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Series Preface

In this series on Molecular Nutrition, the editors of each book aim to dis-
seminate important material pertaining to molecular nutrition in its broad-
est sense. The coverage ranges from molecular aspects to whole organs,
and the impact of nutrition or malnutrition on individuals and whole com-
munities. It includes concepts, policy, preclinical studies, and clinical inves-
tigations relating to molecular nutrition. The subject areas include
molecular mechanisms, polymorphisms, SNPs, genome-wide analysis,
genotypes, gene expression, 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 ini-
tiative to bridge the transintellectual divide so that it is suitable for novices
and experts alike. It embraces traditional and nontraditional formats 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, epide-
miologists, 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 molecular level.

V.R. Preedy
Series Editor
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Preface

In this book Molecular Nutrition: Vitamins we focus on Vitamins. In total
there are 13 vitamins which are essential constituents of the diet. Vitamins
are classified as either fat soluble (A, D, E, and K) or water soluble
(B1, B2, B3, B5, B6, B7 B9, B12, and C) and are termed as micronutrients
due to the low quantities required in the diet. The majority of vitamins,
except for vitamin D and small amounts of B3, need to be obtained from
the diet, and thus inadequate intake can lead to deficiencies. The most
common deficiencies in the United States are of vitamin B6, vitamin B12,
vitamin C, folic acid, and vitamin D, with the deficiency subject to varia-
tion depending on the ethnic group, gender, and age of the person.
Furthermore, the quantity of vitamin required from the diet varies quite
significantly between vitamins from micrograms to milligrams.

Vitamins are an important field to study within Molecular Nutrition as
vitamins are pivotal to numerous biochemical and genetic pathways. For
example, vitamin B12, also known as cobalamin, is important for DNA
synthesis, nerve health, amino acids, and fatty acids metabolism, and
together with vitamin B9 (folate), is central to red blood cell maturation.
Vitamin B3 (niacin) is a precursor of the coenzymes nicotinamide adenine
dinucleotide and nicotinamide adenine dinucleotide phosphate, which are
key to metabolic pathways. Similarly, vitamin B2 (riboflavin) is a compo-
nent of flavin nucleotides that are essential for respiration.

There are many conditions that develop due to inadequate vitamin
intake from the diet. For example, thiamine deficiency (vitamin B1) can
lead to memory loss, as seen in Wernicke/Korsakoff syndrome and in
chronic alcoholics; acute and chronic pancreatitis and chronic liver disease
leads to a disruption in fat absorption, which affects the absorption of fat-
soluble vitamins; the lack of folate can lead to anemia and during preg-
nancy developmental disorders in newborns. More recently vitamins have
been studied due to their therapeutic properties as highlighted throughout
this book. Thus this text is relevant to nutritionists and nutrition research-
ers as vitamins are integral to human health and metabolic pathways, are
components of enzymes, and can aid in the treatment of a wide range of
conditions.

This book, Molecular Nutrition: Vitamins, contains three sections. In Part
1 there is coverage of nutrition and vitamins in terms of general aspects,

xxvii



and their contribution to the diet. In Part 2 there is coverage on vitamin
B2 and mitochondrial energy; the use of folate in liver disease; vitamin K
and treatment of prostate cancer; the preventive properties of vitamin B6

in inflammation; niacin and hyperlipidemia; molecular and nutritional
aspects of vitamin E; vitamins in chronic kidney disease; vitamin B12 mal-
absorption; vitamin D and diabetes mellitus; and vitamin C and
Alzheimer disease. Part 3 covers the epigenetics of vitamins; gene expres-
sion; and the role of vitamins in transcriptional and transcriptome
regulation.

The Editor

xxviii Preface





CHAPTER 1

Reference dietary requirements
of vitamins in different stages
of life
Mina Yamazaki Price1 and Victor R. Preedy2
1Division of Critical Care, Medicine and Surgery, Department of Therapies, Royal Free Hospital, Royal
Free London NHS Foundation Trust, London, United Kingdom
2Diabetes & Nutritional Sciences Division, School of Medicine, King’s College London, London, United
Kingdom
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Key facts of vitamins

• Vitamins are organic compounds and usually present naturally in food
items in very small amounts.

• Each vitamin has highly specific roles in normal physiological functions
and metabolism including growth, development, and maintenance.

• Humans require minute amounts of vitamins to meet physiological
needs but are unable to endogenously synthesize adequate amounts.
Therefore it is essential to obtain vitamins from food items.

• A severe and prolonged insufficient dietary intake of specific vitamins
can cause specific deficiency syndromes. For example, beriberi is a dis-
order caused by thiamin (vitamin B1) deficiency. Symptoms of beriberi
include peripheral neuropathy, muscle pain, and weakness.

• Vitamins are commonly classified under the umbrella of “micronutrients”
in contrast to “macronutrients” (i.e., carbohydrate, protein, and fat).

Summary points

• Currently 13 substances are recognized as vitamins. They can be cate-
gorized into two groups according to their solubilities, namely fat-
soluble and water-soluble vitamins.

• Fat-soluble vitamins are vitamins A, D, E, and K. Water-soluble vita-
mins are thiamin (vitamin B1), riboflavin (vitamin B2), niacin (vitamin
B3), vitamin B6 (pyridoxine), vitamin B12 (cobalamin), folate (vitamin
B9), vitamin C, pantothenic acid, and biotin.

• For each vitamin, reference dietary requirements have been derived,
though the amounts and age categories vary differ between countries.

• Differences in dietary and nutrient patterns in different populations,
even within the same country, influence overall vitamin intake and
thus determine whether reference dietary requirements are met.

• There are various challenges between different age groups for meeting
vitamin B12 reference dietary requirements. On the other hand, it is
less challenging to meet vitamin K reference dietary requirements
across different populations.

Definitions of words and terms

• Micronutrient: A chemical element required in very small amounts in
living organisms to maintain normal physiological functions. It is often
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used in contrast to macronutrients (i.e., dietary carbohydrates, proteins,
and fats).

• Endogenously synthesized: Substances that are produced or synthesized
within an organism rather than provided by nutrition.

• Metabolic activation: The chemical reactions of a relatively inert sub-
stance to a more biologically active form within living organisms.

• Biopotency: A measure of the capacity and/or ability of a substance
such as nutrients including vitamins to have a specified biochemical
action in living organisms.

• Essential nutrients: Nutrients required for normal physiological functions
including growth, reproduction, and maintaining good health that
cannot be synthesized at all or in sufficient quantities within a living
organism; hence they are required to be provided by nutritional
means.

• Free radical: A molecule having an unpaired electron which makes it
extremely reactive. It can be generated within a living organism as a
result of normal biological processes as well as introduced by environ-
mental factors such as exposure to ultraviolet sunlight and smoking.

• Oxidative stress: A disturbance in the balance between the production
of free radicals and antioxidant defenses within a living organism.
Therefore the host is unable to detoxify their harmful effects.
Oxidative stress is believed to be a causal factor in various conditions
including aging, age-related diseases such as Alzheimer disease, macular
degeneration, cataract formation, cardiovascular diseases, and cancers.

Abbreviations
AI Adequate intake
CoA Coenzyme A
COMA Committee on Medical Aspects of Food Policy
DRI Dietary reference intake
DRV Dietary reference value
NAD Nicotinamide adenine nucleotide
NADP Nicotinamide adenine dinucleotide phosphate
RDA Recommended dietary allowance
RNI Reference nutrient intake

1.1 Introduction

Vitamins are essential for life and have highly specific roles for the mainte-
nance of normal physiological function including growth and

5Reference dietary requirements of vitamins in different stages of life



development. The vitamins do not constitute structural components in
cells nor contribute to energy needs. However, they are used for the effi-
cient homeostatic control of cells, metabolic pathways, and developmental
processes. For example, they are involved in metabolic activation as
enzyme cofactors or contribute to the production of other components in
cells. They are required in very small amounts, hence the vitamins are
classified under the umbrella of “micronutrients.”

Vitamins are not endogenously synthesized in adequate amounts in
humans to meet normal physiological needs. Vitamins are organic com-
pounds and naturally occur in food items. Of course for every generaliza-
tion there are exceptions. For example, vitamin K2 can be synthesized
endogenously although in the Western diet most of the vitamin K is
derived from plant foods in the form of vitamin K1 (Yamazaki Price and
Preedy, 2018).

This chapter describes the various vitamins, their requirements, and
very briefly their physiological roles. We use the nomenclature of vitamins
as described in the report of the Panel on Dietary Reference Values of
the Committee on Medical Aspects of Food Policy (COMA) (DH, 1991).

Currently 13 substances are recognized as vitamins. They can be cate-
gorized into two groups according to their solubilities, namely fat-soluble
and water-soluble vitamins.

Fat-soluble vitamins are vitamins A, D, E, and K. Water-soluble vita-
mins are thiamin (vitamin B1), riboflavin (vitamin B2), niacin (vitamin
B3), vitamin B6 (pyridoxine), vitamin B12 (cobalamin), folate (vitamin
B9), vitamin C, pantothenic acid, and biotin.

The realization of vitamins as essential nutrients occurred at the begin-
ning of the 20th century after decades of studying associations between
diseases and certain types of diet among specific populations. An example
of such an association includes scurvy in seamen during the 14th century
(months of diet principally based on dried and salted foods) and beriberi
in Asian populations in the 19th century (surviving on polished “white”
rice) (Combs and McClung, 2017). Since then, particularly since the early
1980s, the scientific knowledge and understanding of each vitamin’s func-
tions have been dramatically expanded. Thus the increasing understanding
of their physiological roles and the effects of deficiencies on human health
and well-being (including the diversity of syndromes associated with defi-
ciencies) has become more evident. Advances in evidence-based research
have led to an improved knowledge of vitamin requirements and the
development of dietary guidelines to ensure adequacy.
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This chapter reviews the reference requirements of 13 vitamins for dif-
ferent stages of life for the United States and the United Kingdom.
However, it is important to mention from the outset of this review that
different countries have their own nomenclature. As a generalization to
cover the United States and the United Kingdom we use the term “refer-
ence dietary requirements.” Later on we define specific terms used in the
United States and United Kingdom.

1.2 Reference dietary requirements

Reference dietary requirements are the amounts of nutrients that indivi-
duals and populations need to consume in order to minimize the risk of
deficiency or excess: overall achieving optimal health and prevention of
disease.

The reference dietary requirements apply to healthy individuals and
populations. The requirements for one nutrient presuppose that the
requirements of other nutrients have been met. Furthermore, reference
dietary requirements assume that intake is via the oral route in food. In
other words they cannot be used for artificial support regimes such as total
parenteral nutrition (DH, 1991).

Reference dietary requirements potentially have four uses as follows:
1. assessing individuals;
2. determining at risk subgroups or subpopulations;
3. prescribing diets; and
4. food labeling (DH, 1991).

There is limited scientific support behind the values for the specific
reference dietary requirements across age ranges, gender, and physiological
status. However, where relevant and possible, these values include an
allowance for bioavailability and utilization (WHO and FAO, 2004).

In the United Kingdom, the reference dietary requirements are termed
dietary reference values (DRVs). For other countries, for example, in the
United States, these values are termed as dietary reference intakes (DRIs),
which are essentially equivalent to the DRVs used in the United
Kingdom. Definitions of the reference dietary requirements for the
United Kingdom and the United States are described in Table 1.1.

Below we briefly describe the roles of the various vitamins. With a
limited text it is impossible to cover all of the detailed aspects of the vita-
mins and the reader is referred to individual chapters within this book.
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Table 1.1 Definitions of reference dietary intakes (DRIs) for the United States and the
United Kingdom.

United States Definition

Adequate intakes (AIs) A recommended average daily nutrient intake level based on
observed or experimentally determined approximations or
estimates of mean nutrient intake by a group (or groups) of
apparently healthy people. An AI is used when the
recommended dietary allowance cannot be determined.

Dietary reference intakes
(DRIs)

A set of nutrient-based reference values that are quantitative
estimates of nutrient intakes to be used for planning and
assessing diets for healthy people. DRIs expand on the
periodic reports called recommended dietary allowances
(RDAs), which were first published by the Institute of
Medicine in 1941.

Estimated average
requirements (EAR)

The average daily nutrient intake level estimated to meet the
requirements of half the healthy individuals in a particular
life stage and sex group.

Recommended dietary
allowances (RDA)

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 sex group.

Tolerable upper intake
levels (UL)

The highest average daily nutrient intake level likely to pose
no risk of adverse health effects for nearly all individuals in
a particular life stage and sex group. As intake increases
above the UL, the potential risk of adverse health effects
increases.

United Kingdom Definition

Dietary reference values
(DRV)

A term used to cover LRNI, EAR, RNI, and safe intake.

Estimated average
requirement (EAR)

Estimated average requirement of a group of people for energy
or protein or a vitamin or mineral. About half will usually
need more than the EAR, and half less.

Lower reference nutrient
intake (LRNI)

LRNI for protein or a vitamin or mineral. An amount of the
nutrient that is enough for only the few people in a group
who have low needs.

Reference nutrient intake
(RNI)

RNI for protein or a vitamin or mineral. An amount of the
nutrient that is enough, or more than enough, for about
97% of people in a group. If average intake of a group is at
RNI, then the risk of deficiency in the group is very small.

Safe intake (SI) A term used to indicate the intake or range of intakes of a
nutrient for which there is not enough information to
estimate RNI, EAR, or LRNI. It is an amount that is
enough for almost everyone but not so large as to cause
undesirable effects.

Source: For the United States, adapted from Office of Disease Prevention and Health Promotion
(ODPHP), 2015. 2015�2020 Dietary Guidelines for Americans. ,http://health.gov/dietaryguidelines/
2015/guidelines/. (accessed 8.04.18.) (ODPHP, 2015); for the United Kingdom, adapted from
Department of Health (DH), 1991. Dietary Reference Values for Food Energy and Nutrients for the
United Kingdom. The Stationary Office (TSO), Norwich.
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1.3 Fat-soluble vitamins

1.3.1 Vitamin A
Vitamin A is vital for embryonic development, differentiation of tissues,
growth, epithelial integrity, red blood cell production, reproduction,
immune function, and the visual system (Imdad et al., 2017). Vitamin A
comes in two forms, namely retinol (preformed vitamin A) and provita-
min A carotenoids. Retinol (mostly in the form of retinyl esters) occurs
naturally in animal foods and has 100% bioavailability (i.e., completely
absorbed) (Combs and McClung, 2017). In contrast, carotenoids (mostly
in the form of β-carotene), which occur in plant foods, have much less
bioavailability. Not all carotenoids have provitamin A activity. After the
consideration of the physiological efficacy of in vivo conversion of carote-
noids to retinol and intestinal absorption capacity, currently the widely
accepted conversion values in a normal mixed diet are 6 μg β-carotene to
1 μg retinol (DH, 1991). Commonly, reference dietary requirements are
expressed in retinol equivalent (μg). Table 1.2 shows the vitamin A refer-
ence dietary requirements for the United States and the United Kingdom.

1.3.2 Vitamin D
Ergocalciferol (vitamin D2) and cholecalciferol (vitamin D3) are the two
major forms of vitamin D. Vitamin D has a crucial role in maintaining the
normal mineralization of bones and teeth, muscle contraction, nerve con-
duction, and general cellular function in all parts of the body. This is
achieved by the role of vitamin D in plasma calcium homeostasis (WHO
and FAO, 2004). More recently, it has been suggested that the role of
vitamin D may go beyond calcium homeostasis. These other roles include
the possible inhibition of cancer progression and certain autoimmune dis-
eases, and there are also positive effects on the cardiovascular, dermatolog-
ical, and immune systems (Christakos et al., 2014). Humans, with modest
sun exposure, are able to produce sufficient vitamin D endogenously from
sterols in the body by the action of ultraviolet light on the skin. Hence
vitamin D is often called the “sunshine vitamin” (Combs and McClung,
2017).

Vitamin D is distributed sparsely in dietary sources and is present in
very low amounts. It is considered that the diet provides approximately
20% of vitamin D so the remainder must come from sunlight (Borel
et al., 2015). However the respective contributions of vitamin D from the
diet and via sunlight will depend on a number of factors including
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Table 1.2 Vitamin A reference dietary requirements for the Unites States and the
United Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 400� 400�

6�12 months 500� 500�

1�3 years 300 300
4�8 years 400 400
9�13 years 600 600
14�18 years 900 700
19�30 years 900 700
31�50 years 900 700
51�70 years 900 700
.70 years 900 700
Pregnancy 14�18 years � 750
19�30 years � 770
31�50 years � 770
Lactation 14�18 years � 1200
19�30 years � 1300
31�50 years � 1300

United Kingdom

0�3 months 350 350
4�6 months 350 350
7�9 months 350 350
10�12 months 350 350
1�3 years 400 400
4�6 years 400 400
7�10 years 500 500
11�14 years 600 600
15�18 years 700 600
19�50 years 700 600
.50 years 700 600
Pregnancy � 700
Lactation 0�4 months � 950
.4 months � 950

Data show reference dietary requirements of vitamin A for the United States and the United
Kingdom in μg retinol equivalent/day. For the United States, figures with an asterisk (�) are presented
as adequate intakes (AIs). All other figures for the United States are presented as recommended dietary
allowances (RDAs). For the United Kingdom, the name of the vitamin used in the table is based on
the report by the Committee on Medical Aspects of Food Policy (COMA) (DH, 1991). All
figures for the United Kingdom are presented as reference nutrient intakes (RNIs). Cells showing
“�” indicate that there are no values for that particular life stage or gender.
Data from: For the United States, The National Academies of Sciences Engineering Medicine
(NASEM), 2016. Dietary Reference Intakes Tables and Application. ,http://www.
nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed
26.01.18.) (NASEM, 2016); for the United Kingdom, Department of Health (DH), 1991. Dietary
Reference Values for Food Energy and Nutrients for the United Kingdom. The Stationary Office
(TSO), Norwich.

10 Molecular Nutrition

http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx


geographical location, cultural characteristics of body coverage with
clothes, and so on. Table 1.3 shows the vitamin D reference dietary
requirements for the United States and the United Kingdom.

1.3.3 Vitamin K
Plant-derived phylloquinones (vitamin K1) and the bacterial-derived
menaquinones (vitamin K2) are the two major forms of vitamin K
(Yamazaki Price and Preedy, 2015, 2018). The primary role of vitamin K
is its participation in hemostasis and this has been well established since
the 1970s. Vitamin K is a cofactor for the posttranslational carboxylation
of glutamyl residues in plasma-clotting protein factors II (prothrombin),
VII, IX, and X in the coagulation cascade. The product of this process is
γ-carboxyglutamyl residues which have an affinity for calcium. Proteins
which require vitamin K for the formation of γ-carboxyglutamyl residues
are called vitamin K�dependent proteins. Currently a total of 16 vitamin
K�dependent proteins (including the aforementioned four involved in
the coagulation cascade) are known. Thus the role of vitamin K is consid-
ered to go beyond hemostasis. For example, it is now known that vitamin
K contributes to antiinflammatory activity, bone structure and function,
glucose homeostasis, and vascular health. Vitamin K, particularly the
plant-derived phylloquinones (vitamin K1), is widely distributed in the
diet and clinical deficiency is almost nonexistent in general except for
neonatal populations (Yamazaki Price and Preedy, 2018). Table 1.4 shows
the vitamin K reference dietary requirements for the United States and
the United Kingdom.

1.3.4 Vitamin E
Vitamin E, a family of eight homologues which consist of four tocopherol
homologues (α-, β-, γ-, δ-) and four tocotrienols homologues (α-, β-, γ-,
δ-), is entirely synthesized by plants. Additionally, synthetic forms are also
commonly available. Among the vitamin E family, α-tocopherol has the
highest biopotency. Therefore in human nutrition, vitamin E activity is
expressed in α-tocopherol equivalents (Combs and McClung, 2017). The
biological role of vitamin E is principally based on its antioxidant proper-
ties, especially in preventing lipid peroxidation. Cells are constantly
exposed to free radicals which have the potential to cause oxidative stress
and induce damage to biological systems and structures. Increased oxida-
tive stress and lipid peroxidation are associated with a wide range of dis-
eases including cardiovascular diseases, cancers, cataracts, macular
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Table 1.3 Vitamin D reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 10� 10�

6�12 months 10� 10�

1�3 years 15 15
4�8 years 15 15
9�13 years 15 15
14�18 years 15 15
19�30 years 15 15
31�50 years 15 15
51�70 years 15 15
.70 years 20 20
Pregnancy 14�18 years � 15
19�30 years � 15
31�50 years � 15
Lactation 14�18 years � 15
19�30 years � 15
31�50 years � 15

United Kingdom

0�3 months 8.5�10 8.5�10
4�6 months 8.5�10 8.5�10
7�9 months 8.5�10 8.5�10
10�12 months 8.5�10 8.5�10
1�4 years 10 10
5�6 years 10 10
7�10 years 10 10
11�14 years 10 10
15�18 years 10 10
19�50 years 10 10
.50 years 10 10
Pregnancy � 10
Lactation 0�4 months � 10
.4 months � 10

Data show reference dietary requirements of vitamin D for the United States (in μg cholecalciferol/day)
and the United Kingdom (in μg cholecalciferol and ergocalciferol/day). Data are presented as either RDA
(United States) or RNI (United Kingdom). For the United States, figures with an asterisk (�) are
presented as adequate intakes (AIs). Cells showing “�” indicate that there are no values for that particular
life stage or gender. For both countries, figures are derived under the assumption of minimum sunlight
exposure. For the United Kingdom, figures from 0 month to 3 years are presented as safe intakes (SIs).
Figures for age 0�11 months for the United Kingdom are based on the concentration of vitamin D in
infant formula. All other figures (i.e., aged 4 years and above, including pregnant and lactating women for
the United Kingdom) are presented as RNIs. For other details, see Table 1.1 for definitions and the
legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich; Scientific Advisory
Committee on Nutrition (SACN), 2016. SACN vitamin D and health report. ,https://www.gov.uk/
government/uploads/system/uploads/attachment_data/file/537616/
SACN_Vitamin_D_and_Health_report.pdf. (accessed 19.03.18.) (SACN, 2016).
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Table 1.4 Vitamin K reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 2 2
6�12 months 2.5 2.5
1�3 years 30 30
4�8 years 55 55
9�13 years 60 60
14�18 years 75 75
19�30 years 120 90
31�50 years 120 90
51�70 years 120 90
.70 years 120 90
Pregnancy 14�18 years � 75
19�30 years � 90
31�50 years � 90
Lactation 14�18 years � 75
19�30 years � 90
31�50 years � 90

United Kingdom

0�11 months 10 10
19�50 years 68.8�71.5 59.0�59.9
.50 years 65.1�68.8 54.3�59.0

Data show reference dietary requirements of vitamin K for the United States and the United
Kingdom in μg/day. For the United States, all figures are presented as AIs. Cells showing “�”
indicate that there are no values for that particular life stage or gender. For the United Kingdom, all
figures are presented as safe intakes. For the age 0�11 months, figures are based on the highest value
for breast milk. All other figures are calculated based on 1 μg/body weight (kg)/day (DH, 1991) using
reference weights for males 19�24 years, 71.5 kg, 25�34 years, 71.0 kg; 35�44 years, 69.7 kg;
45�50 years, 68.8 kg; 51�54 years, 68.8 kg; 55�64 years 68.3 kg; 65�74 years, 67.0 kg; over 75
years, 65.1 kg. For females, 19�24 years, 59.9 kg; 25�34 years, 59.7 kg; 45�50 years, 59.0 kg;
51�54 years, 59.0 kg; 55�64 years, 58.0 kg; 65�74 years, 57.2 kg; over 75 years, 54.3 kg (SACN,
2011). For the United Kingdom, for all life stages and both genders, there are no LRNIs, EARs, or
RNIs. For other details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich; Scientific Advisory
Committee on Nutrition (SACN), 2011. Dietary Reference Values for energy. ,https://www.gov.
uk/government/uploads/system/uploads/attachment_data/file/339317/
SACN_Dietary_Reference_Values_for_Energy.pdf. (accessed 23.03. 18.).
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degeneration, and neurodegenerative diseases including Alzheimer disease
(Azzi, 2018). Vitamin E is mainly located within the phospholipid bilayer
of cell membranes. It then acts as a free radical scavenger, protecting cellu-
lar components such as polyunsaturated fatty acids, DNA, and low-
density lipoprotein from lipid peroxidation (WHO and FAO, 2004).
Consequently, vitamin E is believed to have protective effects in the
aforementioned diseases. The primary dietary sources are vegetable oils.
Table 1.5 shows the vitamin E reference dietary requirements for the
United States and the United Kingdom.

Table 1.5 Vitamin E reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 4� 4�

6�12 months 5� 5�

1�3 years 6 6
4�8 years 7 7
9�13 years 11 11
14�18 years 15 15
19�30 years 15 15
31�50 years 15 15
51�70 years 15 15
.70 years 15 15
Pregnancy 14�18 years � 15
19�30 years � 15
31�50 years � 15
Lactation 14�18 years � 19
19�30 years � 19
31�50 years � 19

United Kingdom

0�11 months 0.4 0.4
19�50 years .4 .3
.50 years .4 .3

Data show the reference dietary requirements of vitamin E for the United States (in mg α-tocopherol/day)
and the United Kingdom (in mg/g polyunsaturated fatty acid/day for 0�11 months; in mg α-tocopherol/
day for all other figures). For the United Kingdom, all figures are presented as Safe Intakes. For the United
Kingdom, for all life stages and both genders, there are no LRNIs, EARs, or RNIs. Data are presented as
RDA for the United States. For the United States, figures with an asterisk (�) are presented as adequate
intakes (AIs). Cells showing “�” indicate that there are no values for that particular life stage or gender. For
other details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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1.4 Water-soluble vitamins

1.4.1 Thiamin (vitamin B1)
Thiamin (thiamin pyrophosphate is the metabolically functional form) has
crucial roles as a cofactor for several enzymes participating in intermediary
metabolism (DH, 1991; WHO and FAO, 2004). Thiamin is equally
spelled as thiamine in many text books. Thiamin also has roles in neural
function as it is involved in the synthesis of neurotransmitters (Kerns
et al., 2015). Beriberi, polyneuritis, and Wernicke-Korsakoff syndrome
are established diseases of thiamin deficiency. General physiological signs
of thiamin deficiency include severe decreases in appetite, a decrease in
growth, bradycardia, and muscular weakness. Thiamin is widely distrib-
uted in dietary sources, for example, grains, vegetables, fruits, meats, fishes,
legumes, dairy products, and eggs but mostly in low concentrations.

Thiamin is not evenly distributed in grains and has a higher concentra-
tion in the germ. Therefore those who consume refined grains (e.g.,
polished rice and white wheat where the germ has been removed), in rel-
atively large proportions, may be vulnerable to thiamin deficiency. Obese
people may be highly susceptible to thiamin deficiency due to the poor
quality of their diet (Kerns et al., 2015). Table 1.6 shows the thiamin ref-
erence dietary requirements for the United States and the United
Kingdom.

1.4.2 Riboflavin (vitamin B2)
Riboflavin is found in two major forms, namely flavin mononucleotide
and flavin adenine dinucleotide. It has essential roles in the intermediary
metabolism of macronutrients and numerous oxidative processes to pro-
vide cellular antioxidant protection with its coenzyme functions (Combs
and McClung, 2017). Because riboflavin is involved in numerous biologi-
cal pathways, deficiency states manifest themselves in a variety of clinical
conditions. For example, general symptoms (e.g., loss of appetite and
depressed growth), dermal (e.g., cheilosis, angular stomatitis, and dermati-
tis), neural (e.g., ataxia and paralysis), and vascular (e.g., anemia) disorders
are well-established consequences of riboflavin deficiency. Furthermore,
riboflavin has roles in the metabolism of vitamin B6, folate, vitamin B12,
and other vitamins. Thus some of the clinical manifestations (e.g., preg-
nancy complications and cognitive impairments) of riboflavin deficiency
are also the result of combinations of complex deficiencies (Thakur et al.,
2017). Riboflavin is ubiquitously distributed, that is, can be found in all

15Reference dietary requirements of vitamins in different stages of life



Table 1.6 Thiamin (vitamin B1) reference dietary requirements for the United States
and United Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 0.2� 0.2�

6�12 months 0.3� 0.3�

1�3 years 0.5 0.5
4�8 years 0.6 0.6
9�13 years 0.9 0.9
14�18 years 1.2 1.0
19�30 years 1.2 1.1
31�50 years 1.2 1.1
51�70 years 1.2 1.1
.70 years 1.2 1.1
Pregnancy 14�18 years � 1.4
19�30 years � 1.4
31�50 years � 1.4
Lactation 14�18 years � 1.4
19�30 years � 1.4
31�50 years � 1.4

United Kingdom

0�3 months 0.2 0.2
4�6 months 0.2 0.2
7�9 months 0.2 0.2
10�12 months 0.3 0.3
1�3 years 0.5 0.5
4�6 years 0.7 0.7
7�10 years 0.7 0.7
11�14 years 0.9 0.7
15�18 years 1.1 0.8
19�50 years 1.0 0.8
.50 years 0.9 0.8
Pregnancy � 0.9
Lactation 0�4 months � 1.0
.4 months � 1.0

Data show reference dietary requirements of thiamin (vitamin B1) for the United States and the
United Kingdom in mg/day. For the United Kingdom, the figure for pregnancy is only applied to
the last trimester. Data are presented as either RDA (United States) or RNI (United Kingdom). For
the United States, figures with an asterisk (�) are presented as adequate intakes (AIs). Cells showing
“�” indicate that there are no values for that particular life stage or gender. For other details, see
Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom (Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich).
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main food groups (i.e., cereals, meats, fishes, dairy products, eggs, fruits,
and vegetables). Therefore in general, a balanced diet should be sufficient
to meet reference dietary requirements. In spite of this, riboflavin defi-
ciency is not uncommon even in developed countries. For example, it is
well recognized that people with alcoholism are vulnerable to riboflavin
deficiency due to inadequate diets. In addition, subclinical riboflavin defi-
ciency is widespread in other cohorts including the elderly population due
to their limited dietary variations and decreased dietary intake. Table 1.7
shows the riboflavin reference dietary requirements for the United States
and the United Kingdom.

1.4.3 Niacin (vitamin B3)
Niacin (vitamin B3) is the generic descriptor of pyridine-3-carbolylic acid
and its derivatives. It has two major metabolically active forms, namely
nicotinic acid and nicotinamide (Combs and McClung, 2017). Niacin is
the precursor of the pyridine nucleotides, nicotinamide adenine nucleo-
tides (NAD), and nicotinamide adenine dinucleotide phosphate (NADP).
NAD and NADP are coenzymes for numerous dehydrogenases, and take
part in oxidation and reduction reactions in vivo. Thus niacin is essential
in all aspects of metabolism including DNA repair and the synthesis of ste-
roid hormones. Niacin deficiency manifests in a variety of organs. It often
prominently manifests in the form of skin inflammation with exposure to
sunlight, with a great resemblance to sunburn (e.g., cracking and peeling),
which is known as pellagra. Pellagra may also present with other condi-
tions such as diarrhea (as a result of damage to the gastrointestinal tract)
and illnesses including depression and dementia (as a result of neurodegen-
erative processes). Furthermore, niacin deficiency is also associated with
other psychiatric conditions such as schizophrenia (Xu and Jiang, 2015).
Importantly, metabolically active niacin can be synthesized in vivo from
one of the essential amino acids, tryptophan. The widely accepted conver-
sion is that 1 mg of dietary niacin equates to 60 mg tryptophan. Therefore
high-protein-containing foods such as meat, fish, and dairy products are
considered good dietary sources of performed niacin. Niacin is also pres-
ent in a wide variety of foods including cereals, vegetable, fruits, and nuts.
Table 1.8 shows the niacin reference dietary requirements for the United
States and the United Kingdom.

17Reference dietary requirements of vitamins in different stages of life



Table 1.7 Riboflavin (vitamin B2) reference dietary requirements for the United
States and United Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 0.3� 0.3�

6�12 months 0.4� 0.4�

1�3 years 0.5 0.5
4�8 years 0.6 0.6
9�13 years 0.9 0.9
14�18 years 1.3 1.0
19�30 years 1.3 1.1
31�50 years 1.3 1.1
51�70 years 1.3 1.1
.70 years 1.3 1.1
Pregnancy 14�18 years � 1.4
19�30 years � 1.4
31�50 years � 1.4
Lactation 14�18 years � 1.6
19�30 years � 1.6
31�50 years � 1.6

United Kingdom

0�3 months 0.4 0.4
4�6 months 0.4 0.4
7�9 months 0.4 0.4
10�12 months 0.4 0.4
1�3 years 0.6 0.6
4�6 years 0.8 0.8
7�10 years 1.0 1.0
11�14 years 1.2 1.1
15�18 years 1.3 1.1
19�50 years 1.3 1.1
.50 years 1.3 1.1
Pregnancy � 1.4
Lactation 0�4 months � 1.5
.4 months � 1.5

Data show reference dietary requirements of riboflavin (vitamin B2) for the United States and the
United Kingdom in mg/day. Data are presented as either RDA (United States) or RNI (United
Kingdom). For the United States, figures with an asterisk (�) are presented as adequate intakes (AIs).
Cells showing “�” indicate that there are no values for that particular life stage or gender. For other
details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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Table 1.8 Niacin (vitamin B3) reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 2� 2�

6�12 months 4� 4�

1�3 years 6 6
4�8 years 8 8
9�13 years 12 12
14�18 years 16 14
19�30 years 16 14
31�50 years 16 14
51�70 years 16 14
.70 years 16 14
Pregnancy 14�18 years � 18
19�30 years � 18
31�50 years � 18
Lactation 14�18 years � 17
19�30 years � 17
31�50 years � 17

United Kingdom

0�3 months 4.1 3.8
4�6 months 4.3 3.9
7�9 months 4.6 4.3
10�12 months 5.0 4.7
1�3 years 6.5 6.0
4�6 years 9.8 9.1
7�10 years 12.0 11.4
11�14 years 15.5 14.4
15�18 years 19.9 16.1
19�50 years 17.0�18.3 13.9�14.4
.50 years 15.1�17.0 12.1�13.9
Pregnancy � 15.1�17.4
Lactation 0�4 months � 21.7�24.6
.4 months � 21.7�24.6

Data show reference dietary requirements of niacin (vitamin B3) for the United States (for 0�6 months in preformed niacin, for
all other figures in niacin equivalents) and the United Kingdom (niacin equivalents) in mg/day. For the United Kingdom,
figures are calculated based on niacin equivalents per 4.184 MJ (DH, 1991) using energy reference values for males 0�3 months,
2.6 MJ; 4�6 months, 2.7 MJ; 7�9 months 2.9 MJ; 10�12 months 3.2 MJ; 1�3 years, 4.1 MJ; 4�6 years 6.2 MJ; 7�10 years,
7.6 MJ; 11�14 years, 9.8 MJ; 15�18 years 12.6 MJ; 19�24 years, 11.6 MJ, 25�34 years, 11.5 MJ; 35�44 years, 11.0 MJ;
45�54 years, 10.8 MJ; 55�64 years 10.8 MJ; 65�74 years, 9.8 MJ; over 75 years, 9.6 MJ. For females, 0�3 months, 2.4 MJ;
4�6 months, 2.5 MJ; 7�9 months 2.7 MJ; 10�12 months 3.0 MJ; 1�3 years, 3.8 MJ; 4�6 years 5.8 MJ; 7�10 years, 7.2 MJ;
11�14 years, 9.1 MJ; 15�18 years 10.2 MJ; 19�24 years, 9.1 MJ, 25�34 years, 9.1 MJ; 35�44 years, 8.8 MJ; 45�54 years,
8.8 MJ; 55�64 years 8.7 MJ; 65�74 years, 8.0 MJ; over 75 years, 7.7 MJ. For pregnancy, an increment in 0.8 MJ/day is added
only during the last trimester (applied to the ages between 15 and 50 years) (SACN, 2011). For lactation, an increment of
1.38 MJ/day is added only for the first 6 months (applied age 15�50 years) (DH, 1991). Data are presented as either RDA
(United States) or RNI (United Kingdom). For the United States, figures with an asterisk (�) are presented as adequate intakes
(AIs). Cells showing “�” indicate that there are no values for that particular life stage or gender. For other details, see Table 1.1
for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM), 2016.
Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/Activities/
Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the United Kingdom,
Department of Health (DH), 1991. Dietary Reference Values for Food Energy and Nutrients for the United
Kingdom. The Stationary Office (TSO), Norwich; Scientific Advisory Committee on Nutrition (SACN), 2011.
Dietary Reference Values for energy. ,https://www.gov.uk/government/uploads/system/uploads/
attachment_data/file/339317/SACN_Dietary_Reference_Values_for_Energy.pdf. (accessed 23.03. 18.).
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1.4.4 Vitamin B6 (pyridoxine)
Vitamin B6 is the generic descriptor for pyridoxine, pyridoxal, pyridox-
amine (they are interconvertible in vivo), and their 50-phosptates (i.e.,
pridoxal-5-phosphate, 4-prydoxic acid, and pyridoxine hydrochloride).
The metabolically active form is prydoxal-5-phosphate. It acts as a
carbonyl-reactive coenzyme in a number of metabolic pathways, includ-
ing amino acid and lipid metabolism, tryptophan�niacin conversion, glu-
coneogenesis, and neurotransmitter synthesis (Combs and McClung,
2017). Vitamin B6 is widely distributed in dietary sources. Additionally,
gut microflora synthesize vitamin B6, although the contribution to human
nutrition is likely not significant. For dietary sources vitamin B6 is found
in greatest concentrations in meats, whole-grain products, and
vegetables and nuts. Vitamin B6 is often present as the prydoxal-5-β-D-
glycosides in dietary plant sources. It has low bioavailability and its pres-
ence may reduce the bioavailability of coingested free pyridoxine. Clinical
deficiency of vitamin B6 alone is uncommon but most generally occurs in
conjunction with the deficiency of other B vitamins. However, specific
vitamin B6 deficiency cases, for example, anemia due to vitamin B6 defi-
ciency post pancreaticoduodenectomy, have been reported in the litera-
ture (Yasuda et al., 2015). Table 1.9 shows the vitamin B6 reference
dietary requirements for the United States and the United Kingdom.

1.4.5 Folate (vitamin B9)
Folate is the generic descriptor for folic acid (pteroyl glutamic acid) deri-
vatives. Folates have important roles in various catabolic and biosynthetic
reactions by transferring one-carbon units from donor molecules. Folates
are involved in amino acid and nucleotide metabolism and methylation
reactions. For example, folates have an essential role in normal embryo-
genesis by supporting cell division. It is well established that adequate die-
tary intake of folate, including supplementation in early pregnancy, can
significantly lower the risk of neural tube defects at birth. Furthermore,
impaired biosynthesis of DNA as a result of folate deficiency can cause
clinical symptoms of megaloblastic anemia, alopecia, achromotrichia, and
neuropathy (Laird et al., 2018). Folates are widely available in dietary
sources of plant and animal origins. Dairy products, green leafy vegetables,
yeast extract, and liver are rich sources in the human diet (Combs and
McClung, 2017). However, the bioavailability of naturally occurring
folates is considered generally poor compared to synthetic folic acid,
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Table 1.9 Vitamin B6 (pyridoxine) reference dietary requirements for the United States and
United Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 0.1� 0.1�

6�12 months 0.3� 0.3�

1�3 years 0.5 0.5
4�8 years 0.6 0.6
9�13 years 1.0 1.0
14�18 years 1.3 1.2
19�30 years 1.3 1.3
31�50 years 1.3 1.3
51�70 years 1.7 1.5
.70 years 1.7 1.5
Pregnancy 14�18 years � 1.9
19�30 years � 1.9
31�50 years � 1.9
Lactation 14�18 years � 2.0
19�30 years � 2.0
31�50 years � 2.0

United Kingdom

0�3 months 0.2 0.2
4�6 months 0.2 0.2
7�9 months 0.3 0.2
10�12 months 0.4 0.3
1�3 years 0.5 0.5
4�6 years 0.8 0.8
7�10 years 1.0 0.9
11�14 years 1.3 1.2
15�18 years 1.7 1.3
19�50 years 1.4�1.5 1.2
.50 years 1.3�1.4 1.0�1.2
Pregnancy � 1.3�1.4
Lactation 0�4 months � 1.3�1.5
.4 months � 1.3�1.5

Data show reference dietary requirements of vitamin B6 (pyridoxine) for the United States and the United
Kingdom in mg/day. For the United Kingdom, the RNI for vitamin B6 (pyridoxine) is 15 μg/g of dietary
protein. Figures in the table are calculated based on 15 μg per reference protein intake values: reference protein
intake values are calculated with the assumption that protein provides 14.7% of energy reference values (DH,
1991). For energy reference values see the legend to Table 1.8. Data are presented as either RDA (United
States) or RNI (United Kingdom). For the United States, figures with an asterisk (�) are presented as adequate
intakes (AIs). Cells showing “�” indicate that there are no values for that particular life stage or gender. For
other details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM), 2016.
Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/Activities/
Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the United Kingdom,
Department of Health (DH), 1991. Dietary Reference Values for Food Energy and Nutrients for the United
Kingdom. The Stationary Office (TSO), Norwich; Scientific Advisory Committee on Nutrition (SACN),
2011. Dietary Reference Values for energy. ,https://www.gov.uk/government/uploads/system/uploads/
attachment_data/file/339317/SACN_Dietary_Reference_Values_for_Energy.pdf. (accessed 23.03.18.).
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which is used in food fortification and supplements. Folate deficiency is
common; elderly populations are known to be vulnerable. Folate defi-
ciency in the elderly population is generally multifactorial, including
decreased dietary folate intake, age-related impairments in absorption,
comorbidities affecting folate metabolisms (e.g., small bowel diseases), and
use of folic acid antagonist drugs (e.g., methotrexate) (Enderami et al.,
2018). Table 1.10 shows the folate reference dietary requirements for the
United States and the United Kingdom.

1.4.6 Vitamin B12 (cobalamin)
Vitamin B12 (cobalamin) is synthesized by certain microorganisms such as
bacteria and algae (WHO and FAO, 2004). Therefore in human nutrition
the main dietary sources are almost exclusively foods of animal origin
(e.g., meats, dairy products, fish, and eggs). There are plant-based dietary
vitamin B12 sources such as edible algae (e.g., seaweeds) and fermented
soybean-based foods (i.e., tempe, possibly due to bacterial contamination
during production), as well as fortified breakfast cereals (Watanabe et al.,
2014). However, in general, vegetables, fruits, and grains do not contain
vitamin B12. In animals, including humans, vitamin B12 serves as a coen-
zyme in two vitamin B12�dependent enzymes, namely methionine
synthase and methylmalonyl-CoA mutase. These vitamin
B12�dependent enzymes have crucial roles in amino acid and fatty acid
metabolism and DNA synthesis. Methionine synthase also requires folate
for its action. Therefore vitamin B12 deficiency results in the same syn-
dromes as folate deficiency (i.e., megaloblastic anemia) (DH, 1991). Other
consequences of vitamin B12 deficiency include peripheral neuropathy
and neurological dysfunction (e.g., cognition) (Combs and McClung,
2017). Strict vegans may be vulnerable to vitamin B12 deficiency.
Moreover, the elderly population is known to have a high risk of defi-
ciency due to the increase in age-related decreased ability of absorption
(i.e., gastric atrophy). Additionally, post intestinal surgery patients, includ-
ing those who have undergone bariatric surgery or bowel resection, are
also vulnerable to vitamin B12 deficiency due to their compromised
absorption capacity. Table 1.11 shows the vitamin B12 reference dietary
requirements for the United States and the United Kingdom.
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Table 1.10 Folate (vitamin B9) reference dietary requirements for the United States
and United Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 65� 65�

6�12 months 80� 80�

1�3 years 150 150
4�8 years 200 200
9�13 years 300 300
14�18 years 400 400
19�30 years 400 400
31�50 years 400 400
51�70 years 400 400
.70 years 400 400
Pregnancy 14�18 years � 600
19�30 years � 600
31�50 years � 600
Lactation 14�18 years � 500
19�30 years � 500
31�50 years � 500

United Kingdom

0�3 months 50 50
4�6 months 50 50
7�9 months 50 50
10�12 months 50 50
1�3 years 70 70
4�6 years 100 100
7�10 years 150 150
11�14 years 200 200
15�18 years 200 200
19�50 years 200 200
.50 years 200 200
Pregnancy � 300
Lactation 0�4 months � 260
.4 months � 260

Data show reference dietary requirements of folate (vitamin B9) for the United States (in dietary
folate equivalents) and the United Kingdom in μg/day. Data are presented as either RDA (United
States) or RNI (United Kingdom). For the United States, figures with an asterisk (�) are presented as
adequate intakes (AIs). Cells showing “�” indicate that there are no values for that particular life stage
or gender. For other details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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Table 1.11 Vitamin B12 (cobalamin) reference dietary requirements for the United
States and United Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 0.4� 0.4�

6�12 months 0.5� 0.5�

1�3 years 0.9 0.9
4�8 years 1.2 1.2
9�13 years 1.8 1.8
14�18 years 2.4 2.4
19�30 years 2.4 2.4
31�50 years 2.4 2.4
51�70 years 2.4 2.4
.70 years 2.4 2.4
Pregnancy 14�18 years � 2.6
19�30 years � 2.6
31�50 years � 2.6
Lactation 14�18 years � 2.8
19�30 years � 2.8
31�50 years � 2.8

United Kingdom

0�3 months 0.3 0.3
4�6 months 0.3 0.3
7�9 months 0.4 0.4
10�12 months 0.4 0.4
1�3 years 0.5 0.5
4�6 years 0.8 0.8
7�10 years 1.0 1.0
11�14 years 1.2 1.2
15�18 years 1.5 1.5
19�50 years 1.5 1.5
.50 years 1.5 1.5
Pregnancy � 2.0
Lactation 0�4 months � 2.0
.4 months � 2.0

Data show reference dietary requirements of vitamin B12 for the United States and the United
Kingdom in μg/day. Data are presented as either RDA (United States) or RNI (United Kingdom).
For the United States, figures with an asterisk (�) are presented as adequate intakes (AIs). Cells
showing “�” indicate that there are no values for that particular life stage or gender. For other details,
see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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1.4.7 Vitamin C (ascorbic acid)
Vitamin C (ascorbic acid) is a metabolite of glucose and most living
organisms are capable of de novo synthesis. However, a few species
including humans are unable to do so due to a single enzyme deficiency
(i.e., L-gulonolactone oxidase). Hence vitamin C is an essential dietary
component for human nutrition. Vitamin C has important roles as an
enzyme cofactor, modulator, or protective agent and antioxidant agent.
Scurvy is a well-established consequence of vitamin C deficiency. Typical
symptoms of scurvy, such as impaired wound healing, hemorrhage, and
edema, commonly manifest as swollen bleeding gums (Combs and
McClung, 2017). Vitamin C is widely distributed in plant- and animal-
based foods. In particular, citrus, noncitrus soft fruits, and green leafy
vegetables have high concentrations of vitamin C. Therefore the regular-
ity of fruit and vegetable consumption can determine vitamin C status.
Vitamin C is one of the most unstable nutrients, easily destroyed by oxy-
gen, metal ions, increased pH, heat, or light (DH, 1991). This means
there is a loss of vitamin C during storage and cooking processes. Hence
suboptimal vitamin C status may not be uncommon and deficiency can
be observed in specific cohorts, such as hospitalized patients, even in
developed countries (Sharma et al., 2018). Table 1.12 shows the vitamin
C reference dietary requirements for the United States and the United
Kingdom.

1.4.8 Pantothenic acid
Pantothenic acid is ubiquitously available from both plant and animal die-
tary sources. The bioavailability of pantothenic acid is not well under-
stood, the availability of a wide range of foods makes deficiency
extremely rare. Pantothenic acid has essential functions in energy metabo-
lism as a component of coenzyme A (CoA). The biological functions of
CoA are ubiquitous, taking part in lipid synthesis and energy production
pathways. More recently, it has been suggested that pantothenic acid may
have a cardioprotective role by providing antiinflammatory effects through
antioxidant properties (Jung et al., 2017). Pantothenic acid deficiency is
relatively rare, though when it occurs it may exhibit signs in vital organs,
including effects on the liver (e.g., steatosis) and the nervous system (e.g.,
paralysis), as well as general symptoms such as decreased appetite and
fatigue (Combs and McClung, 2017). Table 1.13 shows the pantothenic
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Table 1.12 Vitamin C reference dietary requirements for the United States and
United Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 40� 40�

6�12 months 50� 50�

1�3 years 15 15
4�8 years 25 25
9�13 years 45 45
14�18 years 75 65
19�30 years 90 75
31�50 years 90 75
51�70 years 90 75
.70 years 90 75
Pregnancy 14�18 years � 80
19�30 years � 85
31�50 years � 85
Lactation 14�18 years � 115
19�30 years � 120
31�50 years � 120

United Kingdom

0�3 months 25 25
4�6 months 25 25
7�9 months 25 25
10�12 months 25 25
1�3 years 30 30
4�6 years 30 30
7�10 years 30 30
11�14 years 35 35
15�18 years 40 40
19�50 years 40 40
.50 years 40 40
Pregnancy � 50
Lactation 0�4 months � 70
.4 months � 70

Data show reference dietary requirements of vitamin C for the United States and the United
Kingdom in mg/day. For the United Kingdom, the figure for pregnancy is only applied for the last
trimester. Data are presented as either RDA (United States) or RNI (United Kingdom). For the
United States, figures with an asterisk (�) are presented as adequate intakes (AIs). Cells showing “�”
indicate that there are no values for that particular life stage or gender. For other details, see Table 1.1
for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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acid reference dietary requirements for the United States and the United
Kingdom.

1.4.9 Biotin
Biotin has functions as a cofactor within intermediary metabolism.
Furthermore, it has metabolic functions as a regulator in cell metabolism,
gene expression, the cell cycle, and as a substrate for the modification of
proteins (Elahi et al., 2018). Biotinylation is the process whereby biotin is

Table 1.13 Pantothenic acid reference dietary requirements for the United States
and United Kingdom.

Life stage group Male (mg/day) Female (mg/day)

United States

0�6 months 1.7 1.7
6�12 months 1.8 1.8
1�3 years 2 2
4�8 years 3 3
9�13 years 4 4
14�18 years 5 5
19�30 years 5 5
31�50 years 5 5
51�70 years 5 5
.70 years 5 5
Pregnancy 14�18 years � 6
19�30 years � 6
31�50 years � 6
Lactation 14�18 years � 7
19�30 years � 7
31�50 years � 7

United Kingdom

All life stages and gender: 3�7 mg/day

Data show reference dietary requirements of pantothenic acid for the United States in mg/day. For
the United Kingdom, for all life stages and both genders, there are no LRNIs, EARs, or RNIs.
However, there are Safe Intakes which are between 3 and 7 mg/day for all life stages and both
genders, including pregnant and lactating women (DH, 1991). For the United States, all figures are
presented as adequate intakes (AIs). Cells showing “�” indicate that there are no values for that
particular life stage or gender. For other details, see Table 1.1 for definitions and the legend to
Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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attached to proteins: for example, biotinylation is necessary for the biolog-
ical activity of mammalian carboxylases. Biotin is widely distributed in
food items. Furthermore, it is known to be synthesized in meaningful
amounts by gut microflora in humans. Therefore in general, dietary biotin
deficiency is considered extremely rare. Recently it was also suggested
that biotin has a role in immune-mediated intestinal inflammation (Elahi
et al., 2018). Table 1.14 shows the biotin reference dietary requirements
for the United States and the United Kingdom.

Table 1.14 Biotin reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (μg/day) Female (μg/day)

United States

0�6 months 5 5
6�12 months 6 6
1�3 years 8 8
4�8 years 12 12
9�13 years 20 20
14�18 years 25 25
19�30 years 30 30
31�50 years 30 30
51�70 years 30 30
.70 years 30 30
Pregnancy 14�18 years � 30
19�30 years � 30
31�50 years � 30
Lactation 14�18 years � 35
19�30 years � 35
31�50 years � 35

United Kingdom

All life stages and gender: 10�200 μg/day

Data show reference dietary requirements of biotin for the United States in μg/day. For the United
States, all figures are presented as AIs. For the United Kingdom, for all life stages and both genders,
there are no LRNIs, EARs, or RNIs. However, there are safe intakes. For the United Kingdom, the
safe intakes are between 10 and 200 μg/day for all life stages and gender, including pregnant and
lactating women (DH, 1991). Cells showing “�” indicate that there are no values for that particular
life stage or gender. For other details, see Table 1.1 for definitions and the legend to Table 1.2.
Source: For the United States, The National Academies of Sciences Engineering Medicine (NASEM),
2016. Dietary Reference Intakes Tables and Application. ,http://www.nationalacademies.org/hmd/
Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. (accessed 26.01.18.) (NASEM, 2016); for the
United Kingdom, Department of Health (DH), 1991. Dietary Reference Values for Food Energy and
Nutrients for the United Kingdom. The Stationary Office (TSO), Norwich.
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1.5 Challenges of meeting requirements

In the earlier sections, we have briefly described the functional roles of
the vitamins. We have also tabulated their reference dietary requirements
for the United States and the United Kingdom (Tables 1.2�1.14). The
tables illustrate differences between data for the United States and United
Kingdom with variable definitions and age categories for the same
vitamins.

When studying the challenges of meeting reference dietary require-
ments, one needs to consider the number of variables that distinguish the
two countries, such as food availability, food policies, and public health
strategies. There are also different dietary patterns among particular
cohorts due to ethnicity, religion, age, gender, social classes, regions, cli-
mates, etc. within the same country. These variables contribute to differ-
ences between groups and influence whether vitamin intakes achieve the
reference dietary requirements (Jenab et al., 2009). Life stages also have an
influence on whether or not reference dietary requirements are met. For
example, the elderly population is well known to be vulnerable to vita-
min B12 deficiency. Reference dietary requirements for the elderly popu-
lation (over 70 years for the United States and over 50 years for the
United Kingdom) are the same as younger adults (Table 1.11). However,
for both countries, the prevalence of vitamin B12 deficiency could be as
high as 20% for the population over 60 years old while the prevalence for
those less than 60 years of age is around 6% (Hunt et al., 2014). As
described in the earlier section, the main dietary sources of vitamin B12
are foods of animal origin, except for a few examples found in plant
sources such as edible algae and fermented soybean-based foods.
However, in general, these aforementioned plant sources are not com-
monly consumed or available in Western countries. Furthermore, elderly
populations may experience general reduced overall dietary intake of ani-
mal products, therefore compromising vitamin B12 intake. Moreover,
vitamin B12 has a complex absorption pathway and the aging process
alters this. Gastric atrophy in aging reduces the ability of the gastric parie-
tal cells to synthesize and secrete the intrinsic factor and gastric acid. Both
are required for the enteric absorption of vitamin B12. Additionally,
elderly populations are more commonly found to have multiple comor-
bidities and chronic diseases leading to polypharmacy. Common drugs
prescribed for the elderly include proton pump inhibitors, H2-receptor
antagonists, and antidiabetic drugs (metformin). These are known to be
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associated with reduced serum circulating vitamin B12 concentrations
(Miller, 2018).

A recent study showed older adults living in long-term care institu-
tions have a higher prevalence of vitamin B12 deficiency compared to the
free-living older adults (Wong et al., 2015). The authors hypothesized
that older adults living in the institutions are likely to have poorer health
status in general compared to the free-living individuals and besides, vita-
min B12 requirements could possibly become higher with aging (Wong
et al., 2015).

Another example of the complexities of meeting requirements relates
to vitamin K. The exact dietary requirements of vitamin K in numerical
terms have not been fully established. This is due to (1) the lack of
detailed information on the bioavailability of vitamin K from foods; (2)
difficulties in establishing a causal link between plausible biomarkers of
vitamin K deficiency and reproducible health outcome measures; (3) diffi-
culties in inducing vitamin K deficiency through dietary deprivation
alone; and (4) finding individuals who are vitamin K deficient via classical
undernutrition studies. Vitamin K is also synthesized in the gastrointestinal
tract by the gut microflora, which also contributes to the complications
involved in establishing exact dietary requirements (Yamazaki Price and
Preedy, 2018). Meeting the reference dietary requirements of vitamin K
(i.e., adequate intakes for the United States and safe intakes for the
United Kingdom, Table 1.4) is rarely problematic except for neonates. As
vitamin K is ubiquitously distributed in nature most of the population
meets reference dietary requirements despite differences in dietary and
nutrient patterns.

Further detailed information relating to vitamins can be found else-
where within this book.
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Key facts of vitamin�metal complexes

1. Vitamins are naturally abundant and cheap building blocks, showing
many modes of metal coordination.

2. They have been used as bioligands for the preparation of bioactive
metal complexes exhibiting different architectures and a wide variety
of biomedical applications.

3. Complexing a vitamin with a metal can dramatically change its
bioactivity.

4. The biomedical applications of vitamins complexes, and mainly
vitamins�metal�organic framework (MOFs), are still scarce.

5. Among all vitamins, vitamin B3 and vitamin B6 are good choices for
the preparation of vitamin-based metal complexes.
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Summary points

1. This chapter focuses on the preparation and biomedical applications of
vitamin�metal complexes and polymers.

2. Vitamins are an attractive class of organic bioligands containing a wide
variety of binding modes to metals.

3. Vitamins are viewed as building blocks for the construction of metal
compounds.

4. The combination of vitamins with metals can change their mode of
action.

5. Vitamin-based compounds show biocompatibility and recyclability.
6. Some vitamin�metal complexes have demonstrated anticancer

activities.
7. Metal�organic frameworks incorporating vitamins as ligands have

been used for the slow release of therapeutic compounds in organisms.
8. Vitamins are excellent candidates to build multinuclear metal com-

plexes with interesting magnetic and luminescent properties.

Abbreviations
MOFs metal�organic frameworks
0D zero dimension
1D one dimension
2D two dimension
3D three dimension
NO nitric oxide
PN pyridoxine
PL pyridoxal
PM pyridoxamine
1H NMR proton nuclear magnetic resonance
DFT density functional theory
Caco-2 cells human colon adenocarcinoma cells
4T1 cells mouse breast cancer cells

2.1 Introduction

Vitamins are organic molecules containing a variety of functional groups,
such as carboxyl (�COOH), amino (�NH2), and hydroxyl (�OH)
groups. Their rich coordination chemistry (through the carboxylate,
amino, hydroxyl groups and side chains) makes them an attractive class of
organic linkers for the preparation of metal complexes and metal�organic
framework (MOF) compounds. These classes of compounds are typically
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built by bridging metal centers with organic linkers possessing different
dimensionalities: metal complex (0D), chains (1D), layers (2D), and
MOFs—3D extended structures. Over the past decades, metal complexes
and MOFs have had enormous success in relevant biological and medical
applications such as anticancer drugs, imaging agents, and drug delivery
(Zhang and Lippard, 2003; Zhou et al., 2010; McKinlay et al., 2010;
Imaz et al., 2011; Anderson and Stylianou, 2017). This interest
stimulated research into the synthesis of metal compounds with organic
ligands showing low toxicity, which is a key requirement and still a
challenge in metal compounds designed for biomedical application. In
this context the vitamins are an attractive family of bioligands for the
preparation of biocompounds. On the other hand, the researchers,
considering the ability of vitamins to bind the metal in monodentate,
bidentate, bidentate bridging, and tridentate-bridging coordination
modes, have chosen these molecules as linkers to design novel metal
compounds for biological and medical applications. Vitamins are an
interesting linker to obtain biocompatible compounds and open alterna-
tive routes for the development of new biologically active materials.
According to literature available, the more common vitamins used in
material coordination chemistry are vitamins B1, B2, B3, B6, B9, C, and
a few examples of vitamins A and D. Fig. 2.1 illustrates the different
coordination modes of some of those vitamins (Fig. 2.1).

2.2 Vitamin-based metal complexes

Cisplatin, cis-[Pt(NH3)2Cl2], is the paradigmatic example of a “small”
transition metal complex which had been widely used as an antitumoral
drug (Rosenberg et al., 1969; Jamieson and Lippard, 1999). However, its
effectiveness was clouded by several undesirable side effects along with
acquired drug resistance. These drawbacks have stimulated the research
and the development of new anticancer drugs, based on different metals
as well as on the use of natural linkers, with improved pharmacological
properties. Because of their rich functional groups, vitamins could be an
excellent alternative to prepare metal drugs to improve clinical effective-
ness, to reduce toxicity, and to broaden the spectrum of activity in the
biomedical field. Table 2.1 shows some examples of vitamin-based metal
complexes and their applications.

Vitamin A1, also called retinol, is a fat-soluble alcohol (Fig. 2.1) with
important functions in several physiological processes such as the immune
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system, vision, cell growth, cell proliferation, and reproduction. Sánchez-
Guijo and Montero (2010) investigated the interaction of vitamin A1 and
the physiological relevant ions Na1, Li1, and K1 in solution by using
mass spectrometry. The preparation of these stable compounds highlights
the coordination chemistry of vitamin A1 and demonstrates the possibility
of studying the interaction of vitamin A1 with other metal ions.

Figure 2.1 Different coordination modes of vitamins commonly used in coordination
material chemistry.
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Table 2.1 Some examples of metal-based vitamins and their biological application.

Metal Vitamin Biological application Reference

Cobalt, nickel B3 Antibacterial Verma and Bhojak (2017) (and
references therein)

Iron, copper, nickel, zinc, palladium,
cadmium, gold

B3 Antimicrobial Verma and Bhojak (2017) (and
references therein)

Palladium, platinum, gold B3 Antitumor Verma and Bhojak (2017) (and
references therein)

Copper B3 Antitumor Anacleto et al. (2017)
Copper, manganese, iron, nickel,

cadmium
B31 B9 Antitumor Verma and Bhojak (2017) (and

references therein)
Vanadium B6 Insulin-like activity Casas et al. (2012) (and references

therein)
Manganese B6 Hepatobiliary activity MRI

contrast
Casas et al. (2012) (and references

therein)
Nickel B6 CT�DNA interactions Chylewska et al. (2017)
Lanthanum, yttrium, cerium, samarium B6 Antimicrobial Refat et al. (2014)
Vanadium B9 Antioxidant Refat et al. (2016)
Lead B9 Cellular Bioimaging Zhao et al. (2013)
Tin C Antitumor

antiinflammatory
Zumreoglu-

Karan (2006) (and
references therein)

Platinum C Antitumor Hollis et al. (1985)



Vitamin B1, also known as thiamine, is composed of an aminopyrimi-
dine and a thiazole ring linked by a methylene bridge. The thiazole ring
contains a methyl and an hydroxyethyl side chain. This biomolecule could
act as monodentate, bidentate, bidentate-bridging metal coordination
modes due to the presence of the aminopyrimidine ring and hydroxyl
group (Fig. 2.1). In the literature, complexes of several metals (Hg, Cd,
Zn, Pt, Pd, Cu, and Co) with vitamin B1 have been described (Caira
et al., 1974; Cramer et al., 1981, 1984, 1988; Adeyemo et al., 1987;
Bencini and Borghi, 1987; Bau et al., 1988; Archibong et al., 1989; Aoki
et al., 1990; Casas et al., 1995a; Hu et al., 2001). All these complexes
show the metal coordinated to a nitrogen atom from the aminopyrimi-
dine ring in a monodentate mode, and the metal coordination sphere is
completed by water molecules, and chloride or bromide ions. Two other
complexes with Mn and Cd are known in which the metal is coordinated
to the same nitrogen atom and also to the oxygen atom from the hydro-
xyethyl group, producing dinuclear metal complexes (Hu., 1991; Casas
et al., 1995b). Aoki et al. (1991) synthesized a cadmium thiamine poly-
meric structure with the octahedral Cd(II) bonded to thiamine through
the hydroxyethyl oxygen and five thiocyanato ligands, one terminal and
the others ones bridging. Despite the considerable number of vitamin B1-
based metal compounds synthesized and well-characterized, to the best of
our knowledge no biological applications have been studied. The investi-
gation of the applicability of these type of compounds in medicinal chem-
istry could be an interesting future work.

Vitamin B2, also known as riboflavin, is one of the eight B-complex
vitamins, and is an important antioxidant. Like other B vitamins, it plays a
role in energy production in the body. In the literature only a few exam-
ples of vitamin B2�metal complexes are reported (Malele et al., 2010;
Refat et al., 2011). Malele et al. (2010) reported the synthesis and spectro-
scopic characterization of a vitamin B2�molybdenum complex, suggesting
that the Mo(V) coordinated to vitamin B2 via the azomethine nitrogen
atom of the pyrazine ring. Refat et al. (2011) described a series of vitamin
B2 and alkaline earth metal(II) complexes with a proposed structure of the
type [M(vitamin B2)2(X)2] where M5Mg(II), Ca(II), Sr(II) or Ba(II);
X5Cl or NO3. In the absence of single-crystal data for all these reported
structures, the authors suggested, based on spectroscopic studies, that
maybe the vitamin B2 binds the metal in a bidentate feature through
the azomethine nitrogen of the pyrazine ring and the C5O of
the pyrimidine-2,4-dione. As mentioned above, vitamin B2 exhibits
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antioxidant properties, but what about the metal compounds based on
vitamin B2? Nothing is reported in the literature. Bearing in mind that
the functions of vitamins are synergistic, the combination of vitamin B2

with metal might be of both scientific and pharmacological interest.
Vitamin B3, also known as niacin or nicotinic acid, displays monoden-

tate, bidentate, bidentate-bridging, and tridentate-bridging metal coordi-
nation modes due to the presence of a pyridyl and a carboxylate group,
becoming a versatile ligand to design novel metal complexes (Fig. 2.1).
Because of a wide variety of coordination possibilities, a huge number of
metal�vitamin B3 complexes have been prepared, and reviewed very
recently by Verma and Bhojak (2017). As could be seen in this review, it
is possible to prepare vitamin B3 complexes with all the metal atoms pres-
ent in the periodic table. These authors also focused on the different bio-
logical activities of some of these vitamin B3 metal complexes, such as
antibacterial, antifungal, antiviral, antitumor, antiinflammatory, etc.

In a paper recently published by Anacleto et. al. the synthesis and
structural characterization of a series of Cu(I) and Cu(II)�vitamin B3

metal complexes are investigated (Fig. 2.2). The antitumor capacity of the
complexes was tested in vitro against a human cancer cell line, the colo-
rectal adenocarcinoma (Caco-2) cell line, and showed better activity than
the free ligand (Anacleto et al., 2017). Regarding all the investigations
concerning vitamin B3-based metal complexes, vitamin B3 is an excellent
choice as a bioligand for the development of new biologically active
metallodrugs.

Figure 2.2 Vitamin B3�copper compounds cytotoxicity against human colon adeno-
carcinoma Caco-2 cells (Anacleto et al., 2017).
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Vitamin B6 is a group of three naturally occurring water-soluble vita-
mers, the 3-hydroxy-2-methylpyridine derivatives pyridoxine (PN), pyri-
doxal (PL), and pyridoxamine (PM) (see Fig. 2.1). This group of natural
ligands exhibits multiple different metal ion coordination sites through the
oxymethyl oxygen, adjacent phenolate groups, as well as through the pyr-
idine nitrogen, making them an excellent choice to develop new metal
complexes with tailored architectures and potential biomedical applica-
tions. A review paper of Casas et al. (2012) describes the structural charac-
terization of several vitamin B6 complexes of different metals (Co, Cu, Fe,
Zn, V, Pd, Pt, Ag, Sn, and U) and their uses as therapeutic agents.
Chylewska et al. (2015) investigated the different binding modes of the
three forms of vitamin B6, PM, PN, and PL, with Cu(II) in aqueous solu-
tion. Chylewska et al. (2017) described the interaction of PM and PL
with Ni(II) ions and their binding mode with CT-DNA. In the last dec-
ades lanthanide compounds have drawn much attention due to their bio-
logical and clinical significance. Refat et al. (2014) having this in mind as
well the advantages of natural ligands such as vitamin B6, prepared several
PN lanthanide complexes (La(III), Sm(III), Ce(III), Y(III)), and studied
their in vitro antimicrobial activity. Very recently Stouder et al. (2017)
reported the structural characterization of PN lanthanide complexes of
formula [Ln(NO2)2(H2O)(pyridoxine)2]NO3, with Ln5Gd, Tb, Dy, Ho,
and Er, and investigated the interaction of the PN gadolinium complex
with DNA. The considerable number of vitamin B6 metal complexes
reported demonstrate that this vitamin is an interesting linker for the
development of new biocompatible materials.

Vitamin B9, known as folic acid, is an important vitamin which pos-
sesses many important biochemical properties. It is structurally composed
of pteroic acid and glutamic acid connected via an amide linkage. This
organic molecule contains two carboxylate groups which can work as a
bidentate ligand binding to a single metal or alternatively as a bridging
bidentate ligand coordinating to two metals or as a monodentate ligand
(Fig. 2.1). In the literature we can find several studies on the complexa-
tion between vitamin B9 and transition metal ions, such as Fe(III), Al(III),
Cr(III), Cu(II), Mn(II), Co(II), Ni(II), Zn(II), Cd(II), and Hg(II). The
authors suggested that vitamin B9 acts as a bidentate ligand through both
carboxylic groups (Abd et al., 2008; Fazary and Rajhi, 2015). Two other
vitamin B9 complexes with copper and iron, having the general formula
Kn[M(vitamin B9)2(H2O)2] � xH2O, where (M5Cu(II) or Fe(III), n5 2
or 1, x5 2 or 3), were prepared by Hamed et al. (2009), and they
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investigated their absorption efficiency in blood. Refat and collaborators
prepared a vitamin B9 vanadium complex formulated as [(VO)2(vitamin
B9)(NH4)2(SO4)2] and studied its activity as antioxidant and its interaction
with DNA. As observed for the other vitamin B9 metal complexes, vana-
dium bound vitamin B9 via the carboxylate groups in a bidentate fashion
(Refat et al., 2016). Zhao et al. (2013) presented the synthesis and charac-
terization of a 2D framework with vitamin B9 and lead [Pb (vitamin
B9)] � 4H2O which exhibits considerably higher fluorescence intensity
compared to vitamin B9. For this, vitamin B9 binds Pb(II) ions in a biden-
tate mode and simultaneously acts as a bridging ligand (see Fig. 2.3). The
lead vitamin B9 compound is a promising fluorescent probe for cellular
bioimaging. To obtain an ideal compound for biological imaging, the
same authors investigated the possibility of replacing lead with iron
because of its biocompatibility. The Fe�vitamin B9 complex prepared is
also effective as a fluorescent probe for cellular bioimaging. However, in
the absence of single crystals of Fe�vitamin B9, the authors cannot say
much about the structure. The iron compound was structurally

Figure 2.3 Vitamin B9 lead compound (CCDC 904795). Top: Detail on the coordina-
tion mode of vitamin B9 to lead. Bottom: Imaging of living 4T1 cells incubated with
10 µM of [Pb (vitamin B9)] � 4H2O under Leica microscope; left: brightfield image;
right: luminescence image (Zhao et al., 2013).
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characterized mainly by spectroscopy techniques. Nevertheless these
results indicate that vitamin B9-based metal compounds are of interest for
therapeutic applications.

Vitamin C (L-ascorbic acid), with important biochemical properties,
can bind metal ions in a monodentate and/or bidentate mode via the
oxygen atoms from the hydroxyl and carbonyl groups (Fig. 2.1), which is
strongly dependent on the pH of the solution and on the type of metal.
In the literature there is a considerable amount of research on transition
metal�vitamin C complexes, mainly in aqueous solution, summarized by
Zumreoglu-Karan (2006). This review paper describes in detail the syn-
thesis and characterization of vitamin C complexes with several transition
metals (vanadium, chromium, iron, copper, zinc, titanium, tin, and plati-
num). Important aspects of the interactions between vitamin C and metal
ions are evaluated, such as ligand binding mode, pH dependence,
metal�ligand stoichiometry, type of metal, etc. In 2012 a series of aque-
ous complexes of titanium(IV) and vitamin C were studied under biologi-
cal conditions by Buettner et al. (2012). Vitamin C�metal complexes are
difficult to study experimentally because the ligand has multiple proton-
ation and oxidation states, and because deoxygenation of the medium is
important to avoid the irreversible oxidation of the vitamin, and the metal
complex is often unstable in the solid phase. Only a few examples in solid
phase are described and their structures have been solved by single-crystal
X-ray diffraction, including with thallium and platinum as metals
(Hughes, 1973; Hollis et al., 1985; Yuge and Miyamoto, 1996). The anti-
cancer properties of the vitamin C platinum complexes with general for-
mula cis-[Pt(RNH2)-vitamin C] were investigated by Hollis et al. (1985).
Because almost no single crystal is available, the proposed structures of
these complexes are a subject of controversy, and consequently research
in this area is still important for the elucidation of the coordination chem-
istry between vitamin C and metals and regarding their application in che-
lating therapy. Very recently Cesario et al. studied the complexation of Al
(III) and Ni(II) with vitamin C under physiological conditions, using a
combination of different techniques—potentiometric measurements, 1H
NMR spectroscopy, and DFT computation (Cesario et al., 2017).

Vitamin D, also known as cholecalciferol, is the sunshine vitamin that
is produced by the body as a response to sun exposure; it can also be con-
sumed in food or supplements. Mercê et al. (1998, 1999, 2003)deter-
mined the stability constants of vitamin D complexes involving Co(II), Ni
(II), Cu(II), Mn(II), Fe(II), Fe(III), Zn(II), Al (III), Cd(II), Gd(III), and Pb
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(II), by potentiometric study. The experimental studies suggested that the
vitamin D metal complexes formed are of type ML, ML2, and ML3. Only
for Fe(III) does the metal binds the vitamin D in a monodentate fashion
through the hydroxyl group.

2.3 Vitamin-based metal�organic frameworks as delivery
vehicles of therapeutic molecules

MOFs, typically built by bridging metal centers with organic linkers, have
emerged as very interesting candidates in the field of functional materials.
The ability to design MOFs with a specific function due to practically
limitless combinations of metal ions and organic ligands has initiated
extensive scientific investigation. To date the potential applications of
MOFs have been examined in gas storage and separation, heterogeneous
catalysis, magnetism, chemical sensing, imaging agents, and drug delivery
(Horcajada et al., 2012; Furukawa et al., 2013; Ma and Perman, 2018;
Suh et al., 2012; Kurmoo, 2009; Chen et al., 2010; Della Rocca and Lin,
2010). Among these applications, the delivery of biologically active mole-
cules is particularly interesting. Recently more chemists have begun pay-
ing attention to biocompatible MOFs which have potential biomedical
applications. So far, a considerable number of bio-MOFs have been
reported (McKinlay et al., 2010; Imaz et al., 2011; Anderson and
Stylianou, 2017). Vitamins have been proven to be excellent candidates as
organic linkers to design biocompatible and biodegradable MOFs to be
used as drug delivery vehicles. They can have different functionalities, the
ability to bind the metals through multiple coordination sites, and their
synergy with metals might be of both scientific and pharmacological inter-
est. In the literature only a few examples of vitamin B3�MOFs (3D) have
been reported to date (Lu and Babb, 2001; Miller et al., 2010; Pinto
et al., 2017). The first example described is a copper�vitamin B3 [Cu
(vitamin B3)]n three-dimensional framework containing eight member
rings and a small pore size, and because of that it is not suitable for drug
delivery (Lu and Babb, 2001). Miller et al. in 2010 described the synthesis
of a therapeutic 3D MOF denoted as BioMIL-1 containing nontoxic iron
linked together through vitamin B3, with the formula [Fe3(µ3-O)(µ2-ace-
tate)(µ3-vitamin B3)3(µ2-vitamin B3)2], which is itself the bioactive
molecule to be delivered. The release of vitamin B3 is reached through
the degradation of the hybrid compound under physiological
conditions, allowing delivery of the bioactive molecule (Miller et al., 2010).
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Pinto et al. very recently synthesized two isostructural Co and Ni MOFs
using vitamin B3 (Fig. 2.3) as building blocks, with a formula of [M2(µ2-
H2O)(µ3-vitamin B3)2(µ2-vitamin B3)2]∙2H2O (M5Ni, Co). They con-
tain two crystallographic distinct divalent metal centers connected by a
bridging water and vitamin B3 through a nitrogen atom from the pyridyl
group and oxygen atoms belonging to the carboxylate group. These two
vitamin�MOFs have the capability of storing and releasing NO in a slow
and reversible manner and show low toxicity (Fig. 2.4) (Pinto et al.,
2017). The Fe, Ni, and Co vitamin B3�MOFs presented are excellent
pointers for the development of other vitamin MOFs with potential bio-
medical applications.

2.4 Vitamin-based multinuclear metal compounds with
magnetic, luminescent, and electrical properties

In the last decade the interest in the design of lanthanide compounds has
increased, as well as lanthanide�transition metal compounds, because of
their potential application in magnetism and luminescence. Vitamins as
multifunctional ligands are excellent candidates for the construction of this
type of compound. Among vitamins, vitamin B3, containing two types of
coordination atoms in which the carboxylate group favors the coordina-
tion to lanthanide ions and the nitrogen atom is likely to bond transition
metal, leads to the construction of fascinating architectures combining dif-
ferent type of metals.

Liu et al. (2008) took advantage of vitamin B3 as an excellent bridging
ligand between lanthanide and transition metal ions to prepare four
new 4d-4f coordination frameworks denoted as [Ag2Ln(vitamin
B3)4(H2O)4 � (ClO4) �H2O], [Ln5Eu (1), Gd (2)], [AgLn(vitamin

Figure 2.4 3D framework structure constructed from vitamin B3 and Ni or Co, as
potential delivery vehicles for therapeutic NO (Pinto et al., 2017).
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B3)2(oxalate)0.5(H2O)2 � (ClO4) �H2O], and [Ln5Tb (3), Yb (4)]. Cheng
et al. using vitamin B3 in combination with a second ligand, 2-
pyrazinecarboxylic acid (pca), prepared three novel 3D lanthanide�transi-
tion metal structures of general formula Ln2Cu2I2(OH)2(pca)2(vitamin
B3)2 (Ln5Y, Er, and Yb). The three isostructural compounds are built
from two distinct tetranuclear units of cubane {Ln4} and chair-like
{Cu4} clusters, as can be observed in Fig. 2.5 (Cheng et al., 2008).

Zhang et al. (2009) prepared a vitamin B3 Neodymium MOF [Nd
(C7H5NO4)(vitamin B3)(H2O)], showing a rare magnetic interaction
between adjacent Nd(III) ions. In 2015 the syntheses, structures, and opti-
cal properties of two vitamin B3-based Ln26 (Ln5Dy and Tb) three-
dimensional frameworks with Ag and Cu transition metals were reported
(Zhang et al., 2015).

A 3D framework Nickel(II) compound with azide and vitamin B3

[Ni1.5(N3)(nic)2(Hnic)]n with unusual magnetic properties has been
described (Verma and Bhojak, 2017).

Vitamin B6, as mentioned previously, contains a wide variety of
coordination possibilities and is an interesting ligand for researchers
who work on the preparation of multinuclear metal compounds. Nadia
Marino et al. (2013) developed two tetranuclear compounds using vitamin
B6 in its PN form with formulas [Mn4(PN-H)4(CH3CO2)3Cl2]
Cl � 2CH3OH � 2H2O and [Cu4(PN-H)4Cl2(H2O)2]Cl2, with interesting
magnetic properties. The overall results indicate that among all the

Figure 2.5 Structure details of the 3D yttrium�copper�organic framework (CCDC
660702) Y2Cu2I2(OH)2(pca)2(vitamin B3)2; left: yttrium ions is bonded to vitamin B3
through the oxygen atoms from the carboxylate groups and copper ion is connected
to the vitamin via nitrogen atom; right: 3D heterometallic framework showing two
distinct tetranuclear units of cubane {Y4}and chair-like {Cu4}(Cheng et al., 2008).

45Bioactive vitamin�metal compounds: other potential applications of vitamins



vitamins, vitamin B3 and vitamin B6 are good choices for the preparation
of multinuclear metal compounds.

2.5 Summary

The success of vitamin-derived compounds is based on the diversity of
the functional groups that can be connected with numerous metals, giving
rise to the compound’s biological compatibility and easy recyclability,
which makes them attractive candidates for biomedical utilities. The vita-
min�metal compounds described in this chapter are great examples of the
value-added benefits of vitamins for their potential utility in medicine.
Despite the tremendous interest in the preparation of biocompounds, the
biomedical applications of vitamin complexes, and mainly
vitamin�MOFs, is still poor. In this regard, and bearing in mind the
examples of vitamin-based compounds previously presented, vitamins
remain a great challenge as building blocks for the construction of
biomaterials.
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Summary points

• This chapter focuses on vitamin E, which comprises a group of eight
compounds including tocopherols and tocotrienols.

• Vitamin E components are produced by plants and are present in
vegetable food and oils in various amounts.

• α-Tocopherol is the major lipid-soluble antioxidant found in human
blood.

• α-Tocopherol is widely used as a dietary supplement all over the world.
• α-Tocopherol was proposed as a chemopreventive agent for various

pathologies.
• Results from clinical studies showed evidence of possible interference

by α-tocopherol with drugs.
• Diet supplementation with a high dose of α-tocopherol during some

drug treatments, such as tamoxifen, is not recommended.
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Vitamin E is a fat-soluble vitamin discovered in 1922 at the University
of Berkeley (California, United States) by Herbert Mclean Evans’s group
(Evans and Bishop, 1922). They were studying the impact of diet on rat
reproduction. They found that pregnant female rats fed a minimal-fat diet
showed fetal resorption and did not develop fetuses, suggesting that fats
from the diet might be important for reproduction. They found that sup-
plementation of this minimal-diet with a compound called “substance X,”
which is present in various foods, prevented the death of fetuses (Evans
and Bishop, 1922). Substance X was later shown to be important for lac-
tation (Evans, 1924) and male sterility by two independent groups (Evans,
1925; Evans and Burr, 1925; Sure, 1924). Sure (1924), Evans (1925), and
Evans and Burr (1925) proposed that substance X should be named vita-
min E, because vitamin D was attributed to the antirachitic factor
described (McCollum et al., 1922) just 5 months before Evan’s paper on
substance X (Evans and Bishop, 1922). In 1935 Evans et al. achieved the
isolation of vitamin E from wheat germ oil and established it was an alco-
hol, which they named “α-tocopherol” (α-TP) with a provisional molec-
ular formula of C29H50O2 (Evans et al., 1935). The name tocopherol
came from the Greek words “tocos,” which means “birth,” and “pher-
ein,” which means “to bear.” The chemical structure of α-TP was deci-
phered by Fernholz (1938). It consists of a trimethylated chromanol ring
grafted to a saturated-phytyl side chain bearing three asymmetric carbon
atoms (Fernholz, 1938). In the same year, Paul Karrer, a winner of the
Nobel Prize for Chemistry, reported the first synthesis of the racemic
α-TP from trimethylhydroquinone and phytylbromide using zinc chloride
as a catalyst (Karrer et al., 1938). Subsequently, other isoforms, thereafter
named TP homologues or tocotrienols (TT), have been extracted from
many vegetable materials and in particular from vegetable oils. These
include β-, γ-, and δ-TP, the latter being reported in 1947 (Stern et al.,
1947). Both the isolation of all forms of TT and their chemical structures
were reported in the 1960s (Pennock et al., 1964; Whittle et al., 1966).
Vitamin E appears as colorless or pale yellow sticky oils which are found
in most vegetable oils, and in nuts, seeds, and whole grains (Grilo et al.,
2014; Khallouki et al., 2003).

3.1 Chemistry of vitamin E

Vitamin E components are fats that are soluble in lipoid solvents and
weakly soluble in water. They are sensitive to light in the presence of air
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or other oxidants, and are easily transformed into tocopheryl-p-quinones,
which makes vitamin E one of the most potent natural antioxidants (Niki
and Noguchi, 2004).

Vitamin E components are bicyclic phenolic compounds grafted to an
extended hydrocarbon side chain. They are composed of α-, β-, γ-, and
δ-homologues differing by the number and sites of methyl substituents on
the chroman ring for TP and TT. TP has an aliphatic C-16 phytyl side
chain, which is replaced by an unsaturated farnesyl side chain in TT
(Fig. 3.1). α-TP is the most abundant and biologically active form of vita-
min E (Khallouki et al., 2015; Pennock et al., 1964).

The natural α-TP has a 2R, 40R, and 80R configuration (Fig. 3.1).
Therefore its systematic name is (2R, 40R, 80R)-α-TP, formerly known as
D-α-TP, the notation RRR-α-TP should also be used. Synthetically it
can be obtained by condensation of trimethylhydroquinone with phytol
to get a mixture of racemic TP (DellaPenna and Pogson, 2006). α-TP
exists in an R configuration for the three asymmetric carbons. On the
other hand, TT has only one chiral carbon with an R configuration, and
two double bonds in a trans (E) geometry at C30 and C70(2R,30E,70E)
(Pennock et al., 1964).

Tocopherol (TP)

Tocotrienol (TT)

Chromanol ring Phytyl side chain

Chromanol ring Farnesyl side chain

2

4’ 8’

2
3’ 7’

Figure 3.1 Chemical structure of vitamin E homologues. α-TP and α-TT:
R15 R25 R35CH3; β-TP and β-TT: R15 R35CH3, R25H; γ-TP and γ-TT: R15 H,
R25 R35CH3; δ-TP and δ-TT: R15 R25H, R35CH3. Chiral carbons are numbered. (R)
indicates the stereochemistry of the asymmetric carbons. (E) indicates the trans
geometry of the double bonds.
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3.2 Biosynthesis of vitamin E

The biosynthesis of tocochromanols (including TP and TT) has been well
documented in photosynthetic and nonphotosynthetic organisms and is
depicted in Fig. 3.2. The chromanol ring is derived from the shikimate
pathways via the formation of homogentisic acid. The hydrophobic
hydrocarbon side chain is produced from the mevalonate pathway via ger-
anylgeranyl pyrophosphate or phytyl pyrophosphate to give TT and TPs,
respectively (Mene-Saffrane, 2017).

3.3 Vitamin E components are phenolic antioxidants

Vitamin E’s chromanol head group prevents harmful peroxidation events
(Jiang, 2014) because of the presence of a phenol group (Foti, 2007). This
is the first line mechanism of protection against polyunsaturated fatty acids
peroxidation. This occurs through the transfer of the acidic H from the
OH of vitamin E to peroxy radicals ROO•, and thus inhibiting the radical
chain propagation within lipid domains (Peh et al., 2016; Yin et al.,
2011). In addition, TP can trap other oxidizing reagents such as singlet

MVA pathway

Acetyl-CoA

HMG-CoA

MVA

GGPP

Chorismate

Shikimate

Prephenate

4-Hydroxyphenylpyruvate

PhenylpyruvateHomogentisate

PlastidCytosol

Tocochromanols

PPP

Figure 3.2 Biosynthesis of tocochromanols in plants. GGPP, Geranylgeranyl pyro-
phosphate; MVA, mevalonate.
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oxygen, superoxide anion (Csallany and Ha, 1992), ozone (Liebler, 1993),
peroxynitrite (Hogg et al., 1994), and nitrogen dioxide radicals (Cooney
et al., 1995). Vitamin E deficiency is associated with an increase in circu-
lating lipoperoxides (Richard et al., 1990), and inhibits in vivo lipoperoxi-
dation (Peuchant et al., 1994). The inhibition of lipoperoxidation by
vitamin E impacts on the cholesterol oxidation process by blocking sterol-
5,6-epoxidation (Poirot and Silvente-Poirot, 2013).

3.4 Vitamin E oxidation products

The chemical nature of TP oxidation products depends on the reaction
conditions that are used. This includes solvents, temperature, light, the
physical state of the system, the oxygen pressure, the type of TP sub-
strates, and their respective concentrations. TP components exhibit differ-
ent oxidation potentials, which depend upon the acidity of their phenol
group (Madeira et al., 2011). α-TP blocks the propagation step during
lipid oxidation into hydroperoxides by donating its phenolic radical pro-
ton atom to a peroxyl radical. This reaction occurs at a very high rate and
is faster than the reaction of polyunsaturated lipid with peroxy radicals
(Niki et al., 1984). The TP form resonance-stabilized TP radicals (called
tocopheryl semiquinone radicals), as depicted in Fig. 3.3, which do not
propagate oxidation. The tocopheroxyl radical that is formed can combine
with a peroxyl radical yielding an inactive, nonradical product. This
affords 8α-substituted tocopherones, which rearrange into
α-tocopherylquinone as the major oxidation product of α-TP. This reac-
tion can form the side products C4/C5-epoxy-8-α-hydroperoxytoco-
pherones and C7/C8-epoxy-8-α-hydroperoxytocopherones. These
intermediates are precursors, after hydrolysis, of 5,6-epoxy-α-tocopherol-
quinone and 2,3-epoxy-α-tocopherolquinone, respectively, as minor oxi-
dation products of α-TP (Brigelius-Flohe and Traber, 1999) (Fig. 3.3). In
lipid systems, additional reactions can occur by self-coupling of the toco-
pheryloxy radicals to form dimers and trimers (Faustman et al., 1999;
Liebler and Burr, 1992; Verleyen et al., 2001).

In plasma the weak concentration of α-tocopherylquinone found is
due, in part, to its recycling through tocopheroxyl reductase activity. This
reductase activity, which produces TP, was attributed to NADH-
cytochrome b6-dependent enzymatic activity. Alternatively the reduction
of α-tocopherylquinone into α-TP can be produced by a nonenzymatic
mechanism involving ascorbate and dihydrolipoic acid (Traber, 1994).
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3.5 Vitamin E and human pathologies

While earlier experiments established that vitamin E was essential for
reproduction in rats (Evans, 1924, 1925; Evans and Bishop, 1922; Evans
and Burr, 1925; Sure, 1924), it has never been established that vitamin E
has a similar effect in humans (Khadangi and Azzi, 2018). However, defi-
ciencies in vitamin E were linked to various human pathologies, such as
bronchopulmonary dysplasia (Stone et al., 2018), emphysema (Pacht
et al., 1986), and chronic alcoholism (von Herbay et al., 1994), and a
complementation therapy with vitamin E was proposed to treat these
diseases. Vitamin E complementation was also proposed in patients with
abetalipoproteinemia, which is associated with intestinal fat malabsorption
associated with a severe vitamin E deficiency (Cuerq et al., 2018).

(A) (B) (C)

α-Tocopherol

Figure 3.3 α-Tocopheroxyl radical and its resonance-stabilized forms in association
of its main and major oxidation products α-tocopherylquinone (A), 2,3-epoxy-α-toco-
pherolquinone (B), and 5,6-epoxy-α-tocopherolquinone (C), R5C16H33.
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Vitamin E deficiency was linked to chronic pancreatitis (Duggan et al., 2014),
ulcerative colitis, such as inflammatory bowel diseases (Fabisiak et al.,
2017), cystic fibrosis (Okebukola et al., 2017), and hereditary
spherocytosis or Gaucher disease (Rachmilewitz et al., 1982). In Gaucher
disease, it was proposed that lysosomal accumulation of glucocerebro-
sides stimulated phagocytes into a maintained “respiratory burst” with an
excessive production of oxygen free radicals, resulting in a massive
oxidation of vitamin E, eventually leading to its deficiency. Vitamin E
deficiency has been observed in cases of neuromuscular disorders,
polyneuropathy, and skeletal myopathy (Traber et al., 1987; Wysota
et al., 2017).

3.6 Vitamin E and disease prevention

Dietary intake of antioxidants, such as vitamin E, through the consump-
tion of fruits and vegetable has been proposed as a strategy to prevent
aging, and degenerative diseases, such as cancer, cardiovascular diseases,
sensory impairment, and a decline in the immune system (Liu, 2013).
Clinical trials have not provided evidence to date that dietary supplemen-
tation with vitamin E prevents cardiovascular diseases or reduces mortality
in middle-aged or elderly patients with heart diseases or risk factors for
heart diseases (Brown and Crowley, 2005; Lonn et al., 2005). High dos-
age α-TP supplements may increase the risk of all-cause mortality and
should be avoided (Miller et al., 2005). Dietary supplementation with
vitamin E significantly increased the risk of prostate cancer among healthy
men (Klein et al., 2011), while it was found that it significantly protected
smokers from prostate cancer (Heinonen et al., 1998). Clinical evaluations
of vitamin E on colon cancers have been inconsistent (Park et al., 2010;
Wu et al., 2002) or showed a modestly association with a lower risk of
colon cancer (Longnecker et al., 1992). No reduction in the incidence of
lung cancer was observed among the male smokers who received
vitamin E (Alpha-Tocopherol, 1994), while it was found to accelerate
lung cancer progression in mice (Sayin et al., 2014). As observed for
other cancers, the impact of vitamin E on breast cancer (BC) was inconsis-
tent (Cuzick, 2017), although a recent pharmacogenomic study showed
that vitamin E can be of benefit to a specific genetic variant of the
catechol-O-methyltransferase (Hall et al., 2019). Additionally, vitamin E
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showed a positive outcome for nonalcoholic fatty liver diseases (Lavine
et al., 2011; Sanyal et al., 2010) and Alzheimer’s disease (Dysken et al.,
2014).

3.7 Molecular targets for vitamin E

Beside the antioxidant action of vitamin E components, several molecular
and pharmacological targets were identified for vitamin E components,
and α-TP was shown to be a direct inhibitor of protein kinase C (Galli
et al., 2017). Vitamin E was reported to modulate the lipoxygenation of
arachidonic acid in leukocytes (Goetzl, 1980) and to inhibit the 5-
lipoxygenase enzyme (Pein et al., 2018; Reddanna et al., 1985). On the
other hand, TT, but not TP, was shown to inhibit cholesterol biosynthesis
(Pearce et al., 1992) through the downregulation of the expression of the
hydroxymethylglutaryl-coenzyme A reductase (HMGR) (Parker et al.,
1993), which led to the blockage of the mevalonate pathway. The inhibi-
tion of HMGR blocks the neosynthesis of cholesterol and cell prolifera-
tion (Khallouki et al., 2015). TP and TT were shown to be ligands of
the estrogen receptors (ER) and are phytoestrogens. δ-TP is the most
potent of the series and stimulates the proliferation of BC cells in an
ER-dependent manner, while TT homologues inhibit cell proliferation
through the inhibition of the HMGR (Khallouki et al., 2015).
Importantly, ER modulation was not observed with the corresponding
quinonic oxidation product of δ-TP. This illustrates the importance of
defining the molecular species of the vitamin E components that are
responsible for the measured effects (Galli et al., 2017).

3.8 Interference of vitamin E with the pharmacological
action of drugs

Laboratory as well as clinical studies showed that consumption of high-
dose vitamin E supplements led to vitamin E�drug interactions in some
cases, which may alter their pharmacological activities (Podszun and
Frank, 2014). Several clinical studies have shown that chemotherapy
and radiation therapy deplete antioxidants, such as α-TP, from tissues,
which can be oxidized by free radicals (Moss, 2007). Although cellular
and animal studies clearly highlighted possible interferences with
various anticancer treatments, clinical studies were not that conclusive,
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but risks were identified in several cases (Podszun and Frank, 2014;
Vernieri et al., 2018).

The case of tamoxifen (Tam) is an interesting one. Tam is a well-
known drug used to treat and prevent ER-positive BC. The rational for
its clinical use is that it blocks the mitogenic action of 17β-estradiol at the
ER level (Jordan, 2006). Tam, however, displays a complex pharmacol-
ogy and several other pharmacological targets were identified (Leignadier
et al., 2017). Among them, the microsomal antiestrogen binding site
(AEBS) is a high affinity site for Tam. The AEBS is a heterooligomeric
complex composed of 3β-hydroxysterol-Δ8-Δ7-isomerase (D8D7I) and
3β-hydroxysterol-Δ7-reductase (DHCR7). It was found that D8DI and
DHCR7 carried out the cholesterol-5,6-epoxide hydrolase (ChEH) enzy-
matic activity (de Medina et al., 2010; Silvente-Poirot and Poirot, 2012).
The inhibition of the D8D7 by Tam leads to the accumulation of zymos-
tenol which induces a protective autophagy in cancer cells (de Medina
et al., 2009b,c; Leignadier et al., 2017; Poirot et al., 2012; Segala et al.,
2017; Sola et al., 2013). On the other hand, Tam induces BC cell differ-
entiation and death via the AEBS. Tam stimulates the lipoperoxidation
in BC cells which leads to the production of cholesterol-5,6-epoxides
(5,6-EC), and the inhibition of ChEH by Tam induces their accumula-
tion in BC cells (Segala et al., 2013). Tam reactivates the lactation process
that was lost during oncogenesis and that was shut down in BC cells.
Tam induces the production of triacyl glycerol (TG), which is the major
lipid found in milk (de Medina et al., 2009a,b; Payre et al., 2008)
(Fig. 3.4).

Tam induces TG biosynthesis in hepatocytes through a mechanism
independent of ER (Moya et al., 2010) but that may involve the AEBS,
the liver being the richest source of AEBS (de Medina et al., 2010). The
induction of BC cell differentiation and death by Tam is mediated by
5,6-EC. α-TP totally blocked 5,6-EC biosynthesis, cell differentiation,
and death (Leignadier et al., 2017). This explains at the molecular level
the earlier observations showing that α-TP inhibits cytotoxicity induced
by Tam in BC cells (Mandlekar and Kong, 2001). Tam induces a revers-
ible hypertriglyceridemia in patients, which was shown to be totally
inhibited by α-TP (Babu et al., 2000). Together these observations
showed that the protection against a side effect of Tam by α-TP may
block Tam’s anticancer action. This strongly suggests that diet supplemen-
tation with α-TP is not recommended for patients under Tam treatment
(Fig. 3.5).
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Figure 3.4 Vitamin E (Vit E, α-tocopherol) inhibits the induction by tamoxifen (Tam)
in breast cancer (BC) cell differentiation and death. (A) Tam stimulates a
lipoperoxidation-dependent cholesterol epoxidation that produces 5,6β-epoxycholes-
terol and 5,6α-epocholesterol (5,6β-EC and 5,6α-EC). 5,6β-EC and 5,6α-EC accumulate
in BC cells due to the inhibition by Tam of the AEBS/ChEH complex. 5,6β-EC is the
second messenger of Tam that induces apoptosis. 5,6α-EC is the second messenger
of Tam that induces BC cell death and differentiation in an LXR-dependent manner.
In particular Tam triggers triacyl glycerol (TG) biosynthesis and secretion by BC cells.
(B) Vit E inhibits the lipoperoxidation-dependent cholesterol epoxidation and the
production of 5,6-EC second messengers. Vit E inhibits totally the induction of call
death and differentiation by Tam. CT, Cholestane-3β,5α,6β-triol; H2O2, hydrogen per-
oxide; LXRβ, liver-X-receptor β; Mito, mitochondria; N, nucleus.
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Figure 3.5 Vitamin E inhibits the Tam-dependent induction of hypertriglyceridemia.
(A) Tam induces TG biosynthesis in hepatocytes via the production of 5,6α-EC as sec-
ond messengers that activate LXR receptors. (B) Vitamin E blocks lipoperoxidation
and the formation of 5,6α-EC and 5,6β-EC. This led to the inhibition of hepatosteato-
sis and hypertriglyceridemia induced by Tam.
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3.9 Conclusion

Vitamins are very popular dietary supplements and were reported to be
used by 50% adults in the United States for disease prevention (Kantor
et al., 2016). They are also commonly used by cancer survivors (Marian,
2017). The present review highlights that it is important to define the
molecular mechanism of bioactive substances. It shows that a high-dose
dietary supplementation of α-TP can constitute a potential risk for cancer
development and a risk of interference with the hormotherapy of BC,
which is the most frequently diagnosed female cancer around the world.
Even if recent epidemiological studies suggest that a higher pro plant-
based diet is associated with a decreased risk of overall cancers (Kane-
Diallo et al., 2018), that does not mean that this protective effect results
from a single plant component, such as vitamin E.
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Renata Szymańska1, Beatrycze Nowicka2, Agnieszka Trela1

and Jerzy Kruk2
1Department of Medical Physics and Biophysics, Faculty of Physics and Applied Computer Science, AGH
University of Science and Technology, Kraków, Poland
2Department of Plant Physiology and Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology,
Jagiellonian University, Kraków, Poland

Contents

Key facts of vitamin E 67
Definition of words and terms 68
Abbreviations 69
4.1 Introduction 70
4.2 Chemistry, biosynthesis, and occurrence of vitamin E 71
4.3 Rare natural forms of vitamin E 78
4.4 Extraction, separation, and detection methods of vitamin E 79
4.5 Nutritional value of vitamin E 83

4.5.1 Vitamin E metabolism in humans 83
4.5.2 Biological function of vitamin E 84

References 87

Key facts of vitamin E

• Vitamin E is a collective term for isoprenoid chromanols, sharing a
similar structure and properties but varying in biological activity in
animals, mostly due to the differences in the efficiency of the uptake
and transport.

• Vitamin E comprises tocopherols, tocotrienols, and some less widespread
compounds, such as tocomonoenols, tocodienols, or plastochromanol.

• Due to the amphipathic properties, isoprenoid chromanols localize
mostly in membranes. They can also be found in structures which
function as lipid-storage or lipid-transport sites, such as plastoglobules,
oil bodies, and lipoproteins.

• The most widespread form of vitamin E is α-tocopherol which occurs
in the green parts of plants. It is also the vitamer displaying the highest
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vitamin E activity in humans. Another common form is γ-tocopherol,
which often dominates in seed oils.

• The biosynthetic pathway of tocopherols occurs in most cyanobacteria
and photosynthetic eukaryotes. The distribution of tocotrienols and
tocomonoenols is considerably more limited.

• In higher plants the last steps of biosynthesis of isoprenoid chromanols
take place in plastids.

• Isoprenoid chromanols, both in plants and in animals, function as
lipid-soluble antioxidants eliminating reactive oxygen species.

• Besides antioxidant properties, isoprenoid chromanols are known to
modulate membrane properties, as well as to participate in signal trans-
duction and the regulation of gene expression.

• Depending on the nature of a sample, different solvents are used to
extract vitamin E.

• The most frequently used method for vitamin E determination is
high-pressure liquid chromatography (HPLC), both normal- and
reverse-phase.

• The recommended dietary allowance (RDA) of vitamin E varies from
3 to 15 mg/day in different countries and depends on the age of a
person.

• Vitamin E is an essential micronutrient for humans which determines
the beneficial health outcomes.

• Vitamin E shows an impact on numerous diseases, such as immune
system disorders, cancer, cardiovascular and neurodegenerative diseases.

Definition of words and terms

• Amphipathic properties are shown by compounds having both hydro-
philic and hydrophobic parts of the molecule.

• Antioxidants are compounds that are able to quench and/or scavenge
reactive oxygen species (ROS).

• Lipid peroxidation is the oxidative degradation of lipids. There are three
known mechanisms of lipid peroxidation radical, enzymatic, and non-
radical; the latter is caused by singlet oxygen and ozone which directly
react with lipid molecules.

• Oxidative stress takes place when there is an imbalance between the
generation and detoxification of ROS, resulting in the increase in
ROS content in cells and/or tissues.

• Quenching is physical deactivation of an excited state of a molecule.
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• Reactive oxygen species (ROS) are both radical and non-radical oxidizing
agents, such as superoxide (O2

•2), hydroperoxyl (HO2
• ), hydroxyl

(OH• ), alkoxyl (RO2
• ) and peroxyl (RO2

• ) radicals, as well as singlet
oxygen (1O2), hydrogen peroxide (H2O2), hypochlorous acid (HOCl)
and ozone (O3).

• Scavenging is a process of deactivation of harmful compounds by direct
chemical reaction of antioxidants with ROS.

• Tocomonoenols are isoprenoid chromanols containing side chains with
one double bond.

• Tocopherols are isoprenoid chromanols with fully saturated side chains.
• Tocotrienols are isoprenoid chromanols with unsaturated side chains

having three double bonds.
• Vitamers are a group of chemical compounds sharing a similar struc-

ture, chemical properties, and biological functions, that have a certain
vitamin activity.

• Vitamin E is the collective term for isoprenoid chromanols, such as
tocopherols and tocotrienols and other compounds of similar structure
and biological activity.

Abbreviations
DMPBQ 2,3-dimethyl-6-phytyl-1,4-benzoquinone
DXP pathway 1-deoxy-D-xylulose-5-phosphate pathway
GGPP geranylgeranyl pyrophosphate
HPLC high-pressure liquid chromatography
HPT homogentisate phytyltransferase
LDLs low-density lipoproteins
MPBQ 2-methyl-6-phytyl-1,4-benzoquinone
MVA pathway mevalonate pathway
PC-8 plastochromanol-8
PPP phytyl pyrophosphate
PQH2 plastoquinol
PUFAs polyunsaturated fatty acids
RDA recommended dietary allowance
RNS reactive nitrogen species
ROS reactive oxygen species
NP-HPLC normal-phase high-pressure liquid chromatography
RP-HPLC reversed-phase high-pressure liquid chromatography
TC tocopherol cyclase
γ-TMT γ-tocopherol methyltransferase
α-TTP α-tocopherol transfer protein
VLDLs very-low-density lipoproteins
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4.1 Introduction

The term vitamin E encompasses compounds belonging to isoprenoid
chromanols, such as tocopherols, tocotrienols, and some less known
forms, like plastochromanol, tocomonoenols, tocodienols, and others (see
below). The chromanol ring is a hydrophilic part of the molecule, while
the isoprenoid side chain makes vitamin E lipid-soluble. Due to their
amphipathic properties, these compounds occur mostly in the membranes
(Szymańska et al., 2017). The classification and nomenclature of certain
vitamers is based on the degree of saturation of the isoprenoid side chain
and the pattern of ring substitution (Munné-Bosch and Alegre, 2002).

Among isoprenoid chromanols, tocopherols occur in plants in the
highest amounts. The tocopherol biosynthetic pathway has evolved in
cyanobacteria and later, due to the endosymbiotic origin of plastids, was
inherited by photosynthetic eukaryotes. The most common vitamer is
α-tocopherol, which usually dominates in green parts of higher plants.
Another commonly occurring form is γ-tocopherol, abundant in seed oils
of many plant species (Mène-Saffrané and DellaPenna, 2010).
Tocotrienols can be found in seeds of some plants, primarily monocots
(Munné-Bosch and Alegre, 2002), while the other forms, such as toco-
monoenols and tocodienols, occur only in minor amounts in certain spe-
cies (Szymańska and Kruk, 2018).

Animals cannot synthesize isoprenoid chromanols, therefore they need
to acquire these compounds in diet. Vitamin E was discovered nearly a
century ago by Evans and Bishop who observed that it was necessary for
the reproduction of rats (Evans and Bishop, 1922). The name tocopherol
is derived from Greek words “tokos” and “pherein” which mean to give
birth, while the “-ol” ending was added to indicate the alcohol nature of
the compound (Machlin and Brin, 1980). Particular isoprenoid chroma-
nols vary in vitamin E activity, which is mostly because of the difference
in the efficiency of the uptake and transport of certain vitamers. Not sur-
prisingly, α-tocopherol is the vitamin displaying the most pronounced
biological activity in animals (Szymańska et al., 2017). The specific func-
tions of other isoprenoid chromanols in humans have been also postulated
(Sen et al., 2006).

The main and the most recognized function of isoprenoid chromanols
is their antioxidant action. These compounds are effective scavengers and
quenchers of reactive oxygen species (ROS). In particular, they are
known to protect membrane and storage lipids from lipid peroxidation
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(Kruk et al., 2016). Isoprenoid chromanols are also known to modulate
membrane properties and to participate in signal transduction and the reg-
ulation of gene expression (Szymańska et al., 2017).

4.2 Chemistry, biosynthesis, and occurrence of vitamin E

Vitamin E in its pure form is a colorless oily liquid, prone to oxidation in
light, oxygen, and in the presence of some metal ions. It is water-
insoluble, but soluble in organic solvents and vegetable oils (Peh et al.,
2016). Chemical structures of tocopherols and tocotrienols are shown in
Fig. 4.1. These two groups of isoprenoid chromanols differ by the satura-
tion of the isoprenoid chain. A fully saturated phytyl-derived side chain is
characteristic for tocopherols, whereas a geranylgeranyl-derived side chain
with three double bonds is present in tocotrienols (Munné-Bosch and
Alegre, 2002). The α-, β-, γ-, and δ-forms of tocopherols and tocotrie-
nols differ by the position and number of methyl groups in the chromanol
ring. In naturally occurring tocopherols there are three asymmetric carbon
atoms, that is, C2 of the chromanol ring and C40 and C80 of the side
chain. All of them show R configuration. The double bonds in the side
chain of tocotrienols are in all-trans configuration (Dörmann, 2007). The
biosynthesis of isoprenoid chromanols is stereospecific, whereas most
methods of chemical synthesis result in all the possible eight tocopherol
stereoisomers (Szymańska et al., 2017). If natural phytol is used for the
synthesis, the equimolar mixture of two stereoisomers, differing in the
substituents conformation at C2, is obtained. However, the stereoisomers
other than the natural form have decreased biological activity (Kamal-
Eldin and Appelqvist, 1996) (see also examples given in Section 4.5.1).

Figure 4.1 The structure of tocopherols and tocotrienols. Toc, tocopherol; T3,
tocotrienol.
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The methods of stereospecific chemical synthesis of tocopherols have
been developed later, but they are more elaborate (Szymańska et al.,
2017). Commercially used vitamin E is in the form of acetate or succinate
tocopherol esters. This modification improves their stability and in the
case of succinate, also water solubility (Zingg and Azzi, 2004). The hydro-
philic derivative of α-tocopherol also used in pharmaceuticals is called
Trolox and contains a carboxyl group instead of a phytyl chain (Hosomi
et al., 1997).

Other isoprenoid chromanols are shown in Fig. 4.2. They differ from
tocopherols by the number of methyl groups in the chromanol ring, the
side chain saturation, or length (Kruk et al., 2014; Szymańska and Kruk,
2018).

The chromanol ring is crucial for ROS and reactive nitrogen species
(RNS) detoxification (Kruk et al., 2016; Sjoholm et al., 2000). The reac-
tion of radical scavenging by tocopherols leads to the formation of toco-
pheroxyl radicals, which can be reduced back to tocopherols by ascorbic
acid, ubiquinol, plastoquinol (PQH2), or phenolic compounds. The scav-
enging of 1O2 by α-tocopherol results in the formation of 8a-hydroper-
oxy-α-tocopherone (Fig. 4.3). This compound is unstable and can be
reduced back to α-tocopherol by ascorbic acid or may be further oxidized
to the stable form, α-tocopheryloquinone (Kruk et al., 2016). The

Figure 4.2 The structure of other isoprenoid chromanols. PC-8, plastochromanol-8;
T1, tocomonoenol; T2, tocodienol.
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aromatic ring of isoprenoid chromanols plays also a crucial role in 1O2

quenching (Gruszka et al., 2008).
The biosynthetic pathway of tocopherols occurs in most cyanobacteria

(Szymańska et al., 2017). Among the photosynthetic eukaryotes, higher
plants are the most thoroughly examined group (Mène-Saffrané and
DellaPenna, 2010). The pathway has been elucidated and is shown in
Fig. 4.4.

The direct biosynthetic precursors of tocopherols are homogentisate
(HGA) and phytyl pyrophosphate (PPP). In higher plants, HGA is derived
from tyrosine (Bouvier et al., 2005), while PPP is a product of the
reduction of geranylgeranyl pyrophosphate (GGPP), catalyzed by geranyl-
geranyl reductase. GGPP is synthesized via the condensation of two
carbon precursors, dimethylallyl diphosphate and isopentenyl diphosphate
(Bouvier et al., 2005). There are two known pathways for the synthesis of

Figure 4.3 Naturally occurring products of the reaction of reactive oxygen species
(ROS) with α-tocopherol.
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these compounds: the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway
also known as the methylerythritol phosphate pathway, and the mevalo-
nate (MVA) pathway. Cyanobacteria use the DXP pathway for the syn-
thesis of isoprenoid precursors. In higher plants enzymes of the DXP
pathway occur in plastids, while the MVA pathway is found in the cyto-
plasm. The experiments with the radiolabeled compounds showed that, at
least in the case of overproduction of isoprenoid precursors in the cyto-
plasm, they can be transported to the chloroplast and incorporated into
plastidic isoprenoids (Pellaud and Mène-Saffrané, 2017). Additionally, in

Figure 4.4 Tocopherol synthesis in cyanobacteria and higher plants. The mutants of
genes encoding the enzymes in Arabidopsis thaliana are given in italics. DMPBQ,
2,3-dimethyl-6-phytyl benzoquinone; HGA, homogentisic acid; HPP, p-hydroxyphenyl-
pyruvate; HPPD, p-hydroxyphenylpyruvate dioxygenase; HPT, homogentisate phytyl-
transferase; MPBQ, 2-methyl-6-phytyl benzoquinone; MPBQ MT, 2-methyl-6-phytyl
benzoquinone methyltransferase; PPP, phytyl pyrophosphate; TAT, tyrosine aminotrans-
ferase; TC, tocopherol cyclase; γ-TMT, γ-tocopherol methyltransferase; Tyr, tyrosine.
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plants phytol derived from the degradation of chlorophyll can be
phosphorylated to the PPP by the kinase encoded by VTE5 gene (Mène-
Saffrané and DellaPenna, 2010). Presently, it is supposed that phytol
recycling is the main source of the side chain precursor for tocopherol
biosynthesis in leaves (Pellaud and Mène-Saffrané, 2017).

The first specific step for the tocochromanol biosynthetic pathway is
the condensation of HGA and PPP. Another key reaction is cyclization,
leading to the formation of the chromanol ring. It is worth mentioning
that both tocopherol cyclase (TC) and γ-tocopherol methyltransferase
(γ-TMT) do not have strict substrate specificity, which broadens the
spectrum of their products (see in Fig. 4.4 how the sequence of certain
head group modifications influences the vitamer produced) (Szymańska
et al., 2017).

The biosynthesis of tocotrienols and tocomonoenols is analogous to
that of tocopherols. In the case of tocotrienols the GGPP is the side chain
precursor, used for the HGA prenylation catalyzed by homogentisate ger-
anylgeranyl transferase. The subsequent cyclization and methylation reac-
tions, leading to the formation of α-, β-, γ-, and δ-tocotrienol, are
catalyzed by the same enzymes, which participate in the synthesis of toco-
pherols (Mène-Saffrané and DellaPenna, 2010). In the biosynthesis of
tocomonoenols, the tetrahydrogeranylgeranyl pyrophosphate serves as a
substrate for phytyltransferase instead of phytol, and the following steps
proceed as in the case of tocopherol biosynthesis (Kruk et al., 2011;
Pellaud et al., 2018). PQH2-9, which is the reduced form of
plastoquinone-9, the photosynthetic electron and proton carrier, can be
also a substrate for TC. The cyclization of PQH2-9 results in the forma-
tion of PC-8 (Szymańska and Kruk, 2010a).

In higher plants the final specific steps of tocopherols, tocotrienols, and
PC-8 synthesis take place in plastids. Homogentisate phytyltransferase
(HPT) and both methyltransferases are located in the inner envelope of
chloroplasts, while TC occurs in plastoglobules, which are plastid storage
sites for lipophilic compounds (Szymańska et al., 2017). On the other
hand, the experiments on the photosynthetic protozoan Euglena gracilis
suggest that in this organism the biosynthesis of α-tocopherol can occur
both in chloroplasts and mitochondria (Kusmic et al., 1999).

Attempts of manipulation of tocopherol and tocotrienol biosynthesis
in plants via genetic engineering have been carried out to enhance vita-
min E synthesis or to increase the content of α-tocopherol in seed oils
(Cahoon et al., 2003; DellaPenna, 2005; Wani et al., 2015).
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Within plant cells isoprenoid chromanols are present mainly in the
chloroplasts, both in the membranes (envelopes and thylakoids) and
plastoglobules. The latter is the site where chromanols are accumu-
lated and stored during stress acclimation and leaf senescence
(Munné-Bosch and Alegre, 2002; Szymańska and Kruk, 2010a;
Zbierzak et al., 2010). These compounds were also found in other
types of plastids, such as chromoplasts and leucoplasts. The presence
of isoprenoid chromanols in mitochondria, nucleus, vacuoles, and
microsomal fractions has been also reported but needs to be verified
(Munné-Bosch and Alegre, 2002). Tocochromanols stored in the
seed cells are localized in leucoplasts and oleosomes. The latter can
account for up to 40% of the total seed chromanol pool (Maeda
et al., 2008).

In the green parts of higher plants, α-tocopherol is the predominant
isoprenoid chromanol. This vitamer can be also found in nonphotosyn-
thetic organs, such as flowers, fruits, roots, tubers, bulbs, and seeds,
although its content is often lower than in leaves (Szymańska et al.,
2017). γ-Tocopherol is usually present in leaves in minor amounts, but
often it is the major vitamer present in the seed oils. Minor amounts of
β- and δ-tocopherols may also occur in seeds. However, it needs to be
emphasized that the composition of homologues in seeds depends on
the species (Szymańska et al., 2017). Interestingly, γ-tocopherol and
δ-tocopherol were also found in cuticular waxes of some species, such as
those belonging to the genera Rubus and Ginkgo (Munné-Bosch and
Alegre, 2002). Tocotrienols are present in seeds of some species, mostly
monocots. They were also found in latex of the rubber tree and some
fruits (Dunphy et al., 1965; Asensi-Fabado and Munné-Bosch, 2010).
PC-8 has been identified in the leaves and seeds of many species (Kruk
et al., 2014).

The contents of isoprenoid chromanols in various organs of plants and
seed oils are shown in Tables 4.1 and 4.2, respectively. It should be
emphasized that the content of isoprenoid chromanols also depends on
the developmental stage of the plants and environmental conditions.
Usually the chromanol content increases during leaf senescence and accli-
mation to stress conditions (Lushchak and Semchuk, 2012; Munné-Bosch,
2005; Szymańska et al., 2017).
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Table 4.1 The content of tocochromanols in plant organs.

Plant species
and organ

Total chromanol
content
(μg/g FW)

Major homologue
(% of total
chromanols)

Reference

Leaves

Arabidopsis
thaliana
leaves

10�20 90% α-Toc Szymańska et al. (2017)

Lettuce leaves 7 55% α-Toc Szymańska et al. (2017)
Parsley leaves 48.1 98% α-Toc Szymańska and Kruk (2008)
Spinach leaves 30 63% α-Toc Szymańska et al. (2017)

Seeds

A. thaliana
seeds

200�300 95% γ-Toc Szymańska et al. (2017)

Almonds 263 97% α-Toc Saini and Keum (2016)
Corn seeds 60 75% γ-Toc Szymańska et al. (2017)
Flaxseed 236 84% γ-Toc Saini and Keum (2016)
Peas 160 64% α-Toc Ryan et al. (2007)
Pistachio nuts 240 85% γ-Toc Saini and Keum (2016)
Rice seeds 17 30% α-T3 Szymańska et al. (2017)
Wheat seeds 50 56% β-T3 Szymańska et al. (2017)

Fruits

Apple pulp 1�4 90% α-Toc Chun et al. (2006)
Avocado pulp 15�31 84% α-Toc Chun et al. (2006)
Banana pulp 1.5 87% α-Toc Chun et al. (2006)
Cranberries 16 76% α-Toc Chun et al. (2006)
Cucumber 1.6 50% α-T3 Chun et al. (2006)
Gooseberries 8.4 87% α-Toc Piironen et al. (1986)
Kiwi 14.5 90% α-Toc Chun et al. (2006)
Raspberries 37 40% γ-Toc Piironen et al. (1986)
Strawberries 4.1 68% α-Toc Chun et al. (2006)
Tomatoes 6.8 78% α-Toc Chun et al. (2006)

Other

Carrot roots 8.7 99% α-Toc Chun et al. (2006)
Potato tubers 0.7 90% α-Toc Szymańska et al. (2017)
Sweet potato

tubers
3.6 70% α-Toc Chun et al. (2006)

Toc, Tocopherol; T3, tocotrienol.
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4.3 Rare natural forms of vitamin E

Besides the well-known vitamin E forms, there are several related com-
pounds of unknown function and/or origin. These are for example
tocoenols, tocopherol acids, tocopherol phosphate, tocochromanol esters,
and glycosides (Szymańska and Kruk, 2018). Novel tocochromanols are
still being discovered. It is interesting that rare vitamin E forms usually
show higher biological activity than tocopherols (Yamamoto et al., 2001).
For example, PC-8, tocotrienols, tocoenols, and tocopherol acids are
more efficient in ROS scavenging than tocopherols (Gruszka et al., 2008;
Qureshi et al., 2000; Terashima et al., 1997). Moreover, these compounds
show many physiological effects that are not shared with tocopherols. For
example, tocotrienols are capable of reducing cholesterol levels and can be
used as a preventive agent in cardiovascular diseases (CVDs) (Nesaretnam
et al., 2012).

Table 4.2 The content of tocochromanols in seed oils.

Plant-derived
product

Total chromanol
content
(μg/g of oil)

Major homologue
(% of total
chromanols)

Reference

Barley oil 750�1500 50�60% α-T3 Shahidi and
de Camargo (2016)

Coconut palm oil 12 60% δ-Toc Szymańska et al. (2017)
Corn seed oil 1000 70% γ-Toc Szymańska et al. (2017)
Cottonseed oil 400�900 65%�75% α-Toc Shahidi and

de Camargo (2016)
Grapeseed oil 194 77% α-Toc Herting and Drury (1963)
Linseed oil 595 96% γ-Toc Shahidi and

de Camargo (2016)
Olive oil 126 94% α-Toc Szymańska et al. (2017)
Peanut oil 130�530 60% α-Toc Shahidi and

de Camargo (2016)
Rapeseed oil 570�770 65% γ-Toc Shahidi and

de Camargo (2016)
Rice bran oil 710 32% γ-T3 Shahidi and

de Camargo (2016)
Sesame oil 170�1070 50% γ-Toc Shahidi and

de Camargo (2016)
Soybean seed oil 1200 70% γ-Toc Szymańska et al. (2017)
Sunflower seed oil 700 96% α-Toc Szymańska et al. (2017)
Walnut oil 1608 37% γ-Toc Szymańska et al. (2017)
Wheat germ oil 2700 47% α-Toc Szymańska et al. (2017)

Toc, Tocopherol; T3, tocotrienol.
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Examples of rare tocoenols are tocomonoenols, tocodienols, and des-
methyltocotrienols. They are found in seed oils (palm and pumpkin seed
oil), fruits (kiwi fruit), leaves (Kalanchoe daigremontiana, Phaseolus coccineus),
as well as in animals (chum salmon eggs, fish, krill) (Szymańska and Kruk,
2018). Tocomonoenols and tocodienols are supposed to be additional
antioxidants that protect cells against oxidative damage caused by strong
illumination or cold stress (Yamamoto et al., 2001; Kruk et al., 2011).
Desmethyl- and didesmethyl tocotrienols have strong cholesterol-
lowering activity and were more effective in the inhibition of B16 melon-
oma cell proliferation than α-tocopherol (Qureshi et al., 2000).

The biosynthesis and metabolism of PC-8 was revealed recently
(Szymańska and Kruk, 2010a; Kruk et al., 2014) 0-50 years after its dis-
covery (Whittle et al., 1965). Besides PC-8, its hydroxy-derivative was
found in Arabidopsis thaliana leaves (Szymańska and Kruk, 2010b).
Hydroxy-plastochromanol is formed in vitro and in vivo under 1O2

action and can be regarded as a natural indicator of singlet oxygen stress
(Szymańska and Kruk, 2018). Flue-cured tobacco leaves are a source of an
analogue of PC-8 — solanachromene (Rowland, 1958). This compound
has an unsaturated double bond in the heterocyclic ring. Its presence and
function in plant tissues needs to be confirmed and examined (Szymańska
and Kruk, 2018).

α-Tocopherol phosphate is an example of tocochromanol esters,
which was found in a variety of food and plant materials (Gianello et al.,
2005). This water-soluble compound is a strong antioxidant in a hydro-
philic environment. α-Tocopherol phosphate can serve as a signaling
molecule within the cells. Moreover, it extends the use of natural vitamin
E forms in many industrial branches (i.e., cosmetology, pharmacy, or
medicine) (Gianello et al., 2005; Szymańska and Kruk, 2018).

The presented data indicate that the origin, biosynthesis, function, tax-
onomic distribution, and metabolism of uncommon vitamin E forms
deserve intensive study.

4.4 Extraction, separation, and detection methods of
vitamin E

Due to the nutritional importance of vitamin E, many analytical methods
for the extraction and determination of tocochromanols have been devel-
oped. The most time-consuming step in the analysis of vitamin E is the
sample preparation and it is also the main source of errors. Since
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tocopherols and tocotrienols are easily soluble and stable in organic sol-
vents, the solvent extraction is the most widely used method to extract
these compounds from various sources, i.e., plant materials, foods, biologi-
cal fluids and tissues (Gimeno et al., 2000; Zaspel and Csallany, 1983;
Desai, 1984). Depending on the nature of a sample, different solvents are
used to extract vitamin E, but n-hexane is commonly applied (Ryynänen
et al., 2004). Other solvents include, for example, acetone, methanol, eth-
anol, ethyl acetate, isooctane, chloroform, and isopropanol, as well as their
mixtures (Szymańska et al., 2017).

Tocochromanols can be extracted from fresh, dried, or lyophilized
samples. Before extraction, the material is usually mechanically disinte-
grated, that is, cut, milled, ground in a mortar, or homogenized in a
blender (Szymańska et al., 2017). Vortexing, shaking, or sonication is also
applied in order to improve the extractability of vitamin E from the sam-
ple matrix (Saini and Keum, 2016; Rupérez et al., 2001).

In some cases saponification is recommended prior to the extraction of
vitamin E (Quek et al., 2007). This step facilities the disintegration of car-
bohydrates and proteins associated with tocopherols and tocotrienols, and
releases these compounds by disrupting the sample matrix, which
improves their chromatographic separation. Saponification is most fre-
quently performed by heating with KOH, usually in methanol or ethanol
(Rupérez et al., 2001) However, the saponification can result in the partial
degradation of vitamin E compounds as they are relatively unstable in
alkaline conditions and this should be taken into account during extrac-
tion procedures (Ryynänen et al., 2004; Xu, 2008).

Because tocochromanols are easily oxidized when exposed to the air
and heat, it is also important to provide conditions that would protect
vitamin E from degradation during extraction and storage. It is suggested
to analyze the samples directly after preparation or to store them at low
temperature in the dark. During sample preparation, vitamin E can also
be protected by the use of antioxidants, e.g., ascorbic acid, pyrogallol, or
butylated hydroxytoluene, either alone or in combination (Saini and
Keum, 2016).

As a possible alternative to a traditional solvent extraction method,
supercritical fluid or pressurized liquid extraction is also used. These tech-
niques have gained popularity as they provide a shorter extraction time
and a reduction in organic solvent consumption (Irakli et al., 2011).

After sample preparation procedures, the vitamin E compounds can be
separated using various techniques. The method most commonly used for
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the separation of tocochromanols is high-pressure liquid chromatography
(HPLC) with both normal (NP-HPLC) and reverse phase (RP-HPLC)
(Delgado and Borges, 2006).

The separation of vitamin E homologues by NP-HPLC is based on
the absorption in the stationary phase depending on the number of
methyl substituents in the chromanol ring, which determines their polarity
(Delgado and Borges, 2006). In NP-HPLC methods, the silica-based col-
umns are preferred as stationary phases and mobile phases contain n-hex-
ane, together with various organic modifiers, for example, 1,4-dioxane,
tert-butyl methyl ether, diethyl ether, methanol, or isopropanol
(Tsochatzis and Tzimou-Tsitouridou, 2015; Kamal-Eldin et al., 2000).

The normal-phase columns provide the separation of all vitamin E
forms, whereas β- and γ-isomers are not effectively resolved in tradition-
ally used reverse-phase columns. Apart from the possibility to separate
both of these isomers, the advantage of NP-HPLC columns is also the
compatibility with the organic solvents which allows the high solubility
for lipids. In addition, this system tolerates high loads of lipids which are
easy to wash out by nonpolar solvents. Therefore, the NP-HPLC system
is successfully used for the direct analysis of oils and fats (Rupérez et al.,
2001).

The main stationary phase used in RP-HPLC techniques is a C18-
bonded silica column and the mobile phases usually contain methanol,
water, acetonitrile, or isopropanol (Gruszka and Kruk, 2007; Tsochatzis
and Tzimou-Tsitouridou, 2015). In RP-HPLC the separation of vitamin
E compounds occurs according to the saturation of the isoprenoid side
chain. The more saturated homologues have a stronger affinity for the sta-
tionary phase and they are retained longer (Rupérez et al., 2001).

Complete resolution of eight vitamin E compounds has not been
obtained with conventionally used C18 RP-HPLC columns, as the β-
and γ-isomers of tocopherols and tocotrienols are not easily separated.
However, it is possible to separate these compounds with RP-HPLC
using more specific columns, such as pentaflurophenyl (Górnaś et al.,
2014) or C30-bonded silica (Gruszka and Kruk, 2007), which are nowa-
days commercially available. Nevertheless, when the separation of β- and
γ-isomers is not the main aim of analysis, the C18 RP-HPLC systems are
preferred as they have higher column stability, better reproducibility, and
shorter analysis times. Moreover, RP-HPLC solvent systems are more
environmentally friendly than those used in NP-HPLC (Gimeno et al.,
2000). In addition, the RP-HPLC system provide a good separation of
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γ-tocopherol and PC-8, which is difficult to achieve using NP-HPLC, as
these compounds have the same chromanol ring and differ only in the
length of isoprenoid side chain (Szymańska et al., 2017). In some cases
when samples with a more complicated vitamin E composition are ana-
lyzed, the use of both methods can be necessary.

Besides HPLC, the most common method used for the analysis of
vitamin E is gas chromatography. However, the applicability of this tech-
nique is limited due to the necessity of sample derivatization which can
result in the decomposition of vitamin E caused by the high temperature
used in the process (Saini and Keum, 2016). Other techniques, such as
thin-layer chromatography, nanoliquid chromatography, capillary electro-
chromatography, synchronous fluorescence spectroscopy, and Fourier
transform infrared spectroscopy, have been also applied for the determina-
tion of vitamin E (Saini and Keum, 2016; Tsochatzis and Tzimou-
Tsitouridou, 2015).

Detection methods used for the analysis of vitamin E include ultravio-
let (UV), diode or photodiode assay (DAD or PDA), fluorescence, elec-
trochemical (ED), evaporative light-scattering, as well as mass
spectrometry (MS) detection (Irakli et al., 2011; Saini and Keum, 2016).

The absorption spectra of separated tocopherols and tocotrienols are
easily obtained using DAD and UV detectors, however these systems
show poor selectivity and sensitivity. The fluorescence detector is the
most sensitive for the determination of vitamin E compounds due to their
native fluorescence properties and this is the technique used for most of
the biological samples (Saini and Keum, 2016). In fluorescence detection
usually an excitation wavelength at 290 or 295 nm and an emission wave-
length at 330 nm is applied, whereas absorption detection is performed at
292 or 295 nm (Szymańska et al., 2017). The ED, for example, pulse
amperometric or coulometric, is also applied as a sensitive detector for
tocochromanols analysis after HPLC separation, especially for their deter-
mination in blood and serum samples (Moreau and Lampi, 2012).
However, ED is limited to RP-HPLC because the necessary electrolytes
are miscible with aqueous mobile phases (Rupérez et al., 2001). MS is
also used to detect the vitamin E homologues, although its use has not
been significantly extended due to the ionization difficulty of nonpolar
compounds and the high cost of this detection system (Delgado and
Borges, 2006).

The vitamin E analysis procedure used by the authors of this chapter is
based on RP-HPLC separation using a C18 column with a fluorescence
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detector set at an excitation wavelength of 295 nm and an emission wave-
length of 330 nm. To analyze the tocopherols and tocotrienols, acetoni-
trile:methanol:water (72:8:1 v/v) is used with a flow rate of 1.5 mL/min,
whereas to analyze the PC-8, methanol:hexane (340:20 v/v) is used at the
same flow rate (Gruszka and Kruk, 2007; Szymańska and Kruk, 2010b).

4.5 Nutritional value of vitamin E

4.5.1 Vitamin E metabolism in humans
Vitamin E is not synthesized by humans, thus it must be obtained in the
diet. Its absorption strictly depends on lipids uptake. Within the blood
vitamin E is transported in a form of lipoprotein (Fig. 4.5) (Szymańska
et al., 2017). Lipoprotein hydrolysis leads to the release of vitamin E fol-
lowed by its absorption by cells. From all the absorbed vitamin E forms,
only α-tocopherol is preferentially recognized and used. This is due to
the presence of a hepatic 32 kDa α-tocopherol transfer protein (α-TTP)
and tocopherol-associated proteins, which selectively bind α-tocopherol
(Traber and Atkinson, 2007). While α-TTP has a high affinity to natural

Figure 4.5 Potential clinical application of vitamin E in selected diseases.
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α-tocopherol (RRR-α-tocopherol) (100%), the relative affinity for other
vitamin E homologues is as follows: 38% for β-tocopherol, 9% for
γ-tocopherol, 2% for δ-tocopherol, 2% for α-tocopherol acetate, 11%
for SRR-α-tocopherol, 12% for α-tocotrienol, and 9% for Trolox
(water-soluble vitamin E analogue) (Hosomi et al., 1997). In the serum,
the levels of remaining vitamin E forms do not exceed 10% of the
α-tocopherol level (Nakamura and Omaye, 2009). Those non-α-tocoph-
erol forms are also preferably metabolized by the hepatic cytochrome
P450-4F2 and cytochrome P450-3A (Nakamura and Omaye, 2009). The
terminal metabolites of vitamin E homologues are the respective 20-car-
boxyethyl-6-hydroxychromans, which are excreted via urine and bile
(Traber and Atkinson, 2007). It was shown that those metabolites,
together with α-tocopherol oxidation products (α-tocopheryloquinone,
5,6-epoxy-α-tocopheryloquinone, and 2,3-epoxy-α-tocopheryloqui-
none), show biological activity (Grammas et al., 2004; Terentis et al.,
2002; Wu and Croft, 2007; Cornwell et al., 2002).

Vitamin E is an essential micronutrient for humans which determines
beneficial health outcomes. The recommended dietary allowance (RDA)
of vitamin E varies from 3 to 15 mg/day in different countries and
depends on the age of a person. In the United States RDA is 15 mg
α-tocopherol for adults (22.4 IU of the natural forms or 33.3 IU of syn-
thetic forms) (Galli et al., 2017). In recent years the European Food Safety
Authority (EFSA) has recommended replacing RDAs with the Adequate
Intake which is as follows: 13 mg/day for men,11 mg/day for women,
and 5�13 mg/day for infants/children (depending on age) (Galli et al.,
2017). In general, the worldwide intake of vitamin E is low and below
the RDA (Galli et al., 2017). The average plasma concentration of vita-
min E homologues is about 23.2 μM for α-tocopherol, 2.5 μM for
γ-tocopherol, 0.3 μM for δ-tocopherol, and 1 μM for α-tocotrienol
(Hensley et al., 2004). The vitamin E tissue distribution and accumulation
(adipose tissue, 150 μg/g tissue; the adrenal glands, 132 μg/g; kidney,
heart, liver, 7�40 μg/g) point to tissue-specific functions of vitamin E
forms (Szymańska et al., 2017).

4.5.2 Biological function of vitamin E
Vitamin E is a natural, strong antioxidant that protects cell components
against damage caused by ROS. Tocochromanols inhibit lipid peroxida-
tion that can lead to cell membrane, protein, and DNA alterations
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(Traber et al., 2008). Vitamin E homologues are located in cell mem-
branes where they scavenge lipid peroxyl radicals by donating a hydrogen
from the phenolic group of the chromanol ring. It was assumed that
α-tocopherol has the highest antioxidant activity, followed by β-, γ-, and
δ-homologues (Muller et al., 2010). Recent in vitro and in vivo studies
suggest that T3s are more potent antioxidants than tocopherols, mainly
due to their higher hydrophobicity and more efficient interaction with
the lipid peroxyl radicals in membranes (Gruszka et al., 2008). Different
antioxidant activity is also observed between α-, β-, γ-, and
δ-homologues. For example, γ-tocopherol is able to trap electrophiles
such as RNS, whose generation is enhanced during inflammation. This
ability is determined by the homologue structure: γ-tocopherol in contrast
to α-homologue has an unsubstituted 5-position in the chromanol ring
(Fig. 4.1) (Szymańska et al., 2017).

The effect of vitamin E on fertility and tissue and organ development
has been well-documented. Some of these functions have been confirmed
in humans, the others need to be evaluated. An emerging role of vitamin
E is focused on its antioxidant properties. Oxidative stress underlies many
diseases, such as cancer, CVDs, inflammation, and aging. It was shown
that vitamin E plays a crucial role in the prevention as well as the treat-
ment of those disorders, not only as an antioxidant, but also as a modula-
tor of signal transduction and a gene expression regulator (Zingg, 2007).
The review of literature data has indicated that vitamin E has an impact
on numerous diseases (Fig. 4.6). Among them, the most important are:
• Immune system disorders. Immune cells, which are endangered by oxida-

tive stress because of a high PUFA content, as well as ROS-mediated
antimicrobial response during phagocytosis (“oxidative burst”) have a
higher content of vitamin E (Mocchegiani et al., 2014). Moreover, it
was shown that vitamin E deficiency impairs humoral and cell-mediated
immune responses (Peh et al., 2016). It was reported that short vitamin
E intake can improve immune responses, including T-cell proliferation,
delayed-type hypersensitivity response, interleukin-2 production, and
the reduction of prostaglandin E2 synthesis (Meydani et al., 1990).
Vitamin E efficiency is dose-dependent. It has to be noted that high-
dosage vitamin E supplementation must be considered separately
because incautious and high intake may be harmful to the point of mor-
tality (Peh et al., 2016; Szymańska et al., 2017).

• Cardiovascular diseases. Numerous in vitro studies have shown the posi-
tive effects of vitamin E in reducing the risk of cardiovascular disorders
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mainly by (1) a downregulation of the expression of adhesion mole-
cules, (2) the suppression of monocyte/macrophage activation, and (3)
the inhibition of smooth muscle proliferation (Galli et al., 2017;
Mocchegiani et al., 2014). High tocotrienol diet is effective in choles-
terol lowering in humans with hypercholesterolemia—a risk factor for
CVD (Szymańska et al., 2017).

• Cancer. The mechanisms of anticancer vitamin E action encompass (1)
the stimulation of the p53 tumor suppressor gene, (2) the activation of
heat shock proteins, and (3) the inhibition of transforming growth fac-
tor alpha (Szymańska et al., 2017). In vitro experiments have shown
higher inhibition of cancer growth by γ-tocopherol than by the
α-form. γ-Tocopherol was more potent in inducing apoptosis and
cell-death pathways, as well as in the reduction of new blood vessel
formation (Yan et al., 2015). Nowadays, anticancer properties of toco-
trienols are being paid more attention. Studies on human, animal
models, and cell lines have shown better antitumor activity by toco-
trienols than tocopherols (Mocchegiani et al., 2014). In contrast to
in vitro and in vivo findings on vitamin E anticancer activity, the results
obtained from clinical programs are controversial. Several clinical trials
have shown no beneficial effects of vitamin E (HOPE-The Ongoing

Figure 4.6 Vitamin E transport and distribution within the human body. α-TTP,
α-tocopherol transfer protein; HDL, high-density lipoproteins; LDL, low-density lipo-
proteins; LPL, lipoprotein lipase; VLDL, very-low-density lipoproteins.
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Outcomes, WHS trials Alpha-Tocopherol and Beta-Carotene Cancer
Prevention, and SELECT study) (Szymańska et al., 2017).

• Neurodegenerative disorders. It has been observed that vitamin E defi-
ciency increases the risk of dementia and other neurological disorders,
such as Alzheimer disease. Moreover, the supplementation of vitamin
E could reverse the neurologic dysfunction (Aslam et al., 2004; Peh
et al., 2016). In humans the results are contradictory. Some data
strongly indicate that vitamin E protects against neurodegeneration
(Aslam et al., 2004). In contrast several clinical trials showed that vita-
min E has no effect on Alzheimer disease (Szymańska et al., 2017).
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5.1 Introduction

Increasing evidence shows that the trillions of microorganisms (gut micro-
biota) present in the gastrointestinal tract (GIT) of humans and other
mammals play a critical role in both the maintenance of human health
and the pathogenesis of many diseases (Steinert et al., 2016). The gut
microbiota balance the symbiotic relationship with their host species, aid
in biological processes, and aid the host metabolism (Bindels et al., 2017).
The insight to modulate the gut microbiota was proposed more than a
thousand years ago, giving rise to a spectrum of therapeutic tools and the
provision of growth substrates for resident microorganisms (the concept of
prebiotics). Until today, any nondigestible food ingredients or substances
were considered as prebiotics, originally defined in 1995 by Gibson and
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Roberfroid, which could stimulate the growth and/or activity of these
gut residents.

There is, however, an ongoing debate about the strict regulation of
food ingredients which qualify as “true” prebiotics. Prebiotic food
research has also been limited in recent years, following a ruling from the
European regulatory bodies that the labeling of food products with pre-
biotics and their inherent health claims is not recommended. The use of
noncarbohydrate food ingredients to be qualified for prebiotics determines
their application as well as their modulatory effects. The effect of
certain substances in the manner of ameliorating the certain degree of
substances can be utilized. What differentiates the prebiotics from the
nonprebiotics is that prebiotics are selectively utilized by host microorgan-
isms and are not just any substance which can affect the microbiome
(Gibson et al., 2017).

Besides the existing data which prove all nondigestible carbohydrates
to be “true” prebiotics, several noncarbohydrate structures such as poly-
phenols (Duenas et al., 2015; Queipo-Ortuno et al., 2012), minerals
(Chaplin et al., 2016), or vitamins (Steinert et al., 2016; Khan et al.,
2012a,b) that can affect the gut microbiota may qualify as prebiotics. The
compounds such as vitamins, antibiotics, minerals, and bacteriophages
could alter the host microorganisms composition but their acceptability as
prebiotics is still under debate.

The relation between diet and health has resulted in the evolution of
the idea of “functional foods” which is receiving an increased interest due
to many health benefits of certain foods (Thakur et al., 2017a,b,c; Molina
et al., 2012; Pophaly et al., 2018; Bansal et al., 2015). Lately, consumers
are becoming more inclined toward foods that are beyond basic nutrition.
Despite the presence of dairy-based functional foods, the recent inclina-
tion toward dairy alternatives has opened up new avenues for cereals-
based matrices research and development. Particularly in Asian countries,
among the cereal-based foods, soy can be of utmost importance not only
because of its low-cost, high-protein content, and polyunsaturated fatty
acids, but also it can satisfy the lactose-intolerant individuals and can be
considered a good substitute for dairy products (Min et al., 2018). In
recent years it has emerged from its reputation as a “poor man’s meat” to
a value-added food with a promising future in the native food markets
(Molina et al., 2012). Besides the popularity of highly nutritious soy milk
in Asia, it is recognized as an indispensible part of the diet in China’s
health program. Despite the rich history of consumption and the
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increasing annual production in China, soybeans until recently suffered a
severe image problem in many Asian and Western countries (Fig. 5.1).
Soybeans lack the presence of many water-soluble vitamins and off-flavors
are generated due to oxidative rancidity and undesirable microbial fer-
mentation. Moreover, its highly nutritious nature may be suitable for
pathogenic bacteria which may lead to a short shelf (Ma et al., 2017).
Although food scientists have tried to resolve these problems by creating
some new lines of soybeans, it would be of great interest if improved soy
milks could be developed from traditional lines without affecting the
composition and which could meet consumers’ satisfaction. In the light of
existing limitations, the improvement of soy milk-based foods is a hotspot
for in vitro fermentation, fortification, and optimization of physicochemi-
cal and sensory attributes worldwide (Fig. 5.2). Owing to soy milk’s
off-flavors, studies have been initiated on the inhibitory role of gut
fermentation of soybean carbohydrates in order to suppress the formation
of putrefactive compounds (Nakata et al., 2017). The off-flavor com-
pounds have high affinities to soy protein. Therefore the breakdown of
the proteins by fermentation can be the possible alternative. With regards
to fermentation, it has a long history in Asia and the existing traditional

Figure 5.1 Scope for improvement of soy milk with the supplementation of micro-
bial cell factories.
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Figure 5.2 The main research issues in the development of vitamin B2-enriched fermented soy milk.



information can be applied for functional health benefits with a blend of
improvised scientific knowledge. Advanced soy fermentation with food
grade microbial cell factories (producing various metabolites) could result
in better digestibility of soy in the human body by improving the nutri-
tional, consumer, and public health aspects. The versatility of lactic acid
bacteria (LAB) has encouraged researchers to obtain new insights in the
search for novel compounds for the ever-growing competitive functional
food market (Thakur et al., 2016, 2017b; Thakur and Tomar, 2016;
Kumar et al., 2018). LAB serve as microbial cell factories for supplying
(water-soluble) vitamins to human hosts which make them a good choice
for bioprospecting for potent vitamin-producing bacteria (Thakur et al.,
2016, 2017b; Thakur and Tomar, 2016). Additionally, LAB have been
extensively used in fermentation processes since time immemorial.
Therefore these strains have evolved their biosynthetic capability and met-
abolic versatility for the in situ production of metabolites in dairy and
nondairy foods.

5.2 Riboflavin as an essential vitamin

Each B-group vitamin is responsible for regulating the body’s homeostasis.
Vitamin B2 is required in numerous enzymatic reactions and for electron
transfer in biological oxidation�reduction reactions (Thakur et al.,
2017c). Due to various health effects, B2 is recognized as an indispensable
component of cellular metabolism. Additionally, one pioneering report
claimed that it can act as a potent prebiotic candidate as well as a remark-
able antioxidant vehicle (Steinert et al., 2016). Most of the vitamins and
lipids get absorbed in the upper small intestine. What is so far unknown is
whether these vitamins can affect the host physiology via the modulation
of the gut microbiome. Vitamin B2, a water-soluble vitamin, is readily
taken up in the small intestine. It can therefore be assumed that it is
more likely to reach the colon when taken in high doses. The microbial
production of B2 offers a more natural method of increasing vitamin
concentrations in foods based on the de novo biosynthetic capacity of
certain strains (Thakur et al., 2016).

5.3 Riboflavin as a novel prebiotic ingredient?

To date, studies have recognized prebiotics as substrates for the enhance-
ment of probiotic or gut bacteria. “A nondigestible compound that,
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through its metabolism by microorganisms in the gut, modulates the com-
position and/or activity of the gut microbiota, thus conferring a beneficial
physiological effect on the host (Steinert et al., 2016).” According to
Steinert et al. (2017), several plant components, such as polyphenols,
minerals, or vitamins, that can exert beneficial effects through the modula-
tion of the gut microbiota, may qualify as prebiotics in addition to the
acceptance of all nondigestible carbohydrates as “true” prebiotics. The
recent definition of prebiotics proposed by experts of International
Society for Probiotics and Prebiotics emphasized the selective utilization
of the substrate for the stimulation of gut microbiota conferring a health
benefit (Gibson et al., 2017). The vast understanding of host microbiota
and their manifestations has allowed the progress of prebiotic research to
stretch beyond the traditional norms. There have been numerous discus-
sions in recent years to order to improve the understanding of the evolu-
tion of prebiotics compounds and their microbiome-modulating
properties (Fata et al., 2017; Steinert et al., 2016; Bindels et al., 2017;
Khan et al., 2012a,b). Therefore the noncarbohydrate compounds can be
placed into a category in which, although they may not be selectively uti-
lized by host microbiota, they are accepted as microbiome-modulating
substances (Fig. 5.3) (Gibson et al., 2017).

Oligosaccharides, HMOs,
phenolics and phytochemicals,

readily fermentable DF

Vitamins, antibiotics, proteins,
probiotics, and less fermentable DF

Nonprebiotic

Selective
utilization

by gut
inhabitants

Affecting
the gut

microbiome
through

unknown
mechanisms

Prebiotic

Figure 5.3 What separates probiotics and nonprebiotics?
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5.4 Redox-mediated gut modulation by vitamin B2

Vitamin B2 was first placed in the prebiotics category because of the ame-
lioration of the growth of a strict anaerobic beneficial bacterium
Faecalibacterium prausnitzii which comprises 5%�15% of the total number
of bacteria in the human gut (Hold et al., 2003). This particular bacterium
is extremely sensitive to oxidative stress in the colon. Studies have shown
that F. prausnitzii has a special ability to use riboflavin as an extracellular
electron transporter that allows it to tolerate limited amounts of oxygen
(Khan et al., 2012a,b). To emphasize, vitamin B2 intervention not only
increased the levels of F. prausnitzii but the it also affected the other anae-
robes by increasing the Roseburia species, and decreasing Escherichia coli,
indicating an improvement in the redox state which leads to a more
favorable gut environment for host microorganisms (Steinert et al., 2016).

In addition to nondigestible carbohydrates, several noncarbohydrate
structures, such as polyphenols, minerals, or vitamins have also been found
to have a beneficial effect on the modulation of gut microbiota. Besides
the existing data which proves all nondigestible carbohydrates to be
“true” prebiotics, several noncarbohydrate structures, such as polyphenols
(Duenas et al., 2015; Queipo-Ortuno et al., 2012), minerals (Chaplin
et al., 2016), vitamins (Steinert et al., 2016; Khan et al., 2012a,b), omega-
3 polyunsaturated fatty acids (Watson et al., 2017), and yeast fermentate
(Pinheiro et al., 2017), may also qualify as prebiotics. The latter study
reported the initial claims of the prebiotic properties of yeast metabolites
from Saccharomyces cerevisiae. From these above reports, it is clear that in
the future, more and more advancements in prebiotic research and gut
modulation will help the researchers to understand the exact underlying
mechanisms and how they support their prebiotic roles.

To summarize, vitamin B2 exerts its antioxidant mechanism on the
host microbiome by acting as an essential electron transfer shuttle, thereby
reducing the oxygen tension inside the gut and making it suitable for the
growth of gut anaerobes. This mechanism has been proven by a previous
study where vitamin B2 could mediate the electron transfer to oxygen,
thus helping to lower the redox potential (Fig. 5.4). Bacteria do not use
vitamin B2 as a direct substrate for microbial fermentation, however, it
should be noted that vitamin B2 is an essential growth factor for gut inha-
bitants, in addition to its impact on the gut microbiota by changing the
GIT redox state. Even though there is scarce information available on its
increased role in nutritional intervention by supporting human health in
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Figure 5.4 Conversion of reduced vitamin B2 to its oxidized form: a possible mechanism for its antioxidant nature.



relation to F. prausnitzii, this finding may lead to further findings support-
ing the prebiotic potential of vitamin B2 in the future.

5.5 Soya as an ideal substrate for lactic acid bacteria
fermentation

In the Asian countries, various soy products are readily available in the
market, for example, soya milk, tofu, and soy paneer, etc., but there are
few studies on the development of fermented soya milk. Soya milk is the
most commonly used soya-based product consumed in the world, not
only because of its potential health benefits but also because it is an alter-
native for lactose-intolerant individuals, and thus can be considered as a
good substitute for dairy products (Fig. 5.5). Particularly in China, the
consumers’ preference for nondairy fermented drinks (soya milk) over
dairy products is increasing day by day. It is widely accepted that fermen-
tation leads to the better digestibility of soya in the human body by
reducing the phytate, spoilage bacteria, and antinutritive levels, leading to
the better utilization of bioactive compounds by our gut microbes.
Moreover, the putrefactive compounds released from soya proteins can be
reduced due to the conversion of proteins into peptides by starter lactoba-
cilli during the fermentation process. Considering the beneficial effects of
fermentation on soya milk, it is believed that the development of vitamin

Dairy

Low shelf life

Lactose and milkprotein intolerance

High cholesterol
content Improved gut health

Better absorbability
and bioavailability of

nutrients

Rich in dietary fibers
(substrate for

probiotic bacteria)

Nondiary

A
 H

ealthy treat for intestine

Figure 5.5 Paradigm shift from dairy to nondairy fermented foods.
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B2-enriched fermented soya milk could be the most economical and con-
venient strategy to reduce the cost of in situ fortification programs. The
vitamin B2-enriched fermented soy milk will contribute to the modifica-
tion of dietary habits and the diversification of the indigenous foods.
Moreover, the high content of nondigestible oligosaccharides in soyabean
seeds can provide an ideal substrate for LAB fermentation. In order to
develop a healthy food product, the main research issues are the appropri-
ate matrix, the composition and dispensation of substrate, the growth
potential of starters and their stability during processing/storage, and the
sensory and the nutritional values of the final product. From our previous
studies, it is confirmed that riboflavin production is strain specific and not
all the bacteria harbor the biosynthesis genes. There is only one report
which has demonstrated that soy milk fermented with vitamin B2-produc-
ing Lactobacillus plantarum CRL 2130 can revert and prevent ariboflavinosis
in murine models (Valle et al., 2016). There is much scope to study this
particular vitamin in relation to gut modulation.

Due to various health benefits, fermented soya milk can be considered
as potential matrices for vitamin B2 fortification, yet the stability of in
situ-produced riboflavin during the fermentation process is not known. As
known previously, nondairy foods contain heterogeneous food matrices,
which are the major constraints for the survival of probiotic bacteria. We
anticipate that in situ-produced vitamin B2 can also enhance the fermen-
tation process in soya milk and restore the levels of gut inhabitants which
are apparently lowered due to dysbiosis (Fig. 5.6). The putrefactive com-
pounds from soy proteins often lead to off-flavors and affect the overall
acceptability. In the future, the effect of vitamin B2 on the sensory aspect
of soya milk should also be taken into consideration.

5.6 Conclusion and future outlook

The correlation of vitamin B2 with F. prausnitzii has helped researchers to
explore the potential novel function of this vitamin. It should be taken
into consideration further in relation to other gut inhabitants and should
be validated in mice models from a mechanistic point of view. Vitamin
B2, although it does not provide a direct substrate for microbial fermenta-
tion, may beneficially modulate the composition of the gut microbiota by
being metabolized and changing the GIT redox state. To summarize, the
physicochemical, technological, nutritional, and functional properties of
fermented soy milk, as well as the viability of LAB producing various
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Figure 5.6 Manifestation of redox-mediated modulation of the host microbiome through vitamin B2-enriched soya milk intervention.



metabolites in fermented products of nondairy origin, are extremely
important in order to gain a competitive advantage in the world food
market. As long as the relationship between the microbiota composition
and the metabolite production has been fully established, the concept of
prebiotics will continue to advance. With this mindset, the most recent
findings of noncarbohydrate compounds that are yet to be considered as
prebiotics would be helpful as future mandates to improve the conception
for novel prebiotic food ingredients which if missed now can lead to big-
ger gaps in prebiotic research in the future. The prebiotic criteria should
not only revolve around plant-based fibers; there are already reports
emerging about other substances that also confer prebiotic benefits. This
way we can take not only limit the manifestation of prebiotic compounds
digestive health alone but also understanding their role for metabolism,
brain function, and heart health.
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Key facts of vitamin B12

• Even if there are different isoforms of cobalamin (Cbl), cofactor forms
must follow the endocellular process to be engaged by specific enzymes.

• There is no upper intake level for vitamin B12 because its absorption and
retention is limited. Usually the excess vitamin is excreted with urine.

• Only a few microbes can synthesize vitamin B12 but humans can
obtain this vitamin through food, due to the bioaccumulation process.

• With senescence, the elevation of gastric pH reduces the ability to
digest food efficiently. However, the absorption of the crystalline form
of vitamin B12 is not affected.

• Pernicious anemia (PA) is an autoimmune disease that disrupts the
gastric mucosa and leads to the incapacity of vitamin B12 absorption.

• Even if vitamin B12 shortage was identified with anemia symptoms, neu-
rological ones can occur without anemia and in an irreversible manner.

• The complexity of the carrier system is well elucidated by modern
molecular and cellular techniques; however, there are actually inborn
defects that are still unknown.
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Summary points

• Mammals, and so humans, cannot synthesize Cbl.
• Only animal foodstuffs are adequate sources of Cbl.
• If Cbl intake is not sufficient, supplementation is needed.
• Some disease and dysfunction can decrease Cbl absorption.
• Oral Cbl supplementation at a high dosage is as effective as intramus-

cular injection, as well as in the presence of PA.
• Cbl is crucial for energetic metabolism and in cell replication

processes.
• There are only two enzymes that need Cbl for their reactions.
• There is not a gold standard essay for body Cbl status.
• The use of multiple markers can better define Cbl sufficiency than just

blood Cbl concentration.
• A wide pool of transporters and endocellular chaperones ensure effi-

cient absorption and utilization of Cbl, minimizing the absorption of
useless molecules with no vitamin properties.

• A diffuse Cbl deficiency among the population is a source of concern,
in particular among children and pregnant women.

• Among vegetarian people an adequate intake of Cbl can be easily
obtained from supplements.

Definitions of words and terms

Corrin: A corrin is a chemical compound formed by a heterocyclic
structure. It forms the central ring of vitamin B12 where a cobalt atom
is coordinated by four nitrogen atoms, a lateral chain, and a sixth
variable ligand for different isoforms.
Cellular trafficking: Endocellular management of molecules through a
chaperone system that engages specific elements and escorts them to
their cellular fate.
Microbiota: The microbiota is a pool of microorganisms with symbiotic
and commensal relationships among strains. Usually the digestive tracts
of mammals have specific microbiota associated with various districts
with a plethora of functions in food digestion and immunological
mechanisms. Sometimes an alteration of these relationships among strains
and between host and microbiota can develop negative outcomes.
Bioavailability: The bioavailability of a substance takes into account not
only the concentration of it but also some phenomena that alter
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physiological capabilities to absorb it. This may depend on the pres-
ence of other substances or the presence of different mechanisms of
transport.
Pernicious anemia: This is an autoimmune disease that disrupts gastric
parietal cells due to the production of specific antibodies. This phe-
nomenon alters the secretion of gastric substances, such as the intrinsic
factor, a carrier that mediates the absorption of Cbl.
Food-bound malabsorption: The low gastric pH is required for the release
of some vitamins from foodstuffs. With senescence the reduction of
gastric barriers with the rise of pH reduces the ability to cleave Cbl
from food, with a consequent risk of vitamin shortage.
Enterocyte: Enterocyte is a cytotype of the brush border of absorptive
gut epithelia. It is a polarized cell characterized by different membrane
organization between the apical side, that mediates absorption from
gut lumen, and the basolateral side, that mediates the release of sub-
stances to the vessel lumen.
Proton pump inhibitors: They are drugs that target the gastric proton
pump. They are used to reduce the acidity of the stomach to protect
gastric cells in the case of iatrogenic erosion of parietal tissue or in gas-
troesophageal reflux disease.
Small intestinal bacterial overgrowth: This is a pathological translocation of
some strains from large bowel microbiota to the small intestine with
the alteration of physiological digestive functions.
Inflammatory bowel disease: This is a group of correlated degenerative
diseases that affect bowel tissues with digestive and systemic dysfunctions.
Enterohepatic circulation: The enterohepatic circulation consists of a
process of reuptake of some substances that have been excreted with
bile. This phenomenon is very important for the efficient use of some
vitamins like Cbl.
Microcytemia: This is a disruption of normal hematopoiesis that leads to
a low volume of erythrocytes. It depends on an inadequate availability
of iron during the process.

Abbreviations
AdoCbl Adenosylcobalamin
AMN Amnionless protein
Cbl Cobalamin
CNCbl Cyanocobalamin
CNS Central nervous system
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DMB 5,6-Dimethylbenzimidazole
DRI Dietary reference intake
HC Haptocorrin
HCY Homocysteine
HTCII Holotranscobalamin II
IF Intrinsic factor
MCM Methylmalonyl-CoA mutase
MCV Mean corpuscular volume
MetCbl Methylcobalamin
MMA Methylmalonic acid
MMAA Methylmalonic aciduria type A
MMAB Methylmalonic aciduria type B
MMACHC Methylmalonic aciduria type C and homocystinuria
MMADHC Methylmalonic aciduria type D and homocystinuria
MRP1 Multidrug resistance protein 1
MS Methionine synthase
MSR Methionine synthase reductase
OHCbl Hydroxocobalamin
PA Pernicious anemia
TCII Transcobalamin II

6.1 Introduction

Vitamin B12, also called cobalamin (Cbl), is an indispensable molecule
with a very complex structure and an intricate pathway of absorption and
cellular trafficking that requires molecular escort proteins in body fluids
and intracellular chaperones. After the discovery of this vitamin, a lot of
mechanisms were clarified, although to date there are still some aspects
that need to be elucidated.

The biosynthetic pathway of Cbl numbers about 30 steps, but only
some prokaryotes have the required enzyme pool (Martens et al., 2002).
Interestingly this complex biosynthetic capacity is limited to some phyla
that are not necessarily interrelated (Zhang et al., 2009).

Mammals, humans included, are not able to synthesize Cbl but a
highly modulated absorption ability and transport through body fluids pre-
vents any possible shortage even after many years of no intake (Carmel,
2008). Nevertheless, Cbl deficiency can have devastating and sometimes
irreversible complications. So the correct sufficiency must be taken in
account, especially with a reduced intake or compromised absorption.

Cbl is an organometallic factor composed of a tetrapyrrolic corrinic
ring with a cobalt atom coordinated to four equatorial nitrogen atoms.
The molecular scaffold is related to well-known prosthetic groups like the
protoporphylinic ring of eme group of hemoglobin or cytochromes p450
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of the electron transport chain, using the redox state of the metallic atom
to produce conformational changes. The central cobalt atom is bound at
the lower side with a 5,6-dimethylbenzimidazole base (DMB), with
α-axial conformation. DMB is already linked to a lateral chain of the cor-
rinic structure and its conformation seems to be crucial for the interaction
with chaperones and final enzymes that use Cbl as a cofactor. At the
upper side of the cobalt atom, there is the sixth ligand of the cobalt atom
in the β-axial position. There is a variability of this chemical group with
relevant significance in catalytic functions. A methyl group on the β-axial
position forms a methylcobalamin variant of vitamin B12 (MetCbl), while
a 5-deoxyadenosyl group bound to the cobalt atom forms the adenosylco-
balamin isoform (AdoCbl). These two alkylcobalamin isoforms have the
cofactorial function but there are also other isoforms such as hydroxoco-
balamin (OHCbl) with a hydroxyl group or cyanocobalamin (CNCbl)
with a β-axial cyano group. The Cbl structure with more common
β-axial ligands is displayed in Fig. 6.1.

CNCbl was the first isoform characterized by crystallographic techni-
ques and it is currently called vitamin B12. Nowadays we know that it
was an artifact of the extraction procedures, but CNCbl functions in the
bloodstream are still far from being fully elucidated: maybe it is a

Figure 6.1 Cobalamin structure and isoforms.
The structure of Cb with characteristic corrinic ring and with the most common
β-axial ligands that characterize Cbl isoforms.
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by-product of scavenger functions for cyanide. Moreover, it was widely
described a cellular decyanase activity that enabled the utilization of
CNCbl as a vitamin (Kim et al., 2008).

The need for Cbl arose from its ability of reverting hematological signs
of pernicious anemia (PA). Nowadays we know that other B vitamins also
have related interconnected functions and they take part in the metabolic
pathways needed for the cellular replication and the energy production.

6.2 Cobalamin content in food

Because the biosynthetic ability is restricted to a few microorganisms,
mostly anaerobes, humans usually need to take advantage of accumulation
through the trophic chain in order to obtain a sufficient amount of Cbl
from the diet. Ruminants benefit from the microbic biosynthesis of Cbl
during vegetable fermentation by gastric microbiota. Thus ruminants
accumulate more of the vitamin in their tissues than monogastric animals,
such as poultry and pigs (Watanabe, 2007). Moreover, the bioaccumulation
of Cbl in tissues is time-dependent so older cattle display higher concentra-
tions of the vitamin (Williams, 2007). In addition, different cuts show vari-
able concentrations depending on their oxidative or glycolytic metabolism
tendency, as can be seen in Table 6.1. Red fibers type I (slow) have more
mitochondria in the cytosol with a greater oxidative predisposition: on the
one hand, cuts with a prevalence of white fibers type II (fast) have low
concentrations of Cbl because of the glycolytic metabolism; on the other
hand, lean meat has higher vitamin concentrations, due to the water
solubility of Cbl (Ortigues-Marty et al., 2005). Table 6.2 summarizes the
variability of Cbl concentrations among different species.

Cbl in food is usually photo- and thermolabile, so cooking oxidizes
vitamins with the process enhanced in the presence of vitamin C, sulfites,
and iron (Gille and Schmid, 2015).

The bioavailability of Cbl in milk seems to be higher compared to
other animal food sources, despite its reduced concentration (Tucker
et al., 2000). This phenomenon could depend on the vitamin fraction
being bound to specific carriers that enhance absorption. Similarly to
other food sources, thermal processing and storage in an oxidative envi-
ronment decrease vitamin retention in milk (Gille and Schmid, 2015).
During fermentation food processing some strains that are used for yogurt
production (Streptococcus thermophilus and Lactobacillus bulgaricus) compete
with Cbl utilization, thus reducing the final content (Arkbåge et al.,
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2003). However, some strains could be used in biotechnological produc-
tion to improve Cbl retention in fermented products, and also plant-based
products (Gu et al., 2015). In cheese production, the removal of the aque-
ous phase of whey decreases Cbl content in the final products (Arkbåge
et al., 2003).

Table 6.1 Variability of cobalamin (Cbl) (μg) concentration among cuts in different
species.

Beef Lamb

Brisket 2.25 Foreshank 2.34
Rib eye steak 1.73 Leg 2.50
Shoulder top blade steak 4.33 Loin 2.04
Sirloin cap steak 2.64 Rib 2.09
Tenderloin 3.47 Shoulder 2.53

Pork Turkey

Leg (ham) 0.63 Breast 0.42
Shoulder 0.74 Leg 0.39
Sirloin 0.56 Wing 0.39
Spareribs 0.38
Tenderloin 0.52

Chicken Veal

Back 0.25 Leg (top round) 1.04
Breast 0.34 Loin 2.46
Drumstick 0.53 Rib 1.29
Leg 0.56 Shank 1.89
Thigh 0.62 Shoulder 1.67
Wing 0.25 Sirloin 1.27

Variability of Cbl concentrations in meat depends on species and cuts. Selected cuts (raw) from
different species form US Department of Agriculture database are displayed.

Table 6.2 Mean and range of cobalamin (Cbl) concentration (μg) from different
foods.

Beef Pork Chicken Lamb Turkey Veal

Mean 2.66 0.56 0.42 2.3 0.4 1.6
Range 1.73�4.33 0.38�0.74 0.25�0.62 2.04�2.53 0.39�0.42 1.04�2.46

The table summarizes means and range of Cbl concentrations of items from Table 6.1.
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The highest source of Cbl is the liver, followed by the red meat of
ruminants (Gille and Schmid, 2015). However, there is a reverse correla-
tion between the concentration in food and bioavailability (Matte et al.,
2012). The best way to absorb the highest fraction of Cbl is to spread dis-
crete intakes of vitamin through the day to avoid the saturation of the
absorption system (Allen, 2010).

Although there are official tables about Cbl contents in foods, there
could be a wide variability among samples and among detection techni-
ques used to quantify Cbl concentration. Different techniques have vari-
able sensibilities to active and inactive vitamin forms (microbiological,
HPLC, or radioisotope) (Gille and Schmid, 2015). Moreover, detailed US
Department of Agriculture tables refer to Retail Cuts that could vary
from European ones.

Microalgae are inadequate sources of Cbl because of the presence of
recurrent inactive analogues (Watanabe, 2007). Inactive corrinoids are not
useful for vitamin function and could also block chaperones that transport
Cbl, so they cannot be available for active vitamin transport. Some plant
foods could show small amounts of Cbl, due to an associated biofilm such
as occurs for seaweed or fermented food like tempeh (Watanabe, 2007).
Nevertheless, they cannot be considered reliable sources of Cbl because of
a missed standardization of products; microorganisms able to perform the
biosynthesis of the vitamin could not be represented in the starter pool.
Currently, the dietary reference intake (DRI) for Cbl for the general pop-
ulation is 2.4 μg/day (Institute of Medicine, 1998). This requires a normal
physiological absorption ability. Moreover, this quantity does not take
into account the need of a single ingestion intake, such as in the case of
supplementation in the vegetarian diet in the absence of other sources of
Cbl or fortified foods. In a single ingestion, the limit of absorption
depends on the saturation of transport system, which is capable of binding
only 1.5�2 μg (Allen, 2010).

6.3 Absorption and transport through the body

A complex system of carriers escorts Cbl through extracellular fluids from
the oral cavity to the final cellular site of utilization. These carriers have
high affinity for Cbl but with different specificities that represent the piv-
otal characteristics of the transport system. Indeed it allows a selection of
active molecules, avoiding the absorption of inadequate ones that could
show antivitaminic effects.
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Except when Cbl is taken as a supplement or by fortified foods (called
the crystalline form), it can be found in the cofactorial (MetCbl and
AdoCbl) form bound to food proteins or in the dissociated form after
cooking or other processing (OHCbl).

The oral mucosa secretes the first carrier R-protein (transcobalamin I).
This molecule binds Cbl after gastric dissociation from food. This protein
protects Cbl from gastric acidity thanks to a glycosylated structure that is
resistant to low pH (Hygum et al., 2011). This carrier has been found in
various body fluids such as breast milk and plasma (Morkbak et al., 2007).
With the progression to the duodenum, pancreatic proteases promote
R-protein degradation with the release of Cbl that is promptly bonded to
the second carrier secreted by gastric parietal cells: intrinsic factor (IF) or
Castle factor. Also this protein protects the vitamin from enzymatic diges-
tion, a theory that it is supported by the presence of a lot of glycosylation
sites in the amino acid sequence (Gordon et al., 1991). In this scenario,
different carriers have variable specificity: R-binder is a massive ligand
with low specificity that binds also inactive nonvitamin corrinoids, such as
a cobinamide that has lost a DMB group; despite IF being secreted in
limited quantities, it has a high specificity for vitamin forms with intact
DMB groups (Quadros, 2010). The rapid turnover of IF allows the regen-
eration of the most critical carriers to avoid the persistence of blocked
forms by inactive corrinoids. In the terminal ileum, the IF�Cbl complex
is internalized by the cubam receptor complex with a receptor-mediated
endocytosis process, which is very specific for IF�Cbl, on the luminal
side of a polarized enterocyte (Birn et al., 1997).

The cubam complex is located on the brush border of enterocytes and
it is composed of a transmembrane domain formed by the amnionless
protein (AMN) of 48 kDa that drives internalization, and an extrinsic
protein of 460 kDa called cubilin that binds the IF�Cbl complex. Both
proteins of the cubam complex are expressed also on the apical membrane
of the proximal tubule cells of the kidney and on the visceral side of the
yolk sac (Sahali et al., 1988).

After endocytosis, IF is degraded in the lysosome and Cbl crosses the
intracellular lysosomial membrane with the help of LMBRD1, a trans-
membrane protein of 61 kDa (Rutsch et al., 2009). A schematic represen-
tation of the absorption process of Cbl is displayed in Fig. 6.2.

In the cytoplasm, Cbl follows cellular utilization or the release from
the basolateral side of the enterocyte before entering the blood flow. The
gateway for Cbl into the body fluids after digestion is thought to be the
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multispecific membrane transporter of 190 kDa called multidrug resistance
protein 1 (MRP1) (Beedholm-Ebsen et al., 2010). However, the presence
of another transporter not yet described or passive diffusion of Cbl in its
free form could be possible (Deeley et al., 2006). The mechanism is not
well understood, but it is known that Cbl is yielded to the blood carriers
transcobalamin II (TCII) and haptocorrin (HC). As occurs for the trans-
porter couple R-binder/IF, these two proteins also have different affinities
for the vitamin with a selective significance. TCII is secreted by vascular
endothelial cells and binds Cbl with high selectivity to form a complex
called holotranscobalamin II (HTCII), which is the circulating bioavailable
fraction of the vitamin (Quadros et al., 1989). The remaining Cbl, about
80% of the total blood vitamin, is bound to HC (Seetharam and
Yammani, 2003). The function of HC is not well understood, but in light
of its low selectivity compared to TCII, it is proposed to have a role in
the removal of damaged vitamin molecules or has a vitamin reservoir
function (Kanazawa et al., 1983). In fact a reverse transport to the liver is
thought because HC receptors are characterized only on hepatocytes’
membranes (Mørkbak et al., 2006). However, active molecules captured
by reverse transport could be recovered by enterohepatic circulation.

Figure 6.2 Cobalamin uptake.
The absorption process of Cbl from the oral cavity to cellular uptake is displayed.
Modified from Servier Medical Art database by Servier (Creative Commons 3.0).
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Some microbe strains of gut microbiota are able to biosynthesize Cbl.
However, in human feces Cbl is found mostly in the inactive form. Even
if the active vitamin could be present in the gut after biosynthesis by
symbiotic bacteria, the terminal tract of the bowel is far from the site of
IF-mediated absorption. This means that the excess Cbl not bound to IF
is lost with the progression to the distal tract of the gut and this phenome-
non minimizes acute toxicity events in the case of a higher intake through
food or supplements.

Cbl is a water-soluble vitamin, so the excess absorbed is then excreted
with urine. There is a reuptake system in the proximal tubule of the
kidney that recovers the vitamin through a 600 kDa protein called
megalin or low-density lipoprotein receptor-related protein 2. Cbl can
follow the cellular storage or bloodstream restitution. It was proposed that
there is an interaction with the cubam complex coexpressed in this kidney
cytotype. Megalin has high specificity for HTCII that justifies its role in
the selection of active forms from urine (Nielsen et al., 2012).

The sophisticated uptake�reuptake process of Cbl allows an efficient
economy of vitamin, so if there is a low intake the clinical signs of defi-
ciency need many years to become overt. However, in the case of rapid
utilization (such as in infancy or pregnancy) or when absorptive capacity is
limited, the manifestation of the shortage speeds up.

The method of delivery to the central nervous system (CNS) is largely
unknown, even if the neurological effects of Cbl deficiency have been
widely explored.

6.4 Cellular trafficking and metabolism

Cbl enters peripheral cells via a receptor-mediated endocytosis process that
involves a 58 kDa protein called CD320 or TCb1R, which belongs to the
same receptor family as megalin and the LDL receptor (Quadros and
Sequeira, 2013). CD320 is modulated by cellular proliferative signals that
suggest the importance of Cbl in cellular replication (Amagasaki et al.,
1990). In the lysosome, TCII is degraded and the receptor is recycled to
the membrane to make it available again to bind a new Cbl molecule.
Leaving the intracellular organelle, Cbl enters the cytoplasm to follow the
cellular trafficking that adopts an articulated system of chaperones to deliver
activated vitamin cofactor to the final molecular targets. In recent decades
the understanding of this pathway has had progressed rapidly due to new
molecular techniques that use cell cultures of fibroblasts. Rare inborn
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mutations of genetic loci encoding for cellular chaperones of Cbl gave the
opportunity to understand the multistep pathway from internalization to
utilization.

The passage through the lysosomal membrane is mediated by
LMBRD1 and ABCD4 proteins, products of genetic loci cblF and cblJ,
respectively (Coelho et al., 2012). Within the cytoplasm, Cbl is promptly
engaged by the first cytosolic chaperone MMACHC (methylmalonic
aciduria type C and homocystinuria), a product of the cblC locus. This
molecule is capable of carrying out the dealkylation of alkylcobalamins
MetCbl and AdoCbl, mediating also the decyanation of CNCbl. This
wide specificity of MMACHC for Cbl with different β-axial ligands high-
lights the pivotal role of this chaperone molecule (Kim et al., 2008). In
detail, this protein uses a glutathione molecule for the dealkylation reac-
tion while it needs a reduced flavin molecule for decyanation (Kim et al.,
2008, 2009). Cbl in its provitaminic form (without an upper ligand) can
follow the cytosolic pathway acquiring a methyl group, or the mitochon-
drial pathway where it will be transformed into AdoCbl. In the cytoplasm
the OHCbl is engaged by MMADHC (methylmalonic aciduria type D
and homocystinuria), a product of the cblD locus. This protein escorts the
provitamin to methionine synthase reductase (MSR), a product of the
cblE locus, which is the enzyme responsible for MetCbl formation
(Coelho et al., 2008). MSR interacts with methionine synthase (MS), a
product of the cblG locus, which catalyzes the transfer of a methyl group
from N5-methyltetrahydrofolate to a homocysteine (HCY) molecule. MS
is one of the two final molecular targets for the Cbl utilization currently
known in mammals (Matthews et al., 2008). The catalytic reaction con-
sists of two steps, during which methionine and Cbl(CoI) are generated as
reaction intermediates. In a second step, the MetCbl is regenerated with
the transformation of N5-methyltetrahydrofolate to tetrahydrofolate. Cbl
(CoI) is one of the most reactive compounds currently known and this is
why it is called a “supernucleophile” (Schrauzer and Deutsch, 1969). The
role of MSR is to intercept molecules of Cbl occasionally oxidated to Cbl
(CoII) in order to catalyze their reactivation through reductive methyla-
tion, using S-adenosylmethionine as a methyl group donor and NADPH
as an electron donor. The methyl transfer is an exothermic reaction and
drives the unfavorable coupled reduction (Banerjee et al., 1990).

The access to the mitochondrion could be mediated by a not yet char-
acterized transporter, although passive diffusion from cytoplasm to mito-
chondrial trafficking machinery is not excluded. In the mitochondrial
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matrix, the provitamin without an upper ligand is engaged by MMAB
(methylmalonic aciduria type B), the ATP-dependent Cbl adenosyltransfer-
ase that is the product of the cblB locus, and that catalyzes the formation of
AdoCbl (Leal et al., 2003). MMAB transfers AdoCbl to methylmalonyl-
CoA mutase (MCM), the protein product of the mut locus, that is the final
mitochondrial molecular target of coenzyme Cbl, one of the only two Cbl
utilizer proteins known, together with the aforementioned cytosolic MS.

There is another mitochondrial protein involved in the Cbl pathway.
Methylmalonic aciduria type A (MMAA) is the product of the cblA locus
and has the role of maintaining Cbl in the AdoCbl active form for the
catalytic cycle (Froese and Gravel, 2010). MMAA is a GTPase with the
function of expelling Cbl(CoII) from the active site of MCM. This hap-
pens when occasionally 50-deoxyadenosine groups escape from Cbl during
the catalytic cycle, by blocking the enzyme (Padovani and Banerjee,
2009). Schematic cellular trafficking of Cbl is displayed in Fig. 6.3.
Table 6.3 summarizes proteins involved in Cbl transport, trafficking, and
metabolism.

Figure 6.3 Cellular trafficking.
After the cellular uptake of Cbl, a complex pool of chaperones escorts the vitamin to
the final enzymes. During these pathways, Cbl is deprived form β-axial ligand and
equipped with specific residue to obtain vitamin isoforms. Modified from Servier
Medical Art database by Servier (Creative Commons 3.0).
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Table 6.3 Proteins (and their loci) involved in cobalamin (Cbl) homeostasis and
trafficking.

Protein Locus Function Location

R-protein Binds free Cbl Oral cavity and
stomach

Intrinsic factor Binds Cbl released from food Small intestine
AMN AMN Mediates Cbl-IF

internalization (cubam
complex)

Enterocyte of the
terminal ileum,
apical side

Cubilin CUMN Binds Cbl-IF for the
internalization (cubam
complex)

Enterocyte of the
terminal ileum,
apical side

MRP1 Mediates the enter into blood
flow

Enterocyte,
basolateral side

Transcobalamin
II

Transports Cbl through blood
flow

Blood

Haptocorrin Binds Cbl in blood, maybe for
an inverse transport to liver

Blood

CD320 Binds Cbl-TCII and mediates
its internalization

Peripheral cell
membrane

Megalin Mediates kidney reabsorption Cell of renal
proximal
tubule, apical
side

MMAA cblA Mediates adenosilation of Cbl Mitochondrion
MMAB cblB Catalyzes adenosilation of Cbl Mitochondrion
MMACHC cblC Catalyzes the decyaniation or

dealkylation of Cbl
Cytosol

MMADHC cblD Routes Cbl to the intracellular
destiny (mitochondrion or
cytosol)

Cytosol

MSR cblE Catalyzes methylation of Cbl Cytosol
LMBRD1 cblF Escorts Cbl for exit the

lysosome (in a complex
with ABCD4)

Lysosomal
membrane

MS cblG Catalyzes methylation of
homocysteine using Cbl as
cofactor

Cytosol

ABCD4 cblJ Escorts Cbl for exit the
lysosome (in a complex
with LMBRD1)

Lysosomal
membrane

MCM mut Synthesizes succinyl-CoA
form methylmalonyl-CoA
using Cbl as cofactor

Mitochondrion

Function and tissue location of factors involved in absorption, trafficking, and metabolism of Cbl.
Complementation loci are also displayed.
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MS has a pivotal role in methyl transfer reactions so it is crucial for
nucleic acids synthesis. If one of the cofactors of the enzyme pool (includ-
ing Cbl) is missing, the metabolic cycle is blocked by the accumulation of
by-products of reactions such as HCY.

MCM is an enzyme of odd-chain fatty acids degradation. It is involved
also in metabolic pathways of branched-chain amino acids and cholesterol.
It catalyzes the conversion of methylmalonyl-CoA into succinyl-CoA,
which can enter the Krebs cycle for catabolic utilization. The Krebs cycle
accepts only two-carbon molecules so odd-chain fatty acids could not be
completely catabolized without this pathway involving the Cbl cofactor.
In the absence of AdoCbl, there is an accumulation of methylmalonic
acid (MMA) as a by-product.

The central cobalt atom of Cbl structure can exist in three oxidative
states (III), (II), and (I), that allow different coordination ligands: six, five,
and four, respectively. The conformational state of Cbl is crucial for
engagement to chaperones and for adequate intracellular trafficking. In
fact in physiological conditions, the DMB group is coordinated to cobalt.
This conformation is called “base-on” and protects the molecule from
spurious reactivity. The protonation of DMB at low pH allows a change
in conformation from “base-on” to “base-off.” However, there is another
conformational state in which Cbl is bound to a target protein with a
“base-off/his-on” in which a histidine residue of the client protein (MS or
MCM) is linked to a cobalt atom. This conformation enables the ready
utilization of the cofactor in a catalytic process by controlling at the same
time its reactivity (Banerjee, 2006). The lability of the β-axial coordination
bond is pivotal for cofactor reactivity and the upper ligand shows different
bond dissociation energies (Gherasim et al., 2013). IF and TCII bind Cbl
only in the base-on conformation, while intracellular carriers MMAB and
MMACHC bind vitamin in the base-off conformation, probably because
of a higher reactivity of the β-axial position (Gherasim et al., 2013).

6.5 Cobalamin shortage and deficiency processes

If there are animal foods in the diet, the Cbl requirement is easily granted
by physiological mechanisms (Allen, 2008). Unfortunately DRI does not
take into account the variability in bioavailability of the vitamin in different
foods, impairments in absorption capability, increased needs in shortage
situations, and the net absorption in the case of a single-dose intake (Allen,
2009). Intakes far above the DRI show improvements in blood markers
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with better outcomes among older adults (Dullemeijer et al., 2013). Apart
from the shortages in the case of inborn defects on loci encoding transpor-
ters and chaperone proteins, there is a diffused deficiency state among the
population that depends on malnutrition or a vegetarian diet without cor-
rect planning and supplementation. Cbl deficiency is typical of low-income
countries and among elderly people worldwide because of absorption dis-
turbances (Dali-Youcef and Andrès, 2009; McLean et al., 2008). There are
also some clues that a global vitamin insufficiency has an impact on child-
hood and among women at reproductive age (Allen, 2009). During preg-
nancy and breastfeeding the transfer of Cbl to the fetus and the infant is
crucial, and when the offspring is female it could establish a transgenera-
tional deficiency which self-implements over time. The massive utilization
of Cbl for cellular replication processes rapidly decreases vitamin deposits in
the case of an inadequate intake (Green et al., 2017). Vitamin requirements
are still important in infancy and adolescence and the shortage in these ages
is a source of concern (de Benoist, 2008).

Even if PA, a historical pathology of Cbl deficiency, manifests with
hematological and neurological signs, often the former could be absent
and only CNS dysfunctions could appear during severe shortage
(Lindenbaum et al., 1988). Neurological mechanisms need to be better
understood but the role of Cbl is suggested by hyperhomocysteinemia
involvement in neurotoxic pathways (Fuso and Scarpa, 2011).

The coexistence of Cbl deficiency and dementia with high frequency
in senescence suggests multiple mechanisms of correlation between these
two phenomena. The most harmful neurological effect of vitamin short-
age is characterized by the demyelination of central and peripheral nerves,
mostly irreversibly (Stabler, 2013).

Even if there are commercial isoforms of Cbl with different upper
axial ligands, the most used form for fortification and supplement formula-
tion is the crystal one (CNCbl), because of its safety and cheapness.
Moreover, this provitaminic isoform has a good stability compared to the
thermal- and photolability of alkylcobalamins that easily lose the DMB
group because of the weak cobalt�carbon bond (Waddington and Finke,
1993). There is no advantage in using alkylcobalamins in place of CNCbl
because, as already described above, the decyanation reaction is efficiently
carried out by intracellular enzymatic machinery. The CblC complemen-
tation group of inborn errors is responsive only to OHCbl because of the
inability of decyanation or dealkylation of the Cbl consumed (Andersson
and Shapira, 1998).
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The shortage of Cbl is more frequent in low-income countries, mostly
due to insufficient nutrition or microbial infections (Yajnik et al., 2006).
Vegetarians who do not take Cbl supplements or consume fortified foods
show deficiency states with variable severity (Rizzo et al., 2016).

The American Institute of Medicine suggests supplementation with
crystal Cbl in older people, because of an impaired absorptive functional-
ity typical of this age, and define a vitamin bioavailability of about 50% in
supplements (Institute of Medicine, 1998). Usually, these absorption issues
depend on low gastric acidity that causes a food-bound malabsorption
with the inability to dissociate Cbl from food proteins but without
involving an IF dysfunction. The preserved IF activity allows a responsive-
ness to a physiological dosage of Cbl in a crystal form via the oral route.

Over 80 years old, the prevalence of Cbl deficiency can reach 23%�
25% (Johnson et al., 2010).

In the case of PA, Cbl hypovitaminosis is caused by anti-IF or antipar-
ietal antibodies that disrupt receptor-mediated endocytosis. This pathology
can affect all ages but it is more frequent after 65 years old (Carmel,
1996). This clinical picture is coherent with the inability of the physiolog-
ical oral intake of Cbl to grant the vitamin requirement.

Megadoses of oral Cbl can be still absorbed even with PA, due to pas-
sive diffusion of Cbl at very high dosage that concerns 1% of total amount
taken in a single dose (Berlin et al., 1968). Oral treatment has advantages
for compliance for patients and for logistical aspects compared to treat-
ment with injections that often requires the involvement of professional
care. Currently, there is no defined tolerable upper intake level for Cbl
(Tucker et al., 2000).

Small intestinal bacterial overgrowth or other infections (Helicobacter
pylori, Giardia lamblia, malaria, or tuberculosis) could promote deficiency
through competition with vitamin absorption by microbes. Usually treat-
ments for infection eradication resolve the shortage (Premkumar et al.,
2012).

Ileal or gastric resections favor the establishment of clinically evident
Cbl deficiency with a spectrum resembling food-bound malabsorption to
PA because of reduced absorption, secretive alteration, or disturbance of
enterohepatic circulation.

Celiac disease and inflammatory bowel disease can influence absorp-
tion processes, especially in the acute phase. Also alcoholism and pro-
longed pharmacological treatments could interfere with various steps of
Cbl absorption. Proton pump inhibitors attenuate the gastric acidity
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needed for the release of the vitamin from food and the following
engagement by IF, while metformin interferes with Cbl internalization by
sequestering calcium that is needed for endocytic cubam receptor process
(Bauman et al., 2000). Cholestyramine, colchicine, and some antibiotics
can block IF (Green et al., 2017).

Currently, there is no consensus or gold standard for adequate markers
of Cbl deficiency. Taking into account that total blood Cbl concentration
cannot discriminate between the active and inactive vitamin (bound to
HC for reverse transport), low�normal blood concentrations are not pre-
ventive for Cbl shortage. Moreover, some hepatic and myeloproliferative
diseases can raise blood HC (Arendt and Nexo, 2013). So in the process
of evaluation for Cbl adequacy it could be helpful to verify normal
hepatic functionality. Occasionally blood concentrations of Cbl show
normal levels in diagnosed PA (Carmel and Agrawal, 2012). To better
understand the vitamin status, it could be useful to measure HTCII, the
only available form for cellular uptake (Nexo and Hoffmann-Lücke,
2011). However, total Cbl and HTCII are not adequate as markers for
follow-up improvements during treatments because of their rapid rise after
Cbl injection (Carmel, 2008). There are also functional markers, namely
HCY and MMA, that are useful to verify cellular sufficiency (Green,
1995). Both markers can rise in the case of renal insufficiency, so an inter-
pretation of their blood levels could be puzzling in older age (Loikas
et al., 2007). Moreover, HCY increases also in the case of the shortage of
other B vitamins, such as folate (vitamin B9) and pyridoxine (vitamin B6).
Conversely, in the case of small intestinal bacterial overgrowth there is an
increase of MMA in blood flow that can confuse the diagnosis. The
increase in MMA may depend on bacterial propionate production
captured by a portal system that acts as an MMA precursor (Leonard,
1997). Translocation of microbes to the upper intestinal tract can compete
with Cbl utilization and produce inactive corrinoids that could distort
blood Cbl detection by hiding a shortage below a normal apparent
concentration (Degnan et al., 2014). Cbl heterotrophic utilization can
take place in blind loop syndrome after the creation of surgical anastomo-
sis. An increase of propionate also could derive from odd-chain fatty acids
degradation from milk, thus affecting the utility of this marker in nursling
infants (Monsen et al., 2003).

Even if not so specific there are other useful hematic markers in the
case of Cbl shortage, because of the influence of this vitamin in cell
replication. Mean corpuscular volume (MCV) is one of the signs of
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macrocytic anemia in the case of hematopoiesis disturbance (Stabler,
2013). However, iron deficiency anemia causes microcytemia so it can
mask this marker utility. Cbl deficiency can also disturb hematopoiesis of
leukocytes by causing hypersegmented neutrophils. The progression of
the shortage causes pancytopenia.

Using various blood markers may have enhanced the comprehension
of metabolic pathways that use Cbl for a better prevention of a deficit
by identifying the transition from subclinical to shortage conditions
(Green et al., 2017). Nevertheless, from another point of view, these tools
can cause overdiagnosis and overprescription, in some cases without any
clinical relevance (Carmel and Sarrai, 2006).

Herbert proposed the use of multiple markers to define a staging of Cbl
deficiency in vegetarians (Herbert, 1994). Even if there are different cutoff
values depending on diagnostic method used or clinical reference method,
Herrmann proposed a particularly higher threshold for total blood Cbl to
define deficiency among vegetarians (Herrmann and Geisel, 2002).

Underestimating deficiency without an adequate program of treatment
can lead to serious dysfunctions such as megaloblastic anemia and neuro-
logical disorders that can cause death.

There is a good characterization of inherited genetic defects of cellular
trafficking but there is still 15%�20% of malabsorption caused by
unknown recessive inborn errors that needs to be clarified by the charac-
terization of other pivotal proteins (Shah et al., 2011).

6.6 How other vitamins are affected or behave

The B vitamins are a group of water-soluble vitamins not necessarily
linked by structure homology but with interconnected metabolic func-
tions in catabolic and anabolic pathways, in particular regarding one-
carbon metabolism (Kennedy, 2016).

Even if the involvement of Cbl, folate, and pyridoxine in the HCY
cycle is widely known and explored, the contribution of other B vitamins
is often underestimated. For example, riboflavin (vitamin B2) is the coen-
zyme of methyltetrahydrofolate reductase, while niacin (vitamin B3) is
converted to NAD and used as a cofactor for dihydrofolate reductase and
S-adenosylhomocysteine hydrolase. Moreover, while interconnection
among Cbl and folate in dementia has been highlighted (Reynolds,
2006), niacin also seems to have a role in Parkinson disease (Wakade
et al., 2015).
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Treatments with a pool of B vitamins seem to better improve HCY
status than the use of just a single vitamin (Haskell et al., 2010).

The interplay between Cbl and folate is still debated. The folate trap is
a phenomenon in which an elevation of serum folate depends on an
HCY blockage because of Cbl shortage. Folate accumulates in the
methyltetrahydrofolate form without the chance of a methyl transfer
(Reynolds, 2006). In this case the high blood folate does not ensure reple-
tion of peripheral cell deposits.

The rise of HCY in high-income countries often reflects a low folate
status (Monsen et al., 2003). In countries with mandatory fortification
program of flours with folate, HCY better reflects Cbl status (Green and
Miller, 2005).

Cbl and folate have other interactions that are still unknown, such as
the effect of folate supplementation when there is a Cbl deficiency. There
is a higher risk of anemia and cognitive impairment in patients with low
blood concentration of Cbl and high concentration of folate than in
patients with low Cbl but normal folate (Morris et al., 2007). Moreover, a
high intake of folate can mask early hematic signs of a Cbl shortage (MCV
and hypersegmented neutrophils), delaying the diagnosis and increasing the
risk of neurological damage and therefore of possible irreversible damage
(Campbell, 1996). There are some clues suggested with the worsening
neurological status in patients with a Cbl shortage after the intake of folate
supplements, even with hematological improvement (Brito et al., 2016).
These aspects need to be clarified carefully, taking into account that some
countries have a fortification policy to prevent congenital malformation but
that can cause uncontrolled vitamin intakes. This phenomenon could
confuse the differential diagnosis and even worsen some medical aspects.
Epidemiological and clinical trial studies focused on a subgroup of B
vitamins are still needed, but some clues suggest a wider interdependence
among B vitamins and there is the possibility that a more concerted
approach to vitamin deficiency could be useful (Kennedy, 2016).
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CHAPTER 7

Nutrigenomic aspects of dietary
pyridoxine (vitamin B6) and
selenium interaction and their
implications in reproduction
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Key facts of transmethylation and transsulfuration in
embryos and the impact of vitamin B6 to the interplay
between them

• Vitamin B6 (B6) participates as a cofactor in a series of essential
enzymes for amino acids metabolism.

• Methionine is a remarkable amino acid contributing to protein mass
and the synthesis of homocysteine.

• Homocysteine connects two major metabolisms, the one-carbon
metabolism and the antioxidative system.
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• The remethylation of homocysteine generates S-adenosyl methionine,
an important contributor for the one-carbon metabolism and that
performs crucial functions in genetic stability.

• Mammals metabolize sulfur and selenomethionine interchangeably.
Consequently B6-dependent enzymes catalyze the transsulfuration of
selenohomocysteine to selenocysteine and further into selenoproteins.

• Selenoproteins have remarkable actions on antioxidant defense during
embryo development.

• The influence of dietary B6 on those metabolisms is especially impor-
tant in early gestation because the transsulfuration pathway is not fully
functional in embryos.

• The immature embryonic transsulfuration pathway implies the possible
existence of alternative routes for the transfer of maternal selenium to
preimplantation embryos for the synthesis of selenoproteins.

• Redox alterations brought by the placentation process makes this
scenario even more complex.

Summary points

• Vitamin B6 (B6) is essential in reproduction, and acts on redox
reactions through the synthesis of antioxidants.

• In mammals, the metabolism of sulfur- and selenoamino acids
metabolism is similar.

• B6 modulates the fate of sulfur- and selenohomocysteine between
transsulfuration and transmethylation pathways, especially under high
oxidative states.

• Ovulation generates oxidative molecules that may impair ovarian
functions and early embryo development.

• After placentation the greater embryo oxygen tension may increase
oxidative pressure and embryo losses.

• Excessive metabolic oxidation stimulates transsulfuration in preference
to remethylation, but in embryos this pathway is not fully functional.

• Understanding the interactions between these two pathways is essential
to improve embryo development.

Abbreviations
B6 vitamin B6

CBS cystathionine β-synthase

132 Molecular Nutrition



CGL cystathionine γ-lyase
GSH glutathione
MTR methionine synthase
SAM S-adenosylmethionine
SCLY selenocysteine lyase
Se selenium
THF tetrahydrofolate

7.1 Introduction

Vitamin B6 (B6) participates as a cofactor in a series of enzymes catalyzing
transamination, decarboxylation, and elimination/replacement reactions
and therefore is essential for the metabolism of amino acids. Among the
various amino acids the metabolism of methionine is remarkably impor-
tant because, besides contributing to the protein mass, it is the substrate
for the synthesis of the key metabolite homocysteine, which connects two
major metabolic systems, the one-carbon metabolism and the antioxida-
tive system (Dalto and Matte, 2017).

Methionine is first activated by adenosine triphosphate synthesizing
the methyl donor S-adenosylmethionine (SAM) (Mudd and Cantoni,
1958). After donating its methyl group, SAM produces S-adenosylhomo-
cysteine and further homocysteine (Ulrey et al., 2005). Homocysteine has
two fates, either remethylation to methionine or transsulfuration to cyste-
ine. Remethylation may be indirectly impacted by B6 through reactions
involving B6-dependent enzymes for the synthesis of one-carbon carrier
folates (Perry et al., 2007) that, together with SAM, are major contribu-
tors for the one-carbon metabolism. By linking amino acids and nucleo-
tides, this fundamental metabolism performs crucial functions in genetic
stability (Selhub, 1999).

Mammals metabolize sulfur- and selenoamino acids interchangeably
(Schrauzer, 2003). Consequently in the case of selenomethionine, the
B6-dependent enzymes of the transsulfuration pathway catalyze the
synthesis of selenocysteine from selenohomocysteine. Selenocysteine is
further reduced by selenocysteine lyase (SCLY; a B6-dependent enzyme)
to form selenide that in a series of B6-dependent reactions is incorporated
into selenoproteins (Johansson et al., 2005), such as glutathione peroxi-
dases, thioredoxin reductases, iodothyronine deiodinases, among others.
Peroxidases play major roles in maintaining the cellular redox state with
remarkable actions on antioxidant defense during spermiogenesis, matura-
tion of spermatozoa, and embryo development (Ursini, 2000).

133Nutrigenomic aspects of dietary pyridoxine (vitamin B6) and selenium interaction



The influence of dietary B6 on the above metabolisms and its interac-
tions with selenium (Se) are especially important in early gestation because
the transsulfuration pathway is not fully functional in embryos (Levonen
et al., 2000), suggesting the existence of alternative routes for the transfer
of maternal Se to preimplantation embryos for the synthesis of selenopro-
teins. Additionally, redox alterations due to the exposure to oxygen
brought by the placentation process (Jauniaux et al., 2000) make this
scenario even more complex.

This chapter discusses the impact of B6 on the interplay between
transmethylation and transsulfuration pathways under different redox
states, focusing on the interaction between dietary B6 and Se in embryos
at 5 and 30 days of gestation in a pig model.

7.2 Pyridoxine sources, recommendations, and
bioavailability

Vitamin B6 is a water-soluble compound necessary for normal growth,
development, and biological functions. Most animals lack the ability to
synthesizse B6 and rely upon an external supply, such as natural foods
(whole grain cereals, nuts, lean meat, fish, and vegetables). Yeast extract,
wheat bran, and liver contain the highest concentrations of the vitamin
(FSA, 2002).

The metabolically active forms of B6 (pyridoxine, pyridoxal, and
pyridoxamine, and their phosphorylated forms) vary among foods of plant
and animal origin. Roth-Maier et al. (2002) reported that in foods of
plant origin, pyridoxine and pyridoxamine are the main forms, except for
maize (50% of the vitamin is pyridoxal). In raw animal tissue, the major
form is pyridoxal phosphate (Ball, 2006). Using a rat model, Benedikt
et al. (1996) showed that the content of B6 in milk consisted of 80.0%
pyridoxal, 15.0% pyridoxamine, and 5.0% pyridoxine. Pyridoxine
hydrochloride is used in multivitamin supplements and food fortification
(Dove and Cook, 2001). Although bacterial B6 synthesis at the colon may
also contribute to the total intestinal input of the vitamin (Allgood and
Cidlowski, 1991), it cannot be locally absorbed and therefore only
coprophagous animals would obtain benefits from this source of B6

(Combs Jr., 2012).
According to Driskell (1994) the minimum daily B6 requirement of

humans appears to range from 0.65 to 1.25 mg. These daily values are
greater (2.1�7.6 mg) in pregnant and lactating women. Dietary proteins
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(level, source, and quality) have been shown to impact the metabolic needs
of B6. This may be related to the fact that cellular levels of all nonessential
amino acids are influenced by reactions catalyzed by pyridoxal-5-
phosphate. In fact, greater serine (Aboaysha and Kratzer, 1980) or
methionine supplementation (Kazemi and Daghir, 1971) increases B6

requirements for growth. Primary B6 deficiency and toxicity are uncom-
mon. However, at high doses (150 mg/kg of body weight) it has been
shown to induce sensory neuropathy in dogs (Hoover et al., 1981).

Depending on food origin, the bioavailability of B6 may range
between 40%�80% for all metabolically active forms (Ball, 2006). The
absorption site of B6 is mainly the jejunum. Dephosphorylated forms are
capable of crossing cell membranes, whereas phosphorylated forms are
not, causing metabolic trapping (Gregory, 1997). Dephosphorylated forms
(pyridoxine, pyridoxal, and pyridoxamine) are rapidly absorbed by passive
diffusion (Gregory, 1997), and once within the enterocyte they are
converted into their corresponding phosphates by the catalytic action of
cytoplasmic pyridoxal kinase. These phosphorylated vitamers are eventu-
ally dephosphorylated, facilitating the easy diffusion of B6 compounds
across the basolateral membrane (Middleton, 1985). Much of the ingested
pyridoxine is released into the portal circulation as pyridoxal and further
taken up by the liver. In the liver the inactive forms of vitamin B6 are
phosphorylated by pyridoxal kinase, yielding pyridoxal-5-phosphate
(physiologically active form of B6), pyridoxine phosphate, and pyridox-
amine phosphate. These two inactive phosphorylated forms are eventually
oxidized to ultimately yield pyridoxal-5-phosphate (Wada and Snell,
1961). Free pyridoxal-5-phosphate is hydrolyzed to pyridoxal, is released,
and then circulates bound to albumin (Anderson et al., 1974) and/or
hemoglobin (Mehansho and Henderson, 1980). Once pyridoxal crosses
the cell membrane pyridoxal-5-phosphate is regenerated through the
action of pyridoxal kinase. Free pyridoxal not leaving the cell goes
through oxidation to yield 4-pyridoxic acid (Gregory, 1997), which is
further excreted in the urine.

7.3 Selenium sources, recommendations, and
bioavailability

Dietary Se may be obtained from both organic and inorganic sources
(Dumont et al., 2006). Inorganic Se (sodium selenite) has been the main
source of Se added to nutritional supplements and is naturally present in
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phytoplankton (Whanger, 2002). Organic Se is normally ingested from
plants and animal-derived food products in the form of selenomethionine
(Combs and Combs, 1986).

For human nutrition, selenomethionine is currently considered the
most appropriate source of Se (Schrauzer, 2003) due to the higher
bioavailability and greater body tissue accumulation, as well as lower
toxicity potential and environmental pollution compared to sodium
selenite (Swanson, 1991; Vendeland et al., 1994). However, its metabolic
fate is dependent upon the pyridoxine status (Pavlata et al., 2011). In fact,
low pyridoxine levels in the body may impair the utilization of organic Se
and, consequently, increase Se requirements (Yin, 1992).

Recommended Dietary Allowances have been proposed by the Food
and Nutrition Board of the Institute of Medicine (United States). The
daily intake ranges from 55 μg (recommended) to 400 μg (tolerable upper
intake) of Se for adults (Institute of Medicine, 2000). However, studies in
pregnant and lactating rats (Smith and Picciano, 1986) and pigs (Mahan
and Peters, 2004; Dalto et al., 2016) have reported that Se requirement
increases during pregnancy and lactation due to a higher demand for
maternal transfer to conceptuses and newborns. This greater demand for
Se may also be required in situations of high metabolic oxidative stress
(Dalto et al. 2015a, 2016). Therefore studies involving the effects of supra-
nutritional Se supplementation in humans have aroused great interest.

The bioavailability and mechanisms of absorption of Se are dependent
upon the chemical forms in which it is absorbed and metabolized, but
both sources are preferentially absorbed in the ileum (McDowell, 2003).
In general, organic Se is more bioavailable than inorganic Se (Rider et al.,
2010). Measurements of Se crossing portal-drained viscera (blood plasma
porto-arterial differences) indicated a bioavailability of approximately 43%
for selenite and 65% for organic Se (yeast) (Matte, unpublished data).
Selenite is passively absorbed by simple diffusion (Wolfram, 1989), quickly
transformed into hydrogen selenide, and further into selenophosphates,
the substrate to the synthesis of functional selenoproteins (Windisch,
2002), with little tissue accumulation of Se. Differently, organic Se is
actively absorbed through amino acid (methionine) transport mechanisms
(McDowell, 2003) and follows the methionine metabolism or is metabo-
lized to synthesize selenoproteins (Sunde, 1984). Because the methionine-
tRNA cannot discriminate between methionine and selenomethionine,
using both interchangeably in protein synthesis, organic Se is effective in
building Se reserves in tissues (Schrauzer, 2003).
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7.4 Transmethylation and transsulfuration pathways

Demethylation and remethylation reactions consist of metabolic reactions
involving the transfer of methyl groups. These two reactions are generally
known as transmethylation. A good example of transmethylation reactions
is the methionine cycle. By the action of adenosine triphosphate, the
methyl group of methionine is activated and forms SAM (Mudd and
Cantoni, 1958), one of the most important metabolic donors of methyl
groups. After donating its methyl group, SAM is transformed into S-ade-
nosylhomocysteine that is promptly hydrolyzed to homocysteine (Ulrey
et al., 2005). Homocysteine may follow two pathways: remethylation to
methionine or transsulfuration to cysteine (Fig. 7.1). Remethylation may
occur by two pathways that are differentiated by the donor of one-carbon
molecules (betaine or folate) (Födinger et al., 2000). Independently of its
redox states, folates in the form of tetrahydrofolate (THF) serve as donors
of single carbons (Tibbetts and Appling, 2010). The one-carbon donor
5-methyl-THF catalyzes the conversion of homocysteine to methionine.
In brief, the methyl donor 5-methyl-THF is transformed into THF while
the methyl recipient homocysteine forms methionine (Berg et al., 2002)
in a reaction catalyzed by methionine synthase (MTR), a vitamin
B12-dependent enzyme (Li et al., 1996). Under folate and/or vitamin B12

deficiency, MTR reactions are severely impaired.
Although not directly demonstrated (Martinez et al., 2000; Perry

et al., 2007), the impact of B6 status on the remethylation of methyl
groups can be inferred by the influence of B6-dependent enzymes on the
synthesis of 5,10-methylene-THF in a reaction involving the methylene
group of serine along with THF. Serine and THF are considered as the
major carriers of one-carbon groups; however, SAM is the most
important one-carbon donor (Selhub, 1999) due to its more energetically
favorable reactions. The transfer of these volatile and easy-binding single
carbons from folate and SAM are major contributors to the one-carbon
metabolism. The one-carbon metabolism links amino acid and nucleotide
metabolisms, performing critical roles in DNA synthesis, repair, and
replication (Selhub, 1999).

Transsulfuration is a metabolic pathway involving the conversion of
homocysteine into cysteine through the intermediate metabolite
cystathionine. Briefly, in a reaction catalyzed by the B6-dependent
enzyme cystathionine β-synthase (CBS), the acetyl or succinyl group of
homoserine replaces the thiol group of homocysteine to form
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cystathionine (Aitken et al., 2011). This critical action at the homocyste-
ine junction indicates that CBS performs key roles in both the mainte-
nance of the methionine pool and the synthesis of cysteine (Dalto and
Matte, 2017) but also suggests that this enzyme would be, in turn, strictly
regulated. Indeed, CBS is regulated by a feedback mechanism in which

Figure 7.1 Transmethylation and transsulfuration pathways of selenium (similar for
sulfur counterparts) in adults. The substrate-specific enzyme selenocysteine lyase
(SCLY) represents the landmark step between sulfur and selenium metabolisms. Se,
Selenium; SeMet, selenomethionine; SeHom, selenohomocysteine; SeCys, selenocys-
teine; THF, tetrahydrofolate; CH2THF, 5,10-methylene-THF; CH3THF, 5-methyl-THF;
MTR, methionine synthase; CBS, cystathionine β synthase; CGL, cystathionine γ-lyase;
SCLY, selenocysteine lyase; ROS, reactive oxygen species. Adapted from Dalto, D.B.,
Matte, J.J., 2017. Pyridoxine (vitamin B6) and the glutathione peroxidase system; a link
between one-carbon metabolism and antioxidation. Nutrients 9, 189.
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low concentrations of SAM stimulates the remethylation of homocysteine,
whereas high concentrations of SAM favor the transsulfuration pathway
(Ereno-Orbea et al., 2014). After cystathionine synthesis from homocyste-
ine, this molecule is cleaved by the B6-dependent enzyme cystathionine
γ-lyase (CGL) to form cysteine (Flavin and Slaughter, 1964) that, in a
series of reactions catalyzed by γ-glutamylcysteine synthetase and glutathi-
one (GSH) synthetase, will form GSH. In this sense, the transsulfuration
pathway directly connects homocysteine and GSH, the major redox
buffer in mammalian cells. Therefore it is likely that enzymes regulating
this metabolic pathway might be sensitive to redox changes. Indeed,
oxidizing conditions increase transsulfuration through higher CBS activity
(Taoka et al., 1998), whereas MTR activity is reduced resulting in less
remethylation (Chen et al., 1995).

7.5 Pyridoxine and selenium interaction for the synthesis
of selenoproteins

Considering that mammals metabolize selenoamino acids in the same
way as their sulfur counterparts (Schrauzer, 2003), the same
B6-dependent enzymes are expected to catalyze reactions of the transsul-
furation pathway for selenomethionine but using Se-homocysteine to
form selenocysteine. Similar to cysteine, selenocysteine may be used as
substrate for the synthesis of GSH, but this is likely insignificant com-
pared to the much greater pool of GSH synthesized from (sulfur)cysteine
(Osawa et al., 1992). The most important reaction of selenocysteine is its
reduction to selenide via SCLY (B6-dependent enzyme). Considering
that SCLY is substrate specific, this step is the landmark between sulfur
and Se metabolisms (Dalto and Matte, 2017). Further, selenophosphates
are synthesized by selenophosphate synthetase, a B6-dependent enzyme.
Finally, in another B6-dependent reaction, selenophosphates donate Se
molecules that will be incorporated into the phosphate moiety of
Ser-tRNA, generating a selenocysteine-specific tRNA[Ser]Sec. This
unique tRNA that contains the selenocysteine insertion sequence
(SECIS) combines with a selenocysteine-tRNA-specific elongation factor
and a specific SECIS binding protein to incorporate selenocysteine into
selenoproteins (Johansson et al., 2005).

It is noteworthy to mention that, as for methionine/homocysteine, in
the metabolism of their seleno equivalents high oxidative states not only
reduce the remethylation of Se-homocysteine to selenomethionine, but
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also stimulate the transsulfuration pathway. This control does not occur
for inorganic Se because selenite obtained from the diet is directly reduced
to selenide, shortcutting the transsulfuration pathway for the synthesis of
selenoproteins (Mosharov et al., 2000), which could allow an eventual
accumulation of toxic levels of selenide. Although organic Se also
generates selenide, the saturability of the enzyme SCLY prevents the
accumulation of excessive selenide.

These effects of oxidative status on the transsulfuration pathway and
the importance of B6 for those reactions were further supported by recent
studies of this laboratory on the effects of Se sources and levels combined
or not with B6 on reproductive traits and redox balance in pigs.
According to Dalto et al. (2015a, 2016), B6 supplementation (10 mg/kg)
does not impact on blood or tissue accumulation of inorganic or organic
Se from estrus 1 to estrus 5 or during the periestrus period (an oxidative
stress condition) (Figs. 7.2 and 7.3). This is expected for inorganic Se
because absorbed selenite is immediately reduced to selenide, indepen-
dently of redox or B6 status, for the synthesis of selenoproteins or excre-
tion (methylation) rather than building body reserves (Windisch, 2002).

In contrast, organic Se metabolism is highly impacted by both oxida-
tive stress conditions and B6 status. Under basal oxidative stress condi-
tions, the remethylation of Se-homocysteine back to selenomethionine is
likely the preferential pathway due to the lack of positive feedback by
oxidative molecules on CBS. Davis (2006) and Lima (2006) suggested
that B6 may not be a significant aspect influencing the transsulfuration of
homocysteine, which is likely primarily controlled by oxidative
molecules and SAM levels. In fact, Dalto et al. (2016) showed no effect
of B6 on SCLY gene expression and selenoproteins gene expression and
activity in gilts at 30 day of gestation, a physiological state shown to be
of limited oxidative stress in sows. Conversely, under the redox condi-
tions brought by the periestrus period, Dalto et al. (2015a) reported high
gene expressions of SCLY and glutathione peroxidase 1 (GPX1) in the
liver (Fig. 7.4) and kidneys of organic Se1B6 supplemented animals,
which is in line with the positive feedback of oxidative molecules on
CBS. In that study, however, no B6 effects were found on GPX activity
(liver, kidneys, and whole blood) during the same periestrus period.
In this regard, Lubos et al. (2011) reported that because GPX has multi
regulation factors (transcriptional, posttranscriptional, translational, or
posttranslational), changes in gene expression may not parallel its
enzymatic activity.
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7.6 Dietary pyridoxine and selenium on embryo
development: studies using a pig model

7.6.1 Five-day porcine expanded blastocysts
Recent studies of this laboratory using a microarray technology provided
unique and interesting insights on B6 and Se interactions and their effects
on the interplay between remethylation and transsulfuration pathways
during early porcine embryo development.

Dalto et al. (2015b) reported no difference in B6 levels in uterine
flushings between inorganic or organic Se combined with B6. These
authors also reported that Se was undetectable in those same samples,
indicating that the uptake of Se from this source by the preimplantation
embryo is insignificant. However, maternal supplementation with organic
Se combined (or not) with B6 supplies embryos with more Se compared
to maternal inorganic Se combined (or not) with B6 supplementation
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Figure 7.2 Blood selenium concentration (ng/mL) of gilts on each estrus, expressed
as increases relative to pretreatment values at estrus 1, presented as LS
means6 SEM. CONT, Basal diet containing 0.3 mg/kg and 2.4 mg/kg of natural Se
and pyridoxine respectively; MSe, basal diet supplemented with 0.3 mg/kg of sodium
selenite; MSeB610, basal diet supplemented with 0.3 mg/kg of sodium selenite and
10 mg/kg of hydrochloride pyridoxine; OSe, basal diet supplemented with 0.3 mg/kg
of Se-enriched yeast; OSeB610, basal diet supplemented with 0.3 mg/kg of
Se-enriched yeast and 10 mg/kg of hydrochloride pyridoxine. Adapted from Dalto, D.
B., Audet, I., Lapointe, J., Matte, J.J., 2016. The importance of pyridoxine for the impact
of the dietary selenium sources on redox balance, embryo development, and reproduc-
tive performance in gilts. J. Trace Elem. Med. Biol. 34, 79�89.
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(Fortier et al., 2012; Ma et al., 2014; Dalto et al., 2016). Considering that
organic Se is deposited in tissues more efficiently than is inorganic Se
(Mahan et al., 1999), the most likely source of this mineral would be the
preovulatory oocyte because it might be impacted by systemic maternal
Se levels through the follicular fluid. In this sense, Dalto et al. (2015b)
reported that maternal supplementation with organic Se combined with
B6 stimulated about 30 times more genes in porcine expanded blastocysts
compared to inorganic Se combined with B6. These results suggest that
embryos from organic Se1B6 supplemented dams would have greater Se
reserves, likely selenomethionine, and are more suitable to go through
demethylation to Se-homocysteine.

A relevant aspect to consider is the fact that from conception to neo-
natal age, embryos, fetuses, and newborns are not capable of converting
selenomethionine into selenocysteine via the transsulfuration pathway
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Figure 7.3 Blood selenium concentration (ng/mL of blood) of gilts at fourth estrus,
shown as LS means6 SEM. Physiological estrus indicated as d0. CONT, Basal diet
containing 0.2 and 1.7 mg/kg of natural Se and pyridoxine respectively; MSe, basal
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basal diet supplemented with 0.3 mg/kg of Se-enriched yeast and 10 mg/kg of
hydrochloride pyridoxine. Adapted from Dalto, D.B., Roy, M., Audet, I., Palin, M.-F.,
Guay, F., Lapointe, J., et al., 2015a. Interaction between vitamin B6 and source of sele-
nium on the response of the selenium-dependent glutathione peroxidase system to
oxidative stress induced by oestrus in pubertal pig. J. Trace Elem. Med. Biol. 32, 21�29.
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because they lack CGL activity, despite detectable mRNA expression
(Gardiner and Reed, 1995; Levonen et al., 2000) (Fig. 7.5). This implies
that selenomethionine would be either incorporated into unspecific pro-
tein or demethylated to Se-homocysteine followed by remethylation to
selenomethionine. Dalto et al. (2015b), studying specific gene expression
according to Se source (common genes between sources were excluded
from analysis), reported no differentially expressed genes in the demethyl-
ation or remethylation pathway in 5-day embryos from gilts supplemen-
ted with organic or inorganic Se combined with B6. However, several
genes related to elongation factors, translation, and mitotic cell cycle were
impacted by maternal organic Se supplementation. Those authors con-
cluded that protein deposition is the preferential route for selenomethio-
nine in 5-day porcine embryos. Nevertheless, a recent study from this
laboratory (Dalto et al., 2018), using the database generated by Dalto
et al. (2015b) but considering common genes between sources of Se in
the analysis (global gene expression), suggests that maternal organic Se
supplementation combined with B6 may affect DNA methylation through
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basal diet supplemented with 0.3 mg/kg of Se-enriched yeast and 10 mg/kg of
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Guay, F., Lapointe, J., et al., 2015a. Interaction between vitamin B6 and source of sele-
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methyltransferases and SAM carrier genes (generation of methyl groups)
and eventually epigenetic events. In this sense, although protein deposi-
tion may be the preferential route for selenomethionine in 5-day porcine
embryos, the importance of transmethylation reactions should not be
overlooked. It is noteworthy to mention that in Dalto et al. (2015b) the
greatest number of viable embryos (although not statistically significant)

Figure 7.5 Embryo transmethylation and transsulfuration pathways of selenium (sim-
ilar for sulfur counterparts) and possible maternal selenium transfer routes.
Se, Selenium; SeMet, selenomethionine; SeHom, selenohomocysteine; SeCys, seleno-
cysteine; THF, tetrahydrofolate; CH2THF, 5,10-methylene-THF; CH3THF, 5-methyl-THF;
MTR, methionine synthase; CBS, cystathionine β synthase; CGL, cystathionine γ-lyase;
SCLY, selenocysteine lyase; ROS, reactive oxygen species. Adapted from Dalto, D.B.,
Matte, J.J., 2017. Pyridoxine (vitamin B6) and the glutathione peroxidase system; a link
between one-carbon metabolism and antioxidation. Nutrients 9, 189.
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was collected from gilts supplemented with organic Se combined with B6

and this was in the absence of degenerated embryos (Table 7.1). Dalto
et al. (2015b) also reported several genes related to the synthesis of
selenoenzymes in 5-day embryos, suggesting the potential to synthesize
these enzymes at this early stage of development. As transsulfuration is not
fully functional in embryos, the most likely sources of Se to the preim-
plantation embryo for the synthesis of selenoenzymes would be maternal
selenocysteine, methylselenol, and/or selenoproteins (after proteolysis in
the embryo) originating from the preovulatory oocyte. Consequently,
independently of maternal dietary Se (inorganic and organic), the preim-
plantation embryo Se content would derive from an organic metabolite
(oocyte selenomethionine pool and/or oocyte selenoproteins). In this
sense, the synthesis of selenoproteins would unlikely be regulated by the
previously mentioned feedback mechanism promoted by oxidative
molecules but controlled by the B6-dependent enzyme SCLY, which
limits the synthesis of selenide (Fig. 7.5). Considering the key roles of
methyl donors and the one-carbon metabolism, this metabolically
imposed transfer of organic Se to preimplantation embryos may be
considered a mechanism to protect DNA processing and genetic stability.

7.6.2 Thirty-day porcine embryos
Although the transsulfuration pathway is not fully functional in 30-day
embryos (similar to 5-day embryos) the placentation process which begins

Table 7.1 Average recovery rate and number of porcine embryos according to
viability and stages of development collected at 5 days of gestation.

Measurements CONT MSeB610 OSeB610

Embryo recovery rate (%) 76.92 85.61 92.74
Viable embryos (n) 14.17 13.50 18.17
Degenerated embryos (n) 0.50 2.00 0.00
Early stage embryos (n) 3.33 4.30 3.67
Advanced stage embryos (n) 10.83 9.17 14.50
Total embryos (n) 14.67 15.50 18.17

CONT, Basal diet containing 0.3 mg/kg and 1.7 mg/kg of natural Se and pyridoxine respectively;
MSeB610, basal diet supplemented with 0.3 mg/kg of sodium selenite and 10 mg/kg of
hydrochloride pyridoxine; OSeB610, basal diet supplemented with 0.3 mg/kg of Se-enriched yeast
and 10 mg/kg of hydrochloride pyridoxine.
Source: Adapted from Dalto, D.B., Tsoi, S., Audet, I., Dyck, M.K., Foxcroft, G.R., Matte, J.J., 2015b.
Gene expression of porcine blastocysts from gilts fed organic or inorganic selenium and pyridoxine.
Reproduction 149, 31�42.
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at approximately 25 days of gestation in pigs may change the dynamic
between transmethylation and transsulfuration.

Increasing levels of oxidative molecules are expected in the embryo as
a result of the greater transport of oxygen by the placenta raising embry-
onic oxygen tension. According to Jauniaux et al. (2000), in early preg-
nancy in humans these levels are higher than at mid- or end-pregnancy
likely because of the underdeveloped embryonic antioxidant system. As
discussed above, high oxidative stress conditions stimulate CBS activity
and transsulfuration, whereas they reduce MTR activity and remethyla-
tion. Besides the negative effects on embryo/fetal development caused by
disturbances to the metabolism of one-carbon (Kalhan, 2016), an unusual
accumulation of Se-cystathionine may be expected in Se-enriched
embryos due to the inactive enzyme CGL. Under these circumstances,
careful consideration should be made regarding B6 supplementation
because it stimulates CBS activity. In pigs, Dalto et al. (2016) observed
evidence of disturbed embryo development (greater within-litter weight
variation) after maternal supplementation with 12.4 mg/kg compared to
2.4 mg/kg feed of B6. Under similar experimental conditions and pig
genetic lines, Fortier et al. (2012) reported no negative effect of maternal
supplementation in gilts fed 3 mg/kg of feed of B6 combined with differ-
ent sources of Se (inorganic vs organic Se) at 0.5 mg/kg of feed. In fact
those authors observed better morphological and metabolic indicators
(embryo weight and length, and protein and DNA content) in supple-
mented animals than in the control group at similar levels of B6 but at
0.2 mg/kg of feed of Se.

The above mentioned greater organic Se incorporation compared to
inorganic Se in adult individuals, which is independent of B6 status, is also
observed in 30-day porcine embryos (Fortier et al., 2012; Dalto et al.,
2016). This higher load of Se-methionine in embryos derived from dams
supplemented with organic Se may not be used for the synthesis of sele-
noenzymes (immature transsulfuration pathway) but will be possibly
incorporated into general proteins and/or transmethylated, producing
methyl groups that supply the one-carbon metabolism. Similarly to 5-day
embryos, dams supplemented with inorganic Se supply this mineral in the
organic form to their embryos, not as Se-methionine but as selenocys-
teine, after the catabolism of selenoproteins in the placenta (Burk et al.,
2013). According to Soda et al. (1999), although SCLY has low activity
in vivo, it is expected that selenocysteine would be metabolized to a great
extent because the tissue concentration as well as the KM (Michaelis
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constant) value of the enzyme is greater than that of the substrate.
Considering that no effects of maternal Se (levels or sources) were
observed on the activity of Se-GPX in 30-day porcine embryos (Fortier
et al., 2012; Dalto et al., 2016), it appears that at this stage of development
the flow of Se through SCLY is not primarily substrate driven.
Consequently it is reasonable to suppose that, after the lyse of selenopro-
teins in the placenta supplying selenocysteine to the embryo, this metabo-
lite would be directed preferentially to protein deposition and secondarily
to catabolism by SCLY (not influenced by redox status) for the synthesis
of selenide and further selenoenzymes. This alternative metabolism of
selenoproteins synthesis may protect embryos from wasting one-carbon
groups (methylation of excess selenide) and, as for 5-day embryos, pro-
mote genetic stability.

7.7 Conclusions

Vitamin B6 is important for the equilibrium between the synthesis of
methyl groups and antioxidants. This vitamin helps to control the enzy-
matic activity at the homocysteine junction between transmethylation and
transsulfuration pathways and, consequently, the flow of methyl molecules
between the one-carbon and selenoproteins metabolisms. However, the
impact of oxidative stress conditions and metabolic maturity cannot be
disregarded.

Although at high levels B6 may possibly disturb embryo development
when combined with organic Se at adequate levels, this interaction
modulates important metabolic mechanisms impacting embryo develop-
ment at both morphological and metabolic levels.
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Summary points

• This chapter is about vitamin K [K1 or phylloquinone (PK), and K2
or menaquinone (MKn)].
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• PK is found in vegetables, MKn is produced by bacteria in the intes-
tine and in fermented foods.

• The main role of vitamin K is as the coenzyme for gamma-glutamyl
carboxylase (GGCX), forming gamma-carboxyglutamic acid (Gla) resi-
dues on target proteins.

• Vitamin K also acts as a ligand for the steroid and xenobiotic receptor
(SXR) in the nucleus.

• Gla residues are essential for the activity of vitamin K�dependent pro-
teins (VKDPs), such as coagulation factors (prothrombin, factor VII,
IX,X, and proteins C, M, S, Z), bone Gla protein (BGP, or osteocal-
cin), matrix Gla protein (MGP), Gas6 (growth arrest-specific 6 pro-
tein), GRP (Gla-rich protein), and periostin.

• Recommended intakes for vitamin K are not well-established and sig-
nificantly different indications can be found in the literature.

• An adequate vitamin K intake in the general population and in
patients affected by bone and mineral disorders (e.g., osteoporosis) and
cardiovascular calcifications can lead to benefits.

• Its use as a dietary supplement and as a pharmacological treatment for
bone and mineral abnormalities should be further explored.

Abbreviations
AI adequate intake
Apo apolipoprotein
BGP bone Gla protein (or osteocalcin)
BMP-2 bone morphogenetic protein-2
CKD chronic kidney disease
cMGP carboxylated MGP
dp-cMGP dephosphorylated-carboxylated MGP
dp-ucMGP dephosphorylated-undercarboxylated MGP
Gas6 growth arrest-specific 6 protein
GGCX gamma-glutamyl carboxylase
Gla gamma-carboxyglutamic acid
GRP Gla-rich protein
MGP matrix Gla protein
MKn menaquinones
p-cMGP: phosphorylated-carboxylated MGP
PK phylloquinone
p-ucMGP phosphorylated-undercarboxylated MGP
PXR pregnane X receptor
RDA recommended dietary allowance
SXR steroid and xenobiotic receptor
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uc-BGP undercarboxylated BGP
ucMGP undercarboxylated MGP
VKDP vitamin K�dependent protein
VSMCs vascular smooth muscle cells

8.1 Introduction

The first descriptions of vitamin K in the literature date back to the 1930s
(Dam, 1935; Schønheyder, 1936; MacCorquodale et al., 1939). The dis-
covery of vitamin K marked a seminal achievement in the field of coagula-
tion and thrombosis, so important that less than a decade later, in 1943,
Henrik Carl Peter Dam and Edward Adelbert Doisy won the Nobel Prize
in Physiology or Medicine for their work on the characterization of vita-
min K and its effects on the coagulation system. However, in the following
years no significant further developments were observed, until recently
when other vitamin K�dependent proteins (VKDPs)were identified, and a
role of vitamin K was proposed for bone and mineral metabolism. Vitamin
K deficiency may be associated with bone fractures and vascular calcifica-
tions and therefore is important for bone and cardiovascular health. More
clinically relevant areas are being explored, including cancer, which has
been linked to vitamin K deficiency (Dahlberg et al., 2017).

Vitamin K acts as a cofactor for the posttranslational modification of
specific proteins, denominated VKDPs, through carboxylation of gluta-
mate residues. A 2-methyl-1,4-naphthoquinone nucleus characterizes the
K vitamers, which exist in two forms based on the different side-chains at
the 3-position: vitamin K1 (or phylloquinone, PK, with a phytyl side
chain) and K2 (or menaquinone, MKn, with a variable number of con-
densed isoprenic units). Another K vitamer without a side chain is a syn-
thetic form called menadione or K3 (Fig. 8.1) (Fusaro et al., 2011).

The sources of vitamin K are different according to the type of vita-
mer considered. In particular, PK can be found mostly in green leafy
vegetables, such as cabbage, spinach, cauliflower, and green fruits, such as
kiwi and avocado (Booth et al., 2003). In Japan a significant dietary intake
of MKn has been associated with the consumption of natto, a soybean-
based fermented food (Fujita et al., 2012). In Western diets MKn has
been found in fermented foods such as curdled cheese, egg yolk, butter,
and beef liver (Schurgers et al., 2007). The intestinal bacterial flora also
generate MKn, which is characterized by long lateral chains: MK-10 and
MK-11 are synthesized by Bacteroides, MK-8 by Enterobacteria, MK-7
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by Veillonella, and MK-6 by Eubacterium lentum (Conly and Stein, 1992;
Walther et al., 2013). A peculiar case is represented by MK-4, which is
the only one not produced by the intestinal bacterial flora but it is con-
verted from PK through a side chain removal/addition mechanism in spe-
cific tissues such as pancreas, testes, and vessel wall, with menadione as the
intermediate molecule (Walther et al., 2013). The synthetic form menadi-
one, K3, is also converted into MK-4 in the liver (Sato et al., 2012).

8.2 Metabolism, recycling, and functions of vitamin K

Reflecting the different dietary sources and mechanisms of vitamin K syn-
thesis, intestinal absorption follows different pathways: MKn is absorbed
in the colon by a passive diffusion mechanism, while PK is absorbed by
the small bowel with a saturable, energy-dependent mechanism (Shearer
and Newman, 2008). Normal pancreatic function and the presence of bile
salts are necessary conditions for normal absorption of vitamin K (Shearer
and Newman, 2008). In the enterocyte vitamin K becomes part of micelle

Figure 8.1 The three main forms of vitamin K.
Vitamin K1 (phylloquinone) is found in plants, and it is the main dietary source of
vitamin K.
Vitamin K2 can be defined as a group of related compounds, menaquinones (MKs).
The side chain of vitamin K2 can be of different length, with a variable number of
isoprenoid units (MKn). In humans some of the ingested vitamin K1 is converted to
menaquinone-4 (MK-4), the specific mammalian vitamin K2.
Vitamin K3 (menadione), a synthetic form of vitamin K1, has the same naphthoqui-
none ring as K1 and K2, but lacks a side chain. Menadione may also be converted
into MK-4 in the liver.

156 Molecular Nutrition



that assembles chylomicrons with apolipoprotein A, apoB-48, ApoC, and
ApoE, thus arriving into the circulation (Shearer and Newman, 2008).
Chylomicrons are converted into remnants because triglycerides are
removed by lipoprotein lipase in the capillaries and they then reach the
liver as very-low-density lipoprotein. The latter, together with apolipo-
protein B, C, and E, leave the circulation and arrive into bone by an
endocytosis mechanism (Shearer and Newman, 2008; Cooper, 1997).
Apolipoprotein E polymorphisms influence vitamin K levels (Kohlmeier
et al., 1996). Of all the fat-soluble vitamins, vitamin K is the one with the
lowest serum levels in humans. Recycling helps to maintain adequate
stores of vitamin K (Fig. 8.2) (Stafford, 2005).

UrineBile

Vitamin K
hydroquinone

(KH2 )

Vitamin K 2,3-
epoxide (KO)

ω and β
oxidation

Vitamin K
quinone

Gla CH

COOH

COOH

disulfidedithiol

di
su

lfi
de dithiol

N
A

D
P

+

NADPH

Glu

ucVKD-proteins

cVKD-Proteins
coagulation factors

MGP, Gas6, GRP, and BGP

CH2COOH

Functional vitamin K
deficiencyNADPH-

dependent
quinone

reductase

3

Vitamin K
quinone

reductase

2a Vitamin K
epoxide

reductase

2b

Warfarin

Gamma-glutamyl
carboxylase

1

CO2

Figure 8.2 The vitamin K cycle.
Vitamin K acts as a coenzyme of gamma-glutamyl carboxylase (GGCX) (1). The reaction
is the carboxylation of glutamic acid (Glu), transformed into gamma-carboxyglutamic
acid (Gla) residues. Warfarin, an antagonist of vitamin K, blocks two important reac-
tions: vitamin K quinone reductase (2a) and vitamin K epoxide reductase (VKOR) (2b),
leading to a functional deficit of vitamin K. Quinone reductase NADPH (3) is insensitive
to the inhibitory action of warfarin and can be an escape route for the transformation
of vitamin K quinone into vitamin K hydroquinone.
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The main role of vitamin K is acting as the coenzyme for the
gamma-glutamyl carboxylase (GGCX) enzyme (Fig. 8.2), leading to the
carboxylation of glutamic acid residues (Glu), which are transformed into
gamma-carboxyglutamic acid (Gla) (Fusaro et al., 2011, 2017a; Gallieni
and Fusaro, 2014). Gla residues are essential for the activity of VKDPs,
such as coagulation factors (prothrombin, factor VII, IX,X, and proteins
C, M, S, Z), bone Gla protein (BGP, or osteocalcin), matrix Gla protein
(MGP), Gas6 (growth arrest-specific 6 protein), GRP (Gla-rich protein),
and periostin (Oldenburg et al., 2006; Vermeer, 1990, 2012; Merle and
Garnero, 2012; Wen et al., 2018).

Less studied is another vitamin K action as a ligand of the steroid and
xenobiotic receptor (SXR) in the nucleus (Fusaro et al., 2017b; Horie-
Inoue and Inoue, 2008). SXR is also known as the murine homolog preg-
nane X receptor, PXR. SXR/PXR is mainly expressed in the liver and
intestine (Sultana et al., 2018). Vitamin K2 appears to modulate, through
this nuclear receptor, the expression of genes involved in bile acid synthesis
and glucose homeostasis in mice (Sultana et al., 2018). SXR/PXR has also
been found in osteoblastic cell lines, which are activated by vitamin K
(Horie-Inoue and Inoue, 2008). In fact SXR/PXR seems to regulate bone
homeostasis by promoting bone formation and suppressing bone resorption
(Fusaro et al., 2017b). Furthermore, transcriptional control of SXR/PXR
target genes by vitamin K induces bone protective effects through the reg-
ulation of collagen proteins, osteoclastogenesis, and osteoblastogenesis
(Fusaro et al., 2017b; Azuma et al., 2014).

8.3 Vitamin K status and vitamin K�dependent proteins

Recommended intakes for vitamin K are not well-established and signifi-
cantly different recommendations can be found in the literature. The
Food and Nutrition Board (FNB) at the Institute of Medicine of the
National Academies (Institute of Medicine, 2001) postulates a dietary ref-
erence intake defined by four sets of reference values, which may vary by
age and gender. They include the recommended dietary allowance
(RDA), defined as the average daily level of intake sufficient to meet the
nutrient requirements of nearly all (up to 98%) healthy individuals. The
adequate intake (AI) refers to the amount ensuring nutritional adequacy
and it is established when evidence is insufficient to develop an RDA.
The estimated average requirement is the average daily level of intake
estimated to meet the requirements of 50% of healthy individuals. Finally,
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the tolerable upper intake level (UL) is the maximum daily intake
unlikely to cause adverse health effects. Due to insufficient available data,
Institute of Medicine (2001) suggests for vitamin K an AI of 120 mcg/day
in adult males and 90 mcg/day in adult females, with no distinction
between vitamin K1 and K2. These values have been endorsed by the
National Institutes of Health (National Institutes of Health, 2018). In
Europe the European Food Safety Authority recommends 70 mcg/day of
PK for all adults including pregnant and lactating women (EFSA Panel on
Dietetic Products, Nutrition and Allergies, 2017). Furthermore, authorities
of individual European countries recommend higher intakes of vitamin K;
according to the Italian Nutritional Guideline the AI for vitamin K for
adults is 140 mcg/day under 60 years of age and 170 mcg/day in indivi-
duals older than 60 years (Società Italiana di Nutrizione Umana, 2014).
The Belgian authorities also raised the maximum intake of vitamin K to
210 mcg/day (Conseil Supérieur de la Santé, 2016). There is no known
toxicity associated with high doses of vitamin K1 or K2, which is why no
tolerable UL of intake has been established for vitamin K1 or K2
(Institute of Medicine, 2001).

Vitamin K is essential for the function of VKDPs but it is not precisely
known what levels of vitamin K1 and/or K2 are required for an adequate
activity of a range of VKDPs involved in the regulation of physiologic
functions, such as coagulation, bone and cartilage mineralization, inhibi-
tion of vascular calcifications, anticancer mechanisms, etc. (Shiozawa
et al., 2010; Naito et al., 2012; Rafael et al., 2014) (Table 8.1). Specific
claims for recommending a higher intake of vitamin K2 have been pub-
lished (Bruno, 2016), suggesting 180 mcg/day for adults.

Among the liposoluble vitamins, vitamin K has the lowest circulating
levels in healthy humans (Sadowski et al., 1989), which translates into dif-
ficulties when trying to assess vitamin K status. Furthermore, the variation
of serum levels of vitamin K vitamers also depends on serum triglyceride
concentrations and apoE genotype: these two factors accounted for 64%
of the interindividual variation (Fusaro et al., 2011). Thus the measure-
ment standardization of vitamin K levels is to date undefined and vitamin
K status is mainly assessed by evaluating the carboxylation level of VKDPs
(Fusaro et al., 2017c). Sadowski et al. (1989) assessed vitamin K levels in
the general population and found that the normal concentration of plasma
PK ranged between 0.29 and 2.64 nmol/L, with a median value of
0.86 nmol/L. Elderly subjects had slightly higher PK levels than the
young subjects (means5 1.05 vs 0.94 nmol/L), but when plasma PK
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Table 8.1 Physiologic function of vitamin K�dependent proteins (VKDP), effects of vitamin K deficiency in the general population and in chronic
kidney disease (CKD) patients on VKDPs, and the use of VKDPs as biomarkers.

Vitamin K�dependent
proteins

Physiologic function Vitamin K deficiency
in the general
population

Vitamin K
deficiency in CKD
patients

Use as biomarker

Matrix Gla protein
(MGP)

• Inhibition of osteogenic
factors (blocking the growth
of mineralized crystals) and
consequently vascular and
soft tissue calcification.

Vascular
calcifications,
mortality

Vascular
calcifications,
mortality

Total MGP is not currently
used as an indicator of
vitamin K deficiency

Dephosphorylated-
undercarboxylated
MGP (dp-uc MGP)

• A reduced number of
carboxyl residues is a
consequence of vitamin K
deficiency, reducing VKDP
activity

• Dp-uc MGP is a
posttranslational molecule,
probably physiologically
inactive

Renal dysfunction,
cardiovascular
calcification

Cardiovascular
calcification

Low serum levels may be a
marker of cardiovascular
disease.

High serum levels may be a
marker of vitamin K
deficiency, renal
dysfunction,
cardiovascular, and soft
tissue calcification.

Bone Gla protein (BGP,
osteocalcin)

• Involved in bone
mineralization: attract and
bind calcium ions for the
translocation of calcium ions
to the bone matrix

Bone fragility,
vascular
calcifications,
abnormal glucose
metabolism, and
mortality

Bone fragility,
vascular
calcifications,
and mortality

Bone anabolic marker

Undercarboxylated BGP
(uc-BGP)

• uc-BGP has been
implicated in the hormonal
regulation of glucose
homeostasis.

Abnormal glucose
metabolism

Unknown
consequences

uc-BGP is a biomarker of
vitamin K deficiency and
osteoarthritis.



Growth arrest-specific 6
(GAS6). expressed in
endothelial cells,
vascular smooth muscle
cells, and bone marrow

• Mediated by TAM
receptors activation

• Effects on primary
hemostasis, vascular
remodeling, and
coagulation

• Produced by platelets and
blood vessel walls

• Antiinflammatory effect,
depending on cell type

• Protect endothelial cells and
VSMCs against apoptosis

Unknown
consequences
Putative: effects
on hemostasis,
inflammation, and
cancer growth

Unknown
consequences

Uncertain

Gla-rich protein (GRP) • Inhibitor of osteoblast
differentiation and
maturation

• Inhibitor of calcification in
vascular and articular tissue

• Novel antiinflammatory
agent, with potential
beneficial effects on
osteoarthritis progression

• Decreases the activity of
alkaline phosphate

Unknown
consequences

Unknown
consequences

Association between
osteoarthritis and
carboxylation deficiency

Periostin and periostin-
like-factor (PLF)

• Promotes the
differentiation, aggregation,
adhesion, and proliferation
of osteoblasts

• Involvement in collagen
folding (bone strength)

Increase risk of
fibrosis in heart,
myocardial
hypertrophy, and
dysfunction of
heart

Increase risk of
fibrosis in heart,
myocardial
hypertrophy,
and dysfunction
of heart

High periostin levels as
marker high pressure of
bone tissue

PLF: indicator of adaptive
bone remodeling

Gla-rich protein (GRP), Gas6, and MGP are likely to exhibit a synergistic effect on the inhibition of cardiovascular calcification. TAM receptors (Tyro3, Axl, and Mer) comprise a
unique family of receptor tyrosine kinases.



concentrations were expressed as nanomoles of PL per millimole of tri-
glyceride, the elderly subjects showed decreased levels for PK compared
with the young subjects. Neogi et al. (2006) found a lower prevalence of
osteoarthritis of the hand and knee with increasing plasma PK levels.
Based on this study, a plasma PK level below 1 nmol/L may carry an
increased risk for the development of osteoarthritis, while levels above this
threshold were not associated with further decreases in osteoarthritis prev-
alence (Neogi et al., 2006). Among the individuals included in this study,
the median plasma PK concentration was 1.03 nmol/L, suggesting that
half of them had insufficient levels for adequate osteoarticular metabolism.
Plasma PK levels adjusted for triglycerides have also been found to be
inversely associated with femur neck bone mineral density (BMD) in men
and with vertebral BMD in postmenopausal women not using estrogen
replacements (Booth et al., 2004). In contrast, there were no significant
associations between biochemical measures of vitamin K and BMD in
either premenopausal women or postmenopausal women using estrogen
replacements.

In the population-based Rotterdam Study, the dietary intake of MK
was related to aortic calcification and coronary heart disease (Geleijnse
et al., 2004). The relative risk of coronary heart disease mortality was sig-
nificantly reduced in the mid (0.73) and upper (0.43) tertiles of dietary
MK compared to the lower tertile. Furthermore, the upper tertile of MK
intake was also significantly and inversely related to all-cause mortality
(RR 0.74) and severe aortic calcification (odds ratio 0.48), suggesting that
an adequate MK intake may be instrumental in the prevention of cardio-
vascular diseases and the related morbidity and mortality. Interestingly PK
intake was not related to any of the outcomes (Geleijnse et al., 2004).

As indicated in Table 8.1 vitamin K regulates several VKDPs, with rel-
evant physiologic functions. A total of 17 different VKDPs have been
identified to date (Wen et al., 2018). A short review of the most relevant
and well-studied follows here.

8.3.1 Bone Gla protein (osteocalcin)
Osteocalcin, or BGP, is a protein of 49 amino acids, containing three Gla
residues. BGP synthesis is modulated by vitamin D, acting as a promoter for
its gene synthesized by the activating transcription factor 4, which regulates
terminal osteoblast differentiation and virtually all functions of the osteoblast
related to the control of bone mass (Yoshizawa et al., 2009). Unexpectedly,
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it was found that 1,25(OH)2D3 increases BGP expression in humans (Kerner
et al., 1989) and rats, while it decreases its expression in mice. BGP is pro-
duced by osteoblasts, odontoblasts, cartilage cells, and osteoblast-like vascular
smooth muscle cells (VSMCs) as proprotein in a first step of the synthesis and
after removal of the signal peptide it is transformed into its undercarboxy-
lated form (uc-BGP) (Wen et al., 2018). Uc-BGP is then converted to its
active form, carboxylated (cBGP), by GGCX, with an enzymatic reaction
requiring the presence of vitamin K. BGP binds calcium ions and incorpo-
rates them in the hydroxyapatite crystals forming the bone matrix (Fusaro
et al., 2011; Wen et al., 2018). While in animals all three BGP vitamin
K�dependent Gla sites are fully carboxylated, in humans the BGP molecules
found in bone and serum are incompletely carboxylated (undercarboxylated
BGP). Carboxylation is also influenced by the osteotesticular protein tyro-
sine phosphatase (OST-PTP), whose gene name is ESP (Wen et al., 2018).
OST-PTP contributes to maintaining the carboxylated state of BGP and
experimental studies showed that a deletion of the epithiospecifier protein
(ESP) gene in mice (Esp�/�) is associated with alterations of glucose metabo-
lism (Kim et al., 2010) and with a reduced BGP production in organs of the
male reproductive system (Karsenty and Oury, 2014). Thus the activity of
BGP is diversified and complex. Carboxylated BGP locally inhibits
osteoclast-mediated bone resorption and it binds to calcium deposits in the
bone matrix. BGP can also be found in the blood circulation, but whether it
promotes or inhibits the calcification of blood vessels has not been elucidated
(Wen et al., 2018).

8.3.2 Matrix Gla protein
MGP is a protein of 84 amino acids, produced by cells of bone and the
cardiovascular system, namely osteoclasts, chondrocytes, vascular endothe-
lial cells, macrophages, and the VSMCs. It contains five Gla residues and
it has a high affinity for calcium and hydroxyapatite (Schurgers et al.,
2008). Its biological activity depends on the vitamin K�dependent physi-
ologic regulation of the Gla residues. In addition, the protein can be
phosphorylated on three serine residues at positions 3, 6, and 9. Thus
MGP can be found in the circulation in different forms, depending on
the carboxylation and phosphorylation status: dephosphorylated-
undercarboxylated MGP (dp-ucMGP); dephosphorylated-carboxylated
MGP (dp-cMGP); and phosphorylated-carboxylated MGP (p-cMGP)
(Schurgers et al., 2008). After the synthesis of dp-ucMGP, GGCX and its
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coenzyme vitamin K carboxylate the five Glu residues into Gla molecules
and transform the protein into dp-cMGP. Subsequently, the latter
become phosphorylated to generate p-cMGP, which is the active
molecule.

In the case of vitamin K deficiency due to a low oral intake or to war-
farin treatment, there will be an increase in the inactive ucMGP and in
particular the p-ucMGP will bind to calcium without inhibiting calcifica-
tion. MGP prevents blood vessel calcification forming a molecular com-
pound made of fetuin-A (80%), Gla (2%), and calcium-phosphorous ions
(18%). This complex inhibits the promotion and growth of potential cal-
cification foci. In addition, MGP activates phagocytosis of apoptotic bod-
ies, blocking their potential contribution to ectopic calcifications. During
warfarin treatment, or inadequate vitamin K intake, matrix vesicles are
formed and apoptotic bodies appear in VSMCs, favoring the formation of
calcification foci on the vascular wall. VSMCs may also differentiate into
osteoblast-like cells (Wen et al., 2018). P-cMGP inhibits the production
of bone morphogenetic protein-2 (BMP-2), a powerful osteoinductive
protein which in turn regulates another VKDP, GRPA lack of GRP pro-
motes the osteogenic differentiation of VSMCs. In several chronic dis-
eases, such as chronic kidney disease (CKD), diabetes, and inflammatory
conditions, an increased local synthesis of MGP by VSMC at the level of
the arterial tunica media is observed in order to try to inhibit the vascular
calcifications which characterize these conditions (Schurgers et al., 2008;
Murshed et al., 2004). Keutel Syndrome, a rare recessive autosomal
genetic disease clinically characterized by diffuse, severe cartilage and vas-
cular calcification, is caused by a mutation in the gene encoding MGP
(Munroe et al., 1999). A similar phenotype has been obtained in mice
with MGP gene knockout, developing early in their life pathological frac-
tures due to severe osteoporosis and severe medial vascular calcifications,
resulting in aortic rupture and death (Luo et al., 1997).

8.3.3 Growth arrest-specific 6 protein
Gas6 is a vitamin K�dependent, Gla-containing (11�12 residues) protein
involved in the stimulation of cell proliferation (Hafizi and Dahlbäck,
2006). It has 44% homology with plasma anticoagulant protein S (Mark
et al., 1996). Their action is mediated by the binding to and activation of
the receptor tyrosine kinases Axl, Sky, and Mer. Gas6 regulates cell sur-
vival, proliferation, migration, adhesion, and phagocytosis. In addition,
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Gas6 and protein S connect their nonreceptor-binding regions to the neg-
atively charged membranes of apoptotic cells. Gas6 protein expression is
common in the lung, endometrium, and 24 other tissues and cells, includ-
ing the osteoblasts (Shiozawa et al., 2010). It was found to be overex-
pressed in many cancers and has been implicated as an adverse prognostic
marker, but Gas6 also inhibits vascular calcification by interfering with
VSMC apoptosis (Hasanbasic et al., 2005).

8.3.4 Gla-rich protein
GRP is characterized by a large number of Gla residues, in humans up to
15, conferring the highest ratio between number of Gla residues and size
of the protein among VKDPs (Viegas et al., 2009). Such abundance of
Gla residues and therefore its marked affinity for mineral binding suggests
that GRP may directly influence mineral formation, thereby protecting
from soft tissue mineralization. Consistent with this, its distribution is pri-
marily in the bone, cartilage, skin, and vasculature, where it serves an
important role in inhibiting vascular calcification. GRP is also a circulating
protein, activated following γ-carboxylation. Its expression may be inhib-
ited by BMP-2, a protein associated with bone. In turn GRP may inhibit
the differentiation and maturation of osteoblasts, activity of alkaline phos-
phatase, and expression of osteogenic genes, thus acting as a negative reg-
ulator of osteogenic differentiation (Wen et al., 2018). Importantly GRP
may be involved in the mechanisms of calcification of articular tissues
associated with inflammation in osteoarthritis (Cavaco et al., 2016).

8.3.5 Periostin
Periostin is a large VKDP, with a molecular weight of B90 kDa. Also
known as osteoblast-specific factor 2, it is an extracellular matrix protein
(Wen et al., 2018). Periostin is expressed during ontogenesis and in adult
connective tissues submitted to mechanical strains, most notably in perios-
teum, periodontal ligaments, tendons, heart valves, and skin (Merle and
Garnero, 2012). It is also expressed in neoplastic tissues, cardiovascular and
fibrotic diseases, and during wound repair. Isoforms of periostin have been
identified (Litvin et al., 2004), differing in their C-terminal sequences.
Periostin isoforms are expressed in vivo and in vitro during the stages of
osteoblast differentiation and maturation. Because antisense oligonucleo-
tides and antibodies directed against and blocking the activity of periostin
isoforms induced a marked reduction of osteoblast-specific-differentiation
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markers, a role for these proteins in osteoblast differentiation has been
proposed (Litvin et al., 2004). By binding to cell surface receptors, perios-
tin stimulates the differentiation, aggregation, adhesion, and proliferation
of osteoblasts. In addition, its action on collagen folding, favoring matrix
assembly, may be relevant for improving bone strength (Merle and
Garnero, 2012). Of four different subtypes (Pn-1 to -4), Pn-1 but not
Pn-2 inhibited the adhesion of cardiac fibroblasts and cardiac muscle cells
and also promoted cardiac fibrosis and remodeling following myocardial
infarction. Furthermore, Pn-2 has been associated with angiogenesis, but
Pn-1 was not. Overall, periostin may increase myocardial hypertrophy,
myocardial fibrosis, and dysfunction of the heart.

8.4 Clinical use of menaquinones

The nine different but related compounds known as MKn are generally
classified into the short-chain MKn (with MK-4 as the most relevant) and
the long-chain MKn (of which MK-7 is the most studied). It occurs natu-
rally in some animal-derived and fermented foods, most notably the tradi-
tional Japanese breakfast food natto (Marles et al., 2017). MK-7 has greater
bioavailability than other forms of vitamin K, which has led to a compara-
tively large use of this product as an ingredient of dietary supplements.

Natto is the product of fermentation of a traditional Japanese soybean,
due to the presence of Bacillus subtilis natto (Booth, 2012). The fermented
food contains large amounts of MK-7 and traces of MK-6; 100 g of natto
may contain as much as 950 mcg of MK-7. The use of natto in Japan has
been known since 1600 by Samurai warriors, who used it to increase their
strength and speed of reactions. Furthermore, ancient Japanese physician
registers contained recommendations to pregnant women to take a daily
dose of natto in order to obtain healthy offspring. Natto provides a natural
form of MK-7, commonly used by the general population in Japan and
globally as a supplement by physicians to prevent bone and cardiovascular
diseases (Gallieni and Fusaro, 2014; Fusaro et al., 2011, 2017a,b; Marles
et al., 2017). We would point out that the bioactivity and toxicity of MK-
7 depends on the bacillus used for the fermentation process. In particular,
the use of microorganisms different from B. subtilis natto may have possible
side effects (Haydushka et al., 2012; Salkinoja-Salonen et al., 1999).

Data available in the literature regarding the potential toxicity of vita-
min K intake conclude that MK-7 is safe and adverse events are extremely
rare, except for gastrointestinal disorders such as diarrhea. On the other
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hand, special attention should be given to patients treated with warfarin
or similar oral vitamin K antagonist anticoagulants, because there is a risk
of interaction with vitamin K and interference with the activity of
VKDPs (Marles et al., 2017).

Furthermore, MK-7 also exists in a synthetic form, all-trans, which
seems be bioequivalent to the natural cis isomer (Møller et al., 2016).
Among the side effects of the synthetic MK-7, dry mouth and diarrhea
have been reported (Møller et al., 2016).

Menatetrenone or MK-4 was approved as a drug for the treatment for
osteoporosis in Japan in 1960. Indeed interventional studies with MK-4
(45 mg/day orally) demonstrated improvements of BMD and a reduction
of the incidence of bone fractures (Shiraki et al., 2000; Inoue et al., 2009;
Fang et al., 2012). Moreover, other studies have highlighted an association
between high dietary MKn intake, but not PK, and reduced cardiovascular
calcifications (Beulens et al., 2009; Fusaro et al., 2012). A recent meta-
analysis of cohort or nested case-control studies investigated the relationship
between dietary vitamin K intake and the risk of fractures (Hao et al.,
2017). Four cohort studies and one nested case-control study, with a total
of 1114 fractures cases and 80,982 participants were included in the meta-
analysis. In all studies only the intake of PK (vitamin K1), was calculated. A
statistically significant inverse association between dietary vitamin K intake
and risk of fractures (highest vs. the lowest intake, RR5 0.78) was
detected. When stratified by follow-up duration, the RR of fracture for
dietary vitamin K intake was 0.76 in studies with more than 10 years of
follow-up, suggesting that higher dietary vitamin K intake may moderately
decrease the risk of fractures. Iwamoto (2014) reviewed the results of eight
randomized controlled trials (RCTs) that investigated the effect of menate-
trenone on BMD, measured by dual-energy X-ray absorptiometry and the
incidence of fractures in postmenopausal women with osteoporosis. Small
RCTs showed that MK-4 (menatetrenone) monotherapy decreased serum
uc-BGP concentrations, modestly increased lumbar spine BMD, and
reduced the incidence of fractures (mainly vertebral fracture). In addition,
combined alendronate and menatetrenone therapy enhanced the decrease
in serum uc-BGP concentrations and further increased femoral neck BMD.

Regarding vascular calcifications, observational studies have found high-
er dietary MKn, but not PK, to be associated with less calcification (Shea
and Holden, 2012). Because vascular calcification is highly prevalent in cer-
tain populations, such as patients with CKD, it is important to establish
whether vitamin K may reduce vascular calcification in patients at higher
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risk. Overall, the available observational population-based evidence, based
on dietary intake measures, suggests that MKn intake may be more likely
to protect against vascular calcification than PK intake. However, the avail-
able intervention studies suggest that PK supplementation slows the pro-
gression of vascular calcification (Braam et al., 2004; Shea et al., 2009).

MKn have not been fully tested. A small Japanese study (Ikari et al.,
2016) failed to demonstrate a clear benefit. Despite high dose MK-4
administration (45 mg/day for 1 year), coronary artery calcification
increased 1 14% annually and brachial ankle pulse wave velocity did not
change significantly. The benefits of MK-4 supplementation were only
observed in patients with vitamin K insufficiencies correlated with high
PIVKA-2 baseline levels, reducing pulse wave velocity but not vascular
calcifications. A larger, ongoing randomized controlled study, the VitaK-
CAC trial, will analyze the effects of MK-7 supplementation on the
progression of coronary artery calcifications. The trial is a double-blind,
randomized, placebo-controlled trial including patients with coronary
artery disease (Vossen et al., 2015).

8.5 Conclusion

Consideration of the issue of adequate vitamin K intake in the general
population and in patients affected by bone and mineral abnormalities,
specifically osteoporosis and cardiovascular calcification, has often underes-
timated the distinction between PK (vitamin K1) and MKn (vitamin K2).
Although the two forms of vitamin K have similar activity in sustaining
the vitamin K cycle and the carboxylation of VKDPs, their role may be
markedly different and therefore their use for the prevention and treat-
ment of bone and mineral abnormalities could follow different pathways
and require different doses. We have outlined in this article evidence that
vitamin K2 is a key regulator of clinically relevant molecular processes. Its
use as a dietary supplement and as a pharmacological treatment for bone
and mineral abnormalities should be further explored.
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Biotin status screening
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Summary points

• Biotin is a water-soluble vitamin, also known as vitamin H.
• Biotin is an essential micronutrient for the metabolism and survival of

all organisms due to its function as a cofactor of enzymes, known as
biotin-dependent carboxylases.

• Biotin deficiency presents various clinical manifestations such as hair
loss, red rash, neurologic symptoms, and susceptibility to infection.

• The main causes of biotin deficiency include: (1) total parenteral nutri-
tion without biotin supplementation, (2) excessive consumption of
raw egg white, (3) intake of infant formulas with inadequate biotin,
(4) long-term use of anticonvulsants and antibiotics, (5) smoking and
chronic alcoholism, (6) inflammatory bowel disease, (7) inborn meta-
bolic disorders, and (8) pregnancy.
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• Markers of biotin deficiency include: (1) plasma concentration of
3-hydroxyisovaleric acid measured by liquid chromatography�tandem
mass spectroscopy, (2) increased 3-hydroxyisovaleric acid (3HIA) and
3-hydroxyisovaleryl carnitine (3HIA-carnitine) level in urine, and (3)
gel densitometry analysis of biotinylated 3-methylcrotonyl-CoA
carboxylase and propionyl-CoA carboxylase in peripheral blood
lymphocytes.

• Urinary 3HIA and 3HIA-carnitine markers have been proved valid in
healthy adults. However the markers may not accurately reflect the
biotin status in pregnant women or lactating women.

Definitions of words and terms
ACC ACC is an abbreviation for acetyl-CoA carboxylase, comprised of ACC-α and

ACC-β. Acetyl CoA is converted to malonyl CoA by ACC-α which is a key enzyme
in lipid synthesis. ACC-β catalyzes an identical reaction in the mitochondria and is
associated with fatty acid oxidation.

Carboxylase An enzyme that catalyzes carboxylation or decarboxylation. Carboxylation
is a reaction in which carboxylic acid group is introduced to a substrate.

Inflammatory bowel disease Inflammatory bowel diseases (IBDs), including Crohn's
disease and ulcerative colitis, are chronic inflammatory disorders of the intestine. The
incidence of IBD is increasing worldwide.

LC�MS/MS LC�MS/MS is an abbreviation for liquid chromatography�tandem mass
spectroscopy. This tandem method is used for the analysis of small molecules.

MCC MCC is an abbreviation for 3-methylcrotonyl-CoA carboxylase. 3-Methylcrotonyl-
CoA carboxylase is an essential enzyme for the catabolism of the branched-chain amino
acid, leucine.

PC PC is an abbreviation for pyruvate carboxylase. Pyruvate carboxylase catalyzes the
conversion of pyruvate to oxaloacetate, which is associated with gluconeogenesis and
lipogenesis.

PCC PCC is abbreviation for propionyl-CoA carboxylase. Propionyl-CoA carboxylase
catalyzes the conversion of propionyl CoA to methylmalonyl CoA. Methylmalonyl
CoA is converted to succinyl CoA and enters the tricarboxylic acid cycle.

9.1 Introduction

Biotin was first found from yeast as a growth factor in the early 20th century
and was later identified as biotin (Boas, 1927). Biotin, a water-soluble
vitamin, acts as a cofactor for carboxylase in fatty acid synthesis, amino
acid metabolism and gluconeogenesis. Emerging evidence has revealed
that biotin deficiency affects inflammation (Cowan et al., 1979; Elahi
et al., 2018; Fernandez-Banares et al., 1989). Elahi et al. (2018)
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demonstrated that “biotin deficiency enhances the inflammatory responses
in CD41 T cells, which may contribute to inflammation associated with
biotin deficiency”. Since the diagnosis of biotin deficiency can be difficult
due to various symptoms, screening methods for biotin deficiency are
required in clinical practice. This chapter discusses the screening methods
used for biotin deficiency as well its symptoms and causes.

9.2 What is biotin?

Biotin, a water-soluble family of vitamins, is composed of a ureido ring
fused with a tetrahydrothiophene ring (Fig. 9.1). This micronutrient acts
as a covalently bound coenzyme for five carboxylases—acetyl-CoA
carboxylase α (ACC-α), acetyl-CoA carboxylase β (ACC-β), pyruvate car-
boxylase (PC), propionyl-CoA carboxylase (PCC), and 3-methylcrotonyl-
CoA carboxylase (MCC)—in fatty acid synthesis, amino acid metabolism,
and gluconeogenesis (Lanska, 2012; Zempleni and Mock, 1999). First,
biotin-dependent carboxylases are formed as “enzymatically inactive
apocarboxylase proteins” (Mock, 2017). After the covalent attachment of
biotin by the enzyme holocarboxylase synthetase (HLCS), inactive apoc-
arboxylase can convert to active holocarboxylases (Mock, 2017). Biotin
also regulates the expression of various genes (e.g., transcriptional regula-
tion of the glucokinase gene and reduction of mRNA levels of
lipogenic genes) (Chauhan and Dakshinamurti, 1991; Dakshinamurti,
2013; Larrieta et al., 2010).

9.3 Biotin physiology

Biotin is available from various food sources. It mostly exists in food in
protein-bound forms that are digested by gastrointestinal peptidases and

Figure 9.1 Skeletal formula of biotin. Bicyclic molecule composed of an ureido ring
fused with a tetrahydrothiophene ring.
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proteases to form biotinyl peptide and biocytin. Biotin and lysine in
biotinyl peptides and biocytin are hydrolyzed by intestinal biotinidase
(BTD) to release biotin. Subsequently, free biotin is absorbed in the small
intestine, predominantly the jejunum. On the other hand, bacterially
derived biotin exists in its unbound form and is absorbed in the colon
(Said, 2012). Once absorbed, biotin is used for various biotinylation
processes. Biotin binds to each of the five apocarboxylases, leading to the
formation of their corresponding holocarboxylase (ACC-α, ACC-β, PC,
PCC, and MCC) via the action of HLCS (Fig. 9.2). Biotin deficiency
causes increases plasma concentration of 3-hydroxyisovaleryl carnitine
(3HIA-carnitine) and urinary excretion of 3-hydroxyisovaleric acid
(3HIA) and 3HIA-carnitine because of reduced activity of MCC (Mock
et al., 2011) (Table 9.1).

Figure 9.2 Schematic representation of the biotin cycle. Free biotin obtained from
food or the cleavage of biocytin via the action of biotinidase (BTD) is covalently
attached to the five apocarboxylases, ACC-α, ACC-β, PC, PCC, and MCC via the action
of biotin holocarboxylase synthetase (HLCS), thereby forming active holocarboxy-
lases. The holocarboxylases are subsequently proteolyzed to biocytin, which is
then further cleaved by BTD. As a result, free biotin reenters the cycle. ACC, Acetyl-
CoA carboxylase; PC pyruvate carboxylase; PCC, propionyl-CoA carboxylase; MCC,
3-methylcrotonyl-CoA carboxylase.
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9.4 Causes of biotin deficiency

Various causes of biotin deficiency have been reported, including:
1. Total parenteral nutrition without biotin. Patients who receive long-term

total parenteral nutrition therapy without biotin supplementation,
develop biotin deficiency (Khalidi et al., 1984).

2. Excessive consumption of raw egg whites. Avidin, contained in raw egg
white, has a high binding affinity to biotin, making it unavailable for
absorption. Prolonged consumption of raw egg, not cooked egg, was
reported to be a predisposing factor for biotin deficiency (Adhisivam
et al., 2007).

3. Intake of infant formulas with insufficient biotin. Biotin deficiency has been
reported in infants with milk allergy, receiving hypoallergenic formulas
containing low levels of biotin (Hagiwara et al., 2017; Hayashi et al.,
2014).

4. Long-term anticonvulsant therapy. Long-term administration of anticon-
vulsants, such as phenytoin, phenobarbital, carbamazepine, and primi-
done, may cause biotin deficiency. Possible mechanisms include
inhibition of intestinal biotin uptake, accelerated biotin catabolism,
and impaired renal tubular reabsorption of biotin (Mock and Dyken,
1997; Said, 2012).

5. Long-term oral antibiotic therapy. Long-term administration of oral anti-
biotics has been linked to biotin deficiency because of disturbance of

Table 9.1 Key facts about biotin, including the function of biotin, and the causes
and symptoms of biotin deficiency.

• Biotin plays an important role in fatty acid synthesis, gluconeogenesis, and
branched2 chain amino acid catabolism.

• Emerging evidence has shown that biotin is associated with the immune
response.

• Biotin deficiency is caused by various conditions, such as inadequate nutrition
therapy, prolonged use of anticonvulsants and antibiotics, pregnancy, and
inherited metabolic disorders.

• Symptoms of biotin deficiency vary. (e.g., hair loss and a scaly red rash around
the eyes, nose, mouth, and genitals).

• Adult neurological symptoms include depression, hallucinations, lethargy,
ataxia, numbness and tingling of the extremities, and seizures.

• Inborn metabolic disorders such as biotinidase deficiency and holocarboxylase
synthetase deficiency often show similar symptoms to biotin deficiency and
increased susceptibility to bacterial and fungal infections.
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the intestinal microbiome induced by antibiotics. In mice antibiotic-
induced overgrowth of bacteria, Lactobacillus murinus, was shown to
increase biotin consumption (Hayashi et al., 2017).

6. Smoking and chronic alcoholism. Smoking accelerates biotin metabolism,
especially in women (Sealey et al., 2004). Animal studies showed that
chronic alcohol exposure has negative impact on biotin uptake in
pancreatic acinar cells and renal biotin reabsorption (Srinivasan et al.,
2014; Subramanian et al., 2011).

7. Inflammatory bowel disease (IBD). IBD is a group of chronic inflamma-
tory disorders of the intestine, including Crohn’s disease and ulcerative
colitis. A clinical study showed that biotin levels in IBD patients were
significantly lower than in controls (Fernandez-Banares et al., 1989).
However, biotin deficiency has not been conclusively demonstrated in
IBD, and reports are inconsistent (Ghishan and Kiela, 2017).

8. Pregnancy and lactation. Emerging studies have shown decreased biotin
levels in a significant proportion of pregnant and lactating women
(Mock, 2009, 2017). Some experts recommend a higher intake of bio-
tin for pregnant women because marginal biotin deficiency during
pregnancy might be teratogenic (Mock, 2017; Mock et al., 2003).

9. Inborn errors of metabolism: BTD deficiency and HLCS deficiency. Biotin
deficiency can arise due to rare inborn errors of metabolism, including
deficiencies of BTD (MIM 253260) and HLCS (MIM 253270).

9.4.1 Biotinidase deficiency
Mutations in the BTD gene that encodes BTD. BTD functions to remove
biotin bound to proteins in food, leaving biotin in its free form. Free
biotin is required by five biotin-dependent carboxylases, necessary for
fatty acid synthesis, amino acid metabolism, and gluconeogenesis. BTD
deficiency is a hereditary disorder in which the body is unable to recycle
biotin, with subsequent impairments of the main biotin-dependent car-
boxylases and accumulation of potentially toxic substance in the human
body (Mastrangelo, 2018).

9.4.2 Holocarboxylase synthetase deficiency
Mutations in the HLCS gene. HLCS is the enzyme that catalyzes the
binding of biotin to carboxylases and histones (Suormala et al., 1998).
Defects in this gene cause failure to attach biotin, leading to reduced
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activity of the biotin-dependent carboxylases. This process results in
multiple carboxylase deficiency (Donti et al., 2016).

9.5 Symptoms

Biotin deficiency leads to an array of pathological conditions, including
alopecia, conjunctivitis, skin rash and neurological symptoms, such as
depression, lethargy, hallucination, and hypotonia. Patients with heredi-
tary disorders of biotin deficiency also develop immune dysfunction,
including increased susceptibility to bacterial and fungal infections
(Elahi et al., 2018; Krol and Krafchik, 2006; Seymons et al., 2004;
Trueb, 2016).

9.6 Biotin status screening

While a universal biotin status screening has not yet been established,
several screening methods have been proposed.

9.6.1 Plasma concentration of 3-hydroxyisovaleryl carnitine
As mentioned previously, biotin acts as a covalently bound coenzyme for
five carboxylases (ACC-α, ACC-β, PC, PCC, and MCC). Plasma 3HIA-
carnitine concentrations are increased in isolated genetic deficiency of
MCC (Roschinger et al., 1995) and deficiency of multiple carboxylases
because of BTD or HLCS deficiency (Raha and Udani, 2011; Van Hove
et al., 2008; Stratton et al., 2010). Stratton et al. (2010) reported that
plasma 3HIA-carnitine concentration is an early and sensitive biomarker
of marginal biotin deficiency in humans. They measured plasma concen-
tration of 3HIA-carnitine using liquid chromatography�tandem mass
spectroscopy (LC�MS/MS).

The usefulness of LC�MS/MS using dry blood spots (DBSs) in pedi-
atrics has been reported (Hagiwara et al., 2017). Previous studies showed
that LC�MS/MS using DBSs, used for new-born mass screening of met-
abolic inherited disorders, is available for the detection of biotin deficien-
cies in infants because an increase of 3HIA-carnitine (C5-OH) measured
by LC�MS/MS reflects biotin deficiency (Tokuriki et al., 2013).
Hagiwara et al. (2017) reported that C5-OH measured by LC�MS/MS
from DBSs was .1.00 nmol/L in a pediatric patients who developed bio-
tin deficiency. In inherited metabolic disorders, such as BTD and HLCS
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deficiency, conditions are screened for using new-born screening tandem
mass spectroscopy to detect elevated C5-OH levels in DBSs.

9.6.2 Urinary concentrations of 3-hydroxyisovaleric acid and
3-hydroxyisovaleryl carnitine
Stratton et al. (2011) reported that urinary 3HIA and 3HIA-carnitine
levels, measured by LC�MS/MS, are sensitive biomarkers of marginal
biotin deficiency in experimentally induced biotin-deficient adults.
However, Perry et al. (2014) reported that urinary 3HIA-carnitine was
lower among pregnant women than among nonpregnant control women,
indicating that urinary 3HIA-carnitine is not a reliable biomarker of mar-
ginal biotin deficiency in pregnancy (Mock, 2017). In children, an increase
of urinary 3HIA level beyond the normal range (3.4�12.5 μg/mg creati-
nine) is considered a biomarker of biotin deficiency (Hayashi et al., 2014).

9.6.3 Abundance of biotinylated 3-methylcrotonyl-CoA
carboxylase and propionyl-CoA carboxylase
Eng et al. (2013) showed that an “abundance of holo-MCC and holo-
PCC allowed for distinguishing biotin-deficient and biotin-sufficient indi-
viduals”. According to their study, an abundance of holo-MCC and
holo-PCC in peripheral blood lymphocytes determined by gel densitome-
try and fluorescent-labeled streptavidin were reliable indicators of marginal
biotin deficiency (Eng et al., 2013). In theory, “activity of PCC and
MCC (two of the five biotin-dependent carboxylases) in peripheral blood
lymphocytes should be as sensitive and specific as the abundance of holo-
PCC and holo-MCC” (Mock et al., 2002; Mock, 2017). This novel
“assay quantitates the catalysis by PCC or MCC of 14C-bicarbonate
incorporation into acid-precipitable material” (Mock et al., 2002; Mock,
2017). However, this method is not suitable for screening biotin defi-
ciency because it is technically difficult, as blood samples require special
handling and storage.
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Key facts of vitamin B1

• A deep deficiency of thiamine leads to a disease that was long known
as “beriberi,” which is accompanied by convulsions, paralysis, and
without treatment ends with death.

• According to Japanese authors, the first descriptions of a beriberi clinic
occurring were in 808, but it is officially recognized that the presence
in natural foods of a compound that treats this disease was discovered
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by the observations of Eijkman during 1898�1906 which he spent in
a prison hospital on the island of Java.

• The substance that cured polyneuritis was first isolated and crystallized
in 1926 by Jansen and Donath.

• Eijkman and Hopkins in 1929 received the Nobel Prize in the field of
physiology and medicine for research leading to the discovery of vitamins.

• Classic forms of vitamin B1 deficiency are currently extremely rare,
but hypovitaminosis (low provision of the vitamin) is quite common
in people even in developed countries due to an unhealthy diet (lack
of vitamin B1 intake) and/or effects on the body of adverse factors of
exogenous (environmental pollution) and endogenous (e.g., increased
consumption of alcohol and drugs) origin.

• A universal criterion for estimation of the body’s thiamine status is the
measurement of the content of thiamine diphosphate in erythrocytes.

• Vitamin B1 is supplied to organisms by foods such as whole grains,
pork, beef, legumes, egg yolk, nuts, and others.

Summary points

• This chapter is devoted to the analysis of the relationship between two
factors: the supply of the body with vitamin B1 (thiamine) and the activity
of the pyruvate dehydrogenase complex (PDC), the coenzyme of which
is a phosphorylated form of thiamine, thiamine diphosphate (ThDP).

• The PDC is a multienzyme structure consisting of three enzymes:
pyruvate dehydrogenase itself [E1, pyruvate dehydrogenase (PDH)],
dihydrolipoamide acetyltransferase (E2), and dihydrolipoamide dehy-
drogenase (E3). This complex catalyzes the oxidative decarboxylation
of pyruvate with the formation of acetyl-CoA as a final product.

• PDC in animal tissues is subject to multifactorial regulation mediated
mainly by PDH kinase and PDH phosphatase, which carry out phos-
phorylation (inactivation) and dephosphorylation (activation) of the
first component of the complex (E1, PDH), respectively.

• Thus under certain physiological conditions, part of the PDC can be in an
inactive form and the ratio of the active and inactive forms of the PDC is
determined by the activities of PDH kinase and PDH phosphatase.

• Despite the fact that ThDP is a coenzyme of PDH, there is no strong
relationship between the content of ThDP in tissues and the activity
of E1. This can be attributed to a noncoenzymic function of ThDP in
PDC regulation.
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• ThDP and thiamine triphosphate (ThTP) are involved in the regula-
tion of PDC by acting on regulatory enzymes. ThDP inhibits PDH
kinase, which leads to activation of the PDC, and ThTP inhibits PDH
phosphatase, resulting in inactivation of the multienzyme complex.

• The relative flow of glucose carbon atoms through metabolic pathways
such as the tricarboxylic acid cycle, gluconeogenesis, and fatty acids
biosynthesis is distributed at the level of the PDC.

• In nerve cells, vitamin B1 is involved in the regulation of acetylcholine
synthesis from pyruvate, mediated by the effects of its phosphates on
PDC activity.

• PDC and its regulatory enzymes can be considered as potential thera-
peutic targets for thiamine and its derivatives in the treatment of obe-
sity, diabetes, and neurological disorders.

Definitions of words and terms

• Acetylcholine: Acetylcholine is a chemical transmitter (mediator) of ner-
vous excitation, which is synthesized in nerve cells; the ends of the
nerve fibers for which it serves as a mediator are called cholinergic.

• Apoenzyme: Apoenzyme is a protein part of an enzyme that binds a
coenzyme to exhibit the catalytic activity.

• Homeostasis: Homeostasis is a state of relative balance (equilibrium) of
the metabolic processes in separate living system.

• Coenzyme: Coenzyme is a low-molecular organic compound located
at the active site of an enzyme and is indispensable for the catalytic
transformation of the enzyme substrate.

• Lipogenesis: Lipogenesis is the process of fatty acids synthesis with subse-
quent formation of triglycerides involving several biochemical reactions.

• Metabolism: Metabolism is considered to be the summation of biochemi-
cal reactions that take place in a living organism during its vital activity.

• Metabolite: Metabolite is an intermediate or final product of the
metabolism.

• Mitochondria: Mitochondria are subcellular structures in eukaryotic cells
providing energy and metabolic intermediates in aerobic biochemical
processes. The ketoacid dehydrogenase complexes are also located in
mitochondria.

• PDC: PDC is an abbreviation for pyruvate dehydrogenase complex.
• PDHa: It means the active form of pyruvate dehydrogenase (PDH, E1

enzyme of PDC).
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• PDHtotal: It means the amount of active and inactive (phosphorylated)
forms of PDC.

• Pyruvate: Pyruvate is an anionic form of pyruvic acid (2-oxopropionic
acid), which is formed in the body during the breakdown of carbohy-
drates. Pyruvate is a key metabolite of energy metabolism, including
the conversion of carbohydrates, proteins, and lipids.

• Vitamins: Vitamins are biologically active low-molecular compounds
that participate in biochemical pathways, which are also important as
regulatory agents. These organic compounds of different classes are not
synthesized in humans and animals and must come from the outside.

• Synaptosomes: Synaptosomes are isolated nerve endings that retain all
the properties of a nerve cell.

Abbreviations
Ach Acetylcholine
AThTP Adenylated thiamine triphosphate
ATP Adenosine triphosphate
CoA Coenzyme A
FAD Flavin adenine dinucleotide
HCD High-carbohydrate diet
NAD Nicotinamide adenine dinucleotide
OTh Oxythiamine
OThDP Oxythiamine diphosphate
PDC Pyruvate dehydrogenase complex
PDH Pyruvate dehydrogenase
ThDP Thiamine diphosphate
ThMP Thiamine monophosphate
ThTP Thiamine triphosphate

Vitamin B1 (thiamine) is one of the essential micronutrients involved
in many physiological processes in humans such as energy metabolism and
functions of the nervous system. This nitrogen-containing and water-
soluble compound was named by Funk as “vitamine,” which was applied
to the whole group of other structurally diverse compounds in food called
vitamins (Rosenfeld, 1997). Since the discovery of thiamine, it was under-
stood that the lack of this low-molecular compound can be responsible
for developing polyneuropathy known as the disease “beriberi.” This dis-
ease is characterized by severe nerve paralysis, apathy, lack of activity,
memory impairment, depression, as well as symptoms of hysteria and
heart disorders (Muralt, 1947; Carpenter, 2012).
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The works of Peters and his school in Oxford laid the foundation for
studying the role of vitamin B1 in cell metabolism. Summarizing his
experiments, Peters wrote that “the view can now be advanced that the
action of vitamin B1 is related specifically to pyruvate oxidase in its
aerobic reaction” (Peters, 1936). Further studies led to the opinion that
thiamine’s effect was not due to this compound itself, but to a derivative
that was synthesized from the natural vitamin (Jansen, 1949). These were
the first steps on the path to the elucidation of the role of thiamine
diphosphate (ThDP) in biochemical transformations of pyruvate.

An important stage in the study of the biochemistry of vitamin B1 was
the identification of its basic biologically active form, ThDP, which, as is
now known, is a coenzyme of several enzymes that catalyzes the forming
and breaking of carbon�carbon bonds and is involved in key metabolic
pathways. Among them, the pyruvate dehydrogenase complex (PDC)
catalyzes the transformation of pyruvate into acetyl-CoA, a substrate for the
tricarboxylic acid cycle and acetylcholine (ACh) synthesis. One of the early
hypotheses concerning a neurotropic action of thiamine was proposed by
Peters (1967). This hypothesis suggested that a pathological change in
nervous tissue at thiamine deficiency can be attributed to a disturbance in
the synthesis of acetyl-CoA, which is the precursor for the biosynthesis of
neurotransmitter ACh. A reduction in the acetyl-CoA synthesis under thia-
mine deficiency was explained by the decrease in the activity of PDC due
to a deficiency of its coenzyme ThDP. However, the relationship between
tissue supply with thiamine, the ThDP content, and the PDC activity
turned out to be more complex than previously assumed (Parkhomenko
et al., 1996). The study of this issue is important because the experimental
data obtained to date strongly suggest that functional impairment of
thiamine-dependent processes in the human organism may be one of the
important pathogenetic factors in the development of most metabolic and
neurodegenerative diseases (Bunik et al., 2013; Parkhomenko et al., 2016).

In this chapter, we consider the results of research, including our own
ones, which might expand our understanding of the effects of thiamine
provision to tissues on PDC activity.

10.1 Biologically active derivatives of
vitamin B1 in living tissues

It is now established that in the cells of all living organisms vitamin B1 is
represented by its nonphosphorylated form and phosphoric esters
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(Bettendorff and Wins, 2009; Gangolf et al., 2010a). The оxidized thia-
mine derivatives, such as thiochrome and disulfide, also occur in minor
amounts (Parkhomenko et al., 2012). The biological effects of these com-
pounds being catabolites of thiamine are still an open question.

Thiamine molecules penetrate into the cells in a free nonphosphory-
lated form and are phosphorylated immediately to ThDP by the cytosolic
enzyme thiamine pyrophosphokinase (EC 2.7.6.2), which catalyzes the
transfer of a pyrophosphate group from ATP to thiamine (Manzetti et al.,
2014). In living tissues, the phosphorylated derivatives of vitamin B1 are
shared between ThDP, thiamine monophosphate (ThMP), and thiamine
triphosphate (ThTP). Recently a new natural thiamine derivative, adeny-
lated thiamine triphosphate (AThTP) (Fig. 10.1), has been identified
(Bettendorff et al., 2007). ThDP is considered to be the most studied of
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Figure 10.1 Thiamine and its phosphorylated derivatives. AThTP, Adenylated thia-
mine triphosphate; ThDP, thiamine diphosphate; ThMP, thiamine monophosphate;
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the phosphorylated thiamine derivatives. This compound functions as a
coenzyme for the enzymes playing key roles in energy generation in
mitochondria, among which the most significant could be pyruvate
dehydrogenase (PDH) and α-ketoglutarate dehydrogenase as well as
branched-chain ketoacid dehydrogenases (Bunik et al., 2013). As a cofac-
tor, ThDP enables the activity of other enzymes, including transketolase,
which participates in the pentose phosphate pathway.

ThMP and ThTP do not show coenzyme functions, and their roles still
have not been determined. ThTP, which was discovered more than 60
years ago in liver tissue (Rossi-Fanelli et al., 1952), remains the most myste-
rious compound among the thiamine phosphates. Evidence for a specific
role of this thiamine ester in the neural tissue was obtained later (Cooper
et al., 1963). To date the following information about ThTP can be unde-
niable. ThTP is found to be synthesized in all living cells (Chagovec and
Rybina, 1959; Berman and Fishman, 1975; Miyoshi et al., 1990), both in
the cytosol and in the mitochondria (Gangolf et al., 2010b). There are
enzymes that are able to hydrolyze ThTP in all cells (Makarchikov et al,
2003; Sidorova et al., 2009). ThTP could be a phosphate donor for protein
phosphorylation, which has been shown to occur in postsynaptic mem-
branes containing endogenous kinase, for 43K rapsyn, a protein required
for the clustering of AСh receptors at the neuromuscular junction (Nghiêm
et al., 2000). It should be noted that some fragmentary knowledge on the
metabolism of ThTP and its involvement in cellular processes, accumulated
to date, still does not allow the completion of the overall picture on the
role of this compound in living cells.

10.2 Pyruvate dehydrogenase complex

10.2.1 Structure and function of pyruvate dehydrogenase
complex
The PDC catalyzes the oxidative decarboxylation of pyruvate with the for-
mation of acetyl-CoA. Three different enzymes are involved in this trans-
formation of pyruvate (Patel et al., 2014). The first one, pyruvate
dehydrogenase (E1, PDH), along with enzyme-bound ThDP, catalyzes the
decarboxylation of pyruvate and acetylation of the lipoamide group of
dihydrolipoamide acetyltransferase (E2) forming S-acetyldihydrolipoyl-E2.
Then the enzyme E2 carries the acetyl group to coenzyme A providing
acetyl-CoA to the tricarboxylic acid cycle. The reduced lipoamide fragment
of E2 is oxidized by a flavoprotein, dihydrolipoamide dehydrogenase (E3).
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Two electrons are transferred to NAD1 via flavin adenine dinucleotide
(FAD) of the E3 subunit, and NADH and a proton are produced by this
reaction (Fig. 10.2). Among the coenzymes participating in the reactions
catalyzed by PDC, ThDP is associated with E1 noncovalently, lipoamide is
covalently bound to the lysine residue of E2, and FAD is strongly associated
with E3.

Under certain conditions, for example, with deficiency of CoA and
NAD1, E2 and E3 activities may be reduced as compared with the activ-
ity of the ThDP-dependent pyruvate decarboxylate subunit. In this case,
the formation of by-products, mainly acetoin, was observed (Alkonyi
et al., 1976). This unusual product of E1 activity is generated at a higher
level in tumors (Baggetto and Lehninger, 1987).

The molecular mechanism of catalysis by E1 of PDC explains how the
decarboxylation is coupled with acetyl transfer. The enzyme-bound ThDP
exists in a V-conformation which can provide the reactive C2 deproto-
nated form of ThDP. This ylide attacks the α-carbon atom of pyruvate to
form the C2α-lactyl-ThDP intermediate which yields C2α-carbanion
(enamine) after decarboxylation. The enamine intermediate acylates the
lipoyl group of E2 releasing S-acetyldihydrolipoate and the initial thiazo-
lium ylide. It should be noted that the first stages of this mechanism can by
supplemented by protonation and tautomerization of the 40-aminopyrimi-
dine ring of ThDP (Nemeria et al., 2009). In the later stages of the reac-
tion the acylation of lipoamide can occur through the mechanism of the
formation of 2-acetyl-ThDP intermediates (Gruys et al., 1989).

Many years of effort by scientists to elucidate the structural intracellular
organization and interaction of the enzymes in the PDC led to the under-
standing of PDC as a great macromolecular machine consisting of many
interacting enzymes “that are connected and regulated by highly flexible
domains, also called swinging arms” (Hezaveh et al., 2018). However, the
complete structure and function of these domains have not been clarified
in detail until today.

I. 
II.
III.
IV.
V.

Pyruvate + ThDP-E1 → CO2  + Hydroxyethyl-ThDp-E1

Lip(SH)(S-acetyl)]-E2 +CoA → acetyl-CoA + Lip(SH)2-E2
Lip(SH)2-E2  + FAD-E3 → Lip(S)2-E2 + FADred -E3
FADred -E3  +  NAD+ → FAD-E3  + NADH + H+

Hydroxyethyl-ThDP-E1 + Lip(S)2-E2 → ThDP-E1 + Lip(SH)(S-acetyl)-E2

Figure 10.2 Stepwise reactions of pyruvate dehydrogenase complex. Lip(S2), Lip(SH)
(S-acetyl), and Lip(SH)2 are lipoate, acetylhydrolipoate, and dihydrolipoate, respec-
tively. FADred, Reduced FAD.
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The discovery of the mechanism of PDC activity regulation by phos-
phorylation�dephosphorylation of its E1 component (Linn et al., 1969)
was a turning point for understanding and further studying the PDC
physiological role.

10.2.2 General views on the key role of PDC in cellular
metabolism and its regulation
PDC occupies a central position in the metabolism of carbohydrates in
animal cells, being responsible for the pyruvate oxidative decarboxylation
to acetyl-CoA in mitochondria. The acetyl-CoA is further used in the tri-
carboxylic acid cycle, but it can also be involved in fatty acids synthesis
(Choi et al., 2010). Thus at the PDC level the flow of glucose carbon
between these metabolic pathways is distributed. This is possible due to a
mechanism of PDC regulation by phosphorylation�dephosphorylation of
its E1 component, which is PDH.

The strict regulation of PDC is known to be very important for
maintaining glucose homeostasis, since chronic disorders in glucose
homeostasis lead to the development of many metabolic diseases, such as
obesity, type 2 diabetes, and even cancer (Gray et al., 2014; Jeoung,
2015). PDH phosphorylation and dephosphorylation can proceed with
the participation of specific regulatory enzymes, PDH kinase and PDH
phosphatase, respectively. PDH kinase is strongly associated with dihy-
drolipoamide acetyltransferase and remains bound after purification of
the complex, whereas PDH phosphatase binds to the complex via the
Ca21 ion (Pettit et al., 1972; Denton et al., 1972) and readily dissociates
during purification.

Impaired glucose homeostasis is one of the main risk factors for
metabolic diseases, in particular obesity. Since PDC plays a key role in
glucose metabolism, this complex can be considered as a possible thera-
peutic target for the prevention and treatment of such diseases. ThDP
is a starting coenzyme of PDC and it was logical to assume that the
activity of the complex would directly depend on the vitamin B1

content and its metabolism in the tissues. In this case, modulators of
PDC activity could also be searched for among the thiamine derivatives.
We were guided by these considerations to elucidate the effects of
thiamine on PDC activity under different physiological conditions.
These studies were carried out in the experiments on rats in vivo, on
the isolated mitochondria as well as partially purified PDC and PDH
phosphatase from rat liver.
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10.3 Thiamine, pyruvate dehydrogenase complex,
and obesity

10.3.1 Effect of thiamine on the pyruvate dehydrogenase
complex activity in lipogenesis in vivo
The experiments were performed on rats of four groups with different
models of lipid metabolism, namely: I—control animals, which were kept
on a balanced diet; II—3 days of starvation (lipolysis activation); III—a
high-carbohydrate diet (HCD) for 3 days after 3 days of starvation
(a model for lipogenesis activation); and IV—after 3 days of starvation, the
animals were given an HCD and 250 μg thiamine per 100 g of body
weight daily for 3 days (Parkhomenko et al., 1983a,b, 1986).

Samples of liver from rats of the above four groups were taken for
further study. The activity of PDC, PDH, the content of thiamine and its
phosphates, the concentration of pyruvate, and the content of free fatty
acids in the liver samples were determined (Parkhomenko et al., 1983a,b).

According to the data given in Table 10.1, the activities of PDC and
PDH were critically reduced in rat liver after 3 days of fasting and raised
above the same level in the control group after 3 days of keeping the
animals on HCD. Changes in the values of concentrations of pyruvate and
free fatty acids in the liver indicated the trend of the alteration in the
metabolic processes. Thus under the fasting conditions, the activation of
lipolysis in rat liver (increased level of free fatty acids) and gluconeogenesis
(decreased concentration of pyruvate at decreased PDC activity) was
observed. However, when animals were given HCD, there was a tendency
for lipogenesis activation (increased concentration of free fatty acids).

It should be noted that the decrease in PDC and PDH activity in rat liver
in the state of “Starvation” and “Starvation1HCD1B1” was accompanied
by a significant increase in the ability of the tissue to synthesize acetoin,
which confirms a change in the functional state of the PDC (Table 10.1.).

The decrease in the activities of PDС and PDH in the liver of rats in
the “Starvation1HCD1B1” group was unexpected. This effect was
confirmed by a significant increase in the concentration of pyruvate and a
decrease in free fatty acids. Under the same conditions, the content of
thiamine and thiamine phosphates in the liver, including ThDP and
ThTP, increased significantly as can be seen from Table 10.1.

We continued our research to make sure that changes in the activity of
PDC and PDH were caused by alterations in concentrations of phosphory-
lated thiamine derivatives. Thiamine at a dose of 250 μg per 100 g of body
weight was administered to rats, which after 3 days of fasting were kept for
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Table 10.1 Biochemical indices characterizing the functional state of pyruvate dehydrogenase complex (PDC) in the liver of rats with
different feeding regimes, namely, PDC and pyruvate dehydrogenase (PDH) activity, the synthesis of acetoin, concentrations of pyruvate
and free fatty acids, and content of thiamine phosphates.

Parameters Animal groups

Control Starvation Starvation1HCD Starvation1HCD 1B1

PDC activity, nmoles of NADH formed per 1 g of
wet tissue/min (n5 7)

243.96 62.4 60.5 6 13.7a,b 349.36 42.9 220.56 37.1b

PDH activity, nmoles reduced K3Fe(CN)6 per 1 g of
wet tissue/min (n5 7)

237.86 19.4 63.36 14.3a,b 270.46 49.0 104.106 21.4a,b

PDH activity, nmoles of 14CO2 output per 1 g of wet
tissue/min (n5 5)

49.726 10.18 24.626 7.62b 55.676 12.51 23.766 2.02a,b

Acetoin synthesis, nmoles per 1 g of wet tissue/min
(n5 3)

193.36 4.0 933.36 280.0a,b 266.76 33.3 486.76 113.3a,b

Pyruvate concentration, nmoles per 1 g of wet tissue
(n5 5�7)

57.506 3.19 35.436 6.15a,b 64.306 5.95 92.926 9.32a

Free fatty acid content, microequivalent per 1 g of
wet tissue (n5 7)

5.906 0.33 6.966 0.37a 6.366 0.35 5.476 0.40b

ThDP content, nmoles per 1 g wet tissue (n5 3) 10.06 1.5 11.86 1.1 10.66 0.8 17.06 1.3a,b

ThTP content, nmoles per 1 g wet tissue (n5 3) 2.96 0.5 3.66 0.4b 2.66 0.3 4.36 0.6a,b

Each value represents the mean6 SEM.
aP, .05, compared with the control.
bP, .05, compared with “Starvation1HCD1B1” group. (Old data in Parkhomenko et al., 1983a—Tables 1 and 3; 1983b—Tables 1 and 2). The methods used to
analyze the above indices were described in detail earlier (Parkhomenko et al., 1979, 1983a,b).



3 days on HCD. The activity of PDH, active and total (the last was
measured after endogenous PDH phosphatase activation), and the content
of thiamine derivatives were analyzed in dynamics 1, 2, 6, and 12 hours after
thiamine injection (Parkhomenko et al., 1983b). The inverse changes in
PDHa activity (Fig. 10.3A) and in the content of thiamine phosphates,
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Figure 10.3 PDH activity and the content of thiamine derivatives in the liver of rats of
“Starvation1HCD” group at start and 1 h, 2 h, 6 h, and 12 h after injection of 250 μg
thiamine per 100 g of weight.
Values are mean6 SEM (n5 3�6). (A) activities of PDHa (active PDH, ) and PDHtotal

( ); (B) content of thiamine derivatives: total thiamine ( ), free thiamine ( ), and
thiamine triphosphate ( ) (old data in Parkhomenko et al., 1983b, Figs. 10.1�10.3.)
The methods used for the analysis of activities of PDHa and PDHtotal, and thiamine
phosphates were described in detail earlier (Parkhomenko et al., 1979, 1983b).
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primarily ThTP (Fig. 10.3B), were observed in the rat liver homogenates.
No changes in the PDHtotal activity were observed under these conditions.

Thus the obtained data confirmed that the PDH activity decreased in
liver of rats with activated lipogenesis for the first hours after vitamin B1

administration. It might be initiated by the variation in concentration of
thiamine derivatives in living tissue providing the increased concentration
of ThTP. To verify this conclusion, the isolated mitochondria and
partially purified enzymes were used in further experiments.

10.3.2 Thiamine diphosphate and thiamine triphosphate
involvement in pyruvate dehydrogenase complex
regulation: studies on isolated mitochondria and
partially purified enzymes
The experiments were performed on mitochondria isolated from the liver
of rats of four groups, namely, control animals, starved animals, and
animals receiving HCD or HCD and vitamin B1 after 3-day fasting
(Parkhomenko et al., 1986). It was shown that the increasing ThDP
concentration in the medium during the incubation of liver mitochondria
of all rat groups did not result in increased PDC activity, indicating a low
probability of the existence of the operative mechanism of the PDC regu-
lation by association�dissociation ThDP with apoenzyme PDH in animal
cells. On the other hand, the incubation of mitochondria with ThTP as
well as with ATP significantly decreased the PDC activity. The studies
with partially purified complex indicated that ThTP cannot replace ATP
in the PDH kinase reaction but is able to inhibit reactivation of the com-
plex by exogenous PDH phosphatase.

Further experiments on the isolated enzyme preparations, PDC and
PDH phosphatase, confirmed that ThTP inhibited phosphatase competi-
tively with respect to its substrate, phosphorylated PDH (Parkhomenko
et al., 1987). Both the thiamine phosphates inhibited the activity of PDH
kinase at concentrations exceeding 1 μM. The inhibitory effect of ThTP
on the PDH phosphatase activity was confirmed experimentally using two
methodological approaches: (1) measuring the reactivation rate of the
phosphorylated PDC with exogenous PDH phosphatase, in the presence
of various ThTP concentrations; and (2) under the same conditions
measuring the 32P release. In the second case, PDC used as a substrate was
inactivated by [γ-32P]ATP (Parkhomenko et al, 1987). As seen in
Fig. 10.4 the dependence of inhibition of PDH phosphatase activity on
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ThTP concentration has a nonlinear character. The maximum of the inhi-
bition is observed in the low-micromolar range of ThTP concentrations.

Thus according to the data obtained ThDP and ThTP exhibited
almost the same inhibitory activity toward PDH kinase. Only one of the
thiamine phosphates, ThTP at concentrations close to its physiological
levels, had an inhibitory effect on the activity of PDH phosphatase. With
respect to in vivo activity the ThTP synthesized after the injection of vita-
min B1 is suggested to be responsible for the temporary decrease in PDC
activity in liver of rats in lipogenesis.

Activation of lipogenesis in liver of rats on a HCD was accompanied
by an increase in PDC activity due to the conversion of its inactive form
to the active one catalyzed by PDH phosphatase. To provide PDC
dephosphorylation, PDH phosphatase binds to the complex via a cal-
cium ion (Hansford, 1981). A possible mechanism may be that ThTP
interferes with the binding of PDH phosphatase to the complex, inter-
acting with one of the protein molecules or with a calcium ion.
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Figure 10.4 Effect of thiamine triphosphate (ThTP) on the pyruvate dehydrogenase
(PDH) phosphatase activity. Values, expressed as % of the control values (synapto-
somes were incubated without any additions), are the mean6 SEM (n5 3�4). PDH
phosphatase activity was measured by the rate of reactivation of complex ( ) and
by the release rate of 32P ( ). (Old data in Parkhomenko et al., 1987, Fig. 10.3). The
experimentation and the methods used for the analysis of PDH phosphatase activity
were described in detail earlier (Parkhomenko et al., 1987).
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However, it is impossible to be sure that the determined ThTP concen-
trations correspond to the physiological ones at the end of the experi-
ments. There is a wide range in the values of ThTP content in animal
tissues, as given by various authors (Rindi and De Giuseppe, 1961;
Kawasaki, 1986; Parkhomenko et al., 1979; Gangolf et al., 2010a). The
ThTP seems to be a transit labile macroergic compound. Quantity
determination of ThTP may depend on the physiological state of the
animal, the method of its killing, the way of extraction from tissues, and
a number of other factors. Thus the noncoenzyme regulation of glucose
metabolism on the PDC level by thiamine derivatives can be a subject
for further study in order to understand the molecular mechanisms of
some metabolic disorders.

10.3.3 Physiological significance of noncoenzyme action of
vitamin B1 derivatives on pyruvate dehydrogenase complex
10.3.3.1 Metabolic diseases, pyruvate dehydrogenase complex, and
thiamine
Obesity, which has become widespread in our time, is considered to play
an important role in the etiology of severe metabolic diseases, such as
hepatic steatosis, insulin resistance, and type 2 diabetes mellitus (Zhang
et al., 2018). The disorders in the homeostasis of glucose and free fatty
acids can also cause cancer, cardiovascular, and neurodegenerative diseases
(Schummer et al., 2008; Patel et al., 2014; Lee, 2014; Jeoung, 2015).
The ThDP-dependent multienzyme PDC plays a key role in maintaining
glucose homeostasis in cells and abnormalities in its functioning may cause
metabolic disorders (Schummer et al., 2008; Choi et al., 2010; Gray et al.,
2014; Eyassu and Angione, 2017; Maguire et al., 2018).

The PDC activity under different physiological conditions is deter-
mined by the change in the ratio of its active (dephosphorylated) and
inactive (phosphorylated) forms (Linn et al., 1969). Four isoenzymes of
PDH kinase (PDH kinase 1, 2, 3, and 4) and two isoenzymes of
PDH phosphatase are involved in PDC regulation (Lee, 2014). The
isoenzymes of PDH kinase in mammals exhibit tissue specificity
(Bowker-Kinley et al., 1998; Jeoung and Harris, 2008). The regulatory
enzyme PDH kinase, like the basic enzymes of PDC, undergo multidi-
mensional regulation both at the level of protein expression and at the
level of metabolic interaction with regulatory molecules (Kerbey et al.,
1984; Caterson et al., 1987; Lee, 2014; Patel et al., 2014; Jeoung, 2015;
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Mahmood et al., 2016). An increase in the activity of this enzyme in
patients with diabetes, cancer, and some other metabolic pathologies
leads to an excessive undesirable decrease in PDC activity which may be
corrected by inhibitors of PDH kinase as possible therapeutic agents.
The search for the effective and selective inhibitors of PDH kinase is
particularly topical at this time (Lee, 2014; Zhang et al., 2015, 2018;
Jeoung, 2015; Wu et al., 2018).

Thiamine deficiency in people with obesity and diabetes has been
repeatedly reported in the literature (Carrodeguas et al., 2005; Pácal
et al., 2014; Kerns et al., 2015; Nath et al., 2017). Analysis of literature
data and the results of our own studies indicate that vitamin B1 and its
derivatives could also be promising for the treatment of the metabolic
disorders. We used an animal model of lipogenesis activation and
showed that thiamine administration inhibits the PDC reactivation in
the liver of rats transferred after fasting to high-carbon diets, and,
accordingly, inhibits the lipogenesis. It was suggested that the mecha-
nism of this thiamine action might have reference to noncoenzyme
effects of thiamine derivatives, primarily thiamine phosphates. This
action of vitamin B1 was confirmed in experiments on rats with the
model of obesity and metabolic disorders (Tanaka et al, 2010). The addi-
tion of 0.2% thiamine to the drinking water of such rats prevented obe-
sity. The positive effect was also obtained by the addition of thiamine to
a drug for the treatment of obesity caused by diabetes in mice
(Muroyama et al., 2003). In view of the foregoing, we consider it to be
promising to create drugs for the treatment of metabolic diseases on the
basis of thiamine derivatives.

10.3.3.2 Vitamin B1, pyruvate dehydrogenase complex, and
modulation of acetylcholine synthesis
Numerous research has shown that glucose-derived pyruvate through
the PDC reaction is a main source of acetyl-CoA for ACh synthesis in
nerve cells (Lefresne et al., 1978; Perry et al., 1980; Szutowicz et al.,
2013). Although the regulation of PDC from rat brain is similar to that
of the enzyme complex derived from other tissues, some features of the
regulation of the brain PDH in vivo should be pointed out (Schaffer and
Olson, 1980; Aiuchi et al., 1984). In particular, it has been shown that
the regulation of PDC through the phosphorylation�dephosphorylation
mechanism is tightly coupled with the functioning of an
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excitable membrane in nerve cells (Browning et al., 1981; Schaffer and
Olson, 1980).

The early studies aimed at elucidating the role of vitamin B1 in the
functioning of nerve cells showed that at stimulation of the nerve fiber,
thiamine was released together with AСh into the environment, which
indicates the interrelation of the metabolism of these substances (Muralt,
1947). Taking into account all the above and our data on the participation
of ThDP and ThTP in the regulation of PDC from liver tissue, we sug-
gested that such regulation can take place in nerve cells. The initial studies
with synaptosomes demonstrated a nonlinear dependence of label incor-
poration from [2-14C]pyruvate into ACh at incubation of the synapto-
somes with increasing thiamine concentration (Parkhomenko et al.,
1991). Under these conditions the PDC activity analyzed by the forma-
tion of acetyl-CoA were changed synchronously with the change in the
degree of the label incorporation into ACh.

To be sure that the effect of thiamine and its phosphorylated deriva-
tives on the ACh synthesis in nerve cells was caused by their noncoen-
zyme action on PDC activity, we used the methodological approach
described by Parkhomenko et al. (1991), with synaptosomes from the
brain of normal and B1-deficient rats, and thiamine or oxythiamine
(OTh) was added to the incubation mixture. Both thiamine and OTh can
form mono-, di-, and triphosphates in a cell, and oxythiamine diphos-
phate is known to be the antagonist of ThDP.

It was assumed that if thiamine affected the synthesis of AСh only
because of an increase in concentration of TDP as coenzyme of PDC, the
thiamine antagonist oxythiamine in form of diphosphate would not
contribute to PDC activity. But if the effect of phosphorylated thiamine
derivatives on the synthesis of ACh under these conditions was due to the
regulation of PDC, OTh through its phosphorylated derivatives would be
affected in a similar way as thiamine.

As seen in Fig. 10.5, both thiamine and OTh exhibit similar
effects on the activity of PDH (Fig. 10.5A) and on the incorporation
of a label from [2-14C]pyruvate into Ach (Fig. 10.5B) in synapto-
somes isolated from normal and B1-deficient rats, which confirms the
hypothesis of a noncoenzyme mechanism of vitamin B1 action. Thus
during thiamine interaction with excitable membranes the signal is
transferred to the systems providing synthesis of ACh (including
PDC). It is probable that thiamine phosphates and certain proteins,
including cytoskeleton ones, are involved in the transfer of this signal
(Parkhomenko et al., 2016).
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Summarizing the information presented above, it can be concluded
that not only a sufficient content of vitamin B1 in tissues but also a regime
of thiamine intake into cells and its active metabolism are important in
maintaining the normal level of metabolic processes.
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Figure 10.5 The effect of thiamine and oxythiamine on PDH activity (A) and the
incorporation of a label from [2-14C]pyruvate into ACh (B) in synaptosomes isolated
from the brain of normal and thiamine-deficient rats.
Values are mean6 SEM (n5 3�6). The experimentation and the methods used in
that study for the analysis of PDH activity, and ACh radioactivity were described in
detail earlier (Parkhomenko et al., 1983a, 1991).
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Key facts of oxidative stress

• Some situations produce high levels of free radicals and/or mitigate
antioxidant activity.

• Oxidative stress is an imbalance between prooxidant activity and
antioxidant capacity in favor of the former.

• In an oxidative stress framework, free radicals react with other
molecules and cause cell damage.

• Thus antioxidant defenses are essential to combat oxidative damage
and protect cell function.

• Oxidative stress triggers or mediates several health disturbances, and it
is responsible for several harmful effects due to alcohol consumption.

• Some nutrients can act directly against free radicals or can assist
impaired antioxidant mechanisms.
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• Molecules, enzymes, and nutrients with antioxidant capacity are
responsible for the maintenance of redox balance, especially during
events with high production of free radicals.

Summary points

• This chapter focuses on thiamine and its relation with alcohol intake
and oxidative stress.

• Vitamin B1 is a generic term utilized to describe the existent forms of
thiamine, a micronutrient essential to humans, which mainly plays a
role in energy metabolism.

• Thiamine deficiency is correlated to neurological disorders, heart
disease, and other pathological conditions.

• Alcohol intake is intimately related to thiamine deficiency, because of
inadequate eating habits and failure in thiamine absorption.

• Alcohol metabolism aggravates the production of reactive species and/
or reduces antioxidant capacity, while also provoking oxidative stress
that can mediate the harmful effects of chronic alcohol intake.

• Several studies have shown the antioxidant role of thiamine, including
against the effects of excessive alcohol consumption.

• Thiamine supplementation has shown positive effects against neurode-
generative disorders and liver disease related to ethanol metabolism.

• Therefore there is a consensus that thiamine supplementation must be
part of the treatment of alcoholics, mainly during withdrawal periods.

Definition of words/terms
Alcoholism: Excessive and chronic alcoholic beverage intake can trigger neuropathy, car-

diopathy, hepatic disease, and others.
Thiamine deficiency: Low thiamine availability to cells caused by poor ingestion or failure

in thiamine uptake and/or transport.
Free radical: Atoms or molecules that have unpaired electrons in the last atomic layer.

This characteristic causes the free radical to react with other molecules, sharing, donat-
ing, or absorbing electrons. Despite promoting some damage in macromolecules, free
radicals play an essential role in processes of cellular signaling and control.

Antioxidant: Molecule or mechanism able to scavenge free radicals and/or protect other
molecules against free radical reaction.

Oxidative stress: Imbalance between oxidative reactions and antioxidant capacity in favor
of oxidation.

Lipid peroxidation: Oxidative damage to lipids. Generally, the main lipids affected by
oxidative stress are the phospholipids that comprise the cell membrane.
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Abbreviations
ADH Alcohol dehydrogenase
CAT Catalase
GPx Glutathione peroxidase
GR Glutathione reductase
GSH Reduced glutathione
GSSG Oxidized glutathione
NAD Nicotinamide adenine dinucleotide
PPP Pentose phosphate pathway
SOD Superoxide dismutase
TDP Thiamine diphosphate
TMP Thiamine monophosphate
TPKase Thiamin pyrophosphokinase
TTP Thiamine triphosphate

11.1 Introduction

Thiamine by definition is a micronutrient essential to humans, intimately
related to pathologies caused by the consumption of ethanol, mainly due to
its deficiency. This deficiency observed in chronic alcoholics can be primary,
due to lack of proper food consumption, or secondary, due to disturbances
in absorption and metabolic processes (biotransformation, use, and excretion)
(Martin, 2001), and has been extensively described in the scientific literature,
mainly as Wernicke�Korsakoff Syndrome (Butterworth et al., 1993).

Studies that have evaluated thiamine diet deprivation have shown neg-
ative effects on various health issues (Abdou and Hazell, 2015). In fact its
deficiency is strongly related to neurodegenerative diseases (Butterworth
et al., 1993). On the other hand, supplementation with thiamine analogs
have shown promising results. Several studies showed a reversal of patho-
logical conditions, prevention of diseases, and improvement of energy
metabolism in response to an increase in thiamine intake (Chou et al.,
2018; Masuda et al., 2015; Woelk et al., 1998). Special attention has been
given to the relationship between this vitamin and chronic alcoholism,
since this condition is closely linked to thiamine deficiency and health
disorders (Hoyumpa Jr., 1983).

Although commonly studied due to its metabolic effects on the citric
acid cycle, thiamine has gathered attention due to its antioxidant effects,
be they due to properties on its chemical structure or its influence in
inducing pathways related to oxidative stress. In fact studies have shown
some antioxidant effects in response to thiamine supplementation (Bozic
et al., 2015; Schmid et al., 2008). Thus it was hoped that thiamine could
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be part of the treatment against alcoholism-associated disorders, since oxi-
dative stress mediates the harmful effects of ethanol intake. In reality stud-
ies have shown positive effects of thiamine treatment in alcoholics, and
works are currently being publishing describing mechanisms by which this
vitamin can contribute to prevent negative alcoholism effects (Martin
et al., 2003; Portari et al., 2016; Vidhya et al., 2013; Yilmaz et al., 2015).

11.2 Structure and function of thiamine

Vitamin B1 is a generic term utilized to describe the existent forms of
thiamine (Fig. 11.1A), that is, nonphosphorylated thiamine, mono-, di-,
and triphosphates. Chemically, the thiamine molecule is composed of two
rings united by a methyl bridge, with one being a pyrimine ring
(2,5-dimethyl-6-aminopyrimidine) and the other being a thiazole ring
(4-methyl-5-hydroxy ethyl thiazole) (Manzetti et al., 2014).

Following its ingestion, the absorption of thiamine occurs mainly in the
proximal regions of the small intestine (jejunum). Although there is a sponta-
neous diffusion through the wall of the intestine, high levels of thiamine
require the participation of specific carriers to cross the biological barriers and
reach the bloodstream. In the blood thiamine is mainly concentrated in
erythrocytes, although some is present in plasma, platelets, and leucocytes.
Thiamine can be found in the human organism in its free or phosphate-
esterified forms: thiamine monophosphate (Fig. 11.1B), thiamine diphos-
phate (TDP) (Fig. 11.1C), thiamine triphosphate (Fig. 11.1D), and adenosine
thiamine triphosphate (Fig. 11.1E) (Pácal et al., 2014).

TDP is the biologically active form of thiamine and is formed in the
cytosol through the action of the enzyme pyrophosphokinase. The enzy-
matic complex pyruvate�dehydrogenase utilizes TDP as a cofactor to
promote the oxidative decarboxylation of pyruvate and produce acetyl
coenzyme-A (acetyl-CoA). The molecule acetyl-CoA participates in the
production of citrate, the first component in the citric acid cycle. TDP
functions also in the activity of α-ketoglutarate dehydrogenase, the enzy-
matic complex responsible for the decarboxylation of α-ketoglutarate and
the formation of succinate in the citric acid cycle. Furthermore, concern-
ing the metabolism of carbohydrates, TDP is an important cofactor in the
normal activity of transketolase, a regulatory enzyme in the pentose phos-
phate pathway, which produces precursors of nucleic acids and potential
antioxidant reduction agents (Manzetti et al., 2014). Aside from these
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Figure 11.1 Thiamine’s chemical structure. (A) Nonphosphorylated thiamine. (B)
Thiamine monophosphate (TMP). (C) Thiamine diphosphate (TDP). (D) Thiamine
triphosphate (TTP). (E) Adenosine thiamine diphosphate.
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mechanisms, TDP is a cofactor in the decarboxylation of ketoacids
derived from amino acids in ramified chains (Lonsdale, 2006).

Due to thiamine being a hydrosoluble vitamin, it is necessary to con-
sume certain quantities of it daily. In healthy adults, the recommended
dietary allowance is 1.2 mg/day (Otten et al., 2006). Food sources of thia-
mine are meats (specially pork), wheat germ, liver, eggs, fish, beans, nuts,
and whole grains. Some foods, such as coffee and a few teas, contain
polyphenols, substances capable of inactivating ingested thiamine. Chronic
alcoholism or inadequate nutritional ingestion can also compromise the
absorption and utilization of thiamine (Lonsdale, 2006).

Inadequate ingestion or absorption of thiamine can cause deficiency
in its levels of both thiamine and its esters, which can cause, acutely,
symptoms such as headaches, nausea, and muscular fatigue. The first and
main disease related to low levels of thiamine is beri-beri (Carpenter,
2000). However, deficiency of this vitamin is also correlated to
other neurological disorders such as Wernicke�Korsakoff syndrome
(Butterworth et al., 1993), Parkinson disease (Zhang et al., 2011), and
Alzheimer disease (Karuppagounder et al., 2009). Aside from these, the
lack of thiamine is possibly also associated with heart disease (Hanninen
et al., 2006).

Due to its fundamental role in energy metabolism, it is quite common
to find studies which have evaluated its relation to physiological and
physiopathological mechanisms which depend on an adequate energy
supply and/or metabolism of energetic substrates. (Masuda et al., 2015;
Pácal et al., 2014; Pannunzio et al., 2000). However, studies which inves-
tigated the antioxidant potential of thiamine have shown positive results,
in distinct prooxidant conditions, especially in alcoholism (Portari et al.,
2016; Vidhya et al., 2013; Vignisse et al., 2017; Yilmaz et al., 2015).

11.3 Oxidative stress and alcohol metabolism

Several endogen processes involve free radical formation. Free radicals are
atoms or molecules that have unpaired electrons in the last atomic layer.
However, other molecules that are not free radicals, but are similar in
action or can become a free radical, are known as nonradicals. Besides
their role in cell signaling and function, both kinds of reactive species can
interact with other molecules while aiming to reestablish the electronic
balance and change their structure. However, there are molecules and
mechanisms that work against the reactive species, known as antioxidants.
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In fact antioxidant systems include molecules and enzymes capable of con-
verting the reactive species into stable molecules, mitigating their harmful
potential (Halliwell and Gutteridge, 2015).

Aerobic organisms have developed antioxidant systems capable of
donating, sharing, or sequestering electrons from unstable molecules and
thus preventing a cascade of unwanted oxidation reactions. Thus mole-
cules, enzymes, and nutrients with antioxidant capacity are responsible for
the maintenance of redox balance, especially during events of high reac-
tive species production, being able to prevent or reduce the potential
damages promoted by such prooxidant species. The enzymes that com-
pose the antioxidant system are superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione reductase (GR).
Nonenzymatic antioxidants are mainly vitamins C and E and the reduced
glutathione (GSH) molecules (Pisoschi and Pop, 2015).

An imbalance between oxidative reactions and antioxidant capacity in
favor of oxidation, which leads to the destabilization of signaling and con-
trol of redox reactions, is defined as oxidative stress (Jones, 2006). Aside
from oxidative stress impairing processes of cell signaling, it can also pro-
mote damage to macromolecules, especially lipids, proteins, and nucleic
acids. Thus oxidative damage can harm the function and signaling of cells,
impair other metabolic pathways, promote apoptosis, and trigger diseases
(Carocho and Ferreira, 2013).

Studies have shown that oxidative stress is related to several diseases. In
the liver oxidative stress plays a role in nonalcoholic liver disease and in
triggering a fibrosis framework. A study (Barnham et al., 2004) discussed
the reactive species participation in the emergence of several neurodegen-
erative diseases and there are studies that also related the oxidative stress to
diabetic retinopathy (Kowluru, 2001), myopathies (Arbogast et al., 2009),
and heart failure (Münzel et al., 2015). Thus the proper functioning of
the antioxidant system is essential for the maintenance of the redox
homeostasis and, consequently, the adequate health status.

Some conditions or situations aggravate the reactive species production
and/or reduce antioxidant capacity, causing an oxidative stress framework.
Inflammatory diseases, radiation exposition, smoking, and strenuous exercise
are example of situations which cause a redox imbalance (Pisoschi and Pop,
2015). Alcoholic drink is a powerful promoter of oxidative stress, since etha-
nol metabolism produces a large amount of reactive species. The oxidative
stress produced from ethanol metabolism mainly damages the liver and neural
tissues, while also affecting several other organs and tissues (Zima et al., 2001).
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Not all ingested ethanol is absorbed and reaches the bloodstream, as a
small part of alcohol is oxidized in stomach by isoforms of alcohol dehy-
drogenase (ADH), exhaled by the lungs, or excreted in urine. However,
almost 90% of ingested alcohol is absorbed into the gastrointestinal tract
and metabolized in liver. Ethanol is completely metabolized in three steps.
First, alcohol is converted to acetaldehyde, a toxic molecule. Second,
acetaldehyde is oxidized and converted to acetate. Finally, the acetate
molecules break down into water and carbon dioxide (Cederbaum, 2012;
Zakhari, 2006).

There are three pathways capable of oxidizing ethanol and forming
acetaldehyde. ADH is the major enzyme responsible for ethanol oxidation
in liver, and it is present mainly in hepatocyte cytosol. Cytochrome P450,
a family of heme enzymes, catalyzes the oxidation of ethanol in the
microsomal region of endoplasmic reticulum and mitochondria. CAT, an
antioxidant enzyme, is capable of oxidizing ethanol, but has little impor-
tance in ethanol metabolism in liver. CAT activity is more significant in
alcohol oxidation in neural tissue (Cederbaum, 2012; Zakhari, 2006).

The enzyme ADH catalyzes the reversible reaction between ethanol
and the oxidized form of nicotinamide adenine dinucleotide (NAD1).
This reaction transfers two hydrogens from ethanol to NAD1, producing
acetaldehyde and the reduced form of nicotinamide adenine dinucleotide,
reduced form (NADH) plus a hydrogen ion (H1) (Cederbaum, 2012).

P450 enzymes are a family of enzymes involved in the oxidation of
xenobiotics. In the liver they are mainly in the microsomal fraction of
endoplasmic reticulum. While other P450 enzymes also participate in eth-
anol oxidation, CYP2E1 is the major P450 enzyme that converts ethanol
to acetaldehyde. CYP2E1 catalyzes the reaction between acetaldehyde,
NADPH1H1 and oxygen, producing NADP1, acetaldehyde, and two
molecules of water. CYP2E1 has an important role during chronic etha-
nol intake. Studies show that chronic ethanol administration increases
CYP2E1 as an adaptive response, enhancing ethanol metabolism in the
liver (Cederbaum, 2012; Wu and Cederbaum, 2003; Zakhari, 2006).

CAT is an antioxidant enzyme that scavenges hydrogen peroxide
(H2O2), a reactive species produced in different metabolic steps. In fact
CAT causes a reaction between two molecules of H2O2 and produces
water and oxygen. However, CAT can also react with ethanol and H2O2,
forming acetaldehyde and water (Cederbaum, 2012). As mentioned, the
participation of CAT in alcohol oxidation is lower in the liver than in the
brain. Studies have shown that CAT inhibitors reduce ethanol-induced
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locomotor effects (Sanchis-Segura et al., 2005) and the level of ethanol
intake (Aragon and Amit, 1992). Thus if on one hand CAT prevents the
oxidative damage caused by H2O2, on the other hand it produces the
acetaldehyde, a toxic molecule for brain cells. Fortunately, there are
mechanisms specialized at blunting acetaldehyde.

Acetaldehyde produced in the first step of ethanol metabolism is con-
verted to acetate by the activity of aldehyde dehydrogenase, which uses
the NAD1 as cofactor, and produces NADH. The acetate produced from
acetaldehyde reaches peripheral tissues and it can form acetyl-CoA, which
can be a precursor of carbohydrate, lipids, and proteins (Setshedi et al.,
2010; Zakhari, 2006). In addition, acetate is an important mediator of eth-
anol effects, mainly in the central nervous system, such as motor coordina-
tion and locomotor activity (Israel et al., 1994).

The toxic potential of acetaldehyde is related to its capacity to interact
with other molecules. It can form adducts with proteins and DNA mole-
cules, which can impair cellular function and signaling (Eriksson, 2001).
In addition, acetaldehyde production by CYP2E1 can form superoxide
anions, hydroxyethyl radicals, and H2O2, which can react with metal ions
to produce hydroxyl radicals, highly reactive free radicals (Wu and
Cederbaum, 2003; Zakhari, 2006). In fact several studies have showed
that ethanol intake increases the level of oxidative damage markers
and impairs antioxidant systems in different tissues and organs (Müller
et al., 2017; Nordmann et al., 1990; Scott et al., 2000).

Ethanol intake increases lipid peroxidation in liver, kidney, lungs, and
brain (Nordmann et al., 1990). In addition, Scott et al. (2000) showed
that ethanol ingestion reduces SOD activity and GSH concentration in
the liver of rats. A study realized with zebra fish showed that repeated
exposure to ethanol reduces SOD and CAT activity and nonprotein thiols
(represented mainly by GSH) concentration in brain tissue (Müller et al.,
2017). In rats chronic ethanol treatment reduced the activity of SOD and
GPx and increased oxidative damage to protein and lipids in the cortex
and hippocampus (Gong et al., 2017).

Besides accentuating the oxidative stress the ingestion of alcohol is
associated with nutritional deficiency. Alcoholics often have low levels of
vitamins, due to either the greater degradation, higher excretion, and/or
lower intake of these nutrients. The reduced levels of antioxidant vitamins
may be related to the increase of the oxidative stress because of the etha-
nol metabolism (Tanner et al., 1986). However, other vitamins are also
present in concentrations lower than the recommended levels in
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alcoholics. For example, thiamine deficiency has been associated with eth-
anol intake. In addition, supplementation with thiamine analogs has been
shown to be effective against some adverse effects of ethanol intake
(Hoyumpa, 1983).

11.4 Thiamine and alcohol metabolism

The major cause of thiamine deficiency in alcoholics is related to eating
habits. Erratic eating habits and/or lack of available food contribute to the
low intake of thiamine. However, ethanol consumption can influence
parameters of absorption, storage, and excretion of thiamine (Hoyumpa,
1983). Alcohol intake affects thiamine absorption directly and indirectly.
Ethanol impairs the Na/K-ATPase, which modulates the active thiamine
transport. Moreover, ethanol consumption is related to deficiency of
other nutrients, which participate in the thiamine absorption process
(Hoyumpa, 1983). Studies show that ethanol treatment causes a dose-
dependent reduction in thiamine pyrophosphokinase (TPKase) activity in
different neural tissues (Rindi et al., 1986). TPKase catalyzes the conver-
sion of thiamine to TDP, the biological active form. Thus ethanol intake
impairs also the thiamine metabolism, and may harm several metabolic
processes in which TDP plays a role.

TDP is essential to several metabolic process in neural tissue, such as in
the synthesis of neurotransmitters, nucleic acids, fatty acids, antioxidants,
and steroids. In addition, thiamine plays a role in carbohydrate metabolism
and thiamine deficiency causes a disturbance in this pathway (Martin
et al., 2003). Evidence suggests that a disturbance in carbohydrate metab-
olism can lead to damage to mitochondria and increase oxidative stress
(Dmitriev and Dugin, 2007). Both events can cause cell damage and cell
death (Hazell et al., 2013). Thus thiamine deficiency is strongly related to
brain disorders, such as Wernicke�Korsakoff syndrome, Parkinson, and
Alzheimer diseases (Abdou and Hazell, 2015). However, thiamine defi-
ciency contributes to other neurodegenerative disorders related to alcohol
consumption, including alcohol dementia (Chou et al., 2018).

A study (Pannunzio et al., 2000) that analyzed the effects of thiamine
deficiency in vitro exposed cultures of rat cerebellar granule cells to a
thiamine-deficient medium and did not find an increase in cell death.
However, treatment with a thiamine antagonist (pyrithiamine) reduced
the thiamine esters concentration, decreased activities of the thiamine-
dependent enzymes, and increased cell death. Interestingly the addition of
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antioxidant substances (α-tocopherol or butylated hydroxyanisole) to the
cultures of cells treated with pyrithiamine showed a neuroprotective effect
(Pannunzio et al., 2000). These data indicate that oxidative stress plays an
important role in neuronal cell death related to thiamine deficiency.

Since alcohol consumption has been linked to thiamine deficiency,
several studies have used thiamine supplementation to treat and prevent
health disorders related to ethanol intake. Thiamine supplementation has
shown positive effects against neurodegenerative disorders and liver disease
related to ethanol metabolism. An experimental study (Woelk et al.,
1998) showed that treatment with a thiamine analog improved the symp-
toms of alcoholic polyneuropathy in humans. A population-based cohort
study showed that thiamine therapy could be an efficient strategy to pre-
vent alcoholic dementia (Chou et al., 2018).

The positive effects of thiamine on alcohol-induced health disorders
are the consequence of the improvement of several metabolic pathways.
As mentioned above, TDP is a cofactor of enzymes involved in macronu-
trient catabolism. The activity of thiamine-dependent enzymes would be
harmed by alcohol intake, since ethanol promotes thiamine deficiency.
Thus thiamine supplementation can recover the TDP levels and, conse-
quently, recover or enhance the enzyme’s activity. In fact a study (Vidhya
et al., 2013) showed that thiamine supplementation increases the transke-
tolase activity in the brain tissue of rats treated with ethanol.

The effects of thiamine supplementation against ethanol-induced dam-
age in the brain may be related to its antioxidant effects (Vignisse et al.,
2017). A study (Lukienko et al., 2000) showed the antioxidant effects of
thiamine, and proposed that it could react with reactive species, sharing its
electrons with them. Benfotiamine showed a direct antioxidant activity
against the oxidative damage induced by three different prooxidant agents
in a culture of human kidney cells (Schmid et al., 2008). Other studies
showed indirect antioxidant effects of thiamine. In a culture of microglial
cells, benfotiamine treatment reduced production of reactive species and
lipid peroxidation marker and increased gene expression and activity of
antioxidant enzymes (Bozic et al., 2015). After exposing rats to ethanol
intake for 90 days, a study showed that supplementation with thiamine
during a period of abstinence promoted significant increases in the activity
of antioxidant enzymes (Vidhya et al., 2013).

The antioxidant effects of thiamine against ethanol-induced oxidative
damage in liver is well evidenced. A study (Portari et al., 2016) found
lower levels of oxidative damage markers in liver tissue of rats submitted
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to chronic ethanol intake and supplemented with benfotiamine. In a simi-
lar study, supplementation with thiamine pyrophosphate showed to be
efficient against liver oxidative damage caused by alcohol intake (Yilmaz
et al., 2015).

The improvement of antioxidant enzyme activity may still be related
to molecular factors. Increases in TDP levels could inhibit the binding
and activity of the p53 protein (McLure et al., 2004), a protein capable of
inhibiting the gene expression of enzymes with antioxidant function
(Drane et al., 2001). Confirming this, a study (Zhao et al., 2005) showed
that the translocation of the p53 gene to mitochondria promoted the
inactivation of mitochondrial SOD. Thus the recovery of TDP levels
could increase the expression of antioxidant enzymes genes in thiamine-
deficient people. In addition, thiamine analog supplementation is effective
in enhancing the activity of transketolase, the pentose phosphate pathway
regulatory enzyme (Schmid et al., 2008; Vidhya et al., 2013). Increased
transketolase activity contributes to increases in NADPH production by
pentose phosphate pathway. NADPH is essential for reducing oxidized
glutathione in GSH, retaking the antioxidant capacity of the peptide
(Lu, 2009). NADPH also preserves the normal functioning of CAT
(Kirkman et al., 1987).

The evidence suggests that thiamine supplementation is efficient in
mitigating the damage caused by high ethanol intake. Thus there are dis-
cussions about the possibility of adding thiamine to alcoholic beverages
consumed, but there are technical problems such as vitamin stability,
absorption, or beverage taste (Binns et al., 1989). However, there is a
consensus that thiamine supplementation must be part of the treatment of
alcoholics, mainly during withdrawal periods.

11.5 Alcohol metabolism and other vitamins

Thiamine serves a role as an antioxidant in the organism’s defense against
harmful oxidative stress toxicity. This role is not unique to thiamine
as several other substances also possess a similar protective action, such as
ascorbic acid, glutathione, lipoic acid, uric acid, carotenes, α-tocopherol,
and ubiquinol. Treatments developed to alleviate the consequential effects
of alcohol consumption by use of supplementation with thiamine in con-
junction with several other substances have been and are currently under-
going research (Ambadath et al., 2010). The possible synergistic effect of
thiamine with other antioxidants stems from the increased antioxidant
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potential that results from the administration of two or more of these sub-
stances. While each individual antioxidant acts in a different manner, the
end result is a decrease in and stabilization of reactive oxygen species.

Two of the most referred to nonenzymatic antioxidants are ascorbic
acid and α-tocopherol. Vitamin C, ascorbic acid, is a molecule capable of
removing oxygen in the cellular environment through the scavenging
of reactive oxygen species and also acts by recycling antioxidants such as
α-tocopherol leading to a one-electron reduction of lipid hydroperoxyl
radicals. The molecule α-tocopherol in itself is found mostly in lipopro-
teins and the cell membrane, acting as an inhibitor of lipid peroxidation
through the capture of peroxyl (Carocho and Ferreira, 2013). Each mole-
cule of α-tocopherol can donate two electrons before it requires recy-
cling. When peroxyl radicals are formed, these react preferably with
vitamin E than with fatty acids. The hydroxyl group of α-tocopherol
reacts with the radical to form the corresponding lipid hydroperoxide and
the tocopheryl radical which oxidizes ascorbic acid and recycles by return-
ing to its reduced state. Thiamine sums to this by inhibiting lipid peroxi-
dation and interacting with free radicals/hydroperoxides alongside these
antioxidants which causes it to suffer oxidation becoming thiochrome and
thiamine disulfide, limiting the potential for cellular damage. In models of
both acute and chronic alcoholism, vitamin C and vitamin E alongside
thiamine have been shown to possess a protective role, especially in avoid-
ing membrane-related damage (Reddy et al., 2017). This “antioxidant
network” depends upon the supply of antioxidants available in the cellular
environment and the organism itself (Traber and Stevens, 2011).

The modern diet in general is capable of providing the necessary
quantities of different vitamins, thiamine included. Yet a few situations,
such as an excessively high-carb diet (e.g., consumption of polished rice
and processed noodles), can lead to a deficiency of thiamine and other
vitamins. The deficiency of a single vitamin can lead to a range of conse-
quences, while severe malnutrition can lead to even more advanced dis-
ease models and death. Even considering this, the modern physician rarely
considers vitamin deficiency as an initial diagnosis. While the use of multi-
vitamins and different supplements can help alleviate the risk, the precari-
ous dietary condition of individuals should be considered as a top
candidate in the cause and development of disease (Martin, 2001). In indi-
viduals suffering from chronic alcoholism, the lack of a proper diet is criti-
cal in the development of the disease leading to a grave deficiency of
thiamine and other vitamins. In a healthy individual, the united front
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of several antioxidants to combat oxidative stress is necessary and even
more so in individuals who ingest alcohol on a regular basis as the oxida-
tive stress provoked is greater and requires an even larger quantity of
antioxidants capable of counteracting harmful reactive oxygen species.
Ergo vitamin deficiency can aggravate an already precarious illness and
heighten oxidative stress-related damage.

11.6 Conclusions and perspectives

Thiamine and its many forms have been studied and tested as an anti-
oxidant in several different pathologies including those caused by the use
of alcohol.

Although there are several studies focusing on thiamine versus ethanol/
alcoholism, there is still a lack of research dedicated to the use of thiamine
as an effective antioxidant in the prevention and treatment of diseases asso-
ciated with alcoholism, which would justify its use in humans.

The exact biochemical and molecular mechanisms should still be tar-
gets of investigation as well as clinical trials in humans to ascertain the
effectiveness of thiamine against oxidative stress caused by ethanol.
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Pácal, L., Kuricová, K., Kaňková, K., 2014. Evidence for altered thiamine metabolism in
diabetes: is there a potential to oppose gluco- and lipotoxicity by rational supplemen-
tation? World J. Diabetes 5, 288.

Pannunzio, P., Hazell, A.S., Pannunzio, M., Rao, K.R., Butterworth, R.F., 2000.
Thiamine deficiency results in metabolic acidosis and energy failure in cerebellar gran-
ule cells: an in vitro model for the study of cell death mechanisms in Wernicke’s
encephalopathy. J. Neurosci. Res. 62, 286�292.

Pisoschi, A.M., Pop, A., 2015. The role of antioxidants in the chemistry of oxidative stress:
a review. Eur. J. Med. Chem. 97, 55�74.

Portari, G.V., Ovidio, P.P., Deminice, R., Jordão Jr, A.A., 2016. Protective effect of treat-
ment with thiamine or benfotiamine on liver oxidative damage in rat model of acute
ethanol intoxication. Life Sci. 162, 21�24.

Reddy, V.D., Padmavathi, P., Bulle, S., Hebbani, A.V., Marthadu, S.B.,
Venugopalacharyulu, N.C., et al., 2017. Association between alcohol-induced oxida-
tive stress and membrane properties in synaptosomes: a protective role of vitamin E.
Neurotoxicol. Teratol. 63, 60�65.

Rindi, G., Imarisio, L., Patrini, C., 1986. Effects of acute and chronic ethanol administra-
tion on regional thiamin pyrophosphokinase activity of the rat brain. Biochem.
Pharmacol. 35, 3903�3908.

Sanchis-Segura, C., Correa, M., Miquel, M., Aragon, C.M., 2005. Catalase inhibition in
the Arcuate nucleus blocks ethanol effects on the locomotor activity of rats. Neurosci.
Lett. 376, 66�70.

Schmid, U., Stopper, H., Heidland, A., Schupp, N., 2008. Benfotiamine exhibits direct
antioxidative capacity and prevents induction of DNA damage in vitro. Diabetes
Metab. Res. Rev. 24, 371�377.

Scott, R., Reddy, K., Husain, K., Schlorff, E., Rybak, L., Somani, S., 2000. Dose
response of ethanol on antioxidant defense system of liver, lung, and kidney in rat.
Pathophysiology 7, 25�32.

Setshedi, M., Wands, J.R., de la Monte, S.M., 2010. Acetaldehyde adducts in alcoholic
liver disease. Oxid. Med. Cell. Longev. 3, 178�185.

Tanner, A., Bantock, I., Hinks, L., Lloyd, B., Turner, N., Wright, R., 1986. Depressed
selenium and vitamin E levels in an alcoholic population. Dig. Dis. Sci. 31,
1307�1312.

Traber, M.G., Stevens, J.F., 2011. Vitamins C and E: beneficial effects from a mechanistic
perspective. Free Radic. Biol. Med. 51, 1000�1013.

Vidhya, A., Renjugopal, V., Indira, M., 2013. Impact of thiamine supplementation in the
reversal of ethanol induced toxicity in rats. Indian J. Physiol. Pharmacol. 57,
406�417.

222 Molecular Nutrition

http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref50


Vignisse, J., Sambon, M., Gorlova, A., Pavlov, D., Caron, N., Malgrange, B., et al., 2017.
Thiamine and benfotiamine prevent stress-induced suppression of hippocampal neuro-
genesis in mice exposed to predation without affecting brain thiamine diphosphate
levels. Mol. Cell. Neurosci. 82, 126�136.

Woelk, H., Lehrl, S., Bitsch, R., Köpcke, W., 1998. Benfotiamine in treatment of alco-
holic polyneuropathy: an 8-week randomized controlled study (BAP I Study).
Alcohol Alcohol. 33, 631�638.

Wu, D., Cederbaum, A.I., 2003. Alcohol, oxidative stress, and free radical damage.
Alcohol. Res. Health 27, 277�284.

Yilmaz, I., Demiryilmaz, I., Turan, M., Cetin, N., Gul, M., Suleyman, H., 2015. The
effects of thiamine and thiamine pyrophosphate on alcohol-induced hepatic damage
biomarkers in rats. Eur. Rev. Med. Pharmacol. Sci. 19, 664�670.

Zakhari, S., 2006. Overview: how is alcohol metabolized by the body? Alcohol Res. 29, 245.
Zhang, Q., Yang, G., Li, W., Fan, Z., Sun, A., Luo, J., et al., 2011. Thiamine deficiency

increases β-secretase activity and accumulation of β-amyloid peptides. Neurobiol.
Aging 32, 42�53.

Zhao, Y., Chaiswing, L., Velez, J.M., Batinic-Haberle, I., Colburn, N.H., Oberley, T.D.,
et al., 2005. p53 translocation to mitochondria precedes its nuclear translocation and
targets mitochondrial oxidative defense protein-manganese superoxide dismutase.
Cancer Res. 65, 3745�3750.

Zima, T., Fialová, L., Mestek, O., Janebová, M., Crkovská, J., Malbohan, I., et al., 2001.
Oxidative stress, metabolism of ethanol and alcohol-related diseases. J. Biomed. Sci. 8,
59�70.

223Thiamine, oxidative stress, and ethanol

http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00018-X/sbref58


CHAPTER 12

Riboflavin (vitamin B2) and
mitochondrial energy
Bárbara J. Henriques and Cláudio M. Gomes
Biosystems and Integrative Sciences Institute, Faculdade de Ciências, Universidade de Lisboa, and
Departamento de Química e Bioquímica, Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal

Contents

Key facts about riboflavin 225
Key facts about riboflavin-responsive disorders 226
Summary points 227
Definitions of words and terms 227
Abbreviations 229
12.1 Riboflavin and mitochondrial energy 229
12.2 Riboflavin deficiency 231
12.3 Mitochondrial β-oxidation disorders responsive to vitamin B2 233

12.3.1 Riboflavin-responsive multiple acyl-CoA dehydrogenase deficiency 234
12.3.2 Glutaric aciduria type 1 235
12.3.3 Fatty acid acyl-CoA dehydrogenase disorders 236

12.4 Respiratory chain deficiencies 237
12.5 Concluding remarks 239
Acknowledgements 240
References 240

Key facts about riboflavin

• Riboflavin belongs to the vitamin B group of water-soluble vitamins.
• Riboflavin is not synthesized in mammalian cells, and is therefore only

obtained through diet.
• Major dietary sources of riboflavin include eggs, green vegetables,

milk, meat, and cereal products.
• The recommended vitamin B2 dietary intake is about 1.5 mg/day for

healthy adults, but several conditions require higher riboflavin doses,
such as during pregnancy, practice of demanding physical exercise,
chronic alcoholism, or some disease states.

• Riboflavin deficiency due to malnutrition is rare.
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• Riboflavin is the precursor of two extremely versatile cofactors, flavin
mononucleotide and flavin adenine dinucleotide.

• Riboflavin supplementation corrects some metabolic defects associated
with inherited rare disorders. It has been suggested that the pharmaco-
logical effect of this vitamin is due to chemical chaperone effects by
flavins, whose elevated cellular levels improve flavoprotein folding,
stability, and function.

Key facts about riboflavin-responsive disorders

• Mitochondrial energy production results from a combination of oxida-
tion reactions, such as those occurring in mitochondrial β-oxidation or
in oxidative phosphorylation processes. Disease mutations associated
with genes that encode proteins involved in these pathways result in
defective proteins and in impaired mitochondrial energy production.

• The number of cases of mitochondrial energy deficiencies reported to
respond to riboflavin supplementation is limited, although there are
two diseases for which this number has recently increased.

• Mitochondrial β-oxidation disorders present a broad range of clinical
phenotypes, ranging from lethal to milder forms. In the case of less
aggressive forms, some patients have been reported to respond success-
fully to high doses of riboflavin supplementation.

• Riboflavin-responsive multiple acyl-CoA dehydrogenase deficiency
(RR-MADD) relates to a subgroup of patients with a remarkable
response to high doses of riboflavin supplementation.

• RR-MADD patients are associated with late-onset multiple acyl-CoA
dehydrogenase deficiency, the majority of which present genetic
defects in the ETFDH gene.

• Acyl-CoA dehydrogenase family member 9 (ACAD9) deficiency was
genetically defined in 2010 and is the respiratory chain deficiency with
the highest number of cases reported to benefit from vitamin B2
therapeutic intake.

• ACAD9 deficiency patient-derived fibroblasts showed an increase in
complex I activity, after riboflavin supplementation, in agreement with
the improvement of clinical symptoms.

• Until the present date no major side effects have been reported to be
associated with vitamin B2 supplementation; therefore patients
diagnosed with a disorder affecting a flavoprotein might be eligible for
prompt riboflavin therapy.
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• Worldwide newborn screening programs allow early diagnosis of
inborn errors of metabolism, and in general prompt riboflavin thera-
peutic intervention can have a positive effect on disease outcomes.

Summary points

• This chapter focuses on the impact of vitamin B2 (riboflavin) supple-
mentation on mitochondria energy processes.

• Riboflavin is the precursor of flavin cofactors, FAD and FMN, that are
essential for the structure and function of several mitochondrial
flavoproteins.

• Mitochondrial β-oxidation defects and respiratory chain deficiencies
are associated with mitochondrial energy deficiencies; therefore these
pathologies will be addressed in this chapter.

• Riboflavin-responsive multiple acyl-CoA dehydrogenase deficiency
(RR-MADD) belongs to the group of β-oxidation disorders and pre-
sents a remarkable therapeutic response to riboflavin intake.

• Riboflavin supplementation has been recently reported to be effective
in ACAD9 deficiency patients.

• Riboflavin supplementation increases cellular FAD content, favoring
mitochondrial energy production by promoting the folding, stability,
and function of flavoproteins.

Definitions of words and terms

• Mitochondrial β oxidation: A biochemical pathway through which acti-
vated fatty acids are catabolized, producing an activated fatty acid that
is a two-carbon chain shorter, an acetyl-coA, and nicotinamide ade-
nine dinucleotide (NADH) and flavin adenine dinucleotide, reduced
form (FADH2) energetic molecules. In mammals, fatty acid
β-oxidation provides a major source of adenosine triphosphate (ATP)
for the heart and skeletal muscle.

• Oxidative phosphorylation: Designates the process in which NADH and
FADH2, from a series of electron carriers, reduces molecular oxygen
to water, with the formation of ATP. In aerobic organisms this is the
major source of ATP.

• Flavin cofactors: Two redox active protein cofactors that participate in
many biological processes and which can carry out one-electron or
two-electron transfer reactions.
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• Short-chain acyl-CoA dehydrogenase deficiency: A very rare inborn
error of fatty acid β-oxidation caused by mutation on the ACADS
gene. Most patients remain asymptomatic, although in some cases
disease manifestations include failure to thrive, hypotonia, seizures,
developmental delay, and progressive myopathy.

• Medium-chain acyl-CoA dehydrogenase deficiency: An inborn error of
fatty acid oxidation (FAO) that affects medium-chain acyl-CoA dehydro-
genase. Usually disease onset occurs during infancy or early childhood in
previously healthy infants, although there are many affected individuals
that remain asymptomatic throughout life. Typically, symptomatic patients
present with hypoketotic hypoglycemia, lethargy, vomiting, and seizures.

• Very long-chain acyl-CoA dehydrogenase deficiency: An inborn error of
long-chain FAO associated with mutations on the ACADVL gene.
VLADD is clinically very heterogeneous and can be divided into
three types: severe infantile with early onset, moderately severe infantile/
childhood with a later onset, and a late-onset myopathic (usually after
10 years of age). Clinically manifestations include cardiomyopathy, hypoke-
totic hypoglycemia, liver disease, exercise intolerance, and rhabdomyolysis.

• Glutaric aciduria type 1: Autosomal recessive neurometabolic disorder
caused by mutations on the GCDH gene involved in L-lysine,
L-hydroxylysine, and L-tryptophan catabolism. It is clinically character-
ized by an encephalopathic crisis resulting in striatal injury and severe
movement disorder. Over 200 disease mutations have been reported.

• Multiple acyl-CoA dehydrogenase deficiency (MADD): A disorder of fatty
acid and amino acid metabolism, which is clinically very heteroge-
neous, ranging from a severe neonatal presentation with metabolic
acidosis, cardiomyopathy, and liver disease, to a mild childhood/adult
disease with episodic metabolic decompensation, muscle weakness, and
respiratory failure. MADD is caused by mutations in any of these
genes: ETFA, ETFB, and ETFDH.

• Leigh syndrome: A severe neurological disorder that usually becomes
apparent in the first year of life. Leigh syndrome results from defective
mitochondrial energy generation, and the cause can be an alteration of
any of the mitochondrial respiratory chain complexes. It is clinically and
genetically heterogeneous and can be characterized by progressive loss
of mental and movement abilities (psychomotor regression). Typically, it
results in death within 2�3 years, usually due to respiratory failure.

• ACAD9 deficiency: Rare disorder leading to mitochondrial complex I
deficiency, characterized by neurological dysfunction, hepatic failure,
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cardiomyopathy, and exercise intolerance. It is caused by mutations in
the gene that encodes for ACAD9 protein which has activity as acyl-
CoA dehydrogenase and as an assembly factor for complex I.

Abbreviations
AMP Adenosine monophosphate
ATP Adenosine triphosphate
FAD Flavin adenine dinucleotide
FADH2 Flavin adenine dinucleotide, reduced form
FMN Flavin mononucleotide
NADH Nicotinamide adenine dinucleotide, reduced form
FAO Fatty acid oxidation
ACAD Acyl-CoA dehydrogenase
ETF Electron transfer flavoprotein
ETF:QO Electron transfer flavoprotein:ubiquinone oxidoreductase
MADD Multiple acyl-CoA dehydrogenase deficiency
RR-MADD Riboflavin responsive-MADD
SCAD Short-chain acyl-CoA dehydrogenase
MCAD Medium-chain acyl-CoA dehydrogenase
VLCAD Very long-chain acyl-CoA dehydrogenase
GCDH Glutaryl-CoA dehydrogenase

12.1 Riboflavin and mitochondrial energy

Vitamins are biomolecules present in the regular diet which are essential
for normal development, growth, reproduction, lactation, physical perfor-
mance, and general well-being. They participate in many cellular pro-
cesses, such as biosynthesis of coenzyme Q, mitochondrial respiration and
energy production, or antioxidant reactions (Kucharská, 2008). In general,
mammalian cells do not synthesize these biomolecules, therefore they
depend on dietary intake. This chapter is dedicated to vitamin B2, also
known as riboflavin, and to the relation of this water-soluble vitamin with
mitochondrial energy-producing enzymes. More specifically, we delve
into the importance of riboflavin availability for the onset, development,
and progression of mitochondrial energy deficiency pathologies.

Mitochondrial energy production results from a series of oxidation
reactions within this organelle, ultimately producing adenosine triphos-
phate (ATP) molecules which power the processes for cell survival (Bratic
and Trifunovic, 2010). Riboflavin is the biological precursor of flavin
cofactors which are present in several enzymes involved in many of these
reactions, such as the electron transport chain (ETC) or β-oxidation
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pathways. The two flavin cofactors, flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), have high functional diversity, part of
which is due to their broad range of physiologically attainable redox
potentials (from �210 to 1600 mV). Also, flavins have the ability to
switch between one or two-electron redox chemistry processes, and can
therefore act as catalytic cofactors in multiple enzymes that participate in a
wide array of essential biochemical oxidation�reduction reactions (Merrill
et al., 1981). Indeed, it is estimated that 1%�3% of the genes in bacteria
and eukaryotic genomes encode for flavoproteins (De Colibus and
Mattevi, 2006). Fig. 12.1 is a schematic representation of mitochondrial

Figure 12.1 Schematic representation of pathways involved in mitochondrial energy
production. Schematic representation of mitochondrial β-oxidation and ETC,
highlighting the flavoenzymes associated with energy deficiency pathologies that
respond to riboflavin supplementation. This simplified scheme of a mitochondrion
(crista in the inner membrane are omitted for clarity) depicts reactions and enzymes
that are overviewed in this chapter. LCAD, Long-chain acyl-CoA dehydrogenase;
MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydro-
genase; ECH, enoyl-CoA hydratase; HAD, 3-L-hydroxyacyl-CoA dehydrogenase; KT,
β-ketoacyl-CoA thiolase; IVD, isovaleryl-CoA dehydrogenase; SBCAD, short-branched
chain acyl-CoA dehydrogenase; IBD, isobutyryl-CoA dehydrogenase; GCDH, glutaryl-
CoA dehydrogenase; ETF, electron transfer flavoprotein; ETF:QO, electron transfer
flavoprotein:ubiquinone oxidoreductase; VLCAD, very long-chain acyl-CoA dehydro-
genase; ACAD9, acyl-CoA dehydrogenase family member 9; respiratory chain com-
plexes I�V; CoQ, coenzyme Q; Cyt c, cytochrome c.
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pathways related to energy production highlighting the involved flavoen-
zymes, thus showing the central importance of vitamin B2 for mitochon-
drial energy metabolism.

Riboflavin intake is achieved through a regular diet that should
include eggs, milk, meat products, yeast, and vegetables, which are the
main sources of this vitamin. Under normal conditions, the recommended
daily allowance for riboflavin ranges from 0.5 to 0.9 mg/day for children
(1�13 years), 1.3 mg/day for male adults, and 1�1.6 mg/day for female
adults, depending on several factors such as age (14�18 years, lower
value), pregnancy (1.4 mg/day), or during lactation (upper value) (Food
and Nutrition Board Washington, D.C, 1998). Vitamin B2 can be found
in food in the free form, or already as FAD and FMN in flavoproteins.
Briefly, riboflavin is released from its carriers through the action of stom-
ach acid and gastric/intestinal proteases, and is transported into enterocytes
through an energy-dependent and sodium-independent riboflavin carrier
being then phosphorylated to FMN by a flavokinase and subsequently
converted to FAD by a FAD synthetase, with ATP consumption (Barile
et al., 2013). In the case of FMN and FAD forms in flavoproteins, they
must first be sequentially hydrolyzed to riboflavin in the gastrointestinal
tract in order to be absorbed (Depeint et al., 2006). The human body has
a very low storage capacity for riboflavin, whose excess is eliminated in
urine. In fact, the median plasma concentrations of riboflavin, FMN, and
FAD are 10.5, 6.6, and 74 nmol/L, respectively (Hustad et al., 2002).

12.2 Riboflavin deficiency

Adults with a regular diet rarely present symptoms of riboflavin deficiency,
although in malnutrition (more frequently in adolescence), pregnancy,
chronic alcoholism, or disease states (such as diabetes mellitus or inflam-
matory bowel disease), vitamin B2 can decrease to suboptimal levels
(Grosch, 1999; Powers, 2003). Vitamin supplementation is widely
accepted, and this also applies to riboflavin, which has been long used as
an approved drug. Vitamin B2 therapeutic doses are dependent on the
type of condition, but until now, as no major side effects have been
reported, the prescription of this vitamin is straightforward. Although the
molecular mechanisms accounting for the benefits associated with vitamin
B2 supplementation are not fully clarified, one can anticipate that it will
result in an increase in cofactor availability in cells that will favorably
impact on flavin-dependent protein levels. Riboflavin therapy is more
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relevant in cases associated with defects in mitochondrial flavoenzymes
(see list in Table 12.1), that depend on flavin cofactors to be functional
and/or to improve protein folding and stability (Henriques et al., 2009;
Lucas et al., 2011; Saijo and Tanaka, 1995). These diseases are associated

Table 12.1 Flavoenzymes involved in mitochondrial energy production.

Protein OMIM Gene Disorder Therapeutic
riboflavin dosage

Short-chain
acyl-CoA
dehydrogenase
(SCAD)

606885 ACADS SCAD deficiency 10�150 mg/kg/day

Medium-chain
acyl-CoA
dehydrogenase
(MCAD)

607008 ACADM MCAD
deficiency

50�150 mg/day

Very long-chain
Acyl-CoA
dehydrogenase
(VLCAD)

609575 ACADVL VLCAD
deficiency

50 mg/day

Glutaryl-CoA
dehydrogenase
(GCDH)

608801 GCDH Glutaric aciduria
type 1 (GA-1)

100�150 mg/day

Electron transfer
flavoprotein
(ETFα and
ETFβ subunits)

608053 ETFA Multiple
acyl-CoA
dehydrogenase
deficiency
(MADD)

100�400 mg/day
130410 ETFB

Electron transfer
flavoprotein:
ubiquinone
oxidoreductase
(ETF:QO)

231675 ETFDH

Acyl-CoA
dehydrogenase
family member
9 (ACAD9)

611103 ACAD9 Mitochondrial
complex I
deficiency

150 mg/day

Succinate
dehydrogenase,
subunit A of
complex II,
(SDHA)

600857 SDHA Leigh syndrome 40�200 mg/day

Defects in these enzymes are associated with rare metabolic disorders that are potentially responsive to
riboflavin supplementation therapy.
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with genetic defects in mitochondrial proteins that are somehow involved
in mitochondrial energy production (Table 12.1) and will be discussed
throughout the following sections. Also important are the reported cases of
rare disorders of riboflavin metabolism, such as the Brown�Vialetto�Van
Laere syndrome, Fazio�Londe syndrome, or transient multiple acyl-CoA
dehydrogenase deficiency (MADD) phenotype. In such cases there is
insufficient absorption of the vitamin due to alterations of riboflavin trans-
porters and enzymes of riboflavin metabolism (further details can be found
in Henriques et al., 2016).

12.3 Mitochondrial β-oxidation disorders responsive to
vitamin B2

The fatty acid β-oxidation pathway is one of the main contributors to
energy production in the mitochondria, and each fatty acid degradation
cycle results in the formation of flavin adenine dinucleotide, reduced form
(FADH2), nicotinamide adenine dinucleotide (NADH), and acetyl-CoA
molecules. This pathway is highly dependent on flavoproteins that act on
the first steps of fatty acid catabolism. The first oxidation reaction is cata-
lyzed by a group of flavoenzymes named acyl-CoA dehydrogenases
(ACADs), with the reducing power from these reactions then funneled
into the respiratory chain (RC) via quinone reduction through the hub
composed of electron transfer flavoprotein (ETF) and electron transfer
flavoprotein:ubiquinone oxidoreductase (ETF:QO) (Alves et al., 2012;
Henriques et al., 2011). The ACAD family comprises not only the dehy-
drogenases for fatty acid β-oxidation [such as the very long-chain acyl-
CoA dehydrogenase (VLCAD), long-chain acyl-CoA dehydrogenase
(LCAD), medium-chain acyl-CoA dehydrogenase (MCAD), and short-
chain acyl-CoA dehydrogenase (SCAD) according to their substrate
chain-length specificity], but also dehydrogenases involved in amino
acid metabolism [glutaryl-CoA dehydrogenase (GCDH), isovaleryl-CoA
dehydrogenase, short-branched chain acyl-CoA dehydrogenase, and
isobutyryl-CoA dehydrogenase)] (see Fig. 12.1) (Henriques et al., 2010a).
Vitamin B2 intake is extremely important in order to maintain a balanced
content of the cofactor in the cell, as all these enzymes depend on flavin
to carry out their biological functions and, in many cases, to improve
protein folding and stability (Henriques et al., 2009; Lucas et al., 2011;
Nagao and Tanaka, 1992; Saijo and Tanaka, 1995).
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Genetic defects of these enzymes result in inherited autosomal reces-
sive metabolic disorders, usually referred as fatty acid oxidation (FAO)
defects. Severe cases result in neonatal death, but in mild cases, disease
symptoms can be triggered by adverse physiological conditions, such as
prolonged fasting, exercise, infections, or by a fat-rich diet, and/or
decreased dietary intake of riboflavin (Chiong et al., 2007; Harpey et al.,
1983). Maintaining or restoring normal flavin levels should in principle
improve impaired enzymatic function. Indeed, these beneficial effects
associated with riboflavin supplementation have been widely studied
(Gianazza et al., 2006; Hoppel et al., 1979; Ross and Hansen, 1992) and
we will next present a brief overview of β-oxidation disorders that have
been reported to respond to vitamin B2 supplementation.

12.3.1 Riboflavin-responsive multiple acyl-CoA
dehydrogenase deficiency
Riboflavin-responsive multiple acyl-CoA dehydrogenase deficiency (RR-
MADD) is the β-oxidation disorder for which riboflavin treatment is better
established, and a great number of successful cases have been reported.
MADD, also termed glutaric aciduria type 2 (GA-2), results from genetic
defects in one of three genes: ETFA and ETFB, which encode the two
subunits of ETF, and ETFDH, which encodes for ETF:QO (Henriques
et al., 2010b). Mutations on any of these genes will affect fatty acid and
amino acid metabolism as the two flavoproteins are responsible for receiving
electrons from at least 12 mitochondrial dehydrogenases, and for shuttling
them to the RC via ubiquinone. The MADD clinical picture is very het-
erogeneous, ranging from severe forms with neonatal death to late-onset
forms with clinical symptoms associated with cellular energy deficiency,
such as episodic metabolic decompensation, muscle weakness, and respira-
tory failure. Generally, patients presenting mild phenotypes are advised to
avoid long periods of fasting, and are treated with high doses of riboflavin
(Angelini et al., 2006). A special group of MADD patients, known as
RR-MADD, show a spectacular response to vitamin B2 supplementation.
The first reported case was in the early 1980s, in which a 3-year-old boy
with episodic vomiting, lethargy, and hypoglycemia, significantly reduced
the excreted amounts of pathologic metabolites and improved disease
symptoms after riboflavin therapy at 300 mg/day (Gregersen et al., 1982).
Since then, other successful cases have been reported worldwide, with pre-
scribed riboflavin therapies ranging from 100�400 mg/day administered
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2�3 times a day (Fan et al., 2018; Goh et al., 2018; Lammer et al., 2011;
Lan et al., 2010; Law et al., 2009; Liang et al., 2009; Missaglia et al., 2018;
Vergani et al., 1999; Wang et al., 2011; Wen et al., 2010). A recent review
reported that 98% of RR-MADD cases are attributed to late-onset
MADD, and that the majority of cases are due to mutations in ETFDH
(93%) rather than mutations in ETFA and ETFB (Grunert, 2014). This
was already proposed by Olsen et al. (2007) back in 2007 in a study on 11
individuals with RR-MADD, where all reported cases had mutations in
the ETFDH gene. Moreover, seven patients with myopathic forms of
coenzyme Q10 deficiency who responded to riboflavin therapy were also
shown to have a mutation in ETFDH (Gempel et al., 2007).

As several RR-MADD patients present low mitochondrial levels of
flavins, it has been suggested that disease states could rather be attributed
to disturbances in flavin homeostasis. Recent reports on patients with
MADD biochemical profiles show that these can also be due to defects in
riboflavin transport and FAD metabolism (Bosch et al., 2011; Missaglia
et al., 2018; Olsen et al., 2016). These findings can help to understand
the molecular mechanism behind riboflavin responsiveness in MADD
cases, as decreased flavin content impairs flavin-dependent FAO enzymes.
Moreover, a compilation of a large number of patients with ETFDH
mutations that respond to vitamin B2 supplementation and their corre-
sponding structural analysis allowed us to note that these mutations do
not affect cofactor binding directly, but that they may rather cause desta-
bilization of local interactions leading to long-distance conformational
changes that indirectly affect FAD binding (Rodrigues et al., 2012).

12.3.2 Glutaric aciduria type 1
Glutaric aciduria type 1 (GA-1), a rare autosomal recessive inherited neuro-
metabolic disorder, was one of the first cases of β-oxidation disorders to be
demonstrated to benefit from riboflavin supplementation. Brandt et al.
reported three cases of GA-1 patients that, after riboflavin therapy, showed
a reduction in urinary glutaric acid levels, a hallmark metabolite in GA-1
(Brandt et al., 1979). In 1984 another case was reported, in which neuro-
logical deterioration was prevented after treatment with riboflavin and a
γ-aminobutyric acid (GABA) analog (Dunger and Snodgrass, 1984). Since
then other isolated cases have been reported, such as that by Lipkin et al.
(1988) of a patient that after vitamin B2 treatment showed reduced levels
of GABA in the cerebrospinal fluid. Another case reports an heterozygous
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GA-1 patient with the GCDH p.Ser139Leu and p.Pro248Leu variants with
only 20% of GCDH activity as measured in fibroblasts (Chalmers et al.,
2006). Riboflavin treatment resulted in an increase in enzymatic activity.
The authors suggested that this effect could be related to the fact that since
Ser-139 is located within the FAD binding pocket, an increase in FAD
levels would stabilize the GCDH functional homotetramer through ligand-
stabilizing effects (as reviewed in Gomes, 2012). In another case, a child
with GA-1 under restricted protein diet and carnitine and prescribed
riboflavin supplementation, regained head control and sitting ability with
support following vitamin B2 treatment (Pusti et al., 2014). Another recent
case is that of a 13-month-old boy with microcephaly, developmental
delay, and progressive spasticity, who after a first wrong diagnostic was con-
firmed to suffer from GA-1 (Sharawat and Dawman, 2018). The child initi-
ated a treatment with trihexyphenidyl, L-carnitine, and high-dose riboflavin
(100 mg/day), and the subsequent clinical improvement led the authors to
suggest that a prompt initiation of riboflavin therapy can limit the neuro-
logic insult in children with GA-1. We recently undertook an in vitro
assessment of the effect of riboflavin and FAD on the stability and activity
of β-oxidation dehydrogenases, including GCDH (Lucas et al., 2011). In
this report we demonstrated a positive shift in GCDH stability in the pres-
ence of increasing FAD levels, as denoted by an increase in the thermal
denaturation temperature of the protein. This stabilizing effect was specific
for FAD, as no effect was observed upon incubation with riboflavin, which
indicates that the stabilizing biomolecule is the flavin and not its precursor.
This in vitro study supports the view that upon vitamin B2 supplementa-
tion, increased FAD levels in the mitochondria will have pharmacological
chaperone effects on β-oxidation flavoproteins. However, in spite of this
molecular rational for the beneficial effects of riboflavin supplementation
and the increasing number of reported clinical cases, the fact is that there is
still no clear recommendation or standard protocol for therapeutic use and
dosage to manage GA-1 (Boy et al., 2017).

12.3.3 Fatty acid acyl-CoA dehydrogenase disorders
Riboflavin responsiveness in disorders of single fatty acid acyl-CoA dehy-
drogenases is still a debatable issue, and although the therapeutic effect of
this vitamin has gained interest in recent years, there are still few reported
studies for these disorders. To the best of our knowledge, for VLCADD
there is only one study reporting improvement of disease symptoms upon
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riboflavin treatment (Scalais et al., 2015). The authors describe a child
patient from a family with a story of repeated neonatal deaths associated
with VLCADD, who started riboflavin therapy (50 mg/day) and dietary
restrictions very early in life, which improved the management of meta-
bolic crisis (Scalais et al., 2015). In the case of MCAD deficiency, a report
of five patients who received riboflavin treatment at 50�150 mg/day
showed increased enzymatic activity as determined from catalytic assays in
lymphocytes (Duran et al., 1992). SCAD deficiency (SCADD) is a more
special case as it is nowadays viewed rather as a biochemical phenotype
than as a disease, considering that most infants detected by expanded
newborn screening studies are asymptomatic and therefore have no thera-
peutic recommendation (Wolfe et al., 2011). However, in a recent review
Nochi et al. (2017) suggested that SCADD seems to be an oxidative stress
disorder rather than an energy deficiency disease, like the other ACADs
deficiencies. Nevertheless, a recent study analyzing 10 individuals with
SCADD compatible phenotypes, identified through newborn screening
by their altered metabolite levels, started immediate riboflavin therapy and
remained asymptomatic (Tonin et al., 2016). Notoriously, three of these
patients exhibited hypotonia which improved and completely reverted
following riboflavin treatment. Similar beneficial effects of riboflavin had
also been previously reported by van Maldegem et al., (2010) in a cohort
of 16 patients with SCAD deficiency. In this study, FAD blood levels
were significantly lower both in homozygous or heterozygous patients
with the SCAD p.Gly209Ser variant, when compared with patients with
two rare ACADS mutations. In these cases a riboflavin supplementation
at 150 mg/day, divided into three doses, resulted in clinical notorious
improvements (van Maldegem et al., 2010). As already mentioned,
in vitro studies helped to clarify the biochemical basis for the therapeutic
effects of vitamin B2 in FAO disorders. Studies on MCAD have shown
that, under FAD depletion conditions, enzyme tetramerization was
hampered and that the resulting misfolded MCAD becomes chaperonin
associated (Saijo and Tanaka, 1995). FAD has also been shown to improve
thermal stability of MCAD, SCAD-wild type, and SCAD p.Gly209Ser
variants (Lucas et al., 2011).

12.4 Respiratory chain deficiencies

Oxidative phosphorylation involves four respiratory complexes (complex
I: NADH dehydrogenase-ubiquinone oxidase; complex II: succinate

237Riboflavin (vitamin B2) and mitochondrial energy



dehydrogenase-ubiquinone oxidoreductase; complex III: ubiquinone
cytochrome c oxidoreductase; and complex IV: cytochrome c oxidase)
and ATPase (complex V: ATP synthase) that function in synergy to pro-
duce ATP. Briefly, complexes I�IV receive electrons from the catabolism
of carbohydrates, fats, and proteins and generate a proton gradient across
the inner mitochondrial membrane, which is used by complex V for ATP
production from ADP and inorganic phosphate. In aerobic organisms this
biochemical process is the major source of ATP production. In altered
conditions ATP production can be impaired and energy will not be
enough for proper cell function, and these situations can lead to mito-
chondrial disease often involving abnormalities of the central nervous
system, muscle, heart, eyes, and renal and hematological systems (Scaglia
et al., 2004). RC deficiencies are hallmarks of mitochondrial disease and
can be caused by mutation on mitochondrial DNA or in nuclear genes
that encode for mitochondrial proteins. The most prevalent RC defi-
ciency is complex I deficiency, which includes NADH:ubiquinone oxido-
reductase defects, mutations on complex I assembly genes, and mutations
in other nuclear-encoded genes (Skladal et al., 2003). In recent decades,
sporadic cases of patients diagnosed with myopathies associated with com-
plex I deficiencies have been reported to benefit from riboflavin supple-
mentation (Bernsen et al., 1993; Garone et al., 2013; Gerards et al., 2011;
Scholte et al., 1995). In this genetically heterogeneous disorder, a special
attention to the cases associated with ACAD9 gene mutations should be
taken. This gene encodes for acyl-CoA dehydrogenase family member 9
(ACAD9), an enzyme that has been described as an assembly factor for
complex I, and which also presents acyl-CoA dehydrogenase activity.
ACAD9 is a flavoprotein homologous to VLCAD, and therefore it has
been suggested that riboflavin supplementation could have an effect simi-
lar to the one observed in VLCADD patients. Recently, a report on a
cohort of 70 patients with ACAD9 deficiency showed that riboflavin
treatment improves complex I activity in the majority of patient-derived
fibroblasts under study (Repp et al., 2018). Most patients showed a clinical
beneficial effect and, in particular, patients presenting symptoms during
the first year of life had improved survival (Repp et al., 2018). Based on
this large cohort it is possible to suggest that riboflavin-responsive complex
I deficiency cases are associated with ACAD9 deficiency. Moreover, the
molecular mechanism underlying this beneficial effect could be due to an
increase in FAD cellular concentration that increases the folding, stability,
and activity of ACAD9 (Garone et al., 2013).
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Deficiencies in complex II, succinate:ubiquinone oxidoreductase, have
also been reported to improve upon vitamin B2 dietary supplementation.
One case was reported for a patient with Leigh syndrome and a missense
mutation on the SDHA gene, for whom riboflavin supplementation
resulted in the regression of neurological impairment (Pinard et al., 1999).
In a study by Bugiani et al. (2006), patients with complex II deficiency
taking riboflavin presented a twofold increase in succinate dehydrogenase
activity, as measured in patient-derived fibroblasts, that was in agreement
with better symptomatology. Recently two patients presenting mitochon-
drial myopathy were reported to have riboflavin-responsive complex II
deficiency (Nimmo et al., 2018). A detailed genetic study was performed
leading to the identification of two missense mutations on a riboflavin
transporter as the cause of the disease phenotype. Mutations on riboflavin
transporters had already been reported to be associated with complex I
and complex IV deficiencies (Foley et al., 2014), as well as complex II
deficiency (Schiff et al., 2016) or MADD (Olsen et al., 2016; Wang et al.,
2016), for which riboflavin supplementation resulted in clinical improve-
ments. In these cases, the beneficial effect results essentially from an
increase in vitamin absorption due to higher intake, and a consequent
increase in the availability of flavin in the cell. Overall these reports
suggest that patients presenting with mitochondrial encephalomyopathy
should have differential diagnosis comprising riboflavin transporter defi-
ciencies, and that riboflavin treatment should be promptly considered.

12.5 Concluding remarks

Vitamin B2, also known as riboflavin, is the precursor of flavin cofactors
which are essential for flavoenzymes involved in mitochondrial energy
production. Lower levels of riboflavin, due to insufficient intake or defi-
ciencies of riboflavin metabolism, affect flavin concentration in the cell
and the quality of flavoenzymes. Mitochondrial energy is deeply affected
by the impairment of flavoenzymes, including the several flavoenzymes
involved in mitochondrial β-oxidation processes and in membrane-bound
RC complexes. Therapeutic intake of vitamin B2 has been reported to
improve several mitochondrial pathologies, essentially due to the increase
in cellular concentration of the cofactor. At the molecular level FAD will
have a pharmacological chaperone effect over the structure and function
of such faulty enzymes. Two disorders deserved a special attention,
RR-MADD and ACAD9 deficiency, for which the number of
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well-established riboflavin-responsive cases is substantial. The majority of
RR-MADD patients have mutations on the ETFDH gene, and these do
not necessarily result in amino acid changes that directly affect the
protein�flavin association; therefore we hypothesize that the beneficial
effects of riboflavin supplementation result from effects on folding
efficiency and/or native conformation stability of ETF:QO protein. In
the case of ACAD9 deficiency, flavinylation probably has a similar effect
to that observed for FAO patients. Finally, advances in the identification
and characterization of different human riboflavin transporters have also
improved the diagnosis of mitochondrial diseases and helped to elucidate
riboflavin therapeutic effects for some mitochondrial disorders.
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Key facts

• Stroke is a leading cause of death in the world, however, therapeutic
interventions are limited and those people affected typically suffer
from a permanent loss of motor function.

• As the world’s population is aging, the prevalence of stroke is
increasing.

• While there are several risk factors for stroke, nutrition is a modifiable
risk factor for stroke.

• Higher levels of homocysteine, a nonprotein amino acid, are linked to
increased risk of stroke.

• B vitamins, including folic acid and vitamin B12, reduce the levels of
homocysteine in the body.
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• Choline is a nutrient that is involved in reducing the levels of homo-
cysteine. In the brain it is also involved in lipid metabolism and the
generation of acetylcholine.

• Results of clinical trials to lower levels of homocysteine through B
vitamin supplementation remain unclear with recent advancements in
the field.

• Work using model systems reports that reduced levels of B vitamins
and increased homocysteine levels impair brain function and make
tissue more vulnerable to damage.

• Reducing stroke risk is paramount. Personalized medicine and combi-
nation therapies may be more effective.

Abbreviations
MTHFR Methylenetetrahydrofolate reductase
BHMT Betaine-homocysteine S-methyltransferase
SAM S-adenosylmethionine
tPA Tissue plasminogen activator

13.1 Introduction

Stroke is a leading cause of death globally (Feigin et al., 2015; Mozaffarian
et al., 2015). Currently there is a lack of translational research, such that
almost none of the reported neuroprotective therapies that were beneficial
in animal models have benefited in stroke-affected patients (Dirnagl,
2016). An approved treatment for stroke is the administration of intrave-
nous tissue plasminogen activator (tPA) (Jauch et al., 2013), which breaks
down clots (Bonaventura et al., 2016). However, a major limitation for
tPA use is that it needs to be administered within 4 hours of stroke onset
after which its use may induce hemorrhaging (Jauch et al., 2013).
Unfortunately, most stroke patients do not arrive at the hospital until it is
too late for treatment (Leibson et al., 1994). Recent research reported that
thrombectomy may be a viable therapeutic approach and patients can be
treated up to 16 hours after onset of stroke. However, performing a
thrombectomy is dependent on the location of the stroke and the size of
damage (Albers et al., 2018). The current treatments for stroke, tPA and a
thrombectomy, can be used to restore blood flow shortly after a stroke.
Preventative approaches to minimize both the risk and severity of a stroke
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event are attainable from a better understanding of the risk factors and
mechanisms involved in the regulation of stroke outcomes.

13.2 Understanding stroke

Stroke represents a major subset of cardiovascular cases. It is a broad term
that encompasses several different types of physiological events, each
causing neurological dysfunction from ischemic conditions in the brain
(Sacco et al., 2013). Generally, stroke occurs when a significant blood
clot, termed a thrombus, forms in the circulatory system and this prevents
adequate delivery of oxygen and nutrients to the brain, which are essential
for proper function (Kolb and Whishaw, 2011). As a result, neurons and
glial cells begin to die, ultimately leading to significant brain damage and
behavioral impairments. More specifically, stroke is categorized as either
ischemic or hemorrhagic (Sacco et al., 2013). An ischemic stroke occurs
when a blood clot forms inside of the vasculature within the brain, such
as a cerebral artery. This type of stroke event is the most common, occur-
ring in B87% of all stroke cases (Mozaffarian et al., 2015). Alternatively,
hemorrhagic stroke is when a weakened blood vessel ruptures causing
bleeding in the brain. The leaked blood accumulates and compresses the
surrounding brain tissue (Kumar et al., 2016). A stroke can also be silent
which means that there is evidence of damage in the brain, but there are
no visible impairments in function (Sacco et al., 2013).

After an ischemic stroke there is a patterned area of damaged cells
consisting of two unique features: the ischemic core and the penumbra
(Fig. 13.1). The core is the central area of damage that has severely
ischemic tissue and this area consists of dying neurons and glia as well as
cellular debris. The penumbra is the area that surrounds the core, has mild
to moderate ischemic tissue, and is partially salvageable after reperfusion.
The duration, severity of blockage, and location of the ischemic stroke all
affect the overall severity of damage to the brain. For example, ischemic
stroke can either be focal or global. Focal strokes, which are more com-
mon, are specific to a small area of the brain, whereas global strokes affect
several or all parts of the brain. Nonetheless, after a stroke event where
the motor cortex is damaged, motor function of the body becomes
compromised contralateral to the damage in the brain. Because there is
decussation of sensory neurons at the midbrain, stroke in the right hemi-
sphere affects sensation and movement on the left side of the body.
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Despite understanding the process of a stroke, how it causes neurode-
generative pathology is not completely understood (Busl and Greer,
2010). For example, the amount of functional damage that a stroke can
cause varies between people and can range from mild to moderate to
severe (Heart and Stroke Foundation, 2016). It is important to consider
the possible influence of other factors that contribute to the prevalence of
stroke.

13.3 Nutrition

Nutrition is a modifiable risk factor for stroke (Kumar et al., 2016;
Mozaffarian et al., 2015). A recent report from the American Health
Association described that poor dietary habits (e.g., low consumptions of
fruits and vegetables) contribute to the onset of stroke (Benjamin et al.,
2018). A component of nutrition is vitamins. For example, folic acid is an
important B vitamin in the brain for nucleotide synthesis, methylation,
DNA repair, second messenger systems, ion channels, protein and

Figure 13.1 Dorsal view of brain. Right hemisphere showing ischemic stroke
damage. The infarct core (dark gray) and penumbra (white). The core is the central
area of damage that has severely ischemic tissue and this area consists of dying
neurons and glia. The penumbra is the area that surrounds the core and has mild to
moderate ischemic tissue.
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neurotransmitter synthesis, as well as the metabolism of homocysteine
(Murray et al., 2017). One-carbon metabolism, including folic acid
metabolism in the cell, is summarized in Fig. 13.2.

13.4 Homocysteine and stroke

High levels of homocysteine have been linked to increased risk of cardio-
vascular disease (Castro et al., 2006; Santilli et al., 2015; Spence, 2016). In
1969 a report described children with severe homocystinuria as having
increased susceptibility to premature death via atherosclerosis and throm-
botic occlusions (McCully, 1969). In fact, an elevated level of plasma
homocysteine, .12 μmol/L compared to B5�10 μmol/L in healthy
adults (Hainsworth et al., 2015; Obeid et al., 2007), termed hyperhomo-
cysteinemia, is considered an independent risk factor for stroke
(Brattstrom et al., 1992).

Homocysteine is a nonprotein amino acid product of methylation
reactions in cells that can be measured easily in blood plasma.
Homocysteine can be removed from cells in three methods. In all cells,
most importantly in the brain, homocysteine is primarily recycled into
methionine using folate as a methyl donor. Interestingly, homocysteine
metabolism in the brain is different than other organs because the second
method, called the transsulfuration pathway, does not occur and remethy-
lation of homocysteine via betaine, the third method, is absent (Lehotsky
et al., 2014). Homocysteine is removed by transsulfuration only in liver,

Figure 13.2 One-carbon metabolism in the cell. BHMT, Betaine-homocysteine
S-methyltransferase; DHR, dihydrofolate; DHFR, dihydrofolate reductase; DMG,
dimethylglycine; MTR, methionine synthase reductase; MTHFR, methylenetetrahydro-
folate reductase; RFC, reduced folate carrier; SAH, S-adenosylhomocysteine; SAM,
S-adenosylmethionine; THF, tetrahydrofolate reductase.
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pancreatic, and renal tissue (Brosnan et al., 2004). This process requires
pyridoxal (vitamin B6) as a coenzyme, serine, and cystathionine
β-synthase to convert homocysteine into cystathionine.

The Homocysteine Studies Collaboration published in 2002 compiled
and reviewed literature from over 30 prospective or retrospective studies,
totaling 1113 stroke patients, associating a 25% reduction in plasma
homocysteine levels with a 19% reduction in risk for stroke (The
Homocysteine Studies Collaboration, 2002). Recently this association was
emphasized in European countries including Italy and Poland, as well as
Asian countries such as China, Korea, and Japan (Fu et al., 2015). Of these
13 studies, the initial results from a total of 1206 stroke patients and 1202
controls, having cofactors of stroke risk unaccounted for, reported mixed
relationships between plasma homocysteine and stroke. Interestingly,
when cofactors such as age, smoking status, and history of cardiovascular
disease among others were accounted for, the overall association between
plasma homocysteine levels and risk for stroke is positively correlated.
Genetic deficiencies in folate metabolism also increase levels of homocys-
teine, for example, a common polymorphism in methylenetetrahydrofo-
late reductase (MTHFR 677C-T) has been implicated in an increased
risk for stroke (Song et al., 2016), possibly through increased levels of
homocysteine.

Despite finding a significant association between elevated homocyste-
ine levels and risk of stroke, the mechanism by which this association
promotes stroke occurrence remains unclear (Castro et al., 2006;
Christopher et al., 2007). This is, in part, because multiple factors and
processes are associated with elevated levels of homocysteine and, as a
result, homocysteine is prevalent in multiple neurodegenerative patholo-
gies of the central nervous system (Ansari et al., 2014; Obeid et al., 2007).
Among these findings, it appears as though hyperhomocysteinemia may
promote an increased risk of stroke from downstream effects of decreased
global DNA methylation (Baccarelli et al., 2010), increased endothelial
dysfunction (Castro et al., 2006; Spence, 2016), and/or increased oxida-
tive damage of cells (Kim and Pae, 1996; Obeid and Herrmann, 2006;
Pniewski et al., 2003), making normally functional systems more suscepti-
ble to damage. Increased levels of homocysteine result in more reactive
oxygen species production via arachidonic acid (Lehotsky et al., 2014).

A stroke sets off a cascade of cellular events in the cells of the brain.
An example is epigenetic changes, which include DNA methylation,
histone modification, as well as noncoding RNAs (Thompson et al.,
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2013). One-carbon metabolism is involved in the generation of methyl
groups, through MTHFR and S-adenosylmethionine (SAM). Altered
levels of SAM, the global methyl donor, have been reported in patients
with vascular disease (Castro et al., 2003). In stroke patients, global DNA
methylation (LINE1) levels are also reduced (Baccarelli et al., 2010).
Interestingly, DNA methyltransferases are abundant in the brain, especially
in postmitotic neurons (Goto et al., 1994). Increased activity in these
enzymes and more methylation have been reported to result in worse
outcomes after ischemic damage in a mouse model (Endres et al., 2000).

Endothelial dysfunction can be described as an imbalance between
vasodilator and vasoconstrictor produced by the endothelium. Vascular
dilatation depends on nitric oxide (NO), and endothelium-derived relaxing
factor. Several reports have outlined that elevated levels of homocysteine
impair endothelial-dependent dilatation (Lai and Kan, 2015). Elevated
homocysteine levels have been reported to increase oxidative stress uncou-
pling of NO synthase activity and quenching of NO. Endoplasmic reticu-
lum stress leads to endothelial cell apoptosis and chronic inflammation
resulting in prothrombotic conditions (Lai and Kan, 2015). Increasing levels
of folic acid in patients with high levels of homocysteine show some posi-
tive effects. Folic acid supplementation (5�10 mg per day for 6�8 weeks)
in patients with high levels of homocysteine has been reported to result in
reduced levels of plasma homocysteine and improved endothelium-
dependent dilation and function (Bellamy et al., 1999; Woo et al., 1999).

13.5 Clinical trials to reduce levels of homocysteine

Several clinical trials were conducted to assess whether lowering homo-
cysteine levels by vitamin B supplementation is a viable option to reduce
the risk of cardiovascular diseases, such as stroke (Hankey, 2018). The
Vitamin Intervention for Stroke Prevention (VISP) trial was a randomized
and double-blind study that showed no benefit of vitamin therapy for
homocysteine lowering on reoccurring cardiovascular events (Toole et al.,
2004). It is important to note that this VISP trial also coincided with the
initiation of the mandatory folic acid fortification in North America. The
Norwegian Vitamin Study (NORVIT) study investigated the impact of
homocysteine lowering in patients with acute myocardial infarction and
not ischemic stroke. The NORVIT study also reported that there was no
benefit to homocysteine lowering with B vitamins for reducing myocar-
dial infarction risk (Bonaa, 2006).

251Linking homocysteine, B vitamins, and choline to ischemic stroke risk



The Heart Outcomes Prevention Evaluation 2 study reported that the
administration of folic acid, vitamin B6, and vitamin B12 did in fact did
lower homocysteine levels in patients with vascular disease, but it did not
reduce the incidence of cardiovascular disease (Lonn et al., 2006). In
2010 a randomized placebo control, with folic acid, vitamins B6 and B12,
and/or omega-3 fatty acids also did not show a reduction in the risk for
cardiovascular disease (Galan et al., 2010). The Diabetic Intervention with
Vitamins in Nephropathy trial reported that high doses of B vitamins
were actually harmful and increased cardiovascular disease in patients with
diabetic nephropathy (House et al., 2010). The vitamins to prevent stroke
trial showed a reduction in vascular events when lowering homocysteine
levels and vitamin B supplementation was combined with antiplatelet
therapy. In 2015 a double-blind trial in China reported a 21% reduction
in stroke when patients were given enalapril in combination with folic
acid (Huo et al., 2015). Further analysis of this study also reported that
hypertensive patients with high cholesterol (Qin et al., 2016) and a poly-
morphism in MTHFR at base pair 677 (Zhao et al., 2017) benefited from
folic acid supplementation in terms of reducing their risk of cardiovascular
disease. It is important to note that China does not have a mandatory
government folic acid fortification program in place.

The clinical trials described above indicate that vitamin B supplemen-
tation to lower levels of homocysteine is ineffective when the outcome
measurement is the onset of cardiovascular disease. Interestingly in 2011
when homocysteine was included in the National Health and Nutrition
Examination Survey III study it improved risk prediction for cardiovascu-
lar disease (Veeranna et al., 2011). It is important to keep in mind that the
question of whether vitamin B supplementation is beneficial for stroke is
more complicated than originally thought, especially when different
patient populations are considered (Spence and Stampfer, 2011). For
example, cyanocobalamin may accelerate a decline in renal function and
this could then result in an increased risk for cardiovascular disease,
through the build-up of cyanide which could interfere with the decyana-
tion of cyanocobalmin (Spence et al., 2017). When considering vitamin B
supplementation, using folic acid and methylcobalamin or hydroxycobala-
min to lower homocysteine levels may be more appropriate, rather than
cyanocobalamin (Spence, 2017). It could also be plausible that vitamin
B12 may play a key role in stroke prevention. Stroke occurs in individuals
who are mostly older and intriguingly approximately 20% are vitamin
B12 deficient (Andrès et al., 2004,) but only 5%�10% are
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detectable (Clarke et al., 2004). A serum B12 level within the normal
range does not exclude metabolic B12 deficiency (Spence and Stampfer,
2011). In North America and other countries folic acid is in the grain sup-
ply because of mandatory folic acid fortification, during times when folic
acid is increased vitamin B12 deficiencies are often looked over (Spence,
2013).

The long-term effects of administering B vitamins is a reduction in the
levels of homocysteine, but not the markers associated with inflammation
or endothelial dysfunction (Christen et al., 2018; Sibani et al., 2000). A
recent study in people over the age of 65 reported that supplementation
of folic acid and vitamin B12 did indeed reduce levels of homocysteine,
but there were no changes in arterial stiffness and atherosclerosis (Van
Dijk et al., 2015). Several meta-analyses have reported that lowering
homocysteine through vitamin B supplementation does indeed reduce the
number of stroke events (Ji et al., 2013; Martí-Carvajal et al., 2017; Tian
et al., 2017; Wang et al., 2017). A study in Korea reported that the intake
of antioxidants, in combination with B vitamins, is inversely associated
with ischemic stroke (Choe et al., 2016). Dietary supplementation of B
vitamins to reduce homocysteine levels is a complex question. There are
benefits to reduced levels of homocysteine, but a number of factors need
to be considered, such as patient population, comorbidities, and govern-
ment fortification programs (Debreceni and Debreceni, 2014; Hsu et al.,
2018; Jenkins et al., 2018; Zeng et al., 2015).

13.6 Mechanisms explaining folate and homocysteine
metabolism as a modulator of stroke outcome

Model systems have been developed to study the in vivo mechanisms of
hyperhomocysteinemia (Azad et al., 2017). Murine models are recom-
mended for basic research on cardiovascular disease, but large animal
models are better for biomedical research since they have many physio-
logical and anatomical similarities to humans (Azad et al., 2017). Using
animal model systems these studies have shown that folic acid deficiency
increases damage after cerebral ischemia (Hwang et al., 2008). This is
through increased neuronal damage, autophagy, and gliosis (Hwang et al.,
2008; Jadavji et al., 2018; Škovierová et al., 2016; Zhao et al., 2016).

Ischemic preconditioning, which increases the body’s resistance to
oxygen loss, may preserve neuronal tissue from the damaging effects of
stroke (Kovalska et al., 2015; Pavlikova et al., 2017). Both in vivo and
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in vitro data indicate that ischemic preconditioning is beneficial for patients
with hyperhomocysteinemia and cerebral ischemia (Kovalska et al., 2015;
Pavlikova et al., 2017). Therefore ischemic preconditioning could be used
as a preventive measure against stroke and to protect against neurodegen-
eration associated with stroke. Furthermore, increasing levels of folic acid
may be crucial for protecting the brain against damage.

Dietary supplementation could contribute to stroke recovery. A study
using in vivo and in vitro model systems found that folic acid enhances
the stimulation of Notch signaling and neurogenesis in the brain after
ischemic stroke (Zhang et al., 2012). Another study with similar mouse
models has also found that B vitamins and choline improve motor func-
tions and enhance neuroplasticity after cerebral ischemia (Jadavji et al.,
2017). Such findings point to the dietary supplementation of those nutri-
ents along with other stroke therapies (Jadavji et al., 2017; Zhang et al.,
2012).

13.7 Choline

Choline and folic acid are linked through the metabolism of homocyste-
ine (Fig. 13.2). Choline is an essential nutrient, and in the brain it is
involved in the synthesis of acetylcholine, as well as being a major
component of cell membranes. For example, phosphatidylcholine a
metabolite of choline, is a brain phospholipid. Using betaine-
homocysteine S-methyltransferase(BHMT) choline is converted to betaine
which remethylates homocysteine (Fig. 13.2). BHMT is restrictively
expressed in the liver and kidney and is also present in the brain tissue of
bats (Zhang et al., 2013) and mice (Prieur et al., 2017). In addition,
betaine levels are reduced in hyperhomocysteinemic patients and rodent
models, highlighting the role of choline metabolism in homocysteine
metabolism (Imbard et al., 2015; Jadavji et al., 2012). Increasing the levels
of choline through dietary supplementation has been reported to have
positive effects on brain function after damage in humans (Zeisel et al.,
1991) and in an animal model of stroke (Jadavji et al., 2017).

Citicoline is a choline molecule bonded to a cysteine residue, and,
when used in animal models of stoke, it has been reported to reduce neu-
rological impairment after damage (Kakihana et al., 1988), decrease infarct
volume and reduce inflammation (Adibhatla et al., 2005; Gutiérrez-
Fernández et al., 2012a), as well as increase neuroplasticity (Gutiérrez-
Fernández et al., 2012b; Hurtado et al., 2007). In human clinical trials
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positive effects of citicoline have been reported (Overgaard, 2014), but
the results are not clear in all the populations studied (Adibhatla et al.,
2005). More investigations are required to understand the impact of
citicoline on stroke in humans. It is important to note that combination
therapies are beneficial for stroke-affected patients (Wang et al., 2015). It
may be that citicoline when combined with a thrombotic agent or life-
style changes could be more effective in promoting recovery after stroke.

Recent studies have reported that there is an important interaction
between the gut microbiome and the brain (Sudo et al., 2004). This is an
interesting area of research, especially when applied to neurological dis-
eases, such as stroke. The microbiome has been linked to inflammation,
depression, and stress in the brain (Winek et al., 2016). Interactions
between dietary intake of choline and related metabolites have been
shown to influence risk of cardiovascular diseases, such as stroke (Wang
et al., 2011; Zhu et al., 2017). In the context of stroke, the mechanism
through which dietary choline changes the bacteria in the gut still needs
to be dissected.

13.8 Future directions

This chapter provided an overview of how homocysteine, B vitamins,
and choline are implicated in the onset of ischemic stroke. It is still a com-
plex question to answer. However, the movement toward personalized
medicine has been facilitated by the advancement of technology.
Evidence supporting nutrition as a way to circumvent the risk of stroke is
growing. Because the risk and outcomes of stroke are highly variable,
future therapeutics will likely involve personalized medicine. In addition,
several studies suggest that combining therapeutics, including pharmaceu-
ticals, is more effective for promoting recovery from stroke; a combina-
tional therapy approach may also provide the best therapeutic options for
stroke patients.

Considering the data, when dietary supplementation is implemented
to reduce the risk of stroke, folic acid combined with methylcobalamin or
hydroxycobalamin as well as choline is the most likely candidate thera-
peutic. Countries that have mandatory folic acid fortification laws should
not disregard dietary supplementation, since vitamin B12 deficiency is
prevalent in the aging population. Further studies, including multicountry
double-blind placebo trials are required to understand the full impact of
dietary supplementation with B vitamins and choline for stroke risk.
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Key facts

• This chapter focuses on the effects of niacin (vitamin B3) in disorders
related to hyperlipidemia.

• Postprandial hyperlipidemia is a transitory and normal physiological
event, which emerges from the response to the ingestion of a fatty
meal.

• Zilversmit defined the concept of postprandial hyperlipidemia for the
first time as an atherogenic phenomenon in 1979.

• Niacin has been defined as a broad spectrum lipid-modulating drug
that raises fasting levels of plasma high-density lipoprotein cholesterol
and reduces fasting levels of plasma triglycerides, low-density lipopro-
tein cholesterol, and lipoprotein [a].

• Growing evidence supports niacin leading to positive changes in fast-
ing levels of plasma lipids and lipoproteins
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Abbreviations
CVDs Cardiovascular diseases
FAs Fatty acids
HCA2 Hydroxycarboxylic acid receptor 2
HDL-C High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol
Lp[a] Lipoprotein [a]
PGD2 Prostaglandin D2
TG Triglycerides
TRLs Triglyceride-rich lipoproteins
VLDL Very-low-density lipoproteins

14.1 Introduction

Cardiovascular diseases (CVDs) contribute to about 50% of deaths in
Europe in spite of the considerable improvement in medical care
(Chapman et al., 2011). Treatment of hyperlipoproteinemias, mainly
caused by elevated fasting levels of plasma low-density lipoprotein choles-
terol (LDL-C), and treatment of arterial hypertension are among the prin-
cipal therapeutic goals in CVDs (Zeman et al., 2015). Although the
objective for LDL-C is accomplished, the risk of suffering cardiovascular
events (residual cardiovascular risk) remains raised ranging from 65% to
70% (Kearny et al., 2008). The residual cardiovascular risk has special sig-
nificance in patients with high fasting levels of plasma triglyceride (TG)
[very-low-density lipoprotein (VLDL)], apoB(100), small-dense low-den-
sity lipoprotein (LDL) particles, and lipoprotein (a) (Lp[a]), and low fasting
levels of plasma high-density lipoprotein cholesterol (HDL-C) (Chapman
et al., 2011).

Niacin has been applied for many years to prevent and treat CVDs
(Song and FitzGerald, 2013). The well-known antiatherogenic activity of
this drug is thought to result from its antidyslipidemic effects, which occur
with unwanted adverse effects, for instance, flush (which is characterized
by warmth, redness, itching, or tingling of the skin, especially on the face
and neck). The detection of a niacin receptor expressed in immune cells,
adipocytes, epidermal Langerhans cell, and retinal pigmented epithelium
(Martin et al., 2009) has helped to clarify the mechanisms underlying the
advantages while minimizing the side effects of niacin. Hence this chapter
provides updated data on the pharmacological effects of niacin and dis-
cusses the function of niacin in disorders related to postprandial (nonfast-
ing) hyperlipidemia.
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14.2 Postprandial hyperlipidemia

Postprandial hyperlipidemia is a transitory and normal physiological event,
which emerges from the response to the ingestion of a fatty meal. Dietary
fat is absorbed by the enterocytes via specific transporters, such as cluster
of differentiation 36 (CD36) for fatty acids (FAs), or passive diffusion. TG
and other lipids have the assistance of apoB48 together with apolipopro-
tein IV and apolipoprotein AI to form postprandial TG-rich lipoproteins
(TRLs) inside the enterocytes, in a process involving the microsomal TG
transfer protein and FAs transport proteins. The intestinal secreted TRLs
have the function of balancing the absorbed dietary lipids for transport in
the aqueous plasma and to supply cells with exogenous FAs by receptors,
such as the apoB48 receptor, LDL receptor, and LDL receptor-related
protein, or nonreceptor-dependent mechanisms for energy and several
metabolic pathways (Varela et al., 2013; Bermudez et al., 2011). The
levels of plasma TG commonly peak 3 or 4 hours after a fat meal and are
prone to return to baseline within 6�8 hours. Nonetheless, postprandial
hyperlipidemia can become pathological when the dimension and length
of the TRLs’ response is exacerbated, with the accumulation of postpran-
dial TRLs and their remnants in the circulation (Chan et al., 2013). In
this sense, the postprandial hyperlipidemic peak may be two- or threefold
greater and be extended, even up to 10�12 hours after the dietary fat
ingestion (Cohn, 2006).

Zilversmit defined the concept of postprandial hyperlipidemia for the
first time as an atherogenic phenomenon in 1979 (Zilversmit, 1979). This
idea received greater awareness after the discovery of postprandial TRLs
as cholesterol-independent atherogenic particles (Sniderman, 2000) and
postprandial abnormalities in the TG metabolism as a hallmark of patients
with established coronary heart disease (Patsch et al., 1992). The detection
of postprandial TRLs, via apoB48, in human atheroma has supplied fur-
ther evidence for their direct role in atherogenesis (Proctor et al., 2002).
The greater the dimension and length of the postprandial TRLs’ response,
the greater the exposure of the arterial wall to postprandial TRLs and
their remnants. Therefore the probability of TG replacing cholesteryl
esters in LDL-C and HDL-C particles will be increased. Postprandial
TRLs can penetrate the arterial wall and arrive at the subendothelial area,
causing endothelial lipid (remarkably TG) deposits, the attraction of
monocytes, the production of inflammatory markers, and oxidative stress
(Pirillo et al., 2014). The role of TG in atherosclerosis-mediated
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inflammation depends on their direct vascular effects, but it is also associ-
ated with changes in the functionality of HDL-C. These modifications
include protection against vessel inflammation or disorders of immune
response (Patel et al., 2009). Prospective epidemiology on nonfasting
levels of plasma TG in response to normal food intake includes three
large-scale studies: the Copenhagen City Heart study (Lindman et al.,
2010), Women’s Health study (Boren et al., 2014), and the Norwegian
counties study (Miller et al., 2008); all of them have revealed the follow-
ing information: (1) nonfasting levels of plasma TG are raised among
populations with established CVDs or with multiple risk factors predispos-
ing to CVDs and (2) long-term follow-up of subjects in prospective,
population-based studies related nonfasting and (less robustly) fasting TG
to the incidence of CVDs events or deaths (Nordestgaard et al., 2007).
Numerous patients with CVDs remain at high risk for CVDs events even
if the LDL-C objective has been reached with lipid-lowering therapy
(Bansal et al., 2007). This evidence suggests that nonfasting levels of
plasma TG may be predictive and independent of traditional LDL-C
related risk of CVDs.

The better understanding of the physiology and genetic regulation of
postprandial TG metabolism could lead to new targets for therapy (Varbo
et al., 2013). Nevertheless, the facts from randomized clinical trials on the
benefits of lowering TG are far less robust than for the benefits of lower-
ing LDL-C with statins (Miller et al., 2011; Catapano et al., 2011). This
condition may be due to the lack of high-quality evidence for the advan-
tages of TG-lowering drugs due to the absence of specific target objec-
tives for both nonfasting and fasting levels of plasma TG. Suitable dietary
changes, such as limited fat content, caloric restriction, restriction of alco-
hol intake, and increased exercise, could be essential for the management
of high nonfasting (Lopez et al., 2008, 2011; Pacheco et al., 2006) and
fasting (Chan et al., 2013; Berglund et al., 2012; Watts et al., 2013) levels
of plasma TG. Current guidelines do not specify the atherogenic lipid
profile in the postprandial period as a target for therapy, nor do they men-
tion any target values for the parameters of postprandial hyperlipidemia.
The first recommended pharmacological step to decrease prominent levels
of plasma TG in individuals with high or very high CVDs risk based on
global risk assessment is statin therapy, especially in subjects with meta-
bolic syndrome and type 2 diabetes (Ryden et al., 2013). Statins also
reduce nonfasting levels of plasma TG according to available data
(Kolovou et al., 2011). It has been reported that ezetimibe decreases
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apoB48 secretion in the human intestine, suggesting a straight effect of
this drug on the assembly of postprandial TRLs in enterocytes (Tremblay
et al., 2009). Studies on fibrates have reported significant lowering of non-
fasting levels of plasma TG in response to a standardized fat challenge
(Chan et al., 2013; Kolovou et al., 2011). Additionally, fenofibrate also
decreases the levels of plasma apoB48 and biomarkers for postprandial
TRLs remnants (Chan et al., 2012).

Dual peroxisome proliferator-activated receptor (PPAR)α/PPARδ
agonists, dietary oils rich in diacylglycerols, inhibitors of diacylglycerol-O-
acyltransferase-1, and microsomal TG transfer protein, antisense oligonu-
cleotides for apoB100, apoB48, and apolipoprotein CIII (apoCIII), and
incretin-based treatments are new pharmacological and nonpharmacologi-
cal approaches which could be applied alone or in combination with tra-
ditional therapies to maximize treatment for management of dyslipidemia
due to high fasting and nonfasting levels of plasma TG (Chan et al.,
2013). Nevertheless, these emerging agents require further testing in clini-
cal trials in order to study in detail their clinical efficacy, mechanisms of
action, safety, and tolerability.

14.3 Effects of niacin and mechanisms of action

Niacin, generally known as nicotinic acid or vitamin B3, is a water-
soluble vitamin that belongs to the vitamin B complex. This vitamin is
converted in vivo to a coenzyme involved in lipid catabolism, nicotin-
amide adenine dinucleotide (NAD1 ) (Liu et al., 2015). The US recom-
mended Daily Allowance for adults ranges between 16 and 18 mg/day in
accordance with the National Institutes of Health, which is far away from
the pharmacologically active hypolipidemic dosage, 1�3 g/day (Zeman
et al., 2015). Altschul et al. (1955) was the first to report the cholesterol-
lowering effects of niacin. Since then, niacin has been defined as a broad
spectrum lipid-modulating drug that raises fasting levels of plasma HDL-C
and reduces fasting levels of plasma TG, LDL-C, and Lp[a] (Vosper,
2009). Indeed niacin was the first cholesterol-lowering drug shown to
reduce cardiovascular events, cardiovascular mortality, and all-cause mor-
tality (Canner et al., 1986). Nonetheless, these lipid-modifying effects
have been accompanied by side effects such as cephalea, gastrointestinal
discomfort, pruritus, and flush possibly mediated by prostaglandin D2
(PGD2) and prostaglandin E2 and are among the mainly inconvenient of
the niacin administration declining compliance with the treatment
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(Rhodes et al., 2013). Flushing depends on the tolerance and compro-
mises the activation of various members of the transient receptor potential
vanilloid (TRPV) subfamily of TRP ion channels, called TRPV1 and
TRPV3, which appear analogous to the consumption of spicy food (for
instance, in response to the capsaicin of chili peppers) (Clifton et al.,
2015; Ma et al., 2014, 2015). These new findings reexamine the earlier
issues of how to mitigate flushing in the maintenance of niacin therapy
(Cooper et al., 2015a,b). Table 14.1 displays a detailed description of the
main effects of niacin on fasting levels of plasma lipids and cardiovascular
events from randomized controlled trials (Canner et al., 1986;
Anonymous, 1975: 36, 37, Creider et al., 2012; Carlson et al., 1977;
Blankenhorm et al., 1987; Brown et al., 2001; Taylor et al., 2004, 2009;
Whitney et al., 2005; Boden et al., 2011; Landray et al., 2014). The smal-
ler scale studies led to the testing of the multiple beneficial effects of nia-
cin monotherapy on circulating lipoproteins, principally on increasing
fasting levels of plasma HDL-C (Blankenhorm et al., 1987; Brown et al.,
2001; Taylor et al., 2004, 2009; Whitney et al., 2005), and two large ran-
domized trials studied the clinical efficacy and safety of a high dose (up to
2 g) of niacin alone (AIM-HIGH Study) (Boden et al., 2011) or in com-
bination with the PGD2 receptor-1 antagonist laropiprant (HPS2-
THRIVE Study) (Landray et al., 2014) in the setting of intensive statin
therapy to keep low levels of plasma LDL-C. The addition of niacin or
niacin/laropiprant to the statin treatment had no additional clinical bene-
fits in spite of the improvement in the plasma lipid profile, including the
increase in the fasting levels of plasma HDL-C. However, a large number
of adverse effects were reported (Anderson et al., 2014). This discordance
between niacin and statins seems to be an unresolved concern. The find-
ings of the niacin receptor GPR109A, recently recalled hydroxycarboxylic
acid receptor 2 (HCA2) (Offermanns et al., 2011) has opened up new
research lines into the mechanisms through which niacin may exert its
pharmacological effects (Yasuda et al., 2015). The role of statins on
HCA2-mediated signaling networks at both fasting and nonfasting condi-
tions would be an interesting issue to study the negative interaction men-
tioned above in future research. In the HPS2-THRIVE trial, laropiprant
was employed to delay flushing, which is at least mediated by HCA2 and
the capsaicin receptor TRPV1 ion channel. The stimulation of HCA2 by
niacin triggers a cascade of distal connected enzymes which include the
cytosolic phospholipase A2 for the liberation of endogenous arachidonic
acid from the cell membrane, the constitutive cyclooxygenase isoform 1
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Table 14.1 Basic characteristics of controlled clinical studies with niacin.

Studya Study
population

Duration Treatment Changes in lipids Cardiovascular effects

CDP [a] 8341 M after
MI

6 years Niacin or clofibrate versus
placebo

TC k by 9.9%
TAG k by 26.1%

k Nonfatal MI by 27%
k Cerebrovascular events by 24%

Stockholm
trial [b]

558 patients
after MI,
aged ,70

4 years Clofibrate 23 1 g1 niacin
33 1 g versus placebo

TC k by 26%
TAG k by 30%

k Nonfatal MI by 50%

CDP
follow-up
[c]

15 years k Mortality by 11%

CLAS [d] 162 M after
CABG

2 years
4 years

Niacin 3�12 g/
day1 colestipol
30 g/day versus
placebo

TC k 15%�20 %
LDL-C k by 43%
HDL-C m by 31%

In 16.2% of patients net
atherosclerotic regression at 2 years
and 17.9% at 4 years, compared
with 2.4% and 6.4%, respectively in
the placebo group (P5 .002 and
P5 .04)

HATS [e] 160 patients
with CAD
and low
HDL-Cb

3 years Group A: simvastatin
10�20 mg/day plus
niacin 2�4 g/day

Group B: antioxidant
Group C: simvastatin1

niacin1 antioxidant
Group D: placebo

kLDL-C by 42%
m HDL-C by 42%

(group A)

Group A: regression of the most
severe stenosis in proximal coronary
segments by 0.4% versus placebo
(P, .0001); k the composite
clinical end pointa by 88% (P5 .03)

ARBITER-2
[f]

167 patients
with CAD
and HDL-C
,1.17
mmol/L

1 years ER-niacin 1 g/day versus
placebo1 stable statin
therapy

m HDL-C by 21% k Progression of cIMT in niacin
group without insulin resistance
(P5 .026)

(Continued)



Table 14.1 (Continued)

Studya Study
population

Duration Treatment Changes in lipids Cardiovascular effects

ARBITER-6
[g]

208 patients
(30 years)
with
CAD or
equivalent
of CAD risk

1.2 years ER-niacin versus
ezetimibe1 preexisting
statin therapy

k LDL-C more
pronounced in
EZE (20% vs 12%,
P5 .01)

m HDL-C more
pronounced in
ERN (118% vs
27% in EZE,
P5 .001)

k Incidence of
cardiovascular events by
5% in ERN versus 1% in EZE
(P5 .04)

AFREGS [h] 143 patients
(,76 years)
with low
HDL-C and
coronary
disease

30
months

Niacin 0.25�3 g
gemfibrozil 1.2 g
cholestyramine 2 g versus
placebo

26% decrease in
LDL-C and 36%
increase in HDL-
C

13.7% decrease of combined
cardiovascular events
(MI, hospitalization for
angina, TIA, stroke, death,
and cardiovascular
procedures (P5 .04)

AIM-HIGH
[i]

3414 patients
(45 years)
with CVD

3 years ER-niacin (1.5�2.0 g/day)
versus placebo (1
preexisting statin
therapy with/without
ezetimibe)

Higher decrease in
LDL-C
and TAG (14% vs
8% and
31% vs 10%) and
higher
increase in HDL-
C
(25% vs 12%) in
ERN

No significant difference
in the incidence of
cardiovascular events



HPS2-
THRIVE
[j]

25,673
patients
(aged
50�80)
with history
of
MI/stroke/
PAD, or
DM with
CAD

3.9 years Baseline therapy:
simvastatin 40 mg with/
without ezetimibe ER-
niacin/laropiprant (2 g/
40 mg) or placebo

ERN/LPT: decrease
in LDL-C by 10%,
TAG by 33%,
increase in HDL-
C by 6%

No evidence for
benefit in addition
of ERN/LPT to
effective LDL lowering
statin therapy on
primary cardiovascular
end pointsc,d

aCitation follows the study acronym: apoB, Apolipoprotein B; CABG, coronary artery bypass grafting; CAD, coronary artery disease; CVD, cardiovascular diseases; DM, diabetes
mellitus; ER, extended release; MI, myocardial infarction; PAD, peripheral arterial disease.
bFor men , 0.9 mmol/L, for women , 1.04 mmol/L.
cCoronary death, MI or stroke, or revascularization.
dNonfatal MI or coronary death, stroke, or revascularization. apoB, Apolipoprotein B; cIMT, carotid intima-media thickness; ERN, ER-niacin; EZE. ezetimibe; LPT, laropiprant; MI,
myocardial infarction; k – decrease; m – increase.
[a]Anonymous, 1975
[b]Carlson et al., 1977
[c]Canner et al., 1986
[d]Blankenhorm et al., 1987
[e]Brown et al., 2001
[f]Taylor et al., 2004
[g]Taylor et al., 2009
[h]Whitney et al., 2005
[i]Boden et al., 2011
[j]Landray et al., 2014
Source: Adapted from Montserrat-de la Paz, S., Bermudez, B., Naranjo, M.C., Lopez, S., Abia, R., Muriana, F.J.G., 2016. Pharmacological effects of niacin on acute hyperlipidemia.
Curr. Med. Chem. 23, 2826�2835.



and the inducible cyclooxygenase isoform 2 as the rate-limiting stage for
the conversion of arachidonic acid into the unsteady cyclic endoperoxide
prostaglandin H2 (PGH2), and the prostaglandin synthase for the isomeri-
zation of PGH2 to be transformed into PGD2 (Fig. 14.1; Montserrat-de la
Paz et al., 2016).

Niacin decreases the levels of plasma TG and apoB100-containing lipo-
proteins (VLDL and LDL-C), chiefly by the partial inhibition of lipolysis
from the adipose tissue, leading to a lower flux of free FAs to the liver
(Fig. 14.2; Montserrat-de la Paz et al., 2016). The exact mechanism by
which this is accomplished remains unidentified, but upon binding to nia-
cin, HCA2 is activated via the Gi family members of heterotrimeric G pro-
teins. This step triggers an inhibitory effect on adenylyl cyclases and a
reduction of intracellular cyclic adenosine monophosphate (cAMP) levels.
The activity of the cAMP-dependent protein kinase A is decreased, and
the phosphorylation of its target hormone-sensitive lipase, which is the pri-
mary lipase responsible for the hydrolysis of TG, is damaged (Linke et al.,
2009). A decrease in free FAs to the liver inhibits the hepatic expression of
PPARγ coactivator-1b (PGC-1b) and apoCIII. Reduced PGC-1b expres-
sion decreases the formation and secretion of VLDL (Barroso et al., 2011).
The decreased expression of apoCIII may reduce the levels of plasma
VLDL and LDL-C by a quick turnover. Moreover, niacin decreases the
liver fat contents and VLDL synthesis via the inhibition of microsomal dia-
cylglycerol O-acyltransferase 2, a key enzyme which catalyzes the last reac-
tion in TG synthesis (Kamanna et al., 2013; Le Bloc’h et al., 2010). Niacin
has been reported to transiently upregulate CD36, FATP2, and FATP4
gene expression in human enterocyte-like Caco-2 cells at intestinal levels,
supporting the idea that niacin may promote the FAs uptake (Riedel et al.,
2014).

HDL-C has an essential role in reverse cholesterol transport but its
antiinflammatory, antioxidative, antithrombotic, and antiapoptotic func-
tions must also be highlighted (Navab et al., 2007). Niacin is one of the
most effective molecules for increasing low levels of plasma HDL-C
(Vosper, 2009; Vega and Grundy, 1994). Apart from its effects on the
levels of plasma VLDL, niacin drives a change toward larger HDL subpo-
pulations particles, indicating a modulation of the HDL-TG metabolism
(Lamon-Fava et al., 2008). This effect is partially due to an increase of
HDL apoAI production; the mechanism of action is still under debate,
but the liver and adipose tissue seem to be key players. Hepatic apoAI
secretion by niacin has been proposed to take place via the activation of
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Figure 14.1 Mechanism of niacin-induced flushing by activation of HCA2 on epider-
mal Langerhans cells and keratinocytes. Adapted from Montserrat-de la Paz, S.,
Bermudez, B., Naranjo, M.C., Lopez, S., Abia, R., Muriana, F.J.G., 2016. Pharmacological
effects of niacin on acute hyperlipidemia. Curr. Med. Chem. 23, 2826�2835.
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mitogen-activated protein kinase and the member of the PPAR family of
transcription factors (van der Hoorn et al., 2008). Moreover, niacin has
been demonstrated to decrease hepatic reabsorption of HDL particles by
the inhibition of the surface-expressed ATP-synthase β-chains (Zhang
et al., 2008). This is in line with the capacity of niacin to block the apoAI
fractional catabolic rate and hence the catabolism of HDL-C (Pang et al.,
2014). It is worth pointing out that niacin (up to 1 mmol/L for 24 hours)
can provoke the expression of PPARγ, liver X receptor α, and ATP-
binding cassette transport A1 in adipocytes, and the cholesterol efflux to
apoAI from the cells (Wu and Zhao, 2009).

In previous studies, the applications of immediate- (King et al., 1994)
or extended- (O’Keefe et al., 1995) release forms of niacin were demon-
strated to concern the postprandial metabolism of dietary fats in subjects
with normal or high fasting levels of plasma TG. Niacin (3 g/day) was
supplied for 12 weeks and later a postprandial study was performed. Both
treatments led to a significant diminution in the nonfasting levels of
plasma TG. It is worth pointing out that postprandial hyperlipidemia was
instantly enhanced after the start of the treatment, whereas the effects on
fasting levels of plasma total cholesterol were evident after various days of

Figure 14.2 Potential mechanisms underlying the antidyslipidemic effects of niacin.
Adapted from Montserrat-de la Paz, S., Bermudez, B., Naranjo, M.C., Lopez, S., Abia, R.,
Muriana, F.J.G., 2016. Pharmacological effects of niacin on acute hyperlipidemia. Curr.
Med. Chem. 23, 2826�2835.
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treatment (Carlson et al., 1968). Additionally, it has been recently found
out that 2 g of a single dose of extended-release niacin 1 hour prior to a
high-fat meal, also decreases nonfasting levels of plasma TG in healthy
subjects (Usman et al., 2012).

An inherent characteristic of diabetic dyslipidemia is a high nonfasting
level of plasma TG, via exaggerated peak level or delayed clearance, and
this condition regularly appears even in diabetic patients with normal fasting
levels of plasma TG (Tentolouris et al., 2007). A recent study evaluated the
effect of niacin on postprandial hyperlipidemia in men with type 2 diabetes
and high fasting levels of plasma TG to estimate the residual risk in the dys-
lipidemic diabetic population (Ooi et al., 2015). The subjects had lower
levels of plasma TG during the postprandial state after 12 weeks of treat-
ment with the extended-release form of niacin (1�2 g/day). The reduction
of TG postprandial reflected the growth in the levels of plasma HDL-C.
The effects of both niacin and aerobic exercise on postprandial TG and
insulin have been investigated in men with metabolic syndrome (Plaisance
et al., 2008), which is the collection of three or more cardiovascular risk
factors, including obesity, insulin resistance, hypertension, and dyslipidemia
(Lusis et al., 2008). It is usual that individuals with metabolic syndrome
have elevated fasting levels of plasma TG. Surprisingly, 6 weeks of
extended-release niacin decreased the peak of TG by 18% and the total
area-under-the-curve for TG by 23%, but mitigated the postprandial TG-
lowering effect of moderate-intensity aerobic exercise execution 1 hour
prior to the ingestion of a high-fat meal. The buffering effect of niacin on
aerobic exercise-induced reduction of nonfasting levels of plasma TG
emphasizes the limitations of pharmacological and nonpharmacological
approaches for the control of hyperlipidemia when homeostatic mechan-
isms are overwhelmed in lipid metabolism.

The kinetics of apoB100 and apoB48 have been studied in different
lipoprotein fractions of individuals with combined hyperlipidemia in order
to clarify the mechanistic effects of niacin on nonfasting levels of plasma
TG (Lamon-Fava et al., 2008). Treatment with extended-release niacin
(2 g/day) for 12 weeks resulted in a decrease of plasma TG but also in an
increase of apoB100 and apoB48 fractional catabolic values in TRLs, both
in fasting and nonfasting states. ApoB100 or apoB48 production rate were
not affected by niacin, indicating that the hepatic catabolism of postpran-
dial TRLs is a substantial mechanism in the regulation of acute hyperlipid-
emia by niacin. Supporting the intensified catabolism of TRLs,
earlier in vitro studies in HepG2 cells have exhibited that niacin (up to
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3 mmol/L for 2 hours) may support the posttranslational degradation of
apoB in hepatocytes (Jin et al., 1999). Nevertheless, further studies are
required to understand the accurate dynamic mechanism whereby niacin
modulates the postprandial metabolism of dietary fats.

14.4 Conclusion

The control of hyperlipidemia is an urgent necessity due to the progressive
relationship between the overstated nonfasting levels of plasma TG, which
are a feature of impaired metabolism of dietary fats, and CVDs. There is
not a clear limit for harmful effects connected to hyperlipidemia during the
postprandial period. Hence early treatment of an excessive increase of TG
and/or delayed TG clearance is of the utmost importance, specifically in
diseases linked with abnormalities of lipid metabolism. According to this
data, growing evidence supports niacin leading to positive changes in fasting
levels of plasma lipids and lipoproteins. Additionally, niacin has been shown
to improve the levels of plasma TG during the postprandial state. Further
research at the molecular level is needed to delimit the relationship
between the clinical evidence of niacin benefits on postprandial lipid profile
and the mechanisms implicated to maintain correctly the health.
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Key facts of inflammasome

1. The inflammasome was discovered by Dr. Jürg Tschopp at University
of Lausanne in 2002.

2. The inflammasomes are multiprotein complexes responsible for the
activation of caspase-1.
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3. Inflammasomes fight against infection.
4. Inflammasomes play a central role in sepsis and in a subset of autoin-

flammatory syndromes, such as cryopyrin-associated periodic syn-
dromes, familial Mediterranean fever, and gout. Inflammasomes have
also been implicated in other diseases including diabetes, inflammatory
bowel disease, arteriosclerosis, and Alzheimer disease.

5. Vitamin B6, vitamin C, and unsaturated fatty acids can suppress
NLRP3 inflammasome activation, while cholesterol can activate the
NLRP3 inflammasome.

Key facts of carnosine

1. Carnosine, imidazole dipeptide (β-alanyl-L-histidine), was discovered
by Dr. Vladimir Gulevic at University of Charkow in 1900.

2. Carnosine is highly concentrated in cardiac and skeletal muscles and
brain.

3. Carnosine exerts antioxidant, antiinflammation antiglycation, and anti-
aging effects.

4. Carnosine has pH-buffering and metal ion-chelation activities.
5. Carnosine is a regulator of intracellular calcium and contractility in

cardiac muscles.
6. Consumption of carnosine enhances the recovery of fatigue and pre-

vents chronic diseases such as diabetes, atherosclerosis, and cognitive
impairment.

7. Inadequate vitamin B6 intake lowers cardiac and skeletal muscle car-
nosine levels.

Summary points

• Vitamin B6 plays a role in amino acid metabolism as a coenzyme, pyr-
idoxal 50-phosphate.

• Lower vitamin B6 status is associated with higher risk of chronic dis-
eases such as cardiovascular disease and cancers.

• Vitamin B6 may prevent such diseases by lowering inflammation.
• As possible mechanisms for the antiinflammation effect, vitamin B6

may modulate the kynurenine pathway and sphingosine-1-phosphate,
and inhibit NF-κB activation.
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• Recent studies have further suggested vitamin B6 may suppress inflam-
mation by inhibition of the NLRP3 inflammasome and by elevation
of the levels of carnosine and anserine, antiinflammation dipeptides.

• In this chapter, we review the currently available knowledge about the
role of vitamin B6 in the modulations of inflammation, inflamma-
somes, and the imidazole dipeptides in relation to chronic diseases.

Definitions of words and terms
Vitamin B6 Vitamin B6 is a water-soluble vitamin. Vitamin B6 has an important role in

the metabolism of amino acids as a coenzyme, pyridoxal 5'-phosphate. Vitamin B6
exerts a preventive effect against cardiovascular disease and cancers.

Cardiovascular disease Cardiovascular disease is a disease of the heart and blood vessels
that includes numerous problems, many of which are related to a process called
atherosclerosis.

Cancer Cancer is a disease in which abnormal cells grow without control and, in some
cases, invade nearby tissues, often causing death.

Inflammation Inflammation is the body’s immune system’s natural response to harmful sti-
muli. It works to heal wounds or against infection, but it can also play an important
role in some chronic diseases.

Inflammasomes The inflammasomes are cytoplasmic multiprotein complexes that serve as
platforms for the activation of caspase-1, which converts proinflammatory cytokines
(interleukin-1β and interleukin-18) from their inactive forms to active forms. Caspase-
1 also induces pyroptosis, an inflammatory mode of programmed cell death.

Carnosine Carnosine is an imidazole dipeptide (β-alanyl-L-histidine) and is found at high
concentrations in skeletal and cardiac muscles, and in brain. Carnosine exerts antioxi-
dant, antiinflammation, antiglycation, antiaging, and ergogenic functions.

Abbreviations
AIM2 absent in melanoma 2
AOM azoxymethane
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain
B6 vitamin B6
CRP C-reactive protein
CVD cardiovascular disease
DMH 1,2-dimethylhydrazine
DSS dextran sulfate sodium
HSP70 heart shock protein 70
IκB I kappa B
LPS lipopolysaccharide
NF-κB nuclear factor-kappa B
NLRC4 NLR family card domain-containing 4
NLRP1b NLR family pyrin domain-containing 1b
NLRP3 NLR family pyrin domain-containing 3
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NO nitric oxide
8-OHdG 8-hydroxy-20-deoxyguanosine
PL pyridoxal
PLP pyridoxal 50-phospate
PM pyridoxamine
PMP pyridoxamine 50-phosphate
PN pyridoxine
PNP pyridoxine 50-phosphate
S1P sphingosine-1-phosphate
STAT3 signal transducer and activator of transcription-3
TLRs toll-like receptors

15.1 Introduction

15.1.1 Metabolism and functions of vitamin B6
Vitamin B6 (B6) is a water-soluble vitamin, which can be found in vari-
ous foods such as fish, poultry, whole grains, legumes, banana, nuts, and
sesame. There are six isoforms of B6 vitamers, which are pyridoxine
(PN), pyridoxal (PL), and pyridoxamine (PM), and their phosphorylated
forms of pyridoxine 50-phosphate (PNP), pyridoxal 50-phosphate (PLP),
and pyridoxamine 50-phosphate (PMP). Among the six isoforms, PLP is
the most active form that acts as a coenzyme in more than 150 enzymatic
reactions, including amino acid and carbohydrate metabolisms. Beyond
the role of B6 as the coenzyme of several PLP enzymes, from 1990s, there
is growing evidence indicating the role of B6 as a preventive factor against
chronic diseases such as cardiovascular disease (CVD) and cancers.

15.1.2 Vitamin B6 and chronic diseases
In developed countries, severe dietary B6-deficiency is rare. Meanwhile,
low B6 status, or marginal B6-deficiency has been reported in a limited
number of people, including users of oral contraceptives and some drugs
(Spinneker et al., 2017), and smokers (Ulvik et al., 2010).

There is growing evidence that low plasma PLP is associated with
high risk of CVD (Page et al., 2009; Sakakeeny et al., 2012; Shen et al.,
2009), stroke (Dierkes et al., 2007), and thrombosis (Hron et al., 2007).
Low plasma PLP is linked to elevation of the inflammation marker C-
reactive protein (CRP) (Fig. 15.1) (Friso et al., 2001). Also PLP may exert
an antiischemic effect in the heart by blocking purinergic receptors
(Dhalla et al., 2013). In the transsulfuration pathway, PLP plays a crucial
role as a coenzyme of cystathionine β-synthetase for the conversion of
homocysteine to cystathionine and as a coenzyme of cystathionase for the
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synthesis of cysteine from cystathionine. Homocysteine has been involved
in the pathophysiology of atherosclerosis (Ganguly and Alam, 2015).
However, studies on the preventive role of B6 against atherosclerosis—
with the hypothesis that supplemental B6 prevents atherosclerosis by sup-
pressing homocysteine accumulation—have yielded controversial results
(Bostom and Lathrop, 1997; Friso et al., 2001; Shen et al., 2009). Shen
et al. reported a plasma PLP association with circulating CRP and
8-hydroxy-20-deoxyguanosine (8-OHdG, oxidative stress marker) inde-
pendent of the homocysteine-mediated pathway in older Puerto Ricans
living in Massachusetts (Shen et al., 2009). In addition, B6 vitamers are
capable of reducing the superoxide radical and lipid peroxide levels
induced by H2O2 in vascular endothelial cells (Mahfouz et al., 2009).
Inadequate B6 status decreases the production of glutathione and thus
impairs the antioxidant defense system (Dalto and Matte, 2017). Thus
oxidative stress may represent another mechanistic pathway through
which low B6 may lead to CVD (Fig. 15.1).

A recent meta-analysis by Mocellin et al. (2017) showed low B6
intake or low plasma PLP have been associated with several cancers,
including colorectal, gastrointestinal, stomach, lung, liver, pancreas, breast,

Figure 15.1 Possible mechanisms of the preventive effects of vitamin B6 against
coronary heart disease.
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and kidney cancers. Especially, there is increasing evidence for the associa-
tion of risk of colorectal and gastrointestinal cancers with plasma PLP or
B6 intake (Mocellin et al., 2017). Studies with rodents and cell cultures
have suggested that supplemental B6 may exhibit antitumor effects by
reducing cell proliferation, inflammation, oxidative stress, and angiogenesis
(Fig. 15.2) (Matsubara et al., 2003). Actually, PLP is a selective inhibitor
of DNA polymerase alpha and epsilon responsible for cell proliferation
(Mizushina et al., 2003). Another antitumor mechanism may result from
the reduction of sphingosine-1-phosphate (S1P) levels by PLP. S1P, a
sphingolipid metabolite, activates nuclear factor-kappa B (NF-κB) and sig-
nal transducer and activator of transcription-3 (STAT3), two transcrip-
tional regulators that serve as master switches in inflammation and
carcinogenesis (Aoki et al., 2016; Liang et al., 2013). The irreversible deg-
radation of S1P is catalyzed by the PLP-dependent S1P lyase, an enzyme
that regulates the steady state S1P concentration in tissues and circulation.
Zhang et al. reported that supplemental B6 plays a role in increasing gene
expression of p21 (suppressor of cell cycle progression) via p53 activation
in several cancer cells and the mouse colon (Zhang et al., 2014). B6 may
exert an anticolon tumor effect by the protection of the colon epithelium

Figure 15.2 Possible mechanisms of the preventive effects of vitamin B6 against
carcinogenesis.

288 Molecular Nutrition



from damage in rats treated with 1,2-dimethylhidrazine (DMH)
(Kayashima et al., 2011) and to decreased lithocholic acid, a colon carcin-
ogen (Okazaki et al., 2012). Additionally, PLP has been also reported to
prevent DNA lesions (Fig. 15.2) (Kanellis et al., 2007).

15.1.3 Vitamin B6 and inflammation
B6 has been considered to play a preventive role in CVD through lower-
ing inflammation, a crucial mechanism underlying atherosclerosis and
heart disease progression (Lotto et al., 2011). Epidemiological studies have
demonstrated a relationship between B6 status and inflammation, in
which plasma PLP concentrations are inversely correlated with inflamma-
tion markers such as CRP (Sakakeeny et al., 2012).

B6-dependent antiinflammatory pathways are not completely clear.
One of the main pathways is the kynurenine pathway involved in trypto-
phan metabolism (Fig. 15.3) (Wang et al., 2015). In this pathway, PLP
acts as a cofactor of enzymes that convert kynurenine into a variety of
compounds, including kynurenic acid, anthranilic acid, xanthurenic acid,
and 3-hydroxyanthranilic acid. These kynurenine-related metabolites have
been suggested to have antiinflammatory beneficial effects (Wang et al.,
2015; Ueland et al., 2016). It has been also considered that the reduction
of S1P by PLP may lead to lower inflammation (Fig. 15.3). Dietary

Figure 15.3 Possible mechanisms of the inhibitory effects of vitamin B6 against
inflammation.
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supplemental B6 increases heart levels of carnosine and anserine, antioxi-
dant and antiinflammatory imidazole dipeptides (Fig. 15.3) (Suidasari
et al., 2015). This topic will be discussed later.

With a different mechanism, Yanaka et al. (2005) have indicated an
inhibitory effect of the B6 vitamer PL on the NF-κB activation in lipo-
polysaccharide (LPS)-treated macrophages. This inhibitory effect was asso-
ciated with suppression of the expression of proinflammatory mediators
such as cyclooxygenase-2 and inducible nitric oxide synthase. Intriguingly
the inhibition of NF-κB activation is mediated by suppression of I kappa
B (IκB) degradation through the inhibition of its ubiquitination (Yanaka
et al., 2011). Consistent with these studies, dietary supplemental B6 sup-
presses gene expressions of several inflammatory mediators in the colon of
rodents treated with colon carcinogen (Toya et al., 2012; Yanaka et al.,
2011). Moreover, recently, it was found that B6 inhibits the NLR family
pyrin domain-containing 3 (NLRP3) inflammasome that activates inflam-
mation (Zhang et al., 2016). This finding will be described next.

15.1.4 Vitamin B6 and inflammasomes
The recent study by Zhang et al. (2016) indicates that B6 reduces the pro-
duction of interleukin-1β (IL-1β), a pleiotropic inflammatory cytokine,
by suppressing the NLRP3 inflammasome. IL-1β is synthesized as its bio-
logically inactive precursor (pro-IL-1β), which is then proteolytically con-
verted by caspase-1 to its mature form. Production of pro-IL-1β is
predominantly regulated by NF-κB, which can be activated by multiple
stimuli, including Toll-like receptors (TLRs) (signal 1 in Fig. 15.4). On
the other hand, caspase-1 is activated by inflammasomes (signal 2 in
Fig. 15.4) (Schroder and Tschopp, 2010). Many members of the
nucleotide-binding domain and leucine-rich repeat (NLR) family of pro-
teins, including NLR family pyrin domain-containing 1 (NLRP1),
NLRP3, NLR family CARD domain-containing 4 (NLRC4), and other
pyrin domain-containing proteins, such as pyrin and absent in melanoma
2 (AIM2), have been shown to form an inflammasome, together with the
adaptor protein apoptosis-associated speck-like protein containing a cas-
pase recruitment domain (ASC) and caspase-1. Among these, the NLRP3
inflammasome is the most intensively studied, because it responds to a
large variety of stimuli, such as viral and bacterial RNA, bacterial iono-
phores, pore-forming toxins, adenosine triphosphate (ATP), urate crystals,
cholesterol crystals, β-amyloids, high glucose concentrations, asbestos, and
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silica (Duewell et al., 2010; Martinon et al., 2006; Schroder and Tschopp,
2010). Thus NLRP3 has been implicated in a variety of inflammatory dis-
eases, including IBD, gout, arteriosclerosis, Alzheimer disease, and diabetes
(Bauer et al., 2010; Duewell et al., 2010; Heneka et al., 2013; Martinon
et al., 2006; Masters et al., 2010; Stienstra et al., 2010; Villani et al.,
2009). Additionally, gain-of-function mutations in NLRP3 have been
shown to cause hereditary autoinflammatory diseases called cryopyrin-
associated periodic syndromes (Hoffman et al., 2001).

To investigate the possible influence of B6 on inflammasomes, we
have previously evaluated the effects of B6 vitamers (PL, PLP, PM, and
PN) on IL-1β production by mouse peritoneal macrophages in response
to sequential stimulation with LPS (providing signal 1 through TLR4)
and ATP (providing signal 2 through NLRP3) (Fig. 15.4) (Zhang et al.,

Figure 15.4 Possible mechanisms underlying the inhibitory effects of vitamin B6 on
interleukin-1β (IL-1β) production. Production of IL-1β is a two-step process. “Signal 1”
occurs after stimulation of toll-like receptors (TLRs) by microbial or endogenous
ligands leading to nuclear factor-kappa B (NF-κB)-dependent upregulation of pro-IL-
1β. “Signal 2” is provided by the inflammasome(s). The NLRP3 inflammasome is
activated by a wide array of substances such as adenosine triphosphate (ATP),
monosodium urate, and nigericin. Activated NLRP3 recruits procaspase-1 through
the adaptor protein ASC to form the NLRP3 inflammasome complex, leading to acti-
vation of caspase-1, which then cleaves pro-IL-1β to generate mature IL-1β. Yanaka
et al. showed that vitamin B6 inhibits NF-κB activation. Zhang et al. reported that PL
and PLP inhibit both “signal 1” and the NLRP3-mediated “signal 2,” thereby leading
to a reduction in the release of mature IL-1β from macrophages and resistance to a
lethal dose of LPS in mice.
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2016). When macrophages were treated with B6 vitamers before LPS
stimulation, IL-1β production and IL-6 and TNF-α production were
inhibited at the mRNA level by PL and PLP but not by PM and PN;
these effects of PL and PLP can be explained by their inhibition of NF-
κB activation. Further, under these conditions, PL and PLP sharply inhib-
ited the phosphorylation-dependent activation of TAK and IKKs kinases,
which play important roles in the NF-κB pathway. Interestingly, when
macrophages were treated with B6 vitamers after LPS stimulation but
before ATP stimulation, IL-1β production was again inhibited by PL and
PLP, but not by PM and PN. Further, under these conditions, the expres-
sion of pro-IL-1β was not affected by PL and PLP, but proteolytic matu-
ration of both caspase-1 and IL-1β was inhibited. In addition, PL and
PLP inhibited the production of IL-18, another caspase-1-dependent
cytokine, but not IL-6. Additionally, IL-1β production, induced by other
NLRP3 activators including crystals and nigericin (bacterial ionophore),
was also suppressed by PL and PLP. Moreover, both PL and PLP inhib-
ited IL-1β production induced by infection with Staphylococcus aureus,
which activates the NLRP3 inflammasome. In contrast, neither PL nor
PLP significantly affected IL-1β production induced by infection with
either Salmonella typhimurium, which activates the NLRC4 inflammasome,
or with Listeria monocytogenes, which activates the AIM2 inflammasome.
We also found that PL and PLP inhibited nigericin-induced IL-1β pro-
duction by LPS-primed cells of the THP-1 human monocytic cell line.
These results indicate that both PL and PLP inhibit the NLRP3 inflam-
masome pathway in humans and mice.

There is growing evidence that supplemental B6 attenuates the pro-
gression of chronic diseases like rheumatoid arthritis, Alzheimer disease,
atherosclerosis, and colon cancer (Heneka, 2017; Huang et al., 2010;
Komatsu et al., 2001; Till et al., 2005; Zhang et al., 2006; Zschabitz
et al., 2013). Importantly, activation of the NLRP3 inflammasome is
known to contribute to the development of rheumatoid arthritis,
Alzheimer disease, and atherosclerosis, as deletion of NLRP3 dramatically
reduces inflammation and protects against the incidence of these diseases
(Duewell et al., 2010; Heneka et al., 2013; Vande et al., 2014). In our
experience, PL or PLP, when injected intraperitonially into mice, can
counter the increase in serum and peritoneal fluid IL-1β levels that are
induced by a low dose of LPS and ATP or a high dose of LPS alone
(Zhang et al., 2016). Further, intraperitoneal injection of PL and PLP
improved survival in mice administered a lethal dose of LPS. Collectively,
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these findings suggest that the beneficial effects of B6 vitamers in inflam-
matory diseases can be explained at least in part by their inhibitory effects
against the NLRP3 inflammasome.

15.1.5 Vitamin B6 and imidazole dipeptides
Suidasari et al. provided the first evidence that dietary supplemental B6 to
a marginal B6-deficient diet markedly elevates heart concentrations of
L-carnosine (β-alanyl-L-histidine) and L-anserine (β-alanyl-N-methyl-
L-histidine) in rats (Figs. 15.5 and 15.6) (Suidasari et al., 2015). A
subsequent study has indicated that supplemental B6 significantly increases
carnosine and anserine in skeletal muscles of rats (Suidasari et al., 2016).
The levels of their precursor, β-alanine, were also increased by supple-
mental B6 in parallel with the levels of carnosine and anserine (Suidasari
et al., 2015, 2016). Meanwhile, dietary supplemental B6 markedly
decreased ornithine concentrations in the muscles. Ornithine decarboxyl-
ase, PLP enzyme, metabolizes ornithine to polyamines, which are further
metabolized to β-alanine. Thus the increased imidazole dipeptides may be
at least in part, ascribed to increased production of β-alanine from orni-
thine by increased activity of PLP enzyme.

Carnosine is found at highest concentrations in skeletal and cardiac
muscles and in the brain. The levels of carnosine in the brain, liver, and
colon were unaffected by supplemental B6 (Suidasari et al., unpublished
results). Studies have shown the role of carnosine as an intracellular pH
buffer important for athletic performance and capacity (Artioli et al.,

Figure 15.5 Chemical structures of L-carnosine (β-alanyl-L-histidine) (A) and
L-anserine (β-alanyl-N-methyl-L-histidine) (B).
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2018; Caruso et al., 2012). Power athletes have higher carnosine levels
than untrained individuals (Artioli et al., 2018; Parkhouse et al., 1985).
Carnosine activates muscle phosphorylase, a PLP enzyme, responsible for
the degradation of glycogen (Johnson et al., 1982). Carnosine elevates the
expression of heat shock protein 70 (HSP70), a protector of cell function
by the prevention of irreversible protein damage (Hipkiss et al., 2013).

Carnosine and anserine are thought to exert antioxidant, antiinflam-
matory, antiglycation, and antiischemic effects on the heart (Baye et al.,
2016; Boldyrev et al., 2013). They have biochemical capacities, such as
metal ion chelation, as well as pH buffering (Boldyrev et al., 2013). In
cardiac myocytes, carnosine is suggested to be a modulator of intracellular
calcium and contractility (Roberts and Zaloga, 2000; Zaloga et al., 1997).
A study by de Courten et al. has shown skeletal muscle carnosine is associ-
ated with insulin resistance, energy expenditure, dynamic physical activity,
and atherogenic index (de Courten et al., 2015). Thus dietary supplemen-
tal B6, in correcting low B6 status, might have a positive effect on cardio-
vascular disease by elevating the imidazole dipeptides.

Figure 15.6 Effect of dietary levels of vitamin B6 on concentrations of carnosine and
anserine in rat hearts. Mean6 SE (n5 4 for carnosine and anserine). The 7 mg PN
HCl/kg diet is the recommended level of dietary B6. The 1 mg PN HCl/kg diet is a
marginal B6-deficient level. Values with different superscript are significantly different
by Tukey’s multiple-range test (P, .05). Data from Suidasari, S., Hasegawa, T., Yanaka,
N., Kato, N., 2015. Dietary supplemental vitamin B6 increases carnosine and anserine
concentrations in the heart of rats. Springerplus 4, 280.
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Excess nitric oxide (NO) production occurs in several pathological
states, including ischemia and inflammation, and is generally accompa-
nied by increased oxidative/nitrosative stress. Caruso et al. indicated
that carnosine caused a suppression of total NO production by LPS-
stimulated macrophages accompanied by a simultaneous drastic increase
in their intracellular low toxicity end product, nitrite, with no inhibition
of iNOS (Caruso et al., 2017). Analysis in a cell-free system showed the
formation of multiple adducts of carnosine�NO and carnosine�nitrite,
thus providing a possible mechanism for the changes in free NO and
nitrite in the presence of carnosine. In the stimulated macrophages, the
addition of carnosine was also characterized by a suppressed release of
proinflammatory mediators (Caruso et al., 2017). These results provide
evidence for the property of carnosine that modulates the production of
NO by stimulated macrophages.

Suidasari et al. (2015) indicated B6 supplementation increases serum
concentrations of carnosine. It has been suggested that higher concentra-
tions of carnosine due to exercise decrease blood pressure in rats and
humans (Nagai et al., 2012). It has been suggested that plasma carnosine is
involved in preventing early-stage lipid oxidation in the circulation
(Stegen et al., 2015). Carnosine also has been suggested as an antiaging
factor (Hipkiss et al., 2016). Thus elevated serum carnosine following B6
supplementation may be favorable for the circulation as well as the cardiac
and skeletal muscles.

15.2 Conclusions

There is growing evidence that low B6 status is associated with the risk of
chronic diseases such as CVD and cancers. The link between B6 and
inflammation may be at least in part due to the mechanism by which B6
suppresses the risk of such diseases. Studies have revealed the antiinflam-
matory effects of B6 by modulation of the kynurenine pathway, the S1P
levels, and NF-κB activation. Recent studies have further delineated
modulation of the NLRP3 inflammasome and imidazole dipeptides by
B6, leading to decreased inflammation. However, the information is still
limited on the antiinflammatory mechanisms of B6 and their possible
links to chronic diseases. Further study with metabolomics analyses of
B6-responsive metabolites related to chronic diseases may be necessary
because of the enormous number of PLP-dependent enzymatic reactions.
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CHAPTER 16

New properties of vitamin B6 or
pyridoxine in experimental
oxidative stress in the brain
K.E. Danielyan and S.G. Chailyan
H Buniatian Institute of Biochemistry, National Academy of Science of Armenia, Yerevan, Armenia
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Key facts

• Thiamine, pyridoxine, riboflavin, and nicotinamide are responsible for
cell development.

• Pyridoxine and thiamine are important during the early stages of cell
development.

• Riboflavin and nicotinamide are important during the late stages of
cell development.

• Inhibition of xanthine oxidoreductase (XO) is a key process in the
proliferation of the cells.

• XO activity in the presence of pyridoxine is specifically inhibited.
• XO activity in the presence of pyridoxine is specifically inhibited by

allopurinol.

301
Molecular Nutrition
DOI: https://doi.org/10.1016/B978-0-12-811907-5.00017-8

© 2020 Elsevier Inc.
All rights reserved.

https://doi.org/10.1016/B978-0-12-811907-5.00017-8


• We have delineated the existence of nonprimer xanthine oxidoreduc-
tase (XOR) substrates in rat liver, making it regulative and a key
enzyme for purine catabolism.

• Inhibition of XOR suppresses the entire purine catabolism in rat liver.
• Purified XOR doesn’t have any activity in the presence of nonprimer

substrate.
• Timely inhibition with allopurinol of XO might stimulate the growth

of cells and their proliferation, as well as their death, presumably
because of the inhibition of purine catabolism by a feedback mecha-
nism as well as the prevention of reactive oxygen species formation.

• A low concentration of allopurinol effectively decreases the number of
dead cells and promotes proliferation

• Inhibition of XOR with pyridoxine might interfere with the cell pro-
liferation processes in dose-dependent and time-dependent manners.

• Pyridoxine, acting as a coenzyme in the processes of epinephrine syn-
thesis, might activate XO via epinephrine.

• XO might be used for regenerative treatment after stroke, for neuro-
genesis, or heart infarction.

• B6 might promote cell survival in vitro in neuronal cells culture during
oxidative stress.

• B6 prevents BBB disruption in vivo in the conditions of hydrogen
peroxide-determined oxidative stress.

Abbreviations
ADMA asymmetric dimethylarginine
ARE antioxidant response elements
AT-II angiotensin II
eNOS nitric oxide synthase
ER endoplasmic reticulum
ERO1 ER oxidoreductin 1
ETC electron transport chain
FAD flavin adenine dinucleotide
GTP Guanosine-5'-triphosphate
HGPRT hypoxanthine-guanine phosphoribosyltransferase
KATP ATP-sensitive potassium channel L-DOPA

L-3,4-dihydroxyphenylalanine
mitoTEMPO mitochondria-targeted antioxidants
Mo-pt molybdopterin center
mPTP permeability transition pore
mtJ mitochondrial membrane potential
NOXs NADPH oxidases
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Nrf2 nuclear factor erythroid 2-related factor 2
O22 superoxide anion
PD Parkinson disease
PDI protein disulfide isomerase
Prdx6 peroxiredoxin 6
Prxs peroxiredoxin
ROS reactive oxygen species
XO xanthine oxidase
XOR xanthine oxidoreductase
UTP Uridine-5'-triphosphate
ZnCys3 zinc�sulfur clusters

16.1 Introduction

It is very well documented that after forebrain ischemia/reperfusion, the gen-
eration of thane excessive amount of superoxide anion radicals occurs.
Evidence exists that allopurinol, a xanthine oxidase inhibitor, reduces delayed
cell death in animal models (Mink et al., 1991) of perinatal asphyxia and in
human patients with other forms of organ reperfusion injury. Thus, allopuri-
nol pretreatment suppresses the generation of superoxide anion radicals,
making xanthine oxidoreductase enzyme (XOR; EC 1.17.3.2), the main
one responsible for the oxidative damage caused after oxidative stress, early
inflammation, and endothelial injury (Ono et al., 2009).

XOR, which is the last and regulatory enzyme in purine catabolism,
might induce the generation of a purines pool in the cells and trigger the
generation of the new cells, that is, regenerative processes.

We found out that pyridoxine or vitamin B is the inhibitor of XOR.
We proposed and experimentally proved that the regenerative abilities of
vitamin B are mediated via the inhibition of XOR.

16.2 Description of the free radical-producing systems in
the organism

Reactive oxygen species (ROS) generation is a vitally important process.
However, oxidative stress is determined by the misbalance between the
formation and utilization of ROS. The generation of ROS in the nor-
mally functioning cells occurs in the organelles and transfers into the cyto-
plasm. An overwhelming amount of ROS might trigger nonreversible
cell death.

It is supposed that mitochondria are the major reservoirs for ROS gen-
eration in most mammalian cells. During respiration an estimated 1%�2%
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of O2 gains an electron and it is reduced to superoxide anion (O2�)
(Cadenas et al., 1977), which is the source for the generation of hydrogen
peroxide (H2O2) (Boveris et al., 1972). This percentage may be even
lower (0.15%) according to a recent study (St-Pierre et al., 2002). The
oxygen is also the source for the formation of the highly reactive mole-
cules of hydroxyl anions. In comparison with the O2� and hydroxyl
anions, the hydrogen peroxide formed, particularly in mitochondria, is
much more stable and can serve as a signaling molecule triggering the
intracellular cascades (Bienert et al., 2006; Lee and Thevenod, 2006).

The respiratory chain is mainly localized in the inner membrane of the
mitochondria and it is proved that the complexes I and III are the main
components of the chain responsible for the production of the free
radicals

Protein folding is another process which might be accompanied with
the formation of the free radicals. It was proven, 25% of generated ROS
might occur in endoplasmic reticulum (ER) due to the formation of
disulfide bonds (Malhotra and Kaufman, 2007; Tu and Weissman, 2004).

NADPH oxidases (NOXs) are enzymes, which may function as the
key regulators in pathological processes, such as ischemia�reperfusion,
diabetes, neurodegenerative diseases, and atherosclerosis, as well as other
vessel-related diseases (Ray and Shah, 2005; Cave et al., 2006; Bedard and
Krause, 2007; Pendyala et al., 2009b), due to the formation of O2, which
forms the superoxide anion (O2�) (Leto et al., 2009; Pendyala et al.,
2009a).

Hemoglobin and myoglobins might serve as a source for the formation
of free radicals. The reduction of nitrite to •NO under hypoxic conditions
serves as a putative autoregulatory mechanism for capillaries and muscle
(Kumar et al., 2012). Nitric oxide synthases also might serve as a source of
the •NO (Kumar et al., 2012).

The other enzyme, which will be highlighted in this chapter is XOR.
Under normal circumstances most of this enzyme exists in the form of
NAD-dependent cytosolic dehydrogenase (XDH).

16.3 General description of the xanthine oxidase enzyme

Xanthine oxidase (XO) as well as the XDH are two enzymes responsible
for the last steps of purine metabolism, and the hydroxylation of a wide
variety pyrimidine, pterin, and aldehyde substrates. XOR enzymes have
been isolated from a wide range of organisms, from bacteria to man. All
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of these proteins have similar molecular weights and composition of redox
centers (Hille and Nishino, 1995; Moriwaki et al., 1999). The mammalian
enzymes, which catalyze the hydroxylation of hypoxanthine and xanthine,
the last two steps in the formation of urate, are synthesized as the dehy-
drogenase form. XDH exists mostly as such in the cell but can be readily
converted to the oxidase form XO by oxidation of sulfhydryl residues or
by proteolysis. XDH shows a preference for NADH reduction at the fla-
vin adenine dinucleotide (FAD) reaction site, whereas XO fails to react
with NADH and exclusively uses dioxygen as its substrate, leading to the
formation of superoxide anions and hydrogen peroxide (Hille and
Nishino, 1995). The active form of the enzyme is that of a homodimer of
molecular mass 290 kDa, with each of the monomers acting indepen-
dently in catalysis. Each subunit contains one molybdopterin cofactor,
two spectroscopically distinct (2Fe�2S) centers, and one FAD cofactor.
The oxidation of xanthine takes place at the molybdopterin center
(Mo-pt) and the electrons thus introduced are rapidly distributed to the
other centers by intramolecular electron transfer (Olson et al., 1974).
The full amino acid sequences of XOR enzymes from various sources
have been deduced by sequencing of the respective cDNAs or genes.
They all consist of approximately 1330 amino acids and are highly homol-
ogous with, for example, the bovine milk enzyme (1332 residues), and
show 90% sequence identity to the human liver enzyme (1333 residues)
(Ichida et al., 1993).

16.4 Xanthine oxidase regulates purine catabolism by
feedback mechanism

There are numerous publications providing evidence on the primer, the
regulating role of the presence of hypoxanthine/xanthine, and its catabo-
lism in the purine metabolic pathway.

For instance, Edwards et al. performed the small clinical trial with the
infusion of the radiolabeled (8-14C) adenine to four patients with gout as
well as to the patients suffering from Lesch�Nyhan syndrome. Five days
after infusion it became clear that the mean cumulative excretion of radio-
activity after adenine administration to patients not receiving and receiv-
ing (off and on) allopurinol therapy was 6.1%-3.6% of infused
radioactivity for gouty subjects and 15.9%-20.8% for the Lesch�Nyhan
patients.
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This is the important works, which proved the existence of the feed-
back mechanism, where the inhibition of the regulative enzyme XOR
might prevent release of the radioactivity from the organism due to the
degradation of radiolabeled adenine (Edwards et al., 1981).

Edwards et al. (1979) suggested that purine salvage is a major contribu-
tor to increased purine excretion and that the purine catabolic pathway
responds differently to an increased substrate load in hypoxanthine-
guanine phosphoribosyltransferase deficiency.

Another group has shown that allopurinol treatment might promote
the excretion of xanthine/hypoxanthine, as well as the 8-hydroxy-7-
methyl guanine, but not any other minor purines into the bloodstream
(Simmonds and Bowyer, 1974).

Bleisch et al. (1994) have shown that allopurinol, besides inhibiting
uric acid synthesis, reduced the rate of degradation of adenosine
monophosphate.

Another group has demonstrated that orotic acid excretion was
increased with a dose of allopurinol and reduced by the addition of pur-
ines (Löffler and Gröbner, 1988).

This finding proves our suggestion that there is a tight interaction
between the catabolism of purines and pyrimidines and inhibition of one
of them might stimulate the activation of the other one.

It was suggested that not only ammonium but also hypoxanthine
accumulation might control the regulation not only of the adenylate but
also the guanylate pool sizes (Leung and Schramm, 1978; Sabina et al.,
1979).

In contrast to the inhibition of purine catabolism it was demonstrated
that adenine, orotic acid, and azaserine inhibited purine synthesis, but
hypoxanthine and allopurinol did not in the platelets (Jerushalmy et al.,
1980). However, experiments performed with the different organs of the
rat have demonstrated that allopurinol enhances the synthesis of adenine
nucleotides from the administered inosine in the brain and liver of rats in
contrast to the heart and kidneys (Pechán and Zimmer, 1989).

Extremely valuable work has shown that a decrease of PP-ribose-P
availability in the presence of allopurinol is due to competition between
adenine and hypoxanthine salvage pathways into nucleotides, and not to
the synthesis of inosine (Lalanne and Lafleur, 1980).

In astroglia derived from the Lesch�Nyhan syndrome-carrying mice
with the deficiency of the purine salvage enzyme hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) it was demonstrated existence of low
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cellular levels of adenine dinucleotide phosphate, adenine triphosphate
(ATP), and guanosine-5'-triphosphate (GTP), indicating that the acceler-
ated de novo purine synthesis does not compensate adequately for the
deficiency of salvage nucleotide synthesis, and higher level of uridine-5'-
triphosphate (UTP), probably due to enhanced de novo synthesis of
pyrimidine nucleotides (Pelled et al., 1999).

Interesting work was related to the influence of the purines and pyri-
midines metabolism on cells’ differentiation processes.

Authors thought that since purine and pyrimidine nucleotides play an
important role in the synthesis of important macromolecules, it can be
suggested that the depletion of guanine ribonucleotide as a result of the
inhibition of early de novo purine biosynthesis, or due to specific inhibi-
tion of de novo guanine nucleotide biosynthesis, may be an obligatory
step in the initiation of the differentiation in mycophenolic acid and
acivicin-treated HL60 cells (Gladden et al., 2011).

Based on our studies we were able, by the use of allopurinol and a dif-
ferent nonprimer for XOR substrates, entering into the purine catabolism
chain at the upstream points, to prove the existence of a feedback mecha-
nism of purine catabolism regulation via XOR (Gyongyan et al., 2013).

The specific activity of XO in the rat liver in the presence of different
substrates was the following (1) in comparison with the control: blank
control 0.966 0.05; xanthine 2.126 0.08; allopurinol in low concentra-
tion 1.706 0.12; allopurinol in high concentration 1.526 0.06, P, .05;
(2) for histidine-3.306 0.19, in the presence of allopurinol in low and
high concentrations 2.286 0.13, 1.786 0.08; (3) for riboflavin
1.266 0.06; with allopurinol in low concentration 0.726 0.13; in high
concentration 0.996 0.19; (4) for adenosine-2.946 0.07; with allopurinol
in low and high concentrations 1.906 0.23 and 2.126 0.10; and (5) for
desoxyadenosine 2.416 0.37; with allopurinol 2.036 0.10, 2.036 0.06.
In comparison with the control all the substrates elevated the XOR activ-
ity in a statistically significant way, whereas the specific inhibitor—allopu-
rinol—diminished that activity.

Taking into the consideration that the use of allopurinol allows activity
of XOR to be significantly reduced, we have proved that XOR is the
key regulative enzyme in the purine catabolism pathway. In our previous
studies we have demonstrated that the inhibition of XOR activity with
allopurinol might stimulate the in vitro process of cells proliferation,
whereas the inhibition of dihydropyrimidine dehydrogenase might pre-
vent brain-derived cells from death. After all we have proved and
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presented the fundamental mechanism of such phenomenon, which might
be utilized for regenerative processes and the prevention of cell prolifera-
tion in the setting of cancer development (Danielyan, 2013a).

Also to prove whether the pure enzyme is able to react with the non-
primer substrates we have checked the activity of the purified enzyme
from the rat liver XOR in the presence of histidine, one of the substrates,
which stimulated the activity of the enzyme very strongly.

We have noticed a 10-fold elevation of XOR activity in a statistically
significant way (control 1.636 0.20; xanthine 2.166 0.11; allopurinol
1.816 0.05, P, .05). However, when instead of the primer substrate
(xanthine), histidine was added, the activity of XOR disappeared (histi-
dine 1.776 0.30; allopurinol 1.156 0.20).

16.5 Antioxidant systems

In the conditions of oxidative stress organisms over the course of evolu-
tion developed protective mechanisms which include the regulation of
gene expression and biochemical levels as the first step to trigger defense.
As soon as ROS production is enhanced three main components are acti-
vated, which are Kelch-like ECH-associated protein 1, nuclear factor ery-
throid 2-related factor 2 (Nrf2), and antioxidant response elements
(ARE). The binding of Nrf2 to the DNA sequences present in ARE
induces transcription of cytoprotective, antioxidant genes including super-
oxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT),
gamma-GCS, and glutathione S-transferase (GST). In addition, several
other cytoprotective genes (heme oxygenase) are induced (Kalyanaraman,
2013).

These antioxidant enzymes are subject to posttranslational modifica-
tions that temporally control their H2O2-degrading activity to represent a
mechanism to govern transient changes in local H2O2 levels, which is
important for redox signaling in response to specific stimuli or conditions.

A redox-signaling role for antioxidant enzymes is exemplified by per-
oxiredoxin (Prxs). Prxs show high reactivity for H2O2 when compared
with other thiol oxidants and exhibits a rate constant (1.33 107 M/s) suf-
ficiently high to outcompete CAT and GPx for H2O2.

Fisher in his work talks about peroxiredoxin 6s (Prdx6) antioxidative
abilities. In accordance with his work data, Prdx6 is the prototype and the
only mammalian 1-Cys member of the Prdx family (Chatterjee et al.,
2011).
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The reversion of redox signaling requires reductive repair of reactive
cysteines in proteins. An antioxidant enzyme responsible for the repair of
oxidized protein cysteines is the 12-kDa oxidoreductase Trx (Holmgren
et al., 2005).

A deficit in the formation of ROS highlights the chronic granuloma-
tous disease (Dinauer, 2007), which is caused by an underactive NOX
system, in which the capacity of phagocytic leukocytes to generate a
microbicide burst of ROS is impaired, leaving the individual susceptible
to severe, life-threatening infections by opportunistic microbes. By con-
trast, it has only recently emerged that excessive ROS production by an
overactive NOX system, both in phagocytic and nonphagocytic cell types
of the artery wall, may set in motion a vicious cycle of radical and nonra-
dical oxidant generation in various cellular compartments, which disrupts
redox circuits that are normally controlled by thiol-dependent antioxidant
defenses (Jones, 2008; Santos et al., 2009).

Most of the vasculature diseases related to ROS generation are treated
with antioxidants, which are not too effective (vitamins C and E, and
β-carotene). However, it is necessary to mention that these compounds
are able to chemically remove excessive amount of ROS from the model
systems of vascular diseases (Morris and Carson, 2003).

Explanations of why vitamin E is ineffective during the clinical trials
have been perfectly suggested and described by Drummond et al. (2011).

Along with the existing known antioxidants in our publications we
are proposing and proving data about the XOR-mediated antioxidant
abilities of pyridoxine, one of the subcomponents of the vitamin B com-
plex. We were also able to prove that pyridoxine. by suppressing the XO
activity. might influence the proliferative activity of the human brain-
derived primer cell culture as well as in in vivo experimental pathological
settings (Danielyan, 2013b; Aganyants et al., 2014).

16.6 Comparison of the influence of pyridoxine ability to
trigger cells generation with the nicotinamide, riboflavin,
and thiamine

In one of our investigations (Danielyan, 2013b) we have determined the
growth and development of the human embryo brain-derived cell cul-
ture, as well as death of the cells in the presence of single components of
vitamin B complex: nicotinamide, riboflavin, pyridoxine, and thiamine.
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During the early period of the growth, important components respon-
sible for the development of the cells were thiamine, pyridoxine, ribofla-
vin, and nicotinamide. However, the most vivid difference we were able
to detect was between the groups treated with the pyridoxine and
thiamine.

The size of the embryonic bodies, as well as smaller cells, were sensi-
tive to all the components of vitamin B subcomponents. At day 12 the
size of the small cells’ fraction treated with the subcomponents of vitamin
B complex was smaller in comparison with the control groups. However,
the average size of the embryonic bodies in comparison with day 4
increased by 20% in the groups treated with the subcomponents, indicat-
ing that small cells were gathering together and forming larger embryonic
bodies.

.Our previous results (Danielyan and Kevorkian, 2011) indicated that
the early stage inhibition of the XO in the human brain-derived cell cul-
ture by allopurinol initiated the increase of cells number in comparison
with the later stage of inhibition.

In comparison with the all other subcomponents of vitamin B com-
plex, only in pyridoxine-containing samples was XO activity specifically
inhibited by allopurinol. Moreover, pyridoxine by itself inhibited the for-
mation of uric acid. In all the other samples XO activity wasn’t inhibited
with any concentrations of allopurinol, probably due to the initiation of
the alternative pathways of uric acid formation.

Similarly to allopurinol, the pyridoxine treatment during the early
stages of the treatment initiated the increase in the number of the cells,
whereas in the late stages that process was suppressed. During the late
stages the most effective components were riboflavin and nicotinamide.

16.7 Pyridoxine

The biologically active form of the B6 vitamers is pyridoxal-50'-phosphate
(PLP), which plays a coenzymatic role in several distinct enzymatic activi-
ties ranging from the synthesis, interconversion, and degradation of amino
acids to the replenishment of one-carbon units, synthesis and degradation
of biogenic amines, synthesis of tetrapyrrolic compounds, and metabolism
of amino-sugars. Pyridoxal-5'-phosphate is the metabolically active form
and is involved in 100 enzymatic reactions including carbohydrate, amino
acid, and fatty acid metabolism. In the catalytic process of PLP-dependent
enzymes, the substrate amino acid forms a Schiff base with PLP and the
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electrophilicity of the PLP pyridine ring plays important roles in the sub-
sequent catalytic steps. While the essential role of PLP in the acquisition
of biological activity of many proteins has been long recognized, the find-
ing that some PLP enzymes require the coenzyme for refolding in vitro
points to an additional role of PLP as a chaperone in the folding process
(Cellini et al., 2014).

Vitamin B6 or pyridoxine has an important role in the function of the
human nervous system. Experimental data are not generally available on
the role in human development, but significant conclusions may be made
from studies of the effect of disorders of B6 vitamin metabolism. The
common active form in human tissue is PLP, most of which is found in
muscle, bound to phosphorylase. There is evidence that in some situations
B6 vitamers can function as antioxidants. The fetus is dependent on the
placenta for the supply of vitamin B6 and the demand correlates with
amino acid metabolism. Few reports are available on the role of B6 in
embryogenesis. Studies of human disorders, where B6 metabolism is
blocked, show a major role in neurotransmitter function with secondary
cerebral and cerebellar hypoplasia. Pyridoxine potentiates vitamin A tera-
togenicity and an excess leads to peripheral nerve cell degeneration
(Slaughter et al., 2014).

Thus the literature data show evidence on the vitally important role of
this compound in the functioning and development of the human brain.
In our work we have clarified some possible biochemical mechanisms
mediated by B6 in the abovementioned physiological processes as well as
delineated the role of XOR in B-dependent cells regenerative processes.

In addition, we have highlighted the regulating abilities of XO for the
entire purine catabolism and the dependence of this ability on another
compound, in this case the activator, epinephrine.

It was shown that allopurinol is able to decrease the metabolic rate of
dopamine in the striatum of MPTP-treated rats (Miele et al., 1995). Allen
et al. (1994) have reported that catecholamines might interact with the
released iron and xanthine oxidase to produce highly reactive hydroxyl
radicals. Another group had published results where they demonstrated
that glutathione transferase in microsomes might be activated by the epi-
nephrine and norepinephrine and that due to interactions ROS might be
formed, which activate XO via the proteolysis of the latter. Activated XO
might further interact with glutathione transferase (Lundqvist and
Morgenstern, 1992). There is a work with evidence that xanthine-
dependent oxidation of NADH might be inhibited by the epinephrine
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(Khandke et al., 1986). Yonetani and Iwaki (1981) have shown that in
eviscerated rats with functional hepatectomy the infusion of epinephrine
induces hyperuricemia and this effect was abolished by pretreatment with
allopurinol. On the other hand, it was also demonstrated that XO is able
to oxidize epinephrine (Valerino and McCormack, 1971; McCord and
Fridovich, 1970).

Thus there is a tight interaction between the activity of the XO and
epinephrine and this interaction might have a reversible nature. We have
obtained similar results in our laboratory, which are presented below.

It is necessary to add the notion about B6 and its role in the processes
of XO and epinephrine interaction. Pyridoxine phosphate is the cofactor
of DOPA-carboxylase, which is one of the enzymes responsible for the
formation of dopamine from L-DOPA ( L-3,4-dihydroxyphenylalanine)
in the chain of adrenaline synthesis from phenylalanine (Bukreev, 1978).
To delineate the link between pyridine and XO we have treated animals
with theophylline, which induces B6 deficiency in rats (Bukreev, 1978;
Ubbink et al., 1989; Weir et al., 1990; Shimizu et al., 1994; Barnes and
Pauwels, 1994; Aganyants et al., 2014).

Clarification of XO�pyridoxine�epinephrine interdependence might
highlight the mechanisms of the induction or suppression of cell prolifera-
tion during neurogenesis or cancer. The addressed points can be beneficial
also for the studies related to the treatment of Parkinson disease (PD).

In our work we were able to prove the influence of these two com-
pounds—epinephrine and pyridoxine—as activator and inhibitor of XO,
on the biochemistry of XO, the proliferative abilities of the human brain-
derived cells (E 90) in vitro, and also the interdependence of XO from
pyridoxine in vivo (Aganyants et al., 2014).

The experiments clearly show that the addition of pyridoxine into the
mixture did provoke the inhibition of the XO. In comparison with the blank
control (5.0299e2 36 1.4215e2 3) the addition of the riboflavin along with
the pyridoxine inhibited the enzyme activity (2.2715e2 36 1.1444e2 3).
Similarly the inhibition of the enzyme was noticed in the presence of the
adenosine (2.6610e2 36 6.1656e2 4), desoxyadenosine (7.6259e
2 46 4.4994e2 4), as well as aspartate (8.1127e2 -46 3.5362e2 4).

The activity of purified enzyme from the liver XOR was also evalu-
ated in the presence of four different concentrations of pyridoxine: 5.9,
14.75, 59, and 147.17 μM. The Km for the enzyme and xanthine as a sub-
strate was equal to 0.051 nM, Vmax5 0.0279, whereas the Ki for pyridox-
ine was equal to 0.0076 mM (Aganyants et al., 2014).
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Theophylline is the compound depleting the amount of B6 in the
organism

In our experiments we treated the animals via water with theophylline
(water was prewarmed to increase the solubility of theophylline) over 10
days. XO activity was compared with the scheme animals’ brains. The
activity of XO in the subcortical parts of the brain were higher in a statis-
tically significant way in comparison with the cortex in both groups of
the animals. We were expecting that theophylline pretreatment would
activate XO, whereas the obtained results were evidence of the opposite.
We suggest that the dose of the theophylline wasn’t sufficient for the total
inhibition of XO and just provoked its activity as the enzyme responsible
for elimination of toxic compounds.

The evaluation of XO-specific activity in the presence of epinephrine
or initial compounds responsible for epinephrine synthesis was assessed in
our experiments too.

In comparison with the control (9.0519e2 36 9.1319e2 4) the addi-
tion of the epinephrine in a statistically significant way stimulated the
activity of XO (0.12816 0.0121). Allopurinol in the presence of epineph-
rine was able to diminish that activity (0.06946 7.7637e2 3). We also
tried to determine the influence of continuously synthesizing epinephrine
from tyrosine in the presence of cofactors pyridoxine and phenylalanine
on the activity of XO or on the final formation of uric acid
(0.02216 0.0115; 0.01016 9.7123e2 4, respectively). Both these effects
were inhibited in the presence of allopurinol (7.2137e2 36 1.0007e2 3;
7.2415e2 36 2.7852e2 4, respectively).

We also evaluated the influence of the epinephrine on the process of
the purine catabolism.

In comparison with the blank control (0.0316 0.016), in the presence
of the nonprimer substrates, riboflavin 0.0496 1.947e2 3, adenosine
0.056 0.013, and desoxyadenosine 0.0636 4.366e2 3 (P, .05), epi-
nephrine was able to activate XO activity (2016).

We evaluated also the impact of pyridoxine and epinephrine treatment
of the human brain-derived cell culture over different time periods.

In our previous experiments we were using low concentrations of pyr-
idoxine for cell culture treatment and were able to detect a high prolifer-
ative rate of the cells (Danielyan, 2013b). We used a high concentration
and found out a slight increase in cell death and no proproliferative effect.
Epinephrine was able to elevate the number of the cells in the Petri dishes
during all treatment periods. However, it is necessary to mention that
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along with this positive effect, an elevation of the cell death was also
noticed in comparison with control groups.

Activation of XO by epinephrine triggers cells proliferation as evi-
denced by study results. In some studies α-2-agonists are able to stimulate
the proliferation of breast tumor cells (Szpunar et al., 2013). We think
that in a pathological state and even during different aggravating condi-
tions XO might be activated differently. Also it is necessary to take into
consideration that XOR acts as a dual enzyme: it is performing its action
as a dehydrogenase and as an oxidase, mostly in pathological conditions
(Stark et al., 1989). The coefficient of inhibition for this enzyme by differ-
ent inhibitors vary widely, as do the Vmax of the reactions (http://www.
brenda-enzymes.org/enzyme.php?ecno5 1.17.3.2), assuming different
mechanisms of their regulation. However, during biochemical experi-
ments we have proved once again that XO is the rate-limiting enzyme
and activation of it might have an impact on the entire purine catabolism.

Pyridoxine had no statistically significant effect on cell growth in
experiments. Previously we have noticed proproliferative effects of pyri-
doxine, however, the implied concentrations (1003 higher) didn’t have
any impact on the significance of the obtained current results. In our pre-
vious studies we have also demonstrated that inhibition of XOR activity
with allopurinol might stimulate in vitro cell proliferation processes
(Danielyan and Kevorkian, 2011), whereas the inhibition of dihydropyri-
midine dehydrogenase might prevent brain-derived cells from death
(Danielyan, 2013a,b; Danielyan and Chailyan, 2013).

In the comparable concentration to epinephrine, pyridoxine had no
any effect. We need to mention that pyridoxine behaves as a dual effect
compound for XO: at a low concentration it inhibits the enzyme,
whereas at a high concentration it doesn’t possess such an effect or even
activate it. We have tried to delineate the pyridoxine�XO link with the
use of theophylline, assuming that it will deplete the pyridoxine and we
will observe activation of XO. However, in vivo results reflected the
exact opposite picture, which means that we must consider even more
complicated interactions between these compounds. In addition to the
above presented note, we can just speculate that theophylline by trigger-
ing ATP synthesis might also initiate activation of purine catabolism and
pyridoxine quantity depletion is the secondary for this vitally important
process.

We have proved and presented that the fundamental mechanism of
purine catabolism regulation via XO in the presence of epinephrine and

314 Molecular Nutrition

http://(http://www.brenda-enzymes.org/enzyme.php?ecno=1.17.3.2
http://(http://www.brenda-enzymes.org/enzyme.php?ecno=1.17.3.2
http://(http://www.brenda-enzymes.org/enzyme.php?ecno=1.17.3.2


pyridoxine is inhibited. This phenomenon might be utilized for regenera-
tive processes, the prevention of cell proliferation in cancer development,
and PD treatment (interdependent interactions of these compounds are
presented in (Fig. 16.1).

16.8 The role of pyridoxine in pathological conditions
in vitro and in vivo

Cystein is a compound contributing to the synthesis of reduced glutathi-
one (GSH). The GSH-dependent antioxidant system, including GPx, glu-
tathione reductase (GR), and GST, plays a fundamental role in cellular
defense against reactive free radicals and other oxidant species (Wu et al.,
2004; Keles et al., 2010). Some studies indicate that in liver tissue of vita-
min B6-deficient rats the malondialdehyde level and GR activity is
increased, whereas GSH synthesis, GPx, and GSH activities are decreased
(Taysi, 2005). In some other studies it is shown that GSH concentrations
and GR activities are unchanged in the liver, kidney, brain, lung, spleen,
and plasma, and that GPx activities is increased in the liver of vitamin
B6-deficient rats when compared to control rats (Takeuchi et al., 1991).
Thus deficiency of vitamin B6 might directly as well as indirectly exacer-
bate the antioxidative defense mechanism and promote oxidative stress

To delineate the impact of B6 in experimental oxidative stress condi-
tions we used peroxide as the compound which might have deleterious
effects and induce cell death via apoptosis and necrosis. We treated neuro-
nal cells containing cell culture with 3% hydrogen peroxide for 24 hours

Figure 16.1 Purine catabolism regulation via xanthine oxidoreductase (XOR)/xan-
thine oxidase (XO) in the presence of epinephrine and pyridoxine.
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and detected results by counting the cell number in the field as well as
staining the dead cells with Trypan blue dye.

Similar experiments were performed in vivo. The animals were
injected with the hydrogen peroxide intracranially either alone or in com-
bination with the vitamin B6 over different time periods (days 1�6,
6�12, 1�12). At the end of the experiments animals were intravenously
injected with Evans blue dye. An hour later after circulation of the dye
the animals were intracranially perfused and the brains were dissected.
The dye was extracted and the quantity of it was determined spectropho-
tometrically. Results were compared with the XO classical inhibitor allo-
purinol (Danielyan and Simonyan, 2017).

The human brain-derived neuronal cells-containing culture was main-
tained for 7 days. On day 7 the culture was treated with the 3% hydrogen
peroxide for 24 hours.

In comparison with the control (2680.006 45.34) in the peroxide-
treated group (1631.896 111.77) the number of the cells was dramatically
decreased (Fig. 16.2). Allopurinol treatment 15 minutes before
(1852.386 94.79) and 15 minutes after (1950.386 33.67) increased the cells
number but in a not statistically significant way. The addition of pyridoxine
into the cells media increased the number of the cells in a statistically signifi-
cant way, moreover, treatment with pyridoxine before peroxide addition
was less efficient (2106.886 79.64) than after (2392.386 104.01), (P, .05).

Figure 16.2 Calculation of the cells number in vitro after treatment with hydrogen
peroxide. The pictures were analyzed by the Pixcavator 4 program with the mainte-
nance of the same values for contrast, light intensity, and dots size inclusion
parameters.
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One-hour treatment of the cells culture with hydrogen peroxide
(740.336 86.16) in comparison with the control group (245.906 31.72)
strongly increased the number of dead cells in the culture in a statistically
significant way (P, .05), (Fig. 16.3). Treatment with the allopurinol
before (556.786 16.17), as well as after (536.706 49.79) addition of
hydrogen peroxide, and treatment with pyridoxine after modeling of oxi-
dative stress (630.226 71.84) were less effective in comparison with the
treatment with the B6 before oxidative stress initiation (231.506 53.77),
(P, .05, ONE WAY ANOVA for the comparison of the peroxide con-
trol group with the treatment all four groups) (P, .05, t-test for the com-
parison of control vs. peroxide negative control group).

In vivo studies were performed by injection of the hydrogen peroxide
into the cortical layers of the brain. To address the question related to the
involvement of XOR and B6 in the processes of BBB disruption, animals
were intravenously injected with Evans blue (Danielyan and Simonyan,
2017).

After Evans blue extraction the values of the ipsilateral hemisphere
were extracted from the numbers of the contralateral hemisphere to
exclude the brain perfusion experimental errors (Fig. 16.4). Animals were
treated over three different time periods: days 1�12, 1�6, and 6�12. In
comparison with the control, all treatment periods were effective for allo-
purinol as well as pyridoxine (control 0.0297566 0.010616; 1�12

Figure 16.3 Calculation of the death cells number in the culture. The cells were
stained with Trypan blue (0.04%) solution and their numbers were calculated.
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pyridoxine 0.0041316 0.000803; 1�12 allopurinol 0.000626 0.042976;
1�6 pyridoxine 8.5E2 056 0.000353; 1�6 allopurinol 28.9e
2 056 0.000816; 6�12 pyridoxine 0.0024516 0.001573; 6�12 allopu-
rinol 20.007426 0.003123), (P, .05) (Figs. 16.4 and 16.5).

The use of allopurinol as well as pyridoxine over different time periods
after brain damage has significant effects on the protection of BBB from
peroxide-determined damage.

Figure 16.4 Evans blue extraction values from the animal’s brains represented as
μg/g of the tissue.

Figure 16.5 In vivo evaluation of new and classical inhibitors of xanthine oxidase
(XO). Representative pictures of the whole brains of the animals.
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The antioxidative abilities of pyridoxine that are proposed by our
work might be applicable for the treatment of stroke in the future
(Danielyan and Simonyan, 2017) (Fig. 16.6).
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Key facts of Fig. 17.1

• Absorption of dietary folate and folic acid in the small intestine is medi-
ated through folate transporters: reduced folate carrier and proton-coupled
folate transporter (PCFT).

• Dietary folate is mainly in the form of polyglutamate that is hydro-
lyzed to monoglutamate [10-formyl-tetrahydrofolate (10-formyl-THF)
and 5-methyl tetrahydrofolate (5-MTHF)] prior to absorption.

• Folic acid is a monoglutamate that is readily transported into intestinal
epithelial cells, where it is slowly converted to 5-MTHF.

• PCFT is the primary transporter for dietary folate/folic acid absorption
in the small intestine with a more favorable acidic microenvironment.

• Upon intestinal absorption, monoglutamate forms of folic acid are
delivered via the hepatic portal system to the liver where they undergo
intracellular polyglutamylation.

• Liver is the primary organ for folate storage, metabolism, and redistri-
bution to the circulation and bile.

Key facts of Fig. 17.2

• Folate-dependent one-carbon transfer reactions can occur in the
cytoplasm, nucleus, and mitochondria.

• 10-Formyl-tetrahydrofolate (10-formyl-THF) and 5-methyl tetrahy-
drofolate (5-MTHF) are the major coenzymes in these pathways:
purine nucleotide synthesis, interconversion of glycine and serine, and
homocysteine remethylation to methionine.

Key facts of Fig. 17.3

• Folate regulates sulfur-containing amino acid metabolism through the
interaction between the methionine cycle, transsulfuration, and
desulfuration reactions.

• Homocysteine is an intermediate amino acid formed during the
metabolism of methionine to cysteine. It can be metabolized via the
remethylation pathway and the transsulfuration pathway.

• Remethylation of homocysteine to methionine requires 5-methyl
tetrahydrofolate (5-MTHF) and vitamin B12.

• Metabolism of homocysteine to cysteine through the transsulfuration
pathway is catalyzed by cystathionine-β-synthase (CBS) and
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cystathionine-γ-lyase (CSE); both of which require vitamin B6 as a
coenzyme in their activities.

• Cysteine serves as a precursor for the biosynthesis of glutathione, a
major endogenous antioxidant.

• CBS and CSE are also responsible for the biosynthesis of hydrogen
sulfide through desulfuration reactions.

Summary points

• This chapter focuses on the role of folate in nonalcoholic fatty liver
disease.

• Folate is vitamin B9 and is naturally occurring, while folic acid is the
synthetic form.

• Folate plays a key role in one-carbon transfer reactions that are essen-
tial for nucleic acid biosynthesis, methylation reaction, and sulfur-
containing amino acid metabolism.

• Nonalcoholic fatty liver disease (NAFLD) is the most common chronic
liver disease that is associated with obesity and type 2 diabetes.

• Folate deficiency is uncommon in the general population in countries
with mandatory folate fortification policies. However, low serum
folate levels are detected in NAFLD patients with adequate dietary
intake of folate.

• Chronic high-fat diet feeding induces fatty liver and impairs hepatic
metabolism in rodents. Serum and liver folate levels are decreased in
high-fat diet-induced obese mice.

• In a rodent model of NAFLD, folic acid supplementation (1) protects
against oxidative stress and increased inflammatory cytokine produc-
tion in the liver, and (2) improves hepatic lipid and glucose metabo-
lism through restoration of AMP-activated protein kinase.

• Clinical studies of folate supplementation in NAFLD patients are
warranted.

17.1 Introduction

Folate (vitamin B9) is an important micronutrient that plays a key role in
one-carbon transfer reactions that are essential for nucleic acid biosynthe-
sis, methylation reactions, and sulfur-containing amino acid metabolism
(Tibbetts and Appling, 2010; Stover and Field, 2011). Dysregulation of
folate-dependent one-carbon metabolism has been implicated in

325Nonalcoholic fatty liver disease and use of folate



metabolic diseases such as obesity, type 2 diabetes mellitus, hyperhomo-
cysteinemia, and nonalcoholic fatty liver disease (NAFLD) (Da Silva et al.,
2014; Nilsson et al., 2015; Sid et al., 2017). NAFLD represents a broad
spectrum of liver disorders ranging from steatosis (hepatic lipid accumula-
tion) to its advanced forms such as nonalcoholic steatohepatitis (NASH)
and cirrhosis, the latter can further progress to hepatocellular carcinoma
(HCC) (Cohen et al., 2011). NAFLD is often found in patients with obe-
sity, hyperlipidemia, hyperglycemia, insulin resistance, or hypertension
(Farrell and Larter, 2006). The prevalence of NAFLD is in parallel with a
global increase in obesity and type 2 diabetes (Loomba and Sanyal, 2013).
Currently, there are no pharmacological agents approved for NAFLD,
and only supportive therapies are available to prevent the progression to
the advanced conditions (Chalasani et al., 2012). Nutritional approaches
are emerging as a promising management strategy for obesity and NAFLD
(Veena et al., 2014). Vitamins are essential micronutrients that play
important roles in growth and metabolism. Low serum folate levels are
associated with obesity, NAFLD, or type 2 diabetes (Mahabir et al., 2008;
Nilsson et al., 2015; Xia et al., 2018). The role of folate in NAFLD is
currently being evaluated in animal studies and clinical trials. This chapter
will focus on the current knowledge regarding the role of folate in
NAFLD.

17.2 Folate and folic acid

17.2.1 Folate and folic acid in diet—food and supplements
Folic acid is a synthetic form of natural folate and is used in supplements,
fortified foods, and feeds. The basic structure of folate comprises three
components: (1) a pteridine ring that is attached via a methylene group to
(2) p-amino benzoic acid to form pteroic acid, and (3) L-glutamic acid.
Folate exists in many forms that differ in the oxidation state of the
pteridine ring at the N5 and N10 position and/or in the number of
glutamic acid residues conjugated by γ-glutamyl bonds at the end of the
molecule (Stover, 2004; Zhao et al., 2009). Mammals lack the enzymatic
capacity to synthesize folate; therefore, the intake of dietary folate is
necessary to meet their physiological requirements (Zhao et al., 2009).
The recommended daily allowance (RDA) for folic acid in healthy indivi-
duals is 400 μg of dietary folate equivalents (DFEs) per day. In pregnant
women, the RDA increases to 600 μg of DFEs per day to ensure both
maternal well-being and healthy fetal development (Institute of Medicine
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Standing Committee on the Scientific Evaluation of Dietary Reference
Intakes and Its Panel on Folate, Others B Vitamins and Choline, 1998).
Folate is widely distributed in foods. Dark green leafy vegetables, animal
liver, and citrus fruits are the most abundant source of naturally occurring
folate. Dietary folate often exists in reduced and polyglutamated form.
Folic acid is the synthetic (stable) form of folate that is used for dietary
supplementation and fortification (Iyer and Tomar, 2009). It is an oxi-
dized monoglutamate with higher bioavailability than its natural counter-
part. In North America, cereals and grain products are also important
sources of folate due to the mandatory fortification in these foods. In
addition to dietary folate and folic acid, folate-producing bacteria in the
intestine may serve as an endogenous source of folate (Rong et al., 1991).
However, the contribution of intestinal bacteria to whole body folate
homeostasis in mammals is significantly less than the dietary source of
folate (Visentin et al., 2014).

17.2.2 Folate absorption and metabolism
Dietary folate absorption is mediated through folate transporters in the
small intestine (Visentin et al., 2014; Sid et al., 2017) (Fig. 17.1). The
reduced folate carrier (RFC/SLC19A1) and proton-coupled folate
transporter (PCFT/SLC46A1) are abundantly expressed along the apical
membrane of enterocytes (Visentin et al., 2014; Zhao et al., 2011). PCFT
has been identified as the primary transporter for folate/folic acid absorp-
tion in the proximal intestine, which has a more favorable acidic microen-
vironment (Visentin et al., 2014). Dietary folate is mainly in the reduced
form as formyl- or methyl-polyglutamate (Wright et al., 2007), and
requires hydrolysis to monoglutamate by either glutamate carboxypepti-
dase II (in human intestine) or γ-glutamyl hydrolases (in rodent intestine)
prior to the absorption at the intestinal brush border membrane.
Conversely, synthetic folic acid is a monoglutamate and therefore does
not require hydrolysis for intestinal absorption (Hu et al., 2016). Folic
acid approaches 100% bioavailability when it is consumed in an empty
stomach. However, only 85% of folic acid is absorbed when taken with
food, possibly due to its adsorption or chelation with food matrix
(Caudill, 2010). Dietary folate is heat labile and susceptible to destruction
in the gastrointestinal tract. In addition, incomplete hydrolysis of the
polyglutamate chain of folate may hinder the absorption of food folate.
Therefore only 50% of naturally occurring food folate is bioavailable
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(Institute of Medicine Standing Committee on the Scientific Evaluation
of Dietary Reference Intakes and Its Panel on Folate, Others B Vitamins
and Choline, 1998; Caudill, 2010).

Upon absorption by enterocytes, folic acid is reduced to dihydrofolate
(DHF) that is subsequently reduced to tetrahydrofolate (THF), the
biologically active form of folate (Wright et al., 2007). Because both
reactions are catalyzed by DHF reductase (DHFR), the first enzymatic
reduction of folic acid to DHF becomes the rate-limiting step. The addition
of a one-carbon moiety to THF by serine hydroxymethyltransferase
(SHMT) generates 5,10-methylene-tetrahydrofolate (5,10-methylene-THF).
Pyridoxal-50-phosphate (PLP; active form of vitamin B6) is an essential
cofactor for SHMT activity. The 5,10-methylene-THF is further reduced
to 5-methyl THF (5-MTHF) by 5,10-methylene-THF reductase
(Tibbetts and Appling, 2010). The 5-MTHF is the main form of folate

Figure 17.1 Folate absorption and metabolism in the intestine and liver. The major
routes of folate absorption and metabolism in the intestine and liver are illustrated.
The key forms of folate that enter these organs are shown in bold. PCFT, Proton-
coupled folate transporter; RFC, reduced folate transporter. Horizontal ovals
denote enzymes and overlap the pathways they catalyze. DHF, dihydrofolate; THF,
Tetrahydrofolate; 5-MTHF, 5-methyltetrahydrofolate; DHFR, dihydrofolate reductase;
SHMT, serine hydroxymethyltransferase; MTHFR, methylenetetrahydrofolate reductase;
MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFC, methylenetetrahydrofolate
cyclohydrolase; MS, methionine synthase; GCPII, glutamate carboxypeptidase II; FPG
synthase, folylpolyglutamate synthase. Modified image based on Sid, V., Siow, Y.L., O,
K., 2017. Role of folate in nonalcoholic fatty liver disease. Can. J. Physiol. Pharmacol. 95,
1141�1148.
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that is transported across the basolateral membrane of enterocytes and
enters the portal circulation (Wright et al., 2007). However, a high intake
of folic acid may exceed the metabolic capacity of enterocytes, leading to
its accumulation in the portal circulation (Pietrzik et al., 2010; Hu et al.,
2016).

The folic acid and 5-MTHF derived from intestine are subsequently
delivered to liver via the portal vein (Wright et al., 2007; Hu et al., 2016;
Sid et al., 2017) (Fig. 17.1). Liver is the major organ for folate storage and
metabolism (Wright et al., 2007). It plays an important role in maintaining
the folate homeostasis (Steinberg et al., 1979). Both RFC and PCFT are
expressed on the basolateral membrane of hepatocytes (Zhao et al., 2011).
Once inside hepatocytes, folic acid is metabolized to 5-MTHF that
undergoes polyglutamation by folylpolyglutamate synthase. The polyglu-
tamate form is the preferential form for storage in hepatocytes and is the
reactive form for folate-dependent enzymatic reactions relative to the
monoglutamate form (Zhao et al., 2009). While up to 20% of 5-MTHF
is retained in the liver, the rest is delivered to the extrahepatic tissues
through the systemic circulation or secreted into the bile via the bile duct.
Bile folate can be reabsorbed into the liver for storage and redistribution
to other tissues (Steinberg et al., 1979).

17.2.3 Folate-mediated one-carbon transfer reactions
Folate serves as a cofactor to facilitate the transfer of one-carbon units.
Sarcosine, N,N-dimethylglycine (derived from choline), glycine, histidine,
and serine (mainly through its conversion to formate in the mitochondria)
are the common sources of one-carbon units. The folate-mediated one-
carbon transfer reactions take place in various cellular compartments
including the cytoplasm, nucleus, and mitochondria (Tibbetts and
Appling, 2010; Sid et al., 2017). Intracellular one-carbon transfers are
mediated by coenzymatic forms of THF, which carries a one-carbon unit
for amino acid metabolism, nucleotide biosynthesis, and methylation
reactions (Stover and Field, 2011; Sid et al., 2017) (Fig. 17.2). In the cyto-
plasm and the nucleus, 5,10-methylene-THF serves as a substrate for the
biosynthesis of deoxythymidylate (dTMP) from deoxyuridylate (dUMP)
and for the interconversion of glycine and serine (Tibbetts and Appling,
2010). These reactions may also occur in the mitochondria. The de novo
purine nucleotide biosynthesis and the remethylation of homocysteine to
methionine are folate-dependent reactions that take place in the cytoplasm
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(Stover and Field, 2011). The 5,10-methylene-THF is reversibly converted
to 5,10-methenyl-THF, a precursor for 10-formyl-tetrahydrofolate
(10-formyl-THF) by methylenetetrahydrofolate dehydrogenase (Herbig
et al., 2002). The 10-formyl-THF provides one-carbon moieties for the
biosynthesis of purine nucleotides while 5-MTHF donates carbon units for
the biosynthesis of methionine (Tibbetts and Appling, 2010). Methionine is
an essential precursor for the biosynthesis of S-adenosylmethionine (SAM),
a principal methyl donor that regulates a number of fundamental cellular

Figure 17.2 Compartmentalization of folate-dependent one-carbon metabolism.
One-carbon metabolism for nucleotide biosynthesis, amino acid metabolism, and
methylation reactions are distributed within intracellular compartments such as the
cytoplasm, nucleus, and mitochondria. The box with solid lines denotes reactions
that only occur in the cytoplasm, the box with dotted lines denotes reactions that
mainly occur in the mitochondria, and the box with double dotted lines denotes
reactions that occur in both the cytoplasm and nucleus. The other one-carbon
metabolism reactions may occur in all three cellular compartments. DHF,
Dihydrofolate; THF, tetrahydrofolate; 5-MTHF, 5-methyltetrahydrofolate; DHFR, dihy-
drofolate reductase; SHMT, serine hydroxymethyltransferase; MTHFR, methylenetetra-
hydrofolate reductase; MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFC,
methylenetetrahydrofolate cyclohydrolase; FTHFS, formyltetrahydrofolate synthetase;
TS, thymidylate synthase; dTMP, deoxythymidylate; dUMP, deoxyuridylate; MS, methi-
onine synthase; MAT, methionine adenosyltransferase; CBS, cystathionine-β-synthase;
CSE, cystathionine-Y-lyase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocys-
teine; SAHH, adenosylhomocysteine hydrolase; fmet-tRNA, formylmethionine-tRNA;
FT, formyltransferase. Reproduced with permission from Sid, V., Siow, Y.L., O, K., 2017.
Role of folate in nonalcoholic fatty liver disease. Can. J. Physiol. Pharmacol. 95,
1141�1148.
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processes involved in cell signaling, protein localization, degradation of
molecules, and gene expression. Folate deficiency impairs dTMP synthesis
and homocysteine remethylation. Accumulation of homocysteine is associ-
ated with increased S-adenosylhomocysteine (SAH), a potent inhibitor of
SAM-dependent methylation reactions (Stover, 2004).

17.2.4 Metabolic interconnection of B vitamins
Folate and several other B vitamins (i.e., vitamin B6 and B12) are essential
cofactors in one-carbon transfer reactions and sulfur-containing amino
acid metabolism. Deficiency in folate and vitamin B12 leads to impaired
DNA/protein methylation by SAM, which has an important implication
in the development of cognitive and metabolic disorders. One of the key
products generated during one-carbon metabolism is homocysteine
(Selhub, 2002; Stover, 2004). Homocysteine is an intermediate amino
acid formed during the metabolism of methionine to cysteine. It can be
metabolized via the remethylation pathway and the transsulfuration
pathway (Sarna et al., 2015) (Fig. 17.3). Under physiological conditions,
remethylation of homocysteine to methionine is catalyzed by methionine
synthase that utilizes 5-MTHF as a substrate and vitamin B12 as a cofac-
tor. Vitamin B12 deficiency can result in an accumulation of 5-MTHF,
which is often known as a “methyl folate trap.” Too much 5-MTHF
depletes the other forms of folate, leading to the inhibition of purine,
thymidylate, and methionine synthesis. Another major source of methyl
groups is choline, which is primarily obtained from the diet. Choline is
oxidized to betaine that serves as a methyl donor for remethylation of
homocysteine to methionine via betaine hydroxymethyltransferase
(BHMT) (Tibbetts and Appling, 2010) (Fig. 17.3). This reaction occurs
when the activity of methionine synthase is compromised.

In the transsulfuration pathway, homocysteine is metabolized to cyste-
ine through enzymatic reactions catalyzed by cystathionine-β-synthase
(CBS) and cystathionine-γ-lyase (CSE) (Sarna et al., 2015) (Fig. 17.3).
Metabolism of homocysteine through the transsulfuration pathway is
increased under oxidative stress. Cysteine is the precursor for the synthesis
of glutathione, a potent antioxidant tripeptide (Mosharov et al., 2000;
Sarna et al., 2015). Approximately 50% of the glutathione pool in hepato-
cytes is derived from cysteine that is synthesized through the transsulfura-
tion pathway (Mosharov et al., 2000). Homocysteine and cysteine also
serve as substrates for CBS and CSE-mediated desulfuration reactions to
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Figure 17.3 The hepatic cystathionine-β-synthase/cystathionine-γ-lyase (CBS/CSE) system.
Through regulation of the transsulfuration pathway and performance of alternative desul-
furation reactions, the hepatic CBS/CSE system converges homocysteine and cysteine metab-
olism with H2S biosynthesis. The transsulfuration pathway is linked to the methionine cycle
via the intermediate sulfur-containing amino acid, homocysteine. Homocysteine may be
remethylated to regenerate methionine, primarily via a folate-dependent reaction, or homo-
cysteine may be irreversibly metabolized by the transsulfuration pathway. CBS and CSE regu-
late the transsulfuration pathway, consecutively catabolizing homocysteine to produce the
sulfur-containing amino acid cysteine. Cysteine, in turn, may be used for protein synthesis or
may be stored as glutathione following integration into the glutathione biosynthetic
pathway. Alternatively, both cysteine and homocysteine may serve as substrate for CBS- and
CSE-mediated desulfuration reactions which lead to the endogenous synthesis of H2S. (Boxes
denote enzymes). MAT, Methionine adenosyltransferase; SAM, S-adenosylmethionine; SAH,
S-adenosylhomocysteine; SAHH, adenosylhomocysteine hydrolase; BHMT, betaine homocys-
teine methyltransferase; MS, methionine synthase; THF, tetrahydrofolate; SHMT, serine hydro-
xymethylase; 5,10-MTHF 5,10-methylene-tetrahydrofolate; MTHFR, methylenetetrahydrofolate
reductase; 5-MTHF, 5-methyltetrahydrofolate; CBS, cystathionine-β-synthase; CSE, cystathio-
nine-γ-lyase; H2S, hydrogen sulfide; γ-GCL, γ-glutamate-cysteine ligase; GS, glutathione
synthetase. Reproduced with permission from Sarna, L.K., Siow, Y.L., O, K., 2015. The CBS/CSE
system: a potential therapeutic target in NAFLD? Can. J. Physiol. Pharmacol. 93, 1�11.



produce hydrogen sulfide (H2S) (Sarna et al., 2015) (Fig. 17.3). Both the
CBS and CSE reactions require PLP (active form of vitamin B6) as an
essential cofactor. In addition, vitamin B6 also contributes to the synthesis
of 5-MTHF mediated by SHMT. Deficiency of vitamin B6 is correlated
with low levels of vitamin B12 and folate (Parra et al., 2018). Therefore
depletion of vitamin B6, B12, and/or folate can impair one-carbon trans-
fer reactions and sulfur-containing amino acid metabolism.

17.2.5 Folate deficiency
In North America mandatory folic acid fortification of cereal grain pro-
ducts was established in 1998 to reduce the incidence of neural tube
defects in newborns (CDC, 2010). General populations in Canada and
the United States have achieved adequate intakes of folate since the
implementation of the folic acid fortification policy (Bailey et al., 2010).
However, folate deficiency may still present in some European, African,
and Asian countries that do not impose mandatory folic acid fortification
policies (Dhonukshe-Rutten et al., 2009). Folate deficiency can also be
caused by gene mutations and environmental factors that impair folate
absorption or metabolism. DHFR deficiency can compromise folate status
in red blood cells and cause megaloblastic anemia, a condition of large
abnormal red blood cells (Cario et al., 2011). Chronic alcohol consump-
tion can lead to folate deficiency due to intestinal malabsorption, reduced
hepatic storage, and increased urinary excretion of folate (Medici and
Halsted, 2013). Folate deficiency has been linked to dysregulation of
intracellular metabolic processes (Da Silva et al., 2014). Emerging
evidence indicates that low circulating folate levels are associated with
metabolic disorders including hyperhomocysteinemia, obesity, and
NAFLD. An elevation of homocysteine in the circulation is a common
biomarker of folate deficiency.

17.2.6 Folate and metabolic disease
A study based on the US National Health and Nutrition Examination
Survey (NHANES, 2003�2006) reported that serum folate levels were
significantly reduced in obese patients (12.4 g/L) compared with normal-
weight individuals (13.1 g/L) (Bird et al., 2015). Regression analysis
revealed that the serum folate level is negatively correlated with body
mass index (BMI) regardless of adjustment for vitamin intakes and demo-
graphic variables such as gender, age, ethnicity, smoking status, and
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alcohol use. However, the BMI values were positively associated with
folate levels in red blood cells (Bird et al., 2015). The mechanism and
clinical significance of such a discrepancy in the correlations between BMI
and folate levels in serum and RBC remain to be investigated. In another
study, gastric bypass surgery significantly improved folate status in mor-
bidly obese patients (Updegraff and Neufeld, 1981). It is plausible that
obesity may be one of the underlying causes for the imbalance of endoge-
nous folate levels. Low circulating folate levels were detected in patients
with type 2 diabetes (Nilsson et al., 2015). The low blood folate levels
were correlated to high levels of fasting blood glucose and increased
expression of hepatic genes involved in the development of diabetes.
Folate depletion also caused epigenetic and transcriptional alterations in
the liver, which might contribute to the pathogenesis of type 2 diabetes
(Nilsson et al., 2015). The reduction of serum folate levels found in
patients with metabolic disease suggests a potential relationship between
the abnormal metabolic processes and perturbed folate status.

17.2.7 Folate status and NAFLD
Several reports have indicated the association between the circulating
folate level and NAFLD. Obese female patients with severe NAFLD
showed significantly reduced serum folate levels compared with indivi-
duals with normal liver morphology or minimal liver damage (21 vs
27 nmol/L) (Hirsch et al., 2005). Another cohort study showed a
correlation of low serum folic acid levels with the presence and severity of
steatosis (Xia et al., 2018). Such a correlation was independent of gender,
BMI, insulin resistance, and parameters of metabolic syndrome. Low
serum folate and vitamin B12 levels were also correlated with increased
NASH severity (Mahamid et al., 2018). While clinical evidence suggests
that patients with NAFLD may be at a higher risk for folate deficiency, a
causal relationship has yet to be confirmed. Further clinical investigation is
necessary to establish proper folate intake guidelines for patients with
NAFLD.

Animal models that mimic the histology and pathology of NAFLD
have been established. High-fat diets can induce histopathological changes
that resemble the NAFLD features including hepatic lipid accumulation,
oxidative stress, and inflammation in rodents (Sarna et al., 2012;
Nakamura and Terauchi, 2013; Sid et al., 2018a,b). In a recent study, a
high-fat diet feeding caused a significant decrease in serum and liver folate
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levels in mice (Sid et al., 2018b). This was attributed to impaired expres-
sion of hepatic folate transporters (PCFT and RFC). It appears that
prolonged consumption of diets that are rich in fat may exert a negative
impact on folate homeostasis (Sid et al., 2018b). Another study reported
that a depletion of dietary folate in rodents was associated with an
increased expression of lipid biosynthetic genes, which contributed to
abnormal lipid metabolism in the liver (Champier et al., 2012). Hepatic
lipid transport via very low density lipoprotein (VLDL) was impaired in
folate-deficient mice leading to hepatic lipid accumulation (Christensen
et al., 2010). These results suggest that alterations in folate metabolism
may have an important implication in NAFLD.

17.3 Nonalcoholic fatty liver disease

17.3.1 Prevalence and pathogenesis of NAFLD
The global prevalence of NAFLD is approximately 20%�30% and
increases to 70%�90% in patients with obesity and type 2 diabetes
(Younossi et al., 2016, 2018a). NAFLD is considered as the hepatic mani-
festation of metabolic syndrome. Patients with NAFLD tend to be obese
(BMI. 30 kg/m2) and often exhibit comorbidities associated with insulin
resistance, dyslipidemia, hypertriglyceridemia, and hypertension (Farrell
and Larter, 2006). Although insulin resistance is an independent risk factor
for NAFLD, some patients may have normal insulin function (Cohen
et al., 2011). Aside from metabolic risk factors, other nonmodifiable risk
factors such as age, gender, ethnicity, and certain gene variants may also
influence the susceptibility to NAFLD. Men are more likely to accumu-
late abdominal fat, which increases their risk towards NAFLD develop-
ment. Moreover, Hispanics and Asians are more likely to develop fatty
liver compared to individuals of African descent (Browning et al., 2004).
Hispanic individuals often carry a gene variant of patatin-like phospholi-
pase domain-containing protein 3, which results in a twofold increase in
hepatic triglyceride content and confers susceptibility towards NAFLD. In
addition, mutations in other genes involved in lipid metabolism can also
increase the risk of NAFLD (Birkenfeld and Shulman, 2014).

Steatosis is the main histological feature of NAFLD which is defined as
lipid accumulation in more than 5% of hepatocytes (Tiniakos et al.,
2010). Steatosis is often a self-limiting condition; however, it can advance
to NASH that is characterized by steatosis, inflammation, and hepatocyte
injury (Cohen et al., 2011). Hepatocyte ballooning is a form of
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hepatocellular injury that is characterized by cell swelling, which is an
essential feature that distinguishes NASH from steatosis. Liver fibrosis is
frequently detected in NASH patients (Yeh and Brunt, 2014). The pres-
ence of advanced hepatic fibrosis increases the risk for cirrhosis and HCC.
Although the progression of steatosis to NASH is reversible, NASH may
irreversibly advance to cirrhosis that is increasingly susceptible to the
development of portal hypertension and HCC (Kessoku et al., 2014).
The pathogenesis of NAFLD is complex and incompletely understood.
The two-hit hypothesis was initially proposed to describe NAFLD
pathogenesis. This hypothesis suggests that perturbations in lipid metabo-
lism lead to steatosis (first hit), which sensitizes the liver to the secondary
hit, such as inflammation, oxidative stress, and cell injury (Day, 2005).
However, steatosis may not always precede inflammation. It is plausible
that inflammation could precede lipid accumulation in NASH patients
(Tiniakos et al., 2010). Furthermore, the two-hit theory does not account
for many other metabolic changes that occur in NAFLD. This has led to
the development of the multiple-parallel-hit hypothesis, which suggests
that multiple factors such as insulin resistance, lipotoxicity, oxidative stress,
inflammation, gut-derived endotoxins, adipokines, or genetic factors may
simultaneously induce NAFLD (Tilg and Moschen, 2010). As NAFLD is
a multifaceted disease associated with several metabolic abnormalities,
there are currently no therapeutic drugs approved for its treatment. Novel
therapeutic strategies are urgently required for the management of
NAFLD (Younossi et al., 2018b).

17.3.2 Current treatment for nonalcoholic fatty liver disease
Lifestyle modifications such as increasing physical activity and healthy diet
are considered to be the most safe and effective strategies for NAFLD
management. Such modifications can promote weight loss, alleviate stea-
tosis, and improve liver function (Chalasani et al., 2012). Minimal weight
loss (3%�5%) is sufficient to reduce hepatic lipid accumulation in
NAFLD patients. However, greater than 7% weight reduction is required
to improve histological features associated with NASH (Glass et al., 2015).
Patients who receive bariatric surgery have profound weight loss, which
is associated with improved liver histology and insulin sensitivity
(Mechanick et al., 2009). However, bariatric surgery is not recommended
for cirrhotic patients due to concerns of liver failure after a rapid weight
loss. Although gradual weight loss appears to be beneficial for NAFLD
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patients, lifestyle changes and adherence to healthy diets can be a
challenge. Several pharmacological agents that target certain metabolic risk
factors have been proposed for the treatment of NAFLD (Chalasani et al.,
2012). Metformin, a first line antidiabetic agent, reduces insulin resistance
and alanine transaminase levels but has limited effects on inflammation
and steatosis in NAFLD patients (Bugianesi et al., 2005).
Thiazolidinediones are insulin sensitizers and have been shown to improve
liver function and histology in patients with NASH (Neuschwander-Tetri
et al., 2003). However, their long-term safety and efficacy for NAFLD
treatment have not been established (Chalasani et al., 2012). Oxidative
stress is a key mediator in liver injury in NAFLD. While treatment with
antioxidants such as vitamin E has been shown to ameliorate steatosis,
inflammation, and hepatocyte ballooning, further investigation is required
to determine the effectiveness of antioxidants in NAFLD treatment
(Sanyal et al., 2004). NAFLD patients have a high cardiovascular risk and
therefore statins have been used to treat dyslipidemia and improve
cardiovascular outcomes in these patients. The use of statins appears to be
safe and effective for correcting lipid abnormalities in NAFLD patients
(Chalasani et al., 2012). There is currently no single agent that can
target all metabolic risk factors associated with NAFLD. Researchers are
still searching for therapeutic agents that can target multiple pathways
associated with NAFLD pathogenesis (Younossi et al., 2018b).

17.3.3 Role of folic acid supplementation in nonalcoholic
fatty liver disease
It was reported that folic acid supplementation during high-fat diet feed-
ing in mice could effectively improve lipid and glucose metabolism in the
liver (Sid et al., 2015). Such effects were mediated through the regulation
of AMP-activated protein kinase, a key regulator of whole body energy
balance and metabolic homeostasis (Sid et al., 2015). Folate and folic acid
exhibit antioxidant functions due to their ability to directly scavenge
reactive oxygen species (ROS) (Gliszczynska-Swiglo and Muzolf, 2007)
and regulate ROS-generating or metabolizing enzymes (Woo et al.,
2006; Hwang et al., 2011; Sarna et al., 2012). It was shown in rodents
that folic acid supplementation could confer protective effects against
oxidative stress in the liver (Woo et al., 2006; Sarna et al., 2012) and
kidney (Hwang et al., 2011). Hepatic oxidative stress is associated with
increased expression of reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase in animal models of obesity, metabolic
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syndrome, and NAFLD. Folic acid supplementation effectively inhibited
NADPH oxidase-mediated superoxide production, restoring the antioxi-
dant response in hyperhomocysteinemic rats and in high-fat diet-induced
obese mice (Woo et al., 2006; Hwang et al., 2011; Sarna et al., 2012).
Patients with NAFLD also have elevated levels of proinflammatory
cytokines in the circulation, immune cells, liver, and adipose tissue (Day,
2006; Braunersreuther et al., 2012). Macrophages grown in a folate-
depleted medium had high expression of proinflammatory cytokines
including interleukin-1β, monocyte chemoattractant protein-1,
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) (Kolb and
Petrie, 2013). Incubation of macrophages with folic acid attenuated
homocysteine-induced proinflammatory cytokine expression (Au-Yeung
et al., 2006). Folic acid supplementation in high-fat diet-fed mice signifi-
cantly decreased the expression of hepatic proinflammatory cytokines
(IL-6, TNF-α) through inhibition of nuclear factor kappa B, a key tran-
scriptional factor of proinflammatory cytokine genes (Sid et al., 2018a).
Folic acid supplementation in overweight individuals or hyperhomocystei-
nemic patients was associated with a reduction of proinflammatory cyto-
kine levels (Wang et al., 2005; Solini et al., 2006). Those results indicate
that folic acid possesses lipid and glucose lowering effects, as well as
antioxidant and antiinflammatory functions, which makes it a promising
candidate for managing NAFLD. Although folic acid supplementation
appears to be beneficial for alleviating metabolic abnormalities, clinical
studies are required to further validate the effect of folic acid supplementa-
tion in patients with NAFLD.

17.4 Conclusions

Vitamins are micronutrients that support physiological functions in the
body. Folate (vitamin B9) plays a fundamental role in one-carbon metab-
olism that is essential for gene expression and sulfur-containing amino
acid homeostasis. Although low folate status is observed in patients with
malabsorption, kidney dysfunction, or liver disease, dietary folate defi-
ciency is uncommon in generally healthy populations in countries that
have implemented mandatory folate fortification policies. However, obese
individuals with NAFLD are reported to have low folate levels in the
serum despite the adequate intake of folate from diets and/or supplements
(Hirsch et al., 2005; Xia et al., 2018; Mahamid et al., 2018). A recent
study has revealed that fatty liver is associated with impaired folate
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transporter expression and low folate levels in diet-induced obese mice
(Sid et al., 2018b). In animal studies, folic acid supplementation can
restore hepatic redox balance, improve lipid and glucose metabolism, and
attenuate inflammatory cytokine production in rodents with diet-induced
metabolic abnormalities (i.e., overweight, fatty liver, hyperglycemia)
(Woo et al., 2006; Sarna et al., 2012; Sid et al., 2015, 2018a). Nutritional
therapy including folic acid supplementation appears to be an alternative
approach for the management of metabolic diseases, such as NAFLD and
diabetes. Future research is warranted to address whether the regulation of
folate homeostasis can improve the clinical outcomes in patients with
NAFLD or other metabolic diseases. If proven effective, folic acid
supplementation may be an economical and effective approach to control
this emerging public health threat (NAFLD) globally.
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Key facts of folates and pregnancy

• Folate (vitamin B9) is an essential vitamin in all periods of life, but it is
crucial during the preconceptional and early period of pregnancy to
guarantee adequate placental and fetal growth.

• Insufficient or deficient folate supply before pregnancy and during the
first trimester of pregnancy leads to an increased risk of neural tube
defects.

• The essential necessity of folate requirements for a normal fetal devel-
opment has led to several countries adopting a public policy of food
fortification with folic acid (FA), the synthetic form of folates.
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• From the Americas (33 countries, plus the United States and Canada),
through Africa, India, and Australia, countries that have mandated the
fortification of wheat flour with FA have reduced the incidence of
neural tube disease. In Europe, only in England is it a legal requirement,
in the other 27 European countries, the fortification is voluntary.

• In relation to the amount of fortification, the Centers for Disease
Control recommended a fortification of 1.4 mg of FA/kg product,
although in some countries the level of fortification can be higher
(2.5 mg FA/kg product).

• The WHO recommends to all women who want to get pregnant a
consumption of 400 μg/day of FA, in addition to folate of natural foods,
3 months before conception and during the first trimester of pregnancy.

• It is recommended that the additional consumption of FA by the preg-
nant women be balanced with the intake of other vitamins (mainly
B12) to avoid imbalances in placental concentrations of vitamins that
could alter the placental function and long-term offspring outcomes.

Summary points

• This chapter focuses on folate transport in the placenta, an important
process for fetal growth and development.

• Folate is an essential nutrient belonging to the family of hydrosoluble
B vitamins (B9) and is contained in some foods like vegetables and
fruits, and in fortified foods and supplements (as FA, the synthetic
form of folates).

• Fetal folate concentrations are absolutely dependent on the transfer
through the placenta and these in turn depend on the intake of
folates in the mother’s diet and the consumption of fortified foods and
supplements.

• Folates are transferred from the mother to the fetus through three spe-
cific placental transporters: reduced folate carrier, proton-coupled
folate transporter, and folate receptor 1, located in different regions of
the placenta.

• Folate transporters’ expression in the placenta is related to birth weight
and gestational age.

• Folates’ concentration in the umbilical cord blood is higher and vita-
min B12 is lower in preterm compared to term newborns, leading to a
higher folates/B12 ratio.

346 Molecular Nutrition



• Folates in the placenta are sensed by a mechanism mediated by mecha-
nistic target of rapamycin (mTOR), the catalytic subunit of two struc-
turally distinct complexes, mTORC1 and mTORC2, that are
considered as positive regulators of folate transporters.

• Folate transport through the placenta may be impaired by several fac-
tors like pathophysiological conditions (preeclampsia) and maternal
lifestyle (chronic alcohol consumption).

• Folates metabolism is related to the one-carbon cycle which is
involved in the DNA methylation reactions, one of the known epige-
netic mechanisms.

• Because folates are involved in epigenetic mechanisms, folate concen-
trations reaching the placenta and fetus should be appropriate (neither
excessive nor deficient) and balanced with other micronutrients (such
as vitamins B12, B6, choline) to reduce modifications in the methyla-
tion reactions that could alter placental function and fetal growth and
development, leading to fetal programming.

• Recent reports have found that an excessive consumption of FA
(. 1000 mg/day), when concomitant with low or deficient vitamin
B12 intake, may result in a high folates/vitamin B12 ratio that could
be deleterious to fetal and long-term development.

• We advocate to introduce cutoff points for folate blood levels and
their biomarkers during pregnancy that could be produced due to a
possible excessive FA intake.

18.1 Introduction

Folates, also called vitamin B9, belong to the family of hydrosoluble B
vitamins and are constituted by chemical structures derived from polyglu-
tamates. Folates are essential micronutrients for cellular functions, growth,
and development. During pregnancy, demands for folates increase 5- to
10-fold, due to their importance in processes like vasculogenesis and
angiogenesis, both key processes in placental function, fetal growth, and
development (Scott, 1999; Tamura and Picciano, 2006). The essential
necessity for folates during pregnancy is demonstrated by the fact that
maternal deficiency is associated with several adverse outcomes, such as
low birth weight, risk of spontaneous abortion, and neural tube defect
(NTD). Accumulated evidence indicates that these effects are reverted by
adequate supplementation of folate during the preconceptional period and
the first trimester of pregnancy (Hoffbrand, 2014; Wilson et al., 2007).
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The main investigations in this area have been related to nutritional
aspects, since folate deficiency has been associated with numerous diseases,
including hematological disorders, oncological disease, and developmental
alterations like NTD, including spina bifida, meningocele, and anenceph-
aly in the newborn (Gong et al., 2016). Nowadays, folates have become
relevant because of their key involvement in the one-carbon cycle, the
main metabolic pathway related to the biological methylations including
DNA methylation, one of the most studied epigenetic mechanisms in ver-
tebrates (Scott, 1999). Its relevance during pregnancy has led numerous
countries to develop public policies of food fortification to ensure its sup-
ply to the fetus, thus avoiding NTD. Until a few years ago, folates trans-
port was mainly studied in the gastrointestinal epithelia, although known
folate transporters have been also described in the placenta (Solanky et al.,
2010; Yasuda et al., 2008). In this chapter, we will review aspects of pla-
cental structure, placental folate transporters, folate requirements, and
alterations of folate transport during pregnancy.

18.2 Chemical forms of folates

Folates are water-soluble vitamins of complex B (B9). The term “folates”
(polyglutamates) includes all chemical forms of folates. Folates are consti-
tuted by the pteridine ring, a methylene group, a p-aminobenzoic, an
L-glutamic acid residue, and a p-aminobenzoic acid with different one-
carbon substituents linked at the N5- and/or N10-position, which give
the names to the different chemical forms (Naderi and House, 2018)
(Fig. 18.1). Folate is the natural form present in foods, which is the
reduced form of folates, and is conjugated to a polyglutamate chain. Folic
acid (FA) or pteroylglutamate is the synthetic and the oxidized form of
folates with one unit of glutamate; it is the most stable form of folates,
and therefore the folate form used in nutritional supplementation and
food fortification (Outline et al., 2012; Scaglione and Panzavolta, 2014).
After FA absorption, it is metabolized to dihydrofolate (DHF) and then to
its active form, tetrahydrofolate. The principal circulating form of folates
is 5-methyl tetrahydrofolate (5-MTHF). Both FA and natural folate from
foods are converted to 5-MTHF to participate in the folate cycle (Naderi
and House, 2018) (Fig. 18.2).

The folate present naturally in foods has a bioavailability near to 50%,
lower than the bioavailability of FA which is approximately 85% (Bailey
et al., 2015; Institute of Medicine, 1998) going up to almost 100% when
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it is administered as supplements taken on an empty stomach (Allen,
2008). Hence to know the bioavailability of all consumed folates, the
term “dietary folate equivalent” (DFE) was coined, because of the differ-
ent absorption levels between natural and synthetic folates. FA is 1.7 times
more bioavailable than folate from foods (85/505 1.7); this conversion

Figure 18.1 Chemical structure of the main forms of folates. THF: tetrahydrofolate;
5-MTHF: 5-methyl tetrahydrofolate.
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factor is supported by a long-term controlled study with folates intake in
women (Yang et al., 2005).

18.3 Requirements of folates during pregnancy

Folates requirements during pregnancy increase 5- to 10-fold, not only
due to higher demands for fetal growth and development, but also
because of the increased folate catabolism during pregnancy (McPartlin
et al., 1993). Inadequate intake of folates leads to decreased levels, first in
plasma and subsequently in erythrocytes, increased levels of homocysteine
(Hcy), and other clinical complications like megaloblastic anemia
(Institute of Medicine, 1998). Folates are taken up by erythrocytes in the
bone marrow, and for this reason, folates levels in erythrocytes are consid-
ered a good biomarker for long-term status of folates, but not for
recent intake (Institute of Medicine, 1998). Hcy is also a biomarker of
folate status; under folates deficiency, circulating Hcy levels are increased

Figure 18.2 Folate cycle. DHF: dihydrofolate; THF: tetrahydrofolate; TS: thymidilate
synthetase ; dTMP: deoxythymidine monophosphate; dUMP: deoxyuridine monopho-
sphate; MTHFR: methylenetetrahydrofolate reductase; MS: methionine synthase; Cbl:
cobalamine; CβS: cystathionine-β-synthase; PLP:pyridoxal-5� -phosphate; DMG:
dimethylglycine; SAM: S-adenosylmethionine; SAMS: S-adenosyl methionine synthe-
tase; SAH: S-adenosyl homocysteine.
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(de Benoist, 2008). Cutoff points of adequate folates status in adults have
been reported, with Hcy levels around 12 and 16 μmol/L according to
different reports in the literature (Bailey et al., 2015; Institute of
Medicine, 1998; Rasmussen et al., 1996). However, these cutoff points
are not applicable to pregnant women for whom there are no reference
values for folate status determined through Hcy concentrations.

The estimation of folates requirements is based on the premise of
maintaining adequate folate levels in the erythrocytes, which reflect tissue
stores in the body. According to different studies, maternal folate levels
are reduced by 50% during pregnancy, as a physiological response related
to different processes like hemodilution, increased renal excretion, and
hormonal changes. In addition, during pregnancy folates are more
required by the one-carbon transfer reactions and for nucleotide synthesis
in cell division (Institute of Medicine, 1998; Molloy et al., 2008). Several
organizations (IOM, FAO, WHO) have established the dietary reference
intakes for these vitamins during pregnancy. For this purpose two para-
meters were coined: the estimated average requirement (EAR), defined as
the recommendations for the 50% of healthy individuals in a group; and the
recommended dietary allowance (RDA), defined as the average daily dietary
intake level that is sufficient to all (97%�98%) healthy individuals. For preg-
nant women, the EAR is 520 μg/day of DFE and the RDA is 600 μg/
day of DFE (Food and Agriculture Organization of the United States—
FAO. World Health Organization—WHO, 2001; Institute of Medicine,
1998) (Table 18.1).

The WHO have established hematological folates levels cutoff points
in blood for the nonpregnant population: in serum: high .45.3 nmol/L,
normal 13.5�45.3 nmol/L, deficit ,6.8 nmol/L; in erythrocytes: deple-
tion ,362 nmol/L, anemia 226 nmol/L (WHO, 2012). Adult require-
ments of folates are 400 μg/day. There is no consensus on cutoff points
for folates and their relationship with metabolic alterations during preg-
nancy (Table 18.2).

Since the status of this vitamin has been strongly associated with NTD
(Czeizel and Dudás, 1992), the WHO and the Centers for Disease
Control and Prevention recommend food fortification with 1.4 mg of
FA/kg of product (Bailey et al., 2015). In addition to fortified foods and
dietary folate, the WHO recommends a FA supplementation of 400 μg/
day 3 months before pregnancy and during the first trimester to prevent
NTD and 5 mg/day if there is a previous history of NTD (Institute of
Medicine, 1998; WHO, 2012, 2015). The WHO established that folate
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erythrocyte levels .906 nmol/L represent the optimal level to prevent
these malformations, and that these levels are achieved with an intake of
350 μg/day of FA (400 μg/day is the current recommendation), from for-
tified foods and supplements, in addition to natural folate intake from a
varied diet (Crider et al., 2014; Tinker et al., 2015; WHO, 2015). Some
countries like the United States, Canada, and Latin American countries,
including Chile, have implemented food fortification policies to add FA
to wheat flour (1.4�2.5 mg/kg) (Honein et al, 2001; Informe Programa
Fortificación de Harinas, 2011; Bailey et al., 2015) (Table 18.2).

18.4 Folate transport in placenta and metabolism

The amount of folate transported to the fetus is determined by the mater-
nal circulating folate concentrations. This is shown by a positive correla-
tion between folate concentrations in the maternal plasma and umbilical
cord blood, and by placental concentrations of folates.

Table 18.1 Folate requirements expressed as dietary folate equivalent (DFE).

Population EAR (μg/day) RDA (μg/day)

Infant and children

0�12 months 65a 80
1�3 years 120 150
4�6 years 160 200
7�13 years (boys and girls) 250 300
14�18 years (boys and girls) 330 400

Adults

.19 years (men and women) 320 400
Pregnancy 520 600
Lactation 450 500

These values are based on the Institute of Medicine (IOM) and on the Food and Agriculture
Organization of the United Nations (FAO). Estimated average requirement (EAR), the
recommendations for the 50% the healthy individuals in a group. Recommended dietary allowance (RDA)
is the average daily dietary intake level that is sufficient to all (97%�98%) healthy individuals (EAR1 2
standard deviation). Folate requirements expressed as DFE.
aThe adequate intake (IA) a recommended daily intake value based on observed or experimentally
determined approximations of nutrient intake by a group (or groups) of healthy people that are
assumed to be adequate—used when an RDA cannot be determined (Food and Agriculture
Organization of the United States, FAO. World Health Organization, WHO, 2001; Institute of
Medicine, 1998).
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Table 18.2 Levels for folate, vitamin B12, homocysteine, and methylmalonic acid references levels.

Biomarker Tissue Deficiency Depletion Adequate High Observation

Total folates Plasma/serum ,7 nmol/L 13.5�45.3 nmol/L Indicator to prevent anemia in
adults (WHO, 2012)

,10 nmol/L Indicator of
hyperhomocysteinemia in
adults (Alasfoor, 2013)

Total folates RBC ,226.5 nmol/L Indicator to prevent anemia in
adults (WHO, 2012)

.906 nmol/L Indicator to prevent neural
tube defects, before
pregnancy (WHO, 2015)

,340 mmol/L Indicator of
hyperhomocysteinemia
(Alasfoor, 2013)

Total vitamin B12 Plasma/serum ,148 pmol/L ,221 pmol/L 200�600 pmol/L Indicator to prevent anemia
and neurological
complications in adults.
(Green et al., 2017)

Total vitamin B12 Plasma/serum ,150 pmol/L Indicator of
hyperhomocysteinemia
(Alasfoor, 2013)

Holotranscobalamin Plasma/serum ,35 pmol/L ,40 pmol/L 40�100 pmol/L Indicator to prevent anemia in
adults (Green et al., 2017)

Homocysteine Plasma/serum 8�15 μmol/L .15 μmol/L Indicator of
hyperhomocysteinemia in
adults (Green et al., 2017)

Methylmalonic acid Plasma/serum 0.04�0.037 μmol/L .0.37 μmol/L Indicator of vitamin B12
deficiency in adults
(Green et al., 2017)

RBC, Red blood cells.



The transport of folates from the mother to the fetus has a first con-
centration component, that is protective to the fetus, since folate-deficient
mothers deliver newborns with normal folate stores (Henderson et al.,
1995).

The key factors for fetal growth and development, including the sup-
ply of nutrients from the mother to the fetus, are carried out by optimal
placental functioning. Implantation leads to the proliferation of tropho-
blast cells, which contribute to the formation of the syncytiotrophoblast
(SCT), which represents the interface between the maternal and fetal cir-
culations and plays a critical role in nutrient transport to the fetus to guar-
antee an adequate fetal growth (Guttmacher et al., 2014; Lager and
Powell, 2012; Zhang et al., 2015) (Fig. 18.3A).

The metabolism of folates occurs in most organs, including the pla-
centa (Shin et al., 2014). In the placenta, folates uptake occurs in the SCT
(the specialized and multinucleated cell of the placenta) in the form of
5-MTHF (Scott, 1999) or FA, which is first converted into DHF and
then into 5-MTHF. Folate and vitamin B12 metabolism includes the
remethylation of Hcy to methionine (transmethylation pathways) through
methionine synthetase with vitamin B12 (in the form MetCbl or
MetB12) as a cofactor and 5-MTHF as a methyl group donor (Hoffbrand,
2014; Scaglione and Panzavolta, 2014). S-adenosylmethionine (SAM) is
produced in the transmethylation pathways from methionine and ATP
(Hoffbrand, 2014); SAM is the main methyl group donor in the methyla-
tion reactions in the body, and consequently, participates in epigenetic
mechanisms that include DNA and histone methylation (Anderson et al.,
2012; Molloy, 2012). Moreover, SAM is an allosteric activator of
cystathionine β-synthase (Ereño-Orbea et al., 2014) which requires

Figure 18.3 Structure of the human placenta (Fig 18.3A). Proposed mechanism for
folate transport across human placental syncytiotrophoblast (Fig 18.3B).
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vitamin B6 as a cofactor in the transsulfuration pathway of Hcy, where
cysteine, an important precursor of glutathione (γ-glutamyl-cysteinyl-gly-
cine) is produced (Hoffman, 2011). The transsulfuration constitutes an
important pathway for Hcy degradation (Scaglione and Panzavolta, 2014)
(Fig. 18.2).

Since vitamin B12 or cobalamin (Cbl) is necessary in folate metabo-
lism, it is important to mention that this vitamin, in the adenosylcobala-
min (AdoCbl or AdoB12) form, is a cofactor of the methylmalonyl-CoA
mutase (MMCoAM) in the mitochondria (Combs, 2012; Obeid et al.,
2015). The enzyme MMCoAM is responsible for the conversion of
methylmalonyl-CoA (MMCoA) to succinyl-CoA to enter the Krebs
Cycle (Combs, 2012). Those metabolites, MMCoA, propionyl-CoA, and
succinyl-CoA, are intermediates of the energetic metabolism in the
cell, and they sense and regulate energy balance. On the other hand,
MMCoA and MMCoAM are regulators of the enzyme carnitine
palmitoyltransferase-1 (López-Viñas et al., 2007; Takahashi-Iñiguez et al.,
2012), which is responsible for the transport of fatty acids into the mitochon-
dria to be subsequently β-oxidized (Nsiah-Sefaa and McKenzie, 2016).

At a cellular level, folates are transported from the mother to the fetus
through the placenta by three specific transporters: reduced folate carrier
(RFC), proton-coupled folate transporter (PCFT)/hem carrier protein 1,
and folate receptor α (FOLR1 or FRα) (Solanky et al., 2010). In addi-
tion, other nonspecific transporters belonging to the ATP-binding cassette
(ABC) superfamily participate in placental folates transport (Keating et al.,
2011; Fig. 18.3B).

18.4.1 Reduced folate carrier
RFC is the main folate transporter in different tissues; it is expressed both
in the apical and basolateral membranes, has greater affinity for reduced
folates, and acts in a neutral pH environment (Zhao et al., 2011). RFC
also has affinity for antifolate substances used in different types of cancers,
which alter the transport and availability of folate in cells (Visentin et al.,
2014; Zhao et al., 2011; Zhao and Goldman, 2013). RFC has a structure
of approximately 591 amino acids and 12 transmembrane domains, with
N and C terminals located in the cytoplasm (Visentin et al., 2014). In
the placenta it is expressed in the apical and basolateral membrane of the
SCT, among other cells. RFC transports the reduced folate from the
maternal blood, in an anion exchange mechanism with organic phosphate,
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which is synthesized and retained inside the cell, and then folate is released
by RFC from the placental basolateral membrane to the fetal circulation
(Visentin et al., 2014; Zhao and Goldman, 2013).

18.4.2 Proton-coupled folate transporter
PCFT is the most recently described solute carrier (SLC) group of mem-
brane transport proteins (SLC46A1) (Visentin et al., 2014). PCFT has
high affinity for FA and reduced folates. The transport of folate via PCFT
is optimal at a pH of 5.0�5.5, and if it increases the uptake of folate by
this conveyor is diminished (Visentin et al., 2014; Zhao et al., 2011; Zhao
and Goldman, 2013). It is expressed in different tissues, but mainly in the
apical membrane of the duodenum and proximal jejunum, in the sinusoi-
dal membrane of the liver, the apical membrane of the kidney, and in the
placenta (Zhao and Goldman, 2013). In placental cells, PCFT is expressed
not only in the apical membrane, but also in the endosomal vesicles that
are formed by the intake of folate by the FRα, which in this case, could
be called an exporter of endosomal folate (Zhao et al., 2009). Like RFC,
PCFT also presents 12 transmembrane domains.

18.4.3 Folate receptor
FR or FOLR1, like the previous transporters, is expressed in different tis-
sues including the placenta, where it is located in the apical membrane of
the SCT. There are four human FR cDNA isoforms (α, β, γ, and δ);
FRα is crucial and is highly expressed in the placenta, where it exerts
essential functions. Placental FRα, obtained from human placental villi,
was cloned in 1989, and was identified as complexly anchored to the
membrane (Verma and Antony, 1991). Later, FRα was characterized as a
35 kDa membrane glycoprotein, hydrophobic glycosyl phosphatidylinosi-
tol anchored with high binding affinity in the physiologic folates concen-
trations (in nM range) (Verma et al., 1992). It has greater affinity for
5-MTHF than for other reduced folate forms and its activity is optimal at
neutral to moderately acid pH (Carter et al., 2011; Guéant et al., 2013;
Zhao et al., 2011; Zhao and Goldman, 2013). Folate binds to the FRα in
the cell membrane which leads to an invagination into the cytoplasm,
forming a vesicle that circulates in the endosomal compartment, where it
is acidified, releasing the receiver from the folate and recycling it back to
the apical membrane. The PCFT transporter is also found in the vesicles,
where it has a key role in capturing folate to release it into the cytoplasm,
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while RFC releases folate to the fetal blood (Zhao et al., 2011; Zhao and
Goldman, 2013).

It has been shown that the expression of FRα is essential for the
development of the embryo (Piedrahita et al., 1999). Despite its necessity
for proper fetal development, it is not essential for folate transport; it has
been demonstrated that FRα2/2 mice are fertile and their progeny viable
under adequate folate supplementation. Partial folate supplementation
before and during the first trimester of gestation leads to several develop-
mental effects in the fetus (Spiegelstein et al., 2004).

By ex vivo placental perfusion experiments it was demonstrated that
FOLR mediate maternal-to-fetal folate transport in a two-stage process.
First, maternal circulating folate in the form of 5-MTHF is captured by
FRα on the maternally facing chorionic surface, a process favored by a
high affinity of FRα for the 5-MTHF (Henderson et al., 1995). The
folate bound to receptors is destined for fetal transport; thus a dynamic
equilibrium state is created, which may be displaced by incoming circulat-
ing folates (from dietary sources) to generate an intervillous blood level
approximately three times higher than that of the maternal blood. In the
second step, folates are passively transferred to the fetal circulation along a
downhill concentration gradient constituting a unique mechanism for
transplacental folate transport (Henderson et al., 1995). This mechanism
can explain the deleterious effect of maternal folate deficiency on fetal
growth and development.

18.4.4 Other folate transporters in placenta
In term placenta, ABC transporters such as P-glycoprotein and multidrug
resistance protein (MRP) are expressed to function as efflux transport sys-
tems for xenobiotics (Zhao et al., 2011). These ABC superfamily expor-
ters are low-affinity, high-capacity folate transporters and include MRP1,
MRP2, MRP3, and ABC G2 transporter; they are all expressed in the
apical membrane (maternal side) of the placenta opposing the transport of
folate to the fetal circulation (St-Pierre et al., 2000). There is evidence
that MRP1 and MRP3 are also expressed in the basolateral membrane of
the fetal blood vessel endothelia with some evidence for expression in the
apical SCT. MRP2 is localized to the apical SCT membrane (St-Pierre
et al., 2000) where it participates in folate homeostasis.

In general, the availability of folate in the fetus depends on the joint
and coordinated actions of the receiver and the transporters; changes in
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their expression or activities may affect such availability. Folate transporters
in placenta are highly expressed in the first stages of pregnancy and their
expression has been described as decreasing as pregnancy progresses
(Solanky et al., 2010).

18.5 Regulation of folate transport in the placenta

18.5.1 Folate sensors
Recently, Silva et al., using cultured primary human trophoblast cells,
reported a new folate sensing mechanism mediated by mechanistic target
of rapamycin (mTOR) by which folate modulates cell functions such as
protein synthesis, nutrient transport, and mitochondrial respiration (Silva
et al., 2017). It was found that folate deficiency in pregnant mice inhib-
ited mTORC1 and mTORC2 (part of the mTOR complex) signaling
resulting in decreased amino acid transport, protein synthesis, and mito-
chondrial function, thus explaining the link between folate deficiency and
fetal growth restriction. When intracellular folate concentrations are low,
mTORC1 is predominantly localized in the cytosol as an inactive form.
Increased intracellular folate concentrations sensed by PCFT localized in
the lysosomal membrane promote the trafficking of mTORC1 toward
the lysosomal membrane initiating mTORC1 signaling and activating sev-
eral cellular processes including folate uptake (Rosario et al., 2017).
Therefore PCFT is necessary for folate sensing by mTOR as demon-
strated in cultured primary trophoblast cells (Silva et al., 2017).
Furthermore, mTORC1 and mTORC2 regulate trophoblast folate
uptake by modulating cell surface expression of FRα and RFC (Rosario
et al., 2016) Thus mTORC1 and mTORC2 may be considered positive
regulators of folate transporters (Silva et al., 2017).

18.5.2 Pathophysiological conditions and environmental
factors
It has been reported that Hcy is a key modulator of the translational upre-
gulation of FOLR and therefore a link between perturbed folate metabo-
lism and coordinated upregulation of FOLR (Antony et al., 2004).

It was observed that some pathophysiological conditions and environ-
mental factors can alter placental folate transport. In preeclampsia, a
pathophysiological condition during pregnancy (Goffin et al., 2018), the
mRNA of PCFT, FRα, and FRβ decrease at the placental level (Tang
et al., 2013; Williams et al., 2012). In human cytotrophoblasts isolated
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from pregnancies with gestational diabetes mellitus (GDM), 3H-FA uptake
was more sensitive to acidic pH, indicating that GDM modulates folate
uptake by the SCT (Araújo et al., 2013). In obese women, the protein
concentration of FRα in the microvilli membranes increased and RFC
was decreased, without modifications of their activities (Carter et al.,
2011). On the other hand, in our lab we observed a lower expression of
FRα and PCFT in newborns both small and large for gestational age
(SGA and LGA), in comparison to newborns adequate for gestational age
(Caviedes et al., 2016). In addition, FRα and PCFT placental expression
(mRNA) was reduced in preterm newborns (32�36 weeks of gestation)
while FRα protein levels were increased (Castaño et al., 2017), suggesting
an involvement of epigenetic mechanisms determined by folate levels and
vitamin B12 in the umbilical cord.

It was reported that abnormal transport of folate to the developing
embryo leads to alterations including craniofacial malformations, cardiac
damage, and NTD. In addition, the inhibition of FA binding to FRα
may be a risk factor for NTD (Boyles et al., 2011; Piedrahita et al.,
1999; Spiegelstein et al., 2004; Tang and Finnell, 2003; Zhu et al.,
2007). The aberrant DNA methylation of folate transporter genes in
placentas from offspring with NTD has not been demonstrated
(Farkas et al., 2013).

In some hereditary diseases, such as the syndrome of systemic and
cerebral folate deficiency of infancy, an autosomal recessive disorder, there
is a hereditary folate malabsorption characterized by the loss of function of
PCFT, which leads to a severe systemic and cerebral folate deficiency.
When the FRα loss of function is detected in an autosomal recessive dis-
order it results solely in a cerebral folate deficiency (Zhao et al., 2017). In
in vitro studies in BeWo cells and primary cultured human trophoblasts,
progesterone, a steroid hormone produced by the placenta, specifically
inhibited the 3H-FA uptake (Keating et al., 2007).

Chronic and heavy alcohol consumption during pregnancy impairs
folate transport to the fetus as assessed by the fetal:maternal serum folate
ratio in the alcohol-exposed pair which was # 1 compared with the
control ($ 1). In cord blood of newborns delivered by alcohol consumers
folate levels were lower compared to controls, probably as a consequence
of altered folate concentration in placentas (Hutson et al., 2012).
Additionally, a decrease in cord folate levels in infants born to smoking
mothers compared to nonsmoking mothers has been shown (Stark et al.,
2007).
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In pregnant rats exposed to cadmium (5 mg/kg of CdCl2), embryonic
folate content was decreased and the levels of placental pcft mRNA and
protein abundance were markedly decreased. However, FRα and RFC
expression were not affected. It has been reported that some nutrients are
able to regulate folate transport at a placental level like maternal lipopoly-
saccharide, vitamin D3, and iron (Best et al., 2016; Chen et al., 2015;
Zhao et al., 2014).

Altogether the literature to date shows the relevance of pregestational
maternal folate status for an adequate fetal development and growth
throughout pregnancy. The role of placental folates transporters and bind-
ing proteins is essential for this process, mainly regulating fetal levels of
these vitamins. Folates availability is key for all the cellular processes in the
placenta itself as well as in the maternal and fetal physiology, for example,
lipid metabolism and DNA and histone methylation.
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19.1 Introduction

Cobalamin (vitamin B12) is the largest and most complex of all the vita-
mins (Fig. 19.1A) (Quadros, 2010). The name vitamin B12 is generic for
a specific group of cobalt-containing corrinoids with biological activity in
humans. Interestingly, it is the only known metabolite to contain cobalt,
which gives this water-soluble vitamin its red color. The main cobalamins
in humans and animals are hydroxo-, adenosyl-, and methylcobalamin,
the latter two being the active coenzyme forms (O’Leary and Samman,
2010). Cobalamin deficiency is relatively frequent, whatever the age of
the patients and the phenotype of the studied population (O’Leary and
Samman, 2010). Its clinical manifestations are relatively well-known, and
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are mainly neurological and hematological (hence the old terminology of
pernicious anemia) (O’Leary and Samman, 2010; Dali-Youcef and
Andrès, 2009). Although cobalamin was isolated almost 60 years ago, its
metabolism remains incompletely well-defined (Dali-Youcef and Andrès,
2009). In practice cobalamin metabolism is complex and requires many
processes and steps, any one of which, if not present, may lead to

Figure 19.1 Cobalamin (cbl, vitamin B12) absorption and metabolic pathway. (A)
Structure of cobalamin (vitamin B12) with a corrin ring bound to a central cobalt
atom. (B) The metabolic journey of cbl from nutrient intake to its intestinal absorp-
tion. Endocytic receptors and proteins responsible for vitamin B12 intestinal absorp-
tion include cubilin (CUBN), amnionless (AMN), receptor-associated protein (RAP),
and megalin (LRP-2). The membrane megalin/transcobalamin II (TCII) receptor com-
plex allows the cellular uptake of cbl. Lysosomal-mediated degradation of TCII and
subsequent release of free cbl is essential for vitamin B12 metabolic functions. MS,
Methionine synthase; THF, tetrahydrofolate; MTHFR, methyltetrahydrofolate reduc-
tase; MCM, methylmalonyl coA mutase. (C) Mutations in genes encoding the IF (GIF),
CUBN, AMN, TCII, or their receptors provoke defects in cbl absorption and/or cellular
uptake which translate into functional cbl deficiency and its clinical manifestations.
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cobalamin deficiency. The molecular biology of cobalamin deficiency has
been the subject of several studies investigating the genetics of cobalamin
metabolism, but to date very few reviews are available (Dali-Youcef and
Andrès, 2009; Surendran et al., 2018; Green et al., 2017).

This review summarizes the current knowledge on cobalamin metabo-
lism and metabolic pathway with a clinical perspective, with a focus on
cobalamin malabsorption.

19.2 Cobalamin metabolism and function

The average cobalamin content is approximately 1.0 mg in healthy adults,
with 20�30 μg found in the kidneys, heart, spleen, and brain (O’Leary
and Samman, 2010). Estimates of total cobalamin body content for adults
ranges from 0.6 to 3.9 mg with mean values of 2�3 mg. The normal
range of cobalamin plasma concentration is 150�750 pg/mL, with peak
levels achieved 8�12 hours after ingestion.

The different stages of cobalamin metabolism are shown in Fig. 19.1B
(Dali-Youcef and Andrès, 2009; Nicolas and Gueant, 1994). Absorption
depends mainly on intrinsic factor, which is secreted by the gastric
mucosa. Intrinsic factor binds cobalamin to form a complex that is
absorbed by the terminal ileum (Matthews, 1995). This mechanism is
responsible for the absorption of at least 60% of oral cobalamin.
Cobalamin metabolism is complex and requires many processes, any one
of which, if not present, may lead to cobalamin deficiency (Dali-Youcef
and Andrès, 2009). Once metabolized, cobalamin is a cofactor and coen-
zyme in many biochemical reactions, including DNA synthesis, methio-
nine synthesis from homocysteine, and conversion of propionyl into
succinyl coenzyme A from methylmalonate.

Table 19.1 describes the different actors of the cobalamin metabolism
and the causes of cobalamin deficiency (Andrès et al., 2004). It has been
estimated that there is a delay of 5�10 years between the onset of cobala-
min deficiency and the appearance of clinical manifestations, due to
important hepatic stores (. 1.5 mg) and the enterohepatic cycle (Dali-
Youcef and Andrès, 2009). In a recent study, we reported the principal
causes of cobalamin deficiency in 172 patients (median age 70 years) hos-
pitalized in the University Hospital of Strasbourg, France (Andrès et al.,
2000). These causes are represented by food�cobalamin malabsorption
(53%), Biermer’s disease (pernicious anemia) (33%), insufficient nutritional
cobalamin intake (2%), and postsurgical malabsorption (1%). In this study
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over 10% of the patients suffered from cobalamin deficiency of undeter-
mined etiology.

19.3 Vitamin B12 ingestion and its related disorders

Cobalamin is produced exclusively by microbial synthesis in the digestive
tract of animals (Watanabe et al., 2014). Therefore animal protein pro-
ducts are the source of vitamin B12 in the human diet, in particular offal
(i.e., liver, kidney). Other good sources are fish, eggs, and dairy products.
Hydroxo-, methyl-, and 50-deoxyadenosylcobalamin are the main cobala-
mins present in foods. A typical Western diet contributes 3�30 mg of
cobalamin per day based on the recommended dietary allowance set by
the Food and Nutrition Board of the Institute of Medicine (United
States) of 2.4 mg/day for adults and from 2.6 to 2.8 mg/day during preg-
nancy (Institute of Medicine, 1998).

Cobalamin deficiency caused by dietary deficiency (which requires any
animal product intake) is rare, even exceptional, in the general

Table 19.1 Stages of cobalamin metabolism and corresponding causes of
cobalamin deficiency (Dali-Youcef and Andrès, 2009; Green et al., 2017;
Nicolas and Gueant, 1994).

Stages and actors in cobalamin
metabolism

Causes of cobalamin deficiency

Intake solely through food Strict vegetarianism (patients who are
sick in institutions or in psychiatric
hospitals)

Digestion brings into play Gastrectomies
Haptocorrin
Gastric secretions (hydrochloric

acid and pepsin)
Intrinsic factor
Pancreatic and biliary secretions
Enterohepatic cycle

Pernicious anemia
Food�cobalamin malabsorption

Absorption brings into play Ileal resections and malabsorption
Intrinsic factor
Cubilin, amnionless
Calcium and energy

Pernicious anemia
Food�cobalamin malabsorption

Transport by transcobalamins Congenital deficiency in transcobalamin
II

Intracellular metabolism based on
various intracellular enzymes

Congenital deficiency in various
intracellular enzymes
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population. Dietary causes of deficiency are limited to elderly people who
are already malnourished, such as elderly patients, living in institutions
(they may consume inadequate amounts of cobalamin-containing foods)
or in psychiatric hospitals (Andrès et al., 2004; van Asselt et al., 2000).
This is also the case for certain groups of patients who observe strict vege-
tarian or vegan diets (Rizzo et al., 2016). This is also the case for patients
suffering from global and severe malnutrition of the kwashiorkor type
(e.g., in underdeveloped countries). Studies focusing on elderly people,
particularly those who are in institutions or who are sick and malnour-
ished, have suggested a cobalamin deficiency prevalence of 30%�40%.
The Framingham study demonstrated a prevalence of 12% among elderly
people living in the community (Lindenbaum et al., 1994). Using a strin-
gent definition, we found that vitamin B12 deficiency had a prevalence of
5% in a group of patients followed or hospitalized in a tertiary reference
hospital (Andrès et al., 2005a).

19.4 Food�cobalamin digestion and its related disorders

Dietary cobalamin, which is bound to proteins in food, is released in the
acidic environment of the stomach where it is rapidly complexed to the
binding protein and transporter haptocorrin (HC), also referred to as the
R-binder or transcobalamin I (Fig. 19.1B) (Dali-Youcef and Andrès,
2009). About 80% of circulating cobalamin is bound to HC and serum
cobalamin levels have been correlated with serum HC concentrations.
Although some unexplained low serum cobalamin concentrations were
reported to be caused by mild to severe HC deficiencies, these abnormali-
ties were not accompanied by clinical manifestations of cobalamin defi-
ciency (Carmel, 2003). Cobalamin continues its route in the
gastrointestinal track and dissociates from HC under the action of pancre-
atic proteases, followed by its association in the intestine with the intrinsic
factor (also known as the S-binder) which is essential for ileal absorption
of cobalamin (Fig. 19.1B) (Dali-Youcef and Andrès, 2009; Green et al.,
2017). These different processes are involved as we describe below in the
syndrome of food�cobalamin malabsorption.

The syndrome of food�cobalamin malabsorption is a syndrome char-
acterized by the inability of the body to release cobalamin from food or
intestinal transport proteins, particularly in the presence of hypochlorhy-
dria (Carmel, 1995). This syndrome is not a “true” malabsorption of the
cobalamin but a poor digestion of dietary cobalamins (Andrès et al.,
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2003). Authors supporting the existence of this syndrome have employed
a modified Schilling test, which uses animal protein-bound radioactive
cobalamin (e.g., salmon, trout) and revealed malabsorption when the
results of a standard Schilling test were normal (Carmel, 1995; Andrès
et al., 2003; Aimone-Gastin et al., 1997). Some authors have speculated
about the reality and significance of cobalamin deficiency related to
food�cobalamin malabsorption, because many patients displayed mild
clinical or hematological features (Carmel, 1995). However, we recently
described several patients with serious features classically associated
with Biermer’s disease, including polyneuropathy, confusion, dementia,
medullar-combined sclerosis, anemia, and pancytopenia (Andrès et al.,
2005a). Nevertheless, the partial nature of this form of malabsorption may
produce a more slowly progressive depletion of cobalamin than does the
more complete malabsorption engendered by disruption of the intrinsic
factor-mediated absorption. The slower progression of cobalamin deple-
tion probably explains why mild, preclinical deficiency is more frequently
associated with food�cobalamin malabsorption than with Biermer’s dis-
ease (see Table 19.2 for all the clinical manifestations) (Green et al., 2017;
Andrès et al., 2005a). In our experience, it currently accounts for

Table 19.2 Food�cobalamin malabsorption syndrome (Carmel, 1995;
Andrès et al., 2003; Aimone-Gastin et al., 1997).

Criteria for food�cobalamin
malabsorption

Associated conditions or agents

Low serum cobalamin (vitamin B12)
levels

Normal results of Schilling test using
free cyanocobalamin labeled with
cobalt-58 or abnormal results of
derived Schilling testa

No antiintrinsic factor antibodies No
dietary cobalamin deficiency

Gastric disease: atrophic gastritis, type
A atrophic gastritis, gastric disease
associated with Helicobacter pylori
infection, partial gastrectomy,
gastric bypass, vagotomy

Pancreatic insufficiency: alcohol abuse
Gastric or intestinal bacterial

overgrowth: achlorhydria, tropical
sprue, Ogilvie’s syndrome, HIV

Drugs: antacids (H2--receptor
antagonists and proton pump
inhibitors) or biguanides
(metformin)

Alcohol abuse
Sjögren’s syndrome, systemic sclerosis
Aging or idiopathic

aDerived Schilling tests use food-bound cobalamin (e.g., egg yolk, chicken, and fish proteins).
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approximately 60%�70% of cases of mild to severe cobalamin deficiency
in middle-aged adult and in elderly patients (Andrès et al., 2000). The
principal characteristics of this syndrome are listed in Table 19.3 (Andrès
et al., 2003, 2005a). In practice food�cobalamin malabsorption is mainly
caused by atrophic gastritis (Carmel, 2000). Over 40% of patients older
than 80 years have gastric atrophy that might or might not be related to
Helicobacter pylori infection (Cavalcoli et al., 2017). Other factors that con-
tribute to food�cobalamin malabsorption are chronic carriage of H. pylori
(Kaptan et al., 2000); intestinal microbial proliferation, situations in which
cobalamin deficiency can be corrected by antibiotic treatment (Carmel,
1995); long-term ingestion of antiacids such as Histamine 2-receptor
antagonists and proton pump inhibitors, especially among patients with
Zollinger�Ellison syndrome (Jung et al., 2015; Maes et al., 2017;
Termanini et al., 1998; Miller, 2018); and long-term intake of biguanides
(metformin) (Miller, 2018; Andrès et al., 2002; Bauman et al., 2000; Out
et al., 2018; Wong et al., 2018). In addition, other food�cobalamin mal-
absorption inducers include chronic alcoholism, especially in malnourished
patients (Carmel, 1995); surgery or gastric reconstruction (e.g., bypass sur-
gery for obesity) (Carmel, 1995); partial exocrine pancreatic failure
(Carmel, 1995; Guéant et al., 1990); and rarely Sjögren’s syndrome or sys-
temic sclerosis (Andrès et al., 2001a). In this setting, it is to note that
patients can absorb “unbound” cobalamin (free or crystalline cobalamin)
through the intrinsic factor pathway or passive diffusion mechanisms
(Andrès et al., 2005a; Carmel, 1995). The recognition of the syndrome
has contributed to new developments in the field of oral cobalamin ther-
apy (Kuzminski et al., 1998; Andrès et al., 2001b, 2018).

19.5 Cobalamin absorption and its related disorders

Cobalamin absorption depends mainly on intrinsic factor, which is
secreted by the gastric mucosa. Intrinsic factor binds cobalamin forming a
complex that is absorbed by the terminal ileum (Fig. 19.1B) (Dali-Youcef
and Andrès, 2009).

The absence of intrinsic factor leads to severe cobalamin deficiency
(Dali-Youcef and Andrès, 2009; Tanner et al., 2005). This mechanism is
responsible for at least 60% of the absorption of oral cobalamin. In prac-
tice, this mechanism has been previously explored by the Schilling’s test
(currently not available in numerous countries). This complex is located at
the apical side of brush border membranes (BBMs) of polarized epithelia,
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Table 19.3 Main clinical features of cobalamin deficiency (Andrès et al., 2000, 2008; Healton et al., 1991; Miles et al., 2016; Stabler et al., 1990).

Hematological manifestations Neuropsychiatric manifestations Digestive manifestations Other manifestations

Frequent: macrocytosis, neutrophil
hypersegmentation,
aregenerative macrocytary
anemia, and medullar
megaloblastosis (“blue spinal
cord”)

Frequent: polyneuritis (especially
sensitive), ataxia, and
Babinski’s phenomenon

Classic: Hunter’s glossitis,
jaundice, LDH and
bilirubin elevation
(“intramedullary
destruction”)

Frequent: Tiredness, loss of
appetite

Rare: isolated thrombocytopenia
and neutropenia, pancytopenia

Classic: combined sclerosis of the
spinal cord

Debatable: abdominal
pain, dyspepsia, nausea,
vomiting, diarrhea, and
disturbances in
intestinal functioning

Under study: atrophy of the
vaginal mucosa and chronic
vaginal and urinary infections
(especially mycosis),
hypofertility and repeated
miscarriages, venous
thromboembolic disease, and
angina
(hyperhomocysteinemia)

Very rare: hemolytic anemia,
thrombotic microangiopathy
(presence of schistocytes)

Rare: isolated thrombocytopenia
and neutropenia, pancytopenia

Rare: resistant and
recurring
mucocutaneous ulcers

Under study: changes in the
higher functions, dementia,
stroke and atherosclerosis
(hyperhomocysteinemia),
Parkinsonian syndromes,
depression, and multiple
sclerosis



such as the intestinal apical BBM (Green et al., 2017). It consists of the
intrinsic factor�cobalamin receptor named cubilin (CUBN), a 460 kDa
peripheral membrane glycoprotein, encoded by the CUBN gene, which
was mapped to chromosomal region 10p12.33�p13 (Kozyraki et al.,
1998), and the 48 kDa amnionless protein encoded by the amnionless
(AMN) gene, a gene essential for mouse gastrulation (Kalantry et al.,
2001), and localized on human chromosome 14 (Fyfe et al., 2004). The
human megalin/gp330/LRP-2 receptor, encoded by the LRP-2 gene
located on chromosome 2q24�q31 (Korenberg et al., 1994), is a giant
endocytic receptor (600 kDa) of the low-density lipoprotein receptor
(LDLR) family (Saito et al., 1994) that was strongly suggested to play an
important role in the stability of the CUBN/AMN complex (Ahuja et al.,
2008). It is noteworthy that ligands for megalin include apoE, lipoprotein
lipase, lactoferrin, receptor-associated protein (RAP) among other proteins
and that this interaction is Ca21 dependent (Orlando et al., 1997;
Moestrup et al., 1996; Christensen et al., 1992). Importantly, the endo-
plasmic reticulum localized 39 kDa protein RAP, which binds to all
members of the LDLR family but also in a region contiguous to the
cobalamin�intrinsic factor binding region on the CUBN protein (Birn
et al., 1997; Kristiansen et al., 1999), allows the processing of megalin
where it binds to the newly synthesized megalin receptor in the endoplas-
mic reticulum and prevents the early binding of ligands and the aggrega-
tion of megalin receptors (Christensen and Birn, 2002). Intestinal-specific
inactivation of megalin in in vivo animal models would be of particular
interest to establish a precise role of megalin in cobalamin�intrinsic factor
absorption at the intestinal BBM�blood barrier and its potential relation-
ship with hereditary megaloblastic anemia 1 (MGA1), a rare autosomal
recessive disorder affecting human subjects with neurological symptoms
and juvenile megaloblastic anemia (Imerslund, 1960; Gräsbeck, 2006).

The endocytic receptor CUBN comprises a short N-terminal region
followed by eight epidermal growth factor repeats and a large cluster of
27 CUB domains. Deletion mutant and immunoprecipitation experiments
identified the CUB1-8 region as the binding domain for the cobala-
min�intrinsic factor complex and the overlapping CUB13 and 14
domains as the binding region for the RAP protein (Kristiansen et al.,
1999). Mutations in CUBN were reported to cause hereditary MGA1
(Aminoff et al., 1999). Two principal mutations were identified in Finnish
patients (FM), a 3916C-T missense mutation named FM1 changing
a highly conserved proline to leucine (P1297L) in CUB domain 8,
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suggesting that this proline is functionally crucial in CUBN, and one
point mutation (FM2) in the intron interrupting CUB domain 6 responsi-
ble for in-frame insertions producing truncated CUBN. Interestingly nor-
mal size CUBN protein was identified in urine samples from homozygous
FM1 patients, whereas a complete absence of the protein was reported in
a patient homozygous for the FM2 mutation (Aminoff et al., 1999).
Other mutations were also uncovered but were subsequently identified as
polymorphisms after their detection in normal individuals in the general
population. The CUBN P1297L mutation associated with hereditary
MGA1 was reported to cause impaired recognition of the cobalamin�
intrinsic factor complex by CUBN (Kristiansen et al., 2000). Moreover,
mutation in AMN was reported in recessive hereditary MGA1 (Tanner
et al., 2003) and hence was demonstrated to be crucial for a functional
cobalamin�IF receptor (Kalantry et al., 2001). This study demonstrated
that homozygous mutations affecting exons 1�4 of the human AMN
gene translated into selective malabsorption of cobalamin, a phenotype
associated with hereditary MGA1. Another study reported AMN deletion
mutants in dogs with selective intestinal malabsorption of cobalamin
associated with urinary loss of low molecular weight protein reminiscent
of the human Imerslund�Gräsbeck syndrome (IGS, also known as
MGA1). The authors showed that these mutations in the AMN gene
abrogated AMN expression and blocked CUBN processing and targeting
to the apical membrane. The essential AMN�CUBN interaction was
recapitulated and validated in a heterologous cell-transfection model,
hence explaining the molecular basis of intestinal cobalamin malabsorption
syndrome (He et al., 2005). In this setting, homozygous nonsense and
missense mutations in the gene encoding the gastric intrinsic factor GIF
were also reported to cause hereditary juvenile cobalamin deficiency
(Dali-Youcef and Andrès, 2009; Tanner et al., 2005).

In middle-aged adults or in elderly patients cobalamin deficiency is
classically caused by Biermer’s disease, also called Addison’s disease or his-
torically pernicious anemia (Andrès et al., 2004). Biermer’s disease is an
autoimmune disease characterized by the destruction of the gastric
mucosa, especially fundal, associated with a primarily cell-mediated auto-
immune process (Toh et al., 1997). The latter is responsible for the
destruction of gastric parietal cells and the consequent impairment of
intrinsic factor’s secretion to bind the ingested cobalamin. Asymptomatic
autoimmune gastritis, a chronic inflammatory disease of the gastric mucosa,
precedes the onset of corpus atrophy by 10�20 years. The gastritis arises
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from activation of pathologic Th1 CD41 T cells to gastric H1/K1-
ATPase that is normally resident on gastric mucosal secretory membranes.
The onset of autoimmune gastritis is marked by circulating parietal cell
antibody to gastric H1/K1-ATPase. Gastric parietal cells produce two
essential biologics: intrinsic factor and HCl acid. Biermer’s disease is a
consequence of intrinsic factor loss and a neutralizing intrinsic factor anti-
body that impairs cobalamin absorption. Biermer’s disease is characterized
by the presence of various antibodies, for example, antiintrinsic factor
(diagnosis specificity of .90%) and gastric parietal anticell antibodies that
target the H1/K1-ATPase α and ß subunits (Pruthi and Tefferi, 1994; Li
et al., 2018). This disease is also characterized by an abnormal result of the
Schilling’s test, an abnormal result indicating malabsorption, and corrected
at a later stage by the administration of intrinsic factor (currently, this test
is not available) (Pruthi and Tefferi, 1994). In our experience, this disease
accounted for approximately 40%�50% of cases of cobalamin
deficiency according to the population studied (Andrès et al., 2004).
In this setting other autoimmune disorders are commonly associated, such
as thyroid disease (mainly Hashimoto’s disease), Sjögren’s syndrome, type
1 diabetes mellitus, vitiligo, and rarely celiac disease (Pruthi and Tefferi,
1994; Li et al., 2018). Epidemiological data showed that patients with
Biermer’s etiologically linked to autoimmune gastritis are at increased
risk of gastric cancer (relative risk of 6.8) (Pruthi and Tefferi, 1994;
Li et al., 2018).

In addition to Biermer’s disease, there are other causes of “true” mal-
absorption of cobalamins (malabsorption in relation with digestive tract
damages or resections) (Green et al., 2017; Andrès et al., 2004; Markle,
1996). Since the 1980s, these causes have become rarer, owing mainly to
the decreasing frequency of gastric and terminal small intestine surgical
resection (e.g., total gastrectomy for stomach ulcers, which is currently
prevented or treated with antacids) (Andrès et al., 2004; Markle, 1996).
To date several disorders might however be associated with cobalamin
malabsorption. These disorders include exocrine pancreas’ function defi-
ciency following chronic pancreatitis (mainly in relation to alcoholism);
lymphomas or tuberculosis of the intestine (with a specific damage of the
terminal ileum); celiac disease; Crohn’s disease (much rarer with anti-
TNFα treatments); and unfrequently Whipple’s disease (Green et al.,
2017; Andrès et al., 2004; Markle, 1996). At this level, it is also common
to mention bothriocephalosis infections (due to Diphyllobothriose latum), a
disease mainly reported in the Nordic countries (Markle, 1996).
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IGS is a rare autosomal recessive disorder characterized by a selective
cobalamin malabsorption with proteinuria and megaloblastic anemia,
which is responsive to parenteral cobalamin therapy (Gräsbeck, 2006).
The cobalamin deficiency appears in childhood and includes other mani-
festations such as failure to thrive and grow, infections, and neurological
damage. Mild proteinuria (with no signs of kidney disease) is present in
about half of the patients. The syndrome was first described in Finland
and Norway where the prevalence is about 1/200,000. In most cases, the
molecular basis of the selective malabsorption and proteinuria involves a
mutation in one of two genes, CUBN on chromosome 10 or AMN on
chromosome 14 (as seen before) (Gräsbeck, 2006). Both proteins are
components of the intestinal receptor for the cobalamin�intrinsic factor
complex and the receptor mediating the tubular reabsorption of protein
from the primary urine.

19.6 Cobalamin distribution in the tissues and
its related disorders

After cobalamin is absorbed at the BBM�blood barrier, it dissociates from
the intrinsic factor and reaches the systemic circulation where it associates
with transcobalamin II (TC II) (Fig. 19.1B). The kidney represents an
essential organ where body cobalamin stores are maintained and studies
have demonstrated that the kidney regulates plasma cobalamin levels by
maintaining a pool of unbound cobalamin that can be released in case of
cobalamin deficiency (Okuda, 1962a,b; Scott et al., 1984; Birn, 2006).
The tissular cobalamin�TC II complex uptake is achieved through mega-
lin (LRP-2)- and TC II receptor-mediated endocytosis which plays a cru-
cial role in cobalamin homeostasis (Moestrup et al., 1996; Yammani et al.,
2003). It is worth mentioning that TC II is responsible for the cellular
uptake of cobalamin in most tissues and that TC II deficiency is associated
with severe megaloblastic anemia (Fig. 19.1C) (Li et al., 1994; Teplitsky
et al., 2003). Impaired megalin function has not been associated with
cobalamin deficiency so far; however inappropriate megalin signaling has
been shown to cause deleterious effects as a consequence of cobalamin
uptake inhibition in tissues.

Part of the unbound cobalamin serves as a cofactor for methionine
synthase-mediated homocysteine catabolism into methionine and methyl-
tetrahydrofolate reductase (MTHFR)-mediated formation of the vitamin
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B9 biologically active form, tetrahydrofolate, which is then involved in
the synthesis of purines and pyrimidines (Fig. 19.1B) (Green et al., 2017).
The other part of free cobalamin is transferred to the mitochondria where
it is transformed into adenosylcobalamin, an important cofactor in
methylmalonyl-coenzyme A mutase-mediated formation of succinyl-
CoA from methylmalonyl-CoA, the product of odd-chain fatty acid and
some amino acid catabolism (Dali-Youcef and Andrès, 2009; Green
et al., 2017). Hence cobalamin deficiency will cause homocysteine
accumulation, increased methylmalonyl�CoA levels and decreased
MTHFR activity. These changes translate into several abnormalities
including folate deficiency and the subsequent inhibition of the forma-
tion of purines and pyrimidines essential for RNA and DNA synthesis
(Green et al., 2017).

19.7 Particular points of interest for the clinician

These reactions seen above explain the main clinical manifestations of
cobalamin deficiency: megaloblastic anemia and neurocognitive abnormal-
ities seen in adults and elderly patients with cobalamin deficiency, related
or not to cobalamin malabsorption (Andrès et al., 2000, 2008; Healton
et al., 1991; Miles et al., 2016; Stabler et al., 1990). Other clinical mani-
festations are highly polymorphic and of varying severity, ranging from
milder conditions such as fatigue, common sensory neuropathy, atrophic
glossitis (Hunter’s glossitis), and isolated macrocytosis or neutrophil hyper-
segmentation, to severe disorders, including combined sclerosis of the spi-
nal cord, hemolytic anemia, pseudothrombotic microangiopathy, and
even pancytopenia (Andrès et al., 2000, 2008; Healton et al., 1991).
Table 19.2 includes all the clinical manifestations related to cobalamin
deficiency.

The chemical reactions described above also explain the elements of
the definition of cobalamin deficiency (Box 19.1) (Andrès et al., 2000;
Herrmann and Obeid, 2013; Herrmann et al., 2005; Wickramasinghe,
2006; Nexo and Hoffmann-Lücke, 2011). In practice, the latter is charac-
terized by serum cobalamin levels ,150 pmol/L (200 pg/mL)6 serum
total homocysteine levels .13 μmol/L or urinary methylmalonic acid
.0.4 μmol/L. In addition to this definition, holotranscobalamin (referred
to as active vitamin B12) also seems to be a promising marker for cobala-
min deficiency (Nexo and Hoffmann-Lücke, 2011).
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As seen above, the disappearance of the Schilling’s test and the rec-
ognition of food�cobalamin malabsorption have changed the approach
to the etiological diagnosis of cobalamin deficiency (Andrès et al., 2004).
Thus the etiological diagnosis of cobalamin malabsorption has become
above all a diagnosis of exclusion: exclusion of malnutrition (with all
the difficulties of dietary surveys) and exclusion of Biermer’s disease
(with gastroscopy results and antibody research). In this context, it is
mainly the patient’s history and anamnesis that make it possible to evoke
this diagnosis of cobalamin malabsorption. Box 19.2 includes all the
conditions responsible for the malabsorption of dietary cobalamins
(Green et al., 2017; Andrès et al., 2004; Herrmann and Obeid, 2012;
Holt, 2007).

The recognition of the food�cobalamin malabsorption and the obser-
vation that about 1%�5% of free cobalamin (crystalline) is absorbed along
the entire intestine by passive diffusion has led to the development of new
routes of cobalamin delivery, such as oral and nasal (Kuzminski et al.,
1998; Andrès et al., 2001b; van Asselt et al., 1998). Several recent studies
and reviews have documented the efficacy of oral cobalamin (cyanocobal-
amin) therapy (Andrès et al., 2001b; Wang et al., 2018). In this setting,
we have documented the usefulness of oral cobalamin in food�cobalamin
malabsorption and even in Biermer’s disease (Andrès et al., 2001b,
2005b).

BOX 19.1 Definitions of cobalamin (vitamin B12) deficiency
(Andrès et al., 2000; Herrmann and Obeid, 2013;
Herrmann et al., 2005; Wickramasinghe, 2006;
Nexo and Hoffmann-Lücke, 2011)
� Serum cobalamin levels ,150 pmol/L and clinical features and/or

hematological anomalies related to cobalamin deficiency.
� Serum cobalamin levels ,150 pmol/L (,200 pg/mL) on two separate

occasions.
� Serum cobalamin levels ,150 pmol/L and total serum homocysteine

levels .13 mmol/L or methylmalonic acid levels .0.4 mmol/L (in the
absence of kidney failure or atheroma and of methylene tetra hydro
folate reductase (MTHFR) deficiency and in the absence of folate and
vitamin B6 deficiencies).

� Low serum holotranscobalamin levels ,35 pmol/L.
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19.8 Conclusion

In this chapter we have reviewed different aspects of the cobalamin
metabolism with a focus on cobalamin absorption and malabsorption. As
described above, the main mechanisms implicated in this absorption have
been clinically characterized and the main actors on the molecular level
have been identified. Nevertheless, other actors and/or cofactors of this
cobalamin malabsorption may be currently still uncovered, including
mutations in genes encoding important proteins of the cobalamin meta-
bolic pathway. Moreover, many clinically diagnosed cobalamin deficien-
cies remain unexplained and molecular tools aimed at targeting genes
involved in cobalamin absorption and cellular uptake signaling pathways
will pave the way for new therapeutic approaches to efficiently treat all
cobalamin deficiency.

BOX 19.2 Conditions responsible for malabsorption of dietary
cobalamins (vitamin B12) (Green et al., 2017; Andrès et al.,
2004; Herrmann and Obeid, 2012; Holt, 2007)
� Biermer’s disease (pernicious anemia).
� Food�cobalamin malabsorption: atrophic gastritis, gastric disease associ-

ated with Helicobacter pylori infection, partial gastrectomy, gastric bypass,
vagotomy; exocrine pancreas’ function deficiency following chronic pan-
creatitis (mainly in relation with alcoholism); gastric or intestinal bacterial
overgrowth (achlorhydria, tropical sprue, Ogilvie’s syndrome, HIV); anta-
cids (Histamine 2 receptor antagonists and proton pump inhibitors);
biguanides (metformin); alcohol abuse; and systemic autoimmune dis-
eases (Sjögren’s syndrome, systemic sclerosis).

� Cobalamin malabsorption related to digestive tract damages: gastrec-
tomy or intestinal resection; lymphomas or tuberculosis of the intestine
(with a specific damage of the terminal ileum); celiac disease; Crohn’s
disease; Whipple’s disease and Diphyllobothriose latum infection.

� Defects in the cobalamin metabolic pathway, in the step of cobalamin
absorption: alterations of the genes and/or proteins (quantitative or qual-
itative) of the GIF and gastric intrinsic factor, CUBN/AMN and cubilin and
amnionless (hereditary megaloblastic anemia 1, juvenile megaloblastic
anemia, Imerslund�Gräsbeck syndrome).

381Cobalamin (vitamin B12) malabsorption



Acknowledgments
We are indebted to Professor Marc Imler and Jean-Louis Schlienger who initiated our
work on cobalamin in humans. The research on cobalamin deficiency was supported by a
grant of the Fondation de France (Prix Robert et Jacqueline Zittoun 2004).

Take Home Messages
• Cobalamin (vitamin B12) deficiency is particularly common whatever the

age of the patient, but may be unrecognized because of its subtle clinical
manifestations, although they can be potentially serious, particularly from
a neuropsychiatric and hematological perspective.

• Cobalamin metabolism is complex and requires many processes and steps,
any one of which, if not present, may lead to cobalamin deficiency.

• In the setting of cobalamin malabsorption, the two main diseases are
Biermer’s disease and the syndrome of food�cobalamin malabsorption.

• Biermer’s disease is an autoimmune disease characterized by the destruc-
tion of the gastric mucosa, especially fundal, associated with a primarily
cell-mediated autoimmune process.

• The food�cobalamin malabsorption, which has only recently been well-
identified, is a disorder characterized by the inability to release cobalamin
from food or its binding proteins. This syndrome is usually caused by atro-
phic gastritis, related or unrelated to H. pylori infection, and long-term
ingestion of antacids and biguanides.

• At present, cobalamin deficiencies related to gastric or intestinal resection
or damages have become rare.

• Besides these disorders, mutations in genes encoding endocytic receptors
involved in the ileal absorption and cellular uptake of cobalamin (CUBN,
AMN, and TC II) have been recently uncovered and explain, at least in
part, the hereditary component of megaloblastic anemia and of
Imerslund�Gräsbeck.
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γ-Tocotrienol reversal of
the Warburg effect in breast
cancer cells is associated with
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activation
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Summary points

• This chapter focuses on the antibreast cancer mechanism of action
of γ-tocotrienol, a rare natural form of vitamin E.

• One of the characteristic features of cancer cell metabolism is aerobic
glycolysis, also known as the “Warburg effect.”

• The adenosine triphosphate produced during glycolysis is used to meet
the energy demands, while metabolite intermediates of glycolysis
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provide for biomass end products, all of which are required for sustained
and rapid cell proliferation.

• 50-AMP-activated kinase (AMPK) is an enzyme that acts as a meta-
bolic sensor in cells and helps maintain energy balance, and AMPK
appears to provide protective benefits against a variety of metabolic
disorders, particularly cancer.

• γ-Tocotrienols’ inhibition of human breast cancer cell proliferation is
associated with a significant reduction in glucose consumption and
intracellular expression of glycolytic enzymes.

• Furthermore, γ-tocotrienol treatment significantly decreased the levels
of phosphorylated (activated) Akt and FoxO3 levels, and induced a
corresponding increase in phosphorylated (activated) AMPK levels in
these cells.

• Since activated Akt and FoxO3 promote aerobic glycolysis and AMPK
blocks this effect, these findings indicate that γ-tocotrienol-induced
reversal of the Warburg effect in breast cancer cells is directly associ-
ated with an increase in AMPK activation.

• These findings suggest that γ-tocotrienol may provide significant
benefits in the treatment of highly malignant cancers that characteristi-
cally metabolize glucose by aerobic glycolysis.

Definitions of words and terms

Vitamin E: Vitamin E represents a family of eight naturally occurring
compounds that are structurally very similar. All forms of vitamin E have
a chemical structure that consists of a chromanol ring structure with a
phytyl tail attached at the 8 position. The vitamin E family is further
divided into two subgroups called tocopherols and tocotrienols.

Tocotrienols: Tocotrienols, along with tocopherols, are a subgroup
within the vitamin E family of compounds. Although very similar in
chemical structure, tocotrienols differ from tocopherols in that they
contain an unsaturated isoprenoid tail, whereas tocopherols contain a
saturated phytyl tail. The various isoforms of tocotrienols and tocopherols
(α, β, γ, and δ) differ from one another based on their methylation pat-
terns on the chromanol ring.

Adenosine triphosphate (ATP): ATP is a phosphorylate molecule that
supplies energy for biochemical processes within living cells.

Glycolysis: Glycolysis is an oxygen-independent metabolic process that
converts glucose into pyruvate and free energy (ATP).
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Oxidative phosphorylation: Oxidative phosphorylation is an oxygen-
dependent metabolic pathway that converts various nutrients to produce
large amounts of free energy (ATP).

Anaerobic glycolysis: Anaerobic glycolysis is a metabolic process that
occurs when adequate oxygen is not available for oxidative phosphoryla-
tion, so that energy is produced by the conversion of glucose to lactate. It
is a far less efficient process for producing ATP than oxidative
phosphorylation.

Warburg effect: The Warburg effect, also called aerobic glycolysis, is a
metabolic process by which cancer cells produce cellular energy by
metabolizing glucose to lactate, even in the presence of adequate oxygen.
Although the Warburg effect is an inefficient means to generate ATP, it
provides macromolecular precursors that are necessary for cancer cells to
maintain their rapid rate of growth and proliferation.

50-AMP activate protein kinase (AMPK): AMPK is a serine/threonine/
kinase that acts as a metabolic sensor in cells. During conditions of meta-
bolic stress, AMPK becomes activated and subsequently acts to shut down
energy-consuming pathways and turn on energy-producing pathways. It
also functions to shift cellular metabolism from using glucose to using
lipids as a primary source of cellular energy.

20.1 γ-Tocotrienol and cancer

Vitamin E is the general term to describe a family of eight naturally
occurring compounds, that is further divided into two subgroups called
tocopherols and tocotrienols. Tocotrienols are relatively rare and only
found in limited sources such as palm, rice bran, and annatto bean oil
(Ong, 1993). All vitamin E isoforms consist of a chromanol ring structure
with a long tail attached at the 2 position. However, tocopherols have a
saturated phytyl, whereas tocotrienols have an unsaturated isoprenoid tail.
Fig. 20.1 shows how the various isoforms of tocotrienol differ in their
methylation patterns at the 5, 7, and 8 positions of the chromanol ring to
form alpha (α)-, beta (β)-, gamma (γ)-, and delta (δ)-isomers (Behery
et al., 2010; Elnagar et al., 2010). Initial experiments characterized the
differential antiproliferative and apoptotic effects of individual tocopherols
and tocotrienols, and determined that tocotrienols were significantly more
potent in suppressing cancer cell growth and inducing programmed cell
death than tocopherols (McIntyre et al., 2000a,b).
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The anticancer effects of tocotrienols were initially discovered while
investigating high dietary fat intake on mammary tumorigenesis in labora-
tory animals. Results showed that high dietary intake of palm oil inhibited
carcinogen-induced mammary carcinogenesis in rats (Sylvester, 1986),
while palm oil diets stripped of tocotrienols had no protective effect
(Nesaretnam et al., 1992). The relative anticancer potency of the different
vitamin isoforms was characterized as δ-tocotrienol$ γ-tocotrienol.α-
tocotrienol.. .α-tocopherol (McIntyre et al., 2000a,b). Experimental
evidence also showed that tocotrienols are preferentially and selectively
taken up into mammary tumor cells as compared to tocopherols
(McIntyre et al., 2000a,b).

Many of the early in vitro studies characterizing the anticancer effects
of tocotrienols were conducted used serum-free defined media containing
endothelial growth factor (EGF) as a mitogen (Sylvester and Shah, 2005).
Since tocotrienols were found to inhibit EGF-dependent mitogenesis in
normal and neoplastic mammary epithelial cells, it was hypothesized that
tocotrienol may act to inhibit EGF-dependent EGF-receptor activation
and/or signal transduction (Sylvester et al., 2001). Numerous downstream
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Figure 20.1 Chemical structure of tocopherols and tocotrienols. Vitamin E is the
general term to describe a family of eight naturally occurring compounds that is
further divided into two subgroups called tocopherols and tocotrienols. All vitamin
E isoforms consist of a chromanol ring structure with a long tail attached at the
2 position. However, tocopherols have a saturated phytyl, whereas tocotrienols
have an unsaturated isoprenoid tail. The various isoforms of tocotrienol differ in
their methylation patterns at the 5, 7, and 8 positions of the chromanol ring to form
α-, β-, γ-, δ-isomers.
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signaling cascades can be initiated following ligand-induced ErbB/HER
receptor activation, including the mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase (PI3K)/Akt, and protein kinase
C (PKC) pathways (Sylvester et al., 2001). Studies showed that EGF-
dependent proliferation in mammary epithelial cells is associated with a
large increase in PKCα activity (Birkenfeld et al., 1996a). Tocotrienols
have been shown to inhibit PKC activation and the antiproliferative
effects of tocotrienols in mammary epithelial cells was associated with a
suppression in PKCα activation and translocation to the plasma mem-
brane (Birkenfeld et al., 1996b). Other studies showed that tocotrienols’
inhibition of EGF-dependent proliferation of preneoplastic CL-S1 mouse
mammary epithelial cells resulted from an inhibition of G-protein-
mediated activation of adenylyl cyclase and cAMP production (Sylvester
et al., 2002).

The inhibitory effects of tocotrienols on PI3K/Akt and NFκB signal-
ing were first demonstrated by Shah et al. (2003). Results showed that
tocotrienol treatment induced a dose- and time-dependent inhibition of
EGF-dependent Akt phosphorylation (activation) in mammary tumor
cells, and these effects were not found to be associated with an increase
in either phosphatase and tensin homolog (PTEN) or protein phospha-
tase 2A (PP2A) phosphatase activity (Shah et al., 2003). Tocotrienol
treatment was also shown to decrease NFκB transcriptional activity,
apparently by suppressing the activation of IKK-α/β, an enzyme associ-
ated with inducing NFκB activation (Shah and Sylvester, 2005).
Although, tocotrienol treatment was found to inhibit EGF-dependent
activation of several mitogenic pathways, there was no evidence that
tocotrienols directly targeted these signaling molecules (Shah and
Sylvester, 2005). Therefore it was hypothesized that tocotrienols must
be acting upstream of these pathways to attenuate ErbB/HER receptor
activation and mitogenic signaling.

Cell proliferation is a complex process that involves cell cycle
progression. This progression is an ordered chain of events that involves
the preparation for DNA replication called the Gap 1 phase (G1),
followed by DNA synthesis called the S phase (S), followed by the
preparation for cell division called the Gap 2 phase (G) phase, and finally
cell division, mitosis (M). Entry into each phase is highly regulated
by cyclins and cyclin-dependent kinases (CDKs) that specifically act as
regulatory binding proteins. Activation of the cyclin/CDK complex
leads to the phosphorylation and inactivation of various inhibitors of cell
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cycle progression including retinoblastoma protein (Rb), such as p15,
p27, and p21. Studies have shown that γ-tocotrienol significantly
reduced cyclin D1, cyclin-dependent kinases CDK4, CDK2, and CDK6
levels between 4 and 24 hours after EGF exposure in mammary cancer
cells (Samant et al., 2010). Tocotrienol treatment was also found to
significantly increase CDK inhibitor (CKI) p27 prior to and after EGF
exposure (Samant et al., 2010). Further, tocotrienol treatment also
induced a significant reduction in retinoblastoma (Rb) protein phosphor-
ylation at ser780 and ser807/811 and demonstrated that the antiprolifera-
tive effects of γ-tocotrienol are partly mediated by the blockade of cell
cycle progression (Samant et al., 2010).

Lipid raft microdomains within the plasma membrane are enriched
with sphingolipids and cholesterol, and are very stable and rigid structures
as compared to the surrounding more fluid plasma membrane
(Chamberlain, 2004; Pike, 2003). A ligand binding to its receptor results
in the translocation and dimerization of the receptor within the lipid raft
microdomain. Following dimerization, the cytoplasmic domain of the
receptor undergoes tyrosine phosphorylation (Park and Han, 2009; Pike,
2005, 2009). These tyrosine autophosphorylation sites are required for
the interaction and activation of the downstream substrates involved in
mediating intracellular second messenger signal transduction. Studies have
shown that γ-tocotrienol treatment caused a disruption in lipid raft
microdomain integrity in cancer cells, which subsequently resulted in a
disruption in receptor tyrosine kinase dimerization, activation, and signal-
ing, and at least partially explains the wide range of inhibitory effects
tocotrienols display on numerous signal transduction pathways (Alawin
et al., 2017; Alawin et al., 2016).

20.1.1 Key facts of vitamin E
• The term “vitamin E” represents a family of eight naturally occurring

compounds.
• The vitamin E family is further divided into two subgroups called

tocopherols and tocotrienols.
• While tocopherol are very abundant and are abundantly found in

most dietary fats and oils, tocotrienols are rare and found in limited
sources, particularly palm oil.

• All isoforms of vitamin E contain a cyclic ring structure with a long
tail attached at the 2 position.
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• The major difference between the two subgroups of vitamin E is that
tocopherols have a saturated phytyl tail, whereas tocotrienols have an
unsaturated isoprenoid tail.

• Different isoforms within each vitamin E subgroup differ in the meth-
ylation patterns on their ring structure.

• While tocopherols display little or no anticancer activity, tocotrienols
display potent anticancer effects against a wide range of tumor cell
types.

• The anticancer activity of tocotrienols is mediated by its action to
inhibit specific growth-promoting signaling pathways that are overac-
tive or unregulated in cancer cells.

20.2 Cancer metabolism and aerobic glycolysis

Most nonproliferating differentiated cells depend on the efficiency of
ATP production through oxidative phosphorylation to maintain
metabolic homeostasis. As a result, such cells metabolize glucose to
pyruvate through glycolysis, and then completely oxidize pyruvate to
CO2 through the oxidative phosphorylation in the mitochondria, where
oxygen is the final acceptor in an electron transport chain that generates
ATP (Ward and Thompson, 2012). It is only under anaerobic conditions
that nonproliferating differentiated cells convert pyruvate to lactate. In
contrast, most cancer cells produce large amounts of lactate regardless of
the availability of oxygen and this form of metabolism is referred to as
aerobic glycolysis or the “Warburg effect” (DeBerardinis et al., 2008;
Vander Heiden et al., 2009). In mammalian cells, glucose and glutamate
are the primary fuels that are catabolized to maintain cellular functions,
and are also the primary source of carbon, nitrogen, free energy, and the
reducing equivalents necessary to support cell growth and division
(Vander Heiden et al., 2009). If cancer cells catabolize all of the glucose
to carbon dioxide through oxidative phosphorylation in mitochondria in
order to maximize ATP production, these cells will not produce
sufficient macromolecular precursors such as acetyl-CoA for fatty acids,
glycolytic intermediates for nonessential amino acids for protein, and
ribose for nucleotides synthesis (Vander Heiden et al., 2009). However,
the requirement for macromolecule precursors is easily obtained in can-
cer cells through aerobic glycolysis, which occurs even in the presence
of adequate oxygen (DeBerardinis et al., 2008; Vander Heiden et al.,
2009). Cancer cells can also change their metabolism in response to
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growth factor signaling (Ward and Thompson, 2012). In contrast to the
catabolic metabolism that is observed in normal cells, aerobic glycolysis is
fundamental to cell growth and proliferation, and occurs independently
of ATP demand (Ward and Thompson, 2012; Vander Heiden et al.,
2009). These findings are further evidenced by studies that showed
glioblastoma cells in culture convert as much as 90% of the glucose and
60% of the glutamine they acquire into lactate or alanine when measured
by 13C-nuclear magnetic resonance spectroscopy (DeBerardinis et al.,
2008).

Activation of the PI3K/Akt pathway is one of the common events in
human cancers. The activation of the PI3K/Akt pathway leads to
increased glucose uptake and glycolysis by enhancing the membrane
localization of glucose transporters, activating hexokinase-II, and activat-
ing phosphofructokinase to commit glucose to glycolytic metabolism
(Ward and Thompson, 2012; Vander Heiden et al., 2009; Elstrom et al.,
2004). In normal nonproliferating cells, fatty acid synthesis occurs at low
rates as lipids are obtained through the circulation, whereas in proliferat-
ing cancer cells the majority of fatty acids are derived from de novo
synthesis, despite a sufficient supply of extracellular lipids (Hatzivassiliou
et al., 2005). A key enzyme linking glucose metabolism to lipid synthesis
is ATP citrate lyase (ACL), which catalyzes the conversion of citrate to
cytosolic acetyl-CoA (Hatzivassiliou et al., 2005). Furthermore, Akt
promotes the shunting of mitochondrial citrate from the tricarboxylic
acid cycle to acetyl-CoA production by phosphorylating and activating
ACL. Since citrate is a negative allosteric regulator of glycolysis, the
breakdown of cytosolic citrate by ACL is a critical step in PI3K/
Akt-induced reprogramming of a cancer cell’s metabolism (Ward and
Thompson, 2012). Studies have shown that gene silencing or pharmaco-
logical inhibition of ACL limits in vitro proliferation and in vivo tumor
growth of tumor cells, resulting from a suppression of aerobic glycolysis
(Hatzivassiliou et al., 2005). Furthermore, the activation of PI3K/Akt
results in the activation of mTOR, and mTOR promotes protein
synthesis by increasing the translation of transcription factors c-Myc and
hypoxia-inducible factor α (HIF-1α) (Cantor and Sabatini, 2012).
HIF-1α facilitates aerobic glycolysis by inducing the expression of
pyruvate dehydrogenase kinase 1 which inhibits the activity of pyruvate
dehydrogenase (Cantor and Sabatini, 2012). The inhibition of pyruvate
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dehydrogenase prevents the entry of pyruvate into the mitochondria and
thereby facilitates the conversion of pyruvate into lactate (Cantor and
Sabatini, 2012). The increased expression of c-Myc stimulates lactate
dehydrogenase A (LDHA) activity, which catalyzes the conversion of
pyruvate to lactate (Dang et al., 2009). Fig. 20.2 summarizes the role of
various mediators in regulating metabolism in cancer cells.

Cancer cells preferentially produce isoforms of metabolic enzymes that
support metabolic diversions during tumorigenesis (Ward and Thompson,
2012). Studies have shown that cancer cells preferentially express pyruvate
kinase M2 (PKM2), an embryonic form of pyruvate kinase over the adult
form pyruvate kinase M1 (Christofk et al., 2008). It is interesting that
PKM2 has lower enzymatic activity than PKM1 and unlike PKM1,
PKM2 can be inhibited by tyrosine kinase signaling (Vander Heiden
et al., 2009; Christofk et al., 2008). It is hypothesized that the expression
of spliced variant PKM2 is elevated in proliferating cancer cells and acts to
facilitate aerobic glycolysis (Ward and Thompson, 2012). Since PKM2 has
decreased enzymatic activity as compared to PKM1, there is a slower
conversion of phosphoenol pyruvate to pyruvate in cancer cells, and this
leads to the accumulation of upstream glycolytic intermediates. These
metabolites are diverted into various anabolic pathways, such as pyrimi-
dine, serine/glycine, and glycerol biosynthesis pathways, eventually result-
ing in altered cancer cell metabolism (Ward and Thompson, 2012).

Studies were conducted to determine the effects of γ-tocotrienol on
oncogenic c-Myc activity and degradation in human Michigan Cancer
Foundation-7 (MCF-7) breast cancer cells. Treatment with 0�8 μM
γ-tocotrienol resulted in a dose-responsive inhibition of MCF-7 cancer
cell growth, and these effects were associated with a decrease in total
c-Myc, phosphorylated-S62-c-Myc, and a corresponding increase in
p-T58-c-Myc (Parajuli et al., 2015a). γ-Tocotrienol treatment also caused
a decrease in PI3K, phosphorylated (activated) Akt, phosphorylated
(inactive) GSK-3β, phosphorylated (activated) mTOR, and phosphory-
lated (activated) Erk 1/2 levels, but had no effect on MYC mRNA levels
in these cells (Parajuli et al., 2015a). Furthermore, these antiproliferative
effects were also associated with a decrease in cyclin D1 and cyclin-
dependent kinase 4 (CDK4), and a corresponding increase in p27 (Parajuli
et al., 2015a). Additional studies showed that similar treatment with
γ-tocotrienol resulted in an increase in FBW7 levels, an E3 ligase that
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Figure 20.2 Various mediators involved in regulating metabolism in cancer cells. A primary source of energy adenosine triphosphate (ATP) in all cells is
produced from the metabolism of glucose. During glycolysis glucose is converted to pyruvate through a series of enzymatic reactions, which result in the
production of relatively low amounts of ATP. Pyruvate then enters the mitochondria and through the process of oxidative phosphorylation mediated by
enzymes in the tricarboxylic acid cycle (TCA cycle), nutrients are efficiently metabolized to produce high levels of ATP. However, in cancer cells, oncogenic
growth factors stimulate glycolytic enzyme activity and inhibit oxidative phosphorylation resulting in aerobic glycolysis or the Warburg effect. The activa-
tion of AMPK inhibits the expression and activity of glycolytic enzymes and ultimately suppresses the Warburg effect in cancer cells. Adapted from Vander
Heiden, M.G., Cantley, L.C., Thompson, C.B., 2009. Understanding the Warburg effect: the metabolic requirements of cell proliferation. Science 324, 1029�1033.



initiates ubiquitination of c-Myc, but had no effect on PP2A and Pin 1
propyl isomerase levels in these tumor cells (Parajuli et al., 2015a).
γ-Tocotrienol-induced c-Myc degradation was also found to be associated
with GSK-3β activation and proteasomal function.

Furthermore, cancer cells display increased glucose consumption and
a corresponding increase in lactate production even in the presence of
oxygen compared to the normal cells, a hallmark of the Warburg effect
or aerobic glycolysis (Parajuli et al., 2015b). Aerobic glycolysis is regu-
lated by the activation of the PI3K/Akt/mTOR pathway and oncogenic
transcription factors, such as c-Myc and the HIF-1α. Studies conducted
to determine the effects of γ-tocotrienol on aerobic glycolysis in human
MCF-7 breast cancer cells showed that treatment with 0�10 μM
γ-tocotrienol resulted in a dose-responsive inhibition of MCF-7 cell
growth (Parajuli et al., 2015b). This treatment was also found to result in
a relatively large reduction in glucose utilization and a corresponding
decrease in intracellular ATP production and extracellular lactate excre-
tion by MCF-7 mammary tumor cells (Parajuli et al., 2015b). Fig. 20.3
shows Western blot analysis of γ-tocotrienol anticancer effects showing
that these effects are also associated with a large decrease in the expres-
sion of intracellular enzymes involved in regulating aerobic glycolysis,
including hexokinase-II, phosphofructokinase, pyruvate kinase M2, and
LDHA, in MCF-7 human breast cancer cells (Parajuli et al., 2015b). In
addition, these γ-tocotrienol-induced effects were associated with a
corresponding reduction in signaling proteins associated with the
regulation of aerobic glycolysis, particularly phosphorylated (active) Akt,
phosphorylated (active) mTOR, and c-Myc, but had no effect on the
protein expression of HIF-1α or glucose transporter-1 (GLUT-1)
(Parajuli et al., 2015b). Taken together, these findings demonstrate that
the antiproliferative effects of γ-tocotrienol are associated with a
reduction in oncogenic c-Myc (S62) levels, PI3K/Akt/mTOR and
RAS/MEK/MAPK mitogenic signaling, and a corresponding increase
in GSK-3β-dependent ubiquitination and degradation of c-Myc.
These findings also demonstrate that the antiproliferative effects of
γ-tocotrienol are also associated with concurrent inhibition of aerobic
glycolysis and PI3K/Akt/mTOR and c-Myc signaling (Parajuli et al.,
2015b), and suggest that γ-tocotrienol treatment might be beneficial in
breast cancer with aberrant c-Myc signaling and altered metabolic
changes.
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20.2.1 Key facts of cancer metabolism and the Warburg
effect
• During aerobic conditions, normal cells metabolize glucose to pyruvate

through glycolysis and then completely oxidize pyruvate to CO2

through oxidative phosphorylation to generate large amounts of ATP.
• However, during anaerobic conditions, glucose is converted to

pyruvate and then pyruvate is converted to lactate, and as such very
little ATP is produced as compared to aerobic metabolism.

HK-II

PKM2

PFK

LDHA

MCF-7

p-Akt

PI3K

α-Tubulin

Akt

p-mTOR

c-Myc

0             4            6             8
γ -Tocotrienol (μM)

Figure 20.3 Western blot analysis of γ-tocotrienol effects on the relative protein
levels of key aerobic glycolytic proteins, glucose and lactate transporters, and PI3K,
Akt, mTOR, c-Myc, and HIF-1α in human MCF-7 breast cancer cells. Treatment with
γ-tocotrienol resulted in a dose-responsive reduction in glycolytic enzyme expression
including hexokinase-II (HK-II), phosphofructokinase (PFK), pyruvate kinase M2
(PKM2), and lactate dehydrogenase A (LDHA). γ-Tocotrienol treatment was also
associated with a corresponding reduction in the levels of phosphorylated (active)
Akt, phosphorylated (active) mTOR, and c-Myc. These findings demonstrate that
γ-tocotrienol treatment inhibits Akt/mTOR signaling, c-Myc expression, and aerobic
glycolysis. Adapted from Parajuli, P., Tiwari, R.V., Sylvester, P.W., 2015a. Antiproliferative
effects of γ-tocotrienol are associated with a suppression in c-Myc expression in
mammary tumor cells. Cell Prolif. 48(11), 421�432 and Parajuli, P., Tiwari, R.V., Sylvester,
P.W., 2015b. Anticancer effects of gamma-tocotrienol are associated with a suppression
in aerobic glycolysis. Biol. Pharm. Bull. 38, 1352�1360.
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• In contrast, most cancer cells produce large amounts of lactate regard-
less of the availability of oxygen and this form of metabolism is
referred to as aerobic glycolysis or the “Warburg effect.”

• Aerobic glycolysis is less efficient for producing ATP, but it also pro-
duces large amounts of macromolecules that are necessary for cancer
cell growth and survival.

• As such, cancer cells characteristically have a high expression of
numerous enzymes that are involved in mediating aerobic glycolysis.

20.3 50-AMP-activated protein kinase structure and
function

AMPK is a serine/threonine kinase enzyme that acts as a metabolic sensor
in mammalian cells. It is a heterotrimeric enzyme that is made up of α, β,
and γ subunits. The α and β subunits have two isoforms each (α1, α2;
β1, β2), while the γ subunit has three isoforms (γ1, γ2, γ3) (Hardie, 2003;
Steinberg and Kemp, 2009). The α subunit has serine and threonine
kinase domains and is responsible for the catalytic activity of AMPK. The
β subunit has binding sites for glycogen, although its function remains
unclear. However, the β subunit does bind to both α and γ subunits and
may function as a linker subunit. The γ subunit has two Bateman
domains, which have binding sites for AMP and ATP. Binding to AMP
causes allosteric activation of the enzyme, while binding to ATP inhibits
its activity (Hardie, 2003; Steinberg and Kemp, 2009). Therefore the γ
subunit functions as a regulatory subunit of the enzyme.

The activation of AMPK involves a multistep process that is
initiated by a perceived energy imbalance in the cell. The ratio of the
phosphate-rich molecule AMP versus ATP acts as a cellular indicator for
the regulation of energy balance by AMPK. When energy consumption
exceeds the energy production in the cells, AMP accumulates in the cell.
The γ subunit binds the excess AMP molecules and the AMPK enzyme
undergoes conformational changes that allow the α subunit to be phos-
phorylated by an upstream kinase on threonine residue 172 (Thr-172).
This allosteric activation by AMP and phosphorylation by an upstream
kinase are essential for complete activation of the AMPK enzyme
(Hardie, 2003). There are three reported upstream activating kinases for
AMPK. These are calmodulin-dependent kinase-β (CAMKK-β), liver
kinase B1 (LKB1), and transforming growth factor β-activated kinase
(TAK1) (Woods et al., 2003; Hawley et al., 2003). CAMKK-β is

399γ-Tocotrienol reversal of the Warburg effect in breast cancer cells



reported to activate AMPK in neurons and T-cells, whereas LKB1 is
widely distributed in many tissues and acts as the primary activator for
AMPK. The exact role of TAK1-dependent AMPK activation is not
clearly understood (Hawley et al., 2003). In addition, it has been
reported that protein phosphatase-2Cα (PP-2Cα) acts as a phosphatase
that inactivates AMPK. Various xenobiotics like metformin, AICAR,
and tocotrienols are also known to activate AMPK (Kim et al., 2016).
While metformin activation of AMPK is LKB1-dependent, AICAR acts
as an AMP mimetic and promotes the allosteric activation of AMPK.
The role of xenobiotics in modulating AMPK activity is shown in
Fig. 20.4.

Following activation, AMPK acts as a metabolic regulator that shuts
down energy-consuming pathways and turns on energy-producing
pathways, thereby switching the cell’s metabolism from a catabolic to an
anabolic state. Since AMPK activation is sensitive to cellular levels of
AMP, it acts as a metabolic switch in regulating cellular energy homeosta-
sis and plays an important role in modulating various cellular processes,
such as lipid metabolism, glucose homeostasis, and mitochondrial biogen-
esis (Steinberg and Kemp, 2009).

Xenobiotics that activate AMPK
Metformin, AICAR,

tocotrienols, resveratrol, and
berberine

Activators of AMPK
CAMKK-β, LKB1, and TAK1

Inhibitors of AMPK
Glucose, insulin, leptin (brain),

and fatty acids

Protein phosphatase
(PP-2C)

AMP/ATP ratio

Thr-172
P

AMP
AMP

γγ

ββ

αα

Xenobiotics that inhibit AMPK
Compound C

Figure 20.4 Role of xenobiotics in modulating AMPK activity. Binding of AMP to the
γ subunit and the phosphorylation of Thr-172 are essential for activation of AMPK.
Various agents and drugs can function as activators (or inhibitors) of AMPK. Similarly,
various physiological conditions can also induce a change in hormone levels and the
expression of cellular enzymes, which then act to modulate AMPK activity. Protein
phosphatases such as PP-2C also play a role in modulating AMPK activity.
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The role of AMPK activation on lipid metabolism is also well estab-
lished. Activated AMPK is a known inhibitor of acetyl-CoA carboxylase
(ACC). Activated ACC converts acetyl-CoA to malonyl CoA, which is
an early step in fatty acid synthesis (Steinberg and Kemp, 2009).
Phosphorylation of ACC by AMPK reduces the formation of malonyl
CoA, which also acts as an allosteric inhibitor of fatty acid oxidation in
the mitochondria. In addition, AMPK also inhibits the action of fatty acid
synthase, which is critical for the synthesis of palmitate (Steinberg and
Kemp, 2009). It has also been reported that AMPK inhibits the activity of
hydroxy-methyl-3-glutaryl-coA (HMG-CoA) and reduces the synthesis
of cholesterol through its regulation of ACC and HMG-CoA (Steinberg
and Kemp, 2009). In addition, AMPK has been shown to promote lipoly-
sis in adipose tissue. Therefore the activation of AMPK promotes energy
production through lipid breakdown while simultaneously preventing
processes that promote lipid synthesis (Steinberg and Kemp, 2009).

AMPK also plays an important role in regulating glucose homeostasis
during conditions of metabolic stress. Glucose homeostasis is the balance
between glucose consumption and the production of glucose equivalents
by glycogenolysis and gluconeogenesis in the muscle and liver. In skeletal
muscle, AMPK is activated during exercise and acts to stimulate glucose
uptake through increased activity of glucose transporters like GLUT4
(Derave et al., 2000). Similarly, the liver increases circulating glucose
levels by stimulating the breakdown of glycogen by glycogenolysis, and
by generating glucose equivalents by the breakdown of noncarbohydrate
sources by gluconeogenesis (Derave et al., 2000). AMPK has been
reported to inhibit gluconeogenesis in the liver by suppressing the activity
of gluconeogenesis enzymes such as phosphoenol pyruvate carboxy kinase
and glucose-6-phosphatase (Lee et al., 2010). Mice lacking liver LKB1
show little or no AMPK activity and characteristically display severe
glucose intolerance (Sakamoto et al., 2005). Taken together, these
findings demonstrate the important role of AMPK in regulating glucose
production by the liver.

20.3.1 Key facts of 50-AMP-activated kinase and metabolic
function
• AMPK is a serine/threonine kinase enzyme that acts as a metabolic

sensor in mammalian cells.
• AMPK binding to AMP causes allosteric activation of the enzyme,

while binding to ATP inhibits its activity.
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• Following AMP-induced activation, AMPK acts as a metabolic
regulator that shuts down energy-consuming pathways and turns on
energy-producing pathways, thereby switching the cell’s metabolism
from a catabolic to an anabolic state.

• Specifically, AMPK activation results in a shift in metabolism from
using glucose to using lipids as a primary source of cellular energy.

20.4 γ-Tocotrienol effects on 50-AMP-activated kinase
activation and aerobic glycolysis

Previous experimental findings showed that the treatment of mammary
tumor cells with γ-tocotrienol is associated with a decrease in glycolytic
enzymes and glycolysis-promoting pathways that could impair the cancer
cell metabolism (Parajuli et al., 2015b). Additional studies focused on
determining the direct effects of γ-tocotrienol on AMPK activity in
human breast cancer. In these studies, γ-tocotrienol induced a dose-
responsive inhibition in human MCF-7 and MDA-MB-231 breast cancer
cell growth, as compared to cells in their respective vehicle-treated control
groups, while higher doses of γ-tocotrienol had no effect on the growth
or viability of normal human MCF-10A mammary epithelial cells.
Furthermore, MCF-7 cells and MDA-MB-231 cells treated with 0�6 μM
γ-tocotrienol displayed a dose-responsive increase in glucose metabolism
as compared to cells in their respective vehicle-treated control groups.
These same treatments also induced a corresponding dose-dependent
decrease in the glycolytic enzymes, hexokinase-II, phosphofructokinase,
pyruvate kinase, and pyruvate dehydrogenase in MCF-7 and MDA-MB-
231 breast cancer cells, as compared to cells in their respective vehicle-
treated control groups.

Experimental findings also showed that treatment of MCF-7 cells
with 3�7 μM γ-tocotrienol or MDA-MB-231 cells with 2�6 μM
γ-tocotrienol displayed no differences in total Akt levels, as compared to
cells in their respective vehicle-treated control groups. However, MCF-7
and MDA-MB-231 cells treated with γ-tocotrienol displayed a relatively
large dose-dependent decrease in phosphorylated-Akt (activated) levels, as
compared to cells in their respective vehicle-treated control groups.
Immunocytochemical staining studies showed that vehicle-treated MCF-7
and MDA-MB-231 cells display positive phosphorylated-Akt staining in
nearly 75% and 90% of their cells, respectively, whereas treatment of these
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cells with γ-tocotrienol showed relatively large reductions in positive
phosphorylated-Akt immunofluorescent staining.

MCF-7 or MDA-MB-231 cells with γ-tocotrienol had little effect or
no effect on the total intracellular levels of AMPKα, AMPKβ, or LKB1,
as compared to cells in their respective vehicle-treated control groups.
In contrast, these same treatments with γ-tocotrienol induced a
dose-responsive increase in the relative levels of phosphorylated-AMPKα
(activated) and phosphorylated-AMPKβ (activated) in MCF-7 and
MDA-MB-231 cells, as compared to cells in the respective vehicle-treated
control groups. Additional studies showed that MCF-7 cells or MDA-
MB-231 cells treated with γ-tocotrienol had little effect or no effect on
the total intracellular levels of FoxO3a, whereas γ-tocotrienol treatment
resulted in a large reduction in phosphorylated (activated) FoxO3, as
compared to cells in their respective vehicle-treated control groups.
Similarly, immunocytochemical staining showed that MCF-7 and MDA-
MB-231 cells in their respective control groups displayed positive FoxO3
staining primarily in the cytoplasm. In contrast, MCF-7 cells treated with
5 μM γ-tocotrienol or MDA-MB-231 cells treated with 4 μM
γ-tocotrienol show the majority of positive FoxO3a staining appearing in
the nuclei of MCF-7 and MDA-MB-231 breast cancer cells. Follow-up
studies showed that coimmunoprecipitation demonstrated an intimate
protein�protein interaction between AMPK and FoxO3a in these same
breast cancer cells treated with γ-tocotrienol, as compared to cells in their
respective vehicle-treated control groups. Fig. 20.5 summarizes Western
blot analysis of γ-tocotrienol treatment effects on glycolytic enzyme, Akt,
AMPK, and FoxO3 signaling proteins in MCF-7 human breast cancer
cells.

20.4.1 Key facts of γ-tocotrienol-induced 50-AMP-activated
kinase activation and inhibition of the Warburg effect in
breast cancer cells
• γ-Tocotrienol treatment inhibits oxygen and glucose consumption in

human breast cancer cells.
• Similarly, treatment with γ-tocotrienol induces a dose-responsive

increase in AMPK activation and a corresponding decrease in glyco-
lytic enzyme expression.

• γ-Tocotrienol-induced AMPK activation is also associated with a large
decrease in Akt and FoxO3 activity.
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• These findings demonstrate that γ-tocotrienol significantly attenuates
the Warburg effect in human breast cancer cells and this action is asso-
ciated with a significant reduction in cancer cell growth and survival.

20.5 Conclusion

These findings demonstrate that the antiproliferative effects of
γ-tocotrienol are mediated, at least in part, by a reversal of the Warburg
effect in breast cancer cells grown in culture. Treatment with
γ-tocotrienol resulted in a dose-dependent reduction in glucose consump-
tion and expression in glycolytic enzymes in MCF-7 and MDA-MB-231
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Akt

p-Akt
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LKB1
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Figure 20.5 Western blot analysis of γ-tocotrienol effects on the relative protein
levels of key aerobic glycolytic proteins, glucose and lactate transporters, and vari-
ous signaling proteins. Treatment with γ-tocotrienol resulted in a dose-responsive
reduction in glycolytic enzyme expression including hexokinase-II (HK-II), phospho-
fructokinase (PFK), pyruvate kinase M2 (PKM2), and lactate dehydrogenase A (LDHA),
and a corresponding decrease in phosphorylated (active) Akt and phosphorylated
(active) mTOR. These effects were also associated with a corresponding increase in
phosphorylated AMPKα and AMPKβ (active) and a decrease in phosphorylated
(active) FoxO3a (p-FoxO3a). Since activated Akt and FoxO3 promote aerobic glycoly-
sis and AMPK blocks this effect, these findings indicate that γ-tocotrienol-induced
reversal of the Warburg effect in breast cancer cells is directly associated with an
increase in AMPK activation.

404 Molecular Nutrition



breast cancer cells. Furthermore, γ-tocotrienol treatment significantly
decreased the levels of phosphorylate (activated) Akt and FoxO3 levels,
and induced a corresponding increase in phosphorylated (activated)
AMPK levels in these cells. Since activated Akt and FoxO3 promote aer-
obic glycolysis and AMPK blocks this effect, these finding indicate that
γ-tocotrienol-induced reversal of the Warburg effect in breast cancer cells
is directly associated with an increase in AMPK activation. These findings
suggest that γ-tocotrienol may provide significant benefits in the treat-
ment of highly malignant cancers that characteristically metabolize glucose
by aerobic glycolysis.

References
Alawin, O.A., Ahmed, R.A., Ibrahim, B.A., Briski, K.P., Sylvester, P.W., 2016.

Antiproliferative effects of gamma-tocotrienol are associated with lipid raft disruption
in HER2-positive human breast cancer cells. J. Nutr. Biochem. 27, 266�277.

Alawin, O.A., Ahmed, R.A., Dronamraju, V., Briski, K.P., Sylvester, P.W., 2017.
-Tocotrienol-induced disruption of lipid rafts in human breast cancer cells is associated
with a reduction in exosome heregulin content. J. Nutr. Biochem. 48, 83�93.

Behery, F.A., Elnagar, A.Y., Akl, M.R., Wali, V.B., Abuasal, B., Kaddoumi, A., et al.,
2010. Redox-silent tocotrienol esters as breast cancer proliferation and migration inhi-
bitors. Bioorg. Med. Chem. 18, 8066�8075.

Birkenfeld, H.P., McIntyre, B.S., Briski, K.P., Sylvester, P.W., 1996a. Protein kinase C
isoenzyme expression in normal mouse mammary epithelial cells grown in primary
culture. Proc. Soc. Exp. Biol. Med. 213, 65�70.

Birkenfeld, H.P., McInntyre, B.S., Briski, K.P., Sylvester, P.W., 1996b. Role of protein
kinase C in modulating epidermal growth factor- and phorbol ester-induced mam-
mary epithelial cell growth in vitro. Exp. Cell Res. 223, 183�191.

Cantor, J.R., Sabatini, D.M., 2012. Cancer cell metabolism: one hallmark, many faces.
Cancer Discov. 2, 881�898.

Chamberlain, L.H., 2004. Detergents as tools for the purification and classification of lipid
rafts. FEBS Lett. 559, 1�5.

Christofk, H.R., Vander Heiden, M.G., Harris, M.H., Ramanathan, A., Gerszten, R.E.,
Wei, R., et al., 2008. The M2 splice isoform of pyruvate kinase is important for can-
cer metabolism and tumour growth. Nature 452, 230�233.

Dang, C.V., Le, A., Gao, P., 2009. MYC-induced cancer cell energy metabolism and
therapeutic opportunities. Clin. Cancer Res. 15, 6479�6483.

DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G., Thompson, C.B., 2008. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell Metab. 7,
11�20.

Derave, W., Ai, H., Ihlemann, J., Witters, L.A., Kristiansen, S., Richter, E.A., et al., 2000.
Dissociation of AMP-activated protein kinase activation and glucose transport in con-
tracting slow-twitch muscle. Diabetes 49, 1281�1287.

Elnagar, A.Y., Wali, V.B., Sylvester, P.W., El Sayed, K.A., 2010. Design and preliminary
structure�activity relationship of redox-silent semisynthetic tocotrienol analogues as
inhibitors for breast cancer proliferation and invasion. Bioorg. Med. Chem. 18,
755�768.

405γ-Tocotrienol reversal of the Warburg effect in breast cancer cells

http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref12


Elstrom, R.L., Bauer, D.E., Buzzai, M., Karnauskas, R., Harris, M.H., Plas, D.R., et al.,
2004. Akt stimulates aerobic glycolysis in cancer cells. Cancer Res 64, 3892�3899.

Hardie, D.G., 2003. Minireview: the AMP-activated protein kinase cascade: the key sen-
sor of cellular energy status. Endocrinology 144, 5179�5183.

Hatzivassiliou, G., Zhao, F., Bauer, D.E., Andreadis, C., Shaw, A.N., Dhanak, D., et al.,
2005. ATP citrate lyase inhibition can suppress tumor cell growth. Cancer Cell 8,
311�321.

Hawley, S.A., Boudeau, J., Reid, J.L., Mustard, K.J., Udd, L., Makela, T.P., et al., 2003.
Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and MO25
alpha/beta are upstream kinases in the AMP-activated protein kinase cascade. J. Biol.
2, 28.

Kim, J., Yang, G., Kim, Y., Kim, J., Ha, J., 2016. AMPK activators: mechanisms of action
and physiological activities. Exp. Mol. Med. 48, e224.

Lee, J.-M., Seo, W.-Y., Song, K.-H., Chanda, D., Kim, Y.D., Kim, D.-K., et al., 2010.
AMPK-dependent repression of hepatic gluconeogenesis via disruption of
CREB �CRTC2 complex by orphan nuclear receptor small heterodimer partner. J.
Biol. Chem. 285, 32182�32191.

McIntyre, B.S., Briski, K.P., Gapor, A., Sylvester, P.W., 2000a. Antiproliferative and apo-
ptotic effects of tocopherols and tocotrienols on preneoplastic and neoplastic mouse
mammary epithelial cells. Proc. Soc. Exp. Biol. Med. 224, 292�301.

McIntyre, B.S., Briski, K.P., Tirmenstein, M.A., Fariss, M.W., Gapor, A., Sylvester, P.W.,
2000b. Antiproliferative and apoptotic effects of tocopherols and tocotrienols on nor-
mal mouse mammary epithelial cells. Lipids 35, 171�180.

Nesaretnam, K., Khor, H.T., Ganeson, J., Chong, Y.H., Sundram, K., Gapor, A., 1992.
The effects of vitamin E tocotrienols from palm oil on chemically induced mammary
carcinogenesis in female rats. Nutr. Res. 12, 879�892.

Ong, A.S.H., 1993. Natural sources of tocotrienols. In: Packer, L., Fuchs, P.J. (Eds.),
Vitamin E in Health and Disease. Jarcel Dekker, New York, pp. 3�8.

Parajuli, P., Tiwari, R.V., Sylvester, P.W., 2015a. Antiproliferative effects of γ-tocotrienol
are associated with a suppression in c-Myc expression in mammary tumor cells. Cell
Prolif. 48 (11), 421�432.

Parajuli, P., Tiwari, R.V., Sylvester, P.W., 2015b. Anticancer effects of gamma-
tocotrienol are associated with a suppression in aerobic glycolysis. Biol. Pharm. Bull.
38, 1352�1360.

Park, J.H., Han, H.J., 2009. Caveolin-1 plays important role in EGF-induced migration
and proliferation of mouse embryonic stem cells: involvement of PI3K/Akt and ERK.
Am. J. Physiol. Cell Physiol. 297, C935�C944.

Pike, L.J., 2003. Lipid rafts: bringing order to chaos. J. Lipid Res. 44, 655�667.
Pike, L.J., 2005. Growth factor receptors, lipid rafts and caveolae: an evolving story.

Biochim. Biophys. Acta 1746, 260�273.
Pike, L.J., 2009. The challenge of lipid rafts. J. Lipid Res. 50 (Suppl.), S323�S328.
Sakamoto, K., McCarthy, A., Smith, D., Green, K.A., Grahame Hardie, D., Ashworth,

A., et al., 2005. Deficiency of LKB1 in skeletal muscle prevents AMPK activation and
glucose uptake during contraction. EMBO J. 24, 1810�1820.

Samant, G.V., Wali, V.B., Sylvester, P.W., 2010. Anti-proliferative effects of gamma-
tocotrienol on mammary tumour cells are associated with suppression of cell cycle
progression. Cell Prolif. 43, 77�83.

Shah, S.J., Sylvester, P.W., 2005. Gamma-tocotrienol inhibits neoplastic mammary epithe-
lial cell proliferation by decreasing Akt and nuclear factor kappaB activity. Exp. Biol.
Med. (Maywood) 230, 235�241.

406 Molecular Nutrition

http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref17
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref17
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref26
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref26
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref28
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref28
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref29
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref29
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref29
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref29
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref31


Shah, S., Gapor, A., Sylvester, P.W., 2003. Role of caspase-8 activation in mediating vita-
min E-induced apoptosis in murine mammary cancer cells. Nutr. Cancer 45,
236�246.

Steinberg, G.R., Kemp, B.E., 2009. AMPK in health and disease. Physiol. Rev. 89,
1025�1078.

Sylvester, P.W., 1986. Role of acute caloric-restriction in murine tumorigenesis. Prog.
Clin. Biol. Res. 222, 517�528.

Sylvester, P.W., Shah, S.J., 2005. Mechanisms mediating the antiproliferative and apopto-
tic effects of vitamin E in mammary cancer cells. Front. Biosci. 10, 699�709.

Sylvester, P.W., McIntyre, B.S., Gapor, A., Briski, K.P., 2001. Vitamin E inhibition of
normal mammary epithelial cell growth is associated with a reduction in protein kinase
C(alpha) activation. Cell Prolif. 34, 347�357.

Sylvester, P.W., Nachnani, A., Shah, S., Briski, K.P., 2002. Role of GTP-binding proteins
in reversing the antiproliferative effects of tocotrienols in preneoplastic mammary epi-
thelial cells. Asia Pac. J. Clin. Nutr. 11 (Suppl. 7), S452�S459.

Vander Heiden, M.G., Cantley, L.C., Thompson, C.B., 2009. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029�1033.

Ward, P.S., Thompson, C.B., 2012. Metabolic reprogramming: a cancer hallmark even
warburg did not anticipate. Cancer Cell 21, 297�308.

Woods, A., Johnstone, S.R., Dickerson, K., Leiper, F.C., Fryer, L.G.D., Neumann, D.,
et al., 2003. LKB1 is the upstream kinase in the AMP-activated protein kinase cascade.
Curr. Biol. 13, 2004�2008.

407γ-Tocotrienol reversal of the Warburg effect in breast cancer cells

http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00007-5/sbref40


CHAPTER 21

Vitamin D receptor activation
and prevention of arterial aging
Andrea Stucchi1, Ferruccio Conte1, Andrea Galassi1, Paola Ciceri2

and Mario Cozzolino1
1Renal Division, Renal Division and Laboratory of Experimental Nephrology, ASST Santi Paolo e Carlo,
Dipartimento di Scienze della Salute, S. Paolo Hospital, Department of Health Sciences, University of
Milan, Milan, Italy
2Renal Research Laboratory, Department of Nephrology, Dialysis and Renal Transplant, Fondazione Ca’
Granda IRCCS, Ospedale Maggiore Policlinico, Milan, Italy

Contents

Key facts 409
Summary points 410
21.1 Background 410
21.2 Vascular calcifications mechanisms 412
21.3 Vitamin D deficiency 413
21.4 Vitamin D receptors 413
21.5 Vitamin D/vitamin D receptor activator physiology 414
21.6 Vitamin D receptor activation and cardiovascular disease 417
21.7 Preclinical studies 417
21.8 Clinical studies 419
21.9 Conclusion 421
References 422

Key facts

• The insight to modulate the gut microbiota was proposed more than a
thousand years ago and gave rise to the spectrum of therapeutic tools
and the provision of growth substrates for resident microorganisms
(the concept of prebiotics).

• Prebiotic food research has also been limited in recent years, following
a ruling from the European regulatory bodies that does not recom-
mend the labeling of food products as prebiotics and their inherent
health claims.
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• The compounds such as vitamins, antibiotics, minerals, and bacterio-
phages could alter the composition of the host’s microorganisms but
their acceptability as prebiotics is still under debate. In recent years, soy
milk has emerged from being considered as a “poor man’s meat” to
become a value-added food with a promising future in native food
markets.

• The versatility of lactic acid bacteria encourages researchers to obtain
new insights in their search for novel compounds for the ever-
growing competitive functional food market.

Summary points

• The current chapter emphasizes the inclusion of riboflavin (B2) in soy
milk and its role in redox-mediated gut modulation.

• Soy contains a negligible amount of B2 which is directly related to
oxidative stress and various health complications.

• B2 is recognized as a substance that can affect the microbiome on the
basis of its redox-mediated prebiotic potential, but its underlying
mechanism has not yet been elucidated.

• The design of soybean-based functional B2-biofortified milk as part of
a normal diet could make up an interesting alternative to the existing
fortification methods.

• The consideration of B2 in the prebiotic category can afford a more
rational basis for the credentials of novel prebiotic compounds for
modulating the gut microbiota.

21.1 Background

Patients with chronic kidney disease (CKD) have a high risk of premature
arterial aging and cardiovascular disease (CVD). In particular, the risk of
cardiovascular death is 10 times higher in CKD patients than in the gen-
eral population (Moody et al., 2013). The progressive decrease of renal
function is associated with an increased risk of major vascular events and
all-cause mortality (Mafham et al., 2011).

Premature aging and early vascular modifications are the main features
of arterial change in end-stage renal disease (Kooman et al., 2014).
Arterial aging may represent the underlying cause of most CVD in the
general population and in some chronic diseases (hypertension, CKD, dia-
betes mellitus), as the consequence of complex structural and functional

410 Molecular Nutrition



modifications occurring in arterial vessels with increasing age (Tesauro
et al., 2017). Mechanisms involved in arterial aging are numerous and
not all of them are well recognized yet. Clinical studies have established
that the main vascular modifications that occur in aging are endothelial
dysfunction and arterial stiffness (Donato et al., 2007). Arterial stiffness
may be considered as the adaptive mechanism of arterial vessels to
changes in the stroke volume. During systolic contraction a portion of
the stroke volume is stored in the large central arteries, mainly the aorta,
with the elastic distention of their walls. This elastic force subsequently
returns the blood previously stored to the peripheral circulation (Gerard,
2018). The gold standard for measuring arterial stiffness is considered to
be the carotid�femoral pulse wave velocity (PWV), which demonstrates
an association of arterial stiffness with morbidity and mortality for CVD
(Pannier et al., 2005). Endothelial dysfunction and arterial stiffness are
closely interconnected mediators of age-dependent vascular dysfunction.
The stiffer the artery, the greater will be the exposure of the endothelium
to hemodynamic load, promoting endothelial activation, inflammation,
and damage (Janic et al., 2014). With increasing age, structural alterations
can observed in the endothelium of arterial vessels, due to many factors
like insulin resistance, decline in growth hormone, and finally cellular
senescence (Paneni et al., 2017). Increasing deposits of advanced glycosy-
lated end products (AGEs) in the basement membrane and interstitial
space are observed and involve an increase in the glycated structure in
the basement membrane, which becomes stiffened and fractured. These
modifications in the basement membrane promote endothelial inflamma-
tion and dysfunction in vascular smooth muscle cells (VSMC). At the
same time an increase in angiotensin II activity stimulates the transforma-
tion of VSMC into fibroblasts with a further increase in the stiffness of
the vessel’s walls (Rodríguez et al., 2016). So the inflammatory condition
may constitute the signal that drives cellular changes in the remodeling of
the arterial wall (Harvey et al., 2015).

Nowadays there are many studies demonstrating a clear association
between vitamin D deficiency and the prevalence of chronic diseases
including CVD. These studies showed an inverse relationship between vita-
min D3 levels and hypertension, insulin resistance, type 2 diabetes mellitus,
and dyslipidemia. All of these alterations are actually considered as assessed
risk factors for developing hypertrophic and dilative cardiomyopathy
(Vimaleswaran et al., 2014). Moreover the alterations in vascular structure
and function observed in hypertension are quite similar to the changes
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observed in vascular aging (Harvey et al., 2015). Epidemiological reports
concerning vitamin D deficiency and CV risk have also been supported by
experimental studies. Vitamin D receptors (VDRs) and 1-α-hydroxylase are
expressed in cardiovascular tissues, and in VDRs knockout rats an increased
ventricular mass and an evolution toward promoting fibrotic extracellular
matrix formation, left ventricular dilation, and finally electromechanical dys-
function has been observed (Mancuso et al., 2008). VDRs are also
expressed in endothelial cells, and their activation seems to affect vascular
tone in hypertensive models and modulate calcium influx across the cell
membrane and the contraction of endothelium-related muscular smooth
cells (Al Mheid and Quyyumi, 2017). As demonstrated by Li et al. (2002)
1,25-OH3 vitamin D has an important role in negatively regulating the
renin�angiotensin�aldosterone system (RAAS) with consequences regard-
ing the control of hypertension (Vimaleswaran et al., 2014). An inverse
relationship between vitamin D and plasma renin activity were revealed in
hypertensive subjects and thus there is an excessive increase in blood pres-
sure as a result of salt intake in hypertensive patients with vitamin D defi-
ciency (Vaidya and Williams, 2012). Impaired vitamin D metabolism is
known to be involved in the worsening of the atherogenesis process and in
the hastening arterial of calcification (Beveridge et al., 2015).

21.2 Vascular calcifications mechanisms

Vascular calcifications (VCs) in the CKD population show not only a dif-
ferent genesis and localization, but also an earlier onset than in the general
population.

It seems impossible to explain the high incidence of cardiovascular (CV)
disease in CKD patients only by common risk factors—such as hyperten-
sion, aging, smoking, diabetes, and dyslipidemia—suggesting the presence
of other different pathological pathways (London et al., 2003). VC is char-
acterized by the development of two pathologies: atherosclerosis and arte-
riosclerosis. VSMC calcification may be considered a typical and
pathognomonic lesion in CKD vascular disease and it is a specific hallmark
of vascular aging. In patients with CKD, the alteration in the metabolism of
calcium and phosphate finally leads to vascular smooth muscle calcification,
while endothelial dysfunction and atherosclerosis are due to other CKD
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pathophysiologic alterations, such as RAAS activation or insulin resistance.
Both pathologies contribute to the VC process during CKD progression.

21.3 Vitamin D deficiency

Vitamin D insufficiency or deficiency is common in patients with CKD
and is associated with overall and cardiovascular mortality (Pilz et al.,
2016). Vitamin D reduction in CKD is caused by different pathogenetic
mechanisms, such as:

Glomerular filtration rate decline, which is caused by decreased delivery of
25(OH)D to renal tubules, elevation of phosphatonine FGF-23 that inhi-
bits 1-alfa-hydroxylase and stimulates 24-hydroxylase, the inhibition of
parathyroid hormone effects caused by metabolic acidosis and uremic tox-
ins (Christakos et al., 2012).

Proteinuria, which is caused by decreased tubular uptake of 25(OH)D
by megalin (Gonzalez et al., 2004) and renal loss of vitamin D binding
protein (DBP) (Melamed et al., 2006).

Tubular dysfunction, which causes the decrease and inhibition of
1-α-hydroxylase activity because of tubular damage (Bukoski et al., 1989)
and tubular acidosis (Wong et al., 2014).

Therapeutic 1,25(OH)2D3 usage, which induces the inhibition of
1-α-hydroxylase and 25-hydroxylase in extrarenal tissue.

21.4 Vitamin D receptors

According to recent reports, vitamin D receptor activators (VDRAs) play
an important role in the prevention of premature vascular aging
(Marangella et al., 2009; Franczyk et al., 2014). The large distribution of
VDRs suggests that vitamin D does not have an effect just on
calcium�phosphorus metabolism, but that it is really involved in different
organ functions including the cardiovascular, immune, gastrointestinal,
and endocrine systems. Thus vitamin D may have a lot of pleiotropic
effects, most of them independent of calcium�phosphorus metabolism
(Cozzolino et al., 2009a). The impact of the “nonclassical effects” of vita-
min D therapy and its mechanisms, in particular related to the cardiovas-
cular system, are evaluated in preclinical and clinical studies. Several
studies conducted both in animals and humans have investigated the role
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of VDRs in premature arterial aging and the association of low vitamin D
and CVD, suggesting that the supplementation of vitamin D could
improve survival rates in CKD patients.

21.5 Vitamin D/vitamin D receptor activator physiology

Vitamin D is the term generally used to indicate vitamin D2 (or ergocalci-
ferol) and vitamin D3 (or cholecalciferol). These precursors are trans-
ported into the liver by a DBP and are transformed by 25-hydroxylase;
then the 1α-hydroxylase in the kidney produces the active form, calci-
triol, which exerts its function on the VDR in many different tissues
(Zittermann, 2003). Table 21.1 shows the different types of VDRAs
according to Kidney Disease: Improving Global Outcomes (KDIGO)
(Kidney Disease: Improving Global Outcomes KDIGO CKD-MBD
Update Work Group, 2017). VDRAs are classified as selective or nonse-
lective forms. It is well known that there are different types of vitamin D:
the natural form of calcitriol, and synthetic analogs of vitamin D2 and D3
such as alfacalcidol, doxercalciferol, falecalcitriol, maxacalcitol, and parical-
citol. Calcitriol is the naturally active form of vitamin D, while paricalcitol
and maxacalcitol are considered as selective VDR activators (sVDRAs)
(Bover et al., 2014), (Cozzolino et al., 2011)].

The affinity to circulating DBP is one of the factors that allows for the
differentiation of selective and nonselective activators. In fact maxacalcitol
has about 400�500 times less binding affinity to DBP than calcitriol, with
also a shorter half-life and a more rapid removal from the circulation
(Kobayashi et al., 1991).

The synthesis of sVDRAs has come about due to a clinical need to
widen the therapeutic approaches and to try to reduce the risk of hyper-
calcemia and hyperphosphatemia related to the use of VDRAs.
Moreover, sVDRAs more efficiently inhibit the synthesis and secretion of
parathormone with a minor intestinal absorption of calcium and phos-
phate. Therefore sVDRAs reduce the risk of extra skeletal deposition of
calcium and phosphate, such as vascular or valvular calcifications.

Most of the nutritional requirements of vitamin D are derived from
cutaneous solar ultraviolet radiation (approximately 80%) (Kimlin, 2008)
and the rest comes from the diet or supplementation (Holick, 2007a). For
these reasons vitamin D could be considered a prohormone and not classi-
fied only as a vitamin. The best measurement for vitamin D status is its
metabolite 25-hydroxyvitamin D (25(OH)D) level (Zittermann, 2003;
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Table 21.1 The different types of native vitamin D and vitamin D receptor activators.

Type of
components

Description Name Molecule Standardized
nomenclature

Vitamin D Native or dietary Cholecalciferol Vitamin D3 Native vitamin D
Vitamin D Ergocalciferol Vitamin D2
Result of the first hydroxylation of

vitamin D in the liver
Calcidiol 25-Hydroxyvitamin 25D

D2/D3

Active vitamin D Product of the second hydroxylation of
vitamin D in the kidneys. Binds to
VDR directly

Calcitriol 1,25-Hydroxyvitamin D3 1.25D

A synthetic calcitriol analog that
transforms into calcitriol in the liver
before binding to the VDR

Alfacalcidol 1α-Hydroxyvitamin D3 1-α

Selective VDR
activator

Synthetic VDR agonist. Selectively
activates the subsequent metabolic
routes

Paricalcitol 19-Nor-1α Selective VDR

Dihydroxyvitamin D2,25 activator
Maxacalcitol 22-Oxa-1,25-

dihydroxyvitamin D3
Selective VDR

activator



Holick, 2004). Table 21.2 presents the plasma levels of 25(OH)D and
vitamin D nutritional status (Kennel et al., 2010). Vitamin D deficiency
has been linked to several health outcomes (Basit, 2013), including mus-
culoskeletal (rickets, bone fractures, osteomalacia, osteopenia, osteoporosis,
and muscle weakness) (Holick, 2007b) and nonskeletal complications
(Judd and Tangpricha, 2010). Nonskeletal complications include CVD
and risk factors (Kendrick et al., 2009; Kim et al., 2008) such as congestive
heart failure (Zittermann et al., 2006), impaired systolic and diastolic func-
tion (Pekkanen et al., 2015), myocardial infarction (Giovannucci et al.,
2008), peripheral vascular disease (McGreevy and Williams, 2011),
abdominal aortic aneurysm in older men (Wong et al., 2013), nonvalvular
atrial fibrillation (Demir et al., 2014; Ozcan et al., 2015), and hypertension
(Pavlovic et al., 2011). Calcitriol is the active form of vitamin D and must
bind to the VDR to perform its functions. Cholecalciferol also, but only
at a high concentration, has the capacity to bind to the VDR. The VDR
is a nuclear receptor and it is a member of a nuclear steroid receptor fam-
ily acting as a factor of ligand-dependent transcription of many genes
related to the synthesis and secretion of PTH and other proteins related to
mineral metabolism, cell growth, and cell differentiation. VDRs are not
present only in skeletal tissue, but also in several other sites, such as cardiac
tissue, VSMC, endothelial cells, renal tissue, and the immune system
(Valdivielso, 2009), as shown in Table 21.3. The generation of a
VDR�vitamin D complex induces a conformational change in a particu-
lar domain of the receptor (AF-2 domain). This activation step appears to
be required for the recruitment of VDR-interacting proteins, known as
coactivators and corepressors (Ebert et al., 2006). It has been recognized
in both “classical” and “nonclassical” genomic vitamin D/VDR actions;
nevertheless, calcitriol can exert rapid “nongenomic” actions that occur

Table 21.2 Plasma levels of 25(OH)D and nutritional status ((Kennel et al., 2010;
Norman, 2008)).

Vit D nutritional status 25(OH)D plasma level (ng/mL)

Severe deficiency , 5
Deficiency 5�12
Insufficiency 12�20
Sufficiency 20�49
High . 50
Possible toxicity . 80
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within minutes of exposure to calcitriol. These rapid actions regulate
intracellular calcium fluxes, the degree of protein phosphorylation, acety-
lation, and subcellular localization, which could also modify genomic sig-
nals (Dusso, 2005).

21.6 Vitamin D receptor activation and cardiovascular
disease

Cardiovascular calcification is a common health problem that affects CKD
patients. The alteration of vitamin D metabolism contributes not only to
the development of mineral and bone disorders, considered a classical bio-
logical effect of vitamin D, but has also several “nonclassical” effects, as
shown in Table 21.4.

Several studies, both preclinical and clinical, showed that abnormally low
and high vitamin D levels promote cardiovascular calcifications in CKD
patients. For this reason, the choice and monitoring of the right vitamin D
plays a major role in the prevention and treatment of CVD in CKD patients.

21.7 Preclinical studies

The evidence from preclinical studies seems to indicate the existence of a
particular relationship between vitamin D levels and VC: both low

Table 21.3 VDRs body distributions.

Tissue

Brain
Parotid glands
Parathyroid glands
Lungs
Heart
Immune system
Muscles
Liver
GI system: stomach, intestine
Pancreas
Kidney
Reproductive system
Skin
Bone
Arteries
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vitamin D blood levels and toxic vitamin D blood levels seem to cause
similar damage to the cardiovascular system (Grübler et al., 2017).

One of the first studies showed that the supplementation of rats with
toxic doses of vitamins D2 or D3 induced massive calcifications (Takeo
et al., 1989). In a more recent study in 2008 with male white rabbits, the
effects of an 8-week treatment of vitamin D2 alone at 25,000 IU/4 days
weekly were evaluated on the development of aortic valve stenosis (AVS)
and function. Changes in valves were compared with those in endothelial
function and in valvular measurement of thioredoxin-interacting protein
(TXNIP), a marker/mediator of reactive oxygen species-induced oxida-
tive stress. Vitamin D2-treated rabbits developed AVS with increased aor-
tic valve backscattering AVBS (17.66 1.4 vs 6.76 0.8 dB, P, .0001),
increased transvalvular velocity, and transvalvular pressure gradient (both
P, .01 via two-way ANOVA) compared to the control group. There
was associated valve calcification, lipid deposition, and macrophage

Table 21.4 Classical and nonclassical effect of vitamin D.

Classical effects

Intestine Increases calcium and phosphate absorption
Bone Induces FGF-23 production, bone remodeling

Improves bone mineralization
Increases bone release in hypocalcemia

Parathyroid Inhibits PTH synthesis and secretion

Nonclassical effects

Kidney Antiproteinuric effect
Decreases magnesium absorption
Stimulates calcium and phosphate absorption
Suppression of RAA system
Increases nephrin expression
Decreases NF-kB activation

Cardiovascular Inhibition of RAA system
Suppression of ANP
Inhibition of smooth muscle cells proliferation
Decreases the risk of hypertension and CV diseases

Immune system Stimulates innate immunity
Inhibition of tH1 cells and promotion of Th2 cells
Repression of INF, IL-2, and GMCSF

Pancreas Increases insulin secretion and sensitivity
Expression of insulin receptor
Increases glucose uptake

Cancer Regulation of apoptosis and antitumor activity
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infiltration. Endothelial function was markedly impaired, and intravalvular
TXNIP concentration increased. Vitamin D2 supplementation induces the
development of aortic stenosis in rabbits: interactions with endothelial
function and TXNIP (Ngo et al., 2008). Moreover, in uremic rats, non-
toxic doses of calcitriol were able to favor VCs (Becker et al., 2011).
Despite this evidence, several studies showed that vitamin D deficiency
could lead to similar cardiovascular calcifications. As shown in experimen-
tal research (Mathew et al., 2008), the administration of low doses of cal-
citriol is able to shield the aortic intima, in a murine model of adynamic
bone disorder, from the CKD-induced calcification. In an important study
from Lau et al. (2012), calcitriol or paricalcitol administration in a murine
CKD model fed with a dietary phosphate load induced aortic medial cal-
cification, VDRA therapy was associated with increased serum and urine
klotho levels, increased phosphaturia, correction of hyperphosphatemia,
and lowering of serum fibroblast growth factor-23. There was no effect
on elastin remodeling or inflammation; however, the expression of the
anticalcification factor, osteopontin, in aortic medial cells was increased.

21.8 Clinical studies

CVD is the commonest cause of death in CKD patients and vitamin D
deficiency has been associated with several cardiovascular risk factors
(Lavie et al., 2011), as described in Fig. 21.1.

Figure 21.1 Potential mechanisms for cardiovascular effects of vitamin D deficiency.
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The lack of vitamin D promotes the development of secondary hyper-
parathyroidism and reduces VDR activation contributing to an increase of
CV morbidity and mortality in CKD patients (Berl and Henrich, 2006).
The pathological CV effects comprise hypertension, VC, smooth muscle
cell proliferation, and fibrosis. These are pathological CV effects linked to
vitamin D deficiency that lead to myocardial and arterial thickening, and
left ventricular hypertrophy (LVH) (Andress, 2006). Several observational
studies highlighted that the risk of CV mortality in the general population
and especially in patients affected by renal failure could be reduced by sys-
temic activation of VDRs (Cozzolino et al., 2009b). Furthermore, a
meta-analysis by Autier et al. Autier and Gandini (2007), with some ran-
domized trials analyzing the impact of vitamin D among patients with dif-
ferent health conditions, showed that vitamin D intake could reduce the
all-cause mortality rates.

Analysis from National Health and Nutrition Examination Survey III
(NHANES III) showed low vitamin D was associated with CVD and
CVD risk factors including diabetes mellitus (Kendrick et al., 2009).
Moreover, in a subsequent case�control study with 18,225 US men, the
risk of myocardial infarction was higher with low vitamin D in compari-
son to sufficient values. Lastly, further analysis exploiting data from
NHANES highlighted a high prevalence of hypovitaminosis D in cardio-
vascular patients (Kim et al., 2008).

A study from Luo et al. (2016) reported that in patients with CKD
not undergoing hemodialysis, arterial stiffness increases inversely with the
lowering of vitamin D. Vitamin D deficiency is found also to be associ-
ated with an increased PWV and arterial stiffness along with increased
LVH and CV mortality in dialysis patients (Thadhani et al., 2011). A ran-
domized, double blind, placebo-controlled trial reported favorable effects
of vitamin D supplementation on vascular endothelial function and
inflammatory biomarkers in vitamin D�deficient patients with nondia-
betic stage 3�4 CKD, confirming the beneficial effects of the correction
of vitamin D deficiency on vascular function. This data showed that
serum 25(OH)D and 1,25(OH)2D increased and flow-mediated dilation
(FMD) significantly improved after cholecalciferol supplementation [mean
change in FMD%: 5.8% (95% CI: 4.0%�7.5%, P, .001)]. Endothelium
independent nitroglycerine-mediated dilatation, PWV, iPTH, iFGF-23,
and interlukin-6 also showed favorable changes [(Kumar et al., 2017)].

Hypertension is strictly related to vitamin D deficiency. It seems that
the lack of vitamin D increases blood pressure activating the
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renin�angiotensin system, as suggested in a prospective cohort study per-
formed on 3316 patients; plasma renin and angiotensin II concentrations
had a constant increase with decreasing levels of 25(OH)D and 1,25(OH)
D (Tomaschitz et al., 2010). Vimaleswaran et al. (2014) reported the result
of a Mendelian randomization study with data from 146,581 subjects sug-
gesting that people with genetic variants associated with low endogenous
production of 25(OH)D present an increased risk of hypertension.
Moreover, a study including about 500 hypertensive and normotensive
individuals showed a link between 25(OH)D levels and the Fok1 poly-
morphism of the VDR gene in the regulation of plasma renin activity in
hypertension. These data confirmed the important role of the vitamin
D�VDR complex in the regulation of plasma renin in humans and sug-
gested the administration of vitamin D analogs as renin inhibitors, like
ACE inhibitor (ACE-i) or angiotensinogen receptor blockers (ARBs), in
patients with hyperreninemia (Vaidya et al., 2011).

21.9 Conclusion

Vitamin D should be considered as a hormone with the presence of
specific receptors in almost all cells of the body both on the plasma and
nuclear membranes (Norman, 2008). Receptor activation is the mecha-
nism by which vitamin D exercises both the specific activity and the
so-called pleiotropic actions. There are numerous literature reports on the
associations between a vitamin D deficit and increases in CVD. In CKD
patients the role of alterations in the metabolism of vitamin D in the
increased CV risk is well documented, through the mechanisms of aggra-
vation of arterial stiffness and endothelial dysfunction. VC, especially in
CKD patients, is a critical point in the expression of arterial stiffness and
alteration of endothelial functions. Vitamin D deficiency is one of the
main factors exacerbating VC in CKD patients together with a complex
interaction between increasing factors favoring and reducing the inhibition
factors of the calcification process. Vitamin D deficiency is common in
patients with CKD because of GFR decline, renal tubular dysfunction,
and proteinuria. Several factors, including vitamin D deficiency, exacer-
bate VC in patients with CKD. Nutritional vitamin D and VDRAs sup-
plements facilitate the alleviation of vitamin D�dependent or vitamin
D�independent VC. Nonselective VDRAs may increase VC by inducing
hyperphosphatemia and hypercalcemia. Nutritional vitamin D supple-
ments may provide an ancillary role for ameliorating uremic VC. Despite
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a large amount of observational and experimental studies suggesting the
role of vitamin D deficiency in the genesis of arterial senescence and of
CVD development, the causality of this relationship remains to be estab-
lished. Most large trials of vitamin D therapy with CV need well-
established end points to support vitamin D therapy for cardiovascular
protection.
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Definition of words and terms
Autoimmunity: An aberrant systemic immune response of an organism against its own

healthy cells and tissues, that manifests in various autoimmune diseases.
Calcidiol (25-hydroxyvitamin D): A precursor for calcitriol and the major circulating

metabolite of vitamin D3. This prohormone is synthesized in the liver from cholecal-
ciferol by its hydroxylation in the 25 position by the enzyme cholecalciferol-25-
hydroxylase.

Calcitriol (1,25-dihydroxycholecalciferol): The hormonally active form of vitamin D,
which is formed in the kidney tissue from 25OHD by the renal 25-hydroxyvitamin
D3-1-(alpha)-hydroxylase.

Cholecalciferol (vitamin D3): A steroid hormone and one of the most common forms
of the vitamin D group, which is synthesized in the skin of animals from
7-dehydrocholesterol under the influence of UV-radiation or may be absorbed from
dietary sources in the intestine.
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Cytokines: A broad category of small secreted proteins that are involved in interactions
and communications between cells during immune responses and promote the recruit-
ment of specific cells toward the sites of inflammation. Cytokines are produced by a
broad range of cell populations, including immune cells (macrophages, B and T
lymphocytes, mast cells), endothelial cells, fibroblasts, stromal cells, Schwann cells, etc.

Diabetes mellitus: A group of chronic, metabolic, polyethiologic, and endocrine-related dis-
orders caused by inherited or acquired deficiency in insulin production (type 1 diabetes,
insulin-dependent) by the pancreas, or by the ineffectiveness of the insulin produced,
when cells fail to respond to insulin properly (type 2 diabetes, noninsulin-dependent).

Vitamin D receptor: A member of the nuclear hormone receptor superfamily that acts as a
ligand-inducible transcription factor. Intracellular vitamin D receptor mediates the action
of 1,25-dihydroxycholecalciferol and regulates the expression of a wide variety of genes.

Immune response: A versatile set of adaptive processes to form specifically reactive cells
and proteins directed against antigenes. It occurs through consecutive interactions
between antigen-presenting cell and various types of T and B cells.

22.1 Introduction

Studies that began with the identification of calcitriol and vitamin D
receptor (VDR) in the early 1970s and have continued to the present
day have significantly expanded our knowledge of the biological role of
vitamin D (VD) in living organisms. The unfading interest concerning the
metabolism and properties of VD can be explained by two main reasons:
(1) the world trend toward VD deficiency among the population, which
is confirmed to be associated with a variety of common human patholo-
gies; and (2) this interest is fueled by new ideas about the pleiotropic
extraskeletal effects (para- and autocrine) of VD’s hormonally active form
(Christakos et al., 2016). Multiple lines of evidence suggest that VD can
be involved in inflammatory response in norm and immune-regulated
disorders (e.g., infectious diseases, cancers, autoimmunity, and diabetes).
This chapter summarizes the data on the immunomodulatory function of
calcitriol and analyzes the association of the VD�auto/paracrine system
disturbances with chronic inflammation and diabetes mellitus.

22.2 Vitamin D synthesis and activation

Vitamin D (VD) (calciferol) belongs to the group of secosteroids that can
be absorbed from dietary sources in the form of cholecalciferol (VD3) or
ergocalciferol (VD2), although it is mainly synthesized in the lower layers
of the epidermis from 7-dehydrocholesterol (7DHC) in response to the
action of ultraviolet B radiation, (Fig. 22.1) (Hoseinzadeh et al., 2018).
7DHC forms a thermodynamically unstable previtamin D3 followed by
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thermal isomerization to VD3. Vitamin D3 and its metabolites, as lipo-
philic substances, are transported by the VD-binding protein (VDBP). In
the liver, VD3 undergoes hydroxylation by vitamin D 25-hydroxylase
(CYP2R1 and CYP27A1 isoforms) to produce 25-hydroxyvitamin D
(25OHD3, or calcidiol), the major circulating VD3 metabolite that is
largely biologically inactive. Further hydroxylation of 25OHD3 is cata-
lyzed by 1α-hydroxylase (CYP27B1) in the kidney or in extrarenal tissues
and leads to the formation of the biologically active 1,25(OH)2D3
(calcitriol). Metabolic inactivation of 25OHD3 and 1,25(OH)2D3 occurs
through their hydroxylation by 24-hydroxylase (CYP24A1) (Bikle, 2014).

Figure 22.1 Vitamin D receptor target genes.
Key facts of vitamin D receptor target genes
• Vitamin D receptor (VDR) is a member of the nuclear hormone receptor super-

family, and acts as a ligand-inducible transcription factor.
• Intracellular VDR mediates the action of 1,25-dihydroxycholecalciferol (1,25

(OH)2D) and regulates the expression of a wide variety of genes.
• 1,25(OH)2D directly binds to the VDR. This complex recruits the RXR and interacts

with the specific DNA sequences (vitamin D response elements, �VDREs) for acti-
vation of vitamin D target genes.

• The highest VDR expression is found in metabolic tissues, such as the intestine,
kidney, skin, and the thyroid gland, yet moderate VDR expression occurs in nearly
all tissues.

• VDR modulates a variety of biological processes, including calcium and phosphorus
homeostasis, cell proliferation, differentiation, migration and apoptosis, angiogenesis,
and immune response.

• Mutations in the VDR gene are associated with type 2 vitamin D-resistant rickets.
• Some of the differences between individuals may be related to genetic variations

of VDR (polymorphism), affecting VD signaling via VDR.
CYP, Cytochrome P450; ILs, interleukins; PPARδ, peroxisome proliferator-activated
receptor δ; RANKL, receptor activator of nuclear factor kappa B ligand; TNF-α, tumor
necrosis factor-α; VEGF, vascular endothelial growth factor.
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Two multiligand endocytic receptors, megalin and cubulin, provide
the internalization of 1,25(OH)2D3 bound to the VDBP into cells.
Intracellularly, the interaction of 1,25(OH)2D3 with the VDR initiates a
complex cascade of molecular events culminating in gene transactivation
or transrepression (Lu et al., 2018). In general the known VDR-regulated
genes can be grouped as shown in Fig. 22.2. 1,25(OH)2D3 synthesized
in the kidney mainly fulfils the endocrine function shown in Fig. 22.1.

Figure 22.2 Vitamin D�auto/paracrine system in immune regulation
For the manifestation of biological activities VD undergoes two-stage hydroxylation by
the enzymes of the cytochrome P450 family. This pathway involves the formation of
the main circulating metabolite, calcidiol, produced by CYP2R1 and the hormonally
active form, calcitriol, synthesized by CYP27B1. Calcitriol, via VD receptors, modulates
transcription of various genes, involved in mineral metabolism and in noncalcemic
functions, including innate and adaptive immunity. In brief, vitamin D immunomodula-
tion includes the attenuation of Th1 and stimulation of Th2 cells proliferation. Similarly,
vitamin D induces the synthesis, secretion, and release of antiinflammatory cytokines,
while inhibiting proinflammatory cytokines. 1,25(OH)2D, 1,25-Dihydroxycholecalciferol;
25OHD, 25-hydroxyvitamin D; CYP, cytochrome P450; GRs, glucocorticoid receptors;
IFN-γ, interferon-γ; ILs, interleukins; NFATc1, nuclear factor of activated T cells 1; NF-κB,
nuclear factor kappa B; RXR, retinoid X receptor; TGF-β, transforming growth factor β;
Th1, type 1 T helper; Th2, type 2 T helper; TNF-α, tumor necrosis factor-α; Treg, regula-
tory T cells; VDR, vitamin D receptor; VDRE, vitamin D response element.
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Calcitriol was most commonly reported to stimulate the absorption of
phosphate and calcium in the intestine, regulate bone tissue remodeling,
suppress the synthesis of parathyroid hormone (PTH), and enhance
the expression of fibroblast growth factor 23 (FGF23), which inhibits
CYP27B1 activity in the kidney (Fleet, 2017). Apart from the fact that
renal synthesis is the main source of circulatory 1,25(OH)2D3, in extrare-
nal tissues (brain, vessels, skin, large intestine, placenta, prostate, and
immune cells, etc.). Calcitriol also regulates local molecular and biochemi-
cal processes, showing potential to induce nonclassical auto/paracrine
responses (Bikle, 2016).

The level of circulating 25OHD is generally accepted as a biomarker
for VD status. 25OHD values lower than 25 nmol/L are related to rickets
and osteomalacia, and hereafter are designated as severe deficiency.
The emerging data highlighting the association of low VD levels with
nonskeletal pathologies raises the question as to the optimal levels neces-
sary for general health and well-being. At present most experts agree that
plasma 25OHD levels ,50 nmol/L may sustain long-term adverse health
consequences and are classified as “deficiency.” As the 75 nmol/L of
25OHD is the level above which there is no further stimulation of PTH,
it is therefore considered as “sufficiency.” Table 22.1 summarizes the
criteria proposed by the US Endocrine Society for VD status, intended
for normal healthy populations to ensure not only skeletal health
(Pramyothin and Holick, 2012).

Table 22.1 Vitamin D status guidelines.

Vitamin D status 25OHD (nmol/L) 25OHD (ng/mL)

Deficiency , 50 , 20
Insufficiency 50�75 20�30
Sufficiency 75�100 30�44
Toxicity . 250 . 100

Key facts of vitamin D status
• Circulating 25OHD is a robust and reliable marker of vitamin D status.
• Vitamin D deficiency is associated with an increased risk of several diseases such as diabetes,

cancer, autoimmune, cardiovascular, and infectious diseases, depression, dementia, and
musculoskeletal decline.

• Clinical risk factors for vitamin D deficiency are inadequate sun exposure, limited oral intake,
impaired intestinal absorption, long-term use of medications (glucocorticoids, antiepileptic drugs)
and aging.

• The concept of the personal vitamin D response index (via measuring vitamin D sensitive
molecular parameters) can better describe the efficiency of the molecular response to
supplementation with vitamin D and should be provided for an optimized vitamin D
supplementation.
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22.3 Role of vitamin D in immune regulation and
inflammatory responses

In retrospect, the finding that 1,25(OH)2D3 could interfere with the for-
mation of interleukins (ILs) was the first discovery that expanded the VD
research field far beyond the limits of calcium homeostasis and the regula-
tion of bone metabolism. The ILs are a large group of cytokines that
mediate the interactions between immune and inflammatory cells by
modulating cell growth, differentiation, and functional activation. Besides
being produced in the leukocytes at different stages of their differentia-
tion, further cell types involved in specific organ-related diseases with
confirmed inflammatory components (keratinocytes, trophoblasts, adipo-
cytes, and endothelial cells) are capable of synthesizing ILs and VD-
hormone was shown to strongly influence the expression of both ILs and
their receptors. Further cytokines, such as tumor necrosis factor alpha
(TNF-α) and interferon gamma (IFN-γ), as well as growth factors, such
as toll-like receptors, C-reactive protein (CRP), and enzymes, which
generate inflammation mediators (cyclooxygenase, 5-lipoxygenase) have
also been identified as calcitriol targets (Skrobot et al., 2018).

By influencing various cell types related to the immune system
(monocytes/macrophages, dendritic, T and B cells), VD exerts the cell-
type specific regulation of genes involved in the inflammatory processes
shown in Table 22.1 and provides interaction between VD signaling and
other signaling cascades that promote inflammation (Bivona et al., 2017).
Two main observations underscore the immune modulatory effect of VD:
(1) the presence of VDR in immune cells and their ability to produce
VD-hormone locally, which acts on immune cells either in an autocrine,
paracrine, or intracrine fashion; and (2) regulates multiple pathways of
innate and adaptive segments of the immune system.

22.3.1 Vitamin D and innate immunity
Dendritic cells (DCs), which are the most potent antigen-presenting cells
(APCs) of the innate immune system that stimulate the lymphocytes of
adaptive immunity to remove the invaders through antigen presentation,
are major targets of VD (Barragan et al., 2015). Calcitriol, by inhibiting
the secretion of the immune-stimulating cytokine IL-12 and enhancing
the production of the immunosuppressive cytokine IL-10 in DCs,
decreases the antigen presentation and maintains immature phenotype
and tolerogenic properties of these cells (Corripio-Miyar et al., 2017).
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Accordingly, 1,25(OH)2D3 prevents activation of costimulatory molecules
(CD40, CD80, CD83, and CD86) and major histocompatibility complex
(MHC) class II protein expression in DCs resulting in their inability to
activate alloreactive T cells (Penna and Adorini, 2000; Brosbøl-Ravnborg
et al., 2013). The inhibitory action of calcitriol on DCs differentiation and
maturation as well as the modulation of their activation and survival
account for reduced T helper 1 (Th1) cell response, which thoroughly
explains the immunosuppressive activity of 1,25(OH)2D3.

Other differentiated members of the monocytic lineage, that is,
macrophages as well as monocytes themselves, have also been investigated,
but the effects of 1,25(OH)2D3 in these cells remain controversial. VD
suppresses the proliferation and stimulatory properties of monocytes
(Brosbøl-Ravnborg et al., 2013). For several members of the interleukin
family (e.g., IL-1, IL-6, and IL-8) as well as TNF-α, both positive and
negative regulation by calcitriol has been found (Bhalla et al., 1991; Di
Rosa et al., 2012). These effects seem to depend on the time of cells’
stimulation, the degree of their maturation, the stimulus that is employed,
and other factors.

Furthermore, VD affects innate immunity through its direct stimula-
tory action on the synthesis of cathelicidin and defensin induced by the
activation of toll-like receptors. These low molecular weight host defense
antimicrobial peptides possess a broad spectrum of activity against bacteria,
viruses, and fungi in the immune cells (Sato et al., 2013).

22.3.2 Vitamin D and adaptive immunity
VD modulates adaptive immunity, which is based on an antigen-specific
immune response, involving the interaction of T and B cells. These cells,
especially in an immunologically active state, can express VDR (Szymczak
and Pawliczak, 2016). Calcitriol may act indirectly on lymphocytes
through paracrine signaling by APCs or directly through VDR. Early
studies indicated that 1,25(OH)2D3 suppresses T lymphocyte proliferation
most probably by reducing IL-2 transcription (Chambers et al., 2014).
The CD41 subset of T cells, also referred to as T helper (Th) cells, is
known to assist other leukocytes in immune processes, including the
maturation of B cells into plasma cells and the activation of cytotoxic T
cells and macrophages. CD41 Th cells recognize peptides presented by
MHC II molecules of APCs. They can differentiate into one of several
subtypes, such as Th1, Th2, Th17, Th22, and Treg cells, which secrete
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various cytokines to facilitate different types of immune responses.
Recently, over 100 target genes have been identified in mature CD41
Th cells with 57 genes being repressed and 45 genes being upregulated by
VD-hormone (Mahon et al., 2003).

In vitro studies revealed the ability of 1,25(OH)2D3 to inhibit IFN-γ
secretion by CD41 Th1 cells (Jeffery et al., 2009). Accordingly, VD was
indicated to stimulate the formation of Th2 cells by increasing IL-4 syn-
thesis (Mahon et al., 2003). The resulting effect supports a shift of T cell
responses from a Th1 type toward Th2 reactions with concomitant
suppression of Th17 that promotes the development of tolerogenic phe-
notype. 1,25(OH)2D3 inhibited the differentiation of Th17 cells through
its suppressive effect on IL-17 and RANKL (receptor activator of NF-κB
ligand) synthesis (Sun et al., 2018). Previous in vitro and in vivo studies
have revealed that the RANKL signals favor the survival of DCs, thereby
activating the immune response (Akiyama et al., 2012). In addition,
1,25(OH)2D3 activates Treg cells, which suppress the immune response
and mediate immune tolerance by inducing IL-10 formation (Barrat et al.,
2002).

Cytotoxic (killer) T cells, also known as CD81 T cells, destroy virus-
infected and tumor cells, and are also implicated in proinflammatory
responses and autoimmunity. It was shown that VD reduces the prolifera-
tion of CD81 T cells, which recognize their targets by binding to anti-
gen associated with MHC I molecules present on the surface of all
nucleated cells. They express VDR at the highest level compared to other
immune cells. VDR-knockout CD81 T cells exhibit an increased
proliferation without antigen stimulation due to an increased production
of IL-2 (Chen et al., 2014). Several studies have also demonstrated the
regulatory role of VD on the expression of some other cytokines secreted
by CD81 T cells, such as IL-6, IL-12, TNF-α, IL-5, and TGF-β.

22.3.3 Cytokines in regulation of vitamin D-metabolizing
enzymes
Renal CYP27B1 is mainly regulated by PTH (produced in response to
low calcium status), FGF23 (produced in the bone to inhibit CYP27B1 in
response to elevated serum phosphates), and calcitriol itself (Kägi et al.,
2018). Regarding the regulation of extrarenal CYP27B1 synthesis, it was
established to be tissue-specific and strongly dependent on cytokines. This
is the case for INF-γ and TNF-α, for which it has been shown that they
stimulate CYP27B1 production in monocytes and macrophages without
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PTH involvement. Moreover, CYP27B1 in immune cells is not nega-
tively regulated by 1,25(OH)2D3 and the role for CYP24A1 is also negli-
gible. Importantly, the key limiting factor for efficient calcitriol synthesis
in immune cells is the availability of 25OHD3 (Overbergh et al., 2006).
Similarly as in immune cells, keratinocytes also demonstrated the stimula-
tory potential of INF-γ and TNF-α on CYP27B1 expression. Calcitriol
was not active to directly inhibit this gene. However, calcitriol can restrict
its own abundance in the epidermis by inducing the catabolizing enzyme
CYP24A1. 1,25(OH)2D3-induced transcription of CYP24A1 is readily
implementable due to the presence of multiple VD response elements
(VDRE) within its gene promoter (Xie et al., 2002).

These findings suggest that increased CYP24A1 expression and activity
elicited by cytokines, along with insufficient substrate accessibility could
be important limiting factors for calcitriol synthesis that might lead to
impaired VD signaling in immune and other extrarenal cells and contrib-
ute to inflammation. A closer look at whether other proinflammatory
cytokines could determine the abnormal outcome of calcitriol action
in the immune system, affecting the enzymes that metabolize VD, is war-
ranted. The overall effect of VD on the immune system is summarized in
Fig. 22.1.

22.4 Vitamin D and diabetes mellitus

22.4.1 Vitamin D modulates β-cell function
The term “diabetes mellitus” describes multifactorial metabolic disease
characterized by hyperglycemia as the result of defects in insulin secretion
(type 1 diabetes, T1D) and/or the obstruction of insulin function in target
tissues (type 2 diabetes, T2D). T1D is an autoimmune disease caused by
the progressive T cell-mediated destruction of insulin-producing β cells in
the pancreas. The triggers for the autoimmune attack have not been fully
elucidated, but it is now widely accepted that both environmental and
genetic factors are important contributors. The discovery of VDR and
CYP27B1 coexpression in pancreatic islet cells along with their expression
in activated CD41 and CD81 T lymphocytes, B cells, granulocytes,
and antigen-presenting cells (macrophages and DCs) supports the putative
role of an impaired vitamin D pathway in autoimmune diabetes.

Variations at genes within the MHC (in humans, also referred to as
the HLA complex) can be the key genetic determinants of T1D
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development. The most recognized is the association of T1D with poly-
morphisms of HLA II genes encoding DQ and DR (3). The DR�DQ
haplotypes conferring the highest risk are HLA-DRB1�03 (DR3), typi-
cally present in haplotypic association with DQA1�05:01-DQB1�02:01
(DQ2), and HLA-DRB1�04 (DR4) observed in haplotypic association
with DQA1�03-DQB1�03:02 (DQ8). It is precisely in conjunction with
these variants of HLA II on APCs that the autoantigens are presented to
Ths in the thymus and peripheral tissues, particularly in the lymph nodes
surrounding the pancreas (Sharp et al., 2018). The most well-known
autoantigens include preproinsulin, insulinoma-associated antigen from
the family of transmembrane tyrosine protein phosphatases 2, glutamate
decarboxylase, and zinc transporter (ZnT8). Upon the action of the stim-
ulus, CD41 Th1 cells induce pancreatic β cell destruction by stimulating
CD81 killer T cells to attack the Langerhans islets. VD deficiency causes
an increased formation of CD41 Th1 cells and the propagation of proin-
flammatory cytokines occurs. 1,25(OH)2D3 was indicated to suppress
the proliferation of Th1 cells and their ability to produce cytokines. As
a consequence of reduced secretion of IL-2 and IFN-γ by CD41 cells
and the stimulation of IL-5 and IL-10 secretion, the immune system
switches from the Th1 to tolerogenic Th2 cell response (Alfonso et al,
2009).

In addition to immunomodulating properties, VD seems to play a role
in the regulation of insulin secretion from β cells. VD deficiency in
rodents negatively affects glucose-stimulated insulin secretion and human
epidemiological studies also link poor VD status with T1D and T2D.
Preincubation of mouse and human islets with 1,25(OH)2D3 enhances
glucose-stimulated insulin secretion and increases glucose-stimulated
calcium influx. The R-type voltage-gated calcium channel gene, Cacna1e
(genetic variability of the major subunit), which contains a conserved
VDRE in intron 7, was shown to be highly upregulated by 1,25(OH)2D3

in human and mouse islets (Kjalarsdottir et al., 2018). Evidence from
in vitro studies has demonstrated that pancreatic islets, similar to immune
cells, express VDR and 25-hydroxyvitamin D-1α-hydroxylase, suggesting
that local production of 1,25(OH)2D3 is vital for normal islets functioning.
Pancreas can also respond to circulating levels of calcitriol (Wolden-Kirk
et al., 2013). However, while an in vitro trial revealed stimulatory action
on preproinsulin mRNA in cultured islets isolated from fed rats, there was
no effect of calcitriol in vivo. Nevertheless, vitamin D restored insulin
secretion in vitamin D-deficient animals (Bourlon et al., 1999).
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More recently, dedifferentiation has been identified as one of the
mechanisms of β cell failure associated with T2D. In a study on mouse
insulinoma cell line cultured in a high-glucose environment, treatment
with VD normalized decreased VDR activity and enhanced the expres-
sion of essential transcription factors, such as Pdx1 and MafA, subse-
quently increasing Ins1 and Ins2 expression and protecting β cells against
pathological dedifferentiation (Neelankal John et al., 2018).

22.4.2 Vitamin D�auto/paracrine system in diabetes mellitus
VD insufficiency/deficiency is common in subjects with T1D and T2D;
however whether this association is causal remains largely undefined.
Regarding the mechanisms of vitamin deficiency in T1D, the interplay of
genetic, nutrition, and environmental factors seems to affect the circulat-
ing level of the VD status marker, 25OHD. As VD biosynthesis and its
signaling are regulated by genes encoding the VDR and enzymes for
calciferol activation, their polymorphisms may significantly alter the bio-
availability and specific effects of VD metabolites. The increased risk for
T1D was shown to be closely related to low 25OHD resulting from VD
pathway polymorphisms (e.g., VDR, CYP2R1, CYP27B1, VDBP, and
cubulin). For a comprehensive review please see Penna-Martinez and
Badenhoop (2017). Available data, however, indicate variable genetic pre-
dispositions to T1D that depend on the ethnic origin of the populations
studied.

As VD deficiency was shown to enhance the risk for T1D, it provided
the rationale for vitamin D supplementation to manage this disease. The
therapeutic benefits from VD treatment on T1D were found in some
clinical trials (Grammatiki et al., 2017). Significant positive effects of vita-
min D supplementation in the form of alphacalcidole and cholecalciferol
on daily insulin dose, fasting, and stimulated C-peptide levels were
observed in patients newly diagnosed with T1D, whereas supplementation
with calcitriol had no effect (Gregoriou et al., 2017). Intervention trials
and meta-analyses demonstrated vitamin D’s potential to prevent the
development of T1D in infants (Hypponen et al., 2001). Intervention
trials also proved the specific requirements of adequate VD doses to
achieve VD sufficiency. Treg cells of patients with T1D who received
cholecalciferol at a dose of 4000 IU daily for 3 months demonstrated a
differential response to VD action according to VDR single nucleotide
polymorphisms (Moran-Auth et al., 2015). These data suggest that doses
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may need to be personalized to achieve targeted effects due to pharmaco-
genomic variations in T1D.

Moreover, many human observational studies have associated low VD
status with the incidence of metabolic syndrome and T2D. Similar to
T1D genetic analysis, several polymorphisms have been described in
VDR genes that are capable of altering VDR protein activity and can be
ascribed to the development of metabolic syndrome and T2D (Karonova
et al., 2018; Han et al., 2017). However, the results of VD intervention
trials have been inconsistent. Some observations found that VD supple-
mentation significantly improved the glycemic control and the metabolic
parameters in patients with prediabetes and diabetes. Several other meta-
analyses showed that VD had no significant effects on fasting glucose,
glycated hemoglobin, and insulin resistance in T2D patients.

Only a limited number of experimental trials address the diabetes-
associated disturbances in the VD pathway and their prevention by VD
supplementation using animal models. In our prior experiments con-
ducted in STZ-induced diabetic male rats, we investigated the role of
vitamin D in the regulation of CYP27B1 and VDR expression at tran-
scriptional and translational levels in different tissues of T1D rats
(Mazanova et al., 2018). It was shown that T1D caused a decrease in
blood 25OHD that correlated with downregulation of CYP27A1 and
CYP2R1 expression. VD deficiency was accompanied by elevated synthe-
sis of renal CYP27B1 and VDR. Conversely, CYP27B1 and VDR
expression decreased in the liver, bone tissue, and bone marrow. We also
revealed a strong increase (interim data) in the expression of the mRNA
of the main VD catabolic enzyme CYP24A1 in the liver and kidneys that
could be one of the likely mechanisms explaining VD deficiency and the
impairment of its signaling in the experimental T1D. Cholecalciferol sup-
plementation at a dose of 1000 IU/per kg of body weight for 30 days was
effective in correcting impaired VD�endo/para/autocrine systems in the
kidneys and extrarenal tissues of diabetic rats.

22.4.3 Antiinflammatory effect of vitamin D in diabetes
mellitus
Some of the previously mentioned mechanisms linking VD to the
regulation of the immune response support a role for the VD�endo/
para/autocrine system disorders in the pathogenesis of inflammatory and
autoimmune diseases, including diabetes mellitus. Accordingly T1D has
been associated with VD deficiency and the onset of autoimmunity in

438 Molecular Nutrition



diabetes was established to be preceded by a proinflammatory cytokine
profile in serum (Grammatiki et al., 2017). However, the existing obser-
vational data are still scarce as to whether there is any causal link between
VD deficiency and proinflammatory processes in the manifestation of
autoimmune diabetes.

Several clinical investigations have shown that VD either preserved the
function of β cells from autoimmune destruction, or made it difficult to
reduce the residual β cell function in children and adults with T1D, yet a
few trials did not find any role for VD supplementation (Shih et al.,
2016). A study of VD effect on Treg cells in TD1 patients revealed an
improved suppressive capacity of Treg cells after the treatment as com-
pared with placebo control (Treiber et al., 2015) (Fig. 22.3). Calcitriol has
been shown to increase phospho-STAT6, IL-4, and IL-10 levels, as well
as arginase activity, and lowers phospho-STAT4, IFN-γ, and IL-17 levels
in recent-onset human T1D (Ysmail-Dahlouk et al., 2016). In accordance
with these data, calcitriol supplementation decreased serum and urinary
levels of inflammatory markers, such as IL-6, TNF-α, and ICAM-1, in
diabetic patients (Mao et al., 2014).

It has been previously shown that the treatment of nonobese diabetic
(NOD) mice with a vitamin D analog arrests the progression of insulitis,

Figure 22.3 mRNA level of CYP24A1 in liver and kidney of diabetic rats and after
vitamin D3 treatment.
Transcript level (mRNA) of CYP24A1 was determined by real-time quantitative poly-
merase chain reaction (RT-PCR): 1, control group; 2, T1D group; 3, T1D1 100 IU of
vitamin D3 group. Data were normalized to glyceraldehyde 3-phosphate dehydroge-
nase, pooled from three independent experiments (n5 6 rats/group) and calculated
using the ΔΔCt method. Results are expressed as mean6 SEM.�P# .05 versus con-
trol group; #P# .05 versus diabetes group.
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blocks Th1 cell infiltration into the pancreas, and markedly reduces T1D
development (Giarratana et al., 2004). Along with the established increase
in insulin secretion and suppression of the demise of pancreatic β cells
after cholecalciferol administration, animal models also confirmed that
the beneficial effect of VD may be due to its antiinflammatory effect.
VD decreased interferon γ-positive CD81 T cells and elevated
CD41CD251 FoxP31 T cells in pancreatic lymph nodes of NOD
mice (Takiishi et al., 2014). Moreover, 1,25(OH)2D3 administration to
nonobese and nondiabetic mice strongly modulated chemokine and cyto-
kine profiles and prevented diabetes, however, calcitriol elicited unwanted
calcemic side effects (Gysemans et al., 2005).

The effect of VD on the T cell segment of the immune system has
been the subject of a recent study conducted by our research group on a
mouse model of autoimmune diabetes. As is known, the ratio of CD41
to CD81 lymphocyte subsets can partially reflect proinflammatory and
autoimmune processes in the body (Chen et al., 2014). Consistent with
this view, we, in turn, showed that T1D mellitus was accompanied by a
shift in the ratio of subsets of peripheral blood lymphocytes as well as
spleen lymphocytes toward the prevalence of CD41 T cells, and these
changes were observed under conditions of pronounced deficiency in
serum 25OHD (Labudzynskyi et al., 2016a,b). Altered CD41 /CD81
ratio can be attributed, at least partially, to an increase in the number of
Th1 and Th17 cells, which, unlike Th2, secrete proinflammatory cytokines
and are involved in autoimmune reactions (Alfonso et al., 2009). T lym-
phocytes isolated from the spleen of diabetic animals showed a higher level
of inflammatory markers, such as the NF-κB p65 subunit phosphorylated at
Serine 311. It was also found that the phytohemagglutinin-induced prolifer-
ative activity of the whole fraction of spleen T lymphocyte decreases almost
twofold in T1D. Cholecalciferol treatment revealed its significant normaliz-
ing effect on the ratio of CD41 to CD81 T cells both in the blood and
in the spleen. Additionally, VD increased proliferative activity of spleen
lymphocytes and diminished the level of activated phospho-p65/NF-kB
and its nuclear translocation in spleen T cells.

In line with numerous studies that have found that chronic inflamma-
tion is one of the hallmark mechanisms of diabetes-associated complica-
tions, we further confirmed the antiinflammatory effects of VD in liver
injury related to experimental T1D. Our findings have shown a possible
link (Fig. 22.4) between VD deficiency in T1D and increased hepatic
levels of IL-6 and osteopontin mRNA (Labudzynskyi et al., 2016a,b), and
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protein levels of RANKL (unpublished data). Enhanced RANKL content
may have either a protective or deteriorating role in inflammation-
associated liver injury induced by diabetes. VD supplementation exerted a
beneficial effect on inflammatory processes in liver tissue related to T1D.

T2D is characterized by hyperglycemia as a result of a combination of
insulin resistance in peripheral tissues and insufficient insulin secretion
from pancreatic islet β-cells. There is accumulating evidence that the acti-
vation of inflammatory pathways interferes with the metabolism of insulin
and impairs its signaling. In turn, insulin resistance results in an enhanced
expression of proinflammatory cytokines that cause inflammatory response
and low-intensity chronic inflammation, further exacerbating insulin resis-
tance. Meta-analysis of prospective studies have shown that elevated levels
of inflammatory cytokines (IL-1β, IL-6, IL-18, and CRP), TNF-α, and
low levels of adiponectin strongly correlate with T2D risk (Liu et al.,
2016). Only a few clinical trials have been conducted to test the efficacy
of VD supplementation on inflammatory markers in T2D, with contro-
versial results. A recent meta-analysis of randomized controlled trials indi-
cates VD’s ability to enhance leptin levels with a reducing effect on CRP
and TNF-α levels that improved the chronic low-grade inflammation in
diabetic patients (Mousa et al., 2018). Nevertheless, in several other stud-
ies VD supplementation did not have any positive influence on TNF-α
and IL-6 levels, β-cell function, insulin sensitivity, or glycemic control in
T2D subjects (Wagner et al., 2016).

T2D animal studies showed that VD administration improved the
glycemic index and insulin resistance by decreasing the levels of

Figure 22.4 Protein level of RANKL in liver tissue of diabetic rats and after vitamin
D3 treatment.
Protein level of RANKL was determined by western-blot analysis: 1, control group; 2,
T1D group; 3, T1D1 100 IU of vitamin D3 group. Representative immunoblots are
quantified using β-actin as a loading control. The bar graphs of RANKL are presented
as mean6 SEM.�P# .05 versus control group; #P# .05 versus diabetes group.
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insulin-degrading enzymes and activating the phosphorylation of insulin
receptors. The VDR agonist paricalcitol was shown to modulate the
markers of pancreatic oxidative stress (catalase, syperoxide dismutase, and
glutathione peroxidase) and inflammation (C-peptide, adiponectin, IL-2,
and TNF-α) in T2D rats, significantly lowering blood glucose and insu-
lin resistance (Ali et al., 2018) (Fig. 22.5).

22.5 Conclusions

Calcitriol modulates the transcription of various genes, particularly those
involved in mineral metabolism and in noncalcemic functions, including
immune regulation. Changes in cytochrome activities responsible for the
formation of hydroxylated metabolites of cholecalciferol can play a crucial
role in disturbing the bioavailability of VD and VDR-mediated cellular
signaling linked to the development of widespread chronic diseases.
Epidemiological and observational studies have reported an association
between low plasma levels of 25OHD and the risk of type 1 and 2 diabe-
tes mellitus. Several studies have shown that inherited variation in VD

Figure 22.5 Proposed scheme linking vitamin D deficiency to inflammation and dia-
betes mellitus.

442 Molecular Nutrition



genes is associated with diabetes, supporting a genetic etiological role for
VD deficiency related to the disease.

VD deficiency may predispose to altered insulin secretion and hyper-
glycemia either through direct action via VDR activation, or indirectly
through augmented inflammatory processes and autoimmunity. VD sup-
plementation prevents the inflammation by downregulating proinflamma-
tory and upregulating antiinflammatory factors. The antiinflammatory
effect of VD has been proven to counteract the initiation and progression
of diabetes. On the other hand, there is growing evidence that low-
intensity chronic inflammation may, in turn, interfere with the normal
metabolism of VD, resulting in exacerbated proinflammatory cytokines
expression (Fig. 22.5). Some of the current conflicting results regarding
insignificant effects of VD supplementation or the lack of an association
between VD status and diabetes may be related to a predisposing role for
VDR polymorphisms and those of the VD metabolism genes. Future
directions may address the relevance of these polymorphisms to immune
regulation in diabetes mellitus and other immune-mediated diseases.
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Key facts of vitamin E

• Vitamin E is an essential micronutrient represented by a group of
molecules (four tocopherols and four tocotrienols).

• α-Tocopherol is the most important form of this vitamin.
• Fat-rich food is the main dietary source of vitamin E, especially edible

oils and seeds.
• Vitamin E is a fat-soluble antioxidant used to preserve oxidizable lipids

in food products as well as in cosmetics and pharmaceuticals (it pre-
vents rancidity of fats and oils).

• The same antioxidant function is important to protect lipids in cells
and body fluids, thus representing a natural antiaging component of
human tissues.

• Vitamin E also influences the expression of groups of genes with phys-
iological roles in the central nervous system, liver, blood, and immune
system.
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• A deficiency of vitamin E is often a mild and benign condition
obtained after a prolonged exposure to a reduced intake of the vita-
min. Alternatively, it occurs secondarily to defects of the gastrointesti-
nal tract associated with fat malabsorption and/or altered lipid
metabolism.

• Severe deficiency occurs in the case of a genetic disorder known as
ataxia with vitamin E deficiency (a defect in the hepatic binding pro-
tein of this vitamin associated with major neurological abnormalities)

• The liver controls the uptake and distribution of this vitamin to
peripheral tissues and organs (illustrated in the accompanying
Chapter 24, Vitamin E: metabolism and molecular aspects).

• The liver also prevents the accumulation of this vitamin by means of
specific mechanisms of excretion and degradation (products of these
processes are eliminated with feces and urine).

• Some physiological metabolites of vitamin E have been proposed to pro-
vide important biological functions alternative to the vitamin precursors.

Summary points

• This chapter focuses on the micronutrient vitamin E, a plant-derived
family of molecules (four tocopherols and four tocotrienols).

• Edible oils and seeds are the main dietary sources of this vitamin, and
in general it is abundantly represented in fat-rich food products.

• Often vitamin E is utilized as an antioxidant ingredient to preserve
oxidizable lipids of food, cosmetics and pharmaceutical products.

• α-Tocopherol is the most represented and active form of vitamin E in
human tissues.

• This is the main lipid antioxidant (H atom donor) of cellular mem-
branes and possibly of intracellular fats (endosomes and vacuoles) and
circulating lipoproteins.

• Vitamin E also binds to, and influences the activity of, specific cellular
proteins includeing nuclear receptors, transcription factors, transporters,
and enzyme proteins.

• Defects in the antioxidant and gene regulation function of this vitamin
have been described and have been associated with alterations in physio-
logical processes of the central nervous system (especially the cerebellum
and hippocampus), liver tissue, immune system, and blood cells.

• Vitamin E deficiency is usually a low-grade and relatively benign con-
dition (reversible with dietary or nutritional interventions). It is often
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secondary to a lower intake of the vitamin or to a disease state, such as
a defect of the gastrointestinal tract and malabsorption, liver and lipid
metabolism disorders, etc.

• Severe deficiency is observed in a rare genetic disorder known as ataxia
with vitamin E deficiency, this is a defect of the α-TOH binding protein
gene that encodes for a hepatic protein responsible for vitamin E binding
and distribution with the circulating lipoproteins to all extrahepatic tissues.

• The liver controls the metabolism of this vitamin through its vitamer-
selective uptake and lipoprotein-mediated distribution to peripheral
tissues, and elimination of vitamin excess by means of specific mechan-
isms of catabolism and excretion (essentially with bile).

• Some of the metabolites produced during its catabolism are potent
modulators of inflammatory and lipid metabolism pathways, compati-
ble with a provitamin mechanism already described for other fat-
soluble vitamins, such as vitamin A and D (described in the accompa-
nying Chapter 24, Vitamin E: metabolism and molecular aspects).

23.1 General concepts and historical steps in vitamin E
research

We write this chapter in a time of renewed interest toward one of the most
studied and marketed vitamins ever. Scientific investigation into vitamin E
has been very extensive for nearly a century of history from its discovery in
1922 (Evans and Bishop, 1922), with about 50,000 items retrieved in
PubMed and a trend in publication time-course (Fig. 23.1) showing steady
growth of interest up to 2005 that has been identified as “Annus Horribilis” of
vitamin E due to the publication of negative results coming from a meta-
analysis of clinical trials.1 Recent projections however demonstrate that the
bad moments are over. From 2008 onward, the number of publications
started again to rise with a wealth of studies on different aspects that include

1 In 2005 Miller et al. (2005) published a dose-response meta-analysis showing that
high-dosage ($400 IU/d, corresponding to 268 mg/d of α-tocopherol) vitamin E sup-
plementation was associated with a small, but statistically significant, increased risk of
mortality (relative risk, 1.04 [95% CI, 1.01�1.07]). In this study the authors concluded
that “high-dosage vitamin E supplementation was likely to be harmful. Even in the best
case, it offered no benefit in prolonging life.” These findings however were highly con-
troversial, and other studies criticized the methodology and conclusion of this
meta-analysis (recently reviewed in Galli et al., 2017). However, since then concerns
have been expressed by several authors in recommending dosages higher than that dose,
especially in subjects at a higher risk of cardiovascular disease.
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emerging functions and already established health-promoting effects of vita-
min E. Several of these studies are still pursuing the so far frustrating aim of
defining the precise role of essential nutrient (discussed in section 23.3.1).

Natural and synthetic forms of vitamin E are among the most impor-
tant and widespread ingredients of food products and the cosmetics indus-
try (essentially as antioxidants and stabilizers of unsaturated lipids) and
health-promoting effects are claimed for functional food and nutraceuti-
cals that contain this vitamin in its different forms as the major active prin-
ciple or coingredient. The demand of natural forms of this vitamin for all
these applications is now increasing, as it is for many other ingredients of
the food, cosmetics, and pharmaceutical industry.

The main steps in vitamin E’s scientific history are summarized in
Table 23.1. It was discovered in 1922 by Evans and Bishop as an
unknown fat-soluble factor essential for rat fertility, that is, a compound
capable of preventing fetal resorption in female rats (Evans and Bishop,
1922). A few years later Sure (1927) obtained the same results after per-
forming similar experiments and called the substance “vitamin E” since vita-
mins A, B, C, and D were already known at that time. α-Tocopherol
(α-TOH) was the first form of the vitamin to be isolated in pure form from

Figure 23.1 PubMed search on vitamin E publications. Retrieved items (all type) at
October 2018 are shown together with three moments of the publication curve
highlighted that are discussed in the text as relevant for the evolution of this field;
search terms were: vitamin E OR tocopherol OR tocotrienol OR tocopheryl.
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Table 23.1 The main steps of vitamin E history over a century of research.

1922 Discovery of vitamin E (terms
coined by Sure in 1927) by
Evans and Bishop as the X
compound present in plants and
essential for female rats’ fertility

Evans and Bishop (1922) and
Sure (1927)

1930 Isolation of in pure form from
wheat germ

Evans et al. (1936)

Identification of α-TOH structure Fernholz (1938)
Synthesis in racemic (all-rac) forms Karrer et al. (1938)

1940 Identification of vitamin E as a fat-
soluble chain-breaking
antioxidant, followed by first
studies defining differences
between vitamers in terms of
biological and antioxidant
activity

Mattill (1947) and Tappel
(1953)

1950 Discovery of urinary metabolites of
vitamin E oxidation, the Simon’s
metabolites

Eisengart et al. (1956) and
Gross et al. (1956)

1960 First isolation and characterization
of tocotrienols

Schudel et al. (1963)

Correlation between deficiency of
vitamin E and pathological
situations, such as anemia due to
hemolysis caused by erythrocyte
fragility and fat malabsorption
syndrome

Kayden et al. (1965)

1970 Synthesis of tocotrienols by Scott Scott et al. (1976)
Identification of the gene defect of

α-TTP causing an inherited
disorder responsible for severe
vitamin E deficiency

Catignani and Bieri (1977)

Studies on the synergistic
interaction of vitamin E with
coantioxidants, such as vitamin C

Packer et al. (1979)

1980 Vitamin E identified as main fat-
soluble antioxidant of human
plasma

Burton et al. (1982)

Identification in urine of short-
chain metabolite of α-TOH
synthesized in response to
vitamin E excess

Chiku et al. (1984)

First studies of vitamin E’s
influence on signal transduction
and gene transcription pathways

Mahoney and Azzi (1988)

(Continued)
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Table 23.1 (Continued)

1990 Vitamin E supplementation leads to
relief of symptoms caused by
different α-TTP mutations

Traber et al. (1990)

First identification of CEHC in
human serum

Stahl et al. (1999)

Findings on vitamin E as a
prooxidant in the absence of
ascorbate

Bowry et al. (1992)

Antioxidant effects associated with
preventing liver lipid
peroxidation and hepatotoxicity
in CCl4-treated animals

Parola et al. (1992)

Murray et al. isolated from human
urine a mild potency natriuretic
factor the structure of which
coincided with γ-CEH

Murray et al. (1995) and
Kantoci et al. (1997)

First identification of CEHC in
human serum

Stahl et al. (1999)

2000 Identification of PXR nuclear
receptor and CYP3A4 as key
players of vitamin E metabolism

Birringer et al. (2001),
Birringer et al. (2002), and
Landes et al. (2003)

Description of cytochrome P450-
dependent tocopherol
ω-hydroxylation pathway by
Sontag And Parker

Sontag and Parker (2002)

CEHCs measured in human blood
and urine as biomarkers of
physiological and disease-related
metabolism of vitamin E

Galli et al. (2002, 2004c) and
Himmelfarb et al. (2003)

Demethyl CEHCs identified as
modulators of cyclooxygenase-2
(COX-2) in inflammatory cells
and cell cycle checkpoints of
cancer cells

Jiang et al. (2000) and Galli
et al. (2004a)

α-Tocopheryl phosphate
demonstrated to form as a
physiological metabolite in
different tissues and organisms

Munteanu et al. (2004) and
Ogru et al. (2003)

A function of vitamin E metabolism
as an alternative to catabolism was
proposed for the first time,
vitamin E was suggested to
behave as a provitamin and
hormonal substance

Galli et al. (2007)

(Continued)
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wheat germ (WG) in 1936 (Evans et al., 1936), and then in the unsaponifi-
able lipid fraction of different plants, of which the first to be investigated
were lettuce, cottonseeds, and palm oil (Evans et al., 1936 and references
therein). Its structure was determined by Fernholz (1938) together with its
synthesis in the racemic (all-rac) form (Karrer et al., 1938).

Other forms of this vitamin have been identified as natural compo-
nents of plant organisms and then of food products (Fig. 23.2). These
include eight members (or vitamers) divided into two subfamilies: four
TOHs and four tocotrienols (T3s). The latter are characterized by the
presence of three double bonds on the side chain of the molecule, and
were isolated for the first time in 1963 by Schudel et al. (1963) and syn-
thesized by Scott et al. (1976). The number of methyl group substituents on
the chroman ring identifies the four vitamers in each subfamily (designated
the Greek letters α, β, γ, and δ), with the α form as the fully methylated

Table 23.1 (Continued)

Demethyl LCMs as COX-2
inhibitors

Jiang et al. (2008)

Setting up of a semisynthesis
procedure to produce LCMs
from garcinoic acid and first
demonstration of anticancer
activity of LCMs

Mazzini et al. (2009)

2010 130-LCMs were demonstrated to
be potent 5-lipoxygenase
inhibitors with in vivo
antiinflammatory activity

Jiang et al. (2011) and Pein
et al. (2018)

α-130-LCMs first identified in
human blood of healthy subjects

Ciffolilli et al. (2015) and
Wallert et al. (2014)

Vitamin E therapy introduced in
clinical guidelines of NASH

Watanabe et al. (2015)

130-LCMs identified as PXR
agonists

Podszun et al. (2017)

α-13-LCMs and α-TQ quantified
in healthy subjects and in
chronic kidney disease and
NAFLD patients

Giusepponi et al. (2017) and
Torquato et al. (2019a)

Today The aim of today’s research remains that of providing a conclusive
definition of essentiality for this “orphan” vitamin

453Vitamin E: nutritional aspects



and the gamma as the dimethyl counterpart (Fig. 23.2). The identification of
multiple TOHs and T3s forms stimulated comparative studies that demon-
strated differences between the vitamers in terms of both the biological func-
tion (fertility test) and antioxidant activity. For example, TOHs were found
to be increasingly effective as antioxidants in the order of magnitude
α. β. γ. δ as assessed by an oxidation test on lard (Mattill, 1947) and
the same potency order was observed for the animal fertility test and other
biological assays, some of which have been utilized to establish the adequate
or recommended intake of this vitamin in humans, such as hydrogen
peroxide-induced lysis of red blood cells or plasma lipid peroxidation
(recently reviewed in Galli et al., 2017; Schmolz et al., 2016).

Soon after its discovery, the rat fertility effects of wheat germ oil
(WGO) vitamin E were speculated to find support from the “antioxy-
genic” properties of this oil (Olcott and Mattill, 1931), and these pioneer-
ing studies paved the way to the identification of vitamin E as a fat-
soluble antioxidant (originally reviewed in Mattill, 1947). That step of
vitamin E history was boosted by the increasing interest on free radicals
and their role in the oxidation chemistry of unsaturated lipids that in those
years stimulated a number of studies on this chain reaction process and its
inhibition by antioxidants. The latter became important subjects of basic
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Figure 23.2 Chemical structures of tocopherols (TOHs) and tocotrienols (T3).
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and translational studies at the end of 1940s (Mattill, 1947; Tappel, 1953)
and starting from that point, the definition of vitamin E as a “chain-
breaking” antioxidant arose. Other steps that stimulated the attention of
the scientific community on the antioxidant role of vitamin E were the
identification of endogenous metabolites derived from its oxidation in ani-
mal and human urine, also known as Simon’s metabolites (Eisengart et al.,
1956; Gross et al., 1956), and then the demonstration in the 1980s that
this vitamin is the main lipid-soluble antioxidant of human plasma
(Burton et al., 1982). Further studies in the same years demonstrated the
synergistic interaction of vitamin E with coantioxidants, essentially the
water-soluble molecule ascorbate (vitamin C) identified by Packer et al.
(1979).

The importance of such synergy was further confirmed by the evi-
dence that in the absence of ascorbate, vitamin E can behave as a prooxi-
dant leading to “TOH-mediated peroxidation” (Bowry et al., 1992). One
of the strongest and clinically relevant pieces of evidence in support of the
antioxidant role of this vitamin in vivo was the demonstration that vita-
min E prevented lipid peroxidation and hepatotoxicity upon exposure of
animal models to the free radical-generating agent CCl4 (Parola et al.,
1992). Later on, other antioxidants, such as ubiquinol (Q10H2) and vari-
ous polyphenolics (Bowry et al., 1995), were demonstrated to be effective
in inhibiting lipid peroxidation, not only in homogeneous solution, but
also in heterogeneous systems such as membranes and lipoproteins (Niki
and Noguchi, 2004), but their biological relevance as chain breakers of
cell membranes and plasma lipids was demonstrated to be much lower in
comparison with that of α-TOH, that is, the main fat-soluble H atom
donor of human tissues (reviewed elsewhere in Forman et al., 2014;
Traber and Atkinson, 2007).

In the 1960s, reports of vitamin E deficiency in humans with various
fat malabsorption syndromes began to appear. Anemia due to hemolysis
caused by erythrocyte fragility was reported as a common symptom in
vitamin E-deficient humans (Kayden et al., 1965). The most relevant
inherited disorder responsible for severe vitamin E deficiency was identi-
fied as a gene defect of hepatic α-TOH binding protein (α-TTP)
(Catignani and Bieri, 1977) associated with impaired lipoprotein metabo-
lism of α-TOH and severe neurologic symptomatology (Gotoda et al.,
1995; Ouahchi et al., 1995). This disease was referred to as to “ataxia
with vitamin E deficiency” (AVED; OMIM No. 277460). More than 20
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different α-TTP mutations have been described in AVED subjects (Di
Donato et al., 2010) and the symptomatology can be efficiently cured by
vitamin E supplementation (Traber et al., 1990). In the 1980s vitamin E
was identified as modulating signal transduction and gene transcription
pathways of different cell models and tissues and this regulatory function
was suggested to be independent from the antioxidant function of this
vitamin.

In the same years, Chiku et al. (1984) reported on a urinary metabolite
of δ-TOH that was not a free radical-generated oxidation product (as in
the case of the Simon’s metabolites mentioned before), but rather a tail-
shortened, water-soluble compound synthesized in response to vitamin E
excess and defined as a short-chain metabolite (SCM).

In 2002 Sontang and Parker described for the first time in
hepatocyte maintained in culture the pathway involving the cyto-
chrome P450-mediated omega-hydroxylation of the carbon ending of
the TOH side chain to form the long-chain metabolite (LCM) “α-130-
OH” (Sontag and Parker, 2002). In those years, some molecular players
of this metabolism had tentatively been identified and were proposed to
include the nuclear receptor PXR as a main regulation hub for the
series of detoxification/drug metabolizing genes that govern the
different steps of vitamin E catabolism and excretion (Birringer et al.,
2001, 2002; Landes et al., 2003). Then the importance, but not the
exclusive role, of the liver in this metabolism was demonstrated
(Parker et al., 2004).

Murray et al. (1995) isolated from human urine a mild potency natri-
uretic factor of which the structure was demonstrated to coincide with
that of SCM γ-carboxyethyl hydroxychromanol (γ-CEHC) (Kantoci
et al., 1997), and Jiang et al. (2000) described a modulation effect of des-
methyl SCMs on cyclooxygenase-2 (COX-2) activity of inflammatory
cells; soon after our laboratories described the inhibitory activity of these
SCM on cell cycle checkpoints associated with cancer cell proliferation
and apoptotic cell death (Galli et al., 2004a), respectively. After these pio-
neering studies, the hypothesis of a biological role for this metabolism
alternative to vitamin E catabolism was suggested (Galli et al., 2007). In
those years the possibility to prepare LCMs with a semisynthesis proce-
dure based on a natural precursor of these metabolites purified from
Garcinia kola (GK) seeds, that is, glutaric aciduria (Mazzini et al., 2009),
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provided an important opportunity to develop analytical strategies to assess
their levels and formation mechanisms in humans, and then to test biolog-
ical functions in different experimental contexts (recently reviewed in
Schubert et al., 2018). A few years later Jiang and coworkers found that
δ-TOH-derived 130-LCMs are potent inhibitors of 5-lipoxygenase and
possess in vivo antiinflammatory activity (Jiang et al., 2011 and references
therein).

In the last three decades the formation process and levels of SCMs,
MCMs, and LCMs have been investigated in different cell models as
well as in liver and other solid tissues, in bile, feces, and urine of animal
models and humans, as either free or conjugated forms (reviewed in
Birringer, 2010; Torquato et al., 2016, 2019b). Recently, new analyti-
cal procedures (Russo et al., 2017; Torquato et al., 2018a, 2019b) have
been developed to evaluate the complete series of enzymatic and free
radical-derived metabolites of α-TOH in cell culture and tissue samples,
and importantly in human blood. Applications of these studies in our
laboratories and in other centers included the characterization of the
human metabolome of vitamin E during supplementation studies in
healthy subjects and in nutritional assessment of pathologies, such as
chronic kidney disease, nonalcoholic fatty liver disease and steatohepati-
tis (NAFLD and NASH, respectively) and metabolic syndrome
(Bartolini et al., 2017; Ciffolilli et al., 2015; Galli et al., 2004b; Russo
et al., 2017; Traber et al., 2017).

In recent years an increasing number of investigations have demon-
strated different biological effects for the LCMs formed by the
ω-hydroxylase activity of cytochrome P450 and also for α-tocopheryl
phosphate (recently reviewed in Galli et al., 2017; Schubert et al., 2018).
Gene regulation and homeostatic effects of these metabolites have been
demonstrated in different experimental models, such as inflammatory,
neuronal, and hepatic cells, and in vivo in animal models of acute inflam-
mation (Pein et al., 2018; Schmolz et al., 2014), and the molecular
mechanisms underlying these responses are now under investigation in
several laboratories. Such recent achievements conclude this excursus
through the main steps of this almost 100-year history with new and
intriguing perspectives on the biological and nutritional role(s) of this
“orphan vitamin” (i.e., a vitamin that is still waiting to be assigned a spe-
cific vitamin function).
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23.2 Antioxidant activity

Vitamin E is a fat-soluble antioxidant, one of the most important and
widely employed in the preservation of autooxidizable lipid components
in the food industry as well as in cosmetics.

In the characteristic reaction mechanism, tocochromanol directly reacts
with a lipoperoxyl radical (LOO•) through an H atom donation mecha-
nism producing less reactive species, that is, a lipid peroxide (LOOH) and
a tocopheryl radical (TO•) (Fig. 23.3).

The H donating properties of vitamin E proposed in this reaction
mechanism identify a Type I or chain-breaking antioxidant (Chaiyasit
et al., 2007). This is distinct from secondary (Type II or preventive) anti-
oxidants because the latter do not directly interact with FR, but prevent
their formation by means of different processes that include, for example,
metal chelation, repair of primary antioxidants, UV absorption, decompo-
sition of reactive intermediates. In addition, there are tertiary (Type III or
fixer) antioxidants that repair oxidatively damaged biomolecules,
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Figure 23.3 Lipid peroxidation and the antioxidant reaction of α-tocopherol
(α-TOH). LH, polyunsaturated lipid; L•, lipid radical; LOO•, lipoperoxyl radical; LOOH,
lipid hydroperoxide; LOH, lipid alcohol; α-TO•, α-tocopheryl radical; α-TQ,
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Vitamin E: the shrew waiting to be tamed. Free Radic. Biol. Med. 46, 543�554.
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essentially by H atom or electron transfer mechanism. All forms of vitamin
E could be defined also as multifunctional antioxidants in that their activ-
ity includes more than one of these mechanisms (i.e., Type 11Type 3),
and also affects enzymatic processes that cause lipid oxidation as well as
enzymatic protection and repair pathways with transcriptional and kinetics
effects. α-TOH can definitely not compete with cellular molecules (pro-
teins, DNA, or even lipids) for the highly reactive hydroxyl or alkoxyl
radicals, simply due to its much lower concentration and by its absence in
soluble fractions. An antioxidant action for this vitamin, however,
becomes conceivable if only lipid phases are considered (reviewed in
Brigelius-Flohe, 2009).

The formation of the initiating radical (X•), which abstracts an H radi-
cal from unsaturated lipids, can be triggered by light, heat, traces of transi-
tion metal ion, and, of course, by other radicals or radical-producing
chemicals such as azodyes (Fig. 23.3, reaction 1). Rate constants for the
reaction of a lipoperoxyl radical (LOO•) or a lipid radical (L•) with lipids
(LH) are about 102 M21 s21 (Fig. 23.3, reaction 1a). The subsequent
reaction of L• with oxygen leading to LOO• is almost diffusion controlled
(k5 108�109 M21 s21) (Fig. 23.3, reaction 2). The resulting LOO• pro-
pagates the radical chain if not scavenged, for example, by α-TOH
(Fig. 23.3, reaction 3). The reaction rate between LOO• and α-TOH is
much faster (k5 105�106 M21 s21) than the reaction rate between LOO•

and an unsaturated fatty acid (Fig. 23.3, reaction 1a), which suggests that
α-TOH always prevents lipid peroxidation by interfering with the propa-
gation of the free radical chain at this particular site. A preferential reac-
tion of LOO• and α-TOH would, however, only occur if lipids and
α-TOH were present in similar concentrations. The concentration of
α-TOH in membranes, however, is about one molecule for every
100�1000 molecules of phospholipids. The ratio varies with the nature of
the fatty acid species present in phospholipids and with the cellular organ-
elle’ structure, with the highest α-TOH content observed in lysosomes
(Atkinson et al., 2008). Thus lipids and α-TOH react with LOO• at best
with comparable velocity (Brigelius-Flohe, 2009).

A reaction of α-TOH with L• is possible in principle in view of the
high rate constant (k5 106 M21 s21) (not shown in Fig. 23.3), but should
be physiologically hard given the higher oxygen concentration compared
with the α-TOH levels (Brigelius-Flohe, 2009). αTO• regeneration to
α-TOH may occur through ascorbate-mediated H atom transfer
(Fig. 23.3, reaction 4), a typical Type II or coantioxidant reaction
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(Chaiyasit et al., 2007) occurring at the water interface of the lipid layer
in that ascorbate is a hydrosoluble molecule. This coantioxidant reaction,
however, is debated and in vivo evidence for an interplay between vita-
min E and vitamin C is limited (Brigelius-Flohe, 2009).

Apart from ascorbate, Q10H2 can act as a coantioxidant by scavenging
the αTO• (Bowry et al., 1995). The rate constant for the reaction
between αTO• and Q10H2 in isopropanol/water is 2.543 105 M21 s21

(Mukai et al., 1992), which appears to be kinetically less efficient com-
pared with ascorbate reaction (k5 2.743 106 M21 s21); nevertheless, that
rate could be high enough to let Q10H2 work as a TOH-regenerating sys-
tem under physiological conditions and in specific membrane microenvir-
onments (Itoh et al., 2008). For example, in mitochondria Q10H2

concentrations are high enough to allow an efficient recycling of α-TOH
via the Q10H2 pool, which is continuously restored by the respiratory
chain (Kagan et al., 1990; Maguire et al., 1992). However, Q10H2 levels
are usually too low to allow any relevant turnover on the plasmalemma
and other subcellular membranes (Upston et al., 1999), and this represents
a major limit in figuring out an in vivo relevance of α-TOH regeneration
by cellular quinols, which in fact remains to be proven of most tissues.

The intriguing question of whether the antioxidant potential of vitamin
E, which is easily demonstrated in vitro, is actually available in vivo for pro-
tection against oxidative damage is still waiting for a conclusive answer.
Currently, available markers of oxidative damage are unsuitable to solve this
puzzle. Plasma malondialdehyde levels, pentane exhalation, plasma lipid
hydroperoxide, F2-isoprostane or carbonyl concentrations, glutathione, and
glutathione peroxidase 1 levels in erythrocytes, under various conditions
have not consistently been changed by vitamin E supplementation
(Dragsted, 2008). Also estimation of 8-oxo-7,8-dihydroguanine yielded
equivocal conclusions (Loft et al., 2008). Metabolic products that selectively
form during the free radical-mediated transformation of vitamin E
(Fig. 23.4) are presumed to more reliably disclose its antioxidant action. The
analysis of these oxidation compounds has been used to give a measure of
lipid peroxidation in cellular membranes (Jain et al., 1996; Liebler et al.,
1996; Terentis et al., 2002) and α-tocopheryl quinone (α-TQ) appears to
represent the main product of this reaction scheme in human tissues and
biological fluids (Mottier et al., 2002; Torquato et al., 2019a). This metabo-
lite appertains to one of the two groups of unstable primary autooxidation
products of α-TOH (recently reviewed in Torquato et al., 2019b). The first
group consists of eight substituted tocopherones (hydroxy- or alkyldioxy-
tocopherones) which are formed by one-electron donation of α-TOH or

460 Molecular Nutrition



tocopherone cation hydrolysis that readily hydrolyzes to α-TQ. The two-
electron reduction of α-TQ yields α-tocopheryl hydroquinone, α-THQ
(Liebler et al., 1996) (Fig. 23.4). Under appropriate reducing conditions,
α-TQ can coexist with its hydroquinone derivative to form a redox couple
of possible physiological relevance in lipid signaling (reviewed elsewhere in
Galli et al., 2007; Hinman et al., 2018) (Fig. 23.4).

The second group consists of isomeric epoxy (hydroperoxy)-tocopher-
ones, which are formed by an unknown mechanism to spontaneously
arrange to epoxyquinones (α-TQE1 and α-TQE2) (Fig. 23.4). These

Figure 23.4 Nonenzymatic (free radical-dependent) pathway of vitamin E (α-TOH)
oxidation. Main steps of reaction occurring during the lipoperoxyl radical scavenging
activity of α-TOH are described. α-TOH scavenges lipid peroxyl radicals (LOOK)
formed by spontaneous of LOX-mediated processes to yield lipid hydroperoxides
(LOOH) (reaction 1). α-Tocopheryl radical can scavenge a second LOOK molecule
forming nonradical products through different steps of molecular rearrangement
(reaction 2). Some of these products are physiologic metabolites that can be mea-
sured in body fluids and tissues as biomarkers of the in vivo free radical-mediated
oxidation of vitamin E. Modified from Torquato, P., Giusepponi, D., Galarini, R.,
Bartolini, D., Piroddi, M., Galli, F., 2019b. Analysis of vitamin E metabolites. In: Niki, E.
(Ed.), Vitamin E: Chemistry and Nutritional Benefits. The Royal Society of Chemistry.
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latter molecules are precursors of the Simon’s metabolites (Eisengart et al.,
1956), α-tocopheronic acid and α-tocopheronolactone (α-TL). Sharma
et al. (2013) recently demonstrated that conjugates of α-TL are a bio-
marker of oxidative stress in children with type 1 diabetes. Downstream
of the vitamin E redox node, lipid hydroperoxides (LOOH) are formed.
These are reactive oxygen species (ROS), since their homolytic cleavage
leads to the two most reactive radicals, that is, HO• and LO• (Fig. 23.3,
reaction 5), thereby causing branching of the radical chain and other
potentially harmful reactions with biomolecules (Maiorino et al., 1989).
Under physiological conditions, LOOH are metabolized, for example, by
glutathione peroxidase (GPx4) or certain peroxiredoxins, forming
stable lipid alcohol products (LOH) (Fig. 23.3, reaction 7) (Hofmann
et al., 2002; Maiorino et al., 1989).

However, LOOHs are not only dangerous chain-branching ROS.
They also have activity as signal transduction molecules and are a source
of lipid mediators. Because of their hydrophilic -OOH group they can
cause a rearrangement of lipids in the membrane (Fig. 23.3, reaction 6)
which might affect membrane-associated enzymes as it is deduced from
the preferential cleavage of oxidized fatty acids from membrane phospho-
lipids by the activity of phospholipase A2 (PLA2) (Kambayashi et al.,
1998). These effects discussed in detail elsewhere (Hermann et al. (2014)).
Include in the model of neuronal cell membrane peroxidation and PLA2
activation, alterations of the membrane microarchitecture and ion channel
activity, interfering with cell excitability and other aspects of neuronal cell
integrity and function. Other events that conspire with these structural
and functional changes include the release of lipid mediators of inflamma-
tory and synaptic pathways (extracellular effects), metabolic and mito-
chondrial pathways (intracellular effects), and cell death programs
(Hermann et al., 2014). Hydroperoxy fatty acids (LOOH) (Fig. 23.3,
reaction 7) are released by the activity of PLA2 to generate a number of
bioactive metabolites, such as hydroxy fatty acids, epoxides, diols, or are
further peroxidized to generate lipoxins and short-chain reactive carbonyls
(reviewed in Murphy and Gijon, 2007) (Fig. 23.3, reaction 8). Epoxy and
hydroxyl lipids, such as leukotriene A4 and B4 and their downstream
derivatives, are potent and physiological mediators, formed through the
arachidonic acid cascade, which is initiated by the α-TOH-regulated
enzyme 5-lipoxygenase (5-LOX) (Mousley et al., 2007; Pein et al., 2018).
Other oxidized fatty acids such as HPODEs (hydroperoxyoctadecadienoic
acids), HODEs (hydroxyoctadecadienoic acids), HPETEs (hydroperoxyei-
cosatetraenoic acids), and HETEs (hydroxyeicosatetraenoic acids), which
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can be formed enzymatically or by spontaneous oxidations, have been
shown to exert various signaling functions (Droge, 2002; Finkel, 2003). In
this context, the primary function of α-TOH should be preventing the
oxidative damage and destruction of biomembranes by means of its anti-
oxidant function. However, several pieces of evidence, such as the afore-
mentioned modulation of 5-LOX activity, suggest for this vitamin form a
broader role as homeostatic agent of cellular membranes and more in general
of lipid structures (such as intracellular lipid stores and lipoproteins). In keep-
ing with this, the concerted radical scavenging activity of vitamin E and cel-
lular peroxidases and their cytoprotection function, support a role for this
vitamin on the lipoxygenase-dependent control of cell death programs
(reviewed in Carlson et al., 2016). Examples of this role were first described
in “oxytosis”, a death mechanism investigated in neuronal cells that appears
to involve in a concerted fashion the PLA2 and 12-LOX-dependent forma-
tion of LOOH that functions as a death messenger (Khanna et al., 2003,
2010). This role was then confirmed in the more recently identified “ferrop-
tosis”. This is a specific and iron-dependent death program sustained by the
LOOH generating activity of 15-LOX (Kagan et al., 2017). Intriguingly
both enzymatic (cytochrome P450 derived long-chain forms) and redox-
dependent (i.e., α-THQ) metabolites of α-TOH have the potential to con-
trol some of these pathways (Fig. 23.3, reaction 9) (Hinman et al., 2018;
Pein et al., 2018; Schmolz et al., 2018) consistent with other and possibly
more articulated mechanisms of modulation of peroxide signaling for this
vitamin (further discussed in Chapter 24).

23.3 Nutritional aspects

Vitamin forms of the TOH and T3 subfamilies (Fig. 23.2) are synthesized
in photosynthetic organisms as a group of molecules with a polar chroma-
nol ring and a lipophilic polyprenyl side chain (Mene-Saffrane and
Pellaud, 2017). Several intermediates are generated during this biosynthe-
sis process, many of which are of some interest as plant bioactives and
medicinal products. A comprehensive and systematic review on the struc-
turally diverse tocochromanols and chromenols found in photosynthetic
organisms, including marine organisms, and as metabolic intermediates in
animals, has recently been published by Birringer et al. (2018).

Oily plants are natural sources of this vitamin in nature; usually seeds serve
as raw matter to produce edible oils with considerable contents of TOHs and
T3s (the main ones are reported in Table 23.2), but also other plant food pro-
cessing products can be used with this aim (Shahidi and de Camargo, 2016).
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Table 23.2 Content of tocopherols and tocotrienols (mg/100 g of oil) in some common edible oils.

Oil α-TOH β-TOH γ-TOH δ-TOH α-T3 β-T3 γ-T3 δ-T3 References

Barley 14.2�20.1 0.60�1.90 3.50�15.1 0.90�4.60 46.5�76.1 nd�12.4 8.50�18.6 0.50�2.60 Moreau et al. (2007)
Coconut 0.20�1.82 tr�0.25 tr�0.12 nd�0.39 1.09�3.00 nd�0.17 0.33�0.64 nd�0.10 Schwartz et al. (2008) and

Syväoja et al. (1986)
Corn 18.0�25.7 0.95�1.10 44.0�75.2 2.20�3.25 0.94�1.50 nd 1.30�2.00 nd�0.26 Schwartz et al. (2008) and

Syväoja et al. (1986)
Cottonseed 30.5�57.3 0.04�0.30 10.5�31.7 tr nr nr nr nr Desai et al. (1988)
Linseed 0.54�1.20 nd�tr 52.0�57.3 0.75�0.95 nd nd nd nd Schwartz et al. (2008) and

Syväoja et al. (1986)
Olive 11.9�17.0 nd�0.27 0.89�1.34 nd�tr nd�tr nd nd nd�tr Schwartz et al. (2008) and

Syväoja et al. (1986)
Palm 6.05�42.0 nd�0.42 tr�0.02 nd�0.02 5.70�26.0 nr�0.82 11.3�36.0 3.33�8.00 Ng et al. (2004)
Peanut 8.86�30.4 nd�0.38 3.50�19.2 0.85�3.10 nd nd nd nd Carpenter (1979) and

Syväoja et al. (1986)
Rapeseed 18.9�24.0 nd�tr 37.0�51.0 0.98�1.90 nd nd nd nd Schwartz et al. (2008) and

Syväoja et al. (1986)
Rice bran 0.73�15.9 0.19�2.50 0.26�8.00 0.03�2.70 0.84�13.8 tr�2.6 1.74�23.1 0.14�2.53 Goufo and Trindade

(2014)
Safflower 36.7�47.7 nd�1.20 tr�2.56 tr�0.65 nd nd nd nd Carpenter (1979) and

Syväoja et al. (1986)
Sesame 0.24�36.0 0.28�0.80 16.0�57.0 0.17�13.0 tr nd 0.34 nr Schwartz et al. (2008)
Soybean 9.53�12.0 1.00�1.31 61.0�69.9 23.9�26.00 nd nd nd nd Warner and Mounts (1990)
Sunflower 32.7�59.0 tr�2.40 1.40�4.50 0.27�0.50 0.11�nd nd tr tr Desai et al. (1988) and

Schwartz et al. (2008)
Wheat

germ
133�256 31.2�65.0 tr�52.3 nd�0.55 2.5�3.6 nd�8.2 nd�1.85 nd�0.24 Eisenmenger and Dunford

(2008) and Hassanien
et al. (2014)

nd, Not detected; nr, not reported; tr, trace.
Source: Modified from Shahidi, F., de Camargo, A.C., 2016. Tocopherols and tocotrienols in common and emerging dietary sources: occurrence, applications, and health benefits. Int. J.
Mol. Sci. 17, E1745.



Almonds, hazelnuts, germ oil, and sunflower oil contain high amounts of
α-TOH, while walnuts, palm oil, and soybeans predominantly contain
γ-TOH (Cardenas and Ghosh, 2013). T3 are widely found in some cereals,
palm oil, and rice bran oil (Wong and Radhakrishnan, 2012). Coconut oil,
cocoa butter, soybeans, barley, and wheat germ (WG) are also naturally
occurring sources of T3s (Dutta and Dutta, 2003), whereas vegetables and
fruits, with the exception of dried apricots, some legumes, avocado, and
green olives, contain lower levels of vitamin E forms (Shahidi and de
Camargo, 2016). The concentration of vitamin E forms contained in food
depends on several factors, such as growing, harvesting, and any further
processing (refining or cooking) (Dutta and Dutta, 2003; Shahidi and de
Camargo, 2016).

Palm oil has overtaken soybean oil as the world’s leading vegetable oil
(Carter et al., 2007). Although α-TOH is present in palm oil, γ-T3 is the
major compound among other homologs. It is worth mentioning that
palm oil has been reported to be the only edible oil with γ-T3 as the
major lipophilic antioxidant among the common castor, coconut, corn,
linseed, olive, peanut, soybean, sunflower, WG, and cod liver oils
(Syväoja et al., 1986). Soybean oil is also very important due to its high
global production, especially in Brazil, China, Argentina, and the United
States (Shahidi and de Camargo, 2016). The content of γ-TOH in soy-
bean oil has been reported to be seven times higher than that of α-TOH,
which is the most common form in human tissues (discussed later).
Similar to soybean oil, α-TOH is not the most prominent tocol in canola
or rapeseed oil, in which the content of γ-TOH was up to 2.7-fold high-
er compared to that of α-TOH (Schwartz et al., 2008). Furthermore,
none of the previous oils had α-TOH as the main tocol; therefore the
assumption that α-TOH is the most common form should be made with
caution because, at least in terms of vegetable oil production, this infor-
mation may not be representative. Conversely, α-TOH comprises more
than 93% of the tocols in sunflower oil, and predominates over the other
forms of vitamin E in safflower, canola, WGO, cottonseed, and olive oil.

In fact the four most consumed edible oils are palm oil, soybean oil,
canola oil, and sunflower oil in order of global consumption. γ-T3 is the
most prominent tocol in the first (palm oil), while γ-TOH is the most
prominent one in the second (soybean oil). α-TOH is the main TOH
only in the third (canola oil) and fourth most consumed oil (sunflower
oil), but canola concentrations of vitamin E are relatively low (about
30 mg/100 g, with 65%�80% α-TOH) and oils from sunflower cultivars
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obtained by mutagenesis and genetic recombination (Velasco et al., 2004)
had 77% and 68% of β- and δ-TOHs, respectively.

The Mediterranean diet has been in the spotlight due to its association
with a lower incidence of cancer, cardiovascular disease, and Parkinson
and Alzheimer disease (Sofi et al., 2014). Olive oil is the characteristic
lipid source of the Mediterranean diet (Piroddi et al., 2017). The most
important differences between extra virgin and traditional olive oils are
due to differences in their manufacturing processes. The industrial process
of extra virgin olive oil (EVOO) includes pressing of the olive fruit in a
solvent-free process; moreover, no heat is applied, which is beneficial for
the retention of its bioactive phenolic compounds, including tocols
(Piroddi et al., 2017). EVOO has α-TOH as its major tocol form
(Table 23.2). A recent study (Caporaso et al., 2015) demonstrated that the
content of α-TOH varies greatly in commercial olive oils. The same
study suggested that considering a daily intake of 30 g of EVOO, this
could supply on average 50% of the recommended intake (RDI) for
α-TOH [i.e., 12�15 mg/d of vitamin E (IOM, 2000)]. A food product
can be considered a source of vitamin E as long as its consumption offers
a supplement of at least 15% of the vitamin E RDI (EFSA, 2010); there-
fore the commercial EVOO producers are allowed to use this health
claim.

23.3.1 “Essentiality” of vitamin E
Vitamin E belongs to the group of fat-soluble vitamins. As such it should
be recommended on the bases of its essentiality, but after almost a century
on from its discovery, a definition of essential nutrient by the identifica-
tion of a specific deficiency phenotype still remains problematic, at least in
the general population.

Dietary recommendations proposed in the late 1990s (IOM, 2000)
provided adequate intake (AI) levels of essential nutrients. In the case of
vitamin E (as α-TOH) these corresponded to 15 mg/d for healthy adults
and 19 mg/d during breast-feeding. Notwithstanding, there is no gener-
ally accepted definition of what is an “adequate” intake of this vitamin.
The actual amount of vitamin E that ensures the absence of deficiency
symptoms is difficult to establish in the general population, or at the indi-
vidual level, since developing a condition of clinically relevant deficiency
is extremely rare under physiological conditions or rather impossible due
to the reserve of this vitamin stored in adipose tissue (approximately 90%
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of the body’s vitamin E content). Apparently, this is sufficient to buffer
the interorgan metabolism of the vitamin for years (Handelman et al.,
1994) and to delay symptoms of vitamin E undersupply for a long time,
usually decades (Ulatowski and Manor, 2015). In contrast, serious (pri-
mary or secondary) vitamin E deficiency can present with acute symp-
toms, such as neuropathy and myopathy, consistent with the assumption
that vitamin E is essential for the development and maintenance of the
central nervous system. But even this view on vitamin E essentiality is
problematic. In more detail, Ulatowski and Manor (2015) recently
described clinical and metabolic features of primary and secondary defi-
ciencies. Familial isolated vitamin E deficiency, which is also known as
ataxia with isolated vitamin E deficiency (AVED, OMIM #277460), is
categorized as a primary vitamin E deficiency. It is produced by mutations
in the gene coding for the TOH transfer protein (α-TTP) (Arita et al.,
1997; Catignani and Bieri, 1977), a protein that is considered to be the
“gatekeeper” of vitamin E status in that it mediates high-affinity binding
of RRR-α-TOH (natural form of α-TOH) in liver cells, facilitating its
selective incorporation in nascent VLDL and secretion in the circulation
for the distribution to extrahepatic tissues (Ulatowski and Manor, 2015).

As a consequence of this gene defect, AVED patients have the capacity
to absorb vitamin E in the intestine, but have an extremely poor ability to
retain it in the different tissues (Arita et al., 1997; Ouahchi et al., 1995;
Sokol et al., 1988). The heterogeneity of mutations in AVED patients is
linked to large variations of the clinical presentation of the disease (Manor
and Morley, 2007; Martinello et al., 1998). The disease generally appears
between ages 5 and 15 years and its symptoms include, in addition to
extremely low vitamin E levels (below 2 μM, while normal levels are
between 20 and 35 μM (Hensley et al., 2004)), progressive ataxia, clumsi-
ness of the hands, loss of proprioception, and areflexia (Harding et al.,
1985; Schuelke, 1993).

According to the pathological findings by Yokota et al. (2000), in a post-
mortem case with α-TTP mutation the major anomalies were retinal atro-
phy, severe dying back-type degeneration of the posterior column, and
massive accumulation of lipofuscin in neurons including dorsal root ganglion
(DRG) cells, which were almost identical to those in vitamin E-deficient
animals and patients with fat malabsorption. Also mild loss of Purkinje cells
was noted. The mild Purkinje cell loss might be related to the mutant
α-TTP in the cerebellum. By contrast in the DRG, thought to be mainly
responsible for ataxia, no expression of α-TTP was detected, and the tissue
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concentration of vitamin E increased to normal after supplementation. It is
therefore considered that oral supplementation of vitamin E should effec-
tively counteract the progression of ataxia (Yokota et al., 2000). In other
studies however, after supplementation in α-TTP2/2 mice, vitamin E
became normal in plasma, but not in the cerebellum, which has been sug-
gested to sustain the loss of cerebellar Purkinje cells as a major pathogenic
event of the disease (Ulatowski et al., 2014).

The secondary deficiencies include disorders of lipid absorption and
transport as well as impaired lipoprotein metabolism (Hentati et al., 2012).
Due to its fat solubility, vitamin E requires dietary lipids for its absorption in
the gastrointestinal tract (GI). Consequently, the diminution of plasma vita-
min E is associated with situations present in patients with fat malabsorption
(premature and very low birth weight infants; cystic fibrosis; gastric bypass;
Crohn’s disease; liver disease or pancreatic insufficiency; abetalipoproteine-
mia) (Hentati et al., 2012; Muller et al., 1983). These secondary states of
deficiency are in general suboptimal conditions of the vitamin E status, that
is, vitamin E levels in blood are lowered, but not absent, to the point that
signs of damage to plasma or blood cell lipids can occur at least in some sub-
jects, as observed for instance in cystic fibrosis patients (Iuliano et al., 2009).

Although attempts have been made to unify the symptoms of secondary
and primary deficiency states in terms of oxidative damage (Elkamil et al.,
2015; Farrell et al., 1977; Martinello et al., 1998; Schuelke, 1993), a closer
analysis of available data indicates a large heterogeneity in the clinical presen-
tation of the different diseases and in the capability to respond to vitamin E
therapy. In these studies oxidative stress was not conclusively demonstrated
to represent a major pathogenic event of the peripheral and central nervous
system, and also of peripheral blood cells. The same lack of evidence about a
causal association between vitamin E deficiency and oxidative stress has
emerged from animal studies carried out in α-TTP-deficient mice fed a vita-
min E-deficient diet (Gohil et al., 2003; Ulatowski et al., 2014; Yokota
et al., 2001). Therefore these studies clearly demonstrate the complexity of
the human phenotype of AVED as well as of α-TTP-manipulated animals
and the difficulty to identify a prevailing deficiency phenotype. This remains
a major obstacle to conclusively defining the essentiality of vitamin E.

23.3.2 Dietary intake and recommendations
The difficulty to detect overt symptoms of deficiency in the general pop-
ulation also limits the possibility of providing “evidence-based”
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recommendations on the dietary intake of vitamin E. This is also the
main reason for the disparities between nutritional guidelines and recom-
mendations of different regions. Nutritional assessment strategies are
affected by this lack of knowledge as well, the relevance of which is
highly questionable. For example, the correlation of hydrogen peroxide-
induced erythrocyte lysis and plasma α-TOH concentrations is used as an
indicator of vitamin E status in US, while in Germany lipid peroxidation
is the corresponding indicator (recently reviewed in Schmolz et al., 2016).
In keeping with this approach, the Institute of Medicine (IOM) definition
of AI of this vitamin takes into account the relationship with the intake of
polyunsaturated fatty acids (PUFA) (IOM, 2000) as actual substrate of its
antioxidant activity. In this case the recommended intake of vitamin E
should correlate with the amount of PUFA in food in the proportion of
0.5 mg RRR-α-TOH/g of diene fatty acid, or rather diene equivalents.
Obviously the approach to suggest such an intake ratio implies too many
approximations and lacks the support of a specific verification strategy of
nutritional outcomes (e.g., this could include the investigation of tissue’s
PUFA levels and antioxidant protection, or other indicators of their
metabolism and function as lipid components of the cell membrane and
mediators of signal transduction pathways). Again, demonstrated health
benefits of vitamin E go beyond the generic concept of essentiality and
antioxidant function proposed so far in nutritional guidelines and even in
health claim resolutions of the European Food Safety Authority (EFSA)
(2010). In fact its depletion and repletion affect gene expression in vitro
and in vivo, indicating broader effects than just PUFA’s protection from
oxidation, that are further described below and in the next chapter of this
book. Such molecular indicators could help to identify differences in
recommended dosages in subpopulations of subjects and the relationship
with changes in physiological states or during pathological conditions. As
a clear example of this, previous nutritional guidelines reported that the
required amount of vitamin E increases with age for infants and children
and decreases in the elderly independent of gender (IOM, 2000). Expert
opinion, however, recently suggested a different view, with vitamin E
intake recommendations that should increase in older adults based on spe-
cific requirements, some of which are associated with age-dependent
decline of immune cell function and control of specific molecular (gene-
related) processes across inflammatory pathways that are potentially impor-
tant, but yet ignored, indicators of the dietary requirement for this vitamin
(Meydani et al., 2018). Although these limits remain a main obstacle to
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improving nutritional strategies and health policies, the recent work of
EFSA started to consider these aspects. The present recommended daily
allowance (RDA) for vitamin E have been replaced by this organism with
newly defined AI levels that are as follows: men 13 mg/d, women
11 mg/d, infants/children 5�13 mg/d (depending on age) (Peter et al.,
2015). Although several foods contain naturally occurring sources of vita-
min E, such intake recommendations are not frequently achieved in the
general population (Schmolz et al., 2016). In fact, the intake of vitamin E
is generally low and very similar across all regions. According to a recent
systematic review, the intakes of α-TOH and other vitamin E forms are
below the RDA for the major part of the population, or even below the
estimated average requirement of 12 mg/d, in both developing and indus-
trialized countries (Peter et al., 2015). More than 90% of US Americans
are reported to consume insufficient amounts of vitamin E (Traber, 2014).
Vitamin E intake is also considered low in other countries such as the
United Kingdom, Germany, and the Netherlands (Troesch et al., 2012).

Dietary habits also play a significant role to determine which vitamin
E form is primarily consumed; a Mediterranean diet, for example, contains
a significant amount of leafy greens, which contain high levels of α-TOH
(Jiang et al., 2001), while the US diet is rich in γ-TOH (Jiang et al.,
2001). Nutritional assessment is another critical point that embraces
aspects that include the choice of appropriate specimens and analytical
strategies, the identification of reference values in the different popula-
tions, the effect of different diseases, and other interfering variables, such
as medications, lifestyle-related factors, etc. The determination of vitamin
E levels in serum or plasma is the main form of assessment for the vitamin
status (Galli et al., 2007). An increasing number of studies reported serum
concentrations at which beneficial effects may occur and this type of eval-
uation could have more relevance than other aspects in determining the
optimal intake and vitamin status in the general population and even in
specific subgroups. Using this rationale, a recent revision of the literature
concluded that α-TOH concentrations in serum below 9 μmol/L for
men or below 12 μmol/L for women are considered as deficient and only
marginal for healthy adults, respectively (Traber, 2014). Prospective obser-
vational studies suggested that a serum α-TOH concentration of
30 μmol/L or above has beneficial effects on human health, with alleged
applications including the prevention of cardiovascular disease and differ-
ent types of cancer (Biesalski et al., 1997; Mangialasche et al., 2012). The
relevance of this α-TOH concentration target is further supported by
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pentane concentration in exhaled air, a marker of oxidative damage,
which is very low at and above this α-TOH serum concentrations
(Lemoyne et al., 1987). In the α-TOH, β-Carotene Cancer Prevention
Study, higher baseline serum concentrations of α-TOH were associated
with lower total and cause-specific mortality; the lowest total mortality
was observed at 30 μmol/L serum α-TOH (Wright et al., 2006).

When supplements are used to improve the vitamin E status, toxicity
and other safety concerns must be considered (Schmolz et al., 2016).
Apparently vitamin E intake can be increased up to 300 mg/d (450 IU/d)
without any complication (Yap et al., 2001). Even short-term high-dose
administration of vitamin E was not reported to have adverse effects
(Zondlo Fiume, 2002). Although controversial, vitamin E supplementa-
tion may have no effect on all-cause mortality even at supranutritional
doses (Berry et al., 2009; Curtis et al., 2014; Jiang et al., 2014). However,
the risk of developing side effects during vitamin E supplementation in
some groups of patients cannot be ruled out and may deserve further
investigation (Galli et al., 2017). Specific groups at risk of cardiovascular
disease, especially subjects with increased thrombotic risk, should be con-
sidered with some precaution during vitamin E supplementation (Zondlo
Fiume, 2002). In this context the Miller’s meta-analysis of vitamin E pre-
vention trials and its conclusions (introduced in the footnote of
Section 23.1), had the merit of stimulating attention to this risk, and it
was an occasion for the scientific community to ponder more cautious
approaches to the generic measures of prevention based on high-dose
vitamin supplementation protocols. On the other hand, a scientific state-
ment from the American Heart Association Nutrition Committee, that
remains valid so far, supports the view that an optimal intake of natural
vitamin E, introduced with a well-balanced diet, appears to be the best
way to obtain prevention effects, if any, on myocardial infarction, stroke,
and other atherothrombotic conditions and such a health recommenda-
tion should be extended to all natural antioxidants in food (American
Heart Association Nutrition Committee et al., 2006).

Unfortunately, at present there is no consensus on which level of
supranutritional intake of vitamin E may avoid the risk of side effects in
the long term, if any. But it is quite obvious that even an intake of a few
times the RDA for this vitamin—that is far below the threshold level of
increased risk for cancer and all-cause mortality reported for patients with
cardiovascular disease in the Miller’s study (400 IU/d)—is sufficient to
produce a saturation effect on plasma vitamin E concentrations of healthy
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individuals. Therefore increasing the dosage of supplements to hundreds
of milligrams per day will sustain just the catabolism and excretion of the
vitamin excess. To assume a beneficial effect from this excess we should
assume that the mechanisms behind this metabolism or the produced
metabolites may affect health-promoting biological processes of the GI
and also of other organs and tissues, such as arteries and the myocardium,
some brain areas, immune cells, etc. Such a vision is compatible with the
proposed role of α-TOC as a provitamin (originally postulated in Galli
et al., 2007) and further described in the next chapter.

23.3.3 Vitamin E in the secondary prevention of human
diseases
Vitamin E has been speculated to exert health-promoting effects in a
number of epidemiology, preclinical, and observational studies. Positive
effects were reported on cancer, age-related immune dysfunction, skin
problems, liver pathologies, and neurodegenerative diseases, and above all
on atherosclerosis and associated cardiovascular complications, such as
stroke and myocardial infarction (recently reviewed in Azzi, 2018; Galli
and Azzi, 2010; Galli et al., 2017). Unluckily, the largest and well-
designed/conducted secondary prevention trials have produced conflicting
and even negative outcomes. Available results and their systematic assess-
ment in review papers and meta-analysis studies demonstrate how most of
the promising findings obtained at the preclinical and observational level
cannot be confirmed in large clinical trials, thus frustrating most of the
proposed clinical applications. Emblematic are the prevention trials on
atherosclerotic cardiovascular disease and cancer (reviewed in Bjelakovic
et al., 2012; Galli et al., 2017). Rather, some studies already presented in
the previous sections provided negative results, suggesting an increased
risk of adverse events and all-cause mortality. In the recent meta-analysis
of Bjelakovic et al. (2012) evaluating vitamin E trials together with studies
on other antioxidant supplements, such as the provitamin A compound
β-carotene, the authors concluded that: “We found no evidence to sup-
port antioxidant supplements for primary or secondary prevention.
β-Carotene and vitamin E seem to increase mortality, and so may higher
doses of vitamin A. Antioxidant supplements need to be considered as
medicinal products and should undergo sufficient evaluation before
marketing.”

Absence of evidence on the efficacy of α-TOC in the prevention of
Alzheimer’s dementia and mild cognitive impairment was recently
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reported in another meta-analysis study by Farina et al. (2017). These
authors, however, reported on the absence of an increased risk of adverse
effects and mortality in the evaluated trials.

The reasons behind the negative results of several vitamin E preven-
tion studies could be many, such as biased selections of the study popula-
tions, disease type and stage of progression, differences in sample size and
treatment duration, form and dosages of vitamin E utilized in the different
studies, outcome measurements and duration of the observation that is
surely a critical issue in chronic diseases, etc. Alternatively it could be con-
sidered that vitamin E could not efficiently interfere with the multifaceted
pathogenic mechanisms of most of the investigated diseases, even if these
mechanisms include oxidative stress as a supposed unifying underlying
event and vitamin E can act as a fat-soluble antioxidant. The possibility
that, and the reasons way, vitamin E could not behave as a therapeutic
antioxidant in vivo are worth investigating further and as discussed in a
recent review article by Azzi (2018); these may include the fact that age-
related diseases are not primarily sustained by oxidative stress, or again,
that oxidative stress is not a modifiable causal risk factor of these
pathologies.

Therefore with regards to what we know, at present there is no reason
to recommend supranutritional doses of vitamin E to the general popula-
tion with the aim of preventing risk factors of chronic and age-related dis-
eases unless specific conditions of (primary or secondary) vitamin E
deficiency are diagnosed (discussed before in Section 23.3.1 and in
Ulatowski and Manor, 2015). These include for instance specific cases
such as some gastrointestinal conditions associated with malabsorption and
lipid metabolism disorders, such as cystic fibrosis, some liver diseases, such
as NAFLD and NASH, and chronic kidney disease (recently described in
Galli et al., 2004c, 2017; Giusepponi et al., 2017; Torquato et al., 2018b).
These cases however require accurate/personalized nutritional and clinical
evaluation before and during the intervention. Taking into consideration
NAFLD and NASH patients, improved liver histology and hepatomenta-
bolic cues of the disease have been reported by daily intakes of
400�800 mg α-TOC in both children and adults (Lavine et al., 2011;
Pacana and Sanyal, 2012; Sanyal et al., 2010) and vitamin E supplementa-
tion has now been included in clinical guidelines of some regions as a first
intervention measure for nondiabetic NASH patients (reviewed in Galli
et al., 2017), but the appropriateness and efficacy of vitamin E therapy
administered to these patients alone or in combination with other
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micronutrient vitamins (the most common are the ω-3 DHA and vitamin
D) have not been investigated so far. Only recently nutritional and lipido-
mics biomarkers have been proposed for an application in clinical trials to
evaluate these aspects (Giusepponi et al., 2017; Torquato et al., 2018b,c).

23.4 Conclusions

This chapter presents the most relevant information on the antioxidant,
nutritional, and health-promoting properties of vitamin E. After a century
of studies some of these aspects are still far from being completely eluci-
dated, especially the definition of the clinical and molecular consequences
of its deficiency states, and consequently of validated nutritional recom-
mendations and disease prevention and curative applications. All these
aspects are now the subject of an intense research in several laboratories,
keeping high the interesest for this vitamin in the scientific community.
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24.1 Introduction

The vitamin E family of molecules encompasses eight fat-soluble vita-
mers (described in Chapter 23: Vitamin E: nutritional aspects), the
metabolism of which is a complex and highly regulated process
intimately connected with lipoprotein metabolism. Key steps of this
metabolism include uptake, distribution, and catabolism of the different
vitamers introduced with the diet. In this respect, differences exist when
the metabolism of alpha-tocopherol (α-TOH) is compared with that of
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all other vitamin forms, involving different signal transduction and gene
transcription mechanisms, and enzymatic functions. Importantly, these
mechanistic aspects of vitamin E metabolism have recently been
identified to play a role in the health-promoting effects of this vitamin,
affecting lipid metabolism and detoxification processes, immune cell
modulation, and cardiovascular protection mechanisms. Only in the last
years has it been proposed that vitamin E transforms to a series of
bioactive metabolites which play important roles that are alternative or
synergic to the classical functions of vitamin E. These aspects are pre-
sented in the following sections of this chapter.

24.2 Metabolism

24.2.1 Intestinal absorption and tissue distribution
The intestinal absorption of TOHs and tocotrienols (T3s) is generally
assumed to follow that of cholesterol and other fat-soluble vitamins
(recently reviewed elsewhere in Galli et al., 2017; Schubert et al., 2018).
It is therefore dependent on processes that include the formation of mixed
micelles with the aid of bile acids, the activity of pancreatic lipases and
esterases for hydrolysis of triglycerides, and the cleavage of tocopheryl
esters, as well as the synthesis of vitamin E-containing chylomicrons in the
intestinal mucosa with subsequent chylomicron secretion into the lymph
(Drevon, 1991). Following chylomicron catabolism, some of the newly
absorbed vitamin E is released and transferred to other lipoproteins and
then into tissues (Stahl et al., 2002) and some remains with the chylomi-
cron remnants. After uptake by the liver, RRR-α-TOH and the other
2R-stereoisomers are differentiated from the other forms of vitamin E and
secreted by the liver into the circulation via very-low-density lipoproteins
(VLDL) (Galli et al., 2007). Subsequently about half of the VLDL are
catabolized via lipoprotein lipase (LPL) and transformed to low-density
lipoproteins (LDL), with LDL being the major carrier for α-TOH in
blood (Galli et al., 2007).

The α-tocopherol transfer protein (α-TTP) has long been considered
to represent the main protein with the function of discriminating
between different TOHs for the selective enrichment of nascent VLDL.
The affinity of α-TTP for TOHs is the highest in the case of α-TOH
and varies in the following order of magnitude: natural α-TOH5 100%;
β-TOH5 38%; γ-TOH5 9%, and δ-TOH5 2%. At least for α-TOH
and γ-TOH, such affinity order correlates with their abundance in
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plasma, compatible with a role for this protein as a main vitamin-binding
and lipoprotein distribution factor of liver cells (Hosomi et al., 1997).
This notion, however, was contradicted by the observation that in rats
the discrimination of α-TTP against γ-TOH [which is about 2%�20%
of total vitamin E with significant variation in the different human tissues
(Burton et al., 1998)] can be reduced by the simultaneous ingestion of
phytochemicals that interact with other components of vitamin E
metabolism (Ikeda et al., 2002; Kamal-Eldin et al., 2000; Ross et al.,
2004). These studies and others in the literature suggested an alternative
explanation to the selective binding of α-TTP for α-TOH as the reason
behind its preferential retention in the liver and other tissues. These
studies included the discovery that vitamin E is degraded (or
transformed) to side chain-shortened carboxyethyl hydroxychromanol
(CEHC) metabolites by the sequential intervention of cytochrome P450
(CYP)-mediated ω-hydroxylation and β-oxidation-like enzymatic
reactions, a pathway that in liver cells preferentially metabolizes the
non-α congeners of TOH and T3 (Birringer et al., 2002; Sontag and
Parker, 2002, 2007). Notwithstanding, other authors are keeping with
the notion that α-TTP’s main function is that of maintaining normal
α-TOH concentrations in the plasma and extrahepatic tissues (Traber
et al., 2004) by facilitating the transport of α-TOH from the lysosomes
to the plasma membranes (Qian et al., 2005), followed by the continu-
ous export of α-TOH from the liver to the plasma (Traber et al., 2004).
The mechanisms that govern this latter step are however largely elusive.
The enrichment of plasma in RRR-α-TOH does not seem to corre-
spond linearly with the enrichment of nascent VLDL precursors from
either the endoplasmic reticulum or the Golgi apparatus. Arita et al.
(1997) demonstrated that the suppression of the endoplasmic reticulum/
Golgi secretory pathway using “brefeldin A”, did not affect the
release of α-TOH, indicating that the VLDL enrichment with α-TOH
may probably occur as a post-VLDL secretory process. However, it
was proposed that α-TTP transfers α-TOH into nascent VLDL from
the endosome, multivesicular bodies, and lysosome (Traber et al.,
2004). Further, Kono and Arai (2015) suggest that α-TTP translocates
from the cytosol to late endosomes/lysosomes to acquire α-TOH, which
has been taken up by endocytosis or released from lipoproteins. The
outer membrane of the endocytic vesicles is enriched with both RRR-
α-TOH and SRR-α-TOH by ATP-binding cassette transporter
(ABCA1), followed by the selective uptake of RRR-α-TOH via α-TTP
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(Traber et al., 2004). Non-α-TOH forms are not protected against
ω-hydroxylation after endocytosis and are further transported to the
endoplasmic reticulum and the late endosomal compartment
(Grebenstein et al., 2014). The α-TTP/α-TOH complex moves to the
plasma membrane where it is targeted by phosphatidylinositol bispho-
sphates (PIP2), which are essential interaction partners of α-TTP (Kono
and Arai, 2015), suggesting a protein�membrane transport mechanism
(Zhang et al., 2011) in which α-TTP acts as an α-TOH/PIP2 exchanger
(Kono and Arai, 2015). A “flippase” has been suggested to be involved
in the transfer of α-TOH to the outer leaflet of the plasma membrane
(Horiguchi et al., 2003) followed by a spontaneous transfer of α-TOH
to nascent VLDL particles in the perisinusoidal space (Traber et al.,
2004). Similar to chylomicrons, triglycerides in VLDL particles are enzy-
matically hydrolyzed by LPL resulting in the stepwise formation of LDL.
The LDL particles carry the major portion of plasma α-TOH and that
low-density lipoprotein receptor (LDLR)-mediated endocytosis contri-
butes significantly to the uptake of α-TOH into cells (Traber and
Kayden, 1984). However, α-TOH can be taken up by tissue via other
pathways, including LDLR-independent mechanisms (Cohn et al.,
1992), and other intracellular transport proteins may be involved
(reviewed elsewhere in Schmolz et al., 2016).

High-density lipoprotein particles (HDL) provide a means for α-TOH
to be secreted out of the extrahepatic tissues in order to be transported
through the circulation back to the liver. HDL contain the lowest con-
centration of vitamin E per particle and their levels in plasma are lower
compared to LDL; notwithstanding, HDL are the most potent donors of
vitamin E to several target tissues (Kolleck et al., 1999; Traber et al.,
1992). One possible explanation for this role was given by Clevidence
and Lehmann (1989) who speculated that HDL contain more compo-
nents for binding α-TOH besides serum apolipoprotein AI and ApoE
(Behrens et al., 1982). Furthermore, it has been suggested that the supply
of vitamin E by HDL could be more important under pathophysiological
conditions, such as oxidative stress, most likely independent from the
HDL-mediated uptake of cholesterol (Kolleck et al., 1999).

The HDL-interacting scavenger receptor SR-B1 controls the uptake
and accumulation of α-TOH in specific tissues (Mardones et al., 2002)
and in vitro experiments identified SR-B1 as a potential player of
α-TOH uptake (Kolleck et al., 1999). Vitamin E, or rather α-TOH, has
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been shown to actively move between lipoproteins of different density
classes (Traber et al., 1992). During the LPL-mediated lipolysis step, vita-
min E remains incorporated either in chylomicron remnants (in the case
of chylomicrons) or in LDL (in the case of VLDL). phospholipid transfer
protein (PLTP) mediates the transfer of α-TOH between the different
classes of lipoproteins and also the exchange of α-TOH between HDL
and cell membranes (Kostner et al., 1995). Another member of the group
of lipid transfer proteins, the cholesteryl ester transfer protein, has also
been suggested as having a role in vitamin E transport and metabolism
(Lemaire-Ewing et al., 2010).

Another important aspect of vitamin E metabolism to consider is that
between 30% and 70% of the vitamin E introduced with the diet is not
absorbed and distributed to the tissues, being directly excreted in the feces.
Factors affecting intestinal absorption are many and may include food
composition (food lipids promote the vitamin absorption) and the
functioning of lipid digestion and absorption mechanisms. Other aspects
of vitamin E metabolism that may affect the vitamin status include the
elimination throughout enzymatic catabolism and biliary excretion of
metabolic products into the ileum (Galli et al., 2007); some of these com-
pounds are reabsorbed systemically through the enterohepatic recircula-
tion and are excreted as urinary metabolites, the rest of them are excreted
with the feces.

The role of the gut microbes in the degradation of TOHs and T3s,
and their effect on the bioavailability of these forms, have not been
elucidated. Some pieces of information revealed that Lactobacillus acidophi-
lus (L-NCFM) affected vitamin E acetate metabolism and the intestinal
bile acid signature in monocolonized mice. In fact, L-NCFM unconju-
gates taurocholic acid to cholic acid; the latter is an activator of the pan-
creatic bile acid-dependent carboxyl-ester hydrolase, which may increase
the conversion of α-TOH-acetate into α-TOH, the form of vitamin E
taken up by the enterocyte through the absorption of micelles (Roager
et al., 2014). A recent study in mice demonstrated that treatment with
antibiotics affects the CYP450-dependent catabolism of vitamin E thus
influencing the vitamin levels in the liver and blood (Ran et al., 2019).
This study also demonstrated that drug-induced dysbiosis mainly affects
the availability of the less retained vitamers(desmethyl and T3 forms) and
the tissue levels of their metabolites, some of which have been identified
to be potent bioactives (Section 24.4).
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24.2.2 Enzymatic metabolism and excretion
The CYP-dependent metabolism of vitamin E was described in the early
1980s thanks to the pioneering observation made by Nakamura’s group
(Chiku et al., 1984) of a short-chain urinary metabolite in rats fed a diet
rich in δ-TOH, the origin of which was independent from that of free
radical-derived metabolites. All vitamers are degraded to vitamer-specific
physiological metabolites; these maintain an intact chromanol ring, while
changes occur in the side-chain essentially aimed at shortening it (Galli
et al., 2007). In the liver tissue this arm of vitamin E metabolism is
essentially associated with the catabolism and excretion of the dietary
vitamin exceeding the physiological needs, that is, the quota of vitamer
overcoming the capability of specialized liver proteins to bind and transfer
it to nascent VLDL (Chung et al., 2016; Hacquebard and Carpentier,
2005). The catabolism of TOHs and T3s begins with an ω-hydroxylation
of the side-chain which is catalyzed by CYP enzymes. This oxidation is
the rate-limiting step in vitamin E metabolism (Bardowell et al., 2012).
Using reporter-gene assays combined with a systematical screening of
CYP enzymes, Sontag and Parker proposed CYP4F2 as one of the main
isoforms involved in the enzymatic metabolism of vitamin E (Sontag and
Parker, 2002). This isoform exhibited higher specificity for the unsubsti-
tuted carbon at position C5 of the chromanol ring so that γ-TOH and
δ-TOH are metabolized more efficiently than α-TOH, which in turn sti-
mulates the metabolism of other vitamin E forms. Moreover, the authors
found higher Vmax values for T3s than for their corresponding TOHs,
suggesting that CYP4F2 contributes to the preferential physiological
retention of α-TOH compared to other vitamin E forms that are thus
preferentially metabolized. This finding supports the view of a central role
for this pathway in modulating the biopotency of the different forms of
vitamin E, that is, TOH and T3 vitamers (Sontag and Parker, 2002,
2007). CYP4F2 has recently been suggested to catalyze terminal carbon
ω-hydroxylation of α-tocopheryl quinone (α-TQ), that is, the antioxi-
dant activity-derived metabolite of α-TOH. As expected from α-TOH
metabolism, this reaction process, besides producing the ω-HO metabolite
α-13-OH-α-TQ, leads on to the formation of the carboxylic acid deriva-
tive of α-tocopheryl quinone, that is, α-13-COOH-α-TQ (Taylor et al.,
2018). The CYP3A4 isoform is the most important CYP enzyme in
humans with wide substrate promiscuity (Sevrioukova and Poulos, 2013).
Parker et al. suggested that this is the main isoform involved in vitamin E
metabolism (Parker et al., 2000), demonstrating that the incubation with

492 Molecular Nutrition



1 μmol/L ketoconazole and sesamin for 48 hours (these are natural
CYP3A4 inhibitors) can block the metabolism of TOHs [α-TOH and
γ-TOH in primary rat hepatocytes or γ- and δ-TOH in HepG2/C3A
cells (25 μmol/L each)] to their corresponding short-chain metabolites
(SCMs) by approximately 90%. Similar results were observed in rats after
oral gavage of 50 mg/kg body weight ketoconazole (Abe et al., 2007).
Conversely, rifampicin, an inducer of CYP3A4 activity, markedly stimu-
lates all-rac-α-TOH degradation in HepG2 cells (Birringer et al., 2001).
Again, feeding mice with 200 mg/day of α-TOH for 9 months resulted
in 1.7-fold higher mRNA expression of Cyp3a11 (this is the murine
orthologue of human CYP3A4) levels compared to after 3 months (Kluth
et al., 2005) and similar effects were observed after subcutaneous injection
of 0.1 mg/g body weight α-TOH in rats (Mustacich et al., 2006). It is
worth noting that Landes et al. (2003) showed that vitamin E may act as
an agonist of pregnane X receptor (PXR). It is known that expression
and activity of several CYP isoforms, including CYP3A4, are modulated
by structurally diverse xenobiotics via PXR. In fact, this nuclear receptor
is a master regulator of enzymes and transporters involved in the metabo-
lism of xenobiotics and endobiotics (Cho et al., 2009). Moreover, recent
studies described that liver cells exposed to conditions of lipotoxicity, for
example, by the treatment with ethanol (Russo et al., 2017) or fatty acids
to generate a steatogenic phenotype (Bartolini et al., 2017), show a sus-
tained α-TOH catabolism. This type of response was found to occurr in
the presence of a transient repression of CYP4F2 and marked overexpres-
sion of other CYP isoforms, including CYP3A4. These findings further
support a role for this latter CYP isoform, but not for CYP4F2, in the
hepatic metabolism of vitamin E. Furthermore, these studies demonstrated
for the first time that lipotoxicity can interfere with the hepatic metabo-
lism of vitamin E leading to CYP gene pattern reprogramming (Bartolini
et al., 2017; Russo et al., 2017 and references therein). The participation
of other transcription factors and gene-regulation proteins in the modula-
tion of inducible and repressible forms of CYP450 beside PXR may
include PPARγ (Torquato et al., 2016) as a main player at the interface
of vitamin E and long-chain fatty acid metabolism (discussed in
Chapter 4: Vitamin E: structure and forms).

The main steps and compounds associated with the enzymatic metab-
olism of TOHs and T3s are summarized in Fig. 24.1. Table 24.1 shows
the conjugated forms of enzymatic metabolites produced by the activity
of hepatic transferases that have been identified in biological fluids and
feces (mainly as sulfated and glucuronidated species).
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24.3 Receptors/sensors, signal transduction and gene
modulation effects

24.3.1 Role of vitamin E in signal transduction and
transcriptional mechanisms
The gene response to vitamin E varies in a cell- and tissue-specific man-
ner, as well as being species specific. Protein interactions responsible for

Figure 24.1 Metabolism of vitamin E. This metabolism starts with one cycle of
CYP4F2/3A4-mediated ω-hydroxylation, followed by five cycles of β-oxidation. Recent
evidence demonstrated the existence of alterative ω-1 and 2 hydroxylation in
Cyp4f14�/� mice (Bardowell et al., 2012). The structures without names are
molecules or steps which fit into the general concept but need further experimental
confirmation and molecular characterization.
α-TOH, α-Tocopherols; α-T3, α-tocotrienols; 130-OH, 130-hydroxychromanol; 130-
COOH, 130-carboxychromanol; LCMs, long-chain metabolites; MCMs, medium-chain
metabolites; SCM, short-chain metabolites; CDMD(en)2HC, carboxydimethyldecadie-
nylhydroxychromanol; CDMOenHC, carbodimethyloctenylhydroxychromanol;
CDMHenHC, carboxymethylhexenylhydroxychromanol; CMBenHC, carboxymethyl-
butadienylhydroxychromanol; CDMOHC, carboxymethyloctylhydroxychromanol;
CDMHHC, carboxymethylhexylhydroxychromanol; CMBHC, carboxymethylbutylhy-
droxychromanol; CEHC, carboxyethylhydroxychromanols. Modified from Schmolz, L.,
Birringer, M., Lorkowski, S., Wallert, M., 2016. Complexity of vitamin E metabolism. World
J. Biol. Chem. 7, 14�43
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Table 24.1 Conjugates of vitamin E metabolites and their excretion.

Metabolite Conjugate Organism Excretion

LCM Sulfates Rats and in vitro Feces Freiser and Jiang (2009), Jiang et al.
(2007)

MCM Ether glucuronides Human and mouse Urine/feces Johnson et al. (2012)
Sulfates Human

SCM Glucosides, glutamine Mouse Urine/feces Cho et al. (2009), Johnson et al.
(2012)

Taurine, glycine, or glycine
glucuronides

Human and mouse Urine Johnson et al. (2012)

Sulfates Rats Tanabe et al. (2004)

Source: Modified from Schmolz, L., Birringer, M., Lorkowski, S., Wallert, M., 2016. Complexity of vitamin E metabolism. World J. Biol. Chem. 7, 14�43.



this response include nuclear receptors and some transcriptional nodes of
energy metabolism, redox homeostasis, and inflammatory pathways, some
of which are summarized in Table 24.2 (recently reviewed elsewhere in
Azzi, 2018; Zingg, 2015).

At the same time TOHs and T3s influence distinct signal transduction
pathways that directly or indirectly modulate gene-regulation mechanisms
at different levels. It is apparent that such a regulatory function of this
family of vitamers occurs by means of different, essentially low-to-mild
affinity and transient, protein interactions, the nature of which remain
poorly characterized. These may include the interaction with α-TTP that
is believed to mediate vitamin E uptake and trafficking in the cell systems
via a PIP-regulated process (Chung et al., 2016; Kono et al., 2013), and
tocopherol-associated proteins (TAPs) that are also important in regulating
PI3K activity and gene response of normal and tumoral cells (reviewed in
Zingg, 2015). The latter group of proteins include TAP1, 2, and 3 iso-
forms, which correspond to the members of the SEC14L family identified
as SEC14L2, 3, and 4, respectively. In this family, TAP1 has been
reported to bind with high-affinity α-TOH, but not other forms of vita-
min E, and to translocate into the nucleus to promote gene transcription
in a α-TOH-dependent manner (Yamauchi et al., 2001; Zimmer et al.,
2000). Other vitamin E-binding proteins are located on the extracellular
environment and cell surface, and include PLTP, afamin, albumin, scav-
enger receptors and membrane transporters, such as the SR class B type I
(SR-BI) and CD36, and some members of the ATP-binding cassette
transporter family (ABCA1 and ABCG1) (Zingg, 2015).

Single-gene and microarray gene expression studies carried out in the
last decades have explored signal transduction and transcriptional effects of
vitamin E in several experimental models, such as rodents fed with

Table 24.2 Nuclear receptors and transcription factors identified to respond to
vitamin E administration in cells and animal models.

Pregnane X receptor (PXR)
Constitutive androstane receptor (CAR)
RAR-related orphan receptor alpha (RORα)
Peroxisome proliferator-activated receptor γ (PPARγ)
Estrogen receptor beta (ERβ)
Nuclear factor erythroid-derived 2-like 2 (Nrf2)
Hypoxia-inducible factor 1 alpha (Hif1-α)
Nuclear factor kappa B (NFkB)
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different types of diets or α-TTP-deficient mice, as well as in human cells
and tissues (recently discussed in Brigelius-Flohe, 2009; Galli et al., 2017).
For example, microarray data demonstrated that changes in vitamin E
intake produce permanent stimulation or depletion of specific gene clus-
ters, such as those for vesicular transport, or neuronal and muscular func-
tions, respectively (reviewed in Brigelius-Flohe and Galli, 2010 and
references therein); other examples of gene-regulation systems under the
influence of vitamin E molecules are reported in Table 24.3. These studies
suggest the view that vitamin E produces direct and specific gene-

Table 24.3 Some gene response systems under the influence of tocopherol (TOH) or
tocotrienol molecules in different experimental systems.

Tocopherol effect (upm
or downk regulation)

Gene systems References

Vitamin E acetate k Immune response: NFkB Flohe et al. (1997),
Suzuki and Packer
(1993)

γ and α-TOH
mα-TOHk

Cholesterol homeostasis:
PPARγ LXR (including
receptors LXR-
regulated: CD36,
ABCA1, and ABCG1)

De Pascale et al.
(2006)

Rode et al. (2008)

γ and α-TOH
mGarcinoic acid and
α-LCMs m

Lipid metabolism and
inflammation: PPARα,
PPARγ

Poynter and Daynes
(1998)

Torquato et al. (2016)
α-TOH m Steroidogenesis: AP-1 and

Ref-1
Abidi et al. (2004)

α-TOHk Platelet aggregation: GP
IIb

Chang et al. (2000)

T3 m LCMs m (?) Xenobiotic detoxification:
PXR, including PXR-
regulated genes:
CYP3A4, Pgp

Landes et al. (2003)
Podszun et al. (2017)

T3 m Estrogen receptor: ERβ
(including genes Erβ-
regulated MIC-1, ECR-
1, and cathepsin D)

Comitato et al. (2010)

NFκB, Nuclear factor kappa-light-chain-enhancer of activated B cells; PPARγ, peroxisome
proliferator-activated receptor gamma; LXR, liver X receptor; CD36, cluster of differentiation 36;
ABCA1, ATP-binding cassette transporter; ABCG1, ATP-binding cassette G1 transporter; PPARα,
Peroxisome proliferator-activated receptor alpha; AP-1, activator protein-1; Ref-1, redox-regulated
protein; GP IIP, glycoprotein IIb; PXR, pregnane X receptor; CYP3A4, cytochrome P3A4; ERβ,
estrogen receptor beta; MIC-1, macrophage inhibitory cytokine 1; ECR-1, estrogen receptor 1.
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regulation effects, influencing the activity of receptors and transcription
factors, but as a matter of fact, no vitamin E-specific receptor has conclu-
sively been identified so far, as known for instance in the case of the other
fat-soluble vitamins A and D (Galli et al., 2017; Schubert et al., 2018).

It is worth noting that the only genes responding to high doses of
α-TOH in vivo, in a relatively short time, are those involved in vitamin
E elimination, that is, hepatic CYP and ABC transporters. Induction of
these genes appears to depend on PXR activation, a nuclear receptor that
responds to lipophilic xenobiotics, such as several steroids and drugs
(Landes et al., 2003; Podszun et al., 2017). However, direct binding to
PXR could only be demonstrated for T3s, apparently not for TOHs
(Zhou et al., 2004), and the in vivo induction of the CYP gene response,
assessed by Cyp3a11 expression (the murine orthologue of human
CYP3A4), required supranutritional amounts of α-TOH (Kluth et al.,
2005; Mustacich et al., 2006). Thus the regulation of xenobiotic metabo-
lism has been suggested to be the main, and possible the only, gene
response effect of α-TOH, the meaning of which was proposed to be
that of self-regulating its own metabolism to prevent accumulation
(Traber, 2010). Compatible with this reductionist view, recent evidence
in the literature has demonstrated that long-chain metabolites (LCMs)
with α and non-α configuration are much stronger activators of PXR as
well as of PPARγ nuclear receptor compared to their TOH and T3 pre-
cursors (Podszun et al., 2017; Torquato et al., 2016; Galli F., Gioiello A.,
Mani S., unpublished data), suggesting a potent feed-forward mechanism
for the catabolism and elimination of the vitamin excess. Other authors
are now pointing to a different (“nonreductionist”) view, compatible with
a role of vitamin E as a provitamin. This view, originally proposed in
Galli et al. (2007), is now supported by further convincing evidence on
the biological role of LCMs. This role appears to occur through the direct
modulation of enzymatic activities, such as 5-LOX-dependent production
of inflammatory eicosanoids (described in Jiang et al., 2011; Pein et al.,
2018 and further discussed later in this section), and transcriptional func-
tion of nuclear receptors influencing long-chain fatty acid availability/
metabolism (e.g., by CYP3A4 and Pgp upregulation). Intriguingly, other
gene responses are now emerging to indicate that most of these
provitamin-derived effects could be particularly important for the control
of the metabolism and toxicity (lipotoxicity) of cellular lipids. Beside
PPARγ protein modulation (Torquato et al., 2016), these include the
transcriptional regulation and activity of the lipid droplet-associated
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protein PLIN2 (Schmolz et al., 2018) that responds to α-LCMs, but not
to α-TOH, to promote cytoprotection under conditions of lipotoxicity.

However, if PXR or another functionally equivalent receptor or sen-
sor could regulate in a specific way the gene response to vitamin E, all
forms of this vitamin should result in the same gene response pattern, but
this does not appear to be the case. For example, T3 regulates expression
and activity of genes differently from those regulated by α-TOH
(Comitato et al., 2010; Viola et al., 2012). The finding that T3s, but not
TOHs, can bind to estrogen receptor β (ERβ) and initiate the expression
of estrogen-dependent genes (for example, MIC-1, ECR-1, and cathepsin
D) in ERβ-expressing breast cancer cells, appears to confirm such a dis-
crepancy, highlighting the presence of different molecular targets for the
different forms of this vitamin. These findings and other differences
among the molecular and cellular responses to TOHs and T3s (reviewed
in Khanna et al., 2010; Viola et al., 2012) also resulted in the provocative
question of whether T3 should still be grouped in the vitamin E family of
molecules (Brigelius-Flohe and Galli, 2010).

Besides a role in side-chain unsaturation (i.e., TOH vs T3), other
epitopes of vitamin E molecule appear to play a key role in producing
vitamer and metabolite-specific gene responses (discussed in Schmolz
et al., 2017; Viola et al., 2012, 2013). These appear to include both the
methylation pattern of chromanols and the availability of the hydroxyl
group in position 6 of the ring for reaction (assessed after either reversible
or irreversible derivatization). This demonstrates that different portions of
the vitamin E molecule intervene in the physical and functional interac-
tion with receptors and transcription factors, thus influencing the catabo-
lism and/or the provitamin activity of the vitamin forms.

24.3.2 Vitamin E as enzyme activity regulator
The first enzyme found to be regulated by vitamin E was protein kinase
C (PKC) which is specifically inhibited by the α-TOH form (Mahoney
and Azzi, 1988). Since then, a number of additional enzymes have been
identified as inhibition targets of this vitamin, some of which were intro-
duced earlier in this Chapter and in Chapter 23. These include nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase (Cachia et al.,
1998; Egger et al., 2001), phospholipase A2 (Egger et al., 2001), PKB/
Akt (Kempna et al., 2004), 5-LOX (Kempna et al., 2004; Pein et al.,
2018), 12-LOX and 15-LOX (Kagan et al., 2017; Khanna et al., 2003),
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and cyclooxygenase-2 (COX-2) (Jiang et al., 2000; Wu et al., 1998).
Enzymes activated by α-TOH include protein phosphatase 2A (PP2A)
(Ricciarelli et al., 1998)—the mechanism of this activation remains elusive
after 20 years from its discovery—diacylglycerol kinase (DGK) (McNally
and Anderson, 2003; Tran et al., 1994), and dose-dependently HMG-
CoA reductase (Khor and Ng, 2000).

PKC inhibition was demonstrated to occur by preventing its
phosphorylation-dependent activation via enhanced PP2A activity
(Ricciarelli et al., 1998). Moreover, translocation of PKC to the mem-
brane, which is required for activity, is also prevented (Boscoboinik
et al., 1991). Activation of NADPH oxidase is attenuated by the inhibi-
tion of the PP2A- and PKC-dependent translocation of p67phox (Egger
et al., 2001) or p47phox (Cachia et al., 1998) to the membrane.
Inhibition of 5-LOX by α-TOH, similarly to PKC, appears to involve
complex recruitment processes. Lipopolysaccharide (LPS)-stimulated
release of tumor necrosis factor (TNF) is decreased by α-TOH and other
5-LOX inhibitors. Upon Ca21-triggered activation, 5-LOX and PLA2
translocate to the perinuclear envelope where they assemble with the
5-LOX-activating protein (FLAP) (reviewed in Murphy and Gijon,
2007). The role of FLAP is not fully understood yet. It might be a scaf-
folding protein that facilitates assembly of both cytosolic proteins at the
nuclear membrane or it might bind arachidonic acid (AA) released by
PLA2 and present this substrate to 5-LOX. Inhibition of 12-LOX and
15-LOX has also been demonstrated, whereby the effectiveness of T3s
was overall markedly higher than that of TOHs (Kagan et al., 2017;
Khanna et al., 2003). Mechanistic aspects of this inhibition are still elu-
sive, but compelling evidence suggests that tocochromanols can at the
same time strongly suppress nonregiospecific free radical components of
LOX-catalyzed phospholipid peroxidation (Arai et al., 1995) and com-
pete for the polyunsaturated fatty acid (PUFA) substrates binding sites
(via a “corking” mechanism). Similar inhibitory mechanisms appear to
occur in the case of PLA2, that provides LOXs of PUFA substrates.
Competition of vitamin E with phospholipid substrates at the catalytic
site of PLA2 has been consistently demonstrated by cocrystallization
experiments carried out on snake venom enzyme in which α-TOH was
demonstrated to bind the catalytic pocket of one of the two enzyme
monomers (Chandra et al., 2002). Kinetics and inhibition studies agreed
with the crystallographic results. Further crystallization experiments
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suggested also the effects of α-TOH binding on the stability of the
dimeric form of the enzyme (Takeda et al., 2004).

PLA2 activity was inhibited in platelets (Douglas et al., 1986), macro-
phages (Douglas et al., 1986), and liposomes (Grau and Ortiz, 1998), but
surprisingly it was enhanced in endothelial cells (Wu et al., 2005), and
thus the effect of vitamin E appears to be stimulation specific. PLA2
enzymes consist of a large and diverse superfamily of at least 14 separate
groups. Subgroups I, II, III, V, and IX�XIV require Ca21 for activity
and are, although not generally, associated with membrane trafficking
events. Subgroups IV, VI, VII, and VIII are serine esterases and mainly
involved in Ca21-independent membrane trafficking, tubule formation,
and membrane fusion (reviewed in Brown et al., 2003). By the formation
of lysophospholipids, PLA2 enzymes induce changes in the membrane
curvature (Hermann et al., 2014). Therefore PLA2 not only releases AA
to provide the precursor for lipid mediators, but it can also influence the
activity of membrane-bound or membrane-incorporated proteins. As
introduced earlier in this section, inhibition of PLA2 activity by vitamin E
has been attributed to an interference with the accessibility of the substrate
to PLA2 in the membrane (Grau and Ortiz, 1998). This “corking effect”
produces the highest inhibition in the case of α-TOH that compared
with other TOHs, less deeply penetrates into the membrane possibly by
the fully-methylated structure of the chroman group. Which of the vari-
ous forms of PLA2 is preferentially inhibited by this vitamin has not yet
been described and this could be the reason for the discrepancies in the
activity modulation (inhibition/activation) patterns described so far in
literature.

LPS- or interleukin1-β (1IL-1β)-stimulated COX-2 activity was
preferentially decreased by γ-TOH and its metabolite γ-CEHC (Jiang
et al., 2000), whereas higher concentrations of α-TOH were required for
inhibition. γ-TOH was suggested to compete with AA for the active site
of COX-2. Finally, vitamin E inhibited phosphorylation of PKB/Akt
(Kempna et al., 2004). δ-TOH was the most effective form in producing
this effect and, worthy of note, the activation of the enzyme requires
translocation to the membrane and subsequent phosphorylation by
phosphoinositide-dependent kinase 1, indicating that also here vitamin E
may influence translocation processes and lipid�protein interactions
within the PI3K/Akt pathway, important for several cellular processes and
as targets of anticancer therapies (Thillai et al., 2017). A transient
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translocation to the membrane is also reported to influence PP2A and the
PKC-dependent control of DGK activity that might be related to the
proposed functions of α-TOH in vesicular transport and in several aspects
of immune and cancer cell biology (reviewed in Zingg, 2007, 2015).

24.4 Vitamin E metabolites as bioactive molecules

24.4.1 On the origin of the bioactivation hypothesis of
vitamin E
Catabolic steps in the metabolism of vitamin E have always been seen as a
process to eliminate an excess of this micronutrient (Schmolz et al., 2016).
Accordingly, it has been suggested that the urinary SCM α-CEHC is an
indicator of an adequate vitamin E supply (Schultz et al., 1995), and is
only excreted at a certain threshold level of the hepatic vitamin (Traber,
2013). The same could be proposed for γ-TOH metabolism, the second
most abundant form of vitamin E in human tissues (Galli et al., 2002,
2003).

It was 1995 when Murray et al. (1995) isolated from human urine a
mild potency natriuretic factor, the structure of which was demonstrated
to coincide with that of SCM γ-CEHC (Kantoci et al., 1997), and at the
beginning of the 2000s some pioneering studies provided the first pieces
of evidence on the activity of desmethyl SCMs on COX-2 activity of
inflammatory cells and cell cycle checkpoints of cancer cells (Galli et al.,
2004a; Jiang et al., 2000).

The demonstration that SCMs, and even more so LCMs (discussed
later), of α-TOH are bioactive molecules, stimulated the hypothesis that
besides the “excess/elimination route” there could be an even more
important “activation route” of this vitamin. In keeping with this hypoth-
esis originally proposed in Galli et al. (2007), other studies confirmed the
preliminary data obtained on SCMs and went on to identify LCMs as
more potent bioactives formed throughout the enzymatic and nonenzy-
matic routes of vitamin E metabolism (described in the next section and
in Table 24.4).

In this respect, vitamin E appears to follow the same mechanism
described for other fat-soluble vitamins that promote their gene regulation
function by means of their metabolites (recently reviewed elsewhere in
Galli et al., 2017; Podszun et al., 2017; Schubert et al., 2018). When
looking at vitamin A and D, for example, metabolism transforms alimen-
tary or endogenous precursors into the active forms that exhibit the
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Table 24.4 Main biological functions of vitamin E metabolites.

Vitamin E metabolites Biological effects Targets References

Long-chain metabolites (LCMs)

α-13’-OH; δ-13’-COOH Antiproliferative effect Mazzini et al. (2009)
α- and δ-13’-COOH Proapoptotic effect Caspase-3 and 9,

PARP-1
Birringer et al. (2010)

α-13’-COOH Antiatherogenic effect CD36 Wallert et al. (2014)
Immune regulation and
antiinflammatory function

5-LOX Pein et al. (2018)

Xenobiotic metabolism Pgp Podszun et al. (2017)
Antilipotoxic effect PLIN2 Schmolz et al. (2018)

α-13’-OH; α-13’-COOH; δ-T3-
13'-COOH

Lipid homeostasis PPARγ, CYP4F2 Torquato et al. (2016)

δ-13'-COOH Antiinflammatory effect COX-2, PGE2 Jiang et al. (2008)
δ-T3-13'-COOH; α-13’-COOH Il1β, II6, and TNFα Schmolz et al. (2014)
α-TQ/α-THQ Antiferroptotic activity 15-LOX Taylor et al. (2018)
α-TOH phosphate Angiogenic and vasculogenic

effects
VEGF Zingg et al. (2010)

Short-chain metabolites (SCMs)

γ-CEHC Natriuretic properties 70 pS K1 channel Wechter et al. (1996)
γ-CEHC Antiproliferative and antioxidant

effects
Cyclin D1 Galli et al. (2004b)

γ-CEHC NOx scavenging Galli et al. (2004b)
α-CEHC; γ-CEHC Antiinflammatory effects PGE2 Grammas et al. (2004)

TNFα, Tumor necrosis factor alpha; PGE2, prostaglandin E2; CD36, cluster of differentiation 36; PPARγ, peroxisome proliferator-activated receptor gamma; CYP4F2,
cytochrome P4F2; PLIN2, perilipin 2; COX-2, cyclooxygenase-2; Il1β, interleukin 1 beta; Il 6, interleukin 6; VEGF, vascular endothelial growth factor; Pgp, P-glycoprotein.



underlying vitamin properties. However, crucial data are still missing to
conclusively confirm a provitamin mechanism of action for vitamin E in
animal organisms. So far, in fact, no specific binding protein, cellular
transporter, or cellular receptor have been identified for the metabolites
that discriminate the vitamin precursors. This is keeping the role and
mechanism of the action of vitamin E still enigmatic (Blaner, 2013;
Brigelius-Flohe, 2009; Brigelius-Flohe and Galli, 2010).

A possible explanation for this lack of evidence on a specific receptor
is that the biological activity of the vitamin E-related molecules (that can
be identified with the definition of “vitamin E metabolome”) may depend
on multiple and highly variable lipid�protein interactions occurring at the
same time on several protein cavities (identified as the “vitamin E interac-
tome”) of the cell. Together these interactions may produce the underly-
ing biological response even in the absence of a specific high-affinity
interaction. This type of scenario compatible with a “fluid receptor”
model based on the formation of a series of transient and low-affinity
interactions, may help to explain, for example, the multiple effects that
vitamin E and other cellular lipids produce on apparently unrelated and
even divergent cell pathways.

Different from high-affinity interactions, which include those with
α-TTP and TAP1 described before, many of these low-affinity interac-
tions are difficult to capture with the available lipidomics and proteomics
methods because of their fugacity and promiscuity (disrupting cell struc-
tures, fractionating cellular components and isolating/extracting lipids or
protein fractions, are all processes that conceivably interfere with the phys-
iological interactome of vitamin E and with that of many other cellular
lipids). However, some of them can be predicted, for instance, by the in
silico exploration of cellular interactomes; then, the results of such explor-
ative studies can be verified at the functional and molecular level. As an
example of this approach, we utilized the bioinformatics procedure previ-
ously described in Siragusa et al. (2014) to comparatively explore the
interactome of α-TOH and that of its LCMs α-130-OH and α-130-
COOH, which should differ on the bases of available biological and
molecular results (described in the next section). This procedure is based
on a semiautomated method for comparing and clustering protein pock-
ets, called BioGPS, that combines the GRID molecular interactions fields
(MIFs) with FLAP pharmacophoric fingerprints. With this procedure
about 700K potential cavities detected on protein structures available for
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consultation on public databases can be interrogated to identify potential
interactions with small molecules and their localization in cellular path-
ways and biological functions. This latter step is implemented assessing
BioGPS results with the Reactome pathway analysis tool (https://reac-
tome.org). The workflow and output representation of this bioinformatics
analysis are reported in Fig. 24.2. The aim of identifying different interac-
tion patterns for α-TOH and its LCMs was already achieved after explo-
ration of about 70K cavities (Fig. 24.2B), and interestingly enough,
interaction scores of both α-TOH and LCMs were the highest on path-
ways that nicely fit with the biological context of vitamin E, such as the
metabolism of lipids and lipoproteins and biological oxidations. Protein
hits identified in these pathways (Table 24.5) included nuclear receptors,
proteins associated with endogenous sterols and bile acid metabolism, and
CYP450 isoenzymes, such as CYP2E1. All these hits are reported to have
a role in the hepatic metabolism of vitamin E (reviewed in Russo et al.,
2017; Traber, 2004).

Figure 24.2 In silico strategy to explore the vitamin E interactome. (A) Workflow of
BioGPS analysis method utilized to identify potential interaction cavities for vitamin E
on human proteins. The BioGPS platform combines the GRID molecular interactions
fields (MIFs) with FLAP pharmacophoric fingerprints. (B) Reactome pathway analysis
of BioGPS data on the protein interactions identified for α-tocopherol (α-TOH) and
its long-chain metabolites (LCMs) α-130-OH and α-130-COOH (data were from a par-
tial exploration of the interaction field database: 70K cavities over 700K).
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Table 24.5 Possible protein interactions of α-tocopherol (α-TOH) and its long-chain metabolites (LCMs) α-130-OH and α-130-COOH identified with
the in silico analysis method of Fig. 24.1 (the first 10 protein hits are shown).

Rank Uniprot Protein name Organism Reactome-higher levels Reactome-lower levels

1 P10826 Retinoic acid receptor
beta

Homo sapiens (human) Gene expression, signal
transduction,
transmembrane transport of

Nuclear receptor transcription pathway,
orphan transporters, and signaling by
retinoic acid

2 P62483 Voltage-gated
potassium channel
subunit beta-2

Rattus norvegicus (rat) Neuronal system Voltage-gated potassium channels

3 P80188 Neutrophil gelatinase-
associated lipocalin

Homo sapiens (human) Transmembrane transport of
small molecules

Iron uptake and transport, Orphan
transporters

4 P97612 Fatty acid amide
hydrolase 1

Rattus norvegicus (rat) � Fatty acid catabolic process

5 P11509 Cytochrome P450
2A6

Homo sapiens (human) Metabolism CYP2E1 reactions, xenobiotics

6 P05181 Cytochrome P450
2E1

Homo sapiens (human) Metabolism CYP2E1 reactions, xenobiotics

7 P04040 Catalase Homo sapiens (human) Cellular responses to stress,
Metabolism

Detoxification of reactive oxygen
species, purine catabolism

8 Q02127 Dihydroorotate
dehydrogenase

Homo sapiens (human) Metabolism Pyrimidine biosynthesis

9 Q9Y6A2 Cholesterol 24-
hydroxylase

Homo sapiens (human) Metabolism Endogenous sterols, synthesis of bile
acids, and bile salts via 24-
hydroxycholesterol

10 Q9NTG7 NAD-dependent
protein deacetylase
sirtuin-3

Homo sapiens (human) Organelle biogenesis and
maintenance

Transcriptional activation of
mitochondrial biogenesis



24.4.2 Proposed physiological functions of long-chain
metabolites
An increasing number of studies are now reporting on biological activity
of LCMs of vitamin E, suggesting physiological functions for these mole-
cules (Table 24.4).

The first biological studies on these metabolites were performed by
Mazzini et al. (2009) who developed a semisynthesis procedure to
produce the RRR form of α-LCMs (α-130-OH and α-130-COOH)
starting from garcinoic acid (GA), a plant analogue of the physiological
LCM trans-130-carboxy-δ-T3. GA was isolated from the African bitternut
of Garcinia kola according to the original procedure published by
Terashima et al. (1997). α-130-COOH was synthesized from GA by the
hydrogenation of aliphatic side-chain double bounds and the subsequent
methylation of the chroman ring. Then α-130-OH was obtained by
LiAlH4-mediated reduction of α-130-COOH acid function (Mazzini
et al., 2009). These semisynthesis protocols and the resulting pure com-
pounds have represented a major breakthrough in the field allowing the
first analytical and biological/functional studies. Using GA-derived
α-LCMs in vitro, convincing data were obtained on activities that are
specific for these LCM and distinct from those observed for the metabolic
precursor α-TOH (Birringer et al., 2010; Ciffolilli et al., 2015; Wallert
et al., 2014, 2015).

For example, in human macrophages α-LCMs decreased uptake of
oxidized LDL (oxLDL) and oxLDL-induced lipid accumulation, likely
due to reduced phagocytic activity. At the same time, α-LCMs induced
the expression of the scavenger receptor CD36, which is the major
receptor for oxLDL uptake. Further studies provided evidence that
α-LCMs influence oxLDL uptake independent of CD36. A key finding
of these studies (Wallert et al., 2014) was that α-LCMs promote their
effects at lower concentrations and with a mechanism that was different
from that of α-TOH. Furthermore, α-LCMs exhibit antiinflammatory
activity blocking the LPS-induced release of proinflammatory mediators
and nitric oxide production (Ciffolilli et al., 2015; Wallert et al., 2015).
Interestingly, these responses to α-LCMs occurred by means of transcrip-
tional effects on inducible NO synthase, cycloxygenase-2, and interleu-
kin-1β. In vitro data also demonstrated the superiority of α-130-COOH
and δ-130-COOH with respect to the corresponding TOH precursors as
proapoptotic agents in HepG2 hepatocarcinoma cells (with EC50 values
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of 13.5 and 6.5 μM, respectively) (Birringer et al., 2010), and a role of
these acid metabolites and GA in the modulation of cell cycle and pro-
grammed cell-death pathways was also demonstrated in C6 glioblastoma
cells (Mazzini et al., 2009). Recently α-130-COOH has been demon-
strated to form in immune cells and inflammatory exudates of mice (Pein
et al., 2018), and to selectively inhibit the biosynthesis of 5-LOX-derived
lipid mediators, a property that was already described for the 130-LCMs
formed by the enzymatic metabolism of desmethyl tocochromanols (Jiang
et al., 2011 and references therein). This activity was associated with effi-
cient suppression of inflammation and bronchial hyperreactivity in mouse
models of peritonitis and asthma (Pein et al., 2018), consistent with the
hypothesis that immunoregulatory and antiinflammatory functions of
α-TOH can depend on its endogenous metabolites formed at the inflam-
matory foci, potentially through immune cell 5-LOX inhibition.
Biological activities of α-130-COOH not shared with the parent com-
pound α-TOH have also recently been reported in other contexts, such
as in the activation response in LS 180 cellsof PXR nuclear receptor and
P-glycoprotein protein expression and transport activity (Podszun et al.,
2017). It is worth noting that neither α-TOH, nor α-T3, or γ-TOH and
the corresponding SCMs α-CEHC and γ-CEHC, were found to affect
PXR or P-glycoprotein expression and activity in these cells.

24.5 The metabolome of vitamin E: analytical aspects and
study perspectives

The free radical-derived metabolites α-tocopheronic acid and
α-tocopheronolactone, also known as Simon’s metabolites, were the first
to be identified in the urine of men given large oral doses of α-TOH
(Eisengart et al., 1956), a discovery that dates back to the 1950s. Later,
Pope et al. (2000) confirmed the presence of α-tocopheronolactone in
urine as an endogenous product of vitamin E metabolism. To achieve a
more reliable estimation of endogenous α-TOH oxidation by the reac-
tion with lipid peroxyl radicals, it is preferable to investigate circulating
metabolites, and especially α-tocopheryl quinone that is relatively more
stable compared with Simon’s metabolites. An example of the application
of this analysis in the study of lipid peroxidation in fatty liver subjects and
liver cells is reported in Torquato et al. (2018). By the way, being the
metabolites lipid oxidation products, it is crucial that their measurements
are performed by adopting validated methods and quality assurance

508 Molecular Nutrition



procedures to avoid preanalytical and analytical artifacts (Mottier et al.,
2002; Sharma et al., 2013; Torquato et al., 2019).

Among the subfamily of enzymatic metabolites, CEHCs have been
the first to be identified and measured in biological samples under differ-
ent experimental settings. In 1984, δ-CEHC was the first enzymatic
metabolite identified in rat urine (Chiku et al., 1984). Then in the late
1990s the analogous forms deriving from α-TOH and γ-TOH metabo-
lism were identified in human urine (Schultz et al., 1995; Wechter et al.,
1996). In the early 2000s these pioneering findings paved the way to a
series of studies that measured the SCMs in biological fluids other than
urine, also assessing the in vivo metabolism of α-TOH and γ-TOH by
the administration of deuterium-labeled vitamers (Galli et al., 2001, 2002,
2003). In the same years, Pope et al. (2000) reported the tentative identifi-
cation of the MCMs α-CMBHC and γ-CMBHC which were further
characterized by Birringer et al. (2001). On the other hand, Sontag and
Parker (2002) were the first to identify the LCMs α-130-OH, γ-130-OH,
α-130-COOH, and γ-130-COOH, in the lipid extract of human hepato-
cytes. A few years later Jiang and coworkers proved that, like SCMs, the
LCMs γ-130-COOH and γ-130-OH are released in their conjugated
forms in rat plasma and liver, mainly as sulfates (Jiang et al., 2007). More
recently, the availability of liquid chromatography high-resolution mass
spectrometry (LC-HRMS) platforms has allowed a more extensive char-
acterization of the vitamin E metabolome and new types of urinary con-
jugated metabolites have been identified, such as γ-CEHC-glucoside,
α-CEHC-glycine, α-CEHC-glycine-glucuronide, and α-CEHC-taurine
(Cho et al., 2009; Johnson et al., 2012). On the other hand, we utilized
LC coupled to tandem mass spectrometry (LC-MS/MS) to develop a
quantitative method to simultaneously determine the entire set of vitamers
and metabolites in the human metabolome of vitamin E (Giusepponi
et al., 2017).

α-130-COOH and α-130-OH are the most active metabolites of
α-TOH. These LCMs were identified for the first time in human serum
in our laboratories (Ciffolilli et al., 2015; Wallert et al., 2014). Besides
providing evidence for their systemic availability, we measured circulating
levels of these LCMs that are present in the low nanomolar range.
Interestingly, serum concentrations of α-130-OH significantly increased in
healthy adults after 1-week supplementation with a supranutritional dose
(1000 IU/day) of RRR-α-TOH (from baseline levels lower than 10 to
.30 nM) (Ciffolilli et al., 2015). Further analytical investigations carried
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out with the recently developed LC-MS/MS protocol and also applying a
LC-HRMS (LC-Q-Orbitrap) platform have substantially confirmed these
data, also detecting three unknown compounds (M1, M2 and M3) related
to α-130-OH and α-130-COOH LCMs (Giusepponi et al., 2017). These
new α-LCMs are present at higher concentrations in human plasma com-
pared with α-130-OH and α-130-COOH isomers, and in total these
metabolites (i.e., α-130-OH1α-130-COOH1M11M21M3) in
healthy adults fed a diet close to vitamin E RDA (10 mg/day) reach fast-
ing plasma concentrations between 30�90 nM. α-TOH supplementation
(1000 IU α-TOH/day per 1 week) carried out with the same protocol
described above and in (Ciffolilli et al., 2015) increased LCM levels by
about one order of magnitude (290�350 nM). These levels are similar to
those observed for the end product of this catabolism α-CEHC. It is
worth noting that the concentrations of these plasma metabolites decrease
by about one order of magnitude in chronic kidney disease patients com-
pared with healthy controls (Giusepponi et al., 2017), compatible with a
disease-specific defect of vitamin E metabolism in these patients combined
with increased levels of α-CEHC by the reduced renal excretion of this
hydrophilic SCM (Galli et al., 2004c; Himmelfarb et al., 2003).

24.6 Conclusion

This chapter summarizes the available knowledge on the molecular aspects
of vitamin E metabolism and function. In the light of recent findings on
the gene response to vitamin E molecules (and especially to LCMs), the
concept of “essentiality” for this vitamin has now been critically reconsid-
ered by several authors and the hypothesis that α-TOH, similarly to other
fat-soluble vitamins, could represent a provitamin, is gaining credit (Galli
et al., 2017; Schmolz et al., 2016; Taylor et al., 2018). Now advanced
lipidomics and bioinformatics tools are available to shed light on the mul-
tifaceted biological roles that this vitamin and its metabolites produce on
human cells and tissues. Of particular interest is the exploration of the
lipid�lipid and lipid�protein interactions that embody the functional
interactome of this vitamin. Some of these interactions and their explor-
ative strategies are presented in this chapter along with the protocols
recently developed to investigate the metabolome of vitamin E. Now
these aspects represent one of the hot topics of lipidomics and human
nutrition.
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Key facts

• The liver is an organ that is severely attacked by reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) free radicals, especially
nitric oxide (NO).

• NO can induce elevation or reduction of pathophysiologic responses
in various types of liver diseases, which shows the dual manner of this
small molecule in the body.
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• When free radical production increases in the liver, hemostasis may be
disrupted and this can result in oxidative/nitrosative stress pathologic
conditions.

• If liver function is lost, the patients enter a type of liver disease that
may be acute or chronic and will quickly disrupt the normal functions
of the liver or disruption may occur over several months to several
years.

• More than 100 types of liver disease are known that are significantly
related to morbidity and mortality worldwide.

• Because of oxidative/nitrosative stress pathogenesis in liver diseases,
an antioxidant system is required for disease prevention and
treatment.

• Indeed an antioxidant system can be an enzymatic and nonenzymatic
system in harmony with each other, modulating the cellular balance
against ROS and RNS.

• Several studies have been performed to assess the effects of anti-
oxidants, especially vitamin E, in liver diseases and the appropriate
therapeutic approaches for the prevention and treatment of liver
diseases.

Summary points

• This chapter focuses on linking vitamin E and NO in liver disease.
• One of the most important factors in the pathogenesis of liver disease

is oxidative/nitrosative stress.
• NO is one of the most important RNS free radicals and is involved in

various types of liver disease.
• NO is a dual molecule that can increase or decrease pathophysiologic

responses in liver disease.
• Antioxidative therapy has investigated whether vitamins, especially

vitamin E, are the most effective diet supplements for patients with
liver disease.

• The biological activity of vitamin E is not limited to its antioxidant
properties, and it could be involved in the regulation of inflammatory
response, gene expression, enzymes attached to membrane, and modu-
lation of cell signaling and proliferation.

• Vitamin E can protect liver functions against NO attacks via various
mechanisms.
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Word definition
Free radicals: Free radicals are highly unstable and reactive atoms or molecules that have

uncoupled electrons. In the body of living organisms, these radicals are derived from
reactive oxygen species and reactive nitrogen species (RNS).

Oxidative/nitrosative stress: Imbalances in the production and removal of reactive oxygen
species and RNS result in oxidative/nitrosative stress that can cause an impairment in
antioxidant production and consequently disruption in the normal function of organs.

Nitric oxide: Nitric oxide is a dual, small, and distributable molecule that plays a role in
the regulation of physiologic and pathologic processes of organs and is an important
cellular signaling molecule.

Nitric oxide synthase: Nitric oxide synthase is a family of enzymes catalyzing the produc-
tion of nitric oxide (NO) from L-arginine. There are three isoforms of nitric oxide
synthase enzyme in the liver, endothelial nitric oxide synthase, neuronal nitric
oxide synthase, and inducible nitric oxide synthase.

Antioxidant: Antioxidants scavenge free radicals from the body’s cells, and prevent or
reduce the damage caused by oxidation.

Vitamin E: Vitamin E is one of the most important fat-soluble antioxidants that is mainly
found in the lipid bilayer membrane. This vitamin fights with oxidants and inhibits
free radical production. So it protects lipids, proteins, carbohydrates, and nucleic acids
against free radical attacks.

Vitamin C: Vitamin C is a strong water-soluble antioxidant that plays a role as an electron
donor and in reduction. This vitamin is known as scavenger of reactive oxygen species
and RNS.

Nonenzymatic antioxidants: Nonenzymatic antioxidants are categorized into metabolic
antioxidants and dietary antioxidants, which can inhibit or reduce the accumulation of
free radicals.

Enzymatic antioxidants: Enzymatic antioxidants include catalase, superoxide dismutase,
and glutathione peroxidase, which enable the consumption of different types of reac-
tive oxygen species and RNS radicals via catalysis of chemical reactions, removal of
free radical precursors, and chelation of minerals transportation catalyzers.

Viral hepatitis: Viral hepatitis is liver inflammation due to a viral infection. It may present
in an acute form as a recent infection with relatively rapid onset, or in a chronic form.
There are five main hepatitis viruses, referred to as types A, B, C, D, and E.

Liver cirrhosis: Cirrhosis is a late stage of scarring (fibrosis) of the liver caused by many
forms of liver diseases and conditions, such as hepatitis and chronic alcoholism.
Cirrhosis occurs in response to damage to the liver.

Hepatocellular carcinoma: Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer. HCC occurs most often in patients with chronic liver diseases,
such as cirrhosis caused by hepatitis B or hepatitis C infection.

Abbreviations
BH3 tri hydro biopterin
BH4 tetra hydro biopterin
CAT catalase
DNA deoxyribonucleic acid
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eNOS endothelial nitric oxide synthase
FAD flavin adenine dinucleotide
FMN flavin mononucleotide
GCH guanosine tri-phosphate cyclohydrolase
GF growth factor
GR glutathione reductase
GSH-Px glutathione peroxidase
HSCs hepatic stellate cells
IFN-γ interferon-γ
IL-1 interlukin-1
IL-12 interlukin-12
iNOS inducible nitric oxide synthase
JAK janus kinase
LDL low density lipoprotein
MAPK mitogen activated protein kinase
MPO myeloperoxidase
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB nuclear factor-κB
nNOS neuronal nitric oxide synthase
NO nitric oxide
NOS nitric oxide synthase
PI3K phospho inositide-3-kinase
PKC protein kinase C
PP2A protein phosphatase 2A
PPAR peroxisome proliferator-activated receptor
PTP protein tyrosine phosphatase
PUFA polyunsaturated fatty acid
RNS reactive nitrogen species
ROS reactive oxygen species
SECs sinusoidal endothelial cells
SOD super oxide dismutase
TGF-β tumor growth factor-beta
TK tyrosine kinase
TLRs toll like receptors
TNF-α tumor necrosis factor-α
VEGF vascular endothelial growth factor
XO xanthine oxidase

25.1 Introduction

More than 100 types of liver diseases are known that are significantly
related to morbidity and mortality worldwide. Liver diseases are life-
threatening conditions that need emergency medical care.

The liver is an organ that is severely attacked by free radicals, so there
is an antioxidant system for redox hemostasis maintenance in the liver.
When, reactive oxygen species (ROS) and reactive nitrogen species
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(RNS) production increases in the liver, hemostasis may be disrupted and
this can result in oxidative/nitrosative stress pathologic conditions. These
stresses may result in liver disorders via irreversible alterations in lipids,
proteins, carbohydrates, nucleic acid, and more importantly pathways that
control normal biological functions. Thus one of the most important fac-
tors in the pathogeneses of different types of liver diseases is oxidative/
nitrosative stress. In this case nitric oxide (NO) is one of the most impor-
tant RNS free radicals that is involved in various types of liver diseases.

NO is a dual and small molecule that plays a role in the regulation of
physiologic and pathologic processes of organs. Also NO acts as a cyto-
protective factor in physiological conditions and as a cytotoxic factor in
pathological conditions in liver disease. However, NO production can be
induced by various factors. Because of oxidative/nitrosative stress patho-
genesis in liver diseases, the existence of an antioxidant system at the
appropriate time for their prevention and treatment is required. An anti-
oxidant system can be an enzymatic and nonenzymatic system in harmony
with each other, modulating the cellular balance against ROS and RNS.

Several studies have been performed to evaluate the effects in liver dis-
ease of the antioxidants that showed an appropriate therapeutic effect for
the prevention and treatment of liver disease. Based on investigations into
antioxidative therapy, vitamins, especially vitamin E, are the most effective
diet supplements for patients with liver disease. Vitamins counteract oxi-
dants and inhibit ROS and RNS production. Thus they protect lipids,
proteins, carbohydrates, and DNA, against free radical attacks and can
maintain liver functions against NO attacks via various mechanisms.

25.2 Liver

The liver is the biggest organ of the body that is composed of different
cells with various functions which are described below.

Hepatocytes comprise more than 80% of total liver mass and have a
vital role in the metabolism of amino acids, lipids, carbohydrates, vitamins,
minerals, hormones, ammonia, and detoxification. Hepatic stellate cells
(HSCs) are the main storage mechanism for fat-soluble vitamins that are
important for hepatic damage and fibrosis. Sinusoidal endothelial cells
(SECs) are one half of the nonparenchymal hepatic cells and play a role in
the transportation of nutrients between the bloodstream and liver paren-
chyma, the expression of scavenger receptors, and antigen-presenting cells.
Hepatic Kupffer cells are the biggest storage macrophages of the body and
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cope with the toxins in the portal circulation. These cells are the most
essential sources for the production of cytokines that are effective with
regards to nutritional status. Bile duct epithelial cells play a role not only
in the expression of transporters but also in the transportation of water
and bile.

In physiologic conditions all hepatic cells play their role in harmony
with each other; however, liver disorders and their progression disrupt the
functions of the liver and finally will affect the whole body.

25.3 Liver diseases

More than 100 types of liver diseases are known that are significantly
related to morbidity and mortality worldwide. At first liver disease may
not have any symptoms or only have mild symptoms such as nausea,
decreased appetite, fatigue, and diarrhea, which progress to more serious
symptoms such as icterus, lack of blood agglutination, swollen stomach,
hepatic encephalopathy, drowsiness, coma, and finally death. Thus liver
diseases are life-threatening conditions that need emergency medical care.

Liver diseases are either acute and chronic, which will either quickly
disrupt the normal functions of the liver or disrupt the functions over sev-
eral months to several years, respectively. Chronic liver diseases include
hepatitis B and C, long-term use of alcohol, cirrhosis, hemochromatosis,
and malnutrition, whereas acute liver diseases include hepatitis A, reaction
to chemical and herbal medicines, toxic fungi usage, and acetaminophen
overdose (Mahan and Raymond, 2016; Ross et al., 2014).

25.4 Pathogenesis of liver disease

Free radicals are highly unstable and reactive atoms or molecules that have
uncoupled electrons. In the body of living organisms, these radicals are
derived from ROS and RNS. ROS include peroxyl, hydroxyl, peroxides,
and superoxide, and RNS include nitric oxide, nitrogen dioxide, and per-
oxynitrite (Zhu et al., 2012). Free radicals are produced by various
sources, such as lipoxygenase (LOX), cytochrome P450 (CYP), myeloper-
oxidase (MPO), xanthine oxidase (XO), nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase, the electron transport chain, and nitric
oxide synthase (NOS) (Li and Jackson, 2002).

In physiologic conditions (redox homeostasis), low amounts of ROS
and RNS radicals are required for vital functions such as the expression of
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growth and apoptosis genes, the signal transduction pathway, and the
elimination of pathogen microorganisms (Fig. 25.1A) (McCord, 2000). In
contrast, an imbalance in the generation and elimination of ROS and
RNS by various factors results in oxidative/nitrosative stress that can cause
an impairment in antioxidant productions, and consequently disruption in
the normal function of organs, leading to various diseases. Moreover,
intracellular signal transduction and the expression of proinflammatory
and antiinflammatory genes are affected and result in the onset of inflam-
matory reactions (Fig. 25.1B) (McCord, 2000).

ROS-RNS production

Hydrogen peroxide, superoxide,
hydroxyl radical, alkoxyl
radical, peroxyl radical,

peroxide, hypochlorous acid

Nitric oxide, nitrogen dioxide,
peroxynitrite

LOX, CYP P450,
MPO, XO, NADPH
oxidase, electron

transport chain, NOS,
other sources

CAT, SOD, GSH-px, GSH

Vitamin E, vitamin C
Other antioxidants

Gene expression 
Promotion growth and death
Signal transduction pathway

Elimination of pathogen

ROS-RNS elimination

Enzymatic antioxidants
Nonenzymatic antioxidants

Redox balance
(A)

Figure 25.1 The redox physiologic (A) and pathological (B) conditions in the liver.
(A) In physiologic conditions a redox balance status exists. Low levels of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) radicals are required for vital
functions in the body. (B) In pathophysiologic conditions a redox imbalance status
exists. The imbalance in the generation and elimination of ROS and RNS by various
factors results in oxidative/nitrosative stress that can cause impaired function.
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The liver is an organ that is severely attacked by free radicals, so there
is an antioxidant system for redox hemostasis maintenance in the liver.
When ROS and RNS production increases in the liver, hemostasis may
be disrupted and can result in oxidative/nitrosative stress pathologic con-
ditions (Li et al., 2014). These stresses may result in liver disorders via
irreversible alterations in lipids, proteins, carbohydrates, nucleic acid, and
more importantly pathways that control normal biological functions
(Singal et al., 2011). Thus one of the most important factors in the path-
ogenesis of different types of liver diseases is oxidative/nitrosative stress
(Li et al., 2015). Nitric oxide is one of the most important RNS free
radicals that is involved in various types of liver diseases (Iwakiri and
Kim, 2015).
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DNA damage
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glutathione)
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Figure 25.1 Continued.
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25.5 Liver and nitric oxide

Nitric oxide (NO) is a dual, small, and distributable molecule that plays a role
in the regulation of physiologic and pathologic processes of organs (Table 25.1)
(Moncada, 1991). NO quickly converts to nitrite and nitrate metabolites that
can enter the bloodstream. NO has a very short biological half-life and direct
measurement of NO is not easy (Schmidt et al., 1993; Moncada, 1991).

In the physiologic concentration NO results in the inhibition of proin-
flammatory platelet aggregation, proinflammatory-induced gene expres-
sion, integrin-mediated adhesion, and vascular inflammation (Moncada,
1991; Schmidt et al.,;1993; Hon et al., 2002).

NO is produced by L-arginine substrate, O2, and NADPH cosub-
strates, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN),
and tetrahydrobiopterin (BH4) cofactors that using by NOS enzyme
(Fig. 25.2) (Webb and Twedt, 2008).

There are three isoforms of NOS enzyme in the liver, including endo-
thelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase
(nNOS), and inducible nitric oxide synthase (iNOS) that have different
properties. eNOS and iNOS have the main role in liver biology, whereas

Table 25.1 The dual effects of nitric oxide.

Physiological effects

Inhibition of proinflammatory platelet aggregation
Inhibition of proinflammatory-induced gene expression
Inhibition of vascular inflammation
Antifibrosis
Vasodilation
Chain-breaking antioxidant (scavenges lipid peroxyl radicals)
Participates in liver regeneration
Antiapoptotic in liver inflammation
Inhibition of integrin-mediated adhesion

Pathological effects

Forms nitrogen mediators and cell dysfunction
Stimulates immune mechanisms
DNA degradation and depletion of cellular pyridine
Cytochrome oxidase inactivation and inhibits mitochondrial function
Cell cycle arrest and apoptosis
Liver disease

NO exerts dual functions in various circumstances. Which, translate either in to a protective or in to
toxic actions.
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the role of nNOS is not completely known. NO derived from the eNOS
isoforms has functions in physiologic homeostasis in the liver. By contrast,
in the pathological liver conditions iNOS is expressed in all liver cells,
such as hepatocytes, Kupffer cells, hepatic endothelial cells, and stellate
cells. So it could be responsible for several liver diseases via NO produc-
tion (Geller et al., 1993a, 1994; Harbrecht et al., 1995; Rockey and
Chung, 1996). Moreover, inflammatory cells that are placed in the liver
(such as neutrophils, eosinophils, and macrophages) can also produce low
amounts of NO (Webb and Twedt, 2008).

NO has dual functions in the liver, acting as a cytoprotective factor in
the physiologic condition and as a cytotoxic factor in the pathological
condition (Zima and Kalousová, 2005). Several mechanisms may result in
cellular toxicity via NO and are mentioned below:

NO can directly react with mitochondrial targets, resulting in cyto-
chrome oxidase inactivation and disruption to the mitochondrial function.

Dietary arginine

Body protein

Urea cycle

NO

O2

L-citrulline

NADPH+H+

NADP+

NOS

BH4, Heme, FAD, FMN

(Ca2+ for eNOS-nNOS)

NO metabolites

L-arginine

Figure 25.2 Enzymatic nitric oxide (NO) synthesis pathway. L-Arginine is transformed
to NO and citrulline by NOS enzyme in the presence of nicotinamide adenine dinucle-
otide phosphate and O2. This pathway depends on indispensable cofactors including
tetra hydro biopterin, heme, flavin adenine dinucleotide, and flavin mononucleotide
(Ca21 for eNOS�nNOS) for their activity.
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It can result in DNA degradation, cell cycle arrest, and apoptosis via
activation of the C-JUN N-terminal. Moreover, NO may result in liver
disorders via the production of nitrogen mediators such as peroxynitrite
and nitrogen oxide (Table 25.1) (Webb and Twedt, 2008; Geller et al.,
1993b; Rockey and Shah, 2004).

Peroxynitrite is a strong oxidant molecule that can react with proteins,
lipids, carbohydrates, and DNA. This results in irreversible inhibition of
mitochondrial respiration and damage to the different components of
mitochondria via oxidation reactions (Bartosz, 1996). Also this may result
in the modification of some enzymes involved in the inflammatory
processes and vascular functions, such as prostaglandin endoperoxidase,
5-lipooxygenase, synthase, and cytochrome p450. Peroxynitrite oxidize
unsaturated fatty acids via a reaction with low-density lipoprotein (LDL),
and the reaction of peroxynitrite with unsaturated fatty acids can also
result in the onset of lipid peroxidation. Thus an increase in peroxide
level is considered to be an important marker in liver diseases (Webb and
Twedt, 2008; Hogg and Kalyanaraman, 1999).

Nitrogen oxide can also react with biomolecules, such as thiols,
amines, and hydroxyls, resulting in conformation changes in protein
structures via S-nitrosothiol production, for example, nitrosoglutathion
products that cause a reduction in activity of glutathione peroxidase
antioxidant enzymes, and the levels of some antioxidants such as thiol,
ascorbic acid, and vitamin E. Moreover, it may result in the degradation
of pyrimidine nucleotides, DNA breakage, and hepatic cellular necrosis
via the production of reaction mediators (Webb and Twedt, 2008; Hogg
and Kalyanaraman, 1999).

However, NO production in liver disease can be induced by various
factors at different levels (Fig. 25.3):

First, iNOS activity is regulated and modified via cellular receptor
molecules such as toll-like receptors (TLRs) and CD14. CD14 is a lipo-
polysaccharide receptor that plays an important role in proinflammatory
responses in monocytes and macrophages via activation of the nuclear
factor-κB (NF-κB) pathway.

Interferon γ (IFN-γ) can also induce iNOS via the JAK-STAT signaling
pathway. Thus stimulation of the JAK-STAT signaling pathway can increase
iNOS induction and consequently NO production (Aktan, 2004).

Moreover, it is reported that there is a complicated relationship
between inflammatory status and the pathologic factors of nitrosative/oxi-
dative stress. Proinflammatory cytokines, such as interlukin-1 (IL-1),
tumor necrosis factor-α (TNF- α), and IL-6, in liver diseases may result
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in hepatic iNOS stimulation, pathologic NO synthesis, peroxynitrite,
nitrogen oxide production, and eventually oxidative/nitrosative stress. In
contrast, oxidative/nitrosative stress itself can amplify inflammatory condi-
tions, increase inflammatory cytokines production, attack the host, and
lead to liver degradation (Diesen and Kuo, 2010).

The regulation of NO synthesis by NOS can be performed at tran-
scriptional level. Molecular mechanisms involved in iNOS gene transcrip-
tion can be related to the transcription of activation/ inhibition factors.

Transcription activator factors are those such as tyrosine kinase (TK),
janus kinase (JAK), Raf-1 protein kinase, mitogen activated protein kinase
(MAPK), and protein kinase C (PKC) that play important roles in iNOS
mRNA maintenance (Aktan, 2004). Besides, NF-κB transcription factor

iNOS
–

IL-1

IL-6

TNF-α

IFN-γ

LPS

TGF-B

NO

PPAR

P53

Transcription factors

TK

JAK

Raf-1 protein kinase

MAPK

PKC

NF-κB

Transcription factors

PTP

PI3K

+

Protective effects in liver:

Anti viral

Anti apoptotic

Anti inflammatory

Anti lipid peroxidation

Tumorocidal

Toxic effects in liver:

Enditoxemia

Toxic oxidation stress

Inflammation

Hepatic carcinoma

Tumor angiogenesis

Figure 25.3 The inhibitor and activator factors of inducible nitric oxide synthase
(iNOS) in the liver. iNOS is expressed in various liver cells including hepatocytes,
Kupffer, vascular endothelial, and stellate cells. Although the amount of iNOS expres-
sion and activity are dependent on various factors, it can be either protective or toxic.
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can be effective for increasing the transcription and expression of NOS
enzyme, and consequently NO production. NF-κB is found to occur as
an IκB�NF-κB inactive complex in the cytosol. This complex is phos-
phorylated by IκB kinase via exogenous (such as LPS) and endogenous
(such as proinflammatory cytokines) stimulators, resulting in the transpor-
tation of free NF-κB from the cytosol to the nucleus and the induction
of iNOS gene expression (Mirzaei and Khazaei, 2017).

Transcription inhibitor factors that are involved in the degradation
of mRNA iNOS include protein tyrosine phosphatase (PTP) and
phosphoinositide-3-kinase (PI3K) (Aktan, 2004). Moreover, cell expo-
sure with tumor growth factor-β (TGF-β) results in the inhibition of
iNOS enzyme induction and NO production. TGF-β is a multifunc-
tion growth factor (GF) that regulates different cell functions including
proliferation, differentiation, migration, and apoptosis and its signaling
pathway inhibits the growth of tumor cells. iNOS expression is also
related to the peroxisome proliferator-activated receptor (PPAR) that
inhibits iNOS transcription activation factors.

Regulation of NO synthesis by iNOS could occur not only at transcrip-
tional levels, but also at translational and posttranslational levels. NO synthesis
could be regulated via BH4 cofactor that is required for NOS catalysis.
Guanosine triphosphate cyclohydrolase (GCH) is a key enzyme in BH4
synthesis that can be induced or inhibited by specific cytokines. Also phos-
phorylation and dephosphorylation modification is another regulatory mecha-
nism for NO synthesis. Posttranslational alterations are seen in the iNOS of
macrophages via tyrosine kinase, which is required for iNOS function.
Phosphorylation of proteins by tyrosine kinase at the tyrosine amino acid resi-
due has an important role in the regulation of cell growth, cell proliferation,
and cell signaling events in the immune system (Aktan, 2004).

25.6 Liver disease and nitric oxide

NO can elevate or reduce pathophysiologic responses in various types of
liver disease, which shows the complicated manner of this small molecule
in the body. Probable roles of NO in liver disease are mentioned below
(Hon et al., 2002):

25.7 Liver damage during inflammation

In inflammatory conditions NO could have advantageous and disadvanta-
geous effects. In inflammatory conditions cytokines such as TNF-α, IL-1,
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and IL-6 are produced in the liver and stimulate the iNOS enzyme and
NO synthesis (Kaplowitz, 2000). iNOS inhibition in inflammatory condi-
tions may increase liver damage showing the advantageous effect to the
liver of NO during inflammation. Mechanisms of this process include
the inhibition of proinflammatory cytokines synthesis and antiapoptotic
function via caspase 3 inhibition. Moreover, increasing liver blood flow,
reducing oxidative stress, scavenging lipid radicals, and the inhibition of
lipid peroxidation could be effective for the maintenance of a healthy liver
(Harbrecht et al., 1992, 1995; Zhu and Fung, 2000; Kim et al., 1997; Li
and Billiar, 1999).

In contrast to NO’s advantages, it has also disadvantageous effects.
The reaction between NO and superoxide anion results in the produc-
tion of hydroxyl and peroxynitrite radicals, which may play a role in the
pathogenesis of liver damage due to inflammation (Bartosz, 1996; Sass
et al., 2001).

The dual useful and harmful effects of NO could be due to varying
redox status in the liver. At the onset of liver damage NO production
level is low and the vasodilation, antioxidant, and antiapoptotic effects of
NO may protect the liver, but as the damage progresses the oxidative/
nitrosative stress and high level of NO production may result in the death
of liver cells (Hon et al., 2002; Rockey and Shah, 2004).

25.8 Viral hepatitis infection

During viral hepatitis the elevation of NO synthesis can have two func-
tions. First, NO may act as an antiviral agent. This helps the host via the
inhibition of the transcription and expression of DNA�RNA viruses, the
inhibition of viral growth, and apoptosis (Croen, 1993; Lowenstein et al.,
1996). Second, because of the genotoxic properties of NO, its long-term
elevation during chronic hepatitis can affect cellular DNA and result in
the mutagenesis and production of N-nitroso hepatocarcinogenic compo-
nents. So the known correlation between viral hepatitis infection and an
increase in the risk of hepatic carcinoma could be due to the enhance-
ment of NO production (Burney et al., 1999; Pan et al., 2001).

25.9 Liver cirrhosis

NO has disadvantageous effects in the pathogenesis of liver cirrhosis. In
this disease NO elevation results in a vascular hyperdynamic occurrence
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that can increase endotoxemia. Endotoxemia itself causes excessive pro-
duction of NO via an increase in number of cytokines. In conditions
where NO enhancement results in a hyperdynamic status, NO reduction
is advantageous (Rockey and Chung, 1998; Rees et al., 1990).

25.10 Hepatocellular carcinoma

The effects of NO on the different stages of hepatocellular carcinoma
(HCC) are not same, and its effects could be different depending on the
time, location, and levels of NO synthesis (Hon et al., 2002; Wink et al.,
1998). NO is induced by hepatic tissue surrounding HCC via the
mechanisms described below.

Tumor cells directly stimulate Kupffer cells and macrophages in the
liver. HCC is the cause of the production of different cytokines that can
play a role in the stimulation of hepatocytes. Moreover, shunting and por-
tosystemic enhancement will occur and these are effective in increasing
the production of NO. NO that is produced in the early stages of the dis-
ease will protect the liver because of its cytotoxic properties, via nitrosat-
ing important proteins in tumor cells. Moreover, other functional cells
that surround a tumor could have tumoricidal, apoptotic, and antitumor
properties due to NO production (Kurose et al., 1996; Saito et al., 1996).

In contrast, the most destructive effects of NO occur due to its reac-
tion with superoxide anions and the synthesis of potential toxic mediators
(such as peroxynitrite and hydroxyl), which result in DNA degradation
(Burney et al., 1999; Hon et al., 2002). As the tumor progresses, NO
released by tumor cells can increase angiogenesis, causing fast growth of
the tumor, and facilitating the metastatic process via increasing expression
of proangiogenic factors such as vascular endothelial growth factor
(VEGF) and decreasing expression of antiangiogenesis factors (Suzuki
et al., 1996). Also the genotoxic property of NO can be a cause of muta-
tions in tumor suppressor genes, such as p53. Therefore NO has an
important role in the progression of HCC (Li and Billiar, 1999; Wink
et al., 1991).

25.11 Ischemia/reperfusion injury and shock

In this condition, NO can cause peroxynitrite synthesis or the induction
of the expression of inflammatory factors (such as TNF-α and IL-1)
via reaction with ROS, which consequently increases oxidative stress

533Linking vitamin E and nitric oxide in liver disease



(Hon et al., 2002; Sass et al., 2001). Therefore because of oxidative/nitro-
sative stress pathogenesis in liver diseases, the existence of an antioxidant
system at the appropriate time for disease prevention and treatment is
required.

Indeed, the antioxidant system can be an enzymatic and nonenzymatic
system that are in harmony with each other and modulate the cellular bal-
ance against ROS and RNS (Webb and Twedt, 2008).

25.12 Enzymatic antioxidants

Enzymatic antioxidants, including catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase (GSH-PX), can result in the con-
sumption of different types of ROS and RNS radicals via the catalysis of
chemical reactions, removal of free radical precursors, and the chelation of
mineral transportation catalyzers. The final product of the reaction is often
a harmless component such as water and metabolites that are responsible
for antioxidant reactions (Matés et al., 1999; McCall and Frei, 1999; Zhu
et al., 2012; Webb and Twedt, 2008; Burton, 1994).

25.13 Nonenzymatic antioxidants

Nonenzymatic antioxidants are categorized into metabolic antioxidants
and dietary antioxidants, which can inhibit or reduce the accumulation of
free radicals (Webb and Twedt, 2008). Moreover, most of them have
antiinflammatory properties. Metabolic antioxidants are related to endoge-
nous antioxidants that are produced via the body’s metabolism. These
include coenzyme Q10, arginine, glutathione, lipoid acid, transferrin, bili-
rubin, uric acid, and melatonin.

In contrast, dietary antioxidants are exogenous and are not produced
by the body, and most of them enter the body via food or supplements;
such as carotenoids, flavonoids, omega-3, omega-6, vitamin C, and spe-
cially vitamin E (McCall and Frei, 1999; Matés et al., 1999; Zhu et al.,
2012). Several studies have been performed to evaluate the effects of the
antioxidants in liver diseases (Table 25.2).

25.14 Vitamin E

Vitamin E is one of the most important fat-soluble antioxidants that is
mainly found in the lipid bilayer membrane (Ku, 1989). The role of
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Table 25.2 The effects of some antioxidants on oxidative and nitrosative stress in
liver damage.

Models Antioxidants Effects References

Liver damage Vitamin E
and Se

Increase in GSH-Px,
Se-GSH-Px

Ozkan et al. (2007)

Acute liver
failure

Vitamin E Increase in SOD,
GSH-Px, CAT,
GST

Singh et al. (2014)

Decrease in lipid
peroxidation

Liver injury Vitamins E
and C

Decrease in ALT,
AST, ALP, MDA

Sutcu et al. (2006)

Hepatic
damage

α-Tocopherol Antioxidation Zhang et al. (2013)

Liver damage Nigella sativa Increase in antioxidant
enzyme

Kanter et al. (2005)

Decrease in lipid
peroxidation
hepatoprotection

Ischemia/
reperfusion
in fatty liver

Melatonin Increase in antioxidant
enzyme

Kireev et al. (2013)

Decrease in ALT,
AST, MDA, NO
metabolites

Liver fibrosis Garlic Increase in GSH,
decrease in MDA,
TNF-α, TGF-β,
MMP-13

Mahmoud et al.
(2014)

Hepatotoxicity coriander Antioxidant; decrease
in ALT, AST,
ALP, TBARS,
MPO, NO

Moustafa et al.
(2014)

Hepatotoxicity Allopurinol Modulation of
oxidative stress
transcription
factors, Modulation
of NF-κB cytokine
production

Demirel et al. (2012)

GSH-Px, Glutathione peroxidase; Se-GSH-Px, Selenium-dependent glutathione peroxidase; SOD,
Superoxide dismutase; CAT, Catalase; GST, Glutathione S-transferase; ALT, Alanine transaminase; AST,
Aspartate transaminase; ALP, Alkaline phosphatase; MDA, Malondialdehyde; NO, Nitric oxide; TNF-α,
Tumor necrosis factor-α; TGF-β, Tumor growth factor-β; TBARS, Thiobarbituric acid reactive substances;
MPO, Myeloperoxidase; NF-κB, Nuclear factor-κB.
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vitamin E as an antioxidant was first discovered in 1937 by Olcott (Olcott
and Emerson, 1937). Although tocopherols and tocotrienols are used
instead of vitamin E, α-tocopherol has more vitamin E activity and conse-
quently more antioxidant properties. α-Tocopherol is more common in
plasma than γ-tocopherol (approximately five times higher). However,
γ-tocopherol is more common in the diet and its metabolization is faster
than α-tocopherol (Burton et al., 1983; Lehmann et al., 1986).

Based on investigations into antioxidative therapy, vitamins, especially
vitamin E, are the most effective diet supplement for patients with liver
diseases. This vitamin fights oxidants in the body and inhibits ROS and
RNS production. Thus it protects lipids, proteins, carbohydrates, and
DNA against free radical attacks (Wolf, 1997).

The ability for vitamin E to act as an antioxidant could be due to the
following reasons:

Vitamin E has a hydroxyl group in its tocochromanols aromatic rings
that gives hydrogen to a lipid peroxyl radical and converts it to a lipid
hydroperoxide and a α-tocopheroxyl radical (Hadi et al., 2018). These
products should be removed before being converted into free radical
sources. The reaction of α-tocopherol with a peroxyl radical is faster than
the reaction of peroxyl with a polyunsaturated fatty acid (PUFA) group.
Thus low amounts of α-tocopherol could preserve high amounts of
PUFA. The tocopheroxyl radical should also be inactive against oxygen
or PUFA. Eventually the tocopheroxyl radical again reacts with another
tocopheroxyl radical or a peroxyl radical to produce nonradical products,
stop lipid peroxidation, and preserve the cellular membrane (Bowry et al.,
1992; Burton, 1994; Bowry and Stocker, 1993; Ingold et al., 1987). This
reaction also needs another antioxidant, such as vitamin C, to occur. In
contrast, without other antioxidants, vitamin E performs its activity as a
prooxidant to facilitate the entry of free radicals to LDL particles and lipid
peroxidation (Bowry and Stocker, 1993; Burton, 1994). Therefore the
presence of other antioxidants significantly alters the properties of vitamin
E from a prooxidant to an antioxidant via a reaction with a tocopheroxyl
radical, reproduction of vitamin E, and the transportation of free radicals
from fat particles.

The biological activity of vitamin E is not limited to its antioxidant
properties, and it could be involved in the regulation of inflammatory
response, gene expression, enzymes attached to the membrane, and the
modulation of cell signaling and proliferation. Thus vitamin E protects liver
function against NO attacks via various mechanisms (Hadi et al., 2018).
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α-Tocopherol reacts with nitrogen free radicals and oxidizes to form
quinone-α tocopherol, while γ-tocopherol oxidizes to 5-nitro-γ-tocoph-
erol and tocored. Thus vitamin E inhibits the reaction of NO with other
active species and the synthesis of nitrogen mediators, such as nitrogen
oxide and peroxynitrite, in order to protect the liver against damage from
nitrogen mediators (Wolf, 1997). Moreover, vitamin E enables the trap-
ping of membrane-soluble electrophilic nitrogen oxide, and produces
stable and harmless products (Christen et al., 1997).

Vitamin E reduces the stimulation of TLR and CD14 receptors in
response to pathogens. The stimulation of these receptors in the presence of
pathogens starts a cascade of events, such as pathogen endocytosis into a pha-
gosome, PKC activity, MAPK cascade, activity of the enzymatic NADPH
oxidase complex, and the production of free radicals ROS and RNS that
play an important role in the elimination of pathogens (Chapple et al., 2013).

Vitamin E can cause the reduction of IFN-γ endogenous signaling via
decreasing the production of IL-12 by macrophages that consequently
cause a lack of iNOS stimulation by IFN-γ (Tanaka et al., 2007).
Moreover, vitamin E can have a direct effect on the reduction of iNOS
enzyme expression and NO production in the liver (Calvisi et al., 2004).

The biological activity of vitamin E in association with NO function
could be due to its inflammatory response modulation in liver diseases.
Vitamin E plays a role in the elevation of antiinflammatory cytokine
levels, such as IL-4 and IL-2, and the reduction of proinflammatory cyto-
kines, such as IL-1, TNF-α, and IL-6, that consequently result in the
inhibition of iNOS activity and NO production (Hadi et al., 2018).
Moreover, vitamin E can reduce IL-1β mRNA and protein expression,
and inhibit the stimulation and activity of iNOS (Wallert et al., 2014).

Vitamin E can also regulate NO synthesis at a transcriptional level that
inhibits iNOS protein and mRNA expression in hepatic macrophages via
the degradation of IκB kinase, leading to the lack of NF-κB-IκB phosphor-
ylation and thus the inhibition of NF-κB transportation into the nucleus.

Vitamin E inhibits the induction of iNOS enzyme and NO produc-
tion in various cells, such as hepatic monocytes, macrophages, and neutro-
phils, via the activation of protein phosphatase 2A (PP2A), PKC
dephosphorylation, and consequently its inactivation (Hadi et al., 2018;
Mirzaei and Khazaei, 2017).

Moreover, PKC inhibition via vitamin E results in NADPH oxidase
inhibition in monocytes, and consequently causes the reduction of super-
oxide free radical production (Hadi et al., 2018). Besides, vitamin E can

537Linking vitamin E and nitric oxide in liver disease



directly inhibit NADPH oxidase which leads to the inhibition of inflam-
matory factors including TNF-α and NF-κB, as well as NO production
stimulation (Calvisi et al., 2004). On the other hand, vitamin E can inhibit
the PPARs transcription factor that stimulates iNOS transcription and
NO production.

Vitamin E can affect iNOS enzyme functions via the regulation of
transcription activator/inhibitor factors such as MAPK and TGF-β (Hadi
et al., 2018).

In contrast to other vitamins (such as vitamin C), vitamin E has no
effect on the cofactors required for the iNOS enzyme such as BH4 at the
translation and posttranslation regulatory levels (d’Uscio et al., 2003).

Moreover, vitamin E plays a role in the functions of tyrosine kinase
and protein tyrosine phosphatase, one of the regulatory mechanisms of
iNOS function and NO production at transcription and translation levels
(Hadi et al., 2018).

Therefore as has been mentioned previously, the consequence of the
elevation or reduction of NO in liver disease could be different depending
on the type, duration, stages, oxidative status, and severity of disease, and
thus antioxidative therapy using vitamin E can be an effective therapeutic
approach in liver disease.

25.15 Comparing the activities of other vitamins

Vitamin C is a strong water-soluble antioxidant that plays a role as an
electron donor and in reduction. This vitamin is known to be a scavenger
of ROS and RNS free radicals (Webb and Twedt, 2008). It degenerates
superoxide free radicals, and inhibits their reactions with NO and the pro-
duction of peroxynitrite and hydroxyl radicals that are harmful for the
liver. Moreover, vitamin C increases the activity of iNOS enzyme via
increasing total biopeterin level, returning BH3 radicals to BH4, and con-
sequently increases NO production that could be useful for liver diseases
in some of the mentioned cases (d’Uscio et al., 2003). Other antioxidative
effects of vitamin C occur alongside the vitamin E redox cycle that
removes an electron from lipid hydroperoxyl and protects against lipid
peroxidation (Kojo, 2004). In addition, vitamin C can increase the activity
and levels of GSH-Px and glutathione reductase (GR) in the liver. So, it
has a synergistic effect for the function of other antioxidants, such as vita-
min E and GSH-Px, resulting in their storage and the maintenance of
their levels.
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Moreover, vitamin A can increase NO synthesis by stimulating macro-
phages, via an elevation in iNOS mRNA, and protein expression in some
organs, such as liver, kidney, and spleen. In contrast, vitamin A can inhibit
iNOS gene transcription and NO production in other cells. The opposed
effects of vitamin A on iNOS can be attributed to various cell types and
their actions.

1,25-Dihydroxyvitamin D-3 (the active form of vitamin D) increases
iNOS expression and NO production in a human macrophage-like cell
line. In contrast, the experimental studies show that vitamin D inhibits
iNOS expression in inflammatory cells of the rat brain.

Other vitamins, including niacin and vitamin K2, also inhibit iNOS
expression and inducible NO (Wu and Meininger, 2002)
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Key facts

• Vitamin E was first discovered in 1922 by Evans and Bishop through
the finding of a particular “antisterility factor X” that was necessary for
reproduction.

• Extensive research throughout the decades has introduced vitamin E as
a powerful lipid-soluble antioxidant.

• In the earlier years, alpha-tocopherol was referred to as vitamin E.
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• Massive interest in tocotrienols only emerged in the 1980s following
the discoveries of their potential in cholesterol-lowering and acting as
anticancer agent.

• To date vitamin E has been widely reported to have beneficial effects
against cancer cells, hypocholesterolemia, skin diseases, aging, cardio-
vascular diseases, nervous system disease, bone impairment, radiopro-
tection, and many more.

Summary points

• This chapter focuses on vitamin E which is an antioxidant that is pres-
ent naturally in a number of plants.

• Vitamin E comprises two major substances which are the tocopherols
and tocotrienols.

• Vitamin E is a lipid-soluble antioxidant and is involved in numerous
cellular regulations to maintain body health.

• Benefits of vitamin E in numerous health issues have been well-
documented, especially for its effect as an antioxidant and anticancer
agent.

• However, specific reports on its effects on reproductive-related health
(other than reproductive cancers) are considerably lacking.

• Therefore this chapter intends to provide a summary of the available
reports on the benefits of vitamin E on reproductive health (other
than reproductive cancers) to help provide further guidelines for future
vitamin E-based research.

Definitions of words and terms

Antioxidant: Antioxidants are natural substances that function to regulate
the overproduction of reactive oxygen species (ROS). There are two
types of antioxidants, the enzymatic and nonenzymatic antioxidants.

Fertilization: Fertilization is a process of the fusion of two gametes—
the sperm and the ovum cell to produce a new individual.

Oxidative stress (OS): OS is a condition that occurs when there is an
imbalance in the presence of antioxidants and prooxidants in the body.

Reactive oxygen species (ROS): ROS are generated to induce OS when
there are excessive prooxidants present in the body. ROS are highly reac-
tive and unstable. They acquire electrons from nucleic acids, lipids, pro-
teins, carbohydrates, or any nearby molecule causing a string of chain
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reactions to become stable. These chain reactions result in cellular damage
and diseases.

Vitamins: Vitamins are biogenic substances that play essential roles in
human growth and nutrition through their biological functions, structures,
and interactions with other molecules.

Abbreviations
OS oxidative stress
TOC tocopherol
TCT tocotrienol
TRF tocotrienol-rich fraction
ZP zona pellucida

26.1 Introduction

26.1.1 Vitamin E
Vitamin E was first discovered by Evans and Bishop in 1922 through the
finding of a particular “antisterility factor X” that was necessary for repro-
duction (Evans and Bishop 1922). Following that, vitamin E has been
extensively studied and eventually has become a well-recognized powerful
lipid-soluble antioxidant (Tappel, 1962; Burton and Ingold 1986;
Esterbauer et al., 1991). Ironically, although vitamin E is known as the
vitamin for reproduction, it was widely recognized as a powerful lipid-
soluble antioxidant and extensively studied for its role against oxidative
stress. The great interest on its role as an antioxidant has left behind the
research into its precious value as the “fertility booster.” In reproduction-
related studies, to date, reports on the role of vitamin E in infertility and
sterility are far lacking, with most studies emphasizing the antioxidant
activity of vitamin E.

26.2 Vitamin E

26.2.1 Sources of vitamin E
Vitamin E is available in a number of foods and plants, ranging from edi-
ble oils to nuts, including wheat, rice bran, barley, oat, coconut, palm,
and annatto (Sheppard et al., 1993; Ramaswamy et al., 2012). Other
sources of vitamin E include rye, amaranth, walnut, hazelnut, poppy, saf-
flower, maize, and the seeds of grape and pumpkins. In addition, vitamin
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E derivatives have also been detected in human milk (Kobayashi et al.,
1975) and palm date (Phoenix canariensis) (Nehdi et al., 2010).

26.2.2 Structures of vitamin E homologs
Vitamin E comprises two substances, namely the tocopherols (TOCs) and
tocotrienols (TCTs), that are synthesized by plants from homogentisic
acid (Rimbach et al., 2010). These substances are present in eight different
homologs, namely α-TOC, β-TOC, γ-TOC, δ-TOC, α-TOC, β-TOC,
γ-TOC, and δ-TOC (IUPAC-IUB Joint Commission on Biochemical
Nomenclature, 1982). The four TOC homologs (α-, β-, γ-, and δ-TOC)
have a fully saturated 16-carbon isoprenoid side chain, whereas TCT
homologs have a similar isoprenoid chain containing three double bonds
(unsaturated side chain). Each of the homologs are named according to
the position and number of the methyl groups on the phenol ring, with
the α-, β-, γ-, and δ- homologs containing three, two, two, and one
methyl groups, respectively (Fig. 26.1). These structural differences deter-
mine the biological activity of the homologs, with α-homologs being the
most biologically active (Rimbach et al., 2002).

26.2.3 Vitamin E on general health
During the earlier period of vitamin E research, TCTs were not been
studied as extensively as TOCs. However, there were a few reports that
stated that α-TCT possesses better antioxidant properties than α-TOC
(Serbinova et al., 1991; Serbinova and Packer 1994) due to the unsatu-
rated side chain of TCTs that allows for better distribution through effi-
cient penetration of tissue membranes with saturated fatty layers (Suzuki
et al., 1993). The benefits of TCTs gained attention only during the late
1980s, when their cholesterol-lowering potential (Qureshi et al., 1986)
and anticancer effects were published (Kato et al., 1985; Sundram et al.,
1989). Since then the benefits of TCTs have been extensively studied,
including their effects on hypocholesterolemia (Qureshi et al., 2002), skin
protection (Traber et al., 1997, 1998; Weber et al., 1997), antiaging
(Schaffer et al., 2005), cardiovascular diseases (Slyvester and Theriault,
2003; Thuhairah et al., 2016), nervous system disease (Sen et al., 2004),
cancer (Conte et al., 2004; Nesaretnam et al., 2004), and bone health
(Norazlina et al., 2002; Ima-Nirwana and Suhaniza, 2004; Nizar et al.,
2012; Chin et al., 2016).
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26.3 Reproduction

26.3.1 Fertilization
Fertilization is a process that involves the fusion of two haploid gametes,
the sperm and the oocyte (egg) cell, to produce a new genetically distinct
individual (Paul et al., 2001; Knobil and Neil, 2006). Fertilization nor-
mally occurs in the fallopian tubes and forms a “zygote.” The zygote will
continue to grow along the way from the fallopian tubes to the uterus for
implantation into the uterine wall.

26.3.2 Preimplantation embryonic growth
The preimplantation embryonic growth which begins from the 1-cell
stage (zygote) is a critical and unique period that involves a number of
developmental processes. The processes include the first mitotic divisions,
the establishment of cellular contacts and the differentiation of the first
cell lineages. At this time the embryos are free-floating, having no direct

Figure 26.1 (A) Structure differences between tocopherols (TOCs) and tocotrienols
(TCTs). (B) TOCs are present with saturated side chains while TCTs are present with
unsaturated side chains, shown by the presence of double bond in TCTs. Source:
http://www.vita-dose.com/structure-of-vitamin-e.html.
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cell to cell contact, lack a blood supply, are exposed to a dynamic fluid
environment (Hardy and Spanos, 2002), and are dependent on autocrine
and paracrine growth factors to support their growth and development.

The newly formed zygotes develop into the 2-cell, 4-cell, 8-cell, mor-
ula, and blastocyst stages prior to implantation into the uterine lining. The
preimplantation embryonic developments are characterized by a relatively
synchronous doubling of cell numbers until the 8-cell stage, followed by
asynchronous cell divisions after compaction at the morula stage
(Fig. 26.2) (Rebecca et al., 2011). The first events of cellular differentia-
tion also occur during the morula stage. At the 8-cell to 16-cell stage
(early morula stage), the embryos will enter into the uterine environment
and continue developing into blastocysts (Fig. 26.3) (Wang and Dev,
2006). During the blastocyst stage, the embryos will hatch from the sur-
rounding zona pellucida (ZP) and subsequently implant into the endome-
trium wall of the uterus (Wang and Dev, 2006). The embryonic growth
will further be continued with postimplantation development.

The embryos at the blastocyst stage comprise the epithelial trophecto-
derm (TE), which is a layer of cells that surrounds the embryos and will
develop into the extra embryonic tissues, and the inner cell mass (ICM),
which consists of the pluripotent cells that will later differentiate into the
fetus (Fig. 26.4). These embryonic components are vital for continuous

Figure 26.2 (A) Preimplantation stages during the embryonic growth. (B) The sym-
metrical cleavage of blastomeres until the 8-cell stage is followed by the asymmetri-
cal cleavage of blastomeres in the morula and blastocyst stages.
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Figure 26.3 (A) The preimplantation embryonic development from ovary to uterus.
(B) Embryos develop through the 2-cell, 4-cell, 8-cell, morula, and blastocyst stages.
During the early morula stage, the embryos will enter into the uterine environment
and continue developing into blastocysts prior to implantation.

Figure 26.4 (A) A picture of embryo at the blastocyst stage. (B) Blastocysts comprise
the epithelial trophectoderm (TE), the layer of cells surrounds the embryos and will
develop into the extra embryonic tissues. The inner cell mass (ICM) consists of the
pluripotent cells that will later differentiate into the fetus.



Table 26.1 Summary of the reported studies of vitamin E on male reproductive health in the years 2008�2018 (excluding
reproductive cancers).

Experimental subjects Types of
vitamin E

Study result(s) References

Human(clinical
patients)

Vitamin E Daily supplementation of selenium (200 μg) in combination with
vitamin E (400 units) for 100 day resulted in 52.6% of total
improvement in sperm motility, morphology, or both, and
10.8% of spontaneous pregnancy.

Moslemi and
Tavanbakhsh
(2011)

Vitamin E Daily cotreatment with 25 mg/day clomiphene citrate and 400 mg/
day vitamin E for 6 months significantly improved the mean
sperm concentration, and the total sperm motility was also
improved.

ElSheikh et al.
(2015)

Meta-analysis
study

Meta-analysis study revealed that the majority of reported studies
showed that administration of supplements like L-carnitine,
selenium, vitamin C, and vitamin E may lead to improved sperm
concentration, motility, and morphology, and sometimes DNA
integrity.

Ahmadi et al.
(2016)

Systematic
review

Antioxidant types and doses in male infertility reported a significant
positive effect on basic semen parameters, advanced sperm
function, outcomes of assisted reproductive therapy, and live-
birth rate, with vitamin E among one of the most commonly
used antioxidants.

Reviewed in
Ahmad and
Ashok (2018)

In vitro studies/in vivo
laboratory animal
models

Vitamin E • Coadministration of sodium arsenite and vitamin E significantly
compensate for the harmful effects of sodium arsenite on sperm
number, motility, viability, and morphology.

• Rats treated with vitamin E alone significantly increased the
sperm viability and motility.

Momeni and
Eskandari (2012)

Vitamin E Coadministration of 400 mg/kg valproic acid (VPA) and 50 mg/kg
vitamin E to male Wistar rats for 28 days restored the antioxidant
potential and prevented oxidative damage on testes and
epididymides; and restored sperm motility.

Giovana et al.
(2016)

(Continued)



Table 26.1 (Continued)

Experimental subjects Types of
vitamin E

Study result(s) References

Domestic animals Vitamin E Supplementation with 80 IU/goat/day and 320 IU/goat/day of
vitamin E in diets significantly simulates the development of
reproductive organs in Boer goats.

Hong et al. (2009)

Vitamin E • Supplementation with 70 IU of dietary vitamin E/kg diet to
pigs resulted in the highest number of mounts, combats, head-
kicks, and anogenital sniffs with the shortest reaction time.

• Boar group supplemented with 70 IU of vitamin E produced
semen with the highest semen volume, sperm cell motility,
progressive movement, acrosomal normal apical ridge,
percentage live sperm, sperm concentration per mL semen
volume, and total number of sperm per ejaculate.

Umesiobi (2012)

DL-α-
Tocopherol
acetate

Higher supplementation of dietary vitamin E helps to improve the
semen characteristics of local kampong chicken after 4 weeks of
supplementation.

Mohamad Asrol
and Abdul
Rashid (2017)



Table 26.2 Summary of the reported studies of vitamin E on female reproductive health in the years 2008�2018 (excluding reproductive
cancers).

Experimental subjects Types of vitamin E Study result(s) References

Human Very low birth weight in Tunisian neonates resulted from vitamin A, D, and
E deficiencies and were associated with preeclampsia.

Fares et al.
(2014)

In vitro studies/in vivo
laboratory animal
models

Tocotrienol-rich
fraction (TRF)

• Coadministration with 5 mg/kg/day of nicotine and 60 mg/kg/day of
TRF increased pregnancy outcome to 83.3% in rats.

• An estimate of 25.7% of the embryos developed into 2- and 4-cell stage in
rats treated with both nicotine and TRF.

Mokhtar
et al.
(2008)

Palm γ-TCT The detrimental effects of nicotine on the ultrastructure of the oocytes were
reduced.

Rajikin et al.
(2009)

Palm-TCT Concurrent treatment with 90 mg/kg and 120 mg/kg of palm-TCT and
10 mg/kg corticosterone (CORT) reduced the numbers of abnormal
embryos induced by CORT.

Nasibah et al.
(2012a)

Cotreatment with CORT and 120 mg/kg TCT significantly increased the
number of implantation sites and reduced the resorption rate.

Nasibah et al.
(2012b)

Palm γ-TCT Embryonic development in nicotine-induced mice were improved following
treatment with palm γ-TCT.

Kamsani
et al.
(2013)

γ-TCT Coincubation in media supplemented with γ-TCT and hydrogen peroxide
(H2O2) improved the development of porcine embryos through
modulation of apoptotic BCL-XL and BAX genes.

Lee et al.
(2014)

Palm-TCT • One-month supplementation with 150 mg/kg/day of palm-TCT
significantly increased the percentage of normal embryos.

• TCT is suggested to delay the effect of aging.

Saidatul et al.
(2014)

Annatto δ-TCT
and Soy
α-TOC

Intervention with annatto δ-TCT and soy α-TOC protected against the
Pik3ca gene expression in preimplantation embryos of nicotine-treated
mice.

Syairah et al.
(2014)

(Continued)



Table 26.2 (Continued)

Experimental subjects Types of vitamin E Study result(s) References

Tocotrienol-rich
fraction (TRF)

Concomitant supplementation of TRF with anticancer prodrug,
cyclophosphamide (CPA) on ovarian cells protected against oxidative stress
(OS)-induced apoptosis in ovaries.

Saleh et al.
(2014,
2015)

Annatto δ-TCT
and Soy
α-TOC

Supplementation with annatto δ-TCT(s) and soy α-TOC resulted in
increased number of morula.

Syairah et al.
(2015)

Annatto δ-TCT
and soy
α-TOC

• Annatto δ-TCT reversed the body weight loss in nicotine-treated mice.
• The development of 8-cell embryos was improved.

Rajikin et al.
(2015)

Annatto δ-TCT • Annatto δ-TCT did not reversed the DNA damages induced by nicotine.
• Treatment with annatto δ-TCT alone in normal mice did not affect the

normal chromosomal arrangements.

Syairah et al.
(2016)

Tocotrienol-rich
fraction (TRF)

• TRF supplementation significantly reduced the percentage of DNA
damage in oocytes cells.

• TRF supplementation upregulated the expression of antiaging gene,
SIRT1 and downregulated the expression of CDKN2A and E2F1 genes.

Nuraliza
et al.
(2017)

Tocotrienol-rich
fraction (TRF)

• Concurrent treatment with 3 mg/kg bw/day of nicotine and 60 mg/kg
bw/day of TRF resulted in the increased actin intensity in 2-cell and 8-
cell embryos.

• The same trend was seen in tubulin at 2-cell and 8-cell embryos.
• Both actin and tubulin structures were enhanced in the groups treated

with TRF alone.

Hamirah
et al.
(2017)

Tocotrienol-rich
fraction (TRF)

• The expression level of CHEK1 gene (responsible for the detection of
DNA damages) in group concurrently treated with CORT and TRF was
found to be normal as the control value.

• Intervention with TRF reduced the zona pellucida thickness of oocytes in
mice exposed to exogenous CORT towards control.

Nuraliza
et al.
(2018)

(Continued)



Table 26.2 (Continued)

Experimental subjects Types of vitamin E Study result(s) References

Tocotrienol-rich
fraction (TRF)

• Two-month supplementation with TRF at doses of 90, 120, and 150 mg/
kg resulted in significantly higher percentages of normal oocytes and lower
percentages of fragmented oocytes.

• Significant changes were detected in metabolic pathways that include fatty
acids, amino acids metabolism, and steroid hormone biosynthesis.

Norrabiatul
et al.
(2018)

α-TOCPalm-
TRF

• Palm-TRF produced significantly higher numbers of normal 2-cell
embryos.

• Alpha-tocopherol produced higher survival rate to the blastocyst stage.
• TRF treatment produced more vacuolated mitochondria in 8-cell

embryos.

Mimi et al.
(2018)

Soy α-TOC • Intervention with α-TOC increased the average number of ovarian
follicles compared to treatment with nicotine alone

• Intervention with α-TOC showed increment in the measurement of
thickness of the endometrium

Azmil et al.
(2018)

Annatto δ-TCT
and soy
α-TOC

• Supplementation with annatto δ-TCT(s) and soy α-TOC protected
against embryonic malformations in nicotine-treated mice through
alterations in PI3K/Akt-Cyclin D1 pathway.

• Treatment in normal mice promoted the 2-cell murine preimplantation
embryonic growth.

Syairah et al.
(2019)



embryonic development and also in establishing an effective mater-
nal�embryonic interface for the maintenance of pregnancy.

26.3.3 Vitamin E on reproductive health: the reported studies
Focused reports on the effects of vitamin E on reproductive-related health
problems including fertility and preimplantation embryonic development
are evidently lacking, despite numerous studies reporting on its benefits
for health. Although vitamin E has been long known as the vitamin for
reproduction, attempts to study this area have only been actively made in
the last decade. The available research reports from the last 10 years
(2008�2018) on vitamin E and male and female reproductive health
(excluding reproductive cancers such as in breast, cervix, prostate, ovaries,
etc.) are summarized in Tables 26.1 and 26.2, respectively.

26.4 Conclusion

Vitamin E has been acknowledged as one of the powerful lipid-soluble
antioxidants long ago. Despite the large number of published reports on
its health benefits, a lot of work on human and animal studies are still
warranted in order to gain a comprehensive understanding of the effects
of vitamin E, especially in regards to reproductive health. Future studies
on the effects of vitamin E on clinical aspects should also be taken into
account including the important factors such as the optimum dose intakes,
synergistic effects of vitamin E with other compounds/drugs, severity of
the patients, and other related factors.
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Abbreviations
AA ascorbic acid
CKD chronic kidney disease
DOPPS Dialysis Outcomes and Practice Patterns Study
EGR erythrocyte glutathione reductase
ESKD end-stage kidney disease
HD hemodialysis
HDF hemodiafiltration
KDIGO Kidney Disease: Improving Global Outcomes
MIA malnutrition�inflammation�atherosclerosis syndrome
MGP matrix γ-carboxyglutamic acid protein
PD peritoneal dialysis
PEW protein�energy wasting
PLP pyridoxal phosphate
PTH parathyroid hormone
RCT randomized controlled trial
RRT renal replacement therapy
RBP retinol-binding protein
RTx renal transplantation

27.1 Introduction

27.1.1 Chronic kidney disease
Chronic kidney disease (CKD) is defined as a decrease of the estimated
glomerular filtration rate below 60 mL/min/m2 or (and) increase of the
urinary albumin/creatinine ratio above 30 mg/g, or any kind of structural
kidney impairment that lasts for more than 3 months (Kidney Disease:
Improving Global Outcomes (KDIGO) CKD Work Group 2013). The
progressive character of the disease is reflected by its consecutive stages,
which are described in detail in Table 27.1.

The prevalence of CKD affects 10%�15% of the population and is ris-
ing worldwide, especially in elderly individuals and in low-income coun-
tries (Levin et al., 2017). The most severe and devastating consequence of
progressing CKD is end-stage kidney disease (ESKD). ESKD is kidney
failure that is fatal unless treated with renal replacement therapy (RRT).
There are three methods of RRT: hemodialysis (HD), peritoneal dialysis
(PD), and renal transplantation (RTx) (Table 27.2).

Clinically, CKD can have a plethora of different presentations depend-
ing on the underlying kidney disease, comorbidities, the stage of CKD,
and the method of treatment. Nevertheless, most clinical presentations of
CKD are nonspecific and could be indistinguishable from other chronic
conditions. Interestingly, the same symptomatology (Table 27.3) could be
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ascribed to both CKD and vitamin inadequacy. Hence, the suboptimal
vitamin status can be easily misdiagnosed and overlooked.

27.1.2 Malnutrition and chronic kidney disease
Malnutrition is a common feature of the uremic phenotype and is a
highly prevalent complication of CKD, especially in its advanced stages
(CKD stage 4 and 5). In ESKD loss of protein and energy stores is com-
monly accompanied by inflammation and multiple metabolic derange-
ments, including atherosclerosis, oxidative stress, endothelial dysfunction,
and vascular calcification, that create a separate clinical entity, named mal-
nutrition�inflammation�atherosclerosis syndrome (MIA) (Stenvinkel
et al., 1999). The specific pathways by which the association between
MIA and CKD might be mediated are still not well-known. Nonetheless,
the overall effect is a persistence of the self-enhanced inflammatory cas-
cade, that exacerbates the wasting and contributes to adverse outcomes. It
is recommended to call the malnutrition component of this syndrome
with a term of protein�energy wasting (PEW) (Fouque et al., 2008).
PEW is diagnosed based on the presence of the biochemical (low

Table 27.1 Stages of chronic kidney disease (CKD) according to Kidney Disease
Improving Global Outcomes (KDIGO).

CKD
stages

GFR category
(G)Albuminuria
category (A)

Description/definition

1 G1 Normal/highGFR .90 mL/min/1.73 m2

2 G2 Mildly decreasedGFR5 60�89 mL/min/1.73 m2

3 G3a Mildly to moderately decreasedGFR5 45�59 mL/
min/1.73 m2

G3b Moderately to severely
decreasedGFR5 30�44 mL/min/1.73 m2

4 G4 Severely decreasedGFR5 15�29 mL/min/1.73 m2

5 G5 Kidney failureGFR, 15 mL/min/1.73 m2

A1 Normal/mildly increased, 30 mg/g or ,3 mg/
mmol

A2 Moderately increased30�300 mg/g or 3 to
300 mg/mmol

A3 Severely increased. 300 mg/g or .30 mg/mmol

KDIGO established definitions that describe varying degrees of CKD and taking into account kidney
function and persistent albuminuria. This terminology was accepted worldwide and is commonly used
as a measure of the severity of the disease.
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albumin, prealbumin, or cholesterol), anthropometric, and dietary indices
(Fouque et al., 2008).

27.1.3 Micronutrient malnutrition in chronic kidney disease
It should be noted that the term of PEW, albeit aptly describing the spe-
cificities of malnutrition in CKD, is not entirely satisfactory. It refers to
depletion of protein and energy reserves, whereas CKD and ESKD pre-
dispose to also other nutritional derangements, including deficiencies of
vitamins (Lodebo et al., 2018).

Although malnutrition is an acknowledged feature of CKD, alterations
in micronutrients are much less recognized. Even if CKD distinctly pre-
disposes to disorders of vitamins, the evidence for the prevalence and

Table 27.2 Key facts of the renal replacement therapy (RRT).

• Patients in the most advanced stage of chronic kidney disease, called end-stage
kidney disease, need a therapy substituting for kidney function to survive.
There are several methods of such a treatment, and they are called RRT.

• RRT may take a form of dialysis or kidney transplantation.
• There are two modalities of dialysis: hemodialysis (HD) and peritoneal

dialysis (PD).
• HD is a modality of treatment in which the patient’s blood is purified

extracorporeally with the use of a machine pumping the blood through a
filter consisting of capillaries of a semipermeable membrane that are rinsed by
disposable dialysis fluid. HD procedure is intermittent and is performed for a
total of 12�15 h a week divided into three sessions.

• According to the type of the dialyzer membrane, filters are classified as low-
flux (low water permeability) and high-flux (increased water permeability)
and differ in the capability of removal of middle-sized uremic toxins.

• Hemodiafiltration (HDF) is a modality of treatment based on conventional
HD with the addition of convection clearance, which is gained from the
removal of a substantial amount of plasma water and substituting it with a
solution free from toxins and waste products.

• PD is an intracorporeal modality of RRT in which a semipermeable
membrane is the own peritoneal membrane of the patient. In this method,
disposable dialysis fluid is placed inside a patient’s peritoneal cavity and
removed after some time of dwelling. This method is performed daily and in
most cases continuously.

• Kidney transplantation is a surgical procedure in which a human kidney is
placed in the body of a patient. The source of the organ can be from a living
donor or a deceased donor. After the transplantation, the recipient needs to
be treated with immunosuppressive agents in order to prevent organ
rejection. Kidney transplantation is the best method of RRT.
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consequences of suboptimal micronutrient levels remain scarce
(Jankowska et al., 2017b). The same mechanisms are responsible for mal-
nutrition and inadequate micronutrient status in CKD. A multitude of
contributors to vitamin inadequacy in CKD are depicted in Fig. 27.1.
Although altered vitamin status is mostly associated with deficiencies, it
needs to be mentioned that in individuals with compromised renal func-
tion there is also a potential for an accumulation of micronutrients, and/
or their metabolites (Jankowska et al., 2017c,d; Moradi and Said, 2016).

27.2 Contributors to altered vitamin status in chronic
kidney disease

27.2.1 Dietary intake
Decreased dietary intake of nutrients is observed already in stage 3 of
CKD (Kopple et al., 2000). The accumulation of nephrogenic toxins,
endocrine disorders, and gastrointestinal complications that occur as a con-
sequence of declining GFR, lead to anorexia, nausea, and impaired inges-
tion. Also well-intended dietary counseling and nutritional restrictions
contribute to decreased dietary intake. Modification of diet is an impor-
tant and widely recognized element of CKD management (Kalantar-
Zadeh et al., 2015). However, dietary restrictions, especially of potassium,
critically affect water-soluble vitamins intake, mostly folic acid and vitamin

Table 27.3 Symptoms of altered vitamin status in chronic kidney disease (CKD).

Premature aging
Increased mortality
Enhanced atherosclerosis
Inflammation
Impaired immune response
Oxidative stress
Bone and mineral disorder
Anemia
Polyneuropathy
Encephalopathy
Weakness and fragility
Muscle cramps
Insomnia
Depression

Symptoms and consequences of vitamin insufficiency are commonly similar to those of CKD and may
be clinically indistinguishable. The clinical diagnosis of altered vitamin status is challenging.
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C (Jankowska et al., 2016; Kalantar-Zadeh et al., 2002). Vitamin intake is
strongly associated with the energy content of the diet and most plausibly
depends on the overall dietary pattern. This points to important psychoso-
cial problems, such as impoverishment, solitude, depression, and physical
inability to prepare or buy meals, that are typically found in CKD
patients. Such contributors are potentially modifiable and overcoming
them accompanied by meticulous and professional dietary counseling may
play a pivotal role in the prevention of malnutrition CKD.

Low intake of vitamins is present in advanced CKD irrespective of the
method of treatment. Even successful RTx does not warrant nutritional
adequacy. However, the greatest risk of deficient vitamin intake is observed
repeatedly in patients treated with HD (Bossola et al., 2014; Kalantar-
Zadeh et al., 2002), while in general the diet of RTx individuals is the
most satisfactory (Jankowska et al., 2016 Rho et al., 2013). Other factors
that may influence vitamin intake in CKD include patients’ nutritional and
inflammatory status, dialysis adequacy, and the preservation of residual renal
function (Martín-del-Campo et al., 2012; Wang et al., 2002).

Figure 27.1 Contributors to altered vitamin status in chronic kidney disease. Causes
of suboptimal vitamin status are multifactorial and frequently overlapping in chronic
kidney disease. They include contributors to decreased dietary intake, specificities of
renal replacement therapy, gastrointestinal complications, medication, comorbidities,
and a range of psychosocial and demographic issues.
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27.2.2 Low sunlight exposure
All the above mentioned psychosocial concerns are also responsible for
the decreased physical activity and time spent outdoors. CKD, and espe-
cially RTx, patients are advised to avoid sunlight to prevent skin cancer
and drug photosensitization. As a consequence, the low sunlight exposure
contributes additionally to low vitamin D supplies.

27.2.3 Impaired absorption
Several factors ascribed to CKD may importantly influence vitamin
absorption. First, most water-soluble vitamins are absorbed from the intes-
tine in a specific carrier-mediated process and CKD may influence the
expression of vitamin-specific carriers (Bukhari et al., 2011). It has been
shown that CKD is associated with the downregulation of folate and thia-
min transporters in several tissues, including intestine (Bukhari et al.,
2011). Also reduced intestinal uptake of biotin, riboflavin, and pyridoxine
have been shown in an animal model of CKD (Barbari et al., 1989; Said
et al., 1992; Vaziri et al., 1985).

Second, CKD profoundly alters intestinal microbial flora (Vaziri et al.,
2016). The normal flora is a source of vitamin K, vitamin B12, and small
amounts of other group B vitamins (such as biotin, folates, nicotinic acid,
pantothenic acid, pyridoxine, riboflavin, and thiamine) (LeBlanc et al.,
2013). It seems plausible that the synthesis of those vitamins is affected by
the uremic milieu. What is more, there are grounds to hypothesize that
an altered gut microbiome is capable of producing vitamin antimetabolites
that are consecutively absorbed but are not effectively removed due to
decreased kidney clearance. For example, such a compound is oxythia-
mine (4-hydroxythiamine), an antimetabolite of vitamin B1, leading to its
functional deficiency (Moradi and Said, 2016).

Third, a fluid overload, frequently found in CKD patients, results in
vascular congestion and increased permeability of gastrointestinal tract
(Terpstra et al., 2016). Loss of absorptive surface, exudation from intestinal
mucosa, and changes in gastrointestinal transit are mechanisms that may
be at play in such a setting.

27.2.4 Urinary losses
Kidney pathology results in excessive urinary losses of water-soluble vita-
mins. Vitamins are freely filtered into the glomerular filtrate and may be
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lost in a case of tubular dysfunction or decreased activity of protein car-
riers (Handelman and Levin, 2011). The presence of proteinuria increases
losses of fat-soluble vitamins, as they are transported in a protein-bound
manner. Nephrotic range proteinuria may increase the urinary excretion
of 25(OH)D by 10- to even 100-fold as compared to physiological uri-
nary losses (Sato, 1982).

Further, administration of loop diuretics, widely used in CKD, is yet
another enhancer of urinary vitamin losses. Thiamine, vitamin C, and
vitamin B6 have been lost in this way, and the excretion of most vitamins
depends on urinary flow rate (Mydlík et al., 1999; Suter and Vetter,
2000).

27.2.5 Medication
Several known drug�vitamin interactions may occur during treatment of
renal diseases with commonly used drugs (e.g., trimethoprim or metho-
trexate). Still, CKD predisposes to several less obvious or subtle interfer-
ences. The most apparent example is the administration of erythropoiesis
stimulating agents. Prolonged erythropoiesis stimulation may easily deplete
stores of those vitamins that are used in a synthesis of heme, or iron
metabolism (folate, vitamin B6, vitamin B12, and vitamin C). Another
specific interaction is the potential of phosphate binders to limit the bio-
availability of vitamin K (Neradova et al., 2017).

Immunosuppressive therapy, implemented after RTx, could in turn,
influence the status of vitamin B6, involved in processes of immunological
response and inflammation (Jankowska et al., 2013, 2014).

27.2.6 Dialysis-related losses
Molecular weight and protein binding determine dialysis-related losses of
vitamins. Accordingly, vitamins that are not protein bound are most sus-
ceptible to an intradialytic removal.

The modality of treatment is yet another contributor to vitamin losses.
In general, fat-soluble vitamins are not lost through the filter membrane
in HD, whereas losses were reported in PD patients. HD patients may
lose a substantial amount of water-soluble vitamins during a single dialysis
session, while PD patients seem to have moderate losses unless peritonitis
is present (Boeschoten et al., 1988; Jankowska et al., 2017a).

High-flux HD has little impact on clearances of small molecular
weight vitamins, but may influence the middle molecules, that is, vitamin
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B12 (Chandna et al., 1997; Heinz et al., 2008; Jankowska et al., 2017c).
Middle molecules, that are not lost during conventional HD, can be lost
during a procedure of hemodiafiltration (HDF) that is used as a modality
of RRT. However, switching to HDF did not adversely affect vitamin
B12 status in a single study with a 12-month follow-up period (Cross and
Davenport, 2011).

27.2.7 Altered metabolism
Interestingly associations between measures of vitamin status and their
most apparent contributors, intake or dialysis-related losses, are rather
weak. It points to a role of other mechanisms of impaired vitamin status
in CKD. One of them seems to be altered metabolism of vitamins in the
uremic milieu. Indeed, the most obvious example is the metabolism of
vitamin D. Kidneys play the central role in the activation of vitamin D,
by its key and final step, 1-alpha-hydroxylation (Fraser and Kodicek,
1970). As a consequence, circulating levels of 1,25(OH)2D decline with
the progression of CKD.

There is also some evidence that the accumulation of vitamin metabo-
lites to potentially harmful concentrations may occur. For example, meta-
bolites of nicotinamide, N-methyl-2-pyridone-5-carboxamide and
N-methyl-4-pyridone-5-carboxamide, that are physiologically removed
with urine, accumulate in CKD and constitute novel uremic toxins
(Rutkowski et al., 2012). A metabolite of pyridoxine, 4-pyridoxic acid,
increases with a decrease of GFR in a manner similar to the retention of
other small molecular weight compounds and interferes with the synthesis
of a biologically active form of vitamin B6 (Coburn et al., 2002). It is also
conceivable, albeit not proven yet, that severe hyperphosphatemia, com-
monly found in CKD, may interfere with important steps in the transport
and activation of numerous vitamins that are dependent on their phos-
phorylation and dephosphorylation.

Finally, functional vitamin deficiency is characteristically found in
ESKD. Red blood cell transketolase activity is importantly decreased in
ESKD patients, but is partially reversed after HD session or alleviated by
an administration of high doses of thiamine (Zhang et al., 2016). This
phenomenon has been recently explained by the GFR-dependent accu-
mulation of a competitive inhibitor of transketolase, oxythiamine (Zhang
et al., 2016). Similar functional abnormalities have also been known for
other molecules, like vitamin E. As early as at CKD stage 3, the
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accumulation of the vitamin E metabolite, carboxyethyl hydroxychro-
mans, is observed and may adversely influence vitamin E functional status
(Galli et al., 2004). These observations allow for a hypothesis that func-
tional vitamin deficiency is a characteristic feature of CKD.

27.3 Water-soluble vitamins

27.3.1 Vitamin B1 (thiamine)
Dietary intakes of vitamin B1 are low, especially in patients treated with
HD. Thiamine has the shortest time for depletion of its body stores in
humans, and several series of cases of Wernicke’s encephalopathy, a vita-
min B1 avitaminosis, were reported in dialysis patients. Wernicke’s
encephalopathy is a life-threatening and often misdiagnosed condition,
but its occurrence seems generally rare. Thiamine plasma levels were
mostly normal or increased in the CKD population. On the other hand,
plasma concentration is not the best indicator of thiamine adequacy, and
erythrocyte transketolase activity, a measure of thiamine functional status,
was increased in CKD stage 4 and 5 (Frank et al., 2000).

Dialysis therapy has limited influence on thiamine status. Peritoneal
losses are small and HD clearance ranges from 13 to 40 mL/min. A single
HD procedure decreases levels of vitamin B1 in blood, but it does not
affect overall thiamine status (Jankowska et al., 2017c).

27.3.2 Vitamin B2 (riboflavin)
A low protein diet, frequently prescribed in stages 3�5 of CKD, may
impose a risk of riboflavin deficiency. Indeed, the percentage of individuals
with increased α-erythrocyte glutathione reductase (EGR) index, which is
a measure of functional deficiency of vitamin B2, rose with a reduction of
dietary protein intake. HD losses are small, about 6%�7% per procedure,
with a clearance of 27�52 mL/min. Although the peritoneal losses may be
high compared to physiological urinary excretion (Boeschoten et al., 1988),
most studies report the adequate status of this vitamin in ESKD.
Supplementation with doubled RDA leads to a decreased EGR index sug-
gesting an excessive intake (Mydlík et al., 1985). Due to the photosensitiz-
ing properties of riboflavin, high doses of this vitamin should be avoided.

27.3.3 Vitamin B3 (niacin, nicotinic acid)
There is no evidence that CKD patients are vitamin B3-deficient,
although the dietary intake of this compound could be lower than
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recommended (Jankowska et al., 2016). Most probably, niacin is not lost
during the dialysis procedure, even if small amounts of it are found in the
peritoneal effluent. The niacin concentration in the whole blood and ery-
throcytes were within normal range in a group of HD patients followed
for 12 months and not receiving supplementation (Ramirez et al., 1986).
Interestingly, high doses of niacin were administered to ESKD patients to
lower hyperphosphatemia and were effective and regarded safe (Berns,
2008; Musso et al., 2008; Young et al., 2009). Also there seems to be no
need for a dose adjustment of an extended release formulation of nicotinic
acid in CKD patients (Reiche et al., 2011).

27.3.4 Vitamin B5 (pantothenic acid)
The data on this vitamin are scarce, and there is no evidence of its defi-
ciency in CKD. Pantothenic acid is lost with HD with a clearance of
30 mL/min, while peritoneal losses are unknown.

27.3.5 Vitamin B6 (pyridoxine)
There is no clear consensus regarding the status of vitamin B6 in CKD.
The reports are conflicting, and their results range from severe deficiency
to normal and even increased levels. This may result from different mea-
sures used to assess vitamin B6 status, from the multitude of biological
forms of this vitamin present in human tissues and the functional defi-
ciency of this vitamin typical for CKD. A biologically active form of the
vitamin, pyridoxal phosphate (PLP), is albumin-bound and despite this,
quite easily lost in HD with a clearance from 54 to 173 mL/min (Chazot
et al., 2016). Plasma PLP drops after single HD of 29%�37% (Heinz
et al., 2008), while peritoneal losses are low.

Plausibly the best measure of vitamin B6 functional status is EGTP
index, which is increased compared to healthy individuals in virtually all
CKD stages. Increased EGTP index is indicative of PLP deficiency and
normalizes after administration of 10 mg of pyridoxine HCl daily.

27.3.6 Biotin (vitamin B7)
In a few studies measuring biotin in CKD patients no deficiency of this
vitamin was found. On the contrary, levels of biotin were higher than in
the general population or healthy individuals and increased with dialysis
vintage and loss of residual renal function (Descombes et al., 1993;
Livaniou et al., 1987; Oguma et al., 2012). The clinical consequences of
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these findings are unknown. Surprisingly, despite an apparent excess of
this vitamin in ESKD, the supplementation with biotin had some benefi-
cial effect on peripheral neuropathy and muscle cramps in HD patients
(Oguma et al., 2012).

27.3.7 Folate (vitamin B9)
Dietary restrictions in rich potassium food, a molecular weight of 441 Da
and a low ability for protein binding, make folate prone to be deficient in
CKD patients. However, counterintuitively, both plasma and erythrocyte
levels of this compound proved to be normal in CKD and even increased
after initiation of RRT. Dialysis modality seems to influence folate status.
Serum folate reduction after single HD treatment is above 30%, while
RBC folate does not change (Heinz et al., 2008). PD losses are negligible.
As a consequence, PD patients have better folate status and respond with
very elevated folate values after supplementation. Folate administration in
otherwise not deficient CKD individuals may have a homocysteine-
lowering effect (De Vecchi et al., 2001), but disappointing results of the
Homocysteine (HOST) study (Jamison et al., 2007) and Folic Acid for
Vascular Outcome Reduction in Transplantation (FAVORIT) Trial
(Bostom et al., 2011) discouraged the pursuit of this therapeutic approach.

27.3.8 Vitamin B12 (cobalamin)
Vitamin B12 has a unique characteristic as compared to other water-
soluble vitamins. Due to its molecular weight of 1355 Da, it fulfills the
definition of a middle molecule, and thus it is virtually not lost to the dial-
ysate. Physiologically it is excreted through bile (Shinton, 1972). It
explains the negligible impact of CKD on the incidence of B12 defi-
ciency. High-flux HD, but astonishingly, not HDF, may remove vitamin
B12 more effectively, with a clearance of 9 mL/min (Chandna et al.,
1997).

27.3.9 Hyperhomocysteinemia
Hyperhomocysteinemia is commonly found in CKD patients and is
responsible for increased oxidative stress and cardiovascular mortality in
this population. Vitamins B6, B9, and B12 are involved in homocysteine
metabolism. Homocysteine is metabolized through two pathways:
remethylation to methionine, or transsulfuration to cystathionine and then
to cysteine. Folate and vitamin B12 are involved in the first and the
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biologically active form of vitamin B6 in the second pathway. Numerous
studies investigated associations between B vitamin status and homocyste-
ine, as well as the influence of vitamin supplementation on homocysteine
levels in CKD patients, giving conflicting results. However, two large
RCTs showed that vitamin supplementation lowers homocysteine (Heinz
et al., 2010; Jamison et al., 2007) but at the same time has no impact on
important clinical outcomes, including mortality.

27.3.10 Vitamin C (ascorbic acid)
Vitamin C is a vitamin most efficiently cleared during the dialysis proce-
dure. It is a consequence of its low molecular weight (176 DA) and not
being protein bound. A median ascorbic acid (AA) dialyzer clearance is
212 mL/min (Wang et al., 1999), which may result in losses as high as
320 mg per procedure (Sirover et al., 2015). In PD the vitamin C level in
dialysis effluent was estimated at 60% of the concentration in blood and
average daily losses in nonsupplemented continuous PD patients were
about 50 mg daily (Shah et al., 1991).

The common concern regarding vitamin C supplementation in ESKD
patients is a risk of oxalosis. Oxalate is a metabolite of AA that used to be
poorly removed by the dialysis procedure and thus accumulate. Therefore
high doses of vitamin C supplements were not recommended. However,
contemporary dialysis technique seems to be thoroughly efficient in clear-
ing oxalate, and cases of oxalosis have not been reported recently. Also
the relatively high intravenous doses of AA used in the treatment of ane-
mia were well-tolerated in several reports.

Low vitamin C levels predict adverse cardiovascular outcomes in HD
patients and this supports routine AA supplementation, especially when
dietary intakes are low and dialysis-related loses are substantial.

27.4 Fat-soluble vitamins

27.4.1 Vitamin A
Plasma levels of vitamin A increase in CKD patients. This is related to the
accumulation of retinol-binding protein 4 (RBP-4), a protein physiologi-
cally metabolized in kidney and regulating a release of retinol from liver
stores. Interestingly, higher retinol and RBP plasma levels are associated
with lower mortality in HD patients, while lower quartiles of, otherwise
still high, concentrations are related to the increased risk of sudden death
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and overall mortality. This relation is believed to be a simple surrogate of
a well-known association between mortality and nutritional status and not
a direct biological function of retinol (Bataille et al., 2017). Accordingly,
vitamin A supplements are not recommended in CKD patients.

27.4.2 Vitamin D
Low 1,25(OH)D is an expected finding, taking into account that
1-αhydroxylase activity is dependent on fibroblast growth factor that
increases in CKD. However, other forms of vitamin D are also deficient
in CKD, especially in its later stages and during RRT (Wolf et al., 2007).
It points to yet another mechanism of decreased 1,25(OH)D, which is a
reduced substrate for hydroxylation. 25(OH)D deficiency can be found in
all stages of CKD, although it is most prevalent in dialysis patients. PD
patients are at higher risk than those on HD, but the suboptimal status is
universal.

Vitamin D is the most extensively studied micronutrient in CKD and
there is mounting evidence on its influence on important outcomes,
including cardiovascular disease and mortality. These effects are plausibly
attained in several mechanisms including the downregulation of the
renin�angiotensin�aldosterone system, modulation of the inflammatory
response, anticoagulant activity, decreasing insulin resistance, and slowing
down atherosclerosis and vascular calcification (Gluba-Brzózka et al.,
2018). Numerous studies demonstrated the inverse association between 25
(OH)D levels and parathyroid hormone (PTH), as well as a decline of
PTH as a result of supplementation of 25(OH)D, its analogs, or calcitriol.

The recent Kidney Disease Improving Global Outcomes (KDIGO)
guidelines recommend screening for low serum 25(OH)D and supple-
menting it on an individualized basis. There is no consensus regarding the
dose and form of the supplement. Supplements and analogs of vitamin D
are regarded as safe. Nevertheless, caution is advocated while administer-
ing supraphysiological doses because of adverse effects including hypercal-
cemia and hyperphosphatemia.

27.4.3 Vitamin E
Studies assessing α-tocopherol in ESKD patients gave equivocal results,
showing low, normal or even increased levels. It is possible that plasma
levels of vitamin E do not reflect its functional status, especially that the
accumulation of its competing metabolites is observed in parallel to the
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decrease of GFR. Theoretically, an increase of oxidative stress in CKD
should increase the need for vitamin E, known for its antioxidant
properties.

Although the dietary intakes of this agent were reduced (Galli et al.,
2004), the supplementation of vitamin E in the Heart Outcomes
Prevention Evaluation (HOPE) trial did not show any beneficial out-
comes. Further, the extension of the trial under the acronym HOPE-
TOO, raised important safety concerns, as an increased risk of heart failure
was found in the arm receiving vitamin E supplementation. On the other
hand, the SPACE study, a multicenter, randomized, prospective trial in
HD patients with preexisting cardiovascular disease, reported that oral
vitamin E supplementation (800 IU/day) significantly reduced the primary
composite variable consisting of myocardial infarction (fatal and nonfatal),
ischemic stroke, peripheral vascular disease (excluding the arteriovenous
fistula), and unstable angina (Boaz et al., 2000). Notably, there was no dif-
ference in total and cardiovascular mortality between study arms.

A specific measure to overcome oxidative stress ensuing HD procedure
is the use of dialyzers with vitamin E-coated membranes. Indeed, many
in vivo and in vitro studies have shown antioxidative effects of such an
approach, both in human and animal models. Also an increase in vitamin
E levels in erythrocytes and the amelioration of anemia management were
reported (Huang et al., 2015). Nevertheless, this way of treatment is not
routinely recommended unless studies measuring mortality outcomes are
conducted.

27.4.4 Vitamin K
There is mounting evidence that CKD patients suffer from vitamin K defi-
ciency (Holden et al., 2010; Schurgers, 2013). The deficiency is present in
CKD stages 3�5, is more pronounced in dialysis patients, and seems to be
only partially reversed by kidney transplantation (Holden et al., 2010; Jansz
et al., 2018). These facts may be of the utmost importance, as the main
cause of death in CKD patients is cardiovascular disease strongly associated
with vascular calcification. Vascular calcification, in turn, is actively inhib-
ited by vitamin-K-dependent matrix γ-carboxyglutamic acid protein
(MGP) and uremia impairs carboxylation of MGP. In such a setting,
attempts at alleviating vascular calcification with the use of vitamin K sup-
plementation should not come as a surprise. However, although some
promising outcomes have been achieved in an animal model of CKD and
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non-CKD humans, there is still a lack of sound, confirming data from
RCTs. Also, the dose of the supplement is highly debatable, as low doses
of vitamin K had been shown to promote vascular calcification, while high
doses had an opposite effect (McCabe et al., 2013). Several trials of the
benefits of vitamin K supplementation are ongoing currently, and hope-
fully, they will provide some answers for the most important questions.

27.5 Recommendations on supplementation

There is little high-quality data from the research on vitamins in the CKD
field (Table 27.4). That explains not only the scarcity and low grade of
published recommendations on vitamin supplementation in CKD but also
the fact that current recommendations have not been revised for at least
10 years (Cano et al., 2006; Fouque et al., 2007; Toigo et al., 2000).
Obviously, the low level of evidence does not necessarily imply the weak-
ness of the recommendation. Despite the unavailability of RCTs, there is
a very clear clinical consensus that all water-soluble vitamins should be
supplemented in doses at least equal to the recommended daily allowance.
Interestingly, the clinical application of this recommendation is rather
meager. The analysis of data from 308 representative dialysis facilities tak-
ing part in the Dialysis Outcomes and Practice Patterns Study (DOPPS I)
showed that median administration of water-soluble supplements was
28.6% and varied substantially in different countries (Table 27.5) (Fissell
et al., 2004). The study also reported a strong and significant association
between lower mortality and regular use of water-soluble vitamins in HD
patients (Fissell et al., 2004).

27.6 Conclusions

The status of most vitamins is suboptimal in the CKD population, and the
vitamin inadequacy is further aggravated by the functional deficiency, typ-
ical for the uremic milieu. Although there is no sound evidence that vita-
min supplements reduce mortality or major cardiovascular events in
patients with CKD, it is possible that some health benefits, including
improved cognition, alleviated sleep disorders, improved immunity, or
reduced muscle cramps are present. Existing evidence suggests that vita-
min supplements are overall safe in this group of patients. Although suffi-
ciently powered RCTs are highly needed to assess the effects of vitamin
therapy reliably and to expand our knowledge in this field, we should not
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Table 27.4 Recommendations on daily dose of vitamin supplements in chronic kidney disease patients (compared to dietary reference intake,
DRI, in general population).

Vitamin DRI CKD HD PD

EBPG-ERA/
EDTA

ESPEN EBPG-ERA/EDTA ESPEN EBPG-ERA/
EDTA

ESPEN

A (μg retinol activity
equivalents/24 h)

700�900 � � Not
recommended

� � �

D (μg/24 h) 15 � � Individualized � � �
E 15 mg 15 mg 400�800 IU � � �
K (μg/24 h) 90�120a � � Not

recommended
� � �

B1 (mg/24 h) 1.1�1.2 � � 1.1�1.2 � 1.1�1.2 �
B2 (mg/24 h) 1.1�1.3 � � 1.1�1.3 � 1.1�1.3 �
B3 (mg/24 h) 14�16 � � 14�16 � 16 �
B5 (mg/24 h)Pantothenic

acid
5 � � 5 � 5 �

B6 (mg/24 h) 1.3�1.7 � 5 10 10 10 10�20
B7 (μg/24 h)Biotin 30 � � 30 � 30 �
B9 (μg/24 h)Folate 400 � � 1000 1000 1000 1000
B12 (μg/24 h) 2.4 � � 2.4 � 2.4 �
C (mg/24 h) 75�90 � 30�60 75�90 30�60 90 30�60

European Best Practice Guidelines of European Renal Association/European Dialysis and Transplantation Association (EBPG-ERA/EDTA) and European Society of
Parenteral and Enteral Nutrition (ESPEN) approach in their documents on nutrition the issue of vitamin supplements. Due to the scarcity of evidence, the data are mostly
based on expert opinions and have not been revised for several years.
aAdequate intake.



expect them in the near future. In this setting the most prudent approach
is meticulous nutritional counseling and prescribing vitamin supplements
according to existing guidelines.
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Cellular toxicity of nicotinamide metabolites. J. Ren. Nutr. 22, 95�97.

Sato, K.A.G., Lemann Jr, R.W.J., 1982. Urinary excretion of 25-hydroxyvitamin D in
health and the nephrotic syndrome. J. Lab. Clin. Med. 325�330.

Said, H.M., Vaziri, N.D., Oveisi, F., Hussienzadha, S., 1992. Effect of chronic renal failure
on intestinal transport of biotin in the rat. J. Lab. Clin. Med. 120, 471�475.

Schurgers, L.J., 2013. Vitamin K: key vitamin in controlling vascular calcification in
chronic kidney disease. Kidney Int. 83, 782�784.

Shah, G.M., Ross, E.A., Sabo, A., Pichon, M., Bhagavan, H., Reynolds, R.D., 1991.
Ascorbic acid supplements in patients receiving chronic peritoneal dialysis. Am. J.
Kidney Dis. 18, 84�90.

Shinton, N.K., 1972. Vitamin B 12 and folate metabolism. Br. Med. J. 1, 556�559.
Sirover, W.D., Liu, Y., Logan, A., Hunter, K., Benz, R.L., Prasad, D., et al., 2015.

Plasma ascorbic acid concentrations in prevalent patients with end-stage renal disease
on hemodialysis. J. Ren. Nutr. 25, 292�300.

581Vitamins in chronic kidney disease

http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref51
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref59


Stenvinkel, P., Heimbürger, O., Paultre, F., Diczfalusy, U., Wang, T., Berglund, L., et al.,
1999. Strong association between malnutrition, inflammation, and atherosclerosis in
chronic renal failure. Kidney Int. 55, 1899�1911.

Suter, P.M., Vetter, W., 2000. Diuretics and vitamin B1: are diuretics a risk factor for thia-
min malnutrition? Nutr. Rev. 58, 319�323.

Terpstra, M.L., Singh, R., Geerlings, S.E., Bemelman, F.J., 2016. Measurement of the
intestinal permeability in chronic kidney disease. World J. Nephrol. 5, 378�388.

Toigo, G., Aparicio, M., Attman, P.O., Cano, N., Cianciaruso, B., Engel, B., et al., 2000.
Expert working group report on nutrition in adult patients with renal insufficiency
(Part 2 of 2). Clin. Nutr. 19, 281�291.

Vaziri, N.D., Said, H.M., Hollander, D., Barbari, A., Patel, N., Dang, D., et al., 1985.
Impaired intestinal absorption of riboflavin in experimental uremia. Nephron 41,
26�29.

Vaziri, N.D., Zhao, Y.Y., Pahl, M.V., 2016. Altered intestinal microbial flora and
impaired epithelial barrier structure and function in CKD: the nature, mechanisms,
consequences and potential treatment. Nephrol. Dial. Transpl. 31, 737�746.

Wang, S., Eide, T.C., Sogn, E.M., Berg, K.J., Sund, R.B., 1999. Plasma ascorbic acid in
patients undergoing chronic haemodialysis. Eur. J. Clin. Pharmacol. 55, 527�532.

Wang, A.Y., Sea, M.M., Ip, R., Law, M.C., Chow, K.M., Lui, S.F., et al., 2002.
Independent effects of residual renal function and dialysis adequacy on dietary micro-
nutrient intakes in patients receiving continuous ambulatory peritoneal dialysis. Am. J.
Clin. Nutr. 76, 569�576.

Wolf, M., Shah, A., Gutierrez, O., Ankers, E., Monroy, M., Tamez, H., et al., 2007.
Vitamin D levels and early mortality among incident hemodialysis patients. Kidney
Int. 72, 1004�1013.

Young, D.O., Cheng, S.C., Delmez, J.A., Coyne, D.W., 2009. The effect of oral niacin-
amide on plasma phosphorus levels in peritoneal dialysis patients. Perit. Dial. Int. 29,
562�567.

Zhang, F., Masania, J., Anwar, A., Xue, M., Zehnder, D., Kanji, H., et al., 2016. The
uremic toxin oxythiamine causes functional thiamine deficiency in end-stage renal dis-
ease by inhibiting transketolase activity. Kidney Int. 90, 396�403.

582 Molecular Nutrition

http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00023-3/sbref70


CHAPTER 28

Inflammatory bowel disorders
and fat-soluble vitamins
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Key facts of inflammatory bowel diseases

• The precise etiology of inflammatory bowel disease (IBD) remains
unknown, however, the involvement of autoimmune, genetic, and
environmental factors is suggested.
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• Although IBD affects mainly European and North American popula-
tions, the prevalence of this condition is still increasing in Eastern
countries.

• The manifestations of IBD are both intestinal and extraintestinal.
• Ulcerative colitis (UC) affects distal part of the colon and leads to the

manifestations like: blood in the stools, diarrhea, and pain in the left
lower abdomen which deteriorates with the bowel movements.

• Crohn’s disease can affect any segment of the gastrointestinal tract,
therefore its manifestations are more diversified than those in UC.

Key facts of fat-soluble vitamins

• There are four fat-soluble vitamins: A, D, E, and K.
• The hallmark of the fat-soluble vitamins is their hydrophobicity,

which results in their ability to be stored and the involvement of
numerous factors in their absorption (such as the presence of fat in
diet).

• In the course of IBD, the fat-soluble vitamin deficiency is related to
malnutrition, malabsorption, reduced oral intake, and increased intesti-
nal loss.

• Vitamin A has three active forms with similar molecular structures: ret-
inal, retinol, and retinoic acid.

• Vitamin D appears in two different forms: D2 and D3, which undergo
subsequent transformations resulting in active, double-hydroxylated
forms.

• Vitamin E is a group of eight closely related compounds including
four tocopherols and four tocotrienols.

• Vitamin K has two main forms: K1 (a single compound named phyl-
loquinone) and K2 (a group of closely related structures, called
menaquinones).

Summary points

• Inflammatory bowel disease (IBD) is a group of chronic, relapsing, and
highly problematic conditions that affect the gastrointestinal system.

• The course of IBD poses a real danger to the patients’ nutritional status
(micro- and macronutrients deficiencies).

• Among patients with IBDs, lower levels of fat-soluble vitamins (A, D,
E, and K) are observed more frequently than in healthy population.
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• Vitamin A is involved in the process of inflammation which suggests
its possible role in the pathogenesis of IBD.

• Vitamin E is an antioxidant with the ability to prevent inflammation,
and this ability varies between different forms of vitamin E.

• Vitamin K is crucial for the synthesis of coagulation factors and the
process of calcification.

• Vitamin D is the most important vitamin in the pathogenesis of IBD
as it affects the immune system, intestinal microbiota, and mucosal
integrity.

• According to the guidelines, vitamin D is the only fat-soluble vitamin
which requires supplementation in patients with IBD.

Abbreviations
CD Crohn’s disease
GGCX γ-carboxyglutamyl carboxylase
GI gastrointestinal
Gla γ-carboxyglutamate
IBD inflammatory bowel disease
IOM US Institutes of Medicine
MDP muramyl dipeptide
Ω-3 omega-3
NOD2 nucleotide-binding oligomerization domain containing 2
PLTP phospholipid transfer protein
PMBC peripheral mononuclear blood cells
PUFA polyunsaturated fatty acid
RA retinoic acid
RAR retinoic acid receptor
RXR retinoid X receptor
Th T helper
TLR Toll-like receptors
Tregs T regulatory cells
UC ulcerative colitis
ucOC uncarboxylated osteocalcin
VAD vitamin A deficiency
VDR vitamin D receptor
VKD proteins vitamin K-dependent proteins

28.1 Inflammatory bowel disease

The term inflammatory bowel disease (IBD) encompasses a group of
chronic, relapsing, and highly problematic conditions that affect the gas-
trointestinal (GI) system. Among IBD two main types can be
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distinguished: ulcerative colitis (UC) and Crohn’s disease (CD)
(Hendrickson et al., 2002).

Despite the fact that IBD affects over 1.5 million of people in North
America and over 2 million in Europe and that the IBD prevalence is still
increasing (Ananthakrishnan, 2015), the precise etiology remains
unknown. Many studies emphasize the multifactorial nature of IBD and
the involvement of autoimmune, genetic, and environmental factors.

UC is a condition with mucosal inflammation that affects the distal
part of the colon. The onset of UC is limited to the rectum or distal
colon and it spreads upwards to its right side. According to the extension
of inflammation, UC can be defined as proctitis, left-sided colitis, or
extensive colitis (Silverberg et al., 2005). UC is associated with blood
appearing in the stools, diarrhea, and pain in the left lower part or even
whole abdomen which deteriorates when the bowels move.

In contrast to UC, CD is a transmural inflammation of any segment of
the GI tract, from the oral part of pharynx to the area around the anus
(Hendrickson et al., 2002). However, the most characteristic site is the
distal part of the ileum. In CD the healthy regions (“skip areas”) can be
found between affected parts of the GI system. The manifestations of CD
are related to the location of inflammation and the onset of CD is not as
typical as in the case of UC. Usually, CD is associated with postprandial
pain that radiates to the navel. If the inflammation is located in the upper
GI tract (esophagus, stomach, or duodenum), patients experience difficul-
ties in swallowing (dysphagia), vomiting, and early satiety. In addition,
because the whole thickness of intestinal wall is inflamed, there is a risk of
the development of fistulas and abscesses (Hendrickson et al., 2002).

Even though IBD is thought to affect mainly the GI tract, about half
of the patients experience extraintestinal symptoms (Hendrickson et al.,
2002). The comparisons of intestinal and extraintestinal manifestations of
IBD are summarized in Table 28.1.

28.2 Nutritional state and malnutrition in inflammatory
bowel disease

The course of IBD poses a real danger to the patients’ nutritional status by
forcing them to limit oral intake and also increasing nutrient require-
ments, disrupting nutrients absorption, and causing intestinal loss (steator-
rhea, diarrhea, and hemorrhage). It should be noticed that the
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Table 28.1 Comparison of intestinal and extraintestinal IBD manifestations.

Intestinal manifestations

Feature Ulcerative colitis Crohn’s disease Comments References

Location Distal colon and rectum Any part of GI tract; most
common in ileocecal area

� Hendrickson et al.
(2002)

Extension of
changes
within the
intestinal wall

Limited to the mucosa Transmural Transmural inflammation in CD can result
in formation of fistulas or abscesses

The histology of
changes

Crypt abscesses, loss of
mucosal glands and
goblet cells

Superficial ulcerations, focal
chronic inflammation,
sometimes noncaseating
granuloma

Presence of cells typical of inflammatory
reactions is observed, mainly
polymorphonuclear leukocytes and
mononuclear cells

Abdominal pain Left lower part of
abdomen, diffuse
pain in abdomen in
pancolitis

Most often in right lower part
of abdomen; generally
diffuse pain

• Abdominal pain accompanies the onset
or aggravation of IBD in 50%�70% of
patients

• 20%�50% of patients experience pain
during clinical remission of the disease

• The pathogenesis of pain involves
peripheral (e.g., afferent hyperalgesia)
and central nervous systems (e.g.,
impact of stress)

Presence of
blood in the
stool

Characteristic Only when colon is affected Bloody diarrhea is helpful in diagnosis of
UC

(Continued)



Table 28.1 (Continued)

Intestinal manifestations

Feature Ulcerative colitis Crohn’s disease Comments References

Extraintestinal manifestations

Fever Present in 40% of IBD patients Usually prolonged and mild;
High fever occurs during aggravation/

exacerbation

Hendrickson et al.
(2002)

Loss of weight Present in both, but more common in CD Observed more consistently in children

Developmental
delay in
children

Present in 6%�12% of
patients

Present in 60%�88% of
patients

May be the first sign of IBD in children

Oral lesions Rarely seen The disease affects buccal
cavity in 9% of patients

Usually aphthous ulcers are found

Ocular
manifestations

• Present in 2%�5% of IBD patients
• Ocular manifestations include: scleritis, episcleritis, uveitis, and conjunctivitis
• Symptoms: blurred vision, burning or itchy eyes, ocular pain, photophobia, conjunctival or scleral

hyperemia, loss of visual acuity

Petrelli et al. (1982)

Renal
manifestations

Kidney stones built up
of uric acid

Kidney stones built up of
oxalate

Renal manifestations that are rife among
IBD patients are:

• Nephrolithiasis
• Tubulointerstitial nephritis
• Glomerulonephritis
• Amyloidosis
The nephrolithiasis is more common in CD

than UC

Corica and Romano
(2015)



Referred pain Generally experienced on the skin, commonly in mid-lower back, abdomen, and lower limbs Farrell et al. (2014)
Hepatobiliary

manifestations
About 5% of adults with IBD also suffer from chronic liver disease. In these patients primary sclerosing

cholangitis is predominantly detected, which in 70% is linked to UC
Fousekis et al. (2018)

Bones Osteopenia (23%�67%) and osteoporosis (7%�35%) appears frequently among CD and UC patients Mouli and
Ananthakrishnan
(2014)

Arthritis Often in IBD patients, sometimes prior to the development of intestinal symptoms. Both peripheral and
axial joints can be affected (e.g., ankylosing spondylitis)

Hendrickson et al.
(2002)

Loss of hearing Sensorineural hearing loss (SNHL) is more frequent in UC. SNHL is said to be symptomless or scanty in
manifestations even in 40% of UC patients

Loos et al. (2018)



drug�nutrient interactions may be another possible factor predisposing to
malnutrition (Hwang et al., 2012).

Several products such as spicy food, legumes, beans, corn, and peas are
frequently eliminated by patients from their diet. For example, the main
reason for the avoidance of spicy food in IBD is related to the action of
capsaicin and its physiological outcomes, such as a burning sensation,
which additionally aggravate IBD symptoms (Evangelista, 2014).
Moreover, dietary fiber, fructans (in raw vegetables), and galactooligosac-
charides may cause diarrhea (Gearry et al., 2009). Obviously, in an active
phase of IBD food avoidance is much more common than in remission
and pertains to a wider range of food items with restricted or eliminated
consumption. Generally, the avoidance is much more noticeable in CD
than in UC; however, the difference between CD and UC becomes even
more significant during remission of the disease (Bergeron et al., 2016).

Malnutrition is the most common issue in the course of IBD.
Statistically, the nutritional status (assessed on the basis of dietary intake,
body composition, biochemical tests, and strength of muscles) of even
80% of patients in the active phase of CD and 40% in remission is unsatis-
factory (Benjamin et al., 2008). Massironi et al. (2013) revealed that the
problems with patients’ nutritional status were much more prominent in
CD (about 14%), because, in contrast to UC (about 5.8%), the disease can
affect any part of digestive tract. However, in UC the patient can become
malnourished much more rapidly than in CD. Therefore it was suggested
that the malnutrition was associated with the activity or duration of the
illness, respectively, rather than the type of the disease (Massironi et al.,
2013).

Malnutrition in IBD can relate to both: macroelements (protein and
energy supply) and microelements (minerals, trace elements, and vita-
mins). Patients that suffer from IBD in its active and severe form are at
risk of developing so-called “protein�energy malnutrition.” Moreover,
IBD can also evoke micronutrient deficiencies, which can develop in mild
to severe disease or even during remission.

The major micronutrient deficiencies (besides fat-soluble vitamins) are
summarized in Table 28.2.

28.3 Fat-soluble vitamins: structures, roles, sources

The hallmark of the fat-soluble vitamins is their hydrophobicity. Their
specific chemical structure implicates the ability of being stored, as well as
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the involvement of numerous factors in their absorption (such as the pres-
ence of fat in diet). The most important risk factors of developing fat-
soluble vitamin deficiency in IBD are malnutrition, malabsorption,
reduced oral intake, and increased intestinal loss (e.g., steatorrhea) (Hwang
et al., 2012).

Table 28.2 Most common micronutrient deficiencies in inflammatory bowel disease
(IBD) (fat-soluble vitamins not included).

Deficient
micronutrient

Deficiency prevalence Comments References

Iron 36%�90% of IBD
patients

The prevalence of anemia
in IBD patients was
reported to be in the
range of 6%�74%
with the average of
17%. Iron deficiency is
responsible for
majority of these cases

Gomollón
and
Gisbert
(2009)

Calcium Around 13% adult
patients with CD and
10% with UC

Potential cause of
osteoporosis

Bjarnason
et al.
(1997)

Magnesium 13%�88% of IBD
patients

Risk factor of
hypocalcemia

Hwang
et al.
(2012)Zinc Prevalence of deficiency is

difficult to assess
because of zinc body
distribution with
relatively low
concentration in serum

An important cofactor of
over 100 enzymes

Zinc supports wound
healing

Folate
(vitamin
B9)

20%�60% of IBD
patients

Potential cause and
exacerbating factor of
anemia

Massironi
et al.
(2013)

Vitamin B12 Prevalence of deficiency
differs (20%�100%)
depends on affected
part of GI tract

The highest prevalence
(up to 100%) occurs in
patients after extensive
ileal resection

Deficiency leads to
hyperhomocysteinemia

Vitamin C Deficiency is common in
IBD patients, but does
not correlate with
activity of the disease

Participates in collagen
synthesis and wound
healing.

Decreased consumption is
more likely to be the
cause of deficiency

Hwang
et al.
(2012)
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Four fat-soluble vitamins are distinguished: vitamins A, E, K, and D,
which has the most vital role in IBD pathogenesis. The structural formu-
lae of these vitamins are presented in Fig. 28.1.

28.4 Vitamin A

Vitamin A possesses three active forms with similar molecular structures:
retinal, retinol, and retinoic acid (RA), which is the most active form of
vitamin A (Hoag et al., 2002). Vitamin A is produced from carotenoids
(among them β-carotene has the highest biological vitamin A-related
activity). The active forms of vitamin A can be supplied with diet (food of
animal origin) or dietary supplements, while fruits, vegetables (like carrot,
pumpkin, spinach, or batata), fish, and dairy products contain carotenoids
(Bai et al., 2010).

Because of its fat-soluble structure, the absorption of vitamin A
requires salts of bile acids. Vitamin A passes through the enterocytes and
gets to the bloodstream by being packed into chylomicrons.
Subsequently, the majority of vitamin A (50%�80%) is stored in the liver
and from there it is distributed to other tissues through the bloodstream as
retinol. Due to its hydrophobic character, retinol requires a transporting
agent to circulate in the bloodstream, namely retinol binding protein,
which is synthesized in a zinc-dependent manner (Bai et al., 2010).

Vitamin A is involved in numerous processes and therefore belongs to
the group of indispensable compounds for humans. Among the active
forms of vitamin A, RA plays a pivotal role by engaging in processes
including embryonic development, epithelial cells growth (as it acts like a
growth factor), wound healing (through increasing the number of macro-
phages and monocytes), and promoting collagen synthesis by fibroblasts. It
can interact with cells by means of two types of receptors: the retinoic
acid receptor (RAR) and the retinoid X receptor (RXR) which both act
as transcription factors (Bai et al., 2010).

Vitamin A has an impact on the immune system, especially adaptive
immunity cells. Iwata et al. (2003) found that RA acted directly by RAR
receptor (but not RXR) on naive T cells and supported their differentia-
tion into Th2 cells, while suppressing Th1 cell development.
Interestingly, RA added at the initiation of naive T cells stimulation gave
the contradictory effect by blocking their transformation to Th2 cells
(Iwata et al., 2003). However, there is an alternative and indirect way
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Figure 28.1 The structures of various forms of fat-soluble vitamins. Retinol, retinal, and retinoic acid are major forms of vitamin A.
Vitamin E is considered as group of four tocopherols and four tocotrienols (α, β, γ, δ). Vitamin K can be found in form of phylloquinones
(K1) and menaquinones (K2). Finally, vitamin D appears in two possible forms (D2 and D3) which then are activated in two subsequent
hydroxylation processes.



leading to similar effects by influencing antigen-presenting cells (APCs)
(Hoag et al., 2002).

There is yet another way in which vitamin A limits the progression of
inflammation. A special group of T lymphocytes, so-called T regulatory
cells (Tregs), are responsible for the inhibition of inflammation and other
immune responses, protecting against uncontrolled immune activation in
autoimmunity (Vignali et al., 2009). Tregs’ activation by TGF-β is
enhanced by RA. Therefore RA supports the activity of Tregs which in
turn limits proinflammatory Th17 cells (Mucida et al., 2007).

Finally, vitamin A is crucial for immune responses that involve immu-
noglobulin A (IgA) (Tokuyama and Tokuyama, 1999). It was discovered
that RA intensified the production of IgA by splenic B lymphocytes pre-
viously stimulated by lipopolysaccharide. However, RA alone was not
able to influence the IgA production; such effects were observed in the
presence of IL-5 or IL-6 which exhibit supportive properties for this pro-
cess (Mora et al., 2006; Sato et al., 2003).

28.5 Vitamin A and inflammatory bowel disease

In both groups of patients suffering from either CD or UC, lower con-
centrations of retinol in serum were reported. This tendency did not
relate to the presence of inflammation in any concrete part of the GI tract
(Janczewska et al., 1991). It is worth mentioning that the serum retinol
level may not be as reliable parameter of vitamin A deficiency (VAD) as
hepatic retinol, because the vast majority of vitamin A is stored in the liver
(Soares-Mota et al., 2015). A decrease of vitamin A level in the course of
IBD was observed in correlation with their duration: the longer the dis-
ease, the lower the concentrations of vitamin A (Fabisiak et al., 2017).

Importantly, VAD is associated with the development of inflammation
and fibrosis. Reifen (2002) suggested that VAD induced inflammation in
the colon in rats as it increased the activity of NF-κB, potentiated oxida-
tive stress, and promoted collagen deposition. Moreover, in rats with
VAD, several histological alterations in the colon were observed: villi
shortage, or inflammatory cell infiltration, and hyperplasia. Furthermore,
it was reported that VAD deteriorated colitis, while it was ameliorated
with vitamin A supplementation (Reifen, 2002). Additionally, VAD was
linked to decreased food intake, reduced weight gain (Uni et al., 1998)
and changes in taste preference (increased threshold for sweet) (Reifen
et al., 1998).
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The activity of vitamin A seems to have unique value in the case of
IBD, where large amounts of Th1 cells accumulate in lamina propria and
produce cytokines that harm colonic tissue (Monteleone et al., 1997).
Because vitamin A has the ability to increase the number of Th2 at the
expense of Th1 cells, it can reinstate the equilibrium between them and
therefore RA is believed to present therapeutic properties in IBD (Bai
et al., 2010).

A more recent hypothesis about the involvement of vitamin A and
mitochondria in inflammation has been tested. A report by Tirosh et al.
(2007) showed that necrosis of tissues, which occurred during inflamma-
tion, was associated with a decrease in oxygen consumption rate. Another
study carried out on rats revealed that in rat model of colitis reduction of
mitochondrial respiration, decreased amounts of mitochondrial DNA and
expression of mitochondrial proteins were observed. In this experiment
vitamin A counteracted these changes (Reifen et al., 2015).

Supplementation of vitamin A alleviated colitis in rats through limita-
tion of the NF-κB level and oxidative stress reduction (Reifen et al.,
2002). However, the supplementation is not recommended in IBD
patients because of the possible toxic influence of excessive amounts of
vitamin A (bone fractures, liver damage). Therefore prolonged vitamin A
intake with doses exceeding daily recommended intake values (males,
900 μg/d; females, 700 μg/d) should be carefully considered before imple-
mentation (Hwang et al., 2012).

28.6 Vitamin E

Vitamin E is defined as a group of eight closely related compounds
including four tocopherols and four tocotrienols (Fig. 28.1). The main
structural difference is the presence of three unsaturated double bounds in
the aliphatic chain of tocotrienols, while such chains in tocopherols are
saturated. Each of this group consists of structures (α, β, γ, δ) varying in
quantity and localization of the methyl substituents attached to the aro-
matic ring [Institute of Medicine (US) Panel on Dietary Antioxidants and
Related, 2000].

Vitamin E is absorbed with fatty meals in the small intestine; its
absorption requires pancreatic esterases and bile acids; the micellization
was recognized to be the most important part of this process. Similarly to
vitamin A, vitamin E gets to the bloodstream by being transported within
chylomicrons. In their interaction with endothelial lipoprotein lipase,
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chylomicron remnants are created and subsequently taken up by the liver.
In contrast to vitamin A and vitamin D, the secretion of vitamin E from
the liver to other tissues involves very-low-density lipoproteins without
any specific transporters (Borel and Desmarchelier, 2018).

Vitamin E in the blood is spread between all types of lipoproteins by
phospholipid transfer protein (PLTP) (Kostner et al., 1995). Interestingly,
recent studies revealed that PLTP can modulate immunity on different
levels, from inflammation and phagocytosis to even adaptive immune
cells, by changing the Th1/Th2 balance in favor of proinflammatory Th1
cells. Moreover, it was shown that the deficiency of PLTP in mice corre-
lated with the reduced production of proinflammatory IL-18 and
increased the level of α-tocopherol. In addition, α-tocopherol positively
influenced T cells activity. Therefore it has been recently suggested that
vitamin E favored antiinflammatory Th2 lymphocyte development, but
further research is necessary (Desrumaux and Lagrost, 2018).

Most importantly vitamin E is an antioxidant that stops the cascade of
lipid peroxidation. It reacts with peroxyl radicals instead of polyunsatu-
rated fatty acids (PUFA), because the reactivity of the peroxyl radical with
vitamin E is about 1000 times higher than with PUFA (Burton et al.,
1985). Even though α-tocopherol has been attracting the greatest interest
among researchers so far, the specific activity of other forms of vitamin E
may play key roles in human health. For example, γ-tocopherol was dis-
covered to be a better inhibitor of cyclooxygenase than α-tocopherol,
which made it more efficient in inflammation prevention (with a similar
mechanism as typical nonsteroidal antiinflammatory drugs) (Jiang, 2003).

28.7 Vitamin E and inflammatory bowel disease

In IBD patients the level of vitamin E was lowered in comparison to
healthy controls (Fabisiak et al., 2017). However, the deficiencies are not
very common, since vitamin E can be found in a variety of food sources
like margarine, corn, sunflowers, and also safflower and soybean oils
(Hwang et al., 2012). In fact Alkhouri et al. (2013) reported that vitamin
E deficiency was more frequent in the control group (8%) than among
IBD patients (5%). Another study showed that cholesterol levels in CD
patients were lowered proportionally to vitamin E, which elicited a
hypothesis about decreased cholesterol concentration as the cause of vita-
min E deficiency (Geerling et al., 1998). In contrast to vitamin A and K,
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the serum concentrations of vitamin E did not correlate with the duration
of IBD (Fabisiak et al., 2017).

28.8 Vitamin K

Similarly to other fat-soluble vitamins, vitamin K is not just one well-
defined compound. The naturally occurring organic structures of vitamin
K can be divided into two main groups: vitamin K1 and vitamin K2.
Vitamin K1 is a single compound named phylloquinone that can be sup-
plied with a diet enriched with leafy vegetables. Whereas, vitamin K2 is a
group of closely related structures, called menaquinones. As vitamin K
synthesis is performed by lactic acid bacteria, it is produced locally in the
intestines. The source of vitamin K2 are fermented dairy products
(Shearer and Okano, 2018).

The majority of vitamin K is absorbed in the proximal part of the
small intestine. In further steps, vitamins K1 and K2 are distributed to dif-
ferent destinations:
• Vitamin K1: to the liver where it participates in the synthesis of coagu-

lation factors: II, VII, IX, and X (examples of vitamin K-dependent
(VKD) proteins).

• Vitamin K2: to the bones or vascular walls where it participates in the
regulation of the activity of proteins containing γ-carboxyglutamate
(Gla), such as osteocalcin.
Vitamin K is a cofactor of the microsomal enzyme called

γ-carboxyglutamyl carboxylase (GGCX) which participates in the post-
translational modification of proteins that involves the transformation of
glutamate (Glu) into Gla by the addition of a carboxyl group (Shearer and
Okano, 2018).

The presence of Gla in the structure of VKD proteins is crucial for
their functions. Taking into consideration the place of origin, hepatic and
extrahepatic VKD proteins can be distinguished. For example, the coagu-
lation factor proteins have modules containing Gla, which are responsible
for binding Ca21 ions due to the presence of a negatively charged car-
boxyl group. The two main representatives of extrahepatic VKD proteins
are osteocalcin and matrix Gla protein. Both are specifically engaged in
physiological and pathological calcification (Willems et al., 2014).

Moreover, a synergistic influence of vitamin K and vitamin D on
bones and the cardiovascular system was revealed. The key to the expla-
nation of this relationship seems to be the ability of vitamin D to increase
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the amount of VKD proteins and also the impact of vitamin K on vitamin
D receptors (VDRs) that can undergo γ-carboxylation (Van Ballegooijen
et al., 2017).

Because of the activity of GGCX, the concentration of uncarboxylated
osteocalcin (ucOC) increases in conditions of vitamin K insufficiency.
Therefore the measurement of ucOC is used in the assessment of vitamin
K intake—the higher concentration of ucOC, the more significant the
vitamin K insufficiency (Fabisiak et al., 2017).

28.9 Vitamin K and inflammatory bowel disease

In IBD patients the deficiency of vitamin K appeared more frequently
than in healthy controls (Fabisiak et al., 2017); in CD patients, lower
levels of vitamin K correlated with the activity of inflammation.
Additionally, the ucOC concentration in CD was significantly higher
than in UC, which implicated that CD patients were more predisposed to
vitamin K deficiency (Nakajima et al., 2011).

It was suggested that vitamin K deficiency, together with vitamin D,
may participate in pathogenesis of osteoporosis in IBD patients. In fact
about 10%�12% of CD patients suffer from osteoporosis and even 30%
from osteomalacia. This activity stems (at least partially) from the ability of
vitamin K to reduce the production of prostaglandin E2 in osteoclasts,
which induces bone resorption (Bjarnason et al., 1997).

However, the findings mentioned above do not seem to be convinc-
ing enough to use vitamin K supplementation routinely in IBD.

28.10 Vitamin D

There are two forms of vitamin D in humans: vitamin D2 (ergocalciferol)
and vitamin D3 (cholecalciferol) (Fig. 28.1). Both are synthesized under
the influence of ultraviolet B radiation and can be supplied with meals.
Each form of vitamin D has a different origin: vitamin D2 is produced by
mushrooms, while vitamin D3 can be found in fish like salmon, mackerel,
or herring. The majority of vitamin D is synthesized in the skin as D3

(Jeon and Shin, 2018).
Vitamin D acts through VDR which are nuclear receptors with tran-

scription factor activity. These receptors are abundantly expressed in adap-
tive and innate immune cells. Additionally, VDR are expressed in the
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central nervous system, renal tubules, intestine, pancreas, heart, skin,
reproductive system, and also placenta (Lee et al., 2018).

Both vitamins, vitamins D2 and D3, are inactive at the moment of sup-
ply to the human body or, in case of D3, genesis in the skin. Their activa-
tion is achieved in two consecutive hydroxylations: first in the liver (in
position 25 in the structure of vitamin D) and then in the kidneys
(hydroxylation in position 1). The first step results in 25(OH)D which is
used in analyses as a marker of vitamin D status. The whole process ends
with the formation of double-hydroxylated structures (1,25(OH)2D2 and
1,25(OH)2D3) of a fully active vitamin, so-called calcitriol (Jeon and Shin,
2018). The scheme of synthesis of 1,25(OH)2D3 is shown in Fig. 28.2.

The activation of vitamins D2 and D3 includes the same steps, how-
ever, there are some significant differences in their activity in the organ-
ism. It was shown that supplementation of vitamin D3 was much more
efficient in increasing the concentration of 25(OH)D and duration of this
increase than in groups where vitamin D2 was administered (Tripkovic
et al., 2012).

Vitamin D is considered as an important regulator of immune
response. The VDR are expressed on leukocytes, peripheral mononuclear
blood cells (PMBCs), APCs, T lymphocytes, CD41, and CD81

(Veldman et al., 2000).

28.11 Vitamin D and inflammatory bowel disease

For several years it has been suggested that vitamin D3 deficiency is an
important factor that contributes to the IBD pathogenesis (Lim et al., 2005).

Figure 28.2 The scheme of 1,25(OH)2D3 synthesis, which is an active form of vitamin D.
Three steps of this process take place in the skin, liver, and finally in the kidney.
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Additionally, epidemiological studies revealed higher prevalence of IBD
in the northern countries of Europe (the UK, Scandinavia) and North
America (Canada) (Ananthakrishnan, 2015); in these regions patients were
more susceptible to vitamin D deficiency through limited sun exposure.
Moreover, the seasonal variability in the onset and exacerbation of IBD
was reported: the highest rate of new, symptomatic cases of UC was
observed in December (Moum et al., 1996), while for CD, the greater
proportion of disease aggravation was noted in autumn and winter (Zeng
& Anderson, 1996). Decreased vitamin D levels were observed in patients
newly diagnosed with IBD with significantly lower vitamin D serum con-
centrations in comparison to healthy controls during winter (Schoon
et al., 2000). Interestingly, among patients newly diagnosed with IBD,
those with CD had significantly lower vitamin D level in comparison to
UC patients (Lee et al., 2000).

The main causes of vitamin D deficiency in IBD patients are listed in
Table 28.3.

The importance of vitamin D in IBD pathogenesis was confirmed in
research on gene polymorphism; it was observed that VDR genes altera-
tions correlated with patients’ susceptibility to CD and UC (Simmons
et al., 2000). Furthermore, the important role of vitamin D in IBD was
confirmed in numerous animal studies. For example, Kong et al. (2008)
discovered that in VDR-knockout mice colitis developed much quicker
and with more severity than in controls. Similar results were reported by
Froicu et al. They also proved that the aggravated IBD course in mice
was a result of immune system alterations, and not disturbed calcium
homeostasis (Froicu et al., 2003). Moreover, it was reported that supple-
mentation of vitamin D3 ameliorated IBD-related symptoms (diarrhea,
waste, mortality) in IL-10 knockout mice, an animal model of IBD
(Cantorna et al., 2000).

Hereafter we present possible linkages between the pathogenesis of
IBD and vitamin D.

28.11.1 The mucosal barrier
The mucosal barrier comprises mucous stratum, glycocalyx, and epithelial
cells; the latter are connected via desmosomes, adherens junctions, and
tight junctions. The barrier consists of components like E-cadherin,
claudin-1, ZO-1, and occludin proteins (Merga et al., 2014). One of the
causes of IBD is defective mucosal barrier leading to chronic stimulation
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of the local immune system (Hanauer, 2006). In patients with IBD the
proteins involved in junctions between epithelial cells were lower in
number and the scale of these changes correlated with inflammation activ-
ity (Gassler et al., 2001). Other research reported alterations in the loca-
tion of these proteins (Oshitani et al., 2005). In consequence, bacteria
commonly found in the lumen of GI tract seem to have the ability to

Table 28.3 Main causes of vitamin D deficiency.

Cause of vitamin D
deficiency

Comments References

Insufficient
exposure to
sunlight

• In Ireland, CD patients in remission
have the highest level of vitamin D
in late summer which is similar to
the lowest level of vitamin D in
healthy controls in late winter

Mouli and
Ananthakrishnan
(2014), Rosen
(2011)

Insufficient supply
of vitamin D
with diet

• 36% of IBD patients supply too low
quantity of vitamin D with a diet

Disturbed
activation of
vitamin D

• Liver or kidney failure
• Inhibitory activity of fibroblast

growth factor 23 (FGF-23)
produced by osteocytes

Protein losing
enteropathy

• Decrease in the level of vitamin D
binding protein DBP, a specialized
transporter of vitamin D

Increased
excretion

• Nephrotic syndrome results in the
loss of vitamin D with the urine

Defective
absorption

• May be deteriorated by resection of
intestine or presence of
inflammation in proximal part of the
small intestine (the major location of
vitamin D absorption)

• Most often affects CD patients with
involvement of proximal part of the
small intestine

• Seems not to be crucial since no
significant difference in vitamin D
status was found in comparison
between CD and UC

Impaired bile
acids
absorption

• Decreased absorption of bile acids in
terminal ileum (often affected in
CD) may result in impaired
absorption of fat and fat-soluble
substances, i.e., vitamin D
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aggravate the already pathologically increased permeability, cross the barrier,
and eventually stimulate the immune system (Farrell and LaMont, 2002).

Vitamin D was reported to significantly influence the mucosal barrier’s
homeostasis. In mice with absent VDR, lower levels of E-cadherin,
claudin-1, ZO-1, and occludin proteins were observed when compared
to wild-type animals (Kong et al., 2008). It was discovered that vitamin D
directly increased the number of junction proteins (but not occludin) and
healing potential of mucosa. Moreover, vitamin D induced migration of
epithelial cells that seemed helpful in the restoration of injured mucosa,
since such a process was crucial in the creation of new crypts (Kong et al.,
2008).

28.11.2 Toll-like receptors
The activity of Toll-like receptors (TLRs) is linked to innate immunity.
These receptors are reactive to patterns of microbes and as a result they
stimulate NF-κB and activator protein 1 production, which leads to the
increase of proinflammatory cytokine levels and recruitment of adaptive
immune cells (Akira et al., 2001). It was reported that the stimulation of
TLRs by Mycobacterium tuberculosis resulted in increased expression of
VDR and Cyp27B1 an enzyme converting 25(OH)D to the calcitriol
(1,25(OH)2D). Immune cells, in the presence of 25(OH)D, upregulated
the antimicrobial peptides and cathelicidin (which destroys bacteria) (Liu
et al., 2006). Moreover, vitamin D supported autophagy by causing colo-
calization of autophagosomes and phagosomes containing pathogens (with
the important role of cathelicidin) (Yuk et al., 2009).

TLRs are also present in the GI tract, on intestinal epithelial cells, but
the pattern of TLRs on these cells partly differs from that on immune
cells—on epithelial cells TLR3 and TLR5 are normally present, while the
number of TLR2 and TLR4 is significantly lower (Fukata and Abreu,
2008). In the course of IBD, there are additional differences—immuno-
histochemical staining revealed that the expression of TLR2 and TLR4 in
IBD is higher than in healthy controls (Hausmann et al., 2002). Because
of the association between TLRs and proinflammatory NF-κB, the
abnormally high activity of TLRs may lead to overstimulation of these
receptors by commensal microbes and finally induce the inflammation in
the intestines (Fukata and Abreu, 2008). Dionne et al. (2014) studied the
role of 1,25D supplementation on TLR2-, TLR4-, and TLR7/8-induced
cytokines released in PMBCs from patients with CD; the production of

602 Molecular Nutrition



cytokines (TNF-α, IL-10, IL-23, IL-12p40) was lower after 1,25D
pretreatment.

28.11.3 NOD2 receptor
NOD2 is an intracellular receptor that is crucial in host defense against
pathogen invasion. The main effect of NOD2 stimulation is the activation
of NF-κB (a major transcription factor responsible for proinflammatory
effect) and induction of HBD2 transcription, a gene encoding defensin
β2, which is a host defense peptide. By acting with the ingredient of pep-
tidoglycan, so-called muramyl dipeptide (MDP), commonly found in bac-
teria, NOD2 can lead to autophagy and to the development of Th17
lymphocytes (Yuk et al., 2009).

The alterations in NOD2 gene expression are linked to CD, but not
UC, and they are responsible for about 1/5 or even 1/4 of CD cases.
People who are homozygous with a pair of defective genes are at approxi-
mately 20�40 times greater risk of developing CD than healthy controls
(Hugot et al., 2001). Surprisingly, the defective NOD2 genes cause
impairment of MDP-induced responses and the decrease of NF-κB activ-
ity in macrophages in healthy (non-IBD patients). It suggests that the
response of the immune system should be inhibited, while in the IBD
intestines are excessively inflamed (Abreu, 2002).

It was discovered that vitamin D increases the expression of NOD2 in
epithelial and monocytic origin cells (Wang et al., 2010). However, in
CD patients with an inactivating mutation of NOD2, vitamin D3 treat-
ment led to activation of genes encoding defensin β2 and cathelicidin
(antimicrobial peptides) in response to bacterial MDP. This stimulatory
effect was diminished in healthy patients. Notably, the supportive effect
of vitamin D on defensin production was not observed in CD patients
with inactivating polymorphism of NOD2 gene, supplying additional evi-
dence of a significant connection between vitamin D and IBD (Wang
et al., 2010).

In PBMC from CD patients the production of NOD2-stimulated
cytokines (IL-23, IL-10, TNFα, but not IL-12) was significantly increased
after vitamin D3 pretreatment. In the control group (without vitamin D3

supplementation) the cytokine levels remained low. In further experi-
ments the secretion of cytokines upon simultaneous NOD2- and TLR
stimulation and vitamin D3 pretreatment was assessed. Vitamin D3

induced the increase of TNFα and IL-23, while IL-12 secretion was

603Inflammatory bowel disorders and fat-soluble vitamins



inhibited; the level of IL-10 remained unchanged. Moreover, it was eval-
uated whether the immunomodulatory effect of vitamin D3 observed in
CD was also present in UC and healthy controls; after NOD2- and
TLR4 stimulation, the effect of vitamin D3 treatment was similar between
these three groups. However, the result of simultaneous stimulation of
NOD2, TLR4, and TLR7/8 on cytokine production was consistent in
CD and UC, but not healthy controls. These results indicate a significant
role of vitamin D on immune response in IBD; nevertheless, the interac-
tions between NOD2 and TLRs are complex and they are dependent on
the type of TLR activated (Dionne et al., 2014).

The summary of the impact of vitamin D on IBD is included in
Fig. 28.3.

28.12 Vitamin D supplementation

The gold standard for vitamin D serum concentration is about 40 ng/mL
(Pludowski et al., 2018). It is important to emphasize that guidelines for
vitamin D supplementation may be different according to the selected

Figure 28.3 The summary of the comprehensive impact of vitamin D on IBD.
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criteria. For example, the guidelines from US Institutes of Medicine
(IOM) are based mainly on bone health and suggest a dosage of 400 IU/
day for infants, 600 IU for children, adolescents, adults, and 800 IU for
adults over 70 years of age; however it should not be used in IBD ther-
apy, since those guidelines are created only for North Americans and
based on “classical” vitamin D activity on bones. For this purposes, the
Central European guidelines seem to be much more adequate and aim for
a vitamin D concentration between 30 and 50 ng/mL (Pludowski et al.,
2018).

Another aspect that should be taken into consideration is the possible
impact of long-term supplementation of vitamin D. For the reasons men-
tioned above, the supplementation of vitamin D could pose a risk for the
calcification of soft tissues by leading to relative deficiency of vitamin K
and inadequate action of the VKD proteins (Peacock, 2010).

Vitamin D supplementation is an important factor for the effectiveness
of antiTNF therapy in IBD. A prospective study performed by Santos-
Antunes et al. (2016) showed that vitamin D deficiency correlates with a
higher probability of failure of antiTNF treatment in IBD patients, which
also had higher autoimmune potential. Therefore vitamin D should be
measured and supplemented in the patients who are planned to receive
the antiTNFαs.

According to the guidelines, vitamin D is the only fat-soluble vitamin
that should be supplemented in IBD to prevent osteoporosis which is
inseparably associated with corticosteroid therapy commonly seen in
patients with IBD (Mouli and Ananthakrishnan, 2014).

28.13 Diet in inflammatory bowel disease

For many years the high prevalence of IBD was associated with regions
representing the Western lifestyle (including contemporary alterations in
common diet, like increased intake of sugar) such as North America,
Europe, and Oceania. Now the incidence rate in these parts of the globe
has been stable since 1990s, while the problem seems to be expanding
with an increasing number of IBD cases reported in Japan, Hong Kong,
and Korea, suggesting the correlation with the “Westernization” of life-
style in those Eastern countries (Ananthakrishnan, 2015).

Some studies indicate that fruits and vegetables are indicated in the
prevention of IBD (Owczarek et al., 2016). It was also reported that
breastfeeding lowers the risk of IBD in later life (Owczarek et al., 2016).
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Moreover, pediatric patients suffering from IBD have an increased con-
centration of antibodies against cow’s milk proteins (like bovine serum
albumin and β-lactoglobulins A and B). Taken together, this suggests the
correlation between intolerance to cow’s milk and IBD and promotes
suckling for IBD prevention (Lerner et al., 1989).

The diet recommended for most IBD patients should be healthy and
varied, without other more sophisticated indications. There is no doubt
that for patients experiencing exacerbation of the disease, a low-fiber diet
should be applied (Owczarek et al., 2016). However, there are no clear
dietary recommendations for patients in remission. The fear of IBD symp-
tom exacerbations contributes to diet restrictions and affects patients’ social
lives. Nevertheless, a modified carbohydrate diet with a limited amount of
refined sugars and complex carbohydrates, semivegetarian diet, and use of
prebiotics like geminated barley foodstuff gave promising results by main-
taining remission in IBD patients, even when compared to pharmacother-
apy (Owczarek et al., 2016).

Although there are no precise guidelines for IBD patients, some nutri-
ents were reported to have positive impacts on the course of the disease,
for example, omega-3 (Ω-3) PUFAs or fermentable fiber. The former,
which are naturally found mainly in fish oils, are especially
profitable dietary agents in the alleviation of prolonged inflammation. The
antiinflammatory action of Ω-3 PUFAs results principally from the pres-
ence of their metabolic pathways’ end products like prostaglandins,
thromboxanes (both 3-series), and leukotrienes (5-series) (Massironi et al.,
2013). The opposite effect was reported for omega-6 PUFAs, which are
proinflammatory (Owczarek et al., 2016).

Fermentable fiber is much more beneficial for health than insoluble
fiber. It is because of the process of fermentation conducted by colonic
bacteria which ends with the formulation of short-chain fatty acids,
including the most well-known, butyrate (Massironi et al., 2013).
Butyrate is not only the fundamental substrate for epithelial cells in the
colon but also probably decreases the endogenous synthesis of proinflam-
matory cytokines, helps in reactive oxygen species management, and sti-
mulates the NF-κB pathway (Massironi et al., 2013).

In conclusion, as shown above, proper nutrition and diet have a great
potential for IBD treatment. Since there are no standardized guidelines,
further research is crucial for the development of efficient dietary inter-
ventions in IBD.
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Key facts

• Vitamin K is a fat-soluble vitamin that plays a vital role in the blood
clotting process.

• Vitamin K1 is naturally present in green leafy vegetables while vitamin
K2 is derived from bacteria or dairy and meat products.

• Vitamin K intake, especially vitamin K2, is inversely correlated with
advanced prostate cancer (PCa).
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• Vitamin K2 inhibits both hormone-dependent and hormone-
independent PCa in experimental studies.

• Vitamin K3 (synthetic vitamin K) in combination with ascorbic acid
induces autoschizis type of cell death in PCa cells while vitamin K2
mainly induces apoptotic cell death.

• Vitamin K3-based therapy (Apatone) has shown promise in an open
label, Phase I/IIa study of PCa patients by delaying biochemical
progression.

Summary points

• The focus of this chapter is on the applications of vitamin K in prostate
cancer (PCa).

• Vitamin K exists naturally in two forms, namely vitamin K1 (phyllo-
quinone) and vitamin K2 (menaquinone).

• Vitamin K administration improves bone health, reduce fractures, and
prevents calcium buildup in the arteries.

• Recent studies suggest that vitamin K2 may reduce fatal PCa
incidence.

• Vitamin K and its derivatives can target multiple stages of PCa
development by acting on various cellular mechanisms.

• However, before clinical use of vitamin K for PCa patients, rigorous
clinical trials need to be undertaken.

Abbreviations
PCa prostate cancer
ADT androgen deprivation therapy
ROS reactive oxygen species
PSA prostate-specific antigen
K2 vitamin K2
K3 vitamin K3
K4 vitamin K4
MGP matrix-Gla protein

29.1 Introduction

29.1.1 Prostate cancer
Prostate cancer (PCa) is one of the leading causes of cancer-related death
among men in the United States and the second leading cause of cancer
worldwide (Stan and Singh, 2009). The American Cancer Society has
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estimated that in 2017 there will be approximately 161,360 new cases of
PCa and 26,730 deaths from PCa. Some cases of PCa show clinical rele-
vance from the beginning, whereas others acquire the clinical relevance as
the cancer progresses (Geisler et al., 2015). In spite of the various methods
of diagnosis available and the evolution of targeted therapies, this cancer
proves to be devastating. The current treatment options available for PCa
include surgery, radiation therapy, chemotherapy, and hormonal therapy
(Geisler et al., 2015). Surgery, which is also called prostatectomy, is pre-
ferred only if the tumor is localized inside the prostate gland. But approxi-
mately one in three PCa patients tend to develop biochemical relapse
after prostatectomy. These patients who develop biochemical relapse will
eventually develop clinical relapse causing metastasis and leading to death.
Radiation therapy is used to either treat the primary tumor within the
prostate or serve as a curative treatment to prevent the recurrence of the
cancer after prostatectomy (Antonarakis et al., 2015). Unfortunately,
recurrence of cancer occurs in 30%�40% of the patients undergoing
radiation therapy. Studies reveal that radiotherapy resistance is due to
radiation-resistant PCa cells, the presence of cancer stem cells and the
complexity of the tumor microenvironment (Antonarakis et al., 2015).
Chemotherapy is the most conventional treatment for any cancer.
Hormonal therapy, also called androgen deprivation therapy, is the most
successful treatment for the initial stages of PCa, which is accomplished by
lowering the level of hormones such as androgens, testosterone, and
dihydrotestosterone in the patient’s body. However, after 18�24 months
of any kind of therapy the patients develop resistance known as
castration-resistant prostate cancer (CRPC) (Antonarakis and Armstrong,
2011). This type of PCa is often highly aggressive, metastatic, and resistant
to conventional treatments. Currently, there are six therapies available for
treating CRPC in men, which have all shown prolonged survival in
CRPC patients. These treatments include taxol-based chemotherapeutics
(cabazitaxel and docetaxel), androgen receptor targeted therapies
(enzalutamide and abiraterone), cell-based immunotherapy (Sipuleucel-T),
and therapy for bone metastases using radioisotope (radium-223)
(Antonarakis et al., 2015). Although these treatments are available for
treating PCa patients, development of therapy resistance leads to poor
survival rate.

There is no clear study that points exactly in the direction of why PCa
occur in some people and not in others. However, scientists have identi-
fied many factors that raise a man’s risk of disease, such as age, race, family
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history, and lifestyle. In patients with PCa an improvement in survival
increases with the early detection and treatment. For people with local-
ized PCa whether early detection and treatment can improve the chances
of survival is under research. In the last two decades natural compounds
have been attracting increased attention for the discovery of small mole-
cules as effective anticancer chemotherapeutic agents. Studies show that
more than 60% of the anticancer agents used for treating various cancers
are from natural sources such as plants, microorganisms, and marine
organisms (Bailon-Moscoso et al., 2017). There are currently more than
200 compounds from natural sources that are in preclinical/clinical trials
or in clinical use (Bailon-Moscoso et al., 2017). Natural compounds are
reported to have much less cytotoxic effects on patients than other
chemically synthesized small molecules (Bailon-Moscoso et al., 2017).
Epidemiological and preclinical studies show that intake of vitamin K,
especially vitamin K2, is inversely associated with advanced PCa
(Nimptsch et al., 2008, 2010). The use of vitamin K and its substituents
in treating PCa is currently under intense research. In fact many clinical
studies have proved that vitamin K is a potential anticancer agent for vari-
ous types of cancers (Dasari et al., 2017).

29.1.2 What is vitamin K
The letter K is derived from the German term “Koagulation Vitamin”,
and this vitamin plays an important role in coagulation as well as being
beneficial in managing various diseases such as osteoporosis, cardiovascular
diseases, and cancer. Recent studies have revealed the potential anticancer
role played by vitamin K and its derivatives as a promising treatment for
PCa (Dasari et al., 2017, 2018; Schwalfenberg, 2017). Vitamin K is a
fat-soluble vitamin, important for the function of numerous proteins
within the body, such as the coagulation factors (II, VII, IX, X, and
proteins C and S), osteocalcin (a bone-forming protein), and matrix-Gla
protein (MGP) (an anticalcification protein), to name a few (Booth, 2009;
Booth and Suttie, 1998; Krueger et al., 2009).

Vitamin K is a group of structurally related molecules that have a
2-methyl-1,4-naphthoquinone ring and a variable aliphatic chain. The
variable aliphatic chain differentiates vitamin K into two naturally
occurring forms: vitamin K1 (phylloquinone) and vitamin K2 (menaqui-
none). The synthetic form of vitamin K without the aliphatic chain is
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referred to as vitamin K3 or menadione which is used as a provitamin
(Lamson and Plaza, 2003).

Vitamin K1 is found in green leafy vegetables such as broccoli, lettuce,
spinach, fermented soy (natto), spring onions, and cabbage. The various
forms of vitamin K2 (MK-4, MK-7, and MK-10) are mainly synthesized
by bacteria, especially in nutrient products such as natto and yogurt
(Knapen et al., 2015). Vitamin K2 (MK-4) is also found in meat, eggs,
curd, and cheese products (Booth and Suttie, 1998).

Postintestinal absorption, vitamins K1 and K2 are carried to the liver
by triglyceride-rich lipoprotein (Shearer et al., 1996; Schurgers and
Vermeer, 2002). Vitamin K2 is transported from the low-density lipopro-
teins to extraliver tissues while vitamin K1 is excreted by the human
body. High levels of vitamin K2 are accumulated in peripheral tissues and
are detected in the brain, aorta, and pancreas, and low levels are present
in the liver (Shearer et al., 1996; Schurgers and Vermeer, 2002).

29.1.3 Sources of vitamin K
As we have earlier stated, vitamin K exists as two major types, namely K1
and K2. Various forms of vitamin K are naturally present in different sources
such as green leafy vegetables, fruits, meats, and dairy products (Booth and
Suttie, 1998). Table 29.1 illustrates the various sources of vitamin K.

29.1.4 Deficiency of vitamin K
Most of the blood tests that are used to measure and treat the deficiency
of vitamin K are not conclusive of the deficiency as the concentrations of
vitamin K (plasma phylloquinone) fluctuate based on the dietary intake
(DiNicolantonio et al., 2015). The poor status of vitamin K can be
reflected based on the presence of a high percentage of undercarboxylated
osteocalcin, but this is also not accurate as it varies when a recent intake
of vitamin K is found in the test (Booth and Suttie, 1998; Booth and

Table 29.1 Various food sources of vitamin K.

Type of
vitamin K

Food source

Vitamin K1 Vegetables such as spinach, broccoli, cabbage, and kale (Booth
and Suttie, 1998)

Vitamin K2 Gut bacteria, meats, and dairy products (Booth and Suttie,
1998)
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Al Rajabi, 2008). However, the presence of adequate levels of carboxyl-
ated MGP protein in the serum does not conclude that the status of vita-
min K is normal as it can be suboptimal (abnormal) in the arteries to
prevent vascular calcification (DiNicolantonio et al., 2015). Risk factors
for vitamin K deficiency include lipid malabsorption, and patients
undergoing anticoagulant therapy and antibiotic treatment. Hence, vita-
min K deficiency could be counteracted with adequate vitamin K
supplementation.

29.1.5 Osteoporosis and vitamin K
More than 200 million people are suffering from osteoporosis and it has
been identified as a leading contributor to bone fractures (Sozen et al.,
2017). It is estimated that by 2050, hip fractures will increase by 310% in
men and 240% in women and this will cause an economic stress.
Currently vitamin D is widely administered for managing osteoporosis but
there is no epidemiological evidence that advocates that vitamin D intake
has reduced fractures. Studies indicate that the intake of vitamin K can
reduce hip fractures that are caused due to osteoporosis (Hamidi et al.,
2013; Zittermann, 2001). Various health-promoting effects of vitamin K
are summarized in Table 29.2.

29.1.6 Vitamin K and vascular calcification
Studies have shown that as and when kidney function declines, coronary
artery calcium (CAC) has increased in patients (Krueger et al., 2009).
It was observed that diets not sufficient with vitamin K can accentuate the
development of vitamin K deficiency in as little as 7 days (Israels et al.,
1997). With a higher intake of vitamin K2 (menaquinone) the risk of
coronary heart disease and severe aortic calcifications were significantly
lower when compared to other patients (Beulens et al., 2013; Geleijnse
et al., 2004). It has been found that vitamin K1 is less effective compared

Table 29.2 Health-promoting effects of vitamin K.

Target pathology Metabolic role

Hemorrhage Promotes coagulation (Booth, 2009)
Osteoporosis Improves bone health and prevents fracture

(Hamidi et al., 2013; Zittermann, 2001)
Atherosclerosis Inhibits vascular calcification (Shea et al., 2009)
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to vitamin K2 for reversing arterial calcifications. Based on undercarboxy-
lated osteocalcin and MGP many healthy patients were subclinically
deficient in vitamin K content in the body (Cranenburg et al., 2007). In a
clinical study done over 3 years with a double-blind, randomized
controlled trial of 452 patients (229 patients on vitamin K1 and 223
patients in the control group) it was found that patients on vitamin K had
a significantly lower rate of development of CAC (Shea et al., 2009).

29.1.7 Vitamin K and warfarin
It has been observed that there could be an increased arterial calcification
in patients given warfarin as it directly leads to the inhibition of vitamin
K. Many preclinical studies have proved that increased calcifications were
observed upon warfarin treatment (Schurgers et al., 2007). Vitamin K
deficiency can be exacerbated further when warfarin is initiated
(Schurgers et al., 2007). The negative impact that warfarin can have on
the body has long been recognized (Hall et al., 1980). It was observed
that the arterial distensibility was restored when a high-dose administra-
tion of vitamin K1 or vitamin K2 levels brought back to the same levels
seen in control rats (Schurgers et al., 2007). Experimental data indicate
that vitamin K (K1 or K2) may be able to reverse arterial calcifications
and at the same time improve arterial compliance. A vitamin K antagonist,
warfarin has been shown to prevent the conversion of vitamin K1 to
vitamin K2 (Nakamura et al., 1994).

29.1.8 Vitamin K and insulin sensitivity
A randomized, double-blind, controlled trial of an ancillary study has
shown that vitamin k administration (500 µg/day for 3 years) increased
insulin sensitivity in older men compared to older women based on
homeostasis model assessment of insulin resistance (Yoshida et al., 2008a).
Vitamin k effects on insulin resistance in older women appear to be
inversely correlated with BMI. However, increased vitamin k consump-
tion in observational study has shown to increase insulin sensitivity in
both men and women (Yoshida et al., 2008b).

29.1.9 Vitamin K and cancer
Anticancer effects of vitamin K have been widely reported in various
studies. For instance, vitamin K2 has been shown to successfully treat
myelodysplastic syndrome and to induce differentiation in a myeloid
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leukemia cell line (Takami et al., 1999; Sakai et al., 1994). In two recent
studies, vitamin K2 with a dosage of 45 mg/day showed a reduction in
development of hepatocellular carcinoma (HCC) in patients with liver
cirrhosis. The intake of vitamin K2 also reduced the recurrence of HCC
after the curative treatment of HCC with a corresponding reduction in
mortality (Kakizaki et al., 2007; Mizuta et al., 2006). Several anticancer
mechanisms of vitamin K have been reported by various studies, which
include arylation pathways (Carr et al., 2002), activation of growth arrest
genes such as GAS6 (Vermeer, 2012), and increased c-Jun and c-Myc
mRNA expression in hepatoma cells (Bouzahzah et al., 1995).

Many studies have shown that cancer cells have higher levels of reac-
tive oxygen species (ROS) and thus are more vulnerable to cell death
due to oxidative stress (Schumacker, 2006; Fang et al., 2009). This mech-
anism can be used to develop therapeutic approaches to treat various
types of cancer. Chemotherapeutic compounds, such as cisplatin, buthio-
nine sulfoximine, and imexon, increase ROS production by targeting
scavenging systems, causing cell death by the accumulation of ROS in
cancer cells (Bailon-Moscoso et al., 2017; Schumacker, 2006; Fang et al.,
2009). Notably, redox cycling of menadione (vitamin K3) in cancer cells
leads to increased synthesis of ROS, which surpasses the oxidative capac-
ity of the cancer cells resulting in cell death. Cycling of quinones, as in
the case of menadione, can produce either semiquinone radicals with
one-electron reduction or hydroquinones with two-electron reduction
(Nishikawa et al., 1995). By directly arylating nucleophiles such as gluta-
thione and initiating one- or two-electron redox cycling, menadione was
more cytotoxic at higher doses when compared to other forms of vitamin
K, as phylloquinone and menaquinone undergo a lower rate of cycling
with an increased proportion of two-electron transfer. Vitamin K3
involves the direct arylation of thiols within the cell by menadione,
thereby causing a decrease of glutathione and/or sulfhydryl-containing
proteins (Scott et al., 2005). There were other experimental studies that
also investigated and supported the theory that vitamin K3-induced
arylation can be an effective anticancer mechanism (Gant et al., 1988;
Ross et al., 1985; Wilson et al., 1987; Morrison et al., 1984). Vitamin K
analogs, such as 2-(2-mercaptoethanol)-3-methyl-1,4-naphthoquinone,
were studied in Hep3B cells and showed cell growth inhibition that was
antagonized by thiols, but not by nonthiol antioxidants, which further
supports the mechanism of growth inhibition being sulfhydryl arylation
(Nishikawa et al., 1995).
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It was suggested that vitamin K3 acts by two different mechanisms on
rat pancreatic cancer cells: at higher levels by initiating an oxidative action
and necrosis or autoschizis, or at lower levels by a nonoxidative mechanism
inducing apoptosis (Sata et al., 1997). Another mechanism that implicates
the anticancer effect of vitamin K3 via induction of oxidative stress was
proved using catalase as a counteracting agent (Sun et al., 2000). This was
observed as catalase acts as a radical scavenger by neutralizing superoxide
radical anions and hydrogen peroxide. When cancer cells were treated
with small concentrations of menadione (20 µM), the apoptosis frequency
was three per high power field. On the other hand, when higher concen-
trations of vitamin K3 in the range of 60�150 µM were added, they
caused necrosis, but vitamin K2 with a concentration of 150 µM resulted
in an apoptosis frequency of 1.5 with no necrosis (Sata et al., 1997).

The anticancer efficiency of vitamin K1 and vitamin K2 was based on
anticancer mechanisms via the targeting of transcription factors, whereas
vitamin K3’s efficiency is via reducing oxidative stress and arylation
(Lamson and Plaza, 2003). The nonoxidative effect of vitamin K which
include orchestration of transcription factors that regulate apoptosis and
cell cycle arrest (Lamson and Plaza, 2003). Transcription factors can be
modulated by ROS, protein tyrosine kinases, and protein tyrosine phos-
phatases which controls the fate of cell growth. In response to cellular
activation, protein kinases phosphorylate their target proteins. On the
other hand, protein phosphatases antagonize the function of protein
kinases by dephosphorylating the various enzymes and proteins (Lamson
and Plaza, 2003).

VK3 can alter the expression of c-myc and c-fos proto-oncogenes
which in turn effect apoptosis, differentiation, and cell cycle arrest (Wu
et al., 1993). The oncogenic transcription factor c-Myc encoded from
proto-oncogene c-myc can form heterodimeric complex with Max protein
to activate other target genes (Bouchard et al., 1998). In association with
Max transcription complex, c-Myc can promote cellular alterations such as
differentiation and immortalization transformation, immortalization, cell
differentiation, and induction of apoptosis (Cole and McMahon, 1999).

As a modulator of cellular function, c-myc proto-oncogene is one
of the best studied gene markers for apoptosis and proliferation
depending on its expression status (Hoffman and Liebermann, 1998; Evan
et al., 1992). In particular, c-myc oncogene can enhance oncogenic
transformation and promote cell growth. When vitamin K and its analogs
(K1, K2, and K3) were added to cancer cells, the expression levels of
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proto-oncogenes c-Myc, c-Jun, and c-Fos were found to be altered
(Wu et al., 1993).

In a study conducted by Wu et al. (1993) it was found that K3
transiently induced c-fos proto-oncogene expression in vitro in 1 hour,
while c-myc proto-oncogene expression was increased 1�9 hours after
treatment with a concomitant increase in c-Fos and c-myc transcription
factors and the changes were correlated with cell cycle arrest and delay
in apoptosis. This study and other reports suggest that K3 is the most
potent stimulator, followed by K2 then K1 (Wu et al., 1993; Wang
et al., 1995).

29.1.10 Beneficial effects of vitamin K in prostate cancer
A study conducted in the year 2003 by Nelson et al. (2003) suggested
that the mortality rates due to higher PCa prevalence are higher in
Western and European countries when compared to Asian countries
because of diet and other lifestyle-related reasons. Based on the data avail-
able, it is estimated that less than 5% of all PCa is hereditary. However, a
population-based case control study showed that PCa risk is increased in
individuals with a family history of PCa (Hayes et al., 1995).

It is believed that PCa occurs after a sequence of at least eight genetic
mutational events. The first event appears to be the loss of tumor suppres-
sor genes, such as p53 which is mutated in up to 64% of tumors and p21
in up to 55%. It was also identified that p73 tumor suppressor gene has
significant homology to p53 and also appears to be mutated in PCa. In
PCa, MMAC1/p10 is the most mutated suppressor gene that contributes
to the acquisition of the metastatic phenotype (Burton et al., 2000). The
overexpression of mutant p53 and the bcl-2 family of proteins and ampli-
fication of the AR which appears to be related to hormone refractory
phenotype (Apakama et al., 1996). Epidemiological studies conducted by
Nimptsch et al. (2008) suggested that dietary intake of menaquinones are
especially beneficial in preventing fatal PCa in patients. These studies are
further supported by an open label, Phase I/IIa study using a vitamin
K3-based therapy (Apatone) in which patients showed delayed biochemi-
cal progression (Tareen et al., 2008), suggesting that vitamin K-based
treatments hold promise for end stage PCa patients. Different forms of
vitamin K are reported to target various types of PCa cell lines
(Table 29.3). For instance, vitamin K2 is shown to prevent malignant
transformation of normal prostate epithelial cells (RWPE-1) by targeting
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hepatoma-derived growth factor (HDGF) expression and by modulating
the apoptosis signaling pathway (Shetty et al., 2016). Experimental studies
have also proved that vitamin K2 is effective against both androgen-
dependent and -independent PCa types (Samykutty et al., 2013).
Furthermore, vitamin K2 is shown to preferentially target the growth of
castration-resistant VCaP cells that have wild-type AR, while no toxic
effects were found when benign prostate cells (RWPE cells) were treated
with vitamin K2 at the same doses as the treatment of the VCaP CRPC
cells (Dasari et al., 2018). The results of this study also indicated that
vitamin K2 can be a very potent inhibitor of invasion, growth, and
metastasis of castration-resistant PCa cells. Taken together, these studies
support the use of vitamin K2 as both a preventive and therapeutic agent
for PCa (Fig. 29.1).

In clinical settings prostate-specific antigen (PSA) is considered to be a
gold standard marker that is used in the diagnosis and monitoring of vari-
ous treatment outcomes. The fact that vitamin K2 has the ability to sup-
press PSA expression in both androgen-dependent and castration-resistant
PCa cells (Samykutty et al., 2013; Dasari et al., 2018) suggests that vitamin
K2 could be a potential therapy targeting the AR signaling pathway.
More importantly vitamin K2 was shown to potently inhibit the tumor
growth of hormone-dependent and hormone-independent tumor growth
in a mice model (Samykutty et al., 2013). Based on various experimental
approaches, vitamin K2 was found to effectively prevent the malignant
properties of VCaP CRPC cells by specifically targeting ROS-mediated
apoptosis and cell cycle progression (Dasari et al., 2018). This study also
suggested that vitamin K2 prevented metastasis by inhibiting key signaling
molecules. Similarly, another study showed vitamin K4, an analog of
menadione is effective against PC-3 bone metastatic PCa cells via the
targeting of Bcl-2 antiapoptotic protein (Jiang et al., 2013). To ascertain

Table 29.3 Prostate cancer (PCa) cell lines sensitive to vitamin K.

Type of
vitamin K

PCa cell line

Vitamin K2 LNCaP, DU 145, 22Rv1 (Samykutty et al., 2013), and VCaP
(Dasari et al., 2018)

Vitamin K3 DU 145 (Taper et al., 2001), TRAMP (Gilloteaux et al.,
2005)

Vitamin K4 PC-3 (Jiang et al., 2013)
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the results of these in vitro findings, more in vivo studies are certainly
warranted to investigate the therapeutic effects of treating CRPC cells
with vitamin K2.

Mechanistically, vitamin K2 was shown to target inflammation-related
genes, such as HMGB1, RAGE, IL-6, and IL-8, in PCa cells in addition
to inhibiting VEGF-A and AR expressions (Samykutty et al., 2013).
Follow-up research to this study showed that vitamin K2 can indeed
inhibit key antiapoptotic and stem cell markers (Bcl-2, Survivin, Mcl-1,
Akt, c-Myc, Oct 3/4, Vimentin, HMGB1, and HMGB2) in VCaP PCa
cells (Dasari et al., 2018). The key genes that are targeted by various forms
of vitamin K are summarized in Table 29.4. A previous in vivo study con-
ducted by Taper et al. (2001) advocated the use of a combination of K3
and vitamin C treatment for PCa. Their study was designed to assess the
combination effect of vitamin C and vitamin K3 on the life span of nude
mice bearing DU 145-derived prostate tumor growth. In this study, nude
mice implanted with DU 145 cells when treated with the combination of

Figure 29.1 Schematic picture showing vitamin K2 inhibiting both prostate carcino-
genesis and metastasis.
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vitamin C and K3 lived significantly longer than those control mice
bearing the DU 145 tumor which did not receive the treatment.
This combination therapy appears to be a safe treatment as mice receiving
vitamin C and K3 treatment did not exhibit any significant toxicity con-
cerns. The underlying anticancer mechanism of this combination treat-
ment is reported to be via autoschizis (Taper et al., 2001) which is further
supported by other in vitro studies (Gilloteaux et al., 2005, 2014a,b). The
types of cell death induced by different forms of vitamin K are presented
in Table 29.5.

29.2 Conclusion

Given the nontoxic effects of vitamin K that have been reported in vari-
ous clinical studies, the abundant availability of this vitamin in various
food sources and the reported health benefits, especially in osteoporosis
and cardiovascular disease, indicate that the clinical use of vitamin K for
various types of cancers appears feasible. Based on the various epidemio-
logical and experimental evidence, the use of vitamin K for managing
PCa is particularly encouraging. However, before the clinical use of vita-
min K for PCa patients, thorough preclinical and clinical trials need to be
undertaken.

Table 29.4 Target genes of vitamin K in prostate cancer (PCa) cells.

Vitamin K
form

Target genes

Vitamin K2 Hepatoma-derived growth factor (HDGF) (Shetty et al., 2016),
androgen receptor (AR), Akt, NF-kB
(Samykutty et al., 2013), and Survivin (Dasari et al., 2018)

Vitamin K3 Not known
Vitamin K4 Bcl-2 (Jiang et al., 2013)

Table 29.5 Type of cell death induced by vitamin K in prostate cancer (PCa) cells.

Vitamin K form PCa cell death type

Vitamin K2 Apoptosis (Dasari et al., 2017; Samykutty et al., 2013)
Vitamin K3 Autoschizis (Taper et al., 2001; Gilloteaux et al., 2005)
Vitamin K4 Apoptosis (Jiang et al., 2013)
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Key facts of vitamins and epigenetics

• The regulation of gene expression is not only determined by the
decoding of the DNA sequence but also by the interplay of other
mechanisms that are superimposed on the DNA structure, which are
called epigenetic phenomena.

• Epigenetics relates precisely to those features of DNA that regulate
gene expression by conditioning the accessibility of proteins regulating
gene expression to determine whether they should be active or silent
despite their DNA sequence.

• Among the major epigenetic phenomena there are DNA methylation,
consisting of the modification of the DNA base called cytosine by the
addition of a methyl group, and other features, called modifications of
histone proteins, that are mostly linked to the way in which the chro-
matin structure is modified into proteins in the functioning of the
genome transcriptional machinery. Other epigenetic mechanisms relate
to small RNA with a noncoding function.
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• Differently from genetic characteristics of DNA, the epigenetic charac-
teristics are potentially modifiable by nutritional factors, among
which folate-linked vitamins are recognized as the main players due to
their role in the provision of methyl groups for the methylation of
DNA—the most studied epigenetic phenomenon in mammalian cells,
including human cells, and the most clearly linked to disease risk,
especially cancer.

• Modulating gene expression through nutritional approaches is indeed
a challenging but promising approach for disease prevention and therapy.

Summary points

• This chapter focuses on the role of vitamins with a recognized func-
tion in modulating epigenetic mechanisms.

• Epigenetics refers to the complex of somatically heritable states that
regulate gene expression resulting from modifications in DNA and chro-
matin structure that occur without alterations in the DNA sequence.

• Epigenetic phenomena include DNA methylation, posttranslational
histone modifications, chromatin remodeling mechanisms, and the role
of small noncoding RNA.

• Folate, namely vitamin B9, is a major player in the link between vita-
mins and epigenetics because it is responsible for the transport of
methyl groups for the methylation of DNA, one of the most signifi-
cant epigenetic phenomena.

• While pathologic conditions are associated with severe vitamin defi-
ciency, it is now known that even mild vitamin deficiencies, especially
of the hydrosoluble B group, are related to the impairment of epige-
netic features of DNA.

• Vitamin A status is also associated with the modification of DNA
methylation and other epigenetic phenomena at histone tails sites.

• Altered epigenetic mechanisms are associated with major chronic dis-
eases, with the relationship mostly defined for chronic diseases such as
cancer.

Definitions of words and terms
BHMT betaine-homocysteine S-methyltransferase
DHF dihydrofolate
DHFR dihydrofolate reductase
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DNMTs DNA methyltransferases
dTMP deoxythymidine monophosphate
dUMP deoxyuridine monophosphate
GNMT glycine N-methyltransferase
5hmC 5-hydroxymethylcytosine
MS methionine synthase
MTHFR methylenetetrahydrofolate
RA retinoic acid
SAdoHcy S-adenosylhomocysteine
SAdoMet S-adenosylmethionine
SHMT serine hydroxymethyltransferase
TET ten-eleven translocation proteins
THF tetrahydrofolate

30.1 Introduction

Nutrients have been clearly recognized to influence epigenetic phenom-
ena, such as DNA methylation, histone modifications, noncoding RNAs
expression, and chromatin remodeling mechanisms (Choi et al., 2013;
Udali et al., 2013). They all significantly impact the transcriptional regula-
tory pathways and the phenotypic expression but, differently from genetic
phenomena, the epigenetic gene regulation occurs without changing the
DNA sequence (Bird, 2007; Mizzen and Allis, 1998; Robertson and
Wolffe, 2000).

The most studied epigenetic feature of eukaryote cells is DNA meth-
ylation (Bird, 2002). Biological methylation, including that of DNA, is
based upon the provision of methyl groups by the function of methyl
donors and acceptors that takes place within one-carbon metabolism with
a special task, in this context, for the B vitamins including folate and vita-
min B12 (Friso and Choi, 2002).

The scope of the present review is to focus on the link between nutri-
tional factors such as vitamins and gene expression regulation through epi-
genetics. Attention will be dedicated toward evidence based mainly on
the role of one-carbon nutrients but also on other vitamins known to
affect the main epigenetic features of DNA.

Vitamins are essential nutritional factors that need to be included in diet.
The charm of studying the link between vitamins and epigenetics is,

therefore, due to the fact that gene expression regulation by epigenetic
phenomena is, differently to genetics, potentially modifiable, and therefore
it is likely that a deeper understanding in this field will open up novel
ways for disease prevention and therapy (Berdasco and Esteller, 2019;
Burton and Lillycrop, 2019).
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30.1.1 Epigenetic mechanisms
Epigenetic mechanisms refer to the complex of heritable phenomena that
regulate gene expression without modifying the DNA structural sequence
(Bird, 2007; Mizzen and Allis, 1998; Robertson and Wolffe, 2000; Wolffe
and Matzke, 1999). They are modalities of gene expression control and
eventually of protein synthesis, hence they have been shown to be influ-
enced by nutrients throughout life from early development toward aging
(Bacalini et al., 2014; Kim et al., 2009; Lillycrop and Burdge, 2012; Park
et al., 2012) and it is thus feasible that they are related to the risk, the
onset, and the progression of several human diseases including cancer
and cardiovascular illnesses (Friso et al., 2012; Heyn and Esteller, 2012;
Udali et al., 2013) (Fig. 30.1).

Figure 30.1 Schematic representation of the main epigenetic mechanisms. Histone
modifications, such as arginine and lysine methylation, acetylation, phosphorylation,
and ubiquitination, that occur on histone tails, and DNA methylation, the covalent
addition of a methyl group to the 50-carbon position of a cytosine placed inside a
CpG dinucleotide sequence.
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30.1.1.1 DNA methylation
Methylation of DNA refers to the transfer of a methyl group (one-carbon,
�CH3 group) to the 50 position of a cytosine within the DNA sequence
and this reaction is catalyzed by a number of DNA methyltransferases that
regulate the transfer of methyl groups from S-adenosylmethionine
(SAdoMet) (Costello and Plass, 2001). The provision of SAdoMet is regu-
lated by one-carbon metabolism as shown in the scheme at Fig. 30.2.
The 50-methylcytosine in mammalian DNA is present in 50-CpG-30

dinucleotide sequences and exerts a number of functions in gene regula-
tory elements, such as promoters, enhancers, insulators, and repressors,
where it generally suppresses the function of the gene (Friso and Choi,
2002; Robertson and Jones, 2000). But among the many functions of
DNA methylation, so far the most clear seems to be gene silencing when
the methylation occurs at a promoter site (Stein et al., 1982).

Another epigenetic phenomena that was initially considered to
be only an intermediate product of the DNA methylation process

Figure 30.2 Overview of the nutrients, enzymes, and vitamins (cofactors) involved in
folate-mediated/related one-carbon metabolism, connected to methylation and
nucleotide reactions. THF, Tetrahydrofolate; DHF, dihydrofolate; SAdoMet, S-adenosyl-
methionine; SAdoHcy, S-adenosylhomocysteine; dUMP, deoxyuridine monophosphate;
dTMP, deoxythymidine monophosphate; DHFR, dihydrofolate reductase; MTHFR,
5,10-methylenetetrahydrofolate reductase; MS, methionine synthase; DNMTs, DNA
methyltransferases; BHMT, betaine-homocysteine S-methyltransferase; SHMT, serine
hydroxymethyltransferase.
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(Fu and He, 2012) but has been, most recently, gaining higher
attention is DNA hydroxymethylation, namely the synthesis of
5-hydroxymethylcytosine (5hmC). The formation of 5hmC is mediated
by methylcytosine oxygenase, namely by one of the ten-eleven transloca-
tion (TET) protein family, i.e., TET1 (Shukla et al., 2015; Tahiliani et al.,
2009), and is mainly described in aging and cancer (Tammen et al., 2014).

30.1.1.2 Histone modifications
Short segments of 146 bp sequence of DNA are wrapped around blocks
of histone proteins forming octamers of paired histones H2A, H2B, H3,
and H4 called nucleosomes with another histone, called H1 that serves to
anchor the DNA to each histone octamer, thereby stabilizing the nucleo-
some unit (Jenuwein and Allis, 2001) (Fig. 30.1). Attached to the histone
proteins, sequences of amino acids called histone tails are the sites of the
posttranslational histone changes, including methylation, acetylation,
phosphorylation, biotinylation, ubiquitination, sumoylation, ADP-
ribosylation, and other mechanisms, with the function of controlling the
modulation of the chromatin structure to control gene expression
(Gardner et al., 2011; Ruthenburg et al., 2007) (Fig. 30.1). Histone modi-
fications of nucleosomes define the euchromatin from heterochromatin,
namely the open versus the close chromatin status that regulates the
accessibility to transcriptional factors as mainly studied in cancer diseases
(Sabari et al., 2017). Histone modifications have been related to cancer
and described in association with methyl groups-deficient diet in an ani-
mal model (Pogribny et al., 2006).

30.1.1.3 microRNAs
The role of small noncoding RNA molecules in gene expression regula-
tion has recently gained importance because those RNA fragments are
capable of modulating the expression of genes with a function in the cell
transcriptional regulatory processes and disease development including
cancer (Moutinho and Esteller, 2017). In fact, small noncoding
RNA-mediated gene silencing was shown to be related to changes in
histone modifications and consequently in chromatin structure at the
targeted promoter conditioning the active or inactive state of a gene
(Carthew and Sontheimer, 2009). The regulatory functions of
microRNAs occur through the RNA-induced silencing complex to target
specific microRNAs (Kunej et al., 2011; Masi et al., 2016; Esteller, 2011;
Harries, 2012).
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30.2 Vitamins and epigenetic mechanisms

Many nutrients are known to modulate DNA methylation, and an imbal-
ance of nutritional components, including vitamins, in the diet can alter
epigenetic mechanisms. Among the vitamins with a prominent role for
the link with epigenetics, a special place is given to B vitamins since they
act as coenzymes of one-carbon metabolism and regulate the provision of
methyl groups for DNA and histone methylation. Vitamin A has been
also described recently to have a role in epigenetics due to its active form,
retinoic acid (RA).

30.2.1 Hydrosoluble B vitamins
30.2.1.1 Folate metabolism and epigenetics
Vitamin B9, most commonly known as folate, is the most extensively
studied vitamin with regards to epigenetics because multiple forms of
folate are involved in the supply of one-carbon units (MacKenzie, 1984;
Shane, 1989) by acting as acceptors or donors of methyl groups for bio-
logical methylation reactions catalyzed by methyltransferases including
those of DNA and histone proteins (Friso et al., 2002) (Fig. 30.2).
Furthermore, the final product of the methyltransferases is S-adenosylho-
mocysteine (SAdoHcy), which is also a strong inhibitor of the
methyltransferase-driven reactions (Friso and Choi, 2002).

Serine hydroxymethyltransferase (SHMT), a pyridoxal-5’-phosphate
(vitamin B6)-containing enzyme, catalyzes the reversible transfer of a
methyl group from serine to tetrahydrofolate (THF) to generate glycine
and 5,10-methylene-THF. Then methylenetetrahydrofolate reductase
(MTHFR), a flavin adenine dinucleotide (vitamin B2)-containing
enzyme, irreversibly catalyzes the conversion of 5,10-methylene-THF to
5-methyl-THF, the primary methyl donor for the remethylation of
homocysteine to methionine by methionine synthase (Fig. 30.2). The
methionine synthase, an enzyme containing a cobalamin (vitamin B12)
cofactor, drives the conversion of homocysteine to serve as a transporter
of methyl groups from the serine compound. Methionine, which is either
restored from homocysteine or, being an essential amino acid, is obtained
directly from the diet, is converted into SAdoMet, the key player for the
donation of 5-methyl-THF for biological methylation of DNA, RNA,
proteins, phospholipids, and small molecules (Friso and Choi, 2002).
Through a transsulfuration reaction, homocysteine condenses with
serine to form cystathionine in an irreversible reaction catalyzed by the
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pyridoxal-5’-phosphate (vitamin B-6)-containing enzyme, cystathionine-
β-synthase (Martinez et al., 2000). Cystathionine is subsequently hydro-
lyzed to form cysteine by cystathionase, another pyridoxal-5’-phosphate
(vitamin B6)-containing enzyme (Fig. 30.2).

Because of this fundamental role in the provision of methyl groups, it
is indeed well-known that an folate-deficient diet alters the epigenetic
DNA methylation phenomenon, as demonstrated in human and in animal
studies (Choi et al., 2005; Jacob et al., 1998; Rampersaud et al., 2000).

An impairment in folate status has been described to be associated
with abnormal patterns of DNA methylation in several conditions, from
early development processes to chronic diseases and aging (Bacalini et al.,
2014). Maternal folate deficiency has long been known to cause neural
tube defects in humans with a prevalence that differs worldwide
(Zaganjor et al., 2016). An aberrant DNA methylation due to folate defi-
ciency is claimed as one of the possible mechanisms underlying the link
between folate deficiency and neural tube defects, because the low methyl
availability is thought to induce an abnormal DNA methylation repro-
gramming during the critical stage of the embryonic development phase
(Chang et al., 2011; Chang et al., 2013). The periconceptional maternal
folic acid supplementation was associated, in a transgenerational study,
with changes in methylation at a Differentially Methylated Region
(DMR) of IGF2 in the children from those supplemented mothers
(Chang et al., 2011; Chang et al., 2013). Furthermore, it is known that
the IGF2 is a gene regulated by imprinting, in which the methylated
allele at the DMR imprinted allele is repressed, and children of folic
acid-supplemented mothers had a higher methylation at the IGF2 DMR
compared to controls (Steegers-Theunissen et al., 2009). Other authors
demonstrated that methyl-deficient diet rats showed liver genomic DNA
hypomethylation as compared to pair-fed control animals (Balaghi et al.,
1993) a methyl-deficient diet was able to induce liver carcinogenesis in an
animal model (Poirier and Beland, 1994; Powell et al., 2005). Other
authors demonstrated, in a mouse model, that both genomic and p16 pro-
moter methylations of colonic DNA are modulated by dietary folate in
old mice but not in young mice (Keyes et al., 2007). Jacob et al. (Jacob
et al., 1998) observed the induction of genomic hypomethylation in
human lymphocytic DNA in healthy human volunteers when placed on a
long-term folate-deficient diet (56 μg folate/day) in a metabolic unit
(Rampersaud et al., 2000). Interestingly, those effects were reversible
when the deficiency was corrected (Rampersaud et al., 2000). In women
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affected by cervical intraepithelial neoplasia, researchers reported that
serum folate levels and folate concentrations measured in the uterine
cervix were significantly correlated with genomic DNA methylation
(Fowler et al., 1998).

An interesting gene�nutrient interaction taking place within one-
carbon metabolism has been also demonstrated to relate to a decreased
genomic DNA methylation when subjects carrying the homozygote vari-
ant of the MTHFR 677C.T polymorphism, known to impair the
enzyme function (Frosst et al., 1995), are under a low folate status, but
not if folate concentrations are adequate. This therefore highlights the
possibility of modulating the effect of an impaired enzyme function due
to a genetic defect by correcting the vitamin B9 status (Friso et al., 2002).
Moreover, the MTHFR 677C.T genotype and folate concentration in
humans interact to determine the status of DNA methylation, so that
MTHFR 677TT carriers with low folate have the lowest DNA methyla-
tion, and the impaired DNA methylation status relates to a higher preva-
lence of cancer history and risk of cancer development (Friso et al., 2013).
This study, in fact, highlighted the possibility of using genomic methyla-
tion from peripheral blood mononuclear cells DNA, as a marker for can-
cer disease (Friso et al., 2013). A threshold for genomic DNA methylation
defined according to MTHFR 677C.T genotype and folate status,
allows to clearly cluster cancer-affected from cancer-free subjects and to
identify those at-risk for cancer (Friso et al., 2013). Further and larger
studies are certainly needed in this regard for possible uses of such epige-
netic markers in disease prevention and possibly treatment.

Folate deficiency was also associated with a reduced histone methyla-
tion, mainly H3K4 methylation, and determined changes in gene expres-
sion (Sadhu et al., 2013). Deficiency of the major dietary sources of
methyl groups, including methionine and folate, induced modifications in
histone patterns associated with liver carcinogenesis in rodents and, more
specifically, a progressive decrease of H3K9 and H4K20 trimethylation
that were related to an increased genomic instability (Pogribny et al.,
2007). Dobosy and colleagues analyzed the impact of a methyl-deficient
diet in a similar rodent model on prostate tissue and observed an increased
gene expression of the epigenetically regulated Igf2-H19 locus induced by
histone modification with a decrease of the inhibitory dimethyl modifica-
tion H3K9, and a concurrent increase of the activating histone dimethyl-
H3K4 modification (Dobosy et al., 2008). Besides the function as a carrier
of one-carbon units, folate has been proposed to participate in the
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enzymatic demethylation of histones by modulating lysine demethylase 1,
an enzyme that catalyzes the removal of a methyl group from histone
3 lysine 4, defined also as a folate-binding protein, where the THF moiety
serves as an acceptor of the formaldehyde that is produced from the
removal of the methyl group (Garcia et al., 2016; Luka et al., 2011).

Some studies showed also a relationship between vitamin B9 and
microRNA regulation. A rat model fed a methyl-deficient diet for 36
weeks demonstrated the downregulation of specific microRNAs, such as
miR-122, and this change appeared tumor-specific since it did not occur
in rats that were switched to a normal diet after the methyl-deficient diet
period (Kutay et al., 2006). These rats, moreover, did not develop hepato-
carcinoma (Kutay et al., 2006). In the livers of a rodent model in which
methyl-deficiency induces hepatocarcinogenesis (Pogribny et al., 2008),
the inhibition of tumor suppressors by miRNAs, in particular by the
miR34a and the miR127, and the concurrent increase of specific target
proteins suggest a causative role of the downregulation of these miRNAs
in hepatocarcinogenesis (Pogribny et al., 2008). In a mouse model of non-
alcoholic fatty liver disease, a choline- and folate-deficient diet induced a
specific microRNAs profile modification leading to the progression of the
hepatic disease toward the trigger of carcinogenetic processes by the
methyl-deficient diet (Tryndyak et al., 2016).

30.2.1.2 Vitamin B12 and epigenetics
Vitamin B12 is involved in epigenetic phenomena by being a coenzyme
for the function of methionine synthase within one-carbon metabolism
(Fig. 30.2). By catalyzing the remethylation of homocysteine to methio-
nine, vitamin B12 is, therefore, a potential limiting factor for the provision
of methyl groups for methylation reactions. Piyathilake and colleagues
evaluated, in a small study in humans, the tissue concentrations of vitamin
B12 together with genomic DNA methylation status in tissue samples of
squamous cell lung cancer paired with surrounding normal appearing
bronchial mucosa, and both vitamin B12 concentrations and genomic
DNA methylation were significantly lower in cancer tissue compared to
the normal tissue samples (Piyathilake et al., 2000). The authors observed
also a significant correlation between vitamin B12 and genomic DNA
methylation indicating that vitamin B12 insufficiency is associated with
genomic DNA hypomethylation (Piyathilake et al., 2000). In a rat
model of vitamin B12 deficiency induced by gastrectomy and consequent
deficiency of intrinsic factor, the specific transporter of vitamin B12
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through the gastric cells, an altered DNA methylation was observed
(Brunaud et al., 2003).

A deficient status of vitamin B12 in a rat model that was specifically
designed to induce the sole deficiency of this water-soluble B vitamin by
adding to the diet pectin, a heteropolysaccharide that inhibits vitamin B12
absorption, has been also shown to generate DNA hypomethylation in
the rat colonic mucosa DNA (Choi et al., 2004). The vitamin B12-
deficient diet was of inadequate severity to cause either anemia or any
other overt severe illnesses but was, instead, sufficient to induce molecular
aberrations in methylation patterns so to cause a significant global hypo-
methylation of the murine colonic epithelial DNA (Choi et al., 2004).

30.2.1.3 Lipophilic vitamin A
30.2.1.3.1 Retinoic acid and epigenetics
The active form of vitamin A is the RA metabolite that has been
described to increase the activity of glycine N-methyltransferase (GNMT)
that regulates the methyl group supply for the SAdoMet-dependent trans-
methylation reactions (Fig. 30.3), thereby leading to the reduction of
methyl groups in a rat model (Ozias and Schalinske, 2003). Different epi-
genetic effects have been observed by RA (Table 30.1), such as a gene-
specific DNA hypermethylation leading toward stem cell differentiation in
a human cell culture model (Cheong et al., 2010) and a modulation of
tumor suppressor genes mediated by methylation in human breast cancer
cell models (Stefanska et al., 2010, 2012). RA was also observed to
decrease the H3K27 trimethylation and induce the H3K4/9 acetylation,
and then promote transcriptional activation in a human stem cells model
(Kashyap and Gudas, 2010; Urvalek and Gudas, 2014). Vitamin A active
metabolite induces also histone acetylation and phosphorylation modifica-
tions both in human and murine cell models (Angrisano et al., 2011;

Figure 30.3 Vitamin A interaction with methyl group metabolism. Vitamin A pro-
motes enzymatic activation of GNMT. GNMT, Glycine N-methyltransferase; SAdoHcy,
S-adenosylhomocysteine; SAdoMet, S-adenosylmethionine.
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Table 30.1 Main role in modulating the major epigenetic mechanisms of vitamin B9, vitamin B12, and vitamin A.

Vitamins Epigenetic
mechanisms

Study model Main effects on epigenetics References

Vitamin B9
(folate)

DNA methylation Mouse and
rodent models

Folate depletion decreases and folate
supplementation increases global DNA
methylation

Choi et al. (2005), Keyes
et al. (2007)

Human study Subjects with low serum folate levels and
MTHFR 677TT genotype present genomic
hypomethylation

Friso et al. (2002)

Human and
animal studies

Maternal folate deficiency is associated with
abnormal DNA methylation patterns leading to
neural tube defects

Steegers-Theunissen et al. (2009),
Chang et al. (2011, 2013)

Histone
modifications

In vitro study on
yeast and
human cells

Folate and methionine deficiency is associated
with a decrease of histone methylation marks

Sadhu et al. (2013)

In vitro studies Folate binds to a specific Lysine demethylase
(LSD1) and participates in the enzymatic
demethylation of histones

Luka et al. (2011), Garcia
et al. (2016)

MicroRNAs Rodent model Folate and methyl-deficient diet induces changes
of microRNAs expression profiles in the liver
associated to hepatocarcinogenesis

Kutay et al. (2006), Pogribny et al.
(2008), Tryndyak et al. (2016)

Vitamin B12 DNA methylation Rodent model Low vitamin B12 levels are associated with
genomic DNA hypomethylation in
gastrectomized rats

Brunaud et al. (2003)

Vitamin B12 deficiency induces genomic DNA
hypomethylation in the colonic mucosa

Choi et al. (2004)

Histone
modifications

Rodent model Vitamin B12 and methyl-deficient diet induce
histone modifications associated to genomic
instability and carcinogenesis

Pogribny et al. (2008)

MicroRNAs Inhibition of tumor suppressors by miRNAs, in
particular the miR34a and miR127, and
concurrent increase of specific target proteins

Pogribny et al. (2008)



Vitamin A
(retinoic acid,
RA)

DNA methylation In vitro studies
on human
embryonic
stem cells

RA induces gene-specific DNA hypermethylation
associated to stem cells differentiation

Cheong et al. (2010)

In vitro study on
human breast
cancer cells

RA induces promoter demethylation of specific
tumor suppressor genes

Stefanska et al. (2010, 2012)

Histone
modifications

In vitro studies
on human
stem cells

RA decreases the repressive marks H3K27me3
and induces the activation marks H3K4/9ac
allowing the transcriptional activation of genes
that regulate stem cell differentiation

Kashyap and Gudas (2010),
Urvalek and Gudas (2014)

In vitro studies
on human and
murine cancer
cells

RA decreases H3K4me3 and increases histone H3
acetylation and phosphorylation

Angrisano et al. (2011), Lefebvre
et al. (2002)

In vitro studies
on human T
cells

RA induces histone acetylation and methylation
promoting T cells differentiation

Lu et al. (2011), Kang et al. (2007)

MicroRNAs Role for RA and microRNAs regulation as an
increases miR-3666 expression in surgical
specimens of colorectal cancer in humans

Liu et al. (2018), Nervi and
Grignani (2014)



Lefebvre et al., 2002) with a role in T cell differentiation processes (Kang
et al., 2007; Lu et al., 2011). Some authors report a role for RA in
microRNA regulation (Nervi and Grignani, 2014). In a study evaluating
colon cancer specimens in humans a protective role of RA has been
shown through an increase in microRNA3666 (Liu et al., 2018).

30.3 Conclusions

Epigenetic modifications are phenomena that, differently from the genetic
ones, are involved in gene expression regulation without base pair changes
in the DNA sequence. Epigenetic features of DNA are influenced by die-
tary factors such as vitamins and they are potentially modifiable by dietary
approaches. Due to these characteristics, epigenetic phenomena, that
include DNA methylation, histone modifications, chromatin remodeling,
and miRNAs regulation, are among the most rapidly growing fields in
molecular science. Indeed, epigenetics has revealed new mechanisms
responsible for embryonic development and aging processes with clear
involvement also in the onset of several major diseases including cancer.
One of the most extensively studied epigenetic features in the eukaryote
cell is DNA methylation, which regulates gene expression and preserves
genome integrity by its strict link with other epigenetic features of DNA,
such as histone modifications. Because DNA- and histone protein methyl-
ation are directly associated with SAdoMet, a unique methyl donor, and
SAdoHcy, an inhibitor of methyltransferases, both of which are one-
carbon metabolites, vitamins B9 and B12 are the most clearly associated
with the modulation of epigenetics from cell culture, animal, and human
studies. The active form of vitamin A, RA, has been also shown to be
associated with modifications of epigenetic mechanisms, mostly in cell
culture studies.

Due to their reversibility, epigenetic modifications are very attractive
for possible nutritional intervention strategies in cancer and other major
chronic diseases. Epigenetics may provide additional insights to genetics
with regards to transcriptional regulation in many physiologic and patho-
logic processes.

This chapter discussed the effect of vitamins on DNA methylation and
other main epigenetic features of DNA based on the current knowledge.
Evidence is, however, still limited, especially regarding the combined
effects of nutrients with other factors, including gene polymorphisms on
the modification of epigenetic features, therefore more studies are needed
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to open up new perspectives for possible preventive or therapeutic inter-
vention modalities in humans.
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Summary points

• Vitamin D needs to be taken up via the diet or can be synthesized
endogenously via sunlight exposure of the skin.

• Vitamin D has pleiotropic functions in human health such as the
regulation of calcium homeostasis and immune responses.
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• The metabolism of vitamin D includes various activation steps and cat-
abolic reactions that are performed by different cytochrome P450
mixed-function oxidases expressed in different tissues.

• The nuclear vitamin D receptor (VDR) is the major molecular media-
tor of vitamin D’s biological functions.

• VDR is a ligand-activated transcription factor belonging to the super-
family of nuclear hormone receptors.

• Vitamin D deficiency and impaired VDR function are associated with
several human disorders including chronic liver diseases.

• Vitamin D and the activation of VDR seem to have beneficial thera-
peutic effects in nonalcoholic fatty liver disease.

Definition of words and term
Nonalcoholic fatty liver disease (NAFLD) A highly prevalent metabolic liver disease

that is closely linked to obesity and type 2 diabetes. It comprises a spectrum of patho-
logical changes in the liver that start with a bland (i.e., noninflammatory) accumulation
of fat (i.e., steatosis) in parenchymal liver cells (i.e., hepatocytes). May progress to
advanced disease stages (i.e., nonalcoholic steatohepatitis, NASH) in a subset of
patients.

Nonalcoholic steatohepatitis (NASH) The progressive form of NAFLD which, in
addition to liver steatosis, includes lobular liver inflammation (i.e., the infiltration of
activated immune cells) as well as ballooning of hepatocytes (considered as a form of
programmed cell death). The presence of these three criteria (steatosis, lobular inflam-
mation, and hepatocyte ballooning) are essential for the diagnosis of bona fide NASH.
This diagnosis can only be made on the histological level and therefore requires the
examination of a liver biopsy by a trained pathologist. NASH can result in severe liver
damage and is therefore a major risk factor for the development of end-stage liver dis-
ease including cirrhosis and cancer.

Vitamin D deficiency Commonly defined as circulating 25-OH vitamin D (25-OH
VD) levels of 30 ng/mL or less.

Vitamin D receptor (VDR) Transcription factor that binds to and is activated by its
primary ligand, 1,25(OH)2 vitamin D. Mediates most of the biological effects of vita-
min D by activating (or repressing) gene expression on the level of RNA
transcription.

Vitamin D response element (VDRE) Nucleotide sequence of the DNA that can be
recognized and bound by VDR.

List of abbreviations
CYP cytochrome P450 mixed-function oxidase
FGF23 fibroblast growth factor 23
LCA lithocholic acid
NAFLD nonalcoholic fatty liver disease
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NASH nonalcoholic steatohepatitis
RXR retinoid X receptor
UV ultraviolet
VDBP vitamin D-binding protein
VDR vitamin D receptor
VDRE vitamin D response element

31.1 Vitamin D metabolism

31.1.1 Dietary uptake and endogenous synthesis of vitamin D
In contrast to other vitamins, the supply of vitamin D is not solely depen-
dent on its dietary uptake because the human organism is able to produce
it endogenously in the skin. In fact only a few foods (e.g., fatty fish) con-
tain high levels of vitamin D. Therefore its intake from unfortified foods
accounts only for a relatively small proportion that is usually not sufficient
to ensure an adequate overall supply. Vitamin D exists in two different
forms, namely cholecalciferol (vitamin D3), which is present in foods
from animal origin, and ergocalciferol (vitamin D2), which is present in
plants and fungi. In principle, both cholecalciferol and ergocalciferol can
be converted into biologically active vitamin D metabolites (i.e., 1,25
(OH)2 vitamin D3 and 1,25(OH)2 vitamin D2, respectively; see below).
However, both forms have slightly different metabolic fates, resulting in
slower metabolic turnover and greater biological activity of cholecalciferol
over ergocalciferol (Hollis, 1984; Horst et al., 1986; Houghton and Vieth,
2006). As consequence the intake of cholecalciferol seems to be more effi-
cient than that of ergocalciferol with regard to ensuring an adequate vita-
min D status (Tripkovic et al., 2012).

Endogenous synthesis of cholecalciferol (vitamin D3) in the skin is a
nonenzymatic two-step process that requires ultraviolet (UV) radiation
from sunlight (Deluca, 2014) (Fig. 31.1). The substrate for the first step of
this reaction is 7-dehydrocholesterol, an intermediate of the cholesterol
synthesis pathway. In the skin, UV light breaks up the so-called B-ring of
7-dehydrocholesterol leading to the formation of previtamin D3. In the
second step of the reaction, which is thermosensitive but also nonenzy-
matic, the previtamin D3 then isomerizes to vitamin D3.

Endogenous synthesis of vitamin D3 is dependent on various factors
such as skin pigmentation, season, latitude, and altitude (Holick, 1987).
Importantly, vitamin D3 synthesis is dependent of UV light with a specific
wavelength of 280�315 nm, termed UV-B radiation. In contrast, UV-A
light (315�380 nm) is much less efficient. The ratio between UV-A and
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UV-B radiation reaching the surface of the earth is strongly dependent on
the incidence angle of the sunlight. The efficient synthesis of vitamin D3
in the skin is therefore not possible in winter months in areas of the world
exceeding a certain latitude, even when the weather is sunny (Engelsen
et al., 2005). Hence the further people live from the equator, the less
time of the year they can rely on solar exposure to ensure sufficient der-
mal production of vitamin D3. In addition to this, many aspects of mod-
ern lifestyle (e.g., indoor work, long clothing, and sunblocker) may
hamper the sufficient production of vitamin D3 even in areas with favor-
able solar exposure. Due to these circumstances, vitamin D deficiency is a
phenomenon frequently observed in the general population of many
countries (Holick, 2007).

Figure 31.1 Synthesis, activation, and catabolism of vitamin D3 metabolites.
(A) Endogenous synthesis of vitamin D3 is a nonenzymatic reaction that requires a
7-dehydrocholesterol substrate and UV-B light with a wavelength between 280 and
315 nm. The B-ring of the 7-dehydrocholesterol precursor is broken by UV-B light
resulting in the formation of previtamin D3, which then isomerizes spontaneously to
vitamin D3. (B) Vitamin D3 is actively hydroxylated at various positions by different
cytochrome P450 mixed-function oxidases (CYPs). Hydroxylation at C25 is mediated
by CYP2R1 (and others) resulting in the formation of 25-OH vitamin D3 as the major
circulating form of vitamin D. Concomitantly, 1α-hydroxylation results in the forma-
tion of 1,25(OH)2 vitamin D3, which is regarded as the physiologically most active
vitamin D metabolite. The 1α-hydroxylation is carried out by one single known
enzyme termed CYP27B1. Finally, CYP24A1 is the most important catabolic enzyme
which deactivates vitamin D by a series of reactions resulting in the formation of
1,24,25(OH)3 vitamin D3.
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31.1.2 Vitamin D metabolites
After being synthesized in the skin or taken up from the diet, vitamin D
is transported through the blood circulation and can thus be metabolized
in other organs and cell types (Fig. 31.2). Only a very small fraction of all
vitamin D metabolites (B1%) are transported as free molecules in the
blood while the vast majority are bound to a carrier protein termed the

Figure 31.2 Various organs and cell types contribute to vitamin D metabolism. After
its synthesis in the skin or its uptake from the diet, vitamin D is transported to the
liver via the bloodstream. The liver is the major organ for the 25-hydroxylation of
vitamin D resulting in the formation of 25-OH vitamin D (25-OH VD), which is the
main vitamin D metabolite present in the circulation. In the kidney, 25-OH is con-
verted into 1,25(OH)2 vitamin D (1,25(OH)2 VD) as the biologically active form of
vitamin D. Kidney-derived 1,25(OH)2 vitamin D is released into the bloodstream and
can act as an endocrine signaling molecule in vitamin D�responsive tissues expres-
sing the vitamin D receptor (VDR). These tissues include, for example, the intestine.
Here, active 1,25(OH)2 vitamin D is important for calcium homeostasis by regulating
the expression of calcium transporters in enterocytes. Besides this endocrine func-
tion, vitamin D can also act as a signaling molecule in a locally more restricted man-
ner. This is for example the case for various immune cell types, which express
CYP27B1 and are therefore able to locally activate the 25-OH vitamin D present in
the circulation. Most immune cells also express VDR and are therefore able to
respond to 1,25(OH)2 vitamin D. With few exceptions, vitamin D�responsive cells
are able to catabolize 1,25(OH)2 vitamin D via the action of CYP24A1 thus avoiding
the accumulation of toxic levels. In general, the vast majority (B99%) of all vitamin
D metabolites present in the circulation is bound to serum proteins such as albumin
or the vitamin D-binding protein (VDBP).
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vitamin D-binding protein (VDBP) (White and Cooke, 2000). The three
major steps in the metabolism of vitamin D (either in the form of chole-
calciferol or ergocalciferol) are 25-hydroxylation, 1α-hydroxylation, and
24-hydroxylation (Fig. 31.1). These reactions are performed by a group of
different enzymes which are located in the mitochondria or the endoplas-
mic reticulum and belong to the protein family of cytochrome P450
mixed-function oxidases (CYPs) (Bikle, 2014).

The initial step of vitamin D metabolism is its 25-hydroxylation giving
rise to either 25-OH vitamin D3/calcidiol or 25-OH vitamin D2 depend-
ing on which precursor is used as substrate. The liver is the major organ
for the production of 25-OH vitamin D (25-OH VD), and studies in
humans and mice demonstrated that this enzymatic reaction can be carried
out by the microsomal protein CYP2R1. Moreover, these experiments
suggested that CYP2R1 is probably the most important, although not the
sole, 25-hydroxylase in both species (Cheng et al., 2003, 2004; Zhu et al.,
2013). In addition, various other members of the CYP family may
contribute to the overall vitamin D 25-hydroxylation activity of the
liver (Bikle, 2014). Irrespective of the contributing enzymes, the 25-
hydroxylation of vitamin D appears not to be a major target of regulation.
Thus the 25-OH VD blood level is a valid indicator for the long-term
overall supply with vitamin D that is routinely measured in clinical practice.

The second step in vitamin D metabolism is the 1α-hydroxylation of
25-OH vitamin D3 or 25-OH vitamin D2 to either 1,25(OH2) vitamin
D3/calcitriol or 1,25(OH)2 vitamin D2, respectively. In contrast to 25-
hydroxylation, 1α-hydroxylation is performed by one single enzyme in a
physiologically tightly regulated process. The protein responsible for the
generation of 1,25(OH)2 vitamin D is CYP27B1 which is highly
expressed in the kidney (Fu et al., 1997; Shinki et al., 1997; St-Arnaud
et al., 1997; Takeyama et al., 1997), but is also present in some other cell
types including certain immune cells. The kidney is considered as the
major source of 1,25(OH)2 vitamin D present in the circulation.
Regulation of renal CYP27B1 expression and activity is complex and
requires the integration of various endocrine signals including parathyroid
hormone, fibroblast growth factor 23 (FGF23), and 1,25(OH)2 vitamin D
itself (Bikle, 2014). In contrast, the regulation of extrarenal CYP27B1 dif-
fers and extrarenal CYP27B1 activity seems to be more important to pro-
duce 1,25(OH)2 vitamin D in a locally restricted manner (e.g., as a
regulator of immune cell function; (Mora et al., 2008)). Independent of
the tissue or cell type, 1α-hydroxylation can be regarded as the key
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activation step to produce 1,25(OH)2 vitamin D, which is the most
potent natural ligand of the nuclear vitamin D receptor (VDR) and is
therefore the biologically most active form of vitamin D.

The 24-hydroxylation is the third important step of vitamin D metab-
olism and is carried out by only one single known enzyme, namely
CYP24A1. This reaction produces 1,24,25(OH)3 vitamin D3/calcitroic
acid from 1,25(OH)2 vitamin D3 or 1,24,25(OH)3 vitamin D2 from 1,25
(OH)2 vitamin D2. Although 1,24,25(OH)3 vitamin D is biologically not
completely inactive and can promote VDR-mediated gene expression, it
is less potent than 1,25(OH)2 vitamin D (Teske et al., 2016; Yu and
Arnold, 2016). In addition, the 1,24,25(OH)3 vitamin D metabolite is a
substrate for further chemical modifications and subsequent urinary excre-
tion. Thus 24-hydroxylation can be regarded as an initial catabolic reac-
tion limiting the biological response to active vitamin D metabolites and
avoiding their accumulation to toxic levels. Consistent with this notion,
the deletion of Cyp24a1 in mice or inactivating mutations of CYP24A1
in humans cause several disease phenotypes including elevated 1,25(OH)2
vitamin D levels and severe hypercalcemia (Schlingmann et al., 2011;
St-Arnaud et al., 2000). CYP24A1 can also hydroxylate 25-OH vitamin
D to 24,25(OH)2 vitamin D and several lines of evidence suggest that the
latter metabolite may also have some biological activity (Bikle, 2014).

31.2 The nuclear vitamin D receptor

31.2.1 Ligands of vitamin D receptor
Although vitamin D has some nongenomic actions (e.g., reviewed in Hii
and Ferrante, 2016), most of its biological effects are directly mediated on
the transcriptional level. Virtually all of these direct transcriptional effects
of vitamin D require the nuclear VDR (Bouillon et al., 2008; Haussler
et al., 1998). VDR is a ligand-activated transcription factor and a member
of the superfamily of nuclear steroid hormone receptors. On the structural
level, the VDR protein shares the general domain organization of nuclear
receptors, which generally comprise three major parts: The N-terminal
DNA-binding domain, the C-terminal ligand binding domain, and a flex-
ible hinge domain in the middle part of the polypeptide (Fig. 31.3).

The ligand binding domain of VDR consists of 12 helices and, as the
name suggests, mediates binding of VDR ligands to the protein. As
already indicated above, 1,25(OH)2 vitamin D is generally regarded as the
most potent natural ligand of VDR stimulating VDR’s transcriptional
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activity within the low nanomolar (nM) range. In contrast, other endoge-
nous vitamin D metabolites including cholecalciferol, 25-OH VD, or
1,24,25(OH)3 vitamin D have much less or almost no activity on VDR.
Another potent natural ligand of VDR is lithocholic acid (LCA), which
activates human VDR at the low micromolar (μM) level (Makishima
et al., 2002) (Fig. 31.4). In contrast to 1,25(OH)2 vitamin D, LCA is not
a vitamin D metabolite, but is a secondary bile acid that is produced by
intestinal bacteria from the primary bile acid chenodeoxycholic acid. LCA
is a very hydrophobic molecule and is toxic to cells including hepatocytes
and enterocytes at high concentrations. Activation of intestinal VDR by
LCA leads to the induction of enzymes of the CYP family (CYP3A), thus
promoting its detoxification and protecting cells from the toxic and
potentially carcinogenic effects of LCA (Makishima et al., 2002).

Next to these natural VDR ligands, a number of synthetic VDR ago-
nists have been developed and are either approved or currently being
tested in clinical trials for the treatment of various human diseases includ-
ing osteoporosis, psoriasis, cancer, and others (Bikle, 2014; Plum and
DeLuca, 2010).

Figure 31.3 Protein domains of the vitamin D receptor (VDR). Human VDR exists in
two isoforms: a shorter isoform of 427 amino acids and a longer variant of 477
amino acids with an N-terminal extension of the A/B domain. VDR is a member of
the superfamily of nuclear hormone receptors. These share a common domain struc-
ture that comprises an N-terminal DNA-binding domain (C domain), a structurally
flexible hinge domain in the middle (D domain), and a C-terminal ligand binding
domain (E/F domain). In the case of VDR, the DNA-binding domain mediates binding
to VDR response elements (VDREs) on the DNA via two zinc fingers. The ligand bind-
ing domain binds VDR ligands including 1,25(OH)2 vitamin D and lithocholic acid
(LCA). Moreover, this domain is required for the interaction with retinoid X receptor
(RXR) and other coactivator or corepressor proteins regulating VDR-mediated tran-
scription. The AF-2 domain at the very C-terminus of the protein is thought to con-
tribute to cofactor recruitment and is essential for VDR’s ability to induce
transcription of its target genes. The hinge domain in the middle part of the protein
is important for structural flexibility and allows VDR to bind to different VDREs and
different chromatin structures.
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31.2.2 DNA binding of vitamin D receptor at vitamin D
response elements
The DNA-binding domain of VDR mediates its binding to the DNA.
This DNA�protein interaction is facilitated by two zinc finger domains
within the VDR DNA-binding domain and is known to occur at discrete
chromatin sites, so-called vitamin D response elements (VDREs). There is
a substantial variability with regard to the nucleotide sequence of the
DNA at these VDREs. However, most VDREs with high affinity for
VDR are direct repeats of six nucleotides (i.e., on half-site) with a spacing
of three nucleotides between the two half-sites. This sequence is therefore
called a DR-3 motif (for “direct repeat 3”). Functional VDREs can be
found at the proximal promoter regions of VDR target genes in close
vicinity to their transcriptional start sites. However, VDR binding can also
occur at regulatory elements in intronic or intergenic regions which are
often located several kilobases away from the transcriptional start sites of
their respective target genes (Pike and Meyer, 2014).

Figure 31.4 Chemical structures and biological properties of the two endogenous
vitamin D receptor (VDR) ligands 1,25(OH)2 vitamin D and lithocholic acid (LCA).
1,25(OH)2 vitamin D is the most potent endogenous vitamin D metabolite activating
VDR at the low nanomolar (nM) range. Besides VDR, some biological actions of 1,25
(OH)2 vitamin D are mediated via the membrane-associated rapid response steroid
(MARRS) binding protein. In contrast to 1,25(OH)2 vitamin D, LCA is not a vitamin D
metabolite but a secondary bile acid that is produced by intestinal bacteria from the
primary bile acid chenodeoxycholic acid. LCA activates VDR in the micromolar (μM)
range. Besides VDR, LCA also activates the bile acid receptors farnesoid X receptor
(FXR) and Takeda G-protein receptor 5 (TGR5).
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VDR and VDREs seem to regulate the expression of a substantial pro-
portion of the genome in a very complex and highly cell type-specific
manner. Various studies analyzed VDR-dependent gene regulation on a
genome-wide scale using modern techniques such as chromatin immuno-
precipitation coupled to next-generation sequencing. These studies sug-
gest that the presence of 1,25(OH)2 vitamin D generally increases VDR
binding to VDREs in the genome with several hundred sites being occu-
pied under basal conditions (i.e., absence of 1,25(OH)2 vitamin D) and
up to several thousand being occupied after 1,25(OH)2 vitamin D treat-
ment. Importantly, collective analysis of the available datasets from differ-
ent cells (e.g., osteoblasts, B cells, monocytes, colorectal cancer cells, and
hepatic stellate cells) suggests that, although a certain degree of overlap
exists, the usage of genomic VDREs differs considerably between distinct
cell types (Ding et al., 2013; Heikkinen et al., 2011; Meyer et al., 2010,
2012; Pike and Meyer, 2014; Ramagopalan et al., 2010; Satoh and
Tabunoki, 2013). These genome-wide data on VDR binding sites (i.e.,
the so-called VDR cistrome) are consistent with observations on the
transcriptome level, indicating that 1,25(OH)2 vitamin D in fact regulates
mRNA expression of distinct subsets of genes in a highly cell type- and
tissue-specific manner (summarized in Haussler et al., 2010; Plum and
DeLuca, 2010).

31.2.3 Interaction partners of vitamin D receptor
VDR interacts with many different proteins in multimeric complexes to
regulate gene expression. These protein interactions are primarily medi-
ated by the C-terminal ligand binding domain of VDR and, in addition
to that, by a short additional domain at the very C-terminus, called the
AF-2 domain. VDR’s ability to transactivate or repress gene expression
requires its interaction with many cofactors such as DNA modifying
enzymes or proteins of the basal transcriptional machinery which are present
in virtually all cells. In addition to that, VDR is thought to interact with
various cofactors in a cell type- or tissue-specific manner (Campbell, 2014).

A major interaction partner of VDR, independent of the cell type, is
the retinoid X receptor (RXR), which is a universal heterodimerization
partner of many nuclear receptors. Heterodimerization of VDR with
RXR seems to be an essential prerequisite for VDR-mediated transcrip-
tional activation of most of its target genes (Kraichely and MacDonald,
1998). Consistent with this notion, a large proportion of VDR binding sites
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in the genome showed a significant overlap with RXR binding irrespective
of the analyzed cell type (Pike and Meyer, 2014).

Similarly, it has been established as a general principle in many differ-
ent cell types that activation of VDR leads to a more relaxed, “open,”
chromatin structure. This facilitates the recruitment of additional coactiva-
tors and, subsequently, the assembly of the basal transcriptional machinery
including RNA polymerase. This relaxation of the chromatin structure is
generally performed by histone acetyl transferases such as members of the
CBP/p300 family. Vice versa gene repression by nonligand bound VDR
is frequently associated with the recruitment of histone deacetylases or
various corepressors such as hair growth associated or the nuclear core-
pressors NCOR1 and NCOR2 (reviewed in Campbell, 2014).

31.3 The role of vitamin D and vitamin D receptor in liver
health and disease

31.3.1 The epidemiology and pathophysiology of
nonalcoholic fatty liver disease as a prototypical chronic
liver disease
From a clinical perspective, vitamin D deficiency is widely recognized in
the general population and low vitamin D levels are thought to increase
the risk for several human disorders including osteoporosis, autoimmune
diseases, metabolic disorders, and cancer (Holick, 2007). Interestingly,
reductions of circulating 25-OH VD levels are particularly pronounced in
chronic liver diseases and are generally associated with increased fibrosis
stage in both viral and nonviral etiologies (Baur et al., 2012; Geier, 2011;
Petta et al., 2010; Stokes et al., 2013; Targher et al., 2007). A clear causal
relationship between low vitamin D status and advanced liver damage can
of course not be established from observational clinical studies. However,
as pointed out above, the liver is the major organ responsible for the
25-hydroxylation of vitamin D. Moreover, the liver produces bile acids
which are required for the intestinal absorption of lipid-soluble molecules
including vitamins. One could therefore hypothesize that increased tissue
damage in advanced liver disease may, at least in part, mechanistically con-
tribute to the reduced levels of 25-OH VD present in the circulation.

The last part of this chapter will therefore provide a short overview on
some clinical aspects of vitamin D metabolism and its molecular modes of
action in the context of liver health and disease. This will be focused on
the role of vitamin D in nonalcoholic fatty liver disease (NAFLD) as the
prototypical chronic liver disease of our time. NAFLD represents an
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increasingly recognized disease entity with rising prevalence of about one-
fourth of the global population. NAFLD is closely linked to obesity, insu-
lin resistance, and type 2 diabetes mellitus. In these patient populations its
prevalence increases to up to 70%�90% (Portillo-Sanchez et al., 2015;
Younossi et al., 2016). In the early stage, NAFLD is characterized by a
noninflammatory accumulation of lipid droplets (steatosis) in parenchymal
liver cells (hepatocytes). As the major problem of the disease, it can prog-
ress to nonalcoholic steatohepatitis (NASH) which involves the activation
of various nonparenchymal cell types such as Kupffer cells (i.e., liver-
resident macrophages), infiltrating T cells, or hepatic stellate cells (Arab
et al., 2018; Jahn et al., 2016). These processes can then lead to chronic
liver inflammation and result in severe tissue damage and fibrosis in a sub-
set of patients. In some affected individuals, NASH can eventually prog-
ress to liver cirrhosis and cancer (Fig. 31.5). Due to its high prevalence
and its potential progression to end-stage liver disease, NASH is currently
among the three most common causes of liver transplantation in the
United States and is projected to become an even larger problem in the
future (Charlton et al., 2011).

31.3.2 Observational and interventional clinical studies on
vitamin D in nonalcoholic fatty liver disease
Vitamin D deficiency is commonly defined as circulating 25-OH VD
levels of 30 ng/mL or less. A large body of observational clinical studies
suggests a close association of vitamin D deficiency with obesity and meta-
bolic disorders as well as with the incidence and progression of NAFLD.
For example, low serum 25-OH VD levels are predictive of future hyper-
glycemia and insulin resistance in nondiabetic subjects (Forouhi et al.,
2008) and are inversely associated with metabolic syndrome (Hypponen
et al., 2008). Moreover, low vitamin D levels have been associated with a
higher body fat mass and several markers of insulin resistance such as
plasma glucose, insulin, HOMA-IR, and adiponectin (Dasarathy et al.,
2014; Gannage-Yared et al., 2009; Liu et al., 2009). Decreased 25-OH
vitamin D is furthermore closely associated with the histological severity
of hepatic steatosis, necroinflammation, and fibrosis in NAFLD (Targher
et al., 2007). In addition to that, vitamin D deficiency increases the likeli-
hood of definitive NASH in patients with NAFLD (Nelson et al., 2016).

In addition to this, recent interventional clinical proof-of-concept
studies suggest beneficial effects of vitamin D treatment on NAFLD and
the metabolic syndrome (Amin et al., 2016; Beilfuss et al., 2012; Geier
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et al., 2018; Papapostoli et al., 2016; Sharifi et al., 2014). In general, these
studies observed reductions in liver injury markers (e.g., measured as
serum alanine aminotransferase and serum cytokeratin-18 fragments) and
noninvasive measures of hepatic steatosis (e.g., ultrasound). Moreover,
vitamin D supplementation was found to improve insulin resistance (e.g.,
measured by homeostatic model assessment; HOMA) as well as markers
of systemic low grade inflammation and oxidative stress. As a major fact
limiting our current knowledge about the efficacy of vitamin D treatment
in progressed stages of NAFLD (i.e., NASH), the definitive diagnosis of
NASH can only be made on the histological level and thus requires a liver
biopsy. However, with a few exceptions (Geier et al., 2018), the currently
available clinical studies have not addressed the effects of vitamin D on

Figure 31.5 The pathophysiology of nonalcoholic fatty liver disease (NAFLD) as a
prototypic chronic liver disease. NAFLD is a complex multiorgan disease involving
metabolic and inflammatory changes in liver, adipose tissue, and intestine. Increased
release of fatty acids from the insulin-resistant adipose tissue or increased de novo
lipogenesis in the liver result in increased triglyceride (TG) accumulation in hepato-
cytes (liver steatosis). This can induce various metabolic stresses including mitochon-
drial dysfunction and the generation of reactive oxygen species that trigger the
activation of immune cells. This results in disease progression from bland steatosis to
nonalcoholic steatohepatitis (NASH). NASH can also be triggered or aggravated by
proinflammatory signals coming from the inflamed adipose tissue (e.g., adipocyto-
kines) or by bacterial metabolites such as endotoxin coming from the leaky gut. The
metabolic and inflammatory changes present in NASH can lead to hepatocyte apo-
ptosis/necrosis, tissue damage, and, subsequently, scar tissue formation (i.e., liver
fibrosis) through the activity of hepatic stellate cells. In a subset of individuals, NASH
can eventually progress to liver cirrhosis and/or hepatocellular carcinoma (HCC).
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liver health in patients with biopsy-proven NASH. Thus further investiga-
tion of this aspect is warranted in further clinical trials in patients with
histologically-defined NASH.

31.3.3 Vitamin D and vitamin D receptor directly target
various pathophysiological processes in nonalcoholic fatty
liver disease—insights from preclinical models
31.3.3.1 Effects on adipose tissue
In addition to the clinical data outlined above, there is substantial evi-
dence to suggest direct beneficial effects of vitamin D and VDR on vari-
ous pathophysiological aspects of NAFLD on the molecular level. The
transition from bland liver steatosis to the inflammatory and fibrotic
changes seen in NASH can be triggered and promoted by various patho-
physiological events in various tissues and organs. These events include
the obesity-associated inflammation of the adipose tissue. Adipose tissue
inflammation in NAFLD causes two main problems for the liver: first,
inflammation promotes adipose tissue insulin resistance leading to uncon-
trolled lipolysis and increased release of free fatty acids (FFAs) into the cir-
culation. These FFAs are cleared by the liver and promote hepatic
steatosis. Second, adipose tissue inflammation leads to an increased release
of proinflammatory adipocytokines which act as endocrine signaling
molecules and can promote the transition to NASH (Arab et al., 2018).

Macrophage infiltration and a shift from antiinflammatory M2 macro-
phages to proinflammatory M1 macrophages are thought to play a vital
role in the process of adipose tissue inflammation (Boutens and Stienstra,
2016). Both adipocytes and macrophages express VDR and, interestingly,
vitamin D has been reported to modulate the macrophage balance favor-
ing M2 polarization in various disease models (Gunasekar et al., 2018;
Wasnik et al., 2018; Zhang et al., 2014). The molecular mechanisms
underlying these effects are not yet entirely clear. However, these obser-
vations suggest that a direct effect of vitamin D on adipocytes and adipose
tissue macrophages could also contribute to the metabolic improvements
of vitamin D treatment seen in NAFLD.

31.3.3.2 Intestinal effects
Besides adipose tissue, changes in the gut microbiota (i.e., “dysbiosis”) and
the intestinal immune system play a major role in the pathogenesis of
NAFLD (Arab et al., 2018). Obesity-associated intestinal dysbiosis and
inflammation can lead to impaired intestinal barrier function by downregu-
lation of tight junction proteins (Al-Sadi and Ma, 2007; Luck et al., 2015;
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Winer et al., 2016). Intestinal permeability (also termed “leaky gut”) can,
in turn, lead to the translocation of bacterial metabolites such as endotoxin
or bacterial DNA into the portal and systemic circulation. Increased bacte-
rial metabolites and subsequent activation of Toll-like receptor signaling
contribute to metabolic complications in obesity and, in particular, to
hepatic inflammation and fibrogenesis in NAFLD (Cani et al., 2008;
Gabele et al., 2011; Harte et al., 2010; Rivera et al., 2007). Interestingly,
VDR is strongly expressed in enterocytes and has been shown to directly
contribute to multiple aspects of intestinal homeostasis. First, VDR regu-
lates the expression of antimicrobial peptides directly on the transcriptional
level and loss of VDR expression in Vdr2/2 mice has a profound effect
on the general composition of the gut microbiota (Campbell et al., 2012;
Jin et al., 2015). Second, VDR has been shown to regulate the physiology
of intestinal Paneth cells by transcriptional regulation of the autophagy-
related Atg16l1 gene (Wu et al., 2015). Third, vitamin D inhibits proin-
flammatory nuclear factor kappa B (NF-κB) signaling in intestinal cells via
VDR and, fourth, upregulates the tight junction protein claudin-2 as a
direct target gene of VDR (Liu et al., 2013; Zhang et al., 2015). These
mechanistic studies suggest that vitamin D protects intestinal homeostasis
at multiple levels via direct transcription effects on various VDR target
genes.

31.3.3.3 Effects on hepatic immune cells and stellate cells
Finally, vitamin D and VDR are thought to exert protective functions
directly in the liver tissue, which seem to be mostly mediated by nonpar-
enchymal cells. Amongst other immune cell types, T cells play a major
role in the pathogenesis of NAFLD. The progression to NASH is marked
by an increased ratio of Th17/resting regulatory T cells in peripheral
blood as well as an increased frequency of Th17 in the liver (Rau et al.,
2016). Amongst other cytokines, Th17 cells produce IL-17 which pro-
motes the development of NASH and eventually liver cancer in experi-
mental mouse models (Gomes et al., 2016). Importantly, vitamin D has
been found to downregulate IL-17 expression in human T cells and in a
mouse model of autoimmune encephalomyelitis by a direct transcriptional
mechanism involving VDR (Joshi et al., 2011). This suggests that the
repression of Th17 cells and IL-17 production by VDR could, at least in
part, mechanistically contribute to the beneficial effects of vitamin D sup-
plementation in NAFLD. However, this hypothesis needs further experi-
mental validation.
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Liver fibrosis is a strong predictor for long-term mortality in NAFLD
patients (Angulo et al., 2015). Consequently, efficient antifibrotic strate-
gies seem to hold promising therapeutic potential for NASH and for the
prevention of its progression to end-stage liver disease. Fibrotic changes in
NASH are mainly driven by hepatic stellate cells which produce extracel-
lular matrix proteins in response to liver injury, thus leading to scar tissue
formation. Interestingly, active vitamin D inhibits the proliferation and
profibrotic activity of murine and human hepatic stellate cells via VDR-
dependent and independent effects in vitro (Beilfuss et al., 2015; Reiter
et al., 2015). The hepatic fibrotic response is primarily governed by trans-
forming growth factor beta (TGFβ) signaling which activates mothers
against decapentaplegic homolog (SMAD) transcription factors to drive
the expression of profibrotic genes. Detailed mechanistic in vivo studies in
Vdr2/2mice have shown that ligand-activated VDR antagonizes SMAD
chromatin binding in the context of profibrotic TGFβ signaling and thus
protects from liver fibrosis (Ding et al., 2013).

In summary, several observational and interventional clinical studies
suggest that vitamin D has multiple liver protective effects in human
patients with NAFLD. Various lines of clinical and preclinical evidence
suggest that these benefits are mostly mediated via direct transcriptional
effects of VDR that occur in different tissues, including adipose tissue, the
intestine, and the liver (Geier, 2011) (Table 31.1).

Table 31.1 Potential molecular mechanisms contributing to the therapeutic effects
of vitamin D in nonalcoholic fatty liver disease.

Adipose tissue

• Amelioration of adipose tissue inflammation via regulation of M1/M2
macrophage balance.

Intestine

• Regulation of gut microbiota via protection of Paneth cells and production
of antimicrobial peptides.

• Promotion of intestinal barrier function via upregulation of tight function
proteins.

• Inhibition of proinflammatory nuclear factor kappa B (NF-κB) signaling.

Liver/systemic inflammation

• Reduction of proinflammatory IL-17 production from Th17 cells.
• Antifibrotic effects in hepatic stellate cells by inhibition of TGFβ/SMAD

signaling.
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Key facts of GPR109A and tumor suppression

� Nicotinic acid-induced GPR109A activation potentiates antitumor
immunity, antiinflammatory, and antitumor signaling in a number of
cell types and tissues.

� Antiinflammatory effects of GPR109A on immune signaling have
been demonstrated in retinal pigment epithelium and neurons, to
protect against retinal degradation during diabetes and Parkinson’s
disease, respectively.
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� Butyrate-mediated activation of GPR109A has been demonstrated to
improve inflammation in the colon through regulation of immune
regulations and proliferation.

� This mediation of inflammation has been demonstrated to also
decrease the incidence of colorectal cancer, presenting GPR109A as a
potential tumor suppressor.

� The tumor suppressive effects of butyrate/GPR109A have been dem-
onstrated in breast tissue as well, for the breast produces butyrate in
significant quantities for activation during lactation.

� NA deficiency is associated with increased tumor incidence and NA
supplementation, along with vitamin C, increases the overall survival
from 10 to 122 months (B12 times more overall survival)

Summary points

� This chapter focuses on GPR109A, a Gαi protein-coupled receptor
for vitamin B3 or niacin.

� Niacin or nicotinic acid (NA) is an essential dietary supplement,
which has been utilized as an antidyslipidemic drug for more than 50
years without its mechanism being fully understood.

� Although niacin is a ligand for GPR109A, the normal circulating
level of NA (B0.2 μM) is not sufficient to activate GPR109A
because the EC50 for NA to activate GPR10A is B1.0 μM.

� The ketone body β-hydroxybutyrate and short-chain fatty acid buty-
rate are physiological endogenous ligands for GPR109A.

� Endogenous ligands have been demonstrated in a variety of studies to
have tissue-specific effects in lipid regulation, cellular metabolism, and
inflammation.

� Research in colon and breast cancer suggests that GPR109A is also a
tumor suppressor and can be a valid target for further cancer thera-
peutic studies.

Abbreviations
AC adenylate cyclase
cAMP cyclic adenosine monophosphate
DNMT DNA methyltransferases
FFAs free fatty acids
HDAC histone deacetylase
NA nicotinic acid
NAD nicotinamide adenine dinucleotide
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NAM niacinamide or nicotinamide
PD parkinson’s disease
RPE retinal pigment epithelium
TAG triacylglycerol
Trp tryptophan
SMCT1 or SLC5A8 sodium-coupled monocarboxylate transporter

32.1 Introduction

GPR109A is a G protein-coupled receptor that belongs to a Gi

(Ginhibitory) subfamily of receptors that includes GPR109B and GPR81
(Offermanns, 2006). While it is not utilized as a vitamin, GPR109A is the
only known receptor for vitamin B3, also known as niacin or nicotinic
acid (NA). Deficiency in niacin was once quite common, a condition that
would eventually lead to death. However, once the relevance of niacin’s
physiological importance was grasped, fortifying food types, particularly
grain products, all but eliminated such a deficiency as a cause for malady.
NA has also been utilized as an antidyslipidemic drug for several years, but
only recently has its mechanism of action through GPR109A been under-
stood. GPR109A is able to limit the release of free fatty acids, thereby
lowering the levels of harmful lipids in the plasma that increase the risk
factors associated with cardiovascular disease and elevating cardioprotective
lipids. However, the effects of NA are not merely isolated to adipocyte
regulation of fat storage. Following the discovery of GPR109A, its expres-
sion was found in significant levels in the spleen, immune cells, colon, retinal
pigment epithelial cells, and breast tissue. While NA is the pharmacological
agent primarily used to activate GPR109A, two endogenous ligands of
GPR109A have been identified, the ketone body β-hydroxybuturate and
short-chain fatty acid butyrate. These endogenous ligands have tissue-specific
effects that play a role in cellular metabolism and, surprisingly, inflammation.
GPR109A has been shown in several studies to have a role in regulating
antiinflammatory and proinflammatory molecules in various tissues. Studies
in breast and colon cancer have also suggested that GPR109A activation
may also function as a tumor suppressor. GPR109A is therefore a unique
receptor that has pleiotropic potential as a target for future therapeutics.

32.2 GPR109A: a receptor for niacin

32.2.1 Niacin: the antidyslipidemic vitamin
Niacin (NA), vitamin B3, is one of the most essential human nutrients
with the molecular formula C6H5NO2. NA is a colorless water-soluble
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vitamin and is a derivative of pyridine with a carboxyl group (COOH) at
the 3-position (Fig. 32.1). NA and niacinamide or nicotinamide (NAM)
are both often utilized as supplements, their names being used inter-
changeably in reference to their physiological effects. Both NA and NAM
are the dietary precursors for the coenzyme nicotinamide adenine dinucle-
otide (NAD), the metabolic cofactor that is necessary for basic cellular
metabolism, energy production, and certain enzymatic reactions that con-
sume NAD to generate by-products (Srivastava, 2016). NAD is most
often designated as NAD1 to highlight its oxidized form and its potential
to be reduced to NADH. NAD1/NADH interconvert between their
oxidized and reduced states to facilitate enzymatic reactions, redox reac-
tions, and the generation of new components in different aspects of cellu-
lar metabolism (Fig. 32.2). From progression through glycolysis and the
TCA cycle to providing the reduction reaction necessary at complex I of
the electron transport chain to eventually generate adenosine triphosphate
(ATP), the NAD1/NADH ratio is essential for cell function, with
changes in the ratio altering metabolism and changing energy production
based upon the available resources. The largest source of NAD comes
from the consumption of dietary NA, the recommended daily intake
being 14�16 mg for adult men and women, respectively (Bogan and
Brenner, 2008). NA or any of its various derivatives can then be con-
verted into NAD1 via the salvage pathway. NAD1 can also be generated
through de novo synthesis from tryptophan (Trp) but to a lesser extent. A
deficiency in NA or Trp results in a disease known as pellagra, a reversible
condition characterized by diarrhea, dermatitis, and dementia. Efforts
made to eradicate this condition, which was once very common among
the poor, even in the rural United States in the early 20th century, led to
the discovery and subsequent understanding of NAD1. Therefore today,
due to the enrichment of many affordable foods with NA, cases of

Figure 32.1 Conversion of nicotinamide nicotinamide (NAM) into niacin (NA): hydro-
lysis of NAM will release ammonia (NH3) and produce NA.
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pellagra are rare. However, these early studies with NA did more than
just eliminate pellagra, demonstrating NA’s greater importance to main-
taining health as a whole.

In the 1950s NA was discovered to have properties for use as an anti-
dyslipidemic drug (Altschul et al., 1955). Some of the first studies exam-
ined adipose tissue, where it was discovered NA was able to reduce the
levels of free fatty acids (FFAs) that circulated in the plasma (Carlson and
Oro, 1962). This altered the lipid profile, reducing triacylglycerol (TAG),
very-low-density lipoprotein (VLDL), and low-density lipoprotein levels
in the plasma, which was accompanied by an increase in high-density
lipoprotein (HDL) levels and a decrease in Lp(a), a risk factor for coronary
heart disease, suggesting that NA has both cardioprotective and antidysli-
pidemic effects (Carlson, 1963; Carlson et al., 1989; Shepherd et al.,
1979). Further studies have confirmed its clinical usefulness. NA was mar-
keted as the first antidyslipidemic drug rather than a cardioprotective
agent, mainly due to the fact that high dosing of NA often results in the
unexpected side effect of flushing (Carlson, 2005). Interestingly, NAM
does not cause the flushing that is commonly associated with NA.

Figure 32.2 Synthesis of niacin from the amino acid tryptophan (Trp). Niacin can be
also synthesized from the diet via the amino acid Trp through the kynurenine path-
way. The first step is catalyzed by the extrahepatic enzyme indoleamine 2,3-dioxy-
genase (IDO), which is responsible for the oxidative cleavage of tryptophan, and
leads to the synthesis of niacin (NA) nicotinamide (NAM) and nicotinamide adenine
dinucleotide (NAD) In healthy individuals, less than 2% of dietary Trp is converted to
NAD by this Trp oxidation pathway. On average 1 mg of NA can be synthesized from
60 mg of Trp.
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Therefore further studies sought to alleviate this side effect of NA and
understand its mechanism of action.

It was demonstrated early on that NA had an effect on the accumula-
tion of cyclic adenosine monophosphate (cAMP) in the isolated fat cells
(Butcher et al., 1968). It was later reconfirmed and demonstrated that NA
decreases the activity of adenylate cyclase (AC), the enzyme responsible
for converting ATP to cAMP (Aktories et al., 1980). ACs are regulated
by G protein-coupled receptors, meaning that NA has an indirect effect
on AC through a specific G protein-coupled receptor (Sadana and
Dessauer, 2009). This proposed mechanism of action helped to explain
the immediate effects of NA on FFA levels, the production which is
directly under cAMP control, and the delayed response on the rest of the
lipoproteins altered. Therefore the search for the G protein-coupled
receptor responsible began.

32.2.2 GPR109A receptor discovery and its agonists
Wise et al. (2003) discovered that there were two receptors for NA, fol-
lowing a screening of orphan G protein-coupled receptors that are highly
expressed in adipose tissue and spleen. Low-affinity receptor HM74 and
high-affinity receptor HM74A were their original designations; HM74A
is a paralogue of HM74. PUMA-G was also discovered to be the mouse
variant of HM74A. But Tunaru et al. (2003) in the same year took this
study a step further and described a proposed mechanism for how NA
works through its receptor. HM74A and PUMA-G were found to be
highly expressed on white and brown adipose tissues of human and
mouse, respectively, where NA bound with high affinity to both recep-
tors, triggering the release of Ca21 to inhibit AC activity and decrease
FFA release from adipocytes. A parallel study conducted by Soga et al.
(2003) further analyzed the binding of NA and found that NA bound
with high affinity to human HM74A and mouse PUMA-G but with a
much lower affinity to HM74, suggesting that NA effects are primarily
mediated through HM74A/PUMA-G. Subsequently, PUMA-G-deficient
mice were shown to have reduced NA binding affinity at adipocytes
plasma membranes. NA also failed to decrease FFA release from adipo-
cytes following starvation or to decrease TAG levels in PUMA-G-
deficient mice placed on a high-fat diet. Nevertheless, PUMA-G and
HM74A may mediate the effects of NA following treatment, but NA is
not the physiological ligand of these receptors. NA plasma and serum
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concentrations are low under normal physiological conditions
(100�400 nM), significantly lower than the given dosage in these experi-
ments, suggesting another endogenous ligand for PUMA-G and HM74A
must exist.

In 2005 Taggart et al. identified that the fatty acid-derived ketone
body D-β-hydroxybuturate is the endogenous ligand for PUMA-G and
HM74A (Taggart et al., 2005). Starvation requires the body to utilize its
own resources to continue to generate ATP in the absence of dietary glu-
cose (Puchalska and Crawford, 2017). Fat stores will be the first to be
employed, producing acetyl CoA from β-oxidation of FFAs to generate
ATP. This can also increase the accumulation of ketone bodies in the liver
to ensure the maximum utilization of resources for energy production
once released into the blood. In this study, it was demonstrated that both
forms of the ketone body D-β-hydroxybuturate and L-β-hydroxybuturate
could bind to HM74A and PUMA-G but not HM74 and increased the
release of Ca21 to limit FFA release (Taggart et al., 2005). PUMA-G-
deficient mice also demonstrated no reduction in FFAs release from adi-
pocytes despite increased levels of D-β-hydroxybuturate. It is believed
that D-β-hydroxybuturate may serve as part of a homeostatic negative
feedback mechanism by which this ketone body limits its own production
rate by inhibiting lipolysis, thus attempting to conserve fat stores during
extended periods of starvation. Some other small-chain fatty acids such as
butyrate could activate HM74A and PUMA-G, but these small-chain
fatty acids do not reach sufficient concentrations in the blood to be physi-
ologically relevant for these receptors on adipose tissue.

While these groups published utilizing the HM74A/PUMA-G and
HM74 designations for this G protein-coupled receptor, they have come
to be known in the literature as GPR109A and GPR109B, respectively.
Even though GPR109A and GPR109B are more than likely the result of
gene duplication (Zellner et al., 2005), GPR109A binds NA with high
affinity and mediates its antidyslipidemic effects, thus being the key recep-
tor in the rest of our discussion.

32.3 The role of GPR109A in tissue

32.3.1 Adipocytes
It was also determined that GPR109A is the receptor through which
NA-induced flushing is caused (Offermanns, 2006). Flushing is a harmless
condition, but it can occur at even small doses of NA, usually on the
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upper body and face, accompanied by an intense burning sensation.
Therefore many patients choose not to continue with NA treatment
despite its perceived benefits. Interestingly, the flushing response to NA
usually disappears within a week of continued NA use, while the antidy-
slipidemic effects have been reported to be maintained over long periods
of time.

A study conducted by Benyo et al. (2005) demonstrated that
GPR109A is the receptor that mediates the flushing response. PUMA-G-
deficient mice did not exhibit flushing following NA treatment.
However, transplantation of wild-type bone marrow into these mice
restored NA-induced flushing, suggesting that bone marrow-derived cells
are responsible. Further examination demonstrated that NA binding and
activation of GPR109A led to an increased production of prostaglandin
E2 and prostaglandin D2 through a COX-1-dependent mechanism in
bone marrow-derived cells, namely macrophages. Prostaglandins are
potent vasodilators, thereby easily inducing a flushing response (Eklund
et al., 1979). Mice lacking COX-1 or any of the receptors necessary for
prostaglandin activity demonstrated no NA-induced flushing. Langerhans
cells, macrophages only found in the skin, have also been found to release
prostaglandin D2 in response to IFNγ (Maciejewski-Lenoir et al., 2006).
These early studies point toward a distinct antiinflammatory role for
GPR109A activity.

32.3.2 Immune cells
Other studies have demonstrated these antiinflammatory effects of
GPR109A are not limited to one particular cell type and are certainly not
limited to prostaglandin pathways. GPR109A was identified as a potential
receptor for NA on the membranes of cells from adipocytes and spleen
cells (Soga et al., 2003). Initial studies confirming the efficacy of NA
effects through GPR109A also reported that PUMA-G expression is
upregulated in macrophages by IFNγ (Tunaru et al., 2003; Wise et al.,
2003). GPR109A expression has been determined to be the highest in
immune cells, which include macrophages, monocytes, neutrophils, and
dendritic cells. In particular, GPR109A stimulation on human monocytes
resulted in decreased expression of TNF-α-mediated proinflammatory
molecules IL-6 and MCP-1 following lipopolysaccharide (LPS) and heat
killed listeria monocytogenes (HKLM) challenge, respectively (Digby
et al., 2012). This was accomplished by the inhibition of its transcription
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factor NF-κB by NA. Prostaglandin or COX inhibition did not alter the
effects of NA and GPR109A activity, demonstrating NA could work
through GPR109A by a prostaglandin-independent mechanism in mono-
cytes to protect against inflammation and potentially effect atherosclerosis.

These antiinflammatory effects are not solely mediated through tradi-
tional immune signaling molecules. In adipose tissue, short-term treatment
with extended release of NA was found to increase the expression of adi-
ponectin, an antiinflammatory protein expressed in adipose tissue that has
been found to be cardioprotective and is inversely correlated with several
risk factors with cardiovascular disease (Westphal et al., 2007). However,
the dosing and time span of treatment in this set of experiments was not
enough to observe the effects of the protein. Further study confirmed the
ability of NA to increase both adiponectin and adipokine while decreasing
the proinflammatory chemokines fractalkine (CX3CL1), MCP-1, and
RANTES, all of which play important roles in the early stages of athero-
sclerosis (Digby et al., 2010). These data contributed to the determination
that GPR109A has pleiotropic potential to combat both atherosclerosis
and dyslipidemia.

32.3.3 Retinal pigment epithelium
GPR109A has been demonstrated to be expressed in the retinal pigment
epithelium (RPE), specifically on its basement membrane (Gambhir et al.,
2012). The RPE is known to secrete proinflammatory cytokines and anti-
inflammatory molecules to help to maintain the overall health of the ret-
ina. GPR109A was specifically shown to be regulated in diabetic retina,
from not of mouse models of both type I and type II diabetes. Activation
of GPR109A via NA and β-hydroxybuturate in cultured RPE suppressed
proinflammatory cytokines IL-6 and CCL2 (MCP-1), even following
stimulation of these cytokines by TNF-α. Inhibition of GPR109A antag-
onized the effects of NA and β-hydroxybuturate on IL-6 and CCL2
expression, solidifying the role of GPR109A in inflammatory regulation
in the retina.

32.3.4 Neurons and Parkinson’s disease
Many studies have also examined the potential of GPR109A antiinflam-
matory effects in the nervous system, particularly pertaining to Parkinson’s
disease (PD). Two case studies suggest that individuals who consume
niacin-rich diets have a decreased risk of developing PD (Fall et al., 1999;
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Hellenbrand et al., 1996). Another case study also suggested that niacin
was able to decrease rigidity and bradykinesia in a PD patient with
increasing dosage (Alisky, 2005). However, this increased dosage also
appeared to increase the patient’s sensitivity to severe nightmares and skin
rash, necessitating the need for further study to be conducted.

Mouse studies have also confirmed the potential of niacin to be neuro-
protective. Fluid percussion injury in mice mimics traumatic brain injury,
and it has been reported that NAM treatment improved sensorimotor,
working memory, and behavior impairments in such mice (Hoane et al.,
2006). Similar neuroprotective effects of NAM were observed in two
mouse models of PD, preventing against neuron cell death and striatal
dopamine depletion (Anderson et al., 2008).

Niacin is unsurprisingly important for overall neural health, due to the
role it plays in dopamine synthesis (Wakade and Chong, 2014). NAD and
NADH and NADPH are required for the production of the coenzymes
that are necessary to form dopamine from L-tyrosine. However, interfer-
ences with Trp metabolism can reduce niacin levels in PD patients. Trp
metabolism itself may be impaired in individuals who have been diag-
nosed but not yet treated for PD (Ogawa et al., 1992). It has also been
reported that Levodopa medicine given to PD patients disrupts Trp
metabolism (Karobath et al., 1971).

It has been suggested that high dosage of NAM protected neuroblas-
toma cells from cell death and increased oxidant generation, DNA dam-
age, and protein oxidation in a 1-methyl-4-phenylpyridinium (MPP1)-
induced cellular model of PD (Jia et al., 2008). In the Drosophilia PD
model, climbing ability was improved. NAM at high doses decreased oxi-
dative stress to improve both mitochondria and motor function in these
PD models.

A more recent study has determined GPR109A is actually elevated in
PD patients (Wakade et al., 2014). With niacin levels low in these
patients, GPR109A is upregulated in the macrophages and CNS microglia
in an attempt to compensate and restore the reduced NAD levels.
However, despite the proper metabolites feeding into the niacin pathway,
NAD levels remain low, resulting in impaired mitochondrial function and
surprisingly disrupted rapid eye movement sleep.

These studies demonstrate that niacin and GPR109A activation pro-
mote antiinflammatory and antioxidant effects in neurons and may prove
be a potential treatment to reduce PD progression. However, more
research needs to be done into the scope of effects on mitochondrial
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physiology and what dosage of niacin will have to be considered to avoid
negative effects on neuron physiology.

32.3.5 Colon
GPR109A has been previously reported to be the most highly expressed
on immune cells and adipocytes, but recent work has determined the
high level of expression of GPR109A in the colon and its importance to
overall colonic health. GPR109A is expressed in the intestines, with the
largest expression in the colon (Thangaraju et al., 2009). Butyrate has also
been determined to be another endogenous ligand for GPR109A, with
its endogenous effects restricted to the colon environment. Colonic bacte-
ria ferment dietary fiber to generate short-chain fatty acids, which are
responsible for the beneficial effects of gut bacteria on intestinal/colonic
health (Hamer et al., 2008). Butyrate is one of the most commonly gener-
ated short-chain fatty acids and is present at high concentrations in the
colon compared to plasma levels (10 mmol/L colon vs 10 μmol/L
plasma). It will be remembered that the short-chain fatty acid
β-hydroxybuturate is the accepted ligand for GPR109A; however, the
same study noted that butyrate could also activate GPR109A (Taggart
et al., 2005).

Short-chain fatty acids, butyrate in particular, in the colonic lumen
have been demonstrated to improve inflammatory bowel disease and
decrease the incidence of colorectal cancer in a variety of different studies
(Clarke et al., 2012; Hung and Suzuki, 2016; Singh et al., 2014;
Venkatraman et al., 2003; Vieira et al., 2012). This effect may be through
the activation of GPR109A to act as a tumor suppressor in the colon.
GPR109A was linked with the induction of apoptosis, increased
GPR109A activity leading to an increase in caspase 3, 8, and 9, as well as
an increase in proapoptotic genes (FAS-L, FAS-R, FADD, and TNF-R1)
and a decrease in antiapoptotic genes (Bcl-2, Blc-W, Bcl-xL, and Bfll-1) in
colon cancer cell lines (Thangaraju et al., 2009). This change in gene
expression is believed to be mediated through the inhibition of histone
deacetylase (HDAC) activity by butyrate, as the ability of butyrate to
inhibit HDACs and its effect on cell growth and apoptosis has been well-
documented (van der Beek et al., 2017). GPR109A was also determined
to be a blocker of LPS-induced NF-κB activation following treatment
with butyrate. The connection between butyrate and NF-κB inhibition
had been confirmed years before by previous studies (Inan et al., 2000;
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Segain et al., 2000), but GPR109A as a link between the two had not
been proposed before this study.

Further examinations of colon tissues in normal and cancerous states
have revealed the colon protective effects of the butyrate/GPR109A
mechanism. The expression of GPR109A in human colon cancer samples
was decreased compared to human normal colon samples (Thangaraju
et al., 2009). Silencing of GPR109A was determined to occur through
the increase of DNA methyltransferases (DNMT) 1 and DNMT3b activ-
ity in colon cancer cells. DNMT1 also silences a butyrate transporter on
the apical membrane of the cell. Sodium-coupled monocarboxylate trans-
porter (SMCT1 or SLC5A8) is the intracellular transporter for butyrate
and other short-chain fatty acids that are silenced in human colon cancer
samples (Cresci et al., 2010; Thangaraju et al., 2008). Butyrate was shown
to induce apoptosis only when SLC5A8 was present in colon cancer cell
lines, activation of caspases 3, 8, and 9 promoting the activation of death
pathways. Therefore it has been speculated that the tumor seeks to silence
SLC5A8 and GPR109A to keep butyrate in from the colonic lumen and
out of the colon cells where they can affect apoptosis. GPR109A silencing
in the tumor may be overcome, as a study demonstrated that IFNγ pro-
motes GPR109A expression through p300 acetylation and pSTAT-
activation of GPR109A transcription (Bardhan et al., 2015). Despite there
already being methylation present on GPR109A, it is able to be activated.
Therefore this may be a mechanism through which GPR109A silencing
within the tumor may be overcome.

GPR109A expression on immune cells also contributes to the tumor
suppressive effects and its activity (Singh et al., 2014). It was found that
GPR109A signaling on dendritic cells and macrophages in the colon pro-
mote the differentiation of T regulatory cells and IL-10-producing CD41

T cells. Both NA and butyrate treatment promoted this phenotype, in
addition to promoting the production of IL-18 from the colonic epithe-
lium. Gpr109a-knockout mice were further shown to have increased sus-
ceptibility to azoxymethane-dextran sulfate sodium (DSS)-induced colitis
and colon inflammation, promoted by the widespread production of
proinflammatory molecules and reduction of antiinflammatory mediators
without Gpr109a activity. However, bone marrow transplant from the
WT mice to Gpr109a-knockout mice resulted in an improved phenotype.
Furthermore, NA decreased colon inflammation, despite the absence of
gut microbiota or dietary fiber, making a strong case for the necessity of
Gpr109a activity in colonic protection against both inflammation and
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cancer. Another study has demonstrated GPR109A activation by butyrate
can decrease inflammation in the colon by increasing NLRP3 inflamma-
some activation, which significantly improved DSS colitis outcomes in
mice (Macia et al., 2015).

32.3.6 Breast
GPR109A has also been shown to have a role in tumor suppression in
the mammary gland, another organ that naturally produces butyrate dur-
ing lactation. Human breast milk contains a significant amount of butyrate
(B0.75 mM) (Ochoa-Zarzosa et al., 2009; Parodi, 1997). Butyrate
induces differentiation in normal mammary epithelial cells and apoptosis
in breast cancer cells (Abe and Kufe, 1984; Berni Canani et al., 2012;
Graham and Buick, 1988). In breast cancer models, butyrate administra-
tion decreases mammary tumor formation by reducing the levels of estro-
gen receptor α (ERα) and progesterone receptor (Belobrajdic and
McIntosh, 2000; deFazio et al., 1992; Heerdt et al., 1999; Horwitz et al.,
1982). Therefore butyrate is a protective compound against breast cancer.
GPR109A was found to be expressed in the mammary epithelium at
levels comparable with those in spleen and intestine (Elangovan et al.,
2014). As in colon cancer, GPR109A expression is also silenced in human
breast tumor tissues by DNA methylation. Reactivation of GPR109A in
mammary tumor tissue could be achieved with the treatment of DNMT
inhibitors 5-azacytidine and 5-aza-20-deoxycytidine (5-AzaDC).
Combined treatment of either 5-AzaDC and butyrate or 5-AzaDC and
NA reduced breast tumor growth by inducing tumor cell-specific apopto-
sis. This increased the apoptosis observed in breast cancer cell lines via the
increased expression of proapoptotic genes and caspases and decreased
antiapoptotic and cell-cycle progression genes. Further investigation dem-
onstrated that expression of GPR109A alone was able to inhibit cell
growth and tumor formation in mouse xenograft, addition of NA aug-
menting the effect. Knockout of Gpr109a in the genetically engineered
mouse model of breast cancer (MMTV-Neu-Tg) caused increased tumor
incidence, lung metastasis, and tumor invasion with reduced overall
survival.

32.4 Future perspective/clinical relevance

GPR109A has proven to be a unique G protein-coupled receptor since
its discovery nearly 20 years ago, having many different effects in a wide
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array of different tissues. The previously described studies clearly demon-
strate its pleiotropic potential, bringing this receptor to the forefront of
consideration for potential therapeutic targets. GPR109A has long been
the receptor through which niacin was able to act as an antidyslipidemic,
which naturally has a considerable impact on cardiovascular health.
However, the emerging role of GPR109A in inflammation regulation has
been the focus of many studies in the past decade. This antiinflammatory
potential also allows GPR109A to have a functional role in several differ-
ent tissues and disease states. Most importantly, it has been demonstrated
to date to be a tumor suppressor in two different types of cancer, breast
and colon.

Determining the appropriate targeting strategy to harness GPR109A
regulation of antiinflammatory molecules and pathways will be the area of
research in the coming years. It is already known that niacin and its deri-
vatives are very well-utilized pharmacological agonists that can activate
GPR109A. What is not known is the exact dosing that is required to
elicit the appropriate effects. Proper dosing applies to attempts to utilize
the endogenous ligands β-hydroxybuturate and butyrate as well. Diet has
been well-documented to play a huge role in preventing disease states and
cancer development. Activation of GPR109A may be one of these added
health benefits of diets high in fiber or those that promote a ketogenic
state. However, diet is an environmental condition that cannot always be
strictly adhered to by the patient. Therefore alternative therapeutics for
GPR109A activation may have to be considered.

It must also be considered that GPR109A expression can be depleted
in cancer by epigenetic regulation. However, reversing of this silencing
has been documented. Gene regulation of GPR109A may also have to be
considered in combination with its activation to develop effective phar-
maceutics. Therefore despite certain hurdles that must be considered,
there are options to determine the best method of activation, whether
indirectly through inhibition or direct activation through its ligands.
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Key facts of vitamin C and cancer

• Unlike mice, which are extensively used for cancer research, humans
cannot synthesize vitamin C de novo due to a mutant and nonfunc-
tional L-gulonolactone oxidase (Gulo), the enzyme catalyzing the last
step of vitamin C biosynthesis. Therefore dietary supplementation of
vitamin C is essential in humans.
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• In vitro culture of cancer cells is critical for analyzing the molecular
mechanism of malignancy and for testing candidate cancer drugs.
However, vitamin C is often not included in the formulation of media
used for culturing cancer cells. On the other hand, standard mouse
models for cancer research synthesize endogenous vitamin C in their
livers and thus cannot model the differences in vitamin C bioavailabil-
ity observed in human patients.

• Using vitamin C to treat cancer has a long controversial history of
inconsistent outcomes.

• The recently uncovered function of vitamin C in regulating the epi-
genome, especially active DNA demethylation, once again revitalizes
the hope for this easily accessible and inexpensive vitamin in cancer
patient care.

• Vitamin C can be conveniently delivered through oral supplementa-
tion, which could help reprogram cancer cells toward noncancerous
cells through epigenetic regulation.

• Vitamin C is also considered as a prodrug to deliver free radicals to
damage cancer cells by intravenous infusion of high doses.

Summary points

• Inadequate vitamin C consumption, certain genetic variation in trans-
porters, and cancer-associated oxidative stress collectively contribute to
the intracellular vitamin C deficiency in cancer.

• Vitamin C deficiency may be associated with the risk of cancer, cancer
recurrence, and cancer-related mortality.

• Recent research has discovered a novel function of vitamin C in pro-
moting active DNA demethylation, which directly contributes to can-
cer cell reprogramming.

• By enhancing collagen cross-linking and hypoxia-inducible factor-1α
degradation, and by generating free radicals, vitamin C may be helpful
in cancer treatment.

• Vitamin C can be used for cancer treatment due to its epigenetic role
and other functions.

Definitions of words and terms

DNA methylation: Methylation at the fifth carbon of cytosine is a major
epigenetic modification of mammalian DNA, which is often associated
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with the suppression of gene transcription. This modification is estab-
lished and maintained by DNA methyltransferases.
Active DNA demethylation: Active DNA demethylation is initiated by
the conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC), which is catalyzed by ten-eleven translocation (TET)
methylcytosine dioxygenases. TETs can further oxidize 5hmC to
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), which are
eventually replaced by unmodified cytosine, thus completing the
process of demethylation.
Vitamin C as a cofactor: Without sufficient vitamin C, the enzymatic
activity of collagen hydroxylases is affected, resulting in scurvy, which
is characterized by insufficient collagen cross-linking. Sufficient vitamin
C, which has the capacity to convert enzymatically inactive Fe(III) to
active Fe(II) for collagen hydroxylases, cures the disease. Epigenetic
enzymes, such as TET methylcytosine dioxygenases and JmjC
domain-containing demethylases, like collagen hydroxylases, also
require vitamin C as a cofactor.
Epigenetic reprogramming: Remodeling of epigenetic marks by adding
new or erasing the existing ones, for example, DNA methylation. Loss
of 5hmC is an epigenetic hallmark of most cancers. Vitamin C can
help reprogram cancer cells toward nonmalignant cells by promoting
5hmC generation.
Vitamin C (L-ascorbic acid) is an essential dietary micronutrient

with a growing list of biological functions in which it is implicated.
Primarily known for its antiscorbutic properties, vitamin C has been
characterized as a potent antioxidant and cofactor for enzymes including
copper-dependent monooxygenases as well as iron and 2-oxoglutarate-
dependent dioxygenases. The major known functions of vitamin C
could be accounted for by a single chemical property, that is, it is an
electron donor. Studies have shown that demethylation of both
DNA and histones is catalyzed by iron and 2-oxoglutarate-dependent
dioxygenases, which require vitamin C as a cofactor. In light of the
recent discoveries regarding its participation in DNA and histone
demethylation, the emerging role of vitamin C as an epigenetic modula-
tor has put vitamin C once again in the spotlight of health and disease.
In this chapter, we will discuss the various functions of vitamin C at the
molecular and epigenetic levels, considering its therapeutic potential and
impact on cancer.
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33.1 Vitamin C intake and cancer

33.1.1 Cellular uptake of vitamin C in cancer
Most mammals synthesize vitamin C de novo in the liver from glucose
through an evolutionarily conserved biosynthetic pathway. In contrast,
humans no longer can synthesize vitamin C due to a loss-of-function
mutation in the L-gulonolactone oxidase (Gulo) enzyme, which catalyzes
the last step of biosynthesis. Due to this loss-of-function in humans, vita-
min C must be supplied through dietary sources and supplements.
Vitamin C enters cells primarily through sodium-dependent vitamin C
transporters (SVCTs). The high-capacity, low-affinity SVCT1 is primarily
responsible for vitamin C absorption and reabsorption in intestinal and
renal epithelial cells. The high-affinity, low-capacity SVCT2 distributes
vitamin C to most tissues and is expressed ubiquitously (Wilson, 2005). In
the dbSNP database, there are B60 nonsynonymous single nucleotide
polymorphisms (SNP) in the SLC23A1 gene (encoding SVCT1), all of
which are rare in the population (minor allele frequency ,0.5%). Some
of these SNPs, including rs35817838 (amino acid change M258V),
rs33972313 (V264M), and rs34521685 (I218V), are associated with a
40%2 75% decline in human plasma vitamin C regardless of dietary
intake (up to 2.5 g/day) (Corpe et al., 2010; Timpson et al., 2010). An
intronic SNP rs4257763 is also correlated with a reduced serum vitamin
C level (Cahill and El-Sohemy, 2009). There are about 40 nonsynon-
ymous SNPs in the SLC23A2 gene (encoding SVCT2) in the dbSNP
database. The impact of these variants on SVCT2 function is less clear.
Although the functional analysis of the genetic variation in SVCT1 and
SVCT2 is incomplete, individuals carrying certain genetic variants could
have a higher risk of vitamin C deficiency (Handelman, 2007).

Genetic variation in SVCT1 and SVCT2 has been associated with the
risk of certain types of cancer including advanced colorectal adenoma
(Erichsen et al., 2008), muscle-invasive bladder cancer (Guey et al., 2010),
gastric cancer (Wright et al., 2009), and non-Hodgkin lymphoma
(Skibola et al., 2008). One should be cautious in interpreting these genetic
associations which have not yet been independently validated in other
cohorts. The potential functional consequences of these associated variants
on vitamin C cellular uptake also remain largely unclear. A search of the
COSMIC database (Catalogue of Somatic Mutations in Cancer) (http://
cancer.sanger.ac.uk/cancergenome/projects/cosmic/) reveals that muta-
tions in SVCTs have been identified in many types of cancer, such as
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breast cancer, colorectal adenoma, and brain tumors, although the fre-
quency of these mutations is low (,8.81%). Furthermore, recurrent
mutations in the splicing factor SF3B1 have been identified in chronic
lymphocytic leukemia, uveal melanoma, and other cancers (Quesada
et al., 2011; Harbour et al., 2013). In chronic lymphocytic leukemia the
mutant SF3B1 causes a truncated, most likely nonfunctional, SVCT2 that
can result in the intracellular deficiency of vitamin C in cancer cells
(Quesada et al., 2011). Taken together, genetic variations in SVCT1 and
SVCT2, which can potentially disrupt vitamin C cellular uptake, have
been identified in a minority of cases of cancer.

The aberrant expression of SVCTs is also discovered in cancer. The
SVCT2 expression is decreased in 72.5% cases by at least 1.5-fold com-
pared to the matched normal breast tissues by analyzing RNA-Seq data of
113 matched pairs of breast cancer and normal breast tissue obtained from
the same patients in The Cancer Genome Atlas (Sant et al., 2018). In a
minority of breast cancer cases, the expression of SVCT2 is upregulated
(Hong et al., 2013). The aberrant expression of SVCTs is also detected in
breast cancer cell lines and melanoma cell lines (Sant et al., 2018;
Gustafson et al., 2015). Furthermore, the uptake rate of ascorbate, the
dominant form of vitamin C in the plasma, by melanoma cells is only
B50% of the uptake rate of the healthy melanocytes (Spielholz et al.,
1997), which correlates the lower expression of SVCT2 in melanoma
cells. Overall, available data suggest that in certain types of cancer, such as
breast cancer, a majority of cases display lower expression of SVCT2,
which could consequently disrupt vitamin C cellular uptake.

Cancer-associated genetic variants, somatic mutations, and the lower
expression of SVCT2 collectively lead to intracellular vitamin C
deficiency. Furthermore, cancer-associated oxidative stress could worsen
this deficiency by attenuating vitamin C within cancer cells (Toyokuni
et al., 1995). The average concentration of vitamin C in healthy human
plasma is generally near the B50 μM range. By diet and oral supplements,
plasma vitamin C can reach up to B200 μM (Levine et al., 2011).
To obtain higher than 300 μM vitamin C in the plasma would require
intravenous injection (Chen et al., 2007). Vitamin C is readily absorbed
and distributed in the body with a constant turnover rate, creating a
need for regular supplementation. It has been proposed for decades that
the repletion of vitamin C may have a certain therapeutic value in
decreasing malignancy by rectifying the intracellular vitamin C deficiency
in cancer cells.
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33.1.2 Vitamin C and cancer risk, recurrence, or mortality
Studies have observed a correlation between the occurrence of scurvy and
certain types of cancer. For example, a higher incidence of scurvy or sub-
clinical scurvy in cancer patients has been reported (Fain et al., 1998;
Krasner and Dymock, 1974). Plasma vitamin C deficiency, which is cor-
related with low intake of vitamin C, is also seen in 30% of cancer
patients (Mayland et al., 2005). Epidemiological studies further show an
inverse association between dietary vitamin C intake and the risk of can-
cer. For instance, vitamin C supplementation is associated with a
decreased risk, recurrence, and mortality of breast cancer (Greenlee et al.,
2012; Poole et al., 2013; Harris et al., 2013; Hutchinson et al., 2012). A
study investigating a cohort of 4877 women aged 20�75 years diagnosed
with invasive breast cancer found that vitamin C supplementation shortly
after breast cancer diagnosis is associated with reduced mortality and
recurrence risk (Nechuta et al., 2011). An inverse association between die-
tary vitamin C supplements and the risk of melanoma has also been
observed in population studies (Malavolti et al., 2013; Miura and Green,
2015). However, it remains largely unclear if the benefits of vitamin C in
prevention and treatment are universal or limited to certain types of
cancer only.

On the other hand, epidemiological evidence of vitamin C in decreas-
ing the risk of cancer remains inconsistent. Many studies showed minimal
or no benefit of vitamin C in cancer prevention and treatment. It is note-
worthy that it is difficult, if not impossible, to control vitamin C quantita-
tively in human subjects, which may underlie the inconsistent
epidemiological reports. For instance, vitamin C supplements in treatment
groups can easily be confounded by consumption of vitamin C�rich fruits
and vegetables in control/placebo groups. Most studies examined vitamin
C consumption by questionnaire or other indirect self-report methods,
but did not verify effects of vitamin C levels within cancer cells. Vitamin
C measurements in the plasma or cancer tissue do not necessarily reflect
the vitamin C level within the cancer cell. Furthermore, the effect of vita-
min C can be complicated by other antioxidants or micronutrients. Even
with these difficulties, recent meta-analyses of observational studies indi-
cate a potential benefit of vitamin C in breast cancer survivors. One
meta-analysis of epidemiological observational studies showed that higher
plasma levels of vitamin C are associated with a reduced breast cancer
risk (Hu et al., 2015). Another meta-analysis (n5 17,696 breast cancer
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patients) showed a statistically significant association between the use of
vitamin C supplements and reduced breast cancer mortality (Harris et al.,
2014). These studies suggest that vitamin C is beneficial for breast cancer
prevention and treatment.

Animal studies with the advantage of controlling vitamin C clearly
demonstrate the benefit of vitamin C in cancer treatment. Vitamin C
depletion increases the growth and metastasis of melanoma (Cha et al.,
2011). In contrast, vitamin C supplementation inhibits the growth and
metastasis of melanoma, breast cancer, and colorectal cancer (Cha et al.,
2013; Campbell et al., 2015, 2016). Corroborating human studies, the
results of animal experiments indicate a therapeutic potential for vitamin
C in cancer treatment. Available data suggest that it is likely that vitamin
C exerts its anticancer action through different molecular mechanisms.

33.2 The epigenetic role of vitamin C in cancer treatment

33.2.1 Vitamin C promotes DNA demethylation
Methylation at the C (Handelman, 2007) position of cytosine (5-methyl-
cytosine, 5mC) is the major covalent modification in mammalian DNA,
which plays an essential role in promoter silencing, X chromosome inacti-
vation, gene imprinting, and transposon silencing (Bestor et al., 2015).
Catalyzed by DNA methyltransferases (DNMTs), the methyl group from
the donor S-adenosyl methionine is transferred to the C (Handelman,
2007) position of cytosine, thus forming 5mC. De novo cytosine methyl-
ation is established by DNA methyltransferase 3 (DNMT3). Although
5mC is relatively stable, it can be lost due to the lack of maintenance by
DNA methyltransferase 1 (DNMT1) during DNA replication, thus result-
ing in passive demethylation by dilution.

Active DNA demethylation is initiated by ten-eleven translocation
(TET) methylcytosine dioxygenases, which catalyze a cascade oxidation
by converting 5mC to 5-hydroxymethylcytosine (5hmC), and further to
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Kriaucionis and
Heintz, 2009; Tahiliani et al., 2009; Ito et al., 2010). 5fC and 5caC are
excised by the DNA repair enzyme thymine DNA glycosylase to produce
an abasic site, which is eventually replaced by an unmodified cytosine
(5C), thus completing the process of active DNA demethylation
(He et al., 2011; Ito et al., 2011; Maiti and Drohat, 2011). In mammalian
genomes, 5mC and 5hmC are abundant, while 5fC and 5caC are
relatively rare. Within the framework of the CpG dinucleotide pattern,
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methyl-CpG-binding proteins can recognize and bind to these patterns of
5mC to mediate transcriptional regulation of the associated DNA. 5hmC
also regulates transcription by recruiting a different set of binding proteins
compared to 5mC. Hence, 5hmC is recognized as an epigenetic mark
with unique regulatory capacities (Shen et al., 2014).

TETs belong to the iron and 2-oxoglutarate (2OG, alternatively
termed α-ketoglutarate)-dependent dioxygenase superfamily. The cascade
oxidation catalyzed by TETs requires 5mC as the initial substrate, labile
Fe(II) as the cofactor, 2OG as the cosubstrate, and oxygen. 5mC is abun-
dant in the genome of most mammalian cell types. Under physiological
conditions, 2OG (an abundant intermediate in the Krebs cycle) and oxy-
gen are accessible to TETs. In contrast, Fe(II) must be tightly controlled
in the cell due to its active redox capacity, especially its ability to produce
free radicals through the Fenton reaction. In cultured cells, active DNA
demethylation is generally paused as shown by a very low or
undetectable 5hmC signal. In each reaction catalyzed by TETs, Fe(II) is
converted to Fe(III) or Fe(IV) along with the conversion of 5mC to
5hmC, then to 5fC and 5caC. Although the initial oxidation could be
carried out by TETs, the accumulation of catalytically inactive Fe(III)/Fe
(IV) would soon result in TET inactivation, which could explain the low
basal levels of 5hmC in cultured cells. Initial studies identified that vitamin
C, which has the capacity to reduce Fe(III)/Fe(IV) to Fe(II), promotes
5hmC generation in a cultured cell (Minor et al., 2013; Dickson et al.,
2013). The role of vitamin C in promoting TET-mediated DNA
demethylation has been confirmed in stem cells and vitamin C�deficient
L-gulonolactone oxidase knockout (Gulo) mice (Yin et al., 2013;
Blaschke et al., 2013; Chen et al., 2013). Thus a previously unrecognized
function of vitamin C in regulating DNA demethylation has been discov-
ered (Fig. 33.1).

33.2.2 Vitamin C suppresses malignancy by reestablishing
5-hydroxymethylcytosine
Aberrant epigenetic alterations, reflected at the interface of a dynamic
microenvironment and the genome, are involved in malignant transfor-
mation (Dawson and Kouzarides, 2012). Loss of 5hmC has been recog-
nized as an epigenetic hallmark of most, if not all, types of cancer
(Huang and Rao, 2014). For example, the content of 5hmC is high in
healthy melanocytes but is gradually lost during progression from
benign nevi through malignant stages of primary and metastatic melanoma

698 Molecular Nutrition



(Lian et al., 2012). This global loss of 5hmC disrupts the dynamics of
DNA methylation�demethylation and affects genome-wide gene expres-
sion, which could eventually lead to malignant transformation. The
known mechanism underlying the loss of 5hmC in some melanoma cases
is a decreased expression of TET2 or somatic mutations (Lian et al.,
2012). Overexpressing TET2 partially reestablishes a normal 5hmC profile
in melanoma cells and decreases their invasiveness (Lian et al., 2012). The
cancer suppressing effect of the forceful expression of TETs has also been
proven in other types of cancer, such as breast cancer (Hsu et al., 2012).
While overexpressing TETs in patients might not be clinically feasible,
this discovery suggests that finding a means of restoring normal 5hmC
content may yield a novel therapy for cancer.

Figure 33.1 The role of vitamin C (ascorbate) in DNA methylation and demethylation
dynamics.
Fe(II) is an essential cofactor for TET-mediated active demethylation. Vitamin C, which
has the capacity to convert Fe(III) to Fe(II), promotes active DNA demethylation. TET,
Ten-eleven translocation; TDG/BER, thymine DNA glycosylase/base excision repair.
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An alternative to TETs overexpression, vitamin C may enhance or
even maximize the catalytic activity of existing TETs, including those
from nonmutant alleles or isoforms in cancer. Initial in vitro studies
showed that vitamin C treatment increases the content of 5hmC in mela-
noma cell lines derived from different stages toward the level of healthy
melanocytes (Gustafson et al., 2015). The effect of vitamin C on 5hmC is
comparable to the effect of overexpressing TET2. The promotion of
5hmC by vitamin C has been subsequently demonstrated in many types
of cancer cells, including hepatocellular carcinoma (Sajadian et al., 2016),
leukemia (Cimmino et al., 2017), breast cancer (Sant et al., 2018), kidney
cancer (Ge et al., 2018), bladder cancer (Peng et al., 2018), and colon
cancer (Gerecke et al., 2018). By compensating for the potential intracel-
lular deficiency, vitamin C increases 5hmC content in various cancer cells,
suggesting that there is a potential therapeutic value for vitamin C in
treating different types of cancer.

The dosage of vitamin C used should be sufficient to meet the need
of TETs. In vitro studies provide some clues as to an appropriate dosage.
In the absence of vitamin C, 5hmC is barely detectable in cultured mela-
noma cells. Vitamin C at low concentrations dose-dependently increases
5hmC content, which plateaus after the application of 100 μM vitamin C.
Higher concentrations, such as 500 μM, of vitamin C do not exert addi-
tional benefits in 5hmC restoration (Gustafson et al., 2015). A similar dose
effect is also observed in other cancers, such as breast cancer (Sant et al.,
2018). However, the required doses to be applied could be different in
cancer types or even cases, which more or less rely on the relative expres-
sion of SVCTs in cancer cells. Overall, vitamin C can be used to increase
5hmC content in melanoma cells, thus reprogramming melanoma cells
back toward healthy melanocytes (Fig. 33.2).

By increasing 5hmC content and changing genome-wide 5hmC pro-
files, vitamin C changes DNA methylation�demethylation dynamics,
which subsequently affect gene expression profiles. Using high-
throughput sequencing, studies have shown that vitamin C treatment
shifts the transcriptome of different cancer cells. For instance, after the
treatment of melanoma cells with 100 μM vitamin C, hundreds of genes
are differentially transcribed, with some being upregulated and some being
downregulated, which is consistent with the known bidirectional effects
of 5hmC on transcription (Wu et al., 2011). Some of the most dramati-
cally altered genes could underlie certain cellular phenotypes, including
TNF-related apoptosis-inducing ligand (TRAIL). Vitamin C increases the
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transcription, translation, and secretion of TRAIL, a key apoptosis
inducer, which causes apoptosis in breast cancer cells (Sant et al., 2018).
Taken together, these results suggest a potential role of vitamin C in can-
cer treatment by increasing 5hmC and changing gene expression.

Vitamin C is a safe and well-tolerated micronutrient, suggesting that
any potential “off-5hmC-target” effects might not be a concern for
in vivo usage. To deliver vitamin C in vivo, one way is by oral delivery,
which can be conveniently carried out multiple times per day in order to
maintain plasma vitamin C at around 100 μM. The other way is through
intravenous injection or intraperitoneal injection, which can raise plasma
vitamin C to much higher levels for a relatively short period of time.
Both methods have been applied in cancer modeling in animals. Murine
melanoma tumor grafts are much smaller in vitamin C-sufficient mice
than in vitamin C�deficient Gulo2/2 mice, suggesting that endogenously
produced vitamin C inhibits melanoma growth (Mustafi et al., 2018).
Restoring physiological levels of vitamin C in Gulo2/2 mice by dietary

Figure 33.2 Treatment of melanoma by vitamin C via 5-hydroxymethylcytosine
(5hmC) restoration.
5hmC is gradually lost as melanoma progresses from the radial growth phase (RGP)
to the vertical growth phase and further to metastasis. Vitamin C helps to reestablish
5hmC content by promoting TET-mediated active demethylation and by epigeneti-
cally reprogramming melanoma cells toward healthy melanocytes. TET, Ten-eleven
translocation.
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supplementation suppresses various tumor growth (Cha et al., 2013;
Campbell et al., 2015, 2016). The intravenous injection of high doses of
vitamin C also blocks leukemia progression by compensating for the loss
of TET2 (Cimmino et al., 2017). Some of the anticancer effects of vita-
min C are likely due to the enhanced activity of TETs, the restoration of
5hmC, and the subsequent altered expression of cancer-related genes,
while the rest can be allocated to other mechanisms in which vitamin C
is involved.

33.2.3 Vitamin C promotes histone demethylation
Methylation at lysine residues is a major posttranslational modification in
histones. The addition of methyl groups to lysine residues is catalyzed by
histone methyltransferases. There could be one, two, or three methyl
groups added to a lysine residue resulting in monomethylated, dimethy-
lated, or trimethylated lysine, respectively. Two types of enzymes remove
methyl groups from the methylated lysine. The first type, termed lysine-
specific histone demethylases, targets monomethylated and dimethylated
lysines. The second type, named JmjC domain-containing demethylases
of which there are more than 20 members, can demethylate tri-, di-, and
monomethylated histone lysine residues.

JmjC domain-containing histone demethylases, like TETs, also belong
to the Fe(II) and 2OG dioxygenase superfamily. Because the catalytic
activity of JmjC domain-containing demethylases require labile Fe(II) as
an essential cofactor, vitamin C may also have an impact on histone
demethylation due to its capacity to convert Fe(III)/Fe(IV) to Fe(II).
Initial studies demonstrated that vitamin C is required for optimal catalytic
activity for different JmjC domain-containing histone demethylases
(Tsukada et al., 2006; Klose et al., 2006). Subsequent studies showed that
vitamin C induces H3K36me2/3 demethylation in mouse embryonic
fibroblasts or H3K9me2 demethylation in mouse embryonic stem cells
(Wang et al., 2011; Ebata et al., 2017). These suggest that vitamin C also
promotes histone demethylation in the cell by enhancing the activity of
JmjC domain-containing demethylases.

Impaired histone demethylation has been identified in certain types of
cancer, especially leukemia. For example, frequent mutations in isocitrate
dehydrogenases identified in leukemia and glioma could lead to histone
hypermethylation (Lu et al., 2012). It remains unclear if vitamin C can
play a role in rectifying the histone hypermethylation in cancer by
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enhancing demethylation. Future studies may help to determine if
vitamin C exerts anticancer activity by promoting histone demethylation.

33.3 Other potential mechanisms in the anticancer action
of vitamin C

33.3.1 Prevention of metastasis by collagen cross-linking
The tumor microenvironment, especially the stroma, plays an important
role in tumor progression. Collagen is the most abundant constituent of
the extracellular matrix which primarily constitutes stromal tissues.
Vitamin C deficiency causes scurvy mainly due to insufficient collagen
synthesis and cross-linking (May and Harrison, 2013). The hydroxylation
of collagen is essential for procollagen cross-linking and further the assem-
bly of collagen fibrils. As a cofactor, vitamin C is required for collagen
hydroxylases, which also belong to the iron and 2OG-dependent dioxy-
genase superfamily. Furthermore, vitamin C appears to increase the
expression of certain types of collagens while its mechanism remains elu-
sive. It is shown that DNA hypermethylation at the promoters inhibits
the transcription of various types of collagen (Thompson et al., 1991).
After demethylation of promoter CpG sites, the transcription of collagens
is activated (Zimmermann et al., 2008). Thus it could be that vitamin C
promotes collagen synthesis and cross-linking by serving as a cofactor for
TETs to demethylate the gene and for collagen hydroxylases to cross-link
the protein.

Collagen in tissues is regarded as a physical barrier against cancer inva-
sion. By increasing collagen synthesis and cross-linking, vitamin C is
thought to be able to help prevent cancer metastasis (Cameron et al.,
1979). However, later studies showed that strengthening collagen cross-
linking for stiffer collagen fibrils by lysyl oxidase, a copper-dependent
amine oxidase that requires vitamin C as cofactor, enhances malignancy
(Levental et al., 2009). At this time, it remains uncertain if vitamin C
could exert anticancer activity by promoting collagen synthesis and
cross-linking.

33.3.2 Suppression of cancer progression by hypoxia-
inducible factor-1α degradation
Higher expression of hypoxia-inducible factor-1α (HIF-1α) is associated
with cancer cell survival, metastasis, angiogenesis, and poor prognosis. As
a transcription factor, HIF-1α regulates the transcription of hundreds of
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genes which can be involved in malignancy. One well-studied gene tar-
geted by HIF-1α is vascular endothelial growth factor which is necessary
for angiogenesis in cancer. HIF-1α has long been regarded as a therapeu-
tic target for cancer (Schito and Semenza, 2016), and inhibitors are cur-
rently being tested in clinical trials.

The degradation of HIF-1α starts with hydroxylation catalyzed by
HIF hydroxylases. Since HIF hydroxylases are also iron and 2OG-
dependent dioxygenases, vitamin C is essential for HIF-1α hydroxylation
and further degradation. Thus vitamin C naturally targets HIF-1α.
Indeed, vitamin C supplementation is shown to diminish HIF-1α and
inhibit tumorigenesis in a lymphoma mouse model (Gao et al., 2007).
Although more studies are required to understand its role in different
types of cancer, it is highly likely that vitamin C has anticancer value
through the enhancement of HIF-1α degradation.

33.3.3 Targeting cancer cells by free radicals
Cancer cells are shown to be more sensitive to vitamin C than normal
cells. Under culture conditions, the EC50 of vitamin C in damaging can-
cer cells is ,4 mM while nonmalignant cells remain unaffected by
20 mM vitamin C (Chen et al., 2005). Intravenous infusion can elevate
plasma vitamin C concentration to the mM range which cannot be
achievable by oral delivery (Levine et al., 2011). At mM concentrations,
vitamin C selectively generates ascorbate radicals and hydrogen peroxide
(H2O2) in the extracellular milieu, suggesting that vitamin C could be a
prodrug to deliver H2O2 to the cell (Chen et al., 2007). Cancer cells may
have an impaired capacity to metabolize H2O2, such as a lower activity of
catalase, which could explain the sensitivity of cancer cells to pharmaco-
logical doses of vitamin C compared to nonmalignant cells (Doskey et al.,
2016). The intravenous infusion of high doses of vitamin C may also dras-
tically increase intracellular labile Fe(II), which can produce free radicals
to harm cells through the Fenton reaction (Schoenfeld et al., 2016).
These studies suggest that pharmacological doses of vitamin C are prooxi-
dant, which could be used for cancer treatment.

A single pharmacological dose of vitamin C could produce sustained
ascorbate radicals and H2O2 in the interstitial fluids. It has been showed
that intravenous injection of a pharmacological dose of vitamin C inhibits
cancer xenografts in mice (Chen et al., 2008). Instead of SVCTs, the oxi-
dized form of vitamin C, dehydroascorbic acid (DHA), enters the cell via
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facilitated glucose transporters (GLUTs). In various cancers, GLUTs are
overexpressed in a fraction of cases according to the COSMIC database.
DHA is either very low or undetectable in the plasma of humans and
DHA may also be easily converted to ascorbate in the plasma. To take
advantage of the overexpressed GLUTs, high doses of vitamin C via intra-
peritoneal injection are shown to selectively kill colorectal cancer cells by
causing oxidative stress (Yun et al., 2015). These studies have fueled clini-
cal trials involving intravenous administration of high doses of vitamin C
to achieve mM levels in the circulation to treat various types of cancer,
often in combination with other chemotherapy drugs.

33.4 Summary

There is a long controversial history of using vitamin C to treat cancer.
Mechanistically, vitamin C serves as a cofactor for TETs to increase 5hmC
and for HIF hydroxylases to degrade HIF-1α, which are beneficial in can-
cer treatment. Oral supplementation could largely meet the requirements of
these enzymes by compensating for the intratumoral vitamin C deficiency
in many cancer cases caused by lower SVCT2 and cancer-associated oxida-
tive stress. On the other hand, vitamin C is regarded as a prodrug for gener-
ating H2O2 to preferentially damage cancer cells, which requires the
intravenous injection of a pharmacological dose of vitamin C. Due to its
easy accessibility, low toxicity, and convincing molecular mechanisms, the
value of vitamin C in cancer treatment should not be simply overlooked.
Rather, additional basic and clinical research could help to establish the
doses and method of delivery of vitamin C for individualized treatment in
order to obtain a much better outcome for cancer patients.
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Somatic Mutations in Cancer database
(COSMIC database)

COX-1-dependent mechanism, 680
COX-2. See Cyclooxygenase-2 (COX-2)
C-reactive protein (CRP), 286�287, 432
Crohn’s disease (CD), 377, 584�586
CRP. See C-reactive protein (CRP)
CRPC. See Castration-resistant prostate
cancer (CRPC)

Cryopyrin-associated periodic syndromes,
290�291

Cu(I)�vitamin B3 metal complexes, 39
Cu(II)�vitamin B3 metal complexes, 39
Cubam complex, 113
Cubilin, 113
CUBN. See Cobalamin receptor named
cubilin (CUBN)

CVD. See Cardiovascular disease (CVD)
CX3CL1, 681
Cyanobacteria, 73�75
Cyanocobalamin (CNCbl), 108�109,
252�253

Cyclic adenosine monophosphate (cAMP),
272, 678

Cyclin-dependent kinases (CDKs),
391�392
CDK4, 395�397

Cyclooxygenase-2 (COX-2), 456�457,
499�500

CYP. See Cytochrome P450 (CYP)
CYP2E1 enzyme, 214
CYP3A4 isoform, 492�493
CYP450 isoenzymes, 504�505
Cystathionine β-synthase (CBS), 137�139,
331�333

Cystathionine γ-lyase (CGL), 137�139,
331�333

Cystein, 315
Cysteine, 331�333
Cytochrome P450 (CYP), 214, 488, 524,
655�656
CYP-mediated omega-hydroxylation, 456

Cytokines, 428
in regulation of VD-metabolizing
enzymes, 434�435

Cytoprotective factor, 528
Cytosine, 633
Cytotoxic (killer) T cells, 434
Cytotoxic factor, 528

D
DAD. See Diode assay (DAD)
D-β-hydroxybuturate, 679
DBP. See Vitamin D binding protein
(DBP)

DBSs. See Dry blood spots (DBSs)
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DCs. See Dendritic cells (DCs)
Dehydroascorbic acid (DHA), 704�705
7-Dehydrocholesterol (7DHC), 428�429
Delta-isomer (δ-isomer), 389
δ-tocopherol, 76
δ-tocotrienol, 75
Dendritic cells (DCs), 432�433
1-Deoxy-D-xylulose-5-phosphate pathway
(DXP pathway), 73�75

Deoxyribonucleotide (DNA)
binding of VDR at vitamin D response
elements, 659�660

demethylation, 697�703
hypermethylation, 703
methylation, 348, 637�638, 637f, 640,
692�693

Deoxythymidylate (dTMP), 329�331
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Dephosphorylated forms, 135
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DFEs. See Dietary folate equivalents (DFEs)
DGK. See Diacylglycerol kinase (DGK)
DHA. See Dehydroascorbic acid (DHA)
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DHF. See Dihydrofolate (DHF)
DHFR. See Dihydrofolate reductase
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Diabetes mellitus, 428, 435�442, 442f
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438�442

VD�auto/paracrine system in, 437�438
Diabetes-associated complications,
440�441

Diabetic dyslipidemia, 275
Diacylglycerol kinase (DGK), 499�500
Dialysis. See also Chronic kidney disease
(CKD)
dialysis-related losses, 568�569
modality, 572
therapy, 570

Dialysis Outcomes and Practice Patterns
Study (DOPPS I), 576, 578t

Diarrhea, 17
Diet in IBD, 605�606
Dietary, 470�471

antioxidants, 534
cobalamin, 371
conditions responsible for
malabsorption, 381b

fat, 265
fiber, 590
intakes, 565�566, 570
and recommendations, 468�472

pyridoxine on embryo development,
141�147

recommendations, 466�467
selenium, 135�136
supplemental B6, 289�290
supplementation, 57�58
uptake and endogenous synthesis of
vitamin D, 653�654

Dietary folate equivalents (DFEs),
326�327, 348�350

Dietary reference intakes (DRIs), 7, 8t, 112
Dietary reference values (DRVs), 7, 8t
Dihydrofolate (DHF), 328�329, 348

deficiency, 331�333
Dihydrofolate reductase (DHFR),

328�329
1,25-Dihydroxycholecalciferol (1,25

(OH)2D), 427, 429
1,25-Dihydroxyvitamin D-3, 539
Dimerization, 392
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108�109
1,2-Dimethylhidrazine (DMH), 287�289
Diode assay (DAD), 82
Diphyllobothriose latum, 377
DMB. See 5,6-Dimethylbenzimidazole base

(DMB)
DMH. See 1,2-Dimethylhidrazine (DMH)
DNA methyltransferases (DNMTs), 637,

697
DNMT1, 684, 697
DNMT3, 697
DNMT3b, 684

DNA�RNA viruses, 532
DNMTs. See DNA methyltransferases

(DNMTs)
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Docetaxel, 614�615
DOPPS I. See Dialysis Outcomes and
Practice Patterns Study (DOPPS I)

Dorsal root ganglion (DRG), 467�468
dp-cMGP. See Dephosphorylated-
carboxylated MGP (dp-cMGP)

dp-ucMGP. See Dephosphorylated-
undercarboxylated MGP (dp-ucMGP)

DRG. See Dorsal root ganglion (DRG)
DRIs. See Dietary reference intakes (DRIs)
Drug�vitamin interactions, 568
DRVs. See Dietary reference values
(DRVs)

Dry blood spots (DBSs), 179�180
DSS. See Dextran sulfate sodium (DSS)
dTMP. See Deoxythymidylate (dTMP)
dUMP. See Deoxyuridylate (dUMP)
DXP pathway. See 1-Deoxy-D-xylulose-5-
phosphate pathway (DXP pathway)

Dyslipidemia management, 267

E
EAR. See Estimated average requirements
(EAR)

5,6-EC. See Cholesterol-5,6-epoxides (5,6-
EC)

ED. See Electrochemical detection (ED)
EFSA. See European Food Safety Authority
(EFSA)

EGF. See Endothelial growth factor (EGF)
EGR. See α-erythrocyte glutathione
reductase (EGR)

Electrochemical detection (ED), 82
Electromechanical dysfunction, 411�412
Electron transfer flavoprotein (ETF), 233
Electron transfer flavoprotein: ubiquinone
oxidoreductase (ETF:QO), 233

Electron transfer mechanism, 458�459
Electron transport chain (ETC), 229�231
Embryo development, dietary pyridoxine
and selenium on, 141�147

Embryonic development, 592, 640�641
End-stage kidney disease (ESKD), 562, 573
Endocrine/paracrine functions, 468�470
Endogen processes, 212�213
Endogenous synthesis, 653
of vitamin D, 653�654

Endogenously synthesized vitamins, 5
Endoplasmic reticulum stress, 251
Endothelial dysfunction, 251, 410�411
Endothelial growth factor (EGF), 390�391
Endothelial nitric oxide synthase (eNOS),
527�528

Endotoxemia, 532�533
Energy metabolism, 494�496
Enhancers, 637
eNOS. See Endothelial nitric oxide
synthase (eNOS)

Enterocytes, 107, 664�665
Enterohepatic circulation, 107
Enzalutamide, 614�615
Enzymatic/enzymes, 432
activity regulator, 499�502
antioxidants, 521, 534
metabolism, 492�493
nuclear receptors and transcription
factors, 496t

metabolites, 509
Epigenetic(s), 633�634
gene regulation, 635
mechanisms, 636�638, 636f
DNA methylation, 637�638
histone modifications, 638
microRNAs, 638
vitamins and, 639�646

reprogramming, 693
Epinephrine, 312�314
Epithelial cells growth, 592
ER. See Estrogen receptors (ER)
Ergo vitamin deficiency, 219�220
Ergocalciferol, 9, 428�429, 653
Erythropoiesis stimulating agents, 568
Escherichia coli, 97
ESKD. See End-stage kidney disease (ESKD)
Essential nutrients, 5
“Essentiality” of vitamin E, 466�468
Estimated average requirements (EAR), 8t,
351

Estrogen receptors (ER), 58
ERα, 685
ERβ, 499

ETC. See Electron transport chain (ETC)
ETF. See Electron transfer flavoprotein
(ETF)
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ETF:QO. See Electron transfer
flavoprotein: ubiquinone oxidoreductase
(ETF:QO)

Ethanol, 214�215
metabolism, 213�215

Eubacterium lentum, 155�156
European Food Safety Authority (EFSA),
84, 468�470

European regulatory bodies, 409
“Evidence-based” recommendations,
468�470

EVOO. See Extra virgin olive oil (EVOO)
Excess/elimination route, 502
Excretion, 492�493, 495t
Extra virgin olive oil (EVOO), 466

F
FAD. See Flavin adenine dinucleotide
(FAD)

Faecalibacterium prausnitzii, 97
FAO. See Fatty acid oxidation (FAO)Food
and Agriculture Organization of United
States (FAO)

FAs. See Fatty acids (FAs)
Fat-soluble vitamins, 4, 6, 9�14, 568,
573�576, 584, 590�592, 593f. See also
Water-soluble vitamins
vitamin A, 9, 573�574
vitamin D, 9�11, 574
vitamin E, 11�14, 574�575
vitamin K, 11, 575�576

Fatty acid oxidation (FAO), 234
Fatty acids (FAs), 265
acyl-CoA dehydrogenase disorders,
236�237

β-oxidation pathway, 233
FAVORIT. See Folic Acid for Vascular
Outcome Reduction in Transplantation
(FAVORIT)

5fC. See 5-Formylcytosine (5fC)
Feedback mechanism, XO regulates purine
catabolism by, 305�308

Fenofibrate, 266�267
Fermentable fiber, 606
Fermented soya milk, 100
Ferroptosis, 462�463
Fertility booster, 545
Fertilization process, 544, 547

Fe�vitamin B9 complex, 40�42
FFAs. See Free fatty acids (FFAs)
FGF23. See Fibroblast growth factor 23

(FGF23)
Fibroblast growth factor 23 (FGF23),

656�657
Flavin adenine dinucleotide (FAD),

191�192, 229�231, 233, 304�305, 527
Flavin mononucleotide (FMN), 229�231,

527
Flippase, 488
Flow-mediated dilation (FMD), 420
Flue-cured tobacco leaves, 79
“Fluid receptor” model, 504
Fluorescence detector, 82
Flushing, 679�680
FMD. See Flow-mediated dilation (FMD)
FMN. See Flavin mononucleotide (FMN)
FNB. See Food and Nutrition Board

(FNB)
Focal strokes, 247
Folate, 20�22, 40�42, 248�249,

325�326, 347�348, 572
absorption and metabolism, 327�329
chemical forms, 348�350
deficiency, 333, 348, 641�642
in diet, 326�327
folate-mediated one-carbon transfer
reactions, 329�331, 330f

and metabolic disease, 333�334
metabolic interconnection of B vitamins,
331�333
hepatic CBS/CSE system, 332f

metabolism, 639�642
as stroke outcome modulator,
253�254

reference dietary requirements, 23t
requirements during pregnancy,
350�352, 353t

sensors, 358
status and NAFLD, 334�335
supplementation, 251
role in NAFLD, 337�338

transport in placenta
and metabolism, 352�358
regulation, 358�360

transporters, 327�328, 348
trap, 124
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Folate receptor (FR), 355�357
Folates, 572, 639
Folic acid (FA). See Folate
Folic Acid for Vascular Outcome
Reduction in Transplantation
(FAVORIT), 572

FOLR1. See Folate receptor (FR)
Food
food-bound malabsorption, 107
food�cobalamin digestion and related

disorders, 371�373
products, 453�454
sources of thiamine, 212

Food and Agriculture Organization of
United States (FAO), 351

Food and Nutrition Board (FNB),
158�159

5-Formylcytosine (5fC), 693, 697�698
10-Formyltetrahydrofolate (10-formyl-
THF), 329�331

FR. See Folate receptor (FR)
Free fatty acids (FFAs), 664, 677�678
Free radicals, 5, 521, 524
free radical-derived metabolites

α-tocopheronic acid, 508�509
free radical-producing systems in

organism, 303�304
Fructans, 590
Functional foods, 92�95
Functional vitamin deficiency, 569�570

G
GA-1. See Glutaric aciduria type 1 (GA-1)
GABA. See γ-aminobutyric acid (GABA)
Galactooligosaccharides, 590
γ-aminobutyric acid (GABA), 235�236
γ-carboxyethyl hydroxychromanol
(γ-CEHC), 456�457

γ-carboxyglutamate. See Gamma-
carboxyglutamic acid (Gla)

Gamma-carboxyglutamic acid (Gla), 154,
158, 597

γ-carboxyglutamyl carboxylase (GGCX),
154, 158, 597

Gamma-GCS, 308
Gamma-isomer (γ-isomer), 389
γ-tocopherol, 67�68, 76, 81�82, 84�87

γ-tocopherol methyltransferase (γ-TMT),
75

γ-tocotrienol, 75
AMPK structure and function, 399�402
and cancer, 389�393
cancer metabolism and aerobic
glycolysis, 393�399

effects on AMPK activation and aerobic
glycolysis, 402�404

key facts of vitamin E, 392�393
Garcinia kola (GK), 456�457
Gas chromatography, 82
Gas6. See Growth arrest-specific 6 protein
(Gas6)

Gastrectomy, 642�643
Gastric parietal cells, 376�377
Gastrointestinal tract (GIT), 91�92, 468
GCDH. See Glutaryl-CoA dehydrogenase
(GCDH)

GCH. See Guanosine triphosphate
cyclohydrolase (GCH)

GDM. See Gestational diabetes mellitus
(GDM)

Gene modulation effects, 494�502
Gene regulation, 457
Genetic deficiencies, 250
Genotoxic property, 533
Geranylgeranyl pyrophosphate (GGPP),
73�75

Gestational diabetes mellitus (GDM),
358�359

GF. See Growth factor (GF)
GGCX. See γ-carboxyglutamyl carboxylase
(GGCX)

GGPP. See Geranylgeranyl pyrophosphate
(GGPP)

GIT. See Gastrointestinal tract (GIT)
GK. See Garcinia kola (GK)
Gla. See Gamma-carboxyglutamic acid
(Gla)

Gla-rich protein (GRP), 154, 158, 165
Global strokes, 247
Glomerular filtration rate decline, 413
Gluconeogenesis enzymes, 401
Glucose homeostasis, 401
Glucose transporters (GLUTs), 401,
704�705
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Glucose-stimulated insulin secretion, 436
Glutamate (Glu), 158, 597
Glutamic acid. See Glutamate (Glu)
Glutaric aciduria type 1 (GA-1), 235�236
Glutaric aciduria type 2 (GA-2), 234�235
Glutaryl-CoA dehydrogenase (GCDH),
233

Glutathione (GSH), 137�139, 213, 315
Glutathione, 620
Glutathione peroxidase (GPx), 213, 308,
461�462, 534
GPX1, 140

Glutathione reductase (GR), 213, 315, 538
Glutathione S-transferase (GST), 308, 315
GLUTs. See Glucose transporters
(GLUTs)

Glycine N-methyltransferase (GNMT),
643�646, 643f

GNMT. See Glycine N-methyltransferase
(GNMT)

GPR109A, 675
antidyslipidemic vitamin, 675�678
future perspective/clinical relevance,
685�686

key facts, 673�674
receptor discovery and agonists,
678�679

role in tissue
adipocytes, 679�680
breast, 685
colon, 683�685
immune cells, 680�681
neurons and PD, 681�683
RPE, 681

GPR109B, 679
GPx. See Glutathione peroxidase (GPx)
GR. See Glutathione reductase (GR)
Growth arrest-specific 6 protein (Gas6),
164�165

Growth factor (GF), 531
GRP. See Gla-rich protein (GRP)
GSH. See Glutathione (GSH)
GST. See Glutathione S-transferase (GST)
Guanosine triphosphate cyclohydrolase
(GCH), 531

L-Gulonolactone oxidase (Gulo), 691, 694
Gut microbiota, 91�92, 409, 664�665

H
Haptocorrin (HC), 113�114, 371
HCA2. See Hydroxycarboxylic acid

receptor 2 (HCA2)
HCC. See Hepatocellular carcinoma

(HCC)
HCD. See High-carbohydrate diet (HCD)
HCY. See Homocysteine (HCY)
HD. See Hemodialysis (HD)
HDAC. See Histone deacetylase (HDAC)
HDF. See Hemodiafiltration (HDF)
HDGF. See Hepatoma-derived growth

factor (HDGF)
HDL. See High-density lipoprotein (HDL)
HDL-C. See High-density lipoprotein

cholesterol (HDL-C)
Health-promoting effects, 487�488
Heart Outcomes Prevention Evaluation

(HOPE), 575
Heat shock protein 70 (HSP70), 293�294
Helicobacter pylori, 371�373
Hemodiafiltration (HDF), 568�569
Hemodialysis (HD), 420, 562
Hemoglobin, 304
Hemorrhagic stroke, 247
Hepatic

apoAI secretion, 272�274
CBS/CSE system, 332f
immune cells, 665�666
Kupffer cells, 523�524
lipid transport, 334�335
macrophages, 537
oxidative stress, 337�338

Hepatic stellate cells (HSCs), 523�524
Hepatocellular carcinoma (HCC),

325�326, 521, 533, 619�620
Hepatocytes, 523�524

ballooning, 335�336
Hepatoma-derived growth factor (HDGF),

622�623
HepG2 cells, 275�276
HGA. See Homogentisate (HGA)
HGPRT. See Hypoxanthine-guanine

phosphoribosyltransferase
(HGPRT)

3HIA. See 3-Hydroxyisovaleric acid
(3HIA)
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HIF-1α. See Hypoxia-inducible factor-1α
(HIF-1α)

High-carbohydrate diet (HCD), 194
High-density lipoprotein (HDL), 490,
677�678

High-density lipoprotein cholesterol
(HDL-C), 264, 272�274

High-fat diets, 334�335
High-pressure liquid chromatography
(HPLC), 68, 80�81

Histamine 2-receptor antagonists, 371�373
Histone acetyl transferases, 661
Histone deacetylase (HDAC), 661, 683�684
Histone modifications, 638
Historically pernicious anemia.
See Biermer’s disease

HLA complex, 435�436
HLCS. See Holocarboxylase synthetase
(HLCS)

HM74A, 678�679
5hmC. See 5-Hydroxymethylcytosine
(5hmC)

HMG-CoA. See Hydroxy-methyl-3-
glutaryl-coA (HMG-CoA)

HMGR. See Hydroxymethylglutaryl-
coenzyme A reductase (HMGR)

Holocarboxylase synthetase (HLCS), 175,
178�179

Holotranscobalamin, 379
Holotranscobalamin II (HTCII), 113�114,
122

Homeostatic model assessment (HOMA),
662�664

Homocysteine (HCY), 116, 122, 131, 133,
137, 286�287, 331, 350�351, 358, 572
clinical trials to reduce levels of,

251�253
metabolism as stroke outcome

modulator, 253�254
and stroke, 249�251

Homogentisate (HGA), 73�75
Homogentisate phytyltransferase (HPT), 75
HOPE. See Heart Outcomes Prevention
Evaluation (HOPE)

Hormonal therapy, 614�615
Hormone refractory phenotype, 622�623
HOST. See Homocysteine (HCY)

HPLC. See High-pressure liquid
chromatography (HPLC)

HPS2-THRIVE trial, 267�272
HPT. See Homogentisate phytyltransferase
(HPT)

HSCs. See Hepatic stellate cells (HSCs)
HSP70. See Heat shock protein 70
(HSP70)

HTCII. See Holotranscobalamin II
(HTCII)

Human liver enzyme, 304�305
Human lymphocytic DNA, 640�641
Hydrogen ion (H1), 214
Hydrogen peroxide (H2O2), 69, 214�215,
303�304, 704�705
H2O2-induced erythrocyte lysis,
468�470

Hydrogen sulfide (H2S), 331�333
Hydroperoxy fatty acids, 462�463
Hydroperoxyl radical (HO2 radical), 69
Hydrosoluble B vitamins, 639�646
folate metabolism and epigenetics,
639�642

lipophilic vitamin A, 643�646
vitamin B12 and epigenetics, 642�643

Hydroxocobalamin (OHCbl), 108�109
8-Hydroxy-20-deoxyguanosine
(8-OHdG), 286�287

3-Hydroxy-2methylpyridine derivatives, 40
Hydroxy-methyl-3-glutaryl-coA
(HMG-CoA), 401

Hydroxy-plastochromanol, 79
Hydroxycarboxylic acid receptor 2
(HCA2), 267�272

3-Hydroxyisovaleric acid (3HIA), 174�176
3HIA-carnitine, 174
plasma concentration, 179�180
urinary concentrations, 180

urinary concentrations, 180
Hydroxyl radical (OH radical), 34�35, 69
24-Hydroxylation, 657
5-Hydroxymethylcytosine (5hmC),
637�638, 693, 697�698
melanoma treatment by vitamin C via
5hmC restoration, 700, 701f

vitamin C suppresses malignancy by
reestablishing, 698�702
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Hydroxymethylglutaryl-coenzyme A
reductase (HMGR), 58

4-Hydroxythiamine, 567
25-Hydroxyvitamin D (25(OH)D),
414�417, 416t, 427

Hypercalcemia, 414
Hyperhomocysteinemia, 249, 253, 572�573
Hyperlipoproteinemias, 264
Hyperphosphatemia, 414
Hypochlorous acid (HOCl), 69
Hypocholesterolemia, 546
Hypoxanthine-guanine
phosphoribosyltransferase (HGPRT),
306�307

Hypoxia-inducible factor-1α (HIF-1α),
394�395, 703�704
suppression of cancer progression by,
703�704

I
I kappa B (IkB), 290
IBD. See Inflammatory bowel disease (IBD)
ICM. See Inner cell mass (ICM)
IF. See Intrinsic factor (IF)
IFN-γ. See Interferon γ (IFN-γ)
IgA. See Immunoglobulin A (IgA)
IGS. See Imerslund�Gräsbeck syndrome
(IGS)

IkB. See I kappa B (IkB)
ILs. See Interleukins (ILs)
Imerslund�Gräsbeck syndrome (IGS),
373�376, 378

Imidazole dipeptides, vitamin B6 and,
293�295

Immune cells, 85
function, 468�470
GPR109A role in, 680�681

Immune regulation, 432�435
Immune response, 428
Immune system, 432
disorders, 85

Immunocytochemical staining, 402�403
Immunoglobulin A (IgA), 594
Immunomodulatory effect, 603�604
Immunoregulatory function, 507�508
Immunosuppressive therapy, 568
Impaired absorption, 567

Impaired glucose homeostasis, 193
Impaired histone demethylation, 702�703
Implantation, 354
In vitro experiments, 86�87
Inadequate ingestion, 212
Inborn errors of metabolism, 178
Inducible nitric oxide synthase (iNOS),

527�528, 530f
Infectious diseases, 428
Inflammasomes, vitamin B6 and, 290�293
Inflammation, 507�508, 595

liver damage during, 531�532
vitamin B6 and, 289�290

Inflammatory bowel disease (IBD), 107,
121�122, 174, 178, 583�586
diet in, 605�606
intestinal and extraintestinal IBD
manifestations, 587t

nutritional state and malnutrition in,
586�590

vitamin A and, 594�595
vitamin D and, 599�604
mucosal barrier, 600�602
NOD2 receptor, 603�604
TLRs, 602�603

vitamin E and, 596�597
vitamin K and, 598

Inflammatory eicosanoids, 498�499
Inflammatory markers, 440
Inflammatory pathways, 494�496
Inflammatory processes, 432
Inflammatory responses, 432�435

cytokines in regulation of VD-
metabolizing enzymes, 434�435

VD
and adaptive immunity, 433�434
and innate immunity, 432�433

Inherited autosomal recessive metabolic
disorders, 234

Innate immune cell, 598�599
Innate immunity, 432�433
Inner cell mass (ICM), 548�555
Inorganic selenium, 135�136
iNOS. See Inducible nitric oxide synthase

(iNOS)
Institute of Medicine (IOM), 468�470
Insulators, 637
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Insulin. See also Diabetes mellitus
resistance, 335, 662
sensitivity, 619

Interaction partners of VDR, 660�661
Interferon γ (IFN-γ), 432, 529
Interleukins (ILs), 432�433
IL-1, 529�530
IL-1β, 290�292, 501
IL-6, 337�338

Intestinal absorption, 488�491
Intestinal effects, 664�665
Intestinal permeability, 664�665
Intrinsic factor (IF), 113, 369
IF�Cbl complex, 113

IOM. See Institute of Medicine (IOM)US
Institutes of Medicine (IOM)

Ischemia/reperfusion injury and shock,
533�534

Ischemic preconditioning, 253�254
Ischemic stroke risk
choline, 254�255
clinical trials to reduce levels of

homocysteine, 251�253
dorsal view of brain, 248f
folate and homocysteine metabolism as

stroke outcome modulator, 253�254
future directions, 255
homocysteine and stroke, 249�251
nutrition, 248�249

Isolated vitamin E deficiency, 466�467
Isomeric epoxy (hydroperoxy)-
tocopherones, 461�462

Isoprenoid chromanols, 67�68, 70, 72,
72f, 76

J
Janus kinase (JAK), 530�531
JmjC domain-containing histone
demethylases, 702

K
K vitamers, 155
Kelch-like ECH-associated protein 1, 308
Keutel Syndrome, 164
Kidney, 378. See also Chronic kidney
disease (CKD)
pathology, 567�568

Kidney Disease Improving Global
Outcomes (KDIGO), 414, 562, 574

Krebs cycle, 119, 698
Kupffer cells, 661�662
Kynurenine pathway, 289�290

L
LAB. See Lactic acid bacteria (LAB)
Lactate dehydrogenase A (LDHA),
394�395

Lactation, 178
Lactic acid bacteria (LAB), 92�95, 410
soya as ideal substrate for fermentation,
99�100

Lactobacillus murinus, 177�178
Lactobacillus plantarum CRL 2130, 99�100
Lamina propria, 595
L-anserine (β-alanyl-N-methyl-L-
histidine), 293, 293f

Laropiprant, 267�272
LC coupled to tandem mass spectrometry
(LC-MS/MS), 174, 509

L-carnosine (β-alanyl-L-histidine), 293,
293f

LC-HRMS. See Liquid chromatography
highresolution mass spectrometry
(LC-HRMS)

LCA. See Lithocholic acid (LCA)
LCAD. See Long-chain acyl-CoA
dehydrogenase (LCAD)

LCM. See Long-chain metabolites (LCM)
LDHA. See Lactate dehydrogenase A
(LDHA)

LDL. See Low-density lipoprotein (LDL)
LDL-C. See Low-density lipoprotein
cholesterol (LDL-C)

LDLR. See Low-density lipoprotein
receptor (LDLR)

“Leaky gut”. See Intestinal permeability
Left ventricular hypertrophy (LVH), 420
Lesch�Nyhan syndrome, 305�307
Lifestyle modifications, 336�337
Ligands of VDR, 657�658
Lipid
hydroperoxides, 461�462
lipid-soluble antioxidant, 454�455
metabolism, 473
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peroxidation, 68
raft microdomains, 392

Lipid peroxide (LOOH), 458
Lipidomics method, 504�505
Lipoperoxidation, 54�55
Lipoperoxyl radical (LOO•), 458
Lipophilic vitamin A, 643�646
Lipopolysaccharide (LPS), 290, 500�501,
680�681
receptor, 529

Lipoprotein, 264
distribution factor, 488
hydrolysis, 83�84
metabolism, 487�488

Lipoprotein lipase (LPL), 488
Lipoxygenase (LOX), 524
Liquid chromatography highresolution
mass spectrometry (LC-HRMS), 509

Listeria monocytogenes, 291�292
Lithocholic acid (LCA), 657�658
Liver, 329, 522�524
cirrhosis, 521, 532�533
damage during inflammation, 531�532
diseases, 522, 524
and nitric oxide, 531
pathogenesis, 524�526

fibrosis, 335�336, 666
and NO, 527�531
oxidative stress, 213

Liver health and disease, VD and VDR in
nonalcoholic fatty liver disease, 661�662
observational and interventional clinical
studies, 662�664

VD and VDR directly target
pathophysiological processes,
664�666

LMBRD1 protein, 113, 116
Long-chain acyl-CoA dehydrogenase
(LCAD), 233

Long-chain metabolites (LCM), 456,
498�499, 507�508

LOO•. See Lipoperoxyl radical (LOO•)
LOOH. See Lipid peroxide (LOOH)
Low plasma PLP, 286�287
Low sunlight exposure, 567
Low-density lipoprotein (LDL), 264, 488,
529

Low-density lipoprotein cholesterol
(LDL-C), 264

Low-density lipoprotein receptor (LDLR),
373�375, 488

Lower reference nutrient intake (LRNI), 8t
LOX. See Lipoxygenase (LOX)
LPL. See Lipoprotein lipase (LPL)
LPS. See Lipopolysaccharide (LPS)
LRNI. See Lower reference nutrient intake

(LRNI)
LVH. See Left ventricular hypertrophy

(LVH)

M
Macroelements, 590
Macrophages, 664

infiltration, 664
MADD. See Multiple acyl-CoA

dehydrogenase deficiency (MADD)
Major histocompatibility complex (MHC),

432�433
Malnutrition, 563�564

in IBD, 586�590
Malnutrition�inflammation�

atherosclerosis syndrome (MIA),
563�564

Mammalian DNA, 692�693, 697
Mammalian enzymes, 304�305
MAPK. See Mitogen activated protein

kinase (MAPK)
Mass spectrometry (MS), 82
Maternal deficiency, 347
Matrix γ-carboxyglutamic acid protein

(MGP), 154, 158, 163�164, 575�576,
616

5mC. See 5-Methylcytosine (5mC)
MCAD. See Medium-chain acyl-CoA

dehydrogenase (MCAD)
MCC. See 3-Methylcrotonyl-CoA

carboxylase (MCC)
MCF-7 cells, 403

mammary tumor cells, 397
MCM. See Methylmalonyl-CoA mutase

(MCM)
MCP-1, 681
MCV. See Mean corpuscular volume

(MCV)
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MDA-MB-231 cells, 403
MDP. See Muramyl dipeptide (MDP)
Mean corpuscular volume (MCV),
122�123

Mechanistic target of rapamycin (mTOR),
358

Medication, 568
Mediterranean diet, 466
Medium-chain acyl-CoA dehydrogenase
(MCAD), 233

Megalin, 115, 373�375
Megaloblastic anemia 1 (MGA1).
See Imerslund�Gräsbeck syndrome
(IGS)

Melanoma treatment by vitamin C, 700,
701f

Menadione, 155
Menaquinone (MKn), 153, 155�156, 167,
584, 616�617
clinical use, 166�168

Metabolic activation, 5
Metabolic antioxidants, 534
Metabolic diseases, 193, 199�200, 325�326
folate and, 333�334

Metabolic syndrome, 438, 662�664
Metabolism
inborn errors of, 178
and molecular aspects

enzymatic metabolism and excretion,
492�493

intestinal absorption and tissue
distribution, 488�491

metabolome of vitamin E, 508�510
receptors/sensors, signal transduction,
and gene modulation, 494�502

vitamin E metabolites as bioactive
molecules, 502�508

Metabolite-specific gene responses, 499
Metabolome of vitamin E, 508�510
Metal�organic framework (MOFs),
33�35, 43�44

MetCbl. See Methylcobalamin (MetCbl)
Metformin, 336�337, 371�373. See also
Diabetes mellitus
activation of AMPK, 399�400

Methionine, 131, 133, 329�331, 639�640
cycle, 137

Methionine synthase (MS), 116, 137
Methionine synthase reductase (MSR), 116
Methyl donors, 635
Methyl folate trap, 331
5-Methyl tetrahydrofolate (5-MTHF), 137,
328�329, 348, 354�357

Methyl transfer, 116
2-Methyl-1,4-naphthoquinone
nucleus, 155
ring, 616�617

1-Methyl-4-phenylpyridinium (MPP1),
682

Methyl-deficient diet, 642
Methylation, 633
at lysine residues, 702

Methylcobalamin (MetCbl), 108�109
3-Methylcrotonyl-CoA carboxylase
(MCC), 174�175
abundance of biotinylated, 180

5-Methylcytosine (5mC), 693, 697�698
5,10-Methylene-THF, 328�329
Methylerythritol phosphate pathway.
See 1-deoxy-D-xylulose-5-phosphate
pathway (DXP pathway)

Methylmalonic acid (MMA), 119, 122
Methylmalonic aciduria type A (MMAA),
117

Methylmalonic aciduria type C and
homocystinuria (MMACHC), 116

Methylmalonic aciduria type D and
homocystinuria (MMADHC), 116

Methylmalonyl-CoA mutase (MCM),
116�117, 355

Methyltetrahydrofolate reductase
(MTHFR), 378�379, 639�640

Methyltransferases, 75
MGP. See Matrix γ-carboxyglutamic acid
protein (MGP)

MHC. See Major histocompatibility
complex (MHC)

MIA. See Malnutrition�inflammation�
atherosclerosis syndrome (MIA)

Mice model, 623�624
Microalgae, 112
Microarray gene, 496�498
Microbiome, 255
Microbiota, 106
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Microcytemia, 107
Microelements, 590
Micromolar (μM), 657�658
Micronutrients, 4�5
deficiencies, 590, 591t
malnutrition in CKD, 564�565, 566f

MicroRNAs, 638
MIFs. See Molecular interactions fields
(MIFs)

Mild proteinuria, 378
Miller’s meta-analysis of vitamin E
prevention trials, 471

Minerals, 409�410
Mitochondria, 303�304
Mitochondrial energy, 229�231
pathways involved in production, 230f
riboflavin and, 229�231

Mitochondrial β-oxidation disorders
responsive to vitamin B2, 233�237
fatty acid acyl-CoA dehydrogenase
disorders, 236�237

flavoenzymes involved in mitochondrial
energy production, 232t

GA-1, 235�236
RR-MADD, 234�235

Mitogen activated protein kinase (MAPK),
390�391, 530�531

MK-4, 155�156, 167
MK-7, 166�167
MKn. See Menaquinone (MKn)
MMA. See Methylmalonic acid (MMA)
MMAA. See Methylmalonic aciduria type
A (MMAA)

MMACHC. See Methylmalonic aciduria
type C and homocystinuria
(MMACHC)

MMADHC. See Methylmalonic aciduria
type D and homocystinuria
(MMADHC)

MMCoAM. See Methylmalonyl-CoA
mutase (MCM)

MMTV-Neu-Tg. See Mouse model of
breast cancer (MMTV-Neu-Tg)

Modern diet, 219�220
Modified Schilling test, 371�373
MOFs. See Metal�organic framework
(MOFs)

Molecular interactions fields (MIFs),
504�505

Mortality, 573�574
Mouse model of breast cancer (MMTV-

Neu-Tg), 685
MPO. See Myeloperoxidase (MPO)
MPP1. See 1-Methyl-4-phenylpyridinium

(MPP1)
MRP. See Multidrug resistance protein

(MRP)
MS. See Mass spectrometry (MS)

Methionine synthase (MS)
MSR. See Methionine synthase reductase

(MSR)
5-MTHF. See 5-Methyl tetrahydrofolate

(5-MTHF)
MTHFR. See Methyltetrahydrofolate

reductase (MTHFR)
mTOR. See Mechanistic target of

rapamycin (mTOR)
Mucosal barrier, 600�602
Multidrug resistance protein (MRP), 357

MRP1, 113�114
Multifunctional antioxidants, 458�459
Multiple acyl-CoA dehydrogenase

deficiency (MADD), 231�233
Multiple-parallel-hit hypothesis, 335�336
Muramyl dipeptide (MDP), 603
Mycobacterium tuberculosis, 602
Myeloperoxidase (MPO), 524
Myoglobins, 304

N
NA. See Nicotinic acid (NA)
NAD. See Nicotinamide adenine

dinucleotide (NAD)
NAD-dependent cytosolic dehydrogenase

(XDH), 304�305
NADH. See Nicotinamide adenine

dinucleotide (NADH)
NADPH. See Nicotinamide adenine

dinucleotide phosphate (NADPH)
NADPH oxidases (NOXs), 304
NAFLD. See Nonalcoholic fatty liver

disease (NAFLD)
NAM. See Nicotinamide (NAM)
Nanomolar (nM), 657�658
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NASH. See Nonalcoholic steatohepatitis
(NASH)

Natto, 166
Nervous system disease, 546
Neural tube defect (NTD), 347
Neurodegenerative disorders, 87
Neuronal nitric oxide synthase (nNOS),
527�528

Neurons, GPR109A role in, 681�683
Next-generation sequencing, 660
NF-κB. See Nuclear factor kappa B
(NF-κB)

NHANES. See US National Health and
Nutrition Examination Survey
(NHANES)

Niacin. See Nicotinic acid (NA)
Niacinamide, 675�677
Nicotinamide (NAM), 309�310,
675�677, 682
conversion into NA, 676f

Nicotinamide adenine dinucleotide
(NAD), 17, 675�677, 682
NAD1, 214, 267�272, 675�677

Nicotinamide adenine dinucleotide
(NADH), 233, 675�677, 682

Nicotinamide adenine dinucleotide
phosphate (NADPH), 17, 218,
337�338, 499�500, 524, 682

Nicotinic acid (NA), 17�19, 39, 123, 264,
570�571, 682
antidyslipidemic vitamin, 675�678
characteristics of controlled clinical

studies with, 269t
deficiency, 674
effects and mechanisms of action,

267�276
NA-induced GPR109A activation, 673
NAM conversion to, 676f
neodymium MOF, 45
postprandial hyperlipidemia, 265�267
reference dietary requirements, 19t

Nigericin, 291�292
Nitric oxide (NO), 251, 295, 521�523,
527�531, 527t, 528f

Nitric oxide synthase (NOS), 521, 524
Nitrogen oxide, 529
N-nitroso hepatocarcinogenic components,
532

NLR family. See Nucleotide-binding
domain and leucine-rich repeat family
(NLR family)

NLR family CARD domain-containing 4
(NLRC4), 290�291

NLR family pyrin domain-containing 1
(NLRP1), 290�291

NLR family pyrin domain-containing 3
(NLRP3), 290
inflammasome, 290�293

nNOS. See Neuronal nitric oxide synthase
(nNOS)

NO. See Nitric oxide (NO)
NOD. See Nonobese diabetic (NOD)
Nonalcoholic fatty liver disease (NAFLD),
325�326, 457, 652, 663f, 666t
current treatment for, 336�337
effects
on adipose tissue, 664
on hepatic immune cells and stellate
cells, 665�666

epidemiology and pathophysiology,
661�662

folate status and, 334�335
folic acid supplementation role,
337�338

intestinal effects, 664�665
observational and interventional clinical
studies on vitamin D, 662�664

prevalence and pathogenesis, 335�336
Nonalcoholic steatohepatitis (NASH),
325�326, 457, 652, 661�662

Noncarbohydrate compounds, 95�96
Noncarbohydrate structures, 92, 97
“Nonclassical” genomic vitamin D/VDR
actions, 414�417

Nondairy foods, 100
Nonenzymatic antioxidants, 219, 521, 534
Nonobese diabetic (NOD), 439�440
NOD2 receptor, 603�604

Nonparenchymal hepatic cells, 523�524
Nonprebiotics, 96f
Nonradicals, 212�213
Nonthiol antioxidants, 620
Normal phase high-pressure liquid
chromatography (NP-HPLC), 80�81

NORVIT study. See Norwegian Vitamin
study (NORVIT study)
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Norwegian Vitamin study (NORVIT
study), 251

NOS. See Nitric oxide synthase (NOS)
NOXs. See NADPH oxidases (NOXs)
NP-HPLC. See Normal phase high-
pressure liquid chromatography
(NP-HPLC)

NTD. See Neural tube defect (NTD)
Nuclear factor erythroid 2-related factor 2
(Nrf2), 308

Nuclear factor kappa B (NF-κB),
287�289, 337�338, 529, 664�665

Nuclear receptor, 414�417
Nuclear steroid receptor family, 414�417
Nuclear VDR
DNA binding at vitamin D response
elements, 659�660

interaction partners, 660�661
ligands, 657�658

Nucleosomes, 638
Nucleotide-binding domain and leucine-
rich repeat family (NLR family),
290�291

Nutrients, 635
Nutrition, 248�249
Nutritional
aspects, 463�474
dietary intake and recommendations,

468�472
essentiality of vitamin E, 466�468
vitamin E in secondary prevention of

human diseases, 472�474
assessment, 470�471
state and malnutrition in IBD, 586�590
status, 573�574

O
Obesity, 194�202
obesity-associated intestinal dysbiosis,
664�665

“Off-5hmC-target” effects, 701�702
OH radical. See Hydroxyl radical (OH
radical)

25-OH vitamin D (25-OH VD), 656
blood level, 656

1,25(OH)2D3 synthesis, 599, 599f
OHCbl. See Hydroxocobalamin (OHCbl)

8-OHdG. See 8-Hydroxy-20-
deoxyguanosine (8-OHdG)

Oily plants, 463�465
Olive oil, 466
Omega-3 (Ω-3), 606
One-carbon metabolism in cell, 248�249,

249f
Oral mucosa, 113
Organic Se, 135�136, 140
Orotic acid excretion, 306
OS. See Oxidative stress (OS)
OST-PTP. See Osteotesticular protein

tyrosine phosphatase (OST-PTP)
Osteoblast-specific factor 2. See Periostin
Osteocalcin, 162�163
Osteoporosis, 616

and vitamin K, 618
Osteotesticular protein tyrosine

phosphatase (OST-PTP), 162�163
OTh. See Oxythiamine (OTh)
Ovulation, 132
Oxalate, 573
Oxidative damage, 213, 468
Oxidative stress (OS), 5, 68, 212�216,

303, 336�337, 473, 544
reduction, 595

Oxidative/nitrosative stress, 521, 524�525
Oxidized fatty acids, 462�463
Oxidized LDL (oxLDL), 507�508
Oxidized thiamine derivatives, 189�190
8-Oxo-7,8-dihydroguanine, 460�461
2-Oxoglutarate (2OG), 698
Oxygen, 303�304
Oxythiamine (OTh), 201, 567
“Oxytosis” death mechanism, 462�463
Ozone (O3), 69

P
p-cMGP. See Phosphorylated-carboxylated

MGP (p-cMGP)
P-glycoprotein, 357
PA. See Pernicious anemia (PA)
Palm date. See Phoenix canariensis (palm

date)
Palm oil, 465
Pancreatic bile acid-dependent carboxyl-

ester hydrolase, 491
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Pancreatic oxidative stress, 441�442
Pantothenic acid, 25�27, 571
reference dietary requirements, 27t

Parathyroid hormone (PTH), 413,
430�431, 574

Parkinson’s disease (PD), 312, 681�683
PC. See Pyruvate carboxylase (PC)
PC-8, 78�79, 81�82
PCa. See Prostate cancer (PCa)
PCC. See Propionyl-CoA carboxylase
(PCC)

PCFT. See Proton-coupled folate
transporter (PCFT)

PD. See Parkinson’s disease (PD)Peritoneal
dialysis (PD)

PDA. See Photodiode assay (PDA)
PDC. See Pyruvate dehydrogenase
complex (PDC)

PDH. See Pyruvate dehydrogenase (PDH)
Pellagra, 17, 675�677
Penumbra, 247
Periostin, 165�166
Peripheral mononuclear blood cells
(PMBCs), 599

Peritoneal dialysis (PD), 562
Pernicious anemia (PA), 105, 107, 110
Peroxidases, 133
Peroxiredoxin (Prxs), 308
Prdx6, 308

Peroxisome proliferator-activated receptor
(PPAR), 267, 531

Peroxyl radical, 69
Peroxynitrite, 529, 533
PEW. See Protein�energy wasting (PEW)
PGD2. See Prostaglandin D2 (PGD2)
Phoenix canariensis (palm date), 545�546
Phosphatidylinositol 3-kinase (PI3K),
390�391, 531
PI3K/Akt pathway, 394�395

Phosphoinositide-3-kinase.
See Phosphatidylinositol 3-kinase (PI3K)

Phospholipase A2 (PLA2), 462�463
Phospholipid transfer protein (PLTP), 596
Phosphorylated forms, 135
Phosphorylated-carboxylated MGP (p-
cMGP), 163�164

Photodiode assay (PDA), 82

Phylloquinone (PK), 153, 584, 616�617
Phytoestrogens, 58
Phytyl pyrophosphate (PPP), 73�75
PI3K. See Phosphatidylinositol 3-kinase
(PI3K)

PK. See Phylloquinone (PK)
PKC. See Protein kinase C (PKC)
PKM2. See Pyruvate kinase M2 (PKM2)
PL derivative. See Pyridoxal derivative (PL
derivative)

PLA2. See Phospholipase A2 (PLA2)
Placenta, folate transport in, 352�358
FR, 356�357
PCFT, 356
placental FRα, 356�357
regulation
folate sensors, 358
pathophysiological conditions and
environmental factors, 358�360

RFC, 355�356
Plant-derived phylloquinones, 11, 155, 597
Plasma
concentration of 3-hydroxyisovaleryl
carnitine, 179�180

phylloquinone, 617�618
vitamin C deficiency, 696

Plastids, 76
Plastoglobules, 75
Plastoquinol (PQH2), 72�73
Pleiotropic effects, 413�414
Pleiotropic extraskeletal effect, 428
PLP. See Pyridoxal phosphate (PLP)
PLTP. See Phospholipid transfer protein
(PLTP)

Pluripotent cells, 548�555
PM. See Pyridoxamine (PM)
PMBCs. See Peripheral mononuclear blood
cells (PMBCs)

PMP. See Pyridoxamine 5ʹ-phosphate
(PMP)

PN. See Pyridoxine (PN)
PNP. See Pyridoxine 5ʹ-phosphate (PNP)
Polyglutamate form, 329
Polyneuritis, 15
Polyunsaturated fatty acid (PUFA),
468�470, 500�501, 536, 596

Porcine embryos, 30-day, 145�147
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Porcine expanded blastocysts, 5-day,
141�145

Postintestinal absorption, 617
Postprandial hyperlipidemia, 265�267
Postprandial TRLs, 265�266, 275�276
PP-2Cα. See Protein phosphatase-2Cα
(PP-2Cα)

PP2A. See Protein phosphatase 2A (PP2A)
PPAR. See Peroxisome proliferator-
activated receptor (PPAR)

PPARg coactivator-1β (PGC-1β), 272
PPP. See Phytyl pyrophosphate (PPP)
Prebiotics, 95�96
food research, 92, 409

Preeclampsia, 358�359
Pregnancy, 178, 348
folates requirements during, 350�352

Pregnane X receptor (PXR), 158, 492�493
Preimplantation embryonic growth,
547�555, 548f, 549f

Pro-IL-1β, 290�291
Probiotics, 96f
Progesterone receptor, 685
Proinflammatory cytokines, 337�338, 441,
529�532

Promoters, 637
Propionyl-CoA carboxylase (PCC),
174�175
abundance of, 180

Prostaglandin D2 (PGD2), 267�272
Prostaglandin E2, 267�272
Prostaglandin H2 (PGH2), 267�272
Prostate cancer (PCa), 613�616, 623t, 625t
vitamin K, 616�617
beneficial effects, 622�625
deficiency, 617�618
and insulin sensitivity, 619
osteoporosis and, 618
sources, 617
and vascular calcification, 618�619
vitamin K and cancer, 619�622
and warfarin, 619

Prostate-specific antigen (PSA), 623�624
Prostatectomy, 614�615
Protein
folding process, 231�233, 304
synthesis, 636

Protein kinase C (PKC), 390�391,
499�500, 530�531

Protein phosphatase 2A (PP2A), 391,
499�500, 537

Protein phosphatase-2Cα (PP-2Cα),
399�400

Protein tyrosine phosphatase (PTP), 531
Protein�energy malnutrition, 590
Protein�energy wasting (PEW), 563�564
Proteinuria, 413
Proteomics method, 504�505
Proto-oncogene myc, 621
Proton pump inhibitors, 107, 121�122,

371�373
Proton-coupled folate transporter (PCFT),

355�356
Prototypical chronic liver disease, 661�662
PSA. See Prostate-specific antigen (PSA)
Pteroylglutamate, 348
PTH. See Parathyroid hormone (PTH)
PTP. See Protein tyrosine phosphatase

(PTP)
PUFA. See Polyunsaturated fatty acid

(PUFA)
Pulse wave velocity (PWV), 410�411
PUMA-G, 678�679
Purine, 307

salvage, 306
PWV. See Pulse wave velocity (PWV)
PXR. See Pregnane X receptor (PXR)
Pyridoxal derivative (PL derivative), 40,

135, 286
Pyridoxal phosphate (PLP), 135, 286�289,

310�311, 328�329, 571
Pyridoxamine (PM), 40, 286
Pyridoxamine 5ʹ-phosphate (PMP), 286
Pyridoxine (PN), 20, 40, 45�46, 286, 303,

310�315, 571
antioxidant systems, 308�309
and chronic diseases, 286�289
comparison of pyridoxine influence to
trigger cells generation, 309�310

free radical-producing systems in
organism, 303�304

and imidazole dipeptides, 293�295
and inflammasomes, 290�293
and inflammation, 289�290
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Pyridoxine (PN) (Continued)
interaction for synthesis of

selenoproteins, 139�140
metabolism and functions, 286
phosphate, 312
reference dietary requirements, 21t
role in pathological conditions in vitro

and in vivo, 315�319
sources, recommendations, and

bioavailability, 134�135
transmethylation and transsulfuration

pathways, 137�139
XO

enzyme, 304�305
regulating purine catabolism by
feedback mechanism, 305�308

Pyridoxine 5ʹ-phosphate (PNP), 286
Pyrimidine nucleotides, 307
Pyrin domain-containing proteins,
290�291

Pyruvate carboxylase (PC), 174�175
Pyruvate dehydrogenase (PDH), 190�191
Pyruvate dehydrogenase complex (PDC),
189
physiological significance of

noncoenzyme action of vitamin B1

derivatives
metabolic diseases, PDC, and
thiamine, 199�200

vitamin B1, PDC, and modulation of
ACh synthesis, 200�202

role in cellular metabolism and
regulation, 193

structure and function, 191�193
ThDP and ThTP involvement in

regulation, 197�199
thiamine effect on activity, 194�197

Pyruvate kinase M2 (PKM2), 395

Q
Quenching, 68

R
RA. See Retinoic acid (RA)
RAAS.
See Renin�angiotensin�aldosterone
system (RAAS)

Radiation therapy, 614�615
Radium-223, 614�615
Randomized controlled trials (RCTs), 167
RANKL. See Receptor activator of NF-kB
ligand (RANKL)

RANTES, 681
RAP. See Receptor-associated protein
(RAP)

RAR. See Retinoic acid receptor (RAR)
R-binder, 113
RBP-4. See Retinol-binding protein 4
(RBP-4)

RC. See Respiratory chain (RC)
RCTs. See Randomized controlled trials
(RCTs)

RDA. See Recommended dietary
allowances (RDA)

RDI. See Recommended intake (RDI)
Reactive nitrogen species (RNS), 72�73,
521�523, 526f

Reactive oxygen species (ROS), 68�71,
337�338, 418�419, 461�462,
522�523, 526f, 544�545, 620
generation, 303
naturally occurring products, 73f

Receptor activator of NF-kB ligand
(RANKL), 434, 441f

Receptor-associated protein (RAP),
373�375

Receptors/sensors, 494�502
Recommended dietary allowances (RDA),
8t, 68, 84, 136, 158�159, 326�327,
351, 468�470

Recommended intake (RDI), 466
Redox
homeostasis, 494�496
reactions, 213
redox-mediated gut modulation by
riboflavin, 97�99

redox-signaling, 308
Reduced folate carrier (RFC), 355�356
Reference dietary requirements of
vitamins, 4, 7�8
challenges of meeting requirements,
29�30

fat-soluble vitamins, 9�14
water-soluble vitamins, 15�28

756 Subject Index



Reference nutrient intake (RNI), 8t
Regression analysis, 333�334
Renal replacement therapy (RRT), 562,
564t

Renal transplantation (RTx), 562
Renin�angiotensin system, 420�421
Renin�angiotensin�aldosterone system
(RAAS), 411�412

Repressors, 637
Reproductive health, vitamin E on, 550t,
552t, 555

Residual cardiovascular risk, 264
Respiratory chain (RC), 233
deficiencies, 237�239

Retinal pigment epithelium (RPE), 681
Retinoblastoma protein (Rb), 391�392
Retinoic acid (RA), 592, 639
and epigenetics, 643�646

Retinoic acid receptor (RAR), 592
Retinoid X receptor (RXR), 592,
660�661

Retinol, 9, 35�36
binding protein, 592

Retinol-binding protein 4 (RBP-4),
573�574

Reverse phase high-pressure liquid
chromatography (RP-HPLC), 80�81

RFC. See Reduced folate carrier (RFC)
Riboflavin, 15�17, 38�39, 123, 229,
309�310, 570
deficiency, 231�233
as essential vitamin, 95
and mitochondrial energy, 229�231
mitochondrial β-oxidation disorders
responsive to, 233�237

as novel prebiotic ingredient, 95�96
redox-mediated gut modulation by,
97�99

reference dietary requirements, 18t
soya as ideal substrate for lactic acid
bacteria fermentation, 99�100

Riboflavin-responsive multiple acyl-CoA
dehydrogenase deficiency (RR-MADD),
234�235

RNI. See Reference nutrient intake (RNI)
RNS. See Reactive nitrogen species (RNS)
ROS. See Reactive oxygen species (ROS)

Roseburia species, 97
RP-HPLC. See Reverse phase high-

pressure liquid chromatography (RP-
HPLC)

RPE. See Retinal pigment epithelium
(RPE)

R-protein, 113
RR-MADD. See Riboflavin-responsive

multiple acyl-CoA dehydrogenase
deficiency (RR-MADD)

RRT. See Renal replacement therapy
(RRT)

RTx. See Renal transplantation (RTx)
RXR. See Retinoid X receptor (RXR)

S
S1P. See Sphingosine-1-phosphate (S1P)
Saccharomyces cerevisiae, 97
S-adenosylhomocysteine (SAdoHcy), 639
S-adenosylmethionine (SAM), 116,

132�133, 137, 250�251, 329�331,
354�355, 637

SAdoHcy. See S-adenosylhomocysteine
(SAdoHcy)

Safe intake (SI), 8t
Salmonella typhimurium, 291�292
SAM. See S-adenosylmethionine (SAM)
Saponification, 80
S-binder, 371
SCAD. See Short-chain acyl-CoA

dehydrogenase (SCAD)
SCAD deficiency (SCADD), 236�237
Scavenging, 69
Schilling’s test, 373�377
SCLY. See Selenocysteine lyase (SCLY)
SCM. See Short-chain metabolite (SCM)
SCT cell. See Syncytiotrophoblast cell

(SCT cell)
Scurvy, 25
SECIS. See Selenocysteine insertion

sequence (SECIS)
Secondary hyperparathyroidism, 420
SECs. See Sinusoidal endothelial cells

(SECs)
Selective VDR activators (sVDRAs), 414
Selenite, 136
Selenium (Se), 134

757Subject Index



Selenium (Se) (Continued)
on embryo development, 141�147
interaction for synthesis of

selenoproteins, 139�140
sources, recommendations, and

bioavailability, 135�136
transmethylation and transsulfuration

pathways, 137�139, 138f
Selenocysteine, 133, 139
Selenocysteine insertion sequence (SECIS),
139

Selenocysteine lyase (SCLY), 133, 139
Selenomethionine, 136
Selenoproteins, 132
pyridoxine and Se interaction for

synthesis of, 139�140
Serine hydroxymethyltransferase (SHMT),
328�329, 639�640

Serum fibroblast growth factor-23,
418�419

SHMT. See Serine
hydroxymethyltransferase (SHMT)

Short-chain acyl-CoA dehydrogenase
(SCAD), 233

Short-chain fatty acids, 606, 683�684
Short-chain metabolite (SCM), 455�456,
492�493

SI. See Safe intake (SI)
Signal transducer and activator of
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