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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
(B4, B», B3, Bs, B, B7 By, Bis, 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 Bj, 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 By, vitamin Bj,,
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 By,, also known as cobalamin, is important for DNA
synthesis, nerve health, amino acids, and fatty acids metabolism, and
together with vitamin By (folate), is central to red blood cell maturation.
Vitamin B (niacin) is a precursor of the coenzymes nicotinamide adenine
dinucleotide and nicotinamide adenine dinucleotide phosphate, which are
key to metabolic pathways. Similarly, vitamin B, (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 Bj) can
lead to memory loss, as seen in Wernicke/Korsakoft 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



xxviii  Preface

and their contribution to the diet. In Part 2 there is coverage on vitamin
B, and mitochondrial energy; the use of folate in liver disease; vitamin K
and treatment of prostate cancer; the preventive properties of vitamin Bg
in inflaimmation; niacin and hyperlipidemia; molecular and nutritional
aspects of vitamin E; vitamins in chronic kidney disease; vitamin By, 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



PART I

General and
Introductory Aspects



CHAPTER 1

Reference dietary requirements
of vitamins in different stages
of life

Mina Yamazaki Price’ and Victor R. Preedy’

'Division of Critical Care, Medicine and Surgery, Department of Therapies, Royal Free Hospital, Royal
Free London NHS Foundation Trust, London, United Kingdom

?Diabetes & Nutritional Sciences Division, School of Medicine, King’s College London, London, United
Kingdom
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Molecular Nutrition

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

Al

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
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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:
assessing individuals;

determining at risk subgroups or subpopulations;

prescribing diets; and

food labeling (DH, 1991).

There is limited scientific support behind the values for the specific

- DN =

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 (Als)

Dietary reference intakes

(DRIs)

Estimated average
requirements (EAR)

Recommended dietary
allowances (RDA)

Tolerable upper intake
levels (UL)

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 Al is used when the
recommended dietary allowance cannot be determined.

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.

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

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.

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)

Estimated average
requirement (EAR)

Lower reference nutrient
intake (LRNI)

Reference nutrient intake
(RNI)

Safe intake (SI)

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

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.

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.

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.

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

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.


http://health.gov/dietaryguidelines/2015/guidelines/
http://health.gov/dietaryguidelines/2015/guidelines/
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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 3-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 pg 3-carotene to
1 pg retinol (DH, 1991). Commonly, reference dietary requirements are
expressed in retinol equivalent (jug). 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 (pg/day) Female (pg/day)
United States

0—6 months 400* 400*
6—12 months 500* 500*
13 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
5170 years 900 700
>70 years 900 700
Pregnancy 14—18 years - 750
19—30 years - 770
3150 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 pg retinol equivalent/day. For the United States, figures with an asterisk (*) are presented
as adequate intakes (Als). 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.


http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
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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 Il (prothrombin),
VII, IX, and X in the coagulation cascade. The product of this process is
~~carboxyglutamyl residues which have an affinity for calcium. Proteins
which require vitamin K for the formation of v-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 (a-, 3-, V-, 6-) and four tocotrienols homologues (a-, 3-, V-,
0-), is entirely synthesized by plants. Additionally, synthetic forms are also
commonly available. Among the vitamin E family, a-tocopherol has the
highest biopotency. Therefore in human nutrition, vitamin E activity is
expressed in a-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



Table 1.3 Vitamin D reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (ng/day) Female (ng/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
3150 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 pg cholecalciferol/day)
and the United Kingdom (in pg 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 (Als). 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 RINIs. 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).


http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
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Table 1.4 Vitamin K reference dietary requirements for the United States and United
Kingdom.

Life stage group Male (ng/day) Female (.g/day)
United States

0—6 months 2 2

6—12 months 2.5 2.5

13 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

5170 years 120 90

>70 years 120 90
Pregnancy 14—18 years - 75

19—30 years - 90

3150 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 pg/day. For the United States, all figures are presented as Als. 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 pg/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—064 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.).


http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
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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
5170 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 a-tocopherol/day)
and the United Kingdom (in mg/g polyunsaturated fatty acid/day for 0—11 months; in mg a-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 (Als). 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.


http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
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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
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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*
13 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
5170 years 1.2 1.1
>70 years 1.2 1.1
Pregnancy 14—18 years - 1.4
19—30 years - 1.4
3150 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 (Als). 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).


http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.nationalacademies.org/hmd/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
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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.
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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*
13 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
5170 years 1.3 1.1
>70 years 1.3 1.1
Pregnancy 14—18 years - 1.4
19—30 years - 1.4
3150 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 11
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 (Als).
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.


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

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*

13 years 6 6

4—8 years 8 8

9—13 years 12 12

14—18 years 16 14

19—30 years 16 14

3150 years 16 14

51—70 years 16 14

>70 years 16 14
Pregnancy 14—18 years - 18

19—30 years - 18

3150 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

13 years 6.5 6.0

4—06 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 5-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-5-3-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 1s 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 leaty 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,



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
3150 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
3150 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—06 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—-14
Lactation 0—4 months - 1.3—-1.5
>4 months - 1.3—-15

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 pg/g of dietary
protein. Figures in the table are calculated based on 15 pg 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 (Als). 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 (ng/day) Female (ng/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
5170 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 pg/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 (Als). 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 (ng/day) Female (ng/day)
United States

0—6 months 0.4* 0.4*
6—12 months 0.5* 0.5*
13 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
3150 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 pg/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 (Als). 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., 1-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 eftects 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
5170 years 90 75
>70 years 90 75
Pregnancy 14—18 years - 80
19—30 years - 85
3150 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 (Als). 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 1.13 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
6—12 months 1.8
13 years 2
4—8 years 3
9—13 years 4
14—18 years 5
19—30 years 5
5
5
5

N = =
[C N |

31-50 years
5170 years
>70 years

Pregnancy 14—18 years -
1930 years —
3150 years -
Lactation 14—18 years —
19—30 years -
31-50 years -

NN NN U1 O U U U

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 (Als). 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.

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
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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 (.g/day) Female (ng/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 pg/day

Data show reference dietary requirements of biotin for the United States in pg/day. For the United
States, all figures are presented as Als. 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 pg/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.

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

. Complexing a vitamin with a metal can dramatically change its

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

. Among all vitamins, vitamin Bs and vitamin By are good choices for

the preparation of vitamin-based metal complexes.
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Summary points

1.

Ab

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

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

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

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

Vitamin-based compounds show biocompatibility and recyclability.
Some vitamin—metal complexes have demonstrated anticancer
activities.

Metal—organic frameworks incorporating vitamins as ligands have
been used for the slow release of therapeutic compounds in organisms.
Vitamins are excellent candidates to build multinuclear metal com-
plexes with interesting magnetic and luminescent properties.

breviations

MOFs metal—organic frameworks

0D
1D
2D
3D
NO
PN
PL
PM

zero dimension
one dimension
two dimension
three dimension
nitric oxide
pyridoxine
pyridoxal
pyridoxamine

'"H 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 (—NH,), and hydroxyl (—OH)

gro

ups. 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 By, B,, B3, Bg, Bo, 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(NH;3),Cly], 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 Ay, 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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Figure 2.1 Different coordination modes of vitamins commonly used in coordination
material chemistry.

system, vision, cell growth, cell proliferation, and reproduction. Sanchez-
Guijo and Montero (2010) investigated the interaction of vitamin A; and
the physiological relevant ions Na*, Li*, and K* in solution by using
mass spectrometry. The preparation of these stable compounds highlights
the coordination chemistry of vitamin A; and demonstrates the possibility
of studying the interaction of vitamin A; with other metal ions.



Table 2.1 Some examples of metal-based vitamins and their biological application.

Metal Vitamin Biological application Reference
Cobalt, nickel B; Antibacterial Verma and Bhojak (2017) (and
references therein)
Iron, copper, nickel, zinc, palladium, B; Antimicrobial Verma and Bhojak (2017) (and
cadmium, gold references therein)
Palladium, platinum, gold B; Antitumor Verma and Bhojak (2017) (and
references therein)
Copper B; Antitumor Anacleto et al. (2017)
Copper, manganese, iron, nickel, B;+ By Antitumor Verma and Bhojak (2017) (and
cadmium references therein)
Vanadium Be Insulin-like activity Casas et al. (2012) (and references
therein)
Manganese Bg Hepatobiliary activity MRI Casas et al. (2012) (and references
contrast therein)
Nickel B¢ CT—DNA interactions Chylewska et al. (2017)
Lanthanum, yttrium, cerium, samarium B¢ Antimicrobial Refat et al. (2014)
Vanadium By Antioxidant Refat et al. (2016)
Lead By Cellular Bioimaging Zhao et al. (2013)
Tin C Antitumor Zumreoglu-
antiinflammatory Karan (2006) (and
references therein)
Platinum C Antitumor Hollis et al. (1985)
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Vitamin By, 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 B; 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 B;-
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 B,, 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 B,—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 B,—molybdenum complex, suggesting
that the Mo(V) coordinated to vitamin B, via the azomethine nitrogen
atom of the pyrazine ring. Refat et al. (2011) described a series of vitamin
B, and alkaline earth metal(II) complexes with a proposed structure of the
type [M(vitamin B;)>(X),] where M = Mg(ll), Ca(ll), Sr(Il) or Ba(Il);
X =Cl or NOg3. In the absence of single-crystal data for all these reported
structures, the authors suggested, based on spectroscopic studies, that
maybe the vitamin B, binds the metal in a bidentate feature through
the azomethine nitrogen of the pyrazine ring and the C=0O of
the pyrimidine-2,4-dione. As mentioned above, vitamin B, exhibits
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antioxidant properties, but what about the metal compounds based on
vitamin B,? Nothing is reported in the literature. Bearing in mind that
the functions of vitamins are synergistic, the combination of vitamin B,
with metal might be of both scientific and pharmacological interest.

Vitamin Bj, 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 B; 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 B; 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 B; 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(Il)—vitamin B;
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 Bjz-based metal complexes, vitamin B; is an excellent
choice as a bioligand for the development of new biologically active
metallodrugs.

[Cu(vitamin B5)Cl]. [Cu(vitamin B),(H,0),](NO;),

Figure 2.2 Vitamin Bs;—copper compounds cytotoxicity against human colon adeno-
carcinoma Caco-2 cells (Anacleto et al., 2017).
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Vitamin By 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 B¢ 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 Bg, PM, PN, and PL, with Cu(Il) 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 Bg, prepared several
PN lanthanide complexes (La(IlI), Sm(III), Ce(IIl), 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(NO,),(H,O)(pyridoxine),|]NO3, with Ln = Gd, Tb, Dy, Ho,
and Er, and investigated the interaction of the PN gadolinium complex
with DNA. The considerable number of vitamin Bg metal complexes
reported demonstrate that this vitamin is an interesting linker for the
development of new biocompatible materials.

Vitamin By, 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 By and transition metal ions, such as Fe(III), Al(III),
Cr(lll), Cu(Il), Mn(II), Co(Il), Ni(Il), Zn(Il), Cd(II), and Hg(II). The
authors suggested that vitamin Bg acts as a bidentate ligand through both
carboxylic groups (Abd et al., 2008; Fazary and Rajhi, 2015). Two other
vitamin By complexes with copper and iron, having the general formula
K, [M(vitamin Bog),(H>O),] - xH,O, where (M = Cu(ll) or Fe(ll), n=2
or 1, x=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 Bg vanadium complex formulated as [(VO),(vitamin
Bo)(NH,)2(SOy)5] and studied its activity as antioxidant and its interaction
with DNA. As observed for the other vitamin By metal complexes, vana-
dium bound vitamin By 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 By and lead [Pb (vitamin
Bo)] - 4H,O which exhibits considerably higher fluorescence intensity
compared to vitamin Bg. For this, vitamin By binds Pb(II) ions in a biden-
tate mode and simultaneously acts as a bridging ligand (see Fig. 2.3). The
lead vitamin Bg 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 By complex prepared is
also effective as a fluorescent probe for cellular bioimaging. However, in
the absence of single crystals of Fe—vitamin By, the authors cannot say
much about the structure. The iron compound was structurally

Pb(1)

Pb(1iii)

Pb(1ii)  pp(1i)

Figure 2.3 Vitamin By lead compound (CCDC 904795). Top: Detail on the coordina-
tion mode of vitamin By to lead. Bottom: Imaging of living 4T1 cells incubated with
10 pM of [Pb (vitamin Bo)]-4H,O 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 Bg-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 ds-[Pt(RNH,)-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(ll) with vitamin C under physiological conditions, using a
combination of different techniques—potentiometric measurements, 'H
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. Mercé et al. (1998, 1999, 2003)deter-
mined the stability constants of vitamin D complexes involving Co(II), Ni
(I1), Cu(Il), Mn(II), Fe(II), Fe(Ill), Zn(I), 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, ML,, and ML;. Only
for Fe(Ill) 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 B; [Cu
(vitamin Bj)], 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 Bj, with the formula [Fe;(u3-O)(jur-ace-
tate) (Ua-vitamin Bj)s(p-vitamin Bs),], which is itself the bioactive
molecule to be delivered. The release of vitamin Bj is reached through
the degradation of the hybrid compound wunder physiological
conditions, allowing delivery of the bioactive molecule (Miller et al., 2010).
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Figure 2.4 3D framework structure constructed from vitamin B; and Ni or Co, as
potential delivery vehicles for therapeutic NO (Pinto et al,, 2017).

Pinto et al. very recently synthesized two isostructural Co and Ni MOFs
using vitamin B; (Fig. 2.3) as building blocks, with a formula of [Mj(jo-
H,0)(ps-vitamin Bj3)s(ps-vitamin Bj),]e2H,O (M = Ni, Co). They con-
tain two crystallographic distinct divalent metal centers connected by a
bridging water and vitamin Bj3 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 Bj, 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 Bj as an excellent bridging
ligand between lanthanide and transition metal ions to prepare four
new 4d-4f coordination frameworks denoted as [Ag,Ln(vitamin
B3),(H,O),- (CIO,) - H,O], [Ln=Eu (1), Gd (2)], [Agln(vitamin
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Figure 2.5 Structure details of the 3D yttrium—copper—organic framework (CCDC
660702) Y,Cu,ly(OH),(pca),(vitamin Bs)y; left: yttrium ions is bonded to vitamin Bs
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 {Y }and chair-like {Cug}(Cheng et al., 2008).

B3),(oxalate)0.5(H,0), - (C1Oy) - H,O], and [Ln =Tb (3), Yb (4)]. Cheng
et al. using vitamin B; in combination with a second ligand, 2-
pyrazinecarboxylic acid (pca), prepared three novel 3D lanthanide—transi-
tion metal structures of general formula Ln,Cu,l,(OH)s(pca)s(vitamin
B3), (Ln =Y, 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 B; Neodymium MOF [Nd
(C;HsNOy) (vitamin B3)(H,O)], showing a rare magnetic interaction
between adjacent Nd(III) ions. In 2015 the syntheses, structures, and opti-
cal properties of two vitamin Bs-based Lnys (Ln =Dy and Tb) three-
dimensional frameworks with Ag and Cu transition metals were reported
(Zhang et al., 2015).

A 3D framework Nickel(Il) compound with azide and vitamin Bj
[Ni; 5(N3)(nic),(Hnic)],, with unusual magnetic properties has been
described (Verma and Bhojak, 2017).

Vitamin Bg, 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
B¢ in its PN form with formulas [Mny(PN-H)4(CH;CO,);Cl,]
Cl-2CH;0H - 2H,0O and [Cuy(PN-H),Cl(H,0),]Cl,, with interesting
magnetic properties. The overall results indicate that among all the
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vitamins, vitamin B3 and vitamin Bg 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.

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

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

Results from clinical studies showed evidence of possible interference
by a-tocopherol with drugs.

Diet supplementation with a high dose of a-tocopherol during some
drug treatments, such as tamoxifen, is not recommended.

Molecular Nutrition © 2020 Elsevier Inc.
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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 “a-tocopherol” (o-TP) with a provisional molec-
ular formula of Cy9Hs50O, (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 o-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
a-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 -, ~-, and 8-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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Figure 3.1 Chemical structure of vitamin E homologues. «-TP and o-TT:
R =R, =Rs=CHs; B-TP and B-TT: R, =R3=CH;, Ry=H; ~-TP and ~-TT: R, = H,
R, = R3 = CHj5; 6-TP and 6-TT: R; = R, = H, Rz = CHs. Chiral carbons are numbered. (R)
indicates the stereochemistry of the asymmetric carbons. (E) indicates the trans
geometry of the double bonds.

Tocotrienol (TT)

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 a-, B-, ~-, and
d-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). a-TP is the most abundant and biologically active form of vita-
min E (Khallouki et al., 2015; Pennock et al., 1964).

The natural a-TP has a 2R, 4'R, and 8'R configuration (Fig. 3.1).
Therefore its systematic name is (2R, 4'R, 8’ R)-a-TP, formerly known as
D-a-TP, the notation RRR-a-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). a-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 C3’ and C7'(2R,3'E,7'E)
(Pennock et al., 1964).
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Figure 3.2 Biosynthesis of tocochromanols in plants. GGPP, Geranylgeranyl pyro-
phosphate; MVA, mevalonate.

3.2 Biosynthesis of vitamin E

The biosynthesis of tocochromanols (including TP and TT) has been well
documented in photosynthetic and nonphotosynthetic organisms and 1is
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 transter of the acidic H from the
OH of vitamin E to peroxy radicals ROQO?", 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
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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 difter-
ent oxidation potentials, which depend upon the acidity of their phenol
group (Madeira et al., 2011). o-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 ~ 8a-substituted ~ tocopherones,  which  rearrange  into
a-tocopherylquinone as the major oxidation product of a-TP. This reac-
tion can form the side products C4/C5-epoxy-8-a-hydroperoxytoco-
pherones and C7/C8-epoxy-8-a-hydroperoxytocopherones. These
intermediates are precursors, after hydrolysis, of 5,6-epoxy-a-tocopherol-
quinone and 2,3-epoxy-a-tocopherolquinone, respectively, as minor oxi-
dation products of o-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 a-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 a-tocopherylquinone into o-TP can be produced by a nonenzymatic
mechanism involving ascorbate and dihydrolipoic acid (Traber, 1994).



56 Molecular Nutrition

a-Tocopherol

o (0} Q o
o (o} o (o}
wR R R
(B) (C

(A) )

Figure 3.3 «-Tocopheroxyl radical and its resonance-stabilized forms in association
of its main and major oxidation products o-tocopherylquinone (A), 2,3-epoxy-a-toco-
pherolquinone (B), and 5,6-epoxy-a-tocopherolquinone (C), R = C;¢Hss.

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).
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Vitamin E deficiency was linked to chronic pancreatitis (Duggan et al., 2014),
ulcerative colitis, such as inflaimmatory 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 o~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 o-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. 8-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 6-TP. This illustrates the importance of
defining the molecular species of the vitamin E components that are
responsible for the measured eftects (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 o-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 173-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 33-hydroxysterol-A8-A7-isomerase (D8D7I) and
33-hydroxysterol-A7-reductase (DHCR7). It was found that D8DI and
DHCRY7 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. o-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 o~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 o-TP (Babu et al., 2000). Together these observations
showed that the protection against a side effect of Tam by «a-TP may
block Tam’s anticancer action. This strongly suggests that diet supplemen-
tation with o-TP is not recommended for patients under Tam treatment
(Fig. 3.5).
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Figure 3.4 Vitamin E (Vit E, a-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 5,63-epoxycholes-
terol and 5,6a-epocholesterol (5,63-EC and 5,6-EC). 5,608-EC and 5,6a-EC accumulate
in BC cells due to the inhibition by Tam of the AEBS/ChEH complex. 5,63-EC is the
second messenger of Tam that induces apoptosis. 5,6a-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-33,5x,6(3-triol; H,O,, hydrogen per-
oxide; LXR3, liver-X-receptor 3; Mito, mitochondria; N, nucleus.

(A) VitE

Tam ® Tam

lipoperoxidation
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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 5,6a-EC as sec-
ond messengers that activate LXR receptors. (B) Vitamin E blocks lipoperoxidation
and the formation of 5,6a-EC and 5,63-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 a-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.

References

Alpha-Tocopherol, B.C.C.P.S.G., 1994. The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smokers. N. Engl. J. Med. 330,
1029—-1035.

Babu, J.R., Sundravel, S., Arumugam, G., Renuka, R., Deepa, N., Sachdanandam, P.,
2000. Salubrious effect of vitamin C and vitamin E on tamoxifen-treated women in
breast cancer with reference to plasma lipid and lipoprotein levels. Cancer Lett. 151,
1-5.

Brigelius-Flohe, R., Traber, M.G., 1999. Vitamin E: function and metabolism. FASEB ]J.
13, 1145—1155.

Brown, B.G., Crowley, J., 2005. Is there any hope for vitamin E? JAMA 293,
1387—1390.

Cooney, R.V., Harwood, P.J., Franke, A.A., Narala, K., Sundstrom, A.-K.,
Berggren, P.-O., et al., 1995. Products of ~-tocopherol reaction with NO, and
their formation in rat insulinoma (RINmS5F) cells. Free Radic. Biol. Med. 19,
259—-269.

Csallany, A.S., Ha, Y.L., 1992. a-Tocopherol oxidation mediated by superoxide anion
(O™). 1. Reactions in aprotic and protic conditions. Lipids 27, 195—200.

Cuerq, C., Henin, E., Restier, L., Blond, E., Drai, J., Marcais, C., et al., 2018. Efficacy of
two vitamin E formulations in patients with abetalipoproteinemia and chylomicron
retention disease. J. Lipid Res. 59, 1640—1648.

Cuzick, J., 2017. Preventive therapy for cancer. Lancet Oncol. 18, e472—e482.

de Medina, P., Paillasse, M.R., Payre, B., Silvente-Poirot, S., Poirot, M., 2009a. Synthesis
of new alkylaminooxysterols with potent cell differentiating activities: identification of
leads for the treatment of cancer and neurodegenerative diseases. J. Med. Chem. 52,
7765=7777.

de Medina, P., Payre, B., Boubekeur, N., Bertrand-Michel, J., Terce, F., Silvente-Poirot,
S., et al., 2009b. Ligands of the antiestrogen-binding site induce active cell death and
autophagy in human breast cancer cells through the modulation of cholesterol metab-
olism. Cell Death Difter. 16, 1372—1384.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref1
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref2
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref3
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref4
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref5
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref6
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref7
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref8
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref9
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref10
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref10

62 Molecular Nutrition

de Medina, P., Silvente-Poirot, S., Poirot, M., 2009¢c. Tamoxifen and AEBS ligands
induced apoptosis and autophagy in breast cancer cells through the stimulation of ste-
rol accumulation. Autophagy 5, 1066—1067.

de Medina, P., Paillasse, M.R., Segala, G., Poirot, M., Silvente-Poirot, S., 2010.
Identification and pharmacological characterization of cholesterol-5,6-epoxide hydro-
lase as a target for tamoxifen and AEBS ligands. Proc. Natl Acad. Sci. U.S.A. 107,
13520—13525.

DellaPenna, D., Pogson, B.J., 2006. Vitamin synthesis in plants: tocopherols and carote-
noids. Annu. Rev. Plant Biol. 57, 711—738.

Duggan, S.N., Smyth, N.D., O’Sullivan, M., Feehan, S., Ridgway, P.F., Conlon, K.C,,
2014. The prevalence of malnutrition and fat-soluble vitamin deficiencies in chronic
pancreatitis. Nutr. Clin. Pract. 29, 348—354.

Dysken, M.W., Sano, M., Asthana, S., Vertrees, J.E., Pallaki, M., Llorente, M., et al.,
2014. Effect of vitamin E and memantine on functional decline in Alzheimer disease:
the TEAM-AD VA cooperative randomized trial. JAMA 311, 33—44.

Evans, H.M., 1924. Unique dietary needs for lactation. Science 60, 20—22.

Evans, H.M., 1925. Invariable occurrence of male sterility with dietaries lacking fat soluble
vitamin E. Proc. Natl Acad. Sci. U.S.A. 11, 373—377.

Evans, H.M., Bishop, K.S., 1922. On the existence of a hitherto unrecognized dietary
factor essential for reproduction. Science 56, 650—651.

Evans, H.M., Burr, G.O., 1925. The anti-sterility vitamine fat soluble E. Proc. Natl Acad.
Sci. U.S.A. 11, 334—341.

Evans, H.M., Murphy, E.A., Archibald, R.C., Cornish, R.E., 1935. Preparation and
properties of vitamin E concentrates. J. Biol. Chem. 108, 515—523.

Fabisiak, N., Fabisiak, A., Watala, C., Fichna, J., 2017. Fat-soluble vitamin deficiencies
and inflammatory bowel disease: systematic review and meta-analysis. J. Clin.
Gastroenterol. 51, 878—889.

Faustman, C., Liebler, D.C., McClure, T.D., Sun, Q., 1999. Alpha, beta-unsaturated
aldehydes accelerate oxymyoglobin oxidation. J. Agric. Food Chem. 47, 3140—3144.

Fernholz, E., 1938. On the constitution of a-tocopherol. J. Am. Chem. Soc. 60,
700—705.

Foti, M.C., 2007. Antioxidant properties of phenols. J. Pharm. Pharmacol. 59,
1673—1685.

Galli, F., Azzi, A., Birringer, M., Cook-Mills, J.M., Eggersdorfer, M., Frank, J., et al.,
2017. Vitamin E: emerging aspects and new directions. Free Radic. Biol. Med. 102,
16—=36.

Goetzl, EJ., 1980. Vitamin E modulates the lipoxygenation of arachidonic acid in leuko-
cytes. Nature 288, 183—185.

Grilo, E.C., Costa, P.N., Gurgel, C.S.S., Beserra, A.F., Almeida, F.N., Dimenstein, R.,
2014. Alpha-tocopherol and gamma-tocopherol concentration in vegetable oils. Food
Sci. Technol. 34, 379—385.

Hall, K.T., Buring, J.E., Mukamal, K.J., Vinayaga Moorthy, M., Wayne, P.M., Kaptchuk,
TJ., et al,, 2019. COMT and alpha-tocopherol effects in cancer prevention:
gene-supplement interactions in two randomized clinical trials. J. Natl Cancer
Inst.

Heinonen, O.P., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K., Hartman, A.M.,
et al.,, 2019. Prostate cancer and supplementation with alpha-tocopherol and beta-
carotene: incidence and mortality in a controlled trial. J. Natl Cancer Inst. 90,
440—446. in press, https://do1:10.1093/jnci/djy204.

Hogg, N., Joseph, J., Kalyanaraman, B., 1994. The oxidation of a-tocopherol and trolox
by peroxynitrite. Arch. Biochem. Biophys. 314, 153—158.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref11
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref12
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref13
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref14
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref15
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref16
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref17
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref17
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref17
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref18
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref19
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref20
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref21
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref22
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref23
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref24
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref25
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref26
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref26
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref26
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref27
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref28
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref28
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref28
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref28
https://doi.org/10.1093/jnci/djy204
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref30
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref30

Vitamin E: an overview 63

Jiang, Q., 2014. Natural forms of vitamin E: metabolism, antioxidant, and anti-
inflammatory activities and their role in disease prevention and therapy. Free Radic.
Biol. Med. 72, 76—90.

Jordan, V.C., 2006. Tamoxifen (ICI46,474) as a targeted therapy to treat and prevent
breast cancer. Br. J. Pharmacol. 147 (Suppl. 1), S269—276.

Kane-Diallo, A., Srour, B., Sellem, L., Deschasaux, M., Latino-Martel, P., Hercberg, S.,
et al., 2018. Association between a pro plant-based dietary score and cancer risk in the
prospective NutriNet-sante cohort. Int. J. Cancer 143, 2168—2176.

Kantor, E.D., Rehm, C.D., Du, M., White, E., Giovannucci, E.L., 2016. Trends in die-
tary supplement use among US adults from 1999—-2012. JAMA 316, 1464—1474.
Karrer, P., Fritzsche, H., Ringier, B.H., Salomon, H., 1938. Synthese des a-tocopherols.

Helv. Chim. Acta 21, 820—825.

Khadangi, F., Azzi, A., 2018. Vitamin E—the next 100 years. IUBMB Life 71 (4),
411—415.

Khallouki, F., Younos, C., Soulimani, R., Oster, T., Charrouf, Z., Spiegelhalder, B.,
et al., 2003. Consumption of argan oil (Morocco) with its unique profile of fatty acids,
tocopherols, squalene, sterols and phenolic compounds should confer valuable cancer
chemopreventive effects. Eur. J. Cancer Prev. 12, 67—75.

Khallouki, F., de Medina, P., Caze-Subra, S., Bystricky, K., Balaguer, P., Poirot, M.,
et al., 2015. Molecular and biochemical analysis of the estrogenic and proliferative
properties of vitamin E compounds. Front. Oncol. 5, 287.

Klein, E.A., Thompson, .M., Tangen, C.M., Crowley, ]J.J., Lucia, M.S., Goodman, P J.,
et al., 2011. Vitamin E and the risk of prostate cancer: the Selenium and Vitamin E
Cancer Prevention Trial (SELECT). JAMA 306, 1549—1556.

Lavine, J.E., Schwimmer, J.B., Van Natta, M.L., Molleston, J.P., Murray, K.F., Rosenthal,
P., et al., 2011. Effect of vitamin E or metformin for treatment of nonalcoholic fatty
liver disease in children and adolescents: the TONIC Randomized Controlled Trial.
JAMA 305, 1659—1668.

Leignadier, J., Dalenc, F., Poirot, M., Silvente-Poirot, S., 2017. Improving the efficacy of
hormone therapy in breast cancer: the role of cholesterol metabolism in SERM-
mediated autophagy, cell differentiation and death. Biochem. Pharmacol. 144, 18—28.

Liebler, D.C., 1993. The role of metabolism in the antioxidant function of vitamin E.
Crit. Rev. Toxicol. 23, 147—169.

Liebler, D.C., Burr, J.A., 1992. Oxidation of vitamin E during iron-catalyzed lipid peroxi-
dation: evidence for electron-transfer reactions of the tocopheroxyl radical.
Biochemistry 31, 8278—8284.

Liu, R.H., 2013. Health-promoting components of fruits and vegetables in the diet. Adv.
Nutr. 4, 384S—392S.

Longnecker, M.P., Martin-Moreno, J.M., Knekt, P., Nomura, A.M., Schober, S.E.,
Stahelin, H.B., et al., 1992. Serum alpha-tocopherol concentration in relation to sub-
sequent colorectal cancer: pooled data from five cohorts. J. Natl Cancer Inst. 84,
430—435.

Lonn, E., Bosch, J., Yusuf, S., Sheridan, P., Pogue, ]J., Amold, J.M., et al., 2005. Effects of
long-term vitamin E supplementation on cardiovascular events and cancer: a random-
ized controlled trial. JAMA 293, 1338—1347.

Madeira, P J., Faddoul, M., Afonso, M.B., Vaz, P.D., Fernandez, M.T., Leal, J.P., 2011.
On the way to understand antioxidants: chromanol and dimethoxyphenols gas-phase
acidities. J. Mass Spectrom. 46, 640—0648.

Mandlekar, S., Kong, A.N., 2001. Mechanisms of tamoxifen-induced apoptosis. Apoptosis
6, 469—477.

Marian, M.J., 2017. Dietary supplements commonly used by cancer survivors: are there
any benefits? Nutr. Clin. Pract. 32, 607—627.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref31
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref32
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref33
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref34
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref35
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref36
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref37
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref38
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref39
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref40
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref41
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref42
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref43
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref44
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref45
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref46
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref47
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref48
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref49
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref49

64 Molecular Nutrition

McCollum, E.V., Simmonds, N., Becker, J.E., Shipley, P.G., 1922. Studies on experimen-
tal rickets: XXI. An experimental demonstration of the existence of a vitamin which
promotes calcium deposition. J. Biol. Chem. 53, 293—312.

Mene-Saffrane, L., 2017. Vitamin E biosynthesis and its regulation in plants. Antioxidants
(Basel) 7. Available from: https://doi.org/10.3390/antiox7010002.

Miller, E.R., Pastor-Barriuso, R., Dalal, D., Riemersma, R.A., Appel, L]J., Guallar, E.,
2005. Meta-analysis: high-dosage vitamin E supplementation may increase all-cause
mortality. Ann. Intern. Med. 142, 37—46.

Moss, R.W., 2007. Do antioxidants interfere with radiation therapy for cancer? Integr.
Cancer Ther. 6, 281—292.

Moya, M., Gomez-Lechon, MJ., Castell, J.V., Jover, R., 2010. Enhanced steatosis by
nuclear receptor ligands: a study in cultured human hepatocytes and hepatoma cells
with a characterized nuclear receptor expression profile. Chem. Biol. Interact. 184,
376—387.

Niki, E., Noguchi, N., 2004. Dynamics of antioxidant action of vitamin E. Acc. Chem.
Res. 37, 45—51.

Niki, E., Saito, T., Kawakami, A., Kamiya, Y., 1984. Inhibition of oxidation of methyl
linoleate in solution by vitamin E and vitamin C. J. Biol. Chem. 259, 4177—4182.
Okebukola, P.O., Kansra, S., Barrett, J., 2017. Vitamin E supplementation in people with

cystic fibrosis. Cochrane Database Syst. Rev. 3.

Pacht, E.R., Kaseki, H., Mohammed, JR., Cornwell, D.G., Davis, W.B., 1986.
Deficiency of vitamin E in the alveolar fluid of cigarette smokers. Influence on alveo-
lar macrophage cytotoxicity. J. Clin. Invest. 77, 789—=796.

Park, Y., Spiegelman, D., Hunter, D J., Albanes, D., Bergkvist, L., Buring, J.E., et al.,
2010. Intakes of vitamins A, C, and E and use of multiple vitamin supplements and
risk of colon cancer: a pooled analysis of prospective cohort studies. Cancer Causes
Control 21, 1745—1757.

Parker, R.A., Pearce, B.C., Clark, R.W., Gordon, D.A., Wright, J.J., 1993. Tocotrienols
regulate cholesterol production in mammalian cells by post-transcriptional suppression
of  3-hydroxy-3-methylglutaryl-coenzyme A reductase. J. Biol. Chem. 268,
11230—11238.

Payre, B., de Medina, P., Boubekeur, N., Mhamdi, L., Bertrand-Michel, J., Terce, F.,
et al., 2008. Microsomal antiestrogen-binding site ligands induce growth control and
difterentiation of human breast cancer cells through the modulation of cholesterol
metabolism. Mol. Cancer Ther. 7, 3707—3718.

Pearce, B.C., Parker, R.A., Deason, M.E.,, Qureshi, A.A.,, Wright, JJ., 1992.
Hypocholesterolemic activity of synthetic and natural tocotrienols. J. Med. Chem. 35,
3595-3606.

Peh, H.Y., Tan, W.S., Liao, W., Wong, W.S., 2016. Vitamin E therapy beyond cancer:
tocopherol versus tocotrienol. Pharmacol. Ther. 162, 152—169.

Pein, H., Ville, A., Pace, S., Temml, V., Garscha, U., Raasch, M., et al.,, 2018.
Endogenous metabolites of vitamin E limit inflammation by targeting 5-lipoxygenase.
Nat. Commun. 9, 3834.

Pennock, J.F., Hemming, F.W., Kerr, J.D., 1964. A reassessment of tocopherol in chemis-
try. Biochem. Biophys. Res. Commun. 17, 542—548.

Peuchant, E., Carbonneau, M.A., Dubourg, L., Thomas, M J., Perromat, A., Vallot, C.,
et al., 1994. Lipoperoxidation in plasma and red blood cells of patients undergoing
haemodialysis: vitamins A, E, and iron status. Free Radic. Biol. Med. 16, 339—346.

Podszun, M., Frank, J., 2014. Vitamin E—drug interactions: molecular basis and clinical
relevance. Nutr. Res. Rev. 27, 215—231.

Poirot, M., Silvente-Poirot, S., 2013. Cholesterol-5,6-epoxides: chemistry, biochemistry,
metabolic fate and cancer. Biochimie 95, 622—631.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref50
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref50
https://doi.org/10.3390/antiox7010002
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref52
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref53
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref54
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref55
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref56
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref57
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref58
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref59
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref60
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref61
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref62
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref63
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref64
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref65
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref66
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref67
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref68
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref68

Vitamin E: an overview 65

Poirot, M., Silvente-Poirot, S., Weichselbaum, R.R., 2012. Cholesterol metabolism and
resistance to tamoxifen. Curr. Opin. Pharmacol. 12, 683—689.

Rachmilewitz, E.A., Kornberg, A., Acker, M., 1982. Vitamin E deficiency due to
increased consumption in beta-thalassemia and in Gaucher’s disease. Ann. N.Y. Acad.
Sci. 393, 336—347.

Reddanna, P., Rao, M.K., Reddy, C.C., 1985. Inhibition of 5-lipoxygenase by vitamin
E. FEBS Lett. 193, 39—43.

Richard, C., Lemonnier, F., Thibault, M., Couturier, M., Auzepy, P., 1990. Vitamin E
deficiency and lipoperoxidation during adult respiratory distress syndrome. Crit. Care
Med. 18, 4-9.

Sanyal, AJ., Chalasani, N., Kowdley, K.V., McCullough, A., Diehl, A.M., Bass, N.M.,
et al., 2010. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N.
Engl. J. Med. 362, 1675—1685.

Sayin, V.I., Ibrahim, M.X., Larsson, E., Nilsson, J.A., Lindahl, P., Bergo, M.O., 2014.
Antioxidants accelerate lung cancer progression in mice. Sci. Transl. Med. 6,
221ra215.

Segala, G., de Medina, P., Iuliano, L., Zerbinati, C., Paillasse, M.R., Noguer, E., et al.,
2013. 5,6-Epoxy-cholesterols contribute to the anticancer pharmacology of tamoxifen
in breast cancer cells. Biochem. Pharmacol. 86, 175—189.

Segala, G., David, M., de Medina, P., Poirot, M.C., Serhan, N., Vergez, F., et al., 2017.
Dendrogenin A drives LXR to trigger lethal autophagy in cancers. Nat. Commun. 8,
1903.

Silvente-Poirot, S., Poirot, M., 2012. Cholesterol epoxide hydrolase and cancer. Curr.
Opin. Pharmacol. 12, 696—703.

Sola, B., Poirot, M., de Medina, P., Bustany, S., Marsaud, V., Silvente-Poirot, S., et al.,
2013. Antiestrogen-binding site ligands induce autophagy in myeloma cells that pro-
ceeds through alteration of cholesterol metabolism. Oncotarget 4, 911—922.

Stern, M.H., Robeson, C.D., Weisler, L., Baxter, J.G., 1947. 6-Tocopherol. I. Isolation
from soybean oil and properties 1. J. Am. Chem. Soc. 69, 869—874.

Stone Jr., C.A., McEvoy, C.T., Aschner, J.L., Kirk, A., Rosas-Salazar, C., Cook-Mills, J.
M., et al., 2018. Update on vitamin E and its potential role in preventing or treating
bronchopulmonary dysplasia. Neonatology 113, 366—378.

Sure, B., 1924. Dietary requirements for reproduction: III. The existence of the reproduc-
tive dietary complex (vitamin E) in the ethereal extracts of yellow corn, wheat
embryo, and hemp-seed. J. Biol. Chem. 62, 371—396.

Traber, M.G., 1994. Determinants of plasma vitamin E concentrations. Free Radic. Biol.
Med 16, 229—239.

Traber, M.G., Sokol, R.J., Ringel, S.P., Neville, H.E., Thellman, C.A., Kayden, H]J.,
1987. Lack of tocopherol in peripheral nerves of vitamin E-deficient patients with
peripheral neuropathy. N. Engl. J. Med. 317, 262—265.

Verleyen, T., Verhe, R., Huyghebaert, A., Dewettinck, K., De Greyt, W., 2001.
Identification of alpha-tocopherol oxidation products in triolein at elevated tempera-
tures. J. Agric. Food Chem. 49, 1508—1511.

Vernieri, C., Nichetti, F., Raimondi, A., Pusceddu, S., Platania, M., Berrino, F., et al.,
2018. Diet and supplements in cancer prevention and treatment: clinical evidences
and future perspectives. Crit. Rev. Oncol. Hematol. 123, 57—73.

von Herbay, A., de Groot, H., Hegi, U., Stremmel, W., Strohmeyer, G., Sies, H., 1994.
Low vitamin E content in plasma of patients with alcoholic liver disease, hemochro-
matosis and Wilson’s disease. J. Hepatol. 20, 41—46.

Whittle, K.J., Dunphy, PJ., Pennock, J.F., 1966. The isolation and properties of delta-
tocotrienol from Hevea latex. Biochem. J. 100, 138—145.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref69
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref70
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref71
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref71
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref71
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref72
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref72
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref72
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref72
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref73
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref73
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref73
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref73
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref74
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref74
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref74
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref75
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref76
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref76
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref76
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref77
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref77
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref77
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref78
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref78
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref78
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref78
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref79
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref79
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref79
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref79
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref80
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref80
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref80
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref80
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref81
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref81
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref81
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref81
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref82
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref82
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref82
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref83
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref83
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref83
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref83
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref84
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref84
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref84
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref84
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref85
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref85
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref85
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref85
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref86
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref86
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref86
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref86
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref87
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref87
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref87

66 Molecular Nutrition

Wu, K., Willett, W.C., Chan, J.M., Fuchs, C.S., Colditz, G.A., Rimm, E.B., et al., 2002.
A prospective study on supplemental vitamin E intake and risk of colon cancer in
women and men. Cancer Epidemiol. Biomarkers Prev. 11, 1298—1304.

Wysota, B., Michael, S., Hiew, F.L., Dawson, C., Rajabally, Y.A., 2017. Severe but
reversible neuropathy and encephalopathy due to vitamin E deficiency. Clin. Neurol.
Neurosurg. 160, 19—20.

Yin, H., Xu, L., Porter, N.A., 2011. Free radical lipid peroxidation: mechanisms and anal-
ysis. Chem. Rev. 111, 5944—5972.


http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref88
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref88
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref88
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref88
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref89
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref89
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref89
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref89
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref90
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref90
http://refhub.elsevier.com/B978-0-12-811907-5.00001-4/sbref90

CHAPTER 4

Vitamin E: structure and forms

Renata Szymanska', Beatrycze Nowicka’, Agnieszka Trela'

and Jerzy Kruk®

"Department of Medical Physics and Biophysics, Faculty of Physics and Applied Computer Science, AGH
University of Science and Technology, Krakéw, Poland

Department of Plant Physiology and Biochemistry, Faculty of Biochemistry, Biophysics and Biotechnology,
Jagiellonian University, Krakéw, 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 a-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 -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.

[soprenoid 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 (O, ), hydroperoxyl (HO, ), hydroxyl
(OH"), alkoxyl (RO,") and peroxyl (RO,") radicals, as well as singlet
oxygen (‘O,), hydrogen peroxide (H>O,), hypochlorous acid (HOCI)
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-p-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

PQH, 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

~-TMT ~-tocopherol methyltransferase

o-TTP a-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
(Szymanska 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
a-tocopherol, which usually dominates in green parts of higher plants.
Another commonly occurring form is y-tocopherol, abundant in seed oils
of many plant species (Mene-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 (Szymanska 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 “-o0l” 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 1s mostly because of the difference
in the efficiency of the uptake and transport of certain vitamers. Not sur-
prisingly, a-tocopherol is the vitamin displaying the most pronounced
biological activity in animals (Szymanska 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 (Szymanska 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 a-, 3-, -, and d-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 C4’ and C8 of the side
chain. All of them show R configuration. The double bonds in the side
chain of tocotrienols are in all-frans configuration (D6rmann, 2007). The
biosynthesis of isoprenoid chromanols is stereospecific, whereas most
methods of chemical synthesis result in all the possible eight tocopherol
stereoisomers (Szymanska 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 Appelqgvist, 1996) (see also examples given in Section 4.5.1).

Tocs

Form R1 R2 MW
aToc) ch | cH, | 43071

B-Toc| cH, | H 416.68
vloc |y CH, [ 416.68
5Toc [ H H 402.65

oT, | CH, | CH, | 42466
pT, | cH | H 41063
T H CH, [ 410.63
5T, H H 396.61

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 (Szymanska 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 a-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; Szymanska and Kruk,
2018).

The chromanol ring is crucial for ROS and reactive nitrogen species
(RINS) 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 (PQH,), or phenolic compounds. The scav-
enging of 'O, by a-tocopherol results in the formation of 8a-hydroper-
oxy-a-tocopherone (Fig. 4.3). This compound is unstable and can be
reduced back to a-tocopherol by ascorbic acid or may be further oxidized
to the stable form, a-tocopheryloquinone (Kruk et al,, 2016). The

R1 R2
[od CH; CH;,
g CH, H
¥ H CH,
S H H
Marine-derived tocopherol PC-8
HO.
"
Desmethyltocotrienol Didesmethyltocotrienol
HO. HO.
. P> ~ ~ & Z =z Z

Figure 4.2 The structure of other isoprenoid chromanols. PC-8, plastochromanol-8;
T,, tocomonoenol; T,, tocodienol.
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Tocopheroxyl radical

OOH

o-Tocopheryloquinone
0

o, 3H
0 HO

Figure 4.3 Naturally occurring products of the reaction of reactive oxygen species
(ROS) with a-tocopherol.

aromatic ring of isoprenoid chromanols plays also a crucial role in 'O,
quenching (Gruszka et al., 2008).

The biosynthetic pathway of tocopherols occurs in most cyanobacteria
(Szymanska et al., 2017). Among the photosynthetic eukaryotes, higher
plants are the most thoroughly examined group (Mene-Saftrané 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 i1s 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
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HPP HGA PPP
(0]
COOH Tt ' M
pds1 HPT ppF 3H
HOOC vte2
OH OH
T TAT
MPBQ
Tyr
HO - H
OH

DMPBQ 5-Tocopherol
TC TMT
vte
HO. HO
KP\/M"' o c
y-Tocopherol - B-Tocopherol
l vte 4

a-Tocopherol

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; ~-TMT, ~-tocopherol methyltransferase; Tyr, tyrosine.

these compounds: the 1-deoxy-pD-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 Mene-Saffrané, 2017). Additionally, in
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plants phytol derived from the degradation of chlorophyll can be
phosphorylated to the PPP by the kinase encoded by VTES5 gene (Mene-
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 Mene-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 ~-tocopherol methyltransferase
(~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) (Szymanska
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 -, 3-, n-, and d-tocotrienol, are
catalyzed by the same enzymes, which participate in the synthesis of toco-
pherols (Méne-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). PQH,-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 PQH,-9 results in the forma-
tion of PC-8 (Szymanska and Kruk, 2010a).

In higher plants the final specific steps of tocopherols, tocotrienols, and
PC-8 synthesis take place in plastids. Homogentisate phytyltransterase
(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 (Szymanska et al., 2017). On the other
hand, the experiments on the photosynthetic protozoan Euglena gracilis
suggest that in this organism the biosynthesis of a-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 a-tocopherol in seed oils
(Cahoon et al., 2003; DellaPenna, 2005; Wani et al., 2015).
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Waithin 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; Szymanska 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, a-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 1its content is often lower than in leaves (Szymanska et al.,
2017). n-Tocopherol is usually present in leaves in minor amounts, but
often it is the major vitamer present in the seed oils. Minor amounts of
B- and 6-tocopherols may also occur in seeds. However, it needs to be
emphasized that the composition of homologues in seeds depends on
the species (Szymanska et al., 2017). Interestingly, ~-tocopherol and
d-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; Szymanska et al., 2017).
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Table 4.1 The content of tocochromanols in plant organs.

77

Plant species

Total chromanol

Major homologue

Reference

and organ content (% of total
(ng/g FW) chromanols)
Leaves
Arabidopsis 10-20 90% a-Toc Szymanska et al. (2017)
thaliana
leaves
Lettuce leaves | 7 55% a-Toc Szymanska et al. (2017)
Parsley leaves | 48.1 98% o-Toc Szymanska and Kruk (2008)
Spinach leaves | 30 63% a-Toc Szymanska et al. (2017)
Seeds
A. thaliana 200—300 95% ~-Toc Szymanska et al. (2017)
seeds
Almonds 263 97% a-Toc Saini and Keum (2016)
Corn seeds 60 75% ~-Toc Szymanska et al. (2017)
Flaxseed 236 84% ~-Toc Saini and Keum (2016)
Peas 160 64% o-Toc Ryan et al. (2007)
Pistachio nuts | 240 85% ~-Toc Saini and Keum (2016)
Rice seeds 17 30% a-T; Szymanska et al. (2017)
Wheat seeds 50 56% (B-T; Szymanska et al. (2017)
Fruits
Apple pulp 1—4 90% o-Toc Chun et al. (2006)
Avocado pulp | 15-31 84% oa-Toc Chun et al. (2006)
Banana pulp 1.5 87% a-Toc Chun et al. (2006)
Cranberries 16 76% a-Toc Chun et al. (2006)
Cucumber 1.6 50% a-T; Chun et al. (2006)
Gooseberries 8.4 87% a-Toc Piironen et al. (1986)
Kiwi 14.5 90% a-Toc Chun et al. (2006)
Raspberries 37 40% ~-Toc Piironen et al. (1986)
Strawberries 4.1 68% a-Toc Chun et al. (2006)
Tomatoes 6.8 78% a-Toc Chun et al. (2006)
Other
Carrot roots 8.7 99% a-Toc Chun et al. (2006)
Potato tubers | 0.7 90% a-Toc Szymanska et al. (2017)
Sweet potato 3.6 70% a-Toc Chun et al. (2006)

tubers

Toc, Tocopherol; Tj, tocotrienol.
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Table 4.2 The content of tocochromanols in seed oils.

Plant-derived Total chromanol Major homologue  Reference
product content (% of total
(ng/g of oil) chromanols)

Barley oil 750—1500 50—60% o-T; Shahidi and

de Camargo (2016)
Coconut palm oil | 12 60% 6-Toc Szymanska et al. (2017)
Corn seed oil 1000 70% ~-Toc Szymanska et al. (2017)
Cottonseed oil 400—900 65%—75% o-Toc | Shahidi and

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

de Camargo (2016)
Olive oil 126 94% a-Toc Szymanska et al. (2017)
Peanut oil 130—530 60% a-Toc Shahidi and

de Camargo (2016)
Rapeseed oil 570—770 65% ~-Toc Shahidi and

de Camargo (2016)
Rice bran oil 710 32% ~-T5 Shahidi and

de Camargo (2016)
Sesame oil 170—1070 50% ~-Toc Shahidi and

de Camargo (2016)
Soybean seed oil 1200 70% ~-Toc Szymanska et al. (2017)
Sunflower seed oil | 700 96% a-Toc Szymanska et al. (2017)
Walnut oil 1608 37% ~-Toc Szymanska et al. (2017)
Wheat germ oil 2700 47% a-Toc Szymanska et al. (2017)

Toc, Tocopherol; T3, tocotrienol.

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 (Szymanska 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).
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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) (Szymanska 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 a-tocopherol (Qureshi et al., 2000).

The biosynthesis and metabolism of PC-8 was revealed recently
(Szymanska 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 (Szymanska and Kruk, 2010Db).
Hydroxy-plastochromanol is formed in vitro and in vivo under 'O,
action and can be regarded as a natural indicator of singlet oxygen stress
(Szymanska 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 (Szymanska
and Kruk, 2018).

a-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. a-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; Szymanska 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 (Ryyninen
et al., 2004). Other solvents include, for example, acetone, methanol, eth-
anol, ethyl acetate, isooctane, chloroform, and isopropanol, as well as their
mixtures (Szymanska 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 (Szymanska 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 (Ryyninen 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 1s 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,
fert-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 3- and ~-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 (3-
and ~-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 (Gérnas et al.,
2014) or C30-bonded silica (Gruszka and Kruk, 2007), which are nowa-
days commercially available. Nevertheless, when the separation of (3- and
~-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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~-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 (Szymanska 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 (Szymanska 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 1is
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; Szymanska 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) (Szymanska
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 a-tocopherol is preferentially recognized and used. This is due to
the presence of a hepatic 32 kDa a-tocopherol transter protein (a-TTP)
and tocopherol-associated proteins, which selectively bind a-tocopherol
(Traber and Atkinson, 2007). While a-TTP has a high affinity to natural
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Figure 4.5 Potential clinical application of vitamin E in selected diseases.
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a-tocopherol (RRR-a-tocopherol) (100%), the relative affinity for other
vitamin E homologues is as follows: 38% for (3-tocopherol, 9% for
~-tocopherol, 2% for &-tocopherol, 2% for a-tocopherol acetate, 11%
for SRR-a-tocopherol, 12% for «-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
a-tocopherol level (Nakamura and Omaye, 2009). Those non-a-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 2'-car-
boxyethyl-6-hydroxychromans, which are excreted via urine and bile
(Traber and Atkinson, 2007). It was shown that those metabolites,
together with a-tocopherol oxidation products (a-tocopheryloquinone,
5,6-epoxy-a-tocopheryloquinone, and  2,3-epoxy-a-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 wvaries 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
a-tocopherol for adults (22.4 TU 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 puM for a-tocopherol, 2.5 pM for
~-tocopherol, 0.3 pM for &-tocopherol, and 1 pM for «-tocotrienol
(Hensley et al., 2004). The vitamin E tissue distribution and accumulation
(adipose tissue, 150 pg/g tissue; the adrenal glands, 132 pg/g; kidney,
heart, liver, 7—40 pg/g) point to tissue-specific functions of vitamin E
forms (Szymanska 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
a-tocopherol has the highest antioxidant activity, followed by 3-, -, and
d-homologues (Muller et al., 2010). Recent in vitro and in vivo studies
suggest that Tss 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 «-, (3-, ~-, and
d-homologues. For example, ~-tocopherol is able to trap electrophiles
such as RNS, whose generation is enhanced during inflammation. This
ability is determined by the homologue structure: y-tocopherol in contrast
to o-homologue has an unsubstituted 5-position in the chromanol ring
(Fig. 4.1) (Szymanska 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. 4.60). Among them, the most important are:

o 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; Szymanska 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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Figure 4.6 Vitamin E transport and distribution within the human body. «-TTP,
a-tocopherol transfer protein; HDL, high-density lipoproteins; LDL, low-density lipo-
proteins; LPL, lipoprotein lipase; VLDL, very-low-density lipoproteins.

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 (Szymanska 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 (Szymanska et al., 2017). In vitro experiments have shown
higher inhibition of cancer growth by ~-tocopherol than by the
a-form. ~-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 eftects of vitamin E (HOPE-The Ongoing



Vitamin E: structure and forms 87

Outcomes, WHS trials Alpha-Tocopherol and Beta-Carotene Cancer
Prevention, and SELECT study) (Szymanska 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 (Szymanska 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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Figure 5.1 Scope for improvement of soy milk with the supplementation of micro-
bial cell factories.

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 oft-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
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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 B, is required in numerous enzymatic reactions and for electron
transfer in biological oxidation—reduction reactions (Thakur et al.,
2017¢). Due to various health effects, B, 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 B,, 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 B, 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).
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Prebiotic

Affecting

. the gut
Selective . g.
e e microbiome
utilization
through
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. . unknown
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Figure 5.3 What separates probiotics and nonprebiotics?
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5.4 Redox-mediated gut modulation by vitamin B,

Vitamin B, 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 B, 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 B, could mediate the electron transfer to oxygen,
thus helping to lower the redox potential (Fig. 5.4). Bacteria do not use
vitamin B, as a direct substrate for microbial fermentation, however, it
should be noted that vitamin B, 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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relation to F. prausnitzii, this finding may lead to further findings support-
ing the prebiotic potential of vitamin B, 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 Nondiary
- ‘\
Rich in dietary fibers
Low shelf life ‘ (substrate for

probiotic bacteria)

High cholesterol
content

Jusajul 10§ 3B} AYYRIH V

Improved gut health

Figure 5.5 Paradigm shift from dairy to nondairy fermented foods.
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B,-enriched fermented soya milk could be the most economical and con-
venient strategy to reduce the cost of in situ fortification programs. The
vitamin Bo-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 B,-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 B, 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 B, 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 B, on the sensory aspect
of soya milk should also be taken into consideration.

5.6 Conclusion and future outlook

The correlation of vitamin B, 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
B, 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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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 1s 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 1s 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
a-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 B-axial position. There is a variability of this chemical group with
relevant significance in catalytic functions. A methyl group on the (3-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 (CNCDI)
with a (-axial cyano group. The Cbl structure with more common
B-axial ligands is displayed in Fig. 6.1.

CNCDbl 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

H,NOGC

R Cobalamin isoform
-OH Hydroxocobalamin
—-CN Cyanocobalamin
—-CH, Methylcobalamin
-C,,H,;N,0, Deoxyadenosylcobalamin

Figure 6.1 Cobalamin structure and isoforms.
The structure of Cb with characteristic corrinic ring and with the most common
B-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 (Arkbige et al.,
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Table 6.1 Variability of cobalamin (Cbl) (ug) 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 (.g) from different

foods.
Beef Pork Chicken Lamb Turkey Veal
Mean | 2.66 0.56 0.42 23 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.

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 (Arkbige

et al., 2003).
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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 pg/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 pg (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 (OHCDb]).

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 [F—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 LMBRDI1, 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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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).

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 (Morkbak et al., 2006). However, active molecules captured
by reverse transport could be recovered by enterohepatic circulation.
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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
[F-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 cbl],
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 (3-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 OHCDbI 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(Col) are generated as
reaction intermediates. In a second step, the MetCbl is regenerated with
the transformation of N5-methyltetrahydrofolate to tetrahydrofolate. Cbl
(Col) 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
(Coll) 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 adenosyltranster-
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(Coll) from the active site of MCM. This hap-
pens when occasionally 5'-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.

Peripherial
Cell
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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 (-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 Enterocyte of the
internalization (cubam terminal ileum,
complex) apical side
Cubilin CUMN | Binds Cbl-IF for the Enterocyte of the
internalization (cubam terminal ileum,
complex) apical side
MRP1 Mediates the enter into blood | Enterocyte,
flow basolateral side
Transcobalamin Transports Cbl through blood | Blood
I flow
Haptocorrin Binds Cbl in blood, maybe for | Blood
an inverse transport to liver
CD320 Binds Cbl-TCII and mediates | Peripheral cell
its internalization 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 | Cytosol
dealkylation of Cbl
MMADHC cblD Routes Cbl to the intracellular | Cytosol
destiny (mitochondrion or
cytosol)
MSR cblE Catalyzes methylation of Cbl Cytosol
LMBRD1 cblF Escorts Cbl for exit the Lysosomal
lysosome (in a complex membrane
with ABCD4)
MS cblG Catalyzes methylation of Cytosol
homocysteine using Cbl as
cofactor
ABCD4 cbl] Escorts Cbl for exit the Lysosomal
lysosome (in a complex membrane
with LMBRD1)
MCM mut Synthesizes succinyl-CoA Mitochondrion

form methylmalonyl-CoA
using Cbl as cofactor

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-oft.” However, there is another
conformational state in which Cbl is bound to a target protein with a
“base-oft/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 3-axial coordination
bond is pivotal for cofactor reactivity and the upper ligand shows difterent
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-oft conformation, probably because
of a higher reactivity of the (3-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 inbom 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 Andres, 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 eftect of vitamin short-
age 1is 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 (CNCDbl), 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 OHCDI 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 