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The vitamins are a chemically disparate group of compounds whose only common
feature is that they are dietary essentials that are required in small amounts for the
normal functioning of the body and maintenance of metabolic integrity. Metabol-
ically, they have diverse functions, such as coenzymes, hormones, antioxidants,
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tiation. This book explores the known biochemical functions of the vitamins, the
extent to which we can explain the effects of deficiency or excess, and the sci-
entific basis for reference intakes for the prevention of deficiency and promotion
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is lacking and further research is required. This book provides a compact and au-
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nutritional biochemistry, and indeed all who are concerned with vitamin nutrition,
deficiency, and metabolism.
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Preface

In the preface to the first edition of this book, Iwrote that one stimulus to write it
had been teaching a course on nutritional biochemistry, in which my students
had raised questions for which I had to search for answers. In the intervening
decade, they have continued to stimulate me to try to answer what are often
extremely searching questions. I hope that the extent to which helping them
through the often conflicting literature has clarified my thoughts is apparent
to future students who will use this book and that they will continue to raise
questions for which we all have to search for answers.

The other stimulus to write the first edition of this book was my member-
ship of United Kingdom and European Union expert committees on reference
intakes of nutrients, which reported in 1991 and 1993, respectively. Since these
two committees completed their work, new reference intakes have been pub-
lished for use in the United States and Canada (from 1997 to 2001) and by the
United Nations Food and Agriculture Organization/World Health Organiza-
tion (in 2001). A decade ago, the concern of those compiling tables of refer-
ence intakes was on determining intakes to prevent deficiency. Since then, the
emphasis has changed from prevention of deficiency to the promotion of op-
timum health, and there has been a considerable amount of research to iden-
tify biomarkers of optimum, rather than minimally adequate, vitamin status.
Epidemiological studies have identified a number of nutrients that appear to
provide protection against cancer, cardiovascular, and other degenerative dis-
eases. Large-scale intervention trials with supplements of individual nutrients
have, in general, yielded disappointing results, but these have typically been
relatively short-term (typically 5-10 years); the obvious experiments would
require lifetime studies, which are not technically feasible.

The purpose of this book is to review what we know of the biochemistry
of the vitamins, and to explain the extent to which this knowledge explains

XXiii
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the clinical signs of deficiency, the possible benefits of higher intakes than are
obtained from average diets, and the adverse effects of excessive intakes.

In the decade since the first edition was published, there have been consid-
erable advances in our knowledge: novel functions of several of the vitamins
have been elucidated; and the nutritional biochemist today has to interact with
structural biochemists, molecular, cell, and developmental biologists and ge-
neticists, as well as the traditional metabolic biochemist. Despite the advances,
there are still major unanswered questions. We still cannot explain why defi-
ciency of three vitamins required as coenzymes in energy-yielding metabolism
results in diseases as diverse as fatal neuritis and heart disease of thiamin de-
ficiency, painful cracking of the tongue and lips of riboflavin deficiency, or
photosensitive dermatitis, depressive psychosis, and death associated with
niacin deficiency.

This book is dedicated in gratitude to those whose painstaking work over
almost 100 years since the discovery of the first accessory food factor in 1906
has established the basis of our knowledge, and in hope to those who will
attempt to answer the many outstanding questions in the years to come.

David A. Bender
August 2002 London



ONE

The Vitamins

The vitamins are a disparate group of compounds; they have little in common
either chemically or in their metabolic functions. Nutritionally, they form a
cohesive group of organic compounds that are required in the diet in small
amounts (micrograms or milligrams per day) for the maintenance of normal
health and metabolic integrity. They are thus differentiated from the essential
minerals and trace elements (which are inorganic) and from essential amino
and fatty acids, which are required in larger amounts.

The discovery of the vitamins began with experiments performed by
Hopkins at the beginning of the twentieth century; he fed rats on a defined
diet providing the then known nutrients: fats, proteins, carbohydrates, and
mineral salts. The animals failed to grow, but the addition of a small amount
of milk to the diet both permitted the animals to maintain normal growth and
restored growth to the animals that had previously been fed the defined diet.
He suggested that milk contained one or more “accessory growth factors” —
essential nutrients present in small amounts, because the addition of only a
small amount of milk to the diet was sufficient to maintain normal growth and
development.

The first of the accessory food factors to be isolated and identified was
found to be chemically an amine; therefore, in 1912, Funk coined the term
vitamine, from the Latin vita for “life” and amine, for the prominent chemical
reactive group. Although subsequent accessory growth factors were not found
tobeamines, thenamehasbeenretained —with theloss of the final “-e” to avoid
chemical confusion. The decision as to whether the word should correctly be
pronounced “vitamin” or “veitamin” depends in large part on which system
of Latin pronunciation one learned — the Oxford English Dictionary permits
both.



2 The Vitamins

During the first half of the twentieth century, vitamin deficiency diseases
were common in developed and developing countries. At the beginning of the
twenty-first century, they are generally rare, although vitamin A deficiency
(Section 2.4) is a major public health problem throughout the developing
world, and there is evidence of widespread subclinical deficiencies of vita-
mins B, (Section 7.4) and B¢ (Section 9.4). In addition, refugee and displaced
populations (some 20 million people according to United Nations estimates
in 2001) are at risk of multiple B vitamin deficiencies, because the cereal foods
used in emergency rations are not usually fortified with micronutrients [Food
and Agriculture Organization/World Health Organization (FAO/WHO, 2001)].

1.1 DEFINITION AND NOMENCLATURE OF THE VITAMINS

In addition to systematic chemical nomenclature, the vitamins have an ap-
parently illogical system of accepted trivial names arising from the history of
their discovery (Table 1.1). For several vitamins, a number of chemically re-
lated compounds show the same biological activity, because they are either
converted to the same final active metabolite or have sufficient structural sim-
ilarity to have the same activity.

Different chemical compounds that show the same biological activity are
collectively known as vitamers. Where one or more compounds have biological
activity, in addition to individual names there is also an approved generic
descriptor to be used for all related compounds that show the same biological
activity.

When it was realized that milk contained more than one accessory food
factor, they were named A (which was lipid-soluble and found in the cream)
and B (which was water-soluble and found in the whey). This division into
fat- and water-soluble vitamins is still used, although there is little chemical
or nutritional reason for this, apart from some similarities in dietary sources
of fat-soluble or water-soluble vitamins. Water-soluble derivatives of vitamins
A and K and fat-soluble derivatives of several of the B vitamins and vitamin C
have been developed for therapeutic use and as food additives.

As the discovery of the vitamins progressed, it was realized that “Factor B”
consisted of a number of chemically and physiologically distinct compounds.
Before they were identified chemically, they were given a logical series of al-
phanumeric names: B;, B,, and so forth. As can be seen from Table 1.2, a
number of compounds were assigned vitamin status, and were later shown
either not to be vitamins, or to be compounds that had already been identified
and given other names.



1.1 Definition and Nomenclature of the Vitamins

Table 1.1 The Vitamins

Vitamin Functions Deficiency Disease
A Retinol Visual pigments in the retina; Night blindness,
B-Carotene regulation of gene xerophthalmia;
expression and cell keratinization of skin
differentiation; (3-carotene
is an antioxidant)

D Calciferol Maintenance of calcium Rickets = poor
balance; enhances intestinal mineralization of bone;
absorption of Ca?* and osteomalacia = bone
mobilizes bone mineral; demineralization
regulation of gene
expression and cell
differentiation

E Tocopherols Antioxidant, especially in cell Extremely rare - serious

Tocotrienols membranes; roles in cell neurological dysfunction
signaling

K Phylloquinone Coenzyme in formation of Impaired blood clotting,

Menaquinones y-carboxyglutamate in hemorrhagic disease
enzymes of blood clotting
and bone matrix

B, Thiamin Coenzyme in pyruvate and Peripheral nerve damage
2-oxo-glutarate (beriberi) or central
dehydrogenases, and nervous system lesions
transketolase; regulates Cl~ (Wernicke-Korsakoff
channel in nerve conduction syndrome)

B> Riboflavin Coenzyme in oxidation and Lesions of the corner of the
reduction reactions; mouth, lips, and tongue;
prosthetic group of sebhorreic dermatitis
flavoproteins

Niacin Nicotinic acid Coenzyme in oxidation and Pellagra-photosensitive

Nicotinamide reduction reactions, dermatitis; depressive
functional part of NAD and psychosis
NADP; role in intracellular
calcium regulation and cell
signaling
Bs Pyridoxine Coenzyme in transamination Disorders of amino acid
Pyridoxal and decarboxylation of metabolism, convulsions

Pyridoxamine

Folic acid

amino acids and glycogen
phosphorylase; modulation
of steroid hormone action
Coenzyme in transfer of
one-carbon fragments

Megaloblastic anemia

(continued)




The Vitamins

Table 1.1 (continued)
Vitamin Functions Deficiency Disease
B2 Cobalamin Coenzyme in transfer of Pernicious anemia =

Pantothenic
acid

Biotin

Ascorbic
acid

one-carbon fragments
and metabolism of folic
acid

Functional part of coenzyme
A and acyl carrier protein:
fatty acid synthesis and
metabolism

Coenzyme in carboxylation
reactions in
gluconeogenesis and fatty
acid synthesis; role in
regulation of cell cycle

Coenzyme in hydroxylation
of proline and lysine in
collagen synthesis;
antioxidant; enhances
absorption of iron

megaloblastic anemia with
degeneration of the spinal
cord

Peripheral nerve damage
(nutritional melalgia or
“burning foot syndrome”)

Impaired fat and
carbohydrate
metabolism; dermatitis

Scurvy — impaired wound
healing, loss of dental
cement, subcutaneous
hemorrhage

NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phos-

phate.

For a compound to be considered a vitamin, it must be shown to be a diet-
ary essential. Its elimination from the diet must result in a more-or-less
clearly defined deficiency disease, and restoration must cure or prevent that
deficiency disease.

Demonstrating that a compound has pharmacological actions, and pos-
sibly cures a disease, does not classify that compound as a vitamin, even if it
is a naturally occurring compound that is found in foods.

Equally, demonstrating that a compound has a physiological function as

a coenzyme or hormone does not classify that compound as a vitamin. It
is necessary to demonstrate that endogenous synthesis of the compound is
inadequate to meet physiological requirements in the absence of a dietary
source of the compound. Table 1.3 lists compounds that have clearly defined
functions, but are not considered vitamins because they are not dietary essen-
tials; endogenous synthesis normally meets requirements. However, there is
some evidence that premature infants and patients maintained on long-term
total parenteral nutrition may be unable to meet their requirements for car-
nitine (Section 14.1.2), choline (Section 14.2.2), and taurine (Section 14.5.3)
unless they are provided in the diet, and these are sometimes regarded as
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Table 1.2 Compounds that Were at One Time Assigned Vitamin Nomenclature, But
Are Not Considered to Be Vitamins

Bs
Bs
Bs

B
Bg
Bg
Bio
By
Bis
Bis

Bis
Bis
Bz
Bc
Bp
Br
Bw
By

<Xs<cC

Assigned to a compound that was probably pantothenic acid, also sometimes
used (incorrectly) for niacin

Later identified as a mixture of arginine, glycine, and cysteine, possibly also
riboflavin and vitamin Bg

Assigned to what was later assumed to be either vitamin Bg or nicotinic acid; also
sometimes used for pantothenic acid

A factor that prevented digestive disturbance in pigeons (also called vitamin I)

Later identified as adenylic acid

Never assigned

A factor for feather growth in chickens, probably folic acid and thiamin

Later identified as a mixture of folic acid and thiamin

A growth factor in rats; orotic acid, intermediate in pyrimidine synthesis

An unidentified compound isolated from urine that increases bone marrow
proliferation in culture

Pangamic acid, reported to enhance oxygen uptake

Never assigned

Amygdalin (laetrile), a cyanogenic glycoside with no physiological function

Obsolete name for folic acid

Chicken antiperosis factor; can be replaced by choline and manganese salts

Carnitine, a growth factor for insects

A growth factor, probably biotin

Obsolete name for p-aminobenzoic acid (intermediate in folate synthesis); also
used at one time for pantothenic acid

A postulated antipneumonia factor (also called vitamin J)

Essential fatty acids (linoleic, linolenic, and arachidonic acids)

Obsolete name for riboflavin

“Gerovital,” novocaine (procaine hydrochloride) promoted without evidence as
alleviating aging, not a vitamin

A factor that prevented digestive disturbance in pigeons (also called vitamin By)

A postulated antipneumonia factor (also called vitamin C,)

Factor isolated from yeast that was claimed to promote lactation

Obsolete name for folic acid

Extracts from the brain and stomach, purported to have anticancer activity

Bioflavonoids

Pellagra-preventing factor, obsolete name for niacin

Ubiquinone (also called Qo)

Bacterial growth factor, probably folic acid

Bacterial growth factor, probably biotin

Growth factor in insects, and reported to increase protein uptake in rats, later
identified as a mixture of folic acid, vitamin By,, and nucleotides

Methylsulfonium salts of methionine

Bacterial growth factor, probably NAD

Bacterial growth factor, probably biotin

Bacterial growth factor, probably biotin

Probably vitamin Bg

NAD, nicotinamide adenine dinucleotide.
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Table 1.3 Marginal Compounds that Are Probably Not Dietary Essentials

Carnitine Required for transport of fatty acids into mitochondria
Choline Constituent of phospholipids; acetylcholine is a neurotransmitter
Inositol Constituent of phospholipids; inositol trisphosphate acts as second

messenger in transmembrane signaling
Pyrroloquinoline Coenzyme in redox reactions

quinone
Taurine Osmotic agent in retina and used for conjugation of bile acids; dietary
essential for cats
Ubiquinone Redox coenzyme in mitochondrial electron transport chain

(coenzyme Q)

“marginal compounds,” for which there is no evidence to estimate require-
ments.

The rigorous criteria outlined here would exclude niacin (Chapter 8) and
vitamin D (Chapter 3) from the list of vitamins, because under normal con-
ditions endogenous synthesis does indeed meet requirements. Nevertheless,
they are considered to be vitamins, even if only on the grounds that each was
discovered as the result of investigations into once common deficiency dis-
eases, pellagra and rickets.

In addition to the marginal compounds listed in Table 1.3, there are a num-
ber of compounds present in foods of plant origin that are considered to be
beneficial, in that they have actions that may prevent the development of
atherosclerosis and some cancers, although there is no evidence that they are
dietary essentials, and they are not generally considered as nutrients.

These compounds are listed in Table 1.4 and discussed in Section 14.7.

1.1.1 Methods of Analysis and Units of Activity
Historically, the vitamins, like hormones, presented chemists with a consid-
erable challenge. They are present in foods, tissues, and body fluids in very
small amounts, of the order of umoles, nmoles, or even pmoles per kilogram,
and cannot readily be extracted from the multiplicity of other compounds that
might interfere in chemical analyses. Being organic, they are not susceptible
to determination by elemental analysis as are the minerals. In addition, for
several vitamins, there are multiple vitamers that may have the same biologi-
cal activity on a molar basis (e.g., the vitamin B¢ vitamers, Section 9.1), or may
have very different biological activity (e.g., the vitamin E vitamers, Section 4.1).
The original methods of determining vitamins were biological assays, ini-
tially requiring long-term depletion experiments in animals, and later using a
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Table 1.4 Compounds that Are Not Dietary Essentials, But May Have Useful
Protective Actions

Anthocyanins
Bioflavonoids

Glucosinolinates
Glycosides

Polyterpenes
Squalene

Phytoestrogens

Polyphenols

Ubiquinone
(coenzyme Q)

Vitamin A
inactive
carotenoids

Plant (flower) pigments, antioxidants

Polyphenolic compounds with antioxidant action, at one time known as
vitamin P

Modify metabolism of foreign compounds and reduce yield of active
carcinogens from procarcinogens

Modify metabolism of foreign compounds and reduce yield of active
carcinogens from procarcinogens

Inhibit cholesterol synthesis

Final acyclic intermediate in cholesterol synthesis, acts as feedback
inhibitor of cholesterol synthesis

Weak estrogenic and antiestrogenic actions, potentially protective
against estrogen- and androgen-dependent tumors and osteoporosis

Antioxidants

Redox coenzyme in mitochondrial electron transport chain,
coantioxidant with vitamin E

Antioxidants

variety of microorganisms with more or less defined requirements. Microbio-

logical assays are still commonly used for many of the vitamins; problems of

both overestimation and underestimation may occur:

1. Overestimation of the vitamin content of foods will occur if the test or-

ganism can use chemical forms and derivatives of the vitamin that are

not biologically active in, or available to, human beings.

2. Underestimation will occur if the test organism is unable to use some

vitamers, although human beings have appropriate enzymes for inter-

conversion.

Before some of the vitamins had been purified, they were determined in

terms of units of biological activity. All should now be expressed in mass or,

preferably, molar terms, although occasionally the (now obsolete) interna-
tional units (iu) are still used for vitamins A (Section 2.1.3), D (Section 3.1), and
E (Section 4.1). Where different vitamers differ greatly in biological activity
(e.g., the eight tocopherol and tocotrienol vitamers of vitamin E, Section 4.1),
itis usual to express total vitamin activity in terms of milligram equivalents of
the major vitamer or that with the highest biological activity.

Many of the methods that have been devised for vitamin analysis are now of

little more than historical interest, and, in general, unless there is some reason,
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no analytical methods are listed in this book. A number of recommended
methods for vitamin analysis in foods were published as the outcome of a
European Union (EU) COST-91 project (Brubacher et al., 1985); since then,
the development of ligand binding assays (radioimmunoassays) and high-
performance liquid chromatography techniques has meant that individual
chemical forms of most of the vitamins can now be determined with great
precision and specificity, often with only a minimal requirement for extraction
from complex biological materials. Nevertheless, microbiological assays are
still sometimes the method of choice, and biological assay is still essential to
determine the relative biological activity of different vitamers.

Although modern analytical techniques have considerable precision and
sensitivity, food composition tables cannot be considered to give more than
an approximation to vitamin intake. Apart from the problems of biological
availability (Section 1.1.2), there is considerable variation in the vitamin con-
tent of different samples of the same food, depending on differences between
varieties, differences in growing conditions (even of the same variety), losses
in storage, and losses in food preparation.

When foods have been enriched with vitamins, because of the requirement
for the food to contain the stated amount of vitamin after normal storage,
manufacturers commonly add more than the stated amount - so-called over-
age. One of the problems in the debate concerning folate enrichment of flour
(Section 10.12) is the relatively small difference between the amount that is
considered desirable and the amount that may pose a hazard to vulnerable
population groups, and the precision to which manufacturers can control the
amount in the final products. In pharmaceutical preparations, considerable
latitude is allowed; the U.S. Pharmacopeia permits preparations to contain
from 90% to 150% of the declared amount of water-soluble vitamins and from
90% to 165% of the fat-soluble vitamins.

1.1.2 Biological Availability

The biological availability of a nutrient is the proportion of the nutrient
present in a food that can be used by the body. It is determined by the extent
to which the nutrient is digested, the extent to which the products of digestion
are absorbed, and the metabolism of the products of digestion. A number of
factors affect digestion, absorption, and metabolism, and hence biological
availability. These factors include the physical properties of the food matrix
(e.g., nutrients may be inside intact cells of plant foods, and the plant cell
wall is not digested); the chemical nature of the vitamin in the food; and the
presence of inhibitors that may be present in the food, taken with food, or
taken as drugs or medications (Bates and Heseker, 1994; Ball, 1998).
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1. Many vitamins are absorbed by active transport; this is a saturable pro-
cess, and, therefore, the percentage that is absorbed will decrease as the
intake increases.

2. The fat-soluble vitamins (A, D, E, and K) are absorbed dissolved in lipid
micelles, and, therefore, absorption will be impaired when the meal is
low in fat. Gastrointestinal pathology that results in impaired fat absorp-
tion and steattorhea (e.g., untreated celiac disease) will also impair the
absorption of fat-soluble vitamins, because they remain dissolved in the
unabsorbed lipid in the intestinal lumen. Lipase inhibitors used for the
treatment of obesity and fat replacers (e.g., sucrose polyesters such as
Olestra™) will similarly impair the absorption of fat-soluble vitamins.

3. Many of the water-soluble vitamins are present in foods bound to pro-
teins, and their release may require either the action of gastric acid (as
for vitamin B, Section 10.7.1) or specific enzymic hydrolysis [e.g., the
action of conjugase to hydrolyze folate conjugates (Section 10.2.1) and
the hydrolysis of biocytin to release biotin (Section 11.2.3)].

4. The state of bodyreserves of the vitamin may affect the extent to which it
isabsorbed (by affecting the synthesis of binding and transport proteins)
or the extent to which it is metabolized after uptake into the intestinal
mucosa [e.g., the oxidative cleavage of carotene to retinaldehyde is reg-
ulated by vitamin A status (Section 2.2.1)].

5. Compounds naturally present in foods may have antivitamin activity.
Many foods contain thiaminases and compounds that catalyze nonen-
zymic cleavage of thiamin to biologically inactive products (Section
6.4.7).

6. Both drugs and compounds naturally present in foods may compete
with vitamins for absorption. Chlorpromazine, tricyclic antidepres-
sants, and some antimalarial drugs inhibit the intestinal transport
and metabolism of riboflavin (Section 7.4.4); carotenoids lacking vita-
min A activity compete with g-carotene for intestinal absorption and
metabolism (Section 2.2.2.2); and alcohol inhibits the active transport
of thiamin across the intestinal mucosa (Section 6.2).

7. Some vitamins are present in foods in chemical forms that are not sus-
ceptible to enzymic hydrolysis during digestion, although they are re-
leased during the preparation of foods for analysis. Much of the vitamin
B in plant foods is present as pyridoxine glycosides (Section 9.1), which
are only partially available, and may also antagonize the metabolism of
free pyridoxine (Gregory, 1998); excessive heating can lead to nonen-
zymic formation of pyridoxyllysine in foods, rendering both the vitamin
and the lysine unavailable (Section 9.1); and most of the niacin in cereals
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is present as niacytin (nicotinoyl-glucose esters in oligosaccharides and
nonstarch polysaccharides), which is only hydrolyzed to a limited extent
by gastric acid (Section 8.2.1.1).

Occasionally, protein binding of a vitamin on foods increases its absorption
and hence its biological availability. For example, folate from milk is consider-
ably better absorbed than that from either mixed food folates or free folic acid
(Section 10.2.1). Folate bound to a specific binding protein in milk is absorbed
in the ileum, whereas free folate monoglutamate is absorbed in the (smaller)
jejunum.

1.2 VITAMIN REQUIREMENTS AND REFERENCE INTAKES
A priori, it would appear to be a simple matter to determine requirements for
vitamins. In practice, a number of problems arise. The first of these is the defi-
nition of the word requirement. The U.S. usage (Institute of Medicine, 1997) is
that the requirement is the lowest intake that will “maintain a defined level of
nutriture in an individual” - i.e., the lowest amount that will meet a specified
criterion of adequacy. The WHO (1996) defines both a basal requirement (the
level of intake required to prevent pathologically relevant and clinically de-
tectable signs of deficiency) and a normative requirement (the level of intake
to maintain a desirable body reserve of the nutrient).

We have to define the purpose for which we are determining the require-
ment (the criteria of adequacy), then determine the intake required to meet
these criteria.

1.2.1 Criteria of Vitamin Adequacy and the Stages of Development
of Deficiency

For any nutrient, there is a range of intakes between that which is clearly in-
adequate, leading to clinical deficiency disease, and that which is so much in
excess of the body’s metabolic capacity that there may be signs of toxicity. Be-
tween these two extremes is a level of intake that is adequate for normal health
and the maintenance of metabolic integrity, and a series of more precisely
definable levels of intake that are adequate to meet specific criteria and may
be used to determine requirements and appropriate levels of intake. These
follow.

1. Clinical deficiency disease, with clear anatomical and functional lesions,
and severe metabolic disturbances, possibly proving fatal. Prevention of
deficiency disease is a minimal goal in determining requirements and is
the criterion of the WHO basal requirement (WHO, 1996).
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10.

11.

. Covert deficiency, where there are no signs of deficiency under normal

conditions, but any trauma or stress reveals the precarious state of the
body reserves and may precipitate clinical signs. For example, as dis-
cussed in Section 13.7.1, an intake of 10 mg of vitamin C per day is ade-
quate to prevent clinical deficiency, but atleast 20 mg per day is required
for healing of wounds.

. Metabolic abnormalities under normal conditions, such as impaired

carbohydrate metabolism in thiamin deficiency (Section 6.5) or excre-
tion of methylmalonic acid in vitamin B,, deficiency (Section 10.10.3).

. Abnormal response to a metabolic load, such as the inability to me-

tabolize a test dose of histidine in folate deficiency (Section 10.10.4), or
tryptophan in vitamin Bs deficiency (Section 9.5.4), although at normal
levels of intake there may be no metabolic impairment.

. Inadequate saturation of enzymes with (vitamin-derived) coenzymes.

This can be tested for three vitamins, using red blood cell enzymes: thi-
amin (Section 6.5.3), riboflavin (Section 7.5.2), and vitamin Bg (Section
9.5.3).

. Low plasma concentration of the nutrient, indicating that there is an

inadequate amount in tissue reserves to permit normal transport be-
tween tissues. For some nutrients, this may reflect failure to synthesize
a transport protein rather than primary deficiency of the nutrient itself.

. Low urinary excretion of the nutrient, reflecting low intake and changes

in metabolic turnover.

. Incomplete saturation of body reserves.
. Adequate body reserves and normal metabolic integrity. This is the (pos-

sibly untestable) goal. Both immune function and minimization of DNA
damage offer potential methods of assessing optimum micronutrient
status, but both are affected by a variety of different nutrients and other
factors (Fenech, 2001).

Possibly beneficial effects of intakes more than adequate to meet re-
quirements: the promotion of optimum health andlife expectancy. There
is evidence that relatively high intakes of vitamin E and possibly other
antioxidant nutrients (Section 4.6.2) may reduce the risk of developing
cardiovascular disease and some forms of cancer. High intake of folate
during early pregnancy reduces the risk of neural tube defects in the
fetus (Section 10.9.4).

Pharmacological (druglike) actions at very high levels of intake. This
is beyond the scope of nutrition, and involves using compounds that
happen to be vitamins for the treatment of diseases other than deficiency
disease.
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12. Abnormal accumulation in tissues and overloading of normal metabolic
pathways, leading to signs of toxicity and possibly irreversible lesions.
Niacin (Section 8.7.1), and vitamins A (Section 2.5.1), D (Section 3.6.1),
and Bg (Section 9.6.4) are all known to be toxic in excess (see Section
1.2.4.3 for a discussion of tolerable upper levels of intake).

Problems arise in interpreting the results, and therefore defining require-
ments, when different markers of adequacy respond to different levels of in-
take. This explains the difference in the tables of reference intakes published
by different national and international authorities (see Tables 1.5-1.8).

1.2.2 Assessment of Vitamin Nutritional Status
The same criteria used to define requirements can also be used to assess vita-
min nutritional status.

Although vitamin deficiencies give rise to more-or-less clearly defined signs
and symptoms, diagnosis is not always easy, so biochemical assessment is fre-
quently needed to confirm a presumptive diagnosis. Furthermore, whereas
experimental studies may involve feeding diets deficient in one nutrient, but
otherwise complete, it is unlikely that under normal conditions an individual
would have such a diet. Undernutrition is likely to lead to deficiency or de-
pletion of several vitamins, with the signs of one deficiency predominating.
Biochemical assessment will permit more specific diagnosis. There is an ob-
vious advantage in being able to detect biochemical signs of early or marginal
deficiency.

Anindividual who shows biochemical evidence of deficiency orinadequacy
may be metabolically stable, and adequately adapted to his or her current in-
take, or may be in the early stages of developing clinically significant deficiency
disease. In population studies, whereas the number of people with clear clini-
cal deficiency signs gives some indication of the scale of the problem, detection
of the larger number who show biochemical signs of deficiency gives a better
indication of the number of people at risk of developing deficiency, and hence
a more realistic estimate of the true scale of the problem.

Biochemical criteria of vitamin adequacy and methods for biochemical
assessment of nutritional status can be divided into the following two distinct
groups:

1. Determination of plasma, urine, or tissue concentrations of vitamins and
their metabolites. These methods depend on comparison of an individ-
ual or group with the population reference range, which is normally
taken as the 95% confidence interval: &+ twice the standard deviation
about the mean value. By definition, 5% of the normal healthy popula-
tion will lie outside the 95% reference range.
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2. Metabolicloadingtests and the determination of enzyme saturation with
cofactor measure the ability of an individual to meet his or her idiosyn-
cratic requirements from a given intake, and, therefore, give a nearly
absolute indication of nutritional status, without the need to refer to
population reference ranges. A number of factors other than vitamin in-
take or adequacy can affect responses to metabolic loading tests. This
is a particular problem with the tryptophan load test for vitamin Bs nu-
tritional status (Section 9.5.4); a number of drugs can have metabolic
effects that resemble those seen in vitamin deficiency or depletion,
whether or not they cause functional deficiency.

1.2.3 Determination of Requirements

Having decided an appropriate criterion of adequacy, which will differ from
one vitamin to another, the problem is to determine what are adequate intakes
to meet those criteria. Studies of vitamin requirements can be divided into the
following four groups.

1.2.3.1 Population Studies of Intake Inareasinwhich deficiencydiseases
are common, it is possible to estimate requirements to prevent the develop-
ment of deficiency by comparing the intakes of people with and without spe-
cific signs. This permits determination of minimally adequate intakes (basal
requirements), subject to the considerable problems of determining nutrient
intake with adequate accuracy.

There have been a small number of large-scale studies of healthy popu-
lations, comparing nutrient intake with specific biochemical indices of nutri-
tional adequacy. Such studies generally rely on seven-day weighed food intakes
(and make the assumption that recording of intake will not alter habitual diets
significantly), with estimation of nutrient intakes from tables of food compo-
sition; only very rarely are duplicate portions of foods analyzed for their vita-
min content in such studies. The study of almost 2,000 adults in Great Britain
(Gregory et al., 1990) was of this type and permitted revision of estimates of
requirements for some of the vitamins.

Such population studies also permit the definition of a range of acceptable
intakes. Quite apart from determining average requirements, and then refer-
ence intakes (Section 1.2.4), it is useful to know the range of intakes that is
compatible with normal health.

The lower acceptable intake will often be the intake of the 5th percentile of
the healthy population, although alower intake may be classified as acceptable
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on the basis of other information. Thus, for example, average requirements for
vitamin B,, are of the order of 0.1 to 1 ug per day, but the intake of the 2.5th
percentile in Great Britain is 2.4 ug per day (Gregory et al., 1990). In this case,
average intakes are well above the known lower acceptable level. Conversely,
if the intake of the 5th percentile is lower than that at which signs of defi-
ciency are known to occur, then this would not be classified as an acceptable
intake.

Similarly, upper acceptable intakes are defined on the basis of the intake
of the 95th percentile of the healthy population, unless this is known to be
above the toxic threshold; higher intakes may still be within the acceptable
range.

1.2.3.2 Depletion/Repletion Studies There have been a number of stud-
ies to determine vitamin requirements by deliberate depletion of initially
healthy subjects, following the development of biochemical and clinical signs
of deficiency, then determining the intake required to reverse those signs. Such
studies permit reasonably precise estimation of requirements to meet differ-
ent criteria of adequacy and give some indication of the extent of individual
variation. The number of subjects studied in this way has been relatively small,
and estimation of requirements has generally been by interpolation into the
results of experiments using a relatively wide range of intakes and is thus sub-
ject to considerable possible error. Such studies, however, provide most of the
experimental evidence on which current estimates of vitamin requirements
are based.

Depletion/repletion studies may give a false indication of requirements,
because they are based on a nonphysiological experiment—more-or-less com-
plete deprivation of the vitamin under test, but the provision of an otherwise
completely adequate diet. More important, they also measure requirements
in a state of changing nutritional status, during the acute development and
cure of deficiency, rather than measuring the requirements for maintenance
of normal body reserves and metabolic integrity against the background of a
relatively constant habitual intake.

1.2.3.3 Replacement of Metabolic Losses An alternative approach to
determining vitamin requirements is to measure the loss from the body pool
in a steady state. This requires estimation of the total body pool, and measure-
ment of the fractional rate of loss from that pool, generally using radioactive
or stable isotope tracers. Three problems can arise in such studies.
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1. The measured total body pool may not be appropriate or desirable, be-
cause it will reflect the state of the subjects’ nutrition on a self-selected
diet (see Section 13.7.3 for a discussion of the problem of the desirable
body pool of vitamin C).

2. There maybe multiple metabolic pools of the vitamin, with very different
rates of turnover. In this case, short-term and long-term studies will give
very different estimates of the fractional rate of turnover of the total
body pool. As discussed in Section 9.6.1, this is known to be a problem
with vitamin Bg, because some 80% of the total body pool is associated
with muscle glycogen phosphorylase and has a much lower fractional
turnover rate than the remaining 20%.

3. The fractional rate of turnover of the body pool may well change with
changes in intake; as discussed in Section 13.7.3, this is known to be the
case with vitamin C.

1.2.5.4 Studies in Patients Maintained on Total Parenteral Nutrition
Subjects who are maintained for prolonged periods by total parenteral nu-
trition are obviously wholly dependent on what is provided in the nutrient
mixture, normally with no contribution from intestinal bacteria. A great deal
has been learned from such patients, including the essentiality of the amino
acid histidine, and evidence that endogenous synthesis of taurine (Section
14.5.3) and carnitine (Section 14.1.2) may not be adequate to meet require-
ments without some dietary provision. However, for obvious ethical reasons,
such patients have not been subjected to trials of graded intakes of vitamins,
but are generally provided with amounts calculated to be adequate and in
excess of minimum requirements.

A further problem with studies in patients maintained on long-term total
parenteral nutrition is that they are not normal healthy subjects — there is some
good medical reason for their treatment. Furthermore, they will have little or
no enterohepatic recirculation of vitamins, and hence may have considerably
higher requirements than normal; there is considerable enterohepatic circu-
lation of folate (Section 10.2.1) and vitamin B;, (Section 10.7.1).

1.2.4 Reference Intakes of Vitamins

Notwithstanding the problems involved in determining requirements for vita-
mins, most national authorities (as well as the United Nations FAO/WHO and
the European Commission) publish, and periodically revise, tables of recom-
mended intakes of nutrients or dietary reference values.
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As shown in Tables 1.5-1.8, reference intakes published by different author-
ities show considerable differences. Some of the reasons for this are apparent
from the discussion above; different criteria of adequacy may be applied by
the members of different expert committees, and the estimation of average
requirements and, hence, reference intakes requires a considerable exercise of
judgment to interpret the relatively small body of scientific literature. Histor-
ically, tables of reference intakes were based on requirements to prevent de-
ficiency disease, or subclinical signs of inadequacy; increasingly, as evidence
accumulates, the emphasis is on requirements to promote optimum health
rather than to prevent deficiency.

As shown in Table 1.9, a number of terms are used: Recommended Daily
(or Dietary) Intake (RDI), Recommended Dietary (or Daily) Amount (RDA),
Reference or Recommended Nutrient Intake (RNI), and Population Reference
Intake (PRI). All have the same statistical basis, and all are defined as an intake
ofthe nutrient thatis adequate to ensure that the requirements of essentially all
healthy people in the specified population group are met. The 2001 FAO/WHO
reportintroduced the term protective nutrient intake—an amount greater than
the reference intake that may be protective against specified health risks of
public health importance.

There is considerable individual variation in nutrient requirements. It is
generally assumed that requirements follow a more or less statistically normal
(Gaussian) distribution, as shown in the upper curve in Figure 1.1. This means
that 95% of the population has a requirement for a given nutrient within the
range of +2 SD about the observed mean requirement. Therefore, an intake at
the level of the observed (or estimated) mean requirement plus 2 x SD will be
more than enough to meet the requirements of 97.5% of the population. This
is the level that is generally called the RDI, RDA, RNI, or PRI.

Thereis, infact, little evidence that requirements do follow a Gaussian distri-
bution; the U.S./Canadian tables (Institute of Medicine, 1997, 1998, 2000, 2001)
note this, and state that when the distribution is skewed the 97.5th percentile
can be estimated by transforming the data to a normal distribution. Where the
standard deviations from different studies are inconsistent, the U.S./Canadian
tables determine the RDA on the basis of 1.2 x average requirement. This as-
sumes a coefficient of variation of 10%, which is based on the known variance
in basal metabolic rate.

Itis apparent from this discussion that reference intake figures are intended
for use in populations and communities, and do not apply to individuals. An
individual might have a requirement anywhere within the range, and therefore



Table 1.9 Terms that Have Been Used to Describe Reference Intakes of Nutrients

RDA

RDI

RDA

RNI

RNI

PRI

U.S.-RDA

RDI

DRV

Al

UL

Recommended
Dietary
Allowances

Recommended
Dietary
Intakes

Recommended
Daily
Amounts

Safe levels of
intake

Reference
Nutrient
Intakes

Recommended
Nutrient
Intake

Population
Reference
Intakes

Reference Daily
Intakes

Daily Reference
Values

Adequate
Intake

Tolerable
Upper Intake
Level

U.S., 1941

U.K., 1969

U.K., 1979

UN agencies

U.K., 1991

FAO, 2001

EU, 1993

uU.sS., 1973

U.S., 1990

uU.S., 1990

U.S./Canada,
1997

U.S./Canada,
1997

The name was deliberately chosen
to allow the possibility of future
modification of the values and
was not intended to carry any
connotation of minimum or
optimal requirements.

.. to emphasize that the
recommendations related to
foodstuffs as actually eaten

.. to make it clear that the
amounts referred to averages
for a group of people and not
to amounts that individuals
must meet, as implied by the
term “allowances”

Means safe and adequate, but
does not imply that higher
intakes are unsafe

By parallel with clinical chemistry
reference ranges, which
encompass 95% of normal
values; to emphasize that they
are not recommendations for
individuals, nor are they
amounts to be consumed daily;
see Table 1.5

By parallel with RNI, but
emphasizing that these are
population ranges, and not
applicable to individuals; see
Table 1.6

Reference intakes for labeling
purposes, the highest RDA
value for any population group;
see Table 1.11

Reference intakes for labeling
purposes, numerically equal to
U.S.-RDA; see Table 1.11

Reference values for fat,
carbohydrate, sodium,
potassium, and protein; for
labeling purposes

EU, European Union; FAO, Food and Agriculture Organization; UN, United Nations.
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Figure 1.1. Derivation of reference intakes of nutrients from the distribution around
the observed mean requirement; plotted below as a cumulative distribution curve, per-
mitting estimation of the probability that a given level of intake is adequate to meet an
individual’s requirement.

might satisfy requirements with an intake considerably below the reference
intake. In the United Kingdom, the RNI is regarded as a goal for planning
and evaluating the intake of population groups and communities, rather than
applying to an individual (Department of Health, 1991); in contrast, in the
United States and Canada, the RDA is regarded as a goal for individuals to
achieve (Institute of Medicine, 1997, 1998, 2000, 2001).

The lower curve in Figure 1.1 shows the population distribution of nutrient
requirements plotted as a cumulative percentage. This can then be reinter-
preted as indicating the statistical probability that a given level of intake will
be adequate for an individual.
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1. At an intake equal to the mean requirement minus twice the standard
deviation, only 2.5% of the population have been included. Therefore,
there is only a 2.5% probability that this intake is adequate for an indi-
vidual.

2. Atanintake equal to the mean observed requirement, 50% of the popu-
lation have been included, and there is thus a 50% probability that this
level of intake will be adequate for an individual.

3. At an intake equal to the observed mean requirement plus twice the
standard deviation (RDA or RNI), 97.5% of the population have been
included, and there is thus a 97.5% probability that this intake will be
adequate for an individual.

1.2.4.1 Adequate Intake For some vitamins, notably biotin (Section 11.5)
and pantothenic acid (Section 12.6), dietary deficiency is more-or-less un-
known, and there are no data from which to estimate average requirements
or derive reference intakes. In such cases, the observed range of intakes is ob-
viously more than adequate to meet requirements, and the average intake is
used to calculate an adequate intake figure.

1.2.4.2 Reference Intakes for Infants and Children For obvious ethical
reasons, there have been almost no experimental studies of the vitamin re-
quirements of infants and children. For infants, it is conventional to use the
nutrient yield of breast milk and assume that this is equal to or greater than
requirements. Although this is termed an RNI in U.K. tables (Table 1.5), in the
U.S./Canadian tables (Table 1.7), it is more correctly referred to as an accept-
able intake.

Most authorities have estimated reference intakes for children by linear in-
terpolation between the experimental data for young adults and the nutrient
yield of breast milk (Figure 1.2). The EU expert group (Table 1.6; Scientific Com-
mittee for Food, 1993) took a different approach and extrapolated backward
from the experimentally determined reference intakes for young adults on the
basis of energy requirement (for which there are good experimental data), with
the possibly unjustified assumption that the nutrient density of adequate di-
ets should be essentially constant through childhood. The advantage of this
approach was that it takes into account the higher nutrient requirements at
times of rapid growth (because energy requirement increases in growth). This
backward extrapolation gave figures for vitamin requirements in infancy that
were the same as those based on the composition of breast milk.
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nutrient requirement

age (years)

Figure 1.2. Derivation of requirements or reference intakes for children. Dotted line
shows linear interpolation between the assumed acceptable intake at age 3 months
(based on breast milk composition) and the experimentally derived reference intake at
age 17 to 18 years. Solid line shows extrapolation backward from the experimentally
derived reference intake at age 17 to 18 years on the basis of energy requirements.

1.2.4.3 Tolerable Upper Levels of Intake A number of the vitamins are
known to be toxic in excess. For most, there is a considerable difference be-
tween reference intakes that are more than adequate to meet requirements
and the intake at which there may be adverse effects, although for vitamins A
(Section 2.5.1) and D (Section 3.6.1) there is only a relatively small margin of
safety.

For food additives and contaminants, an acceptable level of intake is calcu-
lated from the highestintake at which there is no detectable adverse effect—the
no adverse effect level NOAEL) - by dividing by a factor of 100, thus ensuring
avery wide margin of safety. This approach is not appropriate for compounds
that are dietary essentials, and indeed in many cases would result in a (tox-
icologically calculated) acceptable intake below the reference intake or even
belowthe requirement for metabolicintegrity. The U.K. (Department of Health,
1991) and EU (Scientific Committee for Food, 1993) tables give “guidance on
higher intakes,” suggesting upper safe levels of habitual intake from supple-
ments. The U.S./Canadian tables (Institute of Medicine, 1997, 1998, 2000, 2001)
give tolerable upper levels of intake derived from the NOAEL divided by ap-
propriate safety factors. The upper level of intake is defined as the maximum
level of habitual intake that is unlikely to pose any risk of adverse health effects
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Figure 1.3. Derivation of reference intake [Recommended Dietary (or Daily) Amount
(RDA)], and tolerable upper level (UL) for a nutrient. Curve shows the probability that a
subject will show signs of deficiency (left) or toxicity (right) at any given level of intake.

to almost all individuals in the (stated) population group. It is a level of intake
that can (with a high degree of probability) be tolerated biologically, but is not
arecommended level. “There is no established benefit for healthy individuals
consuming more than the RDA.” As shown in Figure 1.3, the RDA is set at the
97.5th percentile of the distribution of requirements, and is thus adequate to
meet the requirements of “essentially all” of the population group, whereas
the upper tolerable intake is set below the level at which any of the population
might be expected to show adverse effects.

Table 1.10 shows the NOAEL for the vitamins, the upper limits for supple-
ments available over the counter proposed by the European Federation
of Health Product Manufacturers Associations (Shrimpton, 1997), the U.S./
Canadian tolerable upper levels, and the prudent upper levels of consump-
tion from the EU tables.

The upper levels for over-the-counter supplements shown Table 1.10 are
voluntary, but because the report (Shrimpton, 1997) was commissioned by
the European Federation of Health Product Manufacturers, it is likely that
most manufacturers of nutritional supplements will abide by them. The prob-
lem is that in most countries nutritional supplements are covered by food
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Table 1.10 Toxicity of Vitamins: Upper Limits of Habitual Consumption and
Tolerable Upper Limits of Intake

Tolerable U Level
Upper Limit for olerable “pper Levels

Vitamin NOAEL Supplements?  U.S.b EUC

A ne 3,000 3,000 2,800, 3,000¢ 7,500, 9,000
Carotene ne — 25 — —

D e 20 20 50 50

E mg 800 800 1,000 >2,000
K mg 30 — — —

B, mg 50 50 — >500
B, mg 200 200 — —
Niacin mg 500, 250¢ — — —
Nicotinic acid mg — 500, 250¢ 35 —
Nicotinamide mg — 1,500 — —

Bs mg 200 200 100 257
Folate ne 1,000 1,000 1,000 1,000
5B1, e 3,000 3,000 — 2009
Biotin mg 2,500 2,500 — —
Pantothenate mg 1,000 1,000 — —

C mg >1,000 1,000 2,000 10,000

EU, European Union; NOAEL, no adverse effect level, the highest level of intake at which
no adverse effects are observed.

Sources: ?Shrimpton, 1997; PInstitute of Medicine, 1997, 1998, 2000, 2001; “Scientific
Committee for Food, 1993; Ywhere two figures are shown for vitamin A, the lower is for
women and the higher is for men (Table 2.5). ¢for niacin and nicotinic acid, the lower
values are for sustained release preparations; fthe EU upper level of 25 mg of vitamin Bg
was proposed by the Scientific Committee for Food Opinion, 2000; and 9the EU upper
level of 200 wg of vitamin B, was set because of the possible presence of inactive
corrinoids in pharmaceutical preparations, not because of toxicity of the vitamin itself.

legislation rather than regulations covering medicines. A report to the U.S.
Food and Drug Administration (FDA; Department of Health and Human Ser-
vices, 2001) noted the lack of surveillance, and the lack of an adequate system
for reporting or investigating adverse effects of nutritional supplements. In-
deed, in one-third of cases in which adverse effects were reported, the FDA
was unable to discover from the manufacturers precisely what was included
in the supplements. In some cases, they could not find the manufacturer of
products that were implicated. The report recommended the following:

* arequirement for manufacturers to report serious adverse effects;
¢ provision of information to health care professionals and consumers
about the procedure for reporting adverse effects;
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Table 1.11 Labeling Reference Values for Vitamins

European Union

uU.s.

Reference Proposed by Scientific

Daily Intake? Committee for Food? Required by Directive®
Vitamin A, p.g 1,500 500 800
Vitamin D, pg 10 5 5
Vitamin E, mg 30 — 10
Vitamin C, mg 60 30 60
Thiamin, mg 1.5 0.8 1.4
Riboflavin, mg 1.7 1.3 1.6
Niacin, mg 20 15 18
Vitamin Bg, mg 2.0 1.3 2.0
Folate, pg 400 140 200
Vitamin Bys, pg 6.0 1.0 1.0
Biotin, pg 300 — 150
Pantothenic acid, mg 10 — 6

Sources: 9National Research Council, 1989; “Scientific Committee for Food, 1993:
“European Commission, 1990.

* arequirement for manufacturers to register themselves and their prod-
ucts with the FDA;

* arequirement for guidance to manufacturers on safety information to be
provided.

1.2.4.4 Reference Intake Figures for Food Labeling Tables of reference
intakes provide figures for different age groups, separate figures for men and
women, and additional figures for pregnancy and lactation. For nutritional
labeling of foods, it is obviously desirable to have a single figure that will permit
comparison of different foods and pharmaceutical preparations. In the United
States, the figure that is used for labeling (the U.S. RDA or RDI) is the highest
RDA for any population group for that nutrient (National Research Council,
1989). The EU Scientific Committee for Food (1993) noted that to use the
highest reference intake might lead to excess nutrient intake by a substantial
proportion of the population and that those unable to achieve this high level
might be tempted to take (unnecessary) supplements. It might also lead to a
loss of confidence in traditional foods that would appear to be oflow nutritional
value. They proposed that the labeling reference value should be the average
requirement for men (which in many cases equals the reference intake for
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women). However, at present, the law in the EU requires that the figures shown
in column 3 of Table 1.11 be used for labeling.
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TWO

Vitamin A: Retinoids and Carotenoids

Vitamin A deficiency is a serious problem of public health nutrition, second
only to protein-energy malnutrition worldwide, and is probably the most im-
portant cause of preventable blindness among children in developing coun-
tries. Marginal deficiency is a significant factor in childhood susceptibility to
infection, and hence morbidity and mortality, in developing countries; even in
developed countries, vitamin A (along with iron) is the nutrient most likely to
be supplied in marginal amounts. In addition to primary deficiency of the vita-
min, secondary (functional) vitamin A deficiency results from protein-energy
malnutrition, because of impaired synthesis of the plasma retinol binding
protein (RBP) that is required for transport of the vitamin from liver reserves
to its sites of action.

The main physiologically active forms of vitamin A are retinaldehyde and
retinoic acid, both of which are derived from retinol. Retinaldehyde functions
in the visual system as the prosthetic group of the opsins, which act as the
signal transducers between reception of light in the retina and initiation of the
nervous impulse.

Retinoic acid modulates gene expression and tissue differentiation, acting
by way of nuclear receptors. Historically, there was confusion between the ef-
fects of deficiency of vitamins A and D; by the 1950s, it was believed that the
confusion had been resolved. Elucidation of the nuclear actions of the two
vitamins has shown that, in many systems, the two act in concert, forming
retinoid—vitamin D heterodimeric receptors; hypervitaminosis A can antago-
nize the actions of vitamin D.

In vitro, and in experimental animals, vitamin A has anticancer action re-
lated to its role in modulating gene expression and tissue differentiation. It
retards the initiation and growth of some experimental tumors. However, it
only shows these effects at toxic levels, and a number of synthetic analogs,
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collectively known as retinoids, have been developed for use as anticancer
drugs and in dermatology.

Preformed vitamin A is found only in animals and a small number of bac-
teria. A number of the carotenoid pigments in plants can be cleaved oxidat-
ively to yield retinol; 8-carotene is quantitatively the most important of these
provitamin A carotenoids. Although preformed retinol is both acutely and
chronically toxic in excess, carotene is not, because there is only a limited
capacity to cleave it to retinol.

In addition to its provitamin A role, -carotene is a radical trapping antioxi-
dant and may be nutritionally important in its own right both as an antioxidant
and possibly also through direct actions that are independent of retinoids.
Other carotenoids that occur in foods, and circulate in the bloodstream,
also have free radical trapping activity, and, hence, potential metabolic signi-
ficance, whether or not they are metabolic precursors of vitamin A.

2.1 VITAMIN A VITAMERS AND UNITS OF ACTIVITY
The term vitamin A can include any compound with the biological activity of
the vitamin: provitamin A carotenoids, retinol, and its active metabolites.

2.1.1 Retinoids

The term retinoid is used to include retinol and its derivatives and analogs,
either naturally occurring or synthetic, with or without the biological activity
of the vitamin. The main biologically active retinoids are shown in Figure 2.1;
until the late 1990s, only retinol, retinaldehyde, all-trans-retinoic acid, and 9-
cis-retinoic acid were known to be biologically active. However, a number of
other retinoids are now also known or believed to have important functions,
including 4-oxo-retinol, 4-oxo-retinoic acid, and a variety of retroretinoids.
The term rexinoid has been introduced to include only those retinoids that
bind to the retinoid X receptor (RXR) and not the retinoic acid receptor (RAR)
(Section 2.3.2.1).

Free retinol is chemically unstable and does not occur to any significant
extent in foods or tissues. Rather, it is present as a variety of esters, mainly
retinyl palmitate. Retinyl acetate is generally used as an analytical standard
and in pharmaceutical preparations. Dehydroretinol (vitamin A,) is found in
freshwater fishes and amphibians; it has about half the biological activity of
retinol.

Retinoic acid occurs in foods in only small amounts. In conventional bio-
logical assays, it has lower potency than retinol or retinyl esters because it
is not stored, but is metabolized rapidly. Furthermore, because retinoic acid
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Figure 2.1. Major physiologically active retinoids. Relative molecular masses (M;):
retinol, 286.5; retinaldehyde, 284.4; retinoic acid, 300.4; 13,14-dihydroxy-retinol, 318.5;
4-oxoretinol, 301.5; retroretinol, 286.5; 14-hydroxy-retroretinol, 302.5; anhydroretinol,
269.6; 4-oxo-retinoic acid, 315.4; 4-hydroxyretinoic acid, 316.4; dehydroretinol, 284.4;
retinyl acetate, 328.5; and retinyl palmitate, 524.9.
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cannot be reduced to retinaldehyde or retinol, it cannot support vision (or
fertility) in deficient animals.

Anhydroretinol binds to plasma and intracellular RBPs, but not to the cel-
lular retinoic acid binding proteins (CRABPs) or retinoid receptors. In experi-
mental animals, it protects against the development of chemically induced
tumors while showing none of the toxic effects of other retinoids.

4-Oxoretinol is synthesized from canthaxin (see Figure 2.2) and occurs in
plasma. It binds to the retinoic acid nuclear receptor (but not the RXR) and
is active in tissue differentiation. In the early embryo, the main biologically
active retinoid is 4-oxoretinaldehyde, which both activates RARs and also acts
as a precursor of oxo-retinoic acid and oxoretinol.

2.1.2 Carotenoids
A number of carotenoids that have an unsubstituted g-ionone ring can be
cleaved oxidatively to yield retinaldehyde, which is then reduced to retinol or
oxidized to retinoic acid. Such compounds are known collectively as provita-
min A carotenoids. Because relatively few foods are especially rich sources
of retinol — and these are all animal foods — they are nutritionally impor-
tant, accounting for a significant proportion of total vitamin A intake in most
countries. Even in developed countries, with a relatively high intake of animal
foods and fortified products, 25% to 30% of dietary vitamin A is derived from
carotenoids; in developing countries, 80% or more of the potentially available
vitamin A is from carotenoids. Only a small number of the several hundred
carotenoid pigments found in plants have an unsubstituted g-ionone ring
and are therefore capable of cleavage to yield retinaldehyde. The major di-
etary carotenoids are shown in Figure 2.2.

Carotenoids are classified in two ways:

1. Nutritionally, on the basis of whether or not they have an unsubstitu-
ted B-ionone ring and can therefore act as precursors of retinol (the
provitamin A carotenoids)

2. On the basis of their chemistry, as:

(a) hydrophobic hydrocarbon carotenoids, of which «- and 8-carotene
and lycopene are the most important in human tissues; lycopene is
not a precursor of vitamin A in mammals, although it is the acyclic
precursor of 8-carotene in plants

(b) monohydroxycarotenoids, of which B-cryptoxanthin is the most
important in human tissues

(c) dihydroxycarotenoids, of which lutein (dihydroxy «-carotene) and
zeaxanthin (dihydroxy 8-carotene) are the mostimportantin human
tissues.
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Figure 2.2. Major dietary carotenoids. -, 8-, and y-carotenes and S-cryptoxanthine
have vitamin A activity; zeaxanthin, lutein, canthaxanthin, and lycopene do not. Relative
molecular masses (M;): «-, 8-, and y -carotenes, 536.9; B-cryptoxanthine, 552.9; zeaxan-
thin, 568.9; lutein (xanthophyll), 568.85; canthaxanthin, 564.8; and lycopene, 536.9.
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In plasma, the more hydrophobic carotenoids are deep within chylomicrons or
very low-density lipoproteins, whereas the more polar hydroxycarotenoids are
at the surface, and therefore potentially available for transfer between plasma
lipoproteins and uptake into tissues.

2.1.3 International Units and Retinol Equivalents

The obsolete International Unit (iu) of vitamin A activity was based on biolog-
ical assay of the ability of the test compound to support growth in deficient
animals (1 iu = 10.47 nmol of retinol = 0.3 pg of free retinol or 0.344 ug of
retinyl acetate).

13-Cis-retinol has 75% of the biological activity of all-trans-retinol, and reti-
naldehyde has 90%. Food composition tables give total preformed vitamin A
as the sum of all-trans-retinol + 0.75 x 13-cis-retinol + 0.9 x retinaldehyde
(Holland et al., 1991).

To take account of the contribution from carotenoids, the total vitamin A
content of foods is expressed as micrograms of retinol-equivalents — the sum
of that provided by retinoids and from carotenoids. Because of the relatively
low absorption of carotenes and incomplete metabolism to yield retinol (Sec-
tion 2.2.2), 6 ug of B-carotene is 1 ug of retinol-equivalent — a molar ratio of
3.2 mol of B-carotene equivalent to 1 mol of retinol. 8-Carotene is absorbed
much better from milk than from other foods; in milk, 2 ug of 8-carotene is
1 ugofretinol-equivalent (1.07 mol equivalent to 1 mol of retinol). This is still far
from the theoretical yield of 2 mol of retinol per mol of 8-carotene. Other pro-
vitamin A carotenoids yield at most half the retinol of 8-carotene, and 12 ug of
these compounds = 1 ug of retinol-equivalent. On this basis, 1 iu of vitamin A
activity = 1.8 ug of g-carotene or 3.6 g of other provitamin A carotenoids.

The U.S./Canadian Dietary Reference Values report (Institute of Medicine,
2001) introduced the term retinol activity equivalent to take account of the
incomplete absorption and metabolism of carotenoids; 1 RAE = 1 ug of
all-trans-retinol, 12 ug of B-carotene, and 24 ug of w-carotene or -crypto-
xanthin. On this basis, 1 iu of vitamin A activity = 3.6 ug of 8-carotene or
7.2 ng of other provitamin A carotenoids.

2.2 ABSORPTION AND METABOLISM OF VITAMIN A
AND CAROTENOIDS

2.2.1 Absorption and Metabolism of Retinol and Retinoic Acid
About 70% to 90% of dietary retinol is absorbed, and, even at high intakes,
this falls only slightly. Retinyl esters are hydrolyzed by pancreatic lipase and
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carboxyl ester lipase in lipid micelles in the intestinal lumen, and also by one
or more retinyl ester hydrolases in the intestinal mucosal brush border mem-
brane. At physiological levels of intake, retinol uptake into enterocytes is by
facilitated diffusion from the lipid micelles. When the transport protein in the
intestinal mucosal brush border cells is saturated, there is also passive uptake
of retinol.

Within the enterocyte, retinol is bound to cellular retinol binding protein
(CRBP 1) and is esterified by lecithin:retinol acyltransferase (LRAT), which
uses phosphatidylcholine as the fatty acid donor, mainly yielding retinyl
palmitate, although small amounts of stearate and oleate are also formed.
At unphysiologically high levels of retinol, when CRBP II is saturated, acyl
coenzyme A (CoA):retinol acyltransferase (ARAT) esterifies the free retinol that
accumulates in intracellular membranes. Then the retinyl esters enter the lym-
phatic circulation and then the bloodstream (in chylomicrons), together with
dietary lipid and carotenoids (Norum et al., 1986; Olson, 1986; Blomhoffet al.,
1991; Green et al., 1993; Harrison and Hussain, 2001).

A small proportion of dietary retinol is oxidized to retinoic acid, which is ab-
sorbed into the portal circulation and bound to serum albumin. Some retinyl
esters are also transferred into the portal circulation. Patients with abeta-
lipoproteinemia, who are unable to synthesize chylomicrons, can nevertheless
maintain adequate vitamin A status if they are provided with relatively high
intakes of retinol.

2.2.1.1 Liver Storage and Release of Retinol Tissues can take up retinyl
esters from chylomicrons, but most is left in the chylomicron remnants that
are taken up into the liver by endocytosis. The retinyl esters are hydrolyzed
at the hepatocyte cell membrane, and free retinol is transferred to the rough
endoplasmic reticulum, where it binds to apo-RBP. Holo-RBP then migrates
through the smooth endoplasmic reticulum to the Golgi and is secreted as a
1:1 complex with the thyroid hormone binding protein, transthyretin (Section
2.2.3).

Studies in vitamin A replete animals suggest that most of the retinol is
transferred from hepatocytes to the perisinusoidal stellate cells of the liver.
Here, it is again esterified by LRAT to form mainly retinyl palmitate (76% to
80%), with smaller amounts of stearate (9% to 12%), oleate (5% to 7%), and
linoleate (3% to 4%). The stellate cells contain 90% to 95% of hepatic vitamin A,
as cytoplasmic lipid droplets that consist of between 12% to 65% retinyl es-
ters (Batres and Olson, 1987). Studies with [**CJretinyl palmitate show that
much of the recently ingested retinol appears more or less immediately in the
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circulation, bound to RBP, and is only sequestered in the liver reserves sub-
sequently. This suggests that there may be little or no direct transfer of retinol
from hepatocytes to stellate cells, but rather retinol is cleared from the circu-
lation into stellate cells for storage. LRAT is induced by retinoic acid (and by
dietaryvitaminA) and is down-regulated in vitamin A depletion, when the need
is to transfer vitamin A to tissues rather than to store it in the liver (Zolfaghari
and Ross, 2000; Wolf, 2001).

Release of retinol from stellate cells into the circulation may occur either
directly, as free retinol bound to RBP, or indirectly as a result of the transfer
of retinol from stellate cells to hepatocytes. The release of retinol from stores
is impaired in iron deficiency, as is the absorption of dietary vitamin A (Jang
etal., 2000).

The concentration of retinol in most tissues is between 1 to 5 umol per kg;
in the liver, the mean concentration is 500 xmol per kg, with a very wide range
of individual variation. In a number of studies of postmortem tissue, between
10% to 30% of the population of the United States had liver retinol below
140 pmol per kg, and about 5% had reserves in excess of 1,700 umol per kg.
Five percent to 10% of samples analyzed in Canada showed undetectably low
liver reserves of retinol, although similar studies in Britain did not show any
significant proportion of the population with extremely low liver reserves of
vitamin A (Sauberlich et al., 1974; Huque, 1982). Abnormally low liver reserves
of retinol may result not only from prolonged low intake, but also from the in-
duction by barbiturates of cytochrome P,s59, which catalyzes the catabolism of
retinol (Section 2.2.1.2). Chlorinated hydrocarbons, as in many agricultural
pesticides, also deplete liver retinol by effects on the metabolism of RBP
(Section 2.2.3).

Opinions differ as to what constitutes an adequate concentration of retinol
in the liver. When the concentration rises above 70 umol per kg, there is
increased catabolism of retinol (Section 2.2.1.2). Estimates of requirements
based on the fractional catabolic rate of whole body retinol and using liver
reserves of 70 umol per kg as a basis for calculation are generally in agree-
ment with estimates based on the very few depletion/repletion studies that
have been performed (Section 2.4). However, from the observed range of liver
reserves in healthy subjects, it can be argued that a more appropriate level is
140 pmol per kg, which gives a higher estimate of requirements (Sauberlich
etal., 1974; Hodges et al., 1978; Olson, 1987a).

Although the major storage of vitamin A is in the liver (50% to 80% of the
total body content), adipose tissue may contain 15% to 20% of total body vita-
minA. Much of this is taken up from chylomicrons; retinyl esters are hydrolyzed
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by lipoprotein lipase (Blaner et al., 1994), but some vitamin A is also taken up
from circulating vitamin bound to RBP. Release of retinol from adipose tis-
sue is by hydrolysis of stored retinyl esters, catalyzed by (cAMP-stimulated)
hormone-sensitive lipase, bound to RBP, which is synthesized by both white
and brown adipose tissue (Wei et al., 1997).

A variety of other tissues synthesize RBP; this provides a mechanism for
return to the liver of retinol in excess of requirements that has been taken up
from chylomicrons by the action of lipoprotein lipase. Because these tissues
do not synthesize transthyretin, the binding of holo-RBP to transthyretin
must occur in the circulation after release.

2.2.1.2 Metabolism of Retinoic Acid Retinoic acid is the normal major
metabolite of physiological amounts of retinol. However, it is not a catabolic
product of retinol, but the ligand for nuclear retinoid receptors involved in
modulation of gene expression (Section 2.3.2). It may be formed in the liver,
although there is no hepatic storage, and is then transported bound to serum
albumin rather than RBP. Other tissues are also able to form retinoic acid from
retinol. The rate-limiting step is the dehydrogenation of retinol to retinalde-
hyde; the K;, of the dehydrogenase is high, so that a major determinant of the
rate of formation of retinoic acid will be the concentration of retinol in the cell
(Napoli, 1996).

Cytosolic alcohol dehydrogenases only act on free retinol, not retinol bound
to CRBP, so they are unlikely to be involved in formation of retinaldehyde
andretinoic acid. Furthermore, inhibition of cytosolic alcohol dehydrogenases
does not inhibit the oxidation of retinol to retinoic acid (Boerman and Napoli,
1996). CRBP-bound retinol is a substrate for atleast three microsomal NADP -
dependent dehydrogenases; but, given the intracellular NADP+:NADPH ratio
(0.01, compared with an NAD*:NADH ratio of the order of 10%), it is likely that
these microsomal enzymes will act mainly to reduce retinaldehyde to retinol
and not to oxidize retinol.

A microsomal retinol dehydrogenase catalyzes the oxidation of CRBP-
bound all-trans-retinol to retinaldehyde; it also acts as a 3«-hydroxysteroid
dehydrogenase. A similar enzyme catalyzes the oxidation of 9-cis- and 11-
cis-retinol, but not all-trans-retinol; again, it has 3«-hydroxysteroid dehy-
drogenase activity. In the eye, the major product of this enzyme is 11-cis-
retinaldehyde, whereas in other tissues it is 9-cis-retinaldehyde, which is then
oxidized to 9-cis-retinoic acid (Section 2.3.2.1; Chen et al., 2000; Duester,
2000, 2001; Gamble et al., 2000; Napoli, 2001). Although there is known to
be an isomerase in the eye for the formation of 11-cis-retinaldehyde as a
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substrate for the dehydrogenase, there is no information concerning an iso-
merase in other tissues to produce 9-cis-retinol (Wang et al., 1999; Gamble
etal., 2000; McBee et al., 2000).

Intracellular concentrations of retinoic acid are controlled not only by the
rate of synthesis, but also by catabolism. At least in culture, prior exposure of
cells to retinoic acid induces the enzymes of retinoic acid catabolism (Chytil,
1984; Napoli and Race, 1987). The major metabolite of retinoic acid is the
glucuronide (Section 2.2.1.3).

All-trans-retinoic acid (but apparently not 9-cis-retinoic acid) undergoes
microsomal oxidation to yield a variety of polar metabolites. Retinoic acid hy-
droxylase is a retinoic acid-induced cytochrome P,5, (CYP26) — from its amino
acid sequence, it appears to represent a novel family of cytochrome Pgs. 4-
Hydroxyretinoic acid then undergoes further oxidation to yield 4-oxo-retinoic
acid. The same enzyme also catalyzes 18-hydroxylation and 5,6-epoxidation
of retinoic acid. 4-Hydroxy- and 4-oxo-retinoic acids were originally consid-
ered to be inactivation products of all-trans-retinoic acid; however, they bind
to, and activate, the RAR and show high activity as modulators of positional
specificity in Xenopus embryogenesis. Furthermore, CYP26 is expressed dif-
ferently through the process of embryogenesis (Sonneveld et al., 1998).

In addition to oxidation of retinol, retinoic acid may be formed by the
B-oxidation of apo-carotenals arising from the asymmetric cleavage of g-
carotene (Section 2.2.2.1).

Retinoic acid regulates its own synthesis from retinol in a variety of ti-
ssues by induction of LRAT; this increases the rate of esterification of re-
tinol, thereby decreasing the amount available for oxidation to retinoic acid
(Kurlandsky et al., 1996). Retinoic acid also induces the cytochrome P,y that
catalyzes oxidation to 4-oxo-retinoic acid, and regulates both its own syn-
thesis and catabolism.

2.2.1.3 Retinoyl Glucuronide and Other Metabolites The main excre-
tory product of both retinol and retinoic acid is retinoyl glucuronide, which
is secreted in bile. Some retinoyl taurine is also secreted in bile. This suggests
that, in addition to regulated synthesis of retinoic acid for its biological activity,
oxidation to the acid is also a significant pathway for catabolism of retinol. Un-
like retinoyl glucuronide, which has biological activity, retinoyl taurine seems
to be solely an excretory product.

The plasma concentration of retinoyl glucuronide is between 5 and 14 nmol
per L, and the activity of retinoic acid UDP-glucuronyltransferase increases
in vitamin A deficiency, suggesting that glucuronidation may be important
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other than as a pathway for inactivation and excretion of retinoic acid (Miller
and DeLuca, 1986). Retinoyl glucuronide has biological activity; it is not clear
whether or not this is as a result of hydrolysis to retinoic acid. In some ex-
perimental systems, the glucuronide appears to act without undergoing hy-
drolysis, although it binds to neither cellular retinoic acid binding protein nor
nuclear retinoid receptors. However, glucuronidases in the liver and kidney hy-
drolyze retinoyl glucuronide, and activity of the glucuronidase, like that of the
UDP-glucuronyltransferase, increases in vitamin A deficiency (Barua, 1997;
Sidell et al., 2000). It has also been suggested that retinoyl glucuronide, rather
than retinoic acid, may be the precursor of retinoyl CoA for retinoylation of
proteins (Section 2.3.3.1).

Small amounts of a number of other metabolites, including epoxy-retinoic
acid glucuronide and a number of products of side-chain oxidation of retinol
and retinoic acid, are also formed, some of which are excreted in the urine as
well as bile. As the intake of retinol increases, and the liver concentration rises
above 70 umol per kg, a different catabolic pathway becomes increasingly
important for the catabolism of retinol in liver parenchymal cells. This is a
microsomal cytochrome P4s5-dependent oxidation, leading to a number of
polar metabolites, including 4-hydroxyretinol, which are excreted in the urine
and bile. Thus, there is a catabolic mechanism that allows excretion of excess
retinol. However, at high intakes, the microsomal pathway is saturated, and
this may be one of the factors in the toxicity of excess retinol, because there
is no further capacity for its catabolism and excretion. Stored retinyl esters in
the stellate cells of the liver are only slowly released to the parenchymal cells
for catabolism, and retinol is chronically toxic (Section 2.5.1). Induction of
cytochrome P50 enzymes by chronic administration of barbiturates can result
in depletion of liver reserves of retinol and may be a factor in drug-induced
vitamin A deficiency (Leo and Lieber, 1985; Olson, 1986; Leo et al., 1989).

Anhydroretinol may arise by nonenzymic isomerization of all-trans-retinol
under acidic conditions and can act as a precursor for the synthesis of other
biologically active retroretinoids (McBee et al., 2000).

2.2.2 Absorption and Metabolism of Carotenoids

Carotenoids are absorbed passively, dissolved in lipid micelles; various studies
have estimated the biological availability and absorption of dietary carotene as
between 5% to 60%, depending on the nature of the food, whether it is cooked
or raw, and the amount of fat in the meal. In addition, much of the carotene
in foods is present as crystals that may not dissolve to any significant extent in
intestinal contents (Parker, 1989; 1996; Parker et al., 1999; Hickenbottom et al.,
2002; Ribaya-Mercado, 2002; Tanumihardjo, 2002; Yeum and Russell, 2002).
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Figure 2.3. Oxidative cleavage of 8-carotene by carotene dioxygenase (EC 1.14.99.36),
and onward metabolism of retinaldehyde catalyzed by retinol dehydrogenase (EC
1.1.1.105) and retinaldehyde oxidase (EC 1.2.3.11).

Although the generally accepted factors for calculating retinol equivalence
of dietary carotenoids are that 1 g of retinol is provided by 6 ng of 8-carotene
or 12 pug of other provitamin A carotenoids, feeding studies suggest that 1 ug
of retinol is provided by 26 ug of g-carotene from dark green leafy vegetables
(with a range of 13 to 76 ug), or 12 ug from yellow and orange fruits (with
a range of 6 to 29 ug) (Castenmiller and West, 1998; West and Castenmiller,
1998). A number of studies have shown that increasing the consumption of
dark green leafy vegetables as a means of increasing vitamin A intake in chil-
dren in developing countries is unlikely to provide a significant improve-
ment in nutritional status. These studies provide the rationale for the retinol
activity equivalents that are half the traditional retinol equivalents (Section
2.1.3).

2.2.2.1 Carotene Dioxygenase As shown in Figure 2.3, -carotene and
other provitamin A carotenoids undergo oxidative cleavage to retinaldehyde
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in the intestinal mucosa, catalyzed by carotene dioxygenase. Retinaldehyde
binds to the intracellular retinoid binding protein (CRBP II), and is reduced
to retinol by a microsomal dehydrogenase, then esterified and secreted in
chylomicrons together with retinyl esters formed from dietary retinol.

As discussed in Section 2.2.2.2, only a relatively small proportion of caro-
tene undergoes oxidation in the intestinal mucosa, and a significant amount
of carotene enters the circulation in chylomicrons. Novotny and coworkers
(1995) reported a study in one subject given an oral dose of [2H]B-carotene
dissolved in oil; 22% was absorbed — 17.8% as carotene and 4.2% as retinoids.
Their results suggest that nonintestinal carotene dioxygenase is important in
retinoid formation, because there was a late disappearance of labeled caro-
tene from the circulation and the appearance of labeled retinoids.

There is some hepatic cleavage of carotene taken up from chylomicron
remnants, again giving rise to retinaldehyde and retinyl esters; the remainder
is secreted in very low-density lipoproteins and may be taken up and cleaved
by carotene dioxygenase in extrahepatic tissues. During and coworkers (1996)
reported the activity of carotene dioxygenase in various tissues: liver (25% of
the specific activity in intestinal mucosa), brain (2.5% of intestinal activity),
and lungs (1% of intestinal activity), with some activity also in the kidneys.
The carotene 15,15'-dioxygenase gene is expressed in duodenal villi, the liver,
lungs, and kidney tubules (Wyss et al., 2001).

Central oxidative cleavage of g-carotene, as shown in Figure 2.3, gives rise
to two molecules of retinaldehyde, which can be reduced to retinol. However,
as noted previously, the biological activity of 8-carotene, on a molar basis, is
considerably lower than that of retinol, not two-fold higher as might be ex-
pected. Three factors may account for this: limited absorption of carotenoids
from the intestinal lumen, limited activity of carotene dioxygenase, and ex-
centric (asymmetric) cleavage.

2.2.2.2 Limited Activity of Carotene Dioxygenase The intestinal activity
of carotene dioxygenase is relatively low, so that in many species (including
human beings) a relatively large proportion of ingested g-carotene may ap-
pear in the circulation unchanged. In general, herbivores have higher activ-
ity of carotene dioxygenase than omnivores. In some carnivores, such as the
cat, there is virtually no carotene dioxygenase activity, and cats are unable to
meet their vitamin A requirements from carotene (Lakshmanan et al., 1972).
Species with high intestinal activity of carotene dioxygenase have white body
fat, whereas in species with lower activity, body fat has a yellow tinge. Although
the activity of carotene dioxygenase in most species is probably adequate to
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meet vitamin A requirements solely from dietary carotene, it is low enough to
ensure that even very high intakes of carotene will not result in the formation
of potentially toxic amounts of retinol (Section 2.5.1).

In animals fed a vitamin A-deficient diet, the activity of intestinal carotene
dioxygenase is significantly higher than in animals fed a high intake of carotene
or preformed retinol. Dietary protein also affects the intestinal conversion
of carotene to retinol, resulting in increased liver retinol stores in animals
fed a high-protein diet. In both human beings and experimental animals,
feeding a high-protein diet results in increased activity of intestinal mucosal
carotene dioxygenase. By contrast, protein deficiency in experimental animals
and protein-energy malnutrition in human beings lead to reduced cleavage of
carotene to vitamin A (van Vliet et al., 1996; Parvin and Sivakumar, 2000).

Other carotenoids in the diet, which are not substrates, such as canthaxan-
thin and zeaxanthin, may inhibit carotene dioxygenase and reduce the pro-
portion that is converted to retinol (Grolier et al., 1997). Similarly, a variety of
antioxidants that occur in foods together with carotenoids, including flavo-
noids (Section 14.7.2), also inhibit carotene dioxygenase.

A number of studies have reported low serum concentrations of retinol
and high concentrations of g-carotene in patients with insulin-dependent
diabetes mellitus. Krill and coworkers (1997) showed that up to one-third of
nondiabetic first-degree relatives of patients with diabetes also showed a low
serum retinol:carotene ratio, implying a genetic predisposition to low activity
of carotene dioxygenase, possibly associated with insulin-dependent diabetes.

2.2.2.3 The Reaction Specificity of Carotene Dioxygenase Whereasthe
principal site of carotene dioxygenase attack is the 15,15'-central bond of -
carotene, there is evidence that asymmetric cleavage also occurs, leading to
formation of 8'-, 10’-, and 12'-apo-carotenals, as shown in Figure 2.4. These
apo-carotenals are metabolized by oxidation to apo-carotenoic acids, which
are substrates for 8-oxidation to retinoic acid and a number of other metabo-
lites.

Early studies of the reaction specificity of carotene dioxygenase in intesti-
nal mucosal homogenates suggested that it catalyzed both central and asym-
metric cleavage (Wang et al., 1991, 1992), although there was evidence that
excentric cleavage was nonenzymic. Devery and Milborrow (1994) suggested
that there are two enzymes: a cytosolic dioxygenase that acts centrally and
a membrane-associated enzyme that catalyzes asymmetric cleavage. Using
intestinal homogenates and under conditions to minimize nonenzymic ac-
tion, there was a near stoichiometric yield of retinaldehyde from g-carotene
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Figure 2.4. Potential products arising from enzymic or nonenzymic symmetrical (a) or
asymmetric (b to d) oxidative cleavage of g-carotene. Apocarotenals can undergo side
chain oxidation to yield retinoic acid, but cannot form retinaldehyde or retinol.

(Nagao et al., 1996); later studies suggested that excentric cleavage did not oc-
cur in the presence of antioxidants, such as «-tocopherol (Yeum et al., 2000).
Genetic cloning of an enzyme that catalyzed specifically central cleavage sup-
ported the view that excentric cleavage was an artifact (Barua and Olson, 2000;
Redmond et al., 2001); however, there is also a mammalian enzyme that cat-
alyzes C9' to 10’ cleavage of B-carotene, yielding apo-10-carotenal and 8-
ionone, an enzyme that also catalyzes cleavage of lycopene (Kiefer et al., 2001).
There is some evidence that apocarotenoic acids arising from asymmetric
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cleavage have effects on cell proliferation independently of actions mediated
by RARs (Tibaduiza et al., 2002).

2.2.3 Plasma Retinol Binding Protein (RBP)

Retinol is released from the liver bound to an «-globulin, retinol binding pro-
tein (RBP); this serves to maintain the vitamin in aqueous solution, protects
it against oxidation, and also delivers the vitamin to target tissues. RBP binds
1 mol of retinol per mol of protein.

RBP forms a 1:1 complex with the tetrameric thyroxine-binding preal-
bumin, transthyretin. This isimportant to prevent urinaryloss of retinol bound
to the relatively small RBP (M, 21,000), which would be filtered by the glomer-
ulus; transthyretin has an M; of 54,000; hence, the complex will not normally
be filtered. However, moderate renal damage, or the increased permeability
of the glomerulus in infection, may result in considerable loss of vitamin A
bound to RBP-transthyretin.

The transthyretin tetramer could theoretically bind 2 mol of holo-RBP, but
does not, because holo-RBP is limiting. In vitamin A deficiency, the ratio of
RBP:transthyretin falls, indicating that although binding to transthyretin is es-
sential for secretion of holo-RBP from the liver, vitamin A is not essential for se-
cretion of transthyretin. Other tissues secrete holo-RBP, but not transthyretin;
it is assumed that this binds to transthyretin in the circulation.

In the liver, the apo-RBP-transthyretin complex is formed in the rough
endoplasmic reticulum and then migrates through the smooth endoplasmic
reticulum to the Golgi on binding retinol. Calnexin, an integral membrane
protein, coprecipitates with the apo-RBP-transthyretin complex, suggesting
that migration of the apo-protein into the Golgi is prevented by membrane
binding. Binding of retinol to the complex displaces calnexin, so that the holo-
RBP-transthyretin complex is now free to migrate to the Golgi for secretion
(Bellovino et al., 1996).

Metabolites of polychlorinated biphenyls bind to the thyroxine binding site
of transthyretin and, in doing so, impair the binding of RBP. As a result of this,
there is free RBP-bound retinol in plasma, which is filtered at the glomerulus
and hencelostin the urine. This may account for the vitamin A depleting action
of polychlorinated biphenyls (Brouwer and van den Berg, 1986).

RBP is relatively rich in aromatic amino acids, which create a deep hy-
drophobic pocket that is specific for the g-ionone ring, polyene side chain,
and polar end group. In addition to all-frans-retinol, RBP binds retinaldehyde,
retinoic acid, and 13-cis-retinol, but notretinyl esters or 8-carotene. RBP shows
considerable structural homology with g-lactoglobulin from milk and other
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binding proteins for lipophilic compounds. -Lactoglobulin also binds retinol
and may be important in the absorption of the vitamin in young animals.

Cell surface receptors in target tissues take up retinol from the RBP-
transthyretin complex, esterifying it externally, then transferring free retinol
by esterase activity onto an intracellular RBP. Part of the function of the re-
ceptor is to catalyze a conformational change in RBP so that the retinol held
in the hydrophobic pocket can be released. There is no endocytosis of the
RBP-transthyretin complex.

The cell surface receptors also remove the carboxy terminal arginine residue
from RBP, thus inactivating it by reducing its affinity for both transthyretin
and retinol. As a result, apo-RBP is filtered at the glomerulus. Some may be
lost in the urine, but most is resorbed in the proximal renal tubules and is
then catabolized by lysosomal hydrolases. This seems to be the main route for
catabolism of RBP; the apo-protein is not recycled (Peterson et al., 1974).

During the development of vitamin A deficiency in experimental animals,
the plasma concentration of RBP falls, while the liver content rises. The ad-
ministration of retinol to deficient animals results in a considerable release
of holo-RBP from the liver. This is a rapid effect on the release of preformed
apo-RBP in response to the availability of retinol, rather than an increase in
the synthesis of the protein. There is no evidence that retinol controls the syn-
thesis of RBP (Soprano et al., 1982). This provides the basis of the relative dose
response (RDR) test for liver stores of vitamin A (Section 2.4.1.3); administra-
tion of a test dose of retinol gives a considerably greater increase in plasma
retinol, bound to RBP, in deficient subjects than in those with adequate liver
reserves, because of the accumulation of apo-RBP in the liver.

As well as protecting retinol against oxidation, the binding of retinol to RBP
may also serve to protect the body against the general membrane-seeking and
potentially membrane lytic effects of retinol. In tissue culture, the addition
of retinol nonspecifically bound to albumin results in lysosomal membrane
damage and the release of lysosomal hydrolases. Retinol bound to RBP does
not have this effect, suggesting that the high affinity of RBP for retinol protects
tissues against nonspecific uptake of the vitamin. Vitamin A toxicity occurs
when there is such an excess that RBP is saturated and retinol circulates bound
to other proteins and as esters in plasma lipoproteins (Meeks et al., 1981).

Protein-energy malnutrition results in functional vitamin A deficiency, with
very low circulating levels of the vitamin and development of clinical signs of
xerophthalmia (Section 2.4). The condition is unresponsive to the administra-
tion of vitamin A and often occurs despite adequate liver reserves of retinol.
The problem is one of impaired synthesis of RBP in the liver and hence a
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seriously impaired ability to release retinol from liver stores. During rehabil-
itation of protein-energy malnourished children, there is a rapid increase in
plasma retinol as a result of increased synthesis of RBP. Deficiency of zinc also
impairs synthesis of RBP.

2.2.4 Cellular Retinoid Binding Proteins: CRBPs and CRABPs
There are five intracellular retinoid binding proteins that show considerable
sequence homology not only with each other, but also with a variety of other
intracellular binding proteins for hydrophobic metabolites, including the in-
tracellular fatty acid binding protein (Li and Norris, 1996; Noy, 2000; Vogel
et al., 2001).

The two cellular retinol binding proteins bind all-trans- and 13-cis-retinol,
but not 9-cis- or 11-cis-retinol, or retinoic acid. They also bind retinaldehyde,
although there is a distinct retinaldehyde binding protein in the eye:

1. CRBP(I) occurs in almost all tissues, apart from skeletal and cardiac
muscle; it is especially abundant in tissues that contain large amounts
of retinol.

2. CRBP(I) occurs only in the small intestinal mucosal cells.

3. CRBP(II) occurs in skeletal and cardiac muscle.

There are two cellular retinoic acid binding proteins:

1. CRABP(I) is widely distributed.
2. CRABP(Il) occurs primarily in the skin, uterus, ovary, choroid plexus,
and in fetal cells.

All five proteins have a high affinity and are present in excess of their li-
gands, with CRBP 1.4-fold higher than intracellular retinol, and CRABP 20-
fold higher than intracellular retinoic acid. This means that, under normal
conditions, essentially all of the intracellular retinoids will be protein-bound.

The intracellular retinoid binding proteins function as a passive reservoir
ofretinoids, permitting accumulation within the cell while both protecting the
ligands against oxidative damage and also protecting cells against the mem-
brane lytic effects of retinoids.

They are also important in intracellular trafficking and transport of reti-
noids. CRBP(II) interacts directly with the enterocyte membrane retinol trans-
porter, and CRBP(I) with the cell surface RBP receptor, thus permitting direct
uptake and accumulation of retinol from the intestinal lumen and circulation
respectively. CRBP(]) is present in large amounts in cells that synthesize and
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secrete RBP, suggesting thatitalso functions to transportretinol into the lumen
of the endoplasmic reticulum and present it to apo-RBP.

CRABP(I) and CRABP(II) function to transport retinoic acid into the nucleus
for binding to retinoid receptors. CRABP(II), with retinoic acid bound, also
interacts directly with the liganded RAR-RXR heterodimer bound to hormone
response elements on DNA and enhances the activity of the nuclear receptor
(Section 2.3.2.1; Delva et al., 1999).

Both CRBP and CRABP are also important in regulating the metabolism of
retinoids:

1. Inthe enterocyte, CRBP(II) regulates

(a) reduction to retinol of the retinaldehyde formed by carotene dioxy-
genase;
(b) esterification of retinol by LRAT.

2. In the liver and other tissues, CRBP(I) regulates

(a) esterification of retinol and hydrolysis of retinyl esters;
(b) oxidation of retinol to retinaldehyde; and
(c) oxidation of retinaldehyde to retinoic acid.

3. CRABP is required for the microsomal oxidation of retinoic acid to more
polar compounds.

In each case, the binding protein is required for binding of the substrate to
the enzyme, and protein binding protects retinol from other enzymes that can
act on free, but not protein-bound, substrate. It is likely that this requirement
to interact with not only the ligand, but also the catalytic sites of enzymes,
explains the very high degree of conservation of the cellular retinoid binding
proteins across species (Napoli et al., 1995; Boerman and Napoli, 1996). After
relatively large amounts of retinol, there is significant formation of (potentially
teratogenic) all-trans-retinoic acid as aresult of nonspecific (and hence unreg-
ulated) oxidation in enterocytes of excess retinol that is not bound to CRBP(II)
(Arnhold et al., 2002).

In most tissues, apo-CRBP does not bind to enzymes; only the holo-CRBP
binds. However, in the liver, apo-CRBP(I) does bind to LRAT and acts to reduce
the rate of esterification of retinol when there is a significant excess of apo-
CRBP. This serves to reduce the esterification of retinol for storage at times of
low retinol availability and will presumable direct retinol into the endoplasmic
reticulum for binding to apo-RBP for export. Apo-CRBP(II) in the intestinal
mucosa does not bind to LRAT.

Apo-CRBP(I) stimulates the hydrolysis of retinyl esters, thus releasing
retinol from stores for transfer to RBP. This means that the esterification and
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hydrolysis of retinyl esters is regulated to a considerable extent by the ratio of
apo-CRBP:holo-CRBP.

2.3 METABOLIC FUNCTIONS OF VITAMIN A
Vitamin A has four metabolic roles:

1. as the prosthetic group of the visual pigments;

2. as anuclear modulator of gene expression;

3. as a carrier of mannosyl units in the synthesis of hydrophobic glyco-
proteins; and

4. in the retinoylation of proteins.

Ahmed and coworkers (1990) suggested that the development of clinical signs
of vitamin A deficiency may require the additional stress of infection. They
showed that vitamin A-depleted mice were more sensitive to rotavirus infec-
tion, and the infected animals showed clinical signs of vitamin A deficiency,
whereas uninfected animals that had stopped growing as a result of vitamin A
depletion did not. The increased susceptibility to infection was associated with
reduced differentiation and formation of a specific subpopulation of intesti-
nal, mucus-secreting goblet cells in the crypts of Leberkiihn, suggesting the
importance of retinol in mannosyltransfer reactions in mucopolysaccharide
synthesis (Section 2.3.3).

2.3.1 Retinol and Retinaldehyde in the Visual Cycle

Binding of retinaldehyde to the protein opsin in the rods, and related proteins
in the cones, of the retina gives a highly sensitive signal transduction and
amplification system, such that a single photon results in a measurable change
in the current across the outer section membrane, and hence the propagation
ofanerveimpulse. In the outer segment of rod cells, opsin may constitute more
than 90% of the total protein; it is present at a concentration of approximately
3 mmol per L.

Photoexcited rhodopsin activates transducin, a G-protein, which in turn
stimulates cyclic GMP phosphodiesterase; this leads to closing of an ion chan-
nel, hyperpolarization of the membrane, and a decreased rate of neurotrans-
mitter release (Wald, 1968; Stryer, 1986; Chabré and Deterre, 1989).

The pigment epithelium of the retina receives all-trans-retinol from plasma
RBP. It is then isomerized to 11-cis-retinol, which may either be stored as
11-cis-retinyl esters or oxidized to 11-cis-retinaldehyde, which is transported
to the photoreceptor cells bound to an interphotoreceptor retinoid binding
protein.
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As shown in Figure 2.5, within the rods and cones of the retina, 11-cis-
retinaldehyde forms a protonated Schiff base to the ¢-amino group of lys-

ine?% in opsin, forming the holo-protein rhodopsin. Lysine?®

is within the
membrane, in one of the transmembrane helical regions of the protein. Opsins
are cell type-specific. They serve to shift the absorption of 11-cis-retinaldehyde
from ultraviolet (UV) lightinto what we call, in consequence, the visible range—
either a relatively broad spectrum of sensitivity for vision in dim light (in the
rods, with an absorbance peak at 500 nm) or more defined spectral peaks
for differentiation of colors in stronger light (in the cones). The absorption
maxima are at 425 (blue), 530 (green), or 560 nm (red), depending on the cell
type.

Any one cone cell contains only one type of opsin and is sensitive to only
one color of light. Color blindness results from loss or mutation of one or the
other of the cone opsins. The combination of 11-cis-retinaldehyde with cone
opsinis sometimes called iodopsin, with rhodopsin meaning more specifically
the holo-protein of rod opsin. Most studies of the mechanisms of vision shown
in Figure 2.5 have been performed using rods; by extrapolation, it is assumed
that the same mechanisms are involved in cone vision.

Opsin canbe considered to be aretinaldehyde receptor protein, functioning
in the same way as cell surface receptor G-proteins (Sakmar, 1998). Like recep-
tor proteins, opsin is a transmembrane protein with seven «-helical regions in
the transmembrane domain; the difference is that opsin spans the intracellular
disk membrane of the rod or cone cell, whereas hormone and neurotransmit-
ter receptors span the plasma membrane of the cell. The response time of
rhodopsin is considerably faster than that of cell surface receptor proteins.

The absorption of light by rhodopsin results in a change in the configura-
tion of the retinaldehyde from the 11-cis to the all-trans isomer, together with
a conformational change in opsin. This results in both the release of retinalde-
hyde from the Schiff base and the initiation of a nerve impulse. The overall
process is known as bleaching, because it results in the loss of the color of
rhodopsin.

The formation of the initial excited form of rhodopsin - bathorhodopsin —
depends on the isomerization of 11-cis-retinaldehyde to a strained form of
all-trans-retinaldehyde. This occurs within picoseconds of illumination and is
the only light-dependent step in the visual cycle. Thereafter, there is a series
of conformational changes leading to the formation of metarhodopsin II. In
metarhodopsin I, the Schiff base is unprotonated, and the retinaldehyde is in
the unstrained all-trans configuration.
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The conversion of metarhodopsin II to metarhodopsin I is relatively slow,
with a time course of minutes. It is the result of phosphorylation of serine
residues in the protein catalyzed by rhodopsin kinase. The final step is hydrol-
ysis to release all-trans-retinaldehyde and opsin.

Under conditions of low light intensity, the all-trans-retinaldehyde re-
leased from rhodopsin is reduced to all-trans-retinol, which is then trans-
ported to the retinal pigment epithelium bound to the interphotoreceptor
RBP. This protein also binds fatty acids, including palmitate and docosa-
hexaenoic acid (C22:6 w3), which is known to be essential for vision
and which comprises some 50% of the phospholipid of photoreceptor
cells.

In the retinal pigment epithelium, palmitate is bound to the fatty acid bind-
ing site of the interphotoreceptor RBP, and the retinoid binding site has a high
affinity for 11-cis-retinaldehyde, which is to be transported to the photorecep-
tor cells. In the photoreceptor cells, the palmitate is displaced by docosahex-
aenoic acid, which causes a conformational change in the protein, so that it
no longer binds 11-cis-retinaldehyde, which is delivered to the photoreceptor
cells and binds all-trans-retinol for transport back to the pigment epithelium.
Here, the docosahexaenoic acid is displaced by palmitate, and the affinity of
the protein for 11-cis-retinaldehyde is restored (Palczewski and Saari, 1997;
Tschanz and Noy, 1997).

Under conditions of high light intensity, all-trans-retinaldehyde binds to
the retinal G-protein—coupled receptor (RGR), which catalyzes photoisomer-
ization to 11-cis-retinaldehyde — the reverse of the photoisomerization cat-
alyzed by rhodopsin. Retinaldehyde dehydrogenase binds to the RGR and re-
duces the 11-cis-retinaldehyde to 11-cis-retinol, which then enters the pool
available to undergo oxidation to the aldehyde and reform rhodopsin. Knock-
out mice lacking RGR have impaired responses to light under conditions of
continuous intense illumination, but normal responses under conditions of
low-light intensity when all-trans-retinaldehyde is reduced to all-trans-retinol
and transported by the interphotoreceptor retinoid binding protein (Hao and
Fong, 1999; Chen et al., 2001).

Metarhodopsin II is the excited form of rhodopsin that initiates the gua-
nine nucleotide amplification cascade that causes nerve stimulation. The fi-
nal event is a hyperpolarization of the outer section membrane of the rod
or cone caused by the closure of sodium and calcium channels through the
membrane - excitation of a single molecule of rhodopsin, the action of a single
photon, causes a drop of 1 pA in the normal dark current across this membrane
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in rods. In cones, the response to a single photon is only 1% to 10% of that in
the rods.

In the dark, the sodium channels are kept open, and there is a dark current
because they bind GMP. They are closed by the loss of this bound GMP as
it is hydrolyzed to 5-GMP by phosphodiesterase. The phosphodiesterase is
activated by the guanine nucleotide binding protein (G-protein) transducin.

Transducin, inits inactive form in the dark, hasbound GDP; interaction with
metarhodopsin Il causes it to release this GDP and bind GTP. Transducin-GTP
has a low affinity for metarhodopsin II, which is therefore free to interact with
another molecule of transducin-GDP. Thus, for as long as metarhodopsin II
remains in its active state (i.e., until it has been fully phosphorylated and con-
verted to metarhodopsin III, which does not interact with transducin-GDP), it
will continue to activate transducin molecules.

Metarhodopsin II activates transducin, leading to an exchange of bound
GDP for GTP; several hundred molecules of transducin are activated by a single
molecule of metarhodopsin II within a fraction of a second. Transducin-GTP
binds to, and activates, GMP phosphodiesterase, lowering the intracellular
concentration of cGMP. As cGMP falls, a cation channel in the membrane
closes, thus interrupting the steady inward current of sodium and calcium
ions. This leads to hyperpolarization of the membrane and reduced secretion
of neurotransmitter (Baylor, 1996).

Like other G-proteins, transducin has innate GTPase activity, and over a
time course of seconds or less is autocatalytically converted to transducin-
GDP, which does not interact with phosphodiesterase. This restores the nor-
mal inhibition of phosphodiesterase, permitting cGMP concentrations to rise
again, reopening the sodium channels and restoring the dark current.

Metarhodopsin Il is inactivated by phosphorylation of three serine residues
at the carboxyl terminal of the protein, catalyzed by rhodopsin kinase. In trans-
genic mice with carboxyl terminal-truncated rhodopsin, lacking the phospho-
rylation sites, there is a prolonged response to a single photon. Rhodopsin ki-
nase is activated by its substrate, metarhodopsin II, and is inhibited by calcium
bound to the protein recoverin, which thus prolongs the photoresponse.

Phosphorylation is a necessary, but not sufficient, condition for quenching
metarhodopsin II; it also has to bind the protein arrestin before it loses the
bound retinaldehyde and is converted to metarhodopsin III. Then, it is de-
phosphorylated by protein phosphatase 2A and a calcium-activated protein
phosphatase. It is this dephosphorylation of metarhodopsin III that is corre-
lated with dark adaptation and regeneration of active rhodopsin by binding to
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11-cis-retinaldehyde (Palczewski and Saari, 1997; Hurley et al., 1998; Kennedy
etal., 2001).

The rate-limiting step in initiation of the visual cycle is the regeneration of
11-cis-retinaldehyde. In vitamin A deficiency, when there is little 11-cis-retinyl
ester in the pigment epithelium, both the time taken to adapt to darkness and
the ability to see in poor light will be impaired.

2.3.2 Genomic Actions of Retinoic Acid

Apart from the effects on vision, most of the effects of vitamin A deficiency
(Section 2.4) involve derangements of cell proliferation and differentiation
(squamous metaplasia and keratinization of epithelia), dedifferentiation, and
loss of ciliated epithelia. Retinoic acid has both a general role in growth and
a specific morphogenic role in development and tissue differentiation. These
functions are the result of genomic actions, modulating gene expression by
activation of nuclear receptors. Both deficiency and excess of retinoic acid
cause severe developmental abnormalities.

Retinoic acid has a specific morphogenic role in limb development. There
is a small concentration gradient of retinoic acid across the developing limb
bud and a gradient of retinoic acid binding protein in the opposite direction,
suggesting that the resultant relatively steep gradient of free retinoic acid may
be the important factor determining the pattern of development (Thaller and
Eichele, 1987, 1990). It may also be important in the development of the central
nervous system. CRABP has a strictly delimited anatomical localization in the
developing mouse brain and is only expressed transiently, between days 11 to
14 of gestation (Momoi et al., 1990).

At pharmacological levels, retinoic acid enhances the expression of uncou-
pling protein 1 (thermogenin) in brown adipose tissue and decreases the ex-
pression of leptin in white adipose tissue, suggesting that it may have an effect
on energy homeostasis, but it is not known whether or not the effects are rele-
vant at physiological levels (Kumar et al., 1999; Villarroya et al., 1999). Retinoic
acid also induces synthesis of glucokinase in pancreatic g-islet cells. Increased
metabolism of glucose as aresult of glucokinase activity is responsible for initi-
atinginsulin secretion in response to arise in blood glucose concentration, and
retinoic acid increases the secretion of insulin by pancreatic islets in culture
(Cabrera-Valladares et al., 1999).

Retinoic acid may either enter the target cell from the circulation or may
be formed intracellularly by oxidation of retinol. A number of tissues — but
not muscle, kidneys, small intestines, liver, lungs, or spleen — have a cellular
retinoic acid binding protein (CRABP) that is distinct from CRBP. Testis and
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uterus contain CRBP and CRABP; both retinol and retinoic acid are essential in
the functions of these organs. Although retinoic acid will support testosterone
synthesis, it will not support spermatogenesis, nor will it support placental
development in vitamin A-deficient animals (Appling and Chytil, 1981). Sim-
ilarly, retinol and retinoic acid have different actions on bone cells in culture,
suggesting that both have functions in normal bone development, in addition
to antagonizing the actions of vitamin D when retinoic acid is present in ex-
cess. Retinol inhibits collagen synthesis, whereas retinoic acid stimulates the
synthesis of noncollagen bone proteins (Dickson et al., 1989).

The role of these intracellular binding proteins seems to be to transport
retinoic acid into the nucleus. Unlike receptor proteins, which bind theirligand
in the nucleus and then interact with regulatory elements on DNA, the CRBPs
do not enter the nucleus or interact with DNA and nucleoproteins.

2.3.2.1 Retinoid Receptors and Response Elements There are two fami-
lies of nuclear retinoid receptors: the retinoic acid receptors (RARs), which bind
all-trans-retinoic acid and the retinoid X receptors (RXRs), so-called because
their physiological ligand was unknown when they were first discovered. It is
now known to be 9-cis-retinoic acid, which also binds to and activates RARs. As
well as being the activating ligand for RXR, 9-cis-retinoic acid also increases the
rate of catabolism of its receptor, which may be important in the regulation of
the various hormonal responses that require formation of RXR heterodimers
(Figure 2.6).

14-Hydroxyretroretinol, 4-oxoretinol, and anhydroretinol, as well as possi-
bly other retinoids, also bind to and activate the RAR family of receptors at
physiological concentrations, but do not bind to the RXR family. 4-Oxoretinol
is formed from all-trans-retinol in differentiating cells; 10% to 15% of intra-
cellular retinol may be oxidized to 4-oxoretinol during an 18-hour period,
whereas there is no formation of all-frans-retinoic acid or 9-cis-retinoic acid.
4-Oxoretinol induces differentiation of cells in culture (Achkar et al., 1996). In
the developing Xenopus embryo, 4-oxoretinaldehyde is the major retinoid,
acting as a precursor of both 4-oxoretinol and 4-oxoretinoic acid, both of
which activate the RAR (Blumberg et al., 1996). This developmental role of
4-oxoretinoids may explain the observation that pregnant vitamin A-deficient
rats resorb the fetuses around day 15 of gestation if they are provided with
retinoic acid, but not if they are provided with retinol (Wellik and DeLuca,
1995). 14-Hydroxyretroretinol and 13,14-dihydroxyretroretinol act as growth
promoters for retinol-deficient cells in culture, but do not induce differentia-
tion; by contrast, anhydroretinol has growth-inhibiting activity.
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Figure 2.6. Interactions of all-trans- and 9-cis-retinoic acids (and other active retinoids)
with retinoid receptors. COUP, chicken ovalbumin upstream promoter.

The two families of receptors differ from each other considerably, and RARs
show greater sequence homology with thyroid hormone receptors than with
RXRs. RARs act only as heterodimers with RXRs; homodimers of RARs have
poor affinity for retinoid response elements on DNA. The liganded CRABP(II)
enhances the binding of the RAR-RXR heterodimer to response elements on
DNA and amplifies the effect of the receptor dimer (Delva et al., 1999).

RXR forms active homodimers and also form heterodimers with the cal-
citriol (vitamin D) receptor (Section 3.3.1), the thyroid hormone receptor,
the peroxisome proliferation-activated receptor (PPAR, whose physiological
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ligand is a long-chain polyunsaturated fatty acid or an eicosanoid deriva-
tive), and the chicken ovalbumin upstream promoter (COUP) receptor — an
orphan receptor whose physiological ligand is unknown (Mangelsdorf and
Evans, 1995; Glass, 1996; Glass et al., 1997). Formation of RXR heterodimers
seems to be required for DNA binding of calcitriol, thyroid hormone, and PPAR
receptors. Interestingly, there is no requirement for a ligand bound to the RXR
for this to occur. An unliganded RXR can form active heterodimers (Wendling
etal., 1999).

In the presence of all-trans- or 9-cis-retinoic acid, the receptor heterodimers
are transcriptional activators. However, the heterodimers will also bind to DNA
in the absence of retinoic acid, in which case they act as repressors of gene
expression (Fujita and Mitsuhashi, 1999).

There are three isoforms of each receptor type: RAR«, RARS, RARy, RXRq,
RXRB, and RXRy. They are encoded by different genes, with different tissue-
specific expression, and different expression at different times during develop-
ment. There is a greater conservation of amino acid sequence between species
for any one type of retinoid receptor than between the different receptor types
in the same species, suggesting that the receptor types evolved separately a
considerable time ago. In addition, there are two different subforms of each
(RARa, RARy, RXA«a, RXRB, and RXRy) and four subforms of RARB. These arise
by differential splicing of the RNA transcript (Rowe and Brickell, 1993).

RAR« and RXRB have widespread distribution in tissues; RARS and RARy
are expressed to different extents in different tissues during development.
RAR« and RXRy have tissue-specific distribution.

Studies with knockout mutant mice lacking one or another of the retinoid
receptors suggest that there is some degree of redundancy or overlap between
thereceptor subtypes, and that RARy is especiallyimportant in the teratogenic
actions of retinoids (Section 2.5.1.1; Mark et al., 1999; Maden, 2000):

* RAR«® mice show no congenital abnormalities, but have a high postna-
tal mortality.

¢ RARpB’ mice show no detectable effects.

* RARy? mice have widespread congenital abnormalities, as seen in severe
vitamin A deficiency.

* RARa® mice show the same teratogenic effects of retinoic acid excess as
wild-type mice.

* RARB® mice show the same teratogenic effects of retinoic acid excess as
wild-type mice.

* RARy? mice show some, but not all, of the teratogenic effects of retinoic
acid excess.
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* RXRa’ mice show abnormalities of the eye and heart.
* RXRA° mice are morphologically normal, but the males are sterile.

The multiplicity of possible combinations of homodimers and heterodi-
mers of RAR and RXR subtypes, and the various possible RXR heterodimers
with other receptors, permits a wide variety of active retinoid receptor com-
plexes that bind to different response elements on DNA. Unlike most hormone
response elements on DNA, which are palindromic and bind a symmetrical
receptor homodimer, the most common type of retinoid response element
is a direct repeat: purine-G-(G or T)-T-C-A-(X,)-purine-G-(G or T)-T-C-A, in
which the spacer (X,,) is commonly 5 base pairs, but may be 1 or 2. There are
also more complex retinoid response elements, including palindromic and in-
verted palindromic repeats, as well as hexameric motifs with variable spacing.
This means that a wide variety of different genes may be regulated differently
in response to retinoids.

2.3.3 Nongenomic Actions of Retinoids

In addition to its genomic functions, retinoic acid also has a number of non-
genomic functions. It enhances the stability of keratin mRNA, leading to in-
creased synthesis of this protein (Crowe, 1993). Retinoic acid acts also as an
effector in response to transmembrane signaling by retinoylation of target
proteins.

In the synthesis of most glycoproteins containing mannose, the intermedi-
ate carrier of the mannosyl moiety is the polyene dolichol phosphate. However,
in some systems, retinyl phosphate can act as the intermediate carrier between
UDP-mannose and the acceptor glycoprotein. Retinyl phosphate mannose
seems to be involved especially in the synthesis of hydrophobic regions of
glycoproteins (DeLuca, 1977; Frot-Coutaz et al., 1985).

2.3.3.1 Retinoylation of Proteins Studies with knockout mice, lacking nu-
clear retinoid receptors, suggest that retinoic acid has physiological functions
unrelated to its genomic actions. Label from [*H]retinoic acid is incorporated
into cells in culture in a form that is not extractable by organic solvents, sug-
gesting that thereis covalentbinding of retinoic acid to proteins —retinoylation.

There are two main routes involved in the retinoylation of proteins:

1. Formation of retinoyl CoA, followed by formation of an ester with the
hydroxyl group of tyrosine, threonine or serine, or a thio-ester with the
sulfhydryl group of cysteine (Figure 2.7). The source of retinoic acid for
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Figure 2.7. Retinoylation of proteins by retinoyl CoA.

this reaction may be retinoyl glucuronide (Section 2.2.1.3) rather than
free retinoic acid.

2. Cytochrome P,s50-catalyzed 4-hydroxylation, followed by formation of
an ether bond to the hydroxyl group of tyrosine, threonine or serine, or
a thio-ether bond to the sulthydryl group of cysteine (Figure 2.8).

Both in cells in culture and in vivo, the major targets for retinoylation are the
regulatory subunits of cAMP-dependent protein kinases, suggesting a role for
retinoic acid in modulation of the actions of cell surface acting hormones
and neurotransmitters (Myhre et al., 1996). In a variety of cell types, cAMP-
dependent protein kinase activity increases after exposure to retinoic acid. In
anumber of experimental situations, retinoic acid and cAMP act synergistically
in cell differentiation. Takahashi et al. (1997) reported that 40 different proteins
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Figure 2.8. Retinoylation of proteins by 4-hydroxyretinoic acid.

are retinoylated in cells in culture, whereas cells in which the ras oncogene has
been activated and that are insensitive to growth inhibition by retinoic acid,
only 15 proteins are retinoylated (Takahashi et al., 1997).

2.3.3.2 Retinoids in Transmembrane Signaling Neutrophils treated with
physiological concentrations of all-trans-retinoic acid show a dose-dependent
increase in synthesis of superoxide. Inhibitor studies suggest that retinoic acid
acts via an inositol trisphosphate cascade rather than calcium and protein ki-
nase C (Koga et al., 1997). There is also evidence that all-trans-retinoic acid
leads to increased formation of cADP-ribose and nicotinic acid adenine din-
ucleotide phosphate as second messengers (Section 8.4.4; Dousa et al., 1996;
Mehta and Cheema, 1999).

Some of the retroretinoids also have cell signaling functions at a cell
surface or a cytoplasmic receptor. 14-Hydroxyretroretinol is required for
lymphocyte proliferation, whereas anhydroretinol is a growth inhibitor; the
two compounds act antagonistically. Treatment of T lymphocytes with an-
hydroretinol in the absence of 14-hydroxyretroretinol leads to rapid cell death,
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with widespread morphological changes but little or no nuclear abnormal-
ity. This suggests a cytoplasmic mechanism of apoptosis (O’Connell et al.,
1996).

There is also evidence that retinoic acid directly modulates transmission
at electrical synapses of retinal cells. This is independent of G-proteins and
second messengers, and involves a nonnuclear RAR-like binding site associ-
ated with ion channels (Zhang and McMahon, 2000).

2.4 VITAMIN A DEFICIENCY (XEROPHTHALMIA)

Vitamin A-deficient experimental animals fail to grow; adults are blind and
sterile, with testicular degeneration in males and keratinization of the uterine
epithelium in females. Although deficient female animals will conceive, and
the fetuses will implant, formation of the placenta is impaired and the fetuses
are resorbed. Epithelia in general are hyperplastic and keratinized, and there
is impaired cellular immunity with increased susceptibility to infection. Both
retinol and retinoic acid are required for gestation in the rat; in deficient ani-
mals, retinoic acid alone will not prevent fetal resorption after about day 10 of
gestation (Wellik and DeLuca, 1995; Wellik et al., 1997).

Vitamin A deficiency is a major problem of children under five in develop-
ing countries, being the single most common preventable cause of blindness.
Table 2.1 shows the prevalence of vitamin A deficiency in different regions of
the world. The increased susceptibility to infection and impairment of im-
mune responses in vitamin A deficiency causes significant childhood mortal-
ity. A number of trials of vitamin A supplementation in areas of endemic defi-
ciency show a 20% to 35% reduction in child mortality.

Table 2.1 Prevalence of Vitamin A Deficiency among Children under Five
Subclinical Deficiency Clinical Deficiency

WHO Region Millions % Prevalance Millions % Prevalance

Africa 49 45.8 1.08 1.0

Americas 17 21.5 0.06 0.1

Southeast Asia 125 70.2 1.3 0.7

Europe — — — —

Eastern Mediterranean 23 31.5 0.16 0.3

Western Pacific 42 30.0 0.1 0.1

Total 256 40.3 2.7 0.1

WHO, World Health Organization.
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Functional vitamin A deficiency may occur despite adequate liver reserves
of retinol, as a result of impaired synthesis of RBP in protein-energy malnu-
trition, and possibly also in zinc deficiency (Smith et al., 1973; Solomons and
Russell, 1980; Rahman et al., 2002).

A mild infection, such as measles, commonly triggers the development of
xerophthalmia in children whose vitamin A status is marginal. In addition to
functional deficiency as a result of impaired synthesis of RBP (Section 2.2.3)
and transthyretin in response to infection, there may be a considerable uri-
nary loss of vitamin A because of increased renal epithelial permeability and
proteinuria, permitting loss of retinol bound to RBP-transthyretin. The Amer-
ican Academy of Pediatrics Committee on Infectious Diseases (1993) recom-
mended vitamin A supplements for all children who have been hospitalized
with measles.

In adults, excessive alcohol consumption reduces liver reserves of vita-
min A, both as a result of alcoholic liver damage and also by induction of
cytochrome P50 enzymes that catalyze the oxidation of retinol to retinoic acid
(as also occurs with chronic use of barbiturates). However, chronic consump-
tion of alcohol can also potentiate the toxicity of retinol (Section 2.5.1).

Even marginal vitamin A status leads to significantly impaired resistance
to infection, and deficient children are significantly more prone to infection.
A number of studies show beneficial effects of vitamin A supplementation,
and adverse effects of marginal status in measles, diarrheal and respiratory
diseases, malaria, human immunodeficiency virus (HIV) infection, and tuber-
culosis (Semba, 1999; Semba and Tang, 1999). The vitamin has multiple effects
on the immune system, including modulating the expression of cytokines, and
the differentiation, function, and apoptosis of macrophages, T and B lympho-
cytes, neutrophils, and other cells.

Mild deficiency results in impaired dark adaptation; as the deficiency pro-
gresses, there is inability to see in the dark (night blindness). As discussed in
Section 2.3.1, the recycling of retinaldehyde to reform rhodopsin is the rate-
limiting step in the visual cycle. If reserves of retinaldehyde in the pigment
epithelium are inadequate, then there will be slow dark adaptation and im-
paired vision in poor light. More prolonged and severe deficiency leads to
conjunctival xerosis — squamous metaplasia and keratinization of the epithe-
lial cells of the conjunctiva with loss of goblet cells in the conjunctival mucosa,
leading to dryness, wrinkling, and thickening of the cornea (xerophthalmia).
Asthe deficiency progresses, there is keratinization of the cornea. At this stage,
the condition is still reversible, although there may be residual scarring of the
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Table 2.2 WHO Classification of Xerophthalmia

Prevalence among
Preschool Children to
Indicate Significant

Classification Code  Clinical Description Public Health Problems
XN Night blindness >1%

X1A Conjunctival xerosis —

X1B Bitot’s spots >0.5%

X2 Corneal xerosis

X3A Corneal ulceration/keratomalacia  >0.01%

involving less than one-third of
the corneal surface
X3B Corneal ulceration/keratomalacia  >0.01%
involving more than one-third
of the corneal surface

XS Corneal scar >0.05%
XF Xerophthalmic fundus
Biochemical Plasma retinol <0.35 umol/L >5%

cornea. In advanced xerosis, yellow-gray foamy patches of keratinized cells
and bacteria (Bitot’s spots) may accumulate on the surface of the conjunc-
tiva. The next stage is ulceration of the cornea from increased proteolytic ac-
tion, thus causing irreversible blindness (Pirie et al., 1975). Table 2.2 shows
the World Health Organization classification of xerophthalmia.

As well as the conjunctiva, other epithelia are affected by moderate or mild
vitamin A deficiency, with increased intestinal permeability to disaccharides,
later a reduction in the number of goblet cells per villus, and then a reduction
in mucus secretion (McCullough et al., 1999). There is also atrophy of the res-
piratory epithelium, again with loss of goblet cells, followed by keratinization,
resulting in increased susceptibility to infection. These changes in intestinal
and respiratory epithelium develop earlier than the more readily observed
diagnostic changes in the eye.

In adults maintained on vitamin A-deficient diets for a period of months,
there are a number of early signs, apparent before the impairment of dark ad-
aptation: impairment of the senses of taste, smell, and balance and distortion
of color vision, with impaired sensitivity to green light. With the exception of
the effects on color vision, these can all be attributed to dedifferentiation of
ciliated epithelia (Sauberlich et al., 1974; Hodges et al., 1978).

Early studies showed impaired gluconeogenesis and low hepatic stores of
glycogen in vitamin A-deficient animals. Synthesis of one of the key regulatory




64 Vitamin A: Retinoids and Carotenoids

enzymes of glycolysis, the GTP-dependent isoenzyme of phosphoenolpyru-
vate carboxykinase, is regulated by all-trans-retinoic acid. Both gene expres-
sion and gluconeogenesis fall in vitamin A deficiency (Shin and McGrane,
1997).

2.4.1 Assessment of Vitamin A Nutritional Status
An early sign of vitamin A deficiency is impaired dark adaptation — an increase
in the time taken to adapt to seeing in dim light. The apparatus required is not
suitable for use in field studies, or for use with children (the group most at risk
from deficiency), and the dark adaptation test is largely of historical interest.
Balance, color vision, and the senses of taste and smell are also affected in early
deficiency, but none of these provides a sensitive or specific test of status.
Liver reserves of vitamin A can be estimated by isotope dilution after a test
dose of isotopically labeled retinol, but this is not a suitable technique for
assessment of status in population studies.
Assessment of vitamin A nutritional status depends on the biochemical
criteria shown in Table 2.3.

2.4.1.1 Plasma Concentrations of Retinol and pB-Carotene Because RBP
isreleased from the liver only as the holo-protein and apo-RBP is cleared from
the circulation rapidly after tissue uptake of retinol (Section 2.2.3), the fasting
plasma concentration of retinol remains constant over a wide range of intakes.
It is only when liver reserves are nearly depleted that it falls significantly, and
it only rises significantly at the onset of toxic signs. Therefore, although in-
sensitive to changes within the normal range, measurement of plasma retinol
provides a convenient means of detecting people whose intake of vitamin A is
inadequate to permit normal liver reserves to be maintained.

Interpretation of plasma concentrations of retinol is confounded by the fact
that both RBP and transthyretin are negative acute phase proteins, and their
synthesis falls, and hence the plasma concentration of retinol fall, in response
to infection. Similarly, both protein-energy malnutrition and zinc deficiency
result in a low plasma concentration, despite possibly adequate liver reserves
as a result of impaired synthesis of RBP.

Caroteneinplasmaismainlyinlipoproteins; thus, as with vitamin E (Section
4.5), measurements of plasma concentrations of carotene should be related
to either cholesterol or total plasma lipids. Only 10% to 20% of total plasma
carotenoidsis B-carotene, with a very wide range of individual variation. There
are no reliable determinations of 8-carotene or total provitamin A carotenoids
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Table 2.3 Biochemical Indices of Vitamin A Status
Liver Retinyl Esters (as Retinol)  nmol/kg mg/kg
Adequate >70 >20
Marginal 35-70 10-20
Poor 17.5-35 5-10
Deficient <17.5 <5
Plasma Retinol prmol/L pg/L
Elevated >1.75 >500
Normal 0.7-1.75 200-500
Unsatisfactory 0.35-0.7 100-200
Liver stores depleted/deficient <0.35 <100
Plasma Total Carotenoids? pmol/L ng/L
Adult reference range 0.4-4.0 240-2,200
Acceptable >0.75 >400
Hypercarotinemia >5.6 >3,000
Plasma Retinoic Acid nmol/L ng/l
Adults 10-13 3-4
Plasma Retinol Binding Protein pmol/L pg/L
Adults 1.9-4.28 40-90
Preschool children 1.19-1.67 25-35
Relative Dose Response

Normal <20%

Marginal deficiency >20%
Modified Dose Response Dehydroretinol/retinol

Normal <0.03

Marginal deficiency >0.03
@ B-Carotene is 10% to 20% of total plasma carotenoids.
Sources: International Vitamin A Consultative Group, 1983; Underwood, 1990.

in appropriate populations to permit plasma concentrations of carotene to be
related to vitamin A nutritional status.

2.4.1.2 Plasma Retinol Binding Protein Measurement of plasma con-
centrations of RBP may give some additional information. Indeed, it has been
suggested that because retinol is susceptible to oxidation on storage of blood
samples, measurement of RBP may be a better indication of the state of vi-
tamin A status. In adequately nourished subjects, about 13% of immunologi-
cally reactive RBP in plasma is present as the apo-protein, whereas in vitamin
A-deficient children, the proportion of apo-protein may rise to 50% to 90% of



66 Vitamin A: Retinoids and Carotenoids

circulating RBP. Measurement of the ratio of plasma retinol:RBP may provide
a sensitive index of status (Thurnham and Northrop-Clewes, 1999).

2.4.1.3 The Relative Dose Response (RDR) Test The RDR test is a test
of the ability of a dose of vitamin A to raise the plasma concentration of retinol
several hours later, after chylomicrons have been cleared from the circulation.
What is being tested is the ability of the liver to release retinol into the circu-
lation. In subjects who are retinol deficient, a test dose will produce a large
increase in plasma retinol, because of the accumulation of apo-RBP in the
liver in deficiency (Section 2.2.3). In those whose problem is due to lack of
RBP, then little of the dose will be released into the circulation. An RDR greater
than 20% indicates depletion of liver reserves of retinol to less than 70 umol
per kg (Underwood, 1990).

The test requires two samples of blood, taken before and 5 hours after the
test dose of retinol. A modified RDR test involves giving a test dose of dehy-
droretinol, then determining the ratio of dehydroretinol:retinol in a single
plasma sample taken 30 hours later. Again, because of the accumulation of
RBP in the liver in deficiency and because in deficiency there is less dilution of
dehydroretinol with liver pools of retinyl esters, the ratio is inversely propor-
tional to the liver stores of retinol (Tanumihardjo et al., 1987).

2.4.1.4 Conjunctival Impression Cytology Early changes in vitamin A de-
ficiency include loss of the mucus-secreting goblet cells from the conjuncti-
val epithelium, and the appearance of enlarged, flattened, and partially kera-
tinized epithelial cells. An impression of the conjunctiva is taken by blotting
onto cellulose acetate, then fixing and staining prior to histological examina-
tion. The technique detects children who do not yet show any clinical signs
and whose serum retinol is within the normal range (Wittpenn et al., 1986;
Natadisastra et al., 1987).

2.5 VITAMIN A REQUIREMENTS AND REFERENCE INTAKES

Very few direct studies have been performed to determine human vitamin A
requirements. In the Sheffield study (Hume and Krebs, 1949), 16 subjects were
depleted of vitamin A for 2 years; only three subjects showed clear signs of
impaired dark adaptation. One of these subjects was repleted with 390 ug
of retinol per day, which resulted in a gradual restoration of dark adapta-
tion; the other two subjects received -carotene. On this basis, the minimum
requirement was presumed to be 390 ug, and the reference intake was set at
750 pug.
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Table 2.4 Reference Intakes of Vitamin A (pg/day)
U.K. EU U.S./Canada FAO
Age 1991 1993 2001 2001
0-6 m 350 — 400 375
7-12m 350 350 500 400
1-3y 400 400 300 400
46y 500 400 400 450
7-8y 500 500 400 500
Males
9-10y 500 500 600 600
11-13y 600 600 600 600
>14y 700 700 900 600
Females
9-10y 500 500 600 600
11-13y 600 600 600 600
>14y 600 600 700 600
Pregnant 700 700 770 800
Lactating 950 950 900 850
EU, European Union; FAO, Food and Agriculture Organization; WHO, World
Health Organization.
Sources: Department of Health, 1991; Scientific Committee for Food, 1993;
Institute of Medicine, 2001; FAO/WHO, 2001.

Since then, eight more subjects have been studied (Sauberlich et al., 1974;
Hodges et al., 1978). From these studies, the reference intake for adult men was
set at 1,000 ug of retinol equivalent, with a minimum physiological require-
ment of 600 ng per day. Because the signs of deficiency only resolve slowly, it
is possible that depletion/repletion studies overestimate requirements.

An alternative approach to determining requirements is to measure the
fractional rate of catabolism of the vitamin by use of a radioactive tracer, then
determine the intake thatwould berequired to maintain an appropriate level of
liverreserves. Asdiscussed in Section 2.2.1.1, when theliver concentrationrises
above 70 umol per kg, there is increased activity of the microsomal oxidation of
vitamin A and biliary excretion of retinol metabolites. The fractional catabolic
rate is 0.5% per day; assuming 50% efficiency of storage of dietary retinol, this
gives a mean requirement of 6.7 g per kg of body weight and a reference in-
take of 650 to 700 ug for adult men (Olson, 1987a). Reference intakes for vita-
min A are shown in Table 2.4.

Although there is some evidence that g-carotene and other carotenoids
may have actions in their own right, apart from their provitamin A activity
(Section 2.6.3), there is no evidence on which to base any recommendations
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or suggestions of requirements for carotene other than as a precursor of retinol.
There is no evidence of any carotene deficiency disease in depletion studies
of people provided with an adequate intake of retinol (Institute of Medicine,
2001). The epidemiological evidence that shows a high intake of carotenoids to
be associated with alower incidence of cancer (Section 2.6.3) mayreflect intake
of (carotene-rich) fruits and vegetables, which are sources of other potentially
protective compounds (Section 14.7), rather than carotene intake per se.

2.5.1 Toxicity of Vitamin A

Vitamin A is both acutely and chronically toxic. Acutely, large doses of vita-
min A (in excess of 300 mg in a single dose to adults) cause nausea, vomit-
ing, and headache, with increased pressure in the cerebrospinal fluid — signs
that disappear within a few days. After a very large dose, there may also be
drowsiness and malaise, with itching and exfoliation of the skin; extremely
high doses can prove fatal. Single doses of 60 mg of retinol are given to chil-
dren in developing countries as a prophylactic against vitamin A deficiency -
an amount adequate to meet the child’s needs for 4 to 6 months. About 1% of
children so treated show transient signs of toxicity, but this is considered to be
an acceptable adverse effect in view of the considerable benefit of preventing
xerophthalmia.

The chronic toxicity of vitamin A is a more general cause for concern; pro-
longed and regular intake of more than about 7,500 to 9,000 ug per day by
adults (and significantly less for children) causes signs and symptoms of toxi-
city affecting:

1. The skin: excessive dryness, scaling and chapping of the skin, desqua-
mation, and alopecia.

2. The central nervous system: headache, nausea, ataxia, and anorexia, all
associated with increased cerebrospinal fluid pressure.

3. The liver: hepatomegaly, hyperlipidemia, and histological changes in
the liver, including increased collagen formation. Alcohol potentiates
the hepatotoxicity of vitamin A.

4. Bones: joint pains, thickening of the long bones, hypercalcemia, and
calcification of soft tissues, but with reduced bone mineral density. High
intakes of vitamin A are associated with an increased rate ofloss of bone
mineral density with age, and some studies have shown that intakes
above 1,500 g per day are associated with increased incidence of osteo-
porosis and hip fracture, although other studies have not shown any
relationship between vitamin A intake and osteoporosis (Institute of
Medicine, 2001). At high levels of intake, vitamin A both stimulates bone
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Table 2.5 Prudent Upper Levels of Habitual Intake (g of preformed
vitamin A/day)
Upper Limit of Safe Habitual Tolerable Upper Intake

Age (y) Intake (U.K., 1991) Level (U.S./Canada, 2001)
Birth-1 900 600

1-3 1,800 600

4-6 3,000

4-8 900

7-10 4,500
Males

9-13 1,700

11-18 6,000

14-18 2,800
Adult females 9,000 3,000

9-13 600

11-18 6,000

14-18 2,800

Adult 7,500 3,000

Pregnant 3,300 2,800-3,000

Lactating — 2,800-3,000
Sources: Department of Health, 1991; Institute of Medicine, 2001.

resorption and inhibits bone formation (Binkley and Krueger, 2000),
largely as a result of antagonism of the actions of vitamin D (Section
3.3.5). As the tissue concentration of 9-cis-retinoic acid increases, so
there is increased formation of RXR homodimers, leaving an inadequate
amount of RXR to dimerize with the vitamin D receptor.

Prudent upper levels of habitual intake of retinol are shown in Table 2.5.

As the intake of vitamin A increases, there is an increase in the excretion of
metabolites in bile, once adequate liver reserves have been established. How-
ever, the biliary excretion of retinol metabolites reaches a plateau at relatively
low levels, and it seems likely that this explains the relatively low toxic thresh-
old (Olson, 1986). Vitamin A intoxication is associated with the appearance of
both retinol and retinyl esters bound to albumin and in plasma lipoproteins,
which can be taken up by tissues in an uncontrolled manner; the amount of
circulating retinol bound to RBP does not increase. Retinol has a membrane
lytic action; it was noted in Section 2.2.2.3 that one of the functions of RBP
binding seems to be to protect tissues against retinol, as well as to protect
retinol against oxidation (Meeks et al., 1981).

At relatively high levels of intake, vitamin A induces synthesis of gly-
cine N-methyltransferase. This can lead to depletion of methyl groups and
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undermethylation of DNA, a potential factor in carcinogenesis (Section 10.9.5;
Rowling et al., 2002).

Carotenoids do not cause hypervitaminosis A. As discussed in Section
2.2.2.1, the conversion of provitamin A carotenoids to retinol is limited; there-
fore, vitamin A intoxication is unlikely to occur even at high intakes of carotene.
Accumulation of even abnormally large amounts of carotene seems to have
no short-term adverse effects, although plasma, body fat, and skin can have a
strong orange-yellow color (hypercarotinemia) after prolonged high intakes
of carotenoids. A small number of people lack carotene dioxygenase and
suffer from (asymptomatic) carotinemia with normal modest intakes. How-
ever, as discussed in Section 2.6.3, two large-scale intervention trials have
shown an increased incidence of cancers in subjects receiving supplements of
B-carotene.

2.5.1.1 Teratogenicity of Retinoids 13-Cis-retinoic acid and etretinate
(Section 2.6.2) are highly teratogenic. After women have been treated with
retinoids for dermatological problems, it is generally recommended that con-
traceptive precautions be continued for 12 months, because of the retention
of retinoids in the body. With embryonic limb bud cells in culture, it is those
retinoids that bind to RAR that are teratogenic; those that bind to RXR are not.
However, retinoids that bind to RXR potentiate the teratogenicity of those that
bind to RAR (Soprano and Soprano, 1995; Collins and Mao, 1999). There is
considerable species variation in sensitivity to the teratogenic effects of 13-
cis-retinol; in species such as rats and mice, it has low teratogenicity because
it is metabolized rapidly to the glucuronide. In primates, it is mainly oxidized
to 13-cis-4-oxoretinoic acid, which is transported across the placenta (Nau,
2001).

By extrapolation, it has been assumed that retinol is also teratogenic, al-
though there is little evidence; in case control studies, intakes between 2,400
to 3,300 g per day during pregnancy have been associated with birth defects.
Other studies have not demonstrated any teratogenic effect at this level of
intake, and it has been suggested that the plasma concentration associated
with teratogenic effects is unlikely to be reached with intakes below 7,500 ug
per day (Miller et al., 1998; Ritchie et al., 1998; Wiegand et al., 1998). Arnhold
and coworkers (2002) demonstrated formation of all-trans-retinoic acid in en-
terocytes after feeding relatively large amounts of retinol that saturated the
intestinal CRBP (Section 2.2.4) and suggested that there is indeed a threshold
intake of retinol above which teratogenic metabolites are formed. Pregnant
women are variously advised not to consume more than 2,800 to 3,000 g per
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day (Institute of Medicine, 2001) or 3,300 ng per day (Department of Health,
1991).

2.5.2 Pharmacological Uses of Vitamin A, Retinoids,

and Carotenoids

2.5.2.1 Retinoids in Cancer Prevention and Treatment Since the dis-
covery of vitamin A, the observation that the main effects of deficiency are
hyperplasia and loss of differentiation of squamous epithelium has raised
speculation that the vitamin may be associated with carcinogenesis. Either de-
ficiency may be a risk factor for cancer or increased intake may be protective.
Deficient animals develop more spontaneous tumors and are more sensitive
to chemical carcinogens, whereas liver reserves of vitamin A are lower in pa-
tients with cancer than in controls. One of the genes repressed by retinoic acid
is the myc-oncogene.

The addition of relatively high concentrations of retinol to organ culture
media produces changes that are apparently the opposite of those seen in
deficiency; chick epidermis, which is normally keratinized, becomes mucus
producing and in some cases ciliated. Studies of experimentally induced and
transplanted tumors in experimental animals given very high intakes of retinol
or retinoic acid, and of tumors in tissue culture with very high concentrations
of retinol and retinoic acid, suggest that there is a potentially beneficial effect
of very high intakes in inhibiting the initiation and growth of epithelial tumors.

The doses of retinol that are protective in animals are in the toxic range
(Section 2.5.1) and are unlikely to be useful in cancer therapy or prevention. A
number of synthetic retinoids have been developed, in a search for compounds
that show anticancer activity, but are metabolized, stored, and transported
differently, or bind to different subtypes of retinoid receptor and are less toxic.
RXR-selective ligands are less toxic and more active in animal cancer models
than RAR ligands (Lippman and Lotan, 2000). Fenretinamide, and possibly
other retinoids that have antitumor activity, exerts at least part of its action
by induction of apoptosis by a receptor-independent mechanism (Wu et al.,
2001).

In addition to the regression of established tumors, a number of retinoids
show apparent inhibition of the chemical induction of the bladder and other
epithelial tumors in experimental animals. The effect is not in fact inhibition
of carcinogenesis, but rather a lengthening of the latent period between the
initiation step of carcinogenesis and the development of tumors. Although
perhaps not as exciting as compounds that prevent the development of can-
cers, such a delaying action may be useful. If the results can be scaled from
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experimental animals to man, then it seems that the recurrence of bladder
tumors after initial surgery or chemotherapy might be delayed by 5 to 10 years,
a clinically useful effect (Hicks and Turton, 1986).

2.5.2.2 Retinoids in Dermatology 13-Cis-retinoic acid (isotretinoin,
Accutane®) is used orally, and all-trans-retinoic acid (Tretinoin®) topically, for
treatment of severely disfiguring cystic acne. Etretinate (the trimethoxyphenyl
analog of retinoic acid) and tazarotene (a receptor-specific retinoid) are used
topically for the treatment of psoriasis. They are effective in cases in which
other therapy has failed, and at lower levels than are required for the con-
trol of tumor development in experimental animals, although they have been
associated with birth defects (Section 2.5.1.1; Johnson and Chandraratna,
1999).

2.5.2.3 Carotene Average daily intakes of carotenoids in western coun-
tries are of the order of 7 to 8 mg per day: «-carotene, 0.7 mg; S-carotene,
3 mg; lutein and zeaxanthin, 2.5 mg each; and lycopene, 1 mg. The major
importance of dietary carotenoids is as precursors of vitamin A; even among
omnivores in western countries, some 25% to 30% of vitamin A is provided
by carotenes rather than preformed retinol. In plants and microorganisms,
carotenoids function not only as pigments (e.g., in flowers), but also as energy-
transferring molecules in photosynthesis, broadening the spectrum of light
that can activate chlorophyll. A number of carotenoids of natural origin are
used as food colors — those that have an unsubstituted g-ionone ring will also
have provitamin A activity.

Most carotenoids are stored in adipose tissue. Lutein and zeaxanthin (but
not other carotenoids) are specifically accumulated in the pigment layer of the
retina, and there is epidemiological evidence that they are protective against
the development of age-related macular degeneration. There is also epidemi-
ological evidence that lutein and zeaxanthin may provide protection against
the development of cataracts. Lycopene is accumulated in the adrenal glands
and testes at concentrations 20-fold higher than occur in adipose tissue, sug-
gesting that there is active accumulation in these two tissues. Epidemiological
evidence suggests that it may be protective against prostate cancer (Stahl and
Sies, 1996; Gann et al., 1999; Handelman, 2001).

In addition to their importance as precursors of vitamin A, carotenes can
also act, at least in vitro (and under conditions of low oxygen tension), as
antioxidants, trapping singlet oxygen generated by photochemical reactions
or lipid peroxidation of membranes (Burton and Ingold, 1984). Studies with
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B-carotene and other carotenoids have not shown any consistent effect on in
vivo markers of oxidative damage (Institute of Medicine, 2000).

Epidemiological and case-control studies show a negative association be-
tween g-carotene intake and anumber of cancers (Peto etal., 1981), suggesting
that 8-carotene may have a protective effect against some forms of cancer, and
hence a function in its own right, not simply as a precursor of retinol. This has
generally been assumed to be due to the antioxidant activity of 8-carotene,
although it is noteworthy that different dietary carotenoids induce different
isoenzymes of cytochrome P,5, and might be predicted to have positive or
negative effects on (chemical) carcinogenesis (Jewell and O’Brien, 1999). In
addition, there is evidence that some carotenoids may have a genomic ac-
tion in their own right, inducing synthesis of connexin 43, one of the pro-
teins involved in maintaining tissue integrity and cell-to-cell communication.
Teicher and coworkers (1999) reported that the action of apo-carotenoic acids
is toincrease the stability of connexin mRNA (by binding to the 3’-untranslated
region), rather than enhancement of gene expression. Increased synthesis of
connexin might retard the growth of a tumor by maintaining an outer layer of
tightly connected normal cells or stimulating intercell gap-junction commu-
nication (Stahl and Sies, 1996; Bertram, 1999; Stahl et al., 2000).

On the basis of the epidemiological evidence, there have been a number
of intervention studies using supplements of g-carotene. They have typically
used supplements of 20 to 30 mg per day B-carotene in a highly available
form, compared with average intakes from foods of 7 to 8 mg of mixed
carotenoids of generally low biological availability. In the Linxian study in
China (Blot et al., 1993), supplements of 8-carotene, vitamin E, and selenium
to a marginally malnourished population led to a reduction in mortality from
a variety of cancers, especially gastric cancer. The Physicians’ Health Study
(Hennekens et al., 1996) was a 12-year trial in the United States in which 8-
carotene supplements showed no effect on the incidence of cardiovascular
disease or cancer.

Two major intervention trials among people at risk of lung cancer were the
Alpha-Tocopherol Beta-Carotene Study in Finland, in which heavy smokers
were given supplements of 20 mg per day of g-carotene and/or 50 mg of vi-
tamin E (Alpha-Tocopherol Beta-Carotene Cancer Prevention Study Group,
1994), and the CARET Study (Carotene and Retinol Efficacy Lung Cancer
Chemoprevention Trial; Omenn et al., 1996a, 1996b) in the United States in-
volving people who had been exposed to asbestos dust, who received 30 mg of
B-carotene and 7,500 ug of retinyl palmitate per day. Both studies showed
a significant increase in death from lung cancer among people taking the
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supposedly protective carotene supplements. A number of hypotheses have
been advanced to explain this unexpected finding:

1. The studies were performed on established heavy smokers and people
who had been exposed to asbestos dust some years previously. It has
been suggested that whereas 8-carotene may inhibit induction of can-
cers by reactive oxygen species, it may also enhance later stages in tumor
development.

2. The plasma concentrations of 8-carotene in the intervention trials were
considerably higher than those observed to be protective in epidemio-
logical studies; as with any antioxidant, -carotene is also potentially a
prooxidant. Thisis especiallylikely in the lung, where the partial pressure
of oxygen is high; the radical-trapping antioxidant action is observed at
low partial pressures of oxygen (Burton and Ingold, 1984). Whereas -
carotene may be an antioxidant at low levels of intake, higher intakes
may lead to the formation of oxidized metabolites that are prooxidants
(Wang and Russell, 1999; Young and Lowe, 2001).

3. It is possible that whereas asymmetric cleavage of g-carotene at low
concentrations leads to the formation of apocarotenals that can be ox-
idized to retinoic acid (Section 2.2.2.1), at higher levels apocarotenals
and apocarotenoic acids may antagonize retinoic acid. Ferrets (which
metabolize carotene similarly to human beings) show lower concentra-
tions of retinoic acid in the lung when they are given high intakes of 8-
carotene, as well as lower expression of RARS, although RARx and RARy
areunaffected. Inlung cancer cells in vitro, RARS has tumor-suppressing
activity (Houle et al., 1993).

4. What the epidemiological studies have actually shown is a negative
association between various types of cancer and the consumption of
fruits and vegetables that are rich in carotenoids and a great many
other potentially protective compounds (Section 14.7). It may be that
B-carotene is simply a marker for some other protective factor.
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THREE

Vitamin D

Vitamin D is not strictly a vitamin, rather it is the precursor of one of the
hormones involved in the maintenance of calcium homeostasis and the reg-
ulation of cell proliferation and differentiation, where it has both endocrine
and paracrine actions. Dietary sources are relatively unimportant compared
with endogenous synthesis in the skin by photolysis of 7-dehydrocholesterol;
problems of deficiency arise when there is inadequate exposure to sunlight.
The deficiency diseases (rickets in children and osteomalacia in adults) are
therefore largely problems of temperate and subarctic regions, although cul-
tural factors that result in little exposure to sunlight may also cause problems
in subtropical and tropical areas. There are few foods that are rich sources of
vitamin D. It is generally accepted that, for people with inadequate exposure
to sunlight (young children and the house-bound elderly), supplements are
necessary to maintain adequate status. Excessively high intakes of vitamin D
are associated with hypercalcemia and calcinosis.

Although the pioneering studies of Chick and others during the 1920s
clarified the dual roles of sunlight exposure to promote endogenous synthe-
sis and dietary sources of the vitamin, it was not until high specific activity
[*H]vitamin D became available in the 1960s that the onward metabolism of
vitamin D to the active metabolite, calcitriol, was discovered, and its mech-
anism of action elucidated, largely by Kodicek and coworkers in Cambridge
and DeLuca and coworkers in Wisconsin. Calcitriol acts as a steroid hormone,
binding to a nuclear receptor protein in target tissues and regulating gene ex-
pression. As a result of studies of the distribution of calcitriol receptors and the
induced proteins, a number of functions have been discovered for the vitamin
other than in the maintenance of calcium balance, including roles in cell pro-
liferation and differentiation, in the modulation of immune system responses,
and in the secretion of insulin and thyroid and parathyroid hormones.
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More recent studies, during the 1990s, have shown that calcitriol also has
rapid actions, acting via cell surface G-protein receptors linked to both adeny-
late cyclase and phospholipase cascade systems.

3.1 VITAMIN D VITAMERS, NOMENCLATURE, AND UNITS

OF ACTIVITY

Two compounds have the biological activity of vitamin D: cholecalciferol,
which is the compound formed in the skin, and ergocalciferol, which is synthe-
sized by ultraviolet (UV) irradiation of ergosterol (see Figure 3.1). The name
vitamin D, was originally given to the crude product of irradiation of ergo-
sterol, which contained a mixture of ergocalciferol with inactive lumisterol
(an isomer of ergosterol) and suprasterols. When ergocalciferol was identified
as the active compound, it was called vitamin D,. Later, when cholecalciferol
was identified as the compound formed in the skin and found in foods, it was
called vitamin Ds. Vitamin D is a secosteroid —i.e., a steroid in which the B-ring
has undergone cleavage, followed by rotation of the A-ring (see Figures 3.1
and 3.2). The numbering of carbon atoms in the vitamin follows that of the
parent steroid nucleus, and, more confusingly, the assignation of positions
of substituents above or below the plane of the ring also follows that of the
parent steroid. This means that the 1-hydroxylated derivative, which actually
has the 8-configuration, is correctly referred to as la-hydroxy. As discussed
in Section 3.2, vitamin D undergoes hydroxylation to the metabolically ac-
tive 1,25-dihydroxy derivative, and a number of abbreviations for the various
hydroxylated derivatives are used in the literature. The recommended nomen-
clature for the metabolites is shown in Table 3.1.

X
| CH, | CH,
HO H
vitamin D3 vitamin Dy
calciol (cholecalciferol) ercalciol (ergocalciferol)

Figure 3.1. Vitamin D vitamers. Relative molecular masses (M;): calciol, 384.6; ercalciol,
396.6.
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Table 3.1 Nomenclature of Vitamin D Metabolites

Trivial Name Recommended Name Abbreviation M,

Vitamin Dz
Cholecalciferol Calciol — 384.6
25-Hydroxycholecalciferol Calcidiol 25(0OH)D3 400.6
1a-Hydroxycholecalciferol 1(S)-Hydroxycalciol 1a(OH)D3 400.6
24,25-Dihydroxycholecalciferol 24(R)-Hydroxycalcidiol 24,25(0H);,Ds3 416.6
1,25-Dihydroxycholecalciferol Calcitriol 1,25(0OH);, D3 416.6
1,24,25-Trihydroxycholecalciferol  Calcitetrol 1,24,25(0OH)zD3 432.6

Vitamin D,
Ergocalciferol Ercalciol — 396.6
25-Hydroxyergocalciferol Ercalcidiol 25(0OH)D, 412.6
24,25-Dihydroxyergocalciferol 24(R)-Hydroxyercalcidiol  24,25(0OH),D, 428.6
1,25-Dihydroxyergocalciferol Ercalcitriol 1,25(0H); D, 428.6
1,24,25-Trihydroxyergocalciferol Ercalcitetrol 1,24,25(0H)zD, 444.6

Abbreviations shown in column 3 are not recommended, but are frequently used in the liter-
ature.

Before the preparation of crystalline cholecalciferol, the standard for bio-
logical activity of vitamin D was a solution of irradiated ergosterol (and hence
ergocalciferol). The (obsolete) international unit (iu) of vitamin D activity is
equivalent to 25 ng (65 pmol) of cholecalciferol. One microgram of chole-
calciferol is equivalent to 40 iu (1 nmol is 104 iu). Cholecalciferol and ergo-
calciferol are not equipotent, and the relative biological activities of the two
vitamers differ in different species. In most species (including human beings),
cholecalciferol causes a greater increase in the circulating concentration of the
25-hydroxy-derivative than does ergocalciferol, because of faster metabolic
clearance of ergocalciferol than cholecalciferol. In the rat, by contrast, there is
metabolic discrimination against cholecalciferol in favor of ergocalciferol. As
far as is known, the active metabolites (calcitriol and ercalcitriol) are equipo-
tent and bind to calcitriol receptors in target tissues (Section 3.3.3.1) with equal
affinity (Horst et al., 1982; Trang et al., 1998).

5.2 METABOLISM OF VITAMIN D

Synthetic ergocalciferol is used for enrichment and fortification of foods; its
metabolic fate is the same as that of dietary cholecalciferol. Except where there
are known to be differences between the two vitamers, it is assumed that all of
the following discussion applies equally to ergocalciferol and cholecalciferol.
There are fewrich dietary sources of vitamin D, and the major source is usually
photosynthesis in the skin. Dietary vitamin D is absorbed in chylomicrons
and taken up rapidly by the liver as chylomicron remnants are cleared from
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Table 3.2 Plasma Concentrations of Vitamin D Metabolites
nmol/L
Cholecalciferol 1.3-156
24-Hydroxycalcidiol 2-20
Calcitriol 0.038-0.144
Calcidiol Adults, summer 37-87
Adults, winter 20-45
Adults with osteomalacia <10
Children, summer 50-100
Children, winter 27-52
Children with rickets <20
Risk of hypercalcemia >400

the circulation. By contrast, vitamin D synthesized in the skin is bound to
plasma vitamin D binding protein (Section 3.3.2.7) and is metabolized more
gradually.

Both dietary and endogenously synthesized vitamin D undergo 25-hy-
droxylation in the liver to yield calcidiol (25-hydroxycholecalciferol), which
is the main circulating form of the vitamin. This undergoes 1-hydroxylation
in the kidney to produce the active hormone calcitriol (1,25-dihydroxy-
cholecalciferol) or 24-hydroxylation in the kidney and other tissues to yield 24-
hydroxycalcidiol (24,25-dihydroxycholecalciferol).

Unlike the other fat-soluble vitamins, there is little or no storage of vitamin
D in the liver, except in oily fish. In human liver, concentrations of vitamin D
do not exceed about 25 nmol per kg. Significant amounts may be present in
adipose tissue, but this is not really storage of the vitamin, because it is released
into the circulation as adipose tissue is catabolized, rather than in response
to demand for the vitamin. The main storage of the vitamin seems to be as
plasma calcidiol, which has a half-life of the order of 3 weeks (Holick, 1990).
In temperate climates, there is a considerable seasonal variation, with plasma
concentrations at the end of winter as low as half those seen at the end of
summer (see Table 3.2). The major route of vitamin D excretion is in the bile,
with less than 5% as a variety of water-soluble conjugates in urine. Calcitroic
acid (see Figure 3.3) is the major product of calcitriol metabolism; but, in
addition, there are a number of other hydroxylated and oxidized metabolites.

3.2.1 Photosynthesis of Cholecalciferol in the Skin
Cholecalciferol is formed nonenzymically in the skin by UV irradiation of
7-dehydrocholesterol, as shown in Figure 3.2. 7-Dehydrocholesterol is an



H

3.2 Metabolism of Vitamin D 81

LIGHT
=
7-dehydrocholesterol CHs previtamin D
slow . o OH
thermal isomerization tachysterol

HO

calciol (cholecalciferol)

Figure 3.2. Synthesis of calciol from 7-dehydrocholesterol in the skin.

intermediate in the synthesis of cholesterol that accumulates in the skin, but
not other tissues. It is synthesized in the sebaceous glands, secreted onto the
surface of the skin, and then absorbed into the epidermis. It is found through-
out the epidermis and dermis, with the highest concentration per unit surface
area in the stratum basale and stratum spinosum, which therefore have the
highest capacity for cholecalciferol synthesis. One of the possible causes of vi-
tamin D deficiency in the elderly, in addition to low exposure to sunlight, is an
age-dependent decrease in the concentration of 7-dehydrocholesterol in the
epidermis — hence a reduction in the capacity for endogenous cholecalciferol
synthesis.

On exposure to UV light, 7-dehydrocholesterol undergoes photolysis, with
cleavage of the B-ring and inversion of the A-ring, to yield precalciferol (pre-
vitamin D or tacalciol). The peak wavelength for this photolysis is 296.5 nm;
for practical purposes, the useful range of solar radiation is the UV-B range,
between 290 nm (the lowest wavelength transmitted by ozone) and 320 nm.
At 310 nm, however, the yield of precalciferol is only 1% of that at 296.5 nm.
Precalciferol undergoes thermal isomerization to cholecalciferol. This is a slow
process; at 37°C, there is 50% isomerization within 48 hours, and, after 4 days,
equilibrium is reached in vitro with about 83% cholecalciferol. In vivo, iso-
merization is somewhat more rapid because the equilibrium is shifted by the
removal of cholecalciferol bound to plasma vitamin D binding protein.
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Asdiscussedin Section 3.6.1, excess oral vitamin D results in hypercalcemia;
toxicity is associated with plasma concentrations of calcidiol above 400 nmol
per L. However, even excessive exposure to sunlight does not resultin vitamin D
intoxication, and the plasma concentration of calcidiol does not rise above 100
to 200 nmol per L. During prolonged UV irradiation of the skin, the concentra-
tion of precalciferol does not rise above 10% to 15% of the initial concentration
of 7-dehydrocholesterol. This is because photolysis of 7-dehydrocholesterol
is reversible; light-catalyzed closure of the B-ring can result in formation of
either 7-dehydrocholesterol or lumisterol, in which the 19-methyl group has
the opposite configuration. In addition, precalciferol undergoes photoisomer-
ization to tachysterol, which is biologically inactive; and cholecalciferol is also
sensitive to photodegradation, yielding 5,6-trans-cholecalciferol and biologi-
cally inactive suprasterols. There is no evidence that the cutaneous synthesis
of cholecalciferol is regulated by vitamin D status, and the administration of
calcitriol has no effect on the increase in serum calcidiol after exposure to UV
irradiation. Because of both the slow isomerization of precalciferol to chole-
calciferol and photoisomerization to inactive compounds, skin pigmentation
seems not to affect the total amount of cholecalciferol formed to any significant
extent.

Sunlight is not strictly essential for cutaneous synthesis of cholecalciferol,
because UV-B penetrates clouds reasonably well; complete cloud cover re-
duces the available intensity by about 50%. It also penetrates light clothing.
However, low-intensity irradiation (below 20 m] per cm? in vitro) does not re-
sult in significant photolysis of 7-dehydrocholesterol to previtamin D. Acute
whole-body exposure to UV-B irradiation below 18 m] per cm? does not result
in any detectable increase in plasma cholecalciferol or calcidiol. In temperate
regions (beyond about 40°N or S), the intensity of UV-B is below this thresh-
old in winter, so there is unlikely to be any significant cutaneous synthesis of
the vitamin in winter, and plasma concentrations of calcidiol show a marked
seasonal variation in temperate regions (Holick, 1995; see Table 3.2).

3.2.2 Dietary Vitamin D

There are few dietary sources of cholecalciferol. The richest sources are oily fish
(especially fish liver oils), although eggs also contain a relatively large amount,
and there is a modest amount in milk fat and animal liver. In many countries,
margarine is fortified with vitamin D. No common plant foods contain vita-
min D, although some tropical plants contain calciferol glucuronides that are
hydrolyzed in the intestinal lumen and are a source of the vitamin. Indeed, this
can be a cause of hypervitaminosis and calcinosis in grazing animals.
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Dietary cholecalciferol and ergocalciferol are absorbed from the small in-
testine in lipid micelles and are transferred into chylomicrons. Some is then
transferred in the circulation onto the plasma vitamin D binding protein (Sec-
tion 3.2.7), but much enters the liver in chylomicron remnants. There is ev-
idence that cholecalciferol arriving in the liver in chylomicron remnants is
more susceptible to catabolism, rather than 25-hydroxylation, than is chole-
calciferol bound to the plasma vitamin D binding protein. In addition, in-
termittent and relatively high dietary intakes of cholecalciferol will lead to
high concentrations in the liver and hence increased catabolism, compared
with the more gradual release from the skin. Even in subjects consuming
foods fortified with ergocalciferol, and in winter when the intensity of UV-B
irradiation is below the threshold for cutaneous synthesis of calciferol, 80%
to 90% of circulating 25-hydroxyvitamin D is calcidiol rather than ercalcid-
iol. In elderly subjects, the plasma concentration of calcidiol may fall to be-
low 15 to 20 nmol per L in winter, suggesting that normal dietary intake
does not make a significant contribution (Lawson et al., 1979). An intake of
at least 5 pg per day is required to avoid this seasonal variation in plasma
calcidiol and the associated rise in parathyroid hormone secretion (Section
3.2.8.2), and maintenance of plasma calcidiol above 20 nmol per L requires
intakes of the order of 10 ug per day (Krall et al., 1989). This is considerably
above what can be achieved from a normal diet and suggests that supple-
ments are necessary when sunlight exposure and endogenous synthesis are
inadequate.

3.2.3 25-Hydroxylation of Cholecalciferol

There are two separate cytochrome P,s50-dependent mixed-function oxidases
intheliver that catalyze the 25-hydroxylation of cholecalciferol (see Figure 3.3).
The activity of both enzymes is higher in tissue from vitamin D-deficient an-
imals, and there is some evidence that calcitriol either inhibits or represses
them. The mitochondrial enzyme (CYP27A), which has a K, of 10~° M, cat-
alyzes the hydroxylation of cholecalciferol twice as fast ergocalciferol. It also
acts on a number of C-27 steroids and is involved in bile acid synthesis. This
enzyme requires ferredoxin and ferredoxin reductase for activity. The micro-
somal enzyme (CYP2D25), with a Ky, of 107 M, only acts on cholecalciferol,
and not ergocalciferol, although it also acts on a number of C-27 steroids and
will catalyze the 25-hydroxylation of 1¢-hydroxycholecalciferol (hydroxycal-
ciol) to calcitriol. As discussed in Section 3.4.2, this has been exploited to treat
and prevent problems of vitamin D-resistant rickets and osteomalacia in cases
of renal failure (renal osteodystrophy) using le-hydroxycholecalciferol.
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Figure 3.3. Metabolism of calciol to yield calcitriol and 24-hydroxycalcidiol.

Cholecalciferol 25-hydroxylase is not restricted to the liver; kidneys, skin,

(Wikvall, 2001).

and gut microsomes also have a cytochrome P,5y-dependent enzyme that cat-
alyzes the 25-hydroxylation of cholecalciferol and 1«-hydroxycholecalciferol,
but not ergocalciferol. Although there is some evidence that calcitriol can re-
duce the activity of calciferol 25-hydroxylase, it is not known whether this is
physiologically important; the major factor controlling 25-hydroxylation is the
rate of uptake of cholecalciferol into the liver. It is the fate of calcidiol in the
kidneys that provides the most important regulation of vitamin D metabolism
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3.2.4 Calcidiol 1«-Hydroxylase

The active metabolite of vitamin D, calcitriol, is formed in the proximal tubules
of the kidneys from calcidiol. There are three cytochrome P,5,-dependent
enzymes in kidneys that catalyze 1-hydroxylation of calcidiol: CYP27A and
CYP27in mitochondria and amicrosomal 1«¢-hydroxylase, which is ferredoxin-
dependent. It is likely that the microsomal enzyme is the most important; its
synthesis is induced by cAMP in response to parathyroid hormone (Section
3.2.8.2) and repressed by calcitriol (Omdabhl et al., 2001; Wikvall, 2001).

Calcidiol 1«-hydroxylase is not restricted to the kidney, but is also found
in placenta, bone cells (in culture), mammary glands, and keratinocytes. The
placental enzyme makes a significant contribution to fetal calcitriol, but it is
not clear whether the calcidiol 1-hydroxylase activity of other tissues is phys-
iologically significant or not. Acutely nephrectomized animals given a single
dose of calcidiol do not form any detectable calcitriol, but there is some forma-
tion of calcitriol in anephric patients, which increases on the administration of
cholecalciferol or calcidiol. However, this extrarenal synthesis is not adequate
to meet requirements, so that osteomalacia develops in renal failure (Section
3.4.1). The enzyme is inhibited, or possibly repressed, by strontium ions; this
is the basis of strontium-induced vitamin D-resistant rickets, which responds
to the administration of calcitriol or le-hydroxycalciol, but not calciferol or
calcidiol (Omdahl and DeLuca, 1971).

Calcidiol la-hydroxylase also acts on 24-hydroxycalcidiol, yielding cal-
citetrol; indeed, it has a relatively low specificity and will act on any secosteroid
with hydroxyl groups at C-3 and C-25. Calcitriol has a short metabolic half-life
after injection of the order of 4 to 6 hours (Holick, 1990). But, under normal
conditions, the regulation of its synthesis means that the plasma concentration
remains fairly constant, depending on the state of calcium balance (Hewison
etal., 2000).

3.2.5 Calcidiol 24-Hydroxylase

Both calcidiol and calcitriol are substrates for 24-hydroxylation, catalyzed by a
cytochrome P450-dependent enzyme in kidneys, intestinal mucosa, cartilage,
and other tissues that contain calcitriol receptors. This enzyme is induced by
calcitriol; the activities of calcidiol 1-hydroxylase and 24-hydroxylase in the
kidney are subject to regulation in opposite directions, so that decreased re-
quirement for, and synthesis of, calcitriol results in increased formation of
24-hydroxycalcidiol. Kidney epithelial cells in culture show increased forma-
tion of 24-hydroxycalcidiol, and decreased formation of calcitriol, after the
addition of calcitriol or high concentrations of calcium to the culture medium.
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Conversely, the addition of parathyroid hormone results in decreased 24-
hydroxylation and increased 1-hydroxylation (Juan and DeLuca, 1977; Omdahl
et al., 2001; Wikvall, 2001). There is evidence that the high prevalence of vita-
min D deficiency among people from the Indian subcontinent may be because
of genetically determined high activity of calcidiol 24-hydroxylase, rather than
cultural and dietary factors (Awumey et al., 1998).

Early studies suggested that 24-hydroxylation of calcidiol was a pathway for
inactivation of the vitamin, a conclusion that is supported by the observation
that calcidiol 24-hydroxylase is activated and induced by calcitriol. Fish-eating
mammals, such as seals, that have a very high intake of cholecalciferol, do not
show vitamin D intoxication. Although they have plasma concentrations of
calcitriol similar to those seen in other mammals, after the administration
of [*Hicholecalciferol, label is found in calcidiol and 24-hydroxycalcidiol, not
calcitriol, suggesting that 24-hydroxylation provides a means of inactivating
excess calciferol and hence avoiding vitamin D intoxication (Keiver etal., 1988).

There is evidence that 24-hydroxycalcidiol has physiological functions dis-
tinct from those of calcitriol, and the regulation of the 24-hydroxylase suggests
that it functions to provide a metabolically active product, as well as diverting
calcidiol away from calcitriol synthesis (Henry, 2001). Studies of knockout mice
lacking the 24-hydroxylase show that 24-hydroxycalcidiol has arole in both in-
tramembranous bone formation during development and the suppression of
parathyroid hormone secretion (St-Arnaud, 1999; van Leeuwen et al., 2001).

3.2.6 Inactivation and Excretion of Calcitriol

Most vitamin D is excreted in the bile; less than 5% is excreted as water-soluble
metabolites in urine. Some 2% to 3% of the vitamin D in bile is cholecalciferol,
calcidiol, and calcitriol, but most is a variety of polar metabolites and their
glucuronide conjugates. In most tissues, the major pathway for inactivation of
calcitriol is by way of 24-hydroxylation to calcitetrol, then onward oxidation
by way of the 24-oxo-derivative, 23-hydroxylation, and oxidation to calcitroic
acid (see Figure 3.3). In addition, a variety of hydroxylated and other polar
metabolites have been identified in bile, and many of these onward oxidation
products also undergo glucuronide conjugation in theliver (Reddy and Tserng,
1989).

Compounds that induce cytochrome P,50-dependent hydroxylases, such
as barbiturates and the anticonvulsants primidone and diphenylhydantoin,
cause increased output of vitamin D metabolites in the bile, and increase the
rate of inactivation of calcidiol by liver microsomes. As a result of this, long-
term use of these anticonvulsants may be associated with the development of
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osteomalacia, although barbiturates also cause some induction of calciferol
25-hydroxylase, thus increasing the hydroxylation of calciferol to calcidiol.

3.2.7 Plasma Vitamin D Binding Protein (Gc-Globulin)
Cholecalciferol, calcidiol, calcitriol, and 24-hydroxycalcidiol are all trans-
ported bound to the same plasma binding protein — Ge-globulin, also known
as the group-specific component or transcalciferin. There are three major
forms of Ge-globulin, with differing primary structures, and anumber of minor
variants of each because of differences in postsynthetic glycosylation. There
is considerable polymorphism among human populations; because of this,
Gc-globulin has been investigated both for its interest in population genetics
and also its potential value in forensic medicine. All the variants bind vitamin
D and its metabolites with similar affinity. It is noteworthy that the absence
of Gc-protein has never been detected, suggesting that a deletion of this pro-
tein may be fatal. Cholecalciferol is also transported in plasma lipoproteins,
so that about 60% is normally bound to Gc-globulin and 40% to lipoproteins.
It is only that fraction bound to lipoproteins that is taken up by the liver for
25-hydroxylation (Haddad et al., 1988). In addition to its role in the plasma
transport of vitamin D, and control over tissue uptake, Gc-globulin represents
the major storage site for the vitamin, mainly as calcidiol.

The plasma binding protein has a higher affinity for calcidiol and 24-
hydroxycalcidiol than for calcitriol or cholecalciferol. The plasma concentra-
tion of Ge-globulin is about 6 mmol per L - considerably higher than the
concentrations of other hormone binding proteins, such as thyroxine binding
globulin (300 xmol per L), cortisol binding globulin (800 xmol per L), or sex
hormone binding globulin (40 xmol per L in males and 80 xmol per L in fe-
males) and far in excess of circulating vitamin D. As a result of this, whereas the
other hormone binding globulins are about 50% saturated under normal con-
ditions, the vitamin D binding protein is only about 2% saturated. This means
that changes in the circulating concentration of the protein are unlikely to
have any significant effect on the small proportion of vitamin D metabolites
that is free, rather than protein-bound. Again, unlike other hormone binding
globulins, the plasma concentration of Gc-globulin is not affected by vita-
min D status or other factors that affect calcium homeostasis and vitamin D
metabolism (Cooke and Haddad, 1989; Haddad, 1995).

3.2.8 Regulation of Vitamin D Metabolism
The main physiological function of vitamin D is in the control of calcium
homeostasis, and vitamin D metabolism is regulated largely by the state of
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calcium balance. The main regulation of vitamin D metabolism is by control
of the activities of calcidiol 1-hydroxylase and 24-hydroxylase, and hence the
fate of calcidiol. In general, factors that increase the activity of one of the
hydroxylases simultaneously reduce the activity of the other. Although plasma
calcitriol is relatively constant throughout the year, 24-hydroxycalcidiol shows
a seasonal fluctuation that reflects that of calcidiol.

3.2.8.1 Calcitriol The major determinant of the relative activities of calcid-
iol 1-hydroxylase and 24-hydroxylase is the availability of calcitriol. In vitamin
D-deficient animals, with low circulating concentrations of calcitriol, the ac-
tivity of 1-hydroxylase in the kidneys is maximal. There is little or no detectable
24-hydroxylase activity. Both in vivo and in isolated kidney cells in culture, the
addition of calcitriol results in induction of the 24-hydroxylase and repres-
sion of 1-hydroxylase; removal of calcitriol from the culture medium results in
induction of 1-hydroxylase and repression of 24-hydroxylase.

3.2.8.2 Parathyroid Hormone Parathyroid hormone raises plasma cal-
cium by direct effects on bone resorption and renal reabsorption of calcium,
and indirectly by regulating the metabolism of vitamin D. It is a peptide and
acts via cell surface G-protein receptors linked to adenylate cyclase. The
parathyroid glands have G-protein cell surface calcium receptors linked to
phospholipase C, and parathyroid hormone is secreted in response to hypo-
calcemia. Magnesium is required for secretion of the hormone, which may
explain the development of hypocalcemia in premature infants who are mag-
nesium deficient.

In the kidneys, parathyroid hormone increases 1-hydroxylation of calcidiol
and reduces 24-hydroxylation. This is not the result of de novo enzyme syn-
thesis, but an effect on the activity of the preformed enzymes, mediated by
cAMP-dependent protein kinases. In turn, calcitriol has a direct role in the
control of parathyroid hormone, acting to repress expression of the gene. In
chronic renal failure, there is reduced synthesis of calcitriol, leading to the
development of secondary hyperparathyroidism that results in excess mobi-
lization of bone mineral, hypercalcemia, hypercalciuria, hyperphosphaturia,
and the development of calcium phosphate renal stones.

3.2.8.3 Calcitonin Calcitonin is secreted by the C cells of the thyroid gland
in response to hypercalcemia. Its primary action is to oppose the actions of
parathyroid hormone by suppressing osteoclast actions. It also stimulates
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calcidiol 1-hydroxylation in the kidney. Two separate mechanisms seem to
be involved: (1) a rapid increase in the activity of 1-hydroxylase, mediated by
a cAMP-dependent protein kinase, and (2) a slower response that involves
de novo enzyme synthesis. Isolated kidney cells in culture do not respond
to calcitonin. The effect is not seen when calcitonin is given to thyro-para-
thyroidectomized animals. This suggests that calcitonin may act indirectly, via
actions on the parathyroid gland and parathyroid hormone secretion, rather
than directly on calcidiol hydroxylases.

3.2.8.4 Plasma Concentrations of Calcium and Phosphate Although
the main response to changes in plasma calcium is a change in the secre-
tion of parathyroid hormone, the activity of calcidiol 1-hydroxylase in kid-
ney slices is decreased directly by high concentrations of calcium in the in-
cubation medium. Calcium has no direct effect on the activity of calcidiol
24-hydroxylase under these conditions. Strontium and cadmium also inhibit
calcidiol 1-hydroxylase.

The serum concentration of calcitriol varies inversely with phosphate
throughout the day. Feeding subjects on low phosphate diets leads to a fall
in serum phosphate and an increase in circulating calcitriol. It is not clear
whether or not this is a direct effect of phosphate on the kidney hydroxylases.

5.5 METABOLIC FUNCTIONS OF VITAMIN D

The principal physiological role of vitamin D is in the maintenance of the
plasma concentration of calcium. Calcitriol acts to increase intestinal absorp-
tion of calcium, to reduce its excretion by increasing reabsorption in the distal
renal tubule, and to mobilize the mineral from bone — of the 25 mol of cal-
cium in the adult body, 99% is in bone. The daily intake of calcium is around
25 mmol, and intestinal secretions add an additional 7 mmol to the intestinal
contents; 10 to 14 mmol of this is normally absorbed, with 18 to 22 mmol ex-
creted in feces. Bone turnover accounts for exchange of 10 mmol of calcium
between bone and plasma daily. The kidneys filter some 240 mmol of calcium
daily, almost all of which is reabsorbed; urinary excretion of calcium is about
3 to 7 mmol per day.

Calcitriol acts like a steroid hormone, binding to, and activating, nuclear
receptors that modulate gene expression. More than 50 genes are known to
be regulated by calcitriol (see Table 3.3), but vitamin D response elements
have only been identified in a relatively small number, including: calcidiol 1-
hydroxylase and 24-hydroxylase; calbindin, a calcium binding protein in the
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Table 3.3 Genes Regulated by Calcitriol

Increased Expression Decreased Expression

Vitamin D Calcitriol receptor
metabolism  Calcidiol 1-hydroxylase
Calcidiol 24-hydroxylase
Mineral Calbindin D Preproparathyroid hormone
metabolism  Osteocalcin Transferrin receptor
Osteopontin
Plasma membrane calcium pump
Metallothionein

Energy Glyceraldehyde 3-phosphate Fatty acid binding protein
metabolism dehydrogenase
ATP synthase
NADH dehydrogenase subunit | NADH dehydrogenase subunit Il
NADH dehydrogenase subunit [V
Cytochrome oxidase Cytochrome b
Protein kinase C Protein kinase inhibitor
Ferredoxin
Regulatory Nerve growth factor Histone Hy4
peptides Interleukin | Interleukin 11
Interleukin 6

Interleukin Il receptor
Cachexin (tumor necrosis factor-a)  y-Interferon

Monocyte-derived Granulocyte-macrophage
neutrophil-activating peptide colony stimulating factor
Cytoskeleton Fibronectin a-tubulin

Osteoclast integrin
Oncogenes c-fms, c-fos, c-ki-ras, c-myc c-myc
Type | collagen

Source: From data reported by Hannah and Norman, 1994.

intestinal mucosa and other tissues; the vitamin K-dependent protein osteo-
calcin in bone (Section 5.3.3); and osteopontin, which permits the attachment
of osteoclasts to bone surfaces and the osteoclast cell membrane isoform of
integrin. In addition, calcitriol affects the secretion of insulin and the synthe-
sis and secretion of parathyroid and thyroid hormones — these actions may be
secondary to changes in intracellular calcium concentrations resulting from
induction of calbindin.

Calcitriol also has a role in the regulation of cell proliferation and differ-
entiation. In addition to genomic actions, it has a variety of actions that are
because of interaction with cell surface G-protein receptors.

24-Hydroxycalcidiol is also biologically active. In hypocalcemic vitamin
D-deficient chicks, calcitriol alone does not reverse the hypertrophy of the
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parathyroid gland; 24-hydroxycalcidiol, together with calcitriol, does — al-
though alone it has no effect (Henry et al., 1977). In hens raised to maturity
with calcitriol as the sole source of vitamin D, although the fertility of the eggs
is unimpaired, hatchability is greatly reduced and can be restored by feed-
ing 24-hydroxycalcidiol, together with calcitriol (Henry and Norman, 1978).
24-Hydroxycalcidiol also has biological activity in cartilage. Isolated chondro-
cytes show increased formation of proteoglycans in response to both calcitriol
and 24-hydroxycalcidiol. Studies of knockout mice lacking the 24-hydroxylase
show that 24-hydroxycalcidiol has a role in intramembranous bone formation
during development (St-Arnaud, 1999; van Leeuwen et al., 2001).

3.3.1 Nuclear Vitamin D Receptors

Thenuclear vitamin D receptor was originally studied in intestinal mucosa, but
has subsequently been found in a variety of other tissues that have therefore
been shown to be vitamin D-responsive, including kidneys, bone, parathy-
roid gland, B-islet cells of the pancreas, pituitary, placenta, uterus, mammary
glands, skin, thymus, monocytes, macrophages, and activated T lymphocytes.
Like other steroid hormone receptors, it is a zinc finger protein; it has the same
high affinity (of the order of 10~ M) for both calcitriol and ercalcitriol.

The vitamin D receptor acts mainly as a heterodimer with the retinoid X
receptor (RXR; Section 2.3.2.1). Binding of calcitriol induces a conformational
change in the receptor protein, permitting dimerization with occupied or un-
occupied RXR, followed by phosphorylation to activate binding to the vita-
min D response element on DNA (DeLuca and Zierold, 1998). Abnormally
high concentrations of 9-cis-retinoic acid result in sequestration of RXR as the
homodimers, meaning that it is unavailable to form heterodimers with the
vitamin D receptor (or other receptors); excessive vitamin A can therefore an-
tagonize the nuclear actions of vitamin D (Haussler et al., 1995; Rohde et al.,
1999).

Thevitamin D receptor-RXR heterodimer binds in 5’RXR-VDR3' polarity to a
direct repeathormone response element. However, the vitamin D receptor also
forms heterodimers with the retinoic acid receptor and the thyroid hormone
receptor. All three vitamin D receptor dimers can interact with either direct
repeat or inverted palindromic hormone response elements. In heterodimers,
the vitamin D receptor may be at the 5'-position or 3'-position, resulting in
six types of activated vitamin D receptor dimers that can bind to two types
of response elements, raising the possibility of multiple signaling pathways
(Carlberg, 1996; Carlberg et al., 2001; Yamada et al., 2001b).

Synthesis of the vitamin D receptor is increased in response to both parathy-
roid hormone (Section 3.2.8.2) and calcitriol. It is not clear whether or not the
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response to calcitriol is from increased transcription. There is evidence that
theligand-occupied receptor protein is more resistant to degradation than the
empty receptor and therefore survives longer (Christakos et al., 1996).

Type II vitamin D-resistant rickets (Section 3.4.2) is associated with target
tissue resistance to calcitriol. Most cases are from either a lack of calcitriol
receptors or impaired binding of calcitriol to the receptor. Thus, higher than
normal concentrations of calcitriol are required to saturate the receptor. Some
affected families show normal binding of calcitriol to the receptor, with an
apparent defect in the DNA binding domain (Griffin and Zerwekh, 1983).

3.3.2 Nongenomic Responses to Vitamin D

With the isolated perfused duodenum, there is a rapid increase in calcium
transport in response to the addition of calcitriol to the perfusion medium.
Isolated enterocytes and osteoblasts also show a rapid increase in calcium
uptake in response to calcitriol. It is not associated with changes in mRNA
or protein synthesis, but seems to be because of recruitment of membrane
calcium transport proteins from intracellular vesicles to the cell surface. It is
inhibited by the antimicrotubule compound colchicine. It can only be demon-
strated in tissues from animals that are adequately supplied with vitamin D;
in vitamin D-deficient animals, the increase in intestinal calcium absorption
occurs only more slowly, together with the induction of calbindin.

In osteoblasts, keratinocytes, and colonocytes, and possibly other cells, cal-
citriol acts via cell surface receptors linked to phospholipase C, resulting in
release of diacylglycerol and inositol trisphosphate (Section 14.4.1), followed
by opening of intracellular calcium channels and activation of protein kinase
C and mitogen-activated protein (MAP) kinases. The effect of this is inhibi-
tion of cell proliferation and induction of differentiation. A variety of analogs
of calcitriol that do not bind to the nuclear receptor do bind to, and activate,
the cell surface receptor, including 1,25-dihydroxy-7-dehydrocholesterol and
1,25-dihydroxylumisterol. The rapid nongenomic responses to vitamin D can
be demonstrated in knockout mice that lack the vitamin D nuclear receptor
(Farach-Carson and Ridall, 1998; Nemere and Farach-Carson, 1998).

Calcitriol modulates the maturation of chondrocytes via a cell surface re-
ceptor linked to phospholipase and protein kinase C; in response to calcitriol,
there are rapid changes in arachidonic acid release from, and reincorporation
into, membrane phospholipids, and increased synthesis of prostaglandins E,;
and E, (Boyanetal., 1999). 24-Hydroxycalcidiol also modulates the maturation
of chondrocytes, acting via cell surface receptors linked to phospholipase
D, causing inactivation of both protein kinase C and MAP kinases, thus
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resulting in both genomic and nongenomic actions. Chondrocytes form 24-
hydroxycalcidiol themselves, and this may represent both endocrine and au-
tocrine actions (Boyan et al., 2001).

Inthyroid cells in culture, calcitriol reduces production of cAMP inresponse
to thyroid stimulating hormone by a nuclear action on the synthesis of G-
protein subunits. However, it also reduces the responsiveness to cAMP, and
attenuates cell growth and iodide uptake in response to thyroid stimulating
hormone, with arapid time course from direct action on protein kinase A (Berg
and Haug, 1999).

3.3.3 Stimulation of Intestinal Calcium and Phosphate Absorption
Early studies showed that, after the administration of [*H]cholecalciferol or
ergocalciferol to vitamin D-deficient animals, there is marked accumulation
of 3H]calcitriol in the nuclei of intestinal mucosal cells. Physiological doses
of vitamin D cause an increase in the intestinal absorption of calcium in defi-
cient animals; the response is faster after the administration of calcidiol and
faster still after calcitriol. There are two separate responses of intestinal mu-
cosal cells to calcitriol: a rapid increase in calcium uptake that is due to re-
cruitment of calcium transporters to the cell surface (Section 3.3.2) and a later
response from the induction of a calcium binding protein, calbindin-D.

3.3.3.1 Induction of Calbindin-D Inresponse to calcitriol administration,
there is an increase in mRNA synthesis and then in the synthesis of calbindin-
D in intestinal mucosal cells, which is correlated with the later and more sus-
tained increase in calcium absorption. In vitamin D-deficient animals, there
is no detectable calbindin in the intestinal mucosa, whereas in animals ade-
quately provided with vitamin D, it may account for 1% to 3% of soluble protein
in the cytosol of the columnar epithelial cells. Although the rapid response to
calcitriol is an increase in the permeability of the brush border membrane to
calcium, the induction of calbindin permits intracellular accumulation and
transport of calcium. The rapid increase in net calcium transport in tissue
from vitamin D-replete animals is presumably dependent on the calbindin
that is already present; in deficient animals, there can be no increase in cal-
cium transport until sufficient calbindin has accumulated to permit intracel-
lular accumulation, despite the increased permeability of the brush border.
Calbindin is a relatively small protein (the chick protein has an M, of 28,000,
whereas those from mammalian intestinal mucosa have M, between 8,000
to 11,000) and binds calcium with high affinity (K4ss 1 — 10 x 10~7 M). The
mammalian intestinal protein (calbindin-D9k) has two calcium binding
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domains, whereas the chick protein (calbindin-D28k) has four. As well as being
the intestinal calcium binding protein in birds, calbindin-D28k is also found
in mammalian kidneys, liver, and pancreas. There is little sequence homol-
ogy between calbindin-D9k and calbindin-D28k, despite the fact that there is
considerable interspecies homology in calbindin-D28k. The calcium binding
domain of calbindin-D is distinct from the lower affinity calcium binding do-
mains of the y-carboxyglutamate-containing calcium binding proteins (Sec-
tion 5.3) and is similar to that of other high-affinity calcium binding proteins,
such as calmodulin, parvalbumin, troponin C, and brain S-100 protein, none
of which is calcitriol dependent. It consists of an octahedral calcium binding
region formed from a helix-loop-helix structure; the loop region has side-
chain oxygen atoms that chelate calcium. Other metal ions are also bound,
with lower affinity: cadmium > strontium > manganese > zinc > barium >
cobalt > magnesium.

3.3.4 Stimulation of Renal Calcium Reabsorption
Almost all of the 240 mmol of calcium filtered daily in the kidney is reabsorbed
by three mechanisms (Friedman, 2000):

1. In the proximal tubules, calcium absorption is mainly by a paracellular
route that is not regulated by hormones.

2. Inthethickascendinglimbs, there are both paracellular and transcellular
routes: theactive transcellularrouteisregulated by parathyroid hormone
(increasing reabsorption) and calcitonin (reducing reabsorption), the
paracellular route by cotransport with sodium.

3. Inthedistal tubule, reabsorptionis entirely transcellular, and is regulated
by parathyroid hormone and calcitriol (increasing reabsorption) and
calcitonin (reducing reabsorption).

Although calcitriol is synthesized only in the proximal renal tubule, after
the administration of [*H]calcidiol, radioactivity in the kidney accumulates
only in the distal and collecting tubules. This is the region in which selective
resorption of calcium from the urine occurs and, in response to calcitriol, there
is induction of calbindin-D28k. As in the intestinal mucosa, calbindin in the
kidney is a cytosolic protein and is presumably involved in the intracellular
accumulation and transport of calcium.

3.3.5 The Role of Calcitriol in Bone Metabolism

In addition to the role of bone mineral as a structural component of bone, it can
be regarded as a major reserve of calcium for the body. In an adult, the skeleton
contains 25 mol of calcium, whereas the total extracellular fluids contain only
about 25 mmol. Parathyroid hormone, calcitonin, and calcitriol regulate the
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intestinal absorption and renal excretion of calcium, and the mobilization
and deposition of bone calcium, maintaining the plasma concentration in a
narrow range between 2.2 to 2.55 mmol per L. Of this, 0.7 mmol per L is bound
to albumin and therefore not readily diffusible; a further 0.25 mmol per L is
chelated, for example, by citrate. The metabolically important fraction is the
remaining 1.3 mmol per L that is present as free Ca®* ions.

Bone mineral is largely calcium phosphate, in the form of hydroxyapatite
[Ca;o(PO,)s(OH),], although it also contains carbonate and citrate, as well as
magnesium and traces of fluoride and strontium. The mineral has a very fine
crystal structure, and hence a large surface area; as discussed in Section 5.3.3,
the function of osteocalcin, the y -carboxyglutamate-containing calcium bind-
ing protein in the bone matrix, is to modify crystallization of bone mineral.
The maintenance of bone structure is because of the balanced activity of os-
teoclasts, which erode existing bone mineral and organic matrix. Osteoblasts
synthesize and secrete the proteins of the bone matrix and also have resorptive
activity. Mineralization of the organic matrix seems to be largely controlled by
the availability of adequate concentrations of calcium and phosphate, modu-
lated by osteocalcin.

Osteoblasts also synthesize and secrete into the bone matrix a variety of
compounds that modify the responsiveness of osteoclasts to inhibition by cal-
citonin and prostaglandins. They have both nuclear and cell surface receptors
for calcitriol, as well as receptors for parathyroid hormone, glucocorticoids,
epidermal growth factor, prostaglandins, estrogens, and androgens. They are
susceptible to multiple hormonal modulation of activity. In response to cal-
citriol, they show decreased synthesis of collagen and alkaline phosphatase,
and increased synthesis of osteocalcin and osteopontin. These are genomicre-
sponses associated with nuclear receptors. There are also rapid (nongenomic)
responses mediated by cell surface receptors thatinclude activation of voltage-
gated calcium channels, induction of phospholipid and sphingolipid turnover,
an increase in intracellular calcium, and priming of parathyroid hormone-
sensitive ion channels, as well as second messenger cascades. There is also a
slower, nongenomic response to calcitriol, with a time course of 1 to 3 hours
and phosphorylation of a variety of secreted proteins, including osteopontin
(Farach-Carson and Ridall, 1998).

Physiologically, the response of bone to calcitriol is resorption of bone min-
eral and matrix protein. Both calcitriol and parathyroid hormone increase
bone resorption in vivo and in bone organ culture, but have no effect on the
activity of isolated osteoblasts. In addition to direct stimulation of the resorp-
tive activity of osteoblasts, calcitriol increases osteoclastic activity. This is not
because of a direct effect of calcitriol on osteoclasts, which lack calcitriol
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receptors, but rather an increase in the differentiation of osteoclast precursor
cells into mature osteoclasts. It is not known whether osteoclast precursors
respond directly to calcitriol, or whether the effect is indirect, mediated by
calcitriol-responsive leukocytes or osteoblasts. Osteoblasts stimulated by cal-
citriol or parathyroid hormone secrete one or more small proteins thatincrease
the activity of osteoclasts (Bar-Shavit et al., 1983).

Osteoclastic activity is inhibited by calcitonin and prostaglandins I,, E;,
and E,, all of which act directly on the osteoclast; there is some evidence
that osteoblasts may synthesize and secrete some of the osteoclast inhibitory
prostaglandins. Calcitriol and parathyroid hormone stimulation of osteoblast
resorptive activity also cause the synthesis and release of a variety of growth
factors from the osteoblasts. These accumulate in the bone and act as delayed
activators of osteoblast proliferation and activation. Although the immediate
response of osteoblasts to calcitriol is repression of the synthesis of collagen
and alkaline phosphatase (Rowe and Kream, 1982), between 24 to 48 hours
after calcitriol administration there is increased collagen synthesis, with both
new mRNA synthesis and an increased rate of translation of the existing mRNA,
and induction of alkaline phosphatase and osteocalcin (Franceschi et al., 1988;
Boyan et al., 1989). Alkaline phosphatase may have an important role in min-
eralization by hydrolyzing pyrophosphate and ATP in the bone matrix, both
of which are inhibitors of mineralization; inhibition of alkaline phosphatase
inhibits calcification of cartilage in culture. The combined effect of the de-
layed autocrine activators of osteoblast proliferation released by parathyroid
hormone or calcitriol-stimulated osteoblasts, and the delayed induction of
collagen, osteocalcin, and alkaline phosphatase synthesis is thus to promote
the formation and mineralization of new bone matrix to replace that resorbed.

3.3.6 Cell Differentiation, Proliferation, and Apoptosis

Not only is calcitriol an important determinant for the differentiation of osteo-
clastprecursor cells, italso directs the differentiation and maturation of normal
and leukemic cells into monocytes, and potentiates apoptosis induced by 9-
cis-retinoic acid, although it does not induce apoptosis itself. This suggests
the possibility of what has been called maturation therapy for leukemia rather
than conventional chemotherapy (James et al., 1999).

Calcitriol induces terminal differentiation of skin keratinocytes in culture,
an action that has been exploited in the treatment of psoriasis (Section 3.6.2).
In keratinocytes in culture, both calcium and calcitriol are required for dif-
ferentiation. Cells lacking the calcium-sensing receptor or phospholipase
C-y1 fail to differentiate in response to calcium or calcitriol, suggesting that in
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addition to nuclear actions, calcitriol also modulates differentiation via cell
surface receptors, phospholipase, and a protein kinase C cascade (Bikle et al.,
2001; Bollinger and Bollag, 2001). Keratinocytes not only form cholecalciferol
from 7-dehydrocholesterol (Section 3.2.1), but also hydroxylate it to calcitriol.
This endogenous formation of calcitriol is regulated, and changes as the cells
differentiate, so there is both endocrine and autocrine regulation of differen-
tiation by calcitriol (Bikle, 1995).

Hair follicles also have calcitriol receptors and type II vitamin D-resistant
rickets (Section 3.4.2), which is caused by lack of calcitriol receptor function,
is associated with total alopecia, suggesting that calcitriol has a role in their
development.

Vitamin D receptors have been identified in a variety of tumor cells. At low
concentrations, calcitriol is a growth promoter, whereas at higher concentra-
tions it inhibits proliferation of a variety of tumor cells in culture, including
breast and prostate tumor cells. There is an epidemiological association be-
tween low vitamin D status and prostate cancer. Calcitriol has both antiprolif-
erative and proapoptotic actionsin cancer cells in culture. The antiproliferative
effect is by suppression of growth stimulatory factors and the potentiation of
growth inhibitory signals, and serves to introduce a block in the cell cycle at
the transition from the G1 phase to the S phase. Apopotosis is induced by
increased translocation of the proapoptotic Box protein into mitochondria,
leading to increased formation of cytotoxic reactive oxygen species (Blutt and
Weigel, 1999; Narvaez et al., 2001; Ylikomi et al., 2002).

Adipocytes have vitamin D receptors, and there is evidence that vitamin D
may act as a suppressor of adipocyte development (Kawada et al., 1996). It has
been suggested that vitamin D inadequacy may be a factor in the development
of the metabolic syndrome (“syndrome X,” the combination of insulin resis-
tance, hyperlipidemia, and atherosclerosis associated with abdominal obe-
sity). Sunlight exposure, and hence vitamin D status, may be a factor in the
difference in incidence of atherosclerosis and myocardial infarction between
northern and southern European countries; in addition to effects on adipocyte
development, calcitriol also enhances insulin secretion through induction of
calbindin-D (Section 3.3.7.1), and there is some evidence vitamin D supple-
ments can improve glucose tolerance (Boucher, 1998).

3.3.7 Other Functions of Calcitriol

Calcitriol receptors have been identified in a variety of tissues; in some of these,
the effect of calcitriol is to induce the synthesis of calbindin-D; in others, it is
regulation of cell proliferation and differentiation.
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Calbindin-D9k has been identified in both the placenta and yolk sac of
rats and mice, and increases in the later stages of gestation when there is
considerable fetal uptake of calcium for mineralization of the skeleton. In both
birds and mammals, calcitriol is also required for ovulation (Halloran, 1989).

Calbindin-D28k is found in both the central and peripheral nervous sys-
tems. In the central nervous system, it is apparently a constitutive, calcitriol-
independent protein, whereas in peripheral nerves, it is induced by calcitriol.

3.3.7.1 Endocrine Glands Calcium is known to be important in the se-
cretion of insulin; in vitamin D deficiency, there is impairment of secretion.
Calbindin-D28k in the B-islet cells of the pancreas is believed to be calcitriol
dependent, unlike similar calcium binding proteins in other pancreatic cells
that are constitutive proteins and independent of calcitriol.

3.3.7.2 The Immune System Calcitriol has effects on the proliferation,
differentiation, and immune function of lymphocytes and monocytes. Lym-
phocytes from vitamin D-deficient mice show impaired inflammatory and
phagocytic responses. There is a correlation between plasma concentrations
of calcidiol (and hence vitamin D status) and circulating concentrations of im-
munoglobulins (Sedrani, 1988). Peripheral monocytes and macrophages have
a constitutive calcitriol receptor at all stages of development and activation.
Calcitriol promotes the differentiation of monocyte precursor cells to form
monocytes and macrophages, and enhances monocyte function (Manolagas
etal., 1985). Activated macrophages have calcidiol 1-hydroxylase and can syn-
thesize calcitriol from calcidiol, suggesting that, in addition to the endocrine
role of calcitriol, it may have a paracrine role in the immune system (Casteels
et al., 1995). Resting lymphocytes do not have calcitriol receptors, although
the receptor is induced within 24 hours of activation. Calcitriol is a potent in-
hibitor of interleukin-2, and suppresses the effector functions of T and B lym-
phocytes; it is a potent inhibitor of immunoglobulin production by peripheral
blood monocytes in culture, apparently as a result of its antiproliferative effect
on immunoglobulin-producing B cells and/or T-helper cells (Lemire et al.,
1984; Manolagas et al., 1985). Thus, calcitriol acts at the site of inflammation
both to limit T-lymphocyte action and to enhance or activate macrophage
cytotoxicity.

3.4 VITAMIN D DEFICIENCY — RICKETS AND OSTEOMALACIA

Rickets is a disease of young children and adolescents, resulting from a failure
of the mineralization of newly formed bone. In infants, epiphyseal cartilage
continues to grow, but is not replaced by bone matrix and mineral. The earliest
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sign of this is craniotabes — the occurrence of unossified areas in the skull,
accompanied by late closure of the fontanelles. At a later stage, there is en-
largement of the epiphyses, initially at the costachondral junction of the ribs,
giving a beading effect — the rachitic rosary. This may lead to deformity of the
chest, and in severe cases collapse of the rib cage, with consequent obstruc-
tion of respiration. Other epiphyseal junctions also become enlarged. When
the child begins to walk, the weight of the body deforms the undermineralized
long bones, leading to bow legs or knock knees and deformity of the pelvis.
Similar problems may develop during the adolescent growth spurt. In severe
deficiency, the plasma concentration of calcium may fall to the level at which
intracellular calcium in nerves and muscles cannot be maintained, and tetany
occurs.

Rickets was more or less eradicated as a nutritional deficiency disease dur-
ingthe 1950s, as a result of widespread enrichment of infant foods with vitamin
D. The level of supplementation was reduced as a result of the development
of hypercalcemia caused by vitamin D intoxication (Section 3.6.1) in a small
number of especially susceptible infants. As a result, rickets has reemerged,
especially in northern cities in temperate countries.

There have been a number of reports of rickets, especially among African-
Americans in the southern United States. Rickets and osteomalacia are prob-
lems among Indians living in the United Kingdom and elsewhere. Although
dietary and cultural factors may be involved, there is evidence of a genetic
predisposition from high activity of calcidiol 24-hydroxylase (Section 3.2.5)
(Dunnigan and Henderson, 1997; Awumey et al., 1998; Shaw and Pal, 2002).

Osteomalacia is the defective remineralization of bone during normal bone
turnover in adults, so that there is a progressive demineralization, but with
adequate bone matrix, leading to bone pain and skeletal deformities, with
muscle weakness. Women with inadequate vitamin D status are especially at
risk of osteomalacia after repeated pregnancies, as a result of the considerable
drain on calcium reserves for fetal bone mineralization and lactation.

Elderly people are at risk of osteomalacia, because of both decreased syn-
thesis of 7-dehydrocholesterol in the skin with increasing age and low expo-
sure to sunlight. Plasma concentrations of calcidiol below 10 nmol per L are
commonly seen in people over 75 years of age, not rising above 20 nmol per L
at any time of the year. Histologically proven osteomalacia is observed in 2%
to 5% of elderly people presenting to the hospital in Britain.

3.4.1 Nonnutritional Rickets and Osteomalacia
Induction of cytochrome P45, enzymes by barbiturates and other anticonvul-
sants can result in increased catabolism of calcidiol, and hence secondary,
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drug-induced osteomalacia. The antituberculosis drug isoniazid inhibits
cholecalciferol 25-hydroxylase, and again prolonged administration can cause
osteomalacia.

Three conditions associated with defective 1-hydroxylation of calcidiol
can all be treated by the administration of either calcitriol itself or la-
hydroxycholecalciferol, which is a substrate for 25-hydroxylation in the liver
forming calcitriol:

1. Strontium intoxication can cause vitamin D-resistant rickets because
strontium is a potent inhibitor of calcidiol 1-hydroxylase (Omdahl and
DelLuca, 1971).

2. Renal failure is associated with an osteomalacia-like syndrome, renal
osteodystrophy, as a result of the loss of calcidiol 1-hydroxylase activity.
The condition may be complicated by defective reabsorption of calcium
and phosphate from the urine. Furthermore, the half-life of parathy-
roid hormone is increased, because the principal site of its catabolism
is the kidney, so there is increased parathyroid hormone-stimulated os-
teoclastic action without the compensatory action of calcitriol (Mawer
etal., 1973).

3. Hypoparathyroidism is also associated with a failure of calcidiol 1-
hydroxylation, in this case because the major stimulus for induction of
1-hydroxylase is parathyroid hormone.

3.4.2 Vitamin D-Resistant Rickets
There are a number of rachitic syndromes that do not respond to normal
amounts of vitamin D:

1. X-linked hypophosphatemic rickets is caused by abnormal reabsorp-
tion of phosphate in the proximal renal tubule, resulting in excessive
excretion of phosphate and hence hypophosphatemia. There may also
be blunting of the normal increase in calcidiol 1-hydroxylase activity in
response to hypophosphatemia. The gene responsible for the condition
has been identified (the PHEX gene); its product is a membrane-bound
endopeptidase that normally acts to clear the hormone phosphatonin
from the circulation. Phosphatonin acts to decrease the activity of the
sodium/phosphate cotransporter in the kidney (Drezner, 2000).

2. Tumor-induced osteomalacia (oncogenic hypophosphatemic osteoma-
lacia) is also characterized by excessive urinary excretion of phos-
phate, and hence hypophosphatemia and low circulating calcitriol. Re-
moval of the tumor results in normalization of phosphate excretion and
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recovery from osteomalacia. The tumors that cause osteomalacia secrete
abnormally large amounts of phosphatonin (Kumar, 2000).

3. Typelvitamin D-resistant rickets is due to a genetic defect in calcidiol 1-
hydroxylase, so thatlittle or no calcitriol is formed. Patients respond well
to the administration of 1a-hydroxycholecalciferol, which is a substrate
for 25-hydroxylation in the liver, leading to normal circulating concen-
trations of calcitriol.

4. Type Il vitamin D-resistant rickets is characterized by a lack of respon-
siveness of target tissues to calcitriol and is caused by a genetic defect in
the calcitriol receptor. Affected children develop more or less normally
until about 9 months of age, then develop severe rickets with alopecia
and a wide variety of disorders, including immune system dysfunction.
Three variants are known:

(a) Complete absence of calcitriol receptor, presumably the result of a
deletion or early nonsense mutation in the receptor gene.

(b) Poor affinity of the receptor for calcitriol, presumably the result of a
mutation affecting the calcitriol binding site.

(c) Normal receptor binding of calcitriol with impaired responsiveness
of target tissues, presumably the result of a mutation affecting the
DNA binding domain of the receptor.

3.4.3 Osteoporosis

Osteoporosisis a condition involvingloss of bone mineral and matrixin elderly
people, and may affect 40% of women and 12% of men as they age. The loss
of bone mineral is associated with inappropriate calcification of other tissues,
especially arteries and the kidneys. This may be more dangerous than the loss
of bone, in that the majority of deaths among women suffering from osteo-
porosis are from cardiovascular disease.

Unlike osteomalacia, there is no defect of bone mineralization in osteo-
porosis. The lower density of the bone renders it more susceptible to fracture,
whereas in osteomalacia the incompletely mineralized bone matrix is liable to
deformation rather than fracture.

Type I osteoporosis, also known as postmenopausal osteoporosis, involves
loss of trabecular bone in the vertebrae, leading to crush fracture with min-
imal trauma. It is essentially a condition affecting postmenopausal women,
with a female:male ratio of 10:1. Type II osteoporosis (senile osteoporosis)
is osteoporotic hip fracture. It shows only a 2:1 excess of females over males
and a geometric increase in incidence with increasing age. The two types of
osteoporosis are not exclusive, and type I patients are more susceptible to
hip fracture, whereas many hip fracture patients have asymptomatic vertebral
crush fractures.
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The principal cause of osteoporosis seems to be the loss of estrogen and
androgen secretion with increasing age. It was noted in Section 3.3.5 that os-
teoblasts have both estrogen and androgen receptors. Although the mech-
anism of action of the sex steroids is not clear, it seems likely that they act
by reducing the osteoclastogenesis resulting from osteoblast activation. They
may also antagonize the release of osteoblast-derived resorption factors fol-
lowing calcitriol and parathyroid hormone action. Thus, loss of estrogen at
menopause and loss of testosterone with increasing age in men result in
loss of some of the normal modulation of bone resorption stimulated by
calcitriol.

Osteoporosisis probablyaninevitable consequence ofaging. The peakbone
mass is achieved between the ages of 20 to 30; thereafter, there is a progres-
sive loss of bone, becoming more marked postmenopausally. The condition is
considerably less severe in women who enter menopause with greater bone
mass, which is largely genetically determined. Polymorphism of the vitamin D
receptor gene is one factor, but variants of the estrogen receptor gene and the
gene for type I collagen are also involved (Wood and Fleet, 1998; Audi et al.,
1999; Eisman, 1999).

A lifetime low intake of calcium is a risk factor, and there is some evidence
that a moderately high intake of calcium during early life, while the skeleton is
being formed, is protective. Postmenopausal hormone replacement therapy
is beneficial in reducing the rate of bone loss.

Although vitamin D status declines with increasing age and there is reduced
activity of calcidiol 1-hydroxylase, osteoporosis is not caused by vitamin D de-
ficiency. Equally, although there is negative calcium balance in osteoporosis,
this is a result of bone loss, not a cause. Two consensus statements (National
Institutes of Health, 2000; North American Menopause Society, 2001) note that,
although supplementary calcium is less effective than hormone replacement
therapy or treatment with antiresorptive agents (such as bisphosphonates), it
is — together with vitamin D — an essential component of treatment for osteo-
porosis. An intake of at least 1,200 mg of calcium (but not more than 2,500 mg),
together with 10 to 15 ug of vitamin D, is recommended.

3.4.3.1 Glucocorticoid-Induced Osteoporosis Therapeutic doses of glu-
cocorticoid hormones, and even high physiological levels associated with
chronic stress, can cause or exacerbate osteoporosis. The gene for osteocal-
cin has an inhibitory glucocorticoid response element that overlaps the TATA
box and hence impairs the induction of osteocalcin in response to calcitriol
(Christakos et al., 1996).
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Analysis of a number of controlled trials shows that, whereas bisphospho-
nates are most effective in preventing or treating glucocorticoid-induced os-
teoporosis, calcium and vitamin D together are superior to either no treatment
or calcium supplements alone (Amin et al., 1999). It is recommended that all
patients being treated with glucocorticoids should receive 20 ug of vitamin D,
1 ug of le-hydroxycalcidiol, or 0.5 ug of calcitriol per day to normalize cal-
cium balance, in addition to bisphosphonates or estrogen replacement ther-
apy as appropriate (American College of Rheumatology Ad Hoc Committee on
Glucocorticoid-Induced Osteoporosis, 2001).

3.5 ASSESSMENT OF VITAMIN D STATUS

Before gross anatomical deformities are apparent in vitamin D-deficient chil-
dren, bone density is lower than normal, and this can be detected by ra-
diography. This preclinical condition is known as radiological rickets. At an
earlier stage of deficiency, there is a marked elevation of plasma alkaline phos-
phatase released by osteoclastic activity; the reference range for alkaline phos-
phatase in children is 75 to 250 units per L. For many years, this stage of bio-
chemical rickets was used as a means of detecting children with preclinical
rickets.

Osteocalcin is induced in osteoblasts by calcitriol, and circulating osteocal-
cin can be used as an index of calcitriol action and metabolic bone disease. In
rachitic children, the plasma concentration of osteocalcin is lower than in con-
trols, and rises on therapy, remaining high until there is radiological evidence
of cure. However, plasma osteocalcin can be undetectably low in normal sub-
jects with adequate vitamin D status, so this does not provide a useful indica-
tion of deficiency (Greig et al., 1989).

The plasma concentration of calcidiol is the most sensitive and useful index
of vitamin D status, and is correlated with elevated plasma parathyroid hor-
mone and alkaline phosphatase activity (Table 3.4). As shown in Table 3.2, the
reference range of plasma calcidiol is between 20 to 150 nmol per L, with a two-
fold seasonal variation in temperate regions. Concentrations below 20 nmol
per L are considered to indicate impending deficiency, and osteomalacia is
seen in adults when plasma calcidiol falls below 10 nmol per L. In children,
clinical signs of rickets are seen when plasma calcidiol falls below 20 nmol
per L. The plasma concentration of calcitriol does not give a useful indica-
tion of vitamin D status. The reference range is between 38 to 144 pmol per L
and is maintained because of the stimulation of calcidiol 1-hydroxylation by
parathyroid hormone secreted in response to falling concentrations of calcium
(Holick, 1990).
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Table 3.4 Plasma Concentrations of Calcidiol, Alkaline Phosphatase,
Calcium, and Phosphate as Indices of Nutritional Status
Alkaline

Calcidiol Phosphatase Calcium Phosphate

(nmol/L) (units/L) (mmol/L) (mmol/L)
Infants 27-100 100-300 2.5 1.6-2.6
Children with rickets <20 >390 2.0-2.25 1.0
Adults 20-87 57-100 2.5 1.0-1.4
Adults with osteomalacia <10 300 2.25 0.6-1.0
Adults with osteoporosis  20-87 40 2.5-3 1.3-1.6

3.6 REQUIREMENTS AND REFERENCE INTAKES

Dietary vitamin D makes little contribution to status, and the major factor is
exposure to sunlight, a conclusion that is supported by the two-fold seasonal
variation in plasma calcidiol in temperate regions (see Table 3.2). There are
no reference intakes for young adults in the United Kingdom and Europe; for
house-bound elderly people, the reference intake is 10 ug per day, based on the
intake required to maintain a plasma concentration of calcidiol of 20 nmol per L
(see Table 3.5). This will almost certainly require supplements of the vitamin,
because average intakes are less than half this amount. The U.S./Canadian
adequate intake is 5 ug per day up to age 50, increasing to 10 ug between 51
to 70, and 15 g over 70 years of age (Institute of Medicine, 1997).

A number of studies have suggested that the cholecalciferol content of hu-
man milk is inadequate to meet the requirements of breast-fed infants without
exposure to sunlight, especially during the winter, when the mother’s reserves
of the vitamin are low. Infant formulae normally provide 10 g of cholecal-
ciferol per day, and a similar amount is recommended for breast-fed infants.
Supplements of 10 ug per day are also recommended for children between
3 months and 3 years, because of the relatively high requirement during the
phase of maximum bone development and the limited exposure to sunlight in
temperate regions. Such supplements maintain the plasma concentration of
calcidiol above 20 nmol per L.

The U.S./Canadian report (Institute of Medicine, 1997) discussed require-
ments only in terms of bone density and maintenance of a plasma concentra-
tion of calcitriol above that associated with elevated parathyroid hormone
and alkaline phosphatase. Vieth (1999) noted that intakes above 5 ug per
day are required to prevent osteoporosis (Section 3.4.3) and secondary hyper-
parathyroidism, and suggested that normal sunlight exposure may provide the
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Table 3.5 Reference Intakes of Vitamin D (pg/day)
U.K. U.S./Canada FAO
Age 1991 1997 2001
0-6m 8.5 5 5
7-12m 7 5 5
1-3y 7 5 5
4-10y — 5 5
Males
10-50 y — 5 5
51-70y 10 10 10
>70y 10 15 15
Females
10-50y — 5 5
51-70y 10 10 10
>70y 10 15 15
Pregnant 10 5 5
Lactating 10 5 5
FAO, Food and Agriculture, Organization; WHO, World
Health Organization.
Sources: Department of Health, 1991; Institute of Medi-
cine, 1997; FAO/WHO, 2001.

equivalent of 20 to 50 pg per day, with possible benefits of preventing some
cancer (Section 3.3.6), hypertension, and the progression of osteoarthritis.

3.6.1 Toxicity of Vitamin D
Intoxication with vitamin D causes weakness, nausea, loss of appetite, head-
ache, abdominal pains, cramps, and diarrhea. More seriously, it also causes
hypercalcemia, with plasma concentrations of calcium between 2.75 to
4.5 mmol per L, compared with the normal range of 2.2 to 2.5 mmol per L.
At plasma concentrations of calcium above 3.75 mmol per L, vascular smooth
muscle may contract abnormally, leading to hypertension and hypertensive
encephalopathy. Hypercalciuria may also result in the precipitation of calcium
phosphate in the renal tubules and hence the development of urinary calculi.
Hypercalcemia can also result in calcinosis - the calcification of soft tissues,
including kidneys, heart, lungs, and blood vessels. This is assumed to be the
result of increased calcium uptake into tissues in response to excessive plasma
concentrations of the vitamin and its metabolites.

Some children are sensitive to hypercalcemia and calcinosis as a result of
vitamin D intakes as low as 45 ug per day (Chesney, 1990; Holick, 1990). There
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is thus anarrow margin between amounts of vitamin D adequate to ensure that
rickets is prevented throughout the community and the level at which vulner-
able infants will develop hypercalcemia. This became a significant problem
in Britain in the 1950s. Widespread fortification of infant foods had resulted
in eradication of rickets, but, by 1955, 200 cases of hypercalcemia had been
reported. The amounts of vitamin D added to infant foods was reduced; as a
result, ricketsreappeared. The problemis toidentify those children atrisk of de-
ficiency, who therefore require additional supplements, without putting those
with a low threshold for intoxication at risk of hypercalcemia and calcinosis.

The U.S./Canadian report (Institute of Medicine, 1997) quotes a no adverse
effect level of 60 g per day, leading to a tolerable upper level of intake of
50 ug per day (and 25 pg per day for infants). The toxic threshold for adults
hasnot been established, but reports of hypercalcemia in adults have involved
intakes in excess of 1,000 ug per day. There is no evidence of adverse effects at
plasma concentrations of calcidiol lower than 140 nmol per L, which requires
an intake in excess of 250 pg per day, suggesting that the currently accepted
no adverse effect level is lower than necessary (Vieth, 1999).

Hypercalcemia persists for many months after the cessation of excessive
intakes of vitamin D, because of the accumulation of the vitamin in adipose
tissue and its slow release into the circulation. The introduction of calcitriol
and le-hydroxycalcidiol for the treatment of such conditions as hypoparathy-
roidism, renal osteodystrophy, hypophosphatemic osteomalacia, and vitamin
D-dependent rickets has meant that hypercalcemia is less of a problem than
when high doses of vitamin D were used in the treatment of these conditions.
Because calcitriol has a short half-life in the circulation, the resultant hyper-
calcemia is of shorter duration than after cholecalciferol, and adjustment of
the dose is easier.

3.6.2 Pharmacological Uses of Vitamin D
Multiple sclerosis is less common among people living at high altitude, where
UV exposure is greater. Patients with multiple sclerosis have poor vitamin D
status and low bone density, although this could be a result of the disease
rather than a cause. Calcitriol prevents the development of experimental au-
toimmune encephalomyelitis in mice, a widely accepted model of multiple
sclerosis, and it has been suggested that vitamin D supplements may protect
genetically susceptible people from developing the disease (Hayes et al., 1997;
Hayes, 2000).

A number of studies have shown that there is a north-south gradient in the
incidence of type I diabetes mellitus and that children who are given vitamin
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D supplements are less at risk of developing the disease. It is not known how
vitamin D protects against the development of diabetes, but it may be by
modulation of the differentiation of lymphocytes involved in the autoimmune
destruction of pancreatic B-islet cells. The protective dose is above current
reference intakes and indeed may be above the tolerable upper intake of 25 ug
per day for infants (Harris, 2002).

The calcitriol molecule shows considerable conformational flexibility, and
different conformations are required for binding to the plasma vitamin D
binding protein (Section 3.2.7), nuclear receptors (Section 3.3.1), and cell sur-
face receptors (Section 3.3.2; Norman et al., 1996; 2001a; 2001b). Because
of the roles of vitamin D in regulating cell proliferation and differentiation
(Section 3.3.6), there is considerable interest in the development of analogs
of calcitriol that have little or no hypercalcemic action, for the treatment of
psoriasis and some cancers. Such compounds include calcipotriol (1e,27-
dihydroxycholecalciferol), 19-nor-calcidiol, doxercalciferol, 22-oxacalcitriol,
and alfacacidiol (Brown, 1998, 2001; Guyton et al., 2001).
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Vitamin E: Tocopherols and Tocotrienols

For a long time, it was considered that, unlike the other vitamins, vitamin E
had no specific functions; rather it was the major lipid-soluble, radical-
trapping antioxidant in membranes. Many of its functions can be met by syn-
thetic antioxidants; however, some of the effects of vitamin E deficiency in
experimental animals, including testicular atrophy and necrotizing myopa-
thy, do not respond to synthetic antioxidants. The antioxidant roles of vita-
min E and the trace element selenium are closely related and, to a great extent,
either can compensate for a deficiency of the other. The sulfur amino acids
(methionine and cysteine) also have a vitamin E-sparing effect.

More recent studies have shown that vitamin E also has roles in cell sig-
naling, by inhibition or inactivation of protein kinase C, and in modulation
of gene expression, inhibition of cell proliferation, and platelet aggregation.
These effects are specific for «-tocopherol and are independent of the antiox-
idant properties of the vitamin.

Deficiency of vitamin E is well established in experimental animals, result-
ing in reproductive failure, necrotizing myopathy, liver and kidney damage,
and neurological abnormalities. In human beings, deficiency is less well de-
fined, and it was only in 1983 that vitamin E was conclusively demonstrated to
be essential. Deficiency is a problem only in premature infants with low birth
weight and in patients with abnormalities of lipid absorption or congenital
lack of g-lipoproteins — abetalipoproteinemia — or a genetic defect in the «-
tocopherol transfer protein. In adults, lipid malabsorption only results in signs
of vitamin E deficiency after many years.

4.1 VITAMIN E VITAMERS AND UNITS OF ACTIVITY
As shown in Figure 4.1, there are eight vitamers of vitamin E; the tocopherols
and the tocotrienols differ in that the tocopherols have a saturated side chain,
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Figure 4.1. Vitamin E vitamers, tocopherols and tocotrienols, and the synthetic water-
soluble vitamin E analog, Trolox. Relative molecular masses (M;): a-tocopherol, 430.7
(acetate 488.8, succinate 546.8); 8-tocopherol, 419.7; y -tocopherol, 416.7; §-tocopherol,
402.7; a-tocotrienol, 424.7; B-tocotrienol, 410.7; y-tocotrienol, 410.7; §-tocotrienol,
396.7; and Trolox, 250.3.

whereas the tocotrienols have an unsaturated side chain. The different to-
copherols and tocotrienols («, 8, ¥, and §) differ in the methylation of the
chromanol ring. Tocotrienols occur in foods as both the free alcohols and also
as esters; tocopherols occur naturally as the free alcohols, but acetate and suc-
cinate esters are used in pharmaceutical preparations because of their greater
stability against oxidation. Trolox is a synthetic water-soluble compound with
vitamin E activity.



4.1 Vitamin E Vitamers and Units of Activity

Table 4.1 Relative Biological Activity of the Vitamin E Vitamers

Fetal Resorption Bioassay

Binding to
Relative «a-Tocopherol
IU/mg Activity Transfer Protein

D-a-tocopherol (RRR) 1.49 1.0 1.0
D-B-tocopherol (RRR) 0.75 0.50 0.38
D-y-tocopherol (RRR) 0.15 0.10 0.09
D-3-tocopherol (RRR) 0.05 0.03 0.02
D-a-tocotrienol 0.75 0.50 0.12
D-B-tocotrienol 0.08 0.05 —
D-y-tocotrienol — — —
D-3-tocotrienol — — —
L-a-tocopherol (SRR) 0.46 0.31 0.11
RRS-a-tocopherol 1.34 0.90 —
SRS-a-tocopherol 0.55 0.37 —
RSS-a-tocopherol 1.09 0.73 —
SSR-a-tocopherol 0.31 0.21 —
RSR-a-tocopherol 0.85 0.57 —
SSS-a-tocopherol 1.10 0.60 —
RRR-a-tocopheryl 1.36 0.91 —

acetate
RRR-a-tocopheryl acid 1.21 0.81 —

succinate
All-rac-a-tocopherol 1.10 0.74 0.02
All-rac-a-tocopheryl 1.00 0.67 —

acetate
All-rac-a-tocopheryl 0.89 0.60 —

acid succinate

Based on biological assay in vitamin E-deficient rats, the vitamers have
widely varying biological activity. The original international unit (iu) of vi-
tamin E potency was equated with the activity of 1 mg of (synthetic) prL-a-
tocopherol acetate; on this basis, pure p-«-tocopherol (RRR-a-tocopherol, the
most potent vitamer) is 1.49 iu per mg. The precise mixture of stereoisomers
in this original standard is unknown, and the different stereoisomers have
very different biological activities, so that different preparations may differ
considerably.

It is now usual to express the vitamin E content of foods in terms of
milligram-equivalents of (RRR)-«-tocopherol, based on their biological activi-
ties. In Table 4.1, the biological activity is shown in iu per milligram and relative
to D-e-tocopherol on a molar basis. For the major vitamers present in foods,
total a-tocopherol equivalent is calculated as the sum of mg «-tocopherol +
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Figure 4.2. Stereochemistry of «-tocopherol.

0.4 x mg B-tocopherol + 0.3 x mg y-tocopherol + 0.01 x mg §-tocopherol +
0.3 x mg «-tocotrienol + 0.05 x mg B-tocotrienol + 0.01 x mg y-tocotrienol
(Holland et al., 1991).

As shown in Figure 4.2, the tocopherols have three asymmetric centers. The
naturally occurring compound is D-a-tocopherol, in which all three asymmet-
ric centers have the R-configuration [2R, 4'R, 8'R, or all-R (RRR)-«-tocopherol].
Chemical synthesis yields a mixture of the eight possible stereoisomers (all-
rac-a-tocopherol); as shown in Table 4.1, the stereoisomers all have different
biological activity in the rat biological assay, and the all-rac mixture has a rela-
tive biological activity of 0.74 x the activity of RRR-«-tocopherol. Convention-
ally, this factor of0.74 has been used to calculate the nutritional contribution of
synthetic all-rac-a-tocopherol. The most important determinant of biological
activity is the chirality of C-2; the four isomers with the 2R configuration are all
more active than the corresponding 2Sisomers. Indeed, the 2S isomers are not
maintained in plasma and do not bind to the «-tocopherol transfer protein in
liver (Section 4.2).

The U.S./Canadian Dietary Reference intakes report (Institute of Medicine,
2000) departed from tradition by considering only the contribution of the 2R
isomers to vitamin E intake, and proposed an equivalence of 0.45 iu per mg for
synthetic all-rac-«-tocopherol, although in consideration of upper tolerable
levels of intake (Section 4.6.1), they considered the contribution of all iso-
mers equally. However, although the 2S isomers have a shorter half-life than
RRR-a-tocopherol in the circulation, and hence a lower apparent biological
availability, they are active in animal biological assays (Hoppe and Krennrich,
2000).
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Tocopherols and tocotrienols are important constituents of chloroplast
membranes in green plants, and are also found in large amounts in seeds.
The aromatic ring arises from homogentisic acid, which is both a precursor of
aromatic amino acids and also an intermediate in the catabolism of tyrosine.
The side chain is formed by the addition of geranyl-geranyl pyrophosphate to
yield initially §-tocotrienol. Successive methylation of the ring results in the
formation of y -, 8-, and a-tocotrienols; the tocopherols are formed by reduc-
tion of the side chain. Tocotrienols can be considered to be end-products of
the hydroxymethylglutaryl coenzyme A (HMG CoA) reductase pathway that
also leads to the synthesis of cholesterol, and they down-regulate HMG CoA
reductase and cholesterol synthesis.

4.2 METABOLISM OF VITAMIN E

The absorption of vitamin E is relatively poor — only some 20% to 40% of a
test dose is normally absorbed from the small intestine, in mixed lipid mi-
celles with other dietary lipids. This absorption is enhanced by medium-chain
triglycerides and inhibited by polyunsaturated fatty acids, possibly because of
chemical interactions between tocopherols and polyunsaturated fatty acids or
their peroxidation products in the intestinal lumen. Esters are hydrolyzed in
the intestinal lumen by pancreatic esterase and also by intracellular esterases
in the mucosal cells.

In intestinal mucosal cells, all vitamers of vitamin E are incorporated into
chylomicrons, and tissues take up some vitamin E from chylomicrons. Most,
however, goes to theliverin chylomicron remnants. «-Tocopherol, which binds
to the liver «-tocopherol transfer protein, is then exported in very low-density
lipoprotein (VLDL) and is available for tissue uptake (Traber and Arai, 1999;
Stocker and Azzi, 2000). Later, it appears in low-density lipoprotein (LDL) and
high-density lipoprotein, as a result of metabolism of VLDL in the circulation.
The othervitamers, which donotbind well to the «-tocopherol transfer protein,
are not incorporated into VLDL, but are metabolized in the liver and excreted.
This explains thelower biological potency of the other vitamers, despite similar,
or higher, in vitro antioxidant activity.

The affinities of a-tocopherol transfer protein for the other vitamers (rel-
ative to RRR-«-tocopherol = 1, and based on competition with RRR-«-toco-
pherol) are g-tocopherol, 0.38; y-tocopherol, 0.09; §-tocopherol, 0.02; SRR-a-
tocopherol, 0.11; and «-tocotrienol, 0.09. As a result, whereas the half-life of
a-tocopherol in the circulation is 48 hours, that of 8- and y -tocopherol (and
the other vitamers) is only of the order of 13 to 15 hours. In patients with ataxia
and vitamin E deficiency caused by a genetic lack of a-tocopherol transfer
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Figure 4.3. Reaction of tocopherol with lipid peroxides; the tocopheroxyl radical can be
reduced to tocopherol or undergo irreversible onward oxidation to tocopherol quinone.

protein (Section 4.4.2), the half-life of plasma «-tocopherol is of the order of
13 hours (Hosomi et al., 1997).

Because vitamin E is transported in lipoproteins secreted by the liver, the
plasma concentration depends to a great extent on total plasma lipids. Ery-
throcytes may also be important in transport, because there is a relatively large
amount of the vitamin in erythrocyte membranes, and this is in rapid equi-
librium with plasma vitamin E. There are two mechanisms for tissue uptake
of the vitamin. Lipoprotein lipase releases the vitamin by hydrolyzing the tri-
acylglycerol in chylomicrons and VLDL, whereas separately there is receptor-
mediated uptake of LDL-bound vitamin E. Studies in knockout mice suggest
that the main mechanism for tissue uptake of vitamin E from plasma lipopro-
teins is by way of the class B scavenger receptor (Mardones et al., 2002).

Retention within tissues depends on intracellular binding proteins which,
like the liver «-tocopherol transfer protein, have the highest affinity for RRR-
a-tocopherol. The retention of «-tocopherol in tissues varies. In the lungs the
vitamin has a half-life of 7.6 days, in liver 9.8 days, in skin 23.4 days, in brain
29.4 days, and in the spinal cord 76.3 days (Ingold et al., 1987).

As shown in Figure 4.3, tocopherol can undergo reversible oxidation to an
epoxide, followed by ring cleavage to yield a quinone, which is reduced to
the hydroquinone and conjugated with glucuronic acid, for excretion in the
bile, which is the major route of excretion. The side chain of the quinone and
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hydroquinone may be oxidized by g-oxidation, and small amounts of these
oxidation products (carboxyethyl-hydroxychromans) and their conjugates are
excreted in the urine. This is generally a minor route of metabolism, account-
ing for only about 1% of a test dose of labeled «-tocopherol, although larger
amounts of the oxidation products of the other vitamers are excreted in urine.
There may also be significant excretion of the vitamin by the skin. After the
administration of chylomicron-incorporated [*H]a-tocopherol to rats, there is
not only a significant accumulation and retention of radioactivity in the skin,
but also on the outer surface and in the fur (Shiratori, 1974).

4.3 METABOLIC FUNCTIONS OF VITAMIN E

The best-established function of vitamin E is as a lipid-soluble antioxidant in
plasma lipoproteins and cell membranes. Many of the antioxidant actions are
unspecific, and a number of synthetic antioxidants have a vitamin E-sparing
effect. There is considerable overlap between the antioxidant roles of vita-
min E and selenium (Section 4.3.2).

A number of studies have shown that a-tocopherol has a role in modula-
tion of gene expression and regulation of cell proliferation (Section 4.3.3), sug-
gesting that the potential beneficial effects of vitamin E against heart disease
and cancer (Section 4.6.2) may not be because of its antioxidant action.

There is some evidence that tocopherols have a specific function in cell
membranes; the phytyl side chain of RRR-a-tocopherol can interact closely
with the methylene-interrupted cis-double bonds of arachidonic acid and
other long-chain polyunsaturated fatty acids in membranes, both stabiliz-
ing membrane structure and also protecting the fatty acids from oxidative
damage. The membrane phospholipids of fibroblasts grown in culture con-
tain more arachidonate, and less linoleate, when grown in the presence of
adequate amounts of «-tocopherol. This seems to be a specific effect on phos-
pholipid synthesis and is not reflected in the fatty acid content of neutral
lipids (Giasuddin and Diplock, 1981). «-Tocopherol forms a 1:1 complex with
lysophospholipids and free fatty acids formed by the action of membrane
phospholipases, thus negating the detergent-like action that might otherwise
disrupt the membrane (Wang and Quinn, 1999, 2000).

It was noted in Section 4.1 that the tocotrienols can be considered to be
derivatives of mevalonate, the product of HMG CoA reductase, which is the
key regulatory enzyme of cholesterol synthesis. Dietary tocotrienols have a
cholesterol-lowering effect; they act by reducing the activity of HMG CoA re-
ductase. The main effect is posttranslational; tocotrienols cause an increased
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rate of catabolism of the enzyme protein (Parker et al., 1993; Theriault et al.,
1999). Tocotrienols also induce cell cycle arrest in tumor cell lines in culture
and induce apoptosis (Yu et al., 1999).

As well as being an end-product of the oxidation of «-tocopherol, «-
tocopherol quinone (see Figure 4.3) is the cofactor for the mitochondrial fatty
acid desaturation/elongation pathway, and it has been suggested that the se-
vere neurological degeneration in patients with a genetic lack of «-tocopherol
transfer protein or abetalipoproteinemia (Section 4.4.2) is caused by failure of
synthesis of long-chain polyunsaturated fatty acids (Infante, 1999).

The main metabolite of y-tocopherol is 2,7,8-trimethyl-2-(8-carboxyeth-
yD)-6-hydroxychroman (y -CEHC), which is excreted in the urine. It has poten-
tially physiologically significant natriuretic activity, whereas the corresponding
metabolite of a-tocopherol, which is formed in increasing amounts as intake
increases, is inactive (Jiang et al., 2001).

4.5.1 Antioxidant Functions of Vitamin E

Vitamin E functions as a lipid antioxidant both in vitro and in vivo; a number
of synthetic antioxidants will prevent or cure most of the signs of vitamin E
deficiency in experimental animals. Polyunsaturated fatty acids undergo ox-
idative attack by hydroxyl radicals and superoxide to yield alkylperoxyl (alkyl-
dioxyl) radicals, which perpetuate a chain reaction in thelipid —with potentially
disastrous consequences for cells. Similar oxidative radical damage can occur
to proteins (especially in a lipid environment) and nucleic acids.

Phenolic compounds can break such chain reactions by trapping the radi-
cals, with the formation of stable nonradical products from the oxidized lipid
and phenoxyl radicals that are relatively unreactive because they are stabilized
by resonance. The phenoxyl radical may either react with a further alkylperoxyl
radical to yield nonradical products, or it may be reduced back to the starting
phenol by reaction with a water-soluble reducing agent.

Vitamin E is one of the most active radical-trapping, chain-breaking an-
tioxidant phenols that has been investigated, and is the major lipid-soluble
antioxidant in tissues (Burton and Ingold, 1984). As shown in Figure 4.4, the
a- and B-tocopheroxyl radicals have three resonance forms compared with
two for the y- and §-radicals, and are therefore more stable and have a greater
antioxidant activity. In simple solution, «-tocopherol and «-tocotrienol are
equipotent as antioxidants. In vitro, when it is incorporated into liposomes or
microsome preparations, a-tocotrienol has greater antioxidant activity. This
is probably because the unsaturated side chain causes more membrane per-
turbation, and tocotrienol is able to