 327 COPD
participants either could not complete the 6-minute
walk test or could not perform adequate spirometry
[52]. In the effort to overcome this limitation, the
“quasi-BODE” index was constructed by using
proxy measures of lung function (PEF) and 6-min
WT (questionnaires), and validated in elderly popu-
lations with and without COPD [53]. The quasi-
BODE score confirmed to predict mortality in
elderly population, allowing a test that can be more
practically administered to older adults, especially
those with severe physical limitations. For the same
reasons, the 6-min WT can be replaced by the incre-
mental shuttle walking test, an alternative measure
of exercise capacity to derive a simpler version of
the BODE index (named the i-BODE), which was
demonstrated to predict mortality in COPD [54].

TABLE 30.1 Methods for Nutritional Assessment for Patients with Lung Diseases

Method Description Evidence

24-h dietary recall [40] Interview during which the patient recalls all
food consumed in the previous 24 h

Simplest method to assess dietary intake, although it
may not represent a patient’s typical intake.

Body mass index (BMI) [41] Weight/(height)2 (kg/m2)
World Health Organization categories:
underweight BMI ,18.5
normal 18.5 to 24.9
overweight 25 to 29.9
obese 30 to 39.9
extreme obesity .40

Loss of height caused by vertebral collapse or loss of
muscle tone (elderly patients) may reduce accuracy
Ascites and edema may reduce accuracy.
Inability of BMI to identify unintentional weight loss
as a single assessment.
BMI may not reflect all tissue components, and
therefore normal values do not rule out the
occurrence of lean mass depletion.

Malnutrition Universal
Screening Tool (MUST) [42]

BMI
History of unexplained weight loss
Acute illnesses
A malnutrition risk score is calculated

Validated in hospital and community settings
Predicts mortality in respiratory patients admitted to
a pulmonology hospital department.

Mini Nutritional Assessment
(MNA) [43]

Anthropometric variables (BMI, upper arm
and calf circumference, recent weight loss)
Dietary habit (food and liquid intake, number
of meals and feeding autonomy)
General status (global assessment of lifestyle,
medication, acute stress, and mood changes)
Self-perception of quality of life and nutrition

MNA predicts the perception of dyspnea in elderly
individuals with COPD and normal BMI.
MNA is an independent correlate of COPD severity
and age.

Body composition [44] Bioimpedance analysis (BIA)
Dual energy X-ray absorptiometry (DEXA)

BIA is easy to apply and may provide clinical benefit
in the assessment of COPD patients
DEXA is more expensive than BIA, and less easy to
apply for screening or clinical purposes.
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As regards body composition, deuterium dilution is
currently considered the gold standard for assessment,
but its use is restricted to highly specialized hospitals or
research. Two reasonable compromises are bio-
impedance analysis (BIA) and dual energy X-ray
absorptiometry (DEXA) [44]. The use of bioelectrical
impedance analysis (BIA) in body composition assess-
ment has been validated in COPD patients [55]. The
dual energy X-ray absorptiometry (DEXA) analysis
allows measurements of body composition and skeletal
muscle, as well as mineral bone density, which are
compromised to a large extent in elderly patients
suffering from COPD [56]. The amount of FFM assessed
by BIA was shown to be lower than with DEXA in
patients with COPD, especially in men [57]. However,
DEXA is not without potential limitation, because it
provides systematically higher values for FFM
compared with deuterium dilution [58]. Furthermore,
DEXA is more expensive [59] and results differ between
the different commercial devices [44].

Accurate measures of body composition are
obtained with two imaging techniques, such as
computerized tomography (CT) [60] and magnetic
resonance imaging (MRI) [61]. Typically, these
methods provide regional estimates of skeletal muscle
by means of cross-sectional images, which allow also
to detect muscle infiltration from adipose tissue and
to quantify fat-free skeletal muscle. Total muscle area
and fat-free skeletal muscle area, calculated from
cross-sectional images, can be integrated from head to
toe, to calculate total muscle and fat-free skeletal
muscle volumes. Actually, only few studies of CT
have considered the assessment of body composition
in respiratory patients [62,63]. Anyway, these
methods are very expensive, are not easily accessible,
and are not routinely indicated to study muscle mass,
but have been used mainly for research purposes.
They require a highly specialized staff, specific
software, and a relatively large amount of time. A
further limitation of CT includes radiation exposure.

Finally, a screening by serum 25-hydroxy vitamin D
levels measurement is currently indicated for COPD
patients having low BMI and/or taking corticosteroids.
However, in the context of chronic lung disease the
potential association with vitamin D is further con-
founded by the strong association with reduced physi-
cal activity, which is directly linked to an individual’s
level of sun exposure and disease severity; thus, it is
unclear whether vitamin D is simply an indirect
marker of reduced physical activity and, consequently,
is an innocent bystander in disease pathogenesis [64].
One further issue still to be addressed is the direct
effect of inflammation on circulating 25(OH)D. Given
that there is tissue upregulation of the conversion of 25
(OH)D to 1,25(OH)2D during infections, one might

predict that immediate circulating store of 25(OH)D
would be depleted during infectious exacerbations of
lung diseases [65].

NUTRITIONAL INTERVENTION IN
LUNG DISEASE

Chronic respiratory diseases in the elderly are opti-
mally managed in a multidimensional and multispecia-
listic perspective [66]. Nutritional assessment and
support seems to be a key component of this approach,
but the inherent scientific evidence is too limited to reach
firm conclusions and, then, to suggest clear-cut dietary
interventions. Indeed, the vast majority of the available
studies are on small series of mainly adult subjects and
many suffer from some methodological weakness.
However, the scientific evidence pertaining to the frail
and multimorbid elderly is likely true also for the COPD
patient. Indeed, chronic noncommunicable diseases
share selected long term effects on nutritional status and
benefit from the same nutritional interventions. Selected
disease-specific interventions will also be described.

COPD

It is since the classic study by Fiatarone et al. that
the role of dietary supplementation in the context of a
multidimensional approach having physical rehabilita-
tion as central has been proven to benefit even dis-
abled elderly [67]. Also, in elderly and disabled COPD
patients combining rehabilitation and dietary supple-
mentation can improve muscle mass and function [68].
Strategies reducing the systemic inflammation and the
respiratory work are theoretically able to make nutri-
tional interventions more effective. Indeed, even the
alveolar overstretching has been proved to promote
local inflammation and ensuing spill over [69]. Thus,
nutritional interventions should never been considered
out of an integrated and comprehensive therapeutic
approach. Central to this approach is counseling:
smoking is associated with comparable nutritional def-
icits in COPD and non-COPD elderly, likely reflecting
the anorexigen and pro-inflammatory effects of smoke
[70]. Correcting hypoxia is similarly important because
hypoxia promotes the synthesis of anorexigen peptides
such as ghrelin and leptin, induces oxidative stress
and inflammation, and promotes a shift from oxidative
metabolism to glycolytic fibers in nonrespiratory [71].
Thus, hypoxia has an important net catabolic effect
which is especially dreadful in older patients who also
experience the catabolic effect of aging itself.

Correcting the daily intake to provide the
patient with the daily estimated average requirement
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represents the first step of nutritional approach given
that the available knowledge allows the recommenda-
tion of only a few COPD-specific dietary interventions.
Indeed, the high lipid diet proposed to decrease the
CO2 production might benefit only COPD patients with
hypercarbia and severely reduced ventilatory reserve
[72]. On the other hand, a meta-analysis of studies done
in COPD patients concludes that nutrient supplementa-
tion can increase body weight and, to a lesser extent,
free-fat mass in COPD patients, mainly if undernour-
ished [73]. However, the majority of COPD patients
studied in these meta-analyzed trials were adult and
not elderly. This limits the generalizability of results to
the elderly population.

Correcting selected and well-proved nutrient defi-
cits through supplements is also mandatory. Some spe-
cific nutritional interventions look promising and need
special consideration:

1. Branched-chain amino acids (leucine, isoleucine,
valine) are key components of muscle myofibrillar
proteins and, if needed, an important source of
energy as an alternative or addition to glucose and
fatty acids. Their plasmatic concentrations and
muscle content have repeatedly been reported to be
decreased in COPD mainly due to higher protein
turnover [74]. The supplementation of leucine has
the potential for improving muscle metabolism and
structure due to the reduced first pass splanchnic
extraction of leucine by the liver and, then, the
increased availability of leucine to the muscle, as if
leucine were selectively addressed to meet the need
of the skeletal muscle in COPD patients [75]. There
is also evidence that it is preferable to supplement
all the three BAAs in order to obtain the desired
metabolic effect [76]. However, this evidence
pertains to a COPD population with mean age of 68
years; thus, it is unclear to what extent older COPD
patients can benefit from BAA supplementation. It
should also be considered that the BAA amount to
be supplemented, should be tailored to the
glomerular filtration rate, which is frequently
depressed despite normal serum creatinine in
COPD [77].

2. Both mitochondrial biogenesis and phenotypic
expression of slow contracting and highly resistant
muscle fibers, which depend upon several
mechanisms, are reduced in the peripheral muscle
of COPD patients [78]. PUFA could reverse one of
these mechanisms, that is, they could promote
peroxisome proliferator-activated receptors (PPARs)
synthesis and activity, which is implicated in
mitochondrial biogenesis. This likely explains the
positive effect of PUFA supplementation on exercise
capacity in COPD [79].

3. The highly common serum vitamin D deficit (see
previous sections) and the ensuing rise in PTH
drives important negative effects, such as insulin
resistance, increased renin activity and systemic
inflammation, and decreased muscle strength [80].
Furthermore, vitamin D deficit is associated with
depressed immunity, the effects of which are
especially evident in the context of tubercular
infection [81], and vitamin D supplementation can
reduce the frequency of COPD exacerbation in
severely deficient patients [82]. Finally, an inverse
association between vitamin D serum level and both
FEV1 and FVC has been found in the NHANES
survey [6], but not in the Hertfordshire Cohort
Study [83]. Thus, there is evidence to supplement
vitamin D to deficient COPD patients, though
formal trials on the effect of supplementations are
not available. Guidelines for supplementation will
not differ from those designed for the overall
elderly population [84]. In the event of coexistent
chronic renal failure, a common finding in elderly
COPD people [77], 1-alpha-25-OH vitamin D must
be prescribed in order to compensate for the
decreased 1-alpha hydroxylase renal activity.

4. Iron deficit is a common cause of anemia in COPD
patients. However, it should be appreciated that,
given that myoglobin has lower affinity to iron than
hemoglobin, muscle weakness may be the
presenting complaint of iron deficit prior to the
onset of anemia [85]. Thus, a high suspicion is
needed to timely diagnose this deficit.
Supplementation will conform to general rules [86].

5. Deficits of antioxidants and folate have been
reported in COPD patients. However, there is no
robust evidence to either screen for them
systematically or provide precautionary or on
demand supplements [87].

A summary of available nutritional interventions in
elderly patients with COPD is provided in Table 30.2.

Asthma

A link between obesity, mainly visceral obesity, and
asthma has been proved and ascribed to several
mechanisms [88]. However, there is no formal trial test-
ing the effect of nutritional intervention on asthma
severity in obese patients. On the other hand, vitamin D
deficit has been repeatedly associated with asthma and
the most likely pathogenetic link has been hypothesized
to be the immune dysfunction and the decreased steroid
responsiveness secondary to this deficit [89]. However,
most of the evidence pertains to children and pregnant
women, whereas there is paucity of data on elderly
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asthmatics. Thus, it seems reasonable to screen for vita-
min D deficit and, if needed, to supplement elderly asth-
matics not differently from how it seems reasonable to
do so for elderly people with chronic diseases.

The finding of a better control of asthma in people
consuming a diet rich in linolenic acid also refers to a
young-adult population [90]. However, supplementation
with omega 3 fatty acids as well as antioxidants could
not improve asthma control [91].

In conclusion, there is no evidence that nutritional
intervention can benefit asthmatic patients. Accordingly,
there are no recommendations for older patients.

Lung Cancer

Nutritional interventions, mainly based on omega 3
fatty acid supplementation or dietary advice have been
proved able to improve nutritional status and quality of
life [92]. They also qualify as a primary component of
multidimensional rehabilitation programs [93].
However, there is no evidence of any benefit on survival
[94]. Thus, no recommendation can be provided for
elderly lung cancer patients except for general rules in
managing or preventing malnutrition, mainly for elderly
people undergoing chemotherapy or radiation therapy.

CONCLUSIONS

Nutritional depletion in elderly patients with LD is
common and has a negative impact on respiratory and

peripheral muscle function. Additionally, in the presence
of chronic diseases, nutritional status is tightly linked to
underlying diseases, and indices of nutritional status are
usually considered as markers of disease severity.
Cachexia in LD is a multifactorial disease process charac-
terized by loss of appetite, growth hormone resistance,
and pro-inflammatory immune activation. Reduced
appetite is part of the catabolic/anabolic imbalance in the
process of wasting in LD, especially in COPD. Hypoxia
and chronic inflammation significantly contributes to the
link between lung diseases and malnutrition not only by
locally increasing respiratory work, but also affecting
muscle structure and function. Chronic respiratory dis-
eases in the elderly are optimally managed in a multidi-
mensional and multispecialistic perspective. Nutritional
assessment and support seems to be a key component of
this approach, but the inherent scientific evidence is too
limited to reach firm conclusions and, then, to suggest
clear-cut dietary interventions. However, careful nutri-
tional support and correction of poor nutritional intake
should be considered crucial to enhancing physical well-
being and function.

SUMMARY POINTS

• Aging per se is associated with relevant changes in
nutrient intake, metabolism, and body composition.

• Lung diseases have a negative impact on nutritional
status, especially among older patients.

TABLE 30.2 Summary of Nutritional Interventions for Elderly Patients with COPD

Intervention Rationale Evidence

Correction of Hypoxia [71] Increase the generation of ROS and TNF-α which in
turn may give rise to inflammatory changes leading
to cachexia.

Reduction of catabolic effect which is especially
dreadful in older patients who also experience
the catabolic effect of aging itself.

PUFA [79] PUFA are the natural ligands of PPARs, and they
may imply a stimulating effect on muscle fat oxidative
metabolism by inhibiting classic NF-kB signaling or
stimulating PGC-1 a/PPAR signaling.

RCTs showed that polyunsaturated fatty acid
supplementation as an adjunct to exercise training
indeed significantly enhanced improvement in
endurance exercise capacity in COPD.

Branched-chain amino acids
(leucine, isoleucine, valine)
[74]

Their plasmatic concentrations and muscle content
have repeatedly been reported to be decreased in
COPD mainly due to higher protein turn over.

Significant improvement of body weight, handgrip
strength, decrease airflow limitation and increase
quality of life.

Vitamin D [82,83] Serum vitamin D deficit drives important negative
effects such as insulin resistance, increased renin
activity and systemic inflammation, decreased
muscle strength.

Vitamin D supplementation can reduce the frequency
of COPD exacerbation in severely deficient patients
and can improve respiratory function.

Iron [86] Iron deficit is a common cause of anemia in COPD
patients.

Correction of the iron deficiency in COPD patients
can improve the anemia and may improve the
dyspnea.

Antioxidant [87] Deficits of antioxidants have been reported in COPD
patients.

There is no robust evidence to either screen for them
systematically or provide precautionary or on
demand supplements.
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• Respiratory and nonrespiratory factors contribute to
the association between lung diseases and
malnutrition.

• Nutritional assessment, for example, Mini
Nutritional Assessment, is of paramount importance
in older patients with lung diseases.

• Bioimpedance analysis is an useful screening
method to identify sarcopenic patients.

• Nutritional interventions that include correction of
hypoxia, nutritional support, and correction of poor
nutritional intake are crucial to enhancing physical
well-being and function.
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KEY FACTS

• Regular fish consumption, independent of overall
dietary and other measured lifestyle habits, seems
to be a non-pharmacological means in the
maintenance of preserved kidney function,
especially among elders.

• Green tea polyphenols have shown renal
protection.

• Low PUFA consumption has been associated
with kidney dysfunction.

• Excessive intake of protein, sodium, potassium,
and alcohol has been associated with the
progression of kidney failure.

• Omega-3 fatty acids supplementation has shown
beneficial impact in chronic kidney disease.

• Mediterranean type of diet has been linked with
improved rates of renal function, due to its anti-
inflammatory and antioxidative properties.

• A skilled dietitian will incorporate a patient’s food
preferences, adequate calories, and a proper
distribution of foods while encouraging compliance
and avoiding inappropriate dietary fats.

Dictionary of Terms

• Polyunsaturated fatty acids (PUFAs): are fatty acids
that contain more than one double bond in their

backbone. This class includes many important
compounds, such as essential fatty acids and those
that give drying oils their characteristic property.

• Monounsaturated fats (MUFAs): are fatty acids that
have one double bond in the fatty acid chain with all
of the remainder carbon atoms being single-bonded.

• Omega-3 fatty acids: (also called ω-3 fatty acids or n-3
fatty acids) are polyunsaturated fatty acids (PUFAs)
with a double bond (CQC) at the third carbon atom
from the end of the carbon chain.

• Glomerular filtration rate (GFR): is the volume of fluid
filtered from the renal (kidney) glomerular
capillaries into the Bowman’s capsule per unit time.

• Creatinine clearance rate: is the volume of blood
plasma that is cleared of creatinine per unit time
and is a useful measure for approximating the GFR.

• Mediterranean diet: the traditional dietary patterns
of Greece, Southern Italy, and Spain. The principal
aspects of this diet include proportionally high
consumption of olive oil, legumes, unrefined
cereals, fruits, and vegetables, moderate to high
consumption of fish, moderate consumption of
dairy products (mostly as cheese and yogurt),
moderate wine consumption, and low
consumption of meat and meat products.

• Chronic kidney disease (CKD): also known as chronic
renal disease, is a progressive loss of renal function
over a period of months or years.

• Cardiovascular disease (CVD): is a class of diseases
that involve the heart or blood vessels. Common
CVDs include: ischemic heart disease (IHD),
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stroke, hypertensive heart disease, rheumatic
heart disease (RHD), aortic aneurysms,
cardiomyopathy, atrial fibrillation, congenital
heart disease, endocarditis, and peripheral artery
disease (PAD), among others.

• Albuminuria: is a pathological condition wherein
albumin is present in the urine.

• KDIGO: the acronym stands for Kidney Disease:
Improving Global Outcomes and is the global
organization developing and implementing
evidence based clinical practice guidelines in
kidney disease. It is an independent volunteer-led
self-managed charity incorporated in Belgium
accountable to the public and the patients it
serves.

• Uric acid (UA): is a heterocyclic compound of
carbon, nitrogen, oxygen, and hydrogen with the
formula C5H4N4O3. It forms ions and salts known
as urates and acid urates, such as ammonium acid
urate. Uric acid is a product of the metabolic
breakdown of purine nucleotides.

• Gout: (also known as podagra when it involves the
big toe) is a medical condition usually characterized
by recurrent attacks of acute inflammatory
arthritis—a red, tender, hot, swollen joint. The
metatarsal-phalangeal joint at the base of the big toe
is the most commonly affected (approximately 50%
of cases).

• Polyphenols: are a structural class of mainly natural,
but also synthetic or semi synthetic, organic
chemicals characterized by the presence of large
multiples of phenol structural units.

INTRODUCTION

The kidney participates in body homeostasis by
regulating acid—base balance, electrolyte concentra-
tions, extracellular fluid volume, and arterial blood
pressure. Many of the kidney’s functions are
accomplished by relatively simple mechanisms of
filtration, reabsorption, and secretion, which take place
in the nephron, which is the structural unit of the
kidneys. The kidney generates 180 liters of filtrate a
day, while reabsorbing a large percentage, allowing
for the generation of only approximately 2 liters of
urine. The level of renal function is usually described
by the Glomerular filtration rate (GFR), which is
defined as the volume of fluid filtered from the renal
glomerular capillaries into the Bowman’s capsule per
unit time. The decreased level of the kidney function
can gradually cause chronic kidney disease. Chronic
kidney disease is defined according to the presence

or absence of kidney damage and level of kidney
function. Defining stages of chronic kidney disease
requires “categorization” of continuous measures of
kidney function, and the “cut-off levels” between
stages are inherently arbitrary, but it has been widely
accepted that GFR, 60 mL/min/1.73 m2 for more
than three months, with or without kidney damage
should be considered chronic kidney disease.

Recently, the Australian healthcare system ran a
survey in order to estimate the financial cost of chronic
kidney disease in comparison to cardiovascular disease
(CVD). Between 2012 and 2020, prevalence, per-patient
expenditure, and total disease expenditure associated
with CKD are estimated to increase significantly more
rapidly than CVD. Total CKD-related expenditure is
estimated to increase by 37%, compared to 14% in
CVD. Recent studies in high-risk cardiovascular popu-
lations and patients with cardiovascular disease have
consistently revealed that the decreased level of renal
function is an independent risk factor for cardio-
vascular mortality. Especially in patients with severe
kidney injury, defined as an estimated glomerular
filtration rate less than 60 mL/min/1.73 m2, an
increased prevalence of several cardiovascular risk
factors may occur, including volume expansion
secondary to sodium retention, arterial hypertension,
and insulin resistance with impaired glucose tolerance.
Chronic kidney disease has also been associated with
oxidative stress, and increased circulating levels of
inflammatory markers, phosphate retention with
medial vascular calcification, increased parathyroid
hormone concentrations causing valvular calcification
and dysfunction, anemia, and left ventricular hyper-
trophy, all of which can increase cardiovascular risk.
In an analysis of four community-based studies that
enrolled 22,634 subjects without a history of cardio-
vascular disease, chronic kidney disease was shown to
be a risk factor for the primary composite outcome of
myocardial infarction, fatal coronary artery disease,
stroke, and diabetes; while in a recent case-controlled
study of 6432 men, chronic kidney disease was related
with the existence of several cardiovascular risk factors,
like advanced age, diabetes mellitus, and smoking, and
was independently associated with cardiovascular
mortality The role of kidney function with mortality has
long been investigated in the context of heart failure;
where in patients hospitalized with acute decompen-
sation, even small changes in renal function can
influence prognosis. Furthermore, in patients undergoing
cardiac surgery, acute kidney injury has been identified
as the strongest risk factor for death; while even a small
increase in serum creatinine concentration after cardio-
thoracic surgery is related with increased complications
and mortality. During aging there is a decline in renal
function, due to a decrease in the structure and function
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ability of the nephrons, accumulation of fibrosis, and
reduction in blood flow, which is more evident in the
case of systolic heart failure. The weight of each kidney
is reduced from 200 to 350 g at the age of 40 years old to
200 g at the age of 80 years old. The glomerular filtration
rate is even reduced by 8 mL/min/1.73 m2 each decade
of aging. Thus the renal clearance of medications during
advanced aging is reduced by 7.8 times.

RENAL FUNCTION IN AGING

The main function of the kidney is the regulation of
extracellular fluid; thus even mild abnormalities can
impair the balance of extracellular volume. According
to this pathophysiologic sequence, one of the initial
events in the pathogenesis of essential arterial hyper-
tension is renal sodium retention. Additionally,
volume overload increases left ventricular preload and
transmural myocardial pressure, leading according to
Laplace’s law to an increase in left ventricular mass
and eventually left ventricular hypertrophy, which has
been recognized as an independent risk factor of
cardiovascular mortality. In a recent study, people
with impaired renal function, compared to those with
normal renal function, had increased prevalence of
hypertension and increased levels of systolic and
diastolic blood pressure, although the impact of even
mild to moderate renal dysfunction on cardiovascular
morbidity was independent of hypertension status.
It seems that the chronic exposure of cardiovascular
disease-free individuals to even mild increases in left
ventricular preload and left ventricular mass can cause
structural changes in the myocardium due to the
deposition of excessive interstitial fibrillar collagen and
can lead to cardiovascular events independently of the
level of arterial hypertension.

Between lifestyle factors, diet seems to play an
important role in the prevention of renal failure.
Although, there is no specific dietary pattern for
preventing renal failure, excessive intake of protein,
sodium, potassium, and alcohol have shown to be
related with the progression of renal failure even
among elderly individuals; while the well-balanced
Mediterranean type of diet has been related with
preserved renal function. The role of dietary habits
may be related with the observation that chronic
kidney disease is also associated with increased
inflammation process, including plasma homocysteine,
fibrinogen, and uric acid levels. Recent studies have
illustrated that elderly subjects with even mild kidney
disease had increased fast serum levels of homocy-
steine, the latter could be also attributed to a higher
consumption of meat and carbohydrates, instead of the
closer adherence to the Mediterranean type of diet that

was evident in those with normal renal function
Additionally uric acid has been recognized as an
independent risk factor for cardiovascular events in
patients affected by hypertension, diabetes, and
coronary heart disease and is related to total mortality;
while it has been also related with deterioration of left
ventricular function. Mediterranean type of diet has
been related with lower incidence of cardiovascular
diseases, metabolic disorders, and several types of
cancer mainly due to the benefits on lipids meta-
bolism, arterial blood pressure levels, on the control of
body mass index, as well as on the reduction of
inflammation and coagulation process. Although
excessive alcohol consumption is a risk factor for
hypertension and stroke, evidence for an association
with chronic kidney disease is conflicting. White et al.,
in a prospective study of 6259 adults without a history
of alcohol dependence, revealed that alcohol intake
of $30 g/day was associated with an increased risk of
albuminuria after adjustment for age, sex, and baseline
kidney function, and with a reduced risk of glomerular
filtration rate ,60 mL/min/1.73 m2, compared with
consumption of ,10 g/day. Physical activity has been
related with reduced mortality in the general population
and also in patients with chronic kidney disease. On the
other hand, exercise-associated hyponatremia, due to
inappropriate retention of body water in combination
with the nonosmotic stimuli of the antidiuretic hormone
and the higher than normal fluid intake, has emerged as
an important complication of prolonged endurance
physical activities. In the Third National Health and
Nutrition Examination Survey, glomerular filtration rate
was related with activity status and duration, but
negatively with activity frequency in those without
metabolic syndrome who performed larger numbers of
activity varieties after an adjustment for confounders.
It seems that higher level of physical exercise can lead to
even mild reductions in renal function.

Especially in the elderly, chronic kidney disease is
also associated with oxidative stress and increased
circulating levels of inflammatory markers, phosphate
retention with medial vascular calcification, increased
parathyroid hormone concentrations causing valvular
calcification and dysfunction, anemia, and left ventri-
cular hypertrophy. Therefore, as in elderly individuals
the deterioration of kidney function increases
mortality, the study of modifiable lifestyle factors, like
nutrition, that may be related to kidney disease,
deserves special attention. During aging, glomerular
filtration is reduced and this reduction is not in
accordance with the reduction of creatinine clearance.
Thus is due to the significant reduction in skeletal
muscle mass that accompanies aging, creating a false
higher creatinine clearance than inulin clearance. Urine
formation consists of three basic processes: glomerular
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filtration, tubular secretion, and tubular reabsorption.
Several disease conditions can interfere with these
functions. Inflammatory and degenerative diseases can
involve the small blood vessels and membranes in the
nephrons. Urinary tract infections and kidney stones
can interfere with normal drainage, causing further
infection and tissue damage. Circulatory disorders,
such as hypertension, can damage the small renal
arteries. Other diseases, such as diabetes, gout, and
urinary tract abnormalities can lead to impaired func-
tion, infection, or obstruction. Toxic agents such as
insecticides, solvents, and certain drugs may also harm
renal tissue. There was a notion that a reduction in pro-
tein consumption can reduce the symptoms of renal fail-
ure, but this idea has been abandoned as it became clear
that hypoalbuminuria in patients under renal filtration is
a main factor for increased mortality. Thus, a daily con-
sumption of protein less that 1 g/kg is not recommended
for patients. On this basis a high-protein diet with fish,
poultry, pork, or eggs at every meal may be recomm-
ended. By contrast, in patients with chronic kidney dis-
ease, before the stage of hemodialysis, protein intake is
recommended to vary between 0.6 and 0.8 g/kg, includ-
ing a high concentration of adequate amino acids. In
patients with moderately severe CKI, average baseline
values of serum bicarbonate (23 mM), phosphorus
(3.6 mg/dL), and urea nitrogen (30 mg/dL) are signifi-
cantly lower in those who successfully reduce their
protein intake by 0.2 g of protein/kg per day for one
year. Diets with a higher concentration of protein can
cause uremic symptoms with vomiting, acidosis, and
edema (in combination with increased uptake of salt)
due to the inability to absorb higher protein intake in
parallel with impaired water waste. Water dilutes the
urine and keeps calcium, oxalates, and uric acid in
solution. In research studies, in those subjects whose
total fluid intake (from all sources) over 24 h was
roughly 2.5 L, the risk of a stone was about one-third
less than that of subjects drinking only half that much.
In particular, elderly people have a reduced sense of
thirst; while their kidneys cannot respond to the excre-
tion of vasopressin hormone to reduce the waste of
fluids. This can lead to further dehydration and limita-
tion of glomerular filtration rate. In chronic kidney
disease the approach for managing elevated serum
phosphate, through the use of phosphate binders as an
adjunct to the restriction of dietary intake, has also been
recognized. The KDIGO guidelines continue to
recommend restricting dietary phosphate in combination
with other treatments, however the evidence is poor.
The effect of diet is also important even for elderly
subjects with chronic kidney disease under hemodialysis,
as presented in a Japanese study that used data from
3080 general-population participants in the Hisayama
study (year 2007), and data from 1355 hemodialysis

patients in the Japan Dialysis Outcomes and Practice
Patterns Study (JDOPPS: years 2005�2007). The research-
ers identified three food groups (meat, fish, and vege-
tables) within the Hisayama population data and used
principal components analysis in order to reveal dietary
patterns. They identified three dietary patterns: well-
balanced, unbalanced, and other and after adjusting for
potential confounders, adherence to the unbalanced diet
was associated with a two-fold higher risk of developing
important clinical events. Thus, hemodialysis patients
might not benefit from a so-called well-balanced diet
with regard to the food groups that were highlighted as
beneficial, that is, meat, fish, and vegetables.

POLYUNSATURATED FATTY ACIDS

Among the various nutritional factors, fish and
polyunsaturated fatty acids (PUFA) consumption
has been favorably related to the prognosis and
progression of kidney function, mainly due to the anti-
inflammatory properties of PUFA, as well as to its
negative correlation with blood pressure levels, a risk
factor for chronic kidney disease. A large cross-
sectional study that recruited 5316 participants without
diabetes that examined the role of several macro-
nutrients intake including total-, animal-, and plant-
protein, carbohydrates, simple sugar, fructose, total fat,
saturated fatty acids, poly- and monounsaturated-fatty
acids (PUFA and MUFA), and n-3 and n-6 fatty acids
with kidney function, reported that kidney function
was better in the highest quartile of plant protein
intake, PUFA, and n-6 fatty acids. In contrast, the risk
of CKD increased in the highest quartile of animal
protein intake as compared to the lowest quartile,
independently of hypertension status. However, it
could be supported that the later associations may be
confounded by overall healthy dietary habits and other
favorable lifestyle behaviors, like physical activity.

In another prospective study with 2600 aged $50
years, the association between dietary intakes of PUFA
(n-3, n-6, and α-linolenic acid), fish, and the prevalence
of chronic kidney disease was investigated. Participants
in the highest quartile of long-chain n-3 PUFA intake
had a significantly reduced likelihood of having CKD as
compared to subjects in the lowest quartile of intake.
Moreover, α-linolenic acid intake was positively associ-
ated with CKD, but total n-3 PUFA or total n-6 PUFA
were not independently associated with CKD. The
highest compared with the lowest quartile of fish
consumption was associated with a significantly reduced
likelihood of CKD, independently of several potential
confounders. The authors suggested that adherence to a
diet rich in n-3 PUFA and fish could have a beneficial
role in maintaining healthy kidney function for
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middle-aged subjects. This study was not focused on
elderly subjects that are the age group with the highest
kidney function failure.

As data from observational studies concerning fish
consumption in elderly population were limited, a
published work in the IKARIA study aimed to investi-
gate the association of fish consumption with kidney
function, under the context of a healthy dietary
pattern, the Mediterranean diet, in a long-lived
population of elderly people that participated. The
IKARIA study, which was a cross-sectional health
survey carried out in the Province of Ikaria Island
from June 2009 to October 2009, evaluated, among
several other factors, nutritional habits and renal func-
tion. During this period, 673 elderly males and females
(ie, above the age of 65 years), all long-term residents
of the island, were voluntarily enrolled in the study;
328 of the participants were males (48.7%, mean age
756 7 years, 3% were .90 years) and 339 were females
(50.3%, mean age 756 6 years, 2.3% were .90 years).
The main interest of this cohort of subjects was that
Ikaria island inhabitants have been recognized as
having one of the highest longevity rates universally
with a high percentage of healthy aging. While in
Europe only 0.1% of population lives long (over
90 years old), in Ikaria Island the percentage of long-
evity rises 10-fold, and approaches 1%. This study
revealed that after adjusting for physical activity
status, MedDietScore, and history of hypertension and
diabetes fish consumption (g/day) was positively
associated with higher CCr rate in both males and
females. Furthermore, for every 100 g/day increase of
fish consumption, a significant increase of the like-
lihood of having good CCr levels, that is, CCr.60 mL,
by 121% is anticipated. Additionally, it was evident
that although the beneficial effects of fish intake on
kidney function was apparent irrespective of the level
of adherence to the traditional Mediterranean dietary
pattern, the effect was much higher among females
who had higher adherence rate to this healthy dietary
pattern. This finding was more prominent among
females who closely followed the Mediterranean diet.
Moreover, the beneficial effects of long-term fish intake
on kidney function were observed in the elderly
suffering from several other comorbidities, extending
by this way the current scientific knowledge about the
benefits of PUFA through fish consumption on kidney
function in middle-aged or diseased-only populations.

MEDITERRANEAN TYPE OF DIET

Lifestyle modification has been proposed as a
simple, relatively inexpensive approach for the
improvement of kidney function. Although, there is no

specific dietary pattern for preventing kidney failure,
excessive intake of protein, sodium, potassium, and
alcohol have been shown to be correlated with the
progression of kidney failure. Especially regarding
protein intake, not only the amount but also the com-
position of proteins has an impact on kidney function,
as proteins coming from animal sources (with
saturated fatty acids) seem to have a harmful impact.
On the contrary, the Mediterranean type of diet has
been linked with improved rates of CCr. Such a diet
was reported to be high in anti-inflammatory and anti-
oxidative properties, which are attributed to the high
content in fruits, vegetables, legumes, cereals, and
olive oil as the main added lipid, with moderate to
low animal protein intake and alcohol drinking. Over
the past 25 years, several clinical studies have revealed
the beneficial role of omega-3 (n-3) polyunsaturated
fatty acids (PUFA) on normal growth and develop-
ment of human’s cell. Nowadays, n-3 fatty acids intake
seems to play an important role in the primary and
secondary prevention of atherosclerosis, arterial hyper-
tension, diabetes mellitus, inflammatory and auto-
immune disorders, kidney failure, and cancer. Modern
agriculture technology has diminished n-3 fatty acids
content in many foods, giving an emphasis on the
production of vegetable oils from corn, sunflower
seeds, safflower seeds, cottonseed, and soybeans. The
essential n-3 fatty acids, mostly derived from fish
consumption, replace n-6 fatty acids in platelets’
erythrocytes and liver cells, resulting in decreased
production of prostaglandin E2 and thromboxane A2,
and thus in the inhibition of platelet aggregation and
leukocytes chemotaxis and adherence. In the CHIANTI
study, a population-based epidemiological study in
elderly individuals, low plasma PUFA was associated
with kidney dysfunction over the 3 years of follow-up;
while the relative concentration of n-3 fatty acid was
independently and significantly associated with low
circulating levels of IL-6, IL-1ra, and TNF-alpha, and
high circulating levels of sIL-6r and TGF-beta, as well
as downregulating platelet activating factor (PAF)
biosynthesis and upregulating PAF catabolism.
Omega-3 fatty acids supplementation has shown a
beneficial impact in chronic kidney disease, although
the utility and optimal dosing needs to be more clearly
defined. Even in the case of diabetes mellitus, n-3
supplementation has shown to reduce the probability
of presenting diabetic nephropathy, preventing
albuminuria, glomerulosclerosis, tubulointerstitial
fibrosis, inflammation, and arterial hypertension
associated with long-term diabetes.

As regard to the Mediterranean dietary pattern, the
Northern Manhattan Study, a prospective, multiethnic,
observational cohort collected data from 900
participants between 1993 and 2008, took serum
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creatinine measurements a mean 6.9 years apart. Mean
baseline age of the participants was 64 years, 59% of
them were women and the mean baseline estimated
GFR was 83.1 mL/min/1.73 m2. The primary outcome
was incident estimated GFR at ,60 mL/min/1.73 m2

using the Modification of Diet in Renal Disease
formula. The incident estimated GFR of ,60 mL/min/
1.73 m2 developed in 14% of the participants within
the follow-up period. In adjusted models, every
1-point increase in the MeDi score, indicating
increasing adherence to a Mediterranean diet, was
associated with decreased odds of incident estimated
GFR of ,60 mL/min/1.73 m2 (odds ratio, 0.83; 95%
confidence interval, 0.71 to 0.96). Thus it can be
presumed that adherence to a Mediterranean diet was
associated with a reduced incidence of estimated GFR
of ,60 mL/min/1.73 m2 in a multiethnic cohort, with
a relatively high mean age of 64 years at baseline,
suggesting that this association is also important for
elderly subjects.

The definition of the Mediterranean diet is difficult, as
for all dietary patterns. The most common definition is
the one that was firstly introduced by UNESCO that sug-
gests more a lifestyle pattern than a dietary pattern.
Specifically, UNESCO define Mediterranean diet as “a
set of skills, knowledge, rituals, symbols and traditions
concerning crops, harvesting, fishing, animal husbandry,
conservation, processing, cooking, and particularly the
sharing and consumption of food. Eating together is the
foundation of the cultural identity and continuity of
communities throughout the Mediterranean basin. It is a
moment of social exchange and communication, an affir-
mation and renewal of family, group or community
identity. The Mediterranean diet emphasizes values of
hospitality, neighbourliness, intercultural dialogue and
creativity, and a way of life guided by respect for diver-
sity. It plays a vital role in cultural spaces, festivals and
celebrations, bringing together people of all ages,
conditions and social classes. It includes the crafts-
manship and production of traditional receptacles for
the transport, preservation and consumption of food,
including ceramic plates and glasses. Markets also play a
key role as spaces for cultivating and transmitting the
Mediterranean diet during the daily practice of
exchange, agreement and mutual respect.”

HYPERURICEMIA AND DIET

Hyperuricemia (ie, serum uric acid (UA) concen-
tration above 450 μmol/L or 7.0 mg/dL in males and
360 μmol/L or 6.0 mg/dL in females), has been linked
with increased oxidative stress, and, in some studies,
with increased cardiovascular morbidity and mortality.
Serum UA concentration reflects the interactions of

four major processes: dietary purine intake, endo-
genous purine metabolism, urinary urate excretion,
and intestinal uricolysis. Among several factors, like
high arterial blood pressure levels, diuretic and aspirin
use, excess body weight, male sex, alcohol abuse,
aging, renal insufficiency and family history, diet has
been involved in the development of hyperuricemia
and gout. Experimental metabolic studies, mainly in
animals, have illustrated a link between purine-rich
diets and increased serum UA levels. Furthermore, a
positive association between protein intake from
animal sources and prevalence of hyperuricemia, as
well as an inverse association with protein from plant
sources has been revealed. Among other therapeutic
modalities, diet has been associated with the preven-
tion of hyperuricemia, as consumption with purified
purines increase serum UA levels in animal and
humans. It has been estimated that about two-thirds of
the daily purine load is generated endogenously from
turnover of cells, while one-third is derived from the
diet. Purine-rich foods include animal meats (ie, beef,
pork, lamb, organ meats, and meat extracts), seafood
(ie, fish fillets, tuna, shrimp, lobster, clams, etc.) and
plants (ie, yeast extracts, peas, beans, lentils,
asparagus, and mushrooms). By contrast, dairy
products (ie, milk, cheese, yogurt, ice cream), grains
and their products (ie, bread, pasta, cereals),
vegetables, fruits, nuts, sugars, and sweets are low
in purines. In this study those individuals in the
highest tertile of UA levels showed lower protein con-
sumption from milk, whereas they had higher total
protein intake and higher protein intake from meat
sources, compared with those in the lowest UA tertile.
The Third National Health and Nutrition Examination
Survey (NHANES-III) for the years 1988�1994,
examined the relationship between the intake of
purine-rich foods, proteins, and dairy products and
serum UA levels. Increased meat and seafood
consumption were associated with higher serum uric
acid levels, but, interestingly the total protein intake
was not. By contrast, consumption of dairy products
was inversely associated with serum UA levels, while
consumption of purine-rich foods, like meat and
products, was associated with repeated gout attacks.
The Mediterranean type of diet is a widely studied
dietary pattern that has been described in the early
1960s in the northern Mediterranean basin and
emphasizes the consumption of fat, primarily from
foods high in monounsaturated fatty acids, high con-
sumption of fruits, vegetables, legumes, nuts, whole
grain cereals, and moderate consumption of fish,
poultry, and wine, with relatively low consumption of
red meat and meat products. Due to the antioxidants
and anti-inflammatory properties of the aforemen-
tioned dietary pattern, it has also been recognized as a
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nonpharmaceutical means for the prevention of renal
failure, CVD, and some types of cancer, even in elderly
populations. In recent studies, it seems that, even a
slight increase in the MedDietScore (which reflects
higher adherence to this healthy dietary pattern) was
associated with a lower likelihood of having hyper-
uricemia. Although the effects of a Mediterranean type
of diet on the incidence of hyperuricemia have not
been studied thoroughly up to now, there is experi-
mental evidence to indicate that diets enriched in both
gamma-linolenic acid in plant seed oil and eicosapen-
taenoic acid in fish oil, significantly suppress urate
crystal-induced inflammation in animal models.
The antioxidative effects of various food groups that
are included in the Mediterranean diet, like fruits and
vegetables, as well as red wine and olive oil, have
already been reported. Moreover, Mediterranean diet
has been associated with increased total antioxidant
capacity and decreased oxidized LDL levels, which
may partially explain the beneficial role of this diet on
the cardiovascular system. In particular, vegetables,
fruit and olive oil that have a central position in the
Mediterranean diet, contain a variety of compounds
with an antioxidant capacity, such as vitamin C and E,
carotenoids and polyphenols, and have been linked
with low oxidative stress in the general population.

High UA levels have been associated with high
alcohol intake. In an observational study that
studied only males for a follow-up period of 12
years, alcohol drinking was strongly and indepen-
dently associated with an increased risk of gout.
Specifically, the risk of gout was 2.5 times higher
among those who consumed 50 g or more alcohol
per day compared with those who abstained from
alcohol. Additionally, moderate wine consumption
(2 glasses/day) showed no significant effect on the
aforementioned risk. Several mechanisms have been
proposed linking alcohol consumption with hyper-
uricemia. It seems that during excess consumption,
alcohol is converted to lactic acid, which in turn
inhibits UA secretion by the renal proximal tubules,
leading to reduced renal UA excretion. Also, chronic
alcohol consumption increases purine and UA pro-
duction by accelerating the degradation of adenosine
triphosphate to adenosine monophosphate. In the
NHANES-III study, alcohol drinking was associated
with higher serum UA levels in both genders.
Mediterranean type of diet is characterized by mod-
erate alcohol consumption; this inherent characteris-
tic of the traditional Mediterranean diet could be
associated with lower UA levels, and consequently
gout risk. In the present work a positive relationship
was observed between UA levels and alcohol intake,
confirming the previously mentioned knowledge;
however, the majority of the participants reported

moderate alcohol drinking (ie, about 1�3 wine
glasses per day) conforming with this dietary proto-
type, a fact that could partially explain the inverse
relationship observed between adherence to the
Mediterranean diet and UA levels. In another cross-
sectional study of middle-aged Chinese people,
where the usual dietary habits are plant-based,
hyperuricemia was positively associated with animal
source protein and inversely associated with plant
source protein consumption; although those associa-
tions were insignificant in multivariate analysis.
Furthermore, soy food consumption was inversely
associated with hyperuricemia.

POLYPHENOLS AND RENAL FUNCTION

The green tea extract contains several polyphenols.
The major polyphenol in the extract was epigallo-
catechin gallate (B50%). Previous studies showed
that epicatechin and epicatechin gallate had similar
protective effects on liver ischemia/reperfusion
injury and liver transplantation as green tea extracts
containing multiple polyphenol components. In some
other studies, the relative activities of the various
polyphenolic components to inhibit oxidation and
injury were variable. It was also shown that a combi-
nation of epigallocatechin gallate, epicatechin gallate,
epigallocatechin, and epicatechin in the molar ratio
5:2:2:1 provided optimal protective effects against
lipid peroxidation. Studies should be performed in
the future to evaluate the efficacies of each poly-
phenolic component and various combinations of
polyphenols on mitochondrial biogenesis (MB) in
cultured renal cells and in vivo. Green tea
polyphenols are free radical and singlet oxygen
scavengers. Beneficial effects of green tea poly-
phenols in the prevention/treatment of cardio-
vascular, hepatic, renal, neural, pulmonary and
intestinal diseases, cancer, diabetes, arthritis, shock,
and decreases in ischemia/reperfusion injury and
drug/chemical toxicity in various organs/tissues
have been widely reported and many of these effects
are presumably due to their antioxidant and anti-
inflammatory properties.

It is important to state that the food that contains
the phenolic agents seem to play a very important role
in this association. In another clinical trial, the phenolic
contents in olive oil were investigated for their effect
on urinary proteomic biomarkers. The authors
evaluated the impact of supplementation with two
types of olive oil, either low or high in phenolics,
Overall 69 apparently healthy participants were
randomly allocated to supplementation with a daily
20-mL dose of olive oil either low or high in phenolics
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(18 compared with 286 mg caffeic acid equivalents
per kg, respectively) for 6 weeks. Urinary proteomic
biomarkers were measured at baseline and 3 and 6
weeks. The authors claimed that consumption of both
olive oil types improved the proteomic CVD score at
endpoint compared with baseline, but not for CKD or
diabetes proteomic biomarkers. It should be mentioned
that the study sample were middle-aged and
apparently healthy subjects and that the study sample
was relatively small. The phenolic content of several
foods could be beneficial for kidney function, but the
specific food composition might play a moderating
role in this association.

It is a fact that renal failure represents a major public
health issue related with increased total mortality,
especially among elders. Thus, there is an emerging
need to implement preventive strategies in order to fight
the upcoming burden on this condition. Based on the
present work, it was observed that regular fish
consumption, independent of overall dietary and other
measured lifestyle habits, seems to be a nonpharmaco-
logical means of the maintenance of preserved kidney
function among the elderly. This is in accordance with
previous investigations on the role of omega-3 PUFA on
kidney failure in terms of secondary prevention.
Therefore, public health strategies could give further
attention on the role of fish, and omega-3 fatty acids
consumption in the fight against kidney failure, in terms
of primary prevention among the elders.

SUMMARY

The kidney participates in body homeostasis by regu-
lating acid-base balance, electrolyte concentrations,
extracellular fluid volume, and arterial blood pressure.
During aging there is a decline in renal function, due to
a decrease in the structure and function ability of the
nephrons, accumulation of fibrosis, and reduction in
blood flow, which is more evident in the case of systolic
heart failure. Between lifestyle factors, diet seems to
play an important role in the prevention of renal failure.
Although, there is no specific dietary pattern for pre-
venting renal failure, excessive intake of protein,
sodium, potassium, and alcohol have shown to be
related with the progression of renal failure even
among elderly individuals; while the well-balanced
Mediterranean type of diet has been related with pre-
served renal function. The role of dietary habits may be
related with the observation that chronic kidney disease
is also associated with increased inflammation process,
including plasma homocysteine, fibrinogen, and uric
acid levels. This is especially evident in the elderly,
where chronic kidney disease is also associated with

oxidative stress and increased circulating levels of
inflammatory markers, phosphate retention with medial
vascular calcification, increased parathyroid hormone
concentrations causing valvular calcification and dys-
function, anemia, and left ventricular hypertrophy. pub-
lic health strategies could give further attention on the
role of fish, and omega-3 fatty acids consumption in the
fight against kidney failure, in terms of primary preven-
tion among the elders.
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The Role of Nutrition in Age-Related
Eye Diseases
Bamini Gopinath

Centre for Vision Research, The Westmead Institute, The University of Sydney, Sydney, NSW, Australia

KEY FACTS

• Incidence of age-related eye disease is expected
to rise with the aging population.

• Oxidative damage and inflammation are thought
to be involved in the etiology of these age-
related eye diseases.

• Recent research has focused on the hypothesis
that nutritional factors could protect against
these degenerative eye diseases, because they
are amenable to medication, by acting on food
habits or by supplementation with specific
nutrients.

• Recommendation of food choices rich in
vitamins C and E, beta-carotene, zinc, lutein and
zeaxanthin, and omega-3 fatty acids to older
adults might offer a cost-effective strategy to
potentially prevent the onset and progression of
disabling eye diseases.

Dictionary of Terms

• Age-related macular degeneration (AMD): AMD is
an abnormality of the retinal pigment epithelium
that leads to photoreceptor degeneration of the
overlying central retina, or macula, and loss of
central vision.

• Cataract: Cataract is when there is loss of lens
clarity and media opacities secondary to
denaturation of lens proteins and oxidative damage.
This condition can range from being asymptomatic

to causing moderate visual impairment to almost
complete blindness.

• Diabetic Macular Edema (DME):DME is characterized
by fluid accumulation within the macular layers of the
retina, leading to distortion and blur.

• Diabetic Retinopathy (DR): Chronically high blood
sugar from diabetes is associated with damage to
the tiny blood vessels in the retina; leading to DR.
DR can cause blood vessels in the retina to leak
fluid or hemorrhage, distorting vision. In its most
advanced stage, new abnormal blood vessels
proliferate on the surface of the retina, which can
lead to scarring and cell loss in the retina.

• Glaucoma: Glaucoma affects the optic nerve
connecting the eye to the brain. Glaucoma is often
caused by high intraocular pressure, a result of a
blockage in the eye’s drainage system.

• Antioxidants: Antioxidants are found in certain
foods and may prevent some of the damage caused
by free radicals by neutralising them. These include
the nutrient antioxidants, vitamins A, C and E, and
the minerals copper, zinc and selenium.

AGE-RELATED CHANGES IN THE EYE

The primary function of the eye is to receive and
focus light and then transform that photic energy to
chemical and electrical signals that are sent to the
brain. There, they are recoded into the images that we
describe when we talk about our sense of sight and
seeing [1]. As the eye ages, it undergoes a number of
physiologic changes that may increase susceptibility to
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disease [2]. Consequently, the incidence and preva-
lence of diseases such as age-related macular degener-
ation (AMD), glaucoma, and vascular occlusive
diseases increases significantly with age [3].

Ocular structure, function, and blood flow undergo
demonstrable age-related changes [3]. Specifically,
these changes include loss of cells in the ganglion
layer, loss of retinal pigment epithelial cells and photo-
receptors, changes to the optic nerve, reduced blood
flow, condensation of the vitreous gel, loss of endothe-
lial cells, and meibomian gland dysfunction [2�5].
Moreover, visual function changes include decreased
visual acuity, diminished visual field sensitivity,
reduced contrast sensitivity, and increased dark adap-
tation threshold [3,6].

Age-related vascular changes that occur systemi-
cally also affect ocular vascular beds. Studies show
that ocular blood flow generally diminishes with age,
which may result from an atherosclerotic process and
narrowing of the retinal vessels [2,3]. Vascular changes
in the eye are thought to impede regulation of blood
pressure and flow, limiting the exchange of nutrients
and removal of metabolic waste and creating condi-
tions of ischemia [2,3]. Dysfunction of the vascular
endothelium, a monolayer of cells covering the inner
surface of blood vessels, is a common pathological fea-
ture of a number of age-related diseases and is thought
to be a factor in some ocular diseases, such as glau-
coma [2,3]. In the aging eye, endothelial dysfunction
leads to decreased production of nitric oxide, thereby
increasing vascular tone and vasoconstriction, and
restricting blood flow [2,3]. Reduced nitric oxide levels
have been reported in the aqueous humor of patients
with glaucoma, suggesting that vascular endothelial
dysfunction plays a role in the pathophysiology of this
disease [2,3].

With advanced age, changes also affect the ocular
surface. Structural and functional changes to the cor-
nea that occur with age can affect its ability to refract
light and repair itself, and can leave it more vulnerable
to infection [5]. As the cornea ages, there is an increase
in epithelial permeability, which may represent a
breakdown of epithelial barrier function [2,5]. Further,
there is a gradual decrease in the number of corneal
endothelial cells with age that may adversely affect
endothelial function and leave the cornea more vulner-
able to hypoxic stress [2,5].

DEGENERATIVE EYE DISEASES

The prevalence of visual impairment and blindness
increases exponentially with age [7]. When decreased
visual acuity and visual field loss become significant,
they begin to affect patients’ ability to perform

activities of daily living, such as reading, writing, driv-
ing, and ambulating [8]. Therefore, visual impairment
contributes significantly to disability among older
adults, which represents a major public health chal-
lenge to our aging countries [9,10]. Worldwide, the
main causes of blindness and visual impairment are
degenerative eye diseases, which affect the different
structures of the eye: the retina (AMD, diabetic reti-
nopathy (DR), and macular edema), the lens (cataract),
and the optic nerve (glaucoma) [11,12]. Their etiologies
are multifactorial, involving genetic and environmental
factors, and will be discussed in further detail below
[12,13].

Cataract

Cataract is the most common cause of visual
impairment and blindness worldwide, with approxi-
mately 17.7 million people blinded by this disease [11].
Cataract formation is a slow, progressive, and irrevers-
ible process that occurs at the site of the native crystal-
line lens. This lens, along with the cornea, serves to
bring objects into focus by modulating refractive
power according to object distance [8]. Aging brings
about loss of lens clarity and media opacities second-
ary to denaturation of lens proteins and oxidative
damage [14]. Symptoms include blurred vision, glare,
halos around lights, poor vision at night and in dim
settings, diminished contrast sensitivity, and monocu-
lar double vision [8]. The presence of cataract does not
necessitate cataract surgery, as this condition can range
from being asymptomatic to causing moderate visual
impairment to almost complete blindness [8]. Patients
are monitored for deteriorating visual acuity and/or
symptoms that interfere with normal activities of daily
living. Timing for cataract surgery is considered by
weighing specific individual needs against the risks of
surgery [8].

Risk factors for cataract aside from aging in other-
wise healthy eyes include gender, illiteracy, rural resi-
dence, ultraviolet light exposure, smoking, certain
medication intake, and an unhealthy lifestyle [15,16].
Other local ocular risk factors for cataract include
trauma, inflammation, vitreoretinal surgery, and topi-
cal steroid use [8].

Age-Related Macular Degeneration

AMD is the leading cause of blindness among peo-
ple of European descent who are over 65 years of age
[7]. AMD thus poses a major public health problem
with significant economic and social impact [17].
Advanced AMD can be nonneovascular (dry, atrophic,
or nonexudative) or neovascular (wet or exudative).
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Advanced AMD can result in loss of central visual
acuity and lead to severe and permanent visual
impairment and blindness. Whereas dry AMD
accounts for 80�90% of all cases of advanced disease,
more than 90% of AMD patients with severe loss of
central vision manifest wet or exudative AMD [17,18].
AMD is an abnormality of the retinal pigment epithe-
lium (RPE) that leads to photoreceptor degeneration of
the overlying central retina, or macula, and loss of cen-
tral vision [17,19,20]. AMD is characterized by subret-
inal deposits, known as drusen, that measure greater
than 60 μm and hyper- or hypopigmentation of the
RPE [17].

Although advancing age is the greatest risk factor
associated with the development of AMD, environ-
mental and lifestyle factors may significantly affect
individual risk [17]. Smoking is an important, modifi-
able factor that has been consistently associated with a
twofold increased risk for developing AMD (odds
ratios [OR] ranging from 1.8 to 3) [21]. Oxidative stress
and antioxidant depletion have been implicated in reti-
nal damage from smoking, although the precise mech-
anism in AMD remains unclear [22,23]. Other factors
that have been reported to influence risk for AMD
include sunlight exposure, alcohol consumption,
increased plasma fibrinogen levels, diet, hypertension,
body mass index, and iris color [17,21,24]. Dietary
parameters, antioxidants in particular, such as carote-
noids, zinc, and vitamins A and E, may provide a pro-
tective benefit against AMD. These will be discussed
in detail later in this chapter.

Epidemiological studies have demonstrated differ-
ences in the prevalence of AMD based on ethnicity,
with prevalence among Caucasians being greater than
that among nonwhite groups [25,26]. Such ethnic dif-
ferences may reflect genetic as well as environmental
risk factors [17]. AMD has a significant genetic compo-
nent [27,28], as several twin studies have shown signif-
icantly higher concordance rates between monozygotic
twins as compared to concordance between dizygotic
twins [29,30]. Familial aggregation studies from gen-
eral populations [31,32] and tertiary eye care centers
[27] reveal that family members of individuals with
AMD are at increased risk (2.4- to 19.8-fold) for devel-
oping the disease relative to individuals with no fam-
ily history [17].

AMD is a common, complex disease with numerous
associated AMD genetic loci [13]. Genetic linkage stud-
ies found several peaks in many chromosomes, includ-
ing 1 and 10 where the initial AMD genes were
located. Candidate gene studies based on genes associ-
ated with macular and retinal Mendelian diseases
were done, but did not yield strong or consistent
results [13]. Since 2005, at least 20 known genes have

been confirmed for AMD [33]. Many are in the com-
plement pathway [13]. Some genes play a role in path-
ways related to high-density lipoprotein cholesterol,
collagen, and extracellular matrix and angiogenesis
[34,35], and the pathway is not yet known for several
genes [13]. Rare, highly penetrant mutations also con-
tribute to AMD risk, including CFH R1210C, which is
one of the first instances in which a common complex
disease variant led to the discovery of a rare penetrant
mutation and the first one reported for AMD [36].
Rare variants in the genes C3, CFI, and C9 also confer
high risk of AMD [37,38].

Several interactions between genetic and environ-
mental factors for AMD have been reported. There is
an interaction between docosahexaenoic acid (DHA)
intake and ARMS2/HTRA1 on risk of developing geo-
graphic atrophy [39]. Smoking increases risk for all
CFH and ARMS2/HTRA1 genotypes [40�42]. In mono-
zygotic twins discordant for signs of AMD, smoking
was heavier for the twin with the more advanced stage
of AMD and dietary intakes of betaine and methionine
were higher for twins with less advanced AMD [43].
These effects of smoking and diet suggest that epige-
netic changes can modify gene expression and lead to
different phenotypes in genetically identical indivi-
duals. Methylation changes were also evaluated in a
small study of AMD-discordant twin pairs [13].

Glaucoma

Glaucoma is the leading cause of irreversible blind-
ness worldwide, and the second-leading cause of
blindness in the United States [44,45]. Of the various
identified forms of glaucoma (eg, neovascular, pigmen-
tary, mixed mechanism), the two major ones are open-
angle, the most common form, and closed angle (a
much less common form in the United States). The ter-
minology is derived from the appearance of the ante-
rior chamber angle (open or closed), which is critical to
the diagnosis [2,44,45]. Glaucoma is further distin-
guished between primary (not having an identifiable
cause) and secondary forms, and also by intraocular
pressure (IOP), which may be elevated or normal (nor-
mal tension glaucoma) in patients with primary open-
angle glaucoma (OAG) [2]. Vision loss associated with
OAG is generally progressive and irreversible, affect-
ing the peripheral visual field in the early disease stage
and central visual acuity in the late disease stage
[2,46].

The mechanisms underlying glaucoma are not well
understood, although years of studies have shown
that the largest risk factors are elevated IOP, age,
and genetics [8,47]. Smoking, glucocorticoid use, and
diabetes are potentially involved in glaucoma
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pathogenesis, but their effects are most likely mediated
by genetic susceptibility [47]. Eleven genes and multi-
ple loci have been identified as contributing factors
[47]. These genes act by a number of mechanisms,
including mechanical stress, ischemic/oxidative stress,
and neurodegeneration [47].

Diabetic Eye Diseases

DR represents the most prevalent retinal vascular
disease and is the leading cause of blindness among
the working population in developed countries [8]. A
recent pooled analysis of population-based studies on
DR estimated that 35% of all patients with diabetes
manifested some form of DR, 7% exhibited prolifer-
ative diabetic retinopathy (PDR), and 7% exhibited dia-
betic macular edema (DME) [8,48]. DME can manifest
itself at any stage of DR and results from vascular per-
meability after endothelial damage by the chronically
hyperglycemic state [8,49]. DME is characterized by
fluid accumulation within the macular layers of the
retina, leading to distortion and blur [8]. Diabetes also
markedly increases the risk for cataract and diabetic
cataracts develop at earlier ages than in nondiabetics.
People with diabetes also have twice the risk of devel-
oping glaucoma, relative to nondiabetic persons [1].

Contributing risk factors for DR are duration of dia-
betes, hemoglobin A1C level, and blood pressure
[8,48]. Other established risk factors for DR include
dyslipidemia, ethnicity (African American, Hispanic,
and South Asian), type 1 diabetes, pregnancy, puberty,
and cataract surgery [8,49]. Among patients with DR,
vision loss can result from DME and PDR manifested
as macular ischemia, vitreous hemorrhage, and trac-
tional retinal detachment [8]. Heritability has been esti-
mated as high as 52% for the advanced form of
proliferative retinopathy with retinal neovasculariza-
tion [13]. However, genetic studies have not yet identi-
fied large or consistent genetic susceptibility loci for
this disease [50].

THE RELATIONSHIP BETWEEN
NUTRITION AND HEALTHY OCULAR

STRUCTURE AND FUNCTION

Recent research has been increasingly focused on
efforts to stop the progression of age-related eye dis-
eases or to prevent the damage leading to these condi-
tions. Hence, nutritional intervention is becoming
recognized as a part of these efforts [51]. Compared to
most other organs, the eye is particularly susceptible to
oxidative damage due to its exposure to light and high
metabolism. Recent literature indicates that nutrients

important in vision health include vitamins and miner-
als with antioxidant functions (eg, vitamins C and E,
carotenoids [lutein, zeaxanthin, β-carotene], zinc) [52],
and compounds with anti-inflammatory properties
(omega-3 fatty acids, eicosapentaenoic acid [EPA],
DHA) [53] may ameliorate the risk for age-related eye
diseases [51].

ANTIOXIDANTS AND AGE-RELATED
EYE DISEASES

Oxidative mechanisms may play an important role
in the pathogenesis of age-related eye disease, in par-
ticular cataract and AMD [54]. As the retina is particu-
larly susceptible to oxidative stress, the use of
antioxidants may prevent its damage due to reactive
oxygen species. The latter plays a role in modulating
the nuclear factor erythroid 2-related factor 2, involved
in the regulation of expression of genes encoding anti-
oxidant proteins [23]. Much effort has been engaged in
the research of modulating antioxidant balance by
appropriate diet or supplementation with specific
micronutrients to prevent or delay the development or
progression of age-related eye diseases [52]. The most
prominent study being the Age-Related Eye Disease
Study (AREDS), which was an 11-center, double-
masked clinical trial designed to evaluate the effect of
high-dose vitamins and zinc on AMD progression and
visual acuity [55]. In 2001, after an average follow-up
time of 6.3 years, the study reported that treatment
with a combination of antioxidants and zinc reduced
the risk of progression to advanced AMD (OR5 0.72;
95% CI5 0.52�0.98; P5 0.007). The risk reduction for
those taking the formulation was about 25%. Analyses
were also done for those most likely to benefit from an
effective treatment, for whom the 5-year event rates
were between 18% and 43%. Comparisons with pla-
cebo found a significant risk reduction for antioxidants
plus zinc (OR5 0.66; 95% CI5 0.47�0.91; P5 0.001).
At the conclusion of the trial, the study group recom-
mended that persons with at least moderate risk of
progression to advanced AMD should consider taking
a supplement similar to the AREDS antioxidant plus
zinc formulation [55].

Many studies have addressed the importance of
antioxidants in the control of abnormalities in diabetic
retinas [56,57]; however, many of these studies have
indicated the inability of these antioxidants to lower
blood hexose levels [56,58,81]. Other studies have
indicated the inability of some antioxidants to inhibit
lipid peroxidation in diabetic eyes [81]. In addition,
significant oxidative damage has been demonstrated
in human trabecular meshwork cells of patients with
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glaucoma [59], causing elevated IOP and visual field
damage [60,61]. It is evident from the literature that
oxidative stress mechanisms play a critical role in the
pathogenesis of glaucoma [61] and that antioxidants
could play a protective role against the development
of glaucoma. Finally, laboratory and epidemiologic
evidence linking oxidative stress to cataract formation
have led investigators to assess the role of antioxidant
intake in the development of age-related cataract.
Supplementation with vitamins with antioxidant
properties such as beta-carotene and vitamins C and
E has been proposed as candidate interventions to
prevent or slow progression of cataract [62]. Several
observational studies have noted protective associa-
tions for various antioxidants. However, in totality,
the evidence from the large number of observational
studies that have examined this association has been
inconsistent [62].

Vitamin C

Vitamin C, also known as ascorbic acid, is an impor-
tant water-soluble vitamin. Vitamin C is available in
many forms, but there is little scientific evidence that
any one form is absorbed better or has more activity
than another. Most experimental and clinical research
uses ascorbic acid or sodium ascorbate [51]. Vitamin C
is a highly effective antioxidant, protecting essential
molecules in the body, such as proteins, lipids, carbo-
hydrates, DNA, and RNA, from damage by free radi-
cals and reactive oxygen species that can be generated
during normal metabolism as well as through expo-
sure to toxins and such pollutants as cigarette smoke
[51]. The eye has a particularly high metabolic rate,
and thus, requires antioxidant protection. Plasma con-
centrations of vitamin C, an indicator of intake, are
related to levels in the eye tissue [63]. In the eye, vita-
min C may also be able to regenerate other antioxi-
dants, such as vitamin E [51,64].

Vitamin C is present in high levels in normal
human lens, however, in experimental cataract, the
levels of vitamin C have been shown to be reduced
[65]. Other studies have also shown the anticataract
action of vitamin C, whereby the mechanism is primar-
ily as an antioxidant. Studies on animals have shown
the importance of this vitamin against human age-
related cataracts [66,67]. A robust analysis of observa-
tional studies indicates that vitamin C intake is also
likely to be most effective in reducing the risk of
nuclear cataract [68]. Decreases in risk of approxi-
mately 40% have been reported in a majority of studies
for intakes above approximately 135 mg/day or blood
concentrations of 6 μM of vitamin C [68]. However,
anticataract studies using vitamin C also suggest that

vitamin C can prevent only nuclear cataract and not
cortical or posterior subcapsular cataracts in humans
[69]. Hence, the efficacy of vitamin C in preventing all
types of cataract in humans is unclear, and this has
been shown to be the case in certain long-term studies
in humans who used vitamin C as a supplement
[65,70,71].

The protective effect of vitamin C on risk of devel-
oping or worsening of AMD remains equivocal,
despite 14 studies having assessed the association
between vitamin C intake or supplement use and AMD
risk [52]. In an Italian study [72], serum vitamin C
levels were significantly lower (P , 0.05) in subjects
with late versus early AMD patients. In contrast, a
prospective Australian study [73] found that higher
vitamin C intake from diet and supplements was
associated with increased risk for early AMD (intake in
the 5th quintile, OR5 2.3; 95% CI5 1.3�4.0; P for
trend5 0.002). While a prospective Dutch study [74] did
not find that subjects with a higher dietary intake of
vitamin C alone had reduced risk of AMD (per 12 SD
increase, relative risk [RR]5 1.02; 95% CI5 0.94�1.10),
but they found that an above-median intake of all four
nutrients, β-carotene, vitamin C, vitamin E, and zinc, was
associated with a 35% reduced risk (HR5 0.65; 95%
CI5 0.46�0.92) of AMD.

A single nucleotide polymorphism in the gene
related to this vitamin C transporter has been signifi-
cantly associated with a higher risk of primary OAG
[75]. One study showed that vitamin C levels were
lower in the glaucoma patients than in the control
subjects, uric acid levels were higher, and levels of
the other substances examined were not significantly
different [76,77]. Higher intake of certain fruits and
green leafy vegetables high in vitamins A and C
and carotenoids were associated with a decreased
likelihood of glaucoma in older African-American
women [78,79]. Further, a large US prospective study
showed that supplement consumption of vitamin C
was associated with decreased odds of glaucoma
(OR5 0.47; 95% CI5 0.23�0.97), but serum levels
were not associated with glaucoma prevalence
(OR5 0.94; 95% CI5 0.42�2.11) [80]. These incongru-
ous results highlight the limitation of self-reported
diagnosis and nutrient intake compared with objective
measurements [79].

Vitamin C has been shown to act as an aldose
reductase inhibitor of the hyperglycemia-induced poly-
ol pathway, affecting retinal blood flow [81] in animal
models and human supplementation trials [82].
However, the results of a clinical trial of an aldose
reductase inhibitor did not prevent DR [83,87]. A large
epidemiological study observed a nonsignificant rela-
tionship between retinopathy and the intake of
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vitamin C from food or from food and supplements
combined in a sample of participants with type 2 dia-
betes [87]. Dietary antioxidant therapy did not appear
to be an effective treatment for the prevention of dia-
betic complications in this sample and is associated
with a higher risk of retinopathy in some subsamples
of this population. However, there was a protective
effect against retinopathy with the intake of vitamin C
in supplements [87].

Vitamin E

Vitamin E can be described as a family of eight fat-
soluble antioxidants: four tocopherols (α-, β-, γ-, and
δ-) and four tocotrienols (α-, β-, γ-, and δ-).
α-Tocopherol is the form of vitamin E that is actively
maintained in the human body and also the major
form in blood and tissues [51,84]. It is also the chemi-
cal form that meets the recommended daily allowance
(RDA) for vitamin E. The main function of
α-tocopherol in humans appears to be that of an anti-
oxidant. Fats, which are an integral part of all cell
membranes, are vulnerable to destruction through oxi-
dation by free radicals [51]. α-Tocopherol attacks free
radicals to prevent a chain reaction of lipid oxidation.
This is important, given that the retina is highly con-
centrated in fatty acids [53]. When a molecule of
α-tocopherol neutralizes a free radical, it is altered in
such a way that its antioxidant capacity is lost.
However, other antioxidants, such as vitamin C, are
capable of regenerating the antioxidant ability of
α-tocopherol [84]. Other functions of α-tocopherol that
would be of benefit to ocular health include effects on
the expression and activities of molecules and enzymes
in immune and inflammatory cells. Further,
α-tocopherol has been shown to inhibit platelet aggre-
gation and to improve vasodilation [51,85].

Vitamin E supplements often provide significantly
higher levels of this nutrient than can be obtained in
the diet [52]. A variety of studies examined relation-
ships between vitamin E supplement use, dietary
intake and plasma levels, and risk for AMD. The
results from the observational studies were mixed [52].
Delcourt et al. [86] found that subjects with a higher
fasting blood α-tocopherol�lipid ratio had reduced
risk of late AMD (neovascular AMD or geographic
atrophy) (the highest vs lowest quintile of the ratio,
OR5 0.18; 95% CI5 0.05�0.67; P for trend5 0.004), but
they did not find any significant association with fast-
ing blood α-tocopherol (not the ratio) levels. An Italian
study [72] found that serum vitamin E levels and vita-
min E/cholesterol ratios were significantly lower (P ,
0.05) in subjects with late AMD (N5 29) than in early
ARM (N5 19) and in older control subjects (N5 24).
A Dutch study [74] found that subjects with a higher

dietary intake of vitamin E alone had reduced risk of
AMD (per 12 SD increase, RR5 0.92; 95%
CI5 0.84�1.00), and an above-median intake of all
four nutrients, β-carotene, vitamin C, vitamin E, and
zinc, was associated with a 35% reduced risk
(HR5 0.65; 95% CI5 0.46�0.92).

Similar to vitamin C, vitamin E has been shown to
be primarily effective against age-related cataract [87],
and earlier reports have also looked at the possibility
of clinical application of this vitamin [88] against
cataract [57]. Nevertheless, mounting experimental
evidence and randomized human trials have clearly
shown that vitamin E affords no protection against
cataract in humans [57,89]. Specifically, in studies
completed since 2007 (approximately 56,000 subjects
enrolled), there also appeared to be no effect of vita-
min E on risk of cataract in any part of the lens. This
includes retrospective, cross-sectional studies as well
as prospective studies regarding risk of cataract
associated with vitamin E intake, plasma levels, or
supplementation [68].

Vitamin E has been shown to improve insulin sensi-
tivity in short-term supplementation trials [90,91].
Vitamin E has been shown to inhibit the
hyperglycemia-induced diacylglycerol protein kinase
C pathway in both human retinal tissue and diabetic
rat retinal tissue [87,92]. A large US study observed
different associations between vitamin E intake and
the odds of DR among blacks and whites [87].
Associations were direct in whites and inverse,
although not statistically significant, in blacks [87].

In the anterior chamber, the aqueous humor vitamin
E content is low, but an increasing intake of vitamin E
may affect the antioxidant defenses in the aqueous
humor by increasing the concentration of glutathione
[93]. In a large US study, the largest contributor to vita-
min E intake was supplements, and no clear associa-
tions with duration or dose of vitamin E and primary
OAG was observed [94]. Hence, the overall inverse
associations with dietary vitamin E observed in this
study were speculated to be due to chance or to foods
with high vitamin E content containing other nutrients
that may protect against primary OAG risk [94]. A US
national population-based sample of adults aged 40
years and older also did not find conclusive evidence
that supplementary consumption of vitamin E, as
determined by self-report or by measurement of serum
levels, is related to the self-reported prevalence of
glaucomatous disease [80].

Zinc

Zinc is important in maintaining the health of the
retina, given that zinc is an essential constituent of
many enzymes [95] and needed for optimal

438 32. THE ROLE OF NUTRITION IN AGE-RELATED EYE DISEASES

III. SYSTEM AND ORGAN TARGETS



metabolism of the eye [51]. Zinc ions are present in the
enzyme superoxide dismutase, which plays an impor-
tant role in scavenging superoxide radicals. As related
to the eye, zinc plays important roles in antioxidant
and immune function [51].

Zinc has been proposed to have a role in AMD pre-
vention because of its structural role in antioxidant
enzymes [96,97]. Zinc is found in high concentrations
in regions of the retina that are affected by AMD [98].
Zinc in the retina and RPE is also believed to interact
with taurine and vitamin A, modify photoreceptor
plasma membranes, regulate the light-rhodopsin reac-
tion, and modulate synaptic transmission [99]. Retinal
zinc content has been shown to decline with age [97].
However, the benefit of zinc is still debated and a
recent meta-analysis confirmed that available data
about its role in prevention of AMD are inconclusive
[97]. Specifically, this meta-analysis showed that based
on the six cohort studies no conclusions can be made
on the associations between dietary zinc intake (from
foods and supplements) and the incidence of early,
late, and any AMD since the results were inconsistent
[97]. The strongest evidence for zinc in the treatment
of AMD comes from AREDS [41]. AREDS showed that
zinc supplementation alone reduced the risk of pro-
gression to advanced AMD in those with intermediate
AMD and those with advanced AMD in one eye [55].
Treatment with zinc alone did not reduce the risk of
loss of visual acuity in AREDS subjects. Based on
observation alone, data suggest that zinc supplementa-
tion may improve visual acuity in early AMD patients,
but not in patients with advanced AMD [55,97].

Although some epidemiological studies have shown
zinc involvement in the development of cataracts, the
lowest concentration of zinc in crystalline lenses has
been detected in patients with mature age-related cata-
ract, while the highest concentrations have been
detected in patients with traumatic cataracts [100,101].
However, the results from AREDS done in the United
States showed no beneficial effect of supplement zinc
with cupric oxide on the development or progression
of cataracts [100,102].

Zinc has been shown to protect the retina
from diabetes-induced increased lipid peroxidation
and decreased glutathione levels in rats either by
stabilizing the membrane structure or by inducing
metallothionein synthesis [81,103]. The precise mecha-
nism by which zinc exerts its protective effects against
retinal damage remains unclear, but there is a strong pos-
sibility that it could help decrease oxidative damage [81].

Carotenoids

The major carotenoids which are found in the lens
and have been related to lens health are lutein,

zeaxanthin, and riboflavin [52]. Levels of β-carotene,
the best known carotenoid because of its importance
as a vitamin A precursor, are vanishingly low in the
lens [52]. β-Carotene is an orange pigment commonly
found in fruits and vegetables and belongs to a class of
compounds called carotenoids [51].

Data from over 17,000 subjects, including the Alpha
Tocopherol Beta Carotene intervention, indicate that
this carotenoid does not affect risk of cortical, nuclear,
PSC, or “any” cataract or risk of cataract extraction
[52,69,89,104]. Intakes or blood levels of α-carotene,
lycopene, cryptoxanthin, and total carotenoids were
also evaluated for possible relations with risk of onset
or risk of progression of various forms of cataract, but
records from as many as 190,000 subjects indicate little
effect of these nutrients [89]. Prospective data from a
US study showed that those who supplemented with
vitamin A had a reduced risk of cortical cataract
(OR5 0.42; 95% CI5 0.24�0.73) [15]. Further, Dherani
et al. [104] found that those with the highest blood
levels of retinol had a reduced risk of nuclear cataract,
(OR5 0.56; 95% CI5 0.33�0.96) and mixed cataract
(OR5 0.58; 95% CI5 0.37�0.91) [89]. In a large
European study, high intakes of vitamin A were also
associated with increased risk of any cataract (inci-
dence risk ratio5 1.28; 95% CI5 1.07�1.54) [89,105].

An increased risk for the development of AMD in
individuals with a high dietary intake of β-carotene
has been reported [106,107]. Moreover, several adverse
effects of supplementation with β-carotene have been
described, in particular an increase in the likelihood of
developing lung cancer [108]. Although some studies
have reported no association [109], others have investi-
gated the effect of dietary supplementation of
β-carotene on the risk of lung cancer and found a
direct relationship [110]. Taken together, this evidence
discourages the use of β-carotene in the prevention of
AMD due to the potential side effects and poor effi-
cacy in reducing the risk of AMD [107,108]. Despite
proscription against β-carotene supplementation in
current smokers in AREDS2, β-carotene was still asso-
ciated with a greater risk of lung cancer in AREDS2
participants (2% vs 0.9%), especially in those who had
previously been smokers. This finding is clinically rele-
vant, as 50% of participants in AREDS and AREDS2
with AMD were former smokers, and 91% of those
who developed lung cancer in AREDS2 were former
smokers [41,111].

There have been very few studies that have looked
at β-carotene and glaucoma. However, there has been
some research done around vitamin A intake (of which
β-carotene is a precursor of) and glaucoma. A US
national population-based sample of adults aged 40
years and older did not find conclusive evidence that
supplementary consumption of vitamins A, as
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determined by self-report or by measurement of serum
levels, is related to the self-reported prevalence of
glaucomatous disease [80]. Coleman et al. [112] have
investigated the effect of diet on glaucoma incidence
among women, and found that the consumption of
certain foods, such as collards, kale, and carrots,
appeared to be protective against glaucoma, however,
analysis of the constituent nutrients did not reveal a
significant protective effect related to the intake of vita-
min A. In an analysis examining the relationship
between the consumption of various nutritional com-
ponents and OAG confirmed by chart review Kang
et al. [94] also found no appreciable effect of vitamin A
intake on the incidence of glaucoma [80].

When β-carotene was administered with vitamins
C, E, and other possible antioxidants, numerous
diabetes-related changes to the retina were shown to
be prevented [113,114]. Dene et al. showed that oxida-
tive stress markers were reduced in the retina of
diabetic rats after receiving a combination of antioxi-
dant therapy which primarily included β-carotene
[113]. One of the few epidemiological studies to
assess the link between β-carotene and DR showed
that among those taking insulin, increased intake of
β-carotene was associated with a risk for severity of
DR (OR5 3.31, P5 0.003, and 2.99, P5 0.002, respec-
tively, for the ninth and tenth deciles compared to the
first quintile) [115].

Lutein and Zeaxanthin

Lutein and zeaxanthin are carotenoids found in high
quantities in green leafy vegetables. Unlike β-carotene,
these two carotenoids do not have vitamin A activity
[116]. Of the 20�30 carotenoids found in human blood
and tissues [117], only lutein and zeaxanthin are found
in the lens and retina [118,119]. Lutein and zeaxanthin
are concentrated in the macula or central region of the
retina, and are referred to as macular pigment. In addi-
tion to their role as antioxidants, lutein and zeaxanthin
are believed to limit retinal oxidative damage by
absorbing incoming blue light and/or quenching reac-
tive oxygen species [51,120].

Most retrospective and prospective studies indicate
that intake or blood levels of lutein and zeaxanthin
do not modulate risk of cortical, nuclear, or posterior
subcapsular cataract [68], although a Finnish study
showed that those with the highest plasma levels of
lutein (RR5 0.58; 95% CI5 0.35�0.98) and zeaxanthin
(RR5 0.59; 95% CI5 0.35�0.99) had a reduced risk of
nuclear cataract [68]. Prospective data from epidemio-
logical studies [52] also suggest that elevated lutein
and zeaxanthin status is associated with diminished
risk of nuclear cataract [68]. A cross-sectional analysis

of 1443 Indian subjects supports this data and
revealed that high zeaxanthin blood levels were
protective against nuclear cataract (P , 0.03) [104],
but this was not observed in carotenoids in AREDS
analysis [68,121]. Similarly, AREDS2 showed that sup-
plementation with 10 mg of lutein and 2 mg of zea-
xanthin had no effect on risk of any type of cataract,
nor did it improve visual acuity. However, a sub-
group analysis did show a beneficial effect of lutein
and zeaxanthin on cataract risk (HR5 0.70; 95%
CI5 0.53�0.94) in those patients with the lowest base-
line intake of these carotenoids [89,122].

Some of the dietary sources of lutein and zeaxan-
thin have been largely investigated as a protective fac-
tor in AMD [108]. Primary studies have focused on
the dietary intake of carotenoids, which is obtained
from vegetables (eg, kale, spinach, and Brussels
sprouts) [123], as well as supplements. The first evi-
dence of an association between the consumption of
fruits and vegetables and the risk of AMD was
reported in 1988, with the publication of data obtained
from the first National Health and Nutrition
Examination Survey [124]. Some studies reported a
direct association between the higher intake of lutein/
zeaxanthin from foods and a reduced likelihood of
AMD [125,126]. AREDS2 showed that adding lutein
and zeaxanthin to the AREDS formula resulted in an
additional beneficial effect of about 10% beyond the
effects of the original AREDS formulation in reducing
the risk of progressing to advanced AMD, and when
β-carotene was removed, the incremental benefit
increased to 18%, possibly due to amelioration of com-
petitive absorption effects [41,111]. Those who derived
the most benefit from the addition of lutein and zea-
xanthin were those in the lowest quintile of dietary
lutein and zeaxanthin intake [41,111]. Ma et al.
reported that the intake of lutein and zeaxanthin
supplements in patients with early AMD could
improve the macular pigment optical density and
visual function [127]. Also, in a large meta-analysis
published by Ma et al. [128], it was revealed that a
high dietary intake of lutein and zeaxanthin was use-
ful in reducing the risk of late AMD, with no effect on
early AMD [108].

In a recent US study of African-American women,
higher intake of lutein/zeaxanthin showed a near sig-
nificant trend toward reduced odds of glaucoma diag-
nosis [78]. A large US cohort study observed an
inverse association observed between lutein/zeaxan-
thin and primary OAG risk in the 4-year lagged analy-
ses, which the authors speculated may be a chance
finding, and suggested that it deserves further evalua-
tion, particularly in relation to high-tension glaucoma
[94]. Further, an animal study showed that supplemen-
tation with lutein/zeaxanthin could protect against
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glaucoma optic neuropathy [129]. However, more pro-
spective and intervention studies are warranted to con-
clusively establish the mechanisms by which lutein/
zeaxanthin supplementation could reduce risk of
glaucoma.

Lutein has been shown to attenuate oxidative stress
in experimental models of early DR [130,131]. Animal
studies have shown that zeaxanthin administration in
diabetic rats prevents an increase in retinal oxidative
stress and pro-inflammatory cytokines (eg, VEGF,
ICAM-1) [132,133]. A community-based study of per-
sons with type 2 diabetes showed a protective role for
a higher combined lutein/zeaxanthin and lycopene
concentration against DR, after adjustment for poten-
tial confounders [131]. However, epidemiological stud-
ies assessing the association between lutein/
zeaxanthin and risk of diabetic eye diseases remain rel-
atively scarce.

Polyunsaturated Fatty Acids

In addition to the antioxidants cited above, the
omega-3 fatty acids DHA and EPA are thought to be
important in AMD prevention. The omega-3 fatty
acids have a number of actions that provide neuro-
protective effects in the retina [51]. This includes
modulation of metabolic processes affecting oxidative
stress, inflammation, and vascularization [53]. DHA is
a key fatty acid found in the retina, and is present in
large amounts in this tissue [134]. Tissue DHA status
affects retinal cell-signaling mechanisms involved in
photo-transduction [53]. It has been suggested that
atherosclerosis of the blood vessels that supply the
retina contributes to the risk of AMD, similar to the
mechanism involved in coronary heart disease [51],
suggesting that the same dietary fats related to coro-
nary heart disease may also be related to AMD
[51,135]. In addition, long-chain omega-3 fatty acids
may have another role in the function of the retina.
Biophysical and biochemical properties of DHA
may affect photoreceptor-membrane function by
altering permeability, fluidity, thickness, lipid-phase
properties, and the activation of membrane-bound
proteins [51,53].

AREDS study has confirmed a protective effect of
dietary total n-3 PUFA intake in neovascular AMD
and central geographic atrophy [108,136,137].
Furthermore, Sangiovanni et al. confirmed the inverse
association between dietary DHA intake and fish con-
sumption and the risk of neovascular disease [136].
Conversely, dietary arachidonic acid intake was
directly associated with neovascular AMD prevalence
[136]. The results from the Blue Mountain Eye Study
confirmed these associations, providing further

evidence of the protective role of fish, n-3 PUFA, and a
low intake of foods rich in linoleic acid [106]. Taken
together, these supporting data motivated further
studies to investigate the effects of specific fat supple-
ments on AMD [107]. Johnson et al. reported a positive
relationship between DHA supplementation and an
increase in macular pigment optical density, after 4
months of treatment [138]. Omega-6 PUFA intake was
reported as being directly associated with intermediate
AMD signs [107]. Parekh and colleagues found no
association between omega-3 PUFA and AMD.
Moreover, in the sample analyzed by Parekh et al., a
high correlation between the intake of omega-3 PUFA
and omega-6 PUFA was found (r5 0.8). Nevertheless,
several hypotheses have been made, such as: the poly-
unsaturated fatty acids may modulate the gastrointes-
tinal uptake of lutein and zeaxanthin, their transport
by lipoproteins, or their concentration in the macular
area [107,139]. Similarly, higher fish intake was associ-
ated with a lower risk of AMD progression among
patients with lower linoleic acid intake [140]. A subse-
quent study performed on the AREDS population
showed a protective effect of DHA and EPA in the
progression to advanced AMD. Moreover, consuming
a diet rich in DHA protects against the progression of
early AMD, particularly among subjects not taking
AREDS supplements [107,141].

In contrast, a recent review of randomized con-
trolled trials concluded that there was no sufficient
evidence to support the role of increasing levels of
dietary omega-3 PUFA to prevent or slow the pro-
gression of AMD [142]. Given these results, both
omega-3 PUFA and omega-6 PUFA need further
studies to determine the impact that these PUFA have
on AMD [107].

A 42% lower risk of nuclear cataract was found in
consumers of 0.5�1.42 g/day of omega-3 fatty acids
(found in flaxseed, walnuts, salmon, shrimp, and
other seafood) [143]. A 17% or 12% decreased risk of
nuclear or any cataract extraction, respectively, was
found in women with elevated intake of omega-3
fatty acids (specifically EPA and DHA) [144]. A large
6-year Spanish study [145] found that subjects with
0.05% and 0.2% of total energy intake as omega-6
fatty acids (found predominantly in oils such as sun-
flower, corn, and soybean oils) had a reduced risk of
any cataract (OR5 0.54; 95% CI5 0.29�0.99) com-
pared with those with the lowest intake. There was a
trend of increased risk of extraction of any type of cat-
aract with increased consumption of linoleic acid in a
US women’s study (P5 0.04) [144]. The increased con-
sumption of linoleic acid (but not arachidonic acid)
may explain the increased risk of nuclear cataract
observed in those with high polyunsaturated fatty
acid intake [68].
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Risk factors such as dietary fat are believed to
potentially influence the IOP [146]. In fact, the omega-6
derived eicosanoids include prostaglandin F2α, which
has been demonstrated to lower IOP [147]. Indeed, an
analog of prostaglandin F2α called latanoprost is a
widespread antiglaucomatous drug that decreases IOP
by 25�35% [148] by increasing uveoscleral outflow
[146,149]. Some studies have reported an inverse asso-
ciation between omega-3 intake and glaucoma
[150,151]. Accordingly, Ren et al. [151] found
decreased omega-3 PUFA levels in glaucoma patients
compared with their healthy siblings. A review article
[152] postulated that cod liver oil, as a combination of
vitamin A and omega 3 fatty acids, should be benefi-
cial for the treatment of glaucoma. A French nation-
wide case-control study [153] showed that primary
OAG was significantly associated with low consump-
tion of fatty fish (OR5 2.14; 95% CI5 1.10�4.17;
P5 0.02) and walnuts (OR5 2.02; 95% CI5 1.18�3.47;
P5 0.01). These results suggested a protective effect of
omega-3 fatty acids against primary OAG. Conversely,
a recent Spanish cohort study [146] found no associa-
tion between omega-3 intake and the risk of glaucoma
but found a direct association between omega 3:6 ratio
intake and risk of glaucoma.

Alterations in the levels and metabolism of PUFAs
could trigger initiation and progression of DR and
other related retinal diseases and associated angio-
genic processes [154]. Studies have noted that
increased dietary intake of omega-3 PUFAs prevents
retinopathy in both type 1 diabetes [155] and a model
of retinopathy of prematurity [156]. A recent study
showed that DHA-rich dietary supplementation
prevented retinal vessel loss as evidenced by the
decreased number of acellular capillaries in retinas of
type 2 diabetic animals [157].

CONCLUSIONS AND
RECOMMENDATIONS

The incidence of age-related eye diseases is
expected to rise with the aging of the population [51].
Attention has been increasingly focused on efforts to
stop the progression of eye diseases or to prevent the
damage leading to these conditions [51]. The hypothe-
sis that antioxidant and anti-inflammatory nutrients
may be of benefit in age-related eye health is plausible,
given the role of oxidative damage and inflammation
in the etiology of age-related eye diseases [51]. Great
strides have been made for AMD in terms of preven-
tion, slowing progression, and treatment of the neovas-
cular form of the disease. However, treatments can be
improved for the neovascular forms of AMD and need
to be developed for the dry stages [13]. Cataract has a

successful surgical intervention, but preventive mea-
sures and other types of therapies could provide enor-
mous economic benefit [13]. DR can be reduced with
cultural and lifestyle changes and behavioral modifica-
tion, as well as improved therapeutic targets [13].
Glaucoma requires elucidation of more definitive
environmental and genetic factors to enable earlier
diagnosis, prevention, and intervention [13].

There is a growing interest in the role of nutritional
factors in these diseases, because they are amenable to
modification, by acting on food habits or by supple-
mentation with specific nutrients [12]. To date, the
evaluation of a single nutrient in the prevention of
age-related eye diseases has not been entirely consis-
tent. The inconsistencies among studies in terms of
which nutrients and the amount of nutrients required
for protection make it difficult to make specific recom-
mendations for dietary intakes [51]. It is likely that
nutrients are acting synergistically to provide protec-
tion. Therefore, it may be more practical to recommend
food choices rich in vitamins C and E, β-carotene, zinc,
lutein and zeaxanthin, and omega-3 fatty acids [51]. A
healthy diet including a variety of fresh fruit and vege-
tables, legumes, lean meats, dairy, fish, and nuts will
have many benefits and will be a good source of the
antioxidant vitamins and minerals implicated in the
etiology of age-related ocular health. Although long-
term dietary intake should provide a more cost-
effective strategy than supplementation, due to the
unavailability of good nutrition and sufficient
resources for lifestyles, which are associated with
diminished risk for degenerative eye diseases, among
the impoverished some supplementation might be con-
sidered [52]. Moreover, creating an awareness of nutri-
ents and their dietary sources, perhaps through an
educational tool [52] and public health campaigns,
may be valuable in assisting older adults in the com-
munity to incorporate key foods/nutrients and/or
supplements that could potentially prevent the onset
or progression of disabling eye diseases.

SUMMARY

Worldwide the main causes of visual impairment
and blindness are degenerative eye diseases, which
affect the different structures of the eye: the retina
(age-related macular degeneration, AMD; diabetic reti-
nopathy, DR; and macular edema); the lens (cataract);
and the optic nerve (glaucoma). Nutritional interven-
tions are being increasingly recognized as important in
stopping the progression of these age-related eye
diseases or preventing the damage leading to these
conditions. Recent research indicates that nutrients
important in vision health include vitamins and
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minerals with antioxidant functions (eg, vitamins C
and E, carotenoids, and zinc) and compounds with
anti-inflammatory properties (omega-3 fatty acids),
which may minimize the risk for age-related eye dis-
eases. However, the evaluation of a single nutrient in
the prevention of age-related eye diseases has not
entirely been consistent. Future research should likely
focus on how these nutrients are acting synergistically
to provide protection.
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KEY FACTS

• The renal vitamin D metabolite/hormone is
1,25D.

• VDR binds 1,25D and mediates its actions on
gene transcription.

• 1,25D/VDR signals intestinal absorption of
calcium and phosphate for bone mineralization.

• 1,25D also induces FGF23, klotho, and CYP24A1
to curtail age-related pathologies caused by
phosphate and 1,25D excess.

• Beneficial nutrients that are low-affinity VDR
ligands include curcumin, docosahexenoic acid,
and delphinidin.

• Resveratrol and SIRT1 potentiate VDR signaling
to promote antiaging.

• Optimum levels of vitamin D facilitate longevity
by delaying the chronic diseases of aging such
as cardiovascular failure, cancer, osteoporosis,
ectopic calcification, as well as loss of hearing
and cognition.

Dictionary of Terms

• 1,25-Dihydroxyvitamin D3 (1,25D): the vitamin D3

sterol hormone.

• Vitamin D receptor (VDR): the protein that binds
1,25D and mediates its actions.

• Osteoporosis: a bone disease characterized by
thinning of the skeletal mineral, resulting in
fractures.

• Ectopic calcification: bony deposits in soft tissues
• Fibroblast growth factor-23 (FGF23): a peptide

hormone secreted by bone cells (osteocytes) that
reduces 1,25D and phosphate in the bloodstream.

• Klotho: a peptide hormone produced in the kidneys
that promotes longevity by acting as a co-receptor
for FGF23.

• Neuroprotection: preservation of the central nervous
system from degeneration and disease.

• Anti-inflammatory: acting to prevent or curb
inflammation.

• Anticancer nutrient: a dietary substance that
prevents cancer.

VITAMIN D: FROM NUTRIENT TO
TIGHTLY REGULATED HORMONE

The hormone precursor, vitamin D3, either can
be obtained in the diet or synthesized from
7-dehydrocholesterol in skin in a nonenzymatic, UV
light-dependent reaction (Fig. 33.1). Vitamin D3 is then
transported to the liver, where it is hydroxylated to
generate 25-hydroxyvitamin D3 (25D), the major circu-
lating form of vitamin D3 that is assayed to quantitate
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clinical vitamin D status. The final step in the produc-
tion of the hormonal form occurs mainly, but
not exclusively, in the kidney, via a closely regulated
1α-hydroxylation reaction (Fig. 33.1). The cytochrome
P450-containing (CYP) enzyme that catalyzes
1α-hydroxylation is mitochondrial CYP27B1. 1,25-
dihydroxyvitamin D3 (1,25D) circulates to various
target tissues to exert its endocrine actions that are
mediated by the vitamin D receptor (VDR). Many of
the long-recognized functions of 1,25D involve the
regulation of calcium and phosphate absorption,
raising the blood levels of these ions to facilitate bone
mineralization, as well as activating bone resorption as
part of the skeletal remodeling cycle [1].

In addition to effecting bone mineral homeostasis
by functioning at the small intestine and bone, 1,25D

also acts through its VDR mediator to influence a
number of other cell types. These extraosseous actions
of 1,25D-VDR include differentiation of certain cells in
skin [2] and in the immune system [3] (Fig. 33.1).
Notably, the skin and the immune system are recog-
nized as extrarenal sites of CYP27B1 action to produce
1,25D locally for autocrine and paracrine effects [4,5],
creating important intracrine systems (Fig. 33.1) for
extraosseous 1,25D-VDR functions amplifying the renal
endocrine actions of 1,25D-VDR [6]. Higher circulating
25D levels are likely required for optimal intracrine
actions of 1,25D (Fig. 33.1). This insight stems from a
multitude of epidemiologic studies reporting the asso-
ciations between low 25D levels and chronic disease,
coupled with statistically significant protection against
a host of pathologies by much higher concentrations of
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circulating 25D [7]. Thus, locally produced 1,25D
appears to be capable of benefiting the vasculature to
reduce the risk of heart attack and stroke, controlling
the adaptive immune system to lower the prevalence of
autoimmune disease while boosting the innate immune
system to fight infection, effecting xenobiotic detoxifi-
cation, and exerting anti-inflammatory and anticancer
pressure on epithelial cells prone to fatal malignancies.
Finally, recent evidence indicates that 1,25D also affects
behavior, perhaps emerging as a new strategy in
the prevention and/or treatment of various neuropsy-
chiatric disorders [8]. In conclusion, many of the
biological responses to the 1,25D hormone are both
endocrine and intracrine in nature, rendering this
nutrient metabolite a potent regulator of all cells in the
body that express VDR, thereby explaining the panoply
of 1,25D/VDR-gene interactions that promulgate
healthful aging.

The major inducer of CYP27B1 in kidney is parathy-
roid hormone (PTH), the calcemic peptide hormone
secreted during hypocalcemia [9]. When VDR
expressed in the parathyroid glands is liganded with
1,25D, PTH synthesis is suppressed by a direct action
on gene transcription [10]. This negative feedback
loop, which limits the stimulation of CYP27B1 by PTH
under low calcium conditions, serves to curtail the
bone-resorbing effects of PTH in anticipation of
1,25D-mediated increases in both intestinal calcium
absorption and bone resorption, thus preventing
hypercalcemia. Understanding of the homeostatic con-
trol of phosphate emanates from characterization of
unsolved familial hypo- or hyperphosphatemic disor-
ders which we now know are caused by deranged
levels of bone-derived fibroblast growth factor 23
(FGF23) [11]. The major repressor of CYP27B1 in kid-
ney is FGF23, the phosphaturic peptide hormone
secreted during hyperphosphatemia. In brief, FGF23
has emerged as a dramatic new phosphate regulator,
and a second phosphaturic hormone after PTH
(Fig. 33.1). We [12] and others [13] proved that 1,25D
induces the release of FGF23 from bone, specifically
from osteocytes of the osteoblastic lineage (Fig. 33.1), a
process that is independently stimulated by high circu-
lating phosphate levels. Thus, in a striking and elegant
example of biological symmetry, PTH is repressed by
1,25D and calcium, whereas FGF23 is induced by
1,25D and phosphate, protecting mammals against
hypercalcemia and hyperphosphatemia, respectively,
either of which can elicit ectopic calcification that is
often associated with aging.

Also illustrated in Fig. 33.1, using the kidney as an
example, is an important feedback mechanism by
which the 1,25D/VDR-mediated endocrine or intra-
crine signal is terminated in all target cells, namely the
action of CYP24A1, an enzyme that initiates the

process of 1,25D catabolism [14]. The CYP24A1 gene is
transcriptionally activated by 1,25D [15,16], as well
as by FGF23 (Fig. 33.1). Conversely, the CYP27B1 gene
is repressed by FGF23 and 1,25D, with the latter
regulation effected by epigenetic demethylation [17] in
a short feedback loop to limit the production of 1,25D
[18]. Therefore, the vitamin D endocrine system is
elegantly governed by feedback controls of vitamin D
bioactivation that interpret bone mineral ion status,
and via feedforward induction of 1,25D catabolism, to
prevent hypervitaminosis D. The vitamin D intracrine
system, in contrast, appears to be dependent more on
the availability of ample 25D substrate to generate
local 1,25D to lower the risk of chronic diseases of the
epithelial (skin, colon, etc.), immune, cardiovascular,
and nervous systems.

THE KIDNEY IS THE NEXUS OF
HEALTHFUL AGING

Fig. 33.1 also illustrates our thesis that the kidney is
the nexus of healthful aging by virtue of its ability to
produce the 1,25D and klotho hormones, as well as to
conserve calcium and eliminate phosphate, all within
the context of a healthspan circuit between bone and
kidney that prevents ectopic calcification. Excessive cir-
culating levels of 1,25D, phosphate, or calcium are
sensed by the bone osteocyte to induce FGF23 expres-
sion and secretion (Fig. 33.1, top center). Skeletally-
derived FGF23 impacts the kidney to elicit reduced
1,25D synthesis and to stimulate the elimination of
phosphate, thereby effecting healthful control of active
vitamin D and phosphate. We assert that maintaining
phosphate and active vitamin D at optimum levels is a
vital factor in maintaining a healthy lifespan. As shown
in Fig. 33.1, the kidney responds to 1,25D, FGF23, and
PTH to regulate vitamin D bioactivation/catabolism
and calcium/phosphate reabsorption, while serving as
an endocrine source of 1,25D and α-klotho (hereafter
referred to as “klotho”). Thus, the kidney is the endo-
crine nexus of health by conserving calcium, eliminat-
ing phosphate, and producing 1,25D and klotho
“fountain of youth” hormones. In other words, the skel-
eton and kidneys orchestrate bone mineral and vitamin
D metabolism to promote healthful aging and the qual-
ity of life. This conclusion is supported by the hyper-
phosphatemic phenotype of klotho- and FGF23-null
mice, which includes high levels of 1,25D, short life-
span/premature aging, ectopic calcification, arterioscle-
rosis, osteoporosis, muscle atrophy, skin atrophy, and
hearing loss [19,20]. Finally, the hyperphosphatemic/
aging phenotype of klotho- and FGF23-null mice is
rescued by knocking out either VDR [21] or CYP27B1
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[22], establishing that excess 1,25D, acting through
VDR, is eliciting the observed pathologies.

Given the apparent pro-aging potency of excess
1,25D, there was some surprise when we first proposed
that 1,25D, either alone, or in combination with bona
fide antiaging factors like klotho, is a mediator of
healthful aging [23]. This hypothesis could explain the
epidemiologic/association studies which suggest that
25D, in the newly recognized optimal high-normal
range in blood, confers a lower risk of virtually all
of the fatal diseases of aging such as heart attack, stroke,
and cancers. Thus, as depicted schematically in
Fig. 33.1, the endocrine/intracrine actions of vitamin
D/klotho protect the vascular system, as well as
epithelial cells (breast, prostate, colon, skin, etc.) that are
subject to fatal cancers [24], the immune system
[3,25,26] (Fig. 33.1), and likely the central nervous sys-
tem [8,27]. With respect to the chronic diseases of aging,
it is now becoming clear that the kidney represents the
nexus of control, and we contend that klotho is a third
renal hormone after 1,25D and erythropoietin.
Therefore, in this chapter we emphasize the importance
of renal health during aging, and unveil the kidney as a
focal point for the prevention of chronic diseases. The
role of renal-directed healthspan control is supported
clinically by the numerous deleterious aging-related
outcomes that are consistently observed in patients suf-
fering from chronic kidney disease (CKD).

Moreover, we assert that 1,25D is an antiaging/well-
ness hormone through its ability to induce klotho, a
bona fide antisenescence principle, and argue that opti-
mum levels of 25D manifest as antiaging. However,
both VDR-null and vitamin D toxic animals display
similar pro-aging phenotypes [27]. This dichotomy
with respect to 1,25D action is analogous to the actions
of the only other known toxic fat-soluble vitamin,
namely vitamin A and its active retinoic acid metabo-
lite. In physiologic quantities, retinoids mediate
optimal epithelial cell differentiation and barrier for-
mation, embryonic development, etc., yet pharmaco-
logic excesses of vitamin A and retinoic acid yield
epithelial pathologies such as gastroenteritis and exfo-
liation, and embryopathy, respectively. Whereas no
feedback control exists in the vitamin A system, the
FGF23/klotho endocrine system allows the body to
keep vitamin D in check by repressing CYP27B1 and
inducing CYP24A1 [28]. Thus, we hypothesize that
CYP24A1 represents a second antiaging gene, along
with klotho, that is expressed in response to the vita-
min D hormone and elicits feedback control to prevent
pro-aging vitamin D excess. Additionally, we assert
that the 1,25D-VDR/FGF23/klotho/CYP24A1 system
is analogous to the “sister” paradigms [29] of bile
acids-FXR/FGF15,19 and polyunsaturated fatty acids-
PPARα/FGF21 that protect the vasculature via

cholesterol catabolism (ie, CYP7A1) and fatty acid
clearance (ie, β-oxidation), respectively. The 1,25D-
VDR/FGF23/klotho/CYP24A1 antiaging axis limits
1,25D, phosphate, ectopic calcification, inflammation
and fibrosis. A greater fundamental understanding of
vitamin D and phosphate homeostasis as well as the
pathophysiology of aging disorders (eg, osteoporotic
fractures, muscle weakness, atherosclerosis, ectopic cal-
cification, hearing loss, skin atrophy, myocardial infarc-
tion, and ischemic stroke) is therefore emerging. We
envision that prevention and treatment of diseases of
aging could not only include statins, a low saturated
fatty acid/glucose diet, and exercise, to reverse the
pathology of atheromas, obesity, and Type II diabetes,
but would also feature enhanced (“high normal”) levels
of circulating vitamin D and klotho to prevent hyper-
tension, improve the underlying cellular infrastructure
of the vasculature, preclude ectopic calcification,
and maintain a fracture-free skeleton through remodel-
ing. These clinical benefits will be realized through the
actions of the FGF23/klotho/1,25D/phosphate axis,
which are analogous to the healthful cardiovascular
effects of interrupting the FGF19/FXR/bile acid axis to
enhance cholesterol clearance, and the activation of the
FGF21/PPARα/polyunsaturated fatty acids axis to
stimulate degradation and impede synthesis of
saturated fatty acids and cholesterol. Strikingly, there is
evidence [30] that the FGF19, FGF21, and FGF23 sibling
axes form a network to achieve optimal lipid, carbohy-
drate, and mineral homeostasis. Finally, α-klotho,
which acts as a coreceptor/mediator of FGF23 effects,
appears to function similarly to mediate the effects
of FGF19 and FGF21, perhaps explaining the broad
chronic disease spectrum of the α-klotho null mouse
[19,30].

MECHANISM OF GENE REGULATION BY
LIGANDED VDR

The hormonal metabolite of vitamin D3, 1,25D, acts
as a classic nuclear receptor ligand that binds specifi-
cally to the vitamin D receptor to control the tran-
scription of a multitude of genes [1]. Liganded VDR
attracts one of the retinoid X receptors (RXR) into a
heterodimer that then recognizes vitamin D respon-
sive elements (VDREs) in the vicinity of target genes,
regulating their expression via the recruitment of
comodulator complexes that modify chromatin to
effect either induction or repression of the cognate
mRNA [31�33]. Various domains of the 427 amino
acid human VDR are highlighted on a linear sche-
matic of the protein presented in Fig. 33.2, with the
two major functional regions being the N-terminal
zinc finger DNA binding domain (DBD), and the
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C-terminal ligand binding (LBD)/heterodimerization
domain. The original X-ray crystallographic structure
of the VDR LBD consisting of 12 α-helices [34] has
been updated (PDB 3A78). The pregnane X receptor
(PXR) X-ray crystal structure [35] allows for compari-
son between the ligand binding/heterodimerization
domain of VDR and that of its closest relative in the
nuclear receptor superfamily. The PXR LBD has a
particularly large ligand binding pocket (1150 Å3)
[36]; the ligand binding pocket of VDR, is also large
(approx. 700 Å3) compared with other nuclear recep-
tors that have been crystallized. Thus, like PXR, VDR
has a sizable binding pocket to accommodate a
diverse variety of lipophilic ligands beyond 1,25D as
discussed below. Finally, VDR and PXR each hetero-
dimerize with RXR to signal detoxification of

xenobiotics and overlap somewhat in their target
gene repertoires, which are laden with CYPs.

The diversity of ligands for PXR is especially broad
and includes not only endogenous steroids, but also the
secondary bile acid lithocholic acid (LCA), the antibiotic
rifampicin, as well as xenobiotics, such as hyperforin,
the active ingredient of St. John’s wort [37]. We have
identified several nutritional lipids as low affinity VDR
ligands that apparently function locally in high concen-
trations. Fig. 33.2 reveals that these novel VDR ligands
include ω3- and ω6-essential polyunsaturated fatty
acids (PUFAs), docosahexaenoic acid (DHA) and ara-
chidonic acid, respectively, the vitamin E derivative
γ-tocotrienol, and curcumin [38], which is a turmeric-
derived polyphenol found in curry, as well as the
anthocyanidins delphinidin and cyanidin found in
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pigmented fruits and vegetables [39,40]. Thus, it is now
recognized that VDR binds many nutrient ligands
beyond the 1,25D hormone. VDR appears to have
evolved as a “specialty” regulator of intestinal calcium
absorption and hair growth in terrestrial animals,
providing both a mineralized skeleton for locomotion
in a calcium-scarce environment, and physical protec-
tion against the harmful UV radiation of the sun. Yet
VDR has retained its evolutionarily ancient, PXR-like
ability to effect xenobiotic detoxification via CYP
induction [41]. VDR may complement PXR by serving
as a guardian of epithelial cell integrity, especially at
environmentally or xenobiotically exposed sites, such
as skin, intestine, and kidney.

The structure of 1,25D-occupied human VDR, het-
erodimerized with full-length RXRα, docked on a
VDRE, and bound with a single coactivator, has
been determined in solution via Small Angle X-ray
Scattering and Fluorescence Resonance Energy
Transfer techniques [42]. The allosteric communica-
tion between the interaction surfaces of the VDR-RXR
complex has been solved by hydrogen-deuterium
exchange [43]. These advances render it possible to
visualize how the DBD and the ligand binding/
heterodimerization domains are arranged relative to
one another, and how their binding to ligand, DNA,
and coactivators influence one another. Fig. 33.3A
illustrates in schematic fashion how the hormonal
ligand could be influencing VDR to interact more
efficaciously with its heterodimeric partner, VDREs,
and coactivators. The key event in the allosteric
model presented in Fig. 33.3 is the binding of a
ligand, depicted as 1,25D; however, the model likely
applies to any of the alternative low-affinity ligands
pictured in Fig. 33.2, provided their concentration is
sufficiently high. The presence of ligand in the VDR
binding pocket results in a dramatic conformational
change in the position of helix 12 at the C-terminus
of VDR, bringing it to the “closed” position to serve
in its AF2 role as part of a platform for coactivator
binding [44�46]. The attraction of a coactivator to the
helix-3, -5, and -12 platform of liganded VDR likely
allosterically stabilizes the VDR-RXR heterodimer
on the VDRE, and may even assist in triggering
strong heterodimerization by inducing the VDR LBD
to migrate to the 50 side of the RXR LBD, and in so
doing rotate the RXR LBD 180 degrees employing
the driving force of the ionic and hydrophobic
interactions between helices 9 and 10 in hVDR
and the corresponding helices in RXR (Fig. 33.3A).
There is also evidence that DNA binding, likely to
a positive VDRE, influences the stability of helix 12
for coactivator binding [43]. Alternative ligands may
serve as selective VDR modulators that drive VDRE-
or comodulator-specific target gene regulation.

Ligand-dependent repression of gene transcription
by VDR-RXR involves the recruitment of nuclear
receptor repressor(s) to alter the architecture of chro-
matin in the vicinity of the target gene to that of het-
erochromatin. This restructuring of chromatin is
catalyzed by histone deacetylases and demethylases
attracted to the receptor-tethered corepressor. The ini-
tial targeting of the repressed gene, as illustrated in
Fig. 33.3B, appears to be the docking of liganded VDR-
RXR on a negative VDRE, which likely conforms
liganded VDR in such a way that it binds corepressor
rather than coactivator. We postulate that the informa-
tion driving this allosteric transformation of VDR is
intrinsic to the negative VDRE DNA sequence [47].
With both induction (Fig. 33.3A) and repression
(Fig. 33.3B) of gene expression by VDR ligands, the
process is regulated by deacetylation/acetylation of
VDR and/or its comodulators as described later in this
chapter.

VDR-MEDIATED CONTROL OF
NETWORKS OF GENES VITAL FOR

HEALTHFUL AGING

Vitamin D and Phosphate Homeostasis
Attenuate Senescence (CYP24A1, FGF23,
and klotho)

As discussed above, whereas the predominant action
of 1,25D-VDR is promoting intestinal calcium and phos-
phate absorption to prevent osteopenia, the initial signal
for this function is PTH reacting to low calcium,
whereas the hormonal agent that feedback controls
these events to preclude ectopic calcification is FGF23.
In this fashion, bone resorption and mineralization
remain coupled to protect the integrity of the mineral-
ized skeleton. FGF23 functions acutely in concert with
PTH, and chronically when PTH is suppressed by cal-
cium and 1,25D. In fact, FGF23 directly represses PTH
[48] to abolish the activation of CYP27B1 by PTH, while
at the same time appropriating from PTH the role of
phosphate elimination. Like PTH, FGF23 inhibits renal
Npt2a and Npt2c to elicit phosphaturia [28] (Fig. 33.1).
In contrast to PTH that is downregulated by 1,25D in
parathyroid glands, FGF23 is upregulated by 1,25D
in osteocytes [11,12,49], a major source of endocrine
FGF23 production by bone. Hyperphosphatemia
enhances osteocytic FGF23 production independently of
1,25D, rendering FGF23 the perfect phosphaturic
counter-1,25D hormone because it inhibits renal phos-
phate reabsorption, and 1,25D biosynthesis via repres-
sion of CYP27B1, while enhancing 1,25D degradation
by inducing CYP24A1 in all tissues (Fig. 33.1). In this
fashion, FGF23 allows osteocytes to communicate with
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the kidney to govern circulating 1,25D as well as phos-
phate levels, thereby preventing excess 1,25D function
and hyperphosphatemia. FGF23 signals via renal
FGFR/klotho coreceptors to promulgate phosphaturia
[50], repress CYP27B1 [51] and induce CYP24A1 [28,50]
(Fig. 33.1).

CYP24A1

Upregulation of CYP24A1 by 1,25D and by FGF23
may be a key feedback link whereby circulating and
local 1,25D levels are maintained optimally to prevent
the pro-ectopic calcification and possibly even pro-aging

properties of the potent 1,25D hormone. We contend
that this CYP24A1 induction [28] maintains intracrine as
well as endocrine 1,25D homeostasis. Thus, CYP24A1
constitutes, beyond klotho, a second antiaging gene con-
trolling phosphate, calcium and active vitamin D.
Indeed, mice with ablation of the CYP24A1 gene die
early as a result of 1,25D toxicity [52].

Stimulation of CYP24A1 transcription is well under-
stood and, although active VDREs have been detected
over 50 kb downstream of the transcription start site
[53], regulation is primarily executed at the level of the
proximal promoter, the sequence of which is listed for
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FIGURE 33.3 Proposed mechanisms of gene induction and repression by VDR. (A) Allosteric model of RXR-VDR activation after binding
1,25D and coactivator, deacetylation, and docking on a high affinity positive VDRE (mouse osteopontin). See text for explanation.
(B) Allosteric model for VDR-RXR inactivation after binding 1,25D and corepressor, acetylation, and docking in reverse polarity on a high
affinity negative VDRE (chicken PTH). See text for explanation.
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the human gene in Fig. 33.4. Key cis-elements, mostly
occurring antisense, are two functional DR3 VDREs
(light purple highlight), a candidate DR3 VDRE (gray
highlight) overlapping a putative vitamin D stimula-
tory element, a C/EBP site (teal highlight), an EGR1
site (light green highlight), two AP1 sites (bold italics,
cyan highlight), an ETS1 site (yellow highlight), and a
RUNX2 site (red highlight). In the print version,
see legend for gray shade correspondence to color
highlights. The C/EBP and RUNX2 sites are consistent
with the composition of VDRE-containing cis-regulatory
modules (CRMs) in other vitamin D-controlled genes
[54], and the ETS1 site is reminiscent of the control of
the FGF23 proximal promoter by 1,25D as discussed
below (Fig. 33.5), although the ETS1 site in CYP24A1
overlaps an AP1 cis-element. Of potential mechanistic

significance is the EGR1 site, as FGF23 signals via EGR1
[55] to induce CYP24A1. Therefore, all of the elements
with the potential for control of CYP24A1 transcription
by 1,25D and FGF23 are present in the proximal pro-
moter (Fig. 33.4), possibly explaining the striking
inducibility of CYP24A1 to catalyze the catabolism of
the potent 1,25D hormone.

FGF23

The significance of FGF23 in regulating bone min-
eral homeostasis is confirmed by the two dominant
characteristics of the FGF23 knockout mouse, namely
hyperphosphatemia and ectopic calcification [20].
FGF23 null mice also possess markedly elevated 1,25D
in blood, generating the additional phenotypes of skin

-648
AAATTCTACAAACTCCCCTTCTTGCTCAAGTTAAGAAAGTCTCCTCTTCTGGTGCATTTCAGTAAGACTCA
AATCCTCCCCACCCTGGGAGGCGCAGAAAGCCAAACTTCCTCCAAAAAAAAAAAGGCAAAAAAAAAAAAAA
AATCACTTCAGTCCAGGCTGGGGGTATCTGGCTCCCCGGGAGGCGCCCGGGCTCCCCGGGGCCCTGGCAGA
CGCCGGCAGCTTTTCTGGGCCCGCACTCGGGGACCTCGCCCGCCCGGCATCGCGATTGTGCAAGCGCCGGG
CGGCAACCACGGCCGCCGCTGCCGGCTCCTGCCCGCCGGGGGAGGGCGGGGAGGCGCGTTCGAAGCACACC
CGGTGAACTCCGGGCTTCGCATGACTTCCTGGGGGTTATCTCCGGGGTGGAGTCTGCCGCCCCCACCCCAC
CTCCCGCGCCCAGCGAACATAGCCCCGGTCACCCCAGGCCCGGACGCCCTCGCTCACCTCGCTGACTCCAT
CCTCCTTCCACCCCCCCTCCCCTGGGTCCCGCGTCCCTCGGAGTCTGGCCAGCCGGGGGCCACTCCGCCCT
CCTCTGCGTGCTCATTGGCCACCCAGGGCATGCTCTGTCTCCATAAATGCATGGTCCCTGGGCATAGGAAC
ATGGAGAGG[TSS]gacaggaggaaacgcagcgccagcagcatctcatctaccctccttgacacctccccg
tggctccagccagaccctagaggtcagccttgcggaccaacaggaggactcccagctttcccttttcaaga
ggtccccagacaccggccaccctcttccagcccctgcggccagtgcaaggaggcaccaatg

Functional DR3 VDREs C/EBP site Bold Italics:CRE/AP-1 sites EGR1 site
Candidate DR3 VDRE spanning a putative vitamin D stimulatory element
ETS1 site RUNX2 site CCAAT box atg start codon

FIGURE 33.4 Nucleotide sequence of
the human CYP24A1 promoter. The tran-
scription start site [TSS] is shown, as is the
ATG start codon (underlined) for transla-
tion. The color-coded legend for cis-
elements is depicted below the sequence.
In the print version, the legend for shades
of gray that correspond to color highlights
is as follows: lightest gray, ETS1 site
(TCCATCCTCC); next lightest gray,
CCAAT box (GCTCATTGGC); next
lightest gray, candidate DR3 VDRE
(TAGCCCCGGTCACCC); next lightest
gray, EGR1 site (CGCCCCCAC); medium
gray, CRE/AP-1 sites (TGACTTCC
and TGACTCCA); slightly darker
than medium gray, functional DR3
VDREs (CACACCCGGTGAACT and
CGCCCTCGCTCACCT); darker yet
than medium gray, C/EBP site
(TTGTGCAAG); darkest gray, RUNX2 site
(CACCCCC).

-828
TCCTCTGATCAGCCAGCAGTGCCGTTCCAGTCCTCCAAATGAGTCTCCTTCCTATTGGCAAAGCCATAATTGCC
AGTTTAGTTCCCTGCCTCATCCAGACGAGGGAAACTGAGAAACCAGATCTTGCCATTTTTGCTGACCTCAAGAC
CTTGTTTTCTTTCTTCTTGCCTTGAGGTCTTTGGGAATGGTGATGGGAGGTGTTGAGCTCATGCTCCCACCTAA
CACCCTTCCTGGGGTTTGTGTATGGGGGTAGGGGGGAGTCTCATTTGCCTGATAGCATCACTTATGACCATATA
TCAAGACACTTGCCAGATGCAACAGCCAGGAGTAAGCTCCAAGAACACACTTGGCAGCTGGAGGAAAAGGGCTT
AAGCAAACCAAAACAAGGACACTGGAGGGAGATGAGTTAGCGAGGAGGCGGCTTTCTGGTTTTCTGGGGTTTTT
TTTGTTTGTTTGTTTCAGTACTGCTGGCTGCCTTCACACTTCCTGATGGAAGTGGGgacAGGTCAACAAATGAC
CCAGGGTCACAGATAACTTTTGCCCACACATCATTCACTTATGGGAGCACTGGCTTGAAATTGAGGGGTGTGTG
CGTGCATGTATGTGTGTGCCTGGAACTGACGCGCCTTCCGCAAGCCTAAGAAGTCTGGGCTTTTTCTTTGAATG
GATGATTACAACACAGAGGATGTGGCGGCATTGTTTTTCCTGCTTGATGTCACACCACCACCCTTTAAAAGTCC
CGGGGAAAAAAGGAGGGAATCTAGCCCAGGATCCCCACCTCAGTTCTCAGCTTCTTCCTAGGAAGAAGAGAAAG
GCCAGCAAGGGCCCAGCCTGTCTGGGAGTGTCAGATTTCAAACTCAGCATTAGCCACTCAGTGCTGTGCAATG

VDRE@-334: AGTGGGgacAGGTCA Ets1-site GATA-Site Lef-1-site CRE/AP1-site

FIGURE 33.5 Nucleotide sequence
of the mouse FGF23 promoter. The
color-coded legend for cis-elements is
depicted above the sequence. The
transcription start site begins at the 50

end of the underlined sequence. The
TATA-box and the ATG start codon
for translation are highlighted in light
green (Medium gray in print ver-
sions). In the print version, the legend
for shades of gray that correspond to
color highlights is as follows: lightest
gray, Ets-1 sites (CTTCCT, CTTCCG,
and AGGATG); next lightest gray,
Lef-1 site (TTTGAATG); next lightest
gray, CRE/AP-1 site (TGATGTCA);
darker than medium gray, functional
DR3 VDRE (AGTGGGgacAGGTGA);
darkest gray, GATA sites (GATAA
and GATTA).

456 33. VITAMIN D NUTRIENT-GENE INTERACTIONS AND HEALTHFUL AGING

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



atrophy, osteoporosis, vascular disease, and emphy-
sema. Many of these pathologies are also the conse-
quence of hypervitaminosis D [27], indicating that
1,25D must be “detoxified” and sustained in an opti-
mal range to maintain healthful aging. As discussed
above, the biological effects of 1,25D are curtailed by
CYP24A1-catalyzed catabolism of 1,25D, providing an
“off” signal once the hormone has executed its physio-
logic modulation of gene expression. With respect to
FGF23, we [12] originally reported that, in osteocyte-
like UMR-106 cells, FGF23 mRNA levels are dramati-
cally upregulated by 1,25D; this FGF23 induction is
potentiated by leptin, and inhibited by IL-6 [56].
Functional VDREs were identified in the human
FGF23 gene at 235.7, 216.2, and 18.6 kb in relation to
the transcription start site, and each of the three candi-
date VDREs is located in a cluster of binding sites for
C/EBP and RUNX2 [56], consistent with the concept
of cis-regulatory modules for control of osteoblast
expressed genes by the vitamin D hormone [57]. Based
upon the observation that FGF23 induction by 1,25D is
partially cycloheximide sensitive [23], and the fact that
1,25D upregulates ETS1, a transcription factor
that cooperates with VDR [58], we also concluded that
1,25D induces FGF23 production directly (primarily)
via multiple VDREs, and indirectly (secondarily) via
stimulation of ETS1 expression, with VDR and ETS1
cooperating in the induction of FGF23 through DNA
looping and generation of euchromatin architecture
[56]. However, it has been reported that the FGF23
gene region in mouse osteocytes is not marked
by detectable, 1,25D-dependent VDR/RXR binding
sites when ChIP-seq analysis is carried out [59].
Consequently, we reexamined the mouse FGF23 proxi-
mal promoter (DNA sequence listed in Fig. 33.5) for
transactivator binding sites that might mediate control
of FGF23 mRNA expression. As depicted in Fig. 33.5,
we observed a collection of consensus cis-elements
between 2110 and 2347 bp in relation to the start of
transcription. Most prominent in this collection are
three ETS1, two GATA, and single AP1 and LEF-1
sites, with the latter AP1 and LEF-1 cis-elements often
associated with VDREs in 1,25D-regulated genes
[60,61]. Importantly, ETS1, which was implicated as a
partner with VDR in controlling FGF23 in a previous
study [56], possesses a cis-docking site in the mouse
FGF23 promoter that is only six bp 50 of a newly dis-
covered candidate VDRE (AGTGGGgacAGGTCA),
highlighted in light purple in Fig. 33.5. We therefore
hypothesized that the 2110 to 2347 bp region of
the FGF23 promoter constitutes a cis-regulatory mod-
ule (CRM) anchored by the adjacent ETS1 and VDRE
sites. To test this hypothesis, we utilized the mouse
FGF23 promoter (1.0 kb) and progressively truncated
promoter fragments kindly supplied by Drs. Ito

and Miyamoto of the Tokushima University [62], to
generate luciferase gene�reporter constructs. These
constructs were transfected into K562 cells and evalu-
ated for 1,25D-responsiveness. The results (Fig. 33.6A
and 33.6B) implied the existence of a VDRE
between 2200 and 2400 bp in the mouse FGF23 pro-
moter. To determine if this VDRE corresponds to the
newly revealed candidate VDRE shown in Fig. 33.5, this
VDRE and/or its adjacent ETS1 site were inactivated by
point mutation within the context of a 20.6 kb
promoter fragment-luciferase construct, and the
mutated plasmids were examined for transcriptional
stimulation by 1,25D. The observation that inactivation
by site-directed mutagenesis of either the VDRE or
ETS1 elements abolishes transcriptional stimulation
by 1,25D (Fig. 33.6C) provides evidence for a novel,
composite ETS1-VDRE cis-element that may be central
to the CRM in the mouse FGF23 promoter that mediates
at least part of the response of this gene to induction by
1,25D. Our results further suggest that regulation by
phosphate does not reside in the proximal 1.0 kb pro-
moter, because no significant difference in reporter gene
expression is observed when the truncation series is
exposed to low (0.9 mM, Fig. 33.6A) versus high
(3.0 mM, Fig. 33.6B) phosphate concentration. Finally,
we probed the responsiveness of the FGF23 promoter to
calcium, as David et al. [63] recently called attention
to calcium as a stimulator of FGF23 secretion by osteo-
blasts. Indeed, we provide evidence for a regulatory site
that responds to high (6 mM) calcium within the
proximal FGF23 promoter. As illustrated in Fig. 33.6D,
high calcium significantly (1.7- to 2.0-fold) induces
the 21.0 kb mouse FGF23 promoter�reporter construct.
Therefore, as depicted schematically at the top (center)
of Fig. 33.1, we conclude that 1,25D and calcium com-
prise FGF23 inducers that function by stimulating the
proximal promoter of the mouse gene (and likely other
species as the CRM is conserved across species).
Phosphate, another FGF23 secretagogue (Fig. 33.1, top
center), apparently functions by a mechanism indepen-
dent of the proximal promoter.

Klotho

Phosphate is abundant in a normal diet and is a fun-
damental biological component of not only mineralized
bone, but also essential biomolecules such as DNA,
RNA, phospholipids, phosphoproteins, ATP, and meta-
bolic intermediates. Yet phosphate excess may act as a
pro-senescence factor independently of hypervitamin-
osis D by contributing to ectopic calcification and
arteriosclerosis, COPD, chronic kidney disease, and
loss of hearing. Fortunately, FGF23 and klotho are
designed to eliminate excess phosphate and therefore
promote increased healthspan. Klotho appears to have
systemic antiaging properties independent of its

457VDR-MEDIATED CONTROL OF NETWORKS OF GENES VITAL FOR HEALTHFUL AGING

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



phosphaturic actions, perhaps through its glycosyl
hydrolase enzymatic activity [64]. Conversely, although
FGF23 is antiaging at the kidney by eliciting phosphate
elimination and detoxifying 1,25D, its “off-target”
actions could actually be pro-aging in terms of coro-
nary artery disease, as well as possible neoplastic
actions in the colon [65], and it is possible that these
off-target FGF23 pathologies are opposed by secreted
klotho [11]. Upregulation of klotho by 1,25D [66] is con-
sistent with potentiation of FGF23 signaling in the kid-
ney and perhaps protection of other cell types (eg,

vascular and colon) where a secreted form of klotho is
considered a potentially beneficial renal hormone [67].

Klotho is the only reported single gene mutation
that leads to a premature aging phenotype in the
mouse [19], and a recessive inactivating mutation in
the human klotho gene elicits a phenotype of severe
tumoral calcinosis [68]. Klotho- and FGF23-null mice
have identical hyperphosphatemic phenotypes of short
lifespan/premature aging, ectopic calcification, arterio-
sclerosis, osteoporosis, muscle atrophy, skin atrophy,
and hearing loss [19,20]. Klotho is a known coreceptor
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FIGURE 33.6 Dissection of the mouse FGF23 proximal promoter. (A) A 21.0 kb promoter fragment linked to a luciferase reporter and
transfected into K562 cells in the presence of 0.9 mM (low) phosphate stimulates transcription in response to 1,25D by 3 to 4-fold. This tran-
scriptional effect is significantly reduced to less than 2-fold between 20.4 kb and 20.2 kb when progressively truncated promoter fragments
are tested. (B) Profile of transcriptional stimulation by 1,25D of FGF23 promoter fragments is unaffected by 3.0 mM (high) phosphate concen-
tration. (C) A 20.6 kb promoter fragment-luciferase construct of the mouse FGF23 promoter yields a 4-fold response to 1,25D. This effect is
significantly diminished to 2.2- to 2.4-fold by mutation of either the VDRE or ETS1 site, or both simultaneously, with all responses not signifi-
cantly different from the promoter-less (20.06 kb) control construct. (D) High (6.0 mM) calcium, but not high (3.0 mM) phosphate, significantly
(1.7- to 2.0-fold) induces the 21.0 kb mouse FGF23 promoter-reporter construct.
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for FGF23, whereas β-klotho, the product of a separate
gene, is a coreceptor for other FGF hormones. (α-)
Klotho exists in multiple forms [69]: a full-length
(130 kDa) transmembrane coreceptor with a minimal
cytoplasmic region of 11 amino acids and two extracel-
lular domains with homology to glycosyl hydrolases,
at least three proteolyzed forms that are shed into the
circulation [70], and finally a hypothetical 80 kDa
secreted form (s-klotho) produced by alternative splic-
ing in exon 3 that generates a protein species posses-
sing a portion of the extracellular domain containing
one of the glycosyl hydrolase domains [71]. Because of
the potential significance of these forms in klotho biol-
ogy, much remains to be learned about how their
expression is regulated. Thurston et al. [72] have dem-
onstrated that TNF-α and γ-interferon are suppressors
of renal klotho expression; the FGF23 ligand is also a
putative repressor of klotho expression [13]. With the
exception of a preliminary report by Tsujikawa et al.
[73] who treated mice with various dietary and phar-
macologic regimens, including vitamin D, inducers of
klotho are poorly characterized. However, as detailed
below, it has been reported recently [66] that 1,25D sig-
nificantly induces klotho mRNA expression at the cel-
lular and molecular level in human and mouse renal
cell lines.

Analysis by Forster et al. [66] of RNA isolated from
mouse distal convoluted tubule (mpkDCT) cells, the
primary expression site for klotho in kidney, with pri-
mers designed to capture both alternatively spliced
mRNAs for the membrane and secreted forms of
klotho, demonstrated that 1,25D treatment induces
mRNA expression of either the membrane or secreted
splice forms of klotho mRNA, suggesting that 1,25D
may be capable of both amplifying FGF23 responsive-
ness and eliciting secretion of circulating klotho hor-
mone, with the s-klotho hormonal isoform being more
responsive to 1,25D induction. Interestingly, curcumin,
an alternative VDR ligand [38], selectively upregulates
membrane klotho mRNA in mpkDCT cells [66],
indicating that distinct VDR ligands can differentially
modulate the membrane and secreted forms of klotho.
These data lead to the hypothesis that designer vitamin
D analogs could promote the healthful aging benefits of
systemic klotho without accentuating FGF23 action to
perhaps elicit hypophosphatemia. Bioinformatic analy-
sis [66] of both the human and mouse klotho genes
revealed 17 candidate VDREs in the mouse gene and 11
putative VDREs in the human gene [66]. When assessed
for functionality by cotransfection of reporter constructs
into human kidney (HK-2) cells (Fig. 33.7), only the
mouse VDRE at 235 kb (mKL-12) and the human
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FIGURE 33.7 Functional activity of candidate mouse and human klotho VDREs. Candidate VDREs were cloned into a pLUC-MCS
reporter vector, cotransfected into HK-2 human kidney cells along with a pSG5-VDR cDNA expression plasmid and treated with 1,25D
(1028 M) for 24 h. Firefly luciferase values were normalized to expression of Renilla luciferase. Data are depicted as the Firefly to Renilla lucif-
erase ratio, with the fold effect of 1,25D on top of key black bars. (A) Analysis of seven mouse klotho candidate VDREs, revealing that only
the mouse klotho VDRE located at 235 kb (mKl-12) displays transactivation ability. (B) Transfection of candidate human klotho VDREs
demonstrates a striking (.10-fold) 1,25D responsiveness of VDREs corresponding to sequences at 246 kb (hKL-2) and 231 kb (hKL-3), but
not 13.2 kb (hKL-8). The sequences of the active VDREs in the mouse and human klotho genes are listed; they are very similar to proven
VDREs, with the mouse VDRE at 235 kb (mKL-12) conforming exactly to the consensus VDRE.
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VDREs at 246 kb and 231 kb (hKL-2 and hKL-3) dis-
play a potency similar to the established rat osteocalcin
(ROC) VDRE [66]. Thus, it appears that 1,25D-liganded
VDR-RXR induces klotho expression by binding to
functional VDREs in the range of 31 to 46 kb 50 of the
transcriptional start site of both the human and mouse
klotho genes. In combination with the data of
Tsujikawa et al. [73] that 1,25D increases steady-state
klotho mRNA levels in mouse kidney, in vivo, the
results shown in Fig. 33.7 indicate that 1,25D is the first
discovered inducer of the longevity gene, klotho.

Detoxification of Endo- and Xenobiotics
(CYP3A4, SULT, and CBS)

A common theme for VDR and PXR is the induction
of CYP enzymes that participate in xenobiotic detoxifi-
cation. A major target for VDR and PXR in humans is
CYP3A4 [74�76], for which the detoxification substrates
include lithocholic acid (LCA) [77]. The precursor to
LCA, chenodeoxycholic acid, is produced in the liver
and converted to LCA via 7-dehydroxylation by gut
bacteria. LCA is not a good substrate for the entero-
hepatic bile acid reuptake system, and thus remains in
the enteric tract and passes to the colon, where it can
exert carcinogenic effects [78]. Thus, natural ligands for
VDR, including the high affinity 1,25D hormonal metab-
olite and the lower affinity, nutritionally-modulated bile
acids, seem to possess the important potential to serve
as agents for promoting detoxification of LCA and pos-
sibly other intestinal endo- or xenobiotics, with the end
result likely being a reduction in colon cancer incidence.
Additionally, 1,25D induces SULT2A, an enzyme that
detoxifies sterols via 3α-sulfation [79]. Finally, in the
realm of cardiovascular disease [80] and neurodegener-
ative disorders of aging such as Alzheimer’s disease
[81], excess circulating homocysteine is considered a
negative risk factor because of the toxicity of this methi-
onine metabolite. Liganded VDR has recently been
shown [82] to induce cystathionine β-synthase
(Table 33.1), a major enzyme catalyzing the metabolic
elimination of toxic homocysteine.

VDR Ligands Promote Healthspan via
Regulation of Antiaging Genes (SPP1, TRPV6,
LRP5, RANKL, OPG, BGP, Defensins/
Cathelicidins, IL-17/23, p21/53, NF-κB,
FOXOs, and TPH2)

1,25D-VDR regulates the expression of numerous
genes that encode bone and mineral homeostasis
effectors for which appropriate control can be consid-
ered to facilitate healthful aging, and several of these
are discussed below. The first, osteopontin or SPP1

(Table 33.1) is induced by 1,25D in osteoblasts, where
it triggers ossification; SPP1 also serves as an induc-
ible inhibitor of vascular calcification and associated
disease, an important antiaging action [118]. Intestinal
calcium uptake is mediated, in part, by 1,25D-VDR
induction of TRPV6 [88,97] (Table 33.1). TRPV6 is a
key calcium channel gene product that supplies die-
tary calcium via transport to build the mineralized
skeleton and thereby not only prevents rickets, but
also delays the inevitable calcium leaching from bone
in senile osteoporosis. 1,25D significantly induces
LRP5 [88,89] (Table 33.1), a gene product that pro-
motes osteoblastogenesis via enhanced canonical Wnt
signaling, and is thereby anabolic to bone [119]. The
expression of RANKL (Table 33.1), which is catabolic
to bone, is enhanced by 1,25D-VDR [23] and mediates
bone resorption through osteoclastogenesis. OPG, the
soluble decoy receptor for RANKL that tempers its
activity, is simultaneously repressed [23] to amplify
the bioeffect of RANKL. Therefore, a well-mineralized
bone, in response to SPP1, TRPV6, LRP5, and OPG, as
well as an actively remodeled bone as a result of
RANKL action, is a healthy bone that is less suscepti-
ble to fractures associated with aging and senile osteo-
porosis. Osteocalcin (BGP, Table 33.1) is another gene
classically induced by 1,25D in osteoblasts. Utilizing
BGP null animals, it has been shown that normal
osteocalcin expression is important for robust, fracture-
resistant bones [120]. Moreover, osteocalcin has been
identified as a bone-secreted hormone that both
improves insulin release from pancreatic β-cells and
increases insulin metabolic responsiveness [121], per-
haps delaying Type II diabetes mellitus.

The final network of 1,25D-VDR-regulated genes
encodes factors impacting cell survival/cancer, the
immune system and metabolism. The VDR null mouse
is sensitized to DMBA-induced skin cancer [122] as
well as UV light-induced skin malignancy [123].
Moreover, VDR likely reduces risk for many cancers
by inducing the p53 [124] and p21 [124] (Table 33.1)
tumor suppressors, as well as DNA mismatch repair
enzymes in colon [125]. VDR knockout mice exhibit
enhanced colonic proliferation [126] plus amplified
mammary gland ductal extension, end buds and den-
sity [127], indicating that the fundamental actions of
VDR to promote cell differentiation and apoptosis
[128] play an important role in reducing the risk of
age-related epithelial cell cancers such as those of the
breast and colon.

In the case of immune function, 1,25D-VDR
induces cathelicidin [26] to activate the innate
immune system to fight infection (Table 33.1), and
represses IL-17 [3] to temper the adaptive immune
system and lower the risk of autoimmune disorders
such as type I diabetes mellitus, multiple sclerosis,
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TABLE 33.1 VDREs in Genes Directly Modulated in Their Expression by 1,25D and Possibly Other VDR Ligands

Gene Bioeffect Type Location 50-Half Spacer 30-Half Ref. Group

rBGP Bone metabolism Positive 2456 GGGTGA atg AGGACA [83] Bone

mBGP Bone metabolism Negative 2444 GGGCAA atg AGGACA [84] Bone

hBGP Bone metabolism Positive 2485 GGGTGA acg GGGGCA [85] Bone

mSPP1 Bone metabolism Positive 2757 GGTTCA cga GGTTCA [86] Bone

mSPP1 Bone metabolism Positive 22000 GGGTCA tat GGTTCA [87] Bone

mLRP5 Bone anabolism Positive 1656 GGGTCA ctg GGGTCA [88] Bone

mLRP5 Bone anabolism Positive 119 kb GGGTCA tgc AGGTTC [89] Bone

rRUNX2 Bone anabolism Negative 278 AGTACT gtg AGGTCA [90] Bone

mRANKL Bone resorption Positive 222.7 kb TGACCT cctttg GGGTCA [91] Bone

mRANKL Bone resorption Positive 276 kb GAGTCA ccg AGTTGT [92] Bone

mRANKL Bone resorption Positive 276 kb GGTTGC ctg AGTTCA [92] Bone

cIntegrin-beta3 Bone resorption, platelet
aggregation

Positive 2756 GAGGCA gaa GGGAGA [93] Bone

cCarbonic
anhydrase II

Bone resorption, brain
function

Positive 239 AGGGCA tgg AGTTCG [94] Bone

cPTH Mineral homeostasis Negative 260 GGGTCA gga GGGTGT [95] Mineral

mVDR Auto-regulation of VDR Positive 18467 GGGTTA gag AGGACA [96] Mineral

hTRPV6 Intestinal Ca21 transport Positive 21270 AGGTCA ttt AGTTCA [97] Mineral

hTRPV6 Intestinal Ca21 transport Positive 22100 GGGTCA gtg GGTTCG [97] Mineral

hTRPV6 Intestinal Ca21 transport Positive 22155 AGGTCT tgg GGTTCA [97] Mineral

hTRPV6 Intestinal Ca21 transport Positive 24287 GGGGTA gtg AGGTCA [97] Mineral

hTRPV6 Intestinal Ca21 transport Positive 24337 CAGTCA ctg GGTTCA [97] Mineral

hNPT2a Renal phosphate
reabsorption

Positive 21963 GGGGCA gca AGGGCA [98] Mineral

hNpt2c Renal phosphate
reabsorption

Positive 2556 AGGTCA gag GGTTCA [88] Mineral

hFGF23 Renal phosphate
elimination

Positive 235.7 kb GGGAGA atg AGGGCA [31,56] Mineral

hFGF23 Renal phosphate
elimination

Positive 232.9 kb TGAACT caaggg AGGGCA [31,56] Mineral

hFGF23 Renal phosphate
elimination

Positive 216.2 kb TAACCC tgcttt AGTTCA [31,56] Mineral

hFGF23 Renal phosphate
elimination

Positive 18.6 kb AGGGCA gga AGGACA [31,56] Mineral

mFGF23 Renal phosphate
elimination

Positive 2334 AGTGGG gac AGGTCA Figs. 33.5
and 33.6
herein

Mineral

hklotho Renal phosphate
elimination

Positive 231 kb AGTTCA aga AGTTCA [66] Mineral

hklotho Renal phosphate
elimination

Positive 246 kb GGTTCG tag AGTTCA [66] Mineral

mklotho Renal phosphate
elimination

Positive 235 kb AGGTCA gag AGTTCA [66] Mineral

(Continued)
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TABLE 33.1 (Continued)

Gene Bioeffect Type Location 50-Half Spacer 30-Half Ref. Group

rCYP24A1 1,25D detoxification Positive 2151 AGGTGA gtg AGGGCG [15] Detox

rCYP24A1 1,25D detoxification Positive 2238 GGTTCA gcg GGTGCG [16] Detox

hCYP24A1 1,25D detoxification Positive 2164 AGGTGA gcg AGGGCG [99] Detox

hCYP24A1 1,25D detoxification Positive 2285 AGTTCA ccg GGTGTG [99] Detox

hCYP3A4 Xenobiotic
detoxification

Positive 2169 TGAACT caaagg AGGTCA [75,76] Detox

hCYP3A4 Xenobiotic
detoxification

Positive 27.7 kb GGGTCA gca AGTTCA [74] Detox

rCYP3A23 Xenobiotic
detoxification

Positive 2120 AGTTCA tga AGTTCA [76,100] Detox

hMDR1 P-glycoprotein, drug
resistance

Positive 27863 AGTTCA atg AGGTAA [101] Detox

hMDR1 P-glycoprotein, drug
resistance

Positive 27853 AGGTCA agtt AGTTCA [101] Detox

hp21 Cell cycle control Positive 2765 AGGGAG att GGTTCA [102] Cell life

hFOXO1 Cell cycle control Positive 22856 GGGTCA cca AGGTGA [103] Cell life

hIGFBP-3 Cell proliferation/apoptosis Positive 23282 GGTTCA ccg GGTGCA [104] Cell life

hInvolucrin Skin barrier function Positive 22083 GGCAGA tct GGCAGA [105] Cell life

hPLD1 Keratinocyte differentiation Positive 2246 GGGTGA tgc GGTCGA [106] Cell life

hCCR10 Homing of T-cells to skin Positive 2110 GGGTCT acg GGGTCA [107] Cell life

rPTHrP Mammalian hair cycle Negative 2805 AGGTTA ctc AGTGAA [108] Cell life

hSOSTDC1 Mammalian hair cycle Negative 26215 AGGACA gca GGGACA [109] Cell life

hHairless Mammalian hair cycle Positive 27269 TGGTGA gtg AGGTCA [109] Cell life

rVEGF Angiogenesis Positive 22730 AGGTGA ctc AGGGCA [110] Cell life

hMIS Müllerian-inhibiting
substance

Positive 2381 GGGTGA gca GGGACA [111] Cell life

hHLA-DRB1 Major histocompatibility
complex

Positive 21 GGGTGG agg GGTTCA [112] Immune

hCAMP Antimicrobial peptide Positive 2615 GGTTCA atg GGTTCA [113] Immune

hKSR-1 Monocytic differentiation Positive 28156 GGTGCA tat AGGTCA [114] Immune

hKSR-2 Monocytic differentiation Positive 22501 AGTTCA gca TGGTCA [115] Immune

hKSR-2 Monocytic differentiation Positive 13185 GGTTCA aac AGTTCT [115] Immune

mInsig-2 Regulation of lipid
synthesis

Positive 22470 AGGGTA acg AGGGCA [116] Metabolism

hPCFT Intestinal folate
transporter

Positive 21680 AGGTTA ttc AGTTCA [117] Metabolism

hCystathionine
β synthase

Homocysteine
clearance

Positive 15983 GGGTTG atg AGTTCA [82] Metabolism

hTryptophan
hydroxylase 2

Serotonin synthesis Positive 29971 TGGTCA att AGTTCA [8] Metabolism

27059 AGGTCA att TGGTCA CNS
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lupus, and rheumatoid arthritis. 1,25D-VDR is anti-
inflammatory by blunting NFκB [129] and COX2
[130], and inflammation is considered a common
denominator in maladies such as heart disease and
stroke, as well as cancer. In addition, 1,25D-VDR
induces FOXO3 [131], a significant molecular player
in preventing oxidative damage, the leading candi-
date for the cause of aging [132]. Finally, VDREs have
been identified in the tryptophan hydroxylase 2 (TPH2)
gene that encodes the enzyme catalyzing the rate-
limiting step in serotonin synthesis in the central ner-
vous system [8,133]. Fig. 33.8A lists these VDREs in
the human TPH2 gene, and the data in Fig. 33.8B
reveal that these VDREs are functionally responsive
to 1,25D when inserted upstream of reporter genes
and transfected into intact cells. Their activity is sta-
tistically significant but modest in magnitude (some-
what less active than the CYP3A4 VDRE), yet TPH2
mRNA concentrations are upregulated by 1,25D treat-
ment in human U87 glioblastoma (Fig. 33.8C, 2.4 to

2.9-fold) and embryonic kidney cells (Fig. 33.8D, 2.4-
fold). The data in Fig. 33.8 indicate that 1,25D may be
capable of raising serotonin levels in the brain to ele-
vate mood and serve as a potential defense against
depression, as well as possibly supporting cognitive
function and prosocial behavior, while curbing impul-
sive behavior. In summary, through control of vital
genes, VDR allows one to age well by delaying frac-
tures, ectopic calcification, malignancy, oxidative
damage, infections, autoimmunity, inflammation/
pain, cardiovascular and neuropsychiatric diseases.

Another nutritionally derived lipid, resveratrol, is a
potent antioxidant found in the skin of red grapes
and as a component in red wine that may serve to
augment 1,25D-VDR antiaging actions [134]. As shown
in Fig. 33.9A (top panel), 1,25D activates (20-fold
over vehicle control) VDR-mediated transcription
of CYP24A1 in human embryonic kidney cells.
Significantly, the combined presence of 1,25D and
resveratrol results in synergism (394%) in VDR
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FIGURE 33.8 1,25D induces TPH2 mRNA in human brain cells. (A) Candidate VDREs in the human TPH2 gene [8]. (B) Functional
activity of putative VDREs in the human TPH2 gene when linked into a luciferase reporter construct and transfected into U87 human
glioblastoma cells, and treated in culture with 1,25D (10 or 100 nM) for 24 hours. Data are depicted as a ratio of firefly (test) to Renilla
(control) luciferase. XDR3 represents the positive control, a distal VDRE from the human CYP3A4 gene [76]. (C) Induction of TPH2 mRNA
by 1,25D in U87-MG human glioblastoma cells treated for 24 hours with the indicated concentrations of hormone. Data are depicted as a
fold effect of 1,25D. (D) Induction of TPH2 mRNA by 1,25D in HEK-293 human embryonic kidney cells treated for 24 hours with the indi-
cated concentration of hormone.
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transactivation of CYP24A1 compared to 1,25D alone
(Fig. 33.9A, top panel). This result indicates that
resveratrol functions as a potentiator of 1,25D-VDR
signaling. Competitive binding assays of tritiated
1,25D-bound VDR with resveratrol reveal that resvera-
trol, rather than displacing, actually enhances tritiated
1,25D binding to overexpressed hVDR in a COS-7 cell
extract [135]. Thus, resveratrol confers VDR with an
increased capacity for 1,25D binding, likely by activat-
ing SIRT1 to deacetylate VDR and/or one of its como-
dulators. To test this hypothesis, we cotransfected a
SIRT expression plasmid and observed that SIRT1, like
resveratrol, boosts (185%) 1,25D-induced transcription
of CYP24A1 (Fig. 33.9A, upper panel), and the combi-
nation of SIRT1 and resveratrol results in the greatest

(426%) transcriptional activation of CYP24A1 by
1,25D-liganded VDR. To confirm that SIRT1 is activat-
ing VDR, the selective SIRT1 inhibitor, EX-527, was
tested in a separate experiment (Fig. 33.9A, lower
panel), yielding a significant diminution of transcrip-
tional activation of CYP24A1 by 1,25D-liganded VDR.
Therefore, resveratrol affects VDR indirectly, likely via
the ability of resveratrol to potentiate 1,25D binding
to VDR by stimulating SIRT1, an enzyme known to
deacetylate nuclear receptors. These data illuminate a
pathway for cross-talk between two nutritionally
derived lipids, vitamin D and resveratrol, both of
which converge on VDR signaling.

To determine the generality of resveratrol modula-
tion of VDR, we also tested 1,25D 6 resveratrol in the
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context of klotho regulation of β-catenin action. We
noted that klotho is not only antiaging, but has also
been recognized as an anticancer peptide [139]. One
mechanism for the antineoplastic action of s-klotho is
inhibition of Wnt/β-catenin signaling, especially in the
colon. The data in Fig. 33.9B show that s-klotho is a
potent suppressor of both endogenous and exogenous
β-catenin activity, a phenomenon potentiated by 1,25D-
VDR but not by resveratrol, suggesting that resvera-
trol/SIRT action in the context of klotho/VDR signaling
may represent a more complex, multilayered array of
signal transduction cross-talk. In kidney, s-klotho is
documented to serve as a tumor suppressor and inhibit
tumor proliferation through the regulation of the IGF-1
signaling pathway. Klotho also binds directly to type-II
TGF-β receptors and prevents TGF-β1 binding, thereby
blocking TGF-β1 action; accordingly, s-klotho abolishes
the fibrogenic effects of TGF-β1 [139]. Since 1,25D and
curcumin induce klotho (discussed above), while res-
veratrol activates SIRT1 [136], we propose the existence
of a molecular mechanism (Fig. 33.9C) that orchestrates
collaborative cross-talk in 1,25D/klotho/resveratrol/
SIRT signaling to achieve the antifibrogenic, antiaging,
and anticancer activities of klotho, in vivo, that is
thought to occur in the vasculature and other tissues
such as kidney and colon [67].

Compilation of VDREs

Table 33.1 provides a list of VDR-RXR target genes
recognized by the combined DNA binding domain
zinc fingers of the two receptors, and their
C-terminal extensions. These VDR-RXR controlled
genes encode proteins that determine bone growth
and remodeling, bone mineral homeostasis, detoxifi-
cation, the mammalian hair cycle, cell proliferation/
differentiation, apoptosis, lipid metabolism, immune
and CNS function, and longevity. In general, VDREs
possess either a direct repeat of two hexanucleotide
half-elements with a spacer of three nucleotides
(DR3) or an everted repeat of two half-elements with
a spacer of six nucleotides (ER6) motif, with DR3s
being the most common. Many VDREs occur as a
single copy in the proximal promoter of vitamin D-
regulated genes, however, CYP24A1 VDREs are at
least bipartite, as is the human CYP3A4 VDRE, with
the 50 DR3 located some 7.7 kb upstream of the prox-
imal ER6 VDRE in the latter case. Studies of 1,25D-
controlled CYP genes introduced the concepts of
multiplicity and remoteness to VDREs, concepts rein-
forced by ChIP or ChIP scanning [88,89,97,140] of
genomic DNA surrounding the transient receptor
potential vanilloid type 6 (TRPV6), LRP5, and recep-
tor activator of nuclear factor κB ligand (RANKL)
genes, uncovering novel VDREs at some distance

from the transcription start site (Table 33.1). Indeed,
the recent genome-wide study of the VDR/RXR cis-
trome cited above found that the vast majority (98%)
of VDR/RXR binding sites in LS180 cells were
located .500 bp upstream or downstream from the
transcriptional start site of the nearest gene [141].
Strikingly, in the human genome it is thought that
via epigenetic modification to “open-up” enhancers
for transcription factor binding in chromatin, func-
tional enhancers often occur as much as 250 kb 50 or
30 of the transcription start-site in a regulated gene.
The most attractive model is that remote VDREs are
juxtapositioned with more proximal VDREs via DNA
looping in chromatin, creating a single platform that
supports the transcriptional machinery [56].

CONCLUSION AND PERSPECTIVES

The healthful aging facets of vitamin D and novel
VDR ligands described in the present chapter reveal
new roles for vitamin D and its nutritional surrogates
that go far beyond vitamin D as a simple promoter of
dietary calcium and phosphate absorption to ensure
adequate bone mineralization. We now understand that
vitamin D hormonal ligands and their nuclear receptor
also mediate both the sculptured delimiting and remo-
deling of the skeleton as well as the prevention of
ectopic calcification through novel peptide mediators,
such as FGF23 and klotho. These latter roles of 1,25D-
VDR can be considered as protective against osteopo-
rotic fractures on the one hand, and on the other hand
in reducing the ravages of ectopic calcification which
occur with aging, especially with respect to diminishing
cardiovascular calcification and mortality [142]. It is
striking indeed that the calcemic and phosphatemic
hormone, 1,25D, and its receptor coevolved mechan-
isms for countermanding the potential deleterious
effects of calcification. These mechanisms include feed-
back repression of calcemic PTH in one endocrine loop,
and feed-forward induction of FGF23 in yet a second
endocrine loop. FGF23 acts as a check and balance on
bone mineral by delimiting skeletal calcification, retard-
ing ectopic calcification, mostly via its phosphaturic
action, and feedback repressing 1,25D production by
the kidney. Although both 1,25D/PTH/Ca and 1,25D/
FGF23/PO4 are intricate and essential axes for mineral
homeostasis, they represent only “the tip of the iceberg”
in vitamin D and VDR functions significant to health
(Fig. 33.10). Thus, the traditional bone and mineral
(antirachitic/antiosteoporotic) effects, as well as newly
recognized bone anabolic and counter-ectopic calcifica-
tion functions, comprise the fraction of the iceberg
above the water line. As illustrated, the bulk of the
actions mediated by VDR are novel extraosseous effects
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that are diagrammed in the submerged portion of the
iceberg.

We propose that VDR binds one or more naturally
occurring nonvitamin D ligands to effect many of
its extraosseous actions. Indeed, we have identified

several potential examples of nonvitamin D related
VDR ligands, including LCA, curcumin, γ-tocotrienol,
PUFAs, and anthocyanidins. Because VDR is capable of
binding alternative lipid ligands, albeit with low affin-
ity, the receptor may have retained its promiscuity
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of intestine, kidney and bone, calbindin induction by VDR does not require vitamin D in brain [145]. VDR is widely expressed in the central
nervous system, as is Hr, raising the possibility that unliganded VDR, perhaps along with Hr, acts in select neurons. Notably, it has been
reported that VDR-null mice exhibit behavioral abnormalities including anxiety [146]. Furthermore, 1,25D/VDR exerts neuroprotective actions
against excitotoxicity, and induces serotonin mood elevator to support cognitive function and prosocial behavior.
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for ligand binding that presumably originated with its
primitive detoxification function, similar to that of
its evolutionary cousin PXR. The question remains
whether, in the course of its evolution, VDR function
was further refined and endowed with higher affinity
for local bioactive ligands that would explain the broad
health benefits of vitamin D and other lipid nutrients
beyond bone. In summary, through control of key genes
via a mechanism that is potentiated by longevity agents
such as resveratrol and SIRT1, we profess that
VDR feeds the “fountain of youth” and allows one to
age well by delaying fractures, ectopic calcification,
oxidative damage, infections, autoimmunity, inflamma-
tion, pain, cardiovascular disease, neuropsychiatric
disorders, and malignancy.

SUMMARY

1,25-Dihydroxyvitamin D3 (1,25D) is the endocrine
metabolite of vitamin D that signals through binding to
the vitamin D receptor (VDR). The ligand�receptor com-
plex transcriptionally regulates genes that encode factors
promoting intestinal calcium and phosphate absorption
plus bone remodeling, maintaining a skeleton with
reduced risk of age-related osteoporotic fractures. 1,25D/
VDR signaling further exerts feedback control of mineral
ions via regulation of FGF23, klotho, and CYP24A1 to
prevent age-related, ectopic calcification, and associated
pathologies. Vitamin D also elicits xenobiotic detoxifica-
tion, oxidative stress reduction, antimicrobial defense,
immunoregulation, anti-inflammatory/anticancer actions,
and cardiovascular benefits. 1,25D exerts neuropro-
tective actions against excitotoxicity, and induces seroto-
nin mood elevator to support cognitive function and
prosocial behavior. Nutrient, low-affinity VDR ligands
including curcumin, polyunsaturated fatty acids, and
delphinidin/anthocyanidins initiate VDR signaling,
whereas longevity agents such as resveratrol and SIRT1
potentiate VDR signaling. Therefore, liganded VDR mod-
ulates the expression of a network of genes that facilitates
health span by delaying the chronic diseases of aging.
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KEY FACTS

• Carotenoids have been credited with the
prevention of many age-related conditions.

• Carotenoids function as antioxidants and anti-
inflammatory agents.

• Carotenoids are highly lipophilic molecules
located inside cell membranes, protecting the
membrane from oxidative stress damage.

• Of several hundred carotenoids identified in
nature, only 40 are present in a typical human
diet, and about half have been identified in
human blood and tissues.

• Regular carotenoid consumption improves
vascular health, protects the skin from aging and
cancer, and has an anticarcinogenic effect in
prostate and breast cancer.

Dictionary of Terms

• Carotenoids: a group of red, orange, or yellow
polyisoprenoid hydrocarbons with symmetrical
tetraterpene skeleton formed by the tail-to-tail
linkage of the two C20 moieties synthesized by
photosynthesis.

• Reactive oxygen species: chemically reactive molecules
containing oxygen that have an unpaired electron,
rendering them extremely reactive.

• Electrophile/antioxidant response element (EpRE/ARE):
a transcription system that induces the expression of
phase II detoxifying enzymes (antioxidant enzymes)
which eliminates harmful substances.

• Nuclear factor kappa B (NF-κB): nuclear factor
kappa-light-chain-enhancer of activated B cells is
a protein complex that enhances inflammatory
response by induction of DNA transcription. It is
involved in cellular responses to stimuli such as
stress, cytokines, free radicals, ultraviolet
irradiation, oxidized LDL, and infection.

• Vascular cell adhesion molecule 1: VCAM-1 mediates
the adhesion of lymphocytes, monocytes,
eosinophils, and basophils to the vascular
endothelium.

• Intercellular adhesion molecule 1: ICAM-1 leukocytes
bind to endothelial cells via ICAM-1.

• Matrix metalloproteinase: MMPs are zinc-dependent
endopeptidases; other family members are
adamalysins, serralysins, and astacins. The MMPs
belong to a larger family of proteases.

INTRODUCTION

As life expectancy increases, so does the proportion
of older people in the population, and, accordingly,
the incidence of chronic disease. In light of this situa-
tion, new approaches to promoting or maintaining
health in this age group are of great interest. Today, it
is widely accepted that diet can provide desirable
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health benefits beyond basic nutrition. The dietary
approach to promoting healthy aging and preventing
age-related diseases is currently a popular research
topic, largely because its absence of toxicity makes it
suitable for the general aging population.

Carotenoids function as antioxidant anti-
inflammatory agents. Carotenoids and their derivatives
also modulate various cellular signaling pathways, as
will be discussed in this chapter. They have been asso-
ciated with the prevention of many age-related condi-
tions and chronic diseases, including cancer,
cardiovascular disease (CVD), age-related macular
degeneration (AMD) and loss of visual function, skin
aging, and more. New evidence also suggests a benefi-
cial effect of carotenoids on cognitive function and
muscle strength. This chapter will focus on the role of
carotenoids in CVD, cancer, and skin aging.

STRUCTURE AND FUNCTION

While carotenoids are necessary to maintain the nor-
mal health and behavior of animals, including
humans, nearly all animals are unable to synthesize
carotenoids and therefore rely on their diet to obtain
these compounds [1]. Several hundred carotenoids
have been identified in nature, but only 40 are present
in a typical human diet, and approximately 20 have
been identified in human blood and tissues [2].

The carotenoids are a group of red, orange, or yellow
pigmented polyisoprenoid hydrocarbons synthesized
in all organisms capable of photosynthesis, such as
prokaryotes and higher plants as well as most bacteria
[3,4]. The main sources of carotenoids in human
plasma are yellow-orange-red fruits and green leafy
vegetables [5]. Lycopene is the main pigment in toma-
toes, while lutein is found in a number of
vegetables (eg, cabbage, corn, and broccoli). The caro-
tenoids can be divided into those with provitamin A
activity and those that have no role in the formation of
vitamin A [6]. The provitamin A carotenoids are
metabolized by humans into retinol. These carotenoids
include alpha-, beta-, and gamma-carotene and alpha-
and beta-cryptoxanthin. Among the nonprovitamin A
carotenoids, the most abundant are lutein, zeaxanthin,
and lycopene [7]. Carotenoids are transported in the
plasma of humans and animals exclusively by lipopro-
teins. Chylomicrons are responsible for the transport
of carotenoids from the intestinal mucosa to the blood-
stream via the lymphatics [8]. After ingestion, the caro-
tenoids incorporate into mixed lipid micelles in the
lumen and are taken up by the intestinal mucosa and
incorporated into chylomicrons. These chylomicrons
are released into the lymph, where they are digested
by lipoprotein lipase, resulting in the release of

carotenoids. Next, they are further distributed in the
plasma by the use of very low-density lipoproteins
(VLDL), low-density lipoproteins (LDL), and high-
density lipoproteins (HDL) [8]. The most abundant
carotenoids in plasma include lycopene, beta-carotene,
and lutein [9]. Their plasma half-life is relatively long
(days to weeks) due to their fat solubility, limited
phase II metabolism, and impaired renal clearance
[10]. Their plasma concentration is 2 μM [9]. In the
plasma, the carotenoids are categorized into carotenes
(beta-carotene, lycopene) and xanthophylls (lutein).
(Xanthophylls contain oxygen atoms, while carotenes
are purely hydrocarbons with no oxygen.) Carotenes
are fat-soluble and thus tend to be localized in LDL in
circulation. Xanthophylls, which contain at least one
hydroxyl group, are more polar than carotenes and are
evenly distributed between LDL and HDL [11]. After
leaving the blood stream, carotenoids are mainly accu-
mulated in the liver and adipose tissues; a relatively
high amount was also reported in the adrenal gland,
corpus luteum, testes, skin, retina (macula), kidney,
and ovary, while in brain stem tissue their concentra-
tion was below the detection limit [12,13].

Most carotenoids exhibit a characteristic, symmetri-
cal tetraterpene skeleton formed by the tail-to-tail
linkage of the two C20 moieties [14]. Carotenoids,
as highly lipophilic molecules, are typically located
inside cell membranes. Strict hydrocarbons, such as
beta-carotene or lycopene, are arranged exclusively
within the inner part of the lipid bilayer. More polar
pigment molecules, containing attached oxygen atoms
(eg, lutein, zeaxanthin) are oriented roughly perpen-
dicular to the membrane surface, exhibiting their
hydrophilic parts to the aqueous environment [15].
This membrane incorporation may result in a promi-
nent enhancement of the membranes’ resistance to
oxidative stress.

Due to their antioxidative effect, carotenoids may
attenuate age-related pathological processes, including
atherosclerosis, macular degeneration, skin aging, and
cancer. However, their plasma level decreases with
aging, probably due to reduced intestinal absorption [16].

CAROTENOIDS AND OXIDATIVE STRESS

Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are generated in a variety of pathologi-
cal as well as physiological process. They are products
of UV light, X-ray and gamma-ray irradiation, are gen-
erated in metal-catalyzed reactions, and are air pollu-
tants. They also produced in the cell by neutrophils
and macrophages during inflammation and as by-
products of mitochondria-catalyzed electron transport
reactions [17]. ROS/RNS have a dual effect in the
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biological system; they can be both harmful and bene-
ficial to living organisms [18]. Some of their beneficial
effects, such as cellular defense against infectious
agents, are present during acute inflammation.
Another beneficial effect is that at low concentrations
they induce a mitogenic response. However, at high
concentrations, ROS are responsible for damage of the
cell structures and its organelles, namely: lipids, mem-
branes, proteins, and nucleic acids. [19]. This cellular
damage is reduced by the antioxidant action of nonen-
zymatic antioxidants and antioxidant enzymes [20].
Despite the antioxidant defense system, oxidative
damage accumulates during the lifetime, and ROS/
RNS cause irreversible damage to DNA, proteins, and
lipids. This type of damage is particularly harmful
when it is continuous, as it is, for example in chronic
inflammatory states. Thus, ROS/RNS play a major role
in the development of age-dependent diseases, among
them cancer, atherosclerosis, skin aging, and macular
degeneration [21].

It is well known that carotenoids exhibit free radical
scavenging properties [22]. They are known to be very
efficient physical quenchers of singlet oxygen (1O2), as
well as potent scavengers of other ROS [14,23]. The
interaction of carotenoids with 1O2 depends largely on
physical quenching, which involves direct energy
transfer between both molecules. The energy of singlet
molecular oxygen is transferred to the carotenoid mol-
ecule to yield ground state oxygen and a triplet excited
carotene. Instead of further chemical reactions, the
carotenoid returns to ground state, dissipating its
energy by interaction with the surrounding solvent,
and it can be reused several fold in such quenching
cycles [24]. The most efficient carotenoid is the open
ring carotenoid lycopene, which contributes up to 30%
to total carotenoids in humans [25]. Among the various
radicals formed under oxidative conditions in the
organism, carotenoids most efficiently react with per-
oxyl radicals. They are generated in the process of
lipid peroxidation, and scavenging of this species
interrupts the reaction sequence, finally leading to
damage of lipophilic compartments. Due to their lipo-
philicity and specific property of scavenging peroxyl
radicals, carotenoids are thought to play an important
role in the protection of cellular membranes and lipo-
proteins against oxidative damage [26].

In addition to their antioxidant properties, carote-
noids possess anti-inflammatory characteristics [27].
Chronic inflammation, in contrast to acute inflamma-
tion, is an ongoing damaging process that causes con-
stant cellular damage and results in the development
of illness such as cancer and CVD [28,29]. As antioxi-
dant, anti-inflammatory substances, carotenoids play a
role in the attenuation of these morbidities. The com-
bined antioxidative and anti-inflammatory effect of

carotenoids was demonstrated by our group in vitro,
showing that lycopene and lutein significantly
improved endothelial function as measured by
increased nitric oxide (NO) and decreased endothelin
(ET-1) release as well as attenuating the expression
of leukocytes adhesion molecules (intercellular
adhesion molecule-1 [ICAM-1] and vascular cell adhe-
sion molecule-1 [VCAM-1]) and inhibiting nuclear
factor kappa B (NF-κB) activation in transfected endo-
thelial cells [30]. The anti-inflammatory effect of carote-
noids was also demonstrated in clinical trials. Riso
et al. evaluated the effects of 10-day lutein-rich broccoli
(250 g/day) intake on plasma markers of inflammation
in young healthy male smokers. After 10 days of
consumption there was a significant reduction in
the inflammatory marker CRP [31]. Another study
conducted on a healthy young population showed
comparable results: high vegetable and fruit con-
sumption resulted in an inverse association between
beta-carotene and inflammatory markers such as
interleukin-6 and tumor necrosis factor-alpha (TNF-α)
[32]. These studies suggest that in young subjects in a
disease-free state, carotenoid consumption has a bene-
ficial effect. In the following sections, we will try to
evaluate whether this effect might influence disease
and health in old age.

CAROTENOIDS AND VASCULAR
HEALTH AND ATHEROSCLEROSIS

Atherosclerosis can be regarded as vascular aging.
This process is characterized by excessive formation of
ROS in the vascular bed [33]. The accumulation of
ROS in aging atherosclerotic arteries results in endo-
thelial injury. The damaged and aged endothelium has
decreased NO bioavailability [34]. NO is the main anti-
oxidant mediator. Endothelium-derived NO halts ath-
erosclerotic vascular aging by maintaining normal
organ blood flow via flow/shear stress-mediated vaso-
dilatation. This preservation of flow-mediated vasodi-
latation is one of the hallmarks of the healthy
endothelium [35,36]. Another antiatherosclerotic mech-
anism induced by NO is decreased vascular inflamma-
tion and thrombosis [34].

The antioxidant vascular effect of carotenoids
has been demonstrated in both experimental and
clinical studies. An interventional study conducted by
our group demonstrated that the reduction in blood
pressure induced by tomato extract (lycopene and
beta-carotene) was accompanied by the elevation of
plasma nitrate levels [37]. The antioxidant ability
was further demonstrated by the carotenoid lycopene
in human umbilical vein endothelial cells (HUVECs).
Pretreatment of HUVECs with lycopene decreased the
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formation of TNF-α�induced ROS. The lycopene pre-
treated cells also had reduced expression of monocyte
adhesion molecules [1]. Another study examined the
protective effect of lycopene on injured endothelial
cells induced by ROS and showed that lycopene-
pretreated endothelial cells had increased viability,
decreased apoptosis rate, and downregulation of the
expressions of p53 and caspase-3 mRNA [38]. Further
confirmation of lycopene’s ability to reduce the effect of
the inflammatory atherosclerotic process by serving as
an ROS and inflammation inhibitor comes from a study
performed on healthy male volunteers that demon-
strated that lycopene supplementation improved their
endothelial function, significantly decreased the inflam-
matory markers hsCRP, sICAM-1, and sVCAM-1, and
improved atherosclerotic risk factors (lipid profile and
systolic blood pressure level) [39].

The ability of carotenoids to diminish ROS levels
was also found in vascular smooth muscle cells
(VSMCs). Lo et al. showed that lutein reduced
PDGF-induced intracellular ROS production and atten-
uated ROS-(H2O2-)-induced ERK1/2 and p38 MAPK
activation [40].

In contrast to the above studies, other research has
shown more modest effects of carotenoids. A study in
which New Zealand White (NZW) rabbits were fed a
high-fat diet with or without lycopene demonstrated
that the lycopene group showed a significant reduction
in their total cholesterol and LDL cholesterol serum
levels, but failed to demonstrate a difference in either
plaque size or endothelial function [41]. Comparable
results were also found in a human study. Biomarkers
of vascular oxidative stress and inflammation were
unaffected after short-term (1 week) lycopene supple-
mentation [42]. However, in a longer study (30 days)
that examined the effect of the lycopene-rich
Mediterranean diet, it was found that avoiding this
lycopene-rich diet resulted in a significant increase of
plasma ICAM-1 [43].

One of the initial events in atherosclerosis is the for-
mation of the highly atherogenic oxidation of LDL
[44,45]. The oxidized LDL particles present in the sub-
intimal space chemo-attract inflammatory cells [46]. As
mentioned above, the fat-soluble lycopene in the circu-
lation is carried by LDL. An in vitro study using
extracted human LDL particles demonstrated that the
lycopene in LDL was resistant to myeloperoxidase
activity. This resistance might be one of the mechan-
isms that protect LDL from oxidation and thus reduce
atherosclerosis [47].

This ability of carotenoids to decrease the formation
of oxidized LDL received further confirmation from a
clinical study performed on young, healthy, lean men
and women (mean age5 276 8 years; mean body
mass index5 226 2). Study participants consumed

high-fat meals on two occasions. On one occasion,
the high-fat meal also included a processed tomato
product (containing a high concentration of lycopene),
and on the second occasion tomato products were not
included in their meal. Although both meals increased
postprandial lipid concentrations, tomato consumption
significantly attenuated the levels of high-fat meal-
induced LDL oxidation and interleukin-6 [48].

It might be said that carotenoids have proved to
have antioxidative and anti-inflammatory abilities.
Increased NO bioavailability improves vascular health
and delays vascular aging. Still, it is unknown whether
lycopene and other carotenoids have a protective
rather than a therapeutic role, and whether their bene-
ficial effect is restricted to healthy subjects in whom
they serve as primary prevention substances, or
whether can also change the history of the atheroscle-
rotic process.

Can Carotenoids Improve Atherosclerotic Risk
Factors and Early Atherosclerosis?

Diabetes mellitus, arterial hypertension, hyperlipid-
emia, metabolic syndrome, and abdominal obesity are
known risk factors for atherosclerosis and its target
organ damage [43].

In the previous section, the favorable effect of lyco-
pene on plasma oxidized LDL was mentioned.
Another study showed that lycopene can also reduce
plasma LDL via reduction in the expression of the
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, an effect that resembles the mechanism of
statins [49]. This interplay between statins and carote-
noids was further demonstrated in subjects with mild
and moderate hypercholesterolemia. Statin treatment
resulted in plasma LDL reduction, together with carot-
enoid elevation [50]. Regarding obesity, a small but
rather definitive study showed that obese subjects
have significantly lower levels of plasma carotenoids
than nonobese subjects [51].

Another well-known atherosclerotic risk factor is
hypertension. In two studies, our group demonstrated
a beneficial effect of carotenoids on blood pressure.
We showed that 8 weeks treatment with tomato extract
in Grade 1 hypertensive patients resulted in a signifi-
cant decrease in systolic blood pressure 144 (SE6 1.1)
to 134 mmHg (SE6 2, P, 0.001), and a decrease in dia-
stolic blood pressure from 87.4 mmHg (SE6 1.2) to
83.4 mmHg (SE6 1.2, P, 0.05) [52]. Furthermore, the
blood pressure lowering effect of tomato extract was
demonstrated in hypertensive patients with Grade 2
hypertension. Adding tomato extract to regular antihy-
pertensive treatment resulted in significant blood pres-
sure reduction [37]. Further evidence that supports
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carotenoids’ antihypertensive properties comes from a
large follow-up study in which 4412 young adults (age
18�30 years) were recruited from four US cities (as
part of the CARDIA study). At recruitment, four
serum carotenoids (alpha-carotene, beta-carotene,
lutein/zeaxanthin, and cryptoxanthin) and lycopene
were measured. After 20 years of follow-up there was
a significant inverse association between serum carot-
enoid at time 0- and 20-year hypertension incidence
(relative hazard per SD increase of sum of four carote-
noids: 0.91; 95% confidence interval5 0.84�0.99). It is
worth mentioning that lycopene was unrelated to
hypertension in any model [53]. However, a random-
ized case control study failed to demonstrate any anti-
hypertensive effect of 6 months of tomato extract
treatment on blood pressure reduction among
middle-aged (51.26 12.1 years) subjects with prehyper-
tension (systolic BP 120�139 mmHg or diastolic BP
80�89 mmHg) [5].

The same protective effect of carotenoid consump-
tion for long periods was found regarding the develop-
ment of glucose intolerance. In a 9-year longitudinal
study that included 1389 volunteers aged 59�71 years,
the relationship between plasma carotenoid at baseline
and incidence of dysglycemia was examined. It was
demonstrated that the risk of dysglycemia remained
significantly lower in participants who were in the
highest quartile of total plasma carotenoid at recruit-
ment compared with participants in the lowest quartile
[40]. Furthermore, in the CARDIA study, both insulin
resistance and diabetes incidence (after 15 years) were
inversely associated with the baseline level of serum
carotenoid concentrations in nonsmokers, but not in
current smokers [40]. A recent study that examined the
association between serum carotenoids and metabolic
syndrome found that higher serum carotenoid levels
were associated with a lower prevalence of metabolic
syndrome and fewer abnormal metabolic syndrome
components in middle-aged and elderly Chinese
adults [54].

Subclinical atherosclerosis may be regarded as an
early sign of atherosclerosis and vascular aging. One
of the surrogate markers for this early phase of athero-
sclerosis is microalbuminuria. A cross-sectional study
showed that increased levels of serum beta-carotene
were independently associated with lower risk of albu-
minuria among Japanese women [55]. Other measure-
ments of early atherosclerosis include arterial stiffness
and carotid intima-media thickness (CIMT). Increase in
arterial stiffness results in left ventricular hypertrophy
and augmentation in systolic hypertension [56].
The intima-media thickness was proved to be a good
surrogate marker of atherosclerosis and predictor
of coronary heart disease (CHD) [57] and ischemic
stroke [58].

A study performed on healthy women (aged 35�75
years) showed an independent inverse relationship
between circulating lycopene and brachial-ankle pulse
wave velocity (increased arterial stiffness results in
increased brachial-ankle pulse wave velocity) [39].
Another study from the same group showed that
high plasma lycopene levels were associated with
reduction in aortic stiffness in patients with metabolic
syndrome [59]. However, in contrast to these
observational studies, a 12-week interventional study
conducted on overweight, healthy, middle-aged indivi-
duals demonstrated that lycopene consumption did
not result is a reduction of blood pressure, arterial
stiffness, or waist circumference [60].

A prospective, cross-sectional study was conducted
on a population of 640 participants (men and women
35�78 years old) who were asymptomatic with respect
to carotid artery disease and were seen at the
Cardiology Unit (part of the ACADIM Study). Among
participants with CIMT$ 0.8 mm, lycopene and beta-
carotene were all significantly lower when compared
with participants with CIMT, 0.8 mm [61]. Another
case-control study performed on a middle-aged
(45�68 years) Asian population found that lutein
levels were significantly lower in subjects with early
atherosclerosis determined as an increase in CIMT)
compared to subjects with normal CIMT. However,
there was no change regarding aortic stiffness [62�65].
A study was conducted on 40 patients with early ath-
erosclerosis not diagnosed as suffering from CVD, but
with increased aortic stiffness and CIMT. These
patients had lower serum concentrations of the carote-
noids lutein and zeaxanthin than healthy controls [64].

The results of the above-mentioned observational
studies suggest that carotenoid consumption for long
periods (9�20 years) probably has a beneficial effect
on cardiovascular risk profile and early atherosclerosis.
However, the interventional study in which carote-
noids were consumed for several weeks to several
months demonstrated only controversial results.

The Effect of Carotenoid Consumption on
Major Cardiovascular Events

According to our current knowledge, no major clini-
cal trials have proven that food supplements change
the outcomes of patients with known CVD. However,
guidelines recently published by the American College
of Cardiology/American Heart Association emphasized
the importance of fruit and vegetable consumption for
cardiovascular health [66]. As mentioned, carotenoids
are found in a large variety of fruits and vegetables. In
this section we will attempt to elucidate whether carot-
enoid consumption can alter CVD.
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In a rat myocardial infarction (MI) model it
was demonstrated that lycopene consumption for
28 days improved cardiac function and ventricular
remodeling [67].

Patients with coronary artery disease (CAD) had
significantly lower plasma concentrations of HDL cho-
lesterol and beta-carotene and increased levels of all
inflammatory markers [68]. Comparable results were
demonstrated in patients with documented CAD.
These subjects had decreased plasma carotenoid levels
in comparison to subjects free of CAD [69]. In a case-
control study conducted on Chinese men and women
(45�74 years old), lutein was found to have a cardio-
protective effect. High levels of plasma beta-
cryptoxanthin and lutein measured at baseline were
associated with decreased risk of developing acute MI
after adjustment for multiple risk factors for CHD
[70,71]. However, other studies did not demonstrate
the favorable effect of carotenoids on the development
of ischemic heart disease. A study was conducted in
France and Northern Ireland on 9758 men aged 50�59
years who were free of CHD at baseline. After 5 years’
follow-up, 150 incident cases of CHD (nonfatal MI and
fatal CHD) were compared with 285 controls matched
for age. The baseline serum carotenoid level was not
different between cases and controls [72]. Another
observational study, including 1224 female participants
in the Women’s Health Initiative-Observational Study
(WHI-OS), also failed to demonstrate a protective car-
diovascular effect of diet rich in carotenoids [73].

An animal model using the atherosclerotic apo E�/�

mouse demonstrated the protective role of carotenoids
on the development of cerebrovascular disease. In this
model, Angiotensin II (AgII) induced cerebral aneu-
rysm and ischemia/infarction of the brain. Combined
treatment of AgII and beta-carotene resulted in reduc-
tion of the size of brain infarction and a complete abol-
ishment in the formation of aneurysm. These favorable
effects of beta-carotene were accompanied by a signifi-
cant reduction of local cerebral inflammation [74].
A large intervention study was performed with 29,133
middle-aged male smokers who received either vita-
min E 50 mg/day or beta-carotene 20 mg/day, or both,
or placebo, for a median of 6.1 years. The study was a
double-blind, randomized trial with a 23 2 factorial
design. At baseline, 1700 men had type 2 diabetes. Of
these men, 662 were diagnosed with first-ever macro-
vascular complication. Neither supplementation
affected the risk of macrovascular complication or total
mortality during the intervention period [75].

According to the known studies, the beneficial effect
of carotenoids on major cardiovascular and cerebro-
vascular events is unclear. Cross-sectional studies
demonstrated a positive correlation between low carot-
enoid levels and adverse cardiovascular outcome.

However, to the best of our knowledge, no interven-
tional randomized control double blind study has
shown a decrease in major cardiovascular and cerebro-
vascular events due to utilization of carotenoids.
Although carotenoids have beneficial antioxidant
properties, their ability to protect the individual is lim-
ited to the period preceding the development of CVD.
Their consumption should be regarded as a primary
prevention strategy.

EFFECT OF CAROTENOIDS ON SKIN
AGING

Skin aging is a continuous process affected by
endogenous and environmental factors. Topical skin
products that attempt to prolong skin’s youthful
appearance are widely available. Nonetheless, the
effects of nutrition on skin parameters such as texture,
color, moisture, and other physiological properties,
such as defense from UV radiation, have long been
appreciated. The understanding of the direct role of
nutrition in skin aging triggered not only nutritional
awareness, but also a growing interest in the develop-
ment of nutritional supplements and functional food
products to benefit human skin.

The primary preventable cause of skin aging is
exposure to UV radiation. It has been estimated that
approximately 80% of facial skin aging is attributed to
UV-exposure [76], which generates ROS in the skin.
These can harm DNA, lipids, and proteins by causing
local oxidative stress and initiating an inflammatory
response [57,62]. As a result, prolonged exposure to
sunlight causes not only erythema (redness of the
skin), but also premature skin aging, inflammation,
and increased risk of cancer [57,71,77]. Skin aging
includes loss of elasticity, drying, and wrinkling. The
skin photoaging process is to a great extent influenced
by the activity of matrix-degrading enzymes called
matrix metalloproteinases (MMPs). MMP family mem-
bers are induced in response to UV exposure, and trig-
ger degradation of collagen, which is important for
maintaining skin strength and elasticity [71,78].
Degradation of collagen can lead to wrinkles, which
characterize the skin photoaging process.

Dietary antioxidants and specifically carotenoids
accumulate in human skin [62,79] and provide an
important line of defense against UV-induced skin
damage. Carotenoids, as plant pigments, function in
the protection of the plant against excess light.
Therefore, it is not surprising that these molecules have
been researched for their ability to confer endogenous
photoprotection to human skin. The most prominent
carotenoids in human skin are lycopene and beta-
carotene [79], possibly reflecting a specific function of
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these carotenoids in skin photoprotection and the
defense against oxidative damage. Carotenoid concen-
tration in the skin is dependent on regular consump-
tion of dietary carotenoids from fruits and vegetables.
Notably, the antioxidant reservoir of the skin, and spe-
cifically the carotenoid reservoir, is depleted as a result
of natural aging as well as stress factors such as illness,
UV and infrared radiation of the sun, smoking, and
alcohol consumption. Upon exposure to UV light,
more skin lycopene than beta-carotene is destroyed,
suggesting a role of lycopene in mitigating oxidative
damage in tissues [80]. Notably, in the healthy popula-
tion, lycopene skin level has been found to be influ-
enced by age, with older people having lower
lycopene levels compared to younger people under 40
years old [81]. Diminution of the carotenoid reservoir
leaves the aged skin unprotected.

The mechanism of action by which carotenoids con-
tribute to the prevention of skin aging and photoaging
has been explored in several in vitro, in vivo, and
human studies [77,82�85].

Carotenoids (particularly lycopene) are powerful
dietary antioxidants. Nonetheless, they exert their
function not only by scavenging ROS generated in the
skin in response to UV or natural aging, but also by
activating the antioxidant defense mechanism of the
cell, namely the electrophile antioxidant transcription
system (EpRE/ARE) and its key transcription factor,
nuclear factor erythroid 2-related factor 2 (Nrf2)
[49,86]. Induction of the EpRE/ARE transcription sys-
tem is of great importance in cellular protection
against oxidative and carcinogenic stress, as will be
further discussed in the next section, which deals with
cancer.

Lycopene was also shown to attenuate inflamma-
tory processes [87,88] and diminish DNA damage
in vitro in skin cells [77,89]. The anticancer effect of
carotenoids also includes cell cycle inhibition, cellular
differentiation, apoptosis, and gap-junction communi-
cation [90]. The molecular mechanism underlying the
antiaging, antiwrinkling effect of carotenoids includes
a reduction in the expression of MMP family proteins
in skin cells [78,91�93]. For example, beta-carotene
suppressed UVA-induction of MMP-1, MMP-3, and
MMP-10, three major matrix metalloproteases involved
in photoaging in skin keratinocytes (the predominant
cell type in the epidermis) [93]. However, in studies
performed in skin fibroblasts, while astaxanthin atten-
uated UV-induced MMP-1 mRNA level [92], lycopene
and beta-carotene had a positive effect only when com-
bined with vitamin E, which improved their stability
and enhanced their uptake by the cells [78].

Reduction in MMPs was also evident in human
studies. In the work of Rizwan et al. [91], healthy
volunteers were supplemented with lycopene-rich

tomato paste for 12 weeks. Following supplementation,
the UV-induced MMP-1 mRNA level was reduced in
the tomato paste group compared to the control group,
supporting a possible contribution to wrinkle preven-
tion by carotenoid consumption. Indeed, a significant
correlation was found between forehead skin rough-
ness and lycopene concentration in the skin of 40- to
50-year-old men and women [94]. Importantly,
12-week supplementation with a combination of
carotenoids (including lycopene, lutein, beta-carotene,
alpha-tocopherol, and selenium) improved parameters
related to skin structure, such as increased skin density
and thickness, and improved roughness in healthy
volunteers. Altogether, these studies suggest a benefi-
cial effect of carotenoids on skin appearance related to
the aging process.

Evidence for the protective effect of carotenoids on
skin health (eg, prevention of UV-induced damage as
well as prevention of skin cancer) has been found in
numerous human studies as well [77,91,95�97]. The
efficacy of lycopene- and beta-carotene-rich products
or supplements in preventing UV-induced erythema
has been shown in several intervention studies
[91,95,97]. For example, in healthy subjects, erythema
on dorsal skin (back) was significantly diminished
after 8 weeks of carotenoid supplementation (mainly
beta-carotene). Erythema suppression was greater
when the carotenoid supplement was combined with
vitamin E [98]. The photoprotective effect of lycopene
containing tomato extract was shown in the work of
Aust et al. [95], in which UV-induced erythema was
evaluated. Twelve week supplementation with tomato
extract or a tomato extract-based drink fortified with
phytoene and phytofluene caused a greater reduction
in UV-induced erythema than that obtained with syn-
thetic lycopene. While the amounts of lycopene
ingested from these three different sources was similar
(about 10 mg/day) and so were the serum lycopene
and total skin carotenoids, the protective effect of the
tomato-derived supplements was more pronounced
than that of synthetic lycopene and reached a
48% reduction in UV-induced erythema in the tomato
drink group. The difference in the efficacy of the
tomato-based products compared to synthetic lycopene
was attributed to the presence of additional tomato
phytonutrients, such as the carotenoids phytoene and
phytofluene, which absorb light in the UVA and UVB
range [95].

As mentioned above, UV exposure accompanied
by oxidative and inflammatory processes enhances
the risk of precancerous lesions and skin cancer.
Moreover, it is well known that skin cancer risk corre-
lates with age. For example, melanoma is a malignancy
diagnosed mainly in the fifth and sixth decades of life
[57]. The effect of carotenoids on skin cancer has been
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examined in several in vitro studies. For instance, UV-
induced DNA damage was lessened by astaxanthin in
skin fibroblast cells in vitro [99]. Furthermore, hydro-
gen peroxide-induced DNA damage was diminished
by lycopene treatment in squamous cell carcinoma
cells [89]. Notably, in humans supplemented with
lycopene-rich tomato paste, a mitochondrial DNA
deletion of 3895 base pairs following UV radiation was
significantly reduced [91].

Another means by which carotenoids contribute to
skin cancer prevention is regulation of apoptosis. It
was shown that carotenoids such as beta-carotene are
able to induce apoptosis in melanoma cells in vitro
[84,100]. The molecular mechanism of this effect
involves Bcl-2 suppression and p53 activation [84]
eventually leading to activation of a caspase cascade
[84,100]. Beta-carotene was also shown to inhibit
tumor-specific angiogenesis in vitro and reduce
inflammatory cytokines, such as TNF-α, that play a
role in carcinogenesis [84]. The preventive effect
of lycopene on skin cancer was also studied in vitro.
It was found to inhibit platelet-derived growth factor-
BB (PDGF-BB)-induced dermal fibroblast migration
and reduce PDGF-BB-induced signaling [101] and
thus may contribute to arresting the progression of
melanoma [102].

A protective effect of carotenoids against UV-
induced skin cancer was shown in animal studies as
well. For example, oral administration of beta-carotene
had a protective effect against skin tumor development
in animals subjected to UV irradiation. [103,104]. In
addition, oral administration of lycopene protected
against 7,12-imethylbenz(a)anthracene-induced and 12-
O-tetradecanoylphorbol-13-acetate-promoted (DMBA/
TPA)-induced cutaneous carcinoma by delaying tumor
formation and reducing tumor incidence and volume.
Moreover, in this animal model, lycopene activated
the antioxidant defense mechanism of the cells,
reduced ROS formation, and protected against loss of
glutathione [105].

Nonetheless, in human studies, inconsistent results
have been observed regarding the effect of carotenoids
on skin carcinogenesis. While some prospective studies
found an association between a carotenoid rich diet
and a reduction in risk for skin cancer (eg, melanoma)
[106], other studies found no association between die-
tary intake or serum level of specific carotenoids such
as lycopene or beta-carotene and the risk of several
types of skin cancer [107,108].

Notably, expression of the carotenoid central cleav-
age enzyme BCO1 [109] but not BCO2 [110] was found
in keratinocytes of the squamous epithelium of skin.
This result is in line with the known effect of vitamin
A and retinol, which can be formed by the cleavage of
beta-carotene, on skin health and appearance. Today,

it is possible to measure the carotenoids in human skin
in vivo, online, and noninvasively by resonance
Raman spectroscopy. The level of carotenoids in the
skin is indicative of the complete antioxidative net-
work of human skin and the nutritional status of the
individual [85].

Consumption of carotenoid rich foods may reduce
skin photoaging, UV-induced erythema, and stress-
induced signaling such as inflammatory processes in
the skin. Moreover, the absence of these compounds
leaves the aged skin unprotected. These findings,
which support the effect of nutrition on skin health,
suggest the existence of a scientific basis for the con-
cept of “beauty from within.”

CAROTENOIDS AND CANCER
PREVENTION

Cancer is an age-related disease. For example,
according to the American Cancer Society, in 2015,
over half the estimated new cases of cancer (all types)
will be diagnosed in people over 65 years of age [63].
The second leading causes of cancer deaths in the
United States today are prostate cancer for men and
breast cancer for women [63].

Epidemiological studies suggest an association
between the consumption of fruits and vegetables and
reduced incidence of cancer [111,112]. A protective
effect has been attributed to carotenoids, which are
abundant in fruits and vegetables [11,113�117].

Anticancer activity is perhaps the most researched
and best characterized biological activity of carote-
noids. Beta-carotene has received much attention due
to its presence in many foods [116]. However, other
carotenoids such as lycopene, the main tomato carot-
enoid, have become the subject of intense investigation
in recent years. For example, in a meta-analysis of the
epidemiologic literature related to tomato consumption
and cancer prevention, Giovannucci found that most
of the reviewed studies reported an inverse association
between tomato intake or lycopene concentration in
blood and the risk of numerous types of cancer
[114,118,119].

The anticancer effect of carotenoids was also
observed in vivo [120�122] and in vitro [123�127].
Several carotenoids inhibit the proliferation of different
human cancer cell lines. For example, lycopene was
shown to inhibit mammary, endometrial, lung, and
leukemic cancer cell growth in a dose-dependent
manner [125�127]. The molecular mechanism of the
chemo-preventive effect of carotenoids has been inten-
sively explored. Nonetheless, a complete and compre-
hensive understanding has yet to be elucidated
(Table 34.1).
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Carotenoids are lipophilic plant pigments typically
containing a series of conjugated double bonds. This
chemical structure confers their ability to function as
excellent singlet oxygen quenchers and free radical
scavengers [25]. Increased ROS level results in oxidative
stress that can damage DNA, proteins, and lipids,
all involved in cancer initiation and progression.
Therefore, the antioxidant ability of carotenoids is
thought to contribute to their chemopreventive proper-
ties. Importantly, the structure of carotenoids makes
them susceptible to oxidative cleavage, resulting in the
formation of different oxidation products found to con-
tribute to their anticancer effect. These oxidation pro-
ducts, for example, apo-lycopenals, the products of
lycopene oxidative cleavage, were found in tomatoes,
tomato products, and mammalian tissues [128], imply-
ing their significance and possible influence on human
health. It is worth noting that the anticancer effect of car-
otenoids and their derivatives relies not solely on their
chemical antioxidant properties, but also on the modula-
tion of key signaling pathways in the cells. Some of these
important pathways will be discussed in this chapter.

Modulation of cell proliferation and apoptosis was
found to result from regulation of strategic proteins
involved in these processes. For example, lycopene
was found to regulate the expression of tumor sup-
pressor protein p53 as well as its target proteins, such
as the cell cycle protein cyclin D1, the cell cycle

inhibitor p21, and the apoptotic proteins Bax-1 and
cleaved caspase 3 in vitro and in vivo [38,129,130].
A similar trend was observed for other carotenoids, such
as beta-carotene [131] and astaxanthin [132]. Moreover,
lycopene was found to interfere with growth factor
signaling in vitro (eg, insulin-like growth factor I)
[133]. Notably, in colon cancer patients, tomato lyco-
pene extract supplementation decreased insulin-like
growth factor-I levels [134]. Another signal crucial for
the regulation of precancerous cell proliferation is gap
junction communication. Several carotenoids were
found to upregulate the expression of connexin43, a
major protein in the assembly of the communication
channel. Interestingly, different oxidation products of
carotenoids can induce gap junction communication
[135�137]. Modulation of a vast array of proteins by
carotenoids and their derivatives implies their ability
to modulate transcription. Indeed, these compounds
regulate key transcription systems in the cell, contrib-
uting to their chemopreventive effect (Table 34.2).

Electrophile/Antioxidant Response Element

Induction of the EpRE/ARE transcription system
gives rise to the activation of phase 2 enzymes, a major
cellular strategy for reducing cancer risk. These
enzymes detoxify many harmful substances by con-
verting them to hydrophilic metabolites that can be

TABLE 34.1 Carotenoids Characteristics: Molecular Action and Their Beneficial Clinical Effect

Characteristics Molecular action Clinical outcome

Free radical scavenging:
� Physical quenchers of singlet oxygen (1O2)
� Scavenging peroxyl radicals

� Protection of cellular membranes against
oxidative damage

� Protects LDL from oxidation

� Reduces plasma oxidized LDL
� Reduces skin photoaging and cancer

development

Defense from UV radiation

Induction of the EpRE/ARE transcription
system

Detoxify many harmful substances Anticarcinogenic

Increased NO and decreased ET-1 Improves endothelial function Attenuates the development of early
atherosclerosis

Anti-inflammatory � Decreases expression of serum and vascular
vCAM and iCAM

� TNF-α reduction

Attenuates atherosclerosis and cancer
development

Reduction in the expression of MMP family
proteins

Reduced degradation of collagen Improves skin strength and elasticity

Bcl-2 suppression and p53 activation Regulation of apoptosis Cancer prevention: melanoma, breast
prostate, lung, endometrium, and leukemia

Attenuation of NF-κB activation Reduction in inflammatory cytokine production
and cancer cell proliferation

� Antiatherosclerotic
� Anticarcinogenic

Inhibition of steroid hormone signaling � Downregulating the expression of the
5-alpha-reductase enzyme

� Attenuates the estrogen-induced proliferation
of mammary and endometrial cancer cells

Prevention of sex hormone-dependent
cancers: endometrium, breast, and
prostate
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readily excreted from the body. Thus, their induction
is associated with enhanced susceptibility to chemical
carcinogenesis [27]. Carotenoids were found to activate
this cancer preventive system in numerous cancer
cell lines [27,49,138]. For example, lycopene was found
to activate EpRE/ARE-dependent transcription and
its major activating transcription factor, Nrf2 in
hepatoma, mammary, and prostate cancer cells. This
activation was accompanied by elevated expression
of phase II detoxifying enzymes such as NAD(P)H:
quinone oxidoreductase and gamma-glutamylcysteine
synthetase [138]. A similar effect was observed in vivo
[132,139]. Other carotenoids, such as beta-carotene,
phytoene, and astaxanthin had somewhat lower effect
[138]. Notably, we have recently shown that carotenoid
oxidized derivatives mediate this activation [140].

Nuclear Factor Kappa B and Inflammation

The NF-κB transcription system plays a key role
in inflammatory processes and chronic inflammatory
diseases such as cancer. NF-κB activation increases
pro-inflammatory cytokine production and cancer cell
proliferation, decreases apoptosis, and promotes tumor
metastasis, all of which lead to the progression of
cancer. A prevalent view is that NF-κB is a pivotal link
between inflammation and cancer. Indeed, constitutive
NF-κB activation has been observed in many human
cancers (Fig. 34.1).

Carotenoids can attenuate NF-κB activation in var-
ious types of cancer cells [27,141,142]. For example,
beta-carotene attenuates NF-κB binding activity
in human leukemia and colon adenocarcinoma
cells [141]. Moreover, dietary supplementation of
lycopene or tomato extract inhibited nonalcoholic
steatohepatitis-promoted hepatocarcinogenesis in
rats. The molecular mechanism underpinning

this anticancer effect included inhibition of NF-κB
dependent transcription, accompanied by a reduced
expression of NF-κB target genes such as pro-
inflammatory cytokines [139]. Importantly, we
recently showed that oxidized carotenoid derivatives
are the active mediators in NF-κB inhibition, and
that the molecular mechanism of this inhibition
includes direct interaction with key thiol groups of
different proteins in the NF-κB signaling pathway.
Inhibition of NF-KB by carotenoids or their deriva-
tives is considered a promising therapeutic approach
for blocking tumor growth (Fig. 34.2).

Nuclear Receptors: Steroid Hormones
(Estrogen/Androgen Receptors)

It has been suggested that carotenoids, particularly
lycopene, play a significant role in the prevention of
sex hormone-dependent cancers. Among these are the
major human malignancies: estrogen-dependent breast
and endometrial cancers in women and androgen-
dependent prostate cancer in men. Estrogens and
androgens play a pivotal role in the initiation and pro-
gression of these malignancies [143]. Therefore, inhibi-
tion of steroid hormone signaling was suggested as a
molecular mechanism underpinning the protective
effect of carotenoids on these cancers.

The strongest association of carotenoids with the
prevention of prostate cancer has been documented for
lycopene [118]. Prostate cancer is the second leading
cause of cancer deaths in men in the United States
[63]. Notably, age is the most important nonmodifiable
risk factor for this malignancy. In fact, prostate cancer
has the steepest age-incidence curve of all cancers,
with a rapid increase in the seventh decade [144]. Due
to the role of androgens in prostate cancer pathology,
the lowering of testosterone levels or the reduction of

TABLE 34.2 Carotenoids and Antiatherosclerotic Effect

Antiatherosclerotic characteristics Study category (reference number)

Improves endothelial function In vitro and interventional clinical study [37]

Reduced vascular inflammation Observational clinical study [39,43,48]

Reduction in plasma LDL level Animal model [41], clinical study [48,50], and in vitro study [49]

Blood pressure lowering Observational and interventional clinical study [37,52,53]

Glucose tolerance improvement Observational clinical study [40]

Metabolic syndrome improvement Observational clinical study [54]

Reduction in vascular stiffness Observational clinical study [39,59]

Reduction in carotid intima-media Observational clinical study [61�65]

Cardiac protection Animal model [69], Observational clinical study [70,71]

Cerebrovascular protection Animal model [74]
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androgen-induced signaling are considered desired
therapeutic strategies for dietary chemoprevention.
Indeed, the protective mechanism of lycopene includes
these two strategies [145�147]. For instance, in a rat
model of hormone-dependent prostate cancer, lyco-
pene supplementation reduced local testosterone
activation by downregulating the expression of the
5-alpha-reductase enzyme that converts testosterone to
its active, more potent form, dihydrotestosterone [145].
In addition, we have recently shown that carotenoids
can also interfere with the androgen signaling pathway.

Astaxanthin, phytoene1phytofluene, and, predomi-
nantly, lycopene attenuated dihydrotestosterone-
induced prostate cancer cell growth. This attenuation
resulted at least partly from the inhibition of androgen-
induced transcription via the androgen response
element (ARE), accompanied by a reduction in the level
of prostate-specific antigen, an important marker for
androgenic activity [148]. Significantly, low concentra-
tions of different active nutritional ingredients, includ-
ing carotenoids, act in combination to produce additive
or synergistic effects on prostate cell proliferation as

FIGURE 34.1 Carotenoids circulation. After
ingestion, the carotenoids incorporate into mixed
lipid micelles in the lumen and are taken up by
the intestinal mucosa and incorporated into chylo-
microns. These chylomicrons are released into the
lymph. Next, they are further distributed in the
plasma by the use of VLDL, LDL, and HDL.

FIGURE 34.2 Carotenoids molecular

and clinical properties. Dietary carotenoids
serve as antioxidative and anti-inflammatory
elements. They are direct oxidative stress
scavengers and also activate the antioxidative
EpRE/ARE response. Their anti-inflammatory
properties include reduction of expression
of ICAM-1, VCAM-1, NF-κB, and the MMPs
proteins. As such, carotenoids improve cardio-
metabolic profile, protect the skin from
UV-related damage, and decrease cancer sus-
ceptibility (Electrophile/antioxidant response
element, EpRE/ARE; nuclear factor kappa
B, NF-κB; vascular cell adhesion molecule 1,
VCAM-1; intercellular adhesion molecule 1,
ICAM-1; matrix metalloproteinase, MMPs).
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well as inhibition of androgen signaling, suggesting
that the beneficial effects of fruits, vegetables, and other
dietary ingredients reside in the combined effect of
diversified phytonutrients [148]. Interestingly, a similar
combined effect was observed for the induction of the
EpRE/ARE transcription system discussed above. In
line with these results, in prostate cancer patients, a
lycopene-rich tomato extract was found to modulate
these same two regulatory pathways: androgen/estro-
gen metabolism and the EpRE/ARE transcription sys-
tem [149]. It should not go unnoticed that a pivotal role
of androgens has been identified not only in the devel-
opment of prostate cancer but also in the risk of benign
prostate hyperplasia (BPH), a condition common in
older men that causes prostate enlargement, interferes
with urine flow, and causes great discomfort. Fifty per-
cent of men over the age of 50 will suffer from BPH,
and that probability increases to 90% for men over 80
[150]. Importantly, lycopene was also found to be effec-
tive in the prevention and treatment of benign prostatic
hyperplasia in men [150].

Breast cancer is the second leading cause of cancer
deaths in women today [63]. Estrogens play an impor-
tant role in both the development and the progression
of the malignant process of this cancer [151]. As a
result, inhibitors of estrogenic activity such as anties-
trogens or specific estrogen receptor modulators
(SERMs) are clinically used for the prevention of breast
cancer or its recurrence in women at high risk for this
malignancy. Carotenoids such as lycopene, phytoene,
phytofluene, and beta-carotene were found to attenu-
ate the estrogen-induced proliferation of mammary
and endometrial cancer cells [152]. Moreover, epidemi-
ological studies suggest an inverse association between
carotenoid intakes or their circulating levels and the
risk of breast cancer in postmenopausal women
[115,117,153].

The molecular mechanism of this protective effect
includes inhibition of ER-dependent transcriptional
activity via the estrogen response element as found
in mammary and endometrial cancer cells [152].
Importantly, while estrogenic activity is considered a
risk factor in cancer cells, this activity is crucial for
maintaining bone health, particularly in postmeno-
pausal women. Therefore, inhibition of estrogenic activ-
ity in bone cells could put postmenopausal women at
risk of developing osteoporosis. Interestingly, we found
that in osteoblast bone forming cells, not only do caro-
tenoids not inhibit the estrogenic signal, but they also
induced estrogen-dependent transcription and the
expression of beneficial target genes of this pathway.
Indeed, animal [154,155] and human [156,157] studies
support the beneficial effect of lycopene and other caro-
tenoids on bone health.

CONCLUSIONS

Carotenoids cannot be produced by mammals; their
dietary source is yellow�orange�red fruits and green
leafy vegetables. They function as antioxidants and as
such have a role in attenuation of skin aging and pre-
vention of skin cancer. They also reduce the risk of
other cancers (such as prostate and breast). Due their
antioxidant ability carotenoids improve vascular health
and can attenuate atherosclerosis, especially, if they
are consumed for a period of at least 10 years.

SUMMARY

• The main sources of carotenoids in human plasma
are yellow�orange�red fruits and green leafy
vegetables.

• Carotenoids are transported in the plasma of
humans and animals exclusively by lipoproteins.

• Carotenoids exhibit free radical scavenging
properties.

• Carotenoids increase NO bioavailability improving
vascular health and delaying aging.

• Carotenoid consumption for long periods (9�20
years) probably has a beneficial effect on
cardiovascular risk profile and early atherosclerosis.

• Carotenoids accumulate in human skin and provide
an important line of defense against UV-induced
skin aging and skin cancer.

• Carotenoids exhibit anticancer properties through
the modulation of key signaling pathways in the
cells, including electrophile/antioxidant response
element and nuclear factor kappa B in various
cancers.

• Carotenoids and particularly lycopene play
a significant role in the prevention of sex
hormone-dependent cancers: prostate in men
and breast in women.
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KEY FACTS

• The ancestral use of turmeric in traditional
medicine and the extensive research over the
last decades suggest that curcumin can be
exploited for future nutritional and
pharmacological interventions.

• The peculiar chemical structure of curcumin is
behind its diverse biological activities and ability
to interact and regulate multiple molecular
targets.

• The effects of curcumin in aging and longevity
are related with its multitargeting capacity.

• Intense research is underway to envisage the
future application of curcumin in the
improvement of human healthspan and
longevity.

Dictionary of Terms

• Curry powder: Curry powder is a blend of up to 30
(average 10) different spices and herbs; turmeric is
one of the basic components, which gives curry its
characteristic golden color.

• Functional food: A natural or processed food that
contains biologically active components that provide
health benefits beyond that of basic nutrients it
contains.

• Apoptosis: A type of programmed cell death in
which an active sequence of events regulated by
different groups of executioner and regulatory
molecules leads to the self-destruction of the cell
without releasing intracellular constituents to
intercellular space.

• Glutathione: A tripeptide of glycine, cysteine, and
glutamic acid, existing in reduced (GSH) and
oxidized (GSSG; glutathione disulfide) forms, which
is an important intracellular antioxidant and
cofactor of different enzymes that has numerous
roles in protecting cells from oxidants and in
maintaining cellular thiol-disulfide redox state.

• Hormesis: In the biology/medicine field, hormesis is
a process in which exposure to a low dose or
moderate stressor (that is damaging at higher
concentrations) elicits adaptive beneficial responses,
which may result in health promotion effects.

• Epigenome: Potentially heritable chemical
modifications to the DNA and associated structures
(eg, histone proteins) that can result in changes of
genetic expression independent of the DNA
sequence of a gene. Unlike the genome, the
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epigenome can be modified by environmental
factors including dietary constituents.

• Proteasome: Is a multicomponent enzymatic system
incorporating different regulators and a catalytic
core with different proteases responsible for the
degradation of a large portion of soluble
intracellular proteins. The proteasome is an
important component of the intracellular system for
the turnover of proteins.

• Autophagy: A catabolic process of cellular self-
digestion in which proteins and organelles are
engulfed by double-membrane autophagosomes
and degraded in lysosomes by proteases, leading to
recycling of macromolecular constituents.

• Mammalian target of rapamycin (mTOR):
Evolutionarily conserved serine/threonine protein
kinase that regulates protein synthesis and
degradation processes important for cell growth,
proliferation, motility and survival. mTOR is a key
autophagic regulator, whose inhibition activates
autophagy.

• Tetrahydrocurcumin (THC): A metabolite of curcumin
that retains many effects of curcumin, such as the
antioxidant and anti-inflammatory activities.
Curcumin is metabolized to THC after oral
ingestion by reductases found in the intestinal
epithelium, and the structures vary only by the lack
of the double bonds in the seven carbon linker of
curcumin.

• Nanoparticle: A small particle generally between
1 and 100 nanometers in size. In biomedical
research, several types of nanoparticles are being

developed to carry and deliver compounds to
particular biological targets.

INTRODUCTION

The polyphenol curcumin (diferuloylmethane) is an
active compound found in the rhizome of Curcuma
longa, which has been used since ancient times as a
spice, coloring ingredient, and component in tradi-
tional medicine. Native to tropical Asia, C. longa is
used in these countries, from India to China, to treat
several ailments including several inflammatory symp-
toms, respiratory conditions, sinusitis, and abdominal
pain. Extensive research over the last decades has
increased remarkably our knowledge about curcumin.
Indeed, more than 7000 articles are listed in the US
National Institutes of Health PubMed database (con-
sulted in March 2015) [1], most of them being pub-
lished in the last 10 years (Fig. 35.1A). The data
gathered in these studies confirmed many of the attrib-
uted biological effects of C. longa, and of curcumin in
particular, such as their antiseptic, anti-inflammatory,
and wound healing ability. The exponential growth of
biomedical research with curcumin was also observed
in the area of aging (Fig. 35.1B). In fact, in recent years,
the effects of curcumin on the aging process and on
several age-related diseases, including cancer, diabetes,
cardiovascular, and neurodegenerative diseases, have
been investigated with the aim for their treatment
and/or prevention.

FIGURE 35.1 Number of publications found in the US National Institutes of Health PubMed database [1] using the keyword “curcumin”
(A) or the keywords “curcumin, aging” (B).
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In this chapter we will review the current knowledge
on the effects of curcumin in the biology of aging,
mainly the effects in senescence, the lifespan of experi-
mental organisms, and the potential therapeutic benefits
in age-related diseases. The impact of curcumin in sev-
eral molecular targets related with hallmarks of aging
will also be reviewed. The research in progress,
intended to increase the bioavailability of curcumin and
its impact in the current and future nutritional and
pharmacological applications for improving healthspan
and longevity, will be extensively discussed.

CURCUMIN AND ITS
TRADITIONAL USES

Curcumin is the main curcuminoid found in the rhi-
zome of the perennial plant C. longa Linn, a member of
the ginger family (Zingiberaceae). Curcuma longa is
indigenous to South and Southeast Asia but is nowa-
days widely cultivated in tropical areas of Asia and
Central America. Curcuminoids, including curcumin,

demethoxycurcumin, and bisdemethoxycurcumin,
have also been isolated from Curcuma mangga, Curcuma
zedoaria, Costus speciosus, Curcuma xanthorrhiza, Curcuma
aromatica, Curcuma phaeocaulis, Etlingera elatior, and
Zingiber cassumunar [2]. Together they are responsible
for the yellow color of turmeric (the powder that results
from the ground dried rhizome of C. longa), which is
commonly used as a spice and in phytomedicine [2,3].
Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,
6-heptadiene-3,5-dione) corresponds to about 2�5% of
turmeric and was first isolated in 1815 by Vogel and
Pelletier, with its chemical structure determined by
Milobedzka and colleagues in 1910 (Fig. 35.2) [4].
Curcumin is a yellow-orange hydrophobic compound
insoluble in water and ether but soluble in dimethyl-
sulfoxide, acetone, ethanol, and oils. It generically con-
sists of two ferulic acid residues joined by a methylene
bridge, and exhibit two main tautomeric forms
(Fig. 35.2): the keto-enol form (also known as enol
form) and the diketo form (also known as keto form).
The enol form of curcumin is the predominant in most
solvents and has important implications in the activity

FIGURE 35.2 From Curcuma longa to turmeric to curcumin: its traditional and commercial uses.

493CURCUMIN AND ITS TRADITIONAL USES

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



of this polyphenol, such as metal quelation and interac-
tion with proteins [5,6]. Recently it was shown that in
water containing mixtures, the keto tautomeric form of
curcumin increases and dominates with a high percent-
age of water [6].

Turmeric has been used for thousand years as a die-
tary spice, food preservative, and as a coloring agent
of food and other materials, such as cosmetics, textile
fibers, and paper [2,3,7]. Turmeric is frequently used
in Asian cooking, particularly in India, Pakistan, and
Thailand, to improve the palatability and presentation
of food preparations. It is one of the ingredients of
curry powder, and gives it its distinctive yellowish
color and flavor [2,3,8]. In fact, curcumin is an
approved natural food coloring (E100) additive that is
used at low concentrations in butter, canned fish,
cheese, mustard, pastries, and other foods [9].
Turmeric is also used in tea preparations, particularly
by the Japanese Okinawa population [8]. Turmeric also
has been included for centuries in preparations of tra-
ditional Indian and Chinese medicine to treat various
conditions such as allergy, anorexia, asthma, biliary
disorders, bronchial hyperactivity, cough, diabetic
wounds, liver disorders, rheumatism, rhinitis, sinusitis,
sprains, and swelling [10]. In the old Hindu texts of
traditional medicine of Ayurveda (meaning knowledge
of long life), turmeric is recommended for its aromatic,
stimulant, and carminative properties [11]. In tradi-
tional Chinese medicine, it is used to treat diseases
associated with abdominal pain [2], and as a major
constituent of Jiawei-Xiaoyao-san medicinal formula,
C. longa has been used to manage dyspepsia, stress,
and depression/mood-related ailments [12]. In addi-
tion, in the Indian subcontinent, turmeric mixed with
slaked lime has been used topically as a household
remedy for the treatment of wounds, inflammation,
burns, and skin diseases [11,13].

The importance of this medicinal plant as a spice
and in folk medicine, not only in Asian countries but
also in the western world, prompted the growing
research with turmeric extracts and their main consti-
tuents over the past 30 years (see Fig. 35.1). Many of
the biological activities attributed to turmeric were
confirmed by experimental scientific studies, such as
its antimicrobial, antioxidant, and anti-inflammatory
properties [2,8,14,15]. Curcumin has been identified
as one of the main active compounds responsible for
turmeric’s effects. For example, the promotion of
wound healing by turmeric was confirmed for
curcumin from preclinical to intervention studies in
humans [2,16�18]. The pleiotropic and multitargeting
capability of curcumin combined with its apparently
safe profile identified it as a potential therapeutic
phytochemical against cancer, lung and liver diseases,
aging, neurological diseases, metabolic diseases, and

cardiovascular diseases [7,12]. The public interest in
the wide range of effects of curcumin paved the way
to its commercial use worldwide in several products
(Fig. 35.2) including antiaging and immunomodulatory
pills, functional foods, soaps, and cosmetics [12,15].

BIOCHEMICAL AND MOLECULAR
TARGETS OF CURCUMIN:

AN OVERVIEW

Extensive research over the last decades has
revealed that curcumin has antioxidant, antibacterial,
antifungal, antiviral, anti-inflammatory, antiprolifera-
tive and proapoptotic effects [2]. How a single com-
pound can exhibit all these effects is the subject of
intense investigation [19]. Accumulating evidence sug-
gests that the pleiotropic effects of curcumin are
dependent on its ability to interact and regulate multi-
ple biological molecular targets. Mechanistic investiga-
tions attribute the diverse biological activities to the
peculiar chemical structure of curcumin, in particular
the two aromatic O-methoxy phenol groups, the α,
β-unsaturated β-diketo moiety and the seven carbon
linker [5]. These chemical structural features allow cur-
cumin to possess antioxidant activity and to interact
directly with different biomolecules through noncova-
lent and covalent binding [5,20]. Apart from the direct
binding of curcumin to key components of cellular sig-
naling pathways, various molecular targets are also
indirectly modulated resulting in either increased or
decreased expression/activity [20]. The main biochem-
ical and molecular targets of curcumin include tran-
scription factors, growth factors and receptors,
inflammatory cytokines, enzymes and protein kinases,
adhesion molecules, cell cycle and apoptosis-related
proteins, among others (Table 35.1). Effects of curcu-
min on these targets were recently reviewed by differ-
ent authors, for example, see Gupta et al. [20], Zhou
et al. [21], Shishodia [7], Prasad et al. [4], and
Shanmugam et al. [22].

Aging-Related Molecular Targets

At the cellular level, aging is characterized by the
progressive accumulation of molecular damage, lead-
ing to impaired function and increased vulnerability to
cell death [23�25] (see also chapter: “Molecular and
Cellular Basis of Aging” for details). The main causes
of aging are attributed to the deterioration and failure
of genetic pathways and biochemical processes con-
served in evolution involved in the cellular mainte-
nance and repair mechanisms [23]. The loss of
physiological integrity during aging is the primary risk
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factor for major human pathologies, including cancer,
diabetes, cardiovascular disorders, and neurodegenera-
tive diseases [25]. Recently, Lopez-Otin et al. proposed
nine cellular and molecular hallmarks of aging, which
are genomic instability, telomere attrition, epigenetic
alterations, proteostasis imbalance, deregulated nutri-
ent sensing, mitochondrial dysfunction, cellular senes-
cence, stem cell exhaustion, and altered intercellular
communication [25]. These hallmarks that characterize
the aging process aim to help design further studies on
the molecular mechanisms of aging and on the devel-
opment of interventions that will improve human
healthspan [25]. In the following subsections we
review the effects of curcumin on biochemical and
molecular targets that impact on some of the hallmarks
of aging (Fig. 35.3).

Genomic Instability

The genome is constantly being challenged by
endogenous and exogenous threats that result in DNA
damage and genomic instability [26]. A highly con-
served and complex DNA repair machinery is usually
able to maintain the integrity of the genome [25].
However, excessive DNA damage or insufficient DNA
repair favors the aging process. The accumulation of
genetic damage and alterations during aging inevitably
also associate aging and cancer [27].

In several experimental settings, curcumin showed
a higher antioxidant activity that can be useful to pro-
tect DNA and other biomolecules from oxidative dam-
age. The direct antioxidant activity of curcumin is
dependent on its ability to work as a free radical

scavenger and to chelate transition metal ions. The first
activity is mainly dependent on the electron donation
of the phenolic OH groups, whereas the latter is
dependent on the β-diketo group [5]. Curcumin also
possesses indirect antioxidant activities by upregulat-
ing several antioxidant and cytoprotective enzymes
[28�30]. This effect is known to be mediated by Nrf2,
a basic leucine zipper (bZIP) transcription factor, that
upon activation accumulates in the nucleus and, in
heterodimeric combination with small Maf transcrip-
tion factors, binds to ARE and recruits the basal tran-
scriptional machinery to activate the transcription of
genes encoding stress-responsive and cytoprotective
enzymes and related proteins [31,32]. Under normal
conditions, the Kelch-like ECH-associated protein
(Keap1) forms a complex with cullin3 (Cul3) and
represses Nrf2 by presenting it for ubiquitination and
proteasomal degradation. Upon stimulation with cur-
cumin, the cysteine residues of Keap1 are modified
resulting in conformational changes that eliminate the
capacity of Keap1 to repress Nrf2 [31,32]. Curcumin
contains electrophilic α, β-unsaturated carbonyl groups
(β-diketo moiety) that can react selectively with nucleo-
philes such as thiols, leading to formation of Michael
adducts [29]. This Michael addition ability of curcumin
allows its covalent binding to nucleophilic cysteine
sulfhydryls and the selenocysteine moiety, affecting
the activity of several proteins/enzymes [5,20], includ-
ing the inhibition of Keap1. Curcumin was also shown
to interact with glutathione (GSH) forming glutathio-
nylated products [33]. Moreover, the induction of anti-
oxidant defenses by curcumin was associated with a

TABLE 35.1 Different Known Molecular Targets of Curcumin

Molecular targets of curcumin

Transcription factors

AHR, AP-1, ATF3, β-catenin, C/EBP, CHOP, CTCF, EGR1, EpRE, HIF1, HSF1, NF-κB, NOTCH1, Nrf2,PPAR-γ, STAT1, 3, 4, 5, WT1

Growth factors and receptors

AR, CTGF, CXCR1, 2, 4, EGF, EGFR, ESR, FasR, FGF, HGF, HRH2, INSR, ITPR, LDLR, NGF, PDGF, TF, TGF-β1, VEGF

Inflammatory cytokines

IFN-γ, IL-1, 2, 5, 6, 8, 12, 18, MIP-1, 2, MCP-1, TNF-α

Enzymes and protein kinases

5-LOX, ATPase, CDPK, COX-2, FAK, GCL, GST, HO-1, INOS, IRAK, JAK, MAPK, MMP, MTOR, NQO1, ODC, PHK, PKA, PKB/AKT, PKC,
SIRT1, SRC, SYK

Adhesion molecules

ELAM-1, ICAM-1, VCAM-1

Cell cycle and apoptosis-related proteins

Cyclin D1, p53, BCL2, BCL-XL, IAP, BAX, BAK1, CASP3, 7, 8, 9, DR4, 5

Adapted from Zhou et al. [21], Shishodia [7], and Prasad et al. [4].
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transient decrease of GSH levels that impact on cellu-
lar redox state [30,34]. This transient mild impairment
of thiol-disulfide redox state by curcumin may also
influence indirectly redox signaling through activation
of Nrf2, resulting in a compensatory antioxidant
response in cells, including the increase in GSH syn-
thesis to restore cellular redox state [30]. Both the
direct and indirect antioxidant effects of curcumin are
thus regarded as useful in the slow down of aging and
prevention of age-related diseases that have been asso-
ciated with the deleterious effects of free radicals and
oxidative stress, such as cancer, neurodegenerative dis-
orders, and cardiovascular diseases [35].

The O6-methylguanine-DNA methyltransferase
(MGMT), a DNA repair protein that protects the cellu-
lar genome and critical oncogenic genes from the
mutagenic action of endogenous and exogenous alky-
lating agents, was also shown to be induced by curcu-
min, probably by the ability of this polyphenol to
increase the availability of cysteine [36]. Higher con-
tent of cysteine drives the synthesis of cysteine-rich
and cysteine-sufficient proteins including MGMT [36].

Curcumin at high concentrations, however, is also
known to induce reactive oxygen species (ROS), DNA
damage, and cytotoxicity, which are linked to one of
its anticancer mechanisms [37]. Curcumin is also
known to inhibit several DNA repair enzymes and
mechanisms [37�39]. However, when curcumin

induces mild stress and DNA damage to normal
human skin fibroblasts, cells recover and repair DNA
in a few hours [30]. It is possible that in this case horm-
esis is involved [40]. According to this concept of inter-
vention, mild toxic treatments may generate a
beneficial compensatory response by increasing the
maintenance and repair mechanisms of the cells
[41,42]. Thus, although higher concentrations of curcu-
min are deleterious, which may be useful for cancer
treatment, lower doses may slow down aging and be
chemopreventive by inducing a hormetic response.
Interestingly, in a human intervention study, the abil-
ity of curcumin to prevent DNA damage and to
enhance the repair potential was shown in a human
population in West Bengal (India) chronically exposed
to arsenic [43].

Telomere Attrition

Telomeres are specialized nucleoprotein structures
on the extremities of eukaryotic chromosomes that
protect them and are particularly implicated in the
aging process [44]. Gradual telomere shortening (attri-
tion) in normal somatic cells during consecutive
rounds of replication leads to critically short telomeres
that induce replicative senescence, the irreversible
loss of division potential of somatic cells [45,46]. In
addition, it was shown that telomeres are a preferential
target of genotoxic stress and ROS-induced DNA

FIGURE 35.3 Molecular targets of curcumin that impact on the hallmarks of aging, with the associated attributed activities. Arrows in the
first box indicate increase/activation (m) or decrease/inhibition (k) of the target by curcumin.
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damage, which has important consequences for the
aging process [44]. The antioxidant actions of curcumin
may therefore have important implications in healthy
aging by preventing oxidative damage to telomeres.

Telomerase, a reverse transcriptase that maintains
telomere length, is practically absent in normal somatic
cells and highly activated in most tumor cells enabling
their replicative immortality [47,48]. In recent years,
telomerase has been proposed as a potential target for
cancer therapy and thus extensive investigations have
been carried out in the search for compounds capable
of inhibiting telomerase [49]. Several studies have
demonstrated that curcumin inhibits telomerase activ-
ity in a dose- and time-dependent manner by suppres-
sing the translocation of human telomerase reverse
transcriptase (hTERT) from the cytosol to the nucleus
[49] and by decreasing hTERT expression [50,51].

Both telomeric and nontelomeric DNA damage has
been shown to induce and stabilize senescence con-
tributing to the aging phenotype [52]. Recently, it was
shown that systemic chronic inflammation in mice
accelerates aging via ROS-mediated exacerbation of
telomere dysfunction and cell senescence [53]. The
preferential accumulation of telomere-dysfunctional
senescent cells in this mouse model of chronic
inflammation was blocked by anti-inflammatory or
antioxidant treatments [53]. Therefore, the known
anti-inflammatory action of curcumin (see Ref. [21]
for review) may help to prevent telomere attrition
contributing to the potential promotion of healthspan
by this phytochemical. Many age-related diseases as
well as normal and pathological aging have been for
some time associated with chronic low-grade inflam-
mation [54,55]. In fact, when the expression of an
NF-κB inhibitor was activated in the aged skin of
transgenic mice this tissue was rejuvenated and that
was accompanied by the restoration of the transcrip-
tional signature associated to young age [56]. In addi-
tion, genetic and pharmacological inhibition of NF-κB
signaling was shown to prevent age-associated para-
meters in different mouse models of accelerated aging
[57,58]. Interestingly, Zhang and colleagues showed
that mice with blocked NF-κB activation live longer
than untreated mice [59]. Therefore, the global imbal-
ance between the lifelong inflammatory processes and
the anti-inflammatory networks is proposed to be a
major driving force for frailty and common age-
related pathologies [54]. Thus, curcumin’s action as
an anti-inflammatory agent and an efficient inhibitor
of NF-κB suggests its potential contribution to the
promotion of health aging [60]. In particular, the inhi-
bition of the NF-κB transcriptional activity by curcu-
min suppresses expression of various cell survival
and proliferative genes and consequently leads to cell
cycle arrest, inhibition of proliferation, and induction

of apoptosis, all of which may have positive implica-
tions in the combat against cancer [21].

The anti-inflammatory action of curcumin may also
influence another hallmark of aging—altered intercellu-
lar communication. Such alterations during aging have
been frequently associated with pro-inflammatory sig-
nals that result, for example, from the secretome of
senescent cells, dysfunctional immune system, tissue
damage, and enhanced NF-κB activation [25,52]. The
anti-inflammatory activity of curcumin has been associ-
ated to its ability to inhibit various pro-inflammatory
cytokines, including interferon-γ (IFN-γ), interleukin
(IL)-1, 2, 5, 6, 8, 12 and 18, macrophage inflammatory
protein (MIP)-1 and 2, monocyte chemoattractant pro-
tein (MCP)-1, and tumor necrosis factor alpha (TNF-α)
(reviewed in Refs [21] and [7]).

Epigenetic Alterations

Epigenetic alterations, including changes in DNA
methylation, histone modifications and chromatin
remodeling, are associated with aging and several age-
related diseases [61]. Epigenetic modulation constitutes
an important mechanism by which dietary compo-
nents can selectively activate or inactivate gene expres-
sion and exert their biological activities [62,63]. Recent
evidence has shown that curcumin possesses different
epigenetic effects including the modulation of histone
deacetylases (HDAC 1, 3, 8 and SIRT1, 7), histone acet-
yltransferases (p300/CBP), DNA methyltransferase
(DNMT1, 2), and several miRNAs [63�66]. Therefore,
the exploitation of curcumin as a regulator of the epi-
genome holds great promise for promotion of healthy
aging and prevention of diseases. Deserving special
attention are the effects of curcumin on sirtuins—
NAD1-dependent HDACs. Sirtuins and their functions
in aging have been the subject of intense research
because increased expression of sirtuins has been
shown to have beneficial effects on aging or even
increase the lifespan in different model organisms
[25,67]. In view of the increased longevity afforded by
caloric restriction in several laboratory organisms, in
particular through activation of sirtuins and other epi-
genetic effects, mounting evidence is being gathered to
show that many phytochemicals might have health
benefits by mimicking caloric restriction [66]. This can
also be the case for curcumin.

Proteostasis Imbalance

Recent studies show that aging and diverse age-
related pathologies, such as diabetes, and Alzheimer’s
and Parkinson’s diseases, are associated with impaired
protein homeostasis—proteostasis [68,69]. Proteostasis
involves mechanisms of protein stabilization by molecu-
lar chaperones, including the heat shock family of pro-
teins (Hsp), and mechanisms of protein degradation by
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the lysosome and the proteasome [68,70]. These
mechanisms function in a coordinated manner to
restore the structure or to remove and degrade mis-
folded proteins, thus preventing the accumulation of
damaged components and assuring the continuous
renewal of intracellular proteins [25]. Several studies
demonstrated that proteostasis is altered with aging
[68] and that its perturbation is detrimental to aging
whereas genetic manipulations that improve proteosta-
sis have been shown to delay aging in mammals [25].

Curcumin has been shown to modulate several
effectors of proteostasis that may have a profound
impact in improving healthy aging. In particular, cur-
cumin was able to stimulate the heat stress-induced
expression of Hsp70 [71]. Curcumin alone was also
reported to induce the heat shock response, in particu-
lar causing the nuclear translocation of the heat shock
transcription factor 1 and increasing the expression of
Hsp70 at transcriptional and translational levels
[72�75]. Several studies indicate that curcumin inhibits
the proteasome, usually at higher concentrations and
linked with induction of cell death in cancer cells
[74,76,77]. On the other hand, others have shown the
opposite effect with lower curcumin concentrations
[78]. This is consistent with the principle of hormesis
and may have positive implications for longevity.
Contrarily to reports identifying the anticancer effects
of curcumin through proteasome inhibition, other
studies demonstrated its anticancer potential by induc-
ing the proteasome to promote the degradation of
some oncogenic and angiogenic proteins [74,79].
Curcumin has also been shown to efficiently induce
autophagy in numerous studies [74,80,81], and also
because of that, curcumin has been classified as a calo-
ric restriction mimetic [82]. The induction of autop-
hagy by curcumin can, however, be a double-edged
sword in cancer treatment. Whereas chronic induction
may lead to autophagic cancer cell death, moderate
induction may promote autophagic survival in
nutrient-limiting and low-oxygen conditions character-
istic of internal regions of tumors [83,84].

Deregulated Nutrient Sensing

Lifespan is regulated by highly conserved nutrient
sensing pathways that are controlled by insulin/
insulin-like growth factor 1 (IGF1) signaling (IIS; that
participates in glucose sensing), mammalian target of
rapamycin (mTOR; related to amino acid sensing),
and AMP-activated protein kinase (AMPK) and sir-
tuins that sense low-energy states (by detecting high
levels of AMP and NAD1, respectively) [25,85,86].
Several studies have shown that increasing or restrict-
ing dietary intake affects the aging process and the
onset of several age-related diseases. High nutrient
intake shortens lifespan and accelerates age-associated

disorders, while moderate nutrient intake extends life-
span and delays (or attenuates) age-related diseases
[86,87]. Moreover, dietary restriction increases lifespan
in all investigated model organisms, supporting the
idea that deregulated nutrient sensing is a relevant
characteristic of aging [88].

The effects of curcumin on IIS have been controver-
sial, since some studies reported that curcumin acti-
vates this pathway when stimulated by mitogenic
factors [30,89�91], whereas others report the opposite
[92�94]. Some of these later studies link Akt inhibition
with decreased mTOR signaling and eventually induc-
tion of autophagy by curcumin [92,93]. Other authors
observed that mTOR inhibition by curcumin was inde-
pendent of Akt [89,95]. The increased sensitivity to
insulin conferred by curcumin has been linked with its
beneficial effects on diabetes [90,96]. AMPK activation
is also being described as a mechanism for the health
beneficial effects of curcumin [90,97,98]. In fact, this
particular effect of curcumin was associated with neu-
roprotection and improvement of aging-related cere-
brovascular dysfunction in mice [99,100]. Overall, the
regulation of nutrient sensing pathways by curcumin
mimics a state of limited nutrient availability that is
known to extend longevity, and therefore the connec-
tion between this polyphenol and the potential promo-
tion of human healthspan is not surprising.

Mitochondrial Dysfunction

Mitochondrial dysfunction has a profound impact
on the aging process and contributes to multiple
aging-associated pathologies [25]. The progressive
mitochondrial dysfunction that occurs with aging
results in decreased ATP generation and increased
ROS production, which in turn causes further mito-
chondrial and global cellular damage [101]. Some stud-
ies demonstrated that mitochondrial dysfunction could
in fact accelerate aging in mammals [25]. Curcumin,
through the described antioxidant effects, and induc-
tion of Nrf2, autophagy and sirtuins, might in fact con-
trol mitochondria function conferring protection
against aging and age-associated diseases. For exam-
ple, activation of SIRT1 by curcumin [102,103] may
impact on mitochondrial biogenesis through the
involvement of the peroxisome proliferator-activated
receptor-γ (PPAR-γ), coactivator-1α (PGC-1α), and the
removal of damaged mitochondria by autophagy [25].
In fact, curcumin was shown to induce the transcrip-
tional coactivator PGC-1α [104�106] and to induce
autophagy (see above).

Cellular Senescence

Cellular senescence refers to the state of irreversible
growth arrest that occurs due to DNA damage, mito-
genic and oncogentic stress, and/or epigenomic
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perturbations that derepress the INK4/ARF locus
[107,108]. Although senescence has an important
underlying tumor suppressive role, it is also involved
in aging and related pathologies by contributing to the
age-related loss of tissue renewal and function [52].
Senescence can, however, in the long run, have
adverse effects promoting cancer growth by virtue of
the senescence-associated secretory phenotype (SASP),
characterized by the release of ROS and an array of
pro-inflammatory molecules [107]. Senescence is usu-
ally associated with the activation of the p16INK4a/pRb
and p53/p21 pathways that drive the irreversible
growth arrest [107,108]. Due to its antioxidant, anti-
inflammatory, and DNA repair promoting activity,
curcumin may help to restrain the increase in senes-
cent cells during aging and thereby help control the
impact of the senescence phenotype in the surround-
ing tissue microenvironment.

Curcumin has also been shown to induce p53
[109�111]. This transcriptional factor plays a central
role in maintaining genome stability and integrates
and responds to a multitude of stresses to exert its
function in tumor suppression, such as by inducing
cell cycle arrest, apoptosis, and/or senescence [112].
P53 is also an important player in the regulation of
aging and longevity: it may accelerate aging in case of
severe and chronic activation of p53, but its low grade
and regulated activation may extend lifespan [25,113].
Therefore, curcumin may confer hormetic health bene-
fits by moderately inducing p53 in a transient and reg-
ulated manner, thus preventing cancer and promoting
healthy aging. At higher doses and in continuous
administration, curcumin is reported to be cytostatic
and to induce senescence in normal cells [114] (and
our own unpublished data). The senescence induction
by curcumin at higher concentrations may be useful in
cancer treatment [110,111,115].

Stem Cell Exhaustion

Although the beneficial compensatory response of
activation of p53 and INK4a/ARF aims to avoid the
propagation of damaged and potentially oncogenic
cells and its consequences on aging and cancer, under
persistent activation of these senescence pathways the
regenerative capacity of progenitor cells can be
exhausted or saturated [25]. Under these extreme con-
ditions, p53 and INK4a/ARF responses can become
deleterious and accelerate aging which, in conjugation
with the perturbations of the immunological system
during aging, eventually results in the accumulation of
senescent cells and consequent loss of the tissue’s nor-
mal functions [25,107]. Like rapamycin that enhances
the generation of mouse induced pluripotent stem cells
and restoration of self-renewal in hematopoietic stem
cells of aged mice by mTORC1 inhibition [116,117],

curcumin was also shown to have some capacity to
regulate cellular reprogramming [117], which may
counteract stem cell exhaustion that is associated with
aging.

Recently, loss of quiescence in the aged muscle stem
cell niche of mice was also shown to be due to
increased fibroblast growth factor 2 (FGF2) signaling
[118]. This eventually results in stem cell depletion and
diminished regenerative capacity [25,118]. Therefore,
the recognized inhibition of FGF signaling by curcu-
min, which is associated with angiogenesis and tumor-
igenesis [7,25,119,120], may also be a promising
approach to reduce stem cell exhaustion during aging.

CURCUMIN AND AGING

Curcumin has been viewed as a promising phyto-
chemical in future interventions for improving human
healthspan and longevity. Although there are no epi-
demiologic studies with curcumin intake being the
sole variable, several investigations with animal mod-
els have associated it with the prevention and treat-
ment of age-related diseases and the potential to delay
the aging process [121].

Curcumin in Aging and Longevity

Over the past years, experiments in model organ-
isms demonstrated that dietary curcumin can prolong
lifespan by inducing cellular stress response pathways
that are controlled by highly conserved signaling
mechanisms, including AMPK, IIS, mTOR, and sirtuin
pathways [85,86]. Until recently, different studies dem-
onstrated that curcumin and its metabolite, tetrahydro-
curcumin (THC), increase mean lifespan of three
model organisms useful in identifying compounds that
can prolong the lifespan of humans—Caenorhabditis ele-
gans, Drosophila melanogaster, and Mus musculus
[122�128]. These effects on increased lifespan were,
however, not observed in yeast [129].

The roundworm, C. elegans, and the fruit fly, D. mel-
anogaster, are popular models for studying aging and
longevity because of their short lifespan, rapid genera-
tion time and well-defined genetics [130]. In 2011, cur-
cumin was shown to prolong in about 45% the mean
lifespan of the nematode C. elegans through a mecha-
nism that involves the regulation of protein homeosta-
sis [131]. In the same year, Liao and colleagues
reported an increase in mean and maximal lifespan of
C. elegans when the synchronized L1 larvae were
allowed to develop to adulthood in the presence of
curcumin [123]. This lifespan extension was associated
with decreased levels of ROS and age-related
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lipofuscin content, and increased resistance to heat
stress. Several mutant strains in selected stress- and
lifespan-relevant genes did not show prolonged life-
span suggesting their gene products were required for
curcumin-mediated increased longevity in C. elegans,
unraveling the involvement of diverse modes of action
and signaling pathways [123].

Several studies have also investigated the effects of
curcumin on the lifespan and aging of D. melanogaster.
Suckow and Suckow reported an increase of 12 days
(18% increase) in the mean lifespan of wild-type
fruit flies maintained on media containing curcumin
1 mg/mL [122]. The authors suggested that the effect of
curcumin was mediated by induction of superoxide dis-
mutase (SOD) activity. Lee et al. reported gender- and
genotype-specific lifespan extension in D. melanogaster:
by 19% in females of Canton-S strain exposed to 100 mM
curcumin, but not in males; by 16% in males of Ives
strain given 250 mM curcumin, but not in females [124].
The increase in lifespan of Canton-S flies by curcumin
was associated with increased expression of several
aging and stress-associated genes [124]. Other authors
also confirmed the ability of curcumin to increase
the lifespan in fruit flies [125,128,132]. Shen and collea-
gues confirmed that curcumin increases SOD and that
was associated with decreased lipid peroxidation [125].
Two independent studies reported no negative effects
on flies’ fecundity by curcumin [128,132]. Turmeric
was also shown to increase mean and maximal lifespan
of D. melanogaster [133]. The THC metabolite of curcu-
min was also shown to extend mean lifespan in
both male and female flies and to inhibit the oxidative
stress response by regulating the evolutionarily con-
served signaling pathways foxo and Sir2 [127]. Although
curcumin did not cause lifespan extension in the
mammalian mouse model [134], THC supplementation
did in male C57BL/6 mice as reported by Kitani and
colleagues [126].

Curcumin has also been studied in normal human
cells, a model used to study the molecular basis of cel-
lular aging by serial cell subcultivation, which undergo
progressive aging and culminate in irreversible growth
arrest (replicative senescence) [135]. Our group dem-
onstrated that curcumin induces stress responses in
normal human skin fibroblasts through induction of
redox stress and associated with activation of Nrf2 sig-
naling [30]. This effect resulted in the induction of sev-
eral antioxidant and cytoprotective enzymes as well as
in the increase of GSH content, effects that were sub-
stantially impaired in late passage senescent cells. This
hormetic response by curcumin conferred significant
protection against a further oxidant challenge [30]. The
ability of curcumin to induce Nrf2 might have impor-
tant implications in slowing down the aging process.
Several studies demonstrated that the expression of

Nrf2 and its target genes decline during aging and
disease [136�139]. In fact, the decline of Nrf2 tran-
scriptional activity causes the age-related loss of gluta-
thione synthesis, which adversely affects cellular
thiol redox balance, leaving cells highly susceptible to
different stresses [136]. In addition, the ortholog of
mammalian Nrf2 has been associated with oxidative
stress tolerance and aging modulation in Drosophila
[139�141]. Therefore, modulation of Nrf2 signaling
pathway by curcumin may positively regulate health-
span by hormesis. In fact, stimulation of maintenance
and repair mechanisms by repeated exposure to mild
stressors has been recognized as a promising strategy
to prevent the age-related accumulation of molecular
damage [23,24]. Many lines of evidence, including our
own studies and those described in the previous sec-
tion on curcumin’s molecular targets, indicate that it
acts as a hormetin. From the point of view of aging
prevention and healthspan, curcumin has positive
effects at lower concentrations but is detrimental at
higher concentrations. This hormetic response elicited
by curcumin was also observed in most studies with
model organisms cited earlier. The higher tested doses
did not cause lifespan extension, and only mild and
appropriate doses of curcumin were effective as com-
pared with untreated controls (see for example Refs
[123] and [128]).

Considering the beneficial and hormetic effects of
curcumin in human normal cells, we recently investi-
gated whether curcumin would protect human skin
fibroblasts from undergoing replicative senescence
in vitro. For that, middle passage cells were grown
either continuously (except in the day for cell attach-
ment after subcultivation) or intermittently (two times
a week for 3 h with 5 μM of curcumin) in the presence
of curcumin. No positive effects were observed and,
in fact, curcumin was even detrimental inducing the
stoppage of cell division and the appearance of mor-
phological and physiological features typical of repli-
cative senescence. In the continuous treatment with
curcumin, among the concentrations tested, only the
lower one (1 μM) did not affect the growth curve (the
cumulative population doublings). Therefore, con-
trary to the positive effects with carnosol that we
recently reported [142], curcumin at the tested condi-
tions was not capable of ameliorating the physiologi-
cal state of cells during replicative senescence. The
fact that curcumin decreases GSH levels in the initial
hours of incubation [30] as part of its hormetic
response may explain the unfavorable impact in the
growth of human fibroblasts, an hypothesis raised by
Satoh and collaborators [143]. The ability of curcumin
to induce senescence was also recently shown in
primary human cells (vascular smooth muscle and
endothelial cells derived from aorta) [114]. We also
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suggested previously the possible induction of pre-
mature senescence in normal cells by high concentra-
tions of curcumin due to chronic induction of
oxidative stress and Akt signaling [30]. It may happen
that the beneficial effects of curcumin in healthspan
are not attained by itself but when consumed mixed
with different bioactive phytochemicals that will
antagonize the drawbacks of curcumin. These possi-
bilities should be explored in the design of future
studies from preclinical to animal models and to
human intervention trials.

Curcumin in Aging and Disease

By virtue of its multitarget ability demonstrated in
numerous studies, curcumin has been advocated as
effective against a wide range of diseases including
cancer, cardiovascular, inflammatory, liver, lung, meta-
bolic, neurological, renal, and other diseases [2,4],
which are summarized in Table 35.2. The molecular
and biochemical targets of curcumin on aging hall-
marks have been linked with the protection against
several age-related diseases using animal models,

specifically on cancer (reviewed in Refs [22] and [144]),
diabetes (reviewed in Refs [145], [146], and [147]), car-
diovascular disorders (reviewed in Refs [145] and
[148]), and neurodegenerative diseases (reviewed in
Refs [9], [12], and [149]).

Curcumin and cancer is a major area of research,
and data largely agree that this polyphenol inhibits
carcinogenesis at multiple levels [22]. In a systematic
review of published results, Ghorbani et al. concluded
that curcumin also has antihyperglycemic and insulin
sensitizer effects [96]. In addition, curcumin regulates
the expression of AMPK, PPARγ, and NF-κB in livers
of diabetic db/db mice, suggesting its beneficial effect
for treatment of diabetes complications [98]. Recently,
pretreatment with curcumin was shown to confer car-
dioprotection by attenuating mitochondrial oxidative
damage in ischemic rat hearts through activation of
SIRT1 signaling [102].

More recently, a strong effort has been channeled to
exploiting these effects of curcumin for tackling neuro-
degenerative diseases. Using different transgenic
Drosophila as models of Alzheimer’s disease, curcumin
led to up to 75% extended lifespan associated with
improvement of amyloid fibril conversion, locomotor

TABLE 35.2 Diseases Potentially Targeted by Curcumin According to the Literature Review Done by Aggarwal et al. [2] and Prasad
et al. [4]

Diseases and symptoms targeted by curcumin

Cancer

Bone, brain, breast, gastrointestinal cancers (esophagus, stomach, liver, pancreas, intestine, rectum), genitourinary cancers (bladder, kidney,
prostate), gynecologic cancers (cervix, ovary, uterus), hematologic cancers (leukemia, lymphoma, myeloma), lung, oral, skin

Cardiovascular diseases

Atherosclerosis, cardiomyopathy, myocardial infarction, stroke

Inflammatory diseases

Allergy, colitis, Crohn’s disease, eczema, gallstone, inflammatory bowel disease, multiple sclerosis, pancreatitis, psoriasis, rheumatoid
arthritis, sinusitis, systemic sclerosis, ulcer

Kidney diseases

Chronic kidney disease, diabetic nephropathy, renal failure, ischemia and reperfusion

Liver diseases

Alcoholic liver disease, cirrhosis, fibrosis

Lung diseases

Asthma, bronchitis, chronic obstructive pulmonary disease, cystic fibrosis

Metabolic diseases

Diabetes, hyperlipidemia, hypoglycemia, hypothyroidism, obesity

Neurological diseases

Alzheimer’s disease, depression, epilepsy, Parkinson’s disease

Other diseases and symptoms

Cataract, fatigue, fever, hemorrhage, osteoporosis, septic shock, wound healing
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activity, and reduced neurotoxicity [150]. Wang et al.
also showed the ability of curcumin to protect both
morphological and behavioral defects in these models
[151]. In Drosophila expressing human wild-type
α-synuclein in neurons as a model of Parkinson’s dis-
ease, curcumin significantly delayed the loss of activity
pattern, reduced oxidative stress and apoptosis, and
increased the lifespan of transgenic flies [152]. Dietary
curcumin supplementation also regulated molecules
involved in energy homeostasis, such as AMPK, in rat
brain tissue after induced trauma, which may be
important for brain functional recovery [153]. Using
rats and mice, Pu et al. demonstrated that curcumin
improves aging-related cerebrovascular dysfunction
via the AMPK/mitochondrial uncoupling protein 2
(UCP2) pathway [99]. Recently, curcuminoids intake
by female rats also demonstrated several improve-
ments on brain age-related mitochondrial dysfunction
parameters [154]. Curcumin given intragastrically
attenuated cognitive deficits of senescence-accelerated
mouse prone 8 (SAMP8 mice) [155]. Overall, these
reports validate curcumin as an interesting drug candi-
date for the prevention of age-associated neurodegen-
erative disorders.

NUTRITIONAL AND
PHARMACOLOGICAL APPLICATIONS

OF CURCUMIN IN AGING

Although there is intense research regarding differ-
ent effects associated with curcumin, epidemiological
and clinical studies showing health beneficial effects
from its consumption or use as a phytopharmaceutic
are scarce. The pharmacological application of curcu-
min is constrained by its poor solubility and low
bioavailability. New delivery systems are being devel-
oped to overcome this limitation and may be a
significant step forward toward its applicability in
the treatment and prevention of several age-related
diseases.

Epidemiological Data and Clinical Trials

Therapeutic and preventive effects against several
age-related diseases have been attributed to curcumin
and, therefore, it has acquired great importance as a
possible antiaging therapeutic. Although many preclin-
ical studies support these health promoting effects,
there are no consistent epidemiological data and clini-
cal trials that unequivocally link curcumin with
healthy aging. Although Indians and Chinese have
used turmeric since ancient times, systematic collection
of epidemiological data is influenced by other factors

that affect the drawing of reliable conclusions. These
include the presence of other ingredients commonly
found in the diet of these ethnic groups, such as other
spices and food additives, high percentages of vegetar-
ianism, and use of alternative medicines [156].

Relevant prospective epidemiological research stud-
ies that link curcumin (turmeric) consumption and
aging are being performed in one of world’s longest-
lived populations—the Okinawans [157]. This Japanese
population from the Ryukyu Islands has the world’s
longest life and health expectancy with the lowest
mortality rates from a multitude of chronic diseases of
aging [157]. The traditional Okinawan diet is character-
ized by low fat intake, particularly saturated, and high
carbohydrate intake, together with a very abundant
ingestion of calorie-poor and antioxidant-rich orange-
yellow root vegetables (turmeric), sweet potatoes, and
green leafy vegetables [158,159]. These nutritional data
support the view that mild caloric restriction (10�15%)
and high consumption of foods with antioxidant and
caloric restriction-mimetic properties play a role in the
extended healthspan and lifespan of the Okinawans
[159]. More research is nevertheless needed to clearly
understand the function of curcumin in this equation.
Present research data support that curcumin has in
fact some activities that mimic the biological effects of
caloric restriction [66,82,132].

Epidemiological data have been collected support-
ing a positive relationship between turmeric con-
sumption and cognitive function in the elderly. It has
been reported that the prevalence of Alzheimer’s dis-
ease in India among people of ages between 70 and
79 years is 4.4-fold lower than that of the United
States [160]. In addition, a meta-analysis showed that
dementia incidence in East Asian countries (that have
the highest consumption of curry) is lower than in
Europe, where a higher incidence of Alzheimer’s dis-
ease tends to exist [161]. In another study with the
multiethnic population of Singapore, the association
between curry consumption and cognitive function in
elderly was investigated in more than 1000 older
adults over 60 years of age. The study found a signif-
icant beneficial effect on cognitive functioning
associated with low-to-moderate levels of curry con-
sumption in elderly Asian subjects [162]. The authors
stated however that these findings should be inter-
preted with caution since they come from a cross-
sectional data analysis and do not establish a clear
and direct causal effect of curry consumption and
improvement of cognitive function [162].

The overall lower cancer rates in the Indian popula-
tion, especially colorectal, prostate, pancreatic, and
lung cancers, as compared with western countries,
have also been used as an argument for the possible
correlation between curry consumption and decreased
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cancer risk [156,163]. However, to better explore the
relationship between curcumin consumption and
healthspan well-designed epidemiological studies are
needed, in particular longitudinal follow up cohorts of
elderly persons and that specifically investigate para-
meters and biomarkers relevant for aging and age-
related diseases. Though, several confounding factors
such as lifestyle, genetics, and other dietary compo-
nents, will make it difficult to have a clear picture.

Supported by the promising activities and multitar-
gets identified for curcumin in in vitro and animal
studies, several clinical trials and human intervention
studies have already been performed or are underway.
On the website www.clinicaltrials.gov are documented
more than 50 phase I and/or phase II clinical trials
with turmeric and more than 100 using curcumin. To
date, human intervention studies with curcumin have
focused mainly in the treatment of an existing health
problem or disease, such as cancer and neurodegenera-
tion, demonstrating in some cases its potential as a
promising drug. Considering the cardioprotection and
lipid lowering ability of curcumin established in pre-
clinical studies, a meta-analysis was recently per-
formed with data from randomized controlled trials
that measured parameters related with blood lipids
[164]. No effects could be associated with curcumin
supplementation on serum total cholesterol, LDL-C,
triglycerides, and HDL-C levels.

The clinical use of curcumin is greatly limited by its
poor oral bioavailability (see details below). In fact,
Sahebkar made some suggestions for a more robust
assessment of the lipid-modulating properties of cur-
cumin, such as the use of bioavailability-improved for-
mulations of curcumin with longer supplementation
duration in randomized controlled trials conducted in
dyslipidemic subjects [164]. Recently, DiSilvestro et al.
reported the use of lipidated curcumin in a low dose
supplementation study on healthy middle aged people
[165]. In this form curcumin is expected to have better
absorption performance and the authors found a vari-
ety of potentially health promoting effects. Among
them, curcumin decreased triglyceride levels but did
not affect cholesterol parameters; decreased plasma
beta amyloid protein concentrations, which may
impact on Alzheimer’s disease development; and,
increased salivary radical scavenging capacity (direct
antioxidant activity) and plasma catalase enzyme
activity (indirect antioxidant activity) [164]. With bet-
ter designed and longer intervention studies as well as
the development of different approaches to increase
curcumin bioavailability we may attain very soon
promising results demonstrating the beneficial effects
of this polyphenol for the treatment/prevention of
age-related diseases and the promotion of healthy
aging.

Curcumin Bioavailability and Pharmacokinetics

From the studies conducted in humans, curcumin
has a good safety profile with no toxicities reported in
phase I clinical trials at dosages as high as 8 g/day
[166,167]. Together with the safety profile documented
for curcumin present in the diet and in phytomedicinal
extracts, its use at high dosages that far exceed the
ones in ancient tradition seems also to be well toler-
ated by humans. Contributing to that may be the
reduced water solubility of curcumin, its limited intes-
tinal absorption, and rapid metabolism and excretion,
which results in low bioavailability [168]. After oral
ingestion of 8 g of curcumin the peak serum concentra-
tion was observed after 1 to 2 h with an average value
of 1.86 1.9 μM [166]. At dosages below 3.6 g/day no
detectable amount of curcumin and metabolites were
observed [167]. Consistent with the findings in animal
models, curcumin was also shown to be efficiently
metabolized, particularly in the intestine, resulting in,
for example, glucuronide and sulfate conjugates [13].
The metabolite tetrahydrocurcumin has been reported
to retain some of the activities of the parent com-
pound, and may therefore contribute to the pharmaco-
logical effects of curcumin taken orally [169]. Although
some pilot studies with humans suggest poor systemic
availability of curcumin when administered orally,
probably not enough to exert pharmacologic activity
in tissues such as liver and brain, such effects
may be possible in gastrointestinal tissues and oral
mucosa [13,167]. Patients with colorectal cancer receiv-
ing 3.6 g of curcumin daily in capsules resulted in
detectable levels of curcumin (together with its sulfate
and glucuronide metabolites) in normal and malignant
colorectal tissue at concentrations compatible to exert
pharmacologic activity [170]. In view of its lipophili-
city, topical application of curcumin might also be
effective. Topical treatment of burned and photoda-
maged skin with curcumin in a gel base was shown to
possess healing and repair effects [18].

Maximal dietary intake has been estimated at 1.5 g
of turmeric per person per day in certain South East
Asian communities [171], and therefore the consump-
tion of curcumin is much lower. Thus, based on the
prospective human studies reported above, exposure
to curcumin or its active metabolites (apart from
gastrointestinal tract) from normal diet consumption
is expected to be insufficient to reach any biological
activity. However, these phase I and phase II clinical
trials do not consider the possible involvement of
other factors present in the diet that may boost
curcumin bioavailability. Compounds and other
polyphenols present in the food matrix may interact
positively for enhancement of bioavailability of
phenolic compounds. Upon epithelial uptake, certain
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flavonoids may reduce and/or inhibit phase II
metabolic enzymes and influence efflux transporters
such as p-glycoprotein [172]. Dietary lipids may
also increase polyphenol bioaccessibility, specially for
hydrophobic molecules such as curcumin and other
polyphenol aglycones [172]. These notions are already
being explored to increase curcumin bioavailability
and might be used in the future in functional foods for
prevention and pharmacological strategies in aging
interventions. Rather than a high dose of curcumin, a
low dose supplement of lipidated curcumin showed
diverse health promoting effects in healthy middle-
aged people [164]. Zou et al. are also developing an
excipient corn oil-in-water emulsion as a food matrix
to increase oral bioavailability of curcumin [173].
Although excipient foods have no bioactivity them-
selves, they may promote that of coingested bioactives
[174]. These excipients may increase the release of
lipophilic curcumin from food matrices, improve its
solubility in gastrointestinal fluids, and enhance epi-
thelium cell permeability. On the other hand, the pip-
erine compound from black pepper has been shown to
synergize with curcumin to increase significantly its
bioavailability. Piperine, which inhibits the intestinal
and hepatic metabolic enzymes involved in the glucur-
onidation, was successfully used to increase serum
concentration of curcumin in rats and humans [175].
This principle was already tested in clinical trials in
patients with multiple myeloma and against mild cog-
nitive impairment in the United States (see www.clini-
caltrials.gov; search for curcumin), but without
significant or available results. The use of adjuvants to
enhance curcumin bioavailability by increasing absorp-
tion and decreasing metabolic clearance are also being
explored in new drug delivery systems, such as nano-
particles and self-microemulsions [176,177].

New Delivery Systems

Different approaches have been developed to over-
come the poor oral bioavailability of curcumin due to
various physicochemical and physiological processes.
Apart from the use of adjuvants to decrease curcumin
metabolization (see above), synthetic analogs and con-
jugates are being developed to be metabolically sta-
ble [12,168,178,179]. Nevertheless, much of the effort
has been focused on the development of new and
improved drug delivery systems for curcumin by
means of nanotechnology. Several types of biocompati-
ble and biodegradable nanoparticles are being devel-
oped to suitably encapsulate and deliver curcumin at
higher concentrations to target organs or tissues in
order to improve curcumin’s therapeutic efficacy.
These include liposomes, polymeric nanoparticles,

nanoemulsions, phospholipid formulations, cyclodex-
trins, and nanogels (for review see Refs [15] and [180]).

Nanoparticles can increase solubility and stability of
polyphenols in biological fluids, enhance their absorp-
tion in several epithelia, prevent them from premature
metabolization and excretion from the body, and allow
specific targeting, ultimately resulting in improved
bioactivity with minor side effects [181]. Most of the
nanodelivery studies are related with the effects of cur-
cumin in the treatment of several ailments, mainly can-
cer [182�184], brain damage [185�188], and
inflammation [189�191]. Some of these new bioavail-
able curcumin formulations are being already tested in
phase I clinical trials [192].

These nanotechnological innovative approaches
might also be useful in nutraceutical applications of
curcumin to prevent age-related diseases and to
improve healthspan. However, as a very recent field,
nanoparticles still present many difficulties and limita-
tions to their use. Major challenges are the potential
toxicity of nanoparticles, their efficient absorption
through the different biological barriers until the target
tissue is reached, and cost [181]. Another possible limi-
tation of the use of these drug delivery systems is the
potential side-effects of highly effective curcumin
delivery to target organs. The improvement of curcu-
min bioavailability by these new formulations might
induce toxic effects that have not been addressed yet
in the interventions done with free curcumin [9]. For
example, some adverse events experienced by volun-
teers that ingested very high doses of curcumin, such
as nausea, diarrhea, and rash [193], might be exponen-
tially exacerbated. In addition, toxic effects and strong
prooxidant effects observed for high concentrations of
curcumin in in vitro studies may also happen in vivo
with these efficient delivery vehicles [9]. Instead, other
alternative concepts of intervention, such as exploiting
the hormetic effects of curcumin and possible involve-
ment of the gut microbiome are worthy of future
investigation regarding the promotion of healthy
aging, and should be considered in the design of novel
clinical trials.

Applications

As mentioned before, due to the age-old use of tur-
meric as a food condiment and in phytomedicine, and
its attributed beneficial effects against several ailments,
curcumin and curcumin-containing plant extracts have
been already applied in several commercial products
sold worldwide, but especially in Southeast Asian
countries and the United States [15]. Although the effi-
cacy of some of these products has never been scientif-
ically proven, the pleiotropic biological activities of
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curcumin have been supported in recent years by hun-
dreds of in vitro and in vivo preclinical studies as well
as some human intervention studies. Although its
chemical proprieties (lipophilicity and intense yellow
color) and low bioavailability are hampering the devel-
opment of curcumin for clinical applications, novel for-
mulations and drug delivery systems may lead the
way to a promising future for the use of this com-
pound. Its multitargeting faculty enables curcumin to
modulate the activity of several proteins and signaling
pathways, which together with its apparent safe pro-
file and low cost, make curcumin an ideal candidate
for nutritional interventions to improve healthspan
and longevity. Data collected in animal models and in
humans are also encouraging for the use of curcumin
in the treatment of cancer, stroke, Alzheimer’s disease,
and Parkinson’s disease [12].

An interesting application of curcumin is its
use against skin aging and photoaging. Its cosmetic
use for skin care and aging and wound healing
is already a reality [15]. These applications are sup-
ported by several studies, from animals to humans.
Curcumin has shown in vitro the ability to hormeti-
cally stimulate wound healing of human fibroblasts
[16], and to be effective in the treatment of burn
wounds in rats and humans [17,18]. Evidence from the
literature indicates the ability of curcumin to enhance
collagen deposition, tissue remodeling, and wound
contraction as important processes for proper wound
healing [194]. Application of curcumin in new formu-
lations has been identified as essential for optimizing

its therapeutic effect in wound healing [194]. Turmeric
extracts and curcumin also significantly inhibited
the ultraviolet-induced photodamage in mice and
humans [18,195�198]. Anti-inflammatory and antioxi-
dant actions of curcumin are proposed to mediate not
only the burn wound healing capacity of this polyphe-
nol but also its antiphotoaging effects [18,194,199].
Therefore, all these data support the use of curcumin
in cosmeceuticals, which combined with the develop-
ment of new formulations may help to maximize its
beneficial skin antiaging effects.

The hormetic effects of curcumin discussed above
can also have tremendous relevance on the preventive
potential of this polyphenol against aging and age-
related diseases. The hormetic modulation of aging by
nutritional factors, by inducing mild stress and
increasing antioxidant defenses and other cellular
maintenance and repair pathways, has been increas-
ingly recognized as potentially applicable to aging
intervention strategies [200]. However, in order to fully
explore the mild stress-induced hormesis attained by
curcumin, the problem of ensuring that tissues and
organs are exposed to the correct dose to attain posi-
tive effects needs to be overcome. Further research in
new formulations and nanotechnologies to improve
bioavailability of curcumin and to ensure the correct
dosage to obtain beneficial effects from mild stress and
avoid toxicity are needed to envisage the use of curcu-
min as a hormetin.

Fig. 35.4 schematically shows the possible future
applications of curcumin for stimulation of a healthy

FIGURE 35.4 Actual and possible future applications of curcumin for stimulation of healthy aging: formulations involved and modes of
application.
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aging, which may depend on forthcoming research in
relevant formulations, nanoparticles, food matrices,
and routes of applications. The different approaches,
whether with the aim of treating age-related diseases,
preventing them, or intervening in the basic process
of aging, will need to be tested through adequate
experimental studies with animal models and with
human subjects. This will be essential to validate
the ancient and novel attributed nutritional and phar-
macological actions of curcumin, ultimately seeking
the achievement of healthy aging and healthspan
extension.

CONCLUDING REMARKS

The ancient use of turmeric for treatment of several
ailments and the discovery that the polyphenolic cur-
cumin is one of its most active compounds have
guided in the last decades thousands of studies
regarding this natural compound. Several biological
activities, putative cellular targets, and potential thera-
peutic effects were identified in numerous preclinical
studies confirming many folk uses of turmeric and
attributed new effects to curcumin. The potential bene-
ficial effects of curcumin on aging arise from the mod-
ulation of several molecular and biochemical targets
relevant in the context of the recent proposed
aging hallmarks, as well as by its lifespan extension
capabilities in different model organisms. There is a
lack, however, of epidemiological and clinical evi-
dence with human subjects of the health-promoting
effects and increased longevity provided by curcumin.
In view of its low bioavailability, which is hampering
its clinical application, different curcumin formula-
tions, including drug nanodelivery systems, are being
developed to target specific tissues at therapeutic
concentrations.

Considering the hormetic effects of curcumin and
potential to induce senescence at high doses, appro-
priate tissue exposure needs to be established with
proper experimental design in order to foresee the
use of curcumin in nutritional interventions for
improving healthspan and longevity. The potential
interactions with other phytochemicals, the effect of
food matrices, and the use of new curcumin formula-
tions should be explored in the context of functional
foods. Considering the aging of global population and
increased incidence of age-related diseases and mor-
bidity, both in developed and developing countries,
new and cost-effective strategies need to be employed.
The multitargeting ability of curcumin may constitute
a challenging opportunity as a golden nutraceutical for
a healthy aging.

SUMMARY

• Turmeric has been used in traditional medicine for
thousands of years to treat several medical
conditions.

• Curcumin is the main active constituent of turmeric
and it has powerful antioxidant and anti-
inflammatory properties.

• Numerous biochemical and molecular targets
relevant to the hallmarks of aging are regulated by
curcumin.

• Curcumin extends the lifespan of model organisms,
including worms and flies.

• Many lines of evidence demonstrate the potential of
curcumin for the prevention and/or treatment of
age-related diseases, such as cancer and
neurodegenerative diseases.

• Human intervention studies and clinical trials are
being conducted to demonstrate that curcumin
increases healthspan.

• The nutritional and pharmacological applications of
curcumin are restricted by its poor solubility and
low bioavailability.

• Different formulations are being developed to
increase curcumin bioavailability, including new
delivery systems like nanoparticles.

• Applications of curcumin are already a
reality in wound healing and cosmetics
against skin aging.

• The caloric restriction mimetic and hormetic effects
of curcumin may be explored for future aging
nutraceutical applications.

• Considering the global population aging, curcumin
may constitute an interesting low cost and effective
natural compound for interventions to achieve
healthy aging.
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[98] Jiménez-Flores LM, López-Briones S, Macı́as-Cervantes MH,
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KEY FACT

• One-carbon nutrients, such as water-soluble
B vitamins, methionine, and choline, may delay
the aging process and development of age-
associated diseases through one-carbon
metabolism.

Dictionary of Terms

• Epigenetics: an inheritable but reversible
phenomenon that affects gene expression without
altering DNA base sequence.

• One-carbon metabolism: a biochemical network that
ultimately delivers one-carbon units (methyl
moiety) to many biological methylation reactions
that are critical to maintain homeostasis in our
body.

• DNA methylation: a biological methylation that
methylates cytosine base at the CpG residues
in DNA by DNA methyltransferases using
S-adenosylmethionine, the universal methyl donor.

• Nutrient and gene interaction: a nutrient conveys a
health effect according to the genotype of a certain
gene.

• Transsulfuration pathway: homocysteine from
methionine, an essential amino acid, is converted to
cystathionine and further to cysteine, a nonessential
amino acid, which ultimately synthesizes taurine
and glutathione.

INTRODUCTION

One-carbon metabolism is a sort of biochemical net-
work that has several critical pathways including
nucleotide synthesis, biological methylation, and trans-
sulfuration pathways [1]. Many nutrients, such as
B-vitamins, methionine, choline, betaine, serine, and
glycine, are directly involved in one-carbon metabo-
lism, while other nutrients, such as retinoic acid and
selenium, indirectly influence one-carbon metabolism.
S-adenosylmethionine, a metabolite of one-carbon
metabolism synthesized from methionine, is the uni-
versal methyl donor to numerous biological methyla-
tion reactions including DNA methylation and histone
methylation, both of which are so-called epigenetic
phenomena. Epigenetic phenomena are important
mechanisms by which nutrients can affect gene expres-
sion without altering DNA base pairs and change phe-
notypes including disease susceptibility. Epigenetic
phenomena are fundamentally influenced by aging.
S-adenosylmethionine is also a precursor of polya-
mines, such as spermidine and spermine, which have
recently been highlighted to have inhibitory effects on
the aging process through their effects on cell death [2].

One-carbon metabolism also transfers a one-carbon
unit (methyl group) to the nucleotide synthesis path-
way which is essential for DNA replication and repair.
Inadequate nucleotide synthesis due to impaired
one-carbon metabolism can increase the risk of muta-
genesis and induce aberrant DNA repair. Through
the transsulfuration pathway, one-carbon meta-
bolism synthesizes cysteine from methionine and ulti-
mately synthesizes taurine and glutathione, which are
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important antioxidants. One-carbon metabolism is also
linked to other energy metabolisms, such as lipid and
carbohydrate metabolisms. Therefore, one-carbon
metabolism can influence and be influenced by those
metabolisms.

One-carbon metabolism can affect many health con-
ditions including aging and age-associated diseases.
Nevertheless, compared to individual one-carbon nutri-
ents, such as B-vitamins, methionine, and choline, the
health effects of one-carbon metabolism are not well-
understood, even though one-carbon metabolism regu-
lates numerous important metabolisms and pathways.
In the present chapter we address the importance of
one-carbon metabolism in delaying both the aging pro-
cess and the development of age-associated diseases.

ONE-CARBON METABOLISM

In one-carbon metabolism, one-carbon units (methyl
moiety) from methyl donor nutrients are transferred to
homocysteine remethylation, the synthesis of purine
and thymidine, and the biological methylation of
DNA, RNA, protein, and many other methyl recipi-
ents, such as small molecules and lipids. Water-soluble
B vitamins such as folate, vitamin B6, vitamin B12, and

vitamin B2 play key roles as coenzymes, while
methionine, choline, betaine, and serine are methyl-
donors (Fig. 36.1).

The sole function of folate is as a coenzyme of one-
carbon metabolism with several different types of
reduced forms. Tetrahydrofolate, a reduced form of
folate, receives a methyl group from serine catalyzed by
serine hydroxymethyltransferase (SHMT), which is a
reversible reaction. The conversion of serine to glycine
produces a carbon unit to tetrahydrofolate and converts
to 5,10-methylenetetrahydrofolate which can be utilized
to synthesize nucleotides. Methylation of deoxyuridine
monophosphate by 5,10-methylenetetrahydrofolate and
thymidylate synthase (TS) produces deoxythymidine
monophosphate, which is one of the four nucleotides
used in building DNA, and dihydrofolate, which will
turn into tetrahydrofolate by dihydrofolate reductase
(DHFR). DHFR is the target of methotrexate, a cancer
chemotherapeutic agent that inhibits cancer cell DNA
synthesis. Purines are generated through the intermedi-
ate 10-formyltetrahydrofolate, which is derived from
5,10-methylenetetrahydrofolate (Fig. 36.1).

5,10-methylenetetrahydrofolate can also be con-
verted to 5-methyltetrahydrofolate when catalyzed by
methylenetetrahydrofolate reductase (MTHFR), which
is an irreversible reaction. The folate cycle is then

FIGURE 36.1 One-carbon metabolism. BHMT, betaine homocysteine methyltransferase; CBS, cystathionine-β-synthase; dTMP, deoxythy-
midine monophosphate; dUMP, deoxyuridine monophosphate; GNMT, glycine N-methyltransferase; MAT, methionine adenosyltransferase;
MS, methionine synthase; MT, methyltransferase; MTHFR, methylenetetrahydrofolate reductase; SHMT, serine hydroxymethyltransferase;
SAHH, S-adenosylhomocysteine hydrolase; THF, tetrahydrofolate; TS, thymidylate synthase.
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coupled with homocysteine remethylation to regener-
ate methionine. 5-methyltetrahydrofolate donates a
methyl group to homocysteine, methylating and con-
verting it into methionine through methionine
synthase (MS) and vitamin B12. The adenylation of
methionine produces S-adenosylmethionine catalyzed
by methionine adenosyltransferase (MAT).
S-adenosylmethionine functions as a methyl donor for
many biological methylation reactions, including DNA,
RNA, histone, protein, lipid, and small molecules, as well
as polyamine synthesis [3]. However,
S-adenosylmethionine is most frequently utilized for the
synthesis of phosphatidylcholine, which contributes
to the lipid membrane content [4], the formation of
creatine, which is a nitrogenous compound that helps
to supply energy to muscle, and a substrate for
glycine N-methyltransferase (GNMT) that converts
S-adenosylmethionine to S-adenosylhomocysteine in
the liver.

After donating a methyl group to biological reactions,
S-adenosylmethionine turns into S-adenosylhomocysteine
and then later on into homocysteine. The reaction
between S-adenosylhomocysteine and homocysteine is
reversible. Once homocysteine is formed, it can be
immediately exported to the bloodstream, remethylated
into methionine or undergo the transsulfuration pathway
because homocysteine is toxic to cells. Blood homo-
cysteine is excreted through the kidney and it is the
reason why reduced renal function elevates plasma
homocysteine levels. In the transsulfuration pathway,
homocysteine reacts with serine through vitamin
B6-dependent enzyme cystathionine β-synthase (CBS) to
form cystathionine and then into cysteine, which is
utilized to form taurine and glutathione (Fig. 36.1).

In summary, water-soluble B vitamins and methyl
donor nutrients are involved in one-carbon metabolism
which ultimately regulates methyl transfer to the
nucleotide synthesis pathway and the biological
methylation pathway as well as the transsulfuration
pathway, all of which are dedicated to maintaining
the homeostasis of various metabolisms and body
functions.

AGING, AGE-ASSOCIATED DISEASE,
AND ONE-CARBON METABOLISM

Influence of Aging on One-Carbon Metabolism

When renal function is working normally, hyperho-
mocysteinemia indicates a derangement of one-carbon
metabolism because it suggests an inadequacy in the
remethylation pathway or the transsulfuration path-
way. Interestingly, plasma homocysteine elevations
have been shown to be associated with aging, which

suggests that aging is also associated with the alter-
ation of one-carbon metabolism. The prevalence of
hyperhomocysteinemia (over 15 μmol/L) in the elderly
population older than 65 years may be as high as 30%
according to the Framingham Study [5].

The Hordaland Homocysteine Study, a population-
based study to show lifestyle factors determining
homocysteine levels, showed that older age is associ-
ated with elevated homocysteine levels, along with
male sex, smoking status, high coffee consumption,
and lack of exercise [6]. In addition to these lifestyle
factors, the Framingham Offspring Study showed
chronic alcohol consumption and serum creatinine
levels to be determinants of hyperhomocysteinemia
[7]. Alcohol deranges one-carbon metabolism by wast-
ing methionine and choline to replenish taurine
and glutathione to reduce alcoholic liver injury as well
as by methyl folate trapping through inhibiting
MS, which induces functional folate deficiency and
thereby reduces methyl transfer to homocysteine
remethylation.

Ames dwarf mice, which are deficient in the growth
hormone, prolactin and thyroid-stimulating hormone,
live significantly longer than their litter mates and have
significantly higher activity of liver MAT, CBS, cystathio-
nase, and GNMT, all of which are involved in one-
carbon metabolism. In this model, S-adenosylmethionine
is decreased and S-adenosylhomocysteine is increased,
which suggests that the increment of MAT activity
produces more methionine but the increment of GNMT
activity pushes S-adenosylmethionine toward the
transsulfuration pathway, which probably reduces
age-associated oxidative damage through increased
production of glutathione and taurine [8].

Numerous studies suggest that aging is associated
with altered one-carbon metabolism. But we still do
not know whether there is a definite cause and effect
relationship between altered one-carbon metabolism
induced by aging and the development of age-
associated diseases.

Methionine Restriction Diet

Over the years, many studies were done to find
clues to longevity. Based on the results of the rodent
studies, low calorie intake was found to be associated
with an increase in lifespan. Study data show that a
40% caloric restriction lowers the generation rate of
mitochondrial reactive oxygen species and decreases
the oxidative damage of mitochondrial DNA and pro-
teins in rodent organs [9]. Several studies have also
suggested that decreased intake of particular compo-
nents of the diet, specifically methionine, an essential
sulfur containing amino acid, can be an important
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factor in extending the lifespan [10]. In rodent studies,
isocaloric 80% methionine restriction was shown to
increase longevity in F344 rats [11] and mice [12]. 80%
methionine restriction was also shown to decrease the
incidence of age-related degenerative diseases and
disease-associated markers, such as decreases in serum
glucose, insulin, cholesterol, triglycerides and leptin
[13]. Interestingly, it has been demonstrated that
methionine restriction reduces tumor development in
several animal models. A recent paper demonstrated
that dietary methionine restriction inhibits prostatic
intraepithelial neoplasia in TRAMP mice [14], which is
an animal model of prostate cancer. It appears that
methionine restriction is also important in preventing
cancer through inhibiting tumor growth. In fact, some
tumor cells have a greater dependence on methionine
for growth compared to normal cells. Specifically,
these are tumor cells of the bladder, breast, colon, gli-
oma, kidney, melanoma, and prostate. Growth of these
tumor cells can be limited or inhibited in the absence
of methionine [15]. Collectively, methionine restriction
may extend animal life span as well as reduce the
development and progress of cancer.

One-Carbon Metabolism and Neurocognitive
Disease

Cognitive decline and dementia are common in old
age. Many cross-sectional and longitudinal studies have
reported significant associations between dementia and
low blood levels of folate and vitamin B12 or high levels
of homocysteine [16]. A few studies did not report a sig-
nificant association between plasma levels of vitamin
B12 or homocysteine and dementia [17]. Among
the intervention studies of folate supplementation,
Fioravanti et al. [18] observed a significant improvement
of memory test scores in the folate-treated group in a
randomized-controlled study. Another study, the Folate
After Coronary Intervention Trial (FACIT), a 3-year ran-
domized controlled trial, showed a significant improve-
ment in memory, information processing speed, and
sensori-motor speed in the folic acid group [19]. Despite
the many studies done, there is no definite evidence that
supplementation with vitamin B12 and folate improves
cognitive decline or dementia, even though it may nor-
malize homocysteine levels [20].

Choline, a folate-independent methyl donor in one-
carbon metabolism, is essential for neurodevelopment
and brain function. The Hordaland Health Study dem-
onstrated that low plasma free choline concentrations
are associated with poor cognitive performance and
that there is an interaction between low choline and
low vitamin B12 on cognitive performance.

Many population-based cross-sectional studies have
shown that high plasma homocysteine levels are

associated with low cognitive function [21] and
dementia [22]. In 1992, it was suggested that elevated
homocysteine levels may be a marker of abnormal
one-carbon metabolism and that this may contribute to
Alzheimer’s disease [23]. Since then, it has been
reported that elevated homocysteine levels are an inde-
pendent risk factor for Alzheimer’s disease [24].
Proposed mechanisms include the atherosclerotic ten-
dency of homocysteine, and studies have shown that
homocysteine can be directly toxic to cultured neuro-
nal cells [25]. Various studies over the years have been
conducted to see the effect of homocysteine-lowering
treatments through vitamin B supplementation. A few
studies have demonstrated improved vascular endo-
thelial function and reduced risk of stroke through
folic acid and vitamin B12 supplementations [26].
Another common disease in the elderly is depression,
which can affect their quality of life. A population
based cross-sectional study showed that homocysteine
was significantly associated with depression [27], but
the results were not consistent for depression.

One-carbon metabolism is important for brain func-
tion and maintenance. It highly influences age-associated
neurocognitive decline, but the exact mechanism is not
yet clear. The results of intervention through one-carbon
metabolism are still contradictory.

One-Carbon Metabolism and Cancer

Although epidemiologic studies strongly indicate
that the alteration of one-carbon metabolism is highly
associated with the development of several cancers,
the mechanism has not yet been clearly elucidated.
Over the past two decades, the most probable mecha-
nism has been the derangement of the biological meth-
ylation pathway and nucleotide synthesis pathways as
we described in the introduction section. Low
B-vitamins, such as folate, vitamin B12, and vitamin
B6, low methyl donor nutrients, such as methionine
and choline, or derangement of one-carbon metabolism
induced by alcohol consumption have been studied
based on these two mechanisms. However the results
were not consistent and reversal of deranged one-
carbon nutrients by supplementation with one-carbon
nutrients could not reduce the risk of cancer. Rather,
too much supplementation raised concern that it may
increase the risk of cancer. Those inconsistent observa-
tions caused us to change our scope regarding the rela-
tionship between one-carbon metabolism and cancer.

In one-carbon metabolism, glycine and serine con-
duct a kind of methyl shuttle. Glycine receives a
methyl group from serine through the SHMT reaction,
which is a reversible reaction. Serine can be synthe-
sized from glucose through glycolysis so that carbon
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derived from glucose can be utilized in one-carbon
metabolism. Interestingly, it has been shown that gly-
cine uptake and catabolism can promote tumorigenesis
as well as serine de novo synthesis through glycolysis,
which is also associated with tumorigenesis [28].
Glycine also receives a methyl group from
S-adenosylmethionine catalyzed by GNMT.
Interestingly, GNMT-deficient mice can spontaneously
develop primary liver cancer and the polymorphism of
the SHMT gene is also associated with the risk of
cancer. The upregulation of serine/glycine metabolism
correlates with cell proliferation and poor prognosis in
several tumors. Glycine conversion was shown to
increase the proliferation rate in cancer cells [29]. Thus,
glycine/serine metabolism could be a new target for
the investigation of the relationship between one-
carbon metabolism and cancer.

In fact, one-carbon metabolism is known to play an
important role in the cellular redox balance. The reduc-
tion of 5,10-methylenetetrahydrofolate by MTHFR pro-
duces one molecule of NADP1 for each turn of the
folate cycle. Modulation of the NADP1/NADPH ratio
contributes to the maintenance of redox status. The
transsulfuration pathway produces glutathione, a tri-
peptide with components of cysteine, glycine, and glu-
tamate, which is also important for the maintenance of
the NADP1/NADPH ratio and redox balance.
Therefore, alterations in these metabolic pathways can
affect cancer cell growth.

An accumulated body of research strongly indicates
that the alteration of one-carbon metabolism is highly
associated with carcinogenesis. However, we still do
not know the exact mechanism. Further studies with
better designs are needed to clarify it.

One-Carbon Metabolism and Cardiovascular
Disease

Epidemiologic studies have strongly suggested that
the status of B vitamins, such as folate, vitamin B12,
and vitamin B6, is associated with the risk of cardio-
vascular diseases. Many intervention studies were con-
ducted to determine whether dietary supplementation
with B vitamins can actually reduce the risk of cardio-
vascular diseases, but the results were not satisfactory.

Homocysteine is the most extensively studied one-
carbon metabolite in the field of one-carbon meta-
bolism and cardiovascular diseases. Epidemiologic
studies clearly demonstrated the association of total
plasma homocysteine levels and the risk of cardiovascular
diseases supplemented by cultured cell and animal
studies that elucidated the mechanisms by which homo-
cysteine increases the development of cardiovascular
diseases. It was suggested that homocysteine can

increase atherosclerosis by endothelial injury, platelet
activation, and thrombus formation [30]. However,
two big clinical trials, the Heart Outcomes Prevention
Evaluation (HOPE) study and the Norwegian Vitamin
Trial (NORVIT) study, reported the negative results
that decrement of blood homocysteine by B-vitamin
supplementation could not protect from the recurrence
of major cardiac events. Rather, it increased the
recurrence and development of major complications.
Thereafter, only a few meta-analyses have suggested
the beneficial effects of one-carbon nutrients on the
prevention of cardiovascular diseases, without
suggesting any significant mechanisms.

Recently a genome-based study, which was con-
ducted as a part of a case-control study nested in the
prospective cohort, European prospective Investigation
into Cancer and Nutrition (EPIC) cohort, evaluated the
DNA methylation status of candidate genes selected
from the whole genome analysis. Five increased meth-
ylated DNA regions were found that included trans-
cobalamine II (TCN2) gene promoter, CBS gene
50UTR, and aminomethyltransferase (AMT) gene body
from male myocardial infarction subjects as well as
paraoxonase 1 (PON1) gene body/1st exon and CBS
gene 50UTR from female myocardial infarction. An
inverse association between B vitamins intake and
DNA methylation of these genes was observed [2].
These findings indicate that DNA methylation pat-
terns in specific regions of one-carbon metabolism
genes may affect the cardiovascular disease risk by
low B vitamins intake, suggesting an epigenetic con-
nection between one-carbon metabolism and cardio-
vascular diseases.

INFLAMMATION AND ONE-CARBON
METABOLISM

Vitamin B6 and Inflammation

In a cross-sectional study of 1976 women selected
from the Women’s Health Initiative Observational
Study [31], plasma vitamin B6 as pyridoxal-50-phos-
phate, plasma vitamin B12, plasma folate, and RBC
folate were measured as nutritional biomarkers. Serum
C-reactive protein and serum amyloid A were mea-
sured as inflammation biomarkers. Homocysteine and
cysteine were measured as biomarkers that reflect the
global one-carbon metabolism status. Plasma pyridoxal-
50-phosphate, RBC folate, homocysteine, and cysteine
were identified as independent predictors of C-reactive
protein, while plasma pyridoxal-50-phosphate, vitamin
B12, RBC folate, and homocysteine were identified as
predictors of serum amyloid A. This study suggests
that both individual B-vitamins and one-carbon
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metabolism are associated with inflammation. Among
them, the relationship between vitamin B6 and inflam-
mation has been most highlighted, especially after the
mandatory folate fortification era.

Vitamin B6 exists in several forms including pyri-
doxine, pyridoxine 50-phosphate, pyridoxal, pyridoxal
50-phosphate, pyridoxamine, and pyridoxamine
50phosphate. Pyridoxal 50-phosphate is the biologically
active form which acts as a cofactor for over 140
enzyme reactions that are involved in the metabolism
of proteins, lipids, and carbohydrates, and the synthesis
or metabolism of hemoglobin, neurotransmitters,
nucleic acids, and one carbon units [32]. The relation-
ship between vitamin B6 and inflammation has been
demonstrated—plasma concentrations of pyridoxal
50-phosphate, in particular, were reduced during
inflammation. The underlying mechanisms may
include altered tissue distribution or increased catabo-
lism via pyridoxal to pyridoxic acid, but the exact
mechanism remains unclear.

Investigators observed that patients with rheumatoid
arthritis had reduced plasma pyridoxal-50-phosphate
concentrations compared to healthy controls.
Furthermore, among the rheumatoid arthritis patients,
pyridoxal-50-phosphate was lower in patients with
severe types and with higher levels of inflammation
markers [33]. In another study it was found that plasma
pyridoxal-50-phosphate was approximately 35% lower
in individuals with elevated C-reactive protein levels
($6 mg/L) than individuals with normal C-reactive
protein levels (,6 mg/L) [34]. An analysis of the
National Health and Nutrition Examination Survey
data also showed an inverse association between vita-
min B6 blood levels and inflammation [35].

The association between vitamin B6 and inflamma-
tion was also observed in patients with inflammatory
bowel disease. In a human study, plasma pyridoxal-50-
phosphate concentrations were significantly lower in
the inflammatory bowel disease patients than in
healthy controls. Among the patient group, the preva-
lence of low plasma PLP was significantly higher in
patients with an active disease compared to those with
a quiescent disease (26.9% vs 2.9%; p# .001) [36]. The
other study showed that vitamin B6 deficiency in
healthy elderly adults impairs interleukin-2 production
and peripheral blood lymphocyte proliferation to both
T- and B-cell mitogens, which were reversed after
repletion of vitamin B6 [37].

It is not yet clear whether low vitamin B6 in inflam-
mation is just a result or a cause of inflammation. The
research investigating the cause and effect relationship
between vitamin B6 and inflammation is important,
because we may find a simple strategy to reduce
inflammation using vitamin B6. Of note is that inflam-
mation is one of the most important risk factors for the

aging process as well as the development of age-
associated diseases and metabolic diseases.

S-Adenosylmethionine and Inflammation

S-adenosylmethionine is not found in food, even
though its precursor, methionine, is plentiful in many
protein foods. However, S-adenosylmethionine is
found in almost every tissue and fluid in the
body. Other than the universal methyl donor and a
precursor of polyamine, S-adenosylmethionine has
been known to have an anti-inflammatory effect.
S-adenosylmethionine has also been recommended for
the treatment of chronic liver diseases, including alco-
holic liver injury and nonalcoholic fatty liver diseases.

S-adenosylmethionine has been shown to lower
lipopolysaccharide (LPS)-induced expression of the
pro-inflammatory cytokine TNF-α and increase the
expression of the anti-inflammatory cytokine IL-10 in
macrophages. In a cell culture study human monocytic
THP1 cells were differentiated into macrophages and
treated with S-adenosylmethionine for 24 h, followed
by stimulation with LPS. Compared to nontreated
cells, S-adenosylmethionine treatment significantly
increased global DNA methylation. A DNA methyla-
tion microarray found 765 differentially methylated
regions associated with 918 genes, which are associ-
ated with cardiovascular disease. A subset of
genes that were differentially hypomethylated also
showed altered expression levels of those genes by
S-adenosylmethionine. This study indicates that
S-adenosylmethionine, a metabolite of one-carbon
metabolism, may convey its anti-inflammatory effect
through DNA methylation [38].

INTERACTIONS BETWEEN
ONE-CARBON METABOLISM GENES

AND NUTRIENTS IN AGING

MTHFR and Folate

Changes in folate status, quantitatively by decreased
intake or qualitatively by polymorphic variants of
MTHFR, may influence DNA integrity and DNA
methylation patterns. The enzyme MTHFR catalyzes
the conversion of 5,10-methylenetetrahydrofolate,
which is essential for DNA synthesis, into
5-methyltetrahydrofolate, which is the primary circu-
lating form of folate that provides methyl groups for
homocysteine remethylation to reform methionine [38].
The most studied common polymorphism is C to T
substitution at 677 base (C677T) that results in an ala-
nine to valine conversion in the protein (A222V) [39].
Another common polymorphism is A to C substitution
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at 1298 base (A1298C), resulting in an alanine to gluta-
mate conversion in the protein. Studies have shown
that in C to T polymorphisms, the heterozygotes
(677CT) and homozygous (677TT) variants have
reduced enzyme activity of 65% and 30%, respectively,
compared with the wild types (677CC) [40]. Further,
individuals with the homozygous (677TT) variant have
been shown to have lowered plasma folate and higher
homozygous levels [41]. Similarly, in the variant of
A1298C, enzyme activity in vitro has been shown to be
lowered in homozygous variants (1298CC) and hetero-
zygotes (1298AC), compared with the wild types
(1298AA) [42].

A body of studies has suggested the association of
MTHFR polymorphisms and the risk of colorectal can-
cer. A modest reduction of colorectal cancer risk was
reported in 677TT individuals compared to those with
the 677CC genotype [43]. Furthermore, it was also
found that 677TT individuals are at reduced colorectal
cancer risk when folate is replete, while at increased
risk when folate is deplete [44]. Thereafter, the interac-
tion between folate and MTHFR became a paradigm of
nutrient and gene interaction and has been extensively
studied in other cancers including gastric cancer,
breast cancer, and cervical cancer but the results were
not always consistent.

There is evidence that interaction between folate
and MTHFR could also be associated with neurocogni-
tive disease. In an animal study using young and old
mice, Mthfr deficiency induced brain-region specific
impairment of the methylation of Ser/Thr protein
phosphatase 2A (pp2a) and the expression levels of
Pp2a and leucine carboxyl methyltransferase (Lcmt1)
were decreased in the hippocampus and cerebellum.
Dietary folate deficiency significantly decreased Lcmt1
and methylated Pp2a levels in all brain regions of aged
wild-type mice, and further exacerbated the regional
effects of Mthfr deficiency in aged heterozygote mice.
It appears that Mthfr deficiency and the Mthfr gene�
diet interaction could lead to disruption of neuronal
homeostasis, and increase the risk for a variety of neu-
ropsychiatric disorders, including age-related diseases
like sporadic Alzheimer’s disease [38].

Telomeres, which consist of tandem repeats of DNA,
cap the ends of chromosomes. The telomere length is
reduced with increasing cell divisions except when the
enzyme telomerase is active, such as in stem cells or
cancer cells. Thus, the telomere length has been regarded
as a marker of cell senescence and aging. Telomere
length is epigenetically regulated by DNA methylation
that could be modulated by folate. In a human study
that measured telomere length in peripheral blood
mononuclear cells, plasma concentration of folate was
associated with telomere length of peripheral blood
mononuclear cells. When plasma folate concentration

was above the median, there was a positive relationship
between folate and telomere length. However, when
plasma folate concentration was below the median, there
was an inverse relationship between folate and telomere
length. The MTHFR 677 C to T polymorphism was
weakly associated (P5 0.065) with increased telomere
length at below-median folate status. This study suggests
that folate and MTHFR interaction may influence the
aging process [41].

MS and Vitamin B12

The enzyme MS catalyzes the remethylation of
homocysteine to methionine through transfer of a
methyl group from 5-methyltetrahydrofolate to homo-
cysteine. Vitamin B12 acts as a cofactor in this reaction.
Polymorphism of the MS gene of A to G transition at
position 2756, which replaces aspartic acid with
glycine, has been studied [45].

In a Chinese case-control study the MS2756G allele
was associated with a higher risk of breast cancer in
individuals with low folate intake, vitamin B6, and
vitamin B12, but the association disappeared among
subjects with moderate and high intake of folate, vita-
min B6, and vitamin B12. This result indicates that
the MS 2756AG polymorphisms are associated with
the risk of breast cancer and intakes of folate, vitamin
B6, and vitamin B12 influence the association [42]. In
another human study, individuals with the variant
MS2756 GG genotype showed a 5-fold decreased risk
of acute lymphoblastic leukemia compared to indivi-
duals with wild-type (OR 0.20; 95% CI 0.02-1.45) [46].

MAT and S-Adenosylmethionine

Studies demonstrated that all mammal cells express
the enzyme MAT, but activity is highest in the liver
[47]. Those with a deficiency in hepatic MAT activity
show hypermethioninemia [48]. Two genes, MAT1A
and MAT2A, encode the two homologous catalytic
subunits MATα1 and MATα2, respectively [49]. The
α1 subunits organizes into two MAT isoenzymes,
MAT I and MAT III, while the α2 subunit makes the
MAT isoenzyme MAT II. MAT1A is expressed mostly
in the liver and MAT2A is widely distributed in other
tissues [49]. Fetal liver expresses only MAT2A but
not MAT1A. With age, MAT1A expression exceeds the
MAT2A expression and adult liver expresses mainly
MAT1A [50]. Thus, MAT1A expression can be consid-
ered as differentiated liver phenotype [51]. In a study
using a cell line model that expresses different
MAT forms, cells that express MAT1A was shown to
have higher levels of S-adenosylmethionine and DNA
methylation and was also shown to grow more slowly
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compared to the cells that expressed MAT2A [52].
Thus, the type of MAT expressed by the cells resulted
in different S-adenosylmethionine levels and also, in
return, showed that the S-adenosylmethionine level can
affect MAT expression. In a cultured cell study with
human hepatocytes, when the S-adenosylmethionine
level decreased, the MAT2A gene expression
was rapidly expressed but the effect was diminished
when S-adenosylmethionine was added to the
medium [53], indicating that a decrease of the
hepatic S-adenosylmethionine level causes a switch
of MAT expression, resulting in dedifferentiation of
liver cells [54].

The expression of hepatic MAT1A gene is downregu-
lated in chronic liver diseases such as hepatocellular
carcinoma, liver cirrhosis and alcoholic hepatitis
patients [55]. The effects of chronic hepatic S-
adenosylmethionine deficiency have been well
described by the MAT1A deficient mouse model [56], in
which the liver is more susceptible to injury. Thus, in
various animal models, S-adenosylmethionine treatment
has improved liver injury effectively [57]. However, evi-
dence in human liver disease is still limited.

MAT1A and Vitamin B6 and Folate

In a study using subjects enrolled in the Boston
Puerto Rican Health Study and the Nutrition, Aging,
and Memory in Elders Study, MAT1A variants were
strongly associated with hypertension and stroke.
Homozygotes of the MAT1A d18777A (rs3851059) allele
had a significantly higher risk of stroke (OR: 4.30; 95%
CI: 1.34, 12.19; P5 0.006), whereas 3U1510A (rs7087728)
homozygotes had a significantly lower risk of hyperten-
sion (OR: 0.67; 95% CI: 0.48, 0.95; P5 0.022) and stroke
(OR: 0.35; 95% CI: 0.15, 0.82; P5 0.015). Improving
folate and vitamin B6 status decreased cardiovascular
disease risk of only a subset of the population, depend-
ing on genotype. These findings suggest that this gene
and nutrient interaction may have an effect on cardio-
vascular disease risk [40].

CONCLUSION AND FUTURE
PERSPECTIVES

One-carbon metabolism is critical to body functions
including many biological and chemical processes,
especially DNA and cellular metabolisms as well as
energy metabolism. Many nutrients directly involved
in one-carbon metabolism and other nutrients indi-
rectly influence it. It seems that many nutrients convey
their health effects through one-carbon metabolism.
However, one-carbon metabolism is not well known
compared to individual nutrients that are involved in
one-carbon metabolism.

Obviously aging fundamentally alters one-carbon
metabolism and the imbalance of one-carbon metabo-
lism can cause unhealthy conditions including age-
associated diseases. However, we still do not know the
exact mechanism by which altered one-carbon metabo-
lism in the aging process increases the development of
age-associated diseases. In the future we may need to
change our paradigm to investigate those mechanisms
from conventional research that gave us inconsistent
data. However, inflammation, epigenetics and gene-
nutrient interaction still could be candidate mechan-
isms that are worthwhile to investigate. One-carbon
metabolism could be a good target for the prevention
and treatment of age-associated diseases and can pro-
vide good clinical and research biomarkers if we delin-
eate the exact mechanism.

Abbreviations

SHMT serine hydroxymethyltransferase,
TS thymidylate synthase,
DHFR dihydrofolate reductase,
MTHFR methylenetetrahydrofolate reductase,
MS methionine synthase,
MAT methionine adenosyltransferase,
CBS cystathionine β-synthase,
TCN2 transcobalamine II,
AMT aminomethyltransferase,
PON1 paraoxonase 1,
pp2a protein phosphatase 2A,
Lcmt1 leucine carboxyl methyltransferase.

SUMMARY

• One-carbon metabolism is a sort of biochemical
network that has several critical pathways including
nucleotide synthesis, biological methylation, and
transsulfuration pathways.

• Water-soluble B vitamins such as folate, vitamin B6,
vitamin B12 and vitamin B2 play key roles as
coenzymes, while methionine, choline, betaine, and
serine are methyl-donors in one-carbon metabolism.

• S-adenosylmethionine, a metabolite of one-carbon
metabolism synthesized from methionine, is the
universal methyl donor to numerous biological
methylation reactions including DNA methylation
and histone methylation.

• Aging is associated with altered one-carbon
metabolism but we still do not know whether there
is a certain cause and effect relationship between
altered one-carbon metabolism by aging and the
development of age-associated diseases.

• One-carbon metabolism could be a good target for
the prevention and treatment of age-associated
diseases.
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KEY FACTS

• Iron is essential for life due to its chemical
properties as electron acceptor and donor.

• There are no physiologic mechanisms for iron
excretion except cell desquamation.

• Alteration of the systemic iron control by the
hepcidin/ferroportin axis may cause disorders
like genetic iron refractory iron deficiency
anemia and hemochromatosis.

• Manipulation of the hepcidin activating pathway
could be beneficial for anemia of aging when
due to inappropriately high hepcidin because of
a mild inflammatory status.

Dictionary of Terms

• IRP (Iron Regulatory Proteins): IRP1 and IRP2 are
cytosolic proteins that sense iron concentration and
posttranscriptionally regulate the expression/
translation of iron-related genes to maintain cellular
iron homeostasis. IRP1 is an RNA binding protein
in its apo form when iron is low. When iron
increases, IRP1 binds the iron-sulfur cluster,
synthesized mainly by mitochondria, and becomes a
cytosolic aconitase. IRP2, highly homologous to
IRP1, does not bind the iron-sulfur cluster and its
level is regulated by an iron-dependent ubiquitin-
proteasome degradation.

• IRE (Iron Responsive Elements): IREs are highly
conserved IRP binding sites located in the 50 or 30

UTR of target genes. Binding of IRPs to the 50 IRE

inhibits protein translation through steric hindrance,
whereas binding to the 30 UTR increases mRNA
stability of the corresponding gene.

• Hepcidin (HAMP): It is a liver peptide hormone that
belongs to the defensin family. It is produced
mainly by the hepatocytes and by inflammatory
macrophages. It is the main regulator of iron
homeostasis since it binds and degrades the unique
iron exporter ferroportin (FPN1), thus controlling
the amount of iron released into the bloodstream.
Hepcidin levels are regulated mainly at
transcriptional levels by the BMP-SMAD and STAT3
pathways and by CREBH in response to
endoplasmic reticulum stress and gluconeogenesis.

• Ferroportin (FPN1): Ferroportin is a plasma
membrane protein with 12 transmembrane domains
well conserved among species. It is ubiquitously
expressed but it has a central role as an iron
exporter in enterocytes, macrophages, and
hepatocytes. In enterocytes, FPN1 is localized in the
basolateral membrane, facing the bloodstream.
FPN1 levels are controlled through several
mechanisms: (i) by an IRP-dependent
posttranscriptional mechanism through the IRE in
the 50 UTR; (ii) by a posttranslational mechanism
through hepcidin-mediated degradation; and (iii) by
a transcriptional regulation mediated by heme and
inflammation. Mutations in FPN1 cause type 4
hemochromatosis.

• DMT1: DMT1 is a transmembrane protein
responsible for proton-coupled divalent metal
transport, such as ferrous iron, manganese, and
cobalt. Protons provide the driving force for metal
transport. It is ubiquitously expressed on the
plasma membrane and in the endosomal
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compartment of cells. In duodenum, DMT1 is
localized in the apical membrane of enterocytes,
facing the intestinal lumen to import metals from
the diet.

• Hephaestin (HEPH): Hephaestin is a membrane-
anchored, multicopper ferroxidase, expressed in the
enterocytes, that oxidizes ferrous to ferric iron, a
form suitable for binding to TF. HEPH is highly
homologous to CP.

• Ceruloplasmin (CP): It is a multicopper ferroxidase,
highly similar to hephaestin, that is synthesized by
an alternative splicing event as a soluble form,
secreted mainly by the hepatocytes and a GPI-
anchored isoform, expressed mainly by
macrophages, astrocytes, and immune cells. It
cooperates with FPN1 to export iron from all cells
except enterocytes. Mutations in CP gene cause
aceruloplasminemia, a genetic recessive syndrome
characterized by low serum iron, increased liver
iron, diabetes, and brain iron deposition.

• Hemojuvelin (HJV): It is a GPI-anchored protein that
belongs to the Repulsive Guidance Molecule (RGM)
family. It is expressed in hepatocytes, skeletal
muscle, and heart. In the hepatocytes it functions as
a BMP-coreceptor that positively modulates
hepcidin. Inactivation of HJV in human and mice
causes juvenile hemochromatosis (type 2) and
severe iron overload. HJV exists as a membrane
isoform, the BMP-coreceptor, and as a soluble
protein, released in the extracellular space by a
furin-mediated cleavage. The soluble counterpart
acts as a BMP-SMAD decoy molecule.

• Transferrin Receptor 2 (TFR2): It is a type II
transmembrane protein highly expressed in
hepatocytes and erythroid cells. TFR2 is mutated in
type 3 hemochromatosis. In the hepatocytes TFR2
regulates hepcidin expression through a mechanism
not yet fully characterized. TFR2 is shed from the
plasma membrane in the presence of apo-transferrin
(apo-TF) and it is stabilized on the cell surface in the
presence of holo-TF. In erythroid cells TFR2 binds
EPO receptor and modulates EPO receptor
sensitivity to EPO.

• HFE (HLA-H): It is ubiquitously expressed and
highly homologous to the major histocompatibility
complex class I molecules. In the liver HFE activates
hepcidin through a still unknown mechanism.
Although HFE is ubiquitously expressed, mice with
conditional inactivation of Hfe in the liver develop a
hemochromatosis-like phenotype, suggesting that
the major function of Hfe is the regulation of
hepcidin. Indeed mutations in HFE genes cause
type 1 hemochromatosis.

• Autophagy: It is an adaptive process that promotes
cell survival during starvation by maintaining

energy production. It requires sequestration of
cytoplasmic components in double-membrane
structures called autophagosomes and delivers to
lysosomes for degradation.

INTRODUCTION

Iron is an essential element for all living organisms
and because of its ability to coordinate with proteins
and to donate or accept electrons, it is required for the
activity of enzymes involved in oxidation-reduction
reactions essential for energy production, metabolites,
and DNA synthesis as well as reactive oxygen species
generation and oxygen transport [1,2]. However, due
to its high chemical reactivity, iron can be toxic when
accumulated due to its propensity to produce reactive
oxygen species through the Fenton’s reaction. This
extremely reactive species can damage DNA, lipids,
and proteins. To avoid this effect, iron concentration in
the body should be tightly regulated and iron should
be always bound to proteins. Iron circulates in the
bloodstream bound to transferrin (TF), an iron carrier
glycoprotein that contains two specific high-affinity
binding sites for iron. Iron is taken up by cells through
the TF�TF receptor endosomal cycle. In the cell, iron
is utilized mainly by mitochondria for iron-sulfur clus-
ter and heme synthesis. Excess cytoplasmic iron is
bound to ferritin, an iron-storage protein conserved
among species, that forms a globular structure
composed by 24 subunits and that can accommodate
4500 iron atoms in a soluble and nontoxic form.
Alternatively it is released in the extracellular environ-
ment through the iron exporter ferroportin (FPN1).

The human body contains about 3�4 g of iron:
60�70% is contained in hemoglobin in circulating ery-
throcytes and their bone marrow precursors; 10% in
myoglobin, cytochromes, iron-containing enzymes;
20�30% is stored in ferritin and hemosiderin (mainly
in the liver and macrophages); and 1% is bound to TF
in the bloodstream. Due to the poor iron bioavailabil-
ity, organisms have developed very efficient mechan-
isms for iron absorption and conservation.

Under steady state conditions, 1�2 mg of iron is
absorbed through the diet every day and the same
amount is lost through physiologic duodenal and skin
cell desquamation. Due to its high reactivity, iron is
delivered to organs and tissues mainly bound to the
carrier protein TF. This represents the exclusive source
of iron for erythropoiesis, where it is used for hemo-
globin synthesis. Other cells and tissues, such as liver,
pancreas, and heart, require less iron and can also uti-
lize nontransferrin bound iron (NTBI). Recycling of
iron occurs through the process of erythrophagocytosis
operated by spleen macrophages which provide
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most of the usable iron for erythropoiesis through deg-
radation of senescent red blood cells, thus recycling
about 25 mg iron per day.

Since there are no active mechanisms for iron excre-
tion and due to its ability to produce reactive oxygen
species through the Fenton’s reaction, iron concentra-
tion in the body should be tightly regulated both at
cellular and systemic levels. Cellular iron homeostasis
is regulated by the Iron Responsive Element/Iron
Regulatory Proteins (IRE/IRP) system. Systemic iron
homeostasis is regulated by the hepcidin-ferroportin
axis. Perturbation of the mechanisms that control cellu-
lar and systemic iron metabolism causes pathologic
conditions characterized by accumulation of iron or
iron deficiency and anemia [2].

DIETARY IRON AND INTESTINAL
IRON ABSORPTION

Iron absorption is a complex process that occurs
mainly at the brush border villi of duodenal entero-
cytes; it reflects not only the iron content in the diet
but also the bioavailability of iron. The iron content of
a normal diet is about 12�15 mg per day. Dietary iron
is composed by nonheme ferric (Fe31) iron, present in
plant-derived and animal-derived foods, and heme
iron, contained mainly in hemoglobin and myoglobin
from animal-derived foods. Although nonheme iron is
less bioavailable, heme iron has a higher rate of
absorption and contributes about 40% of total absorbed
iron [3].

Ferric iron (Fe31), reduced to ferrous species (Fe21)
by low pH of the gastric juice or by the reductase
DCytB, is taken up by the mucosal cells through
Divalent Metal Transporter (DMT1), and only about
1 mg (or 5�10%) of dietary iron is transferred into the
systemic circulation.

Nonheme-iron present in vegetables and cereals is
less bioavailable to absorption than heme iron con-
tained in red meat, since iron is present in complex
with phytates, polyphenols, and tannates in tea. This
explains why iron deficiency is especially common in
developing countries where the diet is predominantly
cereal-based. The duodenum is the site of maximal
iron absorption due to the low pH. The luminal trans-
porter DMT1 is upregulated in iron deficiency and by
hypoxia inducible factor 2 (HIF2-α) activated by sys-
temic and local hypoxia. In the duodenal cells iron
may be incorporated into ferritin, when iron is not
needed and the iron exporter FPN1 is not on the baso-
lateral cell surface. In this case it is lost when the dying
cells are exfoliated into the lumen. When the body
needs iron, FPN1 is stabilized on the plasma mem-
brane of enterocytes and transports iron through

the basolateral membrane into the circulation in coop-
eration with hephaestin, a copper-containing oxidase
that converts Fe21 to Fe31 to allow iron transfer to cir-
culating TF.

Absorbed heme-iron, which enters the enterocytes
through a mechanism not yet clarified, is released by
heme oxygenase 1 (HO-1), then is either used, stored,
or exported through FPN1.

REGULATION OF CELLULAR IRON
HOMEOSTASIS

The IRE/IRP system is involved in the posttranscrip-
tional regulation of iron-related genes and controls
intracellular iron levels through regulation of its
uptake, utilization, storage, and release. IRPs are cyto-
solic proteins that coordinate the posttranslational regu-
lation of iron-related genes whereas IREs are highly
conserved regions of 25�30 nucleotides that form a
hairpin structure in the 50 or 30 untranslated region
(UTR) of target genes [4] (Fig. 37.1A). The hairpin is
characterized by a CAGUGN (N can be A, C, or U) api-
cal loop sequence conserved in all IREs. To efficiently
bind IRPs, the C at position 1 forms a base pair with the
G at position 5 [5]. IREs have been identified several
years ago in a single copy in the 50 UTR of H and L fer-
ritin (FT), and in multiple copies in the 30 UTR of TFR1
[6] (Fig. 37.1A). In conditions of low iron, IRP1 and 2
bind to the IRE of FTs and TFR1, thus decreasing iron
storage and increasing iron uptake: they block transla-
tion of FTs since the binding to the 50 UTR IRE impedes
ribosome binding and translation of the protein by ste-
ric hindrance, and stabilize TFR1 transcript, thus
increasing its protein levels, by binding of IRPs to the 30

UTRs of TFR1 that masks the mRNA to endonuclease
digestion. On the contrary, in the presence of iron the
activity of IRPs as RNA binding proteins is reduced,
thus increasing FTs translation, decreasing TFR1
mRNA levels and allowing iron storage and reduced
iron uptake. Thanks to computational and biochemical
studies other iron-related genes have been character-
ized for the presence of IREs in the 50 or 30 UTR. They
include genes involved in iron entry and export, as
DMT1 and FPN1; the erythroid form of
5-aminolevulinic acid synthase 2 (ALAS2), involved in
heme biosynthesis, mitochondrial aconitase (ACO2);
the cell cycle regulator CDC14A and one of the genes
important for the regulation of signaling pathway in
hypoxia; and the HIF2-α gene. DMT1 and CDC14A
mRNA are stabilized in conditions of low iron, as TFR1,
since they have a single IRE in the 30 UTR of the gene.
Translation of FPN1, HIF2-α, mitochondrial aconitase,
and ALAS2 is repressed as that of ferritin in conditions
of low iron due to IRPs binding to IREs in the 50 UTR of
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these genes (Fig. 37.1B). To further increase the level of
complexity, DMT1, FPN1, and CDC14A mRNA exist
also as non-IRE isoforms that originate from cell spe-
cific alternative splicing. For example, duodenal entero-
cytes and erythroid cells express an FPN1 transcript
which lacks the IRE and is not repressed in iron-
deficiency to skip the IRP-dependent repression of
intestinal iron uptake, even when duodenal cells are
iron poor, and to facilitate restriction of erythropoiesis
in response to low systemic iron [7]. In addition to alter-
native splicing, other posttranslational mechanisms
participate in the regulation of iron-related genes.
FPN1, the only known iron exporter, is regulated also
by hepcidin, the peptide hormone upregulated in con-
ditions of high iron that triggers FPN1 internalization
and degradation. In addition, HIF2-α is regulated by
oxygen levels, through a mechanism that involves
oxygen-dependent prolyl hydroxylases (PHDs) and the
E3 ubiquitin ligase von Hippel Lindau (VHL). In condi-
tions of high oxygen/high iron, HIF2-α is degraded via
proteasome (Fig. 37.1B).

IRP1 and IRP2 are cytosolic proteins that coordinate
the regulation of IRE-containing genes through iron-
dependent binding to IRE in the 50 or 30 UTR regions
of target genes. They share 56% of sequence identity
and are homologous to mitochondrial aconitase. IRPs
sense intracellular iron with two mechanisms: IRP1

can accommodate a [4Fe-4S] cluster in its active site,
thus becoming a cytosolic aconitase that converts cit-
rate in isocitrate. When iron is low, IRP1 functions as a
RNA binding protein; in iron replete conditions, IRP1
has a cytosolic enzymatic activity. Iron regulates IRP2
through iron-dependent ubiquitination and proteaso-
mal degradation: FBXL5, a member of the E3 ubiquitin
ligase complex, has a hemerythrin domain that stabi-
lizes the protein through the binding to oxygen and
iron, thus increasing the ubiquitin ligase activity.
When iron is low or in hypoxia, FBXL5 is destabilized
thus reducing the ubiquitin ligase activity and increas-
ing the stability of IRP2 [8] (Fig. 37.1B).

IRPs are ubiquitously expressed, with IRP1 highly
expressed in kidney, liver, and brown fat, and IRP2
more present in the central nervous system [9]. The
function of IRP1 and 2 is not redundant. Irp2�/� mice
display microcytic hypochromic anemia due to ery-
throid reduction of Tfr1 and low iron availability for
hemoglobin synthesis [10]. In addition they show sig-
nificant iron accumulation in the duodenum, liver, and
neurons. Pharmacological upregulation of Irp1
reverted the neurodegenerative phenotype of Irp2�/�

mice but not microcytic anemia, suggesting that Irp2
has a fundamental role in the regulation of iron
homeostasis in erythroid cells [11]. Irp1�/� animals
maintained an iron-deficient (ID) diet showing an

FIGURE 37.1 Regulation of cellular iron homeostasis. (A) Left panel: schematic representation of an IRE motif. Right panel: the IREs are
present in the 50 or 30 UTR of target genes. Binding of IRPs in the 50 UTR blocks translation through steric hindrance (eg, Ferritin H and L,
FPN1, ALAS2, ACO2), whereas binding of IRPs in the 30 UTR stabilizes the mRNA (eg, TFR1 and DMT1).
(B) Left panel: in conditions of low iron, both IRP1 and IRP2 act as RNA binding proteins thus increasing iron uptake (TFR1) and decreasing
iron storage (ferritin H and L), iron export (FPN1), heme synthesis (ALAS2), and TCA cycle (ACO2). Right panel: in conditions of high iron,
IRP1 binds the iron-sulfur cluster and becomes a cytosolic aconitase, whereas IRP2 is degraded via proteasome. In this condition, iron uptake
is reduced whereas iron storage and export are both increased. In addition, heme synthesis and TCA cycle are upregulated.
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increased number of red blood cells and higher eryth-
ropoietin (EPO) levels than wild-type littermates, due
to constitutive activation of Hif2α in the kidney, the
major activator of Epo in response to hypoxia. Since
Hif2-α has an IRE in its 50 UTR, genetic inactivation of
Irp1 derepresses Hif2-α translation in conditions of
low iron, leading to uncontrolled EPO production and
erythrocytosis [12].

REGULATION OF SYSTEMIC IRON
HOMEOSTASIS

Upon dietary absorption, iron is safely transported
to organs and tissues by TF, a glycoprotein that can
bind two ferric iron atoms. Before TF binding, ferrous
iron is oxidized by hephaestin in duodenal cells or by
ceruloplasmin (CP) in macrophages and hepatocytes,
basolateral membrane oxidases that mediate iron
efflux from the cell in cooperation with FPN1. Iron cir-
culates mainly bound to TF and is taken up by cells
through transferrin receptor 1 (TFR1). Although TFR1
is ubiquitously expressed, it is particularly relevant as
an iron source in erythroid, hepatic, muscular, and
nervous system cells. Indeed genetic inactivation of
Tfr1 in mice is embryonically lethal and is character-
ized by disrupted erythropoiesis and neurologic devel-
opment defects [13]. At physiologic pH, TFR1 binds
2Fe-TF and endocytosis is initiated through clathrin-
coated pits that invaginate the plasma membrane to
form endosomes containing the ligand-receptor com-
plexes. Following acidification (pH 5�5.5), iron is
released from TF, reduced to ferrous iron and exported
to cytosol through DMT1. TFR1-TF complexes are
recycled back to the cell surface where TF dissociates
from TFR1 at neutral pH. In the cell a little amount of
iron can form the so-called labile iron pool (LIP), a
pool of bioactive iron that can be imported into mito-
chondria for iron-sulfur cluster and heme biosynthesis,
or can be incorporated into enzymes and proteins.
Excess iron can be stored into ferritin and/or released
in the circulation through the basolateral transmem-
brane protein FPN1, the only known iron exporter in
mammals that releases iron into the bloodstream.
Circulating iron is stored in the liver, mainly hepato-
cytes, and in macrophages, both expressing high levels
of FPN1. When circulating iron is low, the metal is
released from stores and dietary absorption is
increased. The opposite occurs in conditions of high
iron. This homeostatic mechanism has been conserved
in evolution to avoid iron excess and iron-dependent
damage of DNA, lipids, and proteins.

The organ that senses iron levels and that coordi-
nates iron entry into the bloodstream is the liver.

The liver is a heterogeneous organ composed of sev-
eral cell types: hepatocytes constitute about 60�70% of
the cells, the others are resident macrophages
(Kuppfer cells), liver sinusoidal endothelial cells,
and hepatic stellate cells. Excess iron is accumulated
mainly in hepatocytes. These cells regulate dietary iron
absorption and iron release from the stores in a para-
crine manner through the production of a soluble hor-
mone named hepcidin. Hepcidin binds to FPN1 and
triggers FPN1 internalization and degradation, thus
reducing iron export from enterocytes, macrophages,
and the liver (Fig. 37.2).

Iron-Dependent and Erythropoiesis-Dependent
Regulation of Hepcidin

The mature form of hepcidin is a 25-amino acid cat-
ionic peptide that contains four disulfide bonds. It is
synthesized as an 84 amino acid propeptide that is
maturated before secretion by a proconvertase cleav-
age operated by the proconvertase furin [14]. Hepcidin
is expressed at high level by hepatocytes and to a
lesser extent by pro-inflammatory macrophages and it
is regulated by iron and inflammation at transcrip-
tional levels. In conditions of high iron, hepcidin
mRNA is upregulated very rapidly and the mature
protein is released in the circulation to bind and
induce FPN1 degradation [14], thus reducing iron
entry from duodenal enterocytes and iron exit from
the stores (liver and spleen macrophages). Iron in
enterocytes is lost due to physiologic cell desquama-
tion, whereas iron in the liver and spleen is stored in
ferritin and could be released (likely through the
mechanism of ferritin degradation named ferritino-
phagy, see below) when hepcidin decreases and FPN1
is on the cell surface.

Since hepcidin is the key orchestrator of systemic
iron homeostasis, its level is tightly regulated and
closely related to body iron concentration.

The main signaling pathway activating hepcidin is
the BMP-SMAD pathway. On the cell surface, the acti-
vation of BMP type I [15] and type II receptors [16],
together with the coreceptor hemojuvelin (HJV) [16],
leads to SMAD1/5/8 phosphorylation and interaction
with the cargo protein SMAD4. This multiprotein com-
plex translocates to the nucleus and activates BMP tar-
get genes, as hepcidin. In the liver, BMP receptors
(BMPRs) are activated mainly by BMP6 (Fig. 37.3). The
BMP-SMAD pathway is central in the regulation of
hepcidin in vivo since inactivation of Bmp6 and liver
conditional deletion of Bmprs and Smad4 in mice cause
iron overload due to impaired hepcidin production. In
humans, mutations in HFE2 gene, coding for HJV,
cause a severe form of hemochromatosis [17].
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FIGURE 37.3 Regulation of hepcidin in the hepatocytes. Hepcidin is increased in inflammation mainly by IL6 (1) through activation of
the JAK2-STAT3 pathway and the positive modulation of the BMP-SMAD pathway through activin B (2). Intracellular iron activates hepcidin
through transcriptional upregulation of BMP6 and the BMP-SMAD pathway (3); circulating iron acts on HFE-TFR2 to positively modulate
hepcidin, through a mechanism not yet fully clarified (4). Iron deficiency inhibits hepcidin through different mechanisms: (i) it reduces BMP6
expression (5); (ii) it reduces TFR2 plasma membrane levels and it favors the HFE-TFR2 dissociation (6); (iii) it stabilizes the hepcidin inhibitor
TMPRSS6 (7). Increased erythropoiesis downregulates hepcidin through the release of ERFE (8).

FIGURE 37.2 Regulation of systemic iron homeostasis. Dietary iron is absorbed by duodenal enterocytes and entered into the blood-
stream through FPN1. Iron is delivered to organs and tissues bound to TF. Most of the circulating iron is used by erythropoiesis for hemoglo-
bin synthesis. Excess iron is stored mainly in the liver. Iron is recycled by macrophages that degrade senescent red blood cells.
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The BMP-SMAD pathway is positively modulated
by HFE, the ubiquitously expressed atypical MHC
class I molecule that interact with TFR1, and by TFR2,
a protein highly homologous to TFR1 but with a differ-
ent function and expression profile. Inactivation of
HFE and TFR2 in humans and mice causes iron over-
load of different severity due to inappropriate hepci-
din levels. The mechanism of action of these two genes
and their role in hepcidin regulation are not yet fully
clarified (Fig. 37.3). It has been proposed that in a con-
dition of iron deficiency TFR2 is reduced on the
plasma membrane and HFE is bound to TFR1, while
in a condition of iron overload TFR2 is stabilized on
the cell surface, HFE is displaced by holo-TF to the
binding to TFR1 and becomes able to interact with
TFR2. The interaction of the two proteins activates a
signaling pathway that positively modulates hepcidin
(Fig. 37.3) [18]. However, this model has been recently
criticized for the following reasons: (i) mice with inac-
tivation of both Hfe and Tfr2 develop a more severe
phenotype than animals with single inactivation of the
single genes [19]; this has been confirmed also in
humans [19]; (ii) patients with mutations in HFE main-
tain the ability to activate hepcidin in response to
increase iron, although the fold chance is impaired
compared to normal individuals, whereas patients
with inactivation of TFR2 loose the iron-mediated hep-
cidin response [20]; and (iii) in cells expressing physio-
logic levels of HFE and TFR2, the two proteins do not
interact in a proximity ligation assay [21]. Overall these
findings suggest that HFE and TFR2 have nonredun-
dant function in the regulation of hepcidin.

Hepcidin Regulation by Iron

Iron activates hepcidin with different mechanisms:
(i) increased liver iron transcriptionally activates BMP6
[22]; (ii) increased iron bound to TF stabilizes TFR2 on
the cell surface [23]; and (iii) binding of iron loaded TF
to its receptor TFR1 displaces it from the binding to
HFE that likely becomes able to interact with TFR2
and activates hepcidin [18].

The sole hepcidin inhibitor whose role has been
clearly demonstrated in vivo is TMPRSS6, encoding
matriptase-2, a type II transmembrane serine protease
expressed exclusively in the liver. Genetic inactivation
of TMPRSS6 in humans [24] and mice [25,26] causes
IRIDA, a rare genetic disorder characterized by iron
deficiency anemia due to high hepcidin levels. It was
demonstrated that TMPRSS6 downregulates hepcidin
by cleaving HJV [27�30] (Fig. 37.3). Although the for-
mal proof on the role of TMPRSS6 in HJV cleavage
in vivo is still lacking, inactivation of Hjv [31] and
Bmp6 [32] in Tmprss6 KO mice reverts the IRIDA phe-
notype, indicating that Tmprss6 is functionally
upstream of Hjv and Bmp6 and negatively modulates

the BMP-SMAD pathway, in accordance with HJV
being the physiologic TMPRSS6 substrate.

TMPRSS6 is supposed to be active in iron defi-
ciency, since inactivation of the protease causes the
inability to downregulate hepcidin even if the patients
are severely ID, and inactive in iron overload
(Fig. 37.3). However, genetic inactivation of the prote-
ase in the hemochromatosis Hfe [33] and Tfr2 [34] KO
animals reverts the iron overload phenotype because
of low hepcidin levels, suggesting a function role of
Tmprss6 even in iron overload. Hypoxia responsive
elements have been identified in the TMPRSS6 pro-
moter region and in vitro chemical hypoxia transcrip-
tionally activates TMPRSS6 [35,36]. However, in vivo
this transcriptional regulation seems not to be relevant
[37], suggesting that TMPRSS6 is regulated mainly
with posttranslational mechanisms. Indeed acute iron
deficiency stabilizes Tmprss6 in rats [38] through a
mechanism than reduces the iron-mediated decrease of
the protease [39].

Hepcidin is efficiently suppressed in iron deficiency
through several mechanisms: (i) BMP6 downregulation
[39]; (ii) destabilization of the HFE-TFR2 complex [18];
(iii) increased stability of TMPRSS6 [38]; and (iv)
increased EPO-mediated erythropoiesis [40] (Fig. 37.3).

Hepcidin Regulation by Erythropoiesis

About 70% of iron in the body is present in the
form of heme in hemoglobin in red blood cells.
Erythropoiesis consumes 25 mg of iron daily that
derives mainly from degradation of senescent red
blood cells. In conditions of increased erythropoiesis,
as during growth, hypoxia, iron deficiency anemia,
bleeding, and in genetic diseases of red blood
cells, especially of the globin synthesis, hepcidin is
strongly downregulated through a mechanism not
fully clarified, to favor iron supply to the bone marrow
for hemoglobin synthesis. In all these conditions EPO
levels are increased. However, the inhibition of hepci-
din is not directly caused by EPO, but it is mediated
by the expanded erythropoietic activity. In fact inhibi-
tion of erythropoiesis in mice by using cytotoxic drugs
as carboplatin, doxorubicin or irradiation blocks hepci-
din downregulation by EPO [41,42], suggesting that
erythropoiesis controls hepcidin levels by releasing sol-
uble inhibitory factor(s) (Fig. 37.3).

Several molecules have been proposed to act as hep-
cidin inhibitors: Growth Differentiation Factor 15
(GDF15) [43], Twisted Gastrulation BMP Signaling
Modulator 1 (TWSG1) [44], Platelet-Derived Growth
Factor B chain dimer (PDGF-BB) [45], and erythrofer-
rone (ERFE) [46]. GDF15 and TWSG1 are bone mor-
phogenetic protein family members that have been
found increased in the sera of β-thalassemia patients
characterized by ineffective erythropoiesis and low

529REGULATION OF SYSTEMIC IRON HOMEOSTASIS

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



hepcidin. In vitro they inhibit hepcidin at high concen-
tration [43,44]. However, Gdf15 KO mice are still able
to reduce hepcidin as wild type animals during
bleeding-induced erythropoiesis, suggesting that
in vivo Gdf15 does not function as an erythroid hepci-
din inhibitor [47]. PDGF-BB, associated with vascular
remodeling and tumor angiogenesis, has been recently
proposed to be the hypoxia-mediated hepcidin inhibi-
tor [45]. In the liver PDGF-BB inhibits the transcription
factor CREBH that has been shown to regulate hepci-
din in response to endoplasmic reticulum stress and
gluconeogenesis. Circulating PDGF-BB promotes also
extramedullary erythropoiesis through activation of
EPO production [48] and could thus inhibit hepcidin
indirectly through erythropoietic expansion. ERFE,
encoded by FAM132B, is a member of the orphan
TNF-alpha superfamily that has been recently identi-
fied as the erythroid hepcidin inhibitor in vivo. It has
been discovered searching for genes encoding for
secreted proteins transcriptionally upregulated in the
bone marrow before the suppression of hepcidin in the
liver [46]. Erfe is highly expressed in the bone marrow
and fetal liver and its expression is induced in bone
marrow and spleen by stress erythropoiesis, such as
phlebotomy and EPO injection, and in ineffective
erythropoiesis, such as in β-thalassemia mice, but it is
not directly affected by hypoxia and inflammation.
Mice with genetic inactivation of Erfe fail to suppress
hepcidin after erythropoietic stimulation by phlebot-
omy and exhibit a delay in the recovery from anemia
compared with wild-type animals [46]. How Erfe inhi-
bits hepcidin is still unknown, although the BMP-
SMAD pathway does not seem to be affected.

TMPRSS6 is one of the liver-expressed proteins that
could potentially be involved in the erythroid-
mediated hepcidin inhibition. In β-thalassemia mice
inactivation of Tmprss6 increases hepcidin and amelio-
rates both iron overload and erythropoiesis, although
EPO levels remain similar to β-thalassemia mice with
Tmprss6 [49] and Erfe is high [46,50]. This suggests that
a functional Tmprss6 is required for Erfe-mediated
hepcidin suppression.

Inflammation-Dependent Regulation
of Hepcidin

Of all the other micronutrients, iron is fundamental
in the regulation of host-pathogen interactions because
of its role as a microbial growth factor. Pathogens
developed multiple strategies to acquire iron and an
adequate supply of this metal is linked to pathogen
proliferation and virulence. Indeed several studies
both in animal models and humans clearly established
that the host’s iron status influences infection and that

iron supplementation worsens infectious diseases. It is
well known that an iron supplementation trial in ane-
mic young children in Pemba island, a region endemic
for malaria infection, was prematurely stopped due to
severe adverse effects and death in iron treated chil-
dren [51]. During infection, the host activates a physio-
logic response that parallels activation of the immune
system, that is, the reduction of circulating iron thus
causing the so-called anemia of infection/inflamma-
tion, a process that now is known to be mediated
mainly, but not exclusively, by hepcidin.

Hepcidin, like many other proteins expressed in the
liver, is a type II acute phase protein transcriptionally
activated in conditions of inflammation and/or infection.
Activation is mediated mainly by the TLR4-IL6-STAT3
signaling pathway (Fig. 37.3): in infection, hepcidin
activation by IL6 degrades FPN1 thus reducing
dietary iron absorption and sequestering iron in hepa-
tocytes and macrophages. Degradation of FPN1 in
macrophages, the cells that recycle iron from senescent
red blood cells, rapidly induces hypoferremia due to
high iron consumption in erythropoiesis, thus control-
ling the proliferation of extracellular pathogens. This
process is of relevance also in chronic inflammatory
conditions, such as autoimmunity and cancer, when a
chronic disease triggers a low but persistent activation
of pro-inflammatory cytokines thus causing the so-
called “anemia of chronic disease” (ACD). In this case
restriction of iron for erythropoiesis and impairment of
erythroid differentiation are caused by pro-
inflammatory cytokines. Hepcidin upregulation is not
the only mechanism activated by the host for pathogen
growth restriction. Recently a hepcidin-independent
hypoferremia has been identified [52]. Stimulation of
TLR2/6 by FSL-1, a synthetic lipoprotein derived from
Mycoplasma salivarium, or PAM3CSK4, a synthetic tria-
cylated lipopeptide (LP) that mimics the acylated
amino terminus of bacterial LPs, causes a strong
downregulation of FPN1 mRNA and protein in
bone marrow-derived macrophages in the liver and
spleen without changing hepcidin expression. As a
consequence, serum iron and TF saturation are both
reduced and spleen and liver iron content increased,
due to FPN1-mediated iron retention. Overall, these
results strengthen the primary role of the hepcidin-
ferroportin axis in hypoferremia due to infection and/
or inflammation.

DEREGULATION OF THE
HEPCIDIN-FERROPORTIN AXIS

In physiologic conditions hepcidin levels are strongly
controlled and closely related to body iron levels to
avoid excess iron accumulation or iron deficiency.
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An imbalance between iron levels and hepcidin pro-
duction can cause two pathological conditions
(Table 37.1). The first, characterized by low hepcidin
and high iron accumulation, is typical of hereditary
hemochromatosis and β-thalassemia. The second, char-
acterized by high hepcidin production and low iron, is
typical of iron refractory iron deficiency anemia
(IRIDA) and of acquired conditions, such as anemia of
inflammation (AI) or ACD. The identification of the
genes mutated in hemochromatosis and IRIDA shed
light on the signaling pathways that control hepcidin
expression [53].

Disorders with Hepcidin Deficiency

Hemochromatosis was described for the first time in
the 19th century as “bronze diabetes” because of the
skin pigmentation due to excessive melanin deposition
stimulated by excess iron. It is caused by mutations in
five different genes (Table 37.1) that have central roles
in the regulation of hepcidin expression and function.
The most common form of Hemochromatosis is due to
mutations in the HFE gene (Type 1), which encodes an
MHC class I-like protein, ubiquitously expressed.
HFE in the hepatocytes regulates hepcidin through a

mechanism not well clarified (Fig. 37.2). The most
common variant is the Cys282Tyr mutation that
impairs HFE binding to the shuttle protein β2 micro-
globulin for plasma membrane localization. As a con-
sequence, in vitro HFEC282Y is retained into the
endoplasmic reticulum [54]. Mutations in HFE are
characterized by low penetrance and a late onset phe-
notype with mild accumulation of iron especially in
the liver and pancreas. In particular the C282Y variant
is characterized by a founder effect and has a high fre-
quency in individuals of North European origin [55].

Mutations in hepcidin or HJV genes cause a severe
form of juvenile hemochromatosis (type 2; Table 37.1).
HJV is a GPI-anchored protein that belongs to the
Repulsive Guidance Molecule family, highly expressed
in the liver, heart, and skeletal muscle. In the liver,
HJV acts as a BMP-coreceptor and is one of the main
activators of hepcidin expression. HJV pathogenic var-
iants are impaired in cell surface localization [56] or
have impaired BMPs binding [17]. Patients with HJV
mutations have low/undetectable hepcidin levels that
cause a rapid rate of iron accumulation and toxicity,
especially in the heart.

Mutations in TFR2 cause hemochromatosis type 3
(Table 37.1), characterized by an early onset and a

TABLE 37.1 Genetic Conditions Associated with Hepcidin Deregulation

Disease Gene Interactors Hepcidin levels Phenotype

HH type 1
OMIM 235200

HFE β2M Decreased/inappropriate Hepatocyte iron overload

TFR1

TFR2

HJV

HH type 2 HAMP FPN1 Low/undetectable Severe systemic iron overload

OMIM 602390 HJV TMPRSS6 Low/undetectable Severe systemic iron overload

NEO1

TFR2

HFE

HH type 3 TFR2 HFE Low Hepatocyte iron overload

OMIM 604250 HJV

HH type 4
OMIM 606069

FPN HEPCIDIN High (gain of function
mutations)

Systemic iron overload

Normal/low (loss of function
mutations)

Iron-restricted anemia and liver and spleen iron
overload (macrophages)

β-Thalassemia β-GLOBIN α-GLOBIN Low/inappropriate Severe iron overload

OMIM 613985

IRIDA TMPRSS6 HJV High/inappropriate Iron deficiency anemia, refractory to oral iron

OMIM 206200

HH, hereditary hemochromatosis; IRIDA, iron refractory iron deficiency anemia.
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more severe phenotype compared to type 1 hemochro-
matosis. TFR2 is a type II transmembrane protein highly
homologous to TFR1, highly expressed in the liver and
erythroid precursors. In the liver TFR2 activates hepci-
din through a mechanism not fully clarified, whereas in
erythroid cells TFR2 binds to EPO receptor [57] and reg-
ulates EPO receptor sensitivity to EPO [40]. Like its
homolog TFR1, TFR2 exists as a membrane and soluble
isoform that is shed from the cell surface in conditions
of low holo-TF [58]. In contrast, TFR2 is stabilized on
the cell surface when holo-TF is increased, thus coordi-
nating erythropoiesis and hepcidin production accord-
ing to circulating iron availability [59].

Mutations in the ferroportin gene cause hemochro-
matosis type 4 (Table 37.1). It is an autosomal domi-
nant disease responsible for two distinct phenotypes.
Mutations that impaired FPN1 plasma membrane
localization are responsible for a loss of function of the
protein that causes macrophage iron retention and
iron-restricted erythropoiesis [60], a phenotype differ-
ent from pure hemochromatosis. Mutations that impair
hepcidin binding to FPN1, rendering FPN1 resistant to
hepcidin degradation, cause a hemochromatosis phe-
notype [61] with high hepcidin levels [62].

Animal models of the hemochromatosis diseases are
available and recapitulate the human phenotype.

Inappropriate hepcidin regulation is a feature also
of iron loading anemias, such as β-thalassemia
(Table 37.1), characterized by ineffective erythropoiesis
and low hepcidin levels that cause deregulated iron
absorption [63]. Notwithstanding iron overload, hepci-
din cannot be upregulated because the expanded
erythropoiesis inhibits its transcription.

Disorders of Hepcidin Excess

In transgenic mice, hepcidin overexpression causes
iron deficiency anemia due to FPN1 degradation and
the inability to absorb iron from the diet and to release
iron from the stores [64], thus confirming that hepcidin
levels should be tightly regulated. Genetic inactivation
of the hepcidin inhibitor Tmprss6 in mice causes a phe-
notype highly similar to what is observed in transgenic
mice with hepcidin overexpression. Tmprss6 KO ani-
mals are characterized by microcytic hypochromic ane-
mia refractory to oral and partially refractory to
parenteral iron. The phenotype is due to inappropri-
ately high levels of hepcidin and increased degrada-
tion of FPN1. Interestingly, mutant mice also have
high EPO levels. In humans, TMPRSS6 mutations
cause a pediatric disorder named IRIDA (Table 37.1), a
rare recessive anemia characterized by small hypo-
chromic red blood cells and normal/high hepcidin,
that results in inappropriately considering the iron

deficiency conditions in which hepcidin is usually
strongly downregulated. Interestingly, TMPRSS6 com-
mon polymorphic variants have been associated with
hemoglobin levels, erythrocytes indices, and serum
iron in genome-wide association studies and also with
hepcidin levels [65�67].

Hepcidin has been found to be increased also in
acquired conditions, such as in chronic infections or
inflammations, in cancer, and in chronic renal failure
[68]. Hepcidin excess, due to increased pro-
inflammatory cytokines, is responsible for iron seques-
tration in macrophages and other cells, thus causing
restriction of iron for erythropoiesis that ultimately
leads to anemia of chronic disorders or ACD. In chronic
renal failure, anemia-reduced hepcidin excretion and
impaired EPO production contribute to anemia.

The continuous progress in our understanding of
iron metabolism has stimulated translational research
to manipulate the hepcidin/FPN1 pathway [69] for the
correction of diseases characterized by hepcidin dereg-
ulation. In particular hepcidin agonists (such as mini-
hepcidins, TMPRSS6 inhibitors) have been proposed to
treat iron overload in thalassemia, while hepcidin
antagonists (antibodies, ASO) are under development
to block excessive hepcidin in inflammation. Although
prevalently tested in preclinical models, some of these
compounds have entered clinical trials [70].

IRON HOMEOSTASIS AND HEPCIDIN
IN THE ELDERLY

Anemia is common in the elderly. The prevalence of
anemia in the elderly increases with age and about 20%
of people over 85 years have anemia [71]. Population
studies have shown that it is associated mainly with
iron deficiency and chronic diseases [72]. Anemia in
this population causes an increased risk of hospitaliza-
tion and death, although the specific mechanisms by
which anemia affect health-related outcomes in the
elderly are unknown [73]. One-fifth of older people
with anemia have AI that can be caused by chronic dis-
ease, such as rheumatoid arthritis, inflammatory bowel
disease, cancer, and chronic kidney disease [74]. Iron
deficiency, the most common disorder of nutrition
worldwide, is frequent in the elderly because of inap-
propriate diet. Iron deficiency can be also caused by
chronic disorders or secondarily to reduced dietary
absorption of the metal or gastrointestinal blood loss,
which are especially frequent with aging.

Of special interest is the understanding of whether
iron homeostasis is maintained in the elderly. In condi-
tions of normal iron homeostasis, serum hepcidin
levels show a strong difference according to gender
and ages. While in males hepcidin concentration is
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stable through all decades of life, in females it changes
strikingly, being lower in premenopausal than in post-
menopausal women [66,75]. Studies on hepcidin in the
elderly are limited. In both males and females, hepci-
din shows a strong correlation with serum ferritin that
is maintained at all ages in males and decreases in
female [66,75]. Homozygosity for HFE C282Y, the
causes of HH type 1, has been found with the same
frequency in old people than in the general population
in a single study, suggesting that the iron overload
associated with HFE mutation is not detrimental to
survival [76].

In aged subjects, the mechanisms that mediate iron
and inflammation-dependent hepcidin regulation are
maintained and intact, since old subjects with iron
deficiency anemia have low hepcidin, and aged people
with AI have high hepcidin levels, due to a combina-
tion of factors including the inflammatory status,
decreased hepcidin excretion, or low EPO [74].

Indeed hepcidin is elevated in aged people and
strongly correlated with the inflammatory marker C-
reactive protein (CRP) and EPO [74]. Interestingly,
high hepcidin levels are found also in aged people
with the so-called unexplained anemia, that may be
caused by physiologic changes, such as stem cell
aging, low grade chronic inflammation, and subclinical
kidney impairment. The studies have been limited by
the availability of hepcidin tests and by problems in
comparing results obtained with different methods to
doses of hepcidin [75].

Even studies in animal models are limited.
However, in agreement with the theory of inflamma-
tion in aging, naturally aged rats present a pro-
inflammatory status, as assessed by upregulation of the
inflammatory cytokine IFN-γ, kidney function
impairment and iron metabolism changes with low
serum iron and increased soluble TFR and serum ferri-
tin [77]. According to impaired renal function, EPO
levels were decreased and hepcidin increased suggest-
ing that dysregulation of iron metabolism contributes
to age-related anemias [77].

Whether iron deregulation contributes to the devel-
opment of age-related disorders is a controversial
issue. Epidemiological studies suggest that elevated
iron stores are a risk factor for aging complications,
such as cardiovascular and metabolic diseases.
Metabolic syndrome is a collection of risk factors, such
as high levels of triglycerides, low HDL-cholesterol,
high blood pressure, and high glucose levels, and pre-
disposes to heart disease, stroke, and diabetes [78]. In
metabolic syndrome and diabetes, iron deposition in
liver and pancreas can increase oxidative damage and
contribute to insulin deficiency and resistance. In addi-
tion, increased iron deposition in adipocytes due to
increased hepcidin could cause insulin resistance

through impaired adiponectin production [79]. In car-
diovascular disease, iron withheld in macrophages and
foam cells due to high hepcidin may increase the sus-
ceptibility to the formation of atherosclerotic plaques
[78]. Aging is characterized also by accumulation of
functional impairment in cells, tissues, and organs. In
this context, iron homeostasis could influence the met-
abolic pathways and stress response of the organism
due to the crucial role of this metal in ROS production
and mitochondrial activities. However, the molecular
mechanisms remain to be investigated.

Autophagy and Iron Metabolism

Recently, the role of autophagy in determining the
lifespan of model organisms has become increasingly
important to help in understanding the mechanism of
aging. Autophagy is a process that is used by the cell
to generate energy-rich compounds when needed, for
example, in conditions of restriction of nutrients.
Inhibition of autophagy has been associated with
degenerative changes such as those observed in aging.
On the contrary, autophagy stimulation can extend the
lifespan in animal models: for example caloric restric-
tion, that activates autophagy, is known to increase the
lifespan of several animal models including nonhuman
primates, such as rhesus monkeys, and also to reduce
the incidence of aging-related diseases, such as diabe-
tes, cardiovascular disease, cancer, and brain atrophy
[80]. The positive effect of caloric restriction has been
confirmed also in humans in the control of lifestyle in
patients with metabolic disorders [81].

Autophagy is essential in iron metabolism, since fer-
ritin, the protein responsible for iron storage, is selec-
tively degraded by lysosomes in iron deficiency
through a process that has been named “ferritino-
phagy.” Among the autophagosome-enriched proteins,
NCOA4 was identified as the cargo receptor that spe-
cifically binds heavy and light ferritin chains [82].
Ferritin cages are degraded via autophagy to release
iron in conditions of iron deprivation through a mech-
anism not yet clarified. Interestingly, cells with inacti-
vation of NCOA4 are unable to degrade ferritin and
have low levels of bioavailable iron, as shown by
increased IRP2 levels and TFR1 stabilization. The
mechanism seems to be conserved in vivo since mice
with genetic inactivation of Ncoa4 show accumulation
of iron in the spleen suggesting an imbalance between
iron storage and recycling [83].

We speculate that in aging the impairment of autop-
hagy decreases ferritin degradation and limits bioavail-
able iron, thus providing the cells with a false signal of
iron deficiency leading to an increase in iron absorp-
tion. In agreement, aging is associated with increased
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hepatic iron accumulation in rats [84] and stimulation
of autophagy through caloric restriction ameliorates
this phenotype [85]. Further advances in understand-
ing iron metabolism will offer new tools to explore
iron metabolism in the process of aging.

FUTURE PERSPECTIVE

With the continuous increase of life expectancy and
decrease in birth rate, the health of the old population
is becoming a socially important problem at least in
developed countries. The contribution of iron both in
terms of iron deficiency, AI, or iron overload is well
defined in pilot studies that should be extended. In
addition, mechanisms of iron absorption and recycling
are still clarified only partially. We need to understand
how heme absorption occurs, how autophagy is
important in iron recycling and in iron deficiency, and
whether and how iron accumulated in inflammation in
macrophages may cause damage. A full understanding
of how iron impacts on disorders of aging will allow
prevention or targeted treatment with novel com-
pounds that are at present under development to mod-
ulate systemic iron homeostasis [86].

SUMMARY

• Iron is an important component of the diet, a
nutritional element essential for many cell functions,
the most important being oxygen transport.

• Iron homeostasis is tightly regulated both at cell and
systemic level in order to avoid both deficiency and
overload.

• Hepcidin, the key regulator of iron metabolism, is
produced mainly by the liver.

• Hepcidin binds and degrades the unique iron
exporter ferroportin, thus controlling iron entry into
the bloodstream.

• Hepcidin is controlled mainly by iron, inflammatory
cytokines, and erythroid needs.

• Both iron deficiency and iron maldistribution are
frequent in anemia of the elderly.

• Mild inflammation characterizing aging-related
disorders may explain the observed iron
dysregulation.
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KEY FACTS

• Dietary Mg, Ca, and K and their concentration
in the body contribute to the modulation of
biological processes known to be implicated in
the aging process.

• Increased dietary intake of Mg and K is
associated with better cardiovascular health but
the evidence is less clear for dietary Ca.

• Ca supplementation appears to be associated
with a modestly increased cardiovascular risk.

• Increased dietary intake of Mg, Ca, and K is
associated with lower blood pressure

• Higher K intake is associated with a decreased
risk of stroke. Similar but weaker evidence is
also available for Mg and Ca.

• Higher dietary intake of Ca, and to a lesser
extent K and Mg, is associated with a decreased
risk of type 2 diabetes.

• While the evidence demonstrating a protective
effect of dietary intake of Mg, Ca, and K and
cardiovascular health as well as T2D strongly
suggests a similar effect on brain aging and
cognitive decline, since CVD and T2D are
important and known risk factors for brain
and cognitive health, research in this area
is lacking.

Dictionary of Terms

• Apoptosis: Sequence of programmed biological
events as part of developmental/aging processes
which lead to cell death but do not result in the
release of harmful substances in the surrounding
tissue.

• Insulin resistance: Decreased capacity of cells to
respond to the action of insulin and which leads to
impaired ability to store glucose in cells.

INTRODUCTION

Magnesium (Mg), Calcium (Ca), and Potassium (K)
are some of the most abundant cations in the body and
are major micronutrients whose daily intake is essential
to maintaining good health. While their involvement in
biological processes is complex and multifaceted this
chapter will only review and discuss their involvement
in some major mechanisms implicated in biological
aging and specifically those relevant to cardiovascular,
brain, and cognitive health.

In a first section, the involvement of these minerals
in biological processes particularly relevant to the
aging process such as inflammation, oxidative stress,
DNA damage, telomere shortening, and apoptosis will
be briefly summarized. Next evidence showing an
association between dietary intake, cardiometabolic
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health, and the development of cardiovascular disease
and diabetes will be presented. The third section will
discuss the evidence linking dietary intake, neurode-
generation, and brain aging. And finally, the last
section will review the evidence indicating an associa-
tion between dietary intake, cognitive decline, and
dementia.

DIETARY INTAKE AND BIOLOGICAL
MECHANISMS IMPLICATED IN THE

AGING PROCESS

Magnesium

Mg is involved in over 300 chemical reactions
contributing to biological processes essential to life,
including glycolysis, phosphorylation, growth factor
messaging, cell proliferation, mitochondrial energy
production, cellular glucose uptake, and regulation of
smooth muscle contractility [1�3]. The recommended
daily Mg intake is 4�6 mg/kg/day (B300�400 mg/day)
[4] as replacement for the amount of Mg lost mostly
through normal glomerular filtration. However, epidemi-
ological evidence suggests that Mg dietary intake is
inadequate in many countries and particularly in those
following a western diet [5]. Importantly, because Mg is
mostly stored in tissues with only 1% remaining in extra-
cellular space, serum Mg is not a very accurate measure
of depletion across the body. Moreover, a number of
conditions, including type 2 diabetes (T2D), the metabolic
syndrome (MetS), and renal failure, all known to be
strongly associated with increasing age, are thought
to both lead to and be partly caused by magnesium defi-
ciency or hypomagnesemia [1].

The mechanisms linking low Mg levels and patho-
physiology are not fully understood but have been
studied extensively. Intracellular Mg is necessary in
most enzymatic systems involved in DNA processing,
DNA damage repair, and replication, as well as in cell
cycle control and apoptosis [6]. Mg also contributes
to counteracting oxidative stress and in protecting
telomeres against shortening. Consistent with a critical
role in these mechanisms, Mg deficiency has been
shown to be associated with activation of pro-
inflammatory processes and increased oxidative stress
[7�9] which are known to lead to DNA damage,
decreased telomerase activity and telomere shortening
[8,10], and apoptosis [11]. In addition, Mg is a Ca
antagonist. Thus, it competes for calcium cellular
membrane binding sites and it stimulates Ca seques-
tration which contributes to the maintenance of lower
free Ca concentration in cells which is important for
many cellular functions and critically in the contractil-
ity of cardiac muscle cells [1].

An implication of this interaction between Mg and
Ca is that their effect cannot easily be considered inde-
pendently of each other and particularly when consid-
ering dietary effects as the intake of Mg and Ca is
highly correlated. A good example of this problem is
illustrated by a study which demonstrated that in
older women higher plasma Mg and Ca levels were
associated with shorter telomere length [12], which
contradicts the evidence reviewed above suggesting
higher Mg levels being associated with longer telo-
meres. However, an additional finding of this study
was that the ratio between Ca and Mg levels was asso-
ciated with greater telomere length. Thus, in light of
the literature a more likely interpretation of these
findings is that a negative association between Mg
and telomere length might have been an artifact of die-
tary intake where those who consumed greater quanti-
ties of Ca also consumed greater quantities of Mg.
However, when this association was controlled for
proportionally greater Mg levels relative to Ca levels,
it was associated with longer, healthier telomeres.

Mg is also implicated in glucose metabolism. It
seems to be involved in insulin-mediated cellular
uptake and intracellular glucose utilization such that
decrease in free cellular Mg concentration appears to
contribute to insulin resistance [2,13].

Evidence from epidemiological studies in humans is
also consistent with a role of dietary Mg intake in
mechanisms known to be implicated in the aging pro-
cess and briefly discussed above. For example, low Mg
intake has been found in a recent meta-analysis to be
associated with increased C-reactive protein (CRP)
levels, a general marker of systemic inflammation [14].

Calcium

Calcium plays a central role in a large number of
critical biological mechanisms at the cellular and
organism level. This includes cellular physiology, main-
tenance of cell membrane electric potential, muscle
fibers contractility, synaptic signaling through neuro-
transmitter release, enzymatic function, bone formation,
and many others [15]. The recommended daily Ca
intake is 1000�1200 mg/day in adults [4]. However,
recent research suggests that minimum intake is not
met, particularly in countries where the western diet is
prevalent [16]. Dietary Ca intake has been shown to
directly and promptly increase serum levels and partic-
ularly when supplements are used [17].

As Mg, Ca is likely to contribute to the aging pro-
cess through the modulation of inflammatory, oxida-
tive stress, and apoptosis processes, although the
pathways involved are different. Laboratory studies
have shown that intracellular Ca levels are directly
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implicated in apoptosis, and excessive Ca flux into
cells triggers apoptotic processes [18,19]. Indeed,
Ca has been shown to suppress the action of
1α,25-dihydroxycholecalciferol and thereby increases
apoptosis in some tissues [20]. While this effect could
contribute negatively to the aging process if applied to
certain organs, such as the brain, heart, or vasculature,
recent findings suggest that this is not the case.
Indeed, this action has been mostly demonstrated in
adipose tissue where higher Ca levels have been found
to produce increased fat cell apoptosis, decreased fatty
acid synthesis, and increased lipolysis and therefore
reduced adipose cell counts and tissue volume [21].
Because 1α,25-dihydroxycholecalciferol appears to pro-
mote abdominal fat deposition through the promotion
of glucocorticoid production, Ca-mediated suppression
of its activity is also likely to decrease the accumula-
tion of abdominal fat [22]. The involvement of Ca in
apoptosis has also been demonstrated in relation to
epithelial cells and is thought to underpin the antican-
cerous effect detected in colon cancer [23,24]. In addi-
tion, cellular Ca signaling is implicated in the
modulation of reactive oxygen species in human adi-
pocytes and thereby is thought to downregulate oxida-
tive stress and inflammation processes [25].

With these in vitro findings in mind a critical ques-
tion is whether such effects can also be demonstrated
in vivo. To address this question, Zemel and Sun [26]
investigated the effect of a basal diet with suboptimal
but not deficient Ca content, a high Ca diet (no dairy),
and a high Ca-dairy diet on inflammatory markers in
transgenic mice over a 3-week period. They found that
the high Ca and high-dairy diets led to lower measures
of oxidative stress and inflammatory cytokines (IL6).
The same authors also assessed inflammatory mea-
sures in blood samples of obese men and women who
had participated in two previous clinical trials of high-
dairy eucaloric and hypocaloric diets over 24 weeks.
Consistent with their findings in mice they found that
compared to the low-dairy controls, where no change
was observed pre- and postintervention, CRP levels
were 11% lower in the high-dairy eucaloric diet and
29% lower in the high-dairy hypocaloric diet after
treatment. Furthermore, in another study, obese mice
fed a diet high in Ca supplemented with vitamin D,
had higher levels of apoptosis in adipose tissue which
led to a decrease in adiposity in these animals com-
pared to obese controls [27]. This effect was not
observed when vitamin D alone was administered.
Surprisingly, to date an effect on body weight has not
been confirmed in humans [28,29].

Another action of dietary Ca on body fat occurs
through the digestive process. It has been shown in
rats that dietary Ca precipitates fatty acids and bile
acids thus reducing the absorption of fatty acids in the

body and increasing their fecal concentration [30].
Consistent results were also demonstrated in a
randomized controlled trial (RCT). Postmenopausal
women (n5 223) receiving treatment for hyperlipid-
emia or osteoporosis and who were randomly allo-
cated to receive 1 g/day of Ca over 1 year were found
to have a greater change in HDL to LDL ratio (0.05
more; 95% CI 0.02�0.08) than those on placebo [26].
This effect was driven by both an increase in HDL
(7%) and a decrease in LDL (6%) levels. A similar
effect was not replicated in a sample of older men [29].
Together these findings suggest that high dietary Ca
intake is associated with lower oxidative stress, lower
levels of inflammation, and greater reductions in adi-
pose tissue although not necessarily a decrease in
body weight. Furthermore, effects may vary in men
and women.

In contrast, and somewhat contradictory to the evi-
dence reported above, Callaghan et al. [12] reported
that higher plasma Ca levels were associated with
shorter telomere length. Since increased Ca levels are
associated with lower inflammation and oxidative
stress, and since inflammation and oxidative stress
have been clearly shown to be associated with longer
telomeres in the literature, an opposite association
would have been expected. Since this effect was
observed only in older women but not in younger
women or men it is possible that hormonal or other
sex-related factors, and not Ca levels per se, drive this
association. However, future research needs to address
this question in more detail.

In addition to the effects discussed above, chronic
inflammatory states have been shown to produce dys-
functions in cellular Ca signaling. It is specifically the
case in the central nervous system where Ca signaling
dysregulation is associated with changes in neuronal
structure and function which is likely to contribute to
the progression of neurodegenerative disorders [30].
Consequently, since higher Ca dietary intake contri-
butes to the downregulation of pro-inflammatory pro-
cesses it follows that lower intake should be associated
with higher inflammatory levels and therefore greater
impairment in cellular Ca signaling. Consequently the
interaction between inflammatory processes and Ca
signaling pathways contributes to a feedback loop that
is likely to produce further neurodegeneration [30].

Finally, it should be noted that while Ca is necessar-
ily involved in the calcification processes particularly
relevant to the stiffening and occlusion of blood vessels
that occurs in aging and which is known to be associ-
ated with coronary heart disease [31], Ca dietary intake
or plasma levels are not necessarily or obviously to
blame for these pathological processes. Evidence inves-
tigating the link between higher dietary intake or sup-
plementation and higher levels of vascular calcification
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is unclear. One recent study (n5 23,652) in asymptom-
atic middle-aged Koreans (40.8 years; 83.5% male)
found that dietary calcium was not associated with cor-
onary calcification [32]. However, higher Ca serum
levels were associated with a two-fold increased risk of
calcification. Other studies have also reported similar
associations between serum Ca and coronary calcifica-
tion. In addition, other factors such as oxidative stress,
inflammatory processes, and high phosphate levels also
make substantial contributions to the calcification pro-
cess [33]. Given these somewhat inconsistent findings
more research needs to be conducted in this area.

Potassium

Potassium is the most abundant cation in living cells
and plays a major role in maintaining an electrical
potential between the inside and outside of cells, and
as such, is critical to cellular excitability of muscle cells
and neurons with particular relevance to motor, car-
diovascular, and nervous systems’ function. The
recommended daily K intake is 3800�4700 mg/day
[34]. However, recent research suggests that, as for Mg
and Ca, minimum intake is frequently not met [35].

K also contributes to oxidative stress and inflamma-
tion processes although perhaps somewhat less so
than Mg and Ca. In contrast, whereas cellular K contri-
butes to apoptotic processes, there is no clear reason or
evidence suggesting that this role is significantly mod-
ulated by either serum or dietary K. In addition, apart
for some anti-inflammatory action it appears that
much of K’s contribution to mechanisms involved in
aging processes occurs through the pathophysiology of
hypertension and cardiovascular disease [36] on the
one hand and through the modulation of glucose
metabolism and insulin resistance on the other.

K is known to be implicated in the regulation of
sodium levels in the body such that low K plasma
levels lead to greater retention and reabsorption of
sodium in the kidneys. As chronically high sodium
levels are strong contributors to the development of
hypertension, low K levels also contribute to this cas-
cade and in the development of CVD more broadly.
As high sodium levels lead to the overproduction of
reactive oxygen species and therefore oxidative stress
and inflammation, increased K levels contribute indi-
rectly to reducing this action and also more directly
through inhibition of oxidase activity which has been
demonstrated to have a protective effect on cardiac
function [37]. In addition, K contributes to the vasodi-
lation of blood vessels and consequently low K levels
further contribute to raising blood pressure. Other
mechanisms including the modulation of aldosterone
production, sympathetic activation, arterial stiffening,
and regulation of central blood pressure parameters
are also thought to be positively influenced by K
levels [36] (Table 38.1).

DIETARY INTAKE AND
CARDIOVASCULAR AND
METABOLIC EFFECTS

As discussed above, Mg, Ca, and, possibly to a
lesser extent, K body concentration and intake are
involved in the modulation of biological processes
(inflammation, oxidative stress, apoptosis, DNA main-
tenance, glucose metabolism) essential to health albeit
to varying degrees and through different pathways.
Since these processes are also linked to the develop-
ment of cardiovascular disease [38,39], T2D [40,41],
and the metabolic syndrome [42], it follows logically

TABLE 38.1 Deleterious Mechanisms Through Which Lower Levels of Mg, Ca, and K Have Been Shown to Influence Some Processes
Implicated in Biological Aging

Inflammation Oxidative stress Apoptosis
Impaired glucose
metabolism Intracellular signaling

Mg Deficiency -
increased CRP
supplementation -
decreased CRP

Deficiency -
increased
oxidative stress /
DNA damage

Lower levels - increased
apoptosis- risk to vascular
and brain cells? telomere
shortening

Lower levels -
increased insulin
resistance

Lower Ca
antagonist activity
- calcification

Ca Lower levels -
increased
CRP high levels -
decreased pro-
inflammatory cytokines

Lower level -
increased
oxidative stress

Lower levels - decrease in
apoptosis in fat cells -
increased adiposity, more
abdominal fat? telomere
shortening

Lower levels -
increased fat
absorption

? Lower levels -
decreased cellular
calcification

K Low levels -
increased sodium
retention -
inflammation

Low levels -
less oxidase
inhibition

? ? Lower levels -
sodium retention
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that intake of these minerals should be linked to the
development of these pathologies. Indeed, substantial
and generally consistent evidence demonstrating such
associations is available. In addition, the link between
K and cardiometabolic health appears to be more
strongly mediated through glucose metabolism modu-
lation and through tuning of muscle fibers tone and
contractility. In this section, the evidence demonstrat-
ing an association between dietary intake of Mg, Ca,
and K and cardiovascular disease and type 2 diabetes
will be discussed in detail.

Magnesium

First, it has been shown that dietary Mg intake
affects the mechanical properties of the vasculature
with rats on an Mg deficient diet developing thicker
intima-media than controls and animals on an Mg sup-
plemented diet [43]. Moreover, a linear negative asso-
ciation between plasma Mg concentration and wall
thickness was detected suggesting that increased
intake may counteract wall thickening. In bovine cell
models increased Mg concentration led to decreased
vascular calcification [44]. Similar findings were also
observed in humans. For example, in patients on
hemodialysis Mg supplementation helped reduce the
intima-media thickness in the carotid [45]. And in 2695
individuals (53 years, SD 11) free of cardiovascular dis-
ease and participating in the Framingham Heart
Study, dietary MG was inversely associated with coro-
nary calcification [46]. This was the case despite con-
trolling for a large number of sociodemographic and
cardiometabolic variables (SBP, cholesterol, BMI,
smoking, fasting insulin). However, negative findings
have also been reported [47].

The prediction that thickening and calcification of
blood vessels as well as increased atherosclerotic plaque
deposition associated with chronic inflammation would
contribute to higher blood pressure, coronary heart dis-
ease, and ultimately, premature death attributable to
cardiovascular disease is also generally supported by
the literature. Spontaneously hypertensive rats have
been found to have lower serum and tissue Mg levels
[2,48]. Particularly noteworthy is that Mg supplementa-
tion in this animal model led to lower blood pressure
levels but only in young animals in the prehypertensive
stage and not in older animals [48,49]. This may suggest
greater scope for intervention at younger ages.
Although Mg supplementation has also been found to
reduce blood pressure in humans and not only in youn-
ger samples. In an RCT of 48 individuals suffering from
mild hypertension, supplementation with Mg (600 mg
daily for 12 weeks) led to a 5.6 mmHg (p5 0.001)
decrease in systolic and 2.8 mmHg (p5 0.002) in

diastolic 24-h blood pressure [50]. This was also the
case in middle-aged women (n5 90) with mild to
moderate hypertension in a Mg supplementation
(782 mg daily for 6 months) intervention which was
associated with a decrease of 2.7 mmHg in SBP
(p5 0.18) and 3.4 mmHg in DBP (p5 0.003) compared
to a placebo group [51]. A third RCT of Mg supple-
mentation over an 8-week period in 60 individuals
suffering from essential hypertension showed that
Mg supplementation was also associated with a
small (2�3.7 mmHg) but significant decrease in sys-
tolic blood pressure [52].

Importantly, these effects appear to be clinically sig-
nificant at the population level. A recent systematic
review has shown that higher dietary magnesium intake
and plasma concentration are associated with lower inci-
dence of cardiovascular events [53]. And higher magne-
sium intake has been shown to be associated with lower
mortality in a large study (n5 7216) of men and women
aged 55 to 80 years [54]. While in a clinical environment,
Mg supplementation in heart failure patients led to sig-
nificant decreases in systemic inflammation (CRP) [55].
In addition in a large epidemiological study in Swedish
women (n5 34,670, 49�83 years) dietary Mg intake was
associated with a decreased risk of ischemic stroke but
only in women with a history of hypertension (RR 0.63,
95% CI 0.42�0.93) [56].

A robust link has also been demonstrated between
Mg intake and the development of T2D and MetS. Rats
fed a high-fructose low-magnesium diet were shown
to have higher levels of oxidative stress and lower
antioxidant levels [57] which suggests that low Mg
intake may at least in part contribute to the develop-
ment of T2D through increased systemic inflammation
and oxidative stress [58]. In addition, CVD is also a
risk factor for T2D and conversely, T2D is a risk factor
for CVD [59]. Therefore, any increased risk of CVD
attributable to dietary Mg intake may further contrib-
ute to the risk of developing T2D and vice versa.
Irrespective of the mechanisms involved, individuals
with T2D or MetS have been found to have lower Mg
serum levels [60], and two recent systematic reviews
have confirmed that higher intake of Mg and increase
in MG intake were associated with decreased risk (RR
0.77�0.86) of T2D [61,62]. Interestingly, the association
between Mg levels and T2D risk appears to be partly
genetically determined [63].

Calcium

Research investigating associations between dietary
Ca and cardiometabolic health appears somewhat
inconsistent. A line of evidence suggests that dietary
Ca is beneficial, particularly in relation to blood
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pressure regulation while another seems to suggest
negative effects associated with vascular calcification
and greater incidence of coronary heart disease and
possibly stroke.

Strong evidence demonstrating a blood pressure low-
ering effect of dietary Ca and Ca supplementation
exists. A meta-analysis of 40 RCT studies (n5 2492)
investigating the effect of Ca treatment on blood pres-
sure found that supplementation (mean 1.2 g/day) was
associated with a 1.86 mmHg (95%CI 0.81�2.91) and a
0.99 mmHg (95%CI 0.37�1.61) decrease in systolic and
diastolic blood pressure [64]. Effects were even greater
when restricted to people with low Ca intake.

The evidence is less clear in relation to risk of myo-
cardial infarction, stroke and CVD mortality. The fact
that Ca intake is associated with somewhat lower
blood pressure would suggest that risk of myocardial
infarction and stroke should also be reduced.
However, this is not always the case. For example, in a
large epidemiological study in Swedish women
(n5 34, 670, 49�83 years) while dietary Ca intake was
overall not associated with an increased risk of stroke,
in women with a history of hypertension higher die-
tary Ca was associated with an almost two-fold
increased risk (highest vs lowest quartile, RR 0.63, 95%
CI 0.42�0.93) [56]. Although, at a later follow-up
(median 19 years) these effects were not detectable in
relation to all-cause and cardiovascular mortality
except in those using supplements and with a Ca die-
tary intake above 1.4 g/day for whom all-cause mortal-
ity risk was increased (HR 2.57, 95% CI 1.19�5.55)
[65]. Moreover, a large RCT (1 g Ca and 400 UI vitamin
D) in 36,282 postmenopausal women living in the com-
munity demonstrated a modest increased risk of myo-
cardial infarction or stroke associated with
supplementation [66]. However, this was only the case
for those women who did not already take personal
Ca supplementation (RR 1.16, 95% CI 1.02�1.32) while
no additional risk was detected in those who did.
While in a smaller RCT of Ca supplementation in
postmenopausal women (n5 1471, 74.3 years) treated
(1 g/day) for 5 years, there was a trend of upward risk
of developing cardiovascular events (myocardial
infarction, stroke or sudden death; RR 1.47, 95% CI
0.97�2.23) in the treatment compared to placebo group
[67]. Although these results were weakened when
unreported events identified through the New Zealand
database of hospital admissions were considered.
Moreover, in a longitudinal study involving 388,229
individuals aged 50 to 71 years over a 12-year follow-
up, supplemental calcium intake in men (RR 1.20, 95%
CI 1.05�1.36) but not in women (RR 1.06, 95% CI
0.96�1.18) was associated with an increased risk of
CVD death. In men, this risk was specific to heart dis-
ease (RR 1.19, 95% CI 1.03�1.37) but was not

significant in relation to cerebrovascular disease (RR
1.14, 95% CI 0.81�1.61). However, CVD mortality was
unrelated to dietary intake in men or women.

In contrast, in a very large Japanese epidemiological
study in women (n5 85,764; 34�59 years) and free of
diagnosed CVD or cancer, Ca intake was associated
with a decreased risk of ischemic stroke (lowest vs
highest quartile RR 0.69, 95% CI 0.50�0.95) [68].
However, this effect was not linear and intakes higher
than 600 mg/day did not appear to decrease risk
further. Moreover, the effect was stronger for dairy
than nondairy Ca. Similarly, in another large European
epidemiological study with an 11-year follow-up
(n5 23,980, 35�64 years), dietary Ca in the third quar-
tile was associated with a decreased risk of myocardial
infarction (HR 0.68, 95% CI 0.50�0.93) and of stroke
(HR 0.69, 95% CI 0.50�0.94) compared to the lowest
quartile [69]. However, users of Ca supplements were
at higher risk of myocardial infarction (RR 1.86, 95% CI
1.17�2.96).

When considered together these findings suggest
that dietary Ca and supplementation are associated
with lower blood pressure but that only dietary Ca is
consistently associated with a lower risk of myocardial
infarction, stroke and other CVD events while supple-
mentation seems to be associated with a modest
increased risk of CVD events and particularly when
supplementation occurs in the context of a higher die-
tary Ca intake.

In relation to glucose metabolism the evidence,
although limited, is very consistent. Both large studies
(lowest vs third quintile, OR 0.72, 95% CI 0.62�0.84)
[70] and meta-analyses (OR 0.82, 95% CI 0.72�0.93)
[71] indicate that higher dietary Ca intake is associated
with a decreased risk of incident T2D. Consistent asso-
ciation have also been demonstrated in relation to
insulin resistance [72].

Potassium

Evidence supporting a blood pressure lowering
action of K intake is strong [73]. Apart from the
evidence discussed above, a systematic review and
meta-analysis of 27 trials with a median intake of
1720 mg/day concluded that K supplementation was
associated with a decrease of 2.42 mmHg (95% CI
1.08�3.75) in systolic and 1.57 mmHg (95%
CI 0.50�2.65) in diastolic blood pressure [73]. Also, the
response was larger in hypertensive than normoten-
sive individuals. A more recent meta-analysis covering
fewer trials confirmed these results and suggested
effects may be even stronger [74].

Support for an association between K intake and
incident stroke is equally strong. In a very large
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Japanese epidemiological study in women (n5 85,764;
34�59 years) and free of diagnosed CVD or cancer, it
was found that K intake was associated with a trend in
decreased risk of ischemic stroke (lowest vs highest
quartile RR 0.72, 95% CI 0.51�1.01) [68]. In addition in
a large epidemiological study in Swedish women
(n5 34,670, 49�83 years) dietary K intake was associ-
ated with a decreased risk of hemorrhagic stroke (RR
0.64, 95% CI 0.45�0.92) and of ischemic stroke (RR
0.56, 95% CI 0.38�0.84) but only in women with a his-
tory of hypertension [56]. More recently, in 90,137
postmenopausal women (50�79 years) followed up for
11 years dietary K (mean 2611 mg/day) was inversely
associated with all-cause mortality (OR 0.90, 95% CI
0.85�0.95), all stroke (OR 0.88, 95% CI 0.79�0.98), and
ischemic stroke (OR 0.84, 95% CI 0.74�0.96) [75].
With the risk of ischemic stroke being more apparent
in women who were not hypertensive. Findings
of research including both men and women is also
consistent with the results reported above [76]. And a
systematic review and meta-analyses of such investiga-
tions (11 studies, n5 127,038) confirmed that K intake
was associated with a lower risk of stroke (RR 0.76,
0.66�0.89) but not of cardiovascular disease or coro-
nary heart disease [74].

Finally, available evidence investigating the associa-
tion between K intake and T2D is also suggestive of a
protective effect. In a study following 12,209 partici-
pants over a 9-year follow-up lower K serum levels
(,4 mEq/L compared to 5.0�5.5 mEq/L) were associ-
ated with an increased risk of incident T2D (HR 1.64,
95% CI 1.29�2.08) [77]. Consistent results were also
found based on K urinary excretion measurements [78].
However, in a smaller study while higher K serum
levels were associated with a better insulin resistance
index, neither serum nor dietary K intake was associ-
ated with long-term diabetes risk [78]. Converging
evidence showing that diuretics (Thiazide) use
which lowers K serum levels is associated with an
increased risk of T2D [79] while use of antihypertensive

medication (renin�angiotensin�aldosterone system
inhibitors) which increase K serum levels is associated
with a decreased risk [80]. Thus, available data,
while limited, point to a protective effect of K intake
against T2D.

For completeness it should be noted that K intake can
lead to hyperkalemia in a number of conditions and dis-
eases such as chronic renal insufficiency. Hyperkalemia
is a very serious condition if not promptly treated and
can lead to cardiac arrhythmias including ventricular
fibrillation and cardiac arrest as well as other deleterious
impacts on other systems. However, this topic is beyond
the scope of this review (Table 38.2).

DIETARY INTAKE AND BRAIN AGING

As Mg, Ca, and, to a lesser extent, K contribute to
similar mechanisms (systemic inflammation, oxidative
stress, apoptosis, cellular signaling, glucose metabo-
lism, etc.) which are known to impact cerebral health
through cell death, decreased neurogenesis, demyelin-
ation, neuronal shrinkage, and abnormal cellular
metabolism, it is expected that dietary intake of these
minerals will also contribute to and modulate brain
aging. In addition, both CVD and T2D are known risk
factors for neurodegeneration [81,82] and therefore are
likely to indirectly mediate the effects of Mg, Ca, and
K on brain health through the effects reviewed in the
previous section. In this section, the evidence demon-
strating more direct associations between dietary
intake of these minerals and brain aging will be
reviewed.

Magnesium

Although this is an emerging field of inquiry, avail-
able evidence seems to confirm direct and/or indirect

TABLE 38.2 Adverse Cardiometabolic Outcomes Associated with Lower Dietary Intake and Plasma/Serum Levels of Mg, Ca, and K

Blood pressure Stroke CVD T2D

Mg Lower intake - higher
systolic and diastolic
blood pressure

Lower intake - higher risk
of ischemic stroke

Lower intake - greater vascular
calcification/thicker intima-media
lower dietary intake - higher
incidence of cardiovascular events

Lower intake - higher
incidence of T2D

Ca Lower intake -higher
systolic and diastolic
blood pressure

Lower dietary intake -
higher risk of stroke

Lower dietary intake - higher risk of
myocardial infarction supplementation
- higher risk of heart disease and
cardiovascular events

Lower dietary intake - higher
incidence of T2D and insulin
resistance

K Supplementation - lower
systolic and diastolic blood
pressure

Lower dietary intake and
supplementation - higher
risk of stroke

? ? lower intake - higher
incidence of T2D
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links between Mg dietary intake and brain aging. For
example, in an animal experiment contrasting three
groups with induced cerebral ischemia, induced ische-
mia with Mg-sulfate treatment, and sham controls, Mg
treatment resulted in lower extracellular glutamate
release and lower cell death in the hippocampus [83].
The exact mechanisms underlying these findings are
not completely clear but are thought to involve
increased vasodilation and decreased vasospasm.
Indeed, in a study comparing patients hospitalized for
subarachnoid hemorrhage who were or were not trea-
ted with intravenous Mg supplementation, a greater
proportion (55% more) of those who did not receive
Mg supplementation developed vasospasms [84].
Thus, these and other findings [85] suggest that Mg
supplementation may improve blood flow and
decrease neuronal deaths in acute ischemic conditions.
Consistent findings were also reported in relation to
Mg protective effects for traumatic brain injury
[86�89]. How these findings relate to the effect Mg
dietary intake may have on typical brain aging is not
clear but since a significant contributor to cerebral
senescence is vascular health it is not unreasonable to
hypothesize that it includes decreasing low grade
brain tissue inflammation, reducing apoptosis, and
improving or better maintaining vascularization.

Another area where evidence linking Mg intake and
brain aging is accumulating relates to Alzheimer’s
pathology. A number of studies have reported lower
Mg plasma and brain levels in Alzheimer’ disease
(AD) patients [90�92]. Moreover, in animal models of
AD it was found that Mg supplementation (intraperi-
toneal injection) increased rats’ Mg brain levels and
led to a decrease in Tau hyperphosphorylation, a
reversal of dendritic abnormalities, and maintenance
of cognitive function [93]. Also, in an in vitro study,
low dosage of Mg promoted the production of amyloid
beta precursor protein implicated in the pathological
cascade leading to amyloid plaque formation in AD
[94]. Consistent with these findings, Li and colleagues
showed in mice that Mg treatment led to reduced pro-
duction of amyloid beta precursor protein and
decreased synaptic loss [95]. They also noted that long-
term magnesium supplementation increased CSF con-
centration by only 15% while total brain concentration
increased by 30%.

In aggregate, these findings suggest specific patho-
logical pathways through which Mg deficient diet
may contribute to brain aging and how supplementa-
tion may help preserve cerebral health and function.
It should be noted, however, that many of these find-
ings relied on laboratory or animal models and that
supplementation was often conducted through chan-
nels other than diet. Consequently, further research
relying on dietary Mg supplementation is required.

Despite this limitation the available literature pro-
vides generally convincing links between Mg intake
and brain aging.

Calcium

As discussed above, dietary Ca appears to decrease
blood pressure and to be associated with a decreased
risk of stroke, particularly when the source is dairy.
Limited evidence is also available showing that higher
Ca serum levels at admission for acute ischemic stroke
are associated with smaller infarct volumes [96]. In con-
trast, Ca supplementation seems to be associated with a
modest increased risk of stroke and vascular disease. It
is consequently difficult to predict whether higher Ca
intake should be associated with better or worse cere-
bral health and whether it is likely to slow down or
speed up brain aging. However, given the other biolog-
ical mechanisms to which dietary Ca contributes
(oxidative stress, inflammation, apoptosis, glucose
metabolism) it might be expected that it would exert a
generally more positive influence particularly when
dietary Ca and not supplementation is considered.

Unfortunately the evidence on this topic is not so
clear. Vascular (coronary, aortic, carotid) calcification,
which, as reviewed above, may be exacerbated by
increased Ca serum levels, has been found to be associ-
ated with greater incidence of cerebral infarcts and
white matter lesions [7]. This is consistent with results
from other studies which found that higher dietary Ca
intake and serum levels were associated with larger
brain lesion volumes [97] and particularly in men [98].
Although recent findings suggest that this effect is
mostly driven by intake of Ca supplements and not
dietary Ca which would correspond well with the evi-
dence reviewed in the previous section.

In addition, findings from a postmortem study of
brains from older individuals (83.3 years, SD5 7.5)
suggest that calcification does not only occur in the vas-
culature but also in some brain regions (putamen) [99].
Other studies indicate that calcium levels also
increase in other parts of the brain with aging [99,100].
Importantly, the level of a protein (calbindin), which
buffers Ca in the brain to maintain optimal Ca signal-
ing, is known to decrease with aging [101,102]. And, at
least in animal models, lack of this protein leads to
accelerated brain and cognitive aging [103]. Thus, while
the extent to which dietary Ca might exacerbate these
processes is not established, such mechanism may
explain possible links between higher Ca intake, partic-
ularly through supplementation, and impaired brain
function in aging. Overall insufficient evidence is avail-
able to conclusively assess whether Ca intake is protec-
tive or deleterious to brain aging and further research
needs to be conducted to resolve this question.
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Potassium

Since higher K intake within the normal range and
outside pathological conditions such as renal disease
has an overwhelmingly beneficial effect on mechan-
isms implicated in aging and is associated with lower
blood pressure, better cardiovascular health, and lower
risk of stroke and T2D, it is expected it would also be
associated with better cerebral health and slower brain
aging. Unfortunately, very little data on the association
between K intake and brain health are available. It
appears that K ion homeostasis in the brain is
impaired in AD [104] and that this dysregulation may
be partly caused by amyloid beta 40 [105]. However, at
this stage there is no indication that dietary intake of K
or supplementation play any significant role in this
pathological process although a protective effect of K
concentration on rat hippocampal neurons has been
demonstrated in vitro [106]. Much more research is
required in this field before any effect of K intake on
brain aging can be assessed (Table 38.3).

DIETARY INTAKE AND
COGNITIVE AGING

Magnesium

A number of animal studies have investigated the
effect of Mg supplementation on cognitive outcomes
after traumatic brain injury and reported a protective
effect at short- and long-term follow-ups and particu-
larly in relation to memory and learning function
[107,108]. Interestingly, not only supplementation post-
trauma but also before the traumatic event was found to
be protective [88]. In humans Mg supplementation is not
a recommended treatment for traumatic brain injury but
it is being considered [87]. While not conclusive this evi-
dence might suggest that higher dietary Mg intake, if
reflected by higher brain levels, might have a preventa-
tive effect, at least in the context of major trauma. This is
important because traumatic brain injury is a known

risk factor for cognitive decline [109] and has been
shown to be associated with a two- to three-fold
increased risk of developing dementia [110,111]. It is
therefore noteworthy that individuals with Alzheimer’s
disease and other types of dementia have been found to
have significantly different serum, cerebrospinal fluid,
and brain tissue Mg levels in some studies [112�114],
although not all [115]. Moreover, lower serum levels
appear to be associated with greater levels of cognitive
impairment among AD patients [114].

While it is not clear whether body Mg levels are
causally related to disease development or whether
they are a consequence of the pathological processes
involved, recent studies investigating associations
between Mg dietary intake and incidence of mild cog-
nitive impairment (MCI, a preclinical stage to demen-
tia) and dementia provide support to the former.
Indeed, in an epidemiological study with a 17-year fol-
low-up surveying 1081 participants Ozawa et al. [116]
showed that higher Mg intake was associated with a
50�100% lower risk of developing all-cause dementia,
and particularly vascular dementia (lowest vs highest
quartile of intake, HR 0.26, 95% CI 0.11�0.61). Given
the relatively young mean age at baseline (69 years),
the long follow-up, and the fact that participants with
prevalent dementia at the start of the study were
excluded from analyses and that important covariates
were controlled for, these findings provide convincing
evidence supporting a link between dietary Mg and
cognitive decline. However, as these effects were
detected in a Japanese cohort it is possible they were
driven by culturally specific factors associated with
Mg dietary intake. Moreover, as intakes of Mg, Ca,
and K are highly correlated and since Ozawa et al.
found significant associations with these three miner-
als and a decreased risk of dementia, the possibility
that intake of Ca or K is associated with decreased risk
cannot be discounted.

In our own research [117] we have also investigated
the associations between Mg intake and cognitive
decline. We followed 1406 individuals (62.5 years, 52%
female) participating in the PATH Through Life

TABLE 38.3 Brain Health Associations with Dietary Intake and Plasma/Serum Levels of K1, Mg21, and Ca21

Neurodegeneration Structure Function

Mg Supplementation - improved blood flow after stroke and
traumatic brain injury? lower intake - higher Alzheimer’s
pathology some mediated through CVD and T2D

? but some mediated through
CVD and T2D

? but some mediated through
CVD and T2D

Ca Cellular Ca signaling dysregulation - neuronal shrinkage
and remodeling - neurodegeneration?some mediated
through CVD and T2D

Increased Ca concentration
in the brain with aging -
calcification

? but some mediated through
CVD and T2D

K ? but some mediated through CVD and T2D ? but some mediated through
CVD and T2D

? but some mediated through
CVD and T2D
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project, a large longitudinal study of aging conducted
in Australia, over 8 years and we investigated asso-
ciations between Mg dietary intake and incidence of
MCI and other mild cognitive disorders. As per
Ozawa et al. [116] we excluded from analyses those
who were cognitively impaired at baseline and con-
trolled for a large number of important covariates
including age, sex, education, body mass index, activ-
ity level, diabetes, hypertension, depression, smoking,
alcohol, and caloric intake. In fully adjusted models
we found that higher Mg intake was associated with
a 14-fold decreased risk of developing MCI (HR 0.07,
95% CI 0.01�0.56) and a more than two-fold
decreased risk of developing a broader category of
mild cognitive disorders (HR 0.04, 95% CI 0.22�0.99).
Because in addition to other covariates these analyses
also controlled for intake of Ca and K it seems less
likely that they were driven solely by intake of these
other minerals. However, as for previous studies, the
possibility that these effects were driven by other fac-
tors (dietary or not) correlated with Mg intake cannot
be excluded. Interestingly, this apparent protective
effect of Mg was mostly present in men who on aver-
age had a lower intake. Thus, as suggested in other
studies investigating risk of stroke and hypertension,
it is possible that Mg deficiency might be more critical
than Mg intake per se (Fig. 38.1).

Calcium

As in relation to brain aging, little evidence linking
dietary Ca and cognitive aging is available. Ozawa

et al. [116] found in 1,081 older Japanese individuals
followed over 17 years that higher Ca intake was asso-
ciated with a circa 50% lower risk of developing all-
cause dementia (lowest vs highest quartile of intake,
HR 0.64, 95% CI 0.41�1.00). However, in our own
research [117] surveying 1406 individuals (62.5 years,
52% female) over 8 years we failed to find any signifi-
cant association between Ca dietary intake and inci-
dence of MCI and other mild cognitive disorders.
A recent systematic review found only four studies
contrasting plasma Ca levels in AD patients vs control
subjects and of those only one found that Ca levels
were significantly lower in the AD group [118]. Other
studies also found that CSF levels were lower in AD
[119,120]. Thus, although most of the available evi-
dence points to lower Ca levels being associated with
poorer cognitive outcomes, it is too limited to be con-
clusive (Fig. 38.2).

Potassium

The paucity of findings reporting on associations
between K intake and brain aging are largely mirrored
in relation to cognitive aging. As for Mg and Ca,
Ozawa et al. [116] found that higher K dietary intake
was associated with a lower risk of developing all-
cause dementia (lowest vs highest quartile of intake,
HR 0.52, 95% CI 0.30�0.91) and vascular dementia
(HR 0.20, 95% CI 0.07�0.56). However, we were not
able to detect such effects in relation to MCI [117]
(Fig. 38.3).

FIGURE 38.1 Pathways linking dietary intake of magnesium,
biological mechanisms, cardiometabolic health, and brain and cogni-
tive aging.

FIGURE 38.2 Pathways linking dietary intake of calcium, biolog-
ical mechanisms, cardiometabolic health, and brain and cognitive
aging.
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DISCUSSION

The evidence reviewed in this chapter supports the
view that dietary intake of Mg, Ca, and K is associated
with important processes implicated in biological
aging. Similarly, it is reasonably clear that intake of
these minerals is associated with a protective effect on
cardiometabolic health. What is less clear is whether
this effect is mostly present in those who have a diet
deficient in these elements or whether it applies more
broadly across the normal intake range. Some research
is suggestive of a sexual dimorphisms of these effects
and possibly of nonlinear effects across the lifespan.

The relative consistency of findings showing a bene-
ficial effect of Ca dietary intake but a deleterious
impact of supplementation on cardiovascular events is
quite striking. Even if the latter effect is relatively mod-
est, this finding emphasizes the benefit of managing
micronutrients’ intake through diet rather than
through supplements where feasible.

The evidence is a lot less clear in relation to the
influence of dietary intake of Mg, Ca, and K on brain
and cognitive aging. The sparse available evidence is
generally suggestive of a protective effect congruent to
that seen with respect to cardiovascular health and
T2D. In addition, as noted above cardiovascular dis-
ease contributes to the development of T2D and it is
also the case that T2D contributes to the development
of CVD [121,122]. Moreover, CVD and T2D are known
risk factors for brain aging and cognitive decline.
Consequently, any contribution of dietary intake on
pathological aging and cognitive decline is likely to be

effected through a number of direct and indirect
mechanisms. Therefore, although evidence linking die-
tary intake of Mg, Ca, and K with cognitive health is
lacking, the case for an indirect effect through cardio-
metabolic factors is so strong that it is probably reason-
able to assume that these minerals have an important
impact on cognitive aging. However, we will need to
await definitive research in this area to reach a
conclusion.

SUMMARY

• Mg, Ca, and P play essential roles in biological
processes and are implicated in biological aging.

• Dietary intake and body concentrations of these
minerals modulate inflammatory, oxidative stress,
apoptosis, and cellular signalling processes as well
as glucose metabolism.

• Action of Magnesium, Calcium and Potassium on
physiological processes tends to be protective.

• Overall dietary intake of these minerals is linked to
better cardiovascular health, lower risk of stroke
and myocardial infarction, and decreased risk of
type 2 diabetes.

• Some evidence, particularly for CA suggests that
dietary intake is preferable to supplementation.

• Limited evidence suggests that Mg, Ca, and P intake
exerts a positive influence on brain health.

• Emerging evidence is also suggestive of a protective
effect of these minerals against cognitive decline.
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KEY FACTS

• Zinc is essential for the elderly because of its
effect on biochemical, biological, and immune
properties, especially the T cell system.

• Zinc deficiency as well as mild zinc-deficiency is
documented within the aged population.

• Zinc deficiency and immunosenescence in the
elderly is involved in the development of certain
diseases influencing and causing morbidity.

• Zinc deficiency and immunosenescence may
contribute to a reduced vaccination.

• Zinc is important for cell-mediated immune
responses and is able to correct defects in the
immune response.

• Zinc supplementation restore cytokine synthesis
in old subjects with high pro-inflammatory
cytokine levels (inflammaging) when compared
to younger donors.

• Zinc supplementation affects the reduction of
markers of oxidative stress.

• Zinc supplementation will be an effective
therapeutic agent for old individuals with zinc
deficiency, and for the treatment of chronic
diseases, and some malignancies.

• Methods are needed to define zinc deficiency,
and (genetic) biomarkers to define dosage, time
of treatment, and application form of zinc.

Dictionary of Terms

• Immunosenescence: a term for the condition that
elderly people are more susceptible to microbial
infections because of impaired immune functions.

• Inflammaging: a term for a pro-inflammatory
condition defined by increased serum levels of
pro-inflammatory and reduced anti-inflammatory
cytokines in the elderly.

• Recommended daily allowance (RDA) for zinc:
individuals . 19 years old: 11 mg/day for men and
8 mg/day for women (USA). European Community
and WHO: 9.4 to 10 mg for men and 6.5 to 7.1 mg
for women.

• Solute-linked carrier (SLC): zinc transporter
families; SLC39A (Zrt, Irt-like protein (ZIP)1 to
ZIP14) carry zinc into the cytosol, SLC30A
(ZnT1 to ZnT10) transport zinc out of the cytosol.

• Zinc deficiency: Zinc concentrations measured in
serum or plasma defining zinc deficiency ,10.7 μM,
corresponding ,70 μg/dl.

INTRODUCTION

It is now more than 50 years ago that Prasad and
coworkers showed that zinc is essential for humans
[1,2]. The human body comprises 2�3 g zinc, mostly
bound to proteins. Zinc is a component of more than
300 enzymes, necessary for catalytic activity and struc-
tural stabilization, and as a cofactor. Many transcription
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factors contain zinc in zinc fingers and similar structural
motifs [3�5]. Consequently, zinc is essentially involved
in cell activation and division, transcription, DNA syn-
thesis, and apoptosis [6�8].

Although zinc is a heavy metal, zinc ions have only
a very restricted acute toxicity, but zinc deficiency is
accompanied by severe defects. It is noteworthy to
mention that the prevalence of zinc deficiency is calcu-
lated to affect over two billion people, especially in
developing countries [9,10]. Severe zinc deficiency is
involved in retardation of growth and development in
children, retarded genital development and hypogo-
nadism, dermatitis and impaired wound healing, alo-
pecia, poor pregnancy outcomes and teratology, and
impaired immune function [9]. But also milder forms
of zinc deficiency have an effect on immunity [11].

It has been documented that zinc deficiency modi-
fies cell numbers, immune responses, and functions of
the innate and adaptive immune system [4,5,7,11,12].
Hence, the immune system with its high proliferation
and differentiation rates is dependent on a constant
and sufficient zinc supply [11,13,14], but zinc homeo-
stasis is also important for signal transduction and
control of apoptosis [5,15,16]. To ensure a consistent
supply of zinc, many proteins are involved in homeo-
static regulation, such as zinc transporters and zinc-
binding proteins [15]. Most zinc is stored within the
cells and further zinc is taken up from the plasma,
but this zinc pool is only one percent of total body con-
tent [3]. It is therefore obvious that changes in zinc
uptake, retention, sequestration, or secretion rapidly
result in zinc deficiency and impair zinc-dependent
functions, particularly in the immune system.

Aging also affects the development and properties
of the immune system with changes more precisely
documented for the adaptive part [7,13,17�24]. Elderly
people are more susceptible to microbial infections,
with rising rates of morbidity and mortality because of
impaired immune functions, termed immunosenes-
cence [21,25]. Additionally, these changes result in
higher incidences of inflammatory and autoimmune
disorders, and cancer [5,26]. Aged people also reveal
increased serum levels of pro-inflammatory and
reduced anti-inflammatory cytokines, a condition
named inflammaging [7,27].

There are notable similarities between age-
dependent consequences and the effects of zinc depri-
vation on modifications of the immune system.
Atrophy of the thymus, reduced cellular activity and
functions of immune cells, and increased levels of pro-
inflammatory cytokines are examples for shared out-
comes of both conditions [3,7,11,13].

Zinc is essential for the elderly because of its effect
on biochemical, biological, and immune properties
[3,7,28]. Hence, zinc deficiency in the elderly has

severe consequences for maintaining immune compe-
tence and is involved in the development of certain
diseases influencing and causing morbidity
[3,5,7,13,14,28�30]. Many studies exist in which nega-
tive effects of zinc deficiency on immune responses or
properties could be reversed or normalized by zinc
supplementation [7,12,14,31]. That is the reason why
zinc supplementation of the elderly to prevent or treat
diseases accompanied with zinc deficiency is sug-
gested by many groups [3,7,10,11,13,14,29,32,33]. In
recent approaches the role of epigenetic mechanisms
and genetic variations in influencing an old indivi-
dual’s response to zinc supplementation was investi-
gated [34,35].

In the following, the zinc status within aging, the
relationship between zinc and immunosenescence, and
the effect of zinc supplementation on the elderly, as
well as nutrient�gene interactions, are discussed.

ZINC INTAKE, ZINC DEFICIENCY, AND
ZINC STATUS OF THE ELDERLY

A sufficient uptake of zinc is not reached in many
old individuals [36], and there are multifactorial causes,
such as physiological, social, psychological, and eco-
nomic factors, which are indicated to be responsible for
zinc malnutrition. Additionally, other factors during
aging promote the inadequate intake of zinc and other
micronutrients. These are impaired mastication and
intestinal absorption, particularly depending on the
composition of the food, changes in zinc transporters,
restricted mobility, drug interactions and those with
other bivalent ions, as well as medication, such as
diuretics [7,13].

The regular supply of cells with zinc is homeostati-
cally regulated by specialized proteins. At least three
dozen proteins homeostatically control the vesicular
storage and subcellular distribution of zinc [37]. But no
zinc-specific storage compartment within the human
body exists. The intracellular level of zinc is regulated
via the transport through the plasma membrane [15],
storage in and secretion from vesicular structures
termed zincosomes [24,38], and by binding to metal-
lothioneins (MT), and other zinc-binding proteins such
as S100A8 and S100A9 [4,37]. Zinc homeostasis is also
regulated by two different solute-linked carrier (SLC)
families, consisting of 10 human SLC30A (ZnT1 to
ZnT10) and 14 human SLC39A (Zrt, Irt-like protein
(ZIP1 to ZIP14)) members. While ZIP proteins carry
zinc into the cytosol, all ZnT proteins transport zinc
out of the cytosol (into cellular compartments or the
extracellular space) [4,15,39]. These transporters show
a tissue-specific expression and differential location in
cellular compartments. Their stability and subcellular
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distribution is dependent on zinc availability. The
expression of zinc transporters is regulated by cyto-
kines and hormones, ensuring a proper adjustment to
changes in the environment or physiological demands
[15,40].

The decrease in the cellular uptake of zinc is also
due to modified cell membrane expressions of zinc
transporters [7]. In addition, promoter hypermethyla-
tion of SLC30A5 (Znt5) is suggested to lead to
impaired zinc adsorption in the intestinal lumen but
only with the assumption that this transporter has
bidirectional functions [41]. Finally, diseases occurring
with enhanced frequencies in the elderly like diabetes
are accompanied by zinc deficiency [9,13,42,43]. By
joining all these factors together, an inadequate nutri-
tional intake of zinc has clinical consequences in young
and old individuals and promotes the risk to develop
degenerative diseases.

In the United States, the recommended daily allow-
ance (RDA) for zinc in individuals $ 19 years old is
11 mg/day for men and 8 mg/day for women
[3,9,13,44]. In the European Community and by the
WHO RDAs between 9.4 to 10 mg for men and 6.5 to
7.1 mg for women are recommended [9]. Curiously,
no specific RDA for old people has been defined.
However, a zinc uptake below these values may pre-
dict a mild zinc deficiency which may also depend on
other factors including a potential adaption of the
metabolism to impaired zinc intake.

Zinc in the elderly is often found beneath the
plasma/serum concentration of younger individuals.
The reference serum zinc values are 70�110 μg/dL,
respectively 10.7�16.8 μM [13]. The sufficient zinc
intake has been defined as .67% of the RDA, but only
42.9% of free-living old individuals show an adequate
intake of zinc (mild zinc deficiency) [7,13,45]. Many
studies, for example, the ZENITH project, the
ZINCAGE project, the Japan study, a German study
from the Max Rubner-Institute (MRI), and a Federal
Research Center for Nutrition and Food: National
Nutrition Survey II, part 2, 2008, investigating old indi-
viduals came to the same results [34,46,47]. The
German MRI study (participants aged 65�80 years)
showed that 44% of men and 27% of women did not
fulfill the RDA. The Third National Health and
Nutrition Examination Survey (NHANES) from the
United States reported that only 42.5% of the partici-
pants with an age $ 71 years had a sufficient ($77% of
the RDA) zinc intake, demonstrating an impairment of
zinc intake with aging [48]. In summary, within the
aged population a zinc deficiency as well as mild zinc-
deficiency is documented, but hard to define [29].

In this context, it is necessary to analyze and define
zinc deficiency of individuals by specific parameters.
In most of the studies, the zinc concentrations were

measured in serum or plasma defining zinc deficiency
,10.7 μM, corresponding ,70 μg/dL. Although
many studies described suboptimal zinc intake and
decreased zinc plasma and serum concentrations with
age (NHANES), a clear prevalence of zinc deficiency
in healthy elderly could not demonstrated. This was
confirmed by data from the second NHANES in which
over 13,400 serum samples were analyzed. The serum
zinc levels rose into the third decade of life, and then
declined with age [49]. In an early study from 1971
where 284 participants from age 20 to 84 years had
been included, a significant linear decrease of plasma
zinc with age was found [50]. There are also findings
showing significantly reduced zinc levels when com-
paring old and young individuals [18,51], and when
serum zinc of the oldest old ($90 years) were mea-
sured [52]. In contrast, other studies did not detect a
high prevalence of zinc deficiency in the elderly
[46,53]. But the degree of severity of zinc deficiency
can vary between different countries due to different
foods, eating habits, or lifestyles [7,34]. Taken together,
there is a tendency of undersupply of zinc intake and
a zinc decrease in serum/plasma with age but most
old people have values located within the reference
ranges.

An obvious explanation is that in most of the studies,
healthy old people fulfilling the criteria of the SENIEUR
protocol [54] have been examined. This group, with
regard to the importance of zinc for immune capacity,
probably displays a normal zinc status in contrast to
normal old, ill, or institutionalized old people.

To confirm this hypothesis, studies comparing
healthy, free-living, ill, or institutionalized old people
in fact found zinc deficiency in institutionalized sub-
jects [55,56]. Further studies also revealed zinc defi-
ciency in hospitalized elderly (,10.7 μM plasma/
serum levels) or zinc concentrations ,70 μg/dL in
serum [57�59]. No differences between plasma and
whole blood zinc levels were found when healthy and
chronically ill old patients were compared, but a signif-
icant decrease in leukocyte zinc was measured [51,60].

Whether zinc deficiency in sick or hospitalized old
people is caused by insufficient intake of zinc through
hospital diets remains to be clarified. One study
showed only an intake of 39% of RDA in homebound
ill patients, while hospitalized patients with lower
serum and leukocyte levels of zinc do not vary in their
mean dietary zinc intake [61].

The relationship of zinc status and immunity has
also been reported. These studies showed that only a
small difference (1.5 μM) in zinc levels can affect
skin testing energy or responsiveness to Diphtheria
vaccination [62,63].

Determining the zinc status by measurement of zinc
concentrations in serum or plasma is not optimal. In

553ZINC INTAKE, ZINC DEFICIENCY, AND ZINC STATUS OF THE ELDERLY

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



experiments inducing zinc deficiency in young sub-
jects, significant effects on the secretion of interferon
(IFN)-γ, interleukin (IL)-2, and tumor necrosis factor
(TNF)-α, together with an imbalance in the Th1/Th2
system were detected, notably, plasma zinc was not
significantly changed [64]. Moreover, old healthy
people displayed plasma zinc levels within reference
ranges [65], but had enhanced IL-6 secretion and
impaired NK cell cytotoxicity. Therefore, reduced
plasma or serum zinc concentrations are indicators for
zinc deficiency, but zinc deficiency can take place even
when serum/plasma levels are within the reference
ranges [9].

In recent years, the determination of the labile intra-
cellular zinc using specific zinc probes in leukocytes
became obvious to be a more accurate parameter for
present and future studies [3,7,24]. Within the
ZINCAGE project, the zinc score (based on the
determination of the zinc content in food and the indi-
vidual quantity of the food intake) may define the zinc
status correlated with zinc plasma levels dependent on
age [7,66].

There is one outstanding subgroup of old people
who have achieved “successful aging,” without suffer-
ing from age-related diseases, so-called centenarians
[67]. Consequently, the analysis of the zinc status was
undertaken to find a possible contribution of zinc and
successful aging. Nonagenarian and centenarian indivi-
duals are reported to have low zinc dietary intake and
zinc deficiency [52,65,68]. A significant decrease of
serum zinc was detected in oldest subjects .90 years
compared to subjects younger than 65 years and ones
aged 65�89 years suggesting a continuing decline [52].
Although zinc deficiency correlates with chronic inflam-
mation [69,70], it is assumed that centenarians possess a
lower inflammatory status and are able to release suffi-
cient amounts of zinc to maintain an adequate status in
immune and antioxidant activity [65]. Thus, the intact
immune capacity of centenarians appears to be inde-
pendent of the measured zinc status.

Interestingly, there are only few studies reporting a
high frequency of zinc deficiency in the elderly. One
study found zinc-deficient subjects of 90 years and old-
er compared to reference data of the same laboratory
from younger subjects [52,68]. In a different study,
mean serum levels of 61.8 μg/dL were observed in old
subjects from South Africa (mean age 71.7 years) that
implies that 76.3% of the study population were zinc-
deficient (,70 μg/dL) [71]. Others described that
42.9% of the old subjects investigated had a sufficient
intake of zinc (. 67% RDA) [45]. Notably, this study
and other studies used higher RDAs of 15 mg (male)
and 12 mg (female). However, when using the current,
lower RDAs these participants would show a higher
zinc deficiency. Additionally, by measuring their

granulocyte and lymphocyte zinc content, 30% were
also defined to be zinc-deficient. It is conspicuous that
the zinc plasma concentrations did not indicate zinc
deficiency in these subjects, confirming the weakness
of this parameter [45].

ZINC AND IMMUNOSENESCENCE

The consequences of zinc deficiency on immunity
could also be demonstrated in animal studies [72].
Gestational zinc deficiency reduced immune function
in mice observed until the third filial generation [73].
In addition, zinc deficiency in rats appears to affect
postthymic T-cell maturation with fewer new T cells in
the periphery contributing to immunodeficiency [74].
The striking example of severe zinc deficiency in
humans is the syndrome acrodermatitis enteropathica, a
rare autosomal recessive disorder caused by a muta-
tion in the ZIP4 gene. The intestinal zinc transporter
ZIP4 takes up zinc from food and the exocrine pan-
creas. This disorder displays severe immune defects
plus thymic atrophy leading to death within few
years without treatment, but zinc supplementation of
1 mg/kg body weight is able to adjust all symptoms
[75�77]. Thus, zinc malabsorption and its effects on
the immune function and health can be corrected by
zinc treatment [14].

Old people have increased susceptibility to infec-
tions, autoimmune diseases, and cancer [21]. But one
has to address that a lot of other factors including life-
style and underlying diseases significantly influence
the onset in each individual. The immune capacity to
build an effective immune response declines with age,
starting around 60�65 years. Since the changes of the
immune system during zinc deprivation and aging are
largely similar, a potential relationship between immu-
nosenescence and zinc deficiency is indicated.

The restricted immune capacity of the elderly is
associated with increased incidence and mortality of
infectious diseases such as pneumonia [78] and tuber-
culosis [79], or reactivation of herpes zoster [80]. A lot
of studies could demonstrate the beneficial effects of
zinc supplementation with respect to infectious dis-
eases in humans [28]. As an example, when zinc was
given (as sulfate, 7 mg per day) in a combination of a
mixture of vitamins and minerals for one year, indivi-
duals with low serum zinc (,70 μg/dL, corresponding
to 30% of the study group) showed a higher risk to
develop pneumonia than those with adequate zinc
levels [81].

The frequency of autoimmune diseases is enhanced
during aging, along with higher autoantibody levels
[13,82]. The latter could not be detected in centenarians
[83]. However, the reported reduction in IgE
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production with age may dampen the risk to develop
allergies [84].

Finally, cancer occurs more frequently in the old
population [85]. There is an 11-fold higher incidence of
cancer and a 15-fold higher mortality in old subjects
over 65 years compared to younger ones [86].

Since minimal changes in the zinc status are able to
influence immune responses, disturbed bioavailability
or defects in leukocyte activity can be affected by zinc.
This is supported by the observations that zinc inter-
feres with signal transduction, and inflammatory sig-
naling in immune cells, including protein kinase C,
casein kinase (CK)2, lymphocyte protein-tyrosine
kinase (lck), cyclic nucleotide phosphodiesterases,
mitogen-activated protein kinase (MAPK) phospha-
tases, and protein-tyrosine kinases as targets
[13,87�91]. Additionally, inhibiting effects of zinc on
activating [92] and signaling of the transcription factor
nuclear factor (NF)-κB pathway, responsible for the
expression of pro-inflammatory cytokines (eg, IL-1β,
TNF-α), have been described [4,93].

Innate Immunity

Neutrophil granulocytes (polymorphonuclear neu-
trophils, PMN) represent the largest group of leuko-
cytes. They build the first line of defense against
pathogenic microorganisms, fighting them by phago-
cytosis, via release of antimicrobial molecules, and pro-
duction of reactive oxygen species (ROS). They are
also inflammatory and regulatory cells with the ability
to secrete chemokines and cytokines, and to recruit
other immune cells to the site of infection [94,95]. The
higher frequency of microbial infections in the elderly
is often thought to be caused by an impaired T cell
function, but may also be a result from reduced PMN
functions. Although the total number of PMN is not
different between old and young subjects, phagocyto-
sis, chemotaxis, oxidative burst, and intracellular kill-
ing are modified [19,20,96]. PMN from the elderly
display an impairment in chemotaxis and a lower
resistance to apoptosis, based on a reduced antiapopto-
tic effect after stimulation with lipopolysaccharide
(LPS), granulocyte colony-stimulating factor (G-CSF),
and granulocyte-monocyte (GM)-CSF [19,94,95]. Their
differentiation within and their recruitment from the
bone marrow is diminished [95]. Zinc deprivation
leads to reduced phagocytosis, influences the produc-
tion of reactive oxygen species, and PMN chemotaxis,
and decreased formation of neutrophil extracellular
traps (NETs) [4,5,12,97]. Thus, zinc deficiency affects
the major defense mechanisms of PMN leading to
reduced capability to efficiently fight infections which
in turn may shorten the healthy life span of the

elderly. Moroni et al. found in nonagenarians that a
sufficient intracellular zinc ion bioavailability could
preserve the oxidative burst by PMN which is caused
by downregulating IL-6 signaling [98]. Zinc adminis-
tration restores some functions of PMN, and reduce
infections (Fig. 39.1).

In contrast to other immune cells, several functions
of monocytes and macrophages are even increased
in old people. The number of monocytes in the blood
of old subjects remain equal compared to younger
ones, and no changes in chemotaxis, phagocytosis, and
oxidative burst are observed. Although no alterations
in the expression of many cytokines, adhesion mole-
cules, and HLA-DR could be detected, the monocyte
accessory function for T cells is reduced [99]. The syn-
thesis of pro-inflammatory cytokines (IL-1, IL-6, IL-8,
and TNF-α) is significantly increased after LPS stimu-
lation, as well as IL-6, IL-8, monocyte chemoattractant
protein (MCP)-1, macrophage inflammatory protein-
1α, and TNF-α levels in plasma are positively corre-
lated with age [13,100�102]. Zinc signals are required
for the synthesis of pro-inflammatory cytokines (IL-1,
IL-6 and TNF-α) in monocytes [92]. Zinc depletion pro-
motes monocyte adhesion and leads to enhanced
phagocytosis and oxidative burst, but to a reduction of
IL-6 and TNF-α in monocytes, suggesting that mono-
cytes may change to basic innate defensive functions
in response to zinc deficiency [103]. Calcitriol-
dependent monocyte differentiation is increased under
zinc depletion, suggesting a blocking function of zinc
on maturation of monocytes [104]. However, high-dose
zinc supplementation is able to inhibit the secretion
of pro-inflammatory cytokines from LPS-stimulated
monocytes [90], and can also restore IFN-α production
from monocytes of elderly subjects (Fig. 39.1) [105].

NK and NKT cells belong to the innate immune sys-
tem. NK cells are the first line of defense to delete
cancer- and virus-infected cells. Since there is a higher
incidence of malignancies and viral infections in the
old population, the integrity of their function, espe-
cially cytotoxicity, is of main importance. In the
elderly, a rise of total numbers and higher percentages
of NK cells in the circulation are found [7,106�110]. In
contrast, NK cells of the elderly display impaired cyto-
toxicity and proliferation after IL-2 stimulation, along
with reduced calcium signaling and CD69 expression
[110�112]. Zinc is also needed for the binding of
HLA-C on target cells to killer inhibitory receptors on
NK cells; therefore, zinc deficiency may lead to more
nonspecific killing [113].

Muzzioli et al. reported that in vitro incubation with
zinc (10 μM) enhanced the generation of NK cells from
CD341 progenitor cells in young (CD561 CD162 cells)
and old (CD562 CD161 or CD561CD161 cells) subjects
caused by amplified GATA-3 transcription factor
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expression [114]. Studies with old animals and in
humans showed that zinc deficiency is involved in
reduced NK cell cytotoxicity [107]. The beneficial influ-
ence of zinc was supported by observations that
in vivo (12 mg zinc/day) and in vitro (1 μM zinc) sup-
plementation for 1 month completely restored NK cell
cytotoxicity in old subjects and mice [7,107,115]. In
vitro zinc supplementation (30 or 60 μM, 8 d) revealed
a higher IFN-γ and decreased IL-10 release and a high-
er proportion of NK cells [116]. Although data from
centenarians and very old mice support the impor-
tance of zinc supply to correct NK cell properties, it
should be noted that centenarians preserved NK cell
cytotoxicity, zinc ion bioavailability, and sufficient
IFN-γ synthesis [65].

NKT cells expressing either αβ or γδ T-cell receptors
(TCR) produce Th1 (IFN-γ) and Th2 (IL-4) cytokines
and are strongly involved in defense against viruses,
tumors, and intracellular bacteria. Zinc enhanced liver
cell NKT cytotoxicity in old and very old mice indicat-
ing that improved capacities of NKT cells and good
zinc ion bioavailability may be important for success-
ful aging [106].

Adaptive Immunity

The main changes induced by aging or zinc defi-
ciency affect the T-cell system.

Within aging, delayed proliferation after exposure
to mitogens or stimulation via the CD3/T-cell receptor

FIGURE 39.1 Age-dependent changes in the immune system: effect of zinc. During zinc deficiency and with aging the number, function,
and responses of leukocytes are changed. Zinc counteracts these effects by adjusting the Th1�Th2 and Th17-Treg imbalance leading to a
restored antibody production, and normalized Th1 and Treg functions. This improves the success of vaccination, Th1 cell-mediated defense,
and lowers the incidence of autoimmune disorders. The effect of zinc on pro-inflammatory cytokines decreases the development of chronic
inflammatory diseases. In addition, zinc supplementation ameliorates the innate defense against viruses and cancer by restoration of IFN-γ,
IFN-α production, and NK cell cytolytic activity. And finally, the enhanced phagocytic and chemotactic activity, and impaired ROS and NET
generation by PMN after zinc administration supports the destruction of invading microorganisms and, therefore, reduces infections.
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(TCR), and an altered CD4/CD8 ratio have been
observed [25]. Higher expression of the death receptor
CD95 (Fas), and the increase of proapoptotic BAX in
combination with a decrease of antiapoptotic BCL-2
and p53 result in enhanced apoptosis of T cells from
old subjects [117].

Thymic involution leads to a lower generation of
naı̈ve T cells (CD45RA1), and to increased numbers of
memory (CD45R01) T cells. Additionally, the increased
production of pro-inflammatory cytokines and
impaired IFN-α generation observed with age influ-
ence the regulation of T helper cell subpopulations.
During aging, a decrease of Th1 (IFN-γ and IL-2) cyto-
kines is observed, while Th2 (IL-4 and IL-10) cytokines
increase [18]. Changes in the levels of Thl and Th2
cytokines result in an imbalance of the Th1/ Th2 para-
digm (Fig. 39.1). The shift to higher Th2 cytokine pro-
duction affects a chronic low grade of inflammation
(inflammaging) [27]. This condition is also accompa-
nied by increased serum levels of pro-inflammatory
cytokines IL-1β, IL-6, TNF-α, and the acute phase pro-
tein C-reactive protein (CRP) as well as reduced anti-
inflammatory IL-10 [7,27].

Regulatory T cells (Tregs) play an important role in
the regulation of T-cell-mediated immune responses
through suppression of T-cell proliferation and secre-
tion of inhibitory cytokines, such as IL-10 and trans-
forming growth factor-beta [118]. Gregg and
coworkers found an increase in peripheral blood
CD41CD25high Tregs associated with aging [119]. Pro-
inflammatory Th17 cells are involved in the defense
against extracellular bacteria and in autoimmune dis-
orders [120]. Healthy elderly have increased differenti-
ation of IL-17-producing effector cells but decreased
IL-17 production from memory CD41T cells compared
to the healthy young [121]. Even the balance of Th17
and regulatory T cells (Treg) is disturbed during aging
[122]. Another feature of T cell senescence is the lack
of the costimulation molecule CD28 on T cells; CD28 is
important for T cell activation, proliferation, and sur-
vival. This CD28 negative subpopulation is present in
large numbers, particularly within the CD8 subset,
leading to deficient Th cell function for B cells and to
reduced cytotoxic CD81 T-cell function [123].

Notably, an imbalance of Th1/Th2 cytokines is also
detected in zinc deficiency characterized by impaired
IFN-γ, IL-2 and TNF-α release (Th1 cytokine response),
and amplified or less affected Th2 response (IL-4, IL-6,
IL-10) [124,125]. Zinc supplementation can restore the
Th1/Th2 balance [124]. High doses of zinc can inhibit
the development of Th17 cells in mice [126].
Experiments using zinc-sufficient HUT-78 cells
showed that mRNA levels of IFN-γ, IL-12Rβ2, and
T-bet in PMA/PHA-stimulated cells were enhanced
when compared to zinc-deficient cells. Although the

intracellular zinc levels were not increased, zinc sup-
plementation appears to favor Th1 differentiation
[127]. Prasad and coworkers described that decreased
IL-2 synthesis and NF-κB activation in peripheral
blood mononuclear cells (PBMC) from old subjects
with zinc deficiency could be corrected by 45 mg/day
zinc gluconate administration for 6 months [128]. The
beneficial zinc effects on T cells are displayed in
Fig. 39.1.

One of the hallmarks of immunosenescence is
thymic involution [129]. Reduced numbers of naı̈ve
T cells are also the result of the loss of thymic
hormone activity necessary for T-cell maturation and
differentiation [130].

Thymic involution regardless of age also occurs in
zinc deficiency [131,132]. A reduction of zinc availabil-
ity leads to increased thymocyte apoptosis, either by
elevating glucocorticoid production or by the negative
regulatory function of zinc in immune cell apoptosis
[6,133]. Oral zinc supplementation in old mice (zinc
sulfate) restores serum thymic hormone (thymulin)
activity [134], lower zinc concentrations may also con-
tribute to thymic involution by elevating apoptosis
during T-cell maturation and selection [135,136].
Additionally, the thymic output measured by T-cell
receptor rearrangement excision circles analysis is
clearly diminished during aging and in zinc deficiency
leading to lower numbers of naı̈ve T cells in the circu-
lation [129]. The situation is different in centenarians
where the thymic output can sufficiently maintained
by IL-7 [137]. Interestingly, IL-7 and the IL-7 receptor
mediate their effects through zinc finger proteins
which in turn are regulated by different zinc finger
proteins [7,138].

B Cells and Humoral Immunity

During aging, changes are also detected in B cells
where a reduction in B cell number is found
(Fig. 39.1). Opposite to the reduced B cell numbers an
increased production of immunglobulin (Ig) A and
several IgG subclasses has been observed (Fig. 39.1)
[139]. The impairment of humoral immunity also
results from a defect in the help from T cells in combi-
nation with modified cytokine production, since sev-
eral cytokines involved in B cell regulation are altered
during aging [23]. This impaired interaction with
T helper cells may contribute to the declined response
to vaccination [18,19], but also a loss of antibody affinity
was detected. Zinc deprivation resulted in a disturbed
antibody production by murine B cells [140], and a
higher level of apoptosis in pre-B cells was detected in
zinc-deficient mice [6]. Mature cells were less affected
by zinc induced apoptosis due to a higher expression of
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BCL-2 [6]. Therefore, zinc deficiency and immunosenes-
cence may contribute to a reduced response to neoanti-
gens, which may also affect vaccination.

An enhancement of organ-specific and nonorgan-
specific autoantibodies in the elderly was found at the
same time. The level of nonorgan-specific autoantibo-
dies increase with age while 90 years old individuals
have lower organ-specific autoantibody levels com-
pared to younger elderly [141]. Another observation
with age is the occurrence of increased clonal expan-
sion of B cells; a possible relationship with increased
incidence of lymphocyte malignancies is assumed
[141]. The role of zinc in regulating humoral immunity
is not clearly defined but there are several indications
that zinc supplementation may influence humoral
immunity by blocking IL-6 release and amplify IFN-γ
production [90,142]. A direct influence of zinc in anti-
body production has not been finally clarified, but zinc
supplementation administered before vaccination pro-
moted antibody generation [5,136,143]. In addition,
restored T cell help after zinc supplementation may
also contribute to normalized antibody production and
improved responses to vaccination (Fig. 39.1).

Additionally, the in vitro supply of zinc
promotes the antiviral activity of IFN-α, but not IFN-β
and �γ [144].

The age-dependent alterations in the immune sys-
tem and the effect of zinc are summarized in Fig. 39.1.

ZINC SUPPLEMENTATION IN ELDERLY
SUBJECTS

Several studies found a beneficial effect of zinc sup-
plementation on human health. But there are inconsis-
tent data on its beneficial effect upon both, innate and
adaptive, immune functions which are due to the
usage of different doses, the period of time supplying
zinc, as well as the given salt of zinc. In recent reviews,
it was reported that zinc supplementation at the doses
recommended by RDA when administered as zinc
gluconate, aspartate, or acetate, and less using zinc
sulfate, delivered the best results [3,7,13].

When zinc was given at high doses (400 mg zinc as
sulfate; 90 mg elemental zinc) 15 days before influenza
vaccination for 60 days, it had no influence on CD31,
CD41, and CD8 T cell numbers, and humoral immunity
since antibody titer against influenza viral antigens were
unchanged to controls [136]. Treatment with 45 mg ele-
mental zinc as gluconate during one year significantly
decreased the incidence of infections of elderly in com-
parison to the placebo group [8]. To examine the influ-
ence of zinc supplementation on the immune system,
especially on T cells, healthy subjects over 70 years of
age received 220 mg zinc sulfate (corresponding to

50 mg of elemental zinc) twice a day for one month in an
earlier study. When compared to controls not supple-
mented with zinc, the proportion of T cells was signifi-
cantly increased. However, the numbers of circulating T
cells as well as the response of T cells to in vitro mito-
genic stimulation were not modified [143], and the zinc
status was not evaluated. The authors found enhanced
delayed type hypersensitivity (DTH) reaction and
increased response to tetanus toxoid [143].

Although zinc is a nearly nontoxic essential trace
element, excess of zinc intake above the Tolerable
Upper Intake Level (UL) (40 mg) can lead to
acute adverse effects, including nausea, vomiting,
appetite loss, abdominal cramps, headache, and diar-
rhea [44]. High zinc intake for longer periods results in
reduced copper absorption, changed iron metabolism,
enhanced apoptosis, and decreased immune function
including heavy neutropenia and anemia [5,44,145].
Secondly, zinc supplementation, even in pharmacolog-
ical concentrations, can affect the adaptive immune
response by inhibiting T-cell-dependent allogenic reac-
tions and by reducing B cell numbers momentarily
[13,146,147]. Therefore, results from studies that used
zinc doses above the UL, especially for a longer period,
should be critically viewed.

Additional studies supported the increased effect
after zinc supplementation on DTH, but a low number
of participants (5�13), different dosages of zinc (55, 60,
30 mg/d) and the lack of control groups attenuate the
conclusion of these studies [45,148,149]. Although
Cossack and Prasad detected an increase of plasma
and cellular zinc as well as increased zinc content in
granulocytes and lymphocytes after supplementation,
the observed DTH reactions might be a result from
repeated testing [13,45,148].

By examining other parameters, beneficial effects of
zinc supplementation on T-cell function have been
described. First, zinc supplemented (25 mg/d) resi-
dents of a retirement home showed significant
enhanced numbers of cytotoxic T cells and activated
(HLA-DR positive) T helper cells [150]. The increase in
HLA-DR positive cells was accompanied by enhanced
total T cell numbers, whereas the percentage of acti-
vated cells in T cells was unchanged [146,150].

Other studies investigated thymulin activity. In a
first study where age-related decreased plasma zinc
and decreased plasma thymulin activity have been
detected, thymulin activity could be restored by
in vitro supply of zinc. This was based on inactivity of
thymulin by declined plasma zinc, not by thymic invo-
lution [151]. In another study, a partial recovery of thy-
mulin activity after in vitro zinc supplementation was
observed in 44 institutionalized old subjects. A 16
week crossover, 8 weeks application of 20 mg zinc/d,
then 8 weeks placebo, in the same study led to an
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significantly enhancement of active thymulin in serum
of lean subjects with a body mass index of 21 only
[152]. Additionally, others detected significantly
increased serum thymulin activity in zinc-deficient
elderly subjects after zinc supplementation [45].

Although many studies support a beneficial effect
of zinc supplementation on T-cell properties, this
seems not to be generally the case. Bogden et al. trea-
ted old subjects with placebo, 15 mg, or 100 mg zinc
per day; all three groups were supplied with multivita-
mins and mineral supplements to exclude possible
deficiencies in other micronutrients. The authors col-
lected data at the beginning of the study, after three
months, and after one year [62,153,154]. They did not
find any responses related to dosage of zinc, DTH, and
lymphocyte proliferation to different antigens after
three months. The beneficial effect of zinc supplemen-
tation in subjects with adequate zinc levels may be
temporary, because the body may adapt to higher zinc
intake [153]. This is supported by findings that
increased NK cell activity was observed in the group
receiving 100 mg zinc after 3 months, but not after 6 or
12 months. However, an increase in DTH was detected
in all three groups after one year.

There might be several explanations why zinc supple-
mentation had no effect on T-cell activity in this study.
First, the participants had no zinc deficiency (mean
13 μM; 85 μg/dL) plasma zinc), and it is the first study
with a placebo group [154]. Other causes might be,
again, repeated testing, an enhancing effect of the
administered multivitamin and mineral supplements, or
with them and zinc, as well as adaptation to zinc supple-
mentation during the longer supplementation period.

Hodkinson et al. started a six month, placebo-
controlled supplementation study with 15 and 30 mg
zinc per day (as gluconate) examining the immune sta-
tus of 93 healthy Irish subjects (55 and 70 years) [155].
Positive correlations between erythrocyte zinc and
numbers of T lymphocytes (CD31), naı̈ve T cells
(CD31/CD45RA1), NKT cells (CD31/ CD161/
CD561), and activated T cells (CD251HLA-DR1), were
found. Additionally, the erythrocyte zinc content was
inversely correlated with granulocyte phagocytosis
and serum zinc with CRP levels [146]. The participants
supplemented with 15 mg zinc/day showed an
increased helper to cytotoxic T cell ratio. After 3
months, reduced B cell amounts were detected in the
30 mg group, but not in the two other groups. By test-
ing further parameters, zinc supplementation had no
effect on, for example, granulocyte phagocytosis, cyto-
kine production by monocytes or inflammation mar-
kers. Like in the study performed by Bogden and
coworkers, the subjects of this study had mean serum
zinc concentrations of 13 μM (85 μg/dL) indicating that
there are no long-term effects of zinc supplementation

on most immune parameters in old people without
zinc deficiency [146].

Zinc supplementation affects the reduction of mar-
kers of oxidative stress. Therefore, zinc has also antiox-
idant effects but in a more indirect manner: via
stabilization of cell membranes, as a component of
antioxidant enzymes (Cu/Zn superoxide dismutase,
SOD1, eSOD), by replacing redox active metal ions
(copper, iron), blocking of NAPDH oxidase (inhibition
of superoxide-production), and induction and mainte-
nance of radical scavenger MT [4,13,70].

Two studies only found an increase of SOD1 after
short- and long-term zinc supplementation [156,157]. In a
recent study, Venneria and coworkers evaluate the effect
of long-term zinc supplementation (placebo, 15 mg/d
and 30 mg/d) on plasma and cellular redox status mar-
kers in 108 healthy old subjects from Italy without zinc
deficiency for 6 months. The authors did not find any
changes in values of carotenoids, vitamin A and E in
plasma, glutathione, thiol groups, malondialdehyde, per-
centage of hemolysis, and methemoglobin in erythro-
cytes [158]. This study supports the results of former
studies [156,157] that zinc supplementation of healthy
elderly with an adequate zinc nutritive status and normal
macro- and micronutrients intakes seems to be an ineffi-
cient way to increase antioxidant defense [158].

There are many publications reporting that zinc sup-
plementation is not only able to improve but also restore
immune function. In a study by Prasad, 35% of the old
individuals were considered basically zinc-deficient
defined by plasma zinc concentrations, and showed sig-
nificantly higher percentage of cells producing IL-1β and
TNF-α [8]. The authors described a significant higher
expression of IL-2 mRNA in zinc-deficient old people
after zinc supplementation (45 mg/d, as elemental zinc).
These observations were consistent with other reports
including cell culture experiments with HUT-78 cells
from this group [64,127]. Moreover, after zinc supply
enhanced T-cell function by decreasing unspecific acti-
vated T cells and increased T-cell response to mitogenic
stimulation have been observed [8,159,160]. In the 2007
study, the mean incidence of infections was lower in the
zinc-supplemented group, as well as a decreased produc-
tion of TNF-α and IL-10 compared to the placebo group.
In this context, zinc supplementation restored cytokine
synthesis in old subjects with high pro-inflammatory
cytokine levels when compared to younger donors [160].

Otherwise, the influence of zinc supplementation on
cytokine expression is not restricted to the elderly popu-
lation. A study of young individuals aged 19�31 years
receiving 15 mg zinc sulfate per day showed amplified
IFN-γ mRNA in stimulated T cells as well as enhanced
IL-1β and TNF-α mRNA expression in LPS-stimulated
granulocytes and monocytes [39]. The zinc supplementa-
tion studies of the elderly are summarized in Table 39.1.
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TABLE 39.1 Zinc Supplementation Studies in the Elderly

Age Zinc administration

Number of

participants Effect References

60�89 years 15 or 100 mg zinc as
acetate
3 months

36 P
36 S, 15
31 S,100

No effect on DTH and proliferation of lymphocytes
(in vitro)

[153]

60�89 years 15 or 100 mg zinc as
acetate
12 months

24 P
20 S,15
9 S,100

Negative influence on DTH, enhanced NK
cell activation (only after 3 months)

[154]

65�78 years 60 mg zinc as acetate
4.5 months

8 S Increase in DTH, plasma, and cellular zinc [148]

Over 70 years 100 mg zinc as sulfate
1 month

15 C
15 S

Enhanced DTH, T cells, response to tetanus
toxoid

[143]

64�76 years 55 mg zinc as sulfate
four weeks

5 S Enhanced DTH [149]

50�80 years 30 mg zinc
as gluconate
6 months

13 S Improvement of plasma thymulin activity,
DTH and IL-1

[45]

73�106 years 20 mg zinc
as gluconate
8 weeks

44 P/S Improved thymulin activity [152]

55�70 years 15/30 mg zinc as
gluconate
6 months

31 P
28/34 S

No influence on markers of inflammation
or immunity

[146]

64�100 years 90 mg zinc as sulfate
60 days

190 C
160 S

No influence of zinc on vaccination
(response to influenza)

[136]

Over 65 years 25 mg zinc
as sulfate
3 months

30 P
28 S

Enhancement of CD41DR1 T cells and
cytotoxic T cells in contrast to placebo

[150]

65�82 years 10 mg zinc as aspartate
7 weeks

19 S Decrease of reduced levels of activated
Th cells and basal IL-6 release from PBMC,
T-cell response enhanced

[159,160]

55�87 years 45 mg zinc as gluconate
12 months
45 mg zinc as gluconate
6 months

25 P
24 S
6 P
6 S

Impaired incidence of infections
enhanced IL-2 mRNA after PHA
stimulation (ex vivo)

[8,128]

60�92 years 10 mg zinc as aspartate
7 weeks

108 C/S SOD1, SOD3 activity increased [157]

55�87 years 15 mg and 30 mg
zinc as gluconate
3 and 6 months

387 No effect on antioxidant markers,
SOD1 activity increased

[156]

70�80 years 15 mg
30 mg
6 months

108 C/S No effect on antioxidant markers [158]

The concentrations of zinc are shown as elemental zinc. C, groups without zinc supplementation, control; S, groups with zinc supplementation; P,
groups with placebo; DTH, delayed type of hypersensitivity; SOD1, Cu/Zn superoxide dismutase; SOD3, extracellular superoxide dismutase.

Table was modified according to Ref. [13].
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The main question remains whether zinc supple-
mentation is useful to correct the immune competence,
dampen oxidative stress and inflammation, and there-
fore has beneficial effects on the elderly population. As
mentioned before, there are contradictory results about
the success of zinc treatment on improvement of innate
and adaptive immunity, since many studies used
different doses, times of supplementation, and zinc in
different forms [7,13]. But even short-term zinc supple-
mentation corrects thymic endocrine activity, CD41

cell amounts, proliferation capacity of lymphocytes,
NK cell cytotoxicity, pro-inflammatory cytokines, and
reduces relapsing infections in elderly and old infected
patients [7,8,29,65,159]. These observations strongly
underline the usefulness of zinc supplementation in
the therapy of diseases, and the elderly population
with zinc deficiency. In this context, future challenges
will be (1) to define methods that clearly prove zinc
deficiency, (2) to define (genetic) biomarkers which
enable the choice of elderly people that need zinc
supplementation, and (3) to define dosage, time of
treatment, and application form. Nevertheless, the
long-term objective is the determination of an individ-
ually tailored treatment with zinc.

EPIGENETIC EVENTS, POLYMORPHISM
AND GENETIC MARKERS:

RELATIONSHIP TO ZINC DEFICIENCY
IN THE ELDERLY

In the last years, many studies were conducted to
address the question of whether and how genetic mod-
ifications regulate zinc distribution and homeostasis in
the elderly. On the other hand, identifying genetic
motifs or polymorphisms that predict the need for zinc
supply is another aim to improve healthy aging [66]
(reviewed in Ref. [35]). Additionally, the restoration of
altered genes or polymorphisms of genes regulating
zinc is another goal to ameliorate, for example, the
immune function of the elderly.

On example of gene�nutrient interaction is that
zinc supply enhances SLC30A1,7,8 (Znt1,7,8) zinc
transporter expression in vitro and in vivo, even if the
underlying mechanisms have to be uncovered [7]. As
already outlined, correlations between methylation of
specific CpG sites in the SLC30A5 (ZnT5) promoter
and age has been reported potentially resulting in
declined zinc absorption [41]. Recently, the same
group also identified a specific sequence, the zinc tran-
scriptional regulatory element (ZTRE), in the ZnT5
promoter. ZTRE is also found in several genes of the
SLC30 family, including SLC30A10 (ZnT10), which is
repressed by zinc [161]. The authors concluded that

zinc-induced signals may be repressed via this regula-
tory motif.

Reduced SLC39A6 (ZIP6) expression and dys-
regulation in aging was related to enhanced pro-
inflammatory response, and an increase in ZIP6
promoter methylation using an in vitro cell culture
system and an aged mouse model. Dietary supplemen-
tation could reconstitute zinc status and led to reduced
aged-associated inflammation. These experiments indi-
cate that age-dependent epigenetic dysregulation of
zinc transporter expression affects cellular zinc levels
and promotes inflammation that can be adjusted by
zinc supplementation [162]. According to this, zinc is
also involved in the epigenetic regulation of human IL-
1β and TNF-α genes. Long-term zinc deprivation leads
to enhanced accessibilities of the human IL-1β and
TNF-α promoters and, consequently, to significantly
higher expression of these cytokines in promyeloid
cells [163]. In addition, elevated ROS production was
detected, suggesting that zinc deficiency may promote
the low inflammatory and oxidant status in the elderly
by epigenetic modulation.

The promoters of MT and some zinc transporters
are regulated by the metal-response element binding
transcription factor (MTF)-1; its binding is controlled
through the stabilization of its zinc-finger motifs by
soluble cellular zinc [40,164,165]. But future studies
will show if MTF-1 is modulated by zinc supplementa-
tion and age.

Single nucleotide polymorphisms in pro-
inflammatory genes, MT, and zinc transporter genes
may also play a role in gene�nutrient interaction in
the elderly. Within the ZINCAGE study, genotype
data for the -174G/C IL-6 SNP were analyzed in 819
healthy old Europeans. A significant interaction of zinc
diet score and GG (-174G/C) genotype on higher
plasma IL-6 level was found indicating gene�nutrient
interaction [66]. Elderly carriers with the GG genotype
of the IL-6 -174 locus have enhanced IL-6 production,
low intracellular zinc ion availability, impaired innate
immune response and enhanced MT, whereas those
with GC and CC genotypes display adequate intracel-
lular zinc and innate immune response, and may reach
centenarian age [166]. A former study of this group
revealed that a zinc-aspartate supplementation of a
healthy low grade inflamed elderly population
resulted in alterations in IL-6 and MCP-1 concentra-
tions and NK lytic activity, suggesting an interactive
effect of polymorphic alleles of MT1A and IL-6 genes
on zinc [115]. The effects of zinc significantly increased
when the MT1A1 647 C/A transition was present,
indicating that the interleukin-6 and MT1A genes
control zinc-regulated gene expression [167]. In this
context, also SNP -209 A/G in the promoter of the
MT2A gene is associated with higher IL-6 plasma
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levels, hyperglycemia, and zinc deficiency in old
diabetic/atherosclerotic patients carrying the AA geno-
type [168]. Hence, genetic variations of IL-6 and MT1/
2A may be useful tools for the identification of old
people who effectively need zinc treatment to restore
NK cell cytotoxicity and improve zinc status. A screen-
ing of the SNP 11245 MT1A in 110 healthy old partici-
pants (726 6 years) from the ZINCAGE study,
supplied with 10 mg/day zinc aspartate for 7 weeks,
was performed [169]. Although 11245 MT1A G1 car-
riers revealed increased advanced glycation end-
products and ROS production in PBMCs after zinc
supplementation basically, no differences of these
parameters including MT activity were observed
between different genotypes. Only higher intracellular
labile zinc and higher NO-induced release of zinc in
PBMC of G1 individuals were detected [169]. The
heat shock protein (Hsp)70 1267 A/G SNP was found
to be related to altered TNF-α, IL-6 plasma levels and
to zinc plasma levels [170]. The allele and genotype
distribution of Hsp70 1267 A/G were similar among
various European countries, in contrast to TNF-α-308
G/A SNP. Thus, Hsp70 1267 A/G SNP is indicated as
a putative marker for individual susceptibility to
inflammatory diseases [170].

Taken together, several genetic markers and motifs
in zinc transporters, zinc binding proteins, and pro-
inflammatory cytokine genes are candidates to identify
elderly people for zinc supplementation or to define
the optimal intake of micronutrients at the molecular
level. But one has to take into account that the frequen-
cies of genetic variations (SNPs) are differently distrib-
uted in various countries and continents [170,171].

CONCLUSIONS

Zinc is not only needed for cell-mediated immune
response, it is able to correct defects in the immune
response. Therefore, zinc supplementation will be an
effective therapeutic agent for old individuals with
zinc deficiency, and for the treatment of chronic dis-
eases, and some malignancies [14,29]. But methods to
clearly define zinc deficiency as well as equal condi-
tions for zinc application should be basic prerequisites
before starting treatment. Genetic biomarkers to iden-
tify old people who need zinc supplementation will be
important tools for individual therapies in the future.

SUMMARY POINTS

• Zinc deficiency affects both parts of the immune
system but mainly the adaptive part.

• There are striking similarities in modified immune
capabilities observed with age and zinc deficiency.

• The elderly show an inadequate intake of zinc, but
not a clear prevalence of zinc deficiency.

• Minor changes in zinc can modify the immune
response of elderly with mild zinc deficiency.

• Most studies show an improvement of the immune
status of the elderly after zinc supply.

• Zinc supplementation can decrease chronic
inflammation and enhance the resistance to
infection in old subjects.
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KEY FACTS

• Randomized: participants were randomly
assigned to one of four possible treatment
groups

• Prospective: participants free from prostate
cancer were followed over time

• Double-blind: participants did not know to
which treatment group they were assigned

• Placebo-controlled: effects of the different
treatments were compared to the effects of inert
treatments

• 23 2 factorial design: two agents were tested
alone and in combination

• Doses: 200 μg/day L-selenomethoinine and
400 mg/day racemic mix of α-tocopherol

• Sample size: 35,533 men

• Primary outcome: incident prostate cancer rates

• Intervention length: 7�12 years

• Predetermined comparisons: vitamin E versus
placebo, selenium versus. placebo, vitamin E
plus selenium versus placebo, vitamin E plus
selenium versus vitamin E alone, vitamin E plus
selenium versus selenium alone

Dictionary of Terms

List of Abbreviations

• ATBC—The Alpha-Tocopherol Beta-Carotene
Cancer Prevention Trial

• NPC—Nutritional Prevention of Cancer trial
• OR—odds ratio
• PSA—prostate-specific antigen
• RR—relative risk
• SELECT—Selenium and Vitamin E Cancer

Prevention Trial
• SU.VI.MAX—Supplementation en Vitamins et

Mineraux Antioxidants Trial
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• SWOG—Southwest Oncology Group
• USPSTF—United States Preventive Services Task

Force

Definitions of Words and Terms

• Cancer prevention refers to the prevention of
initiation of the carcinogenic process as well as the
halting, reversal, or slowing down of ongoing
carcinogenesis so that the pre-malignant state never
transforms into invasive cancer.

• Chemoprevention is the prevention of disease before
it becomes clinically evident by intervening with
pharmaceutical agents/drugs. Some authors include
intervention with nutritional agents in
chemoprevention. In this paper the term
chemoprevention applies specifically to the
prevention, or reduction in risk, of cancer.

• The primary endpoint of a randomized clinical trial is
the most important outcome that we are interested
in. We want to see if the intervention, whether a
drug or a nutritional agent, leads to an improvement
in the primary disease endpoint. In
chemoprevention of cancer trials, this endpoint is
usually the occurrence, or incidence, of cancer. The
statistical design of a trial is based on its primary
endpoint.

• The randomized clinical trial is often considered the
“gold standard” of study design for trials of drug
interventions in humans. The randomization,
whereby participants are randomly assigned to each
of the two or more drug groups or placebo (the
control) group, ensures that there is no bias in the
assignments. This is the only way that any benefit
derived from the drug intervention can be trusted
as being real and not the result of a bias in the
assignment of participants to the different groups.

• SELECT is an acronym for the Selenium and
Vitamin E Cancer Prevention Trial. This clinical trial,
which was run by the Division of Cancer Prevention
in the National Cancer Institute together with the
Southwest Oncology Group (SWOG), tested the two
nutrients in the title for their ability to reduce the
risk of prostate cancer in a population of men at
moderately increased risk by virtue of age.

• Selenium is a trace element that is essential in the
diet.

• Vitamin E is a vitamin that is essential in the diet.

INTRODUCTION

Prostate Cancer

Prostate cancer is the most commonly diagnosed
noncutaneous cancer, and is the second leading cause

of cancer death among men in the United States (US).
Nearly 3 million men in the US are living with prostate
cancer [1], with one in six expected to be diagnosed
with this disease in his lifetime. In 2014, an estimated
233,000 new cases will be diagnosed in the US and
approximately 29,480 men will die of prostate cancer
[2]. Effective treatment with surgery or radiation,
largely palliative, results in a five-year survival rate
approaching 100% when diagnosed in the localized or
regional stages, as are 81% and 12% of prostate can-
cers, respectively; when diagnosed in the distant stage
(4% of all prostate cancers), the five-year survival rate
drops to 28%. Although most known risk factors for
prostate cancer, including age, race, and genetic factors
are nonmodifiable, a number of risk factors—obesity,
physical activity, and possibly dietary factors—are
potentially modifiable.

Early detection of prostate cancer, specifically by
screening clinically healthy men with prostate-specific
antigen (PSA), has been a standard part of clinical
practice for a number of years. Since PSA screening
was instituted, the incidence of prostate cancer has
risen rapidly, far exceeding prostate cancer mortality
which has remained essentially stable. This incidence-
mortality relationship is highly suggestive of overdiag-
nosis, which has led to overtreatment in men with non-
fatal disease [3], in some cases resulting in decreased
quality-of-life due to side effects like declining urinary,
bowel, or sexual functioning [1,4]. In 2012, the United
States Preventive Services Task Force changed its stance
to strongly recommend against PSA screening for pros-
tate cancer, a screening modality that it once endorsed
[5]. Because prostate cancer has a long natural history,
mainly nonmodifiable risk factors, and an incidence
rate that far exceeds the mortality rate, a focus on
prevention over screening or early detection offered a
more appealing way to decrease the burden of this
disease.

Early efforts to decrease prostate cancer incidence
through chemoprevention included the use of the anti-
androgens finasteride and dutasteride. However, two
large multicenter randomized controlled clinical trials
found that both agents slightly increased the rates of
high grade prostate cancers [6,7]. Due to concerns
about increasing risks of high grade prostate cancer, a
US Food and Drug Administration (FDA) advisory
panel voted overwhelmingly not to approve finaste-
ride or dutasteride for prostate cancer prevention [8].
Concomitant with the interest and subsequent waning
interest in antiandrogens, an independent approach to
prostate cancer chemoprevention evolved using nutri-
tional agents, specifically vitamin E and selenium.
Secondary analyses in two large-scale chemopreven-
tion trials designed to study reduction of other cancers,
as well as further controlled intervention trials, human
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observational studies, and preclinical studies, pointed
to selenium and vitamin E as having potential to
decrease the risk of prostate cancer [9,10]. Importantly,
however, some preclinical studies suggested no bene-
fit, but few of these were published [4,11]. Based on
these background observations, the Selenium and
Vitamin E Cancer Prevention Trial (SELECT) was con-
ceived and undertaken to test the chemopreventive
efficacy of these micronutrients. In this chapter, we
will describe the rationale, results, and implications of
SELECT.

Selenium

Sources, Metabolism, and Biological Activities
of Selenium

Selenium is a nutritionally essential trace mineral
found in soil in the inorganic forms of selenate (SeO4

2)
and selenite (SeO3�2). Selenium is converted by plants
from these inorganic to organic forms, including the
major form L-selenomethionine and, in lesser amounts,
L-selenocysteine. Therefore, selenium concentrations in
foods are dependent on the selenium content of the
soil in which the foods or ingredients were grown.
Increasing fortification of the food system with sele-
nium and increasing nationwide shipping of food pro-
ducts, however, have lessened concerns that low
selenium soil content might affect the selenium status
of individuals [12].

The most abundant amounts of selenium are found
in Brazil nuts, meats, fish, eggs, and cereals, with
lesser amounts in cruciferous vegetables, garlic, and
mushrooms. Selenium is also found in dietary supple-
ments, including multivitamin/multimineral supple-
ments, as selenomethionine or as selenized yeast
(baker’s yeast grown in a selenium-rich medium) can
provide up to 2000 μg/g selenium, over 90% of which
is selenomethionine.

A central role for dietary selenium, including the
major dietary forms selenomethionine, selenocysteine,
selenate, or selenite, is to provide the starting material
for synthesis of selenoproteins (Fig. 40.1) [13]. All die-
tary forms of selenium can be used for selenoprotein
synthesis via their conversion to hydrogen selenide.
Clinical efficacy of selenium, including its chemo-
preventive effects, derives from the activities of intra-
cellular selenium metabolites, including methyl selenol
(reviewed in Ref. [4]).

Nutritional Requirements

The nutritional requirements for selenium are not
clearly defined [4]. The recommended dietary allow-
ance (RDA) for adult men and women for selenium is
55 μg/day [12]. This is based on the daily selenium

intake necessary to achieve maximal activity of GPx-3,
a selenoprotein that maintains redox balance by detox-
ification of hydrogen peroxide. Because not all seleno-
proteins’ activity levels would be maximal with the
RDA intake level, the suggestion has been made that
an RDA of 80 μg/day may be more appropriate for
men to achieve selenium balance, although the physio-
logical implications for maximal activity levels of all
selenoproteins at higher intakes of selenium remain
unknown. Another approach is to examine the esti-
mated average requirement (EAR) of selenium, which
represents the average daily intake level estimated to
meet the requirements of half of the healthy indivi-
duals in a group. The EAR for adults is 45 μg/day.

Based on studies from China on the health effects of
various levels of selenium, deficiency symptoms (eg,
immunoincompetency, progression of viral infections,
and reproductive symptoms) became apparent with
intakes ,11 μg/day and toxicity symptoms (eg, hair
and nail brittleness/loss, gastrointestinal disturbances,
skin rash, fatigue, or irritability) appeared with 800 μg/
day of selenium intake. Based on this observation,
the tolerable upper limit (UL) for selenium intake is
estimated to be 400 μg/day. In the US most adults
have adequate selenium intake. Based on data from
the National Health and Nutrition Examination
Survey (NHANES) 2003�06, less than 1% of adults had
intakes below the estimated average requirements
(EAR) and even fewer had intakes above the tolerable
UL [14], with approximately 19% of males reporting
taking a dietary supplement that contained selenium.

Vitamin E

Sources, Metabolism, and Biological Activities
of Vitamin E

Tocopherols, collectively known as “vitamin E,” are
the major lipid-soluble antioxidants in cell membranes
and act as peroxyl and alkoxyl free radical scavengers
(reviewed in Ref. [15]). Naturally occurring vitamin E
has eight different forms: the α-, β-, γ-, and δ-isomers
of tocopherol and tocotrienol, with α-tocopherol the
most active, the only isomer that is maintained in the
plasma, and the only isomer that is recognized to meet
human requirements.

The most abundant dietary sources of α-tocopherol
are nuts, seeds, and oils, with lesser amounts in
green leafy vegetables or fortified cereal products.
The primary function of vitamin E is as a free radical
scavenger/antioxidant in the lipid phase of cell mem-
branes. α-tocopherol does, however, exhibit other cel-
lular activities, such as regulation of cell growth,
proliferation, apoptosis, adhesion, angiogenesis, and
inflammation (reviewed in Ref. [16]).
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Nutritional Requirements

The RDA for vitamin E for adult men and women is
15 mg; the EAR is 12 mg. Vitamin E deficiency mani-
fests as peripheral neuropathy, is exceedingly rare,
and occurs almost exclusively as a result of genetic
abnormalities in alpha-tocopherol transfer protein
(α-TTP) or as a result of protein-energy malnutrition.
Rather, The RDA is not based on vitamin E deficiency
resulting from low dietary intake, which has never
been clinically described [12], but instead is based on
amounts of vitamin E sufficient to prevent hydrogen
peroxide-induced hemolysis. Little is known about
possible harmful effects of extremely high levels of
vitamin E, although even prior to the release of
SELECT results, adverse events in recent clinical trials
had begun to emerge, highlighting the need for more

research into this area, particularly concerning long-
term use of vitamin E supplements [17]. The tolerable
upper limit for vitamin E intake is 1000 mg/day, based
on the lowest observed intake level that resulted in
hemorrhagic events [12].

Because of the multiple forms of vitamin E and
α-tocopherol, a useful approach to expressing vitamin
E intake and requirements is in terms of biological
activity. One international unit (IU) of vitamin E activ-
ity is defined as having the activity of 1 mg of all-
racemic α-tocopherol acetate, 0.67 mg D-α-tocopherol,
or 0.74 mg D-α-tocopherol acetate [12]. The RDA of
15 mg corresponds to an RDA of 22.4 IU. NHANES
analyses in 2003�06 show that, in stark contrast to sele-
nium, 93.36 0.4% of people .2 years of age did not
meet the vitamin E requirement from food [14]. Among

FIGURE 40.1 Selenium metabolism and distribution. Selenium, in various forms, may enter the body through consumption of foods or
through the use of dietary supplements. Selenium in the soil exists as selenite, selenate, selenomethionine, or selenocysteine, and after uptake
by plants and consumption by animals, selenomethionine may be nonspecifically incorporated into proteins in place of methionine. Selenium
not incorporated in selenomethionine may be converted to hydrogen selenide, a key intermediate for selenoprotein synthesis; hydrogen sele-
nide also may be converted to excretory forms. Adapted from Ref. [4].
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users of vitamin E-containing dietary supplements,
60.36 0.8% did not meet the RDA requirement. Similar
to selenium supplements, vitamin E supplements were
more likely to be used by older individuals.

RATIONALE FOR SELECT

Prostate Cancer Prevention by Selenium

Potential antitumorigenic mechanisms of selenium
have been examined in both in vitro and in vivo stud-
ies. Supplemental selenium enhances the activity of
selenoenzymes, increases carcinogen metabolism,
augments natural killer cell-dependent cytotoxicity,
and perturbs tumor cell growth and cell cycle progres-
sion. In a review of over 100 animal studies that
investigated selenium’s chemopreventive efficacy and
mechanisms of action of selenium, two-thirds pointed
to a significant reduction in tumor incidence from sele-
nium; half of these studies showed tumor reductions
of 50% or more at a variety of cancer sites [18].

The first observational evidence suggesting that
selenium had cancer preventive activity came from
ecological analyses, which pointed to an association
between a higher incidence of certain cancers and mor-
tality with selenium-deficient regions of the US com-
pared to selenium-replete areas (reviewed in Ref. [4]).
Additional case-control studies have revealed a gen-
eral trend between higher selenium levels (assessed by
prediagnostic blood levels, serum levels, toenail sele-
nium levels, or dietary selenium intake) and decreased
total cancer incidence and mortality (reviewed in Ref.
[18]). For prostate cancer, some selenium studies con-
cur with this general association, while others do not.
A matched case-control study nested within the pro-
spective US Cohort Health Professionals Follow-Up
Study showed that the highest quintile of toenail sele-
nium level was associated with a decreased risk of
advanced prostate cancer compared to the lowest
quintile (reviewed in Ref. [4]). In contrast, no such
association was observed in two nested case-control
studies among men in the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort.
EPIC investigators noted that plasma selenium was
not associated with prostate cancer risk [15]. The basis
for the discrepancies remains unclear, although the
EPIC authors noted that the European cohort had sub-
stantially lower plasma selenium concentrations than
those found in men in the US, suggesting that even the
highest selenium levels of men in the EPIC cohort may
have been below levels necessary for cancer preven-
tion. The World Cancer Research Fund/American
Institute for Cancer Research (WCRF/AICR) reviewed
17 cohort studies, three ecological studies, 14 case-

control studies, and one clinical trial (NPC, see below)
and concluded that selenium and foods containing
selenium probably protect against prostate cancer.
This WCRF/AICR conclusion was based on observed
dose-response relationships together with evidence for
plausible mechanisms (reviewed in Ref. [15]). A meta-
analysis contained within this report, which included
many studies published before the start of SELECT,
indicated a 5% decrease in the risk of prostate cancer
and a 13% decrease in the risk of advanced or aggres-
sive prostate cancer for every 10 ng/mL increase in
plasma selenium or a 20% decrease in the risk of
advanced or aggressive prostate cancer for every
100 ng/g increase in toenail selenium.

Trials in Qidong and Linxian, China, were among
the first large randomized trials to demonstrate cancer
preventive activities of selenium in humans. These
trials focused on liver, gastric, and esophageal, that is,
not prostate, cancers. Qidong is a selenium-deficient
region where a community intervention trial showed
that areas receiving salt supplemented with sodium
selenite (providing 50�80 μg of selenium per day)
experienced a 35.1% decrease in incidence of primary
liver cancer over 8 years compared to control areas
(reviewed in Ref. [4]). After the intervention was dis-
continued and the selenized salt was no longer admin-
istered, primary liver cancer increased in incidence in
the intervention areas.

Selenium supplementation in multivitamin/
multimineral formulations also has been studied for
chemoprevention of esophageal and gastric cardia can-
cers in individuals with esophageal dysplasia. The
Linxian Nutritional Intervention Trials found that the
group receiving 50 μg selenium, 30 mg vitamin E, and
15 mg β-carotene daily (Factor D) showed a decrease
in cancer mortality of 13% and a decrease in stomach
cancer mortality of 21% over 5 years compared to
those not receiving Factor D [19]. A second Linxian
trial found that individuals with esophageal cancer
randomized to a multivitamin/multimineral supple-
ment containing 12 micronutrients (including 50 μg
selenium) and a separate 15 mg β-carotene supplement
daily showed a 4% decrease in total cancer mortality, 8%
decrease in gastric/esophageal cancer mortality, and
16% decrease in esophageal cancer mortality, although
none of these decreases was statistically significant [20].

The Nutritional Prevention of Cancer (NPC) Trial
was the main study underlying the hypothesis that
selenium prevents prostate cancer and prompting the
use of selenium in SELECT [10]. This randomized,
double-blinded, placebo-controlled trial enrolled 1312
participants who were from the eastern US and had a
history of skin cancer. Participants were randomized
to receive either 200 μg of selenium in the form of
selenized yeast or a placebo daily. The primary aim
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was to test the efficacy of selenium supplementation in
preventing nonmelanoma skin cancer, while secondary
endpoints included total cancer incidence, total cancer
mortality, and mortality due to lung, prostate, and
colorectal cancers. The trial outcomes were reported
with 8271 person-years of follow-up. Although the
selenium intervention did not favorably affect the pri-
mary endpoint of skin cancer, the incidence of prostate
cancer was reduced in the selenium group by 64%
after 4.5 years and by 49% after 10 years. This decrease
was most pronounced in former smokers. A stratified
analysis showed that selenium supplementation
reduced the incidence of prostate cancer in men in the
lowest two tertiles of baseline selenium status, but not
in those in the highest tertile of baseline selenium sta-
tus. In addition to baseline selenium status, baseline
PSA levels also exhibited a significant interaction with
treatment group. Prostate cancer risk was reduced
only in men whose baseline PSA levels were #4.0 ng/
mL, although no significant interaction was observed
between treatment and baseline PSA [4]. This trial
examined prostate cancer incidence and mortality as
a secondary endpoint, greatly stimulating interest in
the use of selenium to prevent prostate cancer and
highlighting the point that only specific subgroups of
men may benefit.

Prostate Cancer Prevention by Vitamin E

The cellular functions of vitamin E are more exten-
sive than the usual described antioxidant activities
(reviewed in Ref. [15]). Animal studies have shown
that vitamin E prevents various chemically induced
tumors, some of which are hormonally mediated. In
rats receiving various doses of chemotherapeutic
agents, vitamin E has been shown to slow the growth
of prostate cancer.

Many foods contain vitamin E but generally at low
concentrations, which creates difficulty in assessing die-
tary intake. Therefore, serum or plasma α-tocopherol
concentrations are often used to assess vitamin E status.
Observational studies have only inconsistently shown a
possible beneficial association between vitamin E status
(α-tocopherol circulating levels) or intake and prostate
cancer risk (reviewed in Ref. [15]). Prediagnostic serum
or plasma vitamin E concentrations have been shown to
be lower years prior to prostate cancer diagnosis in
cases compared to noncases in a number of positive
studies. In contrast, other case-control and cohort stud-
ies have reported no such association [15]. The Alpha-
Tocopherol Beta-Carotene (ATBC) Cancer Prevention
Trial (see below) contains one nested cohort analysis
that showed no association between any baseline
measures of vitamin E (serum α-tocopherol, dietary

vitamin E) and prostate cancer, except when the analy-
sis was limited to the intervention group. A subsequent
case-control study, also nested within the ATBC, con-
tained 100 randomly selected incident prostate cancer
cases and 200 matched controls. In this study high base-
line serum levels for both α- and γ-tocopherol were
associated with decreased prostate cancer risk between
the highest and lowest tertile for each; this association
was stronger in the α-tocopherol-supplemented arm. In
contrast, such associations have not been consistently
supported by other observational analyses.

A number of randomized clinical trials have tested
the effects of high-dose vitamin E supplements (above
the 15 mg, or 33 IU, all rac α-tocopherol dietary level).
The results of these trials suggested benefits for noncan-
cer endpoints, such as a decrease in coronary heart dis-
ease risk. Regarding cancer, the ATBC trial generated
the most convincing evidence that vitamin E is associ-
ated with a decrease in prostate cancer risk. In this ran-
domized, double-blind, placebo-controlled trial, 29,133
male smokers 50�69 years old were randomized to
α-tocopherol (50 mg synthetic dl-α-tocopherol acetate)
daily and β-carotene (20 mg) daily alone or in combina-
tion [9]. Although the ATBC trial had as its primary end-
point lung cancer incidence, the risk of lung cancer was
not affected by α-tocopherol acetate after 5�8 years of
follow-up. Paradoxically, the incidence of lung cancer
increased among men receiving β-carotene. In contrast,
prostate cancer incidence, which was a prespecified sec-
ondary endpoint, showed a statistically significant 32%
decrease with α-tocopherol. This preventive effect
appeared to be stronger for clinically evident cases
(stages B�D disease), with participants who received
α-tocopherol showing a 40% decrease in disease.
Prostate cancer mortality, though based on fewer events,
also showed a statistically significant decrease of 41%
among the 14,564 men taking vitamin E compared to the
men not receiving vitamin E [9]. These findings for pre-
specified secondary endpoints offered strong support
for testing vitamin E in a prospective clinical trial of
prostate cancer prevention.

Prostate Cancer Prevention by Selenium
and Vitamin E Combined

Although selenium and vitamin E both have anti-
prostate cancer effects, they are mechanistically dis-
tinct, modulating different cellular processes (reviewed
in Ref. [15]). These differing anticancer mechanisms
are borne out in observations indicating a substantially
more pronounced effect of selenium and vitamin E
together on molecular markers of anticancer cellular
activity than that observed with either nutrient alone.
In one study, vitamin E inhibited LNCaP prostate
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adenocarcinoma cell growth by 47%, selenium by 37%,
and the combination by 78%. The combination also
induced significantly more apoptosis (37�43%) in
prostate cancer cells; this was accompanied by greater
increases in the protein Bax/Bcl-2 ratio. In addition,
levels of PCNA protein, a marker of cell proliferation,
were reduced to a greater extent with the combination
than with either nutrient alone. These additive antican-
cer effects supported the inclusion of a combined treat-
ment arm in SELECT.

Few prostate cancer prevention studies in animal
models with tumor endpoints have used selenium or
vitamin E (Table 40.1). Only two studies incorporated
designs relevant to SELECT. These studies, which
tested selenium and vitamin E alone or in combination
on prostate cancer incidence and multiplicity, reported
null findings [11,21]. Other in vivo selenium and pros-
tate cancer prevention studies either only used sele-
nium in combination with other agents and not alone
or used other forms of selenium such as methylseleni-
nic acid or selenite [24].

SELECT

Rationale and Objectives

The Selenium and Vitamin E Cancer Prevention
Trial (SELECT) was funded by the US National Cancer
Institute (NCI) and implemented by the Southwest
Oncology Group (SWOG). The primary objective of
SELECT was to assess the efficacy of selenium and
vitamin E alone and in combination on the incidence
of prostate cancer. Additional prespecified secondary
endpoints were included in the study design: prostate
cancer-free survival, all-cause mortality, incidence and
mortality of other cancers including lung and colorec-
tal cancer, overall cancer incidence and survival, and
disease potentially impacted by chronic administration
of selenium and/or vitamin E. Other planned studies
included monitoring serious cardiovascular events,
assessment of quality of life, investigation of the rela-
tionship between serum micronutrient levels and pros-
tate cancer risk, and the evaluation of biological and

TABLE 40.1 In Vivo Animal Studies That Assessed Prostate Cancer Prevention by Selenium

Trial design in studies with

direct relevance to SELECT

Agent selection in studies with selenium

and vitamin E or other agents

Other forms of selenium studied

in animal models

Animal
model

1. N-Nitroso-N-methylurea
(MNU)1 testosterone-treated
Wistar-Unilever rats [11]

2. Testosterone1 estradiol-
treated NBL rat [21]

1. Lady transgenic mice [22]
2. Lady transgenic mice [23]

1. Transgenic adenocarcinoma mouse prostate
(TRAMP) model [24]

2. MNU1 testosterone-treated Wistar rats [25]

Agent and
dose

1. a. L-selenomethionine (1.5 or
3 mg/kg diet)

b. DL-α-tocopherol (4000
or 2000 mg/kg diet)

c. L-selenomethionine (3 mg/
kg diet)1 DL-α-tocopherol
(2000 or 5000 mg/kg diet)

d. Selenized yeast (target Se
levels of 9 or 3 mg/kg diet)

e. Control

1. a. α-tocopherol succinate (800 IU)
1 L-selenomethionine (200 μg)
1 lycopene (50 mg)

b. α-tocopherol succinate (800 IU)
1 L-selenomethionine (200 μg)

c. Control

1. a. Methylseleninic acid (3 mg selenium/kg
body weight) for 10 weeks

b. Methylseleninic acid (3 mg selenium/kg
body weight) for 16 weeks

c. Control

1. a. L-selenomethionine (1.5 or
3.0 mg/kg diet)

b. DL-α-tocopherol (4000 or
2000 mg/kg diet)

c. Control

1. a. α-tocopherol succinate (800 IU)
1 L-selenomethionine (200 μg)
1 lycopene (50 mg)

b. Control

1. a. Sodium selenite (4 mg/L in drinking
water/day)

b. Control

Results 1. No effect of selenium on
prostate cancer incidence in
any group

2. No effect on prostate tumor
incidence, multiplicity, or
mortality in any group

1. No effect on prostate cancer incidence in
either group; increased survival
(p, 0.0001) in both treatment groups
compared to controls

2. Four-fold decrease in prostate cancer
incidence in treatment group (p, 0.0001)
compared to controls

1. Decreased cancer-specific mortality
(p10weeks5 0.0078, p16weeks5 0.0385) in
methylseleninic acid group compared to
control group

2. Decreased prostate cancer multiplicity by
44.6% in the sodium selenite group
compared to control group; no effect of
sodium selenite on prostate intraepithelial
neoplasia

Animal model chemoprevention studies relevant to the SELECT study design. Two studies published after the SELECT was underway investigated rodent

prostate cancer models for the effects of L-selenomethionine and DL-α-tocopherol; each reported null findings. The effects of L-selenomethionine and/or vitamin E

in combination with lycopene, but not alone, or of the effects of other forms of selenium have been investigated in other studies.

Adapted from Ref. [4].
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genetic markers associated with the risk of prostate
cancer [26].

Agents: Formulations and Doses

L-selenomethionine was chosen as the selenium for-
mulation for SELECT despite the use of selenized yeast
in the hypothesis-generating NPC trial [27]. This rec-
ommendation was made by an NCI-sponsored panel
of experts and was based on large batch-to-batch
variability and lack of commercial availability of
selenized yeast. Since laboratory analyses showed
L-selenomethionine to be the predominant selenium
species in selenized yeast available at the time, there
was reason to believe that the daily dose of 200 μg was
similar to the dose of 200 μg selenized yeast used in
the NPC trial [26]. While 200 μg L-selenomethionine
might be expected to deliver more selenium than
200 μg selenized yeast, direct comparisons between the
two doses were difficult to make.

The racemic mix of α-tocopherol, containing the
D- and L-isomers was the form used in the ATBC trial
which showed its association with reduced prostate
cancer incidence. Therefore, this formulation of
vitamin E was chosen. The dose of 400 mg/day was
selected based on its use in vitamin supplements,
which suggested safety, and on its potential benefits
for noncancer diseases, including cardiovascular
disease and Alzheimer’s disease. However, this chosen
dose was eight times higher than the 50 mg/day used
in the ATBC study [28].

Trial Design and Outcome Ascertainment

SELECT was a prospective, randomized, double-
blind, placebo-controlled clinical trial using a 2 3 2
factorial design. Eligible healthy men who were at ele-
vated risk for prostate cancer were randomized to the
following four groups: selenium alone (daily oral
doses of 200 μg selenium plus placebo); vitamin E
alone (daily oral doses of 400 mg α-tocopherol plus
placebo); 200 μg selenium plus 400 mg α-tocopherol; or
two placebos. The original plan was for the study to
last for 12 years including 5 years for accrual and 7�12
years of intervention and follow-up. The following five
predetermined comparisons were addressed: vitamin
E versus placebo; selenium versus placebo; vitamin E
plus selenium versus placebo; vitamin E plus selenium
versus vitamin E alone; and vitamin E plus selenium
versus selenium alone. A sample size of 32,400 men
was required in order to provide adequate power to
detect $ 25% decreases in the incidence of prostate
cancer for selenium or vitamin E alone and an

additional 25% decrease for selenium and vitamin E
combined compared to either agent alone.

Prostate cancer was assessed on routine clinical
diagnostic evaluations, which included yearly digital
rectal exams (DRE) and serum PSA measurements.
Biopsies were performed only at the discretion of
study physicians or “for cause,” that is, for participants
with either suspicious DREs or elevated PSA levels.
Unlike the previous NCI-sponsored prostate cancer
chemoprevention trial comparing finasteride to pla-
cebo, no end-of-study biopsies were implemented.

Cohort

Elevated risk of prostate cancer was the basis for eli-
gibility for SELECT and was determined by age and/
or African ancestry. Caucasian men were required to
be $55 years and African American men $50 years
old in order to be eligible. The rationale for this age
difference is that African American men aged 50�55
have an incidence of prostate cancer that is comparable
to that of Caucasian men aged 55�60. Participating
men had to be healthy, have a total PSA #4.0 ng/mL,
a DRE not suspicious for cancer, no previous prostate
cancer or high grade prostate intraepithelial neoplasia,
normal blood pressure, no current use of anticoagula-
tion therapy, and be willing to stop taking off-study
supplements.

Recruitment Strategies, Accrual, and Adherence

Recruitment Strategies

The SELECT recruitment strategies were formulated
as a robust study-specific plan well in advance of pro-
tocol finalization to maximize timely participant
accrual [29�31]. The trial’s plan included a recruit-
ment- and adherence-focused coordinating center with
designated staff, a clinical design with recruitment
feasibility, selection of a large number of sites with
documented accrual capabilities, and a comprehensive
media kickoff. The Recruitment and Adherence
Committee (RAC) was composed of an advisory com-
mittee of experienced research clinicians and a
Minority and Medically Underserved (MMUS) sub-
committee. Prior to study initiation the central recruit-
ment and adherence staff was an operational unit who
refined the recruitment plan, developing specific
recruitment and retention strategies and materials, and
working closely with the RAC [32].

The SELECT media campaign was a highly coordi-
nated effort that was deployed through a distribution
of materials to 800 national and regional print
and electronic media outlets that targeted minority,
health professional, and advocacy groups, as well as
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the public at large. The direct effect on the number
of randomizations is difficult to quantify, but data
from the National Cancer Institute’s Communication
Information Service, which received 6400 calls during
the first week of the media launch suggested that the
target audience was reached.

The SELECT trial design required baseline blood
and toenail samples, a blood sample at 5 years, clinic
visits with a limited physical examination and assess-
ment for adherence and adverse events every 6 months
(annually for those with prostate cancer) and a com-
mitment to refrain from over-the-counter selenium and
vitamin E. Testing for PSA and DRE per local site stan-
dard of care was recommended, but not required [33].
This relatively nondemanding protocol, testing two
fairly nontoxic agents, more than likely contributed to
participants’ willingness to participate [33�36].

Accrual

Accrual to SELECT began on August 22, 2001. In a
3-year period, 35,533 eligible men from the US,
Canada, and Puerto Rico were enrolled; this enroll-
ment rate exceeded the goals for both number of parti-
cipants and for anticipated length of the accrual
period. The cohort included 22% minorities (15%
African American, 6% Hispanic, and 1% other) [33].
Successful randomization was evident in the fact that
known prostate cancer risk factors, including age, race,
baseline PSA, and smoking status were equally bal-
anced among the four treatment groups [30,37]. Not
only was SELECT the largest randomized chemopre-
vention trial ever conducted, but it had the largest
percentage of African American participants ever ran-
domized to this type of study [32]. In addition, because
comorbidities generally exclude a higher percentage of
African American men from clinical trials [35,38,39],
SELECT recruitment allowed participation of men
with stable comorbidities.

Adherence

Participant adherence can be particularly challeng-
ing in long-lasting cancer prevention clinical trials. To
give study candidates an opportunity to decide if they
were willing to commit to participation and protocol
adherence (most significantly, abstaining from vita-
mins not provided by the study) for the planned 7�12
year study, there was a 28�90 day prerandomization
period, after which they would return to the clinic if
they chose to enroll. To foster continued adherence,
staff considered the participants’ convenience and
comfort by sending visit reminders, assisting with
transportation problems, having flexible clinic hours
and maintaining a pleasant clinic experience. Efforts
were made to acknowledge the participants’ time and

dedication to the study by offering materials from cer-
tificates of appreciation to items with the study logo
such as key chains or post-it notes. In short, the rela-
tionship between the study site staff and the partici-
pants is arguably the most important factor in bonding
the participant to the study.

Study agent adherence was assessed via participant
diary and pill count. Bioadherence, as measured by
nutrient serum levels in a subset of patients, was also
used to assess adherence and is described in detail
elsewhere [31].

Primary and Secondary Endpoint Results

Two separate publications, one in 2009 and one in
2011, reported results of the SELECT trial [30,37].
Before publication of the results, in September 2008 an
independent Data and Safety Monitoring Committee
(DSMC) unanimously voted to discontinue the use of
study supplements because neither agent showed evi-
dence of benefit. The first SELECT results publication
included data current as of October 23, 2008, the date
on which study sites were advised to discontinue
supplement administration. The median follow-up
time was 5.46 years (range was 4.17�7.33 years).
No significant differences in rates of prostate cancer
were observed among the four intervention arms
(Table 40.2). The hazard ratio (HR) of prostate cancer
for the vitamin E group was 1.13, for selenium 1.04,
and for the combination group 1.05, relative to the pla-
cebo group. The 13% increase in prostate cancer risk in
the vitamin E group was statistically nonsignificant
(p5 0.06), but troubling nonetheless.

Participants continued to be followed for additional
events following the October 2008 study supplement
discontinuation. On May 20, 2011, the DSMC reviewed
the data and recommended reporting the follow-up
findings [37]. Data included in the second SELECT
report were collected through July 2011 and contained
an additional 54,464 person-years of follow-up. An
additional 521 prostate cancers were diagnosed: 113
in the placebo group, 147 in the vitamin E group, 143
in the selenium group, and 118 in the selenium1 vita-
min E group. No statistically significant differences in
the rates of prostate cancer detection in the selenium
group versus placebo or in the selenium 1 vitamin E
group versus placebo (Table 40.2); however, risk of
prostate cancer in the vitamin E group was increased
17% compared to the placebo group, and in contrast to
the 13% increase in the first report, now appeared to
be significant (HR5 1.17, 99% CI: 1.004�1.36,
p5 0.008). The increased risk in the vitamin E group
began approximately 3�4 years after randomization
based on cumulative incidence curves of prostate

575SELECT

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



cancer by supplement group [4]. Although increased
risk of prostate cancer was evident in the vitamin E
only group, no such increase appeared in the vitamin
E1 selenium group.

Overall, in both reports, most prostate cancers were
diagnosed by prostate biopsies administered due to
abnormal PSA or DRE results, most were early stage
and low Gleason grade, and stage, grade, and PSA
levels did not differ by treatment group.

Several a priori secondary endpoints were prespeci-
fied, including other cancers (including colorectal and
lung cancer), total cancer incidence, cardiovascular
events, diabetes, and deaths. No significant differences
among supplement groups were observed for any of
these endpoints (Table 40. 3). Adherence to study sup-
plements was assessed by using pill counting and par-
ticipant diaries for all participants and by measuring
serum levels of selenium and cholesterol-adjusted
α-tocopherol and γ-tocopherol levels in a bioadherence
subcohort. Mean adherence by pill count was 83% at
year 1 and 65% at year 5. Serum selenium and
α-tocopherol levels rose only in participants random-
ized to receive those agents and not in the other
groups, demonstrating good adherence and minimal
drop-ins. Additional assessment of drop-in rates was
done by asking participants whether they took either
supplement; rates were 3.1% or less for vitamin E and
1.8% or less for selenium [30].

DISCUSSION: Explanations for the Results
of SELECT

The most direct explanation of the results of
SELECT is that neither agent has a potent preventive
effect on prostate cancer and that the prior hypothesis-
generating data from randomized trials in humans
merely reflected secondary endpoints that did not
carry statistical validity. In fact, laboratory data mim-
icking the design of SELECT showed no statistically
significant reductions in prostate cancer incidence with
either selenium as L-selenomethionine or vitamin E
alone or together in rodents [11]. Nevertheless, interest
remained (and remains) in pursuing selenium as a
potential cancer preventive agent for prostate as well
as other cancers and alternative hypotheses to explain
the null findings center on the agent formulation and
dose that were chosen, the cohort, or the study design.
The findings of significantly increased prostate cancer
incidence in association with vitamin E have quelled
interest in this agent for this purpose.

Agents

Selenium

Selenium Formulation

One possible explanation for the null selenium
results is that the wrong form of selenium was used in

TABLE 40.2 Primary Endpoint Results from SELECT Reported in the First and Second Reports

Prostate cancer Method of diagnosis, n (%) Gleason score, n (%)

No.

events HR (99% CI)

Prostate

biopsy

Other/

unknown 2�6 4�6 7 8�10

Not

graded

First Reports, October 2008 [30]

Placebo (n5 8696) 416 1 (ref) 404 (97) 12 (3) 240 (66) 101 (28) 24 (7) 51

Vitamin E (n5 8737) 473 1.13 (0.95�1.35) 458 (97) 15 (3) 249 (63) 124 (31) 23 (6) 77

Selenium (n5 8752) 432 1.04 (0.87�1.24) 419 (97) 13 (3) 217 (60) 124 (34) 20 (6) 71

Selenium1 Vitamin E
(n5 8703)

437 1.05 (0.88�1.25) 420 (96) 17 (4) 220 (60) 115 (32) 30 (8) 72

Second Report, July 2011 [37]

Placebo (n5 8696) 529 1 (ref) n.r. n.r. 286 (69) 102 (24) 31 (7) 110

Vitamin E (n5 8737) 620 1.17
(1.004�1.36)a

n.r. n.r. 310 (67) 118 (25) 37 (8) 155

Selenium (n5 8752) 575 1.09 (0.93�1.27) n.r. n.r. 281 (64) 135 (31) 26 (6) 133

Selenium1 Vitamin E
(n5 8702)

555 1.05 (0.89�1.22) n.r. n.r. 281 (63) 124 (28) 40 (9) 110

ap5 0.008. n.r.: not reported.

This table shows that there were no reported significant differences in prostate cancer incident in the first SELECT report, but a 17% increase in prostate cancer

incidence in the group receiving vitamin E alone in the second report.

ref: reference value.
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TABLE 40.3 Secondary Endpoint Results and Adverse Outcomes from the SELECT First and Second Reports

Trial arm

Any cancer

(including prostate

cancer) Lung cancer Colorectal cancer

Other primary

cancer Diabetes

Cardiovascular (CV)

eventsa Deaths, all cause

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

No.
events

HR
(99% CI)

First Report, October 2008 [26]

Placebo (n5 8696) 824 1 (ref) 67 1 (ref) 60 1 (ref) 306 1 (ref) 669 1 (ref) 1050 1 (ref) 382 1 (ref)

Vitamin E (n5 8737) 856 1.03
(0.91�1.17)

67 1.00
(0.64�1.55)

66 1.09
(0.69�1.73)

274 0.89
(0.72�1.10)

700 1.04
(0.91�1.18)

1034 0.98
(0.88�1.09)

358 0.93
(0.77�1.13)

Selenium (n5 8752) 837 1.01
(0.89�1.15)

75 1.12
(0.73�1.72)

63 1.05
(0.66�1.67)

292 0.95
(0.77�1.17)

724 1.07
(0.94�1.22)

1080 1.02
(0.92�1.13)

378 0.99
(0.82�1.19)

Selenium1 Vitamin E
(n5 8703)

846 1.02
(0.90�1.16)

78 1.16
(0.76�1.78)

77 1.28
(0.82�2.00)

290 0.94
(0.76�1.16)

660 0.97
(0.85�1.11)

1041 0.99 (0.89-
1.10)

359 0.94
(0.77�1.13)

Second Report, July 2011 [37] CV events, grade $ 4b

Placebo (n5 8696) 1108 1 (ref) 92 1 (ref) 75 1 (ref) 579 1 (ref) 869 1 (ref) 969 1 (ref) 564 1 (ref)

Vitamin E (n5 8737) 1190 1.07
(0.96�1.19)

104 1.11
(0.76�1.61)

85 1.09
(0.72�1.64)

570 0.97
(0.83�1.14)

918 1.05
(0.93�1.17)

909 0.93
(0.83�1.05)

571 1.01
(0.86�1.17)

Selenium (n5 8752) 1132 1.02
(0.92�1.14)

94 1.02
(0.70�1.50)

74 0.96
(0.63�1.46)

557 0.96
(0.83�1.13)

913 1.04
(0.93�1.17)

939 0.97
(0.86�1.09)

551 0.98
(0.84�1.14)

Selenium1 Vitamin E
(n5 8702)

1149 1.02
(0.92�1.12)

104 1.11
(0.76�1.62)

93 1.21
(0.81�1.81)

594 1.02
(0.92�1.14)

875 0.99
(0.89�1.12)

943 0.97
(0.86�1.09)

542 0.96
(0.82�1.12)

aNo second report.
bNo first report.

This table shows results from the first and second SELECT reports for results of secondary endpoints and adverse events. No significant differences were reported in any treatment group for endpoints/outcomes.

Due to multiple cancers in some SELECT participants, the numbers for specific types of cancers (lung, colorectal, other primary cancers, or prostate cancers) in this table may not sum to the number of individuals

(categorized as “any cancer” as listed in columns 2 and 3).



SELECT. Organic selenium was chosen although inor-
ganic selenium had been shown to have better in vitro
anticancer activities. The problem with these inorganic
forms is that they have been linked to DNA single
strand breaks [40]. As discussed, the selection of
L-selenomethionine over selenized yeast was based on
the batch-to-batch variability and lack of availability of
the yeast form of selenium. L-selenomethionine is the
predominant selenium species in the yeast, although
selenized yeast contains numerous other selenocom-
pounds with varying and possibly uncharacterized
chemopreventive efficacy (discussed in Ref. [4]).
Another problem with selenomethionine is its nonspe-
cific incorporation into proteins in place of methionine,
which diverts the selenium away from its potential
active chemopreventive form(s) (Fig. 40.1). Other seleno-
compounds like selenocysteine, selenite, or selenate,
are not used nonspecifically in proteins and therefore
are more likely to be converted to the potentially
antitumorigenic metabolites via methyl selenol [13].
Despite the suspected differences in L-selenomethionine
content between pure L-selenomethionine and selenized
yeast, recent findings have indicated that selenomethio-
nine and selenized yeast have similar biological activi-
ties in prostatic tissue of dogs (reviewed in Ref. [4]).
Many investigators have held the opinion that the for-
mulation of selenium used in SELECT was probably not
a major reason for the null results. Caution must be exer-
cised in drawing this conclusion, however, since labora-
tory evidence suggests that specific forms of selenium
may differ with respect to their biological effects [41].
The relative effects of these different selenium formula-
tions in humans are beginning to be investigated. In a
clinical trial randomizing 69 healthy men to seleno-
methionine versus two doses of selenized yeast, reduc-
tion in biomarkers of oxidative stress were observed
following supplementation with selenized yeast but not
selenomethionine [42].

Selenium Dose

Beyond selenium formulation, the dose of selenium
may not have been optimal. A daily dose of L-seleno-
methionine 200 μg/day was used in SELECT, whereas
the NPC trial used a dose of 200 μg/day of selenized
yeast. An optimal dose of selenium for cancer preven-
tion had not been established prior to SELECT, nor has
one been established to date. It is likely that a narrow
range of optimal doses exist, and these doses
may depend on the baseline selenium status of the
individual [43].

Baseline Selenium Status

A secondary analysis of the NPC found an accentu-
ated inverse relationship between baseline plasma sele-
nium status and prostate cancer incidence [44]. In this

analysis, selenium supplementation in men with mod-
erate and low plasma selenium at baseline decreased
the risk of prostate cancer by more than 75%, but had
no effect among men with high plasma selenium at
baseline. Based on the NPC reports, a case�cohort
study nested within SELECT investigated the effects of
selenium and vitamin E supplementation in 1739 cases
(489 high-grade cases) by baseline selenium status,
which was determined by toenail selenium concentra-
tions [45]. The optimal range of toenail selenium levels
for prostate cancer risk reduction in humans has been
estimated to be 119�137 ng/mL; any additional sele-
nium above this would either offer no benefit or cause
harm [43]. Baseline selenium in the absence of supple-
mentation showed no association with prostate cancer
risk. However, supplementation with selenium alone
or in combination with vitamin E increased the risk of
high-grade prostate cancer in men with high baseline
toenail selenium levels. These data are consistent with
studies in dogs, which suggest a U-shaped dose
response [43] and is consistent with NPC results where
protection was only seen in men with baseline serum
selenium concentrations ,123.2 ng/mL. Furthermore,
in the small clinical trial of Richie et al. significant
reductions of the relevant biomarkers of oxidative
stress were observed with the selenized yeast only
in men belonging to the lowest tertile of baseline
selenium [42].

Environmental selenium may serve as a surrogate
for baseline selenium levels. The NPC trial recruited
men from low environmental selenium areas in the
eastern coastal US, in contrast to SELECT, which
recruited across the US and Canada, leading to large
discrepancies in baseline selenium status between men
in the two trials; 114 ng/mL compared to 135 ng/mL,
respectively (reviewed in Ref. [15]). It is possible that
the baseline serum selenium concentrations of men in
even the lowest quartile in SELECT may be above con-
centrations at which supplemental selenium could
offer protection.

The importance of baseline selenium status, empha-
sized in the observations of Richie et al. [42], was likely
not adequately recognized during planning of
SELECT. A specified baseline selenium concentration
was not established as an enrollment criterion, nor was
a soil selenium-deficient region considered for the
study location. Because SELECT was a very large trial,
it was necessary to be inclusive with regards to geog-
raphy in order to accrue an adequate number of parti-
cipants. Additional complexity derives from increasing
fortification of the food system with selenium in the
years since NPC. This makes it prohibitively difficult
to ensure low baseline selenium status by limiting the
study’s geographical area to one with low soil
selenium.
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Vitamin E Formulation

Regarding the lack of benefit from vitamin E sup-
plementation, one possible explanation is the choice of
α-tocopherol alone as the intervention. High doses
of α-tocopherol decrease blood and tissue levels of
δ-tocopherols [46]. Furthermore, the adherence cohort,
which showed good adherence to the intervention
according to increased serum α-tocopherol levels fol-
lowing initiation of the intervention, also showed con-
comitant decreases in γ-tocopherol levels in the
vitamin E-assigned groups. Although at the nutritional
level, all forms of vitamin E are presumed to have can-
cer preventive properties, at supranutritional levels
α-tocopherol is not preventive [47]. In contrast,
γ-tocopherol has strong anti-inflammatory activity and
may be the most effective form of vitamin E for cancer
prevention.

The Effect of Other Nutrients

The effect of other nutrients associated with prostate
cancer has been investigated using the SELECT biore-
pository. Of particular interest has been investigation
of plasma 25-hydroxy vitamin D (25(OH)D), which
reflects endogenous and exogenous vitamin D sources.
Evidence from laboratory and animal studies show
that high doses of 25(OH)D inhibit proliferation and
differentiation in prostate cancer cell lines and rodent
models [48]. Inconclusive and conflicting results from
epidemiological studies (prospective as well as nested
case-control) have suggested some association between
vitamin D levels and prostate cancer risk (reviewed in
Ref. [48]). Results from large, population-based studies
have identified a U-shaped curve of risk with increas-
ing levels of vitamin D intake, although the direction
of the U-shape and consistency in linear risk models
make a definitive understanding of vitamin D levels
and prostate cancer risk equivocal (reviewed in Ref.
[49]). A nested case-cohort study of 1731 cases and
3203 controls from SELECT was conducted to investi-
gate whether baseline plasma concentration, adjusted
for season of collection, was associated with the risk
of total prostate cancer and Gleason score 2�6, 7�10,
and 8�10 prostate cancer [50]. Analysis indicated a
U-shaped association of vitamin D with total cancer
risk across quintiles. Results for African-Americans
showed that vitamin D was associated with a reduced
risk of Gleason 7�10 cancer only, with no evidence of
dose-response or a U-shaped association. Overall con-
clusions from this study suggest that both low and
high vitamin D concentrations were associated with
increased risk of prostate cancer, with stronger associa-
tions for high-grade disease [50].

Genetics

Genetic factors were not a focus of NPC or SELECT,
but they may nevertheless affect selenium status or an
individual’s response to selenium supplementation.
Polymorphisms in genes that encode either selenopro-
teins or proteins that function in selenium metabolism
may influence outcomes (reviewed in Ref. [4]). For
example, the AA genotype polymorphism of codon 16
(rs4880) of SOD2, which encodes the mitochondrial
antioxidant enzyme manganese superoxide dismutase,
has been shown to confer a lower risk of total prostate
cancer and of clinically aggressive prostate cancer
among men with higher selenium levels compared to
those with lower selenium levels. This protection was
much weaker in men with VV or VA genotypes.
Depending on the polymorphism and the genotype,
the survival time was either increased or decreased.
Additional interactions have been shown between sele-
nium and the rs561104 polymorphism, where high
levels of selenium were associated with decreased
prostate cancer mortality only in those with the
increased risk homozygous variant genotype and not
in those with the wild-type genotype. Finally, the
genotype of GPX1, which encodes the selenoprotein
GPx1, recently was shown to be a determinant of sele-
nium requirements. Among 161 men and women,
those with the GPX1 679 (rs1050450) T/T genotype
had significantly lower plasma selenium levels than
those with the C/C genotype. The mean plasma sele-
nium level in this study was 142.0 ng/mL, slightly
above that of men in SELECT.

Polymorphisms in the prostate cancer tumor sup-
pressor gene NKX3.1 have been identified from animal
and in vitro studies that show exposure to antioxidant
supplements increased prostate epithelial proliferation
through dysregulation of genetic pathways responsible
for the regulation of ROS and elevated oxidative stress
[51]. Two cancer-related polymorphisms in NKX3.1
have been identified; the variant rs11781886 has been
shown to alter the binding of the SP1 transcription fac-
tor through the reduction of NKX3.1 mRNA expression
[52] and the variant rs2228013 has been shown to alter
NKX3.1 phosphorylation and DNA binding activity
in vitro by coding for a variant NKX3.1 protein [53].
These variants were investigated in a study conducted
using the SELECT biorepository to determine if the
NKX3.1 polymorphisms were associated with overall
prostate cancer risk and the risk of low-grade and high-
grade prostate cancer among men randomized to take
vitamin E and/or selenium supplements [54]. Results
indicated that in the selenium arm the CC genotype at
rs11781886 was significantly associated with an
increased risk for total and low grade prostate cancer;
this same CC genotype was associated with an increased
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risk of high-grade prostate cancer in the vitamin E arm.
Having one C allele (CT genotype) was associated with
a significantly increased risk of total and high grade
prostate cancers in the vitamin E arm, but a marginally
significant increase in the selenium arm. There was no
effect on prostate cancer risk in any of the intervention
arms with the rs2228013 variant [54].

Based on these studies, analyses of SELECT data
according to participants’ genotypes may elucidate
relationships between supplemental selenium and
prostate cancer risk that were not evident in the
SELECT population as a whole.

Age

Intervention in men older than 50 years of age may
be too late, given the long natural history of prostate
cancer (reviewed in Ref. [4]). The critical window, if
any, for prostate cancer chemoprevention, has not been
clearly defined. In an analogous situation in breast can-
cer, also a hormonally driven cancer, an inverse associ-
ation was observed between adolescent soy food
intake and adult breast cancer, but not with adult
soy intake and adult breast cancer. A clearer under-
standing of the timing by which selenium influences
prostate carcinogenesis might help researchers to better
predict an optimal age range at which selenium supple-
mentation should take place. Regardless, results from
NPC suggest that intervention in men over the age of 50
still has the potential to yield some anticancer benefit.

Study Design

In NPC, prostate cancer incidence was a secondary
outcome measure, and in SELECT, prostate cancer
incidence was a primary outcome measure. This
important distinction may help to explain the different
results. Both trials were adequately powered to detect
differences of predetermined magnitudes in their
respective primary outcomes only. In clinical trials
with multiple outcomes, primary endpoints, unlike
secondary outcomes, must be designated a priori in
order to protect that endpoint from concerns about the
observed results being due to chance due to multiple
testing. In NPC, results on skin cancer were protected
while results for prostate cancer were not. NPC results
were particularly open to chance findings due to the
small sample size of 64 prostate cancer cases in 1312
participants.

Lag time between intervention and effect in
SELECT also may have influenced the primary out-
come. SELECT was designed to test the effects on pros-
tate cancer after 7�12 years of vitamin E or selenium

supplementation. Possibly a much longer period of
time is required to see such an impact.

IMPLICATIONS AND FUTURE
DIRECTIONS

Following the discontinuation of supplement
administration and publication of the primary data,
SELECT transitioned into an observational cohort
study, the SELECT Centralized Follow-up Study
(SELECT CFU). As of December 2011, 17,761 partici-
pants, 58% of the 32,569 SELECT participants who
were still alive and not refusing further contact, had
enrolled in SELECT CFU [55]. The SELECT bioreposi-
tory, maintained by SWOG, contains over 100,000
banked tissue samples, including blood, tissue, and
toenail samples. To date, at least 15 projects utilizing
these samples have been approved, with continuing
plans for additional projects.

Regarding vitamin E, the United States Preventive
Services Task Force (USPSTF) issued a grade D recom-
mendation against the use of vitamin E supplements
for the prevention of cardiovascular disease or cancer.
This recommendation is based on moderate certainty
of lack of a net benefit of vitamin E supplementation.

Selenium, however, remains an area of interest for
prostate cancer chemoprevention, with caveats. One of
the most important findings of SELECT was that there
is a need to better understand selenium biology to
aid researchers in choosing the appropriate doses
and formulations of selenium, as well as the appropri-
ate cohorts and study design [13]. One promising
area of selenium research is the ongoing characteriza-
tion of selenium’s antiDNA damage activities [43].
Furthermore, the tissue specificity, function, regulation,
and enzyme kinetics of many of the 25 selenoproteins
identified in humans remain uncharacterized [56].
Ongoing characterization of these proteins will contribute
to a better understanding of selenium’s mechanisms of
action, which is critical, along with a better understanding
of proper doses, selenium formulations, and subpopula-
tions that may benefit, before any new large phase III clin-
ical trials are undertaken. Conflicting or inconclusive
results from clinical and epidemiological studies under-
score the difficulty in making nutritional recommenda-
tions for cancer prevention to the general population and
bring to light the need for studies using subgroups at
greater risk or who may benefit more than others [57]. To
date, the best evidence indicates that men with low serum
selenium concentrations or those that live in selenium-
deficient regions may represent the optimal cohort for
studying prostate cancer prevention by selenium, and
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more research is necessary to determine whether further
refinement of eligibility criteria by age or selenoprotein
genotype may also be useful.

SUMMARY

• Prostate cancer is the most commonly diagnosed
non-cutaneous cancer in men in the United
States.

• The goal of this trial was to study selenium and
vitamin E as prostate cancer prevention strategies,
as they are naturally occurring essential
micronutrients with promising preclinical,
observational, and clinical data suggesting
risk-reducing efficacy.

• The Selenium and Vitamin E Cancer Prevention
Trial (SELECT) was conducted to test the efficacy of
selenium and vitamin E alone and in combination
on the incidence of prostate cancer.

• Supplemental selenium is available as
L-selenomethionine or selenized yeast. The major
component of selenized yeast is L-selenomethionine,
but selenized yeast contains other components.

• The majority of men in the United States have
adequate selenium status but inadequate vitamin E
intake.

• SELECT was a prospective, randomized, double-
blinded, placebo-controlled, 2x2 factorial design
clinical trial of selenium and vitamin E alone or in
combination in eligible healthy mean who were old
enough to be considered at elevated risk for prostate
cancer.

• No significant differences in prostate cancer
incidence were reported in the first report of
SELECT, but in the 2011 report, the investigators
showed that there was a 17% increase in prostate
cancer incidence in the group receiving vitamin E
alone.

• The null findings regarding selenium in SELECT
may be partially attributable to the formulation of
selenium chosen (L-selenomethionine as opposed to
selenized yeast), the relatively high baseline
selenium levels in the trial cohort, age or genetic
factors in the cohort, or the study design of
SELECT.

• The null findings regarding vitamin E may in part
be due to the form of vitamin E used in the trial,
namely α-tocopherol.

• There is a need for a better understanding of the
biology of selenium and vitamin E before additional
clinical trials that test the cancer preventive efficacy
of either agent are undertaken.
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KEY FACTS

• The most effective way to supplement iodine in
areas of deficiency is salt iodization.

• Recommended dosages of daily iodine
supplementation according to the World Health
Organization (WHO) are as follows: pregnant
and lactating women 250 μg/d, children 12 years
or older and adults 150 μg/d, children between
6�12 years 120 μg/d, and children less than 6
years 90 μg/d.

• The iodine status of populations can be assessed by
using the prevalence of goiter, biomarkers of
iodine exposure such as urinary iodine
concentration (UIC), biomarkers of function (serum
thyroglobulin levels), and thyroid function tests.

• The relationship between the iodine intake of a
population and the occurrence of thyroid disease
is U-shaped, with an increased risk from both
low and high iodine intakes.

• Maternal dietary iodine and thyroid hormones
are critical over the entire course of gestation,
despite the fetal gland starting T4 production at
approximately 12 weeks.

• Thyroid hormones play a critical role in the central
nervous system of the fetus and newborn, affecting
neuronal migration, differentiation, myelination,
and synaptogenesis. Iodine deficiency during fetal
development can result in cretinism.

• Children from chronically iodine deficient areas
show impaired intellectual and motor skills and
delayed growth. Iodine excess in children is
associated with goiter and thyroid dysfunction.

Dictionary of Terms

• Goiter: Abnormal enlargement of the thyroid gland,
it can be diffuse, affecting the whole gland or focal,
characterized by the appearance of nodules.

• Cretinism: Consequence of iodine deficiency during
pregnancy characterized by: cognitive impairment
associated to either a predominant neurological
syndrome or hypothyroidism and motor deficits.

• Hypothyroidism: Medical condition caused by
deficient thyroid hormone production.

• Hyperthyroidism: Medical condition caused by
excessive thyroid hormone production.

• Thyroiditis: Inflammation of thyroid gland which can
have many etiologies including infection or
autoimmunity.

INTRODUCTION

Iodine (I) is a nonmetallic element, which is acquired
only through the diet. Iodine is a crucial component of
thyroid hormones. The development and function of
the human body, which is regulated by thyroid hor-
mones, relies entirely on the availability and adequate
dietary intake of I. Both iodine excess and deficiency
can have adverse effects on health [1�5].

Bernard Courtois first described the element in
1811, when he saw a violet vapor arising from sea-
weed ash during the manufacture of gunpowder for
Napoleon’s army. Joseph Louis Gay-Lussac subse-
quently suggested the term “iodine,” derived from the
Greek for “violet” [3].

In the mid-1890s, Eugen Baumann identified iodine
in thyroid glands. Around 1917, it was understood
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that thyroid disorders were related to iodine deficiency
and could be prevented by iodine supplementation.
During the 1920s, oral iodine supplementation for goi-
ter prophylaxis was introduced in Switzerland and the
United States [3,4].

At present, the only physiologic role known for
iodine in the human body is in the synthesis of thyroid
hormones. Thyroid hormones, and therefore iodine, are
essential for life as they regulate many key enzymatic
reactions. Major target organs include the developing
brain, muscle, heart, pituitary, and kidney [1�8].

SOURCES OF IODINE

Iodine is usually found in rock; it gets dissolved in
water and washed away by erosion. It then reaches the
ocean where it is taken up by marine organisms.
These organisms metabolize it into compounds, which
can be volatilized to the atmosphere and deposited in
the clouds. Rain re-deposits iodine onto the land,
where is taken up by soil bacteria and other terrestrial
organisms and released back into the soil and into
ground water [3,9] (see Fig. 41.1).

Most of the earth’s iodine is found in oceans, and
iodine content in the soil varies according to regions.
The iodine content of food depends on the iodine con-
tent of the soil in which it is grown. The more exposed
a soil surface, the more iodine has been removed by
erosion. Mountainous regions and flooded river val-
leys are among the most severely iodine�deficient
areas in the world [1�5,7].

The native iodine content of most foods and bev-
erages is low. Commonly consumed foods provide 3 to
80 μg per serving. Seawater, seaweed, and fish are a
rich source of iodine. Marine life can concentrate the
iodine from seawater. A wide variety of food contains
iodine, including eggs, meat, milk and milk products,
cereal grains, dried legumes, dried vegetables, and
dried fruits, but in much lower quantity than fishes
and shellfish. Iodine can also be found in varying
amounts in drinking water [2,3,6,7,10]. Processed foods
may contain slightly higher levels of iodine due to the
addition of iodized salt or food additives, such as cal-
cium iodate and potassium iodate. Dairy products are
relatively good sources of iodine because iodine is
commonly added to animal feed. Please see Table 41.1
for common sources of dietary iodine [2,3,7].

Vegetarianism and low seafood consumption can
result in low iodine intakes. Many substances can
affect iodine metabolism and thyroid hormone produc-
tion, collectively known as goitrogens. Goitrogenic
substances promote goiter formation if consumed
chronically. Some anions, such as perchlorate, thiocya-
nate, bromated nitrates, and chlorate, impair the rate

of iodine trapping by NIS (Sodium iodide symporter).
Some of these inhibitors of iodine absorption can be
found in foods. Perchlorate has been found in foods
such as cow’s milk. Cruciferous vegetables, such as
cabbage, kale, cauliflower, broccoli, turnips, and rape-
seed, contain glucosinolates, whose metabolites com-
pete with iodine for thyroidal uptake. Cassava, lima
beans, linseed, sorghum, and sweet potato contain
thiocyanates or their precursors, which react with
iodine reducing its bioavailability. Thiocyanates have
also been associated to smoking. Soybean isoflavones
have been found to inhibit thyroid hormone synthesis
[1�3,5�7,10,11]. Other micronutrients and vitamins
have been linked to thyroid function, for example,
selenium, vitamin A, and iron. Selenium deficiency
impairs the conversion from T4 to T3, which is done
via deiodinases that use it as a cofactor. There are also
selenium dependent glutathione peroxidases, which
protect the thyroid gland against oxidative stress
[1�3,5,12,13].

FIGURE 41.1 Schematic representation of iodine’s cycle in the
environment. Source: modified from Ref. [9].

TABLE 41.1 Dietary Iodine Sources

Common sources of dietary iodine

Seaweed- including kelp, dulce, and nori

Shellfish

Saltwater fish

Cheese

Cow’s milk

Eggs

Dairy products: yogurt, ice cream

Iodized table salt

Iodine containing multivitamins
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The medium iodine intake in the United States is
240�300 μg/day in men and 190�210 μg/day in
women.

Recommended dosages of daily iodine supplemen-
tation according to the World Health Organization
(WHO) are as follows:

• Pregnant and lactating women 250 μg/d
• Children over 12 years and adults 150 μg/d
• Children between 6�12 years of age 120 μg/d
• Children less than 6 years 90 μg/d

For children 0�6 months of age, iodine supplemen-
tation should be given through breast milk. This
implies that the child is exclusively breastfed and that
the lactating mother received iodine supplementation.
In areas where food fortified with iodine is not avail-
able, iodine supplementation is required for children
of 7�24 months of age [1,3,5,6,14].

The most effective way to supplement iodine intake
is through salt iodization. Ideally all salts for human
(food industry and household) and livestock consump-
tion should be iodinized. Unfortunately this is rarely
achieved as food industries are often reluctant to use
iodized salt, and many countries do not iodize salt for
livestock [14].

WHO recommends 20�40 mg iodine/kg salt,
depending on local salt intake. Iodine can be added to
salt in the form of potassium iodide (KI) or potassium
iodate (KIO3). As KIO3 has higher stability in the
presence of salt impurities, humidity, and porous
packaging, it is the recommended form in tropical
countries and those with low-grade salt. Iodine is usu-
ally added after the salt has been dried using one of
two techniques. The “wet method” where a solution of
KIO3 is dripped or sprayed on to salt passing by on a
conveyor belt or the “dry method” where KI or KIO3
powder is sprinkled over the dry salt [3,14].

Iodization of salt may not be practical in certain
regions—for example in areas where communications
are poor or where there are numerous small-scale salt
producers. Iodized oil supplements can be used in
these areas as an alternative. Iodized oil is prepared by
esterification of the unsaturated fatty acids in seed or
vegetable oils, and addition of iodine to the double
bonds. It can be given orally or by intramuscular injec-
tion. The intramuscular route has a longer duration of
action, but oral administration is more common
because of its simplicity. Usual doses are 200�400 mg
iodine/year and it is often targeted to women of child-
bearing age, pregnant women, and children (see
Table 41.2). Iodine can also be given as potassium
iodide or iodate as drops or tablets. Single oral doses
of potassium iodide monthly (30 mg) or biweekly
(8 mg) can provide adequate iodine for school-age chil-
dren. Lugol’s iodine, containing approximately 6 mg

iodine per drop offers another simple way to deliver
iodine [3,14].

Most people are very tolerant of excess iodine intake
from food. It is rare for diets of natural foods to supply
more than 2000 μg of iodine/day, and most diets sup-
ply less than 1000 μg of iodine/day. However, some
people living in coastal Asia whose diets contain large
amounts of seaweed and fish have been found to have
iodine intakes ranging from 50,000 to 80,000 μg
(50�80 mg) of iodine/day [2,5,14�16].

Acute iodine poisoning is rare and usually caused
by ingestion of several grams and causes gastrointesti-
nal symptoms, such as abdominal pain, nausea, vomit-
ing, and diarrhea, as well as cardiovascular symptoms,
coma, and cyanosis. Excess iodine intake can cause a
very rare skin disorder called iodermia, which is
characterized by acneiform lesions, pruritic rash, and
urticaria [2,5,14�16].

IODINE AND ITS ROLE IN THE
HUMAN BODY

Iodine is crucial to the synthesis of thyroid hor-
mones. Thyroid hormones (THs) are essential for nor-
mal growth and development, and during all stages of
life. Through direct and permissive effects on biochem-
ical cell functions, regulatory genes, and other
hormones, THs influence virtually all biological
systems from the point of conception onward. THs
are involved in many processes including the differen-
tiation of embryonic and adult brain stem cells; regula-
tion of early embryonic cell migration, differentiation,
and maturation; regulation of embryonic and postnatal
somatic growth; regulation of embryonic and post-
natal development of the brain and eyes; generation of
energy in mitochondria; and regulation of brain func-
tion and neurogenesis [2,4�6,8,14,17].

During evolution, a concentrating mechanism devel-
oped that permitted iodine found in the environment
to be stored and available for hormone production,
even in times of scarcity. Thus, vertebrates developed
a thyroid gland [4,9].

The human body contains approximately 10�20 mg
of iodine; about 70�80% of it is concentrated in the thy-
roid gland. It is primarily obtained through the diet but
it is also a component of some medications. Iodine is
ingested in a range of forms, including iodide (I�),
molecular iodine (I2), and iodate (IO3

�), which are
reduced to iodide in the gut prior to absorption.
The amount of iodine absorbed is largely dependent on
the level of dietary iodine intake, rather than on
its chemical form or the composition of the diet
[1,3�5,7,9,10,14].
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Absorption and Metabolism

Iodide absorption takes place predominantly in the
stomach and upper small intestine. The different forms
of iodine are reduced to iodide in the gut before
absorption [1,3]. In healthy adults, the absorption of
iodide is greater than 90%. It is absorbed via an active
transport protein on the apical surfaces of enterocytes
called the sodium�iodide symporter (NIS). NIS
expression is downregulated when the concentration
of iodide from food increases. Once in the circulation,
the thyroid gland and the kidney quickly take up the
iodide. The thyroid accumulates iodide depending on
iodine and thyroid hormone homeostasis [1,3�5].

During lactation, the mammary glands concentrate
iodine and secrete it into milk for the newborn. Other
tissues take up small amounts of iodine, including the
salivary glands, gastric mucosa, and choroid plexus.
Iodine has no proven function in these tissues; how-
ever, there are suggestions of generalized immune sys-
tem support [1,3�5].

NIS is located on the basal membrane in thyroid fol-
licular cells and is the key enzyme responsible for
iodide accumulation. The activity of NIS is three to
four times greater in the thyroid than in any other tis-
sue in the body. This allows the gland to accumulate
and sequester iodide from the blood. Iodide concentra-
tion in the cytoplasm of follicular cells is more than
40 times greater than in the plasma [1,3,4].

If there is adequate or surplus dietary iodine supply,
less than 10% of absorbed iodide is taken up by the thy-
roid. When dietary iodide is less abundant, the fraction
of iodide taken up by the thyroid from the blood
increases up to about 80%. Thyroid-stimulating hor-
mone (TSH) and plasma iodide regulate NIS expression
in thyroid follicular cells, determining iodide uptake by
the thyroid gland. In hypothyroidism there is increased
pituitary secretion of TSH, which results in upregula-
tion of NIS expression. During the euthyroid or hyper-
thyroid states, TSH secretion is decreased and does not
stimulate NIS expression. High concentrations of iodide
in plasma directly decrease NIS expression [1,3,4].

NIS utilizes the energy released by the inward
translocation of sodium down its electrochemical gra-
dient to be able to translocate iodide against its electro-
chemical gradient. The sodium gradient as the driving
force for the iodide uptake is generated by Na1/K1-
ATPase. This active transport mediated by NIS can be
competitively inhibited by thiocyanate, perchlorate,
pertechnetate, and perrhenate [1,3,4,18].

Within the thyroid, iodide is moved to the colloid
space via pendrin, a sodium-independent iodide/chlo-
ride transport protein. The thyroperoxidase (TPO)
enzyme then organifies iodide by binding it to tyrosine
residues on thyroglobulin forming monoiodotyrosine
(MIT) or diiodotyrosine (DIT). Thyroxine (T4) is
formed from the combination of two DIT molecules,
whereas Triiodothyroinine (T3) is formed from one

TABLE 41.2 Recommendations for Iodine Supplementation in Pregnancy and Infancy in Areas Where ,90% of Households Are Using
Iodized Salt and the Median UIC Is ,100 μg/L in Schoolchildren

Population Iodine supplementation

Women of child-bearing age • A single annual oral dose of 400 mg of iodine as iodized oil
• A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the

recommendation of 150 μg/day of iodine

Women who are pregnant
or lactating

• A single annual oral dose of 400 mg of iodine as iodized oil
• A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the

recommendation of 150 μg/day of iodine
• Iodine supplements should not be given to a woman who has already been given iodized oil during her

current pregnancy or up to 3 months before her current pregnancy started

Children aged 0�6 months • A single oral dose of 100 mg of iodine as iodized oil
• A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the

recommendation of 90 μg/day of iodine
• Should be given iodine supplements only if the mother was not supplemented during pregnancy or if the

child is not being breast-fed

Children aged 7�24 months
old

• A single annual oral dose of 200 mg of iodine as iodized oil as soon as possible after reaching seven months
of age

• A daily oral dose of iodine as potassium iodide should be given so that the total iodine intake meets the
recommendation of 90 μg/day of iodine

Reproduced from Ref. [14].
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DIT and one MIT molecule. Increased TSH stimulates
thyroglobulin proteolysis and release of thyroid hor-
mones into circulation. Depending on overall iodine
status, the colloid space stores enough covalently
bound iodine in thyroglobulin to account for several
weeks to months worth of hormone secretion [1,3�5].

Distribution and Elimination

Absorbed iodide is distributed through the extracellu-
lar space with a half-life of approximately 10 h in plasma.
The half-life may vary, as there is more rapid thyroid
uptake and increased GFR in states of iodine deficiency
or hyperthyroidism. When dietary iodide intake is abun-
dant, approximately 90% of ingested iodide is excreted
in urine and the remainder in feces. Urine iodine clear-
ance is approximately 40 mL/min. Fecal losses vary but
are generally low (10�20 μg/day), and small amounts
are also lost via the skin through sweat [3,5,10].

NIS protein is also expressed in the renal tubular
system. Renal iodide clearance remains constant as a
percentage of filtered iodide in plasma, even if there is
variable iodine intake. This means there is decreased
urinary iodide when iodine intake is low and increased
urinary iodide when intake is high. Thus, the measure-
ment of urinary iodine can be a useful clinical and epi-
demiologic tool. Iodide clearance in the kidney also
varies with thyroid status, being lower in hypothyroid-
ism and increased in hyperthyroidism, which can be
explained by changes of glomerular filtration [3,10,18].

Recycling

Intrathyroidal and extrathyroidal recycling of iodide
occurs after GI absorption and may be up- or downre-
gulated depending on the level of dietary iodine. The
inactive MIT and DIT released during proteolysis of
thyroglobulin accounts for approximately 80% of recap-
tured intrathyroidal iodide. Extrathyroidal iodine recy-
cling may occur when absorbed iodide is excreted by
salivary or gastric glands into the upper alimentary
tract to be reabsorbed as previously described. Free
iodide is released from the conversion of T4 to T3 in
peripheral tissues and enters the general circulation,
where it may be reused or eliminated [3,5].

Deiodinases are the primary iodine-recycling
enzyme. There are three different types of deiodinases.
Type I is present in the liver, kidney, and thyroid. It is
responsible for the clearance of plasma reverse T3 (rT3)
and a major source of circulating T3. Type II is found in
the human brain, anterior pituitary, and thyroid and
allows for local T3 production in these tissues. Type III

is expressed in the human brain, placenta, and fetal tis-
sues. It helps to regulate intracellular T3 levels as it
inactivates T3 more effectively than T4. These deiodi-
nases have been demonstrated to be selenoproteins. rT3
and T3 can be further deiodinated in the liver and are
conjugated to either sulfur or glucuronide before excre-
tion in the bile. An enterohepatic circulation of TH as
intestinal flora deconjugates some of these compounds
and promotes the reuptake of TH [3,8].

This can be summarized in Fig. 41.2, which shows
the metabolism of iodine in the human body.

EPIDEMIOLOGY

Iodine deficiency and impaired thyroid hormone
production have many adverse effects throughout the
human lifespan from the intrauterine stage to old age,
as shown in Table 41.3. Pregnant and lactating women,
women of reproductive age, and children younger
than 3 years are considered to be at high risk of iodine
deficiency disorders [1�3,5,6,14,19].

Thyroid enlargement (goiter) is the earliest and
most visible effect of iodine deficiency; however cogni-
tive impairment is its most deleterious consequence.
Neuronal migration, glial differentiation, and myelina-
tion of the central nervous system are dependent on
normal thyroid hormone concentrations. Iodine defi-
ciency (ID) is the most preventable cause of mental
retardation in the world. Inadequate iodine intake
results in hypothyroidism and goiter at all ages. Mild
ID also has a significant impact on reproductive health,
increasing miscarriages, stillbirths, and perinatal mor-
tality, and is the most common cause of reproductive
failure worldwide [1,3�7,10,14,19�22].

Control of ID is thus a critical and achievable devel-
opment goal for governments. Salt iodization has been
the central strategy to achieve this goal. Through salt
iodization, ID is among the simplest and least expen-
sive of nutritional deficiencies to prevent [20,22].

There has been remarkable progress in the global
effort to eliminate ID over the past two decades. In
1993, the WHO estimated that goiter and ID affected
110 countries. From 2003 to 2011, the number of iodine-
deficient countries decreased from 54 to 32 and the
number of countries with adequate iodine intake
increased from 67 to 105. Currently, 71% of the global
population has access to iodized salt, up from 20% in
1990 [20,22].

Systematic reviews have confirmed the benefits of
correcting iodine deficiency. Of two recent publica-
tions, one looked at 89 studies that provided iodized
salt to populations and recorded a significant 72�76%
reduction in risk for low intelligence (defined as IQ
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,70) and an 8.2�10.5 point overall increase in IQ. The
second systematic review similarly concluded that
iodine-sufficient children have a 6.9�10.2 point higher
IQ than iodine-deficient children [4,19,21].

Currently approximately 1.9 billion of the world
population is estimated to have inadequate iodine
intake. Of these 285 million are school aged children
(1/3 of school-aged children). The prevalence of iodine
deficiency is lowest in the Americas (13.7%) and
highest in Europe (44.2%). Southeast Asia represents
about 31% of the global population with insufficient
iodine intake. See Table 41.4 [1,23,24].

The iodine status of populations can be assessed by
using the prevalence of goiter, biomarkers of iodine
exposure, such as urinary iodine concentration (UIC),
biomarkers of function (serum thyroglobulin levels),
and thyroid function tests [1,3,5,6,14].

In the past, iodine nutrition was evaluated accord-
ing to thyroid size and goiter rate (GR). In the 1990s, a
simplified grading system was released, to try to
reduce interobserver variation. Grade 0 was defined as
a thyroid that is not palpable or visible; grade 1 was
defined as an enlarged gland that is palpable but not
visible when the neck is in the normal position; grade 2
was defined as a thyroid that is clearly visible when

TABLE 41.3 The Iodine Deficiency Disorders and Their Health
Consequences, by Age Group

Age group Consequences

All ages Goiter

Increased susceptibility of the thyroid gland
to nuclear radiation

In severe iodine deficiency, hypothyroidism

Fetus Abortion

Stillbirth

Congenital anomalies

Perinatal mortality

Neonate Infant mortality

Endemic cretinism

Child and adolescent Impaired mental function

Delayed physical development

Adults Impaired mental function

Reduced work productivity

Toxic nodular goiter

Hyperthyroidism

Reproduced from Ref. [19].

FIGURE 41.2 Iodine metabolism in the human body. Source: modified from Ref. [6].
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the neck is in a normal position. It was recommended
that the GR be used to define severity ID in popula-
tions (see Table 41.5) [3,14,19,24].

After the introduction of iodized salt programs in
areas of endemic goiter, it was reported that although
thyroid size decreased as iodine intake increased, thy-
roid size did not return to normal for months or years
after ID correction, and the GR remained elevated
(.5%), particularly among older children and adults.
Because of this long lag-time in the resolution of goiter,

the GR is difficult to interpret for several years after
iodized salt introduction, since it reflects both a popu-
lation’s history of iodine nutrition as well as its present
status [24].

Due to the limitations of using goiter rate to deter-
mine iodine status, new methods for assessing this
parameter were sought. Urinary iodine concentration
(UIC) is an excellent indicator of recent iodine intake
because $ 92% of dietary iodine is absorbed and, in
healthy, iodine-replete adults .90% is excreted in the

TABLE 41.4 Number of Countries, Proportion and Number of School Aged Children (SAC) and the General Population with
Insufficient Iodine Intake by WHO Region 2011

WHO region

Insufficient iodine intake ,100 mcg/L

SAC General population

Countries (n) Proportion (%) Total (millions) Proportion (%) Total (millions)

Africa 10 39.3 57.9 40.0 321.1

Americas 2 13.7 14.6 13.7 125.7

South-East Asia 0 31.8 76.0 31.6 541.3

Europe 11 43.9 30.5 44.2 393.3

Eastern Mediterranean 4 38.6 30.7 37.4 199.2

Western Pacific 5 18.6 31.2 17.3 300.8

Global Total 32 29.8 240.9 28.5 1881.2

Reproduced from Ref. [24].

TABLE 41.5 Indicators of Iodine Status in Populations

Measure Age group Application

Median urinary iodine
concentration (ng/mL or μg/L)

School-aged children (6�12 years)
and pregnant women

See Table 41.6

Rate of goiter measured by
palpation (%)

School-aged children Extent of iodine deficiency by frequency of goiter:

None: 0�4 � 9%
Mild: 5�19 � 9%
Moderate: 20�29 � 9%
Severe: $ 30%

Rate of goiter measured by
ultrasound (%)

School-aged children Extent of iodine deficiency by frequency of goiter:

None: 0�4 � 9%
Mild: 5�19 � 9%
Moderate: 20�29 � 9%
Severe: $30%

TSH concentrations (mU/L) Neonates A frequency of ,3% of TSH concentration values .5 mU/L shows
iodine sufficiency in a population (when samples collected .48 h
after birth)

Serum or dried blood spot
thyroglobulin values

School-aged children Reference interval in iodine- sufficient children is 4�40 μg/L

Modified from Ref. [19].
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urine within 24�48 h. UICs are usually measured in
spot urine collections. Based in the UIC we can classify
populations as iodine deficient, iodine sufficient, or
with excessive iodine intake. See Tables 41.5 and 41.6
and Fig. 41.3 [1,3,5,6,14,19,22,24].

TSH is considered as a sensitive indicator of iodine
status for the newborn but is less predictive in adults.
For this reason it can be used in addition to UIC when
assessing iodine status for the newborns but not for
other age groups. In older children and adults, serum
TSH may be slightly elevated in ID, however, levels
often remain within the normal range. Serum thyro-
globulin (Tg) is considered as a sensitive indicator for

school-aged children and adults and appears to be a
better alternative to UIC for estimating the longer term
iodine intake. An elevated Tg level is well correlated
with iodine deficiency [1,3,19].

Iodine Status and Thyroid Disorders

The thyroid gland is able to autoregulate the use of
iodine for thyroid hormone production according to its
availability. In healthy adults, the mean daily uptake
and turnover of iodine by the thyroid is approximately
95 μg. In order to remain euthyroid, the daily iodine

TABLE 41.6 Epidemiological Criteria for Assessing Iodine Nutrition Based on Median Urinary Iodine Concentrations of School-Age
Children ($6 Years)

Median urinary
Iodine intake Iodine statusIodine (ng/mL or μg/L)

,20 Insufficient Severe iodine deficiency

20�49 Insufficient Moderate iodine deficiency

50�99 Insufficient Mild iodine deficiency

100�199 Adequatea Adequate iodine nutrition

200�299 Above requirements Likely to provide adequate intake for pregnant/lactating women but may pose a slight
risk of more than adequate intake in the overall population

.300 Excessive Risk for adverse health consequences (eg, iodine-induced hyperthyroidism, autoimmune
thyroid diseases)

aApplies to adults but not to pregnant and lactating women.
For pregnant women, median urinary iodine concentrations of 150�249 ng/mL and for lactating women, median urinary iodine concentrations of above 100 ng/

mL represent adequate iodine intake WHO categories for median urinary iodine concentrations in school-age children and adults.

Adapted from Ref. [20].

FIGURE 41.3 National iodine status as per urinary iodine concentration in school children. Source: reproduced from Ref. [19].
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intake must be sufficient to enable the thyroid to turn
over 95 μg iodine per day. If dietary iodine intake
decreases, thyroid function is maintained by increasing
thyroidal clearance of circulating iodine. Deficient
iodine intake triggers secretion of TSH and increases
the expression of NIS to increase the uptake of iodine
into thyroid cells. The thyroid accumulates a larger
proportion of the ingested iodine and reuses the iodine
from the degradation of TH, which reduces renal clear-
ance of iodine. Short-term deficits in iodine intake are
buffered by intrathyroidal stores (up to 20 mg in
iodine-sufficient areas) [3,5,19,20,25,26].

However, in chronically low iodine intake, thyroidal
reserves will be depleted and iodine turnover will
need to be increasingly replaced by dietary iodine sup-
ply. Eventually, low dietary intake will limit thyroid
hormone synthesis. Thus ID can be broadly defined in
two phases: inadequate iodine intake, leading to
chronic iodine deficiency and thyroid dysfunction.
Fig. 41.4 illustrates a simplified model of human iodine
and thyroid status at different stages (left to right) of
iodine intake: sufficient iodine intake, low iodine
intake without thyroid dysfunction, and chronically
low iodine intake with hypothyroidism. The scientific
evidence is limited with regard to the absolute levels
of habitual daily iodine intake at which thyroid stores
decrease and thyroid dysfunction occurs [19,20,25,26].

The prolonged thyroid hyperactivity associated
with such adaptations can lead to thyroid growth.
There is an increased tendency to mutations during
follicular cell proliferation, which can lead to multifo-
cal autonomous growth and function (autonomous
nodules) [26].

Excessive iodine intake can also cause thyroid dys-
function. Following transient exposure to high iodine
levels, the synthesis of thyroid hormone is normally
inhibited via the acute Wolff-Chaikoff effect. It is
thought this is mediated by the generation of inhibi-
tory substances that affect thyroid peroxidase activity,
and increased intrathyroidal iodine concentration that
suppresses deiodinase activity. If excessive iodine
exposure persists, the thyroid is able to “escape” from
the acute Wolff-Chaikoff effect within approximately
2 weeks. This is accomplished, in part, by downregu-
lating NIS on the basolateral membrane. This occurs
within 24 h after exposure to excess iodine. The result
is decreased intrathyroidal iodine concentrations and a
decrease of iodinated substances that inhibit thyroid
hormone production leading to a subsequent increase
in thyroid hormone synthesis. In individuals with dys-
regulation of the thyroid follicular cell (such as
Hashimoto’s thyroiditis or inborn errors of metabo-
lism), excess iodine exposure can induce thyroid dys-
function, which might be transient or permanent
[2,4�6,16,21,25,27].

The Jod Basedow phenomenon, or iodine-induced
hyperthyroidism, occurs most commonly in indivi-
duals with a history of nontoxic diffuse or nodular goi-
ters, living in areas of iodine deficiency that are
exposed to an increase in iodine in the environment
[15,16,19,27].

In summary, the relationship between the iodine
intake of a population and the occurrence of thyroid dis-
ease is U-shaped, with an increased risk from both low
and high iodine intakes. Even small increases in iodine
intake in previously iodine-deficient populations can
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Normal thyroid
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Thyroidal iodine stores

Thyroid size, Thyroglobulin

TSH

    Thyroid
hormone
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↑
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↑
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FIGURE 41.4 The physiological stages of iodine status. Source: reproduced from Ref. [20].
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change the pattern of thyroid diseases. Thus when per-
forming studies one needs to consider not only present
intake, but also the history of iodine intake of the popu-
lation as well as varying environmental and genetic fac-
tors that modify the effects of iodine intake on thyroid
disorders. For example, white populations have a higher
risk of autoimmune thyroiditis than Africans, which
makes the former more susceptible to hypothyroidism if
iodine intakes are excessive [19,25,26].

IODINE AND THE HUMAN LIFESPAN

Pregnancy

In early gestation, maternal TH production increases
by approximately 25�50% in response to increase of
serum binding proteins and increased stimulation of
TSH receptor by human chorionic gonadotropin. The
placenta is a source of deiodinase that increases the
degradation of thyroxine thus increasing the TH
demand [1,28,29].

The placenta regulates the transfer of maternal THs
via placental thyroid hormone transporters, thyroid
hormone binding proteins, and enzymes such as deio-
dinases, sulfotransferases, and sulfatases. Iodine trans-
port is regulated as well. Placental NIS protein levels
correlate with gestational age during early pregnancy
and increase with increased placental vascularization.
This allows for the fetus to obtain an adequate iodide
supply to meet thyroid hormone synthesis [29].

The placenta expresses deiodinases type II and III.
Various thyroid hormone transporters have been
located at the apical and basolateral membranes of the
syncytiotrophoblasts in the placenta. Transthyretin, a
serum thyroid hormone binding protein, appears to
play an important role in the delivery of maternal thy-
roid hormone to the developing fetus. The placenta
secretes transthyretin into maternal and fetal circula-
tions. This placental protein is secreted into the mater-
nal placental circulation where it can be taken up by
trophoblasts and be translocated to the fetal circula-
tion, forming a “shuttle system” [29].

Pregnant women are at a higher risk of I insuffi-
ciency, as their daily requirement is higher than that of
the general population. The increased requirement is
due to several factors: an increased maternal TH pro-
duction to both maintain maternal euthyroidism and
to transfer TH to the fetus in the early first trimester,
the need for iodine transfer to the fetus particularly in
later gestation, and the increase in renal iodine clear-
ance. If a chronically iodine-deficient woman becomes
pregnant she has no thyroid iodine stores to meet
these increased needs and subsequently goiter and

hypothyroidism can occur. Maternal I insufficiency
can result in a wide spectrum of growth and mental
impairment in the newborn [1,3,4,17].

Fetal Development

Severe endemic goiter and cretinism are observed in
iodine-deficient regions. The link between ID and cre-
tinism was confirmed in 1966, after a trial in Papua
New Guinea. Iodized oil was administered to a popu-
lation, with reduction of the incidence of cretinism and
goiter in the treated group when the supplementation
was provided before the onset of pregnancy [3,4,28].

Maternal dietary I and T4 are critical over the entire
course of gestation. Even after the fetus’s thyroid starts
producing THs, the mother’s T4 contribution is still cru-
cial. At birth, maternal T4 accounts for 20% to 50% of
the T4 measured in cord blood. After birth, maternal I,
which is transferred by NIS into the milk, is critical for
the newborn’s development [4]. the recommendation
for iodine intake during lactation is based on the
woman’s daily requirement plus the amount of iodine
that is loss in human milk [3,5].

Thyroid hormone receptors are present in the fetal
brain by nine weeks, making the central nervous sys-
tem’s (CNS) development sensitive to TH deficiency as
early as the first trimester. THs play a critical role in
the CNS of the fetus and newborn, affecting neuronal
migration, differentiation, myelination, and synapto-
genesis. Development of the cerebral cortex, cochlea,
and basal ganglia during the first trimester of gestation
is dependent on thyroid hormones. They are also nec-
essary for brain growth and differentiation in the third
trimester (see Fig. 41.5) [3,4,17,23].

Prior to the onset of fetal thyroid function, maternal
TH is critical for fetal development and is provided
via placental vessels. The early effects of iodine defi-
ciency in the fetus are due to reduced maternal T4
transfer prior to onset of fetal TH production [4,17,23].

In humans, thyroid morphogenesis is completed by
gestation week 7. NIS expression is the limiting step in
the terminal differentiation and onset of thyroid func-
tion. The thyroid gland is considered fully differenti-
ated at gestation week 11, once follicular cells have
fully polarized, formed follicles, and fetal thyroid
begins to take up I and synthesize TH [4,17].

The consequences of ID during gestation depend
upon the timing and severity of the hypothyroidism.
TH insufficiency can cause severe neurodevelopmental
defects, cretinism being the gravest. However, even a
slight reduction in maternal T4 production during ges-
tation can impair cognitive development in the new-
born and result in decreased IQ [3,4,17,28].
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Severe ID in utero causes cretinism, of which there
are two forms depending on the timing of the iodine
deficiency during fetal life, neurological (earlier) and
myxedematous (later). Worldwide neurological cretin-
ism is the most common subtype. The clinical features
for neurological cretinism include mental retardation,
defects of hearing and speech, squint, impaired volun-
tary motor activity involving spastic diplegia or paresis
of the lower limbs, and disorders of stance, with spas-
tic gait and ataxia. The children are usually euthyroid,
but can develop goiter and hypothyroidism in some
cases [3�5,17].

In myxedematous cretinism, there is hypothyroidism
associated with dwarfism, myxedema, dry, thickened
skin, sparseness of hair and nails, deep hoarse voice,
sexual retardation, retarded maturation of body parts,
skeletal retardation, weak abdominal muscles, poor
bowel function, and delayed tendon reflexes. There is a
typical facies with wide-set eyes, saddle-nose deformity

with retarded maturation of nasoorbital configurations,
mandibular atrophy, and thickened lips [3,4,17].

Iodine treatment during pregnancy in areas of
severe iodine deficiency result in better psychomotor
development scores and higher IQ scores in offspring
when compared to placebo [3,23].

Both thyroid and growth hormone (GH) are essen-
tial for growth and development even during fetal life.
Thyroid hormone is required for normal GH expres-
sion in vitro and in vivo, and in animal studies TH
promotes GH secretion and modulates its effect at the
receptor. Thyroid hormone also directly affects epiphy-
seal growth, bone maturation, and stature [3,17].

Supplementation of iodine has been found to have a
positive impact on the anthropometric measures at
birth and decreases infant mortality. Repletion of
severely iodine-deficient pregnant women in China
improved head circumference and reduced microceph-
aly. In an area of Algeria with endemic goiter,
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FIGURE 41.5 THs in human development and effects of ID and maternal hypothyroidism on fetal development. Blue arrows (gray in
print versions) indicate the time of development of specific brain areas and body features that depend on adequate T4 levels and can be
affected by low T4 at the indicated time of gestation. As evidenced by the red bars (dark gray in print versions), the timing of the deficiency
will affect clinical outcome. Source: reproduced from Ref. [4].
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administration of iodine prior to conception and dur-
ing first trimester increased placental and birth
weights. In Spain, it was observed that women, who
were iodine deficient, had a greater risk of having an
infant that was small for gestational age [3,17].

Infant survival is improved to women whose ID is
corrected before or during pregnancy, as seen after
adding potassium iodate to irrigation water in ID areas
of China. Studies in Indonesia show infant survival
may also be improved by iodine supplementation in
the newborn period. The use of iodized salt was also
associated with lower prevalence of malnutrition and
mortality in neonates, infants, and children less than
5 years [3,17].

The fetus and newborn are vulnerable to iodine
excess. The fetal thyroid does not acquire the capacity to
suppress the acute Wolff-Chaikoff effect until approxi-
mately 36 weeks of gestation. Excessive maternal iodine
intake can cause neonatal goiter and hypothyroidism. It
has been suggested that the fetal thyroid is more sensi-
tive to the inhibitory effect of iodine. The upper limit of
acceptable iodine intake in pregnancy is controversial.
Excessive iodine supplementation during pregnancy
had a negative effect on birth weight [15,17,22].

Thyroidal iodine turnover rate is more rapid in
infants, thus adequate iodine levels in breast milk are
important for neurodevelopment of infants. Breastfed
infants are reliant on maternal dietary iodine intake.
After delivery, maternal TH production and urinary
iodine excretion return to normal, however iodine is
being concentrated by the mammary gland. Breast
milk provides approximately 100 μg/d of iodine. The
iodine content in cow milk is dependent on the
amount of iodine that is consumed by the animal
[5,25,29].

Childhood

Many cross-sectional studies comparing cognitive
and/or motor function in children from chronically
iodine-deficient and sufficient areas show impaired
intellectual and motor skills in children from these
areas. They were unable to make a distinction between
persistent effects from deficiency in utero versus the
effects of current iodine status [3,17].

Differences in psychomotor development in ID chil-
dren become apparent after the age of 2. The problems
range from small neurologic changes to impaired
learning ability and poor performance in school/formal
testing of psychomotor function [3,23].

Cross sectional studies on ID and child growth have
yielded mixed results. There may be confounding
based on anthropometric measurements reflecting an
earlier iodine status. Hypothyroidism is a well-

recognized cause of short stature in children. Iodine
repletion’s effect on growth is likely due to improved
thyroid function [3,17].

Iodine excess in children is associated with goiter
and thyroid dysfunction. In Japanese children with
intakes of more than 20 mg of iodine per day, there
was an increased prevalence of goiter (3�9%), but no
cases of hypo- or hyperthyroidism. Chinese children
with iodine rich drinking water had elevations of TSH
levels and increased rates of goiter. A multicenter
study of school aged children in 12 countries found a
higher prevalence of elevated thyroglobulin levels.
Chronic dietary intakes .50 mg a day are associated
with increased thyroid size. Onset of mild thyroid
hyperstimulation as evidenced by increased thyroglob-
ulin levels occurs when iodine intake increases over
30 mg/day and goiter begins to appear in children
when intake increases above 40�50 mg/day [3,15,22].

Adults/Elderly

The recommended daily requirement of iodine for
adults was estimated based on the uptake and turn-
over of iodine by the thyroid of euthyroid adults.
Current recommendations do not have specific guide-
lines for dietary intake in the elderly population. There
is lack of data on this specific population. Studies in
elderly Europeans suggest that this subgroup has the
same level of iodine intake as the rest of the popula-
tion. However due to an age-related decreased energy
and nutrient intake, elderly subjects have an increased
risk of insufficient iodine intake compared to the rest
of the adult population [3,30�32].

Iodine Deficiency

In populations with mild-to-moderate iodine defi-
ciency, serum thyroglobulin concentrations and thy-
roid size usually increase in the population, whereas
serum TSH, T3, and T4 are often still in the normal
range. In regions of mild iodine deficiency, many peo-
ple develop simple diffuse goiters and some develop
nodules. The cause of diffuse goiter in the setting of
mild iodine deficiency is unclear as mean TSH levels
are not usually increased. On the contrary, populations
with mild to moderate iodine deficiency might have
lower mean TSH concentrations than do sufficient
populations. This difference is explained by an
increase in the prevalence of thyroid nodularity and
multinodular toxic goiter in populations with mild-to
moderate iodine deficiency, particularly in adults older
than 60 years. If multinodular toxic goiters are preva-
lent in a population, overall mean TSH concentration
will be lowered [3,19,33].
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In regions with moderate to severe iodine defi-
ciency, mean serum TSH concentration often increases
slightly whereas T4 remains normal. Many affected
individuals develop subclinical hypothyroidism. As
the severity of the deficiency worsens TSH continues
to rise. T3 production increases slightly or remains
unchanged and T4 decreases because of preferential
secretion of T3 by the thyroid in the setting of iodine
deficiency. This preferential secretion of T3 occurs
because the activity of T3 is roughly four times that of
T4, but T3 needs only 75% as much iodine for its syn-
thesis. In moderate to severe iodine deficiency, the
concentration of serum TSH is usually inversely corre-
lated with that of T4, but not with that of T3, which
suggests a closer feedback control of TSH secretion by
T4 than by T3. In chronic, severe iodine deficiency
many individuals have high TSH concentrations and
most develop goiter. If thyroidal iodine is exhausted,
mean concentrations of T4 and T3 decrease, TSH con-
centration increases, and there is an increase in overt
hypothyroidism in the population [3,19,33].

Populations with mild to moderate iodine deficiency
have a higher prevalence of hyperthyroidism and lower
mean serum TSH concentrations than populations with
adequate or excessive iodine intakes [3,19].

In populations with severe iodine deficiency, the
prevalence of hypothyroidism is higher than in areas
of optimum iodine intake. However, in the setting of
mild-to-moderate iodine deficiency, the prevalence of
subclinical and overt hypothyroidism is generally
lower than in areas of optimum or excessive iodine
intake [3,19].

The relation between iodine intake and risk for dif-
fuse goiter also demonstrated a U-shaped curve, with
increased risk at deficient and excess intakes, whereas
risk for nodular goiter seems to be increased only in
deficient populations [19].

Correction of iodine deficiency in adult populations,
irrespective of severity, reduces mean thyroid size and
the prevalence of diffuse goiter within a few years.
Although iodine repletion usually does not reduce the
prevalence of thyroid nodularity in adults older than
50 years because of fibrotic changes in nodules, it does
reduce the risk for development of nodular disease in
younger adults [19].

Iodine Excess

Iodine-induced hypothyroidism can occur if there is
a failure of adaptive mechanisms.

The common denominator of the states predisposing
to iodine-induced hypothyroidism probably is a slightly
elevated TSH or persistent thyroid-stimulating antibo-
dies, which keep the NIS activated and intrathyroidal

iodide concentration high, thereby preventing an escape
from the Wolff-Chaikoff effect. The other proposed
mechanism is induction of thyroid hypofunction due to
iodine-induced autoimmune thyroiditis although this
has not been proven in all studies [3,16,27].

An increment in iodine intake in deficient popula-
tions usually increases the incidence of hyperthyroid-
ism. The increase tends to be greater and more severe if
iodine fortification is excessive and the preexisting
iodine deficiency was severe. The mechanism by which
this occurs seems to vary in the different age groups.
Observations after introduction of salt supplementation
in Denmark demonstrated that in the population with
ages between 20 and 39 years the occurrence of hyper-
thyroidism seemed to be autoimmune in origin versus
in the elderly where it was associated to thyroid nodu-
larity. Individuals at highest risk for development of
hyperthyroidism are adults older than 60 years with
nodular thyroid disease. Follicular cells in these
nodules can be insensitive to TSH control, and if the
iodine supply is suddenly increased, these cells can
overproduce thyroid hormone [3,16,19].

The increase in incidence of hyperthyroidism after a
properly monitored introduction of iodine into popula-
tions with mild-to-moderate iodine deficiency is transient
(up to 10 years) because the resulting iodine sufficiency
in the population reduces the future risk for the develop-
ment of autonomous thyroid nodules [3,16,19].

Higher mean TSH concentrations in populations
with excessive iodine intake could be explained by a
more general phenomenon of iodine downregulation
of thyroid function. Increasing iodine intakes in a pop-
ulation leads to a small increase in the incidence of
mild subclinical hypothyroidism; this increase seems
to occur more often in individuals positive for thyroid
antibodies [19].

Thyroid Autoimmunity

It is difficult to ascertain the relationship between
iodine intake and thyroid autoimmunity as there is
conflicting data. In animal studies it has been observed
in mice that if they are first fed an iodine-deficient
diet, and then switched to one with iodine excess, they
dose-dependently develop thyroid cell damage sug-
gesting autoimmune disease [15,16].

Individuals with multinodular goiter often have
circulating antibodies, likely from antigen release by
the abnormal gland. Thus antibodies are common in
populations with iodine deficiency and multinodular
goiter. An increase in iodine intake in a previously
deficient population can induce thyroid autoimmunity.
Epidemiologic studies performed in China, Turkey,
and Denmark suggest that supplementation with
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iodized salt increases the prevalence of autoimmune
thyroid disease, be it overt or subclinical hypothyroid-
ism, hyperthyroidism, or both. This phenomenon
seemed to be dose dependent at three urinary iodine
excretion levels (marginally low/more than adequate/
excessive); the prevalence of subclinical hypothyroid-
ism was 0.9%, 2.9%, and 6.1% [16,26].

Iodine intake does not seem to influence the occur-
rence of thyroid autoantibodies in those under the age
of 45. The prevalence of thyroid autoantibodies
increases with age, and are more frequently seen in
people between 60 and 65 years. Thyroid autoantibo-
dies are seen more commonly in the moderately
iodine-deficient populations. The presence thyroid
autoimmunity, characterized by lymphocytic infiltra-
tion, rises as iodine intake in the population increases.
Interestingly, an increase in circulating antibodies is
not seen in populations with chronic stable high iodine
intake. This discrepancy may be explained in part by
the observation that not everyone with autoimmune
thyroid disease has circulating antibodies as observed
in autopsy series where the frequency of finding lym-
phocytic infiltration is higher than that of thyroid anti-
bodies [15,16,19,26,34].

Thyroid Cancer

The overall incidence of thyroid cancer in popula-
tions does not seem to be affected by the usual range
of iodine intakes from dietary sources. A systematic
review reported no association of thyroid cancer risk
with dietary iodine intake. Although several ecological
studies have suggested an increase in papillary thyroid
cancer after the introduction of iodized salt to popula-
tions, this could be confounded by a change in diag-
nostic surveillance. For example, in the USA, the
prevalence of thyroid cancer has been steadily increas-
ing over the last decades; however, dietary iodine
intake over the same period has decreased [5,14,19].

Differences in iodine intake between regions might
affect the distribution of thyroid cancer subtypes:
populations in areas of optimum iodine intake seem to
have fewer follicular thyroid cancers, but more papil-
lary thyroid cancers. Chronic iodine deficiency seems
to be a risk factor for follicular thyroid cancer and,
possibly, anaplastic thyroid cancer. Correction of
iodine deficiency might be beneficial in that it reduces
the goiter in populations, which is a major risk factor
for thyroid cancer. Also in the event of nuclear fallout,
if iodine sufficient, the thyroid would be exposed to
lower doses of radioactive iodine and the risk for
development of thyroid cancer would therefore also be
lower [3,5,14,19].

SUMMARY

• Iodine is a nonmetallic trace element, which is an
essential component of thyroid hormones.

• Iodine is obtained from diet, sources include
seafood, seaweed, grains, and dairy products. The
iodine content of food depends on the content of the
soil in which it is grown.

• Certain geographic areas like mountainous regions
and flooded river valleys are endemic for iodine
deficiency.

• Iodine deficiency (ID) is the most preventable cause
of mental retardation in the world. Inadequate
iodine intake results in hypothyroidism and goiter
at all ages.

• Pregnant and lactating women, women of
reproductive age, and children younger than 3 years
are considered to be at high risk of iodine deficiency
disorders.

• Iodine deficiency and excess can cause thyroid
dysfunction in adults and the elderly including
hypothyroidism, hyperthyroidism, and goiter.
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INTRODUCTION

Since their discovery in the early part of the twentieth
century, the importance of the water-soluble B complex
vitamins to the maintenance of healthy tissue and
prevention of disease has been recognized. Today,
research on the actions of these vitamins is leading to the
understanding that beyond the prevention of deficiency
diseases, these vitamins function in the body to maintain
optimal health, and to protect against chronic disease.
This is particularly important for the growing aging pop-
ulation, where changes in energy requirement, and
decline in metabolic efficiency make it difficult to ensure
adequate vitamin intake. The B vitamins include thiamin
(B1), riboflavin (B2), niacin (B3), pantothenic acid (B5),
pyridoxine (B6), biotin (B7), folate (B9), and vitamin B12.
Except for vitamin B12, which is stored in the liver, the
water-soluble vitamins are not stored and, therefore, reg-
ular intakes are needed. In the elderly, malabsorption of
vitamin B12 from food is the main cause of deficiency
and explains why depletion occurs with aging, and why
vitamin B12 deficiency is becoming one of the dominant
nutritional concerns later in life. Therefore, this paper
focuses on vitamin B12. It addresses associations between
dietary intake, vitamin B12 status, and health outcomes,
including vitamin B12 body stores, cognitive function,
bone health, and biomarkers of vitamin B12 status. In this
way it provides insight in vitamin B12 requirements later
in life, considering different approaches to derive them.

VITAMIN B12

An adequate dietary supply of vitamin B12 is
essential for normal blood formation and neurological

function [1�3]. Although only small quantities of the
vitamin are needed, deficiency may have serious con-
sequences for health and development of populations
across the world [4,5]. Elderly people in particular are
vulnerable to vitamin B12 deficiency resulting from
inadequate dietary intake or from malabsorption of
the vitamin due to age-related changes in the gastro-
intestinal tract [6,7]. Estimates of the prevalence of
vitamin B12 deficiency among elderly people range
from 5% to 60% depending on the diagnostic criteria
used [4,8,9].

Most countries provide recommendations on the
amount of dietary vitamin B12 needed to maintain
health for nearly all apparently healthy people within a
defined population [10]. These recommendations are
estimated from a statistical distribution of vitamin B12
requirements for meeting a specific health criterion
[11]. For adults and the elderly, current recommenda-
tions on vitamin B12 intake range from 1.4 to 3.0 μg/
day with requirements defined as the intake needed to
maintain adequate hematological status or body stores
by compensating daily losses [12]. Data that have been
used to estimate vitamin B12 requirements in adults
and elderly people so far, originate from a limited num-
ber of depletion�repletion and balance studies pub-
lished between 1958 and 1991. These studies merely
focused on the prevention of severe deficiency [12]. The
prevention of subclinical deficiency, chronic diseases,
or long-term outcomes were not taken into account.

Recently, four systematic reviews summarized avail-
able dose-response data on vitamin B12 requirements of
healthy adults and elderly people focusing on different
indicators of health: vitamin B12 body stores [13], cogni-
tive function [14], bone health [15], and biomarkers of
vitamin B12 status [16]. The aim of this chapter is to give
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an overview of the evidence and to provide estimates of
vitamin B12 requirements based on different health indi-
cators. Furthermore, pros and cons of different
approaches that may be used for estimating vitamin B12
requirements will be discussed.

APPROACHES FOR ESTIMATING
VITAMIN B12 REQUIREMENTS

Basically there are two approaches for estimating the
distribution of vitamin B12 requirements: (1) based on
physiological needs estimated by basal losses assuming
a specified level of bioavailability from the usual diet
(the factorial approach); and (2) based on associations
between intake and physiological or clinical health out-
comes using biomarkers that correlate both with intake
and a disease or physiological state (for simplicity
referred to as “status” throughout this paper) as an
intermediary between intake and health (dose-response
approach). The methodology [13�16] to systematically
review, summarize, and evaluate evidence on vitamin
B12 requirements has recently been developed by the
EURRECA Network of Excellence [17,18].

VITAMIN B12 REQUIREMENTS—A
FACTORIAL APPROACH

Daily vitamin B12 losses are most commonly mea-
sured using the whole body counting method (WBC).
With this method, subjects are given labeled vitamin
B12 and the rate of loss of vitamin B12 (μg/day) is cal-
culated based on the decrease in rate of radioactivity
during follow-up. This rate indicates the mean decay in
radioactivity per day as a percentage of the radioactiv-
ity measured after redistribution of the labeled vitamin
B12 through different body compartments (ie, at the
time that a constant excretion rate was established). To
derive estimates of daily losses, the rate of loss must be
combined with estimates of vitamin B12 body stores.

As an approximation to the WBC method, daily
vitamin B12 losses can be estimated by determining
vitamin B12 excretion in bile, accounting for the partial
reabsorption of this excreted vitamin B12 in the small
intestine. However, such data are limited, largely
inconsistent—with estimates varying from 0.8 to
35 μg/day [13]—and therefore not usable.

To estimate vitamin B12 requirements with the fac-
torial approach, estimates of daily vitamin B12 losses
need to be corrected for bioavailability of the vitamin
from the usual diet:

• Daily loss5 rate of loss (%)3 body stores
• Requirement5daily losses/bioavailability [13].

According to the current body of evidence, the rate
of loss averages 0.13% of total body stores per day (95%
confidence interval5 0.10; 0.15, I25 91.5%, p, 0.0001)
as estimated from a pooled analysis of five studies
including a total of 52 subjects. Estimates of mean
body stores in apparently healthy people range
between 1.1 and 3.9 mg (4 studies) [13]. This means
that among apparently healthy individuals, absolute
amounts of vitamin B12 lost per day will most likely
range between 1.4 and 5.1 μg/day [13].

Absorption of vitamin B12 depends on the ingested
dose and food source and varies substantially between
individuals. Data from eight studies including 79 sub-
jects, jointly demonstrate that the overall relation
between intake of vitamin B12 and the absorbed
amount is linear: loge(the amount absorbed)5 0.7694�

loge(intake)2 0.9614 (R25 0.78). Based on this equation
and assuming that three meals per day equally con-
tribute to compensating the losses of vitamin B12
(1.4�5.1 μg), each meal should provide between 1.3
and 6.9 μg; in turn, this would maintain body stores
between 1.1 and 3.9 mg.

When evaluating the total body of evidence for the
factorial approach, it should be noted that the evidence
could only be derived from relatively old studies pub-
lished between 1958 and 1991 and can hardly be
updated because this requires invasive methods or the
use of isotopes that do not comply with current ethical
standards.

VITAMIN B12 REQUIREMENTS—
ASSOCIATIONS BETWEEN VITAMIN B12

INTAKE, HEALTH OUTCOMES,
AND BIOMARKERS

The dose-response approach for estimating nutrient
requirements is based on associations between intake
and physiological or clinical health outcomes [19�21].
For vitamin B12, traditionally, maintenance of an
adequate hematological status, as measured by
stable hemoglobin levels, normal mean cell volume, and
normal reticulocyte response, was used as a marker for
setting recommendations. Requirements for the preserva-
tion of cognitive functioning or bone health or for main-
taining vitamin B12 status (as measured by selected
biomarkers) may well differ. Estimates for these can be
be derived using statistical methods combining data-
links between vitamin B12 intake and status and/or
health indicators as recently proposed by van der Voet
et al. [22], DerSimonian et al. [23], and Higgins et al. [24].
For this purpose data from well-defined observational
and intervention studies (Table 42.1) are integrated, in
order to estimate mean intakes needed to achieve
serum/plasma serum/plasma vitamin B12
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concentrations of 150, 200, 258, or 300 pmol/L. These con-
centrations are generally accepted as cut-off values for
clinical vitamin B12 deficiency (150 pmol/L and
200 pmol/L), or suggested as cut-off for subnormal vita-
min B12 status (258 pmol/L and 300 pmol/L) [25�27].

Vitamin B12 and Cognitive Function

A recent systematic review on dose-response evi-
dence from two RCTs and 23 prospective cohort stud-
ies on the relation of vitamin B12 intake and/or status
with cognitive function in adults and elderly people is
summarized in Table 42.2 [14]. Clearly the association
between vitamin B12 intake or status and cognitive func-
tion was consistently absent for Alzheimer’s disease
(3 studies), inconsistent for global cognition scores
(3 studies), and limited or inconsistent for specific cog-
nitive domains. More data are needed to support dose-
response evidence on sensitive markers of vitamin B12
status (methylmalonic acid (MMA) and holotranscoba-
lamin (holoTC)): four out of five cohort studies report
that low vitamin B12 status was significantly associ-
ated with incidence of either dementia, Alzheimer’s
disease, or global cognition. These findings are in line
with those presented in the World Alzheimer Report
2014: there is no evidence strong enough at this time to
include cognitive outcomes in the setting of vitamin
B12 recommendations.

Vitamin B12 and Bone Health

The evidence-base summarizing the relation of vita-
min B12 intake and status with indicators of bone

health includes dose response evidence from 22 obser-
vational studies Table 42.3 [15]. Evidence on associa-
tions between intake and fractures and between intake
and bone mineral density (BMD) was limited and
showed no or inconsistent associations. A meta-
analysis on prospective cohort data showed a modest
decrease in risk of fractures of 4% per 50 pmol/L
increase in serum/plasma vitamin B12 concentrations.
Findings for BMD were largely inconsistent. Meta-
analyses including cross-sectional studies showed that
serum/plasma vitamin B12 was not associated with
BMD at femoral neck, lumbar spine or total hip.
However, out of nine remaining studies that could not
be combined in a meta-analyses, six studies reported
that low serum/plasma vitamin B12 was significantly
associated with low BMD and three studies observed
no association between serum/plasma vitamin B12
and BMD. Overall, the evidence-base is suggestive of
an association between serum/plasma vitamin B12
concentrations and fractures. However, data from
intervention studies are needed to strengthen the
evidence-base before considering vitamin B12 and
bone health links for estimating vitamin B12
requirements.

Vitamin B12 Intake and Markers for Vitamin
B12 Status

Dose-response evidence on the relation between
vitamin B12 intake via diet, enriched foods, or supple-
ments, and different markers of vitamin B12 status
(serum/plasma concentrations of vitamin B12, MMA
and holoTC) in adults and the elderly is summarized
in Table 42.4 [16] in which the heterogeneous
dose-response relation between vitamin B12 intake
and serum/plasma vitamin B12 concentrations is
estimated as: loge(serum/plasma vitamin B12)5
0.17�loge(vitamin B12 intake)1 5.47 [16]. This relation
indicates that a doubling of vitamin B12 intake, for
example, from 1.5 to 3 μg, increases serum/plasma vita-
min B12 concentrations by 20.17-fold, which corre-
sponds to 12.5% (95% confidence interval: 11.0%,
14,9%), that is, from 254 to 286 pmol/L. For
Methylmalonic acid (MMA) a doubling in vitamin B12
intake resulted in a 7% decrease in MMA concentra-
tions (95% confidence interval: 210%, 24%). For
holoTC the number of RCTs was small.

Based on the dose-response relationship between
vitamin B12 intake and serum/plasma vitamin B12
concentrations as described above, estimates of the
vitamin B12 intakes needed to achieve concentrations
of 150, 200, 258 or 300 pmol/L are 0.07, 0.36, 1.6, or
4.0 μg/day, respectively.

TABLE 42.1 Inclusion Criteria for Exposure and Outcome
Measures per Study Design

Randomized
controlled trials Observational studies

Vitamin B12
intake

• Oral supplements
• Fortified foods
• Natural food

sources

• Validated food frequency
questionnaire

• Dietary history method
• 24-hour recall method for

at least 3 days
• Food record/diary for at

least 3 days

Vitamin B12
status

• Serum/plasma vitamin B12
• Serum/plasma methylmalonic acid
• Serum/plasma holotranscobalamin

Health
outcomes

• Cognitive function including incidence of
dementia or Alzheimer’s disease, global cognition
test scores, domain-specific test scores

• Bone health parameters including fracture risk,
bone mineral density, or bone turnover markers
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TABLE 42.2 Main Findings of a Systematic Literature Review on Vitamin B12 Intake or Status in Relation to Cognitive Function

Outcome Exposure

Study design

(publication
year)

N total

(range) no
of cases Main results

Dementia Vitamin B12 intake 1 Cohort (2009) 3634 Risk of dementia does not significantly change with increasing intake

352 cases

Serum/plasma
vitamin B12

5 Cohorts
(1994�2008)

3446
(370�1332)

Risk of dementia does not significantly change with increasing serum/
plasma vitamin B12a

375 cases

HoloTC 1 Cohort (2009) 213 No significant continuous association, moderate holoTC is significantly
associated with reduced risk of dementia

83 cases

Alzheimer’s
disease

Vitamin B12 intake 3 Cohorts
(2005�2009)

5254
(579�3634)

Risk of Alzheimer’s disease does not significantly change with
increasing intake

431 cases Pooled analysis: RR per μg dietary vitamin B125 0.99; 95% CI5 0.99,
1.00, I25 0%, p5 0.92

Serum/plasma
vitamin B12

3 Cohorts
(1994�2005)

1596
(370�816)

Risk of Alzheimer’s disease does not significantly change with
increasing serum/plasma vitamin B12

160 cases

HoloTC 2 Cohorts
(2009�2010)

484 1 study (n5 271) showed a reduced risk of Alzheimer’s disease with
increasing holoTC, 1 study (n5 213) showed no significant continuous
association, but moderate holoTC is significantly associated with a
reduced risk of Alzheimer’s disease

78 cases

Global
cognition

Vitamin B12 intake 1 RCT, 2 cohorts
(2002�2005)

3070
(31�3718)

No significant effect of/association between intake and cognitive
scores

Serum/plasma
vitamin B12

10 Cohorts
(2002�2009)

4807 8 studies (n5 3752) showed no significant association between serum/
plasma vitamin B12 and cognitive scores, 2 studies (n5 1055) showed a
positive associationb

MMA 3 Cohorts
(2007�2009)

2039 Inconsistent findings

HoloTC 2 Cohorts
(2007�2009)

1523 Inconsistent findings

Domain-
specific
cognition

Vitamin B12 intake 1 RCT, 2 cohorts
(1997�2006)

554
(111�321)

Inconsistent findings for executive function (3 studies) and memory
(3 studies)

No significant association between intake and scores for language
(1 study) or speed (1 study)

Serum/plasma
vitamin B12

5 Cohorts
(1997�2006)

3082 4 studies (n5 1404) showed no significant association between serum/
plasma vitamin B12 and memory, 1 study (n5 1678) showed an
increased risk of memory deficit at lower serum/plasma vitamin B12c

Inconsistent findings for executive function (3 studies)

No association between serum/plasma vitamin B12 and scores for
language (1 study) or speed (1 study)

aPooled analysis of 4 studies (n5 2630): RR per 50 pmol/L serum/plasma vitamin B125 1.00; 95% CI5 0.98, 1.02, I25 9.1%, p5 0.35.
bPooled analysis of 4 studies (n5 1579): β for annual change in global cognition z-score per 50 pmol/L serum/plasma vitamin B12 additional to change as a result of
aging5 0.00, 95% CI520.00, 0.01, I25 42.6%, p5 0.16.
cPooled analysis of 4 studies (n5 3460): β for associations between memory z-scores follow-up per 50 pmol/L serum/plasma vitamin B12 concentrations at baseline5 0.01, 95%
CI:2 0.01, 0.03, I25 0.0%, p5 0.99.

RR, Relative risk; 95% CI, 95% confidence interval; HoloTC, holotranscobalamin; RCT, Randomized Controlled Trial; MMA, methylmalonic acid.
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TABLE 42.3 Main Findings of a Systematic Literature Review on Vitamin B12 Intake or Status in Relation to Indicators of Bone Health

Outcome Exposure

Study design

(publication year)

N total (range)

no of cases sex Main results

Fractures Vitamin B12
intake

1 Cohort (2008) 1800 Risk for fractures does not change with increasing quartiles of intake

360 cases

Women

Serum/
plasma
vitamin B12

4 Cohorts
(2005�2008)

7539
(702�4761)

Risk of fractures significantly changes with increasing serum/plasma
vitamin B12

458 cases Pooled analysis: RR per 50 pmol/L serum/plasma vitamin B125 0.96,
95% CI5 0.92, 1.00, I25 0.0%, p5 0.84

Mixed

BMD Vitamin B12
intake

4 Cross-sectional
(2004�2008)

10,114
(1241�5304)

2 studies showed significant correlations between intake and BMD in a
specific subpopulation (MTHFR CC/TT polymorphism, n5 1700) or at a
specific time point (n5 1241), 2 studies (n5 7173) showed no significant
associationWomen (3

studies)

Mixed (1 study)

Serum/
plasma
vitamin B12

12 cross-sectional, 2
cohorts (2003�2012)

11,719
(83�5329)

7 studies (n5 5033) showed significant associations between low serum/
plasma vitamin B12 and BMD at least at one sitea, 7 studies (n5 6686)
showed no significant association

Women (9
studies)

Men (1 study)

Mixed (4
studies)

MMA 1 cross-sectional
(2005)

1550 Increasing serum MMA significantly associated with lower BMD

Mixed

aPooled analyses of cross-sectional studies showed no significant association between serum/plasma vitamin B12 and BMD at different sites in women (Femoral neck (3 studies,
n5 674): β per 50 pmol/L5 0.00, 95% CI520.13, 0.14, I25 0.0%, p5 0.40; lumbar spine (4 studies, n5 862): β per 50 pmol/L522.25, 95% CI527.98, 3.49, I25 99.5%,

p, 0.0001; total hip (4 studies, n5 1037): β per 50 pmol/L522.23, 95% CI5210.38, 5.92, I25 97.7, p5 0.0001).
RR, Relative risk; 95% CI, 95% confidence interval; BMD, bone mineral density; MMA, methylmalonic acid.

TABLE 42.4 Main Findings of a Systematic Literature Review on the Relation between Vitamin B12 Intake and Markers of
Vitamin B12 Status

Intake

(μg/d)a Status marker Study design (publication year) N total (range) Main results

2.1�1000 Serum/plasma
vitamin B12

37 RCTs (1985�2009) 3398 (21�217) 12.5% increase in status for every doubling of intake

βb5 0.17 (95% CI: 0.15, 0.20; I25 88%)

0.7�10.5 Serum/plasma
vitamin B12

19 observational (cross-sectional
data) (1984�2009)

12,570
(64�2156)

7% increase in status for every doubling of intake

βb,c5 0.10 (95% CI: 0.06, 0.14; I25 94%)

2.5�987 Serum/plasma
MMA

9 RCT’s (2001�2009) 850 (38�178) 7% decrease in status for every doubling of intake

βb5 20.11 (95% CI: 20.15, 20.06; I25 76%)

9.6�987 Serum/plasma
Holo-TC

3 RCTs (2006�2008) 350 (103�142) Inadequate data for meta-analysis. All three studies showed
that vitamin B12 supplementation increased holoTC

aIntake via supplements, diet or enriched foods.
bThe regression coefficient represents the difference in the loge-transformed predicted value of serum or plasma vitamin B-12 status for each one-unit difference in the loge-
transformed value in vitamin B-12 intake.
cNo regression coefficients from observational studies were included in the dose-response meta-analysis as these are subject to attenuation due to measurements errors [20�22].
RCT, randomized controlled trial; 95% CI, 95% confidence interval; MMA, methylmalonic acid; HoloTC, holotranscobalamin.
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Statistical modeling of intake and status data from
observational studies provides estimates of the esti-
mated requirements for vitamin B12 of 1.9, 2.6, 3.5, or
4.1 μg/day, respectively.

FROM ESTIMATES OF REQUIREMENTS
TO VITAMIN B12 RECOMMENDATIONS

The distribution of vitamin B12 requirements for a
specific health outcome is basic to the setting of recom-
mendations. Using the common assumption of a 10%
coefficient of variation in nutrient requirements it can
be derived as the average requirement (ANR)6 23 its
SD. Such intake suffices for 97.5% of the population to
reach the health criterion. The classical criterion—
maintenance of an adequate hematological status—is
debatable for several reasons: (1) the use of single-
study evidence, for example, the required intake
needed to maintain hematological status, as proposed
by the Institute of Medicine [28], was based on one sin-
gle study including 7 subjects that were not able to
absorb vitamin B12 from foods due to pernicious ane-
mia [29]. (2) Although the biological role of vitamin
B12 in blood cell formation is well-defined [30�32] it
has been estimated that 19�28% of patients with perni-
cious anemia do not have anemia, and 17�33% have a
normal mean cell volume [33,34]. (3) Potentially irre-
versible neurologic disorders due to vitamin B12 defi-
ciency may occur in the absence of anemia or an
elevated mean cell volume [3,35,36]. It is even sug-
gested that the occurrence of neurological complica-
tions is inversely correlated with the degree of anemia;
patients who are less anemic show more prominent
neurological complications and vice versa [37,38]. An
overview of vitamin B12 requirements and recommen-
dations based on more recent approaches is presented
in Table 42.5.

According to the factorial approach vitamin B12
recommendations for apparently healthy people range
between 3.8 and 20.7 μg/day depending on the under-
lying assumptions. Strictly speaking this range—based
on stores from patients suffering from malabsorption
with normal hematological status and low serum vita-
min B12—is reflecting minimum requirements for
intake to prevent clinical symptoms of severe defi-
ciency [41]. What stores suffice for the general popula-
tion to maintain health remains unclear.

So far, the evidence-base on the relation between
vitamin B12 intake or status and the long-term health
outcomes cognitive function and bone health is too
limited for being used to estimate vitamin B12 require-
ments and subsequently set recommendations.
Numerous factors may contribute to this where in the
cognitive research domain the variability in cognitive

outcomes is substantial, populations are diverse, deter-
minants may interact, and nutritional impacts are
small [42�47], and where the inclusion of novel tech-
nologies (brain imaging) and biomarkers (holoTC and
MMA) [48�50] may well advance the research field.
Such advances are also envisaged in studying bone
health [51], when involving stronger study design and
markers of bone metabolism [52�55].

The systematic review on intake and status of vitamin
B12 provided estimates of the dose-response relation
between vitamin B12 intake and serum/plasma vitamin
B12 concentrations. Based on these dose-response rela-
tions we were able to estimate mean intakes needed to
achieve serum/plasma concentrations of 150, 200, 258,
and 300 pmol/L. Recommendations based on these
ANRs are 0.08, 0.44, 2.0, and 4.7 μg/day, respectively
(Table 42.5). Recommended intakes of vitamin B12 for
the prevention of subclinical deficiency (cut off of
300 pmol/L) based on RCT’s or derived with the
stochastic model are similar to intakes needed for the
maintenance of normal body stores: 2.3, 3.2, 4.2, and
5.0 μg/day, respectively (Table 42.5). These results are
also supported by observations from five studies that
showed that markers for vitamin B12 status (serum/
plasma vitamin B12, MMA, and holoTC) leveled off at
daily intakes between 4 and 10 μg/day [56�60].

CONCLUDING REMARKS

This chapter illustrates that evidence underlying
current ANRs of vitamin B12 (maintenance of minimal
stores or hematological status) is old and has large
uncertainties, whereas evidence on long-term health
outcomes in relation to vitamin B12 intake or status is
yet very limited and not suitable for setting recommen-
dations. The relation between vitamin B12 intake and
markers of vitamin B12 status seem the best alterna-
tive, and stochastic methods may provide a good
opportunity to integrate dose-response data from dif-
ferent study types.

Intakes needed to maintain normal body stores or to
prevent subclinical deficiency may be twice as high as
current recommendations, but a missing piece of infor-
mation is the amount of vitamin B12 intake associated
with observable health benefits beyond the prevention
of signs and symptoms of deficiency. Further interven-
tion research on biomarkers intermediating B12 intake
and the health effects, as well as epidemiological
research on these biomarkers in relation to health out-
comes is indicated. To improve estimates of require-
ments, advanced models for integrating the evidence
are needed with assumptions consistent with the
strengths and limitations of epidemiological and physi-
ological studies.
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SUMMARY

• Evidence underlying current ANRs of vitamin B12
(maintenance of minimal stores or hematological
status) is old and has large uncertainties.

• Intakes needed to maintain normal body stores or to
prevent subclinical deficiency may be twice as high
as current recommendations.

• A missing piece of information is the amount of
vitamin B12 intake associated with observable
health benefits beyond the prevention of signs and
symptoms of deficiency.

• To improve estimates of requirements, advanced
models for integrating the evidence are needed with
assumptions consistent with the strengths and
limitations of epidemiological and physiological
studies.
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KEY FACTS

• The aging phenotype is caused by the
accumulation of damage to the cell’s
macromolecules which limit, or derange,
function throughout the body.

• Cardiovascular disease (CVD) is the most
common cause of death among the elderly in
Western countries.

• Damage to the endothelium increases CVD risk.

• Oxidative stress and inflammation damage the
endothelium and, together with senescent cells,
contribute to reduced endothelial function with age.

• Nitric oxide (NO) is secreted from endothelial
cells and regulates several aspects of
cardiovascular function including vascular tone,
platelet aggregation, thrombosis, monocyte
adhesion and smooth muscle proliferation.

• Vitamin C is important for vascular health
through its roles as an antioxidant nutrient, as a
co-factor of collagen synthesis and in
augmenting NO bioavailability.

• Older people with lower vitamin C status and at
higher CVD risk may benefit from additional
vitamin C intake.

Dictionary of Terms

• Aging: The processes involved from conception to
death; an evolution of metabolic, endocrinological,

and physiological change that occurs in the
individual from inception through birth, childhood,
adolescence, adulthood, and senescence.

• Antioxidants: Agents that prevent or inhibit oxidation
reactions; in particular they are agents that prevent
the oxidation of unsaturated fatty acids. Vitamins A,
E, and C act as antioxidants. Some food additives
prolong product freshness by acting as antioxidants.

• Atherosclerosis: The process in which fatty and
fibrous deposits cause thickening and hardening of
the arterial walls.

• Cardiovascular disease: A disease of the heart or
circulation. This broad term encompasses coronary
heart disease, peripheral vascular disease, and stroke.

• Coronary arteries: The arteries supplying blood to the
muscle of the heart.

• Coronary heart disease (CHD) (or ischemic heart disease):
Heart disease resulting from the build-up of fatty
deposits in the lining of the coronary arteries. It may
cause angina, a heart attack, or sudden death.

• Cytokines: Small, hormone-like proteins released by
leukocytes, endothelial cells, and other cells to promote
an inflammatory immune response to an injury.

• Dyslipidemia: An abnormal concentration in the
blood of one or more lipids, such as an elevated
low-density lipoprotein (LDL) cholesterol level or a
depressed high-density lipoprotein (HDL)
cholesterol level.

• Endothelin: A substance produced by the body that
plays an important role in regulating blood flow.

• Endothelium: The membrane lining various vessels
and cavities of the body, including the heart and
blood vessels. It consists of a fibrous layer covered
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with thin flat cells, which render the surface perfectly
smooth and secrete the fluid for its lubrication.

• Epigenetic: Describes a factor or mechanism that
changes the expression of a gene or genes without
changing their DNA sequence. In more general
terms, an epigenetic factor is something that
changes the phenotype without changing the
genotype.

• Free radical: Molecules that contain an unpaired
electron and are therefore highly reactive.

• Heterogeneous (heterogeneity): Denotes dissimilarity.
This term can be used to denote the discrepant
results obtained within or between epidemiological
studies or randomized trials that can be either
statistical (meaning that studies used different
statistical methods) or clinical (meaning that studies
evaluated different types of subjects, treatments or
outcomes).

• Homogeneous (homogeneity): Denotes similarity. For
example, if results are similar and consistent from
one study to another, then the results are said to be
homogeneous.

• Inflammation: The reaction of the body to any injury,
which may be the result of trauma, infection or
chemicals. In response, local blood vessels dilate,
increasing blood flow to the injured site and white
blood cells invade the affected tissue engulfing
bacteria or other foreign bodies.

• Interleukins: Molecules made by leukocytes that are
involved in signaling between cells of the immune
system.

• Leukotrienes: A type of eicosanoid. These are a group
of hormones that are derived from arachidonic acid
and have a role in allergic or inflammatory reactions
in the body.

• Meta-analysis: A discipline that reviews
critically and combines statistically the results of
previous research in an attempt to summarize the
totality of the evidence relating to a particular
medical issue.

• Mutation: A heritable change in genetic material
(ie, a change which can potentially be passed from
parent to child). This change may occur in a gene or
in a chromosome, and may take the form of a
chemical rearrangement, or a partial loss or gain of
genetic material.

• Oxidation: A chemical reaction that involves the loss
of electrons; it usually, but not always, involves
direct participation of oxygen.

• Oxidative stress: A condition in which the production
of oxidants and free radicals exceeds the body’s
ability to inactivate them.

• Peroxynitrite: A nitrogen reactive species (ONOOH)
formed by the reaction between nitric oxide and
superoxide under inflammatory conditions.

• Reactive oxygen species (ROS): A collective term that
includes free radicals of oxygen and nonradical
derivatives of oxygen, such as hydrogen peroxide
and singlet oxygen.

• Single gene polymorphism (SNP): Changes in genetic
structure between individuals differ by a single
nucleotide.

• Vasoconstriction: Narrowing of the blood vessels
resulting from contracting of the muscular wall of
the vessels.

• Vasodilation: Widening of blood vessels resulting
from relaxation of the muscular wall of the vessels.

INTRODUCTION

Overview of the Biology of Aging

The aging process is characterized by a progressive
decline of cellular integrity and function resulting from
the structural modification of macromolecules including
formation of oxidized lipid species, advanced glycated
products, nitrosylated proteins, and DNA mutations
and epimutations. The accumulation of modified mole-
cules and their incorporation into cellular components
are responsible for the structural and functional deterio-
ration of tissues and organs with time.

Whilst the complexity of the biological mechanisms
contributing to the aging process is still poorly under-
stood, a comprehensive summary of some of these
mechanisms has been proposed recently by Lopez-
Otin et al. [1]. These authors proposed the following
set of hallmarks of aging, that is, genomic instability,
telomere attrition, epigenetic alterations, loss of pro-
teostasis, deregulated nutrient-sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion,
and altered intercellular communication, which are
seen across diverse species [1]. Many factors contribute
to age-related molecular damage but it seems likely
that much damage is due to three common stressors,
namely, oxidative stress/redox changes, inflammation,
and metabolic stress [2]. The accumulation of molecu-
lar damage in stem cells which leads to cell death,
senescence, or loss of regenerative function is likely to
have a particularly profound effect on aging because
of the role of stem cells in maintaining tissue integrity.
The cumulative load of (macro)molecular damage,
together with alterations in tissue cellularity, causes
diminished functional capacity and increases the risk
of age-related frailty, disability, and disease, including
cardiovascular disease (CVD). In humans, factors such
as nutrition which modulate the aging trajectory and
the risk of age-related diseases must do so by affecting
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the acquisition of molecular damage with age or by
altering the body’s ability to defend itself against that
damage [2]. For example, nutrition influences DNA
repair—a key cellular defense mechanism which
ensures the integrity of the genome [3]. Although the
mechanisms through which dietary factors affect DNA
repair systems are poorly understood, our recent stud-
ies suggest that this may include altered expression of
the genes encoding key repair proteins such as the
base excision repair (BER) enzyme apurinic/apyrimi-
dinic endonuclease 1 (APE1) and that this may involve
epigenetic mechanisms [4].

Aging and Cardiovascular Disease Risk

Cardiovascular diseases are the most common cause
of death among elderly populations in the Western
World [5]. Age-specific mortality rates from heart dis-
ease and stroke increase exponentially with age and
account for more than 40% of all deaths among indivi-
duals aged 65�74 years and almost 60% at age 85
years and older [6]. In the UK, although death rates
from CVD have been falling for four decades, ischemic
heart disease is ranked number one for years of life
lost due to premature mortality (YLLs). Importantly,
lifestyle factors, including smoking, poor diet, and lack
of physical activity, are the major causes of morbidity
measured by disability-adjusted life years (DALYs) [7].

As noted above, aging is associated with complex
structural and functional changes in all tissues includ-
ing the vascular system and these changes increase
CVD risk independent of other risk factors such as
hypertension, diabetes, or hypercholesterolemia [8].
These functional changes include widespread endothe-
lial dysfunction, dilation of the central arteries and
increased arterial stiffness [9,10]. Development of strat-
egies to attenuate aging of the vascular system could
make a substantial contribution to lowering CVD risk
and improving the quality of life of older people [11].

The endothelium is a monolayer of cells separating
the vascular lumen from the rest of the blood vessel.
In totality, the human endothelium weighs approxi-
mately 1.5 kg and has a surface area of .700 m2 mak-
ing it one of the major organs of the human body [12].
In addition to its role as a physical barrier between the
circulating blood and the underlying vascular tissue,
the endothelium has vital paracrine, endocrine, and
autocrine functions [13]. Arterial endothelial dysfunc-
tion refers to functional changes in the normal endo-
thelial phenotype of the arteries that may contribute to
the development, and clinical expression, of atheroscle-
rosis and other vascular disorders. These alterations
include a shift toward a vasoconstrictor, procoagulant,
proliferative, and pro-inflammatory state [14].

Therefore, factors which influence endothelial integ-
rity and endocrine function will be important targets
for interventions to reduce age-related CVD risk
(Fig. 43.1). Nitric oxide (NO) is the key molecule
secreted from endothelial cells which regulates vascu-
lar tone, platelet aggregation, thrombosis, monocyte
adhesion, and smooth muscle proliferation and
reduced NO bioavailability is a hallmark of endothelial
dysfunction [15].

FACTORS THAT IMPAIR ENDOTHELIAL
FUNCTION WITH AGING

Oxidative Stress

The accumulation of endogenous oxygen radicals
and the consequent oxidative modification of cellular
macromolecules (lipids, proteins and nucleic acids)
have been suggested to contribute to aging in all
organisms [16]. Increased production of free radicals,
secondary to mitochondrial dysfunction, causes oxida-
tive damage to cells including vascular cells [17].

Excessive production of reactive oxygen species
(ROS) leads to NO inadequacy and impaired endothe-
lial function [15]. The ROS superoxide, in excessive
amounts, reacts rapidly with NO leading to its conver-
sion into a highly reactive intermediate, peroxynitrite
(ONOO2), which reduces substantially the biological
half-life of NO [18]. ONOO2 damages lipids, proteins,
and nucleic acids [19]. In addition, ONOO2 may dete-
riorate endothelial function by impairing the produc-
tion of the vasodilator prostacyclin (PGI2) through
tyrosine nitration of the enzyme prostacyclin synthase
[18]. Further reduction in the bioavailability of NO
occurs secondary to ONOO2-induced inactivation of

FIGURE 43.1 Mechanisms involved in the development of
vascular aging.
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tetrahydrobiopterin (BH4) which is an essential cofac-
tor for endothelial nitric oxide synthase (eNOS) func-
tion. In the absence of this coenzyme, eNOS reduces
molecular oxygen rather than L-arginine, resulting in
the production of superoxide rather than NO, a phe-
nomenon known as “NOS uncoupling” [20]. Finally,
oxidative stress may enhance the production of asym-
metric dimethylarginine (ADMA), an endogenous
inhibitor of eNOS [21], which causes endothelial dys-
function in normal healthy volunteers [22].

Inflammation

Chronic inflammation is a driver of aging and contri-
butes to the pathology of many age-related diseases
including atherosclerosis [23]. Observational and exper-
imental studies have demonstrated the importance of
inflammation as a determinant of an unhealthy aging
phenotype. For example, the Whitehall II study
reported that a high level of interleukin 6 almost halved
the odds of successful aging after 10 years (OR5 0.53)
and increased the risk of cardiovascular events and
noncardiovascular mortality [24]. In addition, there
appears to be a synergistic interaction between DNA
damage and inflammatory signals and, in mice, chronic
inflammation aggravates telomere dysfunction and
cellular senescence independent of genetic and
environmental factors [25]. In this recent study, admin-
istration of anti-inflammatory agents rescued telomere
dysfunction, prevented cellular senescence, and sup-
ported tissue regenerative potential [25].

Growing evidence suggests important cross-talk
between oxidative stress, inflammatory processes, and
the onset of endothelial dysfunction prior to
atherosclerosis [6]. Reactive oxygen species induce
pro-inflammatory changes in vascular endothelium—
described as “endothelial activation”—which involves
secretion of autocrine/paracrine factors, leukocyte-
endothelial interaction and the upregulation of expres-
sion of cellular adhesion molecules [26].

Oxidative stress activates redox-sensitive transcrip-
tion factors including the activator protein (AP-1) and
nuclear factor-κB (NF-κB), increasing the expression
of cytokines (tumor necrosis factor-α [TNF-α],
interleukin-1 [IL-1], and IL-6), adhesion molecules
(intracellular adhesion molecule (ICAM), vascular cell
adhesion molecule [VSAM]), and pro-inflammatory
enzymes (inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2)) [11].

Aging is associated with higher levels of cytokines,
especially TNF-α, IL-1β, and IL-6, which mediate
the acute phase protein C-reactive protein (CRP).
These factors contribute significantly to the pro-

inflammatory microenvironment and facilitate the
development of vascular dysfunction [11]. Among
middle-aged and older adults, the Framingham Heart
Study showed that brachial FMD is inversely related
to CRP, IL-6, and ICAM inflammatory markers [27].
Furthermore, inhibition of NF-κB signaling improved
endothelial function significantly in middle-aged and
older adults [28].

Senescence

Cellular senescence is characterized by permanent
loss of mitotic capability associated with morphologi-
cal and functional changes and impaired cellular
homeostasis [29]. Senescent cells are characterized by
the absence of proliferative markers, by the presence
of senescent-associated β-galactosidase activity, by
increased expression of tumor suppressor genes and
cell cycle inhibitors, by increased DNA damage mar-
kers, more nuclear foci of constitutive heterochromatin
and prominent secretion of signaling molecules [30].
Without functional telomeres, DNA at the ends of
chromosomes could erode each time a cell divides,
that is, during mitosis [31]. In addition to telomere
length shortening, alterations in several signaling path-
ways contribute to the occurrence of cellular senes-
cence [32]. Most of these signaling pathways activate
p53 and they converge in activation of the cyclin-
dependent kinase (CDK) inhibitors p16, p15, p21, and
p27 [30].

All the risk factors for atherosclerosis including
oxidative stress, inflammation, smoking, diabetes,
and hypertension have been associated with acceler-
ated telomere shortening. Furthermore, clinical trials
showed that the presence of atherosclerosis is indepen-
dently associated with increased telomere shortening
[33]. The induction of senescence may be related to the
enhanced susceptibility of telomeres to oxidative dam-
age [34]. Telomere length in endothelial cells is
inversely proportional to the age of the patients [35]
and this shortening is exacerbated in elderly patients
with coronary artery disease [36]. Cross-sectional stud-
ies demonstrate that those with increased arterial stiff-
ness, an indicator of vascular aging, have shorter
telomeres [37]. Hypertensive patients have shorter telo-
meres than their normotensive peers and hyperten-
sives with shorter telomeres are more likely to develop
atherosclerosis over 5 years follow-up [11]. The above
observations suggest that telomerase length might be
a good marker for cardiovascular aging but several
issues limit the interpretation of these studies.
Characterization and quantification of telomere length
is difficult and not all methods are reliable. Secondly,
the small sample size and heterogeneity of the
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populations included in these studies limits confi-
dence. Lastly, the cross-sectional design of many of
these studies precludes definitive conclusions particu-
larly in the context of CVD which has multiple risk
factors, which influence and confound each other [33].

Vascular endothelial cell senescence in vivo has
been observed [38]. The development of more senes-
cent endothelial cells was associated with a shift from
an antiatherosclerotic phenotype (characterized by
decreased levels of NO, eNOS activity and shear
stress-induced NO production) to a proatherosclerotic
phenotype (indicated by increased reactive oxygen
species, thromboxane A2 and endothelin-1). These
observations implicate endothelial cell senescence in
the initiation and progression of atherosclerosis [39].
Nitric oxide increases telomerase activity and pro-
motes mobilization of endothelial progenitors cells
(EPCs) which have the potential to delay endothelial
cell aging by replacing damaged endothelial cells to
maintain physical and functional integrity of the
endothelium [31].

ANTIOXIDANT VITAMINS AS
A STRATEGY TO DELAY

VASCULAR AGING

Antioxidants are endogenous or exogenous ele-
ments which inhibit or delay the oxidation of biologi-
cal macromolecules (proteins, lipids, and nucleic
acids). Endogenous antioxidant defenses include both
enzymatic (superoxide dismutase, glutathione peroxi-
dases and catalases) and nonenzymatic (uric acid, glu-
tathione, thiols and albumin) components. Exogenous
antioxidant defenses include some vitamins (vitamins
C and E and the pro-vitamin A molecule beta caro-
tene) and polyphenols which are present in relatively
high concentrations in plant-based foods including
vegetables, fruits and wholegrain products [17].

Furthermore, the causal role played by oxidative
stress in the pathogenesis of cardiovascular diseases
and the, overall, positive associations between high
antioxidant intake and lower incidence of cardiovascu-
lar diseases and mortality found in epidemiological
studies have stimulated the design of large clinical
trials (eg, the Women’s Health Study and the
Physicians’ Health Study II) testing the antioxidant
hypothesis. The results of these seminal studies were
not encouraging since they found no evidence for ben-
eficial effects of supplementation with large doses of
antioxidant vitamins on cardiovascular outcomes
[40,41]. However, follow-up, secondary analyses of the
same datasets and subsequent meta-analyses have ree-
valuated some of the results and have suggested that
antioxidant vitamin supplementation might be

beneficial only among subjects who experience a pro-
oxidant state due to high oxidative damage and/or
low antioxidant status and not for the whole popula-
tion [42]. In other words, the subgroup of participants
experiencing a prooxidant state might be those with
the potential to benefit from enhanced antioxidant sta-
tus. In recently published meta-analyses of the effects
of vitamin C and vitamin E on endothelial function,
we showed positive effects in participants with lower
baseline plasma vitamin E and C concentrations [43].

In the United States, total energy intake decreases
substantially with age (likely due to age-related
decrease in energy expenditure in physical activity)
and this is usually associated with concomitant
decline in intakes of several nutrients including cal-
cium, iron, zinc, B vitamins, and vitamins C and E
[44]. In the following sections, we will focus on vita-
min C as a prototype of antioxidant vitamins, discuss-
ing in more detail the molecular mechanisms which
may modulate the effects of vitamin C on cardiovas-
cular aging.

Vitamin C (Ascorbic Acid)

Ascorbic acid is a six-carbon compound which was
isolated first in 1928. Its structure was determined in
1933 and the L-isomer is the active form. The human
being is one of the few mammals unable to synthesize
vitamin C (ascorbic acid). The inability to synthesize
vitamin C results from the lack of the last enzyme in
the pathway of vitamin C synthesis (gulonolactone oxi-
dase). A classical set of symptoms called scurvy, now
known to be due to inadequate vitamin C intake, has
been known for centuries [45].

Daily Requirement, Dietary Sources, Dietary
Intakes, and Population Status of Vitamin C

Vitamin C is found mainly in fruits and
vegetables with the highest concentrations in canta-
loupe, grapefruit, kiwi, mango, orange, tangerine, and
strawberries. As a supplement, vitamin C is available
as a tablet or in powder form and it is included in
many multivitamin formulations [46].

The US recommended daily allowance (RDA) for
vitamin C is 75 mg for adult women and 90 mg
for men with an upper tolerable limit of 2000 mg/day
for both. However, recommendations for Vitamin C
intake varies between countries with lower require-
ments set by the UK (40 mg/day) whereas the Japan’s
National Institute of Health and Nutrition recom-
mends an intake of 100 mg/day. The latter level of
intake is associated with plasma concentrations of vita-
min C of B70 μmol/L and with greater intakes
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circulating concentrations of vitamin C will reach, or
exceed, the renal threshold of 80 μmol/L and result in
increasing urinary excretion [47].

Many epidemiological studies have demonstrated
that a significant proportion of the western popula-
tion suffer from hypovitaminosis C (estimated as a
plasma concentration less than 28 μmol/L) [47,48]. In
the third National Health and Nutrition Examination
Survey (NHANES III), about 10% of the included
American population suffered from severe vitamin C
deficiency (plasma concentration less than 11 μmol/L)
[47]. Additionally, 20% of males and 15% of females
had marginal vitamin C deficiency (determined as
plasma concentrations between 11 and 28 μmol/L)
[49]. The UK National Dietary Nutrition Survey
showed that the mean plasma vitamin C concentra-
tion for men aged 19 to 64 years was 49.9 μmol/L and
for women aged 19 to 64 years 55.2 μmol/L and both
were above the level indicative of biochemical deple-
tion. Prevalence of vitamin C deficiency (,11 μmol/L)
was approximately 10% in men and women aged 65 to
74 years but increased progressively with age (B16%
in people 75 to 84 years and B19% in those 85 years
and over) and approached 40% in older people living
in care homes. In addition, poor socioeconomic status
is a risk factor for vitamin C deficiency. The Low
Income Diet and Nutrition Survey (2003�2005) of a
representative sample of the low-income/materially
deprived UK population estimated that 25% of men
and 16% of women had deficient plasma vitamin C
concentrations.

The age-related increase in vitamin C deficiency
may be due to a decline among older people in the
capacity to absorb vitamin C as a consequence of
reduced activity of sodium-dependent vitamin C
transporter proteins in the intestine. This reduction in
vitamin C absorptive capacity is associated with
chronic reduction in vitamin C concentration in
elderly [50]. A meta-analysis of the relationship
between vitamin C intake and plasma concentration
of vitamin C found that, at the same intake (60 mg/d),
circulating concentrations were 25% less among older
adults (.65 years) than in younger adults. The
authors concluded that the elderly would require dou-
ble the oral intake of vitamin C, as compared with
younger subjects, to maintain plasma concentration of
50 μmol/L [51,52].

CARDIOVASCULAR EFFECTS
OF VITAMIN C

An overview of the pathways linking vitamin C and
cardiovascular aging is provided in Fig. 43.2.

Antioxidant Effect

Vitamin C can be oxidized by free radicals, reactive
oxygen species, and compounds that react with free
radicals and which are changed to radicals themselves
such as tocopheroxyl radicals [53]. Vitamin C counter-
acts the potential damaging effects of oxidative stress
by its ability to quench aqueous reactive oxygen and
nitrogen species and by helping to regenerate the anti-
oxidant vitamin E [54]. In addition, vitamin C may
mitigate the earliest stages of atherosclerosis through
the following mechanisms: the prevention of the oxida-
tion of LDL and reduced uptake and modification by
activated macrophages, stimulation of endothelial cell
proliferation and prevention of apoptosis, and
decreased recruitment and proliferation of VSMCs and
increased type IV collagen synthesis [54].

Nitric Oxide-Sparing Effect

Vitamin C contributes to maintenance of the total
pool of NO through several different mechanisms. (1)
Superoxide free radicals are highly reactive molecules
which, in excess, may react with NO leading the for-
mation of the harmful free radical peroxynitrite.
Vitamin C inactivates the superoxide free radical lead-
ing to subsequent increase in the bioavailability of the
protective NO [55]. (2) Vitamin C stabilizes and
increases the synthesis of BH4, a cofactor which is
essential for the function of eNOS. BH4 deficiency
leads to eNOS uncoupling and the production of
superoxide instead of NO [20]. (3) Inhibition of the
enzyme arginase and consequent increase in
L-arginine bioavailability [55]. (4) Vitamin C may
enhance the activity of eNOS by acting as a cofactor in
hydroxylation reactions that lead to NO release. In
addition, vitamin C may protect the eNOS enzyme

FIGURE 43.2 Pathways by which vitamin C may reverse or halt
the process of atherosclerosis.
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from S-nitrosylation and, consequently, inactivation
[56]. (5) Vitamin C may enhance the functional activity
of NO by preserving guanylate cyclase activity and,
hence, the formation of cGMP, the second messenger
for NO production [57]. (6) Vitamin C-induced decom-
position of nitrosothiol into NO via two main path-
ways: (a) low concentrations of ascorbic acid acting as
a reducing agent for copper which reacts with the
nitrosothiol, giving NO and disulphide, and (b) high
concentrations of ascorbic acid inducing a nucleophilic
attack at the nitroso nitrogen, followed by decomposi-
tion of the nitroso ascorbate formed to NO and
dehydroascorbic acid [55]. (7) Enhancing the nitrate-
nitrite-NO pathway. In vitro and animal studies have
shown that vitamin C may convert nitrate and nitrite
to NO in the gastrointestinal tract and plasma leading
to increased availability of NO in the tissues [58,59].

A recently conducted systematic review and
meta-analysis showed that vitamin C supplementa-
tion significantly enhances EF in patients with cardi-
ometabolic disorders, an effect which may be
attributed to the antioxidant and NO-sparing roles
of vitamin C [60]. Despite the significant enhance-
ment of EF with vitamin C supplementation, there
was no significant effect on indices of arterial stiff-
ness [61]. When used in high doses, as in most sup-
plementation studies, vitamin C may have a
prooxidant effect which may deteriorate, rather than
ameliorate, arterial stiffness.

Lipid-Lowering Effect

Vitamin C facilitates the conversion of cholesterol
into bile acids by modifying the activity of the rate-
limiting enzyme cholesterol 7a-hydroxylase involved
in bile acid synthesis and, therefore, may help lower
blood cholesterol concentrations. Animals deficit in
vitamin C exhibit hypercholesterolemia and the subse-
quent administration of vitamin C restores cholesterol
concentrations to normal [62]. Furthermore, human
observational studies showed that high plasma concen-
trations of vitamin C were associated with more favor-
able lipid profiles [63,64] but whether this is a causal
relationship is uncertain. A meta-analysis of 13 trials
which recruited participants with hypercholesterol-
emia showed that vitamin C supplementation reduced
concentrations of LDL-C and triglycerides significantly
with no significant effect on HDL-C concentration [65].

Blood Pressure-Lowering Effect

A recently published systematic review and meta-
analysis has shown that vitamin C can lower the sys-
tolic and diastolic blood pressure significantly. The

pooled changes in SBP and DBP were 23.84 mmHg
and 21.48 mmHg, respectively. The proposed mecha-
nism is the ability of vitamin C to reduce oxidative
stress and to increase NO availability [66]. The blood
pressure lowering effects could also be related to
increased conversion of nitrite into NO in the gastric
environment. The effects of enhanced NO supply via
the nitrate-nitrite pathway in improving blood pres-
sure control and endothelial function have been sup-
ported by two recent meta-analyses [67,68].

GENETIC INFLUENCES ON
VITAMIN C STATUS AND IMPACT

ON CARDIOVASCULAR RISK

Vitamin C homeostasis is influenced by several
common genetic variants [69]. These genetic variations
fall into two major categories. The first category are
variants in genes which encode proteins responsible
for vitamin C absorption and transport, the sodium-
dependent vitamin C transporters 1 and 2 (SVCT1,
SVCT2) which are encoded by the SLC23A1 and
SLC23A2 genes respectively. SVCT1 is expressed in
epithelial cells, notably the enterocytes of the small
bowel where it transports vitamin C into the body.
SVCT2 is expressed widely throughout the body espe-
cially in metabolically active cells. The second category
of genes are those related to the antioxidant and redox
activities of vitamin C and include variants in genes
affecting iron homeostasis and oxidative stress such as
haptoglobin (HP) and the glutathione S-transferases
(GSTs) [69]. Transcriptional regulation of the SLC23
genes controls the tissue distribution of vitamin C
transporters (SVCTs) and is responsible for the mainte-
nance of vitamin C concentrations in cells, tissues and
extracellular fluids [70].

Polymorphisms in Genes Encoding Vitamin C
Transporters

Sodium-Dependent Vitamin C Transporter 1
(SVCT1)

The SVCT1 is located in the apical membrane of
epithelial cells in liver, kidney, lung, small intestine,
and pancreas and is encoded by the gene SLC23A1.
SVCT1 expression in enterocytes appears to be the pri-
mary mechanism for vitamin C uptake from the gut
although there may also be a role for SVCT2 which is
found in the basolateral membrane [71]. Recently, fol-
lowing expression of human SCVT1 in Xenopus laevis
oocytes, the purification and initial structural analysis
of SCVT1 has been reported which will open the way to
greater insights into structure-function relationships for
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this vitamin C transporter [72]. SVCT1 expression in the
proximal tubules of the kidney also plays a major role
in whole-body vitamin C homeostasis by controlling
vitamin C loss into the urine. There are many genetic
variants in SLC23A1, some of which are associated with
reduced, and others with increased, plasma vitamin
concentration (for more details, see review Ref. [69]).
Human studies showed that lower serum vitamin C
concentrations were associated with the rs6886922,
rs34521685, rs35817838, and rs33972313 variants in
SLC23A1 [69,73]. In contrast, rs10063949 was associated
with increased plasma concentration of vitamin C
[73,74]. Despite the evidence for associations between
SLC23A1 genotype and plasma vitamin C concentration,
there is only weak evidence for association between
these genetic variants and risk of cardiovascular dis-
eases [69,75]. Use of the Mendelian Randomization
approach with SLC23A1 genotype as a surrogate for
lifelong vitamin C exposure has been used recently to
question whether there is a causal relationship between
vitamin C and cardiometabolic health [75].

Sodium-Dependent Vitamin C
Transporter 2 (SVCT2)

SVCT2 is a high affinity vitamin C transporter that
regulates the tissue accumulation of ascorbate from
plasma; SVCT2 is expressed in nearly all cells and is
encoded by the gene SLC23A2 [70]. Two previous stud-
ies found contradictory results for relationships between
SLC23A2 genotype and vitamin C status [74,76]. The first
study found no correlation between serum ascorbate
concentrations and two common SNPs (rs6139591 and
rs268116) in SLC23A2 [74], while the second study
observed lower concentration of vitamin C in indivi-
duals with the rs1279683 variant [76]. Since, SVCT2 regu-
lates the concentration of vitamin C within cells, future
studies are required to investigate possible effects of
SLC23A2 genotype on intracellular vitamin C status [69].

Since vitamin C is a cofactor in the hydroxylation of
proline and lysine residues within procollagen during
collagen synthesis, vitamin C deficiency may reduce the
collagen content of the atherosclerotic plaques leading to
vulnerable plaques that are more likely to rupture [52,77].
A recently conducted study showed that the rs6139591
polymorphism in SLC23A2 was associated with acute
coronary syndrome and that this risk was augmented in
participants with low dietary vitamin C intake [78].

Polymorphisms Related to Antioxidant Enzymes
and Redox Activity

Haptoglobin

Haptoglobin (Hp) is a hemoglobin-binding protein
synthesized in the liver and released into the

circulation. The main function of Hp is to bind free
hemoglobin released from lysed erythrocytes and thus
prevent the iron within hemoglobin from reacting with
molecular oxygen to produce the free radical superox-
ide [79]. The human HP gene is polymorphic, with
two alleles found in the population at relatively high
frequency (HP1 and HP2). Individuals homozygous for
the HP1 are termed Hp1-1 and heterozygous indivi-
duals are termed Hp2-1 [69]. Compared with Hp1-1,
homozygous individuals with the Hp2-2 phenotype
have increased circulating concentrations of free iron
or of iron bound to the porphyrin ring of hemoglobin.
Such high concentrations of redox-active iron enhance
the generation of superoxide and hydroxyl radicals
and, consequently, oxidative stress. Moreover, indivi-
duals with the Hp2-2 phenotype have high rates of
ascorbate oxidation which is mirrored by chronically
low plasma vitamin C concentrations [80,81].

Glutathione S-Transferases (GSTs)

GSTs are enzymes involved in the detoxification of
harmful electrophilic endogenous and exogenous com-
pounds. GSTs action involves the conjugation of gluta-
thione to target molecules. There are multiple variants
in the genes encoding the GSTs families, that is,
GSTM1-5 and GSTT1-2. Both GSTM1 and GSTT1 have
deletion variants which occur at relatively high fre-
quencies in human populations from diverse ethnic
backgrounds [82]. A common homozygotic deletion of
the GSTM1 gene nullifies its activity completely leading
to a nonfunctional phenotype. Similarly, a deletion
polymorphism in GSTT1 leads to lack of enzyme activ-
ity [81]. These genetic variants of GSTs are associated
with vitamin C status [83]. The proposed mechanism is
that glutathione induces the reduction of dihydroascor-
bic acid to ascorbic acid and, therefore, prevents its deg-
radation [84]. A systematic review of a small number of
studies found no relationship between copy number
variants in the GSTs M1 and T1 and risk of ischemic
vascular disease [85]. In contrast, a more recent system-
atic review reported significantly increased risk of
hypertension in those carrying the null genotypes of
both GSTs M1 and T1 [86].

CONCLUSIONS

Aging is associated with complex structural and
functional changes in all tissues including the vascular
system and these changes increase CVD risk indepen-
dent of other risk factors, such as hypertension, diabe-
tes, or hypercholesterolemia. The accumulation of
macromolecular damage with time is responsible for
the molecular and cellular dysfunction which charac-
terizes aging tissues and so dietary factors such as
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vitamin C which appear to modulate vascular aging
must do so by reducing macromolecular damage,
increasing repair processes or both. Through its roles
(1) as an antioxidant nutrient, (2) as a cofactor in colla-
gen synthesis, and (3) in augmenting NO bioavailabil-
ity, a strong case can be made for the importance of
vitamin C in maintaining good cardiovascular function
throughout the life-course. However, the null outcomes
from large-scale clinical trials of supplementation with
(large doses of) vitamin C, often in combination with
other so-called antioxidant nutrients, provide compel-
ling evidence that there are unlikely to be population-
wide benefits on cardiovascular health of vitamin C
supplementation in older people. It seems more likely
that those population groups with low vitamin C status,
because of inadequate vitamin C intake or for genotypic
reasons, or with high levels of oxidative damage may
benefit from extra vitamin C intake. This opens the way
for more effective public health interventions using a
personalized (or stratified) approach [87].

SUMMARY

The accumulation of damage to the cell’s molecules is
responsible for the insidious, age-related decline in
function and for the increased risk of frailty, disability
and disease among older people. These changes occur in
almost all of the body’s cells including those of the
cardiovascular system so that, at a population level,
increasing age is the biggest risk factor for cardiovascular
disease (CVD). Age-dependent damage to the endothe-
lium occurs through oxidative stress and inflammation
and leads to increasing prevalence of senescent cells.
Nitric oxide (NO) which is secreted from endothelial
cells, regulates several aspects of cardiovascular function
including vascular tone, platelet aggregation, thrombosis,
monocyte adhesion and smooth muscle proliferation.
Vitamin C is important for vascular health through its
roles as an antioxidant nutrient, as a co-factor of collagen
synthesis and in augmenting NO bioavailability.
However, a number of large randomised controlled trials
have found no evidence for beneficial effects of supple-
mentation of middle-aged and older people with large
doses of antioxidant vitamins, including vitamin C.
Substantial proportions of adults in the UK and USA
have inadequate vitamin C status and vitamin C defi-
ciency increases with ageing. In addition, vitamin C
requirements are modulated by genotype, including
variants in SLC23A1 the gene which encodes sodium-
dependent vitamin C transporter 1. Older individuals
with lower vitamin C status because of inadequate
vitamin C intake or for genotypic reasons, or those with
high levels of oxidative damage, may benefit from extra
vitamin C intake.
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KEY FACTS

• Results about the relationship of omega-3 fatty
acids and neurodegenerative disorders are
promising and encourage further research in
order to establish a safe and effective treatment
solution for cognitive impairment and
subsequent disability in elderly population.

• In individuals with mild cognitive impairment
or age-related cognitive impairment, higher
intakes of n-3 PUFA appear to be positive,
whereas when Alzheimer’s disease was already
established no clear benefit is achieved.

• Controversial results have been published in
recent reviews and meta-analyses reporting both
positive and negative findings on the
effectiveness of omega-3 fatty acids in
cardiovascular health in the elderly. In
consequence, some authors propose that the
beneficial effects of omega-3 FA are not as
large as previously implied and current
recommendations for widespread use should
be tempered.

• Even very low doses of omega-3 fatty acids may
be sufficient to affect the immune responses of
the elderly subjects. In rheumatoid arthritis, it
has been reported a fairly consistent, but
modest, benefit of marine omega-3 PUFAs on
joint swelling and pain, duration of morning
stiffness, global assessments of pain and disease
activity, and use of nonsteroidal anti-
inflammatory drugs.

• Omega-3 fatty acids may be a useful tool for
the prevention and treatment of sarcopenia.

The association of a good omega-3 fatty acids
status and better maintenance of muscle mass
is promising but clearly needs further specific
trials.

• There could be a possible relation between
higher omega-3 FA and better functional
mobility in older adults.

• Fish oil promotes weight maintenance or gain
during active oncology treatment. Certainly,
larger and specific cancer localization studies in
older adults are needed to confirm some
encouraging results relating to colorectal and
endometrial cancer.

• The potential adverse effects of omega-3
supplementation appear mild-moderate at worst
and seem unlikely to be of clinical significance.

• Dietary omega-3 PUFA in later life may be of
benefit in reducing total mortality and, therefore,
increasing the quality of life.

Dictionary of Terms

• Aging: a persistent decline in the age-specific fitness
components of an organism due to internal
physiological degeneration. It is a process that is
genetically determined and environmentally
modulated.

• Bone mineral density (BMD): Bone mineral density is
a measure of bone density, reflecting the strength of
bones as represented by calcium and other type of
minerals content. The BMD tests are used to detect
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osteopenia (mild bone loss) and osteoporosis (more
severe bone loss).

• Cardiovascular diseases: Cardiovascular diseases are a
group of disorders of the heart and blood vessels
and include: coronary heart disease, cerebrovascular
disease, peripheral arterial disease, rheumatic heart
disease, congenital heart disease, deep vein
thrombosis, and pulmonary embolism—blood clots
in the leg veins, which can dislodge and move to
the heart and lungs.

• Cognitive impairment: Cognitive deficit or cognitive
impairment is an inclusive term to describe any
characteristic that acts as a barrier to the cognition
process. The term may describe deficits in global
intellectual performance, such as mental retardation,
it may describe specific deficits in cognitive abilities
(learning disorders, dyslexia), or it may describe
drug-induced cognitive/memory impairment.
Cognitive deficits may be congenital or caused by
environmental factors such as brain injuries,
neurological disorders, or mental illness. Cognitive
impairment ranges from mild to severe.

• Docosahexaenoic acid (DHA): Docosahexaenoic acid is
an omega-3 fatty acid whose structure is a
carboxylic acid with a 22-carbon chain and six cis
double bonds, with the first double bond located at
the third carbon from the omega end.

• Eicosapentaenoic acid (EPA): Eicosapentaenoic acid is
an omega-3 fatty acid whose structure is a
carboxylic acid with a 20-carbon chain and five cis
double bonds, with the first double bond located at
the third carbon from the omega end.

• Polyunsaturated fatty acids (PUFA): Polyunsaturated
fatty acids are classified as omega-3 (n-3) or omega-6
(n-6) depending on whether their first double bond
is located on the third or sixth carbon from the
terminal methyl group.

• Quality of life: Quality of life could be described as
an optimal patient functioning and well-being. At
its most essential level, quality of life may be
understood to be both subjective and
multidimensional. Subjective, because it is best
measured from the patient’s perspective.
Multidimensional, because its measurement
requires an investigator to inquire about a variety of
areas of the patient’s life, including physical well-
being, functional ability, emotional well-being, and
social well-being.

INTRODUCTION

Nutrition is one of the major determinants of suc-
cessful aging, defined as the ability to maintain three
key elements: low risk of disease and disease-related

disability, high mental and physical function, and
active engagement of life [1�2]. Physiological and
functional changes that occur with aging can result in
changes in nutrient needs [3�4]. Knowledge of nutri-
ent requirements of older adults is growing yet is still
inadequately documented [5�6]. Older adults have
unique nutrient needs [7]. Strategies to prevent and/or
reduce morbidity in the elderly are therefore required
as the population ages worldwide. Increasing the
intake of omega-3, particularly the long-chain n-3
PUFA may be one such strategy [8�10]. Moreover,
since in most populations, current intakes of PUFA
and especially n-3 PUFA are insufficient for optimal
health [11�12].

Fat is an important source of energy and facilitates
the absorption of fat-soluble dietary components, such
as vitamins. Additionally, fats and oils are important
sources of essential fatty acids (EFA). Fats also play an
important role by enhancing the taste and acceptability
of foods and fat components contribute to the texture,
flavor, and aroma of foods, a key factor to maintain
appropriate appetite during the aging process [11].

The role of fats in nutrition has moved fast and
serves to underscore the recent realization in human
nutrition that the quality of the fat supply in terms
of the parent n-6 and n-3 essential fatty acids as well
as their longer chain, more unsaturated derivatives—
arachidonic, eicosapentaenoic and docosahexaenoic
acids—plays a vital role in human health from concep-
tion through every stage of human development, mat-
uration, and aging [12]. In terms of health and disease
the essential fatty acids and their derivatives interact
at multiple levels, including cell membrane composi-
tion, metabolism, signal transduction and amplifica-
tion, and gene expression. Furthermore, they influence
cell growth and differentiation, tissue repair, apoptosis
and cell death and many physiological and pathologi-
cal processes including immunity and inflammation,
which are of special potential interest in the aging pro-
cess [11]. Omega-3 fatty acids are now generally recog-
nized as potentially beneficial for optimal function of
the cardiovascular system in adults [13�14]. Because
of the increasing risk of deteriorating health of the car-
diovascular system and brain with age, it is important
to establish whether healthy aging is associated with
changes in plasma omega-3 fatty acid content or
response to fortification/supplementation [15]. It is
becoming increasingly evident that long-chain PUFAs
from the n-3 family appear to be neuroprotective and
may also have unique properties in affecting neurobi-
ology, both of critical interest during the aging process
[16�23]. Intake of n-3 PUFA has also been associated
with potential benefits in other age-related morbidities,
including rheumatoid arthritis, depression, and macu-
lar degeneration. In fact, surprisingly, in both plasma
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and red blood cells, several studies have reported that
the content of eicosapentanoic acid (EPA) and docosa-
hexaenoic acid (DHA) rises significantly from the sec-
ond to the seventh decade of life [24�29]. Normally,
higher plasma (and red cell) plasma omega-3 fatty acid
status in the elderly would seem to be due to higher
fish/seafood intake but may also be due to aging-
related changes in omega-3 metabolism. However,
these findings are not universal, since other studies
have found that the intake of polyunsaturated fatty
acids decreases with age [30] and most older people
eat less that the recommended amounts. In contrast to
their proposed actions in childhood, where n-3 long-
chain polyunsaturated fatty acids are required for
healthy development of brain tissue, in older age they
are more likely to act in a protective and health-
maintaining manner. For example, n-3 are known to
inhibit hepatic triglyceride synthesis and, by modify-
ing eicosanoid function, cause vascular relaxation, a
diminished inflammatory process, and decrease plate-
let aggregation [31].

Nevertheless, these studies in the elderly as
discussed later in this chapter, show important limita-
tions, including a small number of subjects. In addi-
tion, although 65 years of age is frequently used as
reference, there is no official or widely accepted defini-
tion of elderly, so the cut-off used in the studies is
often as low as 50 years of age. Furthermore, informa-
tion about the health status, blood chemistry, cognitive
function or physical activity of elderly research sub-
jects is rarely given in sufficient detail to establish
whether or not the data reported are for the so-called
healthy elderly.

The physiological aging process, its association with
quality of life, and the impact of omega-3 fatty acids
intake and/or status is the focus of this chapter.

LIPIDS, AGING, AND BRAIN
FUNCTION

The cost of brain and mental disorders has
increased significantly and the cost now exceeds all
other related health problems [32]. It has been reported
that omega-3 fatty acids are strongly linked to brain
function during aging [13]. Lipids can potentially play
an important role in preventing the progression to
mild cognitive impairment and associated diseases,
either preventing the onset of cardiovascular risk fac-
tors, by closely related vascular changes that occur
normally in many cases, and also by direct mechan-
isms, since the brain contains a high proportion of
PUFA lipids n-3 and n-6 [8].

DHA is the only n-3 fatty acid used as an important
structural and functional component of photoreceptor

neurons and their synapses signaling over 600 million
years of evolution. This is one of the critical reasons
for the absolute necessity of DHA for human brain.
Mammals cannot synthesize n-3 polyunsaturated long-
chain fatty acid (LC-PUFA) from anything other than
n-3 fatty acids; therefore, direct consumption of DHA
is required to target the tissue and plasma levels that
have been associated with cognitive protection [16].
DHA is concentrated in the gray matter, and very
small amounts are found in purified myelin. DHA is
the predominant LC-PUFA in the brain, constituting
from 30% to 40% of total LCPUFA in the cerebral cor-
tex. DHA, as an integral component of neuronal mem-
branes, is involved in many brain functions such as
the fluidity of the cell membrane, the receptor affinity,
and modulating transduction molecules/signaling
[19,33]. DHA can also modulate apoptosis, neuronal
differentiation, and ion channels [34].

EPA, although is not stored in the cell membranes
of the brain, may reduce various neurological disor-
ders, since it has a role in brain function, possibly by
interacting with the signals mediated by arachidonic
acid [35,36]. In addition, some authors reported
that both DHA and EPA can reduce oxidative stress,
have an anti-inflammatory action and neurotransmis-
sion and participate in gene expression through
cytosolic and nuclear interaction with various peroxi-
some proliferator-activated receptors (PPARs) [37].
In addition, omega-3 fatty acids, by improving the
composition of cell membranes, can stimulate the
development and regeneration of nerve cells [38].
The mechanisms involved are complex and multiple,
reflecting the extraordinary diversity of the functions
performed by polyunsaturated fatty acids, from the
modulation of the dynamic properties of the mem-
branes, for the production of active mediators, and
the regulation of the expression gene. Brain lipids,
which may influence each of these pathways in each
life stage, are, therefore, essential elements of brain
development [35,39].

The neural system is widely developed during the
prenatal period and the first years of life, and is influ-
enced by several factors. There is convincing evidence
that neural development determines the functional
capacity of the brain in the long term, including the
aging process. The concentration of LCPUFA in neuro-
nal tissue generally increases with age over the first 2
decades and then levels decrease, and it has been pro-
posed that changes in the lipid composition are associ-
ated with changes in central nervous system function
[15,40]. Although the underlying cause of this change
in the concentration of LCPUFA is not fully known, it
is observed that dietary intake throughout life has an
important role in determining the lipid composition of
the brain in old age [23].
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OMEGA-3 FATTY ACIDS AND BRAIN
HEALTH IN AGING

Effects of Omega-3 Fatty Acids on Cognitive
Function in Normal Aging

The potential role for omega-3 fatty acids in the pre-
vention of cognitive decline has become of high inter-
est during the past two decades. Scientists have
carried out different types of studies (epidemiological,
interventional, and experimental) in order to prove
any potential positive relation with different results,
which are briefly reviewed further.

In 2010, the NIH State of the Science Conference
Panel concluded that insufficient evidence is available
to recommended the use of any primary prevention
therapy for Alzheimer�s disease (AD) of age-related
cognitive decline [41], although “the most consistent
evidence is available for longer-chain omega-3 fatty
acids with several studies showing an association
with reduced risk of cognitive decline.” The Panel
also acknowledged that promising research is under
way. Since then, several studies and meta-analyses
have been published. In a recent systematic review
we evaluated the effects of omega-3 fatty acids on
cognitive function in normal aging and healthy older
people [42]. We included a total of 26 articles. Thirteen
of them were longitudinal studies, ten were cross-
sectional (three of them included longitudinal and
cross-sectional analysis), and six were randomized,
double-blind controlled trials. All of these studies
used the Mini Mental State Examination (MMSE) for
evaluate global cognitive function, which includes
questions about orientation to time and place, registra-
tion, attention and calculation, recall, language, etc.
and/or other specific tests (eg, verbal fluency, speed,
visuospatial skills). Most of them considered cognitive
impairment as a MMSE score ,25 and cognitive
decline was defined as a drop of more than two points
in the MMSE over the period studied; however
cognitive decline is defined uniquely according to each
study, and thus comparing outcomes across studies
must be interpreted with caution. The content of
omega-3 fatty acid was evaluated through dietary
information (intake of fish or DHA/EPA) with appro-
priate questionnaires or concentration in plasma and/
or erythrocyte membrane.

Most of the studies showed an inverse relationship
between an adequate fish consumption or n-3 fatty
acids intake (diet or supplements) or total content in
erythrocyte membrane and cognitive status or reduced
cognitive decline during aging. Two of the articles
showed some improvements but other measures
remained unchanged. Vercambre et al. [43] observed

an inverse association between fish consumption and
n-3 fatty acids intake and cognitive decline but not sig-
nificant for functional impairment. Dullemeijer et al.
[44] concluded that higher plasma proportions of n-3
fatty acids are associated with less decline of cognitive
performance in sensorimotor speed and complex
speed but not in memory, information-processing
speed, and word fluency.

Five of the studies showed no positive effects of n-3
fatty acids on cognitive function. Two RCTs [21,45]
used high doses or EPA plus DHA and olive oil or
oleic acid as placebo but did not find any significant
changes in cognitive domains over 6 and 24 months,
respectively. Both of them recommended that further
longer trials should be conducted. Three cross-
sectional studies [46�48] showed no significant differ-
ences in n-3 PUFA intake between controls and
cases of cognitive decline/impairment, and two of
them [47,48] also did not show any significant asso-
ciations between fatty fish or n-3 PUFA intake and
cognitive change over 5 and 6 years, respectively.
Furthermore, another two additional studies [49,50],
showed no association between omega-3 FA supple-
mentation or levels and cognitive decline in an older
population.

Some RCTs of the negative studies used olive oil or
oleic acid as a placebo. Rosales [51] published a letter in
which he explained the possible weakness for these stud-
ies. For example, as indicated by the authors, the study
population might already consume a sufficient amount
of PUFA in their diets and thus not be sensitive to the
dose of DHA/EPA provided, but they have also rejected
that the control group might result in maintaining cogni-
tive function in later life, comparable to the effects of
DHA/EPA, because they consumed an extra amount of
oleic acid (olive oil) which could provide benefits, albeit
by different mechanisms. Actually, prospective studies
have shown that the Mediterranean diet is associated
with slower cognitive decline and a reduced risk of pro-
gression [52,53]. Oleic acid, the major component of olive
oil, has recently been shown to provide a satiety factor,
oleylethanolamide, which enhances memory consolida-
tion without crossing the blood�brain barrier [54]. This
is important in verbal learning, organization, and mem-
ory. Oleoythanolamide is a mediator in maintaining cog-
nitive function that it is not related to vascular or other
nonvascular biological mechanisms (ie, metabolic, oxida-
tive, and inflammatory). Thus, this evidence suggests
that these RCTs should consider the benefits of oleic acid
as well as omega-3 PUFA in protecting against age-
associated cognitive decline and maintaining cognitive
function in later life.

Also in 2012, a meta-analysis of 10 RCTs was pub-
lished [55]. Positive effects could be concluded for
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omega-3 FA supplementation in participants with mild
cognitive impairments (MCI). This conclusion was
especially true for the domains of immediate recall,
attention, and speed. However, no effects could be
observed in either patients with AD or healthy
individuals.

In general, and as also concluded by other authors
[34,56], longitudinal studies are mainly positive, indi-
cating that high fish intake and high DHA blood levels
are protective against subsequent cognitive decline. In
intervention studies there are some discrepancies, but
it seems that when DHA is given to individuals with
MCI or age-related cognitive impairment the data
appear to be positive, whereas when AD was already
established not clear benefit is achieved (see later
section).

It is important, however, taking into account the
limitations of these studies. For example, according to
Cederholm et al. [34] longitudinal studies with nega-
tive observation might never have been published in
the international literature. On the other hand, the
competing risk of death is a potential peril leading to
an underestimation of the protective effects of EPA
and DHA because it is plausible that low fish intake
increases cardiovascular risk burden and that death
occurs before reaching the age at which one is likely
to develop cognitive decline. Also, the sample size,
heterogeneity in the population studied, different
methods for estimating the intake of omega-3 fatty
acids and/or blood concentration, the wide variety of
questionnaires to determine cognitive development,
etc., could affected the observed results [42]. With
regard to intervention studies, Cederholm et al. [34]
explained that the duration has not been long enough.
The DHA dose varied extensively and so far the basal
DHA status has not been taken into account.
Furthermore, it is doubtful as to whether beneficial
effects of DHA supplementation can be observed in
individuals who already have sufficient DHA intake
and tissue content.

Dacks et al. [56] described some variables that may
impact the effect of omega-3 LCPUFA intake including
omega-3 FA baseline levels, Apolipoprotein ε4 (APOE)
genotype, and vegetarian and vegan diets. The cogni-
tive benefits of high omega-3 FA intake may be spe-
cific to APOE noncarriers because in carriers blood
levels are reported to be higher and less responsive to
supplementation. On the contrary, vegetarians and
vegans have low plasma and tissue levels of omega-3
LCPUFA, but no evidence for increased risk of demen-
tia or decreased cognitive function, probably due to
decreased n-6 PUFA content in the diet and subse-
quently decreased n-6 to n-3 ratio and inflammatory
signaling through arachidonic acid.

Effects of Omega-3 Fatty Acids in Alzheimer’s
Disease and Related Dementia

To study the relationship between omega-3 FA con-
sumption and/or blood levels and the risk of dementia
or AD, some epidemiological and trials were also car-
ried out in elderly people. The levels of EPA, DHA,
and total omega-3 PUFA are significantly decreased in
peripheral blood tissues in patients affected by demen-
tia [57] supporting the important role of n-3 PUFAs in
the pathophysiology of this disease. Most, but not all,
epidemiologic studies have reported that fish and
seafood intake associates with decreased risk of
dementia. In contrast, there are other studies that did
not observe any beneficial effect (revised in Ref. [22]).
Therefore, more studies are needed to better under-
stand the relationship between omega-3 FA status and
neurodegeneration.

A list of reviews also reported results of RCT of
omega-3 FA treatment in AD patients with negative
data and no effects on brain volume decline or biomar-
kers of inflammation or AD in the CSF and plasma.
Some posthoc analyses and small RCTs suggest benefit
in early stages of cognitive decline or mild cognitive
impairment (revised in Refs. [56,58]). Dangour et al. [59]
included in a systematic review three trials that enrolled
older people with cognitive function impairments
ranging from defined age-related cognitive decline to
moderate AD [60�62]. One of these three trials identi-
fied some evidence of a benefit from DHA supplemen-
tation, whereas the other two trials of omega-3 FA
supplementation among cognitively healthy and cogni-
tively impaired older people did not support the use of
these PUFA for the prevention of cognitive decline.

In conclusion, results are promising and further
research in order to establish a safe and effective treat-
ment solution for cognitive impairment and subse-
quent disability in elderly population is urgently
needed. Promoting higher intakes of n-3 PUFA in the
diet or specific supplements may have substantial ben-
efits in reducing the risk of cognitive decline and
maintaining a healthy brain during aging. However,
dose-effect has not been yet well established. It is also
plausible that cognitive protection is limited to APOE
ε4 noncarriers and that omega-3 FA supplementation
must be applied prophylactically at or before early
stages of decline [56]. Therefore, the potential benefits
for health outcomes of such personalized recommen-
dations for fish and EPA/DHA intake still have to be
evaluated [63]. More prospective studies, as well as
interventions studies investigating the association
between n-3 PUFA and domain-specific measures are
needed to clarify the current conflicting results
observed in the literature.
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OMEGA-3 FATTY ACIDS AND
CARDIOVASCULAR DISEASE

In 2012, cardiovascular diseases (CVD) were the
leading cause of noncommunicable disease deaths
worldwide (17.5 million deaths) [64]. In 2011, 34% of
deaths attributable to CVD in the United States
occurred before the age of 75 years, which is younger
than the current average life expectancy of 78.7 years.
The prevalence of coronary heart disease, myocardial
infarction and angina pectoris is higher, however, in
the group over 80 years versus 60�79 years in both
genders [65]. Each year CVD causes over 1.9 million
deaths in the European Union (EU). The percentage of
people who die from diseases of the circulatory system
increases with age and the majority of people dying
from stroke and ischemic heart disease are 70 years
and over [66].

In the early 2000s, evidence from large-scale epidemi-
ological studies suggested that people at risk of cardio-
vascular heart disease (CHD) benefit from consuming
omega-3 fatty acids from plants and marine sources.
Also, in randomized clinical trials that enrolled patients
with coronary heart disease, omega-3 fatty acids supple-
ment significantly reduced cardiovascular (CV) events.
On this basis, the American Heart Association (AHA)
recommended that all adults should eat fish (particu-
larly fatty fish) at least two times a week and patients
with documented CHD should consume B1 g of EPA
and DHA (combined) per day [67].

The exact mechanisms by which omega-3 performs
its functions are still a matter of debate, but the main
mechanisms proposed are plaque stabilization, lipid
profile, anti-inflammatory, blood pressure, heart failure,
or antiarrhythmic properties (reviewed in Ref. [68]).

However, controversial results have been published
in recent reviews and meta-analyses reporting both pos-
itive and negative findings on the effectiveness of
omega-3 fatty acids. This is a very alive and current
field and, actually, the number of articles has duplicated
or triplicated in the last five years. While most observa-
tional studies have found inverse associations between
dietary omega-3 FA and death from CHD [69�71] or
total and cause-specific (mainly cardiovascular) mortal-
ity [72], randomized trials of omega-3 supplementation
have shown contradictory results: reduction of cardio-
vascular events, cardiac death, and coronary events by
approximately 8�18% reported by some authors
[68,73,74] or null effects in all-cause mortality, cardiac
death, sudden death, arrhythmia, myocardial infarction,
or stroke reported by others [75�77]. Some authors pro-
pose that the beneficial effects of omega-3 FA are not as
large as previously implied and recommendations for
widespread use should be tempered.

Different meta-analyses included a variable number
of RCTs and assigned several inclusion criteria but
according to Delgado-Lista et al. [68] these have to be
accepted with caution, because the number of studies
included are hardly ever designed with the same type
of patients (primary or secondary prevention, age, gen-
der), under the same conditions (time of intervention),
or with the same intervention (dose or type of fatty
acid). Another fact to be noted is the difference in the
medication given to the patients that could minimize
the positive effects of omega-3, and the background
diet, since the effects of omega-3 in populations where
its mean consumption is low may be higher than in
those populations where the dietary habits include oil
fish as a habitual food.

It is possible that the general population, and espe-
cially those that suffer from cardiovascular disease,
were concerned about the importance of fish consump-
tion and that even “control” subjects in the randomized
studies have a higher intake of marine products and
are receiving the benefits of their intake of fish. In this
sense, Mozaffarian et al. [72] demonstrated a threshold
effect and a nonlinear relationship of dietary versus
circulating omega-3 FA with a steepest dose-response
up to B400 mg/d consumption. Previously, the same
authors [78] observed, in a meta-analysis of cohort
studies and randomized trials, a significant, nonlinear
threshold relationship between dietary omega-3 FA
and CHD mortality with greatest benefits up to
B250 mg/d. Therefore, all these findings support
and average target dietary range of 250�400 mg/d
EPA1DHA, and highlight the potential benefits of
modest omega-3 FA intake for primary prevention in
older adults. Hence, dietary or supplemental omega-3
FA may be most beneficial for people with little to no
consumption.

Another issue to take into account when evaluating
the apparent disparity of results between studies is
population genetics, especially regarding the modula-
tion of omega-3 intake on the lipid profile. Variation
in the composition of the placebo compound may
also contribute to the neutrality of the findings, as we
previously explained in the preceding section.

Some authors evaluated the effect of subgroups in
their studies. Wang et al. [73] observed that the evi-
dence for the benefits of fish oil is stronger in second-
ary than in primary-prevention settings. Marik and
Varon [74] explained that the benefit appeared to
depend on the patient�s risk stratification with a reduc-
tion in deaths in high risk patients and a reduction in
nonfatal cardiovascular events in moderate risk
patients. This observation likely reflects the fact that
the number of deaths in the moderate risk group was
very low, while these patients are at a higher risk of
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developing nonfatal cardiovascular events related to
progressive atherosclerotic disease.

De Oliveira et al. [79] examined the race effect in a
large prospective cohort of multiethnic Americans, and
found that higher circulating EPA and DHA were each
inversely associated with markers of inflammation and
prospectively associated with lower CVD incidence.
They observed also an inverse association of seafood-
derived long-chain n-3 PUFAs, but not plant-derived
n-3 or n-6 PUFAs, with CVD incidence in all races in
the multiethnic cohort, including White, Chinese,
African American, and Hispanic.

On the other hand, a remarkable effect of gender
was shown in some studies. For example, The Risk
and Prevention Study Collaborative Group [80] con-
cluded that there was no significant benefit of n-3 FA
in reducing the risk of death from CV causes or hospi-
tal admission for CV causes, but in the prespecified
subgroup analyses, the only significant interaction was
between the efficacy of n-3 FA and sex with protective
effect in women. Larsson et al. [81] conducted a meta-
analysis of prospective studies on the relation between
n-3 FA intake and stroke. They showed no overall
association between omega-3 PUFA intake and stroke,
but suggested that women might benefit from a higher
intake of these PUFAs (RR 0.80, 95% CI 0.65�0.99).
Kromhout et al. [82] showed that a low dose of EPA-
DHA had no effect on the rate of major CV events in
patients who had had a myocardial infarction but a
prespecified analysis according to sex showed that
there were significantly fewer major CV events among
women who received alpha linolenic acid (ALA) than
among women who received placebo. However,
Lemaitre et al. [83] found little evidence of an associa-
tion between ALA and congestive heart failure (CHF)
in subgroups based on age, sex, diabetes, fish con-
sumption, BMI, or FADS2 genotype.

Another consideration could be the method of culi-
nary food processing. Belin et al. [84] and Mozaffarian
et al. [85] found that consumption of $ 5 servings of
baked/broiled fish per week was independently asso-
ciated with lower risk for incident heart failure (HF)
by 30% and 32% respectively, whereas consumption of
.1 serving of fried fish per week was independently
associated with increased HF risk by 48% and 35%
respectively. The first study was carried out in post-
menopausal women and the second in elderly [83].

In summary, better evidence is required to support
current recommendations for the intake of fish oil or
omega-3 FA supplements in relation to the prevention
or treatment of CVD. Generalizability of the overview
findings may be questioned and more studies are
needed to evaluate specific outcomes and populations
stratified by sex, age, CV risk, medication use, race, etc.

EFFECTS OF OMEGA-3 FATTY ACIDS
ON IMMUNE FUNCTION IN

NORMAL AGING

Aging is a multifactorial process involving decreased
immune functions [86]. Omega-3 polyunsaturated
fatty acids have been associated with human health
benefits in immune function in several pathologies,
mainly against inflammatory and autoinmune diseases.
However, the effects of omega-3 fatty acids on func-
tional variables of the immune system in healthy aging
remain controversial.

In the already mentioned systematic review [42], we
found five studies (four RCT and one cross-sectional
and longitudinal) examining the effect of omega-3 fatty
acids on immune function. All four RCT studies
assessed the effect of moderate dietary supplementa-
tion with omega-3 fatty acids (EPA or EPA1DHA) on
lymphocyte proliferation and immune biomarkers
known to be altered in normal healthy aging. Even
very low doses of omega-3 fatty acids resulted in
significantly decreased proliferative responses of lym-
phocytes in two of the studies [86,87]. In the study
by Bechoua et al. [86], this was accompanied by a
marked significant (P, 0.05) increase of their cytosolic
cyclic nucleotide phosphodiesterase (PDE) activity
(156�57%) and an increase (P, 0.05) in cyclic nucleo-
tide intracellular levels. At the same time, the glutathi-
one peroxidase activity was markedly depressed
(P, 0.01). In contrast, the cross sectional study [88]
reported significant positive correlations (P, 0.05)
between PHA-induced proliferation and intake of
DHA and EPA. However, these authors stated that
intakes of DHA plus EPA were inadequate for the
studied population when compared to recommended
intakes. They also suggested that dietary EPA in vivo
might interact differently compared to in vitro studies
where EPA is added to cell cultures. On the other
hand, a moderate amount of extra supplementary EPA
(720 mg/d) resulted in a decrease of NK cell activity in
the same elderly population [89]. This decline (48%)
was, however, fully reversed by 4 weeks after supple-
mentation had ceased.

The effects of different amounts of EPA on innate
immune outcomes in older males compared to young
were also evaluated [27]. EPA was incorporated in a
linear dose-response fashion into plasma and mononu-
clear cell (MNC) phospholipids; incorporation was
greater in the older men. This increased incorporation
was associated with decreased production of prosta-
glandin E2 (PGE2) by MNCs. Also, EPA treatment
caused a dose-dependent decrease in neutrophil respi-
ratory burst only in the older men. These five above
mentioned studies therefore suggest that even very
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low doses of omega-3 fatty acids may be sufficient to
affect the immune responses of the elderly subjects.

It is important to remark, however, that evidence
on the influence of omega-3 polyunsaturated fatty
acids on immune function is mainly described in
rheumatoid arthritis. In this sense, a recent systematic
review evaluating 23 randomized controlled trials,
reports a fairly consistent, but modest, benefit of
marine omega-3 PUFAs on joint swelling and pain,
duration of morning stiffness, global assessments
of pain and disease activity, and use of nonsteroidal
anti-inflammatory drugs [90].

EFFECTS OF OMEGA-3 FATTY ACIDS
ON MUSCLE MASS AND FUNCTION IN
NORMAL NONPATHOLOGICAL AGING

It is well recognized that a progressive loss of mus-
cle mass, strength, and function, that is, sarcopenia,
occurs with aging. Approximately 1�2% of muscle
mass per year is lost after the age of 50 [11]. Aging is
associated with a reduced ability to capture blood-
borne amino acids as protein, a decreased protein
synthesis, a decrease in signaling proteins capacity to
indicate the presence of amino acids, and a resistance
to the effects of insulin in reducing muscle proteolysis
and improving muscle anabolic response. In addition,
age-related immobility negatively influences the main-
tenance of muscle protein synthesis. Therefore, it has
been hypothesized that the stimulation of protein syn-
thesis induced by omega-3 fatty acids supplementation
might be useful for the prevention and treatment of
sarcopenia of aging [11]. In fact, there are studies
suggesting the usefulness of omega-3 fatty acid
supplementation in patients at high risk of sarcopenia,
such as cancer patients [91,92]. However, there is a
lack of concluding evidence in healthy aging people.

The study of Smith et al. [93] is one of the very
few controlled, clinical trials that shows evidence
supporting dietary omega-3 intervention promoting
muscle protein synthesis in older adults, and elucidates
a possible mechanism of action, namely a reduction
of the muscle anabolic resistance to plasma amino
acids in this compromised physiological situation.
The objective of the study was to evaluate the effect of
omega-3 fatty acid supplementation for 8 weeks
on the rate of muscle protein synthesis in the
elderly population (69�73 years). Omega-3 fatty
acid supplementation (1.86 g EPA and 1.50 g DHA)
augmented the hyperaminoacidemia-hyperinsulinemia-
induced increase in the rate of muscle protein syn-
thesis (from 0.0096 0.005%/h above basal values
to 0.0316 0.003%/h above basal values; P, 0.01),
which was accompanied by larger increases in muscle

mTORSer2448 (P5 0.08) and p70s6kThr389 (P, 0.01)
phosphorylation, two key elements of intramuscular
signal transduction proteins involved in the regulation
of muscle protein synthesis.

A cohort study [94] examined the relationship
between diet (fatty fish consumption) and grip
strength in older men and women living in their own
homes. Of the dietary factors considered in relation to
grip strength, the most important was fatty fish con-
sumption. An increase in grip strength of 0.43 kg (95%
confidence interval CI5 0.13�0.74) in men (P5 0.005)
and 0.48 kg (95% CI5 0.24�0.72) in women (P, 0.001)
was observed for each additional portion of fatty fish
consumed per week. The authors of these two studies
suggest that these important influences on muscle
function in older men and women raise the possibility
that omega-3 fatty acids may be a useful tool for the
prevention and treatment of sarcopenia.

The outcomes of other human studies are inconclu-
sive. In a cross-sectional analysis involving 247 older
adults (. 60 years), no correlation between total
omega-3 fatty acids self-reported intake and lower
extremity muscular function was found [95]. To our
knowledge, there is only one up-to-date randomized
double-blind study on this topic, which assigned 126
postmenopausal women to either 1.2 g EPA1DHA or
placebo supplements. After 6 months of the interven-
tion, the supplemented women significantly improved
their walking speed, compared to controls. However,
no differences were found between groups when
studying other markers of frailty, such as grip strength
and body composition [96].

In conclusion, the association of a good omega-3
fatty acids status and better maintenance of muscle
mass is still promising and clearly needs further spe-
cific trials.

EFFECTS OF OMEGA-3 FATTY ACIDS
ON BONE HEALTH

Bone remodeling is a process that replaces old bone
with new. Excess resorption over formation leads to
loss of bone mass, osteoporosis, and increased fracture
risk, with possible additional functional losses and
increased morbidity and mortality [97]. Recently
highlighted has been the potential role of PUFA in reg-
ulation of bone remodeling through different path-
ways, including opposing effects on inflammatory
cytokines, modulation of prostaglandin E2 (PGE2) pro-
duction, enhancement of calcium transport, and reduc-
tion of urinary calcium excretion [98]. These authors
also reviewed plausible biological mechanisms and
included gene transcription as an important one. In
this sense, peroxisome proliferator activator receptor
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gamma (PPARγ) is a transcription factor with negative
effects on bone homeostasis, that may be activated by
the PUFA. Treatment with omega-6 fatty acids inhibits
proliferation of osteoblasts via increased expression of
PPARγ; however, DHA favors osteoblastogenesis due
to its binding affinity for PPARγ. PUFA might also
affect bone via other pathways, by increasing nitric
oxide production and by promoting osteoblastic differ-
entiation via increased production of insulin-like
growth factor-1 (IGG-1) and parathyroid hormone. It is
important to note that most of these proposed path-
ways are reported in animal studies. The same is also
true for the suggested effect of PUFA leading to a
decreased osteoclast maturation, as reviewed by
Mangano et al. [98].

Most studies on PUFA and bone health in aging
have reported inconsistent findings. In the above men-
tioned study by Rousseau et al. [95], a positive relation
between total omega-3 intake and hip bone mineral
density (BMD) was suggested, but the study had some
limitations since it did not control for confounding
variables such as age, sex, and energy intake.
Moreover, individual omega-3 fatty acids were not
examined. Even RCT studies are not concluding, or do
not allow to conclude a clear effect only related to
PUFA, since they are intervention studies including
supplemental vitamin D, vitamin K, or multisupple-
mented foods [99,100]. Another promising study
was undertaken with postmenopausal osteoporotic
women [101]; 25 patients received 900 mg omega-3
fatty acid capsules or placebo per day for 6 months.
Urine level of pyridinoline (Pyd), a bone resorption
marker, decreased significantly (P, 0.05) in the treat-
ment group, thus indicating that omega-3 fatty acids
can decrease bone resorption, but no effect on bone
formation was shown after 6 months of treatment.

The most convincing evidence in favor of PUFA
and bone comes from the Framingham Osteoporosis
Study (FOS) [102]. A cohort study evaluated the effects
of omega-3 fatty acids on bone health in aging. This
study investigated the associations between dietary
polyunsaturated fatty acid and fish intakes and hip
bone mineral density at baseline (1988�1989, n5 854)
and the changes four years later in the same indivi-
duals (n5 623) with a mean age of 75 years. High
intakes (.3 servings/wk) of fish relative to lower
intakes were associated with maintenance of femoral
neck BMD (FN-BMD) in men and in women (P, 0.05),
thus suggesting that fish consumption may protect
against bone loss. This study was adjusted for con-
founders, used valid methods to measure outcomes,
and described withdrawals and dropouts.

Farina and her group [103] also conducted the first
longitudinal study to examine the association among
individual types of short and long-chain PUFA with

hip fracture risk in men and women. Higher α-linoleic
acid (ALA) intake was associated with lower hip frac-
ture risk (P-trend5 0.02). Participants in the highest
quartile of ALA intake had a 54% lower risk of hip
fracture than those in the lowest quartile (Q4 vs Q1:
HR5 0.46, 95% CI5 0.26�0.83). Higher arachidonic
acid (AA) intake was associated with lower hip frac-
ture risk in men (P-trend5 0.05) but not in women.
Men in the highest quartile of AA intake had an 80%
lower risk of hip fracture than those in the lowest
quartile (Q4 vs Q1:HR5 0.20, 95% CI5 0.0420.96). No
significant associations were observed among intakes
of total fish, dark fish, tuna, or dark fish1 tuna and
hip fracture in either simple or multivariable-adjusted
models in the combined sample of men and women.
Their findings suggested that ALA intake may reduce
the risk of hip fracture in women and men, and that
AA may reduce the risk of hip fracture in men. The
authors also stated that the protective effect of ALA on
hip fracture risk in humans may be independent of
BMD. Thus, ALA might reduce hip fracture via alter-
native mechanisms, such as protective effects on bone
quality not measured by BMD, including a reduction
in bone turnover.

Among nested case-control studies, the latest out-
comes from The Women�s Health Initiative Study
(WHI) also reported stimulating results [104]. This
study examined red blood cells (RBC) PUFAs as pre-
dictors of hip fracture risk in postmenopausal women.
Lower hip fracture risk was associated with higher
RBC α-linolenic acid, EPA and total omega-3 PUFAs.
Conversely, hip fracture nearly doubled with the high-
est RBC omega-6/omega-3 ratio, suggesting that high
omega-6 intake may overcome the benefits of the
omega-3 FA.

Taken together, all these sparse data suggest a pos-
sible relation between higher omega-3 FA and better
functional mobility in older adults. And even though
results are limited and in their initial stages, they could
be considered as encouraging. At present, it is gener-
ally recognized that future clinical trials and prospec-
tive studies are required to determine the long-term
benefits of dietary or supplemental PUFA upon bone
outcomes.

OMEGA-3 AND CANCER IN AGING

EPA and DHA, used along with anticancer drugs,
have improved cancer treatment outcome, in vitro and
in vivo studies. Clinical studies have reported some
positive results with omega-3 supplements in onco-
logic young and adult patients. However, there are no
systematic reviews assessing the effectiveness of EPA
and or DHA omega-3 fatty acids supplementation
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during cancer therapies in aging on outcome improve-
ment. The only systematic review addressing this
question is related to the adult population [105]. This
recent review reported that there are beneficial effects
of omega-3 fatty acids supplements in patients under-
going chemotherapy and/or radiotherapy on different
outcomes, such as body weight, body composition,
immune and inflammatory markers, oxidative status,
and quality of life. Among them, the most evident ben-
eficial effect described is that fish oil promotes weight
maintenance or gain during active oncology treatment.
Other important outcomes analyzed such as decreased
tumor size and prolonging patient survival were not
shown [105].

Among the few studies conducted in older adults,
the remarkable one came from the Vitamins and
Lifestyle (VITAL) cohort, where EPA/DHA intake,
and its primary sources, fish oil supplement use and
dark fish consumption, were evaluated in relation to
colorectal cancer (CRC) risk. Participants were 50�76
years old. The population taking fish oil supplements
for at least three years experienced 49% lower CRC
risk than nonusers. The association between fish oil
use and decreased CRC risk was primarily observed
for men and for colon cancer. The authors concluded
that associations between long-chain PUFA intake and
CRC may vary by gender, subsite, and genetic risk,
providing additional insight into the potential role of
long-chain PUFAs in cancer prevention [106].
Conversely, in a population of 22,494 women from the
same VITAL study, those in the highest compared
with the lowest quintile of dietary EPA1DHA intake
had a 79% increased risk of endometrial cancer (95%
CI: 16%, 175%; P-trend5 0.026). Furthermore, results
were similar for EPA and DHA measured individually
and for fish intake. It is important to note that when
data were stratified by body mass index (in kg/m2;
,25 or $ 25), increases in risk of long-chain omega-3
PUFAs were restricted to overweight and obese
women, and statistically significant reductions in risk
were observed for normal-weight women. The authors
conclude that randomized trials are needed to confirm
this overall increased risk of endometrial cancer
reported [107]. To our knowledge, this study is the
first to prospectively examine the intake of specific
omega-3 PUFAs in association with endometrial
cancer incidence. Also in women, the recent study by
Hutchins-Wiese et al. [108] reported a positive effect in
bone resorption, since it was inhibited in fish oil sup-
plemented postmenopausal breast cancer survivors, in
a randomized double-blind placebo controlled pilot
study that included 38 women. However, inflamma-
tory markers were not altered. Another promising
study in women evaluated the associations between
endometrial cancer risk and intake of fatty acids and

fish, in a population-based sample of 556 incident can-
cer cases and 533 age-matched controls. The authors
concluded that dietary intake of long-chain PUFAs
EPA and DHA in foods and supplements may have
protective associations against the development of
endometrial cancer. However, the latter population
was 35�81 years old [109].

Certainly, larger and specific cancer localization
studies in older adults are needed to confirm all the
encouraging above mentioned results.

EFFECTS OF OMEGA-3 FATTY ACIDS
ON QUALITY OF LIFE AND MORTALITY

IN NORMAL AGING

Two single studies (both of them RCT) assessed the
influence of omega-3 fatty acids in the quality of life of
normal aging [110,111]. Moreover, the baseline charac-
teristics of the population of the two studies were the
same, 302 independently living older individuals.
The studies differed in the outcomes measured. The
first one investigated the effect of EPA and DHA
(1800 mg/d EPA1DHA, 400 mg/d EPA or placebo,
for 26 wk) on mental well-being. The second one
evaluated the effect on physical health, psychological
health, social relationships, and satisfaction with
environment through the World Health Organization
Quality of Life questionnaire (WHOQOL). Plasma con-
centrations of EPA1DHA increased by 238% in the
high-dose group, and 51% in the low dose fish-oil
group, compared with the placebo group, reflecting an
excellent compliance. However, treatment with neither
1800 mg nor 400 mg differentially affected any of the
measures and geriatric scales of mental well-being.
Following the same pattern, median baseline total
WHOQOL scores ranged from 107 to 110 in the three
groups and were not significantly different from each
other. Treatment with 1800 mg to 400 mg EPA-DHA
did not affect total Quality of Life (QOL) or any of its
separate domains after 26 weeks of intervention. For
the interpretation of these results, however, it is quite
interesting to note that the placebo capsules contained
mainly oleic acid, which might somehow exert an
effect.

Another interesting concern, in terms of quality of
life, is the possibility of potential adverse effects associ-
ated with omega-3 supplementation in older adults.
Moreover, since omega-3 fatty acid supplementation is
becoming increasingly popular. However, given its
antithrombotic properties, the potential for severe
adverse effects (SAE), such as bleeding, has safety
implications particularly in older adults. In this sense,
a systematic review of randomized control trials
explored the potential for SAE and nonsevere adverse
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effects (non-SAE) associated with omega-3 supplemen-
tation in older adults. A total of ten studies involving
994 initially healthy older adults aged .60 years were
included. No SAE were reported, and there were no
significant differences in the total adverse effects rate
between intervention and placebo groups. The authors
concluded the potential for adverse effects (AE) appear
mild to moderate at worst and are unlikely to be of
clinical significance [112].

Two studies estimating the effect of omega-3 fatty
acid on mortality in healthy aging were retrieved.
Folsom and Demissie [113] investigated the diet of a
group of 720 postmenopausal women with low cancer
and coronary heart disease risk. There was an inverse
age- and energy-adjusted association between total
mortality and fish intake, with a relative risk of 0.82
(95% confidence interval: 0.74, 0.91) for the highest ver-
sus lowest quintile. Estimated marine omega-3 fatty
acid intake was not associated with total or cause-
specific mortality. A more recent intervention study
[114] showed results similar to those above mentioned.
A group of elderly men (n5 282) received a total of
2.4 g omega-3 PUFA in two capsules twice daily (49%
EPA and 35% DHA) for 36 months. The authors
observed in this supplemented population a tendency
toward reduction in all-cause mortality that, despite
the low number of participants, reached almost statisti-
cal significance (P, 0.063).

Most randomized trials have actually tested the
effects of adding supplements to the diet and evalu-
ated a possible secondary prevention, limiting infer-
ence for dietary omega-3-PUFA or primary prevention.
Furthermore, observational studies have assessed
self-reported dietary FA intakes, rather than objective
biomarkers. In order to clarify the relation of PUFA
and mortality in older adults, the compelling study by
Mozzafarian et al. [72] investigated associations of
plasma phospholipid EPA, DPA, DHA, and total
omega-3 PUFA with total and cause-specific mortality,
among generally healthy older adults not taking fish
or oil supplements. Participants were 2692 US older
adults (average age 75 years), free of coronary heart
disease (CHD), stroke, or heart failure. In this prospec-
tive study, circulating individual and total omega-3-
PUFA were associated with lower total mortality, with
27% lower risk across total omega-3-PUFA quintiles.
Associations appeared strongest for cardiovascular
deaths. The observed mortality differences corre-
sponded to approximately 2.2 more years of remaining
life after age 65 in people with higher versus lower
omega-3-PUFA levels. Because these biomarkers were
measured specifically among older adults, the authors
suggest that dietary omega-3 PUFA in later life may be
of benefit in reducing total mortality and, therefore,
increasing the quality of life.

FINAL CONCLUSIONS

Nutrition is one of the major determinants of suc-
cessful aging. It is becoming increasingly evident that
omega-3 fatty acids appear to have a protective effect
on some prevalent pathologies during aging such as
neurodegenerative disorders, cardiovascular disease,
immune function, bone health, muscle tonus, cancer,
and general quality of life.

Omega-3 fatty acids are involved in many brain
functions, such as the fluidity of the cell membrane,
the receptor affinity, modulating transduction mole-
cules/signaling, modulating apoptosis, modulating
neuronal differentiation and ion channels, reducing
oxidative stress, having an anti-inflammatory action,
neurotransmission, and participating in gene expres-
sion. While most of the observational studies in older
people showed an inverse relationship between an
adequate fish consumption or omega-3 fatty acids
intake (diet or supplements) or total content in erythro-
cyte membrane and cognitive status or less cognitive
decline during aging, in intervention studies there are
some discrepancies, but it seems that when DHA is
given to individuals with mild cognitive impairment
or age-related cognitive impairment the data appear to
be positive, whereas when Alzheimer’s disease was
already established no clear benefit is achieved.
Results are promising and encourage further research
in order to establish a safe and effective treatment
solution.

In the early 2000s, evidence from large-scale epide-
miological studies suggested that people at risk of
cardiovascular heart disease (CHD) benefit from con-
suming omega-3 fatty acids. The exact mechanisms
by which omega-3 performs its functions are still
under debate, but the main mechanisms proposed are
plaque stabilization, lipid profile, antiinflamatory
effect, blood pressure, heart failure, or anti-arrhythmic
properties. However, controversial results have been
published in recent reviews and meta-analyses report-
ing both positive and negative findings on the
effectiveness of omega-3 fatty acids. In consequence,
some authors propose that the beneficial effects of
omega-3 FA are not as large as previously implied and
recommendations for widespread use should be tem-
pered. Generalizability of the overview finding may be
questioned and more studies are needed to evaluate
specific outcomes and populations stratified by sex,
age, CV risk, medication use, race, etc.

This chapter also deals with the effects of omega-3
fatty acids on immune function, bone health, muscle
tonus, cancer, and general quality of life in aging.
Results are limited and in their initial stages—even
though the elderly population is the largest population
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studied—but they could be considered as promising. It
may be concluded that the number of studies and the
methodology employed clearly lack sufficient evi-
dence, and that further specific and larger trials, as
well as prospective studies, are required to definitely
determine the effects of omega-3 fatty acids on aging
and on quality of life.

SUMMARY

• Increasing the intake of omega-3, particularly the
long-chain n-3 PUFA may be one strategy to
prevent and/or reduce morbidity in the elderly.

• It is becoming increasingly evident that these fatty
acids appear to be neuroprotective. In general,
longitudinal studies are mainly positive, indicating
a protective effect against subsequent cognitive
decline. In intervention studies there are some
discrepancies, but it seems that when DHA is given
to individuals with mild cognitive impairment or
age-related cognitive impairment the data appear to
be positive, whereas when Alzheimer’s disease was
already established no clear benefit is achieved.
Results are promising and encourage further
research in order to establish a safe and effective
treatment solution.

• In the early 2000s, evidence from large-scale
epidemiological studies suggested that people at risk
of cardiovascular heart disease (CHD) benefit from
consuming omega-3 fatty acids. Nowadays, some
authors propose that the beneficial effects of omega-3
FA are not as large as previously implied and
recommendations for widespread use should be
tempered. Generalizability of the overview finding
may be questioned and more studies are needed to
evaluate specific outcomes and populations stratified
by sex, age, CV risk, medication use, race, etc.

• This chapter also deals with the effects of omega-3
fatty acids on immune function, bone health, muscle
tonus, cancer, and general quality of life in aging.
Results are limited and in their initial stages—even
though the elderly population is the largest group—
but they could be considered as promising. It may
be concluded that the number of studies and the
methodology employed clearly lacks sufficient
evidence, and that further specific and larger trials,
as well as prospective studies, are required to
definitely determine the effects of omega-3 fatty
acids on aging and on quality of life.
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Vitamin E, Inflammatory/Immune Response,
and the Elderly

Eugenio Mocchegiani and Marco Malavolta
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KEY FACTS

• Vitamin E is an antioxidant and anti-inflammatory
compound for the whole life of an organism with
a special emphasis in aging and in some
inflammatory age-related diseases.

• Vitamin E deficiency impairs both humoral and
cell-mediated immune functions.

• Vitamin E supplementation not exceeding 400
IU/day is useful for a correct inflammatory/
immune response in aging.

• The more known isoform of vitamin E
(α-tocopherol) seems to have the major properties
either as an antioxidant or anti-inflammatory
agent. However, another isoform of vitamin E
(γ-tocopherol) and tocotrienols (δ-tocotrienol)
seems to have more precise antioxidant
properties in affecting the inflammatory/immune
response in aging and in age-related diseases.

• The interaction of vitamin E with genes related
to its bioactivity is fundamental for the success
of the clinical trials with vitamin E
supplementation in aging and in restoring the
inflammatory/immune response.

Dictionary of Terms

• Vitamin E: Vitamin E is a lipid-soluble vitamin
found in cell membranes and circulating
lipoproteins that functions as a nonenzymatic
antioxidant scavenging toxic free radicals. It refers

to a group of eight compounds that possesses a
similar chemical structure comprising a chromanol
ring with a 16-carbon side chain and includes all
isoforms of tocopherols (α, β, γ, δ) and tocotrienols
(α, β, γ, δ).

• Inflammation: Inflammation is part of the complex
biological response of body tissues to harmful
stimuli, such as pathogens, damaged cells, or
irritants. Inflammation is a protective response that
involves immune cells and molecular mediators.
The purpose of inflammation is to eliminate the
initial cause of cell injury, clear out necrotic cells
and tissues damaged from the original insult and
the inflammatory process, and to initiate tissue
repair. Inflammation is considered as a mechanism
of innate immunity, as compared to adaptive
immunity, which is specific for each pathogen.
Inflammation can be classified as either acute or
chronic. Acute inflammation is the initial response
of the body to harmful stimuli and is achieved by
the increased movement of plasma and leukocytes
(especially granulocytes) from the blood into the
injured tissues. A series of biochemical events
propagates and matures the inflammatory response,
involving in particular the immune system. Chronic
inflammation, such as in aging, leads to a
progressive shift in the type of cells present at the
site of inflammation and is characterized by
simultaneous destruction and healing of the tissue
from the inflammatory process.

• Free radical theory: The free-radical theory of aging
was formally proposed by Denham Harman in
1956 and postulates that the inborn process of aging
is caused by cumulative oxidative damage to cells
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by free radicals produced during aerobic
respiration. Free radicals are atoms or molecules
with single unpaired electrons. They are
unstable and highly reactive, as they attack nearby
molecules in order to steal their electrons and gain
stability, causing radical chain reactions to occur.
Free radicals are generated in vivo primarily within
mitochondria during mitochondrial electron
transport as well as by other physiological
processes. Harman later extended the free-radical
theory of aging to incorporate the role of
mitochondria in the generation of free radicals and
other reactive oxygen species (ROS). The theory
proposes that the rate of oxidative damage to
mitochondrial DNA primarily determines life span.

INTRODUCTION

Aging is a complex biological phenomenon often
accompanied by various socioeconomic changes hav-
ing a great impact on the nutritional status, needs of
the elderly individual, and on the increased incidence
of disability due to the commonly onset of some
chronic diseases. Among the latter, cardiovascular and
neurodegenerative diseases, diabetes, cancer, infec-
tions, are closely related to a deficiency in the nutri-
tional status and to the presence of a chronic
inflammatory condition [1]. Various factors contribute
to the nutritional deficiency in aging with subsequent
chronic inflammation and oxidative stress. Under this
profile, free radicals and oxidative stress have been
recognized as important factors in the biology of aging
and in many age-associated degenerative diseases. A
time-dependent shift in the antioxidant/prooxidant
balance, which leads to higher free radical generation,
increased oxidative stress, and dysregulation of cellu-
lar function, is the basis for the free radical theory of
aging [2,3]. This theory is commonly manifested with
phenotypic changes and functional deterioration in
later life [4]. The changes are mainly due to reactive
oxygen species (ROS) production owing to oxidative
stress leading to a damage to DNA, lipid, and proteins
with subsequent altered cellular homeostasis and
integrity [5]. As a result, the cell has an elaborate sys-
tem to maintain a proper balance between the levels of
free radicals and antioxidants to ensure the integrity of
cellular components [6]. This balance is absent in old
age due to the presence of high ROS production and
antioxidant deficiencies [7]. It has long been postulated
that supplementation with dietary antioxidant can alle-
viate the redox imbalance and thereby protect against
the deteriorating effects of oxidative stress, inflamma-
tion, progression of degenerative diseases, and aging.
In this context, many micronutrients in the diet may

fight oxidative stress and delay aging. Among them,
vitamin E is considered one of the most potent lipo-
soluble antioxidant to delay aging and to prevent
some age-related degenerative diseases [8,9]. In this
chapter, we report the main role of vitamin E as a
powerful antioxidant especially in maintaining the effi-
ciency of the immune system in aging and the possible
personalized supplementation considering the vitamin
E�gene interaction.

BIOLOGY AND INTAKE OF VITAMIN E

Vitamin E is a lipid-soluble vitamin found in cell
membranes and circulating lipoproteins that functions
as a nonenzymatic antioxidant scavenging toxic free
radicals. It refers to a group of eight compounds that
possess a similar chemical structure comprising a chro-
manol ring with a 16-carbon side chain and includes
all isoforms of tocopherols (α, β, γ, δ) and tocotrienols
(α, β, γ, δ) [10]. Its most active and abundant form is
α-tocopherol, which is considered the major chain-
breaking antioxidant in plasma, in cell membranes,
and in tissues [11], capable of reacting directly with
chain-carrying radicals and consequently interrupting
the oxidative chain reactions [12]. α-Tocopherol serves
as a peroxyl radical scavenger that protects polyunsat-
urated fatty acids in membranes and lipoproteins [13].
Apart from its antioxidant property, vitamin E has
been reported to also enhance immune response [14]
and to modulate DNA repair systems [15] and signal
transduction pathways [16]. Advances in gene chip
and array technology have led to the discovery of
novel vitamin E-sensitive genes that in turn regulate
signal transduction pathways. Therefore, polymorph-
isms in genes involved in vitamin E tissue uptake,
export and metabolism may be important determi-
nants for the biological activity of vitamin E itself.
Therefore, genetic determinants, environmental and
lifestyle factors play important roles in the effective
biological activity of vitamin E in aging and in the
development of age-associated diseases. In this con-
text, it is relevant to consider the different forms of
vitamin E for its possible beneficial effect. The current
formulation of vitamin E consists primarily of
α-tocopherol, but recent research has suggested that
tocotrienol, the lesser known form of vitamin E,
appears superior regarding its antioxidant properties
[17] and possesses unique biological functions unre-
lated to antioxidant activity not shared by tocopherol
[18]. Even among the tocopherols, particular impor-
tance is placed on the other isomers because supple-
mentation with large doses of α-tocopherol alone
has been reported to deplete the availability of
γ-tocopherol, thus denying the benefits of γ-tocopherol
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that are not shared by α-tocopherol [19]. Therefore, it
has been suggested that the full benefits of vitamin E
are better achieved by supplementation with the full
spectrum of vitamin E isomers (α-,β-,γ-,δ-tocopherol)
and the corresponding tocotrienols [20,21]. Following
this suggestion, the Recommended Dietary Allowance
(RDA) has established that the vitamin E intake has to
be from 7.0 to 11.1 mg/day from conventional diets. In
particular, 10 mg/day (median 7.53 mg/day) in men
and 7.57 mg/day (median 5.90 mg/day) in women
[22]. Despite that, few studies report the Vitamin E
deficiency in humans. Lipid malabsorption, deteriora-
tion of lipoprotein metabolism, and genetic factors
in α-tocopherol transfer protein (α-TTP) result in
vitamin E deficiency [9], which is mainly associated to
peripheral neuropathy and ataxia [23,24]. In humans,
vitamin E is taken up in the jejunum, the proximal
part of the small intestine, where the first phase of the
uptake is dependent on the amount of lipids, bile, and
pancreatic esterases. Unspecific absorption occurs at
the intestinal brush membrane by passive diffusion,
where, together with triglycerides, cholesterol and apo-
lipoproteins, vitamin E (all its isomers) is reassembled
into chylomicrons by the Golgi of the mucosa cells.
The chylomicrons are then stored as secretory granula
and excreted by exocytosis into the lymphatic system
from where they in turn reach the bloodstream.
Intravascular degradation of the chylomicrons pro-
ceeds via endothelial lipoprotein lipase, a prerequisite
for the hepatic uptake of tocopherols [10] and subse-
quent storage in the liver, in which α-TTP governs the
hepatic uptake of vitamin E [25]. α-TTP in the liver
specifically sorts out RRR-α-tocopherol (a natural
derivate of vitamin E) from all incoming tocopherols
for incorporation into plasma lipoproteins in exerting
their antioxidant functions [26]. Following its systemic
delivery in plasma, tissue-specific distribution and
specific regulation of α-tocopherol occur [27]. From
all these studies, it emerges a pivotal role played
by α-TTP in the economy of vitamin E intake, uptake,
and distribution within the body. A deficiency in
α-TTP gene expression and also mutation lead to
the development of a variety of diseases, such as
neurodegeneration, cardiovascular diseases, diabetes,
and compromised immune response, which are, in
turn, associated to the aging process. In the cases of
α-TTP mutation, it is relevant to note that α-tocopherol
absorption is normal, but the clearance in the removal
of vitamin E results more rapid than its supply. This
phenomenon can be explained by the chylomicron
form in which vitamin E finds itself, which is more
susceptible to degradation and elimination rather than
the stable lipoprotein-associated form. This fact implies
that in presence of α-TTP mutation (for example in
Ataxia with vitamin E deficiency, AVED) a continuous

depletion of vitamin E both at cellular and subcellular
level occurs with no antioxidant defense [28]. In the
absence of a sufficient α-tocopherol content, cell signal-
ing becomes altered and a plethora of deleterious
phenomena emerge [29], including a deficiency in
immune cell signaling such as CD4 T-cell function, via
sphingolipid metabolism [30]. This fact becomes rele-
vant in aging because of the presence of an impaired
inflammatory/immune response [31] and an altered
sphingolipid composition in CD41 T cells [30] associ-
ated with a possible diet Vitamin E deficiency due to
the presence of the intestinal malabsorption [9].

VITAMIN E, INFLAMMATORY/IMMUNE
RESPONSE, AND AGING

As reported above, vitamin E is the most effective
chain-breaking, lipid-soluble antioxidant in biologic
membranes of all cells. Immune cells are particularly
enriched in vitamin E because their high polyunsatu-
rated fatty acid content puts them at especially high
risk for oxidative damage [32]. Free-radical damage to
immune cell membrane lipids may ultimately impair
their ability to respond normally to pathogenic chal-
lenge with subsequent impaired inflammatory/
immune response and development of inflammatory
diseases [33]. Available evidence suggests beneficial
effects of supplemental vitamin E on immune function
and related diseases. Results from animal and human
studies indicate that vitamin E deficiency impairs both
humoral and cell-mediated immune functions [21].
Taking into account the efficiency of vitamin E in
restoring cell-mediated immunity of T cells in the aged
[34], several double-blind, placebo-controlled clinical
trials tested the effect of vitamin E on immune system
in elderly as well as in old animals (see review in
Ref. [14]). In the 1990s, Meydani et al. [34] suggested
that a short-term vitamin E supplementation could
improve immune responsiveness and some clinically
relevant indexes of T cell-mediated immunity in
healthy elderly. In particular, vitamin E supplementa-
tion (800 mg/day of α-tocopheryl acetate) for 30 days
significantly improves DTH response, ex vivo T cells
proliferation, and IL-2 production concomitantly with a
reduction of PGE2 synthesis by PBMCs and plasma
lipid peroxides [34]. The same group tested the effect
of lower doses of vitamin E on free-living elderly ($65
years) indicating that subjects consuming 200 mg/day
of vitamin E had a significant increase in DTH and in
antibody titer to hepatitis B and to tetanus vaccine
compared with placebo group and with subjects
supplemented with 60 mg/day and 800 mg/day of
vitamin E [35]. It was shown that a longer (6 months)
supplementation of vitamin E in healthy elderly
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subjects (65�80 years) affected the production of IL-2,
IFN-γ (typical Th1 cytokines) and IL-4 (typical Th2
cytokine) by PBMCs after stimulation with mitogens.
In particular, IL-2 and IL-4 production increased while
IFN-γ production decreased in the groups receiving
vitamin E [36]. Moreover, healthy elderly subjects
receiving a diet supplementation with vitamin E
(200 mg/daily) for 3 months showed an improvement
of mitogen-induced lymphocytes proliferative response
and IL-2 production, NK cell activity, chemotaxis and
phagocytosis of neutrophils, and a decrease in neutro-
phil adherence and superoxide anion production. From
all these findings, it emerges that vitamin E is an
immunoregulator nutrient in elderly with an effect
especially in cell-mediated and innate immunity with
thus a possible role in preventing some inflammatory
diseases. Such an assumption is also supported by the
findings in old animals and “in vitro” models explain-
ing also the mechanisms by how vitamin E works. In
particular, vitamin E can enhance T cell-mediated func-
tion by directly influencing membrane integrity and
signal transduction in T cells mainly affecting CD3/
TCR complex as well as CD36 gene expression [37] and
the subsequent cascade of key activators in the signal
transduction. Among them, PKC, ICAM-1, ZAP-70,
LAT, Vav, and nuclear factor-κB (NF-κB) (the latter at
nuclear level) play a key role in activating IL-2 gene
into the T cells (CD41 ) [21,29]. A preincubation with
vitamin E in purified spleen T cells from young and
old mice increased both cell-dividing and IL-2-
producing capacity of naive T cells from old mice, with
no effect on memory T cells. These results were of
particular interest because they indicated, on one side
an effect of vitamin E on genes involved in cell cycle
(Ccnb2, Cdc2, and Cdc6) and therefore in cell prolifera-
tion; on the other side, they pin-point that vitamin E
has a direct immune-enhancing effect via increased
IL-2 production. This fact is relevant because it sug-
gests that vitamin E can reverse the age-associated
reduction in activation-induced division on naı̈ve
T cells, which represent a T-cell subset exhibiting the
greatest age-related defects [38]. Moreover, vitamin E
is able to reverse the age-associated increase of macro-
phages synthesis of PGE2, a well-known potent T-cell
suppressor and inflammatory mediator [39]. It was also
reported that PGE2, apart from being immunosuppres-
sive, regulates the balance of activity between Th1 and
Th2 subsets in favor of the latter [40]. Thus, it was
speculated that, through its action on PGE2 synthesis,
vitamin E stimulates Th1-like immune responses [34].
Alternatively, vitamin E exerts its immune-enhancing
effect through inhibiting COX activity without altering
COX-1 or COX-2 expression at either protein or mRNA
level [41], via a possible reduction of peroxynitrite
production, which is a molecule able to upregulate

COX-2 activity without changing its expression [42].
In particular, vitamin E reduces COX activity in
old macrophages by decreasing nitric oxide (NO)
production, which leads in turn to lower production
of ONOO with subsequent antioxidant effect [42].
However, the mechanism of vitamin E in affecting
T cells is more complex because it also involves lipid
rafts on the cell membrane [43] together with another
key signaling transducer SHP-1 [44]. In old age, SHP-1
increases due to its NO phosphorylation because of
reduced actions of lipid rafts by ROS [45]. The enhanc-
ing of SHP-1 in old age blocks Zap-70 and LAT with
subsequent negative effect in IL-2 production by IL-2
gene [29]. Vitamin E supplementation in old age,
through its double action on CD3/TCR complex (con-
sequently on ZAP-70 and LAT activation) and on lipid
rafts by reducing ROS with subsequent low expression
(20%) of SHP-1, is able to induce a correct signaling
cascade for a satisfactory IL-2 production by naı̈ve
CD41 T cells from old mice [29]. From these findings,
it emerges that the action of vitamin E upon the
immune system is very complex involving a wide
range of signaling transducers that are the subject of
continuing investigations. There is a general agreement
that ROS contribute to the age-related decline in T-cell
function, probably by damaging the lipid moieties of
membranes, as well as enzymatic and structural pro-
teins [46]. Thus, the best known function of vitamin E,
as a highly lipophilic antioxidant element, may provide
an important mechanistic basis, by neutralizing ROS-
mediated damage of membrane lipids or associated
adapter proteins/kinases [29], and CD41 naı̈ve T cells
have an enhanced susceptibility to oxidative damage
[47]. The antioxidant effect of vitamin E may not be
only restricted to modulating CD41 T-cell function,
but also to its influence on the activities of several
enzymes involved in signal transduction pathways
especially those ones related to the inflammation and,
consequently, to a correct inflammatory/immune
response. For example, vitamin E (α-tocopherol iso-
form) inhibits PKC [48]. This aspect is relevant taking
into account that PKC is involved both in cell-mediated
immune response and in cell proliferation [49]. While,
on one side, the action of PKC is fundamental in
young-adult age during a possible transient inflamma-
tory state; on the other side, in chronic inflammation,
such as in aging, an overexpression of PKC may lead
to the recruitment of an abnormal number of inflam-
matory cells in the inflammatory sites through the
adhesion molecules (ICAM-1) worsening the just pre-
carious inflammatory picture of aging [50]. Vitamin E
(especially the isomer α-tocopherol) is able to reduce
the abnormal inflammatory/immune response by
monocytes decreasing significantly the superoxide
anion release [51] and downregulating the gene
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expression of extracellular MAP-kinase (ERK 1/2), p38
and NF-κB [52]. As a consequence, the production of
pro-inflammatory cytokines (IL-1β) and the expression
of adhesion molecules (ICAM-1), via an inhibition of
the 5 lipoxygenase pathway, is reduced [53]. Therefore,
vitamin E (especially α-tocopherol) has a direct role,
via CD3/TCR complex and lipid rafts, on the immune
cells acting as an antioxidant agent, whereas it has an
indirect role acting on the inflammatory state, via
MAPK-kinases and NF-κB inactivation with thus anti-
inflammatory properties. Therefore, a right intake and
cellular content of vitamin E is pivotal in aging because
of impaired T-cell function, altered inflammatory/
immune response, increased oxidative stress and
chronic inflammation with the risk to develop age-
related inflammatory diseases [31]. Such an assumption
is strongly supported by the recent findings in cente-
narian subjects, who show a satisfactory vitamin E
content [54] coupled with a satisfactory degree of
antioxidant activity, reduced inflammation [31], as
well as good performances in inflammatory/immune
response [55]. As such, many age-related diseases can
be escaped with the achievement of an healthy state
and longevity. However, high vitamin E intake may be
harmful affecting also mortality [56]. Thus, strong
caution has to be used in vitamin E supplementation in
aging and in age-related diseases. The vitamin E�gene
interactions may be a useful tool for a personalized
supplementation avoiding its possible toxic effect
because an interaction with other micronutrients might
occur leading to an unbalance among micronutrients,
as it occurs for other micronutrients [1].

VITAMIN E�GENE INTERACTIONS

Vitamin E family (tocopherols and tocotrienols)
contains various isoforms with potent antioxidant and
anti-inflammatory properties. For this reason, a lot of
clinical trials in humans have been carried out but,
unfortunately, with contradictory and inconsistent
results (see review in Ref. [57]). Since vitamin E inter-
acts with cell receptors (eg, LDL receptor) and tran-
scription factors (eg, pregnane X receptor) thereby
driving (redox-regulated) gene expression (eg, scaven-
ger receptor CD36) and it modulates protein levels
(eg, glutathione) and changes enzyme activity levels
(eg, protein kinase C), the interaction of vitamin E and
the genes codifying these proteins is crucial for the
effects of vitamin E supplementation. Modulation of
enzyme transcription and/or activity by vitamin E
has been shown in genes involved in oxidative stress,
proliferation, inflammation, and apoptosis. Such genes
include, SOD, NO synthase, cyclooxygenase-2, NAPDH
oxidase, NF-κB, phospholipase A2, protein phosphatase

2A, 5-lipooxygenase, activator protein-1, cytochrome
P450, BCL2-like 1, and a lot of other genes [58�61]. To
obtain a comprehensive understanding of the genes
affected by vitamin E, preliminary global gene expres-
sion profile experiments using DNA arrays in rat liver
and hepatocellular liver carcinoma cells (HepG2) have
been conducted over the short-term (49 days) and
long-term (290 days) of vitamin E deficiency and then
supplemented with vitamin E (RRR- α-tocopheryl ace-
tate) [62,63]. Differential gene expression by DNA
arrays comprising up to 7000 genes were measured
before and after vitamin E supplementation showing
that vitamin E has more long-term rather than short-
term effects thereby suggesting that the interaction of
vitamin E with genes can have a long term effect. It is
noteworthy that the more significant results “in vitro”
(HepG2 cells) and “in vivo” experimental rats were
obtained using natural vitamin E (RRR-α-tocopheryl
acetate) rather than synthetic vitamin E (all-rac-
tocopheryl acetate) suggesting that the benefit of
vitamin E�gene interactions comes more from
the diet rather than from a supplementation [63].
Subsequently, array technology showed a wide range of
genes affected by vitamin E, including genes related to
inflammation and cell adhesion, cell cycle, and
extracellular matrix [63] (Table 45.1). Many of these
genes play an important role in many inflammatory
age-related diseases especially atherosclerosis and
CVD, in particular genes related to the cellular adhesion
molecules induced by cytokines inside the human
vascular endothelia, such as VCAM-1 expressed at the
macrophage surfaces [64], L-selectin from pulmonary
macrophages [65], and Mac-1 (CD11/CD18) induced
by oxLDL within monocytes [66]. In this context, experi-
ments conducted in vitro and in experimental animal
models (for example in APO E null mice) have shown
that the interaction between vitamin E and genes related
to oxLDL is fundamental for the benefit of vitamin E
supplementation inducing a decrement in the amount of
cellular lipid peroxides with subsequent inhibition of
macrophage uptake of oxLDL [38] suggesting the rele-
vance of the vitamin E�gene interaction in aging and
inflammatory age-related diseases. In this regard,
a substantial number of papers reports polymorphisms
of genes involved in the uptake, distribution, metabo-
lism, and secretion of the micronutrient. A number of
genetic polymorphisms and epigenetic modifications
(that can occur in the homozygote or heterozygote state)
may lower the bioavailability and cellular activity of
vitamin E [27,67] (Table 45.2) influencing a differential
susceptibility among the people to specific disorders,
such as atherosclerosis, diabetes, CVD, cancers, and
neurodegenerative diseases, which could be circum-
vented by vitamin E supplementation. Despite of these
genetic findings, few data exist up to date in vitamin E
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supplementation on the basis of specific polymorphisms
that can be crucial for the beneficial effect of vitamin E
(Table 45.3). In this context, an interesting paper of
Testa et al. [70] shows the relevance of the interaction
between vitamin E and the gene of plasminogen activa-
tor inhibitor type 1 (PAI-1), an independent CVD
risk factor, which increases in patients with DM and
is closely related to the inflammatory state [75].
The 4G/5G polymorphism of PAI-1 is involved in the
incidence of cardiovascular disease by regulation of
PAI-1 levels [76]. A treatment with vitamin E (500 IU/
die for 10 weeks) in old diabetic patients carrying
4G allele provoked a delayed decrease in PAI-1 levels
with respect to those carrying 5G/5G genotype [73].
This finding demonstrates that 4G/5G polymorphism
mainly influences the rate of decrease of PAI-1

after supplementation with vitamin E in diabetes.
More recently, Belisle et al. [72] proposed that single
nucleotide polymorphisms may influence individual
response to vitamin E treatment (182 mg/day for
3 years) in terms of pro-inflammatory cytokine produc-
tion (TNF-α). Old subjects with the A/A and A/G
genotypes at TNF-α-308G.A treated with vitamin E
had lower TNF-α production than those with the A
allele treated with placebo. Since the A allele at TNF-
α-308G.A is associated with higher TNF-α levels [77],
these results suggest that the anti-inflammatory effect
of vitamin E may be specific to subjects genetically
predisposed to higher inflammation. Moreover, the
interactions between vitamin E and Hp gene or ApoE
gene are intriguing. In particular Hp2-2 genotype
is involved in diabetic retinopathy with CVD

TABLE 45.1 Some Target Genes Regulated at Transcriptional Level by Vitamin E

Gene class Gene Function

Effect of

α-tocopherol

Scavenger receptors CD36, SR-BI, SR-AI/II Uptake of oxLDL Inhibition

Extracellular matrix E-Selectin, L-Selectin, ICAM-1, Integrins,
Mac-1

Rolling and adhesion of monocytes/
macrophages, platelet adhesion

Inhibition

Collagen α1, glycoprotein IIb, VCAM-1

Inflammatory cytokines TGF-β, IL-4, IL-1β, TNF-α Inflammation and chemotaxis of inflammatory
cells

Inhibition

Cell cycle regulation P27 Inhibition of smooth muscle cells proliferation
and aortic thickening, Induction of proliferation

Induction

Cyclin D1, Cyclin E, Cyclin B2, Inhibition

Cyclin-dependent kinase5, Cdc6-related
protein

Apoptosis CD95L (CD95 APO-1/Fas ligand),
Bcl2-L1, Birc5

Induction of apoptosis Inhibition

Regulation of
transcription

NF-κB, AP-1, PKC Induction of inflammatory genes Inhibition

Kruppel-like factor3, Ikaros Induction of immune response Induction

Chemotaxis Ccl2, MCP-1 Migration and infiltration of monocytes/
macrophages

Inhibition

Antioxidant defense Gamma-glutamyl cisteinyl synthetase (GCS) Involved in glutathione biosynthesis pathway Induction

Detoxification P450-Cytochromes (Cyp3A, Cyp4F2),
Pregnane

Detoxification of exogenous and endogenous
compounds

Induction

X receptor (PXR)

Cell proliferation MMP-1, MMP-19 Tissue remodeling and inflammatory/immune
response

Inhibition

Lipid metabolism ApoE, PPAR-γ, LDL-R Lipid uptake, delivery transport Inhibition

Vascular defence Haptoglobin (Hp) Formation of haptoglobin-hemoglobin Induction

PAI-1 (Hp�Hb) complex Induction

Inhibition of fibrinolysis and degradation of
blood clots

For single references related to the specific gene class see Refs [16,59,64].
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complications. Supplementation with vitamin E in Hp-
2-2 genotype shows potent preventive effects [68,78].
With regard to ApoE, ApoE4 genotype is associated
with increased morbidity and mortality, and represents
a significant risk factor for CVD and late-onset
Alzheimer’s disease (AD) [79]. ApoE is an important

modulator of many stages of the lipoprotein metabo-
lism as well as possesses immunomodulatory/anti-
inflammatory properties. An increasing number of
studies in cell lines [80], transgenic rodents [81]
and AD [82] indicate higher oxidative stress and
pro-inflammatory state associated with the ε4 allele

TABLE 45.3 Vitamin E Supplementation on the Basis of Some Polymorphisms Affecting Vitamin E Bioactivity

Dose of vitamin E Condition Gene target Genotype Effect References

500 IU/day for 10 weeks Type 2 diabetes 4G/5G 4G/4G 4G/5G Faster decrement in PAI-1 [73]

n.93 $60 years Polymorphism of PAI-1 5G/5G Low decrement in PAI-1

182 mg/day for 3 years Healthy aging TNF-α-308 G/A A/A A/GG/G Low TNFα-production [72]

n.617 $65 years No effect

400 IU/day for 18 months Type 2 diabetes Haptoglobin (Hp) Hp 1-1Hp 2-1 No effect on cardiovascular events [68]

n.726 $65 years Hp 2-2 (MI, stroke, mortality)

Reduction of cardiovascular events

(MI, stroke, mortality)

TABLE 45.2 Some Relevant Genes Possibly Affecting Vitamin E Bioactivity in Relation to Their Polymorphisms

Candidate genes Function in relation to vitamin E

Effects on vitamin E bioactivity by

polymorphisms References

Haptoglobin (Hp) Increased free radicals in vitamin E deficiency Increased free radicals in Hp-2-2
genotype

[68]

Apolipoprotein E (ApoE) Increased free radicals in vitamin E deficiency;
plasma lipoprotein on vitamin E turnover

ApoE4 genotype is associated with
increased levels of vitamin E

[69]

SR-BI scavenger receptor Vitamin E uptake and transport Influence of vitamin E levels in cell
and tissue

[69]

CD36 scavenger receptor Reduced gene expression of CD36 by vitamin E
with no formation of foam cells

Influence on the responsiveness to
vitamin E

[70]

LDL-receptor Removal of LDL from plasma Influence on plasma lipid profile [71]

α-Tocopherol transfer protein
(α-TTP)

Vitamin E retention in plasma Influence of plasma and tissue level
of vitamin E

[71]

Pregnane X receptor (PXR) Vitamin E-mediated gene expression Influence on PXR target genes for
detoxification

[71]

P450-cytochromes (Cyp3A,
Cyp4F2)

Vitamin E metabolism Influence on metabolites deriving
from detoxification

[71]

TNF-α Decreased inflammation Influence on better inflammatory/
immune response by vitamin E

[72]

Plasminogen activator inhibitor
type 1 (PAI-1)

Control of fibrinolysis by Vitamin E Delayed and low production of PAI-1 [73]

Tocopherol associated protein
(TAP1, TAP2, TAP3)

Vitamin E binding, uptake, signal transduction,
gene expression

Influence on vitamin E on cellular
activity

[71]

Afamin Vitamin E transport into the brain Influence of vitamin E in the nervous
system

[74]

Lipoprotein lipase (LPL) Transfer of vitamin E from lipoprotein into
peripheral tissues

Influence on vitamin E content in
plasma, tissues and cells

[69]
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[82]. AD carrying E4 allele better counteract to the
adverse effect of oxidative stress and chronic inflam-
mation than do non-E4 carriers [83]. Therefore, the
polymorphisms of Hp and ApoE may be crucial points
for the benefit of vitamin E supplementation in diabe-
tes, AD, in inflammation and neurodegeneration.
In addition, a significant number of genes was found
to be regulated by vitamin E, such as nerve growth
factor, dopaminergic neurotransmitters, and clearance
of amyloid-β in the rat brain [84]. Of interest is also
the influence of vitamin E in miRNA, in particular
in miRNA-122a and miRNA-125b that are related
with increased inflammation (TNF-α) [63]. Thus, the
reduced miRNA-125b levels observed in vitamin
E-deficient rats may be associated with an enhanced
inflammatory response, as previously described [85].
These findings indicate that vitamin E regulates cell
signaling not only at the mRNA level but also at the
miRNA level. From all the data relating to vitamin
E�gene interactions emerges the pivotal role played
by the specific genetic background for a positive
effect of vitamin E as an antioxidant and anti-
inflammatory agent. However, the study in this field
of miRNA is still in its infancy and future research is
required for definitive guidelines addressed to a more
correct and personalized vitamin E supplementation
in relation to miRNA.

CONCLUSIONS AND PERSPECTIVES

While there is no doubt as to the relevance of vita-
min E as an antioxidant and anti-inflammatory com-
pound for the whole life of an organism with a special
emphasis in aging and in some inflammatory age
related diseases, a critical point is the translation of the
benefit of vitamin E in human clinical trials.
Experiments in various cell cultures and in different
animal models have clearly shown that vitamin E is an
essential dietary compound for the efficiency of many
body homeostatic mechanisms with a particular focus
on the immune system. In particular, the cell-mediated
immunity and the inflammatory/immune response are
preserved by the lipid peroxide formation on CD41
cells both in aging and inflammatory age-related
diseases. As a consequence, the production of IL-2 is
satisfactory with a good immune response to external
noxae. On the other hand, the presence of good
circulating levels in centenarians of vitamin E coupled
with satisfactory antioxidant activity and immune
response [54], clearly testify the relevance of vitamin E
in the economy of the immune and antioxidant
performances required to achieve healthy aging and
longevity. However, the various isoforms of the

vitamin E family do not have similar beneficial effects.
The more known isoform of vitamin E (α-tocopherol)
seems to have the major properties either as an antioxi-
dant or anti-inflammatory agent. However recently,
another isoform of vitamin E (γ-tocopherol) and toco-
trienols (δ-tocotrienol) seem to have more precise anti-
oxidant properties in affecting the inflammatory/
immune response in aging and in age-related diseases.
These effects have been obtained mainly in animal
models. When transferred in humans, contradictory
data exist on the benefit of various isoforms of vitamin
E. It is possible that inadequate subject selection (by
sex, vitamin E status, genetic polymorphisms) and the
dosage and chemical form of vitamin E administered
may partly explain the contradictory data. It is also rel-
evant to note that the effect of vitamin E is greater
over the long-term than short-term and the dosage of
vitamin E should not exceed 400 IU/day. In this con-
text, it is relevant to note that high doses of vitamin E
might induce mortality in old people with atheroscle-
rosis [86] as well as in old frail people [87] with still
undefined and unclear mechanisms explaining the
mortality by high dose of vitamin E. However, the
major incongruence in human clinical trials may be
related to the specific genetic background from each
individual. Such an assumption is supported by two
different approaches with vitamin E supplementation
in restoring the inflammatory/immune response in
aging [72] and in reducing the insulin resistance in
DM [73] on the basis of TNF-α and PAI-1 polymorph-
isms, respectively. Moreover, polymorphisms of ApoE
may be useful for vitamin E supplementation against
oxidative stress and inflammation in late Alzheimer’s
disease [83]. An intriguing point is that vitamin E
supplementation in diabetic patients carrying Hp 2-2
genotype leads to a low risk of developing CVD [68].
Therefore, the interaction of vitamin E with genes
related to its bioactivity is fundamental for the success
of the clinical trials with vitamin E supplementation
in aging and in restoring the inflammatory/immune
response.

SUMMARY POINTS

• Aging is a complex biological phenomenon in
which the deficiency of the nutritional state
combined with the presence of chronic
inflammation and oxidative stress contribute to the
development of many age-related diseases.

• Supplementation with vitamin E can protect against
the deteriorating effects of oxidative stress,
progression of degenerative diseases, altered
inflammatory/immune response, and aging.
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• Vitamin E influences many genes related to the
inflammatory/immune response supporting a lot of
clinical trials in old humans and in inflammatory
age-related diseases, which however, have given
contradictory and inconsistent results and even
indicated a dangerous role of vitamin E, including
mortality.

• The more plausible gap is the poor consideration of
the vitamin E-gene interactions, especially
polymorphisms affecting Vitamin E bioactivity, that
may open new roadmaps for a correct and
personalized vitamin E supplementation in aging
and age-related diseases with satisfactory results in
order to reach healthy aging and longevity.
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KEY FACTS

• Several polyphenols increase the lifespan of
invertebrates or fish: resveratrol, quercetin,
curcumin, cathecin, tannic acid, gallic acid,
chicoric acid, caffeic acid, rosmarinic acid,
mycetin, and kaempferol.

• None has yet to do so in other vertebrates.

• Polyphenols act on important age and metabolic
regulatory genes, such as mTOR and AMPK.

Dictionary of Terms

• Polyphenol: A molecule containing two or more
phenol rings.

• Reactive oxygen species: Oxygen bearing molecules
that can chemically react with intracellular
structures which cells use to send a signal but
which sometimes cause damage if the local
environments cause too high a concentration to
occur.

• Autophagy: A process by which cells recycle
molecules, most commonly through organelles
called lysosomes.

• Klotho gene: A gene that produces an
insulin-regulatory protein found in cell
membranes.

• mTOR (mammalian target of rapamycin): a gene
coding for an enzyme important in energy
regulation and cell growth.

INTRODUCTION

Despite the ubiquity of aging, and the effort and
interest spent trying to fathom the mechanisms behind
the process, our understanding is constantly evolving.
This understanding is shaped by the fortuitous discov-
ery of compounds that influence lifespan and age-
related morbidities, such as plant polyphenols. In
order to better comprehend the potential interaction
between plant polyphenols and animal aging, it may
be helpful to review the current theoretical of the aging
process.

OVERVIEW OF THE PROCESS OF AGING

Presently, two theories receive the most attention in
the published scientific literature, both of which have
implications for efforts to alter the course of aging. The
first of these suggests that aging is the result of the con-
tinued activation of intracellular genetic energy regula-
tory pathways, which had been useful earlier in life,
inappropriately at a later age due to the failure of the
function of the counterregulatory suppressor genes [1].
Particularly important are the energy regulatory gene
AMPK and the mTOR gene complex, which promote
cell growth and hypertrophy [1,2]. The increase in life-
span in several invertebrate species and mice by the
mTOR inhibitor rapamycin, when the Mtorc1 gene is
activated, and when Rictor, a component of mTORC1,
is deleted transgenically provide experimental evidence
for this theory [3�6]. AMPK and mTORc1 also regulate
autophagy, the process by which cells recycle
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organelles and molecules. According to this theory,
aging might be modified by supplying substances that
interrupt signaling along the appropriate genetic
pathways.

An alternative hypothesis suggests that aging is the
result of accumulated mitochondrial injury caused by
putative toxins, such as reactive oxygen species (ROS). In
this model, loss of NAD1 and an increase in hypoxic-
inducible factor (HIF-1α) blocks interaction between the
nucleus and mitochondria [7,8]. Supplementation of
NAD1 to old mice improves biomarkers of mitochon-
drial health in myocytes, but the mice do not regain
strength [8]. The theory implies that aging might be
reversed by substances that control these toxins or pre-
serve mitochondrial functioning.

In fact, both of these theories might not be mutually
exclusive. One of the actions of mTOR is to stimulate
HIF-1α production [9]. While a comprehensive review
of the theories delineating the process of cellular aging
is far beyond the scope of this manuscript, and other
theories exist, taken together both theories imply tar-
gets for modification of the aging process, and some
agents or classes of molecules exist that might act to
retard aging according to both theories.

PLANT POLYPHENOL FUNCTION
AND XENOBIOTIC EFFECTS ON

THE AGING PROCESS

Plant polyphenols are molecules containing multiple
phenolic rings that provide multiple intracellular func-
tions. In plants, they may induce cells to strengthen
their cell walls in response to the stress of UV light
energy, and scavenge excess (ROS) [10]. As cells may
also utilize ROS for intracellular signaling, polyphenols
may regulate message transduction within plants [10].
Furthermore, they may act defensively to deter con-
sumption by animals [11].

Animals commonly consume plants, ingesting and
absorbing their polyphenols. The pharmacokinetics of a
small proportion of polyphenols found as food have been
studied, largely in rodents and humans. Polyphenols are
extensively conjugated in the intestine before absorption,
which may alter their activity [12]. Absorbed metabolites
are additionally modified in the liver, and the low
bioavailability of ingested polyphenols has been a long-
standing concern of researchers [13].

Interest in the consumption of polyphenols as anti-
aging substances has been spurred by a phenomenon
termed the “French Paradox,” characterized by a
below expected death rate from heart disease consider-
ing a large saturated fat consumption by the popula-
tion [14]. Further analysis led to the possibility that

plant polyphenol intake might be a protective factor,
especially the red wine polyphenol resveratrol [14].

Subsequently, much research on the cellular level,
and on an organismal level in invertebrates, fish, and
rodents has been conducted to ascertain its effects on
the aging process [15]. Many polyphenols at some con-
centration increase lifespan including resveratrol, quer-
cetin, and curcumin [16].

In most, but not all of these species thus far, resver-
atrol extends lifespan [15]. This, the most extensively
studied polyphenol, augments the lifespan of the
yeast Saccharomyces cerevisiae by 70% [17]. The poly-
phenol extended the lifespans of the fruit fly
Drosophila melanogaster by 29% and the flatworm
Caenorhabditis elegans by 20% [18]. A fish N. fuzuri
lived 50% longer, but mice fed normally did not gain
longevity [19�21]. However, mice that consumed a
high-fat lifespan-curtailing diet regained a normal
lifespan when resveratrol was added [21].

The polyphenol quercetin boosted longevity in the
yeast S. cerevisiae by 20% [22,23]. In one study, yeast
grown in a concentration of between 100 μM and
200 μM augmented lifespan, but a 600 μM, concentra-
tion reduced survival, suggesting determination of
optimal dose may be an important concept in applying
polyphenols to enhance longevity [24].

Curcumin, a polyphenol found in the common spice
turmeric increases the lifespan of yeast, flies, and mice.
Caenorhabditis elegans exposed to 20 μM of the polyphe-
nol curcumin lived 39% longer, but those given
200 μM failed to gain any survival benefit [25].
Interestingly, curcumin also increases lifespan in D.
melanogster, but male flies optimized longevity at a
higher concentration than female [26].

Numerous other polyphenols augment longevity in
C. elegans. Cathecin, a polyphenol derived from an East
Asian tree, enhanced the lifespan at a 200 μM dose [27].
Tannic acid, found in numerous plants and parts,
including oak, sumac, and gallnuts, raised mean life-
span by 17% at a concentration of 50 μM, but the
increase tapered off at higher doses [28]. Gallic acid,
derived again from sumac, oak, and gallnuts, raised
flatworm length of life at 300 μM by a mean 10% [28].
Chicoric acid, from the chicory plan increased C. elegans
lifespan by 11% [29]. The flatworms lived 8% longer
grown in 100�200 μM caffeic acid, obtained from mush-
rooms, ferns, and the Eucalyptus tree [16,24]. The fruit
polyphenol ellagic acid in a 50 μM concentration raised
longevity in worms by 9% [28]. An herbal polyphenol,
rosmarinic acid enhanced C. elegans lifespan by 10% at
200 μM [24]. Mycertin, a polyphenol contained in
numerous plants, augmented flatworm longevity a
mean 18%. Finally, kaempferol, derived from a wide
variety of fruits, vegetables and tea augment work
lifespan by a mean 5.6% [30].
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INTRACELLULAR POLYPHENOL
EFFECTS

Polyphenols have multiple actions that might alter
the process of cellular aging. Firstly, polyphenols act
on genes that regulate mTor and AMPK activity [31].
Several polyphenols, including the most well studied
polyphenol, resveratrol, binds to protein deacetylase
genes called sirtuins, which, in both invertebrates and
vertebrates, inhibit mTor [32]. In addition, polyphenols
induce molecular pathways to increase AMPK,
which also shares common molecular targets with
sirtuins [31]. Polyphenols block phosphodiesterases
that recycle cyclic AMP, augmenting sirtuin levels, and
inducing intracellular calcium to raise AMPK concen-
trations [33,34]. Polyphenols also can act directly upon
on sirtuins, fitting into the peptide binding pocket of
the sirtuin [35]. In addition to resveratrol, phloridzin
[36], a polyphenol found in apples, activates the sirtuin
gene in yeast, augmenting lifespan.

The result of polyphenol action on mTOR and
AMPK pathways may be to maintain autophagy
and mitochondrial functioning [37]. Autophagy can
be an important strategy for the cell to maintain the
function of its organelles, such as mitochondria,
and recycle defective proteins, in situations of nutri-
ent scarcity and stress [38]. Autophagy is also
observed in dying cells, including programmed cell
death [38].

To complicate matters, some polyphenols, such as
genistein, actually inhibit autophagy, while others,
such as naringin, protect cells against agents that sup-
press autophagy [39]. Structural differences between
polyphenols may account for these differences [39].
Interestingly, several polyphenols, including resvera-
trol and quercetin, may have different effects on autop-
hagy, which can be an intracellular strategy to remove
or replace defective proteins or organelles, depending
on intracellular conditions [33,40]. When the intracellu-
lar nutrient supply is ample, autophagy is promoted,
while when nutrients are scarce, autophagy is downre-
gulated [41�43]. Polyphenols, such as quercetin,
ECGC, and curcumin, in addition to acting on other
targets in the mTOR or AMPK pathways, activate dif-
ferent PI3K molecules (in the case of quercetin), ERK
and Akt (curcumin), or Beclin1 (ECGC), which may
have different effects on autophagy [38]. Resveratrol
promotes autophagy in vitro in ovarian and breast
cancer cells by multiple mechanisms [44,45]. Old rats
that consumed water with a 20 kg/d concentration of
a red grape polyphenol extract for a month experi-
enced improved myocyte mitochondrial autophagy
and biogenesis, while measurements of oxidative stress
were unaltered [46].

The effects of polyphenols on autophagy and
other processes important to aging may also be
mediated by their effects on free radicals and cellu-
lar oxidative stress. To generalize about the actions
of polyphenols on intracellular activity is difficult,
as not all polyphenols have similar actions. Some
chelate, bind ROS, while in addition to, or alterna-
tively, bind receptors, and participate in multiple
signaling pathways [47]. Some of the effect of poly-
phenols on ROS and autophagy may be “hermetic,”
implying a beneficial effect at lower polyphenol
concentrations that induce stress responses, and a
toxic effect at concentrations that are too great [38].
When young (3 months old) and old (20 months old)
rats received 0.5�1 g/kg/d of an olive leave extract
(a plentiful source of polyphenols) for 60 days,
tissue concentrations of several ROS species, includ-
ing glutathione, diene conjugate, and malondialde-
hyde, were reduced although the concentrations of
several enzymes metabolizing ROS, superoxide dis-
mutase and glutathione transferase, remained
unchanged [48]. Drosophila melanogaster exposed to
an experimental oxidative stress by the consumption
of paraquat and iron in their drinking water but that
consumed 0.1 mM ECGC for a day lived longer and
had greater locomotor activity than flies unprotected
by ECGC [49].

An additional mechanism by which polyphenols
exert an intracellular effect on ROS may involve its
influence on apoptosis [50]. Apoptosis is complex pro-
cess triggered by both internal mechanisms, involving
the mitochondria, and external, in which a specific cell
membrane receptor is bound. ROS transduce apoptotic
signals to the mitochondria. Apoptosis may be desirable
in some situations, for example, inducing neoplastic
cell death, but in other situations, such as neurodegen-
erative diseases, be unwanted. The polyphenols querce-
tin and epigallocathecin-3�gallate (ECGC) can amplify
apoptosis modulation through its action on ROS or
by modification of downstream genetic targets, such
as caspase proteins. In fact, the relationship between
polyphenols and apoptosis is a finely nuanced
one, because polyphenols can also inhibit apoptosis.
Furthermore, the same polyphenols might promote or
retard apoptosis depending on the intracellular redox
state. Investigations of the influence of polyphenols on
apoptosis, in combination with others, imply the exact
relationship between apoptosis and the process of aging
awaits further clarification, although autophagy can
result in apoptosis. Silibinin, for example, reduces ROS
concentrations, augments autophagy and apoptosis in
neoplastic cells, but preserves neurons and hepatocytes
against toxins [38,51�53].

The effects of polyphenols on oxidative stress may
be mediated intracellularly through mitochondria.
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When rats consumed 7 mmg/kg/d of red wine poly-
phenols for 6 months, antioxidant processing enzymes
in myocyte mitochondrial were enhanced [54]. An
extract derived from strawberries with antioxidant
properties protected fibroblasts grown in the presence
of hydrogen peroxide to create oxidative stress from
mitochondrial damage [55]. Several polyphenols, ros-
marinic acid, quercetin, and caffeic acid both activated
stress response genes, reduced oxidative stress mar-
kers, and augmented the antioxidative capacity and
the lifespan of C. elegans [24].

In fact, mitochondria may be important mediators
of the effect of polyphenols on aging. Aside from, or,
perhaps, in addition to, their effect on ROS, polyphe-
nols stimulate mitochondrial biogenesis [56]. This
enhancement of mitochondrial biogenesis may involve
sirtuins, although this has not been proven yet by
direct experimentation [56].

Polyphenols also can impact intracellular function-
ing through their effects on the Klotho gene.
Activation of the Klotho gene expresses a peptide
found in the cell membrane that induces the transcrip-
tion factors insulin-like growth factor 1 and transform-
ing growth factor(TGF)-1β. Animals that lack the genes
are plagued with shortened lifespans and higher rates
of age-related diseases [57]. Resveratrol alters the
expression of Klotho by modulating transcriptional
factor activator protein-1 and activating transcription
factor-3(ATF-3) [57]. Renal murine cells grown in res-
veratrol augmented Klotho mRNA expression and
ATF-3 and c-jun gene concentrations [57].

Other transcription factors, such a NF-κβ, may also
mediate polyphenol activity [38]. These may include
enhancement or downregulation of autophagy and
programmed cell death.

Epigenetic effects may be additional mechanisms by
which polyphenols alter cellular aging. At least 24 dif-
ferent polyphenols are known to have epigenetic
effects including changes to histone structure, addition
of methyl groups to DNA, retardation of histone dea-
cetylase function, and blockage of RNA activity [58].
The well-known interaction between polyphenols and
sirtuins is an important example. Polyphenol induced
epigenetic modification creates multiple intracellular
and organismic actions, such as reduction of pro-
inflammatory gene activation via the MAPK and NK-
κβ signal transduction pathways, fat synthesis, and an
increase in lipid metabolism [58]. Mitochondria
derived from old Podospora anserine display increased
concentrations of a protein methylating enzyme,
S-adenosyl-methionine dependent methyl-transferase
(PaMTH1), that binds with flavonoids, one group of
polyphenols than mitochondria from younger
organisms [59], Increasing PaMTH1 concentrations

improved organism health and lowering levels of
proteins revealing evidence of ROS injury [60].
Organisms genetically engineered without the gene to
encode for the enzyme exhibit a reduced lifespan, but
when they are transfected with a plasmid containing a
PaMTH1 gene, their lifespans are restored [61,62].

An intriguing possibility is that polyphenols may
exert activity through their effect on microRNAs
(miRNAs) [63]. MiRNAs have multiple effects on intra-
cellular activity, including modulation of DNA and
RNA processing enzymes. The activation of miRNAS
may promote the differentiation of stem cells, and pro-
mote inflammation. Numerous polyphenols alter the
expression of microRNAs including resveratrol, curcu-
min, and isoflavones.

ORGAN SYSTEM POLYPHENOL EFFECTS

As a manifestation of its intracellular effects, poly-
phenols have the potential to alter organ system aging
in multicellular organisms. While it may distract from
the purpose of this chapter to outline the relationship
of polyphenols to the aging process to provide a com-
prehensive consideration of research on the mecha-
nism of action of polyphenols in specific disease
processes, it may be helpful to exemplify the mechan-
isms by which these substances might act to retard
organ system aging. For example, polyphenols can
promote cellular differentiation. Polyphenols can
increase stem cell numbers necessary to maintain an
organ system. Mice that received resveratrol supple-
mentation of 5 mg/kg resveratrol for 21 days aug-
mented their production of multipotential progenitor
hemapoietic cells [64]. In C. elegans, a series of mul-
berry leaf polyphenols were found to increase lifespan
[65]. Their activity was noted to require the activation
of multiple germline signaling genes [65].

Polyphenols can restore organ system function
through enhancement of cellular functions that
improve intercellular interaction. Mice given 30 mg/
kg/d of catechin for 3�12 months after treatments
with acetylcholine to induce endothelial dysfunction
experienced improved endothelial cell adhesion and
altered ROS processing enzyme levels [66].

Another important vascular consequence of polyphe-
nol action is its enhancement of endothelial nitrous
oxide (NO) activity that induces vasodilation, an impor-
tant response mechanism in vascular homeostasis.
Blood vessels in aging rodents exhibit increased concen-
trations of ROS and lower dilatory responsiveness to
NO [67]. S6kI, a molecule that mTOR regulates deter-
mines the vasodilatory response. Pretreatment of mid-
dle age rats with 100 mg/kg of red wine polyphenols
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for one month restored the age-related loss vascular
relaxation response to NO in mesenteric artery rings
[67]. In another experiment, rats receiving the same
dose of grape-derived polyphenols improved vasodila-
tion in mesenteric artery rings, corrected cellular deficits
in angiotensin converting enzymes receptors, and
reduced concentrations of angiotensin converting
enzyme [68]. Resveratrol inhibited activation of S6KI, a
molecule induced by mTOR, that reduces the ability of
endothelial cells to respond to NO and ROS [69]. ECGC
augments mRNA creation by endothelial nitric oxide
synthetase, and quercetin augments NO production in
bovine endothelial tissue [70]. Resveratrol and other
polyphenols also enhance vasodilation through its
antagonism of several molecules that result in vascular
constriction and platelet adhesion including COX1, p38
MAP kinase, PKC, TXA2, and TXB2 [70].

Polyphenols may also protect the heart by preserving
autophagy. When elderly (26 months old) rats were
treated with the ROS stimulating-drug doxorubicin,
the concentrations of several proteins associated with
autophagy in cardiac myocytes declined. However,
when the rats exposed to doxorubicin consumed
50 mg/kg/d day resveratrol combined with a 20% calo-
rie restriction (40% calorie restriction lengthens lifespan
and augments autophagy) for one and a half months,
the expression of autophagic proteins was preserved,
which did not occur when rats were diet-restricted in
the absence of resveratrol [71].

An additional mechanism by which polyphenols can
regulate organ systems, such as the vasculature,
is through their anti-inflammatory effects [72].
Polyphenols both in vitro and in vivo stimulate the pro-
duction of antinflammatory cytokines. Polyphenols
attenuate signaling through the NF-κβ pathway, an
important signal transducer for inflammation involving
COX-2, vascular endothelial growth factor, matrix metal-
loproteinases (MMPs), TNF-α, and interleukins 1, 2, and
6 [73]. The polyphenol luteolin attenuated transmission
along the NF-κβ signaling pathway and activation of
genes coding for inflammatory cytokines in bone
marrow dendritic, pancreatic, and colon epithelial cells
[74�76].

FUTURE DIRECTIONS

Although the potential impact of polyphenols on
the aging process has generated much interest and
research, many important questions remain unan-
swered that will hopefully be resolved in future
research. To generalize, these questions might be
grouped into two categories: what should be the target

endpoints of research, and what form of polyphenols
should be used to study these.

Proper selection of endpoints is critical in determina-
tion of whether polyphenols might in fact be efficacious.
Reviews on the effect of polyphenols on aging have
generally considered two different, but possibly related
types of endpoints: modification of lifespan, and modi-
fication of diseases that occur more commonly with
advanced that frequently impact lifespan (eg, cardiovas-
cular diseases, neurodegenerative diseases, and cancer)
[16,77]. While, this chapter has concentrated primarily
on description of the former rather than the latter to
maintain its focus on the aging process rather than the
complex individual pathophysiologic of discreet dis-
eases, polyphenols may enhance both. Research con-
ducted in vitro and in vivo on unicellular organisms,
invertebrates, and some rodent species suggest this [16].
However, the form of polyphenol and dose used to
augment lifespan optimally might not be the same as to
protect against or treat diseases more commonly found
in old age, such as cancer. Further study ought to estab-
lish if this is the case.

In addition, new technologies are available that
might help researchers to predict which of the plethora
of polyphenols and their metabolites might exhibit the
greatest promise in retarding the aging process. One,
called network analysis, analyzes the spectrum of
genes a molecule activates, allowing someone with
knowledge of which genes are activated in a given cel-
lular signal transduction pathway to select the mole-
cule that induces the appropriate genes [78]. In a
recent investigation, the authors applied this technol-
ogy to the polyphenol icariin derived from Epimedium
plants to determine its potential effect on sirtuins,
nitrous oxidase synthetase, and pro-inflammatory
cytokines, among others [78]. Another technique
applies a software program, known as Prediction of
Activity Spectra for Substances (PASS) to predict,
based on a molecule’s structure and known effects
from prior research, what effects that molecule, or
molecules with a similar structure, ought to have on
an organism [11]. In one study, investigators used
PASS to analyze multiple related polyphenol com-
pounds derived from extra-virgin olive oil on expected
effects related to aging [11].

Another important issue, and one that has engen-
dered much discussion among scientists, is the bio-
availability of polyphenols [72]. Most polyphenols are
almost completely metabolized in the colon and liver
[79,80]. In the quantities present in natural foodstuffs,
after ingestion they appear in only trace quantities in
the serum. The metabolites might also possess activity,
but the pharmacokinetics of few polyphenols or their
metabolites have been studied. Many researchers have
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questioned if they can be delivered in a form that
would significantly alter the course of aging or age-
related diseases.

A related issue is the appropriate form of the poly-
phenol that would best alter the process of aging. Most
polyphenols are found in plants, and are ingested as
plant products, consumed as a processed food, extract,
compound, or purified molecule, or injected as a
molecule or compound [16]. In plants or extracts, the
polyphenol is found in combination with other
polyphenols and molecules that might augment or
retard activity. Resveratrol, the best-studied polyphe-
nol, has often been evaluated as a purified molecule,
but also in grape seed or red wine extracts. The ideal
forms of antiaging substances have yet to be studied
or determined.

Several investigations have examined the influence
of plant extracts on the process of aging. A combination
of polyphenols from a green tea, 45% of which was
composed of the polyphenol epigallocatechin gallate
(ECGC), was tested in D. melanogaster [81]. Interestingly,
male fruit flies consuming the extract boosted their
mean lifespan, but not females. In addition, there are
numerous plants, fruits, and extracts that increase inver-
tebrate and rodent longevity. These include blueberry,
cocoa, apple, tea, pomegranate, Ludwigia octovalvis (a
tropical plant), and betony (a wildflower extract)
[16,82�85]. The increase in lifespan observed from
ingestion of these products has been attributed to poly-
phenols, although plant products contain a plethora of
molecular substances besides polyphenols that might
augment lifespan, and thus, one cannot, at this point,
attribute benefit to one or more specific polyphenols.

In nature, polyphenols are sometimes found conju-
gated to other compounds, such as polymers, that alter
their properties [86]. Polyphenols may be synthetically
conjugated to other substances such as nanoparticles
and proteins [86]. Theoretically the activity of polyphe-
nols on the aging process might be enhanced by conju-
gation, perhaps by increasing lipophilicity, improving
their absorption and bioavailability [86]. ECGC and
cathechin have been synthetically polymerized [86].

An additional consideration for further research is
whether or not polyphenol supplementation might
have any harm. The published scientific literature
provides little evidence about toxicity. In one investi-
gation of rats, doses of 3 g/kg/d for 30 days of
resveratrol, the most-well studied polyphenol, pro-
duced renal injury and leukocytosis [87], and in
another study reduced concentrations of hepatic anti-
oxidant enzymes [88].

Finally, although individual polyphenols lengthen
lifespan in a number of invertebrate, or vertebrate spe-
cies, they might be combined with other strategies to
retard aging in higher organisms. In the multiyear

RESTRIKAL trial, resveratrol is used together with a
30% calorie restriction in lemurs that live for a decade
[89]. Such trials will help determine whether higher
organisms will benefit from the promise polyphenols
confer on improving the aging process in lower
organisms.

SUMMARY

• Several polyphenols augment the lifespan of
multiple invertebrate and vertebrate species, in
higher organisms in combination with dietary
modification.

• Polyphenols may influence aging by acting on
energy-regulatory genes.

• Polyphenols may alter the aging process through
effects on concentrations of reactive oxygen species.

• Polyphenols may modulate the aging process via a
gene called Klotho or processes during or after
transcription of nuclear DNA.

• Polyphenols may influence aging through its effect
on an intracellular recycling process called
autophagy.

• Polyphenols may impact aging through its effect on
mitochondria.

• Further research will be necessary to decide what
forms of polyphenols are the best candidates,
perhaps using more sophisticated computerized
genetic and molecular analyses.
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KEY FACTS

• Delay the onset of aging can reduce the physical,
mental, and financial burdens of individuals and
society.

• Some Asian natural products show potential
beneficial effects on disease preventing based on
evidence from in vitro and in vivo studies.

• These natural products are rich in phytochemicals
and generally provide antioxidant, cardioprotective,
and immunomodulation effects.

• The absence of consistent and reproducible data
from human studies leads to the difficulties to
draw conclusions on the protective effects on
aging among these foods.

• Large-scale well-designed randomized
controlled trials are required in dietary and
clinical settings to fully examine the putative
effects of these Asian natural products and the
underlying mechanisms involved, and to allow
more definitive conclusions to be drawn.

Dictionary of Terms

• β-amyloid: Crucially involved in Alzheimer’s
disease as the main component of the amyloid
plaques found in the brains of Alzheimer patients.

• Alzheimer’s disease: The most common form of
dementia. It is a complex neurodegenerative

disease with a progressive cognitive and functional
impairment. It is characterized by the presence of
amyloid plaques and neurofibrillary tangles.

• Antioxidant: Inhibits oxidation reaction by removing
free radical. Insufficient antioxidant causes oxidative
stress and may damage or kill the cells.

• Neuroprotection: To preserve the structure and
function of neuron cells. It aims to prevent, slow
down, or provide potential treatment options on the
progress of many central nervous system disorders
including neurodegenerative diseases.

• Phytochemical: Biologically active, naturally existing
substances in plants show potential health benefits
in human.

INTRODUCTION

Aging is a global epidemic. Our bodies undergo pro-
gressive deterioration in physical functions, loss of
homeostasis, and increased susceptibility to degenera-
tive diseases. It causes increase in physical, mental, and
financial burdens. Delaying the onset of aging is an
important topic in public health. Free radical theory has
been proposed to explain aging [1]. Reactive oxygen
species (ROS) which are produced during intracellular
mechanisms, cause DNA damage, lipid peroxidation,
and protein oxidation and lead to aging. The brain,
consuming high levels of oxygen and being rich in
polyunsaturated fatty acids, is particular vulnerable to
oxidative damage [2]. Antioxidant systems, for example,
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superoxide dismutase (SOD), catalase, glutathione per-
oxidase (GSH-Px), glutathione reductase, vitamin C,
and vitamin E are the main defense systems against
free radicals [1]. Eliminating the formation of free radi-
cals and reducing oxidative stress are crucial in reduc-
ing the rate of aging and the risk of chronic diseases.

It is postulated that any food with a great antioxidant
capacity can be a potential candidate for delaying aging.
Food may offer a polypharmacology approach in pro-
moting healthy aging. The antioxidant rich foods and the
antiaging capabilities of food-derived bioactive com-
pounds have been widely investigated based on Western
culture [1,3]. In Asia, there has been a long history of
using natural food in delaying the progression of aging
based on the traditional medicine theories. However,
there are limited reviews regarding this area. In addition,
a large percentage of the aging population has at least
one chronic disease and neurodegenerative disease is
high on the list of the aged. Since, neurodegenerative
diseases prevalence are lower in East Asian countries
than in Western populations [4], the studies of Asians
food on neuroprotective effects are of special interest.
This review aims to discuss the health benefits and the
antioxidant effects of the natural products that are com-
monly consumed in Asia and their potential neuroprotec-
tive abilities. The inclusions of these products are based
on their popularity and current availability of evidence.

ASIAN NATURAL PRODUCTS

Ginseng

Ginseng refers to the root of several species in the
plant genus Panax (C.A. Meyer Araliaceae). Among them,
Panax ginseng is the most widely used. For traditional

medicine, ginseng has been reported to enhance sta-
mina, physical performance, and general vitality in
healthy individuals, to resist against diseases and to cure
diseases [5]. Ginsenosides or ginseng saponins are the
major active ingredients in ginseng [6]. The ginsenosides
content varies depending on the Panax species, the plant
age, the part of plant, the preservation method, the
season of harvest, and the extraction method [7].
Ginsenosides exhibit anti-inflammatory, antioxidant,
and antiapoptotic mechanisms and exert various effects
on the immune system and the nervous system [5�8]
(Table 47.1). Systematic review shows that P. ginseng has
promising results for improving glucose metabolism
and moderating the immune response [8].

Neuroprotective effects have been shown in
P. ginseng and ginsenosides in vitro and in vivo models
[5,6]. Significant improvement in learning and memory
has been observed in aged and brain damaged rats after
administration of ginseng powder [6]. It is suggested
that the neuroprotective effects may attribute to the
direct effect of ginsenosides on central nervous system
and the indirect effects by increasing oxygen and
glucose supply to the brain thus facilitating the cogni-
tive function [9]. However, the overall evidence of gin-
seng in human is inconclusive. An observational study
reported that regular use of ginseng product during
long periods of time (up to 2 years) by healthy partici-
pants did not provide any quantifiable beneficial effects
on memory performance [10]. Both positive and nega-
tive effects of ginseng on memory are reported in ran-
domized controlled trials (Table 47.2). Most studies had
a treatment period of 12 weeks with one study investi-
gating the acute effect after two days of treatment
among the younger population. In general, ginseng
appeared to have beneficial effects for improvement of
some aspects of cognitive behavior. In a study among

TABLE 47.1 Potential Health Benefits of Ginseng

Health benefits Possible actions

Moderate immune response • Inhibit interleukin-1β, interleukin-6 gene expression.
• Enhance interferon induction, phagocytosis, natural killer cells, B and T cells.
• More resistant to infection by Staphylococcus aureus, Escherichia coli, and Salmonella typhi.

Cardioprotective effects • Decrease systemic blood pressure.
• Enhance vasodilation.
• Reduce plasma cholesterol.
• Reduce arterial stiffness.

Glucose tolerance • Decrease circulating glucose in patients with diabetes.
• Modulate insulin secretion.

Antiulcer effects • Against gastritis through increasing mucus secretion.

Anticancer effects • Suppress proliferation in human cancer cells.
• Inhibit tumor angiogenesis and metastasis.

Antioxidant effects • Prevent overproduction of nitric oxide and free radical medicated lipid peroxidation.
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healthy adults, administration of 400 mg ginseng extract
for 8 to 9 weeks showed improvement on auditory sim-
ple reaction time tests and computerized Wisconsin
Card Sort test [11]. In the other study among AD
subjects, those receiving 9 g/day Korean red ginseng
showed improvement on ADAS-cog (Alzheimer’s
Disease Assessment Scale) and CDR (Clinical Dementia
rating) but not MMSE (Mini Mental State Examination)
[12]. While the other group, administered 4.5 g
P. ginseng powder to subjects with AD resulted in
improvement of MMSE [13]. Acute administration of
ginseng to healthy young volunteers resulted in
improvement of speed of attention, indicating a benefi-
cial effect on participant’s ability to allocate attentional
process to a particular task [9]. Based on current evi-
dence, ginseng is generally considered as safe and
appears to have some beneficial effects on certain
cognition tests but higher quality evidence is needed to
further confirm the effect.

Tea

Tea is defined as a beverage brewed from the
Camellia sinensis plant. It is the most popular beverage

consumed after water. Flavonoids are the most abun-
dant components in tea and comprise of catechins,
theaflavins (TF), and Thearubigins (TR). Tea can be
classified to black (fermented), green (nonfermented),
or oolong (semifermented), depending on the degree
of oxidation. Green tea has the highest amount of cate-
chins followed by oolong tea and black tea [15].
Catechins act as powerful hydrogen-donating antioxi-
dants and free radical scavengers of reactive oxygen
and nitrogen species [16]. Table 47.3 summarizes the
potential health benefits of tea [17,18].

In vitro and animal model studies suggest catechins
have neuroprotective actions via their modulation of
antioxidant capacities, iron chelating activities, and
signal transduction pathways [15]. Accumulated
β-amyloid might impair neuronal synapses and den-
drites and cause local oxidative stress reaction and
increase risk of AD [19]. While (�)-epigallocatechin-3-
gallate (EGCG), a major form of catechins, has the abil-
ity to inhibit the formation, extension, and stabilization
of β-amyloid in vivo and in vitro [20]. Both black tea
and green tea inhibited human acetylocholinesterase
activity and displayed protective action against
β-amyloid induced toxicity [20]. Several observational

TABLE 47.2 Summary of Clinical Trials of Ginseng in Cognitive Function Tests

Reference Type of study Participants Intervention Results

[9] Randomized,
double-blind,
placebo-
controlled, two
period cross-
over design

30 subjects (15 male),
mean age 20

G115 (200 mg of Panax ginseng extract)
for 2 days with a 7-day washout
period

Treatment group had significant effect on
speed of attention.
No significant differences were found
between quality of memory, speed of
memory, continuity of attention, working
memory, and secondary memory.

[11] Randomized,
double-blind,
placebo-
controlled trial

112 subjects (38 male),
age 40 and above

400 mg of Gerimax ginseng extract for
8 to 9 weeks

No statistically significant differences on
visual simple reaction time tests, 5-min
letter and symbol cancellation test, verbal
fluency test, Logical Memory and
Reproduction Test, the Rey-Ostreith
Complex Figure test.
Significant performance improvements for
treatment group on auditory simple
reaction time tests, computerized
Wisconsin Card Sort test.

[12] Randomized,
open-label pilot
study

61 subjects (24 males)
with Alzheimer’s disease
(AD), age 60�80

Low dose Korean red ginseng (KRG)
(4.5 g/day, n5 15)
High dose KRG (9 g/day n5 15), for
12 weeks, control group n5 31

High dose group showed significant
improvement on ADAS-cog and CDR.
MMSE did not significantly improve

[13] Randomized,
open-label
prospective
study

97 consecutive AD
patients, age 47�83

P. ginseng powder 4.5 g/day or 9 g/
day for 12 weeks; after discontinued of
administration, monitored for another
12 weeks

Treatment group showed significant
improvement in MMSE; the effect no
longer exited after ginseng discontinuation.
No significant difference was found
between dosages.

[14] Randomized,
double- blind,
placebo-
controlled trial

60 subjects (18 male), age
51�65 with age-
associated memory
impairment (AAMI)

Ginseng-containing vitamin complex
for 9 months

Treatment group had significantly higher
result in Randt Memory test.
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studies support the protective effect of tea on cognitive
health (Table 47.4). A cross sectional study based on
Comprehensive Geriatric Assessment (CGA) was the
first study to examine the association between con-
sumption of green tea and cognitive function in Asian.
After adjustment for potential confounders, higher
consumption of green tea was associated with a lower

prevalence of cognitive impairment [21]. It is sug-
gested that tea drinking helps to build up cognitive
reserve which can compress the expression of brain
damage. As a result of extra reserve, tea drinkers
would have delayed manifestation of pathological pro-
cesses in brain but once it begins, the progression rate
will be faster [22]. However, it is inconclusive to show

TABLE 47.3 Potential Health Benefits of Tea

• Prevent various types of cancer including skin cancer, prostate cancer, lung cancer, breast cancer
• Decrease risk of cardiovascular disease and stroke
• Decrease absorption of triglycerides and cholesterol
• Antioxidant
• Promote weight loss. Increase energy expenditure and promote fat oxidation
• Affect glucose metabolism and decrease risk of diabetes
• Decrease risk of rheumatoid arthritis
• Improve bone health
• Increase alertness, jitteriness, and positively affect mood

TABLE 47.4 Observational Studies on the Association Between Tea Consumption and Cognitive Health

Origin of study Participants Results

Singapore, cross-sectional
study [20]

716 Chinese residents in
Singapore, age $ 55

Total tea consumption was independently associated with better performances
on global cognition (p5 0.03), memory (p5 0.01), executive function (p5 0.009),
and information processing speed (p5 0.001).
Both black/oolong tea and green tea consumption were associated with better
cognitive performance.

Japan, cross-sectional
study [21]

1003 Japanese, age $ 70 High consumption of green tea was associated with lower prevalence of
cognitive impairment.
The ORs for cognitive impairment associated with different frequencies of green
tea consumption were 1.00 for # 3 cups/week, 0.62 (95% CI 0.33, 1.19) for 4�6
cups/week or 1 cup/day, 0.46 (95% CI 0.30, 0.72) for $ 2 cups/day (p for trend
,0.0006).

Singapore, cohort,
cross-sectional longitudinal
study [23]

2501 Chinese resided in
Singapore age $ 55 at
baseline, 1438 subjects
were reassessed after
median 16 months

Higher level of total tea consumption was significantly associated with a lower
risk of cognitive impairment and cognitive decline in the adjusted models.
For cognitive impairments, low, medium, and high levels of tea intake (with
reference to no tea intake), the ORs5 0.56, 0.45, 0.37 respectively.
For cognitive decline, low, medium, and high levels of tea intake (with
reference to no tea intake), the ORs5 0.74, 0.78, 0.57, respectively.
Only with the consumption of black or oolong tea was significantly associated
with much lower odds of association with cognitive impairment in
cross-sectional analysis and with cognitive decline in longitudinal analysis.

China, population-based
longitudinal cohort study [22]

7139 Chinese, age 80�115
at baseline, ongoing follow-
up for 7 years

Tea drinkers had higher verbal fluency scores throughout the follow-up period.
Daily tea drinkers had a steeper slope of cognitive decline as compared with
nondrinkers.

Japan, population-based
prospective study [24]

723 Japanese, age .69
at baseline, 490 in mean
follow-up for 4.9 years

More frequent consumption of green tea was associated with lower incidence of
dementia and mild cognitive impairment.
For overall cognitive decline, those consuming green tea every day ORs5 0.32
(95% CI 0.16, 0.64); those consuming green tea 1�6 days per week ORs5 0.47
(95% CI 0.25, 0.86) compared with those did not consume green tea at all.
For the incidence of dementia, those consumed green tea daily ORs5 0.26
(95% CI 0.06, 1.06).

China, cross-sectional
study [25]

681 Chinese, age $90. In men, those with cognitive impairment had significantly lower prevalence of
habits of tea consumption (p5 0.041 for former tea drinker, p5 0.044 for current
tea drinker).
No significant differences were found in women.
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green tea has better neuroprotective effects over black
tea. Either black, oolong tea, or green tea, but not cof-
fee consumption, among Singapore Chinese were asso-
ciated with better cognitive performance [20]. Most
evidence for the potential effect of black and oolong
tea on lowering prevalence of cognitive impairment is
concluded in Singapore Longitudinal Aging Studies
[23]. In a recent study in Japan, consumption of green
tea, but not black tea or coffee, was associated with
reduced risk of cognitive decline [24]. There are differ-
ent tea drinking habits geographically. Since green tea
is common in Japan, while black or oolong tea is com-
mon in Singapore and China, it results in research dif-
ficulties to show one is better than the other in a single
country study [23,24]. Studies involving different eth-
nic groups are important.

Soy

Consumption of soy and soy products are estimated
to be 10 to 40-fold higher in Asian compared to
Western populations [26]. In Japan, soy foods contrib-
uted 6.5% to 12.8% of total protein intake [27].
Phytoestrogens are the most bioactive components in
soy. It can interact with estrogen receptors and mediate
estrogenic response. Isoflavones is one of the subclasses
of phytoestrogens and genistein is the most potent iso-
flavones and daidzein and glycitein are the other active
forms [26]. Studies have suggested various health bene-
fits of soy (Table 47.5) [27�29]. High soy food consump-
tion was associated with lower breast cancer risk in
Singaporean women [30]. Soy food consumption
improved vaginal cytology and bone mineral content in
postmenopausal women [30]. Soy has been demon-
strated to have strong antioxidant effects in hyper-
cholesterolemic subjects after supplementation for
42 days regardless of dietary protein source [31]. In a
randomized cross-over design study, 42 postmenopausal
women replaced red meat from the Dietary Approach to
Stop Hypertension diet (DASH) by soy protein or soy
nuts showed significant increase in total antioxidant
capacity through an 8-week study period [32].

Phytoestrogens have demonstrated neuroprotective
effects in neuron cultures [26]. However, the results of
soy on human cognitive function are contradictive

(Table 47.6). Positive results are usually found in
Caucasian studies. In the UK, subjects receiving 60 mg
isoflavone/day for 12 weeks showed significant
improvement in delayed recall or pictures, immediate
story recall, and sustained attention [33]. In the US,
subjects treated with various dosages of isoflavones for
6 months resulted in improvement of some cognitive
function tests [34,35]. In the longest intervention study
in the US which lasted for 2.5 years, subjects receiving
25 g of isoflavone rich soy protein showed improve-
ment in visual memory [36]. On the other hand, sev-
eral Asian studies showed no beneficial effects for soy
or even harmful effects in cognitive health.
Observational studies in Shanghai and Indonesia
reported high tofu intake was associated with cogni-
tive impairment. 517 adults (age 50�95) in Shanghai
showed a trend of weekly tofu intake and increase risk
of cognitive impairment by 20% [37]. In Indonesia, a
study revealed that high tofu intake had a negative
association with HVLT (Hopkins Verbal Learning test)
after controlling for age, sex, education, and other die-
tary intakes [38]. Another clinical trial in Hong Kong
also failed to support the significant effect of
isoflavones on various domains of cognitive function.
176 women (age 55�76) were randomized and the
treatment group received a daily oral intake of 80 mg
soy-derived isoflavones for 6 months. The treatment
group did not show significant improvement in the
cognitive function tests [39].

Though health benefits have been extensively evalu-
ated, conflicting results are shown with respect to cog-
nitive function. Several possible reasons have been
discussed to explain the inconclusive findings. First,
the variations of participant characteristics may influ-
ence the effect of isoflavones on cognitive function. It
is suggested that effects of isoflavones differ between
ethnic groups. The capacity to convert isoflavones into
their bioactive metabolites has been shown to vary
cross-culturally based on their habitual intake [26].
It is estimated that approximately 25�30% of Western
adults have the ability to break down diadzein into its
bioactive metabolite equol, whereas in populations
where soy is more regularly consumed, the proportion
of equol producers is 50�60% [45]. Second, different
intervention studies used different sources and types

TABLE 47.5 Potential Health Benefits of Soy or Soy Extracts

• Relief of menopausal symptoms
• Protection against breast cancer and prostate cancer
• Protection against coronary heart disease
• Reduction of adipose tissue mass and improvement of blood cholesterol level
• Prevention of osteoporosis
• Alleviation of insulin resistance state and lower the risk of type 2 diabetes onset
• Act as antioxidants by lowering the production of ROS
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TABLE 47.6 Evidence of Soy on Cognition in Adults

Randomized controlled trials showing positive effects

Origin of study Participants Intervention Results

UK
Randomized, double-
blind, placebo-
controlled study [33]

33 postmenopausal
women, age 55�65

18 subjects took soya supplement
(Solgen 40) (60 mg isoflavone/day) for 12 weeks

Treatment group showed significant improvement in recall of pictures
(p, 0.03), immediate story recall (p, 0.06), learning the first
compound discrimination (p, 0.01), and learning the reversal of
compound discrimination (p, 0.05).

USA
Randomized, double-
blind, placebo-
controlled study [34]

56 women, age 55�74,
postmenopausal at least
2 years

27 women took two pills per day
(110 mg total isoflavones) for 6 months

Treatment group showed significant improvement in performance in
category fluency (p5 0.02).
Treatment group showed a nonsignificant improvement in verbal
memory and Trails B (p5 0.08).
Treatment group with younger women (age 50�59) showed significant
improvement in Trails B (p5 0.007).

USA
Randomized, double-
blind, placebo-
controlled, pilot study
[35]

30 postmenopausal
women, age 62�89

15 subjects, ingested 100 mg/day soy isoflavones
for 6 months

Treatment group showed improvement on visual-spatial memory
(p, 0.01) and construction (p5 0.01), verbal fluency (p, 0.01), and
speeded dexterity (p5 0.04).

USA
Randomized, double-
blind, placebo-
controlled trial [36]

313 menopausal women,
age 45�92

154 subject received daily 25 g of isoflavone rich soy
protein (52 mg of genistein, 36 mg of daidzein and
3 mg glycitein) for 2.5 years.
Milk-protein matched placebo

Treatment group showed greater improvement on visual memory
factor (p5 0.018), but no significant difference in executive/
expressive/visuospatial factor, verbal episodic memory factor as
compared to the placebo group.

Randomized controlled trials showing no or negative results

Study Participants Intervention Results

USA
Randomized, double-
blind, placebo-controlled
trial [40]

79 postmenopausal
women, age 48�65

4 experimental groups: placebo, cow’s milk and
placebo, soy milk (72 mg isoflavones/day) and
placebo, cow’s milk and isoflavone supplement
(70 mg isoflavones/day) for 16 weeks

Soy isoflavones did not improve selective attention, visual long-term
memory, short-term visuospatial memory, or visuospatial working
memory.
Soy milk group showed a decline in verbal working memory
compared to soy supplement and control group.

Netherlands
Randomized, double-
blind, placebo-controlled
trial [41]

202 postmenopausal
women, age 60�75

100 subjects received 25.6 g of isoflavone-rich soy
protein containing 99 mg of isoflavones for
12 months
25.6 g of milk protein matched placebo

Cognitive function did not differ significantly between groups.



Randomized controlled trials showing no or negative results

Study Participants Intervention Results

Hong Kong
Randomized, double-
blind, placebo-controlled,
parallel group trial [39]

168 postmenopausal
women, age 55�76

80 women took 80 mg soy-derived isoflavones
for 6 months

No significant difference between groups on standardized
neuropsychological tests of memory, executive, function, attention,
motor control, language and visual perception, and global cognitive
function.

Observational studies showing no or negative results

Origin of study Participants Isoflavone intake measure Results

China
Observational
cross-sectional
study [37]

517 subjects, age 50�95 Food Frequency Questionnaire (FFQ) Weekly higher intake of tofu was associated with worse memory
performance using Hopkins Verbal Learning test (p5 0.01) after controlling
for variates.
Among older elderly (68 or above), high tofu intake increased risk of
cognitive impairment indicative of dementia (p5 0.04).

Indonesia
Cross-sectional
study [38]

719 subjects, age 52�98 FFQ High tofu consumption was associated with worse memory.

USA
Longitudinal
study [42]

3734 men, 502 women/
spouses, age 71�93

FFQ and information provided by the husband as
proxy for wife’s diet, baseline conducted in
1965�1967, follow up in 1971�1974. Cognitive
assessment on 1991�1993

High midlife tofu consumption was significantly associated with poor
cognitive test performance, enlargement of ventricles, and low brain weight
independently in both sexes.

Indonesia
Cross-sectional
study [43]

142 subjects, age 56�97 FFQ No association with soy consumption and delayed recall performance.
For the younger age group (mean age 67), weekly tofu consumption was
positively linear associated to immediate recall.
In older age group (mean age 80), no association was reported.

Netherlands
Cross-sectional
study [44]

301 women age 60�75 Dietary isoflavones and lignan intake was assessed
with FFQ in the year preceding enrolment

No association between dietary isoflavones intake with memory, processing
capacity, and speed and executive function.



of soy isoflavones and such differences may lead to
different bioavailability and possibly affect the overall
effects of the studies [26]. Third, there is an “age-
dependent” hypothesis suggested. Cells may undergo
pathological changes responding differently to estro-
genic compounds. The ability to produce equol in our
body declines with age [26]. Research targeted at dif-
ferent age groups is crucial. Additional well controlled
large-scale studies among different ethnic groups are
needed to confirm the beneficial effects of soy.

Ginkgo

Ginko biloba has been identified as a valuable plant
in China for more than 2000 years. It is used as a medi-
cine for memory and age-related deterioration in
China. A well-defined extract, EGb 761 is prepared as
a dry powder and contains two main groups of active
compounds, flavonoids (w24%) and terpenoids (w6%)
[46]. The terpenoid fraction is composed of ginkgolides
and bilobalides, which are exclusively in the G. biloba
tree [47]. Ginkgo exerts a combination of effects,
including antioxidant, anti-inflammatory, and antia-
poptosis, increasing blood supply by dilating blood
vessels, reducing blood viscosity, and modifying neu-
rotransmitter system [46,48,49]. Ginkgo can scavenge
many ROS, such as hydroxyl radical, peroxyl, and oxo-
ferryl radicals, and superoxide anions, and nitric oxide
in vitro [47]. Animals treated with EGb 761 showed a
decrease in peroxide generation and an increase in
SOD and catalase activities in the hippocampus, stria-
tum, and substantia nigra [50]. Posttreatment of EGb
761 reversed brain damage in animal models [47].

It is believed that G. biloba has neuroprotective and
cognitive enhancing properties. However, one observa-
tional study and two large randomized controlled
trials and the Cochrane review showed negative
results. It is reported that regular use of G. biloba as
supplements during long periods of time (up to 2 years)
by healthy participants did not enhance memory
performance [10]. The Ginkgo Evaluation of Memory
(GEM) study was a randomized, double-blinded,
placebo-controlled clinical trial conducted in the US
among community-dwelling subjects. In the GEM
study, 1545 subjects received 120 mg extract of G. biloba
and were followed up through 6.1 years. Annual rates
of decline in z scores did not differ between G. biloba
and placebo groups in any domains, including memory,
attention, visuospatial, and executive functions. For the
3MSE (Modified Mini-Mental State Examination) and
ADAS-Cog, there were no differences in rates of change
between treatment groups (for 3MSE, p5 0.71; for
ADAS-Cog, p5 0.97). The overall dementia rate was 3.3
per 100 person-years in G. biloba group and 2.9 per 100

person-years in the placebo group. The hazard ratio for
G. biloba compared with placebo for all-cause dementia
was 1.12 (95% CI 0.94, 21.33, p5 0.21) [51,52]. In
another study in France under the GuidAge clinical
trial, 1406 adults with reported memory complaints
(aged 70 years or above) received a twice per day dose
of 120 mg G. biloba extract and had median follow up of
5.0 years. There were no between-group differences for
the development of AD or mixed dementia [53].

The negative results from the above studies may be
due to an overoptimistic view of the preventive effect
of G. biloba. There is a particularly long predementia
phase, studies between 3 to 6 years may not be enough
to show the effects [49]. It is reported that there is a
major limitation in the Cochrane review as it combined
evaluation of patients of self-reported cognitive com-
plaints without validated diagnostic criteria, less rigor-
ous randomization and allocation schemes and,
therefore, may lead to a high risk of bias [49,54]. Two
recent meta-analyses pooled 9 randomized controlled
trials respectively and included studies with validated
diagnosis criteria. They evaluated the clinically thera-
peutic effect of G. biloba and showed effective results
of standardized G. biloba extract for cognitive
impairment and dementia. In patients with AD, the
standardized changes scores on ADAS-cog or SKT
(Syndrom-Kurz test) as a clinical outcome were greater
for the ginkgo group than for the placebo group (95%
CI 21.16, 20.10; z5 2.35, N5 6, p5 0.02) [54]. The
other study concluded that EGb 761 at 240 mg/day is
able to stabilize or slow decline in cognition, function,
behavior, and global change at 22�26 weeks in cogni-
tive impairment and dementia subjects [49]. Patients
with AD showed a significant effect of ginkgo on the
change scores of ADAS-cog (95% CI 22.94, 22.13;
z5 12.26, N5 9; p, 0.001) [49].

Herbs and Spices

Curcumin

Curcumin, a yellow pigment present in the rhizome
of turmeric (Curcuma longa), has been widely used in
Southeast Asia since ancient days. Curcuminoids are
the active components in curcumin and responsible for
the majority medicinal properties [55]. In vivo and
in vitro researches have shown that curcumin is a
potent antioxidant and is capable of decreasing oxida-
tive stress. It can bind to iron, manganese, and copper
and is reported to modulate antioxidant properties
[56]. Curcumin inhibits nitric oxide and ROS produc-
tion in macrophages and inhibits lipooxygenase and
cyclooxygenase in fibroblast cells of rats [56].
Curcumin induces cell apoptosis and inhibits cell pro-
liferation. It possesses anticancer activity in various
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cancer cell lines, such as colorectal cancer, prostate
cancer, bladder cancer, cervical cancer, and lung
cancer [55]. Curcumin also exhibits antimicrobial, anti-
protozoal, antiviral, and antifungal properties [55].
Irritable bowel syndrome prevalence was significantly
reduced after administration of curcumin extract [55].
Clinical research shows that curcumin can regulate
lipid metabolism and lower levels of cholesterol.
Curcumin has the potential ability to improve
endothelial function and prevent diabetic vascular
complications [55].

Curcumin is able to inhibit the formation of
β-amyloid fibrils in vitro and protect against β-amyloid-
induced cell death. Low doses of curcumin attenuated
β-amyloid overexpression and decreased oxidative
damage in brain injured mice [57]. An epidemiologic
study for neuroprotective effect of curcumin was first
illustrated in Asia. Curry is the predominant dietary
source of curcumin intake. In a population-based cohort
of 1010 nondemented Asians aged 60�93 years, subjects
who consumed curry “occasionally” and “often or
very often” had significantly better MMSE score than
subjects who “never or rarely” consumed curry in
the adjusted model (p5 0.023) [58]. However, two
clinical trials failed to demonstrate the efficacy of curcu-
min. A 6-months randomized, double-blind, placebo-
controlled trial in Hong Kong was conducted in
patients with AD. Patients were given 1 or 4 g curcumin
per day orally. The neuroprotective effect of curcumin
cannot be demonstrated due to the lack of cognitive
decline in the placebo group [59]. In another study in
the US, thirty subjects with mild-to-moderate problem
AD were randomized to receive placebo, 2 g, or 4 g of
curcumin C3 complex per day for 24 weeks. There were
no differences between treatment groups in the change
in ADAS-Cog, NPI (neuropsychiatric inventory), ADCS-
ADL (Alzheimer’s disease cooperative Study Activities
of Daily Living), or MMSE scores [60]. The authors sug-
gested that the bioavailability of oral curcumin might
have limited the results of these studies. Although cur-
cumin readily penetrates the blood�brain barrier, it is
relatively low in intestinal absorption and is rapidly
metabolize in liver followed by elimination through the
gall bladder. Curcumin is eliminated unchanged.
Curcumin would have appeared as a slower decline
rather than an improvement in cognition [57,59,60]. A
longer duration of study with a more sensitive test is
required in the future to reveal the role of curcumin in
neuroprotection.

Saffron

Saffron, the most expensive spice, is the dried elon-
gated stigmas from the flower Crocus sativus. This
spice is widely used in India. The four major bioactive
compounds in saffron are crocin, crocetin, picrocrocin,

and safranal. These compounds contribute to the
sensory profile and health promoting properties of saf-
fron [61].

Crocin acts as an antioxidant by quenching free
radicals, protecting cells and tissues against oxidation
[62,63]. Pretreatment cells with crocin inhibited ROS
generation exposed to acrylamide [62]. Administration
of 50 mg of saffron dissolved in 100 mL milk for
6 weeks in 10 healthy volunteers and 10 patients
showed a significant decrease in lipoprotein oxidation
susceptibility [64]. Research has demonstrated several
health benefits of saffron: improving digestion, pre-
venting gastric disorder and ulcer, reducing insulin
resistance, lowering serum triglyceride and cholesterol
level, and anticarcinogenic, anti-inflammatory, antide-
pressive, and antianxiety effects [61].

Neuroprotective effects of saffron have been
revealed in animal and human studies. Administering
crocins at 30 mg/kg to rats with AD induced by intra-
cerebroventricular streptozocin showed a significant
attenuation in learning and memory performance and
spatial cognition evaluation [65]. In a human study,
46 patients with mild-to-moderate severity of AD were
randomized into saffron group (30 mg/day) or placebo
for 16 weeks. ADAS-cog differed significantly between
the two groups after 16 weeks (p, 0.0001). The
changes at week 16 compared to baseline were:
23.696 1.69 (mean6 SD) and 4.086 1.34 for saffron
and placebo, respectively. The Clinical Dementia
Rating Scale also showed a significant difference
between the two groups (p, 0.0001) [66]. In addition,
two studies provided preliminary evidence of a possi-
ble therapeutic effect of saffron extract in the treatment
of patients with AD. Donepezil, an acetylcholinesterase
inhibitor (ACEI) and memantine, an N-methyl-D-
aspartate (NMDA) receptor antagonist are the most
widely accepted drugs in attenuating some of the AD-
related symptoms in severe stages. Clinical trials
revealed comparable results of saffron extract and
these medications on AD patients. Fifty-four Persian-
speaking adults with mild-to-moderate AD aged
55 years or older were recruited. Participants were ran-
domly assigned to receive saffron 30 mg/day (15 mg
capsule twice per day) or donepezil 10 mg/day (5 mg
twice per day). Saffron was found to be as effective as
donepezil in the treatment of mild-to-moderate AD
after 22 weeks of intervention. The frequency of
adverse effects was similar between groups with the
exception of vomiting, which occurred significantly
more frequently in the donepezil group [67]. The other
study showed saffron extract was comparable with
memantine in reducing cognitive decline in patients
with AD. In a randomized double-blind parallel-group
study, 68 patients aged 60 above with moderate-to-
severe AD received memantine (20 mg/day) or saffron
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extracts (30 mg/day) capsules. After 12 months inter-
vention, there was no significant difference between
the two groups in the score changes from baseline to
the endpoint on Severe Cognitive Impairment Rating
Scale (SCIRS), Functional Assessment Staging (FAST)
and adverse events [68].

Garlic

Garlic (Allium sativum) is commonly consumed in
Asia as a flavoring agent. Garlic contains a unique
organosulfur compound, allicin. Extract of fresh garlic
aged over a prolonged period of time produces Aged
Garlic Extract (AGE). It is an odorless product and
highly bioavailable. It contains antioxidant phytochem-
icals that prevent oxidative stress and inhibits lipid
peroxidation [69]. Garlic has been reported to have
hepatoprotective, immune-enhancing, anticancer, and
chemopreventive activities [70]. It also has the ability
to scavenge oxidants and increase antioxidant levels
[70]. Ingested garlic at the daily dose of 0.1/kg
body weight for one month in human showed a signif-
icantly lower malondialdehyde (MDA) levels and sig-
nificantly higher erythrocyte GSH-Px and SOD
activities [71]. Black garlic, which has been recently
introduced to the Korean and Japanese markets as a
health product by aging whole garlic at high tempera-
ture and in high humidity, showed even stronger anti-
oxidant activities when compared to raw garlic [72].
Various beneficial effects of garlic and garlic extract
are summarized in Table 47.7 [70,73,74].

Garlic protects the brain from loss of intellectual
capacity and memory and has a potentially positive
and preventive therapeutic effect in the treatment of
AD in animal studies. It improved spatial memory def-
icits which were associated with aging [75]. AGE
improved learning abilities and memory retention and

increased longevity in the senescence-accelerated
mouse [76]. Garlic has been found to possess antioxi-
dant and neuroprotective activities in animal studies.
There is a need to continue more investigations on the
type, the dosage, and the mechanisms regarding the
protective activities in human.

Ginger

Ginger, the rhizome of Zingiber officinale, is a com-
mon spice that has culinary use in Asian countries.
Numerous active compounds are present in ginger
including gingerol and shogaol [77]. These compounds
have been reported to exhibit many pharmacological
and physiological functions including immunomodula-
tory, antitumorigenic, anti-inflammatory, antiapopto-
tic, antihyperglycemic, antilipidemic and antiemetic
actions (Table 47.8) [77�79]. Ginger juice has a protec-
tive effect by decreasing lipid peroxidation and
increasing GSH-PX, SOD, catalase in rats [80]. It has
been reported that ginger is capable of inhibiting
chemotherapy-induced adverse reactions and improv-
ing the quality of life of cancer patients [81]. A recent
systematic review suggested that ginger could be con-
sidered as a harmless and possible effective alternative
option for women suffering from pregnancy associated
nausea and vomiting [82].

The neuroprotective effect of ginger is suggested to
be due to the presence of phenolic and flavonoids com-
pounds [77]. In an animal study, ginger root extract had
the ability to prevent behavioral dysfunction in the
β-amyloid-induced AD model in rats [83]. Currently,
there have been limited trials on human. With the
strong antioxidant effects of ginger and the positive
neuroprotective effect in animal studies, it is suggested
that ginger is a promising product in fighting the
ravages of aging and neurodegenerative diseases.

TABLE 47.7 Various Health Benefits of Garlic Based on Current Studies

Health benefits Possible actions

Cardioprotective effects Enhance vasodilatory response.
Lower total cholesterol and low density lipoprotein (LDL).
Prevent development of ventricle hypertrophy.
Reduce glucose level.

Anticancer effects Induce cell apoptosis.
Suppress breast, blood, bladder, gastric, oral cavity, colorectal, skin, uterus, esophagus and lung cancers.

Anti-infection effects Prevent cold and flu symptoms.
Antimicrobial activity against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli.
Antiviral and antiparasite activities.

Antioxidant effects Scavenge oxidants.
Increase antioxidant enzymes, for example, GSH-Px, SOD.
Inhibit lipid peroxidation.
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Black Rice

Rice is the main staple food in many Asian coun-
tries. Pigmented rice is commonly consumed as a
health-promoting food. The pigments are due to the
presence of variety of flavones, tannin, phenolics, ster-
ols, tocols, amino acids, and essential oils [84]. Black
rice (Oryza sativa L. indica) derives its name because of
the rich natural anthocyanin compounds, a group of
reddish to purple water soluble flavonoids. It is mainly
located in the aleurone layer [84].

Anthocyanins are responsible for the major func-
tional components in black rice. There is a mixture of
anthocyanins in which cyanidin-3-glucoside and
peonidin-3-glucoside are not found in white rice [84].
Black rice pigmented fractions exhibit antioxidant
activities and free radical scavenging capacities in cells
[85]. When the outer layer of black rice was fed to
rabbits, it significantly decreased MDA level when
compared with white rice outer layer fraction [86].
Increased hepatic SOD and CAT activities were
observed in black rice extract treated mice [84]. The
antioxidant effect of black rice has also been demon-
strated in human. When black rice pigment fractions
were supplemented for 6 months in patients with coro-
nary heart disease in China in a randomized double-
blind placebo-controlled trial, greatly enhanced plasma
total antioxidant capacity and significantly reduced
plasma level of high sensitive C-reactive protein were
observed in the treatment group in comparison to the
control group [87]. Black rice also exhibits cardiopro-
tective effects. Dietary supplementation of black rice in
animals showed decreasing in serum triglyceride, total
cholesterol, and nonhigh density lipoprotein choles-
terol level and improving insulin sensitivity [84].
Anthocyanins extracted from black rice protected
mouse brain neuron against death at low concentration

[88]. Though there is limited study on human, the
strong antioxidant effects of black rice postulate its
neuroprotective effect.

Marine Algae

Marine algae or seaweeds are traditional Asian foods
particularly common in Japan and Korea. It is con-
sumed as a snack or as ingredients in dishes or soups.
Marine algae have two major bioactive compounds: sul-
fated polysaccharides (SPs) and polyphenol. The major
SPs include fucoidan and laminaran [89].

Marine algae have been shown to scavenge ROS
production and protect against oxidative stress in
in vivo and in vitro studies [89�91]. Consumption
of seaweed increased the endogenous antioxidant
enzymes SOD, GSH-Px and catalase activities in vivo
[90,92]. The antioxidant effect can be further supported
by the antitumor effects. Human and monkey cancer
cell lines were inhibited by seaweed extract [90]. Oral
administration of seaweeds can cause a significant
decrease in incidence of carcinogenesis in vivo. SPs
have antiproliferative activity in human leukemic
monocyte lymphoma and inhibit tumor growth in
mice [90]. In addition, seaweed is a potential hypolipi-
demic agent. It reduced serum triglyceride, total cho-
lesterol, and LDL and elevated HDL in mice [92].
Seaweed extracts have blood pressure lowering dipep-
tides and angiotensin converting inhibitory properties
in vitro. Seaweed extracts are also capable of prolong-
ing partial thromboplastin time, prothrombin time,
and thrombin time and thus reducing the risk of car-
diovascular disease [89,92]. In addition, antiobesity
effects of seaweed extract, including reducing body
weight, increasing resting energy expenditure,
and improving insulin sensitivity, have been

TABLE 47.8 Summary of the Physiological Functions of Ginger

Physiological functions Protective effects

Anti-inflammatory effects Suppress the synthesis of pro-inflammatory cytokines.
Downregulate the induction of inflammatory genes.

Hepato-protective effects Decrease fasting blood glucose.
Decrease liver enzymes levels.
Increase activities of antioxidant enzymes in liver.

Antiemetic effects Relief the severity in nausea and vomiting.

Antilipidemic effects Reduce fructose-induced elevation of lipid levels.
Reduce body weight.
Lower serum cholesterol and triglyceride level.

Gastroprotective effects Prevent gastric ulcer via increasing mucin secretion.

Antitumor effects Control tumor development through upregulation of tumor suppressor gene.
Induce apoptosis.
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demonstrated in obese patients with nonalcoholic fatty
liver disease [92].

Several studies have provided insight into the
neuroprotective effects of marine algae including
antioxidant, antineuroinflammatory, and cholinesterase
inhibitory activity and the inhibition of neuronal death.
Fucoidan inhibited neurotoxic effects of β-amyloid in
rat neurons via blocking the generation of ROS [93].
Fucoidan was also strongly neuroprotective against AD
in vivo and in vitro [93]. Seaweed extracts altered the
levels of neurotransmitters modified by the ethanol
treatment in mice. They increased the level of acetylcho-
line, and exerted anticholinesterase activities and
resulted in memory-enhancing abilities [94].

Mushrooms

Mushrooms have long been regarded as health-
promoting foods worldwide. L-ergothioneine is a
unique sulfur containing amino acid that cannot be
synthesized by human and is only available from cer-
tain dietary sources, especially in fungi. It is a
stable antioxidant in that it does not autooxidize at
physiologic pH, does not promote generation of
hydroxyl radicals, and may serve as a final defense
against oxidation in cells [94]. Among cultivated
mushrooms, Lingzhi has been used in folk medicine in
China and many Asian countries. It is believed that
Lingzhi (Ganoderma lucidum) is attributed to a range of
beneficial effects including enhancing longevity,
increasing youthful vigor and vitality, and as a remedy
for illness [94]. Polysaccharides and triterpenes are two
major active compounds in Lingzhi.

Researches have shown various health benefits of
Lingzhi and its anticancer abilities are widely investi-
gated. The growth of different tumors cells were inhib-
ited in vitro, possibly through its effect on enhancing
the body immune system with a broad spectrum of
immune-modulation activities [95]. A Cochrane review
also concluded that Lingzhi could be administered as
an alternative adjunct to the conventional treatment of
cancer in consideration of its potential of enhancing
tumor response and stimulating host immunity [96].
Lingzhi has the ability to promote free radical scaveng-
ing. Ten healthy Chinese subjects (age 22�56) ingested
a single dose of 1.1 g Lingzhi powder and showed an
increase in plasma FRAP (Ferric Reducing/
Antioxidant Power) over the 3 hours monitoring
period. Ingestion of 3.3 g Lingzhi caused a significant
postingestion increase in plasma antioxidant capacity
with a peak at 90 min [94]. Lingzhi and its extracts
exerted hepatoprotective effects by preventing liver
damage induced by alcohol and protecting against
liver damage in rats [95]. One-third of chronic hepatitis

B patients returned to normal aminotransferase level
after taking Lingzhi extracts for 6 months [97]. Glucans
from Lingzhi fruiting bodies could lower postprandial
glucose level in diabetes patients [95]. Lingzhi also
showed an ability to regulate lipid metabolism. In a
double-blind, placebo-controlled, cross-over study,
healthy individuals following an administration of
1.44 g Lingzhi/day for 4 weeks showed a slight trend
in the reduction of cholesterol, LDL, and
triglycerides [98].

Several studies have suggested the neuroprotective
effects of Lingzhi against oxidative stress in vitro and
has the ability to induce neuronal differentiation.
Lingzhi attenuated β-amyloid induced synaptotoxicity
by preserving a synaptic density protein in cultured
neurons and preserved neurons in AD [94]. It is sug-
gested that Lingzhi is a potential candidate for the
treatment of aging-related neurodegenerative diseases.
More clinical studies have to be done to confirm this
effect.

Another commonly used mushroom in East Asian
countries is Hericium erinaceus. It is an edible mush-
room with medicinal value, which is also known as
Lion’s Mane Mushroom or Hou Tou Gu in Chinese or
Yamabushitake in Japanese. Polysaccharides extract of
H. erinaceus has significant anticancer and immunomo-
dulation activities. It enhanced T cells and macro-
phages secretion and enhanced the expression of
cytokines [99]. In animal studies, H. erinaceus exerted
hypolipidemic effects by reducing plasma total choles-
terol, LDL, and triglyceride and hepatic HMG-CoA
reductase activity [99]. The antioxidant index, free rad-
ical scavenging activity, and lipid peroxidation inhibi-
tory activities have been reported in H. erinaceus [99].
The mycelium extract of H. erinaceus is rich in phenolic
content and has potential ferric reducing antioxidant
power. The fresh fruit body extract was found to have
the potent, 1-diphenyl-2-picrylhydrazyl radical
scavenging activity. And, oven-dried fruit body extract
was excellent in reducing the extent of carotene
bleaching [99].

Hericium erinaceus reports to have activities related
to nerve and brain health. The polysaccharides of
H. erinaceus can induce neuronal differentiation and
promote neuronal survival. It has the ability to prevent
the impairments of spatial short-term and visual recog-
nition memory induced by β-amyloid peptide in ani-
mals [99]. Daily oral administration of H. erinaceus
could promote nerve regeneration after injury in rats
[100]. The neuroprotective effect on human was dem-
onstrated. A double-blind, parallel-group, placebo-
controlled trial was performed on 30 Japanese (age
50�80 years old) with mild cognitive impairment. The
subjects took four Yamabushitake-containing tablets
(each contained 96% of H. erinaceus) or placebo tablets
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three times a day for 16 weeks. The intervention group
showed significantly increased scores on the cognitive
function scale (Revised Hasegawa Dementia Scale
(HDS-R)) compared with the placebo group (p, 0.001).
The scores decreased at week 4 after the termination.
This study suggested the effectiveness of H. erinaceus
in the prevention or the treatment of dementia and
cognitive dysfunction [101].

Wolfberry

Goji or wolfberry (Lycium barbarum) is used as a
food and medicinal plant in China. It is generally con-
sumed in soups, with rice or added to a meat and
vegetables dish. Polysaccharides, carotenoids, and fla-
vonoids are the major metabolites in wolfberry [102].
A meta-analysis which pooled four randomized con-
trolled trials has confirmed various health effects of
L. barbarum polysaccharides. Intake of goji among
18�72 years old resulted in statistically significant
improvements in neurological/psychological perfor-
mance and overall feelings of health and well-being
[103]. Polysaccharides and flavonoids exhibit radical
scavenging activity toward superoxide anion and
reducing capacity which are similar to the synthetic
antioxidant [102]. Fifty healthy Chinese adults (age
55�72) who were administered 120 mL/day of stan-
dardized L. barbarum fruit juice (equivalent to at least
150 g of fresh fruit) showed a significant increase in
serum level of SOD, GSH-Px, and a significant
decrease in lipid peroxidation as indicated by a
decrease level of MDA [104]. Other health benefits of
wolfberry are summarized in Table 47.9 [105,106].

Polysaccharides of L. barbarum have been reported
to prevent neuronal death in both necrosis and apopto-
sis. Goji has been shown to protect rat cortical neurons
against β-amyloid induced toxicity in vitro [102].
Feeding animals with daily L. barbarum polysacchar-
ides extract can restore motor activity, restore memory
index, and increase SOD levels [105]. A randomized,
double-blind, placebo-controlled clinical study admin-
istered standardize L. barbarum fruit juice at 120 mg/
day (equivalent to at least 150 g fresh fruit) for 30 days
in 60 older healthy adults (age 55�72). The treatment
group showed a statistically significant increase in the
number of lymphocytes, better general feelings of
well-being, and a tendency for increased short-term
memory and focus between pre- and postintervention
[104]. L. barbarum has been used as a traditional herbal
medicine in Asian countries and no known toxicity
have been reported. Further studies are needed to clar-
ify the mechanisms of L. barbarum promoting healthy
aging.

Dansen

Dansen is a dried root of Salvia miltiorrhiza com-
monly used in traditional Chinese herbal medicine
either alone or mixed with other herbs [107].
Lipophilic and hydrophilic compounds are the two
major classes of active components in Dansen.
Tanshinone I, IIA, IIB, and cryptotanshinone are the
most abundant lipophilic compounds, whereas pheno-
lic acids are the major hydrophilic compounds [108].
Various in vitro and in vivo studies suggested that
Dansen has a potent antioxidant activity. Sodium tan-
shinone IIA sulfonate (STS) has free radical scavenger

TABLE 47.9 Potential Health Benefits of Wolfberry

General health benefits Possible actions

Hepatoprotective effects Prevent alcohol fatty liver.
Reduce serum liver enzymes level.
Increase antioxidants abilities of liver.

Weight management Increase postprandial energy expenditure.
Reduce waist circumference.
Reduce risk of metabolic syndrome.

Cardiovascular benefits Reduce serum total cholesterol and TG and increase HDL.

Anticancer effects Inhibit the growth of transplantable sarcoma.
Reduce the lipid peroxidation.

Immune modulation Increase macrophage phagocytosis.

Increase activity of T cells, cytotoxic T cells, and natural killer cells.

Antioxidant effects Increase serum SOD and GSH-Px levels and decrease MDA.

Eye health effects Protects against light damage to the retinal pyramid, rod cell layer, outer nuclear layer,
and retinal pigmented epithelium.
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properties which inhibited LDL oxidation resulting in
the attenuation of cardiac cell hypertrophy [108]. The
hydrophilic components also have antioxidant capacity
by increasing activity of SOD and GPx and decreasing
the level of MDA and ROS production significantly
in vitro [109]. Dansen has been demonstrated as a
promising natural medicine to prevent cardiovascular
diseases. It promotes microcirculation, dilates coronary
arteries, enhances blood flow, prevents uptake and oxi-
dation of LDL, and protects from ischemia-reperfusion
injury [108]. Therapeutic effects of STS were examined
in five hospitalized pulmonary arterial hypertension
patients. After 8 weeks of STS infusion, the average
pulmonary arterial systolic pressure and the right ven-
tricle size were lowered as compared between pre-
and postintervention. All patients performed better
exercise capacity as indicated by the improvement of a
6-min walking distance [110].

Dansen is postulated as containing neuroprotective
agent. Salvianolic B, a Dansen extract was found to
promote neuronal stem progenitor cells proliferation
in vitro and in vivo [111]. Another extract Salvianolic
acid A is a neuroprotective agent against β-amyloid
induced toxicity in vitro [111]. Tanshinone IIA and
IIB readily penetrated the blood�brain barrier and
reached a peak concentration 60 min after intraperito-
neal injection [112]. Twenty-four hours after middle
cerebral artery occlusion, brain infarct volume was
reduced following treatment with Tanshinone in mice.
The preventive effect was accompanied by a significant
decrease in the observed neurological deficit [112].

Gegen

Gegen is the root of Pueraia lobata, also known as
the root of Kudzu, which has been widely used in tra-
ditional Chinese medicine for promoting circulation
and increasing blood flow. Puerarin, daidzin and daid-
zein are the major active components in Gegen and
responsible for many profound pharmacological
actions. Daidzein combines with daidzin to form
7-0-glycoside daidzein, which is another major active
component in Gegen, contains antioxidant and phy-
toestrogenic properties [113].

Puerarin, being the most abundant component in
Gegen, has been identified as performing a variety of
functions, including antihypertension, antiarrhythmic,
antioxidant, antiischemic, antiapoptotic, antidiabetic,
and neuroprotective properties [113,114]. Gegen has
been used for the treatment of cardiovascular disease
and type 2 diabetes [113]. Puerarin plays an important
role in cell regulation, involving cell expression and
receptor functions. Puerarin suppressed blood pres-
sure by upregulating the hepatic Angiotensin II type I

receptor (AT1) and angiotensin-converting enzyme 2
(ACE2) mRNA expression. It suppressed rennin activ-
ity in rats with the intake of 100, 200 mg/kg/day for
three weeks [115]. Puerarin is capable of lowering glu-
cose levels in diabetic patients. In a dose-dependent
high glucose treatment, puerarin enhanced glucose
uptake of insulin resistant adipocytes and upregulated
the protein expression of GLUT-4 in skeletal muscle to
cause the effects of lowering blood glucose and insulin
levels [114]. Puerarin also protects against cerebral
ischemia and reperfusion. An in vivo study showed
that rats with middle cerebral artery occlusion received
puerarin (100 mg/kg, i.p.) resulting in improving neu-
rological functions and diminishing infarct and edema
volume [116]. Moreover, puerarin protected primary
hippocampal neurons against apoptosis and necrosis
caused by glutamate and oxygen/glucose deprivation
[114]. Puerarin significantly increased the spontaneous
behavior and explorative response in the aging mice in
the open field test and improved their learning mem-
ory ability [117]. Though there have been limited clini-
cal trials of the single use of Gegen, it can be a
potential candidate to suppress aging-related neuronal
cell apoptosis and dysfunction of the memory system.

LIMITATIONS OF RESEARCH

There has been a long history of using natural pro-
ducts for health in aging based on unique traditional
medicine theories in Asia. However, clinical evidence
of certain food on healthy aging remains inconclusive.
This is due to several reasons. First, the holistic
approach of traditional medicine results in research
difficulties. In Asian countries, aging is regarded as a
process of progressive decline of “vital energy” in the
body [2]. Balancing different components in the body
is considered essential for antiaging and disease pre-
vention [2]. Food is considered to be multifunctional
and to correct the overall imbalance of vital energy
components. Since it does not target a single organ
specifically, it is difficult in identifying the appropriate
biomarkers to be measured in epidemiological
studies [2].

Secondly, these natural products are consumed as
food in Asian countries with habitual daily intake
for health maintenance and disease prevention rather
than disease treatment. These food acts as disease-
modifying agents for presymptomatic individuals or
those with earliest onset. There are insufficient biomar-
kers or methods to evaluate the effectiveness in the
presymptomatic stages [118]. Also, a lifetime habitual
intake of food could have had some overall protective
effects in the study population, even among the pla-
cebo group [39]. Such smaller between-group
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differences may lessen the association to be explored
and thus may lead to inconclusive results in different
studies.

Thirdly, the investigation of single component may
not be enough to show the sufficient effect of the food
[26]. Herbal crude extracts are usually used to standard-
ize the chemical and biological components in order to
provide quality control of natural food. However, food
contains vitamins, minerals, phytochemicals, and
antioxidants that act synergistically rather than working
in isolation. It is possible that the complex mixture of
bioactive compounds in food cannot be substituted by a
single purified component.

SUMMARY

• Due to the irreversible deterioration with the aging
process, older people are susceptible to various
chronic diseases.

• Ginseng has promising benefits on cardioprotection,
moderate immune response, antiulcer, anticancer
and antioxidants effects. Observation and clinical
studies however cannot confirm the cognitive
protection effects of ginseng.

• Various observational studies have revealed the
beneficial effects of tea on cognitive health.
However, there is no evidence to show that green
tea is more potent than black/oolong tea on
cognitive reserve.

• Isoflavones, one of the bioactive compounds in soy
can relieve menopausal symptoms, protect against
breast and prostate cancer, cardiovascular disease
and osteoporosis. Difference in the bioavailability of
isoflavones between ethnic groups and age lead to
inconclusive results in its neuroprotective effect.

• Ginkgo is used as a medicine for memory and
age-related deterioration in China. Two meta-
analyses show effective results for ginkgo for
cognitive impairment and dementia.

• Curcumin, saffron, garlic, and ginger are commonly
used spices in Asia. They exhibit various biological
functions including antioxidant, anticarcinogenic,
immunomodulation, and cardioprotective effects.
More studies are needed regarding the dosage and
the mechanism on their protective activities in
human.

• Anthocyanin gives the dark purple color of black
rice and is responsible for its biological functions. It
is a strong antioxidant and provides
cardioprotective and neuroprotective effects in vitro
and in vivo.

• Lingzhi and Lion’s Mane have shown anticancer,
immunomodulation, and antioxidant activities. Both
exert activities related to nerve and brain health.

Lingzhi preserved neurons in AD and Lion’s Mane
showed increase in cognitive function score in an
intervention study.

• Wolfberry is commonly consumed as food in soups
or dishes. A meta-analysis showed statistically
significant improvements in neurological and
psychological performance and overall feelings of
health after taking wolfberry in the treatment group
when compared with the placebo group. Further
studies focusing on its antiaging effects are
required.

• Dansen and Gegen have been widely used in
traditional Chinese medicine to prevent
cardiovascular disease and promote circulation.
Tanshinone, the active component in dansen, and
puerarin, the active component in gegen, have
shown antioxidant effects and are beneficial to
improve neurological function in injured or aged
animals.
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Calorie Restriction in Humans:
Impact on Human Health
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KEY FACTS

• Prolonged CR has been shown to extend both
the median and maximal lifespan in a variety of
animal species.

• CALERIE is a randomized controlled trial that is
testing the effects of prolonged CR in humans
on biomarkers of aging and the rate of living
theory hypothesis.

Dictionary of Terms

• Caloric restriction (CR)—consuming fewer calories
than needed for weight maintenance.

• ad libitum—“at one’s pleasure.” In the case of
dietary intake, the individual eats as much as
desired without external restriction.

• Intermittent fasting—periods of abstinence from
food and drink.

• CALERIE trial—Comprehensive Assessment of the
Long-term Effect of Reducing Intake of Energy
sponsored by the National Institutes of Aging.
CALERIE was a multicenter randomized controlled
trial designed to determine feasibility, safety, and
effects of CR on predictors of longevity, disease risk
factors, and quality of life in nonobese humans.

• Rate of living theory—A hypothesis stating that
lowering of the metabolic rate reduces the flux of
energy with a consequential lowering of reactive
oxygen species and rate of oxidative damage to
vital tissues.

• Metabolic adaptation—total energy expenditure is
reduced beyond the expected level for the reduction
in the metabolizing mass (fat-free and fat mass: FFM
and FM) following caloric restriction.

• Somatotropic axis—one of the major hormonal
systems regulating postnatal growth in mammals. It
interacts with the central nervous system on several
levels including growth hormone (GH) and insulin-
like growth factor-I (IGF-I) signaling pathways.

• Calorie restriction mimetics—Compounds that
mimic the biochemical and functional effects of
caloric restriction.

WHY CALORIE RESTRICTION?

Since the first report of prolonged lifespan in
rodents more than 70 years ago [1], calorie restriction
(CR) has been gaining momentum as an intervention
with the potential to ward off age-associated diseases
and delay death. While the first observations were
reported in rodents, similar observations have been
reported across a wide range of species including
yeast, worms, spiders, flies, fish, mice, and rats [2], but
the effects of CR in longer-lived species remains
unknown. The results reported thus far from three
nonhuman primate colonies, however, suggest that CR
might have a similar effect in these animals. Two of
the largest longitudinal studies in Rhesus monkeys
agreed that CR was beneficial for several markers of
metabolic health, including weight and body composi-
tion, blood lipids, and cancer incidence but disagreed
that young-onset CR reduced all-cause mortality and
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age-related death [3,4]. Differences in diet composition
and supplementation are two possible reasons for the
conflicting results as well as a slight CR in the control
animals, genetic diversity, and age at time of CR
initiation.

MECHANISMS TO ACHIEVE CALORIC
RESTRICTION

Traditional Caloric Restriction

Traditional caloric restriction is long-term daily
restriction of dietary intake, typically defined by a
20�50% lowering of energy intake below habitual
levels. This traditional form of caloric restriction is
proven to be effective in facilitating weight loss and
improving metabolic biomarkers, but adherence to
these regimens long-term is difficult which often leads
to weight regain as individuals become less adherent
over time [5]. While traditional caloric restriction is
likely the most common and well known dietary pro-
gram, additional programs of caloric restriction
include (1) increasing physical activity to produce a
calorie deficit, (2) fasting on alternate days, and (3) a
modified fast on alternate days and we speculate in
the future, caloric restriction achieved through dietary
supplements or mimetics.

Physical Activity to Produce Caloric Deficit

The primary aim of caloric restriction is to achieve a
prolonged state of negative energy balance (more kilo-
calories expended than consumed). In addition to the
traditional dietary restriction, the calorie deficit can also
be achieved through increasing daily energy expendi-
ture through physical activity. Increased physical activ-
ity can in theory be the solitary contribution to produce
a daily caloric deficit, but achieving a caloric deficit of
30% below weight maintenance (500�1000 kcal/d)
through physical activity alone can prove to be chal-
lenging for most people. For this reason, physical activ-
ity interventions are often paired with dietary caloric
restriction as a means to produce CR.

Intermittent Fasting

Intermittent fasting or periods of abstinence from
food and drink has been a common religious practice
since ancient times. Intermittent fasting, as a means of
caloric restriction is gaining in popularity. In research,
intermittent fasting has encompassed various regimens
including alternate day fasting (AFD), modified AFD,
and the 5:2 diet [6]. AFD, which has achieved much
scientific focus, consists of a day of ad libitum eating

often referred to as the “feed day,” followed by a day
with no caloric consumption called the “fast day.” This
alternating pattern of food intake is continued for the
duration of the dietary intervention. Modifications to
this strict regime of feeding and fasting were devel-
oped with the mindset to facilitate a higher level of
individual adherence over longer durations. Modified
AFD, typically referred to in the literature as alternate
day modified fast or ADMF, allows for some caloric
intake on the fast day, though severely restricted
(B75% caloric restriction). The 5:2 diet, or the Fast
Diet, prescribes only 2 days of severe caloric restriction
per week. Through these varying methods of intermit-
tent fasting, the level of overall caloric restriction
achieved can be equivalent to the traditional caloric
restriction programs, but ease of implementation (less
calorie counting) and improved long-term compliance
is evident with intermittent fasting. Overeating on the
“feed day” due to elevated hunger followed on from
the “fast day” is obviously a concern with these
approaches, however, studies on intermittent fasting
have concluded that even after fasting every other day,
participants report no compensatory eating and high
levels of satiety throughout the duration of the study.
This observation probably reflects an adaptation to the
intermittent fasting regimen achieved within a few
weeks [7]. Overall, intermittent fasting is novel and a
potentially more efficacious intervention for weight
loss, preservation of lean mass, and improved meta-
bolic health in humans. To our knowledge there is
only one study that was designed to test the effects of
alternate day feeding on nutrition in the aged. Termed
the Hunger Study, 60 men with alternating days of
fasting and feeding, received an average of 1500 kcal
per day for 3 years which amounted to approximately
35% CR. The 60 other men were fed ad libitum.
The initial report from this study was brief, however
analyses conducted several years later [8] indicated
that the death rate tended to be lowered in the inter-
mittent fasting group and hospital admissions were
reduced in these individuals by approximately 50%
(123 days for CR vs 219 days for Control). Studies
that compare intermittent fasting with traditional CR
for the ability of intermittent fasting to attenuate
age-related disease are underway (NCT02420054,
NCT01964118, NCT02148458, NCT02169778).

EVIDENCE OF THE BENEFITS FOR
CALORIC RESTRICTION IN HUMANS

In humans, data from controlled trials is lacking
and, no long-term prospective trials of CR have been
conducted with survival being the primary end-point
[9]. There is, however, a lot that can be learned from
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controlled trials of CR where biomarkers of aging are
measured and a handful of epidemiological and cross-
sectional observations in longer-lived humans, cente-
narians, and individuals who self-impose CR.

Centenarians from Okinawa Have Life-Long
Exposure to CR

Probably the most intriguing epidemiological evi-
dence supporting the role of CR in lifespan extension
in humans comes from the Okinawans [10]. Compared
to most industrialized countries, Okinawa, Japan has
4�5 times the average number of centenarians, with
an estimated 50 in every 100,000 people [11]. Reports
from the Japanese Ministry of Health, Labor, and
Welfare show that both the average (50th percentile)
and maximum (99th percentile) lifespan are increased
in Okinawans. From age 65, the expected lifespan in
Okinawa is 24.1 years for women and 18.5 years for
men compared to 19.3 years for women and 16.2 years
for men in the United States [12]. What is interesting
about the Okinawan population is that a low calorie
intake was reported in school children on the island
more than 40 years ago and later studies confirmed a
20% CR in adults residing on Okinawa compared to
mainland Japan [13]. A recent estimate of the energy
balance in a cohort of Okinawa septuagenarians dur-
ing youth to middle age suggested a 10�15% energy
deficit [14]. This energy deficit can be attributed to
laborious occupations and daily activities as farmers
and a diet that was rich in nutrients yet low in energy
density [14]. The nutrient-dense diet of the Okinawans
allowed for a negative energy balance while providing
an abundance of vitamins, minerals, antioxidants, and
flavonoids [12]. Unfortunately, with the increase in
American presence on Okinawa in recent years (loca-
tion of US military base and increased availability of
fast food chains), unpublished reports suggest that the
longevity-promoting lifestyle (ie, CR and high levels of
physical activity) is threatened and may be reversed.

Unexpected CR in Biosphere 2

Biosphere 2 was an enclosed 3.15-acre ecological
laboratory that housed seven ecosystems or biomes
resembling the earth: rainforest, savannah, ocean,
marsh, desert, and agriculture and human/animal
habitats [15]. For 2 years, eight individuals, including
Dr Roy Walford, were completely isolated within this
“mini-world,” where 100% of the air and water was
recycled and all the food grown inside. Due to unfore-
seen problems with agriculture early on, food supply
became quickly insufficient. Food intake for the
eight individuals was projected at B2500 kcal/d and

estimates from food records maintained by one of
the biospherians suggested diets were restricted by
B750 kcal/d in each person during the first 6 months.
The resulting B15% weight loss in the Biospherians
was associated with many physiological, hematologi-
cal, biochemical, and metabolic alterations [16,17]
consistent with calorie-restricted rodents and primates,
including reductions in insulin, core temperature, and
metabolic rate (Fig. 48.1) [4].

The CALERIE Trials

For the past 15 years, The National Institute on
Aging (NIA) sponsored the CALERIE (Comprehensive
Assessment of the Long-term Effect of Reducing Intake
of Energy) trial. Three clinical sites were involved in the
CALERIE trials: Washington University in St Louis,
MO; Tufts University in Boston, MA; and the
Pennington Biomedical Research Center in Baton
Rouge, LA. CALERIE was conducted in two phases.
The goal of Phase 1 was to determine the feasibility as
well as efficacy of different CR modalities (diet only,
exercise only, or diet and exercise) and to inform the
design of a larger trial to be conducted across the three
study centers. Thereby in Phase 1, each study center
was testing a slightly different primary outcome and as
a result carried out independent study protocols over
6�12 months. At Tufts University the aim of the Phase
1 study was to investigate the role of CR as well as the
glycemic index on changes in body composition and
cardiometabolic risk factors [18]. At Washington
University, the Phase I study was conducted in middle
aged individuals and was designed to compare
the effect of CR achieved by diet alone versus exercise
alone [19]. The Phase 1 study at Pennington Biomedical
Research Center was a 6-month study where 48 men
and women were randomized to one of four treatment
groups for 6 months [20�28]. For the CR group, over-
weight individuals were restricted to 75% (a 25% CR) of
their weight maintenance energy requirements assessed
by doubly labeled water [29]. The other groups were:
(1) CR plus exercise group, for which the calorie deficit
was also 25% from weight maintenance but half (12.5%)
was achieved by CR and half (12.5%) by increasing
energy expenditure with structured aerobic exercise;
(2) a low calorie diet group in which participants
consumed 890 kcal/d to achieve a 15% weight loss and
thereafter followed a weight maintenance diet; and (3) a
healthy diet control group that followed a weight-
maintaining diet based on the American Heart
Association Step 1 diet. A sample menu can be found in
Table 48.1. The effects of the CR interventions were
determined from changes in various physiological and
psychological endpoints after 3 and 6 months.
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On the basis of the findings of the Phase 1 studies,
the CALERIE Phase 2 study was a multicenter ran-
domized controlled trial designed to determine feasi-
bility, safety, and effects of CR on predictors of
longevity, disease risk factors, and quality of life
(QOL) in nonobese humans (22.0#BMI,28 kg/m2)
aged 21�51 years [30]. The intervention was designed
to achieve 25% CR, defined as a 25% reduction from
ad libitum baseline energy intake as determined by
doubly labeled water studies. The 25% CR was
imposed from Day 1 and individuals were provided
with all meals for the first 27 days (three different

9 day menus) to help facilitate early adherence to the
intervention as well as to teach behavioral strategies
such as portion control. Throughout the intervention,
CR subjects were able to track adherence using projec-
tion of weight change which was derived from our
Phase 1 studies that predicted weekly changes in body
weight for 1 year of 25% CR [31]. The weight projec-
tion provided the weekly expected weight change
reaching 15.5% weight loss by 1 year, with an
acceptable range of 11.9�22.1%, followed by weight
maintenance. The primary outcomes were change from
baseline resting metabolic rate (RMR) adjusted for

FIGURE 48.1 Biosphere 2 (A), a 3.15-acre ecological enclosure provided an unexpectedly low availability of food for eight individuals
who were housed inside for 2 years in the early 1990s. This study of nature of CR resulted in B15% weight loss. (B) Changes in energy expen-
diture (24 EE) and physical activity measured in a metabolic chamber (SPA) or as the ratio of total daily energy expenditure to resting meta-
bolic rate (TDEE/RMR) (C) and many hematological, biochemical, and metabolic alterations (D) consistent with calorie-restricted rodents and
primates including reductions in insulin, core temperature, and metabolic rate [15,17].
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weight change (RMR residual) and core temperature.
It was hypothesized that CR would induce metabolic
adaptations, specifically (1) decrease in RMR adjusted
for changes in body composition and (2) decrease in
core body temperature. Change in RMR was defined
as “RMR residual,” that is, the difference between an
individual’s RMR measured by indirect calorimetry
during the intervention and RMR predicted from a
regression of RMR as a function of fat mass (FM) and
fat-free mass (FFM) in participants at baseline. Such
metabolic adaptations to CR in laboratory animals
have been proposed to slow aging by reducing meta-
bolic production of reactive oxygen species (ROS)
and/or lowering core temperature [32,33]. Lower core
temperature has also been found to predict human
longevity in longitudinal studies [34]. Secondary out-
comes included changes in plasma triiodothyronine
(T3) and TNF-α based on evidence suggesting relation-
ships of the thyroid axis and inflammatory mediators
to longevity and health span and effects of CR on these
factors [9,35�37]. Exploratory outcomes included risk
factors for age-related conditions and psychological
responses. Study outcomes were evaluated at baseline,
6, 12, 18, and 24 months with a primary focus on base-
line, 12 and 24 months.

A total of 218 individuals started the 25% CR inter-
vention, with 82% of CR (N5 117) and 95% of AL
(N5 71) completing the 2-year protocol [30]. The Phase
2 cohort was predominantly female (69.7%) and
Caucasian (77.1%) aged between 20 and 50. At base-
line, these individuals had normal blood pressures,
fasting blood glucose, insulin, and lipids. The daily
energy intake in the CR group declined by
4806 20 kcal/d during the first 6 months of interven-
tion but then stabilized at approximately
2346 19 kcal/d below baseline for the remainder of
the trial. This resulted in approximately 12% over the
2-year trial (19.56 0.8% during the first 6 months and
9.16 0.7% on average for the remainder of the study).
There was no evidence of CR in the AL control group.
CALERIE therefore achieved significant CR over the
2-year trial in nonobese persons and resulted in sus-
tained weight loss which was maintained at 7.66 0.3
kg (B10% from baseline) throughout the 24 months.
Importantly the CALERIE studies also indicated that
the degree of CR achieved in the studies is tolerable
and safe, and with no adverse effects on QOL. Long-
term follow-up on individuals in the CALERIE trials
will further help to understand the prolonged benefits
of CR, assuming CR was continued on biomarkers of

TABLE 48.1 Sample Menus of Food Provided in the CALERIE Phase I Study at 1500, 1800, and 2100 kcal/day

Day 1

Breakfast Lunch Dinner

1500 1800 2100 1500 1800 2100 1500 1800 2100

1/2 c 2/3 c 3/4 c Low-fat granola with raisins Greek wrap 1 c 11/4 c 11/3 c Lentils with olives and feta

1 c 1 c 1 c Skim milk 1 1 11/2 10 inch tortilla 1/2 c 2/3 c 3/4 c Couscous

1 1 1 Banana 2 T 21/2 T 3 T Hummus 1/2 c 3/4 c 3/4 c Zucchini

1/2 c 1/2 c 1/2 c Cucumber 3/4 c 1 c 1 c Strawberries

1/3 c 1/3 c 1/3 c Tomato

11/2 T 11/2 T 11/2 T Onion

11/4 T 11/4 T 13/4 T Olives

11/2 T 2 T 3 T Feta cheese

1/3 c 1/2 c 1/2 c Cheddar cheese

11/3 c 12/3 c 12/3 c Red grapes

Day 2

Breakfast Lunch Dinner

1500 1800 2100 1500 1800 2100 1500 1800 2100

1/4 c 1/2 c 1/2 c Oatmeal 12/3 c 2 c 21/4 c Pesto pasta 1 c 1 c 11/4 c Greek-style potatoes

2/3 c 2/3 c 3/4 c Peaches 3/4 oz 3/4 oz 11/4 oz Chicken breast 3 oz 3 oz 3 oz Salmon steak

1 T 1 T 11/2 T Almonds 1 1 1 Apple 3/4 c 3/4 c 3/4 c Green beans

1/2 c 1 c 1 c Skim milk 1 1 2 Dinner roll 3/4 c 1 c 1 c Mandarin orange
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aging. More detailed findings from the CALERIE trials
are later in the chapter.

POTENTIAL MECHANISMS FOR CR
AND MORE HEALTHFUL AGING

Caloric Restriction May Alter the “Rate of
Living” and “Oxidative Stress”

The aging process may be influenced by CR through
a reduction in the “rate of living,” [38] leading ulti-
mately to reduced oxidative damage. The rate of living
theory suggests that increased metabolism and thus
increased production of ROS leads to a shorter lifespan.
An ongoing controversy among investigators appears to
be whether chronic CR actually leads to metabolic slow-
ing or rate of living. This phenomenon is termed “meta-
bolic adaptation,” and reflects a reduction in the
metabolic rate that is larger than expected for the loss of
metabolic mass of the organism that occurs as a result
of the caloric deficit [2]. Unfortunately results from rats
and monkeys does not shed light on this hypothesis
because most of the collected data needs to be reevalu-
ated using appropriate statistical methods of normaliz-
ing the observed changes in metabolic rate for changes
in metabolic size [39]. For example, Blanc et al. [40]
recently calculated a 13% reduction in resting energy
expenditure after adjusting for FFM in an 11-year-long
study of energy restricted monkeys. Yet Selman
et al. [8], using doubly labeled water to measure total
energy expenditure, reported that calorie-restricted rats
expended 30�50% more energy than expected. Yamada
et al. [41] explain that while there is a decrease in rest-
ing energy expenditure, calorie-restricted monkeys also
have an increased physical activity level and intensity,
which might explain the greater than expected energy
expenditure.

The “free radical theory of aging” or “oxidative
stress” hypothesis is one of the well-supported theories
of aging. It is widely accepted that the metabolic
rate of an organism is a major factor in the rate of
aging and is inversely related to its lifespan [42].
Additionally, since 1�3% of consumed oxygen is asso-
ciated with the production of ROS, namely superoxide
(O2

•2), hydrogen peroxide (H2O2
•2), and the hydroxyl

ion (OH•2) [43], the production of these highly reactive
molecules from normal aerobic metabolism is also in
direct proportion to an organism’s metabolic rate.
Many investigators have shown that modulation of the
oxidative stress of an organism through prolonged CR
is able to retard the aging process in various species,
including mammals [44,45]. As a result of increased
oxygen consumption, aerobic exercise is associated
with increased production of ROS in muscle tissues

[46]. However, exercise training boosts the antioxidant
capacity of skeletal muscle, probably resulting in
decreased overall oxidative stress [47]. Mitochondria
consume the majority of cellular oxygen resulting in
the production of ROS [48]. In humans and monkeys,
long-term energy restriction has been shown to induce
robust increases in PGC-1 and mitochondrial biogene-
sis, which in turn is hypothesized to delay the onsets
of sarcopenia, as well as loss of muscle function
[49,50]. Despite an increase in mitochondrial biogene-
sis, CR results in improved mitochondrial function,
decreased total body oxygen consumption, and there-
fore decreased production of ROS [20].

Biomarkers of Longevity

A “biomarker of aging or longevity” is considered
to be any parameter that reflects physiological or func-
tional age; it must undergo significant age-related
changes, be slowed or reversed by treatments that
increase longevity (eg, CR), and must be reliably mea-
sured. Numerous biomarkers have been identified in
rodents and primates, including body temperature and
hormones such as DHEA-S and insulin (Fig. 48.2) [34].
The most comprehensive evaluation of biomarkers of
health and aging was investigated in the Phase 1
CALERIE study at Pennington Biomedical and the
physiological and behavioral effects has been pub-
lished in over 20 independent manuscripts. From the
CALERIE Phase 1 study we learned that two out of
the three biomarkers of longevity [34] were improved
with a 6-month program of 25% CR [9]. Significant
reductions were observed in both fasting insulin con-
centrations (2296 6%) and core body temperature
(20.206 0.05�C), whereas DHEA-S was unchanged by
the intervention. Despite being only a 6-month pro-
gram of CR, these findings echo the results previously
reported in nonhuman primates and rodents on CR
and data from long-lived men in The Baltimore
Longitudinal Study of Aging [34]. In CALERIE Phase
2, however, only small declines in 24-hour core tem-
perature at 12 and 24 months was observed with the
same 25% CR intervention, but the small declines did
not differ significantly from the change in the control
group who did not receive a dietary intervention [30].
These findings are obviously at odds, however, per-
haps a greater degree of CR is needed to induce
changes in core temperature. The degree of CR in the
Phase 1 study in overweight persons was B19% over
the course of the program [9] whereas the degree of
CR in the Phase 2 study was only 12% at 24 months.
Of note, a lower core temperature has also been
observed in individuals who are self-selected practi-
tioners of CR [51].
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Body Composition

Throughout the 6-month intervention there was
a progressive decline in body weight that reached
B10% for the CR group at the completion of the study
(Fig. 48.3) [21]. Body composition analysis by dual
X-ray absorptiometry and multislice computed tomogra-
phy showed that the loss of tissue mass was
attributable to significant reductions in both FM

(CR: �246 3%) and FFM (CR: �46 1%). There was a
27% decrease in both visceral and subcutaneous fat
depots, but it was interesting to note that the fat distri-
bution within the abdomen was not altered by CR [21].
We also observed a reduction in subcutaneous abdomi-
nal mean fat cell size by B20%, a lowering of hepatic
lipid by B37% but no change in skeletal muscle lipid
content [26].

FIGURE 48.2 Can CR improve biological age and extend chronological age? This figure summarizes some of the potential biomarkers of
aging. It is hypothesized that CR will change the biological trajectory of these biomarkers and therefore improve biological age and extend
chronological age. For example, the left panel shows an individual aged 75 years. With prolonged CR it is hypothesized that fasting insulin
and oxidative damage will be reduced in this individual. The dotted line represents the theoretical effects of CR. Therefore, an individual
although 75 will have a biological age 17 years younger. Similarly the individual on the right at 90 years with prolonged CR will be biologi-
cally similar to an individual aged 66 years.

FIGURE 48.3 Our 6-month study of 25% CR resulted in a progressive decline in body weight that reached B10% at the completion of the
study [45]. Body composition analysis by dual X-ray absorptiometry showed that the loss of tissue mass was attributable to significant reduc-
tions in both FM (CR: �246 3%) and FFM (CR: �46 1%).
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Metabolic Adaptation and Oxidative Stress

One of the most popular proposed theories by
which CR promotes lifespan extension is the “rate of
living theory” [52]. It is hypothesized that a lowering
of the metabolic rate reduces the flux of energy with a
consequential lowering of ROS and rate of oxidative
damage to vital tissues [42]. Indeed, CR is associated
with a robust decrease in energy metabolism, includ-
ing an absolute lowering of RMR (or sleeping meta-
bolic rate, SMR), and thermic effect of meals and a
decrease in the energy cost of physical activity.
However, as mentioned earlier, whether total energy
expenditure is reduced beyond the expected level (ie,
metabolic adaptation) for the reduction in the metabo-
lizing mass (FFM and FM) following CR is a matter of
debate.

In CALERIE Phase 1, as expected, absolute 24-hour
energy expenditure and SMR (both measured in a
respiratory chamber) were significantly reduced from
baseline with CR (p, 0.001). Importantly, however,
both 24-hour sedentary and sleeping energy expendi-
tures were reduced B6% beyond what was expected
for the loss of metabolic mass, that is, FFM and FM [9].
This metabolic adaptation was also observed for
RMR measured by a ventilated hood indirect calorime-
ter [22]. These physiological responses were associated
with a reduced amount of oxidative stress as measured
by DNA damage. DNA damage was reduced
from baseline after 6 months in CR (p5 0.0005),
but not in controls [9]. In addition, 8-oxo7,8-dihidro-
20deoxyguanosine was also significantly reduced from
baseline in CR subjects (p, 0.0001). These data confirm
findings in animals that CR reduces energy metabo-
lism, oxidative stress to DNA, both potentially attenu-
ating the aging process.

Similarly, in CALERIE Phase 2, the absolute change
in energy expenditure, measured as RMR at 12 and
24 months for the 25% CR group was 5.96 0.7% and
5.06 0.9% at 12 and 24 months, respectively, and
this decline significantly exceeded those individuals in
the control group. As mentioned earlier in the chapter,
the residuals of RMR which essentially separates the
change in RMR from the loss in FFM and FM, shows
that RMR was significantly reduced by the CR inter-
vention when compared to the control group at 12
months (486 9 kcal/d vs 146 12 in AL, p5 0.04)
however the effect was no longer evident after 24
months [30].

Physical Activity

Daily energy expenditure has three major compo-
nents: RMR, the thermic effect of food (TEF), and
the energy cost of physical activity. Investigation of

changes in physical activity are important in studies of
CR not only because the contribution of physical activ-
ity to daily energy expenditure is variable, but also
because it is not known if individuals volitionally or
nonvolitionally decrease their level of physical activity
in an attempt to conserve energy [53]. In the CALERIE
Phase 1 we observed no change in spontaneous physi-
cal activity (SPA) when measured in a respiratory
chamber [22] which is consistent with earlier reports of
no alterations in SPA or posture allocation in obese
individuals following weight loss [54,55]. These find-
ings are not surprising if the current hypothesis that
SPA is biologically determined is true [55,56].
Interestingly with a measure of energy metabolism in
free-living conditions (doubly labeled water) which
also includes physical activity, we found that a meta-
bolic adaptation was evident after 3 months
(23866 69 kcal/d) but not after 6 months of CR
(Fig. 48.4) [29]. Interestingly, this adaptation was evi-
dent even after total daily energy expenditure (TDEE)
was adjusted for the changes in sedentary energy
metabolism (24-hour or sleeping energy expenditure)
which indicates that changes in other components of
daily energy expenditure, mostly as physical activity
and less via diet-induced thermogenesis, are also
involved in the metabolic slowing with CR. In support
of this, physical activity level calculated by either the
ratios of TDEE to RMR or SMR [22], or TDEE adjusted
for the change in SMR, was significantly reduced at
month 3 by 12% and returned toward baseline values
after 6 months of intervention. Interestingly, despite
lower physical activity levels, participants reported an
improvement in physical functioning, a primary com-
ponent of QOL. All the effects of CR on physiological
outcomes are summarized in Table 48.2. We believe
this effect of CR is likely robust as the same observa-
tions were made in the larger CR cohort in the Phase 2
studies. The energy expenditures associated with
TDEE was significantly reduced in the CR group after
12 and 24 months of the CR intervention and indepen-
dently from the change in body composition. Whether
this reflects a reduction in physical activity levels or
improved metabolic efficiency (reduced EE for a given
amount of work), we cannot determine from the
CALERIE studies.

Endocrine Responses

Thyroid Function

Short-term studies of CR in humans have reported
alterations in thyroid function. Four weeks of complete
fasting resulted in a decrease in T3 and an increase in
reverse triiodothyronine (rT3), which was associated
with a reduction in metabolic rate [57]. The CRONIES
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(a self-selected group engaging in long-term CR) have
significantly lower T3, but not thyroxine (T4) or
thyroid-stimulating hormone, concentrations com-
pared to age-, sex-, and weight-matched controls [58].

In the CALERIE Phase 1 study, plasma T3 concen-
trations were reduced from baseline in the CR group
after 3 (p, 0.01) and 6 months (p, 0.02) of interven-
tion [9]. Similar results were found for the change in

plasma T4 in response to the treatment. When the data
of the subjects in the three CR groups were combined
into one intervention sample, we observed significant
linear relationships between the change in plasma thy-
roid hormones and the degree of 24-hour metabolic
adaptation after 3 months of intervention (T3; r5 0.40,
p5 0.006 and T4; r5 0.29, p5 0.05) [9]. Similarly in
CALERIE Phase 2, there were substantial decreases
from baseline within the normal range in circulating
T3 in CR (166 1.5% at month 12, 226 1.4% at 24
months) significantly exceeded changes in AL [30].

Leptin

Leptin, which influences body composition and
energy balance by regulating energy intake and expen-
diture, also decreases with CR [59�61]. Metabolic
adaptation or a drop in energy expenditure as a result
of CR that is greater than what is expected on the basis
of changes in weight and energy stores. We found that
the CR-mediated change in leptin is a significant factor
for the metabolic adaptation but it is independent of
the change in body composition. This suggests that
leptin response to CR diets could be a possible bio-
marker for aging [59].

FIGURE 48.4 The effect of CR on all components of daily energy
expenditure (top panel). The components of energy expenditure were
determined by combining a measure of sedentary energy expendi-
ture in the metabolic chamber (SMR, sleeping metabolic rate; SPA,
spontaneous physical activity; TEF, thermic effect of food) and
free-living energy expenditure by doubly labeled water (physical
activity). The changes in TDEE after 3 and 6 months of CR (bottom
panel) are shown and those representing a metabolic adaptation (larger
than due to weight loss) are highlighted in gray [29]. Combining two
state-of-the-art methods (indirect calorimetry in the metabolic chamber
and doubly labeled water) for quantifying precisely the complete
energy expenditure response to CR in nonobese individuals, we identi-
fied a reduction in sedentary energy expenditure that was 6% larger
than what could be accounted for by the loss in metabolic size, that is,
a “metabolic adaptation” [9] and a metabolic adaptation in the free-
living situation as well. This adaptation comprised not only a reduc-
tion in cellular respiration (energy cost of maintaining cells, organs and
tissue alive) but also a decrease in free-living activity thermogenesis,
highlighted in blue (behavioral adaptation).

TABLE 48.2 Summary of the Psychological and Behavioral
Responses to 6 Months of CR in Humans

Psychological/behavioral responses

Development of eating disorder symptoms

k Disinhibition

k Binge eating

k Concern about body size and shape

2 Fear of fatness

2 Purgative behavior

Depressed mood

k MAEDS Depression scale

2 Beck Depression Inventory II

Subjective feelings of hunger

k Eating Inventory, Perceived Hunger Scale

Quality of life

m Physical functioning

2 Vitality

Cognitive performance

2 Verbal memory

2 Short-term memory and retention

2 Visual perception and memory

2 Attention/concentration
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The Somatotropic Axis

Aging is marked by a reduction in both growth hor-
mone (GH) and insulin-like growth factor-1 (IGF-1) con-
centrations in healthy adults, resulting from a reduced
amount of GH secreted at each burst without alterations
of burst frequency or GH half-life [62]. Unlike for
rodents, weight loss via CR in humans increases GH
[63]. After 6 months of CR in the Phase 1 study, 11-hour
mean GH concentrations were not changed with CR nor
was the secretory dynamics in terms of the number of
secretion events, secretion amplitude, and secretion
mass [64]. The fasting plasma concentration of ghrelin, a
GH secretagogue was significantly increased from base-
line, but IGF-1 was unaffected. Despite a significant
reduction in weight and visceral fat and an improve-
ment in insulin sensitivity, mean GH concentrations
were not altered by the 6-month intervention. In agree-
ment with this observation was the finding that both GH
and IGF-1 were not affected by the chronic food shortage
experienced by the individuals in Biosphere 2 [16].

DHEA-S

Given the evidence from cross-sectional [65] and lon-
gitudinal studies [66] that DHEA-S declines with age.
DHEA-S, which is a metabolite of DHEA, an abundant
steroid hormone in the body, is considered to be a reli-
able endocrine marker of human aging and longevity
[67]. It was hypothesized that CR will delay or attenuate
the age-associated decline in DHEA-S. In our 6-month
study in young individuals (376 2 years), we observed
no alteration in DHEA-S [9]. Similarly, DHEA-S was
not changed with 2 years of energy restriction in the
individuals within Biosphere 2 [16]. To our knowledge,
there has been no report of DHEA-S levels in those
individuals from the Calorie Restriction Society
(CRONIES) who are self-imposing CR. The lack of
agreement between the human and nonhuman primate
data is believed to be due to first, the chronological age
of the subjects at the onset of CR, and second, to the
duration of CR. Young adult monkeys undergoing CR
for 3�6 years had an age-related decline in DHEA-S of
3% compared to 30% in monkeys fed ad libitum [68]. In
contrast, CR initiated in older animals (B22 years) did
not attenuate the age-associated decline in DHEA-S
[69]. These explanations remain to be tested in longer
term studies of CR in humans.

PSYCHOLOGICAL AND BEHAVIORAL
EFFECTS OF CR

CR in humans might prove to have positive effects
on physical health and longevity, resulting in the prac-
tice of CR or the identification of CR mimetics. Very

little is known about the effect of CR on the QOL and,
furthermore, if people attempt to follow CR for health
promotion, important questions must be answered
about possible negative effects of CR on psychological
well-being, cognitive functioning, mood, and subjec-
tive feelings of appetite. Determining the effect of CR
on these parameters is critical to learn if adhering to a
CR regimen is feasible and if CR has unintended nega-
tive consequences that would offset the potential of its
health benefits. Again the Phase 1 study of CALERIE
provided a unique opportunity to examine the effect of
6 months of CR on psychological and behavioral end-
points. We here summarize the effects of 6 months of
CR on the development of eating disorder symptoms,
QOL, mood (symptoms of depression), subjective rat-
ings of appetite, and cognitive function.

Development of Eating Disorder Symptoms

One of the most pressing concerns about CR is that
the adherence to a sustained reduction in food intake
will potentiate the development of symptoms of eating
disorders. This concern is based in part on the Keys
[53] study, which found that 50% CR for 6 months
among healthy men was associated with the develop-
ment of eating disorder symptoms, for example, binge
eating [70]. Additionally, CR or the intent to restrict
intake has been associated with the onset of eating dis-
orders, including anorexia [71], bulimia nervosa [72],
and binge-eating disorder [62]. Hence, there is a need
to examine both the benefit and potential harm of CR
in humans, particularly for people who are not obese,
and to answer important safety questions before CR is
recommended [73,74].

In our study, participants completed an assessment
battery that included: (1) the Multifactorial Assessment
of Eating Disorder Symptoms (MAEDS), which mea-
sures six symptom domains associated with eating
disorders (binge eating, purgative behavior, depres-
sion, fear of fatness, avoidance of forbidden foods,
restrictive eating) [75], (2) the Eating Inventory, which
measures dietary restraint, disinhibition, and perceived
hunger [76], and (3) the Body Shape Questionnaire
(BSQ) [77], which measures concern about body size
and shape.

As reported by Williamson et al. [27], the three
“dieting” groups in CALERIE, including the CR group,
reported higher dietary restraint scores in comparison
to the Control group at months 3 and 6, but measures
of eating disorder symptoms did not increase and
some decreased. All groups, except the control group,
reported a significant reduction in disinhibition at
month 6, whereas binge eating decreased in all groups
at months 3 and 6. Concern about body size/shape
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decreased at 3 and 6 months among the three dieting
groups but did not change in the control group. The
Fear of Fatness and Purgative Behavior subscales of
the MAEDS did not change during CR.

Subjective Feelings of Hunger

The ability of people to adhere to a strict CR diet
could be limited by feelings of increased hunger. We
evaluated change in appetite ratings during CR using
the perceived hunger scale of the Eating Inventory [76]
and the Visual Analogue Scales (VAS), which have
been found to be reliable and valid measures of appe-
tite: hunger, fullness, desire to eat, satisfaction, and
prospective food consumption [59]. During the
6-month Phase 1 study, appetite ratings changed, but
the changes among the dieting groups were not differ-
ent from those in the control group. Moreover, based
on the perceived hunger scale of the Eating Inventory,
hunger was reduced in the CR group at month 6 [27].

QOL and Mood

The Minnesota Semi Starvation study [53] indicated
that CR can negatively affect mood; therefore, the
effect of CR on mood and QOL becomes an important
factor when considering the feasibility of CR in
humans. During CALERIE Phase 1, the Medical
Outcomes Study Short-Form 36 Health Survey (SF-36)
[60,61] was used to measure QOL, and the Beck
Depression Inventory II [78] and depression scale of
the MAEDS were used to measure mood. Our results
indicate that depressed mood, measured by the BDI-II,
did not change during the trial. Additionally, in the
CR group, scores on the MAEDS depression subscale
decreased at 3 and 6 months in comparison to baseline
[27]. Together, the results indicate that CR had no neg-
ative effect on mood during this trial and, in fact,
symptoms of depressed mood, measured with the
MAEDS, decreased in the CR group.

The SF-36 was used to test the effects of CR on two
components of QOL—physical functioning and vital-
ity. All dieting groups, but not the control group, had
improved physical functioning during the trial. For the
CR group, physical functioning was significantly
improved at both months 3 and 6 but CR had no
significant effect on vitality.

Cognitive Function and Performance

Self-reported dieting or CR has been associated with
deficits in cognitive performance (eg, memory and
concentration deficits) [79,80]. Nevertheless, cognitive
impairment is frequently mediated by preoccupation

with food and body weight [81], suggesting that obses-
sive thoughts about food and weight, rather than CR,
negatively affect cognitive performance. If CR has neg-
ative effects on cognitive performance, the feasibility
of CR in humans would be in doubt.

In our trial, cognitive performance was evaluated
empirically at baseline and months 3 and 6 with a
comprehensive neuropsychological battery [23]. Verbal
memory was measured with the Rey Auditory and
Verbal Learning Test (RAVLT) [82], short-term mem-
ory and retention with the Auditory Consonant
Trigram (ACT) [83,84], visual perception and memory
with the Benton Visual Retention Test (BVRT) [85],
and attention/concentration with the Conners’
Continuous Performance Test-II (CPT-II) [86]. During
CR, no pattern of memory or attention/concentration
deficits emerged. The degree of daily energy deficit
also was not correlated with change in cognitive per-
formance; hence, these data indicate that CR did not
have a negative effect on cognitive performance [23].
All the effects of CR on psychological and behavioral
outcomes are summarized in Table 48.2.

The psychological and behavioral findings from
CALERIE provide important information about the
feasibility and safety of CR in humans. CR was not
associated with the development of eating disorder
symptoms, decreased QOL, depressed mood, or cogni-
tive impairment. In fact, many of these endpoints
improved, and changes in subjective ratings of appetite
were similar in the CR group to those of the control
group. These results suggest that CR might be feasible
and have few unintended consequences, at least
among overweight individuals.

CR AND THE DEVELOPMENT OF
CHRONIC DISEASE

Elevated levels of LDL, excessive ROS generation,
hypertension, and diabetes are all potential causes for
the development of endothelial dysfunction, a precipi-
tating event in the progression of atherosclerosis.
These factors are believed to initiate an inflammatory
response in the injured endothelial tissue. Long-term
CR is associated with sustained reductions in factors
related to endothelial dysfunction in humans, such as
decreased blood pressure [87], reduced levels of total
plasma cholesterol and triglycerides [16], and reduced
markers of inflammation such as C-reactive protein,
NF-κB, and plasminogen activator inhibitor type-1
[88�91]. A long-term CR study in humans supports
the feasibility of using CR to protect against atheroscle-
rosis by showing a 40% reduction in carotid artery
intima-media thickness in CR participants relative to
a control group [92]. Additionally, long-term CR
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counters expected age-related cardiac autonomic
changes resulting in function equal to that of an aver-
age human 20 years younger [49].

Strong evidence shows that long-term CR in lean
and obese subjects improves insulin sensitivity, a
mechanism by which CR may act to extend lifespan
[16,93]. Improved insulin sensitivity is due in part to
the downregulation of IGF-1/insulin pathway that
results in decreased P13K and AKT transcripts in skel-
etal muscle [91]. Additionally, prolonged CR reduces
fasting glucose and insulin concentration, two factors
believed to contribute to the aging process due to pro-
tein glycation [94] and mitogenic action [95], respec-
tively. This compelling evidence suggests that weight
loss due to CR may be the most effective means of
improving insulin sensitivity, thereby decreasing the
risk for the development of diabetes mellitus.

Cardiovascular and Diabetes Risk Factors

With heart disease and stroke ranked numbers 1
and 3 in the causes of death in the United States [96],
delaying the progression of atherosclerotic cardiovas-
cular disease (CVD) may be one potential mechanism
by which CR promotes longevity. The risk factors for
CVD, including abnormalities in blood lipids, blood
pressure, hemostatic factors, inflammatory markers,
and endothelial function, are worsened with aging
[97,98]. At least a portion of these age-related changes
appear to be secondary to increases in adiposity and/
or reductions in physical activity [99,100] and, there-
fore, may be amenable to improvements through
prolonged CR. Six months CR significantly reduced
triacylglycerol and factor VIIc by 18% and 11%, respec-
tively [101]. HDL-cholesterol was increased and fibrin-
ogen, homocysteine, and endothelial function were not
changed. According to total and HDL cholesterol
(expressed as their ratio), systolic blood pressure, age,
and gender, estimated 10-year CVD risk was 28%
lower after only 6 months of CR.

Insulin resistance is an early metabolic abnormality
that precedes the development of hyperglycemia,
hyperlipidemia, and overt type 2 diabetes. Both insu-
lin resistance and β-cell dysfunction are associated
with obesity [102�104]. CR reduces FM and delays
the development of age-associated diseases such as
type 2 diabetes. In humans with obesity it is well
established that CR and weight loss improve insulin
sensitivity [105,106]. The effects of CR on insulin sen-
sitivity and, diabetes risk however are not well under-
stood in individuals who are overweight or normal
weight. In our study of 6 months CR in overweight
individuals we observed a 40% improvement in insu-
lin sensitivity in the CR group, although this did not

reach significance (p5 0.08; p-values assess level of
statistical significance. In most cases to be statistically
significant a p-value of # 0.05 must be reached) [50].
The acute insulin response to glucose, however, was
significantly decreased from baseline (CR: 296 7%,
p,0.01), indicating an improvement in β-cell respon-
siveness to glucose. Furthermore the Phase 2
CALERIE study in overweight and normal weight
individuals also showed that CR results in improve-
ments in glucose and insulin action as demonstrated
by a significant decrease in HOMA-IR and also glu-
cose tolerance from an oral glucose tolerance test in
the CR group compared to the control subjects.
Interestingly we note that these effects while evident
after 12 months when most of the weight loss
occurred, were also evident after 24 months after
12 months of weight maintenance. This probably sug-
gests that CR-mediated improvements in glucose
metabolism are not only tied to weight loss [30].

COULD CR INCREASE LONGEVITY
IN HUMANS?

The wealth of CR literature in rodents allows us to
address some important questions relating to the prac-
ticality and feasibility of CR in humans. Relevant and
practical questions are (1) How much CR do we need
to improve age-related health and possibly longevity?
(2) How long do we need to sustain CR in order to
obtain these benefits? Analysis of 24 published studies
of CR in rodents (CR up to 55%) indicated a strong
negative relationship between survival and energy
intake [107] and a positive relationship between the
duration of CR and longevity. Using the prediction
equations derived from the rodent data above [107],
we and others estimated that a 5-year life extension
could be induced by 20% CR starting at age 25 and
sustained for 52 years, that is, the life expectancy of a
male in the United States. However, if a 30% CR was
initiated at age 55 for the next 22 years, the gain would
only be 2 months (Fig. 48.5).

Certainly there are individuals who self-impose CR
with the CRON (Calorie Restriction with Optimal
Nutrition) diet for health and longevity. A group of 18
CRONIES (only three women) have recently been
studied after 3�15 years of CR [92,109]. Dietary analy-
sis indicated an energy intake B50% less than
age-matched controls. In terms of body composition,
the mean BMI of the males was 19.66 1.9 kg/m2 with
an extremely low percent body fat of B7%.
Atherosclerosis risk factors including total cholesterol,
LDL-c, HDL-c, and triglycerides fell within the 50th
percentile of values for people in their age group. This
report provides further evidence that longer term CR
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is highly effective in lowering the risk of developing
coronary heart disease and other age-related comor-
bidities. It remains to be seen if the CRONIES live
longer than their age and sex matched counterparts.

CONCLUSION

While the rodent and primate data indicate that life-
span extension is possible with CR, collective analysis
of the rodent data suggest that intensity and onset of
CR required to induce these effects is probably not
suitable for many individuals [108]. Epidemiological
studies certainly support the notion that a reduced
energy intake that is nutritionally sound improves age-
associated health. While results of the first randomized
trials of CR, albeit short in duration suggest a reduc-
tion in risk of age-related disease and improvements in
some biomarkers of longevity, the ultimate effect of
this intervention on lifespan in humans will probably
never be determined in the scientific setting. The
CALERIE studies provide the first evidence from an
RCT that CR up to 2 years is feasible in humans and

can be sustained without adverse effects on QOL. The
degree of CR sufficient to affect some potential modu-
lators of longevity that have been induced by CR in
laboratory animal studies is probably in excess of 15%
restriction of energy intake from the usual diet.
However a lesser degree of CR is needed to influence
factors associated with longevity in human observa-
tional studies, and to diminish risk factors for age-
related cardiovascular and metabolic diseases. The
potential impact for a CR regimen to influence human
lifespan and health span has not been determined
from clinical trials. Future studies can potentially clar-
ify the effect of CR on human health and aging by
assessing effects of differing degrees and durations of
CR in humans.

However, it is a challenge for most individuals to
practice CR in an “obesogenic” environment so condu-
cive to overfeeding. Only a very few number of people
will be able to practice a lifestyle of CR and probably
benefit from it. There is therefore a need to search for
organic or inorganic compounds that mimic the biologi-
cal effects of CR. If such compounds often called “CR
mimetics” (such as resveratrol [110,111]) prove viable in

FIGURE 48.5 How can CR impact lifespan in humans? By extrapolating the data from rodents to humans [107], one can predict the poten-
tial effect of CR in humans [108]. As an example, if Albert Einstein started a 20% CR diet at 25 years of age, he could have increased his life
by approximately 5 years. On the other hand, undertaking a 30% CR diet 45 years later (age 60) would have extended his life by only
2 months. Therefore, CR needs to be initiated early in adult life to significantly increase life expectancy.
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humans, individuals for the most part will opt to enjoy
the effects of antiaging via a “pill” rather than CR.

SUMMARY

• Calorie restriction (CR) is a dietary intervention
hypothesized to improve quality of life and extend
lifespan.

• Mechanisms of this CR-mediated lifespan extension
possibly involve alterations in energy metabolism,
oxidative damage, insulin sensitivity, and functional
changes in both the neuroendocrine and
sympathetic nervous systems.
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KEY FACTS

• In healthy, gut microbiota and immune system
interact each other for maintaining immune
homeostasis.

• In elderly, alteration of microbiota may
contribute to inflammaging.

• Food nutrients (eg, vitamins) induce an anti-
inflammatory pathway in the gut.

• Prebiotics and probiotics act on the immune-gut
microbiota axis, thus inducing a conditions of
immune homeostasis

Dictionary of Terms

• Microbiota: The mass of microbes present in our
body.

• Microbiome: The expression of microbe genomes.
• Prebiotics: Food ingredients which stimulate both

growth and activity of one or more bacteria in the colon.
• Probiotics: Live microbial cells whose

administration in adequate amounts contributes to
host health.

INTRODUCTION

Nowadays, DNA sequencing and bioinformatics
techniques have greatly contributed to a better

understanding of human microbiota and microbiome,
respectively [1]. Even if these two terms are indiscrimi-
nately used, they have different meanings since micro-
biota represents the mass of microbes which our body
harbors, while microbiome is rather the expression of
microbe genomes [2]. Each of us possesses a unique
microbiome which differentiates us from one another
[3]. Furthermore, microbiota contributes to our health
generating beneficial food metabolites [eg, short chain
fatty acids (SCFAs), vitamins, and amino acids], partic-
ipating in the development of the immune system,
maintaining immune homeostasis, repairing gut epi-
thelium after infectious events, and regulating enteric
nerve functions [2,4].

Ontogenetically, microorganisms and immune cells
have coevolved through fetal life to senescence.
According to a recent report [5], microbiota was identi-
fied in human placenta specimens and compared to
other districts such as oral, nasal, gut, vaginal, and
respiratory mucosa. The placenta microbiota was
mostly composed of Firmicutes, Tenericutes,
Proteobacteria, Bacteroidetes, and Fusobacteria phyla
and its profile is quite similar to that of the oral
mucosa, being associated with a remote history of anti-
natal infection (urinary tract infection in the first tri-
mester of pregnancy) and preterm birth. Bearing in
mind the above concepts, it is conceivable that placenta
microbiota may be able to activate T regulatory (Treg)
cells (see also in the next paragraphs for further details)
which, in turn, are involved in dampening maternal
immune response, thus preventing fetus rejection. In
support of the above hypothesis, there is recent

693
Molecular Basis of Nutrition and Aging

DOI: http://dx.doi.org/10.1016/B978-0-12-801816-3.00049-2 © 2016 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-801816-3.00049-2


evidence that human fetal placenta can induce the anti-
inflammatory subset of M2 macrophages as well as
Treg cells which both promote fetal tolerance [6].

The microbiome undergoes major changes during
the first 3 years of life. However, within the first
3 weeks of life skin microbiota has already become
personalized [7]. The method of delivery seems to
affect the precocious composition of microbiota since
cesarean section favors the development of an infantile
microbiota quite similar to that of adult human skin
[7]. Conversely, in infants born through vaginal deliv-
ery, there is evidence for skin colonization with a
microbiota close to that of human vagina.

The strict interaction between gut microbiota and
immune cells is supported by the demonstration that in
germ-free mice the development of lymphoid tissue is
very poor, thus attributing a role to these microorgan-
isms in the lymphopoiesis [8,9]. In humans, the link
between gut microbiota and immune response may
account for susceptibility or resistance to disease. In fact,
eradication of gut microbiota following antibiotic ther-
apy increases the frequency of infections such as oral
candidiasis or Clostridium difficile colitis (which is epi-
demic in hospitals) likely via reduced activation of natu-
ral and adaptive immune responses [10]. In this context,
fecal transplants from healthy individuals could reduce
symptoms in patients with refractory C. difficile infec-
tions, normalizing gut microbiota composition [11].
After birth, diet seems to modulate the immune-gut
microbiota axis, and, for instance, it is well known that
hypercaloric regimen may account for disease outcome.
Obesity as a result of a wrong dietary lifestyle is associ-
ated to disruption of gut microbiota and immune alter-
ation [12]. In particular, the intestinal balance between
pro-inflammatory and antiinflammatory cytokines has
been shown to play an important role in keeping healthy
conditions or generating disease. Actually, as recently
demonstrated by us [13], since childhood the inflamma-
tory interleukin (IL)-17/antiinflammatory (IL-10) bal-
ance is strictly connected to the type of diet. In fact, in
children who practiced healthy dietary recommenda-
tions (Mediterranean type diet) levels of salivary IL-10
were higher than those observed in children who did
not practice a healthy eating regimen. Vice versa, in the
latter IL-17 salivary levels were more elevated than in
the former (Fig. 49.1).

The above cited pattern of dietary behavior becomes
more dramatic in adulthood with a large predominance
of obese people and/or patients with metabolic syn-
drome [14]. Especially in the elderly, the impact of an
unbalanced diet is quite heavy in terms of senile frailty
characterized by obesity, diabetes, cardiovascular dis-
ease (CVD), and neurodegeneration [10]. Oxidative
stress and inflammation represent a common pathoge-
netic denominator in frail elderly patients, thus

aggravating the progressive impairment of the immune
system and gut microbiota composition [15].

On these grounds, in the present review, at first, the
immune-gut microbiota axis will be illustrated, and,
then, special focus will be concentrated on the ability
of prebiotics and probiotics to correct the immune
microbial dysfunctions in elderly.

THE RELATIONSHIP BETWEEN GUT
MICROBIOTA AND IMMUNE SYSTEM

IN ELDERLY

With special reference to the composition of gut
microbiota, it is maximally represented in the colon
with minimal differences between the transcending
colon and sigmoid colon from the same person than it
is with the transcending colon from another subject
[1]. These taxonomic differences in microbiota compo-
sition may have pathogenic implications in terms of
outcome of disease, such as inflammatory bowel dis-
ease (IBD) (Crohn’s disease and ulcerative colitis), obe-
sity, diabetes, and autism.

Age-dependent variations of microbiota have been
observed with age both at infancy and old age, while
in adulthood intestinal microbial composition is quite
stable [10]. However, interindividual diversity has
been reported in the microbiota composition and
efforts have been made to characterize a conserved
microbiota among human beings.

In the adult, microbiota is mainly composed by
Bacteroidetes and Firmicutes whose equilibrium is
altered by diet [3,16]. In fact, the western diet, rich in
fat and sugar, leads to a prevalence of Bacteroidetes in
the microbiota, while a dietary regimen rich in fibers
increases the number of Firmicutes [17]. In elderly, the

FIGURE 49.1 Different patterns of salivary cytokines in normal
weight children who practiced or did not practice healthy food
recommendations.
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number of Bacteroidetes significantly augments with a
decrease of Bifidobacteria, Bacteroides, and Clostridium
cluster IV. Evidence has been provided that the
increase of certain bacterial strains such as Ruminococ-
cus, Atopobium, and Enterobacteriaceae seems to be
associated with frailty in elderly [18]. Especially, in
long-stay resident cohorts certain bacterial species
such as Alistipes and Oscillibacter seem to be predomi-
nant in comparison to healthy community-dwelling
subjects [18] (Fig. 49.2).

Methagenomic archaea seem to be more predomi-
nant in elderly and their production of methane from
hydrogen and CO2 can slow bowel transit with an
increase in pH values in the colon [19,20]. In turn, pH
shifts may favor growth of harmful bacterial strains,
even including Bacteroides species [21].

From a metabolic point of view, many colonic anae-
robes are able to ferment dietary carbohydrates in
order to form SCFAs, such as acetate, butyrate and

propionate, thus contributing to gut health [22].
Butyrate levels are lower in elderly than in healthy
adults with an increase in branched chain fatty acids,
ammonia, and phenols, and this may be due to low
fiber intake [23]. Of note, butyrate along with propio-
nate and acetate contributes to the host’s energy, thus
signaling via free fatty acid intestinal receptors and
regulating anorexogenic receptors [24]. In particular,
SCFAs are able to activate intestinal neoglucogenesis
via a gut-brain neural circuit involving the fatty acid
receptor FFAR3.

Three major pathways are used by gut microbes to
produce SCFAs as indicated below [25,26]. Acetate is
either directly generated from acetyl CoA or via the
Wood-Ljungdahl pathway using formate. Propionate
can be generated from phosphoenolpyruvate through
the succinate decarboxylation pathway or the acrylate
pathway in which lactate is reduced to propionate.
Condensation of two molecules of acetyl CoA results

FIGURE 49.2 Microbiota composition in the
various ages of life.
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in butyrate by the enzyme butyrate-kinase or utilizing
exogenously derived acetate by means of the enzyme
butyryl-CoA acetate-CoA-transferase.

The major part of SCFAs is transported across the
apical membrane of colonocytes under dissociated
form by an HCO3

2 exchanger of unknown identity or
one of the known symporters, monocarboxylate trans-
porter 1 or sodium-dependent monocarboxylate trans-
porter. A small part may be transported via passive
diffusion. The part of SCFAs that is not oxidized by
colonocytes is instead transported through the basolat-
eral membrane. This mode of transport can be
mediated by an unknown HCO3

2 exchanger, monocar-
boxylate transporter 4 or monocarboxylate transporter
5. Finally, the proposed mechanisms by which SCFAs
increase fatty acid oxidation in liver, muscle, and
brown adipose tissue are illustrated below. In muscle
and liver, SCFAs phosphorylate and activate 50 adeno-
sine monophosphate-activated protein kinase directly
by increasing the AMP/ATP ratio and indirectly via
the Ffar2-leptin pathway in white adipose tissue. In
the same tissue, SCFAs decrease insulin sensitivity via
Ffar2, thereby decreasing fat storage. In addition, bind-
ing of SCFAs to Ffar2 leads to release of the G (i/o)
protein, the subsequent inhibition of adenylate cyclase
and an increase of the ATP/cAMP ratio. This, in turn,
leads to the inhibition of protein kinase A and the sub-
sequent inhibition of hormone-sensitive lipase, leading
to a decreased lipolysis and reduced plasma free fatty
acids.

In relation to SCFA altered generation in elderly, it
is well known that butyrate may derive from lactate
formed by Bifidobacterium species [27] but accumula-
tion of fecal lactate has been observed in aged people
as a consequence of a reduced number of gut bacteria
which utilize lactate and produce butyrate [28].

Quite interestingly, SCFAs in the gut are able to reg-
ulate T-cell differentiation into effector and Treg cells
depending on cytokine milieu [29]. For instance, ace-
tate administration to Citrobacterium rodentium infected
mice augmented the induction of T helper 1 (Th1) and
Th17 cells but diminished the anti-CD3 dependent
inflammation via release of IL-10. On the other hand,
orally administered butyrate at high levels increased
IL-23 secretion by dendritic cells (DCs) which resulted
in enhanced activation of Th17 cells, thus aggravating
dextran sulfate sodium-induced colitis. It is likely that
the altered microbiota in the elderly may lead to a pre-
dominant SCFA-induced inflammation rather than
immune tolerance.

Many factors are involved in the senile alteration of
microbiota. For instance, diet strongly contributes to
the modulation of gut microbiota which is often unbal-
anced in the elderly because of an inappropriate intake
of calcium, vitamins (especially vitamin D), and fiber

(fruit and vegetables) [18]. Also use of a broad spec-
trum of antibiotics in the elderly can favor growth of
bacteria such as C. difficile, which possesses an elevated
carriage rate in care home residents [30]. Finally,
administration of proton pump inhibitors, nonsteroidal
antiinflammatory drugs, and opioids has been associ-
ated to modification of gut microbiota in elderly
[31�33].

Under normal circumstances, bacterial components
of the gut microbiota and immune cells actively inter-
act for the maintenance of the immune homeostasis
[34]. Bacteroides fragilis renders gut DCs more tolero-
genic through activation of Treg cells and release of
IL-10 [35,36]. By contrast, segmented filamentous bac-
teria stimulate DCs to release of IL-6 and IL-23 with
activation of Th17 cells [37]. In turn, Th17 cells release
IL-17 (A�F) which perpetuates a condition of chronic
inflammation [38] (Fig. 49.3).

Evidence has been provided that epithelial cells pro-
duce less antimicrobial peptides (α-defensins), reactive
oxygen species, and secretory immunoglobulin A
(sIgA), thus permitting a growth of pathogens in the
gut of elderly people. In turn, bacterial products via
stimulation of toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD)-

FIGURE 49.3 Intestinal microbiota and induction of Treg cells
and Th17 cells.

696 49. PREBIOTICS AND PROBIOTICS IN AGING POPULATION

IV. HEALTH EFFECTS OF DIETARY COMPOUNDS AND DIETARY INTERVENTIONS



like receptors trigger release of pro-inflammatory cyto-
kines and chemokines from epithelial cells [15]. On
these grounds, the altered microbiota in the elderly
along with a condition of immunosenescence seems to
aggravate the low grade inflammatory status, the so-
called inflammaging. [39,40]. In this respect, aging is
characterized by a reduction of CD341 hematopoietic
stem cells with scarce formation of T- and B-common
lymphoid progenitors and reduced net proliferation of
both lymphoid and myeloid precursors [41].
Functionally, aged phagocytes (polymorphonuclear
cells, monocytes/macrophages) exhibit multiple defi-
cits of chemotaxis, ingestion, and digestion, as well as
reduced expression of TLR-2 and TLR-4 [41]. At the
same time, in vitro studies have demonstrated exag-
gerated release of inflammatory cytokines and chemo-
kines from lipopolysaccharide-stimulated monocytes
and natural killer (NK) cells [41]. With special refer-
ence to NK cells, at the single cell level, their cytotoxic-
ity is decreased in elderly, while their percentage and
expression of CD56 marker are increased in cytomega-
lovirus positive old persons [41]. Aged DCs, the major
type of antigen presenting cells (APCs), display an
impaired ability to present antigens to T cells owing to
a deficit of migration, chemotaxis, pinocytosis, and
ingestion [41]. This impaired antigen presentation
seems to affect processing of self-antigen by T and
B cells, thus leading to a breakdown of peripheral tol-
erance. In addition, various alterations of T-cell

receptor signaling, cognate helper function, and cyto-
kine production have been reported as well [41].
Furthermore, in aged humans reduced frequency of
naı̈ve CD41 and CD81 lymphocytes seems to be
compensated by the expansion of T memory cells [42].
In general terms, data concerning T-cell function in
elderly are quite conflicting. In fact, release of inter-
feron (IFN)-γ and IL-4 by aged T cells as well as Treg
cell frequency have been reported as within normal
ranges, decreased, or increased [42]. All these discre-
pancies may arise from different criteria of selection of
old subjects and healthy/disease status of enrolled
individuals.

With special reference to B cells, quantitative and
qualitative reductions of antibodies have been demon-
strated in the elderly [43]. Aged mature follicular B
cells have been shown to produce less quantity of anti-
bodies in view of a reduced T cell help as well as an
intrinsic B-cell deficit [44]. In aged mice, Ig isotype
class switching and somatic hypermutation are dimin-
ished, thus leading to a low affinity maturation of anti-
bodies [45,46]. Finally, according to a recent view,
inflammaging may account for the diminished B-cell
lymphopoiesis with a functional impairment of the
pre-B cell receptor and alteration of the diversity of the
B-cell repertoire [47]. Taken together, these dysfunc-
tions may promote autoantibody formation and scarce
humoral immune response against pathogens in
elderly (Table 49.1).

TABLE 49.1 Dysfunctions of Immune Cells in Elderly

Innate immunity Adaptive immunity

Phagocytes (granulocytes,
monocytes, macrophages)

Reduction of chemotaxis, ingestion, digestion,
and expression of TLRs; increased release of
pro-inflammatory cytokines

Increased release of pro-inflammatory cytokines

NK cells Diminished cytotoxicity; increase in percentage
and expression of CD57 marker

Dendritic cells Decreased migration, chemotaxis, pinocytosis,
ingestion, and antigen presentation

T lymphocytes Reduction of CD341 hematopoietic stem cells with poor
formation of T- and B-common lymphoid progenitors;
reduced frequency of naı̈ve CD41 and CD81 cells and Treg
cells; increased expansion of T memory cells; conflicting
data on IFN-γ and IL-4 secretion

B lymphocytes Quantitative and qualitative reduction of antibodies; Ig
isotype switching and somatic hypermutation reductions
and low affinity maturation of antibodies; mature follicular
B cells produce less quantity of antibodies in view of
a reduced T-cell help and/or intrinsic defects of
B lymphocytes; effects of inflammaging on pre-B cell
receptor function and alteration of the B-cell repertoire
diversity
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FOOD INTAKE AND MODULATION OF
THE IMMUNE-GUT MICROBIOTA AXIS

Gut is primarily involved in the digestion and
absorption of food, but the presence of a robust immune
system allows protection against the invasion of patho-
gens [48]. Conversely, the gut immune system is unre-
sponsive to food antigens via mechanisms of tolerance
[49]. In fact, interruption of tolerance seems to account
for inflammation and food allergy development [50].

Food nutrients, which have been absorbed, metabol-
ically produced, or newly generated by microbial com-
ponents of the gut microbiota, are essential for the
development of the immune system and maintenance
of immune homeostasis [51,52]. Even if vitamins do
not represent the actual topic of the present chapter,
one cannot help to mention them as essential nutrients.
Briefly, retinoic acid, a metabolite of vitamin A, in the
gut environment is involved in the differentiation of
Treg cells, and enhancement of IL-22 release from γδ T
cells and innate lymphoid cells for the maintenance of
immune protection [53]. Vitamin D and its metabolite
1,25-dihydroxyvitamin D possess specific receptors on
intestinal macrophages and DCs, the so-called
vitamin D receptors [54]. Therefore, vitamin D induces
differentiation of Treg cells, as well as production of
cathelicidin and α-defensin 2 from macrophages, epi-
thelial cells, and Paneth cells [55,56]. Finally, vitamin
B9, derived from spinach and broccoli, binds to the
folate receptor 4 expressed on intestinal Treg cells,
thus maintaining their survival [57]. Taken together,
the example of vitamins as fine modulators of the gut
immunity, suggests that their introduction with diet or,
in alternative, supplementation should be performed in
the course of senile malnutrition.

EFFECTS OF PREBIOTICS AND
PROBIOTICS ON THE IMMUNE-GUT

MICROBIOTA AXIS

Prebiotics

Prebiotics are usually defined as nondigestible food
ingredients which stimulate both growth and activity
of one or more bacteria in the human colon, thus con-
tributing to host health [58]. For instance, fructo-
oligosaccharides (FOS) have been shown to increase
colonic bifidobacteria when human volunteers ingested
oligofructose or inulin [59]. Galacto-oligosaccharides
(GOS) have also been shown to increase bacteria in
healthy old subjects [60]. In addition, GOS were able to
enhance phagocytic and NK cell activity while decreas-
ing the production of pro-inflammatory cytokines [60].
Quite interestingly, biopsy samples taken from old

subjects following 2 week treatment with FOS and inu-
lin were cultivated for evaluation of bacteria [61]. Data
showed an increase in Bifidobacterium counts as well as
in number of Eubacteria, a specific butyrate producing
group.

There is evidence that intake of whole grains and
vegetables may prevent alteration of gut microbiota in
aging with less risk of chronic disease [62]. In addition,
a whole grain cereal-rich diet represents a source of
fiber, also replacing servings of refined grains [63]. In
addition, SCFAs derived from the microbial metabo-
lism of fibers seem to be essential for maintaining a
regular intestinal immune response [64,65]. In a recent
report, the relationship between consumption of fiber
and microbiota fecal concentrations were evaluated in
institutionalized aged people [66]. Quite interestingly,
in this study for the first time it was demonstrated that
potato consumption increased fecal concentration of
acetic, propionic, and butyric acids. It is likely that cel-
lulose may in part explain the increase in SCFA levels.
On the other hand, apple intake led to a slight increase
of SCFAs. This may be due to the fact that apples con-
tain low amounts of fiber and the elderly usually eat
pealed apples, thus reducing the quality of insoluble
fiber [66]. Evidence has been provided that consump-
tion of whole grain barley, brown rice, and a mixture
of the two exert a beneficial effect on the human
microbiota, increasing microbial diversity [62].
In addition, whole grain barley and brown rice in com-
bination reduced plasma levels of IL-6 as a conse-
quence of gut microbiota modification.

In vitro studies have demonstrated that four flours
(whole grain rye, whole grain wheat, chickpeas and
lentils 50:50, and barley milled grains) were able to
modulate microbiota composition and its metabolic
activity using a three-stage continuous fermentative
system, thus simulating the human colon [67]. In par-
ticular, a significant increase in Bifidobacterium and
Desulfuvibrionales spp. were observed with a decrease
in Roseburia/Escherichia rectal.

Experimentally, the effects on leukocyte function of
diet supplementation with polyphenol-rich cereals in
prematurely aging mice (PAM) have been reported
[68]. In fact, cereals are enriched in polyphenols, such
as ferulic and diferulic acid, endowed with antioxidant
activities. Polyphenols are mostly concentrated in the
outermost aleuron layers, bran and germ of grains. In
particular, PAM, which underwent the above dietary
regimen exhibited increased phagocytic activity, NK
cell function, lymphocyte proliferation, and IL-2
release. In the light of these experimental results, addi-
tion of polyphenols to dietary cereals and their con-
sumption may represent an important therapeutic
strategy to reduce oxidative stress and inflammation in
aging. In this framework, our own group has
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documented the beneficial effects of administration of
Leucoselect Phytosome (a compound enriched in poly-
phenols isolated from red grape seeds) to frail elderly
people [42]. Following treatment we could detect a con-
dition of immune recovery represented by increased
serum levels of IFN-γ and IL-2, thus indicating restora-
tion of the Th1 response in frail aged people.

Despite the beneficial effects exerted by prebiotics on
the immune-gut microbiota axis, other studies have
reported interindividual variations in response to fibers.
For instance, in certain volunteers no effects have been
detected following consumption of prebiotics and these
individuals were considered as nonresponders [69,70].
Many predominant bacteria which possess more nutri-
tional flexibility were not affected by dietary interven-
tions [71]. Furthermore, polysaccharide utilization by
gut bacteria may vary and this should be taken into
account in future studies [72]. Finally, among confound-
ing factors, whole grains may differ in their composition
and magnitude of inducible healthy effects [62].

Also milk oligosaccharides may represent new
prebiotics, even including L-fucose, D-glucose, and
D-galactose which are the third largest contingent of
human milk [73] (see below for further details).

Probiotics

Probiotics are defined as live microbial cells
whose administration in adequate amounts contri-
butes to host health [74]. Among the major benefi-
cial mechanisms exerted by probiotics, induction of
Treg cells [75] has been included. Probiotic-induced
tolerance seems to be mediated by tolerogenic APCs
with generation of Treg cells and release of IL-10
[76]. In fact, oral application of Bifidobacterium infan-
tis could reduce NF-κB activation, thus increasing
numbers of mucosal and splenic Treg cells, thus
contrasting Salmonella thyphimurium-dependent activa-
tion of NF-κB [77]. Induction of Treg cells and their
survival by probiotics depends on the recognition
receptors TLR-2 and NOD2/CARD15 [78]. For
instance, muramyldipeptide (MDP) from the cell wall
of Gram-positive bacteria is able to reduce Fas-induced
Treg cell apoptosis [79]. In addition, binding of MDP to
NOD2 may promote NF-κB activation in FoxP31 cells
[79]. Of note, NOD2 deficiency aggravates graft versus
host disease and experimental colitis in mice with sub-
sequent reduction of FoxP31 cells [80]. In mice
Lactobacillus salivarius administration protected from
colitis via generation of Treg cells, but this effect was
abrogated in NOD2 deficient mice [81]. Probiotics can
also generate antiinflammatory effects via regulation of
exogenous bacterial ATP [82]. In fact, ATP enhances
FoxP3 transcription following A2 adrenergic receptor
engagement. Also an increase in transforming growth

factor-β and decrease of IL-6 levels were detected in
response to ATP. Finally, Treg cells convert ATP to
adenosine which exerts an immunosuppressive role
[83]. Conversely, evidence has been provided that ATP
accumulation tends to induce Th17 cells which are
inflammatory [84]. This discrepancy may depend on
both probiotic microbial composition and subsets of
gut DCs involved.

Both Gram-positive Lactobacilli and Bifidobacteria
and Gram-negative organisms such as Escherichia coli
have been used in human trials [85]. Consumption of
Bifidobacteria by elderly people seems to be beneficial
for their capacity to synthesize vitamins, even includ-
ing folate, and generate acetate and lactate, which, in
turn, arrests growth of pathogens [86]. Administration
of Bifidobacterium species to aged people led to their
increase in the stool as well as reduction of inflamma-
tory status [87]. In another study with healthy elderly
subjects, intake of milk containing Bifidobacterium lactis
increased fecal Bifidobacterium counts [88]. Fecal
Lactobacilli and Enterococci increase with a reduction
of Enterobacteria was also observed when Bifidobac-
teria were administered to elderly people [89]. In
another group of elderly nursing home residents
administered with Bifidobacterium longum an increase
in Bifidobacterium bifidum and Bifidobacterium breve was
reported [90].

With special reference to the effects of probiotics on
aged immune system a few reports have been pub-
lished. Bifidobacterium lactis HNO19 administration to
elderly people was very effective in the recovery of
phagocytic, NK, and T cell functions [41]. Fermented
milk containing Lactobacillus casei shirota strain when
administered to aged people with Norovirus gastroen-
teritis could reduce fever duration [41]. Moreover, pro-
biotic administration has been shown to augment
vaccine efficacy increasing antibody titers and NK
and polymorphonuclear activities, thus leading to
decreased incidence of influenza and fever [41].

Yoghurt is a food derived from milk fermentation
by several strains of lactic acid bacteria. Experimen-
tally, yoghurt administered colitis mice underwent a
reduction of inflammatory recurrences and kept an
antiinflammatory profile of gut cytokines [91]. This
effect has been related to changes of intestinal micro-
biota with an increase in bifidobacteria population.
This antiinflammatory effect was also related to the
ability of yoghurt feeding to inhibit tumor growth in a
model of murine colon cancer. In this model, the
mechanisms of action of yoghurt were dependent on
release of IL-10 and decrease of procarcinogenic
enzymes in the gut. In the light of these results, admin-
istration of yoghurt to elderly people may exert benefi-
cial effects in terms of antiinflammation and
antineoplastic activities.
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Synbiotics

Synbiotics result from the association of pre- and
probiotics. The effect of a synbiotic on the elderly fecal
microbiota has been assessed in vitro, using fecal batch
cultures and three-stage continuous culture system
[92]. Bifidobacterium longum and isomaltooligosacchar-
ides significantly increased Bifidobacterium counts,
while decreasing Bacteroides counts. The same was true
for the combination of L. fermentum and FOS. In addi-
tion, the various combinations of probiotics and pre-
biotics were also able to increase the concentration of
acetic acid which is the main end-products of
Bacteroides and Bifidobacterium species.

In healthy old women, administration of B. bifidum
and B. lactis with inulin increased Bifidobacterium
counts up to the third-post feeding week [93]. In
another study, 43 older volunteers were administered
with B. longum and inulin-based prebiotic Synergy 1 in
a randomized, double-blind placebo controlled,
4-week crossover trial [94]. A significant increase in
Bifidobacterium counts as well as in Actinobacteria and
Firmicutes was observed. Conversely, counts of
Proteobacteria were significantly reduced. An increase
in butyrate was also detected. Quite interestingly,
serum tumor necrosis factor (TNF)-α levels were
reduced by synbiotic feeding after 2 and 4 weeks. Also
decrease of IL-6, IL-8, and monocyte chemotactic
protein-1 was observed but only for a period of 2
weeks. Increase in Enterobacteria in older people has
been associated to elevated release of IL-6 and IL-8. In
the present study reduction of Proteobacteria has been
documented after synbiotic treatment.

In our own research, a synbiotic composed by
Lactobacillus rhamnosus Gorbach and Goldin and oligo-
fructose was administered to 10 healthy free-living
elderly people twice a day for 1 month [95]. Serum
cytokine levels were evaluated before treatment (T0)
and after treatment (T1). The reduced levels of IL-1β,
IL-12, and IL-10, at T0 remained unchanged at T1.
Serum concentrations of IL-6 and IL-8 increased at T1
when compared to those detected at T0 as well as to
placebo group and the younger counterpart. It is well
known that IL-6 increases with age, thus contributing
to inflammaging, even if its association to senile frailty
has not yet been clarified [96]. However, no side effects
have been demonstrated in our group of elderly peo-
ple which may be related to the elevation of this cyto-
kine. Also in the case of IL-8 evidence has been
provided for increased concentrations of this mediator
in aging and, in this context, others found a correlation
between nutritional deficiencies and elevation of IL-8
serum levels [41]. There is evidence for a protective
effect exerted by the axis C3a/C5a/IL-8 against
Cryptococcus neoformans [41]. Therefore, it is postulated

that IL-8 may also afford protection in our group of
elderly people treated with the synbiotic. To support
our hypothesis, it is important mentioning that admin-
istration of B. lactis and B. bifidum along with inulin
could lead to a dramatic reduction of winter infections
in another group of elderly people [41].

Among synbiotics, human milk should be included
for its content in Bifidobacteria and oligosaccharides.
Human milk oligosaccharides (HMO) have been
shown to favor growth of probiotics, thus contributing
to the gut microbiota development in infants [97].
In addition, HMO represent decoy receptors for bacte-
ria that possess high affinity binding to oligosaccharide
receptors present on gut epithelial cells in infants.
Moreover, human milk is enriched in immune sub-
stances, such as sIgA, IFN-γ, lactoferrin, fibronectin,
mucins, and lysozyme, which protect neonates against
invading pathogens [98]. Over the past few years,
niche milks, even including donkey’s and goat’s milk,
have been reappraised as substitutes of human and
bovine milks. Both niche milks are also endowed with
antiinflammatory and immunomodulating activities
according to our own in vitro studies [99,100]. Also
in vivo, administration of donkey’s and goat’s milk to
free-living elderly (200 mL/day for 1 month) was able
to influence peripheral cytokine levels [101]. Actually,
donkey’s milk administration increased serum levels
of IL-8 and IL-6, while goat’s milk intake led to a
decrease of both cytokines. According to a recent
report [102], fermented goat’s milk in the presence of
Lactobacillus plantarum was able to inhibit melanogene-
sis via production of radical scavenging peptides and
antioxidants. These experiments offer new opportu-
nities to create probiotics for treatment of skin pigment
disorders or melanoma.

FUTURE TRENDS

According to recent evidence, the use of probiotics
can also be beneficial to other organs as well as just to
the intestines. For instance, Lactobacillus reuteri when
administered to mice with osteoporosis could reverse
bone resorption by stopping osteoclast growth [103]. In
human menopause, a decrease in estrogen may
account for the increased release of TNF-α which
promotes osteoclast formation. Since L. reuteri converts
L-histidine into histamine which inhibits TNF-α
production, this probiotic may be used in women to
limit the postmenopausal osteoporotic process.
Lactobacillus reuteri can also attenuate the inflammatory
pathway in colitis mice, reducing TNF-α production
[104]. In this framework, it has been demonstrated that
soy milk fermented in the presence of L. plantarum
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could diminish systolic and diastolic blood pressure in
rats [102]. These hypotensive effects have been demon-
strated to depend on suppression of angiotensin convert-
ing enzyme activity in kidney and liver and increased
nitric oxide and superoxide dismutase activities.

Both osteoporosis and hypertension are serious
complications in elderly patients and, therefore, intro-
duction of dietary probiotics since adulthood may pre-
vent bone deterioration and hypertension.

It is well known that dysbiosis might be implicated
in the pathogenesis of IBD with an alteration of micro-
biota. Chronic intestinal inflammation is associated to
the development of colorectal cancer (CRC), which
increases in the elderly [11]. In this context, germ-free
mice injected with Bacteroides thetaiotamicron undergo
mucosal gene expression modifications in the colon,
angiogenesis, and immune responses, which lead to
colon cancer development [11]. In addition, the entero-
toxigenic B. fragilis secretes the toxin BFT in close prox-
imity of the CRC mucosa which may act as human
matrix metalloproteinases, thus promoting cancer
growth [105]. Therefore, normalization of the altered
microbiota in the elderly by probiotics may prevent
mucosal inflammation and CRC development. Also in
veterinary medicine, feeding probiotics to livestock
could replace the use of antibiotics. For instance, in
piglets administration of probiotics could reduce
pathogenic E. coli strains which adhere to intestinal
mucosa [106]. In conclusion, probiotic administration
could reduce the abundant use of antibiotics in live-
stock kept in crowded conditions, which are more sus-
ceptible to undergo infectious disease.

In the light of the above considerations, probiotics
for their therapeutic effects have lately been termed
“bugs as drugs.” Some bacteria can be effective in their
near-native form, others can be genetically modified to
make them safer and also enhance their therapeutic
potential. However, synbiotics taking advantage of
the beneficial effects of both prebiotics and probiotics
may represent novel more efficacious substances
to fight specific disease. Finally, prebiotics and probio-
tics mostly interact with the host immune system
and, therefore, immunomodulation may represent a
therapeutic solution when traditional drugs have
failed.

Another novel issue related to the interaction
between microbiota and its host is the development of
the indoor microbiota [107]. In this respect, the home
microbiome project [108] has clearly demonstrated that
the indoor microbiota is mostly composed by our own
microbiome. In our homes and in other indoor urban
environments, we have created a personalized micro-
biota and if its composition is in dysbiosis with our
body, this may be detrimental in the long run. For
instance, in hospitals the negative consequences of a

pathobiome on patient health may be prevented by a
course of selected probiotics and an environment
which promotes the development of microbes more
appropriate for patients [109].

In conclusion, the indoor microbiota can affect our
immune responses and, therefore, normalization of a
noxious microbiota is needed for the reassessment of
the microbe-immune axis.

SUMMARY POINTS

• The decay of the immune responsiveness in elderly
leads to a condition of inflammaging.

• Under normal conditions, in the gut the dendritic
cell-T regulatory cell axis when activated triggers
the anti-inflammatory pathway.

• Besides vitamins A and D which act on the above
cited axis, prebiotics and probiotics may be effective
in the induction of the anti-inflammatory pathway
in elderly.

• Probiotics for their immune modulating effects have
been termed as “bugs as drugs” for the correction of
the intestinal dysbiosis.

• The new concept of the indoor microbiota indicates
that our personalized microbiota should be
corrected when altered as in the case of a
pathobiome in hospitals.

Abbreviations

APCs antigen presenting cells
CVD cardiovascular disease
CRC colorectal cancer
DCs dendritic cells
FOS fructo-oligosaccharides
GOS galacto-oligosaccharides
HMO human milk oligosaccharide
IBD inflammatory bowel disease
IFN interferon
IL interleukin
MDP muramyldipeptide
NK natural killer
NOD nucleotide-binding oligomerization domain
PAM prematurely aging mice
SCFAs short chain fatty acids
sIgA secretory immunoglobulin A
Th T helper
TLRs toll-like receptors
TNF tumor necrosis factor
Treg T regulatory cells
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50

Vegetables and Fruit in the Prevention of
Chronic Age-Related Diseases

Kirsten Brandt
Food Quality and Health Research Group, Human Nutrition Research Centre, School of Agriculture,

Food and Rural Development, Newcastle University, Newcastle upon Tyne, UK

KEY FACTS

• Eating a lot of vegetables and fruit makes you
live longer than if you don’t eat these foods.

• Some types of vegetables and fruits improve
health more than others.

• We want to know which natural chemicals are
responsible for the health benefits. Since then we
can choose the fruits and vegetables with
highest content of these beneficial substances,
and obtain additional health benefits.

• Previously scientists believed that ageing was
caused by too many free radicals, and that the
benefits of fruits and vegetables were caused by
antioxidant effects, “mopping up the dangerous
free radicals.”

• However we now know that antioxidant effects
of food have no benefits for human health,
unless the diet is seriously deficient in vitamin C
and vitamin E.

• The only other diet that makes you live longer is
to eat less. “Caloric restriction” slows down the
ageing process so it takes more years before you
start getting the diseases of old age, such as
heart disease, stroke or cancer.

• Vegetables and fruit contain substances called
phytochemicals, and some of the phytochemicals
slow down growth and other processes in the
cell just like caloric restriction. So these
phytochemicals may be causing the health
benefits of eating fruits and vegetables.

• If this is the case, in the future it will become
possible to choose vegetables and fruits with
specific contents of anti-aging phytochemicals,
and thus enhance the benefits of vegetables and
fruits in the diet.

Dictionary of Terms

• Antioxidant: A compound that can neutralize free
radicals.

• Bioactive compound: A compound that can enhance
human health in the concentrations found in food,
even though it is not an essential nutrient.

• Free radical: A very reactive type of chemical
compound, usually formed by reactions that involve
oxygen. One free radical molecule can react with
many other molecules and damage them, until it is
neutralized by an antioxidant.

• Intervention (experimental) studies: Using changes to
people’s normal lives to study factors affecting
human health. For example, in a nutritional
intervention study participants receive pills with
nutrients or placebo (dummy pills), in order to
determine whether the nutrients can improve the
health of the participants.

• Observational (epidemiological) studies: Using data
about people’s normal lives to study factors
affecting human health. For example, nutritional
epidemiology compares what people eat with
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information about their health in order to identify
healthy foods.

• Phytochemical: A bioactive compound produced by
a plant.

EFFECTS OF INTAKE OF
VEGETABLES AND FRUIT ON
MORTALITY AND MORBIDITY

The importance of fruits and vegetable consumption
as part of a healthy diet is well recognized both in the
scientific community and the general population. “An
apple a day” is supposed to “keep the doctor away,”
and promotion of increased intake of fruit and
vegetables is an important responsibility of health
authorities across the World [1]. However, fruits and
vegetables are not particularly nutrient dense foods,
and our understanding of their role in the prevention
of age-related diseases is surprisingly patchy, particu-
larly if compared with other relevant factors such as
smoking or menopause.

Epidemiology

Already in 1898, Williams asserted [2] that
increased mortality from cancer may be caused by
“deficiency in fresh vegetable food.” Since then, pro-
spective epidemiological studies often show protec-
tive effects (negative correlations) of intake of fruits
and vegetables with incidence of subsequent age-
related chronic diseases or conditions. Data from
large numbers of studies and with thousands of par-
ticipants are available for major diseases, such as car-
diovascular disease [3,4], type 2 diabetes [5], and
cancer [6], and in all these cases relatively high fruit
and vegetable intakes seem to result in small but sig-
nificant associations with reduced risks. Typically the
risk of each of these diseases are reduced by 5�10%
in the study populations, when comparing the 20%
of participants with the highest total intake of fruits
and vegetables with the 20% with the lowest intake
(highest versus lowest quintile). In these major
studies and meta-analyses, the effect of fruit and
vegetable intakes on the disease incidences are
adjusted for confounding factors, such as body mass
index and food energy intake [6] and in some cases
even plasma lipids [7]. This means that any indirect
effects of the consumption of vegetables and fruit on
BMI or other aspects of energy balance (which on its
own is a known risk factor for cancer) would be
excluded from the results, indicating that these esti-
mates may be considered conservative.

For other age-related conditions, less data are avail-
able, although associations with beneficial effects of
fruits and vegetables are published for hypertension
[8], skin aging [9], cognitive performance [10], dental
caries [11], and telomere shortening [12].

The most definitive prospective assessments are
associations with overall mortality. In their 2013 paper
Bellavia et al. [13] found very strong and significant
nonlinear effects of fruit and vegetable intake on
mortality among participants with low intakes, such as
1 serving per day corresponding to 17 months shorter
life expectancy than 5 servings per day, while
increases beyond 5 a day did not affect mortality.
Previous prospective studies tended to report much
smaller effects, often not significant or only marginally
so [14], however, this might be due to development in
statistical analysis methods, in particular improved
methods to detect nonlinear associations [13].

However, it is often observed that strong unad-
justed associations become progressively less signifi-
cant when adjusted for relevant confounders such as
education and income, which are well known indepen-
dent predictors of longevity and healthy aging [15].

There could be several possible reasons for this,
each of which may be more or less important for an
individual study, since they are not mutually exclu-
sive: One possibility is that some of the associations
of health outcomes with fruit and vegetable intake
represent “false positives” caused by residual con-
founding with other factors such as smoking [16],
health awareness [17] or social rank [18], which are
often not accurately assessed in epidemiological stud-
ies and themselves correlated with both disease risk
and fruit and vegetable intake. Another possibility is
related to the use of questionnaires such as Food
Frequency Questionnaires, 24-hour Dietary Recall, or
Food Diaries to assess the intakes of fruits and vegeta-
bles. While questionnaires are cost-effective tools for
collection of dietary data from large cohorts, these
methods are still relatively imprecise [19,20], making
it difficult to accurately assess correlations with rela-
tively rare events such as serious disease or death
[16]. This well-recognized problem may cause “false
negative” effects, where correlations are obscured by
high variability [21].

One way to address this question is to compare
with epidemiological studies, where measured plasma
concentrations of carotenoids or of vitamin C are used
as proxy measures of vegetable and fruit intake (as
“biomarkers of intake”), rather than relying on the
subjective self-reported intakes [22]. Studies using bio-
markers of intake often show stronger correlations
than those based on questionnaires, even with
lower numbers of participants. For example, a meta-
analysis of questionnaire-based prospective studies of
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associations with type 2 diabetes found odds ratios of
high versus low intake of fruits and vegetables of
around 0.9 [5], while the corresponding values in stud-
ies using plasma concentrations of vitamin C or beta-
carotene as biomarkers of intake were 0.38 [23] and
0.42 [24] respectively (Fig. 50.1).

Using a combination of plasma concentrations of
vitamin C, beta-carotene, and lutein, the odds ratio
for the highest versus the lowest quartile came down
to 0.35 [25]. Plasma concentrations of plant-derived
compounds are still affected by many different con-
founders, including genetic variants affecting nutrient
metabolism, which modulate the effect of intake on
plasma concentrations [26,27]. However, for morbid-
ities where the use of biomarkers improves the
strength of correlations with intake of fruits and
vegetables, this clearly indicates that inaccurate intake
estimates are a major source of error and may mask
even quite strong correlations. The problem is that
analysis of biological markers in biological fluids such
as plasma is more expensive per participant than
administering a questionnaire, so improvements in
precision may be offset by reduced numbers of
participants.

Even when intake is accurately measured and
assessed, some types of potential confounders remain.
Effects may be related to only certain fruits or vegeta-
bles. For example, some studies indicate that benefits
may be linked with specific plant species, such as car-
rots for coronary heart disease [28] or cruciferous
vegetables for colon cancer [29], while specific proces-
sing methods such as tinning of fruit may even
increase mortality [30]. A large study of the risk of

pancreatic cancer using data from across Europe
showed that associations with specific biomarkers of
fruit and vegetable intake differed significantly among
three regions [31] corresponding to differences in the
types of vegetables and fruits consumed in each region
[32]. The aggregation of all species and forms of
vegetables and fruit will “dilute” those factors and
reduce significances of associations with health
outcomes.

High intakes of vegetables and fruit often relate to
specific dietary patterns, in which cases they are corre-
lated with certain other dietary components, for exam-
ple, olive oil and wine (Mediterranean pattern) [21].
This further complicates efforts to study the contribu-
tions from the vegetables and fruits.

Overall, epidemiological studies are essential
as background observations to generate hypotheses
about which environmental factors including diet may
affect the age-related diseases. Epidemiological data
may also provide opportunities to test (disprove)
mechanistic hypotheses that predict specific associa-
tions. However, it is important to keep in mind that no
matter how significant, epidemiological associations
between a biomarker of fruit and vegetable intake and
morbidity (such as plasma vitamin C and type 2 diabe-
tes [23]) does not provide any information about the
role of this specific compound in terms of cause and
effect. The epidemiological association would be
similar if any other compound in the fruits and
vegetables caused the risk reduction, or even if the
consumption of the fruits and vegetables replaced
another component in the diet that increases the risk of
contracting diabetes.

Intervention Studies

It is not realistically feasible to carry out
randomized placebo-controlled studies in humans of
the effects of high versus low intake of fruits and
vegetables during the multiyear timescales relevant for
testing effects on age-related diseases. For ethical and
practical reasons this would be very difficult to do in
humans, and even if it could be done, such a trial
would probably not be cost-effective for what informa-
tion it would provide.

In contrast it is possible to carry out shorter-term
randomized interventions (weeks or months) that
focus on assessment of changes in biomarkers of
effect and are not fully placebo-controlled. A few
intervention trials assessed the effects of controlling
the intake of a mixture of vegetables and fruits,
within ranges directly comparable to the variations
assessed in epidemiological surveys. To the extent
that those studies show an effect, they tend to
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FIGURE 50.1 Odds ratio of diabetes mellitus by quintiles of
plasma vitamin C level and fruit and vegetable intake, adjusted for
age and sex: European Prospective Investigation of Cancer�Norfolk
study. For plasma vitamin C analysis, the sample size was 19 246.
For fruit and vegetable analysis, the sample size was 21 831. Error
bars indicate 95% confidence intervals. Source: from Ref. [23].
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support the results from prospective epidemiology.
For example, an intervention to increase fruit and
vegetable intake from 2 to 5 portions per day
for 16 weeks achieved a marginally significant
improvement in grip strength [33] and significantly
increased response to vaccinations [34]. In another
trial mildly hypertensive participants consumed 1, 3,
or 6 portions per day for 12 weeks, resulting in
dose-dependent significantly improved blood flow
[35]. Both trials showed reductions in biomarkers
of inflammation [36], as well as changes in plasma
biomarkers of intake confirming the compliance.
In contrast several studies have shown that interven-
tions aiming only to increase intake of fruits and
vegetables do not reduce body weight [37].
However, the actual achieved changes in diets tend
to be smaller than intended when study participants
are provided with foods to consume in
addition to their habitual diet, since they often
compensate by reducing the intake of noninterven-
tion vegetables and fruit [34]. So also for interven-
tions the effects should be considered minimum
estimates.

As observed in the epidemiological studies, all fruits
and vegetables are probably not equal, and quite a lot
of intervention studies have focused on one plant spe-
cies or even a specific product. A study with 60 volun-
teers consuming 85 g watercress per day for 8 weeks
showed significantly improved resistance to DNA
damage in lymphocytes [38], indicating a reduced risk
of cancer; consumption of 3 kiwifruits per day for
8 weeks reduced blood pressure significantly in mildly
hypertensive participants [39], while 2 kiwifruits per
day for 4 weeks had no effect on blood pressure [40]
but did improve plasma cholesterol composition as a
biomarker of cardiovascular disease risk [41]. Other
fruits that have been tested in similar studies include
strawberries [42], where 500 g per day for 30 days
improved blood lipid profiles and other biomarkers of
cardiovascular disease risk; similar effects as well as
improvement in platelet function were obtained from a
combination of different berries, 2 portions per day for
8 weeks [43].

Animal studies offer potential to overcome many of
the difficulties of human studies, in particular for age-
related diseases due to their short lifespans, and the
possibility to access tissues such as brain and heart as
part of the experiment.

For example, supplementation with strawberry or
spinach, blueberries, or grapes have shown improved
cognitive function in aging rodents [44�47]. Glycemic
control was improved in diabetic rodents fed Satsuma
mandarin or grape [48,49], and grape powder enhanced
cardiovascular function in salt-stressed rats [50]. A
study with Drosophila fruit flies showed that addition

of broccoli extract to the feed provided a dose-
dependent enhancement of survival when the flies
were exposed to toxins [51], and an apple extract
increased lifespan in Caenorhabditis elegans nematode
worms [52]. Saleh et al. found that addition of freeze-
dried carrot to the diet of mice with the APCMin

mutation, which causes the development of multiple
spontaneous intestinal tumors, reduced the number of
visible (macroscopic) tumors substantially, indicating a
protective effect in relation to cancer [53]—mice do eat
carrots, at least in moderation, so the result of this
experiment is more likely to be relevant for humans
(Fig. 50.2).

Still, animal studies suffer from their own suite of
methodological problems, in particular for studies of
entire foods rather than single compounds.

This includes obvious problems related to the differ-
ences among species in digestive processes and rele-
vance of vegetables and fruit as components of a
normal diet. However, in some cases results can be
completely skewed by issues that are much more diffi-
cult to recognize. For example, a 1998 study using the
Min mouse model tested the effect of a vegetable�fruit
mixture using heat-treated pellets, and found that
tumor numbers significantly increased rather than the
expected reduction [54]. This was a conundrum until
2012, when another study demonstrated the generation
of carcinogens, such as furan, from vegetables when
exposed to high-temperature processing methods at
low humidity, exactly the condition used when food
materials are incorporated into pellets to use for rodent
studies [55].
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CONSTITUENTS OF VEGETABLES AND
FRUIT THAT MAY AFFECTAGE-

RELATED MORBIDITY

Almost any dietary component for which fruits and
vegetables constitute the primary dietary source has
been mentioned as a potential cause of the health-
promoting effects of consumption of vegetable and fruit,
and for some of these the corresponding hypotheses
have been tested. However, in most cases those experi-
ments have disproved the hypothesis, so this is still an
area of active research where new discoveries are likely
to change the state of the art within a few years.

Constituents with potential effects on human health
can be grouped according to their presumed roles in
humans.

Nutrients Serving Key Functions
in Human Metabolism

This group includes potassium, folate, vitamins C
and E, and vitamin A obtained from digestion of beta-
carotene and other provitamin A carotenoids. Lutein
and zeaxanthin are also in this category, due to their
role in vision [56].

Compounds like these are commercially available
and affordable in substantial quantities and considered
safe to consume in relevant quantities. So it is relatively
easy to carry out randomized placebo-controlled inter-
vention studies to investigate the effect of increasing the
intake of each of these nutrients, and therefore plenty of
data are available. However, the results are generally
inconclusive, in particular when tested in the general
population (as general use supplements) rather than to
correct specific malnutrition problems in selected popu-
lations. While some nutrients can be shown to exert
short-term effects under specific circumstances, the clear
conclusion is that no single plant-derived nutrient or
combination of nutrients consistently benefit age-related
chronic disease to an extent that could explain the bene-
fits of a comparable consumption of vegetables and fruit
[57,58]. For example, supplementation with folate
and other B-vitamins can reduce hyperhomocysteinemia
to a similar extent as a corresponding intake of
vegetables and fruit, but it has no detectable benefit on
the chronic diseases usually associated with hyperhomo-
cysteinemia such as CVD [59].

Antioxidant Effects of Plant-Derived
Compounds After Consumption

For many of these compounds (vitamins C and E,
lutein, and zeaxanthin), their key role as nutrients in
the human body is as antioxidants: these compounds

are critical members of a network of substances, which
serve to keep the oxidative stress within a healthy
range and prevent excessive formation or persistence
of free radicals which can damage cells and other
structures through their exceptionally high chemical
reactivity.

When the substantial (unadjusted) associations
between lower risk of age-related diseases such as can-
cer and higher plasma concentrations of carotenoids,
in particular beta-carotene [60] were discovered, this
was then combined with the “free radical theory of
aging,” first published in 1956 [61]. This resulted in a
hypothesis that could be described as “dietary antioxi-
dants as antiaging drugs” [62]. Numerous research
groups initiated studies to test this presumed benefi-
cial effect, including large-scale randomized placebo-
controlled trials in populations at high risk of cancer
and cardiovascular disease, ensuring sufficient power
to reliably assess the expected reductions of 20�30%
[63,64]. However, to everyone’s surprise and horror,
the supplementation caused an increase in cancer risk
rather than the expected reduction [65]. The research-
ers involved strongly discouraged the use of beta-
carotene supplements [66], and the European Food
Safety Authority banned the use of health claims based
on the antioxidant hypothesis [67]. However, despite
the clear evidence and strongly worded advice from
key researchers in the field, both the hypothesis and
the supplements still seem to be popular, in particular
the notion that reactive oxygen species (ROS) are detri-
mental and that keeping the levels as low as possible
at all times will improve health in general. Many of
the researchers studying the effects of fruits and
vegetables on age-related chronic diseases still appear
to use this authoritatively disproven hypothesis as the
basis for interpretation of their results [31,68]. This
topic has even been selected as a prime example of
how claims continue to be made in the literature even
after a hypothesis has been definitively disproved [69].
Recently other more balanced hypotheses are being
published [70], which focus on the need to understand
and optimize the role of oxidative stress rather than
single-mindedly attempt to eliminate it.

Whether or not the antioxidative effect of plant con-
stituents eventually turns out to have any relevance
for human health or not, this chronicle of hype and
despair has clearly put off many promising scientists
from working in this field. It is probably a major rea-
son why since 1996 research on antiaging substances
in general and cancer chemoprevention in particular
has been very limited, providing a possible explana-
tion for the relative lack of progress in this field [71].

More detailed analyses of the nutritional roles of
these fruit- and vegetable-derived nutrients are pro-
vided in the corresponding previous chapters.
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Nonnutrient Components Implicated in
Digestive Tract Function or Bioavailability
of Nutrients

This group comprises components usually consid-
ered beneficial: fiber, including prebiotic oligo- and
polysaccharides; and components traditionally consid-
ered as having negative effects on human health, but
where recent studies indicate possible benefits, at least
in populations where the diet tends to provide more
nutrients than optimal for health: phytic acid and
nitrate.

Several of the presumed beneficial components have
been tested in randomized placebo-controlled interven-
tion trials, but with very modest outcomes compared
with the effects corresponding to equivalent intakes of
vegetables and fruit. For example, relatively long-term
trials of insoluble fibers [72] or resistant starch [73]
showed no effect on colorectal cancer. While the intake
of certain seed-derived fibers such as beta-glucans can
reduce plasma cholesterol content, this may still be a
transient effect reflecting adaptation to a high-fiber diet,
rather than indicating an actual reduction in risk of car-
diovascular disease [74]. The association is stronger
with cardiovascular disease [75], in accordance with
improvement of blood lipid profiles and the primary
mechanism of the benefits [76]. However, since most
dietary fiber is derived from cereals and other seeds
rather than from vegetables and fruit [77], even strong
evidence for protection against age-related chronic dis-
eases would not explain the benefits of vegetables and
fruit in this context.

Antinutrients, such as phytate, are best known for
reducing the bioavailability of iron and other minerals,
and due to this have detrimental effects on the health
of malnourished or at-risk populations [78]. However,
in developed countries and other well-nourished
populations, where mineral intake generally is higher
than the nutritional requirement, phytate has been
clearly shown to reduce the morbidity of chronic dis-
eases in humans as well as in animal models [79]. On
the other hand, as for fiber, cereals are the dominant
source of dietary phytate, with vegetables and fruit
providing only around 30% of typical intake of phytate
in the UK [80].

Dietary nitrate has recently received quite a lot of
attention, with several studies indicating a range of
health benefits, while other studies are interpreted as
showing harmful effects, as recently extensively
reviewed by Habermeyer et al. [81]. Nitrate from
plants are converted into nitrite and then NO, which
has been shown to reduce blood pressure and improve
vascular function in young healthy volunteers, for
example, after consumption of beetroot juice [82]. In
contrast, studies of older people, many of whom are

prehypertensive or hypertensive, tend to show smaller
or no effects of dietary nitrate interventions [83].
Nitrate/nitrite may alternatively be converted into car-
cinogenic nitrosamines, in particular in the absence of
vitamin C, which inhibits this reaction [81]. Certain
vegetables, particularly leafy salad vegetables, but not
fruit, are the dominant source of dietary nitrate, so any
beneficial or harmful effects of nitrate would modulate
the effects of overall vegetable intake on human
health. Some of the inconsistencies are caused by
confounding of dietary nitrate from three main
sources: vegetables (containing high concentrations of
nitrate together with high concentration of vitamin C),
cured foods such as meat and preserved
vegetables (containing nitrite as well as nitrate, no or lit-
tle vitamin C), or water (containing nitrate in low con-
centrations, correlated with contaminations with human
or animal waste). This may be the reason why studies
in different populations with different ratios of these
sources tend to show different correlations between
nitrate intake and morbidity [84]. Nitrate is actively
excreted into the salivary gland, providing a minimal
nitrite concentration in the stomach even if the diet is
free from nitrate (since 40�100% of plasma nitrate is
generated endogenously from arginine), indicating that
the presence of nitrate in saliva directly benefits health,
probably by enhancing the stomach acid’s ability to kill
bacteria [85]. Overall, the evidence is still insufficient to
conclude to what extent nitrate may be responsible for
some of the beneficial effects of vegetable intake, and
more studies are clearly required [81].

Phytochemicals Without Known Direct
Nutritional Requirement

Most biologically active compounds in fruits and
vegetables (phytochemicals) are categorized as second-
ary metabolites. These are compounds with no clear
role in primary metabolism, which means that none of
these compounds are specifically required for human
development or health. However, each phytochemical
may have other effects on human consumers, which
could be beneficial or harmful or, probably most often,
dose-dependent (beneficial in low doses, harmful if too
much is consumed).

A well-known example of a typical dose-dependent
phytochemical is caffeine. While the sources of caffeine
(coffee, tea, cocoa, and a few other plants) are not used
in quite the same way as typical fruits or vegetables,
caffeine’s properties in other respects are indeed typi-
cal of many different phytochemicals found in these
foods: a strong bitter taste, which helps us to avoid too
high doses; inhibitory effect on pests and diseases
threatening the plants it occurs in; the occurrence of
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several similar compounds (analogs) with similar
effects on humans (theophylline and theobromine in
cocoa and tea); relatively rapid excretion from the
human body via the urine, eliminating most of it
within hours of its consumption.

Until the end of the twentieth century, the dominant
perception of phytochemicals in general was that they
should be considered “contaminants,” all potentially
harmful and mostly without any benefits for humans.
So at that time the main purpose of studying phyto-
chemicals was to predict and prevent intoxications by
banning or replacing foods with too high contents. For
example, a project to produce an early overview of
phytochemicals in European food plants was called
“Nettox,” and the catalogue entitled “List of Food
Plant Toxicants” [86].

Flavonoids

However, in 1993 a key paper was published, where
dietary intake of flavonols, a subgroup of flavonoids,
which is a type of polyphenols, was linked with
reduced risk of cardiovascular disease and mortality
[87]. This was hypothesized to be caused by antioxi-
dant effects, even though this type of compound was
known to not be a vitamin or provitamin. In the paper
it was emphasized that the correlation with flavonol
intake was stronger than correlations with the intakes
of each individual food that were major sources of fla-
vonols in this cohort: tea, onions, and apples.

This happened at the height of the beta-carotene
antioxidant hype, and spurred a drive to measure and
ideally increase the “antioxidant power” of fruits,
vegetables, and foods derived from them, such as wine
[88]. The publicity about these two types of antioxi-
dants mutually reinforced each other, creating an
impression among both scientists and nonscientists
that modulation of antioxidant capacity was an actual
biological effect rather than an untested hypothesis.
However, in contrast to beta-carotene, flavonoids are
much more complicated to synthesize or isolate, so it
was and is difficult to obtain sufficient amounts of fla-
vonols or related compounds to be able to carry out
full-scale dietary intervention studies. After the negative
results about beta-carotene were published in 1996
[65,89], it became much more difficult to obtain ethical
approval for large-scale supplementation studies.
However, this did not eliminate the “antioxidant theory
of aging,” instead the flavonoids and similar polyphe-
nols were written about and sold as supplements for
many years, without having to face the burden of data
contradicting the expectations. When actual mechan-
isms of genuine biological effects were eventually dis-
covered, such as the pathways by which dietary
phytochemicals induce enzymes that enhance their
metabolism and excretion, the researchers chose to

name it the “antioxidant responsive element” [90]. This
resulted in phytochemicals with no antioxidant capacity
in the chemical sense being described as antioxidants
[91] because they activated the same genetic pathways
as the real antioxidants. “Antioxidant” became such a
popular buzzword that several of the scientists who
originally developed the hypothesis have published
strongly worded statements criticizing the indiscrimi-
nate and often uninformed use of the term [92,93].

A few studies do unequivocally demonstrate benefi-
cial health effects of flavonoids, at least in animal mod-
els. For example, a rat study measuring the extent of
damage after a simulated heart attack [94], compared
diets made from different genotypes of corn chosen to
be identical except for their color (yellow or black),
reflecting the absence or presence of the purple
pigments anthocyanins, another flavonoid subgroup.
However, there is still a strong tendency to claim that
antioxidant effects of flavonoid phytochemicals are
responsible for any benefit of any flavonoid-containing
food. For example, in a study demonstrating reduced
tumor formation in a rat model of intestinal cancer
after feeding with blackcurrant extract [95], the discus-
sion focused on the anthocyanin content of the food
[96], even though a previous study on APCMin mice
fed white currants (same species of fruit, but a variety
with no anthocyanins) had shown similar effect as the
anthocyanin-containing fruit [97].

Flavonoids are only one of many types of polyphe-
nols. Together with phenolic acids, stilbenes, quinones,
gallotannins, and others, they comprise a wide range
of groups and subgroups with many different types of
structures (see Chapter “Mechanisms and Effects of
Polyphenols in Aging”).

Some of these subgroups are known to have specific
bioactivities not shared with all phenolics or even all
flavonoids, and which may help to explain some of the
effects of fruits and vegetables on age-related diseases.
For example, the polymeric condensed tannins, also
known as proanthocyanidins, bind to specific proteins
in saliva, leading to the perception of astringency [98],
which is an important aspect of the taste of wine, green
tea, cranberries, and other fruits and drinks containing
these compounds. High content of condensed tannins
in animal feed is well known to reduce their growth
rate [99], and is quite possible that these salivary pro-
teins arose during evolution of humans as a protective
mechanism to counteract harmful effects of condensed
tannins in fruits and vegetables. In populations where
obesity is a major risk factor for chronic diseases, such
growth-inhibiting effects may indirectly protect health
by reducing the prevalence of obesity, and explain why
adjustment for BMI could weaken the associations
between fruit and vegetable intake and, for example,
cancer incidence, as previously mentioned.
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Nonvitamin A Carotenoids

Fruits and vegetables contain a large number of
yellow, orange, and red compounds, which are fat-
soluble carotenoids. This group of compounds are
used as pigments by plants, they are very stable inside
live plant tissue and are biosynthesized via the terpene
pathway, which is very efficient in terms of energy
and nutrients. While a few types of carotenoids can be
metabolized to retinol (vitamin A) in the human body,
most of them have no known nutritional function for
us. If vegetables or fruit are consumed together with
fat, or even fried in it, the carotenoids are absorbed
with the food and accumulate in fat tissues, which
take on a yellow color—this can also be observed with
animals that consume grass or other fresh plant foods
(Fig. 50.3).

Due to the epidemiological associations as described
above, a lot of interest has focused on some of these
carotenoids. Lycopene is the major pigment in toma-
toes and some other red fruits like watermelon, and
several studies have found significant correlations
between high intake of lycopene and low risk of pros-
tate cancer [101,102]. One animal study aimed to assess
what proportion of the effect of tomato consumption is
due to lycopene [103]. So vitamin E-deficient rats were
fed diets supplemented with either red tomatoes, iso-
lated lycopene, or yellow tomatoes (without lycopene),
and oxidative stress measured in their heart tissue. As
shown in Fig. 50.4, tomatoes had substantial and sig-
nificant effect on the stress level, irrespective of color,
while the lycopene-fed rats did not differ from the con-
trols, despite just as high levels of lycopene in the
plasma as in those fed red tomatoes.

The author of the present chapter is not aware of
any appropriately powered study of lycopene, which
unequivocally demonstrates that any relevant health
effect of lycopene consumption could not be primarily
caused by some other at present unknown constituent
of tomatoes (or other lycopene-containing plant food).

Diet Patterns

In recent years, the recurrent disappointments in the
search for “cause and effect” of the benefits of fruit
and vegetable intake have forced researchers of health
benefits of fruit and vegetable intake to take a further
step away from the historic focus on antioxidants and
other nutrients. This is generally developing in one of
two directions: either focusing on the food as part of a
diet pattern rather than as a source of specific benefi-
cial compounds, or searching for bioactive compounds
that are neither nutrients nor antioxidants, which usu-
ally means natural pesticides.

Regarding the diet pattern concept [104], a common
argument for it is that since intervention studies have

failed to confirm the benefits of individual nutrients,
any effect of diet must either be due to synergies
among different foods, or that intake of a food (eg,
vegetables) by simple substitution reduces the intake
of another, harmful food (eg, cured meat), resulting in
a relative benefit which is really just a reduction in a
risk. The diet pattern concept allows the scientists to
retain the classical division of foods and their compo-
nents into “essential nutrients” and “harmful contami-
nants.” It provides useful tools to link epidemiological
research with public health interventions, such as the
use of diets like the “Mediterranean diet” as an educa-
tional tool for people who want to improve their
diet [105]. All commonly used diet pattern systems
give high scores to diets with a high intake of
vegetables and fruits [106], and all show significant
correlations with reduced mortality [106]. In other
words, they confirm the beneficial effect of consump-
tion of fruits and vegetables on age-related disease,
without adding much new information in relation to
the present chapter.

Natural Pesticides

The other direction differs from the previously
described approaches by not presupposing any partic-
ular nutritional role of any particular compounds, but
simply assessing the compounds found in a plant with
a particular health benefit to try to find a match
between the observed properties of the food and the
properties of compounds characteristic for this plant.
This approach has scientifically been very successful
with Brassica vegetables [107], where a large body of
research has since confirmed the beneficial effects of
glucosinolates (or rather their degradation products
isothiocyanates) on human health [108,109]. However,
the glucosinolates also clearly illustrate the main draw-
back of this approach, which is that these chemically
reactive compounds were made by the plant as natural
pesticides, to protect it against diseases or pests
(including herbivores). So while these compounds may
well be responsible for the nutritional benefits of the
fruits and vegetables, the same compounds also have
various harmful effects if consumed in high amounts.
For glucosinolates, these harmful effects include inter-
ference with iodine uptake, resulting in goiter in
humans and livestock [110]. While it is recognized that
such toxicant effects do not normally have any nega-
tive health consequences when each vegetable is con-
sumed in moderate amounts and as part of a balanced
diet [86], there are nevertheless serious concerns about
toxicity, in particular in cases where a particular phy-
tochemical becomes famous for some health benefit or
other. If a bioactive compound is taken out of its nor-
mal food context and consumed in pure form and
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FIGURE 50.3 Carotenoid biosynthesis pathways and structures of common carotenoids found in vegetables and fruits. Source: from
Ref. [100] with permission.
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much higher doses than what occur in a normal diet,
any risk of toxic effects is multiplied several times.

Another example is carrots, where epidemiological
associations show that alpha-carotene tends to have as
good or better association with cancer risk as beta-
carotene [111,112]. While beta-carotene occurs widely
in many different vegetables and fruits, including
tomato, alpha-carotene is much less widespread
among different plant species, and around 90% of the
intake can come from only one species, the carrot [32].
It is clear from Fig. 50.3 that there is nothing special
about the structure of alpha-carotene compared with
the other common carotenoids. However, carrots con-
tain other phytochemicals, in particular polyacetylenes
of the falcarinol-type, that are (more or less) unique for
this specific vegetable. When tested against leukemia
cells, each of the three main polyacetylenes from car-
rots show much stronger anticancer effect in vitro than
the carotenoids found in the same food [113]. Due to
this, the polyacetylenes have been implicated as poten-
tial health-promoting phytochemicals [114], and they
will be isolated and tested in the same APCMin mouse
animal model as shown in Fig. 50.2. However, the
strong reactivity of the polyacetylenes is known to
induce skin allergy among plant nursery workers
occupationally exposed to ornamental plants contain-
ing high concentrations of these compounds [115], and
large doses are neurotoxic to mice [116].

Table 50.1 and Fig. 50.5 show a (nonexhaustive) list
of examples of such natural pesticide phytochemicals,
which occur in common vegetables or fruit, have no
known nutritional role (in the sense of a compound
being essential for human nutrition), may have benefi-
cial effects on the risk or the progression of one or
more age-related diseases, and are known to exert
toxic effects when consumed in excess.

Several other properties are common for many, if
not all, of this type of phytochemicals. Firstly their
effects tend to be surprisingly unspecific, other than
simply enhancing lifespan. While the evidence pub-
lished for each compound/vegetable tends to be stron-
ger for a particular disease such as cancer, similar
effects are often found for other noncommunicable dis-
eases such as cardiovascular disease or Type 2 diabe-
tes. Many of these compounds seem to affect the same
types of pathways in the human body. As xenobiotics
(compounds foreign to the human body) they tend to
activate the corresponding pathways that metabolize
and eliminate xenobiotics from the body [129,130].
Many of these phytochemicals have also been shown
to interact with the nutrient-sensing protein mTOR,
which then increases the ability of the human cell to
protect itself from, for example, cancer-inducing condi-
tions [121,131], although at the expense of growth and
nutrient accumulation. If a wide range of bitter,
slightly toxic phytochemicals all “nudge” the body
toward a more defensive state of metabolism, similar
to what can be induced by caloric restriction [132,133],
then this can explain why they all seem to have some
benefit for a range of age-related diseases. In this con-
text it is notable that the hormesis of these compounds,
that they have beneficial effects at certain low doses
despite toxic effects at higher doses, seems to be a fun-
damental characteristic of their mode of action [114],
and has now been recognized as such in relation to the
effect on mTOR [134].

Another aspect is that they tend to be bitter or have
another strong characteristic taste. This may be related
to their function as feeding deterrents. However, it has
had the consequence that plant breeders have done
their best to reduce the content of these compounds to
obtain milder taste in the food, and thus may inadver-
tently have reduced the health benefits of modern
vegetables compared with older stronger-tasting
varieties [135].

Another common property is that where it has been
possible to assess, there appears to be very substantial
differences among individuals in how they react to
these phytochemicals. The same dose tends to have
very different effects on different people. For glucosi-
nolates, this has been shown to be related to specific
genetic polymorphisms in enzymes involved in the
uptake and metabolism of these phytochemicals [29].

As long as these phytochemicals are consumed only
in specific foods, the real risk of serious harm is negli-
gible, even though the highest doses occurring in food
probably quite regularly exceed the “Lowest Observed
Adverse Effect Level” (LOAEL) for the most suscepti-
ble individuals. This is not due to some magic “natu-
ralness” making these natural pesticides any less toxic
than other compounds with similar effects. However,

FIGURE 50.4 Effects of tomatoes and lycopene on oxidative
stress in vitamin E-deficient rats, and concentration of lycopene in
plasma. Error bars represent Standard Error of the Mean. Source:
drawn using data from Ref. [103].
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humans (and other animals) possess a mechanism spe-
cifically adapted to protect us against such toxins, this
mechanism is called “Conditioned Taste Aversion”
[136]. The general principle is that an encounter with a
food that is followed by nausea or similar gastrointesti-
nal symptoms immediately induces a long-lasting
aversion to the taste of this food [136]. So as long as a
compound has a strong, characteristic taste, and is con-
sumed in a food or drink, not a pill or a capsule, the
Conditioned Taste Aversion will control the intake to
ensure that an individual’s personal susceptibility is
not repeatedly exceeded. A very few plant phytochem-
icals are so toxic that one portion may be harmful or
even fatal (eg, high-linamarin cassava or high-
glycoalkaloid potatoes), such products are not allowed
to be sold to the general public [86].

OPPORTUNITIES TO IMPROVE
INTAKE AND EFFECT

Once it becomes well established which components
of the vegetables and fruit are responsible for the bene-
ficial effects of their intake on age-related chronic dis-
eases, then it will become possible to select certain
products with particular benefits. On the one hand this
relates to the choice of species and types of fruits and
vegetables, which almost certainly have very different
effects on human health and should not all be lumped
together in too broad categories. Examples of com-
pounds with very variable contents include nitrate,

carotenoids, phenolic compounds, polyacetylenes, etc.
On the other hand, since as mentioned above the
mechanisms of different bioactive compounds may be
more similar than what has until now been recognized,
it is likely that it will be relatively easy to substitute
one type of vegetable for another to suit individual
preferences, no need for all of us to eat only the one
vegetable that is better than all the others, since it
probably does not exist.

The other important aspect where the benefits of
vegetable and fruit intake on age-related diseases can
be enhanced is the variety of processing and posthar-
vest treatments that many vegetables and fruit
undergo before consumption. In cases where the active
compound is known or suspected, such as for the
Brassica vegetables, it is already known that much or
most of the phytochemicals are lost during processing
[137], in particular for highly processed foods that
undergo several processing steps. However, often this
is not an inevitable consequence of cooking, very small
changes in the process can make a very large differ-
ence. For example, if a carrot is diced, blanched by
immersion in hot water, frozen, and then reheated by
immersion in hot water, then it will lose not only most
of each bioactive water-soluble phytochemical and
vitamin, but also most of the compounds responsible
for its taste. If a similar carrot is boiled or steamed
whole, then diced, frozen, and reheated using micro-
wave or steam, the concentration of nutrients, phyto-
chemicals and taste compounds will easily be twice as
high as with the standard process. So by rearranging

TABLE 50.1 Examples of Natural Pesticides, Bioactive Compounds from Vegetables and Fruits, Which May Contribute to Prevention of
Chronic Age-Related Diseases

Type of compound Main food source
Examples of
disease(s) benefited

Toxic effects (in humans
unless other specified)

Bitter/spicy
taste

Glucosinolates
(eg, progoitrin)

Brassica vegetables Cancer [107,108] Goiter, from food intake [117,118] Yes

Linamarin (cyanogenic
glucoside)

Cassava Cancer [119] Paralysis (konzo) from food
intake [120]

Yes

Gingerols (eg, 6-gingerol) Ginger Cancer [121] ? Yes

Capsaicin Chili pepper Idiopathic pain [122] Breathing difficulties, from
aerosol [123]

Yes

Glycoalkaloids (eg, solanine) Potato, tomato Cardio-vascular diseases, cancer,
bacterial infection [124]

Diarrhea, from food intake [124] Yes

Polyacetylenes
(eg, falcarinol)

Carrots Cancer [113,125,126] Skin allergy, from external
exposure [115]

Yes

Organosulfur compounds
(eg, S-allyl-cysteine)

Garlic, onion Cancer [127] Liver injury (in animals), from
supplement intake [127]

Yes

These compounds have no known role as essential nutrients, however they are all known or suspected to contribute to reduction of morbidity from age-related

chronic diseases as well as having undesirable (toxic) effects when consumed in excess. The author’s hypothesis is that these effects are exerted primarily through

general pathways activated by a range of moderately toxic compounds, rather than through specific actions of each compound. Which would imply that

moderate toxicity could be used as a selection criterion when searching for natural compounds responsible for the health benefits of consumption of

vegetables and fruits [114].
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the sequence of processes taking into account the
potential diffusion gradients at each step, both nutri-
tional and sensory quality can be improved.

At present the public health messages in this area
focus on persuading people to consume more fruits and
vegetables, without any particular guidance on which

ones may be better than others. If the studies mentioned
above are fully completed, our understanding of how
relevant components can be retained or even enhanced
in the fruits and vegetables would be substantially
improved. Implementation of the results into practical
food production could lead to very substantial increases
in intake of these components, even without necessarily
increasing the overall intake of this food group.

SUMMARY

• Consumption of vegetables and fruits is clearly
associated with a reduced risk of dying from cancer,
cardiovascular diseases and diabetes.

• The 20% of people with highest intake of fruit and
vegetables typically experience 10% lower risk of
premature death. This is highly significant, although
much less than some other factors such as not
smoking.

• Not all vegetables and fruits are equal, some types
appear to benefit human health more than others.
Most likely this means that the substances that are
responsible for the health benefits occur in higher
concentrations in the most beneficial types of produce.

• If we can identify the beneficial substances, it would
be feasible to choose the most ‘concentrated’ fruits
and vegetables. This would substantially increase
the content of these substances in the diet, and
could thus provide major health improvements
without radically changing the diet.

• An old theory (from 1956) suggested that the health
benefits of vegetables and fruits could be primarily
caused by antioxidant effects, via reduction of the
level of free radicals in the body, since this was
assumed to protect tissues against damage and thus
reduce disease risk. We now know that this is
incorrect, since excess free radicals in human tissues
are not a general cause of ageing or disease
(although can be a consequence of these). Numerous
studies have shown that antioxidant effects of food
have no benefits for human health, unless the diet is
seriously deficient in vitamin C and vitamin E.

• In contrast, recent research indicates that a variety
of moderately toxic phytochemicals (natural
pesticides) may inhibit pathways controlling the
ageing process, in a similar way as “caloric
restriction,” which is known to extend lifespan.

• This knowledge is helping to define a way forward
for this research, to design experiments to identify
the real beneficial substances among all the different
compounds present in the plant foods.

• Some of the beneficial phytochemicals have
antioxidant effects, but most of them do not. This
demonstrates how other properties of these same

FIGURE 50.5 Structures of the bioactive compounds described in
Table 5. (A) Progoitrin; [128] (B) Linamarin; (C) 6-gingerol; (D)
Capsaicin; (E) Solanine; (F) Falcarinol; (G) S-allyl-cysteine. Figures in
public domain unless otherwise indicated.
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compounds, such as slowing down the growth and
ageing at cell level, are more important for the
human health benefits.
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KEY FACTS

• Older people who live a long life tend not to
develop a chronic disease and have delays in
functional decline.

• Good nutrition and physical activity helps
to maintain muscle mass, strength and
function.

• In older people a body mass index in the
overweight range is associated with optimal
survival.

• The challenge for older people is to meet the
same nutrient needs as when they were younger
by consuming less calorific but more nutrient
dense foods and beverages (for example low fat
milk versus regular milk).

• Protein is an important determinant of
muscle mass and function and foods such as
fish, poultry, meat, eggs, dairy products,
legumes and nuts need to be incorporated
into meals.

• Evidence suggests that spreading protein intake
evenly over meals may be beneficial.

• Regular consumption of a variety of fruit,
vegetables and wholegrains is important to
maintain a healthy bowel function.

• Micronutrient needs can easily be achieved with
a healthy eating pattern consisting of three
meals and healthy snacks.

Dictionary of Terms

• BMR (Basal metabolic rate): The amount of energy
required for cellular metabolic processes and
functions of organs.

Definitions adapted from the FNB:IOM DRI
process—Food and Nutrition Board: Institute of
Medicine [1�8].

• EAR (Estimated Average Requirement): A daily
nutrient level estimated to meet the requirements of
half the healthy individuals in a particular life stage
and gender group.

• RDI (Recommended Dietary Intake): The average daily
dietary intake level that is sufficient to meet the
nutrient requirements of nearly all (97�98%) healthy
individuals in a particular life stage and gender group.

• AI (Adequate Intake) (used when an RDI cannot be
determined): The average daily nutrient intake level
based on observed or experimentally determined
approximations or estimates of nutrient intake by a
group (or groups) of apparently healthy people that
are assumed to be adequate.

• EER (Estimated Energy Requirement): The average
dietary energy intake that is predicted to maintain
energy balance in a healthy adult of defined age,
gender, weight, height, and level of physical
activity, consistent with good health.

• UL (Upper Level of Intake): The highest average daily
nutrient intake level likely to pose no adverse health
effects to almost all individuals in the general
population. As intake increases above the UL, the
potential risk of adverse effects increases.
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INTRODUCTION

Optimal nutrition is a key determinant of successful
aging as food is not only critical to physiological well-
being but also contributes to social, cultural, and psy-
chological quality of life [9]. The process of aging
affects nutrient needs; requirements for some nutrients
may be reduced while requirements for others may be
increased. Mounting evidence indicates nutrient
requirements may differ alongside the myriad of
changes associated with advancing years.

Older adults are a heterogeneous group and have
unique nutrient needs and the process of aging occurs
at different rates in different people. In general, the
main health risk for younger population groups is
weight gain and being overweight whereas in
advanced age older adults are vulnerable to eating too
little energy with associated weight loss.

Physical function changes with aging.
Characteristically both lean body mass and basal meta-
bolic rate (BMR) tend to decline with age, concurrent
with body composition changes slowly over time.
There is a decrease in skeletal muscle, smooth muscle,
and muscle that affects vital organ function. A loss of
cardiac muscle for example, may reduce cardiac capac-
ity. Gastric atrophy has an increased prevalence in old-
er people [10]; levels of hydrochloric acid secretion are
reduced and may contribute to impaired absorption of
nutrients such as calcium, iron, and vitamin B12. Use
of multiple medications (polypharmacy) may also
cause diminish nutrient absorption. In addition, there
is a reduction of antibodies, hormones, and enzymes,
as well as a decline in bone density. Along with the
reduction in skeletal muscle, total body water tends to
decrease and body fat may increase proportionally.
These changes in body composition affect the body’s
metabolism, nutrient intake, absorption, storage, utili-
zation and excretion of nutrients, and overall nutrient
requirements. As BMR declines proportionately with
the decline in muscle tissue an older person’s
energy requirement per kilogram of body weight tends
to be reduced. An overall decline in food intake may
compromise dietary variety which is positively
associated with nutritional quality and positive health
outcomes [11].

Pathways to nutritional health in aging populations
are complex and multifactorial and a variety of physi-
cal, social, and psychological factors may contribute to
increased risk of malnutrition. Older people have a
higher prevalence of chronic disease, tend to be seden-
tary, and higher patterns of morbidity occur in
malnourished older people [12]. Increased functional
difficulties, cognitive decline, and increased comorbid-
ities may all lead to malnutrition in advanced age [13].

Differences in gender may be evident. Older women
are more likely than men to report poorer health and
have multiple chronic diseases [14], which can escalate
age-related muscle loss and result in poor function
[15]. They are more likely to be widowed and live
alone compared to men, both of which are known
nutrition risk factors. In living alone people have high-
er levels of weight loss [9], decreased energy intake,
and poorer dietary variety perhaps resulting from
decreased interaction at meal times [16]. Women who
lose their spouse report higher levels of food insecurity
and difficulty accessing food due to transport difficul-
ties [17], and companionship is an important preventa-
tive measure especially after the loss of a spouse. Meal
sharing increases food intake which is positively corre-
lated with nutritional quality as well as health out-
comes [18]. Although not a normal part of aging,
depression is a common problem in older adults and
depressive symptoms are a risk factor for impaired
nutrition status [19�21]. Depression is likely to
increase the risk of malnutrition through reduced
appetite, food intake, and physical capacity [19,22].
Several studies of older people also show a relation-
ship between nutrition risk and health-related quality
of life (HRQOL) [12,23,24], which underpins the
importance of optimizing the nutritional health of old-
er people.

Most countries throughout the world have estab-
lished their own nutrient recommendations to assess
the dietary adequacy of individuals. However the
nutritional requirements of older adults, especially the
oldest old, are not well defined and there is a scarcity
of information regarding their specific nutrient needs.
Nutrient recommendations are used by dietitians,
nutritionists, food legislators, and the food industry
and are pivotal for dietary assessment, dietary model-
ing, as well as food formulation and labeling. Further
to this, nutrient recommendations are integral to menu
planning, with residential aged care facilities and
ambulatory community food services, such as Meals
on Wheels, using these recommendations as a basis for
menu planning. As such, there is a pressing need for
recommendations to be relevant and thus allow the
nutritional needs of growing older populations to be
addressed.

While nutritional recommendations for older people
are frequently stratified by age, chronological age does
not depict an older person’s functional ability or qual-
ity of life. In the development of the 2010 Nutritional
Guidelines for Older People in Finland the heterogene-
ity of older people was recognized [25]. To identify the
nutritional needs of older people in relation to func-
tional ability, older individuals were divided into four
groups according to functional ability and illnesses.
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Accordingly the recommendations for home dwelling
healthy older people were similar to middle aged peo-
ple; those for home dwelling with multiple diseases
and risk of frailty emphasized unintentional weight
loss; those for home care with multiple diseases and
functional disabilities assessed for risk of malnutrition
and acknowledged a high risk of malnutrition in older
individual in residential care.

The unique nutritional needs of older people is a
challenge for the future but with life expectancy at its
highest throughout many parts of the world there is a
pressing need for nutritional recommendations to be
consistent with the best available evidence and feasible
at the practice level to help maximize healthy aging in
later life.

MEETING THE NUTRITIONAL NEEDS
OF OLDER PERSONS: CURRENT

RECOMMENDATIONS

Throughout the world it is widely recognized that a
wide variety of food cultures provide a nutritious
range of foods that can promote healthy aging.
Macronutrient and micronutrient requirements tend
not to be decreased with age, and some (ie, protein
and calcium) increase with age. By consuming a vari-
ety of foods from the main food groups, older indivi-
duals can meet recommended macronutrient and
micronutrient intakes and achieve energy balance.

For older adults who are overweight or obese a
lower fat intake may be an appropriate strategy to
reduce weight and negate chronic disease. However,
weight loss at any weight can be detrimental to the
health of an older adult [26] and should be attempted
only under the supervision or guidance of a qualified
dietitian. Overweight and obesity can mask the pres-
ence of sarcopenia which has been demonstrated to
increase the risk of frailty, reduce physical function,
and diminish capacity for exercise [27,28]. Thus, reduc-
ing body weight without compounding an already
diminishing muscle mass is complex. About 60% of
total energy should come from carbohydrates, with
emphasis on complex carbohydrates. Glucose tolerance
may decrease with advancing years. Complex carbohy-
drates put less stress on the circulating blood glucose
than do refined carbohydrates. Such a regime also
enhances dietary fiber intake. Adequate fiber, together
with adequate fluid, helps maintain normal bowel
function. An overview of the nutrient requirements for
older people is provided in this chapter alongside
nutrient intake recommendations from the WHO, EU,
United Kingdom, and United States.

ENERGY

Energy requirements for older adults vary widely
according to gender, body size, and physical activity
and may be similar to younger adults whilst good
health and physical function are maintained.
Reduction in lean body mass, BMR, and overall physi-
cal activity may all contribute to an overall reduction
in the energy needs in older adults compared with
younger people.

Energy balance is achieved when the energy intake
from food and drinks equals the energy expended for
metabolic processes (BMR and thermic effect of food,
TEF) and physical activity. A change in energy intake
or output leads to a positive or negative energy bal-
ance. A positive energy balance results in body tissue
being deposited as fat and an increase in body weight.
A negative energy balance results in body tissue being
mobilized and a loss of body weight. A change in
body weight, particularly in body fatness, may have
important implications for the health and functional
status of older adults. In older people physical activity
therefore has an important role in maintaining energy
balance, and consequently a healthy body weight.
Planned and incidental physical activity is also valu-
able for its role in maintaining muscle mass and
strength, stimulating appetite, and maintaining social
connections.

Based on data from the US Institute of Medicine of
the National Academies database for individuals aged
between 20 and 100 years, there is evidence of a pro-
gressive decline in total energy expenditure and physi-
cal activity level with advancing age [29]. This has
important implications for defining dietary energy
requirements for older people. BMR accounts for
45�70% of daily energy expenditure. This includes
energy for cell metabolism, synthesis and metabolism
of enzymes and hormones, transport of substances
around the body, maintenance of body temperature,
ongoing functioning of muscles, and brain function.
BMR declines with age at an estimated 1�2% a decade
due in part to the change in body composition. The
TEF accounts for a further 10% of daily energy expen-
diture. Energy expenditure for physical activity is
defined as the increase in metabolic rate above BMR
and TEF, and is the most variable component of
energy expenditure. Energy is expended through both
planned and incidental physical activity, and older
people generally have lower physical activity levels
than younger adults although exceptions do apply. An
inadequate energy intake may lead to nutrient defi-
ciencies and can augment functional decline. This may
contribute to further deterioration of health in older
vulnerable individuals. Meeting energy requirements
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is particularly difficult for those adults showing
characteristics of frailty. Eating at least three meals a
day and where possible, suitable snacks that are
energy- and nutrient-dense, is especially important for
the frail old.

With advancing age, maintaining an adequate
energy intake and weight can be a challenge. Older
people are less able than younger adults to make com-
pensatory increases in their energy intake and are less
able to regulate weight and therefore regain any lost
weight. Food intake in older people may be compro-
mised due to sensory (taste and smell) deficits and
impaired sensory specific society which leads to less
variety seeking behavior. Physiological changes in gas-
trointestinal function that occur with aging may have
an adverse impact on appetite and lead to a decrease
in food intake. Combined with poor dentition, chronic
illness, and adverse social and psychological factors,
such as bereavement and depression, older adults tend
to be less hungry than younger adults and may be at
increased risk of malnutrition.

Estimates of total energy requirements for older
adults are complicated given the evidence to suggest
that the desirable healthy weight range should be set
higher for improved health outcomes [30] and the
potential that the current estimates are based on predic-
tive equations that have not been validated in this age
group and may therefore overestimate requirements as
a result of a decline in muscle mass with age [31].

There have been some recently developed predictive
equations for use with older people; however, there is
much work still to be done. In practice it is recom-
mended to use an established equation and monitor
weight status closely as a multitude of factors can
influence energy expenditure, particularly in those
with multiple medical conditions or recovering from
surgery (Table 51.1). Observing a trend in change in
body weight, beyond what might be expected from
usual day to day fluid shifts, is the best clinical indica-
tor of energy balance (Table 51.2).

The challenge for older people is to meet the same
nutrient needs as when they were younger, yet con-
sume fewer calories. As such the consumption of foods
high in nutrients in relation to their energy content is a
prudent choice. Such foods are considered “nutrient-
dense.” For example, low-fat milk is more nutrient
dense than regular milk. Its nutrient content is the
same, but it has fewer calories because it has less fat.

PROTEIN

Older adults have a higher requirement for protein
compared to younger adults; older adults usually eat
less, including less protein [33] but have higher protein
needs to offset the resistance to the positive effects of
dietary protein on protein synthesis (anabolic resis-
tance) as well as the elevated metabolism of

TABLE 51.1 Equations for the Prediction of Resting Energy Expenditure in Older Adults

Source

Equation (kJ/day)

Male Female

Harris & Benedict b (57.53wt)1 (20.933ht)2 (28.353A)1 278 (40.03wt)1 (7.743ht)2 (19.563A)1 2741

Mifflin et al.c [(103wt)1 (6.253ht)2 (53A)1 5]3 4.2 [(103wt)1 (6.253ht)2 (53A)2 161]3 4.2

Schofield (over 60 years)d [(0.0493wt)1 2.459]3 1000 [(0.0383wt)1 2.755]3 1000

WHO (over 60 years)e (36.83wt)1 (4719.53hta)2 4481 (38.53wt)1 (2665.23hta)2 1264

Fredrix et al.f [16411 (10.73wt)2 (9.03A)2 203]3 4.2 [16411 (10.73wt)2 (9.03A)2 203(2)]3 4.2

Luhrmann et al.g 31691 (503wt)2 (15.33A)1 746 31691 (503wt)2 (15.33A)

aHeight in meters.
bHarris JA, Benedict FG. A biometric study of basal metabolism in man. Carnegie Institution of Washington (1919).
cMifflin MD, St Jeor ST, Hill LA, Scott BJ, Daugherty SA, Koh YO. A new predictive equation for resting energy expenditure in healthy individuals. Am J Clin Nutr 1990;51
(2):241�7.
dSchofield WN. Predicting basal metabolic rate, new standards and review of previous work. Hum Nutr Clin Nutr 1985;39:5�41.
eFAO/WHO/UNU. Energy and protein requirements. Report of a Joint FAO/WHO/UNU expert consultation. Technical report series No. 724. World Health Organization.
fFredrix EWHM, Soeters PB, Deerenberg IM, Kester ADM, Von Meyenfeldt MF, Saris WHM. Resting and sleeping energy expenditure in the elderly. Eur J Clin Nutr 1990;44
(10):741�7.
gLuhrmann PM, Herbert BM, Krems C, Neuhauser-Berthold M. A new equation especially developed for predicting resting metabolic rate in the elderly for easy use in practice.
Eur J Nutr 2002;41(3):108�13.
hYaxley A, Cibich C, Miller M. Energy expenditure in healthy, community-dwelling older adults; are predictive equations valid? 16th International Congress of Dietetics.
Sydney, New South Wales September 5�8; 2012.

wt5weight (kilograms); ht5height (centimetres); A5 age (years); WHO5World Health Organization.

Miller equation (unpublished results; Yaxley ICD abstract)h

Male REE (kJ)5 282.6301 (215.1243Age)1 (24.4813Ht)1 (31.8703Wt)

Female REE (kJ)5 282.6301 (215.1243Age)1 (24.4813Ht)1 (31.8703Wt)1 (2243.226)
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inflammatory conditions such as chronic obstructive
pulmonary disease (COPD) [34]. There is mounting
evidence that the existing recommended dietary
intakes (RDIs) for protein are too low for older people
[35] and do not take into consideration age-related
changes in metabolism and immunity [36]. Findings
suggest that protein intake greater than the RDI can
help older people to improve immune status and
wound healing as well as muscle mass, strength, and
function [37].

The most recent recommendation on protein
requirements published by the joint World Health
Organization/Food and Agriculture Organization of
the United Nations/United Nations University
(WHO/FAO/UNU) expert consultation suggest a
recommended dietary allowance (RDA) of 0.83 g/kg
for adults [38]. This is considered a “safe level of
intake” identified as the 97.5th percentile of the popu-
lation distribution requirement. The report concluded
that the protein requirement of elderly people did not
differ from younger adults. This conclusion was partly
based on nitrogen balance data which showed the

mean protein requirement did not differ between
younger (21�46 years) and older (64�81 years) healthy
adults: 0.61 (SD 0.14) versus 0.58 (SD 0.12) g protein/
kg body weight per day [39]. Other national and inter-
national authorities concur with this recommendation.
The European Food Safety Authority (EFSA) 2012
Dietary References Values for protein also propose a
population reference value of 0.83 g/kg for all adults
including older adults [40]. Similarly in the United
States the RDA for protein is 0.8 g/kg/day, set at two
standard deviations above the Estimated Average
Requirement (EAR, 0.66 g/kg/day) where the needs of
most (97�98%) of the adult population should be met
[41]. These recommendations were again based on a
meta-analysis of nitrogen-balance studies by Rand
et al. [42] given recommendations for an optimum
intake of protein for healthy older people based on
health outcomes has not been established. In France
however a higher protein intake of 1.0 /kg per day for
adults $75 years is recommended which is established
on considerations about protein metabolism regulation
in older adults [43].

TABLE 51.2 Prescribed Energy Requirements

Source Recommendation

WHO (2002)a Propose energy requirements of old age are 1.4�1.8 multiples of the BMR to promote body weight at different levels
of activity

EU EFSA (1993)b Based on actual body weights without desirable physical activity

Men (years)

30�59: 11.3 MJ

60�74: 9.2 MJ

$75: 8.0 MJ

Women (years)

30�59: 8.5 MJ

60�74: 7.8 MJ

$75: 7.3 MJ

US IOM (2006)c Prescribed according to age and gender with the goal of maintaining a BMI of 22 kg/m2, consistent with the midpoint
of the healthy weight range

UK SACN (2011)d EAR values for all adults

Men (175 cm) 10.9 MJ/day or 2605 kcal/day

Women (162 cm) 8.7 MJ/day or 2079 kcal/day

Adults aged 751

Men (170 cm) 9.6 MJ/day or 2294 kcal/day

Women (155 cm) 7.7 MJ/day or 1840 kcal/day

aWHO (2002). Keep fit for life: meeting the nutritional needs of older persons. Geneva, World Health Organization, Tufts University School of Nutrition and Policy: 83.
bReports of the scientific committee for food (1993). 31st series. Nutrient and energy intakes for the European community. European Commission. Luxembourg. Available at:
http://ec.europa.eu/food/fs/sc/scf/out89.pdf
cIOM (Institute of Medicine) Dietary Reference Intakes: The Essential Guide to Nutrient Requirement. Washington, DC: The National Academies Press; 2006.
dScientific Advisory Committee on Nutrition. Dietary reference values for energy. SACN Reports and Position Statements. London: P. H. England; 2011.
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National Health and Nutrition Examination Survey
data indicate that mean protein intakes of Americans,
including those more than 70 years of age, meet or
exceed the RDA. However, variability is large. A sig-
nificant proportion of older adults (approximately
10�25%) eat less protein than the RDA and approxi-
mately 5�9% of older persons, particularly women,
consume less than the EAR of protein [44].
Considering the EAR is insufficient for about half of
the population, the proportion of older adults at risk of
inadequate protein intake is potentially large.

Rigorously controlled, nitrogen-balance studies are
necessarily small and over recent years only a modest
number of short-term nitrogen-balance experiments
have been conducted to estimate the protein needs of
older adults. The results of these studies are mixed
and inconclusive. Some suggest that the requirement
for total dietary protein is not different for healthy old-
er adults than for younger adults and that the allow-
ance estimate does not differ statistically from the
RDA [39]. Others indicate that higher intakes are
needed [45,46] to meet the dietary needs of virtually
all healthy older adults. Notably, nitrogen-balance
studies have not addressed the possibility that protein
intake above the RDA could prove beneficial in
healthy individuals. Prevention of nitrogen loss may
be an inadequate outcome for older adults, especially
for those with a significant loss of lean body mass.

Although there is insufficient longer term research
with defined health outcomes to specify an optimal
intake for protein there is mounting evidence that
increasing protein intake beyond 0.8 g/kg may
enhance protein anabolism and help reduce the pro-
gressive loss of lean mass with aging. Protein intake
has been demonstrated to be an important determi-
nant of muscle mass and function. Among a group
of healthy older women with a protein intake of
0.45 g/kg body weight/day muscle mass and
strength decreased over a period of 9 weeks. By con-
trast in women who consumed twice the amount of
protein intake (0.92 g/kg body weight/day), muscle
mass remained stable and muscle strength improved
[47]. It has also been demonstrated that chronic
ingestion of the RDA for protein results in reduced
skeletal muscle size in weight-stable older adults
although there was no change in muscle function
detected [48]. Findings from the Health, Aging and
Body Composition (Health ABC) cohort indicate that
a lower energy-adjusted protein intake in healthy
older adults is associated with a larger loss of lean
body mass over a period of 3 years of observation
[49]. Among the 2066 older adults aged 70�79 years
in the Health ABC study the median protein intake
ranged between 0.7 g/kg in the lowest quintile and

1.1 g/kg in the highest quintile with a reported loss
in lean mass of 0.85 kg in the quintile with lowest
protein intake versus a loss of 0.45 kg in the quintile
with the highest protein intake. This translated into a
40% less decrease in lean mass over three years in
participants in the highest quintile of protein intake
compared with the lowest quintile, and suggests a
clear linkage between protein intake and muscle
change in older adults. Furthermore data from the
InChianti and the Women’s Health Initiative cohort
studies indicate a higher protein intake is associated
with reduced risk of muscle strength loss and inci-
dent frailty [50,51].

Not only do older adults usually eat less protein
compared to younger adults but they often consume
less high biological value animal protein [52] due to
factors such as chewing difficulty, fear of increasing
cholesterol, perceived intolerances [49], as well as cost
and access to such sources.

Although muscle mass decreases in older people,
the formation of muscle protein can be stimulated by
higher availability of protein; so it is imperative that
an adequate protein intake is maintained. An adequate
protein intake is especially important to maintain a
healthy functional status and decrease the risk of pro-
longed infections that lead to hospitalization [53]. The
pattern of protein intake may also be important to
stimulate protein synthesis in older adults and there is
some evidence that spreading protein intake evenly
over meals may be beneficial [54]. However, further
studies are needed to determine the optimal pattern of
intake to improve muscle strength and function.

In summary, the optimal protein intake for older
adults to meet the requirements of maintaining nitrogen
balance and preservation of muscle mass and function
remains to be ascertained. Recent recommendations
from the European Society for Clinical Nutrition and
Metabolism (ESPEN) suggest higher dietary protein
intakes for older adults (65 years plus) compared to
younger adults [34]. It is suggested the diet should pro-
vide between 1.0 and 1.2 g protein/kg body weight/day
for healthy older people [27] and between 1.2 and 1.5 g
protein/kg body weight/day for older people who are
malnourished or at nutrition risk [34]. To limit age-
related decline in muscle mass, strength and function
resistance exercise training is also recommended [55].

Notably, higher protein intakes are now recom-
mended by the PROT-AGE study group appointed by
the European Geriatric Medicine Society (EUGMS)
(1.0�1.2 g protein/kg body weight/day for healthy
older people; $1.2 g protein/kg body weight/day for
active and exercising older adults; and 1.2�1.5 g
protein/kg body weight/day for older adults who
have acute or chronic disease) [35]. Similarly, in
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Norway, The Nordic Nutrition Recommendations
suggest a safe intake of 1.2�1.5 g protein/kg body
weight/day for healthy older people or approximately
15�20% of total energy intake [56] (Table 51.3).

FAT

The recommendations for dietary fat are not pro-
vided in the form of an EAR or the RDA for adults as
insufficient data are available to identify a defined
intake level for fat based on maintaining fat balance or
on the prevention of chronic diseases. Rather, recom-
mendations are based on an acceptable macronutrient
distribution range (AMDR), reported as a percentage
of energy from fat. Broadly the FAO report of an
expert consultation on fat and fatty acids [58] proposed
a minimum of 15% energy from fat to ensure adequate
consumption of total energy, essential fatty acids, and
fat soluble vitamins and a maximum of 30�35% of
total energy for most individuals.

The Dietary Guidelines for Americans (HHS/
USDA, 2005) and the EFSA recommend keeping fat
intake between 20% and 35% of energy. The rationale
is that within this range, based on observations of die-
tary intakes, no overt nutritional deficiencies or
adverse effects on blood fats or body weight have been
observed. It has been noted that higher fat intakes can
still be compatible with both good health and normal
body weight, depending on the type of foods eaten
and physical activity levels.

The UK Committee on Medical Aspects of Food
Policy (COMA) [57] concludes that dietary reference
values for fat should be calculated from the summa-
tion of reference values for individual classes of fatty
acids (saturated fatty acids, monounsaturated
fatty acids, polyunsaturated fatty acids, trans fatty

acids) and glycerol. Total fatty acid intake should
therefore average 30% of total energy and total fat
including glycerol 33% of energy including alcohol or
35% of energy excluding alcohol.

The EFSA provides proposals for specific fatty acids
[59]. Recommended saturated fatty acid and trans fatty
acid intake should be as low as possible. An adequate
intake (AI) of 4 E% for linolenic acid, an AI for alpha-
linoleic acid of 0.5 E% and an AI of 250 mg for eicosa-
pentaenoic acid plus docosahexaenoic acid was set for
adults. Recommendations concur that saturated fats
should be kept as low as possible within the context of
a nutritionally adequate diet as well as trans fats,
which are not required by the body.

CARBOHYDRATE

While there are no dietary recommendations in the
form of EAR and RDI for carbohydrate as there is
insufficient evidence to support these, the
acceptable intake of carbohydrate is implicit for reduc-
ing chronic disease risk. EFSA has given an
acceptable range of carbohydrate intake (sugars and
starchy carbohydrates combined), known as a refer-
ence intake range. Diets containing between 45% and
60% of daily energy from carbohydrates, combined
with reduced fat and saturated fat intake, improve
metabolic risk factors for chronic disease. No specific
intake or upper limit for intake of total sugars or
added sugars is set [59,60].

DIETARY FIBER

Recommendations for dietary fiber and its compo-
nents (cellulose, hemicellulose, lignin, pectin, resistant
starch) have been established with consideration given
to gastrointestinal function and adequate laxation.
Based on the available evidence on bowel function, the
EUFIC Panel considers dietary fiber intakes of 25 g per
day to be adequate for normal laxation [59].

The US Food and Nutrition Board [41] set an AI for
total dietary fiber of 3.4 g per MJ (14 g per 1000 kcal)
based on the energy adjusted median intake associated
with the lowest risk of coronary heart disease (CHD)
in observational studies. The AI corresponds to 25 g
per day for women and 38 g per day for men aged
14�50 years, respectively.

It is recognized that dietary fiber has a major role in
bowel function and gastrointestinal symptoms, such as
constipation, have been linked to low fiber intakes [41].

TABLE 51.3 Protein Requirements

Source Recommendation

WHO/FAO [38] 0.83 g/kg/day for all adults

EU [40] 0.83 g/kg/day for all adults

US [41] 0.8 g/kg/day for all adults

UK [57] Reference nutrient intakes gram/person/day

Men 19�50 years 55.5

Men 511 years 53.3

Women 19�50 years 45

Women 511 years 46.5
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WATER

Water is particularly important in older age due to
the decline in kidney function, use of medications, such
as diuretics, and subsequent consequences of dehydra-
tion including constipation, confusion, bladder
infections, functional decline, falls, or stroke. Inadequate
fluid intake can also affect saliva production which is
essential for the maintenance of food oral health.
However, it may be challenging for older adults to
achieve adequate fluid requirements as a result of a
reduction in the thirst mechanism that occurs with age.
It is important for older people to drink regularly even
when they are not thirsty because of their potentially
low water reserves and to moderately increase their salt
intake when they sweat. Foods such as fruit and
vegetables contribute an important source of water to
total intake and need to be encouraged.

Observed water intakes in older people appear to be
lower than in younger adults. This is likely to be
because older people are less thirsty and drink less
fluid when they are fluid deprived compared to youn-
ger individuals [61]. Even when offered a highly
palatable selection of drinks following fluid depriva-
tion older adults appear to fail to ingest sufficient fluid
to replenish their body water deficit [62]. Older adults
may also be more sensitive to heat stress and subse-
quent water depletion leading to heat exhaustion [63]
and ultimately loss of consciousness and heat stroke.

The EFSA Panel on Dietetic Products, Nutrition, and
Allergies (NDA) has set the same AIs for water for older
adults and younger adults as 2.0 L/day (P95 3.1 L) for
women and 2.5 L/day (P95 4.0 L) for men [64].
AIs were derived from a combination of observed
intakes in population groups with desirable osmolarity
values of urine and desirable water volumes per energy
unit consumed.

In the United States the AI for total water (drinking
water, beverages, and foods) is 3.7 L/day of total water
for men and 2.7 L/day of total water for women. [65].
The AI for older adults (. 70 years) is also the same as
for younger adults (51�70 years). This AI is based on the
median total water intake of young adults rather than the
older age group, in order to ensure that total water intake
is not limited as a result of a potential declining ability to
consume adequate amounts in response to thirst.

MICRONUTRIENTS

An older adult who is eating well in terms of qual-
ity and quantity and is not experiencing or recovering
from an acute illness will likely achieve an AI of all

micronutrients. While some micronutrients are
required in larger amounts in older age, these amounts
are easily achievable within a healthy, well-balanced
diet which meets energy and macronutrient recom-
mendations. In some circumstances there may be risk
of inadequacy (eg, poor appetite or limited access to
food, gastrointestinal disease, recovery from illness or
surgery, drug�nutrient interactions) and there are key
micronutrients that are generally affected whereby die-
tary education and counseling or even micronutrient
supplementation may be necessary. Some of the micro-
nutrient deficiencies that more commonly occur in
aging include vitamin B12, folate, calcium, vitamin D,
potassium, magnesium, and iron.

Vitamin B12

While recommendations for dietary vitamin B12
intake are generally not thought to be any different to
younger adults there are physiological changes that
occur with aging that can be responsible for increasing
risk of deficiency. Vitamin B12 is primarily found in
animal products such as fish, poultry, meat, eggs, and
dairy but is increasingly also found in fortified foods,
particularly breakfast cereals. A vitamin B12 deficiency
commonly manifests as fatigue, anemia, and depres-
sion and can be corrected with relative ease through
diet or supplementation.

Folate

Much like vitamin B12, the recommendation for die-
tary folate intake is not considered to be dissimilar to
recommendations for younger adults. Folate is found
across a wide variety of foods including fruit and
vegetables, legumes and nuts, dairy, poultry, meat,
and eggs. Despite being commonly found in the food
supply and older adults not generally having any
greater requirement than younger adults, folate can
become a nutrient at risk if access and availability of
fresh food is limited or there is a significant decline in
appetite. The primary clinical sign of deficiency is
megaloblastic anemia, commonly manifesting as
fatigue, weakness, and headache.

Calcium and Vitamin D

These nutrients are vital for bone health and both
are consistently recommended in higher amounts com-
pared to younger adults. Food sources high in calcium
include milk, cheese, yoghurt, fortified foods (eg, juice,
breakfast cereal, breads) and some fish (eg, sardines).
Unfortunately food sources of vitamin D are limited
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(eg, some fish, fortified foods, liver) and while expo-
sure to sunlight provides an endogenous source, dis-
ease or disability can prevent adequate exposure.
Supplementation of both calcium and vitamin D is not
uncommon with increasing age in addition to prescrib-
ing regular exercise for prevention and treatment of
osteoporosis, falls, and fractures.

Potassium

This nutrient is increasingly being suggested to be
integral to good cardiovascular health hence is very
relevant with increasing age where risk of cardiovascu-
lar disease is more common. Despite this, the dietary
recommendations for older adults are routinely the
same as for younger adults. Good food sources of
potassium include fruits and vegetables, milk, and
unprocessed meats and while potassium deficiency is
not common, it can manifest in older adults as a result
of poor appetite and lack of regular access to fresh
foods. Symptoms of deficiency include muscle cramp,
nausea, fatigue, and weakness.

Magnesium

Much like potassium, the dietary recommendations
for magnesium in older adults are the same as for
younger adults. Magnesium is found in many foods
with those considered rich sources including nuts,
legumes, whole grains, and most green vegetables.
Magnesium has many functions including energy pro-
duction and in bone health hence a deficiency can be
debilitating with symptoms akin to potassium defi-
ciency but also including confusion, delirium and it its
most severe form, heart failure.

Iron and Zinc

Iron and zinc dietary recommendations for older
adults are largely the same as for younger adults with
the only exception being recommendations for older
women being reduced for younger women secondary
to menopause. Iron plays an important role in the
body with signs and symptoms of deficiency being
fatigue and decreased immunity. The most probable
cause of iron deficiency anemia among older adults
would be inadequate dietary intake or blood loss from
conditions such as ulcers, polyps, or intestinal cancer.
Good sources of dietary iron are red meat, offal, and
fortified breakfast cereals. Similar to iron, zinc plays an
important role in immunity but also has a role to play
in wound healing and maintaining the senses of
taste and smell, important for optimal health of an

older adult. Good sources of dietary iron are also
routinely also good sources of dietary zinc although
zinc can also be found in reasonable amounts in foods
including pulses, nuts and legumes, wholegrain
cereals, and dairy products.

SUMMARY

• Older adults are a diverse population and are
living longer, healthier lives than ever before.
Indeed centenarians are no longer unique. They
comprise the fastest growing segment of older
adults in countries such as Japan and
characteristically have delays in any kind of
physical decline or onset of chronic disease.
Nevertheless the rates of change with aging differ
among individuals and older adults can be
vulnerable to nutritional inadequacies.

• Food intake is typically decreased in older adults
and energy requirements are lower. The challenge
for older people is to meet the same nutrient needs
as when they were younger, yet consume fewer
calories.

• Many older adults have special nutrient
requirements because aging affects absorption, use
and excretion of nutrients.

• Protein intake may be lower in older adults and this
may contribute to the age-related loss of muscle
mass which can lead to a decrease in muscle
strength and greater risk of functional impairment
and disability. Reduced muscle strength and
function can affect an older adult’s quality of life.

• Nutritional recommendations vary by country. In
the United States the dietary reference intakes
separate the cohort of people aged over 50 years
into two groups, those aged 50�70 years and those
aged 71 years and older. In the future determining
and implementing nutrient recommendations for
older adults is likely to become more complex as the
population grows and there is increasing prevalence
of chronic disease secondary to obesity during
adulthood.

• Recommendations need to encourage a more
liberalized diet for older adults as emerging
evidence suggests this can be beneficial in reducing
the risk of frailty [66].

• Consumer shifts in attitudes toward food and
expectations of food services with advancing age
places a need for continuous review of the
recommendations for this complex group.
Recommendations need to be consistent with the
best available evidence and need to be feasible at
the practice level.
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Cognitive impairment, 333�334, 622
Colon, 368�369
Colorectal cancer (CRC), 701

COMA. See UK Committee on Medical
Aspects of Food Policy (COMA)

Comprehensive Assessment of Long-term
Effect of Reducing Intake of Energy
(CALERIE) trial, 677, 679�682

Comprehensive geriatric assessment (CGA),
61, 661�663

Comprehensive nutritional assessment,
61�64, 63f

barriers for, 64, 64t
Computerized tomography (CT), 416
COMT. See Catecholo-methyltransferase

(COMT)
Conditioned Taste Aversion, 716�717
Confounding factors, 279
Congestive heart failure (CHF), 352, 627
Constipation, 368�369
Continuous Performance Test-II (CPT-II), 687
COPD. See Chronic obstructive pulmonary

disease (COPD)
Copper (Cu), 245, 304�305
Coronary arteries, 609
Coronary artery disease (CAD), 478
Coronary heart disease (CHD), 315, 323, 325,

423�424, 477, 609, 631
Corticotropin releasing hormone (CRH), 195
COX-2. See Cyclooxygenase-2 (COX-2)
CP. See Ceruloplasmin (CP)
CpG site, 213
cPLA2. See Cytosolic phospholipase A2

(cPLA2)
CPT-II. See Continuous Performance Test-II

(CPT-II)
CPT1B, 34�35
CQ. See Chloroquine (CQ)
CR. See Caloric restriction (CR)
CRC. See Colorectal cancer (CRC)
Creatine (Cr), 358
Creatinine clearance rate, 423
CREB. See cAMP responsive element-binding

protein (CREB)
CREB-binding protein (CBP), 209
Cretinism, 583
CRH. See Corticotropin releasing hormone

(CRH)
Critically Ill elderly patients, 68
CRM. See cis-regulatory module (CRM)
Crocin, 667
CRON. See Calorie Restriction with Optimal

Nutrition (CRON)
CRONIES. See Calorie Restriction Society

(CRONIES)
Crotonaldehyde dG adduct, 162
CRP. See C-reactive protein (CRP)
CSF. See Cerebrospinal fluid (CSF)
CT. See Computerized tomography (CT)
Cu/ZnSOD. See Zinc and copper superoxide

dismutase (Cu/ZnSOD)
Cullin3 (Cul3), 495�496
Curcuma longa, 493�494
Curcumin (diferuloylmethane), 255,

303�304, 492, 650, 666�667
and aging, 499
and disease, 501�502, 501t
and longevity, 499�501
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Curcumin (diferuloylmethane) (Continued)
biochemical and molecular targets, 494,

495t
aging-related molecular targets, 494�499
impact on hallmarks of aging, 496f

miRNAs modulation by, 286
nutritional and pharmacological

applications in aging, 502
actual and possible future applications,

505f
applications, 504�506
clinical trials, 502�503
curcumin bioavailability and

pharmacokinetics, 503�504
epidemiological data, 502�503
new delivery systems, 504

publications in US, 492f
traditional uses, 493�494

Curcuminoids, 666�667
Curry, 667
powder, 491

CV events. See Cardiovascular (CV) events
CVD. See Cardiovascular disease (CVD)
Cyclin-dependent kinases (CDK), 210�211,

295�296, 612
Cycloastragenol, 302
Cyclooxygenase-2 (COX-2), 24�25, 253�254,

612
Cyp isoenzyme 3A4 system.

See Cytochrome-P-450 (Cyp)
isoenzyme 3A4 system

CYP-containing enzyme. See Cytochrome
P450 (CYP)-containing enzyme

CYP24A1 gene, 451, 455�456
nucleotide sequence of human, 456f

CYP7. See Cholesterol 7 α-hydrolase (CYP7)
Cystathionine β-synthase (CBS), 515
Cysteine, 517�518
Cytochrome P450 (CYP)-containing enzyme,

449�450
Cytochrome-P-450 (Cyp) isoenzyme 3A4

system, 75�77, 78t
Cytokines, 58, 609
Cytomegalovirus (CMV) infection, 378
Cytosolic phospholipase A2 (cPLA2),

253�254

D
1,25D. See 1,25-Dihydroxyvitamin D3 (1,25D)
25D. See 25-Hydroxyvitamin D3 (25D)
DA neurons. See Dopaminergic (DA)

neurons
dAGE. See Dietary advanced glycation end

product (dAGE)
Dairy products, 347, 584
DALYs. See Disability-adjusted life years

(DALYs)
Damage induced senescence, 294
Dansen, 671�672
Dark chocolate, 323�324
DASH. See Dietary approaches to stop

hypertension (DASH)
Data and Safety Monitoring Committee

(DSMC), 575

DBD. See DNA binding domain (DBD)
DCs. See Dendritic cells (DCs)
DDIT4. See Regulated in development and

DNA damage response 1 (REDD1)
DDR. See DNA damage response (DDR)
Deacetylase, 227
Deacetylation, 211
Degenerative eye diseases, 270�271, 434

AMD, 434�435
cataract, 434
diabetic eye diseases, 436
glaucoma, 435�436

Deiodinases, 587
Delayed gastric emptying, 366
Delayed type hypersensitivity (DTH), 558
Dementia, 336�337, 516

Alzheimer’s disease, 337�338
and glycation, 338�339
and insulin resistance, 337�338

glucose hypometabolism, 337
and metabolic disturbances, 337�339

Dementia with Lewy bodies (DLB), 252�253
Dendritic cells (DCs), 376, 696
Dentition, 365
2-Deoxy-D-glucose (2DG), 298
3-Deoxyglucosane, 265
Deoxynivalenol (DON), 178
1-Deoxynojirimycin, 305�306
Deregulated nutrient sensing, 498
2’-Desoxythymidine-5’-monophosphate

(dTMP), 244
2’-Desoxyuridine-5’-monophosphat (dUMP),

244
Determinants of longevity, 156
Detoxification of endo-and xenobiotics, 460
Developmental Origins of Health and

Diseases (DOHaD), 181�182
Developmentally programmed senescence,

294
DEXA. See Dual energy X-ray

absorptiometry (DEXA)
2DG. See 2-Deoxy-D-glucose (2DG)
DGAC. See Dietary Guidelines Advisory

Committee (DGAC)
DGCR8, 278
DHA. See Docosahexaenoic acid (DHA)
DHEA-S, 686
DHFR. See Dihydrofolate reductase (DHFR)
Diabesity, 151�152
Diabetes, 271, 399

diabetic eye diseases, 436
risk factors, 688

Diabetic macular edema (DME), 436
Diabetic retinopathy (DR), 434
Diarylheptanoids, 303�304
Dicentric chromosomes, 130
Diet, 32

and brain impairment, 332�333
and cognitive impairment, 333�334
correlation, 32
function of proteins and amino acids in, 33
hyperuricemia and, 428�429
ketogenic diets, 339
Mediterranean type, 427�428
patterns, 714

Diet-induced changes, 191
body mass/composition, 196�199
overfeeding—obesity, 196
obesity and GI peptides, 196�197
RYGB Surgery, 197�198
signaling nutritional state in obesity,

197
signaling feeding state
calorie restriction, 198
chronic wasting diseases, 198
in eating disorders, anorexia nervosa,

198
Dietary advanced glycation end product

(dAGE), 263�264. See also Advanced
glycation end product (AGE)

absorption, metabolism, and elimination
of, 266�267

dietary interventions for, 271�273
formation, 265
representative clinical interventions with,

272t
Dietary approaches to stop hypertension

(DASH), 320, 324, 663
dietary pattern, 324�325

Dietary cholesterol, 319
Dietary fat, miRNAs modulation by,

281�282
Dietary fatty acids, 23, 380�382

miRNAs modulation by, 281�282
Dietary fiber, 729
Dietary Guidelines Advisory Committee

(DGAC), 316�318
Dietary intake, 540�541

aging process in
calcium, 538�540
deleterious mechanisms through lower

levels of Mg, Ca, and K, 540t
magnesium, 538
potassium, 540

and brain aging, 543
calcium, 544
magnesium, 543�544
potassium, 545

and cardiovascular and metabolic effects
calcium, 541�542
magnesium, 541
potassium, 542�543

and cognitive aging
calcium, 546
magnesium, 545�546
potassium, 546

Dietary micronutrients, miRNAs modulation
by, 282

Dietary minerals, miRNAs modulation by,
284�285

Dietary nitrate, 712
Dietary patterns and clinical outcomes, 324

DASH dietary pattern, 324�325
Mediterranean-style dietary patterns, 325
2013 AHA/ACC Lifestyle Guidelines,

324
Vegetarian dietary pattern, 325�326

Dietary phytochemicals, neuroprotective
mechanisms of

aging, 252
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brain
aging, 252�253
inflammation as form of oxidative

stress, 253�254, 255f
neuroprotection of phytochemicals in

brain aging, 254, 255t
curcumin, 255
Flavan-3-ols, 256
other phytochemicals, 256
resveratrol, 254�255

oxidative damage, 252�253
stress signaling pathways, neuroprotective

phytochemicals and modulation of,
256�258

Dietary protein, 357
Dietary reference intake (DRI), 41�42,

46�47, 95�103
Dietary reference values
for calcium, 346�347, 347t
for vitamin D, 348�349, 349t

Dietary restriction (DR), 31�32, 222. See also
Caloric restriction (CR)

Dietary sugar influence on brain and
cognitive impairment

carbohydrates/sugar, 332
diet and brain impairment, 332�333
diet and cognitive impairment, 333�334

Dietary supplements, 569
Dietetic Products, Nutrition, and Allergies

(NDA), 730
Diferuloylmethane. See Curcumin

(diferuloylmethane)
Digestive tract function, nonnutrient

components in, 712
Digital rectal exams (DRE), 574
Dihydrofolate reductase (DHFR), 514
1,25-Dihydroxyvitamin D3 (1,25D), 449�450,

452
Diiodotyrosine (DIT), 586�587
Diketo form, 493�494
Dioxin, 183
Dipeptidyl peptidase IV (DPPIV), 395
Direct ablators of senescent cells, 298
Disability-adjusted life years (DALYs), 611
Distribution and elimination, 587
DIT. See Diiodotyrosine (DIT)
Divalent Metal Transporter (DMT1),

523�525
DLB. See Dementia with Lewy bodies (DLB)
DME. See Diabetic macular edema (DME)
DMN. See Dorsal motor nucleus (DMN)
DMT1. See Divalent Metal Transporter

(DMT1)
DNA
damage and nutrients, 25�26
lesions, 243
repair, 243

DNA binding domain (DBD), 452�453
DNA damage response (DDR), 294�296
DNA methylation, 27, 213, 513
age-related alterations in, 215�216
effects of diet on

bioactive phytochemicals, 218
methyl donors, 218
protein-restricted diet, 219

Selenium, 219
Vitamin A, 219
Zinc, 218�219

DNA methyltransferase (DNMT), 218�219,
497

DNMT3b, 286
DNI. See Drug�nutrient interaction (DNI)
DNMT. See DNA methyltransferase (DNMT)
Docosahexaenoic acid (DHA), 23, 318, 323,

379, 435, 441, 453�454, 622�623
DOHaD. See Developmental Origins of

Health and Diseases (DOHaD)
DON. See Deoxynivalenol (DON)
Dopaminergic (DA) neurons, 151
Dorsal motor nucleus (DMN), 190
Dorsovagal complex (DVC), 190
Dose-response approach, 600�601
Double strand break (DSB), 130, 245�246
Down syndrome (DS), 247
DPPIV. See Dipeptidyl peptidase IV (DPPIV)
DR. See Diabetic retinopathy (DR); Dietary

restriction (DR)
DRE. See Digital rectal exams (DRE)
DRI. See Dietary reference intake (DRI)
Drosha, 278
Drosophila, 501�502
Drug absorption in elderly, 79
Drug action in elderly, 81
Drug distribution in elderly, 79�80
Drug excretion in elderly, 81
Drug metabolism in elderly, 80�81
Drug�herb interactions in elderly, 95, 96t
Drug�nutrient interaction (DNI), 75, 80t

challenges and future directions, 95�103
classification, 76t
dietary, 103f

supplement use, 75
drugs

affecting cytochrome P450 enzymes, 77t
drug�herb interactions in elderly, 95, 96t
effect on nutritional status in elderly, 82
modulating P-glycoprotein, 78t

factors affecting DNI in elderly, 79
drug absorption in elderly, 79
drug action in elderly, 81
drug distribution in elderly, 79�80
drug excretion in elderly, 81
drug metabolism in elderly, 80�81

number of supplements, 75f
pressor agents in foods and beverages, 78t
type I, 75
type II, 75�77
type IIC, 77
type III, 77�78
type IV, 78
with vitamins supplements in elderly, 82

mineral�drug interactions, 88t
vitamin A, 94
vitamin B and folic acid, 82�94
vitamin C, 94
vitamin D, 94�95
vitamin E, 94
vitamin K, 95
vitamins�drug�nutrient interactions,
83t

Drusen, 434�435
Dry method, 585
DS. See Down syndrome (DS)
DSB. See Double strand break (DSB)
dSir2, 233
DSMC. See Data and Safety Monitoring

Committee (DSMC)
DTH. See Delayed type hypersensitivity

(DTH)
dTMP. See 2’-Desoxythymidine-5’-

monophosphate (dTMP)
Dual energy X-ray absorptiometry (DEXA),

416
dUMP. See 2’-Desoxyuridine-5’-

monophosphat (dUMP)
Duodenum, 525
DVC. See Dorsovagal complex (DVC)
Dyslipidemia, 609
Dysregulated miRNA levels, 282

E
EAA. See Essential amino acid (EAA)
EAR. See Estimated average requirement

(EAR)
Early atherosclerosis, 476�477
Early life exposure and long-term effects, 180

alterations of cognitive function, 183
effect of DNA methylation, 181f
DOHaD, 181�182
effect on fetal growth, 182
impact of environmental factors, 182f
epigenetic modifications, 183
epimutations, 181
histone acetylation, 181f
lead exposure, 182�183
lifestyle, diet, pesticides, metals, and

solvents, 182
sperm epimutations, 183
studies on children’s hair, 182
transgenerational effect on fat deposits,

183
Eating disorders, 198

symptoms development, 686�687
Eating Inventory, 686
4E-BP1. See eIF4 binding proteins (4E-BP1)
ECG. See Epicatechin gallate (ECG)
Ectopic calcification, 451�452, 454�455,

457�458
EER. See Estimated Energy Requirement

(EER)
EFA. See Essential fatty acid (EFA)
EFSA. See European Food Safety Authority

(EFSA)
EGCG. See Epigallocatechin gallate (EGCG);

(�)-Epigallocatechin-3-gallate (EGCG)
Eicosanoids, 160
Eicosapentaenoic acid (EPA), 23, 318, 436,

622
Eicosapentanoic acid (EPA), 323, 380�382,

622�623
5,8,11-Eicosatrienoic acid (ETrA), 158�159
eIF4 binding proteins (4E-BP1), 147
Elderly, 425�426

hepcidin in, 532
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Elderly (Continued)
autophagy, 533�534
iron metabolism, 533�534

immune cells dysfunctions in, 697t
relationship between gut microbiota and

immune system in elderly, 694
B cells, 697
Bacteroides fragilis, 696
methagenomic archaea, 695
microbiota composition in ages of life,

695f
pathways, 695�696
Treg cells and Th17 cells intestinal

microbiota and induction, 696f
zinc supplementation in elderly person,

558, 560t
antioxidant effects, 559
cytokine expression, 559
T cell activity, 559
T cell response, 559
zinc intake, 558
zinc treatment, 561

Electrophile response element (EpRE), 473,
479

Electrophilic stress, 166�167
ELISA. See Enzyme-linked immunosorbent

assays (ELISA)
Elongation of very long chain fatty acids

protein 2 (ELOVL2), 37
Elongation of very long chain fatty acids

protein 6 (ELOVL6), 32, 34
ELS. See Essential lifespan (ELS)
Emphysema, 411
EN. See Enteral nutrition (EN)
End-of-life care, 68�69
Endocrine responses
DHEA-S, 686
leptin, 685
somatotropic axis, 686
thyroid function, 684�685

Endogenous antioxidant systems, 164
Endogenous DNA adducts, 163
Endogenous oxidation, 161
Endogenous secretory RAGE (es RAGE), 268
Endoplasmic reticulum (ER), 400
Endothelial activation, 612
Endothelial nitric oxide synthase (eNOS), 32,

611�612
Endothelin (ET-1), 475, 609
Endothelium, 609�611
Energy, 725�726, 727t
balance, 189�190, 192, 725
energy sensor systems, central position of,

35
intake, 122

Enol form. See Keto-enol form
eNOS. See Endothelial nitric oxide synthase

(eNOS)
Enteral feeding, 57
Enteral nutrition (EN), 64, 67
Enteric nervous system, 364
Environmental pollution, exposure to, 177
Environmental selenium, 578
Enzymatic antioxidants, 110�112
Enzymatic co-factor, 243

Enzymatic PUFA oxidation, 160�161
Enzyme-linked immunosorbent assays

(ELISA), 265
EPA. See Eicosapentaenoic acid (EPA);

Eicosapentanoic acid (EPA)
EPIC cohort. See European prospective

Investigation into Cancer and
Nutrition cohort (EPIC cohort)

Epicatechin, 256
Epicatechin gallate (ECG), 256
Epidemiological studies, 435, 502�503,

516�517, 709�710
Epifriedelanol, 302
Epigallocatechin, 256
Epigallocatechin gallate (EGCG), 114, 256,

305, 402
(�)-Epigallocatechin-3-gallate (EGCG),

661�663
Epigenetic alterations, 497

role of, 222
Epigenetic responses to diet in aging

age-associated and diet-induced epigenetic
alterations interrelationships, 220�221

age-related alterations
chromatin architecture, 217
in DNA methylation, 215�216
histone modification, 216�217
interacting hallmarks of aging and
extrinsic modifying factors, 216f

small, noncoding RNAs, 217
diet effect, 221

on DNMT activity, 221
HDAC, 221�222
on methyl group supply, 221

epigenetic actions of specific dietary
components, 218�220

diet effects on DNA methylation,
218�219

diet effects on histone modification, 219
diet effects on small noncoding RNAs,
219�220

epigenetic alterations, 222
impact of diet, 217
of mammalian genome, 214�215
as nutritionally-modifiable marker of
aging trajectory, 223

epigenetic drift, 215
role of environmental vs. genetic factors,

217
sirtuins, 222�223
stem cell aging, functional consequences

of, 222
Epigenetic(s), 27�28, 31, 213, 513, 610

clock, 215�216
drift, 213, 215�216
linkage of aging and nutrition, 36�37
marks, 213
modification of mammalian genome,

214�215
phenomena, 513

Epigenome, 213, 491�492
Epigenome-wide association study, 37
EPO. See Erythropoietin (EPO)
EpRE. See Electrophile response element

(EpRE)

EpRE/ARE transcription system, 481�482
ER. See Endoplasmic reticulum (ER)
ERCs. See Extrachromosomal rDNA circles

(ERCs)
ERFE. See Erythroferrone (ERFE)
ERK. See Extracellular signal regulated

kinase (ERK)
Erythroferrone (ERFE), 529�530
Erythropoiesis, hepcidin regulation by, 527,

529�530
Erythropoiesis-dependent regulation of

hepcidin, 527�530
Erythropoietin (EPO), 526�527
es RAGE. See Endogenous secretory RAGE

(es RAGE)
Esophageal achalasia, 365
Esophagus, 365�366
ESPEN. See European Society for Clinical

Nutrition and Metabolism (ESPEN)
Essential amino acid (EAA), 280
Essential fatty acid (EFA), 156�157, 622
Essential lifespan (ELS), 3, 6
Estimated average requirement (EAR), 41,

345, 347, 569, 723, 727
Estimated Energy Requirement (EER), 723
Estrogen receptors, 482�484
ET-1. See Endothelin (ET-1)
1,N6-Ethenoadenine (εdA), 165�166
3,N4-Ethenocytosine (εdC), 165�166
ETrA. See 5,8,11-Eicosatrienoic acid (ETrA)
EU. See European Union (EU)
Euchromatin, 213
EUGMS. See European Geriatric Medicine

Society (EUGMS)
European Food Safety Authority (EFSA), 727
European Food Safety Authority Panel

recommendations, 346�347
European Geriatric Medicine Society

(EUGMS), 728�729
European prospective Investigation into

Cancer and Nutrition cohort (EPIC
cohort), 517, 571

European Society for Clinical Nutrition and
Metabolism (ESPEN), 728

European Union (EU), 626
EURRECA Network of Excellence, 600
Exceptional longevity, 31
Exogenous oxidation, 161�162
Exogenous supplemental antioxidants,

164�165
Experimental studies. See Intervention

studies
Extracellular signal regulated kinase (ERK),

258
Extrachromosomal rDNA circles (ERCs), 232
Extreme longevity. See Exceptional longevity

F
FACIT. See Folate After Coronary

Intervention Trial (FACIT)
“False negative” effects, 708
“False positives” effects, 708
FAO. See Food and Agriculture Organization

(FAO)
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FAST. See Functional Assessment Staging
(FAST)

“Fast day”, 678
Fat, 622, 729
Fat mass (FM), 677, 680�681
Fat-free mass (FFM), 414, 677, 680�681
Fatty acid(s)
component, 33�34
durability and oxidizability of, 157�158
ω-3. See Omega-3 fatty acids (ω-3 fatty

acids)
ω-6. See Omega-6 fatty acids (ω-6 fatty

acids)
FDA. See Food and Drug Administration

(FDA)
“Feed day”, 678
Feeding state, 189
age-related changes of signaling, 192�193
gastrointestinal signals of, 191�192

Femoral neck BMD (FN-BMD), 629
Ferric iron (Fe31), 525
Ferric Reducing/Antioxidant Power (FRAP),

670
Ferritinophagy, 533
Ferroportin (FPN1), 523�524, 532
FeSOD. See Iron superoxide dismutase

(FeSOD)
Fetal development, 592�594
FEV1. See Forced expiratory volume (FEV1)
FFA. See Free fatty acid (FFA)
FFM. See Fat-free mass (FFM)
Fibroblast growth factor 2 (FGF2), 499
Fibroblast growth factor 23 (FGF23), 451,

456�457
dissection of the mouse, 458f
nucleotide sequence of human, 456f

FIP200. See 200 kDa FAK family kinase-
interacting protein (FIP200)

Fish, 323
FKBP12�rapamycin binding domain (FRB),

141
FKBP38, 148
Flavan-3-ols, 256
Flavones, 306
Flavonoids, 713
miRNAs modulation by, 285

Flavonols, 307
Flexible fatty acid composition of human

cells, 156�157
benefits of Omega-9 PUFAs, 158�159
durability and oxidizability of fatty acids,

157�158
families of polyunsaturated fatty acids, 157f
lessons from human populations with low

PUFA intake, 159�160
pathways, 158f

Floor dust, 179�180
Flow-mediated dilation (FMD), 271�272
FM. See Fat mass (FM)
FMD. See Flow-mediated dilation (FMD)
FN-BMD. See Femoral neck BMD (FN-BMD)
Folate, 518�520, 599, 730
cycle, 514�515
miRNAs modulation by, 283
sole function, 514

Folate After Coronary Intervention Trial
(FACIT), 516

Folic acid, 82�94, 244
Food. See also Diet

for aging interventions, 6
bioactive components, 21
choices, 124
intake, 189, 192�193, 196

declines, 356
nutrients, 698
preferences in elderly

chemosensory function modifications
and, 123

clinical and nutritional status
modifications, 123�124

determinants of food choices, 124
nutritional frailty, 121�122
physiological modifications, 122�123

sources
of calcium, 347�348, 348t
vitamin D, 349, 350t

Food and Agriculture Organization (FAO),
727

Food and Drug Administration (FDA),
95�103, 568�569

Food-derived small molecules.
See Phytochemical(s)

Foodstuffs, 178
Forced expiratory volume (FEV1), 64
Forkhead box subgroup “O” (FoxO),

207�208, 209t
FOXO3, 47�48, 365
proteins, 211

FOS. See Framingham Osteoporosis Study
(FOS); Fructooligosaccharides (FOS)

FoxO. See Forkhead box subgroup “O”
(FoxO)

FoxO1, 207�208
epigenetic influences on, 210�211
modifications

acetylation, 211
deacetylation, 211
by phosphorylation, 210�211

modulation by calorie restriction, 211�212
significance ubiquitination and

degradation, 211
target genes during aging and modulation

by CR, 209�210
FPN1. See Ferroportin (FPN1)
FR. See Free radicals (FR)
Frailty, 41

nutritional interventions, 356�357
Framingham Osteoporosis Study (FOS), 629
FRAP. See Ferric Reducing/Antioxidant

Power (FRAP)
FRB. See FKBP12�rapamycin binding

domain (FRB)
Free fatty acid (FFA), 382�384
Free radical theory of aging (FRTA), 4, 682
Free radicals (FR), 4, 610, 707

theory, 637�638
French Paradox, 650
FRTA. See Free radical theory of aging

(FRTA)
Fructooligosaccharides (FOS), 698

Fruits, 323
constituents affecting age-related

morbidity, 711
antioxidant effects of plant-derived

compounds, 711
nonnutrient components, 712
nutrients in human metabolism, 711
phytochemicals, 712�717

effects of intake on mortality and
morbidity, 708

epidemiology, 708�709
intervention studies, 709�710
odds ratio of diabetes mellitus, 709f

natural pesticides, bioactive compounds,
717t

Functional annotation analysis, 16�18
Functional Assessment Staging (FAST),

667�668
Functional food(s), 491

conventional functional foods in
cardioprotective dietary patterns,
322�323

green tea, dark chocolate, and red wine,
323�324

G
G-CSF. See Granulocyte colony-stimulating

factor (G-CSF)
Galacto-oligosaccharides (GOS), 698
GALT. See Gut associated lymphatic system

(GALT)
γ-linolenic acid (GLA), 382�384
γ-tocopherol, 114, 572
Ganoderma lucidum. See Lingzhi (Ganoderma

lucidum)
GAP. See GTPase activating protein (GAP)
Garlic (Allium sativum), 668
Gas chromatography with flame ionization

detector (GC/FID), 265
Gas chromatography with mass

spectrometric detection (GC/MS), 265
Gastric atrophy, 724
Gastric emptying, 366
Gastroesophageal reflux disease (GERD),

363, 365�366
Gastrointestinal signals of feeding state,

191�192
Gastrointestinal system (GI system), 190
Gastrointestinal tract, 380
GC/FID. See Gas chromatography with

flame ionization detector (GC/FID)
GC/MS. See Gas chromatography with

mass spectrometric detection
(GC/MS)

GDF15. See Growth Differentiation Factor 15
(GDF15)

GDH. See Glutamate dehydrogenase (GDH)
GEF. See Guanine nucleotide exchange factor

(GEF)
Gegen, 672
GEM study. See Ginkgo Evaluation of

Memory (GEM) study
Gene expression profiles/whole

transcriptome analysis, 11�12, 16�18
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Genes and nutrients interactions, One-carbon
metabolism

folate, 518�519
MAT and S-adenosylmethionine, 519�520
MAT1A and vitamin B-6 and folate, 520
MS and vitamin B-12, 519
MTHFR, 518�519

Genistein, 306
Genome-based study, 517
Genomic instability, 495�496
Genomic stability, 243
micronutrient deficiency and

consequences for, 244
folic acid, 244
niacin, 244�245
trace elements, 245�246
vitamin B12, 244

nutritional interventions in elderly and
impact on, 246�247

Genotoxic effects of nutritional interventions,
247

GERD. See Gastroesophageal reflux disease
(GERD)

GFR. See Glomerular filtration rate (GFR)
GH. See Growth hormone (GH)
Ghrelin, 123, 193
GI. See Glycemix index (GI)
GI system. See Gastrointestinal system

(GI system)
Ginger, 668
Ginkgo, 666
Ginkgo Evaluation of Memory (GEM) study,

666
Ginko biloba, 666
Ginseng, 660�661
clinical trials in cognitive function tests, 661t
health benefits, 660t
saponins, 660

Ginsenosides, 302, 660
GIP. See Glucose-dependent insulinotropic

polypeptide (GIP)
GL. See Glycemic load (GL)
GLA. See γ-linolenic acid (GLA)
Glaucoma, 271, 435�436
Glomerular filtration rate (GFR), 423�424
Glucagon-like peptide (GLP), 192
GLP-1, 366, 395

Glucose, 32, 303
effectiveness, 396
hypometabolism, 337
metabolism, 398�399

preventing alteration, 400�402
tolerance, 725

Glucose transporter (GLUT), 393, 395
GLUT2, 367
GLUT4, 34�35

Glucose-dependent insulinotropic
polypeptide (GIP), 192, 366, 395

GLUT. See Glucose transporter (GLUT)
Glutamate dehydrogenase (GDH), 231
Glutathione (GSH), 110, 112�113, 208, 491,

495�496
Glutathione dissulfide (GSSG), 491
Glutathione peroxidase (GPx), 49�50, 110,

112, 243�244, 254, 659�660

Glutathione peroxidase (GSH-Px).
See Glutathione peroxidase (GPx)

Glutathione S-transferase (GST), 24, 166�167,
254, 615�616

Glycation, 264, 335, 338�339
Glycemic control, 710
Glycemic load (GL), 332
Glycemix index (GI), 332

peptides, 196�197
Glycine, 516�517
Glycine N-methyltransferase (GNMT),

514�515
Glyoxal, 265
GM. See Granulocyte-monocyte (GM)
GNMT. See Glycine N-methyltransferase

(GNMT)
Goiter, 583
Goiter rate (GR), 588�589
Goitrogens, 584
Goji. See Wolfberry (Lycium barbarum)
GOS. See Galacto-oligosaccharides (GOS)
Gout, 424
GPx. See Glutathione peroxidase (GPx)
GR. See Goiter rate (GR)
Grade 0, 588�589
Granulocyte colony-stimulating factor (G-

CSF), 555
Granulocyte-monocyte (GM), 555
Greater trochanteric (GT), 350�351
Green tea, 323�324, 429, 661
Growth Differentiation Factor 15 (GDF15),

529�530
Growth hormone (GH), 413, 593, 677, 686
GSH. See Glutathione (GSH)
GSSG. See Glutathione dissulfide (GSSG)
GST. See Glutathione S-transferase (GST)
GT. See Greater trochanteric (GT)
GTPase activating protein (GAP), 143
Guanine nucleotide exchange factor (GEF),

148
Gut associated lymphatic system (GALT), 67
Gut microbiota, 368�369

and immune system relationship in
elderly, 694

B cells, 697
Bacteroides fragilis, 696
methagenomic archaea, 695
microbiota composition in ages of life,
695f

pathways, 695�696
Treg cells and Th17 cells intestinal
microbiota and induction, 696f

Gβl. See Mammalian lethal with sec13
protein 8 (mLST8)

H
H3K4me3. See Histone H3 lysine 4

trimethylation (H3K4me3)
H4K16. See Histone H4 lysine 16 (H4K16)
HAG cells. See Human astroglial (HAG) cells
Hand grip, 64
Haptoglobin (HP), 615�616
Hazard ratio (HR), 575
HbA1c. See Hemoglobin A1c (HbA1c)

HCCC. See Human colon cancer cells
(HCCC)

HCT. See Histone acetyltransferase
complexes (HCT)

HDAC. See Histone deacetylase (HDAC)
HDL. See High density lipoprotein (HDL)
HDS-R. See Revised Hasegawa Dementia

Scale (HDS-R)
Health, Aging and Body Composition

(Health ABC), 728
Health-related quality of life (HRQOL), 724
Healthful aging

kidney as nexus, 450f, 451�452
VDR-mediated control of genes networks

vital for, 454�465
Healthspan, 150
Healthy aging, 43�44, 48�49, 363, 366�367
Healthy diets, 284�285
Healthy Eating Index (HEI), 322
Heart failure (HF), 627
Heart Outcomes Prevention Evaluation

(HOPE) study, 517
Heart rate variability (HRV), 36
Heat shock proteins (HSP), 7, 497�498,

561�562
Heat shock response (HSR), 6�7
HEI. See Healthy Eating Index (HEI)
Heme oxigenase-1 (HO-1), 256�257, 525
Heme-iron, 525
Hemochromatosis, 531

animal models, 532
Hemoglobin A1c (HbA1c), 264, 271
Hemojuvelin (HJV), 524, 527
Hepatic glucose production (HGP), 396
Hepcidin, 523

in elderly, 532
autophagy, 533�534
iron metabolism, 533�534

excess disorders, 532
hepcidin deficiency, disorders with,

531�532
regulation, 527
by erythropoiesis, 529�530
by Iron, 529

regulation in hepatocytes, 528f
Hepcidin-ferroportin axis deregulation, 530

disorders of hepcidin excess, 532
disorders with hepcidin deficiency,

531�532
genetic conditions with, 531t

HepG2 cells, 184�185
Hephaestin (HEPH), 524
Hericium erinaceus, 670
Heterochromatin, 213�214, 227
Heterogeneity. See Heterogeneous
Heterogeneous, 610
HF. See Heart failure (HF)
hF. See Human fibroblasts (hF)
HFCS. See High fructose corn syrup (HFCS)
HFD. See High fat diet (HFD)
HGP. See Hepatic glucose production (HGP)
4-HHE. See 4-Hydroxy-2-hexenal (4-HHE)
HIF-1. See Hypoxia-inducible factor (HIF-1)
High density lipoprotein (HDL), 316, 474,

609
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High fat diet (HFD), 400
High fructose corn syrup (HFCS), 333
High molecular weight (HMW), 265
High-fat diet, 281�282
High-performance liquid chromatography

(HPLC), 265
Histone
covalent modification, 214
modification

age-related alterations in, 216�217
effects of diet on, 219

proteins, 215
Histone acetyltransferase complexes (HCT),

180
Histone deacetylase (HDAC), 180, 218�219,

227, 236, 497
HDAC5, 35

Histone H3 lysine 4 trimethylation
(H3K4me3), 215�216

Histone H4 lysine 16 (H4K16), 228�230
HJV. See Hemojuvelin (HJV)
HK-2 cells. See Human kidney-2 (HK-2) cells
HMB. See β-Hydroxy β-methylbutyrate

(HMB)
HMG-CoA. See 3-Hydroxy-3-methylglutaryl

coenzyme A (HMG-CoA)
HMO. See Human milk oligosaccharides

(HMO)
HMW. See High molecular weight (HMW)
4-HNE. See 4-Hydroxy-2-nonenal (4-HNE)
HO-1. See Heme oxigenase-1 (HO-1)
13-HODE, 159
Holotranscobalamin (holoTC), 601
HOMA. See Homeostatic model assessment

(HOMA)
Homeodynamic(s), 3, 5�6
space, 3, 5�6

Homeostatic model assessment (HOMA),
271�272

Homocysteine, 517�518
Homogeneity. See Homogeneous
Homogeneous, 610
Homologous recombination (HR), 243
HOPE study. See Heart Outcomes Prevention

Evaluation (HOPE) study
Hopkins Verbal Learning test (HVLT), 663
Hordaland Health Study, 516
Hordaland Homocysteine Study, 515
Hormesis, 3, 6, 256, 491, 716
Hormetin, 3
Hospital environment-related risks, 60
Hospitalization, 57
Hospitalization-associated malnutrition

management, 64�67
estimating nutritional requirements, 65t
nonpharmacological intervention, 64�66
pharmacological intervention, 66

Hospitalized elderly, nutrition in, 57
clinical consequences of malnutrition in

hospital, 60�61
hospitalized older adults nutritionally

vulnerable, 58�60
age-related changes, 59�60
functional and psychosocial factors, 60
hospital environment-related risks, 60

effect of hospitalization on nutritional
state, 60t

medical causes, 60
use of multiple medications, 60

malnutrition screening and assessment,
61�64, 62t

anthropometry, 63�64
barriers for comprehensive nutritional
assessment, 64, 64t

biochemical investigations, 64
nutritional history, 61�63
other functional measurements, 64
physical and clinical assessment, 63

management of hospitalization-associated
malnutrition, 64�67

estimating nutritional requirements, 65t
nonpharmacological intervention, 64�66
pharmacological intervention, 66

nutritional issues in special groups
cancer patients, 68
critically Ill elderly patients, 68
nutrition and end-of-life care, 68�69
patients with advanced dementia, 68

pathogenesis of malnutrition, 58
postdischarge plan, 67
predisposing factors for malnutrition, 59f
recommendations, 69
role of cytokines, 58f

Hou Tou Gu in Chinese. See Hericium
erinaceus

HP. See Haptoglobin (HP)
HPLC. See High-performance liquid

chromatography (HPLC)
HR. See Hazard ratio (HR); Homologous

recombination (HR)
HRQOL. See Health-related quality of life

(HRQOL)
HRV. See Heart rate variability (HRV)
HSP. See Heat shock proteins (HSP)
HSR. See Heat shock response (HSR)
HT. See Hydroxytyrosol (HT)
hTERT. See Human telomerase reverse

transcriptase (hTERT)
Human astroglial (HAG) cells, 286
Human colon cancer cells (HCCC), 303�304
Human fibroblasts (hF), 297�298
Human kidney-2 (HK-2) cells, 459�460
Human milk oligosaccharides (HMO), 700
Human telomerase reverse transcriptase

(hTERT), 497
Human umbilical vascular endothelial cell

(HUVEC), 302�303, 475�476
Human(s)

breast milk, 161
CR in, 678�679

Biosphere 2, 679, 680f
CALERIE trials, 679�682
centenarians from Okinawa, 679
food in CALERIE Phase I Study, 681t

CR increasing longevity in, 688�689
human body, iodine in, 585

absorption, 586�587
distribution and elimination, 587
metabolism, 586�587, 588f
recycling, 587

human metabolism, nutrients in, 711
microbiota, 368

Humoral adaptive immune responses,
378�379

Humoral immunity, 557�558
Hunger subjective feelings, 687
HUVEC. See Human umbilical vascular

endothelial cell (HUVEC)
HVLT. See Hopkins Verbal Learning test

(HVLT)
Hydrogen peroxide, 397
Hydrophilic antioxidants. See Lipophilic

antioxidants
GSH, 112�113
vitamin C, 112

β-Hydroxy β-methylbutyrate (HMB), 359
4-Hydroxy-2-hexenal (4-HHE), 163
4-Hydroxy-2-nonenal (4-HNE), 160, 163�164
3-Hydroxy-3-methylglutaryl coenzyme A

(HMG-CoA), 476
4-Hydroxy-pentenal. See 4-Hydroxy-2-

nonenal (4-HNE)
8-Hydroxydeoxyguanosine (8-OHdG), 185,

252�253
6-Hydroxydopamine (6-OHDA), 258
Hydroxytyrosol (HT), 304
25-Hydroxyvitamin D (25OHD), 345, 348
25-Hydroxyvitamin D3 (25D), 449�450
Hyperinsulinemia, 335
Hyperthyroidism, 583
Hyperuricemia and diet, 428�429
Hypoalbuminemia, 59
Hypochlorhydria, 366
Hypothalamic inflammation, 400
Hypothyroidism, 583, 594
Hypoxia, 227
Hypoxia-inducible factor (HIF-1), 413

HIF-1α, 650
HIF2-α, 525

I
IBD. See Inflammatory bowel disease (IBD)
ICAM. See Intracellular adhesion molecule

(ICAM)
ICC. See Interstitial cells of Cajal (ICC)
ID. See Iodine deficiency (ID); Iron deficient

(ID) diet
IDH2. See Isocitrate dehydrogenase (IDH2)
IECs. See Intestinal epithelial cells (IECs)
IF. See Intermittent fasting (IF)
IFN. See Interferon (IFN)
IFR-7. See Interferon regulatory factor-7 (IFR-

7)
Ig. See Immunglobulin (Ig)
IGFs. See Insulin-like growth factors (IGFs)
IIS. See Insulin-like growth factor-1 signaling

(IIS)
IKARIA study, 427
IL. See Interleukin (IL)
Immune cells, 693�694
Immune function, omega-3 fatty acids on,

627�628
Immune system, 12, 18, 375, 450�451

aging and adaptive, 377�379
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Immune system (Continued)
aging and innate, 376�377
and gut microbiota relationship in elderly,

694
B cells, 697
Bacteroides fragilis, 696
methagenomic archaea, 695
microbiota composition in ages of life,

695f
pathways, 695�696
Treg cells and Th17 cells intestinal

microbiota and induction, 696f
immunomodulatory effects

of functional foods, 383t
of single nutrients, 381t

nutrition impact on immune components,
380�386

nutritional effects on aged immune cells,
385t

nutritional intervention targets, 379�380
Immune-gut microbiota axis, 694
DNA sequencing, 693
food intake and modulation, 698
future trends, 700�701
immune cells dysfunctions in elderly, 697t
microbiota, 693�694
patterns of salivary cytokines, 694f
prebiotics on, 698�699
probiotics on, 699
relationship between gut microbiota and

immune system in elderly, 694
B cells, 697
Bacteroides fragilis, 696
methagenomic archaea, 695
microbiota composition in ages of life,

695f
pathways, 695�696
Treg cells and Th17 cells intestinal

microbiota and induction, 696f
synbiotics on, 700

Immunglobulin (Ig), 557�558
Immunomodulatory effects
functional foods, 383t
single nutrients, 381t

Immunonutrition, 375
Immunosenescence, 375, 377
zinc and, 554

adaptive immunity, 556�557
age-dependent changes in immune

system, 556f
B cells, 557�558
humoral immunity, 557�558
innate immunity, 555�556

In vitro studies, 294, 698
InCHIANTI. See Invecchiare in Chianti

(InCHIANTI)
Incretins, 395
Indirect ablators of senescent cells, 298�299
Induced pluripotent stem cells (iPSCs),

297�298
Inducible nitric oxide synthase (iNOS),

254�255, 612
Inflammaging, 18, 696�697
Inflammation, 482, 610, 637, 694
Inflammatory bowel disease (IBD), 694

Inflammatory/immune response, 639�641
Influence of diet on health, 331�332
INK4A/ARF. See CDKN2A locus
iNKT cells. See Invariant NKT (iNKT) cells
Innate immune system. See also Adaptive

immune system
aging and, 376

DCs, 376
macrophages, 376
monocytes, 376
neutrophils, 376�377
NK cells, 377

Innate immunity, 555�556
iNOS. See Inducible nitric oxide synthase

(iNOS)
INSR mRNA, 281
Insulin, 123, 194�195, 396. See also Brain

insulin resistance
epidemiologic studies, 397
insulin-dependent tissue, 396
mTORC1, 398

mTORC1-regulated processes, 397�398
muscular lipid infiltration, 396
oxidative stress, 396�397
resistance, 320�321, 333, 335, 337�338,

396, 537, 688
secretion, metabolism, and clearance,

394�395
Insulin degrading enzyme, 338
Insulin receptor (IR), 397�398
Insulin receptor substrate (IRS), 143, 208, 399

IRS1, 143
Insulin-like growth factor-1 signaling (IIS), 47
Insulin-like growth factors (IGFs), 397

IGF-I, 47, 143, 279�280, 334, 498, 628�629,
677, 686

Intercellular adhesion molecule 1 (ICAM-1),
473, 475

Interferon (IFN), 553�554, 696�697
IFN-γ, 497

Interferon regulatory factor-7 (IFR-7), 376
Interleukin (IL), 252, 363, 368, 497, 553�554,

610
IL-1, 123�124
IL-6, 58, 123�124, 267, 612
IL-17, 694

Interleukin-1 receptor-associated kinase-1
(IRAK-1), 286

Intermittent fasting (IF), 36, 677
International unit (IU), 570�571
Interstitial cells of Cajal (ICC), 364
Intervention studies, 707
Intestinal dysfunction, 363
Intestinal epithelial cells (IECs), 379�380
Intestinal microbiota, 368
Intracellular adhesion molecule (ICAM), 612
Intraocular pressure (IOP), 435
Intraorgan specific biological phenotypes,

15�16
Intraperitoneal CCK (IP CCK), 192
Intravenous glucose tolerance test (IVGTT),

393
Invariant NKT (iNKT) cells, 377
Invecchiare in Chianti (InCHIANTI), 357
Iodermia, 585

Iodine (I), 583
cycle in environment, 584f
epidemiology, 587
criteria for assessing iodine nutrition,

590t
ID disorders, 588t
indicators of iodine status in

populations, 589t
iodine nutrition, 588�589
iodine status, 590�592
national iodine status, 590f
physiological stages of iodine status, 591f
SAC, 589t
systematic reviews, 587�588
thyroid disorders, 590�592
UIC, 589�590

excess, 595
in human body, 585
absorption, 586�587
distribution and elimination, 587
metabolism, 586�587
recycling, 587

and human lifespan
adults/elderly, 594
childhood, 594
fetal development, 592�594
iodine deficiency, 594�595
iodine excess, 595
pregnancy, 592
THs in human development, 593f
thyroid autoimmunity, 595�596
thyroid cancer, 596

sources, 584�585, 584t
supplementation in pregnancy and

infancy, 586t
Iodine deficiency (ID), 587, 594�595
Iodine-induced hypothyroidism, 595
IOP. See Intraocular pressure (IOP)
IP CCK. See Intraperitoneal CCK (IP CCK)
iPSCs. See Induced pluripotent stem cells

(iPSCs)
IR. See Insulin receptor (IR)
IRAK-1. See Interleukin-1 receptor-associated

kinase-1 (IRAK-1)
IRE. See Iron Responsive Elements (IRE)
IRIDA. See Iron refractory iron deficiency

anemia (IRIDA)
Iron (Fe), 245, 304�305, 524, 731

absorption, 525
cellular iron homeostasis regulation,

525�527, 526f
deficit, 417
deregulation of hepcidin-ferroportin axis,

530�532
dietary, 525
hepcidin in elderly, 532
autophagy, 533�534
iron metabolism, 533�534

homeostasis, 532
autophagy, 533�534
iron metabolism, 533�534

homeostasis, 532�534
intestinal iron absorption, 525
iron-dependent regulation of hepcidin,

527�530
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metabolism, 533�534
systemic iron homeostasis regulation,

527�530, 528f
Iron deficient (ID) diet, 526�527
Iron refractory iron deficiency anemia

(IRIDA), 531
Iron Regulatory Proteins (IRP), 523, 525�526
Iron Responsive Elements (IRE), 523,

525�526
Iron superoxide dismutase (FeSOD), 110�111
IRP. See Iron Regulatory Proteins (IRP)
IRS. See Insulin receptor substrate (IRS)
Ischemic heart disease (IHD). See Coronary

heart disease (CHD)
Isocitrate dehydrogenase (IDH2), 231
Isoflavones, 306
IU. See International unit (IU)
IVGTT. See Intravenous glucose tolerance

test (IVGTT)

J
Japan Dialysis Outcomes and Practice

Patterns Study (JDOPPS), 425�426
JNK. See c-Jun N-terminal kinase (JNK)
Junctional adhesion molecule (JAM), 363

K
Karyomegaly, 12�13
200 kDa FAK family kinase-interacting

protein (FIP200), 148
80 kDa nuclear capbinding protein (CBP80),

147
KDIGO. See Kidney Disease Improving

Global Outcomes (KDIGO)
Kelch-like ECH-associated protein 1 (Keap1),

7, 256�257, 495�496
Keto form. See Diketo form
Keto-enol form, 493�494
Ketogenic diets, 339
Ketone body levels, 339
Ki67, 295�296
Kidney, 451
nexus of healthful aging, 450f, 451�452

Kidney Disease Improving Global Outcomes
(KDIGO), 424

guidelines, 425�426
Kidney, functions of, 424
in aging, 425�426
Australian healthcare system, 424�425
hyperuricemia and diet, 428�429
Mediterranean type of diet, 427�428
polyphenols and, 429�430
PUFA, 426�427

Kinase catalytic domain, 141
Klotho gene, 457�460, 649, 652
Knowledge gaps, 137
Kuppfer cells, 527

L
L-Carnosine, 303
L-ergothioneine, 670
L-selenomethionine, 574
LA. See Linoleic acid (LA)

Labile iron pool (LIP), 527
Lactation, 586
Latanoprost, 442
Lateral hypothalamic area (LHA), 195
LBD. See Ligand binding domain (LBD)
LC. See Long chain (LC)
LC-MS/MS. See Liquid chromatography

with tandem mass spectrometric
detection (LC-MS/MS)

LC-PUFA. See Long chain PUFAs
(LC-PUFA)

LCA. See Lithocholic acid (LCA)
LCAD. See Long-chain acyl CoA

dehydrogenase (LCAD)
lck. See Lymphocyte protein-tyrosine kinase

(lck)
Lcmt1. See Leucine carboxyl

methyltransferase (Lcmt1)
LDL. See Low-density lipoprotein (LDL)
Legumes, 323
Lenalidomide, 299
Leptin, 193�194, 685
Leucine, 357
Leucine carboxyl methyltransferase (Lcmt1),

519
Leucyl-tRNA synthetase (LRS), 146
Leukocytes, 184�185
Leukotrienes, 160, 610
LHA. See Lateral hypothalamic area (LHA)
Life expectancy, 43
Lifespan, 227, 498
Lifespan-extending mutations, 210
Ligand binding domain (LBD), 452�453
Ligands, 267�268
Lingzhi (Ganoderma lucidum), 670
Linoleic acid (LA), 156�157
Lion’s Mane Mushroom. See Hericium

erinaceus
LIP. See Labile iron pool (LIP)
Lipid peroxidation (LPO), 160

and consequences for genome stability, 160
enzymatic PUFA oxidation, 160�161
nonenzymatic PUFA oxidation, 161

endogenous oxidation, 161
exogenous oxidation, 161�162
reproductive organ cancers, 161

presence of lipid peroxidation DNA
adducts in living tissues, 162

mutagenicity of lipid peroxidation
products, 163�164

protective mechanisms against, 164
endogenous antioxidant systems, 164
exogenous supplemental antioxidants,
164�165

tolerance and repair of lipid peroxide
DNA adducts, 165�166

Lipid peroxide DNA adducts, tolerance and
repair of, 165�166

Lipid-lowering effect, 615
Lipids, 33, 316�320, 623
Lipin1, 147�148
Lipofuscin, 12�13, 295�296

index, 15�16
Lipofuscinosis, 13
Lipopeptide (LP), 530

Lipophilic antioxidants. See Hydrophilic
antioxidants

carotenoids, 113
polyphenols, 114
tocopherols, 113�114

Lipopolysaccharide (LPS), 518, 555
Lipoprotein lipase (LPL), 23
Lipoproteins, 316�320
Liquid chromatography with tandem mass

spectrometric detection (LC-MS/MS),
265�266

Lithocholic acid (LCA), 453�454, 460
Liver, 527

vacuolization, 12
Liver kinase B1 (LKB1), 150
Liver X receptor (LXR), 318
LKB1. See Liver kinase B1 (LKB1)
LMW. See Low molecular weight (LMW)
LOAEL. See Lowest Observed Adverse Effect

Level (LOAEL)
Long chain (LC), 25
Long chain PUFAs (LC-PUFA), 156�157, 623
Long terminal repeat (LTR), 304
Long-chain acyl CoA dehydrogenase

(LCAD), 231
Long-lived species, resistance to oxidative

damage in, 166�167
Long-term dietary intervention, 315
Long-term oxygen therapy (LTOT), 412
Long-term potentiation (LTP), 333
Longevity, 3�4, 47�50, 109�110, 114,

117�118
correlation, 32
principles, 4t

Low molecular weight (LMW), 265
Low-carbohydrate diets, 32�33
Low-density lipoprotein (LDL), 116, 267, 316,

335, 474, 609
Lowest Observed Adverse Effect Level

(LOAEL), 716�717
LP. See Lipopeptide (LP)
LPL. See Lipoprotein lipase (LPL)
LPO. See Lipid peroxidation (LPO)
LPS. See Lipopolysaccharide (LPS)
LRS. See Leucyl-tRNA synthetase (LRS)
LTOT. See Long-term oxygen therapy

(LTOT)
LTP. See Long-term potentiation (LTP)
LTR. See Long terminal repeat (LTR)
Lung cancer, 411, 418
Lung disease

nutrition and, 412�414
nutritional intervention, 416
asthma, 417�418
COPD, 416�417
elderly patients with COPD, 418t
lung cancer, 418

Lutein, 440�441
LXR. See Liver X receptor (LXR)
Lycium barbarum. See Wolfberry (Lycium

barbarum)
Lycopene, 474, 479
Lymphocyte protein-tyrosine kinase (lck),

555
Lysosomes, 143�145, 649
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M
3-MA. See 3-Methyl-adenine (3-MA)
Macronutrients, 47, 725, 729
Macrophage inflammatory protein (MIP).

See Macrophage-inhibitory protein
(MIP)

Macrophage-inhibitory protein (MIP), 376,
497

Macrophages, 335, 376, 555
Macular pigment, 440
MAEDS. See Multifactorial Assessment of

Eating Disorder Symptoms (MAEDS)
Magnesium (Mg), 245, 537, 731
deficiency, 351
depletion, 82
dietary intake

biological mechanisms in aging process,
538

and brain aging, 543�544
and cardiovascular and metabolic

effects, 541
and cognitive aging, 545�546

pathways linking, 546f
Magnetic resonance imaging (MRI), 416
Maillard reaction, 264
Maillard reaction products (MRP), 265
Maintenance and repair systems (MARS), 5,

5t
Malnutrition, 41, 44�45, 57, 121, 363, 414
in elderly, 44�45

causes of, 45�46, 45t
possible correction with supplements in

elderly, 46�47
Malnutrition Universal Screening Tool

(MUST), 414
Malondialdehyde (MDA), 160, 184, 668
Mammalian genome, epigenetic modification

of, 214�215
Mammalian lethal with sec13 protein 8

(mLST8), 141�142
Mammalian sirtuins, 230�232
Mammalian stress-activated map kinase-

interacting protein 1 (msIn1), 142
Mammalian target of rapamycin (mTOR), 27,

42, 48, 141, 295�296, 357, 393,
396�397, 492, 498, 649, 716. See also
mTOR complex 1 (mTORC1)

functional role of PROTOR, 142
mTORC1, 141

downstream targets, 147�149
effects in age-related diseases, 150�152
nutrients and energy status as upstream

regulators of, 142�147
mTORC2, 141

downstream targets, 147�149
nutrients and energy status as upstream

regulators of, 142�147
PPIase FKBP1A, 142
RAPTOR, 141�142
in senescence, 149�150
single gene encoding, 141

Manganese superoxide dismutase (MnSOD),
110�111

MAOI. See Monoamine oxidase inhibitors
(MAOI)

mAPKAP1. See Mammalian stress-activated
map kinase-interacting protein 1
(msIn1)

MAPKs. See Mitogen-activated protein
kinases (MAPKs)

Marine life, 584
Markers of frailty, 12
Marine algae, 669�670
MARS. See Maintenance and repair systems

(MARS)
MAT. See Methionine adenosyltransferase

(MAT)
Matrix metalloproteinase, 473
Matrix metalloproteinases (MMPs), 253�254,

478, 653
Matrix-assisted laser desorption ionization-

mass spectrometry with time-of-flight
detection (MALDI-TOF/MS), 266

Max Rubner-Institute (MRI), 553
Maximal life span (MLSP), 166
Maximum lifespan (MLS), 3
MB. See Mitochondrial biogenesis (MB)
MCH. See Melanin concentrating hormone

(MCH)
MCI. See Mild cognitive impairment (MCI)
MCP. See Monocyte chemoattractant protein

(MCP)
MDA. See Malondialdehyde (MDA)
mDC. See Myeloid DC (mDC)
MDP. See Muramyldipeptide (MDP)
Mead acid, 158�159
Mechanistic target of rapamycin (mTOR).

See Mammalian target of rapamycin
(mTOR)

Med Diet. See Mediterranean diet (Med Diet)
Medical nutrition therapy (MNT), 326
Medical nutrition therapy for management

of cardiovascular risk factors, 326
Mediterranean diet (Med Diet), 114,

384�385, 403, 423, 427�428, 714
Mediterranean-style dietary patterns, 325
MEFs. See Mouse embryonic fibroblasts

(MEFs)
Melanin concentrating hormone (MCH),

195
Membrane pacemaker theory, 34
Mesenchymal stem cells (MSC), 303
Meta-analysis, 610
Metabolic adaptation, 677, 682, 684
Metabolic disorders

atherosclerosis, 334�335
and brain aging

cardiovascular disease, cognitive
decline, and dementia, 336�337

type II diabetes, cognitive aging, and
dementia, 336

type II diabetes and cognition, 335�336
glycation and atherosclerosis, 335
type II diabetes, insulin resistance, and

atherosclerosis, 335
Metabolic effects, 540�541

calcium, 541�542
magnesium, 541
potassium, 542�543

Metabolic rate, 192, 195, 197

Metabolic syndrome (MetS), 316, 320�321,
386, 533, 538

Metabolism, 586�587
Metal-response element binding

transcription factor (MTF), 561
Metallothioneins (MT), 42, 48�49, 552�553
Methionine adenosyltransferase (MAT),

514�515, 519�520
MAT1A, 520

Methionine restriction diet, 515�516
Methionine synthase (MS), 514�515, 519
Methyl donors, 218
Methyl tocols. See Benzopyranols
3-Methyl-adenine (3-MA), 298
Methylate’s pri-miRNAs, 278
Methylenetetrahydrofolate reductase

(MTHFR), 514�515, 518�519
5,10-Methylenetetrahydrofolate, 514�515
Methylglyoxal, 265

AGEs, 270
O6-Methylguanine-DNA methyltransferase

(MGMT), 496
Methylmalonic acid (MMA), 601
Methyltransferase-like 3 (METTL3), 278
MetS. See Metabolic syndrome (MetS)
MGMT. See O6-Methylguanine-DNA

methyltransferase (MGMT)
MI. See Myocardial infarction (MI)
Microbiome, 369, 693
Micronucleus formation, 243
Micronutrients, 82, 136, 243, 571, 730

calcium, 730�731
folate, 730
iron, 731
magnesium, 731
potassium, 731
vitamin B12, 730
vitamin D, 730�731
zinc, 731

Microorganisms, 693�694
MicroRNAs (miRNAs), 277�278, 652

aging associated, 279�280
biogenesis and processing, 278
circulating, 278�279
dietary modification of, 280
modulation
by carbohydrates, 280�281
by curcumin, 286
by dietary fat and fatty acids, 281�282
by dietary micronutrients, 282
by dietary minerals, 284�285
by flavonoids, 285
by folate, 283
by milk, 286�287
by polyphenols, 285�286
by protein, 280
by vitamin A, 283�284
by vitamin C, 284
by vitamin D, 282�283
by vitamin E, 284

Microsomal triglyceride transfer protein
(MTP), 34

Middle-aged obesity, 189
Mild cognitive impairment (MCI), 545,

624�625
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Milk, 347
miRNAs modulation by, 286�287
oligosaccharides, 699

Min mouse model, 710
Minerals, 33, 537�538
Mini Mental State Examination (MMSE), 624,

660�661
Mini nutrition assessment-short form (MNA-

SF), 63
Mini nutritional assessment (MNA), 42,

44�45, 412, 414�415
Minnesota Semi Starvation study, 687
Minority and Medically Underserved

(MMUS), 574
MIP. See Macrophage-inhibitory protein

(MIP)
miR-1 expression, 279�280
miR-7 expression, 286
miR-7 targets SETD8, 286
miR-9, 283�284
miR-23a, 279�280
miR-34b, 285
miR-34c, 285
miR-103a, 283�284
miR-107, 281�282
miR-122, 285
miR-125b, 285
miR-152, 283�284
miR-155, 285
miR-192�5p, 286
miR-206, 279�280
mIR-215, 286
miR-374, 285
miRNAs. See MicroRNAs (miRNAs)
Mismatch repair (MMR), 243, 245�246
MIT. See Monoiodotyrosine (MIT)
Mitochondria, 652
density, 413

Mitochondrial biogenesis (MB), 429
Mitochondrial dysfunction, 16�18, 498
Mitochondrial free radical theory of aging
Mitogen-activated protein kinases (MAPKs),

258, 267, 283�284, 397, 414, 555
Mitotic kinase Aurora A (AURKA), 299
MLS. See Maximum lifespan (MLS)
MLSP. See Maximal life span (MLSP)
mLST8. See Mammalian lethal with sec13

protein 8 (mLST8)
MMA. See Methylmalonic acid (MMA)
MMPs. See Matrix metalloproteinases

(MMPs)
MMR. See Mismatch repair (MMR)
MMSE. See Mini Mental State Examination

(MMSE)
MMUS. See Minority and Medically

Underserved (MMUS)
MNA. See Mini nutritional assessment

(MNA)
MNA-SF. See Mini nutrition assessment-

short form (MNA-SF)
MNC. See Mononuclear cell (MNC)
MnSOD. See Manganese superoxide

dismutase (MnSOD)
MNT. See Medical nutrition therapy

(MNT)

Mo-DCs. See Monocyte-derived DCs (Mo-
DCs)

Modified Mini-Mental State Examination
(3MSE), 666

Molecular circadian clocks, 122
Molecular nutrition

aging, 22
cellular senescence and nutrients, 27
DNA damage and nutrients, 25�26
epigenetics and nutrients, 27�28
food bioactive components, 21
nutrigenetics

of Omega-3 PUFA in CVD, 22�24
of omega-3 PUHA in cancer, 24�25

nutrigenomic exploration, 22f
Monoamine oxidase inhibitors (MAOI),

77�78
Monocyte chemoattractant protein (MCP),

497, 555
Monocyte-derived DCs (Mo-DCs), 376
Monocytes, 376, 555
Monoiodotyrosine (MIT), 586�587
Mononuclear cell (MNC), 380�382, 627�628
Monounsaturated fatty acid (MUFA), 33,

316�319, 380�382, 423, 426
Mood, 687
Morin, 307
Mouse distal convoluted tubule (mpkDCT)

cells, 459�460
Mouse embryonic fibroblasts (MEFs),

297�298
mpkDCT cells. See Mouse distal convoluted

tubule (mpkDCT) cells
MPS. See Muscle protein synthesis (MPS)
MPTP. See 1,2,3,6-Tetrahydro-1-methyl-4-

phenylpyridine hydrochloride (MPTP)
MRI. See Magnetic resonance imaging (MRI);

Max Rubner-Institute (MRI)
MRP. See Maillard reaction products (MRP)
MS. See Methionine synthase (MS)
MSC. See Mesenchymal stem cells (MSC)
3MSE. See Modified Mini-Mental State

Examination (3MSE)
msIn1. See Mammalian stress-activated map

kinase-interacting protein 1 (msIn1)
MT. See Metallothioneins (MT)
MTF. See Metal-response element binding

transcription factor (MTF)
MTHFR. See Methylenetetrahydrofolate

reductase (MTHFR)
mTOR. See Mammalian target of rapamycin

(mTOR)
mTOR complex 1 (mTORC1), 141. See also

Mammalian target of rapamycin
(mTOR)

downstream targets, 147
anabolic processes, 147
autophagy, 148
4E-BP1, 147
p70 ribosomal S6 kinase, 147
PGC-1α, 148
POlDIP3, 147
S6K1, 147
SREBP1 and HIFa, 147�148
substrates of mTORC2, 148

effects in age-related diseases, 150
cancer, 150
cardiac dysfunction, 150
diabesity, 151�152
neurodegenerative diseases, 150�151
sarcopenia, 151�152

nutrients and energy status as upstream
regulators of, 142�147

Akt/PKB, 143
amino acids entrance, 144f, 146
AMPK, 145
cells lacking TSC, 145
CHO-IR, 145
IRS, 143
levels of intracellular amino acids, 146
LRS, 146
lysosome, 143�145
PI3K/Akt and Ras/MAPK pathways

activation, 142�143
Rag and amino acids, 146
REDD1, 145
S6K1, 143
TFEB, 146
TOR signaling, 144f
upstream signals, 146�147

mTOR complex 2 (mTORC2), 141
mTORC1. See mTOR complex 1 (mTORC1)
MTP. See Microsomal triglyceride transfer

protein (MTP)
MUFA. See Monounsaturated fatty acid

(MUFA)
Multifactorial Assessment of Eating Disorder

Symptoms (MAEDS), 686
Multimorbidities, 60
Multivitamin/multimineral (MVM), 75
Muramyldipeptide (MDP), 699
MuRF-1. See Muscle ring finger-1 (MuRF-1)
Muscle mass and function

omega-3 fatty acids on, 628
Muscle mass reduction, 413
Muscle protein synthesis (MPS), 151�152
Muscle ring finger-1 (MuRF-1), 413
Muscular lipid infiltration, 396
Mushrooms, 670�671
MUST. See Malnutrition Universal Screening

Tool (MUST)
Mutagenicity of lipid peroxidation products,

163�164
Mutation, 243, 610
MVM. See Multivitamin/multimineral

(MVM)
Myelin, 271
Myeloid DC (mDC), 376
Myocardial infarction (MI), 336
Myxedematous cretinism, 593

N
n-3 fatty acids. See Omega-3 (ω-3) fatty acids
N-3 PUFAs, 321
n-6 fatty acids. See Omega-6 (ω-6) fatty acids
N-acetylcysteine (NAC), 302�303
N-methyl D-aspartate (NMDA), 398,

667�668
NAC. See N-acetylcysteine (NAC)

749INDEX



NAD. See Nicotinamide adenine
dinucleotide (NAD)

NAD(P)H, quinone oxidoreductase 1
(NQO1), 256�257

NAD1-dependent protein deacetylases, 228
NAD1/NADH, 227
NADP. See Nicotinamide adenine

dinucleotide phosphate (NADP)
NADPH. See Nicotinamide adenine

dinucleotide phosphateoxidase
(NADPH)

NAFLD. See Nonalcoholic fatty liver disease
(NAFLD)

Namiki pathway, 265
NAMPT. See Nicotinamide

phosphoribosyltransferase (NAMPT)
Nanoparticles, 492, 504
National Cancer Institute, 568
National Cholesterol Education Program

Adult Treatment Panel III (NCEP ATP
III), 324

National Health and Nutrition Examination
Survey (NHANES), 75, 553, 569

NHANES III, 356
National Health Institute (NIH), 272�273
National Institute on Aging (NIA), 679
Natural killer (NK) cells, 296, 377, 696�697
Natural pesticides, 714�717
NCEP ATP III. See National Cholesterol

Education Program Adult Treatment
Panel III (NCEP ATP III)

NCOA4, 533
NDA. See Dietetic Products, Nutrition, and

Allergies (NDA)
Negative regulatory domain (NRD), 141
NER. See Nucleotide excision repair (NER)
NET. See Neutrophil extracellular trap (NET)
Nettox, 713
Network analysis, 653
Neural system, 623
Neurocognitive disease, 516
Neurodegenerative diseases, 150�151,

269�270
Neurofibrillary tangles (NFT), 150�151, 252
Neuropeptide Y (NPY), 123, 193, 398�399
Neuropeptides in control of food intake, 190t
Neuroprotection, 399, 659
neuroprotective effects, 660�661

Neuropsychiatric inventory (NPI), 667
Neutrophil extracellular trap (NET),

376�377, 555
Neutrophils, 376�377
granulocytes, 555

New Nordic diet (NND), 386
New Zealand White (NZW) rabbits, 476
NF. See Nuclear factor (NF)
NF juvenile male Wistar rats. See Normally

fed (NF) juvenile male Wistar rats
NF-κB. See Nuclear factor kappa B (NF-κB)
NFT. See Neurofibrillary tangles (NFT)
NHANES. See National Health and Nutrition

Examination Survey (NHANES)
NHANES-III. See Third National Health and

Nutrition Examination Survey
(NHANES-III)

NHEJ. See Nonhomologous end joining
(NHEJ)

NIA. See National Institute on Aging (NIA)
Niacin, 244�245, 599
Nicotinamide, 228
Nicotinamide adenine dinucleotide (NAD),

244�245
Nicotinamide adenine dinucleotide

phosphate (NADP), 244�245
Nicotinamide adenine dinucleotide

phosphateoxidase (NADPH), 267
Nicotinamide phosphoribosyltransferase

(NAMPT), 235
NIH. See National Health Institute (NIH)
NIS. See Sodium�iodide symporter (NIS)
Nitrate, 712
Nitric oxide (NO), 23, 252�253, 399, 475, 611,

639�641
Nitric oxide synthase (NOS), 23, 399

uncoupling, 611�612
Nitric oxide-sparing effect, 614�615
Nitrite, 712
Nitrogen-balance studies, 728
Nitrous oxide (NO), 652�653
NK cells. See Natural killer (NK) cells
NMDA. See N-methyl D-aspartate (NMDA)
NND. See New Nordic diet (NND)
NNFC. See Nonnutritional food components

(NNFC)
NO. See Nitric oxide (NO); Nitrous oxide

(NO)
NOD. See Nucleotide-binding

oligomerization domain (NOD)
Non-HDL-C, 316�320
Non-SAE. See Nonsevere adverse effects

(non-SAE)
Nonalcoholic fatty liver disease (NAFLD),

208
Noncommunicable diseases, 716
Nonenzymatic antioxidants, 110
Nonheme-iron, 525
Nonhomologous end joining (NHEJ), 243,

246�247
Noninsulin-mediated glucose uptake, 396
Nonnutrient components, 712
Nonnutritional food components (NNFC),

6
Nonpharmacological intervention, 64�66.

See also Pharmacological intervention
assessing need for food supplements,

65�66
eliminating all potential reversible risk

factors, 64
enhancing food environment, 64�65
enhancing quality and quantity of food,

65�66
nutritional counseling, 66
scheme of nutritional assessment of all

patients, 66f
Nonsevere adverse effects (non-SAE),

630�631
Nonsteroidal anti-inflammatory drug

(NSAID), 363
Nontransferrin bound iron (NTBI), 524�525
Nonvitamin A carotenoids, 714

Nordic Nutrition Recommendations,
728�729

Normal aging, 268�269
Normal nonpathological aging, omega-3

fatty acids effect, 628
Normally fed (NF) juvenile male Wistar rats,

191
Norwegian Vitamin Trial (NORVIT) study,

517
NOS. See Nitric oxide synthase (NOS)
Nothobranchius furzeri, 234�235
NPC. See Nutritional Prevention of Cancer

(NPC)
NPI. See Neuropsychiatric inventory (NPI)
NPY. See Neuropeptide Y (NPY)
NRD. See Negative regulatory domain

(NRD)
NRF. See Nuclear respiratory factors (NRF)
Nrf2. See Nuclear factor erythroid 2-related

factor 2 (Nrf2)
NSAID. See Nonsteroidal anti-inflammatory

drug (NSAID)
NTBI. See Nontransferrin bound iron (NTBI)
NTS. See Nucleus of the solitary tract (NTS)
Nuclear factor (NF), 555
Nuclear factor erythroid 2-related factor 2

(Nrf2), 7, 184, 256�257, 284, 303
Nuclear factor kappa B (NF-κB), 257�258,

267, 400, 414, 473, 475, 482, 612,
639�641

Nuclear receptors, 482�484
Nuclear respiratory factors (NRF), 148
Nucleotide excision repair (NER), 243,

245�247
Nucleotide-binding oligomerization domain

(NOD), 696�697
Nucleus of the solitary tract (NTS), 190
Nur77, 35
Nurr1, 184
Nutrient(s), 32, 513, 579

absorption, 366�368
bioavailability, nonnutrient components

in, 712
cellular senescence and, 27
components, 32�33
DNA damage and, 25�26
epigenetics and, 27�28
and gene interaction, 513
in human metabolism, 711
immunomodulatory effects of single, 381t
nutrient-gene interaction in elderly,

49�50
nutrient-sensing
longevity genes, 47
mechanisms, 122�123
pathway, 42, 47�49

Nutrigenetics, 21, 22f
of omega-3 PUFA in CVD, 22�24
of omega-3 PUHA in cancer, 24�25

Nutrigenomics, 21, 42, 49�50
exploration, 22f

Nutritional Prevention of Cancer (NPC),
571�572, 580

Nutritional factors. See Nutritional/
nutrition—compounds
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Nutritional/nutrition, 32, 68�69, 109�110,
355, 622

and aging, 402�403
for aging interventions, 6
assessment for pulmonary disease, 414�416
biomarkers of aging, 109�110, 116�118

antioxidant network, 110�114
complex aging process, 115f
ROS, 110

compounds, 293
counseling, 66
in elderly, 43

individualized intervention strategies,
43�44

nutrient-gene interaction in elderly,
49�50

nutrient-sensing pathway, 47�49
nutrition-related problems, 43

epigenetic linkage, 36�37
frailty, 121�122
history, 61�63
hormetins, 6�7
impact on immune components, 380�386
intervention, 68

in elderly and impact on genomic
stability, 246�247

genotoxic effects, 247
strategies, 244
targets, 379�380

and lung disease, 412�414
nutritional intervention in, 416�418

methods for nutritional assessment, 415t
new delivery systems, 504

actual and possible future applications,
505f

applications, 504�506
nutritional assessment for pulmonary

disease, 414�416
and pharmacological applications of

curcumin, 502
clinical trials, 502�503
curcumin bioavailability and

pharmacokinetics, 503�504
epidemiological data, 502�503

recommendations
carbohydrate, 729
dietary fiber, 729
energy, 725�726, 727t
equations for prediction of resting

energy expenditure, 726t
fat, 729
micronutrients, 730�731
for older people, 724�725
older persons, 725
optimal nutrition, 724
pathways to nutritional health, 724
protein, 726�729
water, 730

state, 189
state signals and age role, 193�195

insulin, 194�195
leptin, 193�194

status, 121
status and gastrointestinal health in

elderly, 363

achalasia, 365�366
anorexia of aging, 364�365
colon, 368�369
constipation, 368�369
enteric nervous system, 364
esophagus, 365�366
GERD, 365�366
gut microbiota, 368�369
intestinal dysfunction, 363
oropharyngeal capacities, 365
small bowel, nutrient absorption, and
small intestinal permeability, 366�368

stomach, gastric emptying, postprandial
hypotension, and acid secretion, 366

swallowing, 365
taste and smell, 364

and telomeres, 132�136
Nuts, 323
NZW rabbits. See New Zealand White

(NZW) rabbits

O
OAG. See Open-angle glaucoma (OAG)
Obesity, 196�197, 321�322

and GI peptides, 196�197
signaling nutritional state in, 197

Observational studies, 707�708
Octamer, 214
Odds ratios (OR), 435
OGG1. See 8-Oxoguanine glycosylase 1

(OGG1)
OGTT. See Oral glucose tolerance test

(OGTT)
25OHD. See 25-hydroxyvitamin D (25OHD)
6-OHDA. See 6-Hydroxydopamine (6-

OHDA)
8-OHdG. See 8-Hydroxydeoxyguanosine (8-

OHdG)
4-OHE. See 4-Oxo-2-hexenal (4-OHE)
OKG. See Ornithine α-ketoglutarate (OKG)
Okinawan diet, 386
Older persons, nutritional needs for, 725
Oleoythanolamide, 624
Oleuropein, 304
Olfaction, 364
Oligodendrocytes, 252�253
Omega-3 (ω-3) fatty acids, 33, 358�359, 423,

622�623. See also Polyunsaturated
fatty acid (PUFA)

on bone health, 628�629
and brain health in aging

in AD and related dementia, 625
on cognitive function in normal aging,
624�625

and cancer in aging, 629�630
and CVD, 626�627
on immune function in normal aging,

627�628
on muscle mass and function, 628
on quality of life and mortality in aging,

630�631
Omega-3 rich diets, 165
Omega-6 (ω-6) fatty acids, 622
4-ONE. See 4-Oxo-2-nonenal (4-ONE)

One-carbon metabolism, 513, 514f
aging, age-associated disease
and cancer, 516�517
and cardiovascular disease, 517
influence, 515
methionine restriction diet, 515�516
and neurocognitive disease, 516

genes and nutrients interactions in aging
folate, 518�519
MAT and S-adenosylmethionine, 519�520
MAT1A and vitamin B-6 and folate, 520
MS and vitamin B-12, 519
MTHFR, 518�519

inflammation and
S-adenosymethionine and, 518
vitamin B-6 and, 517�518

one-carbon units, 514
Open-angle glaucoma (OAG), 435
OR. See Odds ratios (OR)
Oral glucose tolerance test (OGTT), 394
Orexigenic hormones, 121
Orexin-A (OXA), 195
Organic selenium, 576�578
Organosulphur compounds, 303
Ornithine α-ketoglutarate (OKG), 359
Oropharyngeal capacities, 365
Oryza sativa L. indica. See Black rice (Oryza

sativa L. indica)
Osteoarthritis, 270
Osteocalcin, 460
Osteoporosis, 345�346

calcium
dietary reference values for, 346�347,

347t
food sources of, 347�348, 348t

dairy products effect on, 350�351
estimated number of osteoporotic

fractures, 346f
risk of fractures, 351�352
seminutritional factors affecting, 351�352
share of osteoporotic fractures, 346f
vitamin D
dietary reference values for, 348�349,

349t
food sources, 349, 350t

30 Overhang of mammalian telomeres, 131
OXA. See Orexin-A (OXA)
Oxidation, 610
Oxidative mechanisms, 436
Oxidative phosphorylation, 397
Oxidative stress, 109, 208, 322, 333, 435, 610,

694
caloric restriction altering, 682
carotenoids and, 474�475
hypothesis, 682
in insulin resistance development,

396�397
metabolic adaptation and, 684

OXM. See Oxyntomodulin (OXM)
8-OxoG. See 8-oxoguanine (8-oxoG)
4-Oxo-2-hexenal (4-OHE), 160
4-Oxo-2-nonenal (4-ONE), 162�163
8-Oxoguanine glycosylase 1 (OGG1), 245
8-Oxoguanine (8-oxoG), 245
Oxyntomodulin (OXM), 192
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P
p53, 235�236, 338
p70 ribosomal S6 kinase, 147
PAD. See Peripheral artery disease (PAD)
PAF. See Platelet activating factor (PAF)
PAI-1. See Plasminogen activator inhibitor

type 1 (PAI-1)
Palmitoleic acid, genomic studies and

importance, 34�35
PAM. See Prematurely aging mice (PAM)
Pancreatic polypeptide (PP), 192
Pantothenic acid, 599
Parathyroid hormone (PTH), 345, 349, 451
Paraventricular nucleus (PVN), 195
Parenteral feeding, 57
Parenteral nutrition (PN), 67
Parkinson’s disease (PD), 151, 252�253
PARP. See Poly(ADP-ribose) polymerase

(PARP)
Participant adherence, 575
PASS. See Prediction of Activity Spectra for

Substances (PASS)
3-PBA. See 3-Phenoxybenzoic acid (3-PBA)
PBMC. See Peripheral blood mononuclear

cells (PBMC)
PCA. See Protocatechuic acid (PCA)
PCGTs. See Polycomb group protein gene

targets (PCGTs)
PCr. See Phosphocreatine (PCr)
PD. See Parkinson’s disease (PD)
pDC. See Plasmacytoid DC (pDC)
PDCD4. See Programmed cell death 4

(PDCD4)
PDE. See Phosphodiesterase (PDE)
PDGF-BB. See Platelet-derived growth factor

B chain dimer (PDGF-BB)
PDH. See Pyruvate dehydrogenase (PDH)
PDK-1, 208
PDR. See Proliferative diabetic retinopathy

(PDR)
PEM. See Protein�energy malnutrition

(PEM)
Peptide YY (PYY), 123, 363�365
Peptides, 302�303
Perifornical area (PFA), 195
Peripheral artery disease (PAD), 423�424
Peripheral blood mononuclear cells (PBMC),

246�247, 557
Peripheral orexigenic or anorexigenic

signals, 190
PERM. See Permethrin (PERM)
Permethrin (PERM), 179
Peroxisome proliferator activated receptors

(PPARs), 23, 417, 623
PPAR-a, 23�24
PPAR-γ, 498, 628�629

Peroxisome proliferator-activated receptor γ
coactivator α (PGC-1α), 35, 48�49,
147�148, 498

Peroxynitrite, 161, 610
Personalized diet, 43�44, 49�50
Personalized nutrition, 22f
Pesticides, 178
PETA. See Protein error theory of aging

(PETA)

PFA. See Perifornical area (PFA)
PGC-1α. See Peroxisome proliferator-

activated receptor γ coactivator α
(PGC-1α)

PGE2. See Prostaglandin E2 (PGE2)
PGI2. See Prostacyclin (PGI2)
pH 6.0, 295�296
PH domain. See Pleckstrin homology (PH)

domain
PHA. See Phytohemagglutin (PHA)
Pharmacological intervention, 66. See also

Nonpharmacological intervention
artificial nutrition, 66�67

PHDs. See Prolyl hydroxylases (PHDs)
Phenolic compounds, 256
3-Phenoxybenzoic acid (3-PBA), 180
Phosphate, 457�458

homeostasis attenuates senescence,
454�460

Phosphatidylinositol 3-kinase (PI3K), 143,
210, 267, 397

PI3K/Akt pathway, 142�143, 208
Phosphatidylinositol 3,4-bisphosphate (PIP2),

143, 208
Phosphatidylinositol 3,4,5-triphosphates

kinase. See Phosphatidylinositol 3-
kinase (PI3K)

Phosphatidylinositol 3,4,5-trisphosphate
(PIP3), 143, 208

Phosphocreatine (PCr), 358
Phosphodiesterase (PDE), 627
Phosphoinositide 3-kinase.

See Phosphatidylinositol 3-kinase
(PI3K)

Phospholipase (PLA2), 160
Phosphorylated FoxO1 proteins, 211
Physical activity, 684
Phytoalexin resveratrol, 254�255
Phytochemical(s), 252, 659, 708, 712

carotenoid biosynthesis pathways, 715f
diet patterns, 714
flavonoids, 713
natural pesticides, 714�717
nonvitamin A carotenoids, 714

Phytoestrogens, 663
Phytohemagglutin (PHA), 384�385
PI3K. See Phosphatidylinositol 3-kinase

(PI3K)
PI3K-related protein kinases (PIKK), 141,

397
PIP2. See Phosphatidylinositol 3,4-

bisphosphate (PIP2)
PIP3. See Phosphatidylinositol 3,4,5-

trisphosphate (PIP3)
PKC. See Protein kinase C (PKC)
PLA2. See Phospholipase (PLA2)
Plant polyphenol function, 650
Plasma ghrelin, 198
Plasmacytoid DC (pDC), 376
Plasminogen activator inhibitor type 1 (PAI-

1), 49�50, 641�644
Platelet activating factor (PAF), 427
Platelet-derived growth factor B chain dimer

(PDGF-BB), 480, 529�530
Pleckstrin homology (PH) domain, 143

PMNs. See Polymorphonuclear neutrophils
(PMNs)

PN. See Parenteral nutrition (PN)
Podagra. See Gout
POlDIP3, 147
Polk, 165
Poly(ADP-ribose) polymerase (PARP), 24

PARP-1, 244�245, 247
Poly(ADP-ribose), 244�245
Polycomb group protein gene targets

(PCGTs), 214�216
Polycomb repressive complex, 214
Polymeric condensed tannins, 285�286, 713
Polymorphisms

to antioxidant enzymes and redox activity,
616

in genes encoding vitamin C transporters,
615�616

SVCT1, 615�616
SVCT2, 616

Polymorphonuclear neutrophils (PMNs),
376�377, 555

Polyphenol(s), 114, 252, 254, 379, 424, 649
future directions, 653�654
intracellular effects, 651�652
miRNAs modulation by, 285�286
organ system effects, 652�653
plant polyphenol function, 650
and renal function, 429�430

Polyunsaturated fat, 318
Polyunsaturated fatty acid (PUFA), 22,

32�33, 302, 316�318, 358�359, 379,
423, 426�427, 441�442, 622. See also
Saturated fatty acid (SFA)

to health benefits, 282
in neuronal membranes, 252
nutrigenetics of omega-3, 22�24
omega-3 PUFAs, 442
omega-9 PUFAs benefits, 158�159
VDR ligands, 453�454

POMC. See Proopiomelanocortin (POMC)
Population reference intake (PRI), 345
Population-based cross-sectional studies, 516
Postdischarge plan, 67
Postprandial hypotension, 366
Potassium (K), 537, 731

dietary intake
biological mechanisms in aging process,

540
and brain aging, 545
and cognitive aging, 546
dietary intake and cardiovascular and

metabolic effects, 542�543
pathways linking, 547f

Potassium iodate (KIO3), 585
Potassium iodide (KI), 585
PP. See Pancreatic polypeptide (PP)
PP2A. See Protein phosphatases 2A (PP2A)
PPARs. See Peroxisome proliferator activated

receptors (PPARs)
PPI. See Proton-pump inhibitors (PPI)
PPIase FKBP1A, 142
PRAs40. See Proline rich Akt/PKB substrate

40 kDa (PRAs40)
Prebiotics, 698�699
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Prediction of Activity Spectra for Substances
(PASS), 653

PREDIMED trial. See Prevención con Dieta
Mediterránea (PREDIMED) trial

Pregnancy, 592
Pregnane X receptor (PXR), 452�453
Prematurely aging mice (PAM), 698�699
Prevención con Dieta Mediterránea

(PREDIMED) trial, 325
PRI. See Population reference intake (PRI)
Primary endpoint, 568
Primary miRNA (pri-miRNAs) transcripts,

278
Proanthocyanidins. See Polymeric condensed

tannins
Probiotics, 699
Procarcinogens, 161
Programmed cell death 4 (PDCD4), 147
Proliferative diabetic retinopathy (PDR), 436
Proline rich Akt/PKB substrate 40 kDa

(PRAs40), 141�142
Prolyl hydroxylases (PHDs), 525�526
Proopiomelanocortin (POMC), 193�194,

220�221, 398�399
Prostacyclin (PGI2), 611�612
Prostaglandin E2 (PGE2), 254�255, 379,

627�629
Prostaglandin synthase (PTGS), 24
Prostaglandins, 160
Prostate, 161
Prostate cancer, 568�569, 574
prevention by selenium, 571�572
prevention by selenium and vitamin E

combination, 572�573
prevention by vitamin E, 572

Prostate-specific antigen (PSA), 568
Prostatic intraepithelial neoplasia, 236
Proteasome, 492
Protein error theory of aging (PETA), 5
Protein kinase C (PKC), 148
Protein phosphatases 2A (PP2A), 147,

210�211, 519
Protein(s), 33, 356�357
consumption, 352
energy malnutrition, 122
ingestion pattern, 357
intake, 321
kinase B, 209�210
miRNAs modulation by, 280
National Health and Nutrition

Examination Survey, 728
nitrogen-balance studies, 728
older adults, 726�727
optimal protein intake, 728
PROT-AGE study group, 728�729
protein-restricted diet, 219
recommendation on, 727
supplementation, 357

Protein�energy malnutrition (PEM), 41
Proteolytic degradation, 211
Proteostasis imbalance, 497�498
Proto-oncogene, 228
Protocatechuic acid (PCA), 379
Proton-pump inhibitors (PPI), 79
Provitamin A. See β-carotene

PSA. See Prostate-specific antigen (PSA)
PTGS. See Prostaglandin synthase (PTGS)
PTH. See Parathyroid hormone (PTH)
Pueraia lobata, 672
PUFA. See Polyunsaturated fatty acid

(PUFA)
Pulmonary cachexia, 411
Pulmonary diseases, 412

nutritional assessment for, 414�416
PVN. See Paraventricular nucleus (PVN)
PXR. See Pregnane X receptor (PXR)
Pyrethroids, 179

C. cineraraefolum, 179
environmental exposure, 179�180
formulations, 179
higher hazard of pesticides, 180
3-PBA, 180
primary target, 179
VGCC, 179

Pyridoxal 50-phosphate, 518
Pyridoxine, 599
Pyruvate dehydrogenase (PDH), 231
PYY. See Peptide YY (PYY)

Q
Qidong, 571
Quality of Life (QOL), 622, 630, 680�681, 687

omega-3 fatty acids in aging, 630�631
Quercetin, 256, 285, 307

R
RAC. See Recruitment and Adherence

Committee (RAC)
RAF-MEK-ERK signaling pathway, 305�306
RAGE. See AGE receptors (RAGE)
Randomized clinical trial, 568
Randomized controlled trial (RCT), 319, 539
RANKL. See Receptor activator of nuclear

factor κB ligand (RANKL)
Rapamycin, 142
Rapamycin-insensitive companion of mTOR

(RICTOR), 141�142, 397
RAPTOR. See Regulatory-associated protein

of mTOR (RAPTOR)
Ras/MAPK pathways, 142�143
Rat osteocalcin (ROC), 459�460
Rate of living, 682

theory, 677
RAVLT. See Rey Auditory and Verbal

Learning Test (RAVLT)
RBC. See Red blood cells (RBC)
RCT. See Randomized controlled trial (RCT)
RDA. See Recommended daily allowance

(RDA); Recommended dietary
allowance (RDA); Reference daily
allowance (RDA)

RDI. See Recommended dietary intake (RDI);
Reference daily intake (RDI)

RDN. See Registered Dietitian Nutritionist
(RDN)

rDNA. See Ribosomal gene cluster DNA
(rDNA)

Reactive nitrogen species (RNS), 393,
396�397, 474�475

Reactive oxygen species (ROS), 4, 25�26, 33,
109, 156, 244, 294, 316, 333, 393,
473�475, 496, 555, 610, 637�638, 649,
659�660, 680�681, 711

DNA inducing by, 110
via incomplete reduction of oxygen,

396�397
inflammatory response producing, 252
in intracellular signalling pathways

modulation, 243�244
neutrophils, 376�377
putative toxins, 650
superoxide, 611�612

Reactive species (RS), 109, 208
Receptor activator of nuclear factor κB

ligand (RANKL), 465
Receptor-independent mechanism, 267
Recommended daily allowance (RDA), 438,

553, 613�614
Recommended dietary allowance (RDA), 42,

46�47, 357, 569, 638�639, 727
Recommended dietary intake (RDI), 723,

726�727
Recommended Nutritional Intake (RNI),

46�47
Recruitment and Adherence Committee

(RAC), 574
Recycling, 587
Red blood cells (RBC), 629
Red wine, 323�324
REDD1. See Regulated in development and

DNA damage response 1 (REDD1)
Reduction and oxidation (Redox), 208

polymorphisms to activity, 616
system, 184

Reference daily allowance (RDA), 345�346
Reference daily intake (RDI), 345
Registered Dietitian Nutritionist (RDN), 322,

326
Regulated in development and DNA

damage response 1 (REDD1), 145
Regulatory T cells (Tregs cells), 557,

693�694
intestinal microbiota and induction, 696f

Regulatory-associated protein of mTOR
(RAPTOR), 141�142, 397

Renal disease, 270
Renal function, 515

in aging, 425�426
polyphenols and, 429�430

Repair, 4, 6
Replicative senescence, 294
Reproductive organ cancers, 161
Repulsive Guidance Molecule (RGM), 524
Resting metabolic rate (RMR), 680�681

residual, 680�681
Resveratrol, 114, 227�228, 234�235,

246�247, 254�255, 285, 303, 463�464
Retinal pigment epithelium (RPE),

434�435
Retinoic acid, 283�284
Retinoid X receptors (RXR), 452�453
Reverse T3 (rT3), 587
Revised Hasegawa Dementia Scale (HDS-R),

670�671
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Rey Auditory and Verbal Learning Test
(RAVLT), 687

RGM. See Repulsive Guidance Molecule
(RGM)

RHD. See Rheumatic heart disease (RHD)
Rheumatic heart disease (RHD), 423�424
Rheumatoid Arthritis, 270
Riboflavin, 599
Ribosomal gene cluster DNA (rDNA), 227, 232
Ribosomal induced silencing complex

(RISC), 278
Ribosomal S6 kinases (RSK), 143
RICTOR. See Rapamycin-insensitive

companion of mTOR (RICTOR)
RISC. See Ribosomal induced silencing

complex (RISC)
RMR. See Resting metabolic rate (RMR)
RNI. See Recommended Nutritional Intake

(RNI)
RNS. See Reactive nitrogen species (RNS)
ROC. See Rat osteocalcin (ROC)
Rodent studies, 515�516
Root of Kudzu. See Pueraia lobata
ROS. See Reactive oxygen species (ROS)
Rotterdam study, 337
Roux-en-Y Gastric Bypass (RYGB) Surgery,

197�198
RPE. See Retinal pigment epithelium (RPE)
RRag GTPase, 146
RS. See Reactive species (RS)
RSK. See Ribosomal S6 kinases (RSK)
rT3. See Reverse T3 (rT3)
RXR. See Retinoid X receptors (RXR)
RYGB Surgery. See Roux-en-Y Gastric Bypass

(RYGB) Surgery

S
S-Adenoslymethionine, 513
S-Adenosylhomocysteine, 515
S-Adenosylmethionine (SAM), 218, 244, 515,

519�520
and inflammation, 518

S6 kinase 1 (S6K1), 143, 147
SAC. See School Aged Children (SAC)
sActRIIB. See Soluble receptor antagonist of

myostatin (sActRIIB)
SADS. See Senescence-associated distension

of satellites (SADS)
SAE. See Severe adverse effects (SAE)
Saffron, 667�668
SAHA. See Suberoylanilide hydroxamic acid

(SAHA)
SAHFs. See Senescence-associated

heterochromatin foci (SAHFs)
SAM. See S-adenosylmethionine (SAM)
SAMP8 mice. See Senescence-accelerated

mouse prone 8 (SAMP8 mice)
SAPK kinase interacting protein 1 (Sin1),

142
Sarcopenia, 151�152, 270, 279�280, 355�356,

400, 411
nutritional interventions, 356�357

SASP. See Senescence associated secretory
phenotype (SASP)

Saturated fatty acid (SFA), 33, 380�382.
See also Polyunsaturated fatty acid
(PUFA)

intake, 729
SCAP. See Sterol cleavage activating protein

(SCAP)
SCE. See Sister chromatid exchange (SCE)
SCEs. See Spontaneous cerebral emboli

(SCEs)
SCFAs. See Short-chain fatty acids (SCFAs)
Schiff base, 264
School Aged Children (SAC), 589t
SCIRS. See Severe Cognitive Impairment

Rating Scale (SCIRS)
SCN. See Suprachiasmatic nucleus (SCN)
SD-0006. See CDD-111
sdLDL. See Small, dense LDL particles

(sdLDL)
Se-Cys. See Selenocysteine (Se-Cys)
Se-Met. See Selenomethionine (Se-Met)
Seafood, 323
Seaweeds. See Marine algae
Secoiridoids, 304
Secondary metabolites, 712
Secretory immunoglobulin A (sIgA),

696�697
SELECT. See Selenium and Vitamin E Cancer

Prevention Trial (SELECT)
SELECT Centralized Follow-up Study

(SELECT CFU), 580
Selenate (SeO4

2), 569
Selenite (SeO3�2), 569
Selenium (Se), 26, 112, 219, 304�305, 568.

See also Zinc (Zn)
baseline selenium status, 578
dose, 578
formulation, 576�578
metabolism and distribution, 570f
nutritional requirements, 569
prostate cancer

prevention by, 571�572
prevention by selenium and vitamin E
combination, 572�573

sources, metabolism, and biological
activities, 569

Selenium and Vitamin E Cancer Prevention
Trial (SELECT), 568�569

accrual, 575
adherence, 575
agents, 574
cohort, 574
implications and future directions,

580�581
primary endpoint results, 575�576, 576t
prostate cancer

prevention by selenium, 571�572
prevention by selenium and vitamin E
combination, 572�573

prevention by vitamin E, 572
rationale and objectives, 573�574
recruitment strategies, 574�575
for results, 576

age, 580
agents, 576�579
genetics, 579�580

effect of other nutrients, 579
study design, 580

secondary endpoint results, 575�576, 577t
trial design and outcome ascertainment,

574
in vivo animal studies, 573t

Seleno-L-methionine (SeMet), 246�247
Selenocysteine (Se-Cys), 26
Selenomethionine (Se-Met), 26
Selenoproteins P1 (SEPS1), 49�50
SeMet. See Seleno-L-methionine (SeMet)
Semitendinosus (ST), 34�35
SENECA Study. See Survey in Europe on

Nutrition and Elderly Concerted
Action (SENECA) Study

Senescence, 227
delayers, 300
immunosurveillance, 297
inducers, 299�300

Senescence associated secretory phenotype
(SASP), 131, 295�296, 498�499

modulators, 299
Senescence-accelerated mouse prone 8

(SAMP8 mice), 501�502
Senescence-associated distension of satellites

(SADS), 295�296
Senescence-associated heterochromatin foci

(SAHFs), 295�296
Senescent cells

direct ablators of, 298
indirect ablators of, 298�299
strategies to rejuvenate, 297�298

Senile anorexia, 121�122
Sensory property of foods, 121
SEPS1. See Selenoproteins P1 (SEPS1)
2-Series prostaglandins (PGE2).

See Prostaglandin E2 (PGE2)
Serine, 516�517
Serine hydroxymethyltransferase (SHMT),

514
SERMs. See Specific estrogen receptor

modulators (SERMs)
Serum-and glucocorticoid-regulated kinase

(sGK), 148
Severe adverse effects (SAE), 630�631
Severe Cognitive Impairment Rating Scale

(SCIRS), 667�668
SF-36 Health Survey. See Short-Form 36 (SF-

36) Health Survey
SFA. See Saturated fatty acid (SFA)
SFN. See Sulforaphane (SFN)
sGK. See Serum-and glucocorticoid-regulated

kinase (sGK)
SGLT1. See Sodium-glucose cotransporter 1

(SGLT1)
SHMT. See Serine hydroxymethyltransferase

(SHMT)
Short-chain fatty acids (SCFAs), 368, 693
Short-Form 36 (SF-36) Health Survey, 687
sIgA. See Secretory immunoglobulin A

(sIgA)
Signaling feeding state

calorie restriction, 198
chronic wasting diseases, 198
in eating disorders, anorexia nervosa, 198
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Signaling nutritional state
eating disorders, calorie restriction,

chronic diseases, 198�199
in obesity, 197

Silent Information Regulators (SIR), 228
SIR2, 222, 228
SIRT1-dependent deacetylation, 211
SIRT1, 33, 209, 222, 230
SIRT2, 230�231
SIRT3, 222�223, 231
SIRT4, 231
SIRT5, 231
SIRT6, 48�49, 231�232
SIRT7, 232

Sin1. See SAPK kinase interacting protein 1
(Sin1)

Single Nucleodite Polymorphisms (SNPs),
42�43, 49�50, 610

Single nucleotide polymorphism, 437
Single nucleotide polymorphisms, 561�562
Singlet oxygen (1O2), 475
SIR. See Silent Information Regulators (SIR)
Sirolimus, 142
Sirtuin(s), 48, 214, 222�223, 228, 393, 651
enzymatic activities, 228
functions, 229t
longevity effects of calorie restriction, 234
mammalian sirtuins, 230�232
in nonmammalian model organisms,

228�230
overexpression, 232�233
proto-oncogenes or tumor suppressors,

235�236
resveratrol sirtuin activator, 234�235
as therapeutic targets, 236�237

Sister chromatid exchange (SCE), 244�245
SJW system. See St. John’s Wort (SJW)

system
Skeletal muscle, 358, 396
Skin aging, carotenoids and, 478
carotenoid rich foods, 480
dietary antioxidants, 478�479
mechanism of action, 479
photoprotective effect of lycopene, 479
skin cancer prevention, 480
UV exposure, 479�480

Skin autofluorescence measurement, 266
SKT. See Syndrom-Kurz test (SKT)
SLC. See Solute-linked carrier (SLC)
Small, dense LDL particles (sdLDL),

316�320
Small bowel mucosa, 366�368
Small intestinal permeability, 366�368, 368f
Small noncoding RNAs, 279
age-related alterations, 217
effects of diet on, 219�220

Smell, 364
Smoking, 435
SNPs. See Single Nucleodite Polymorphisms

(SNPs)
SOD. See Superoxide dismutase (SOD)
Sodium tanshinone IIA sulfonate (STS),

671�672
Sodium-dependent vitamin C transporters 1

(SVCT1), 615

Sodium-dependent vitamin C transporters 2
(SVCT2), 615

Sodium-glucose cotransporter 1 (SGLT1), 367
Sodium�iodide symporter (NIS), 586

protein, 587
Soluble RAGE (sRAGE), 268
Soluble receptor antagonist of myostatin

(sActRIIB), 414
Solute-linked carrier (SLC), 552�553
Somatotropic axis, 677, 686
Southwest Oncology Group (SWOG), 568,

573�574
Soy, 663�666

on cognition in adults, 664t
health benefits, 663t

SPA. See Spontaneous physical activity (SPA)
Spearman rank correlation analysis, 16
Specific estrogen receptor modulators

(SERMs), 484
Sperm epimutations, 183
Spontaneous cerebral emboli (SCEs),

336�337
Spontaneous physical activity (SPA), 684
SPs. See Sulfated polysaccharides (SPs)
sRAGE. See Soluble RAGE (sRAGE)
SRE. See Sterol regulatory element (SRE)
SREBP1. See Sterol regulatory element-

binding protein 1 (SREBP1)
ST. See Semitendinosus (ST)
St. John’s Wort (SJW) system, 80�81
Stem cell

exhaustion, 222, 499
functional consequences of aging, 222

Steroid hormones, 482�484
Sterol cleavage activating protein (SCAP),

147�148
Sterol regulatory element (SRE), 147�148
Sterol regulatory element-binding protein 1

(SREBP1), 147�148
Stilbenoids, 303
Streptozotocin (STZ), 333
Stress, 4�6

MAPKs, 258
neuroprotective phytochemicals and

modulation of signaling pathway, 256
NF-κB, 257�258
Nrf2, 256�257
response pathway, 7

Stroke, 542�545, 543t
STS. See Sodium tanshinone IIA sulfonate

(STS)
STZ. See Streptozotocin (STZ)
Suberoylanilide hydroxamic acid (SAHA),

221
Subjective feelings of hunger, 687
Sudan Black B, 295�296
Sugar(s), 303, 332
Sulfated polysaccharides (SPs), 669
Sulforaphane (SFN), 256, 303
Superoxide dismutase (SOD), 110�112, 164,

243�245
activity, 500
antioxidant defense enzymes, 254
antioxidant systems, 659�660
Cu/Zn, 245, 247

Suprachiasmatic nucleus (SCN), 195
Survey in Europe on Nutrition and Elderly

Concerted Action (SENECA) Study,
400

SVCT1. See Sodium-dependent vitamin C
transporters 1 (SVCT1)

Swallowing, 365
SWOG. See Southwest Oncology Group

(SWOG)
Sympathetic system, 35�36
Synbiotics, 700
Syndrom-Kurz test (SKT), 666
Systematic review, 599�601
Systemic iron homeostasis regulation, 527, 528f

hepcidin regulation, 527
by erythropoiesis, 529�530
by Iron, 529

T
T cell receptors (TCRs), 378, 556
T regulatory cells. See Regulatory T cells

(Tregs cells)
T2D. See Type II diabetes (T2D)
T3. See Triiodothyroinine (T3)
TA-65. See Cycloastragenol
Tankyrase, 130
Target of rapamycin (TOR), 47, 141�142
Taste, 364
TC. See Total cholesterol (TC)
TC/HDL-C. See Total cholesterol to HDL-C

(TC/HDL-C)
TCDD. See 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD)
TCN2. See Transcobalamine II (TCN2)
TCRs. See T cell receptors (TCRs)
TDEE. See Total daily energy expenditure

(TDEE)
Tea, 661�663

health benefits, 662t
observational studies, 662t

TEF. See Thermic effect of food (TEF)
Telomerase, 497
Telomere(s), 129�130, 130f, 227, 519

and aging
factors, 132
telomere length predict healthy aging,

131
telomeres change with age, 131

attrition, 294, 496�497
damaged, 131
erosion, 294
knowledge gaps, 137
length, 322
maintenance mechanisms, 130
nutrition and
cross-sectional studies, 132t, 134t
dietary factors, 132�136
intervention studies, 135t
plausible mechanisms, 136, 136f
telomere length, 136

too long, 131
too short, 131

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD),
302�303
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1,2,3,6-Tetrahydro-1-methyl-4-
phenylpyridine hydrochloride
(MPTP), 151

Tetrahydrobiopterin (BH4), 611�612
Δ(9)-Tetrahydrocannabinol (THC), 307
Tetrahydrocurcumin (THC), 492, 499
TF. See Theaflavins (TF); Transferrin (TF)
TF receptor 2 (TFR2), 524
TFEB. See Transcription factor EB (TFEB)
TFR1. See Transferrin receptor 1 (TFR1)
TFR2. See TF receptor 2 (TFR2)
Tg. See Thyroglobulin (Tg)
TG. See Triglyceride (TG)
TGF. See Transforming growth factor (TGF)
Th1/Th2 balance, 557
Th17 cells, 557
intestinal microbiota and induction, 696f

THC. See Tetrahydrocurcumin (THC); Δ(9)-
Tetrahydrocannabinol (THC)

Theaflavins (TF), 661
Thearubigins (TR), 661
Therapeutic Lifestyle Changes (TLC), 324
Thermic effect of food (TEF), 684, 725
Thiamin, 599
Thioredoxin (Trx), 208
Third National Health and Nutrition

Examination Survey (NHANES-III),
428�429, 614

Threonine residue, 143
THs. See Thyroid hormones (THs)
Thymic atrophy, 375
Thymidylate synthase (TS), 514
Thyroglobulin (Tg), 590
Thyroid
autoimmunity, 595�596
cancer, 596
enlargement, 587
function, 684�685
gland, 590�591

Thyroid hormones (THs), 585
receptors, 592

Thyroid-stimulating hormone (TSH), 586
Thyroiditis, 583
Thyroperoxidase (TPO), 586�587
Thyrotropin releasing hormone (TRH), 195
Thyroxine (T4), 586�587
Tissue-specific biological phenotypes, 16
TLC. See Therapeutic Lifestyle Changes

(TLC)
TLR. See Toll-like receptor (TLR)
TLS. See Translesion DNA synthesis (TLS)
TMPRSS6 proteins, 529�530
TNF. See Tumor necrosis factor (TNF)
Tocopherols, 113�114, 302, 569
Tocotrienols, 302
Tolerable upper intake levels (Tolerable UL),

42
Toll-like receptor (TLR), 376, 696�697
TOR. See Target of rapamycin (TOR)
TOR signaling (TOS), 141�142, 144f
Total cholesterol (TC), 319�320
Total cholesterol to HDL-C (TC/HDL-C),

316�318
Total daily energy expenditure (TDEE), 684
Toxic agents, 425�426

TPO. See Thyroperoxidase (TPO)
TR. See Thearubigins (TR)
Trace elements, 110�112, 245�246, 284�285,

304�305
Trans fatty acid intake, 729
Trans-fatty acid isomers, 33�34
Transcobalamine II (TCN2), 517
Transcription, 214
Transcription factor EB (TFEB), 146
Transferrin (TF), 524
Transferrin receptor 1 (TFR1), 527
Transforming growth factor (TGF), 652
Transient receptor potential vanilloid type 6

(TRPV6), 465
Translesion DNA synthesis (TLS), 165
Transsulfuration pathway, 513
Tregs cells. See Regulatory T cells (Tregs

cells)
TRH. See Thyrotropin releasing hormone

(TRH)
Triglyceride (TG), 316
3,5,4’-Trihydroxystilbene. See Phytoalexin

resveratrol
Triiodothyroinine (T3), 586�587
Triterpenoid saponins, 302
TRPV6. See Transient receptor potential

vanilloid type 6 (TRPV6)
Trx. See Thioredoxin (Trx)
TS. See Thymidylate synthase (TS)
TSC1. See Tuberous sclerosis complex 1

(TSC1)
TSH. See Thyroid-stimulating hormone

(TSH)
Tuberous sclerosis complex 1 (TSC1), 143
Tuberous sclerosis complex 2 (TSC2), 143
Tumor necrosis factor (TNF), 553�554, 700

TNF-α, 23, 58, 123�124, 252, 267, 475, 497,
612

Tumor suppressor, 228
Turmeric, 494
Twisted Gastrulation BMP Signaling

Modulator 1 (TWSG1), 529�530
2013 AHA/ACC Lifestyle Guidelines, 324
Two-dimensional gel electrophoresis, 5
TWSG1. See Twisted Gastrulation BMP

Signaling Modulator 1 (TWSG1)
Type II diabetes (T2D), 332, 334�336, 538

T2DM, 322, 394
Type II muscle fibers, 358
Type IIA interaction, 75�77
Type IIB interaction, 75�77
Type IIC interaction, 75�77

U
UA. See Uric acid (UA)
Ubiquionone. See Coenzyme Q10

Ubiquitin-proteasome system (UPS), 357
Ubiquitination, 211
UCP2. See Uncoupling protein 2 (UCP2)
UI level. See Upper intake (UI) level
UIC. See Urinary iodine concentration (UIC)
UK Committee on Medical Aspects of Food

Policy (COMA), 729
UL. See Upper limit (UL)

Uncoupling protein 2 (UCP2), 501�502
Unexplained anemia, 533
United Nations University (UNU), 727
United States (US), 568
United States Department of Agriculture

(USDA), 322
United States Preventive Services Task Force

(USPSTF), 580
Unraveling stochastic aging processes in

mouse liver, 12
correlation matrix of chronological age

and pathology parameters, 14t
future perspectives, 18�19
gene expression profiles related to

pathological aging parameters, 16�18
heat maps of genes, 17f
intraorgan specific biological phenotypes,

15�16
pathological parameters, 13�15
pathology ranking
for lipofuscin accumulation in liver and

brain, 16f
for multiple endpoints in liver, 15f

ranking of mice, 14f
set of six genes, 13
tissue-specific biological phenotypes, 16
Venn diagram of genes, 18f

Unsaturated fatty acids, 166. See also
Polyunsaturated fatty acid (PUFA);
Saturated fatty acid (SFA)

Unsaturation, 31
Untranslated region (UTR), 525�526

3’ UTR, 277�278
5’ UTR, 147

UNU. See United Nations University (UNU)
Upper gastrointestinal sensory function, 364
Upper intake (UI) level, 345, 348, 558, 723
Upper limit (UL), 569
UPS. See Ubiquitin-proteasome system (UPS)
Urates, 424
Uric acid (UA), 424�425
Urinary iodine concentration (UIC), 588�590
US Food and Nutrition Board, 729
USDA. See United States Department of

Agriculture (USDA)
USPSTF. See United States Preventive

Services Task Force (USPSTF)
UTR. See Untranslated region (UTR)

V
Vacuolar H1-adenoside triphosphate ATPase

(v-ATPase), 143�145
VaD. See Vascular dementia (VaD)
VAS. See Visual Analogue Scales (VAS)
Vascular

aging, 316
carotenoids and health, 475
effect of carotenoid consumption,

477�478
early atherosclerosis, 476�477
improving atherosclerotic risk factors,

476�477
Vascular cell adhesion molecule (VSAM),

612
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Vascular cell adhesion molecule 1 (VCAM-
1), 267, 473, 475

Vascular dementia (VaD), 336
Vascular smooth muscle cells (VSMCs), 476
Vasoconstriction, 610
Vasodilation, 610
VCAM-1. See Vascular cell adhesion

molecule 1 (VCAM-1)
VDJ-recombination, 375
VDR ligands promoting healthspan, 460�465
mechanism of gene regulation by

liganded, 452�454
osseous and extraosseous effects

mediating by, 466f
VDR-mediated control of genes networks

compilation of VDREs, 465
detoxification of endo-and xenobiotics,

460
1,25D inducing TPH2 mRNA in human

brain cells, 463f
mechanisms of gene induction, 455f
phosphate homeostasis attenuates

senescence, 454�460
resveratrol and SIRT1, 464f
VDR ligands promoting healthspan,

460�465
VDREs in genes directly modulation,

461t
vitamin D, 454�460

VDREs. See Vitamin D responsive elements
(VDREs)

VDRs. See Vitamin D receptors (VDRs)
Vegetables, 323
constituents affecting age-related

morbidity, 711
antioxidant effects of plant-derived

compounds, 711
nonnutrient components, 712
nutrients in human metabolism, 711
phytochemicals, 712�717

effects of intake on mortality and
morbidity, 708

epidemiology, 708�709
intervention studies, 709�710
odds ratio of diabetes mellitus, 709f

natural pesticides, bioactive compounds,
717t

Vegetarian dietary pattern, 325�326
Vegetarianism, 584
Very long-chain acyl-CoA dehydrogenase

(VLCAD), 231
Very low density lipoprotein (VLDL), 58,

316�320, 474
VGCC. See Voltage-gated calcium channel

(VGCC)
VGSC. See Voltage-gated sodium channel

(VGSC)
VHL. See von Hippel Lindau (VHL)
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