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Preface

In keeping with the tradition of previous editions, the fourth edition of the Handbook of

Vitamins was assembled to update and provide contemporary perspectives on dietary acces-

sory factors commonly classified as vitamins. One of the challenges in assembling this volume

was to maintain the clinical focus of previous editions, while addressing important concepts

that have evolved in recent years owing to the advances in molecular and cellular biology as

well as those in analytical chemistry and nanotechnology. The reader will find comprehensive

summaries that focus on chemical, physiological, and nutritional relationships and highlights

of newly described and identified functions for all the recognized vitamins. Our goal was to

assemble the best currently available reference text on vitamins for an audience ranging from

basic scientists to clinicians to advanced students and educators with a commitment to better

understanding vitamin function.

As examples, apparent vitamin-dependent modifications that are important to epigenetic

events and genomic stability are described, as well as new information on the role and

importance of maintaining optimal vitamin status for antioxidant and anti-inflammatory

defense. Important analytical advances in vitamin analysis and assessment are discussed in a

chapter dealing with accelerated mass spectrometry (AMS) applications. Recent AMS appli-

cations have provided the basis for studies of vitamin metabolism and turnover in humans at

levels corresponding to physiological concentrations and fluxes. It is also important to

underscore that much of the interest in vitamins stems from an appreciation that there

remains regrettably sizable populations at risk for vitamin deficiencies. In this regard, classic

examples are included along with examples of vitamin-related polymorphisms and genetic

factors that influence the relative needs for given vitamins.

This volume is written by a group of authors who have made major contributions to our

understanding of vitamins. Over half of the authors are new to this series; each chapter is

written by individuals who have made clearly important contributions in their respective

areas of research as judged by the scientific impact of their work. In addition, Dr. Janos

Zempleni joins the group of editors who assembled the third edition. Dr. Zempleni adds a

molecular biology perspective to complement the biochemical and physiological expertise of

the other editors. We also wish to note that we miss the input of Dr. Lawrence Machlin, a

renowned researcher on vitamin E, who was sole editor of the first two editions in this series

and who died shortly after the release of the third edition. We know that he would be pleased

with the progress and advances in vitamin research summarized in the fourth edition.

This volume comes at an important time and represents a new treatment of this topic.

With the possible exception of the earlier days of vitamin discovery, this period of vitamin

research is particularly exciting because of the newly identified roles of vitamins in cellular

and organismal regulation and their obvious and continuing importance in health and

disease.

Janos Zempleni

Robert B. Rucker

Donald B. McCormick

John W. Suttie
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INTRODUCTION

Vitamin A (retinol) is an essential micronutrient for all vertebrates. It is required for normal

vision, reproduction, embryonic development, cell and tissue differentiation, and immune

function. Many aspects of the transport and metabolism of vitamin A, as well as its

functions, are well conserved among species. Dietary vitamin A is ingested in two main

forms—preformed vitamin A (retinyl esters and retinol) and provitamin A carotenoids

(b-carotene, a-carotene, and b-cryptoxanthin)—although the proportion of vitamin A

obtained from each of these form varies considerably among animal species and among

individual human diets. These precursors serve as substrates for the biosynthesis of two

essential metabolites of vitamin A: 11-cis-retinal, required for vision, and all-trans-retinoic acid,

required for cell differentiation and the regulation of gene transcription in nearly all tissues.

Research on vitamin A now spans nine decades. Over 34,000 citations to vitamin A, 7,000

to b-carotene, and 20,000 to retinoic acid can be found in the National Library of Medicine’s

PubMed database [1], covering topics related to nutrition, biochemistry, molecular and cell

biology, physiology, toxicology, public health, and medical therapy. Besides the naturally

occurring forms of vitamin A indicated earlier, numerous structural analogs have been

synthesized. Some retinoids have become widely used as therapeutic agents, particularly in

the treatment of dermatological diseases and certain cancers.

In this chapter, we focus first on vitamin A from a nutritional perspective, addressing its

chemical forms and properties, the nutritional equivalency of compounds that provide

vitamin A activity, and current dietary recommendations. We then cover the metabolism

of carotenoids and vitamin A. Finally, we provide a brief discussion of the key uses of vitamin A

and retinoids in public health and medicine, referring to their benefits as well as some of

the adverse effects caused by ingesting excessive amounts of this highly potent group

of compounds.

NUTRITIONAL ASPECTS OF VITAMIN A AND CAROTENOIDS

HISTORICAL

Vitamin A was discovered in the early 1900s by McCollum and colleagues at the University of

Wisconsin and independently by Osborne and Mendel at Yale. Both groups were studying the

effects of diets made from purified protein and carbohydrate sources, such as casein and rice

flour, on the growth and survival of young rats. They observed that growth ceased and

the animals died unless the diet was supplemented with butter, fish oils, or a quantitatively
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minor ether-soluble fraction extracted from these substances, from milk, or from meats. The

unknown substance was then called ‘‘fat-soluble A.’’ Not long thereafter, it was recognized

that the yellow carotenes present in plant extracts had similar nutritional properties, and it

was postulated that this carotenoid fraction could give rise through metabolism to the

bioactive form of fat-soluble A, now called vitamin A, in animal tissues. This was shown to

be correct after b-carotene and retinol were isolated and characterized, and it was shown that

dietary b-carotene gives rise to retinol in animal tissues. Within the first few decades

of vitamin A research, vitamin A deficiency was shown to cause several specific disease

conditions, including xerophthalmia; squamous metaplasia of epithelial and mucosal tissues;

increased susceptibility to infections; and abnormalities of reproduction. Each of these

seminal discoveries paved the way for many subsequent investigations that have greatly

expanded our knowledge about vitamin A. Although the discoveries made in the early

1900s may now seem long ago, it is interesting to note, as reviewed by Wolf [2], that

physicians in ancient Egypt, around 1500 BC, were already using the liver of ox, a very rich

source of vitamin A, to cure what is now referred to as night blindness.

DEFINITIONS OF VITAMIN A, RETINOIDS, AND CAROTENOIDS

Vitamin A is a generic term that refers to compounds with the biological activity of retinol.

These include the provitamin A carotenoids, principally b-carotene, a-carotene, and

b-cryptoxanthin, which are provided in the diet by green and yellow or orange vegetables

and some fruits and preformed vitamin A, namely retinyl esters and retinol itself, present in

foods of animal origin, mainly in organ meats such as liver, other meats, eggs, and dairy

products.

The term retinoid was coined to describe synthetically produced structural analogs of the

naturally occurring vitamin A family, but the term is now used for natural as well as synthetic

compounds [3]. Retinoids and carotenoids are defined based on molecular structure. According

to the Joint Commission on Biochemical Nomenclature of the International Union of Pure

and Applied Chemistry and International Union of Biochemistry and Molecular Biology

(IUPAC–IUB), retinoids are ‘‘a class of compounds consisting of four isoprenoid units joined

in a head-to-tail manner’’ [4]. All-trans-retinol is the parent molecule of this family.

The retinoid molecule can be divided into three parts: a trimethylated cyclohexene ring, a

conjugated tetraene side chain, and a polar carbon–oxygen functional group. Additional

examples of key retinoids and structural subgroups, a history of the naming of these

compounds, and current nomenclature of retinoids are available online [4].

The IUPAC–IUB defines carotenoids [5] as ‘‘a class of hydrocarbons (carotenes) and their

oxygenated derivatives (xanthophylls) consisting of eight isoprenoid units joined in such a

manner that the arrangement of isoprenoid units is reversed at the center of the molecule.’’ All

carotenoids may be formally derived from the acyclic C40H56 structure that has a long central

chain of conjugated double bonds, by (i) hydrogenation, (ii) dehydrogenation, (iii) cyclization,

or (iv) oxidation, or any combination of these processes.

PROPERTIES, NUTRITIONAL EQUIVALENCY, AND RECOMMENDED INTAKES

Properties of Nutritionally Important Retinoids

Nutritionally important retinoids and some of their metabolites are illustrated in Figure 1.1.

The conventional numbering of carbon atoms in the retinoid molecule is shown in the

structure of all-trans-retinol in Figure 1.1a. Due to the conjugated double-bond structure

of retinoids and carotenoids, these molecules possess very characteristic UV or visible light

absorption spectra that are useful in their identification and quantification [6,7].
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Furr and colleagues have summarized the light absorption properties of over 50 retinoids

[8] and nutritionally active carotenoids [9]. Some of the properties of several retinoids related

to dietary vitamin A are summarized in Table 1.1.

Retinoids tend to be most stable in the all-trans configuration. Retinol is most often present

in tissues in esterified form, where the fatty acyl group is usually palmitate with lesser amounts

of stearate and oleate esters. Esterification protects the hydroxyl group from oxidation and

significantly alters the molecule’s physical properties (Table 1.1). Retinyl esters in tissues

are usually admixed with triglycerides and other neutral lipids, including the antioxidant

a-tocopherol. Retinyl esters are the major form of vitamin A in the body as a whole and the

predominant form (often more than 95%) in chylomicrons, cellular lipid droplets, and milk

fat globules. Thus, they are also the major form in foods of animal origin. Retinol contained

in nutritional supplements and fortified foods is usually produced synthetically and is stabil-

ized by formation of the acetate, propionate, or palmitate ester. Minor forms of vitamin A

may be present in the diet, such as vitamin A2 (3,4-didehydroretinol) (Figure 1.1b), which is

present in the oils of fresh-water fish and serves as a visual pigment in these species [10].

Several retinoids that are crucial for function are either absent or insignificant in the diet,

but are generated metabolically from dietary precursors. Due to the potential for the double

bonds of the molecules in the vitamin A family to exist in either the trans- or cis-isomeric

form, a large number of retinoid isomers are possible. The terminal functional group can be

in one of several oxidation states, varying from hydrocarbon, as in anhydroretinol, to

alcohol, aldehyde, and carboxylic acid. Many of these forms may be further modified

through the addition of substituents to the ring, side chain, or end group. These changes in

molecular structure significantly alter the physical properties of the molecules in the vitamin A

family and may markedly affect their biological activity. While dozens of natural retinoids

1
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543
2

CH2OH

All-trans-retinol(a)
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(d)
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(e) All-trans-retinoic acid

9-cis-Retinoic acid

COOH(f)

OH OH

OHO O

Retinoyl-β-glucuronide

COOH

O

(g)

CH2OH

3,4-Didehydroretinol(b)

CHO

(c)

All-trans-retinal

FIGURE 1.1 Nutritionally important retinoids and major metabolites. The conventional numbering

system for retinoids is shown for all-trans-retinol, the parent molecule of the retinoid family.
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have been isolated, the molecules illustrated in Figure 1.1 and Figure 1.2 are the principal

retinoids and carotenoids, respectively, of nutritional importance, and thus are the main focus

of this chapter. Nevertheless, it is important to recognize that numerous minor metabolites

can be formed at several branch points as retinol and the provitamin A carotenoids are

metabolized.

All-trans-retinal (Figure 1.1c) is the immediate product of the central cleavage of

b-carotene as well as an intermediate in the oxidative metabolism of retinol to all-trans-

retinoic acid. The 11-cis isomer of retinal (Figure 1.1d) is formed in the retina and most of it is

covalently bound to one of the visual pigments, rhodopsin in rods or iodopsin in cones. The

aldehyde functional group of 11-cis-retinal combines with specific lysine residues in these

proteins as a Schiff’s base.

All-trans-retinoic acid (Figure 1.1e) is the most bioactive form of vitamin A. When fed to

vitamin A-deficient animals, retinoic acid restores growth and tissue differentiation and

prevents mortality, indicating that this form alone, or metabolites made from it, is able to

support nearly all of the functions attributed to vitamin A. A notable exception is vision,

which is not restored by retinoic acid because retinoic acid cannot be reduced to retinal

in vivo. Retinoic acid is also the most potent natural ligand of the retinoid receptors, RAR

and RXR (described later), as demonstrated in transactivation assays. Several cis isomers of

retinoic acid have been studied rather extensively, but they are still somewhat enigmatic as to

origin and function. 9-cis-Retinoic acid (Figure 1.1f) is capable of binding to the nuclear

receptors and may be a principal ligand of the RXR. 13-cis-Retinoic acid is present in plasma,

often at a concentration similar to all-trans-retinoic acid, and its therapeutic effects are well

demonstrated (see the section Dermatology), but it is not known to be a high-affinity ligand

for the nuclear retinoid receptors. It is possible that 13-cis-retinoic acid acts as a relatively

stable precursor or prodrug that can be metabolized to all-trans-retinoic acid or perhaps

Lycopene
(a)

(b)

(c)

(d)

(e)

Lutein
HO

OH

HO

All-trans-β-carotene

β-Cryptoxanthin

α-Carotene

BCO BCO-2
15

15�

10�

9�

FIGURE 1.2 Nutritionally important carotenoids. (a) Lycopene, a nonprovitamin A carotene; (b) all-

trans-bb0-carotene; arrows indicate sites of cleavage by b-carotene monooxygenase, BCO, and BCO-2;

(c) all-trans (a,b0) carotene; (d) lutein, a nonprovitamin A xanthophyll; (e) b-cryptoxanthin.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C001 Final Proof page 6 5.5.2007 2:46pm Compositor Name: BMani

6 Handbook of Vitamins, Fourth Edition



another bioactive metabolite. Di-cis isomers of retinoic acid also have been detected in

plasma, further illustrating the complex mix of retinoids in biological systems.

Retinoids that are more polar than retinol or retinoic acid are formed through oxidative

metabolism of the ionone ring and side chain. These include 4-hydroxy, 4-oxo, 18-hydroxy,

and 5,6-epoxy derivatives of retinoic acid, and similar modifications of other retinoids.

Conjugation of the lipophilic retinoids with very polar molecules such as glucuronic acid

renders them water-soluble. As an example, retinoyl-b-glucuronide (Figure 1.1g) is present as

a significant metabolite in the plasma and bile. Although some of these polar retinoids are

active in some assays, most of the more polar and water-soluble retinoids appear to result

from phase I and phase II metabolic or detoxification reactions. They may, however, be

deconjugated to some extent and recycled as the free compound.

Many retinoids have been chemically synthesized. A large number of structural

analogs have been synthesized and tested for their potential as drugs that may be able to

induce cell differentiation. In the field of dermatology, 13-cis-retinoic acid (isotretinoin) and

the 1,2,4-trimethyl-3-methoxyphenyl analog of retinoic acid (acetretin) are prominent

differentiation-promoting and keratinolytic compounds. Other retinoids have been developed

as agents able to selectively bind to and activate only a subset of retinoid receptors. Some

synthetic retinoids show none of the biological activities of vitamin A, but still are related in

terms of structure. Retinoids that show selectivity in binding to the RXR receptors rather

than RAR, sometimes referred to as rexinoids, also have been synthesized [11,12].

As analytical methods have improved, additional retinoids have been discovered. Retinol

metabolites have been identified in which the terminal group is dehydrated (anhydroretinol);

the 13,14 position is saturated or hydroxylated; or the double bonds of the retinoid side chain

are flipped back into a form known as a retro retinoid [4]. These retinoids tend to be

quantitatively minor or limited in their distribution, and their significance is still uncertain.

Properties of Nutritionally Important Carotenoids

Carotenoids are synthesized by photosynthetic plants and some algae and bacteria, but not by

animal tissues. The initial stage of biosynthesis results in the formation of the basic poly-

isoprenoid structure of the hydrocarbon lycopene (Figure 1.2a), a 40-carbon linear structure

with an extended system of 13 conjugated double bonds. Further biosynthetic reactions result

in the cyclization of the ends of this linear molecule to form either a- or b-ionone rings. The

carotene group of carotenoids comprises hydrocarbon carotenoids in which the ionone rings

bear no other substituents. The addition of oxygen to the carotene structure results in the

formation of the xanthophyll group of carotenoids. The double bonds in most carotenoids are

present in the more stable all-trans configuration, although cis isomers can exist. Carotenoids

are widespread in nature and are responsible for the yellow, orange, red, and purple colors of

many fruits, flowers, birds, insects, and marine animals. In photosynthetic plants, carotenoids

improve the efficiency of photosynthesis, while they are important to insects, birds, animals,

and humans for their colorful and attractive sensory properties.

Although some 600 carotenoids have been isolated from natural sources, only about

one-tenth of them are present in human diets [13], and only about 20 have been detected

in blood and tissues. b-carotene (Figure 1.2b), a-carotene (Figure 1.2c), lycopene, lutein

(Figure 1.2d), and b-cryptoxanthin (Figure 1.2e) are the five most prominent carotenoids

in the human body. However, only b-carotene, a-carotene, and b-cryptoxanthin possess

significant vitamin A activity. To be active as vitamin A, a carotenoid must have an

unsubstituted b-ionone ring and an unsaturated hydrocarbon chain. The bioactivity of

all-trans-b-carotene, with two symmetrical halves, is about twice that of an equal amount

of a-carotene and b-cryptoxanthin, in which only one unsubstituted b-ionone ring is present.

Even though lycopene, lutein, and zeaxanthin can be relatively abundant in the diet and
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humans can absorb them across the intestine into plasma, they lack vitamin A activity

because of the absence of a closed unsubstituted ring. In plants, provitamin A carotenoids are

embedded in complex cellular structures such as the cellulose-containing matrix of chloroplasts

or pigment-containing chromoplasts. Their association with these matrices of plants is a

significant factor affecting the efficiency of their digestion, release, and bioavailability [14,15].

Nutritional Equivalency

Units of Activity

Different forms of vitamin A differ in their biological activity per unit of mass. For this reason,

the bioactivity of vitamin A in the diet is expressed in equivalents (with respect to all-trans-

retinol) rather than in mass units. Several different units have been adopted over time and most

of them are still used in some capacity. In 1967, the World Health Organization (WHO)=FAO

recommended replacing the international unit (IU), a bioactivity unit, with the retinol equiva-

lent (RE); 1 RE was defined as 1 mg of all-trans-retinol or 6 mg of b-carotene in foods [16]. In

2001, the U.S. Institute of Medicine recommended replacing the RE with the retinol activity

equivalent (RAE) and redefining the average equivalency values for carotenoids in foods in

comparison with retinol [15]. These sequential changes in units were in large part a response to

better knowledge of the efficiency of utilization of carotenoids [15,16]; 1 mg RAE is defined as

1 mg of all-trans-retinol, and therefore is the same as 1 mg RE. Both are equal to 3.3 IU of

retinol. The equivalency of provitamin A carotenoids and retinol in the RAE system is

illustrated in Figure 1.3. These currently adopted conversion factors are necessarily approx-

imations. Because the RAE terminology is not yet fully used, the vitamin A values in some

food tables, food labels, and supplements are still expressed in RE or IU.

Another term, daily value (% DV), is used in food labeling. It is not a true unit of activity,

but provides an indication of the percentage of the recommended dietary allowance (RDA)*

present in one serving of a given food.

Form consumed Equivalency
after bioconversion

Dietary or supplemental
vitamin A (1 µg)

Retinol (1 µg)

Supplemental β-carotene
(pure, in oily solution) (2 µg)

Retinol (1 µg)

Dietary β-carotene
(in food matrix) (12 µg)

Retinol (1 µg)

Dietary α-carotene or
β-cryptoxanthin
(in food matrix) (24 µg)

Retinol (1 µg)

FIGURE 1.3 Approximate nutritional equivalency of dietary provitamin A carotenoids and retinol, as

revised in 2001. The values shown are used to convert the contents of carotenoids in supplements and

foods to equivalent amounts of dietary retinol. (From Institute of Medicine, Dietary Reference Intakes

for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum,

Nickel, Silicon, Vanadium, and Zinc, National Academy Press, Washington, 2002, pp. 8–9.)

* Based on the percentage of the RDA of a nutrient, for a person consuming a 2000 kcal diet.
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Recommended Intakes

The conceptual framework and values for dietary reference intakes (DRI) are discussed by

Murphy and Barr in Chapter 18. DRI values for vitamin A, established in 2001 [15], are

summarized in Table 1.2. A tolerable upper intake level (UL, see Chapter 18) for vitamin A

was defined at this time [15]; similarly, a safe upper level for vitamin A and b-carotene has

been defined in the United Kingdom [17]. It is important to note that the UL applies only to

chronic intakes of preformed vitamin A (not carotenoids, which do not cause adverse effects).

For several life stage groups, the UL values are less than three times higher than the RDA.

Dietary Sources

Detailed tables of the vitamin A contents of foods can be found in several reference sources

and online resources. A database for carotenoids in foods is available online [18]. It should be

noted that nutrient databases provide only approximate values. The contents of vitamin A

and carotenoids in foods can vary substantially with crop variety or cultivar, the environment

in which it is grown, and with processing and storage conditions [19,20].

Foods in the U.S. diet with the highest concentrations of preformed vitamin A are liver

(4–20 mg retinol=100 g) and fortified foods such as powdered breakfast drinks (3–6 mg=100 g),

ready-to-eat cereals (0.7–1.5 mg=100 g), and margarines (~0.8 mg=100 g) [18]. The highest

TABLE 1.2
Recommended Dietary Allowances (RDA) and Upper Level (UL)

Values for Vitamin A by Life Stage Group

Life Stage Group RDA (mg=day)a UL (mg=day)b

Infants

0–12 months 400c 600

Children

1–3 years 300 600

4–8 years 400 900

Adolescent and adult males

9–13 years 600 1700

14–18 years 900 2800

19 to �70 years 900 3000

Adolescent and adult females

9–13 years 600 1700

14–18 years 700 2800

19 to �70 years 700 3000

Pregnancy

<18 years 750 2800

19–50 years 770 3000

Lactation

<18 years 1200 2800

19–50 years 1300 3000

Source: From Institute of Medicine in Dietary Reference Intakes for Vitamin A, Vitamin

K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel,

Silicon, Vanadium, and Zinc, National Academy Press, Washington, 2002, pp. 8–9.

a As retinol activity equivalents (RAEs).
b As mg preformed vitamin A (retinol).
c Adequate intake (RAEs).
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levels of provitamin A carotenoids are found in carrots, sweet potatoes, pumpkin, kale,

spinach, collards, and squash (roughly 5–10 mg RAE=100 g) [18].

Data from NHANES 2001–2002 for food consumption in the United States showed that

the major contributors to the intake of preformed vitamin A are milk, margarine, eggs, beef

liver, and ready-to-eat cereals, whereas the major sources of provitamin A carotenoids are

carrots, cantaloupes, sweet potatoes, and spinach [21]. These data, compiled for both genders

and all age groups, showed that the mean intake of vitamin A is ~600 mg RAE=day from food

and that 70%–75% of this is as preformed vitamin A (retinol). The provitamin A carotenoids

b-carotene, a-carotene, and b-cryptoxanthin were ingested in amounts of ~1750, 350, and

150 mg=day, respectively. By comparison, the intakes of the nonprovitamin A carotene lycopene

and the xanthophylls (zeaxanthin and lutein) were ~6000 and 1300 mg=day, respectively. The

Institute of Medicine’s Micronutrients Report [15] includes sample menus to illustrate that an

adequate intake of vitamin A can be obtained even if a vegetarian diet containing only

provitamin A carotenoids is consumed.

TRANSPORT AND METABOLISM

Taken as a whole, the processes of vitamin A metabolism can be viewed as supporting two

main biological functions: providing appropriate retinoids to tissues throughout the body for

the local production of retinoic acid, which is required to maintain normal gene expression

and tissue differentiation, and providing retinol to the retina for adequate production of

11-cis-retinal. Major interconversions and metabolic reactions are diagrammed in Figure 1.4.

TRANSPORT AND BINDING PROTEINS

Carotenoids and retinyl esters are transported by lipoproteins and stored within the fat fraction

of tissues, whereas retinol, retinal, and retinoic acid are mostly found in plasma and cells in

association with specific retinoid-binding proteins. The associations of carotenoids and

retinoids with proteins greatly influence their distribution, metabolism, and physiological

functions. Amphiphilic retinoids—principally retinol, retinal, and retinoic acid—bind to

retinoid-binding proteins, which confer aqueous solubility on these otherwise insoluble

molecules. The concentration of free retinoid is very low. Binding proteins thus reduce the

potential for retinoids to cause membrane damage [22]. Different retinoid-binding proteins

function in plasma, interstitial fluid, and the cytosolic compartment of cells as chaperones that

direct the bound retinoids to enzymes that then carry out their metabolism. Table 1.3 summarizes

RA

Storage

Retinal

Further oxidation and
conjugation reactions

Retinol

Conjugation,
oxidation, and

excretion

Carotenoids

Retinyl
esters

Polar metabolites

Cleavage

Dietary precursors

11-cis-Retinoids,ocular
processes

Oxidative
metabolism

Mobilization Bioactivation

FIGURE 1.4 Principal metabolic reactions of vitamin A. RA, retinoic acid.
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some of the characteristics of the retinoid-binding proteins involved in these absorptive,

transport, and metabolic processes.

Retinol-Binding Protein

Plasma retinol is transported by a retinol-binding protein (RBP) [23]. One molecule of retinol

is bound noncovalently within the beta-barrel pocket of the RBP protein. Although most

RBP is produced in liver parenchymal cells, the kidney, adipose tissue, lacrimal gland, and

some other extrahepatic organs also contain RBP mRNA, generally at levels less than 10% of

that in hepatocytes, and may synthesize RBP [24]. The maintenance of a normal rate of

RBP synthesis depends on an adequate intake of protein, calories, and some micronutrients

(Table 1.4); conversely, a deficiency of any of these can reduce the plasma concentrations of

retinol–RBP. RBP is synthesized in the endoplasmic reticulum of hepatocytes, transported

through the Golgi apparatus where apo-RBP combines with a molecule of retinol to form

holo-RBP [25], and then released into plasma. Nearly all circulating holo-RBP is bound

noncovalently to another hepatically synthesized protein, transthyretin (TTR), which also

binds thyroxine [26,27]. RBP protects retinol from oxidation, while TTR stabilizes the retinol–

RBP interaction [28]. Although retinol is the natural ligand of RBP, other retinoids such as

4-hydroxyphenylretinamide (4HPR) can compete for binding to RBP in vitro [29], destabilize

the RBP–TTR complex [30], and result in reduced levels of plasma retinol [31].

TABLE 1.4
Causes of a Low Level of Plasma Retinol

Etiology Mechanisms

Nutritional

Inadequate vitamin A in liver Reduced secretion of holo-RBP

Inadequate protein or energy

Inadequate micronutrients (zinc, iron) Reduced RBP synthesis, release

Disease-related

Infection or inflammation Reduced production and section of RBP, and

TTR (retinol not limiting)

Liver diseases Reduced synthesis of hepatic proteins,

including RBP, TTR

Renal diseases Reduced reabsorption

Treatment-related

Retinoid treatment (4HPR, RA) Displacement of retinol from RBP;

possibly altered synthesis is RBP

Genetic

Hereditary disorders Rare natural mutations that affect the

production or the stability of RBP

and TTR proteins

Toxicologic

Alcohol-related Impaired vitamin A storage; generally

poor nutritional or health status

Environmental toxin-related Altered retinol kinetics (e.g., dioxin or

TCDD exposure)

Note: 4HPR, 4-hydroxphenylretinamide; RA, retinoic acid; RBP, retinol-binding protein; TCDD,

2,3,7,8-tetrachlorodibenzo-p-dioxin; TTR, transthyretin.
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Albumin

Retinoic acid circulates in plasma bound to albumin [32], and it is likely that other retinoids

with a carboxylic acid function also bind to albumin.

Lipoproteins

Retinyl esters, when present in plasma, are bound to lipoproteins. Retinyl esters are a normal

constituent of chylomicrons and chylomicron remnants in the postprandial phase, but they

are not present in appreciable amounts in the fasting state in humans, except in the patho-

physiological state of hypervitaminosis A [33]. Plasma retinyl esters may also indicate delayed

metabolism of retinyl ester-containing chylomicrons or remnants [34]. As noted later, some

species (carnivores) carry most vitamin A as lipoprotein-bound retinyl esters.

Humans and a few other species absorb a fraction of intestinally absorbed carotenoids

without cleaving them; thus, carotenoids are present transiently in chylomicrons and rem-

nants, as well as low-density (LDL) and high-density lipoproteins (HDL) [35], which also

carry carotenoids in the fasting state. The nonpolar carotenes and lycopene are associated

mostly with LDL whereas the relatively more polar xanthophylls are equally distributed

between LDL and HDL [36].

Intracellular Retinoid-Binding Proteins

CRBP Family

Cellular retinoid-binding proteins belonging to the fatty acid-binding or cellular retinoid-

binding protein gene family are present in the cytoplasm of many types of cells [37]. The

structural motif of this family has been described as a beta clam in which a single molecule of

ligand fits into the binding pocket with the functional group (hydroxyl group of retinol)

oriented inward. Various cellular retinoid-binding proteins bind ligands selectively (see Table

1.3). Four cellular RBPs (CRBP-I, CRBP-II, CRBP-III, and CRBP-IV) and two cellular

retinoic acid-binding proteins (CRABP-I and CRABP-II), which may have arisen through

gene duplication, are expressed at different levels in cell type-specific and tissue-specific

patterns (reviewed by O’Bryne and Blaner [38] and Ross [39]). These proteins confer aqueous

solubility on otherwise insoluble retinoids; protect them from degradation; protect membranes

from accumulating retinoids; and escort retinoids to enzymes that metabolize them [39,40].

CRBP-I is widely distributed in retinol-metabolizing tissues. In liver, its principal

endogenous ligand, all-trans-retinol, is a substrate for lecithin:retinol acyltransferase

(LRAT) [41] and a retinol dehydrogenase [42]. It may also function in the uptake of retinol

by effectively removing retinol from solution and providing a driving force for its continued

uptake [43]. In the small intestine, CRBP-II is abundant and CRBP-II-bound retinol is the

substrate for LRAT [44]. Apo-CRBP, when present, increases retinyl ester hydrolysis [42].

Mice lacking these proteins do not exhibit a significant phenotype so long as they are fed a diet

high in vitamin A [45,46]. However, retinol is rapidly lost when the diet is low in vitamin A.

Therefore, theCRBPsapparently serve as efficiency factors that help to conserve vitaminA, and

therefore they may be of significant advantage when dietary vitamin A is scarce.

The sequences of CRBP-III and CRBP-IV are ~50%–60% homologous to CRBP-I and

CRBP-II. CRBP-III is distributed mainly in liver, kidney, mammary tissue, and heart and

binds, in addition to all-trans-retinol, several other retinoids as well as fatty acids [47,48].

Another member of the CRBP family, CRBP-IV, is more similar to CRBP-II than CRBP-I

and CRBP-III [30]. CRBP-IV has a higher affinity for retinol and exhibits a somewhat

different absorption spectrum, suggesting it binds retinol somewhat differently as compared

with the binding of retinol by the other CRBPs. The mRNA for CRBP-IV is most abundant

in kidney, heart, and colon, but is relatively widely expressed.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C001 Final Proof page 13 5.5.2007 2:46pm Compositor Name: BMani

Vitamin A: Nutritional Aspects of Retinoids and Carotenoids 13



CRABP-I and CRABP-II bind all-trans-retinoic acid. CRABP-I is expressed, albeit at low

concentrations, in numerous tissues whereas CRABP-II has a more limited distribution range

but is inducible by retinoic acid [49]. These proteins have been studied most extensively for

their roles in embryonic development and tissue differentiation [50–52]. CRABP-I has

been implicated in the oxidation of retinoic acid [42], whereas CRABP-II may aid in the

distribution of retinoic acid within cells and as a cotranscription factor in the nucleus [53,54].

Nevertheless, mice lacking either CRABP-I or CRABP-II, and even double-mutant mice

lacking both proteins, appear essentially normal [55].

Specialized Intracellular and Extracellular Retinoid-Binding Proteins

Two proteins unrelated to CRBP and CRABP are highly expressed in the retina: an

intracellular retinal-binding protein, CRALBP belonging to the CRAL-TRIO family [56],

and interstitial retinoid-binding protein, IRBP, a large multiligand-binding protein that is

abundant in the extracellular space of the retina, known as the interphotoreceptor matrix [57].

CRALBP binds 11-cis-retinoids, retinol, and retinal and functions in the retinal pigment

epithelium (RPE) in the visual cycle. Disruption of this gene resulted in reduced dark

adaptation after exposure to light [58]. IRBP is implicated in the transport, distribution,

and protection of retinol and 11-cis-retinal between the RPE and photoreceptor cells [57].

Another protein, RPE65, which is also highly expressed in the retina, can bind retinyl esters

and may facilitate the storage of vitamin A in the RPE [59].

Nuclear Retinoid Receptors

Nuclear retinoid receptor proteins may be considered a subset of retinoid-binding proteins, as

ligand binding is crucial for their function. The nuclear retinoid receptors, RAR and RXR,

are transcription factors that bind as dimers to specific DNA sequences present in retinoid

responsive genes (RAREs and RXREs, respectively) and thereby induce or repress gene

transcription. The retinoid receptor gene family, a subset of the superfamily of steroid

hormone receptors [60], is composed of six genes, encoding RAR a, b, and g, and RXR a, b,

and g. Each protein contains several domains that are similarly organized and well conserved

within the RAR and RXR subfamilies, including a ligand-binding domain (LBD) that binds

the preferred retinoid ligand with high affinity and a DNA-binding domain (DBD) that

binds to the retinoic acid receptor response elements (RAREs). These are usually located

within the promoter region upstream of the transcription start site of target genes [61].

All-trans-retinoic acid binds with high affinity to the RAR, while 9-cis-retinoic acid binds

with high affinity to RXR and RAR proteins in vitro, but is believed to mainly activate members

of the RXR family in vivo [62]. Each nuclear receptor protein also includes a dimerization

domain and a transactivation domain through which the RAR–RXR heterodimer interacts

with coreceptor molecules [63]. In the absence of ligand, RAR–RXR heterodimers associate

with a multiprotein complex containing transcriptional repressor proteins (e.g., N-CoR

and SMRT), which induce histone deacetylation, chromatin condensation, maintaining

transcription in a repressed state. Crystallographic studies have shown that the binding of

all-trans-retinoic acid to the RAR causes a change in receptor conformation [61], which

induces the receptors to dissociate from their corepressors and associate with coactivators

that have histone acetyltransferase activity and induce the local opening up of the condensed

chromosome. In turn, these changes allow the binding of the RNA polymerase II complex,

thus enabling the activation of the target gene and the transcription of DNA to RNA [63,64].

There are still many open questions about ligand-activated transcription involving the

RAR and RXR receptors, including the significance of subtle differences between the three

RARs, a, b, and g [61,65]; the specificity of RARE to which these receptors bind; and how

receptor levels are regulated. Regarding RARE, certain canonical elements are well defined,
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such as the direct repeat (DR)-2 and DR-5 nucleotide sequences of Pu=GGTCA-N(2 or 5)-Pu=
GGTCA to which the RAR–RXR heterodimer binds well, but widely spaced or noncanonical

response elements have also been discovered [66]. Regarding receptor levels, the expression

RAR-b is regulated at least in part by retinoids through a DR-5 RARE in its promoter [67].

This receptor is frequently downregulated in cancers, possibly related to increased methylation

of its gene or other changes in chromatin structure [68,69]. Other important but unresolved

questions concern the role of posttranscriptional or posttranslational modifications in

modulating retinoid receptor activity [64] and the ways in which coactivator and corepressor

proteins are recruited and, in turn, regulate the outcome of gene expression by retinoids

[63,70]. The ligand specificity of the RXR in vivo is still a subject of speculation. Although

9-cis-retinoic acid can bind to the RXR in vitro and is an excellent RXR ligand in transfection

and gene promoter assays, it has been suggested that other ligands such as phytanic acid [71]

and docosahexaenoic acid [72] might also be RXR ligands. Overall, the nature and the

production of the endogenous ligands for the RXR are less clear than those for the RAR.

Besides forming heterodimers with RAR, the RXR also bind with several other

ligand-activated nuclear receptors: the vitamin D receptor (VDR), thyroid hormone receptor

(TR), and the PPAR, LXR, FXR, and CAR proteins.

It is interesting that mice do well in the absence of one and sometimes more of these

binding proteins and nuclear receptors. However, mice do not survive a nutritional deficiency

of vitamin A, which effectively knocks out all of these ligand-dependent functions.

INTESTINAL METABOLISM

Conversion of Provitamin A Carotenoids to Retinoids

Humans are apparently relatively unusual in their ability to absorb an appreciable proportion

of dietary b-carotene across the intestine in intact form. In contrast, most species cleave

nearly all of the absorbed b-carotene during digestion and absorption [73]. Most of what is

known about human carotenoid absorption has been derived directly from metabolic studies in

humans and in vitro cell culture models. Ferrets, preruminant calves, and gerbils [74–76]

have been used as models although none of these completely represents human carotenoid

metabolism [77].

In human studies, the intestinal absorption of carotenoids has been estimated through the

intake–excretion balance approach, and by assessing the total plasma carotenoid response to

carotenoid ingestion, which provides only a rough estimate of intestinal absorption. The

bioavailability of a single dose of purified oil-dissolved b-carotene appears to be relatively

low: 9%–17% using the lymph-cannulation approach [78], 11% using the carotenoid and

retinyl ester response in the triglyceride-rich lipoprotein plasma fraction [79], and 3%–22%

using isotopic tracer approaches [80,81]. Even though quantitative data are few and

numerous aspects of the absorption process require further study, the framework for the

intestinal absorption of carotenoids is reasonably well known. The process can be divided

into several steps: (1) release of carotenoids from the food matrix, (2) solubilization of

carotenoids into mixed lipid micelles in the lumen, (3) cellular uptake of carotenoids by

intestinal mucosal cells, (4) intracellular metabolism, and (5) incorporation of carotenoids

into chylomicrons and their secretion into lymph.

Release of Carotenoids

The type of carotenoid and its physical form affect the efficiency of carotene absorption. Pure

b-carotene in an oily solution or supplements is absorbed more efficiently than an equivalent

amount of b-carotene in foods. Carotenoids in foods are often bound within plant

matrices of indigestible polysaccharides, fibers, and phenolic compounds, which reduces the
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bioavailability of these carotenoids. Although the absorption of provitamin A carotenoids

from fruits is generally more efficient than that from fibrous vegetables, it is still low as

compared with b-carotene in oil (see the section Units of Activity).

Solubilization of Carotenoids and Retinoids

Almost no detailed information exists on the physical forms or phases of carotenoids or

retinoids in the intestinal lumen. Nonetheless, both human and animal studies have shown

that the coingestion of dietary fat is necessary for and markedly enhances the absorption of

carotenoids and vitamin A [82,83]. In the lumen, fat stimulates the secretion of pancreatic

enzymes and bile salts, and facilitates the formation of micelles that are required for

absorption of preformed vitamin A and provitamin A. Within the enterocytes, fat promotes

vitamin A and carotenoid absorption by providing the lipid components for intestinal

chylomicron assembly. Diets critically low in fat (less than 5–10 g=day) [84] or disease

conditions that cause steatorrhea reduce the absorption of retinoids and carotenoids.

Cellular Uptake

Only a few studies have addressed the kinetics of carotenoid absorption. Although earlier

studies in rats [85,86] indicated that the uptake of carotenoids was by passive diffusion, deter-

mined by the concentration gradient of the carotenoid across the intestinal membrane, studies

with Caco-2 (human intestinal cell) monolayers have shown cellular uptake and secretion

in chylomicrons to be curvilinear, time-dependent, saturable, and concentration-dependent

(apparent Km of 7–10 mM) processes [87], more consistent with the participation of a specific

epithelial transporter than with passive diffusion. The extent of absorption of all-trans-b-

carotene throughCaco-2 cellmonolayers was 11%, a value similar to that reported from different

human studies. Of the total b-carotene secreted by Caco-2 cells, 80% was associated with

chylomicrons, 10% with very LDPs, and 10% with the nonlipoprotein fraction [87], pointing

to the importance of chylomicron assembly for b-carotene secretion into the lymph in vivo.

Human studies [88–92] have consistently reported a preferential accumulation of all-trans-

b-carotene, compared with its 9-cis isomer, in total plasma and in the postprandial lipoprotein

fraction, suggesting either a selective intestinal transport of all-trans-b-carotene versus its 9-cis

isomer or an intestinal cis–trans isomerization of 9-cis-b-carotene to all-trans-b-carotene.

Indeed, a significant accumulation of [13C]-all-trans-b-carotene was observed in plasma of

subjects who ingested only [13C]-9-cis-b-carotene [92]. In Caco-2 cells incubated with an initial

concentration (1 mM) of the three geometrical isomers of b-carotene applied separately, both

9-cis- and 13-cis-b-carotenes were taken up but their absorption through the cell monolayer

was less than 3.5%, compared with 11% for all-trans-b-carotene [87].

Intracellular Metabolism

Within the intestinal absorptive cells, carotenoids undergo cleavage to form vitamin A, or

they may pass unmetabolized across the intestine. An intestinal b-carotene cleavage activity

was described in the 1960s as a cytosolic, NADPþ, and oxygen-requiring enzyme, called

b-carotene 15,150-dioxygenase. This activity was capable of cleaving b-carotene centrally

(between the 15 and 150 carbons, see Figure 1.2b), forming two molecules of retinal [73].

Later, excentric cleavage also was demonstrated, but its importance as compared to central

cleavage has been uncertain. Recently, molecular and biochemical studies have clarified that

the central cleavage reaction, which is mediated by a cytosolic enzyme now referred to as

b-carotene 15,150-dioxygenase (BCO) [93,94] generates 2 moles of retinal, and is the predom-

inant pathway for b-carotene cleavage. The BCO cDNA codes for a 550 amino acids

(~65 kDa) protein. The cloned sequence is well conserved among Drosophila, chicken,

mouse, and human, and it is also highly homologous with RPE65, a protein thought to be

important in vitamin A metabolism in the retina [95].
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The eccentric or assymetrical cleavage pathway has also been demonstrated through cloning

of a second cleavage enzyme, BCO-2, which cleaves specifically at the 90,100-double bond of

b-carotene (see Figure 1.2b) to produce b-apo-100-carotenal and b-ionone [93,94,96]. In this

pathway, the polyene chain of b-carotene is cleaved at double bonds other than the central

15,150-double bond and the products formed are b-apo-carotenals with different chain lengths.

Trace amounts of apo-carotenals have been detected in vivo in animals fed b-carotene [97].

BCO activity has been reported to be increased in vitamin A deficiency [98], possibly due to

the presence of an RAR–RXR responsive RARE in the promoter of the mouse BCO gene [99]

and by dietary polyunsaturated fats [100], possibly through a PPAR–RXR mechanism [101].

Postintestinal Conversion

The conversion of b-carotene in humans takes place in the intestine during absorption, but

the liver is also important in this process. The conversion of b-carotene can continue for days

or longer after intestinal absorption [102]. It was estimated that adult human small intestine

and liver together metabolize ~12 mg b-carotene=day [100]. Thus, the capacity for b-carotene

metabolism exceeds its average daily intake in the United States (1.5 mg b-carotene=day) or

even the higher daily intake of 6 mg b-carotene=day that may be needed to meet the dietary

goal of consuming 90% of vitamin A from b-carotene [103].

Intestinal Absorption of Vitamin A

Digestion of Retinyl Esters

Retinyl esters must be hydrolyzed before the uptake of retinol. Based on earlier studies, it has

been thought that pancreatic carboxylester lipase (CEL), which hydrolyzes cholesteryl esters,

triglycerides, and lysophospholipids in the intestinal lumen, also hydrolyzes retinyl esters.

However, studies showed that CEL knockout mice [104,105], in which cholesterol absorption

from cholesteryl ester was reduced to half that of wild-type mice, absorbed a normal amount

of retinol fed as retinyl ester. These data suggested that retinyl ester hydrolysis is required, but

CEL is not the responsible enzyme, at least under the dietary conditions used in this study.

Subsequent studies have provided evidence that the observed retinyl ester hydrolase

(REH) activity is due to pancreatic triglyceride lipase (PTL) [106]. However, more than one

enzyme, including pancreatic lipase-related proteins 2 and 1, may be involved in the lumenal

hydrolysis of retinyl esters. Besides the REH activities secreted by the pancreas, a brush

border-associated REH activity was demonstrated in the small intestines of rat and human

[107,108]. This enzyme activity was suggested to be due to an intestinal phospholipase B

(PLB) [109]. Further studies of retinyl ester absorption in appropriate knockout models are

needed to clarify the involvement, and functional redundancy, of these several enzymes.

Cellular Uptake and Efflux of Vitamin A

The uptake of retinol by human CaCo-2 cells has been shown to occur rapidly (with a half-life of

minutes [110]), by a saturable, carrier-mediated process when retinol is added at physiological

concentrations and by a nonsaturable, diffusion-dependent process at pharmacological

concentrations [111]. Uptake was not affected by the presence of high concentrations of

free fatty acids, although retinol was rapidly esterified, mainly with palmitic and oleic

acids, when these were present [111,112]. The basolateral lipid transporter ABCA1 may be

involved in the efflux of retinol [113]. One interpretation of these data is that unesterified

retinol, at physiological concentrations, enters from the luminal side by simple diffusion,

while the secretion of retinol across the basolateral membrane requires facilitated transport.

Chylomicrons transport most retinol as retinyl esters from the intestine (for review [114]);

however, the portal transport of retinol may also contribute to its uptake and could be
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especially important when chylomicron formation is impaired. In various physiological

studies, between 20% and 60% of ingested retinol has been recovered in lymph [78,114,116]. In

CaCo-2 cells, free retinol or its metabolized products were transported both in the

presence and the absence of lipoprotein secretion [110]. In patients with abetalipoproteinemia,

who do not form chylomicrons, oral treatment with vitamin A has ameliorated their

vitamin A deficiency [114]. It is therefore likely that the portal transport of free retinol is

physiologically significant in pathologic conditions that restrict the secretion of chylomicrons.

Recently, the uptake of retinol into cells has been ascribed to a newly defined gene, Stra6

[115]. The Stra6 gene encodes a transmembrane protein that, when expressed by transfection

in COS-1 cells, significantly increased the uptake of retinol from RBP and the RBP-TTR

complex. Stra6 protein was also identified by immunohistochemistry in tissues including the

retinal pigment epithelium and placenta, which are thought to obtain most of their vitamin A

as retinol from RBP.

Reesterification, Incorporation into Chylomicrons, and Lymphatic Secretion

A large fraction of newly absorbed retinol is reesterified within enterocytes with long-chain

fatty acids, packaged in the endoplasmic reticulum into the lipid core of nascent chylomi-

crons, and secreted into the lymphatic vessels (lacteals). Retinoid-binding proteins and

microsomal enzymes are integral to this process. Retinol bound to CRBP-II is available for

esterification by LRAT [117–119]. The Km of LRAT for CRBP-II-bound retinol is in the low

micromolar range, consistent with physiological concentrations, and its capacity is great

enough for processing physiological amounts of vitamin A. Retinol in chylomicrons is almost

entirely esterified and the fatty acyl group is limited to palmitic, stearic, and oleic acids, even if

the fat absorbed at the time contains other fatty acids [116], consistent with the substrate

specificity of LRAT for the sn-1 fatty acid of membrane-associated lecithin, which is pre-

dominantly acylated with palmitate, stearate, and oleate. Although CRBP-II-bound retinol is

a substrate of LRAT, it is not used effectively by second microsomal retinol-esterifying

activity, acyl-CoA:retinol acyltransferase (ARAT). Mice lacking LRAT had no detectable

retinyl esters in their tissues [120]. ARAT activity was reduced in mice lacking the gene for

acyl-CoA:diglyceride acyltransferase-1, DGAT1, and recombinant DGAT1 was able to

esterify retinol [121], suggesting DGAT1 as possibly responsible for ARAT activity.

Newly formed retinyl esters are secreted in chylomicrons. Thus, plasma retinyl esters rise

transiently after meals, proportionate to vitamin A intake. Usually less than 5% of total

plasma retinol is esterified in fasting plasma [122]. The turnover of chylomicrons and chylo-

micron remnants is rapid, normally on the order of minutes, due to the rapid hydrolysis of

triglycerides and the nearly immediate uptake of newly formed chylomicron remnants into

the liver or extrahepatic tissues [123].

In pathophysiological conditions such as hypervitaminosis A (discussed later), retinyl

esters are present even in the fasting state, bound to plasma lipoproteins, and they may exceed

the concentration of unesterified retinol bound to RBP [33,124,125]. In some species, espe-

cially carnivores [126], retinyl esters are the predominant form of plasma vitamin A. Domestic

dogs were shown to transport most of their plasma vitamin A as lipoprotein-associated retinyl

esters, even in the fasting state, even after they were deprived of dietary vitamin A for several

weeks [127].

HEPATIC UPTAKE, STORAGE, AND RELEASE OF VITAMIN A

Hepatic Uptake

Because the majority of chylomicron remnants are cleared into the liver within a few

minutes of their formation [128], newly absorbed retinyl esters circulate in plasma for only
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a short time. Other tissues active in metabolizing chylomicron triglyceride (adipose tissue, the

mammary gland during lactation) may also acquire newly absorbed vitamin A during

lipolysis [104,128]. Retinyl esters are rapidly hydrolyzed in the liver [129], most likely by the

enzyme carboxylesterase ES10 in either endosomes or the endoplasmic reticulum [130].

Most of the released retinol makes its way by uncertain means to hepatic stellate cells,

located in the perisinusoidal region but close to hepatocytes. Stellate cells, also known as Ito

cells, vitamin A-storing cells, or fat-storing cells [131], are specialized for the storage of retinyl

esters, which are contained in multiple large lipid droplets. CRBP-I and LRAT are implicated

in forming stellate cell retinyl esters [132]. Cells with the same appearance as liver stellate cells,

although fewer in number, have been described in extrahepatic tissues, implying that a system

of vitamin A-storing cells exists throughout the body [133]. The capacity of liver stellate cells for

retinyl esters is high and their concentration can increase rapidly—within a few hours—after

a large dose of vitamin A is consumed (see the section Release).

Extrahepatic Uptake

Extrahepatic tissues clear relatively less chylomicron vitamin A than does the liver. The

lactating mammary gland [128] and macrophage-like cells in bone marrow can take up

chylomicron vitamin A [134]. As discussed in the section Plasma Retinol, most tissues are

apparently able to obtain a sufficient amount of vitamin A from chylomicrons when delivery

by RBP is absent (as in mice lacking RBP), or defective as in rare human mutations of the

RBP gene.

Storage

Under conditions of vitamin A adequacy, most mammals, including humans, store more than

90% of their total body vitamin A in liver stellate cells. When vitamin A intake is inadequate,

nearly all of the vitamin A stored in liver can be mobilized and used by various tissues. The

storage of vitamin A in human liver was shown to increase during the postnatal period, from

a median of 4 mg=g liver in infants less than 1 month, to 83 mg=g in children 2–9 years of age

[135], and increasing to 89 mg=g in adults, but with a wide range of 7.5–3200 mg=g [136].

Retinyl ester storage varies considerably among species. Mice retain liver vitamin A

tenaciously, and it is therefore difficult to induce vitamin A deficiency [137]. Fish-eating

animals accumulate very high levels of vitamin A in their livers. Some other carnivores store

very little vitamin A in liver, but have high concentrations in their kidneys [126].

Retinyl ester formation in the liver, similar to that in the small intestine, is catalyzed

mainly by LRAT. This enzyme is present at higher levels in hepatic stellate cells than in

parenchymal cells [132]. LRAT is encoded by a single gene [138,139] and its 230–231 amino

acid protein is expressed in tissue-specific patterns. LRAT is most abundant in the liver, small

intestine, testis and eyes [138,140].

LRAT activity and mRNA expression in the liver are highly regulated by vitamin A

status. LRAT activity was almost undetectable in the liver of vitamin A-deficient rats [141].

However, LRAT activity was induced rapidly after treatment with retinol, as well as with

retinoic acid or RAR-selective retinoids [141–143]. Hepatic LRAT activity was low in rats fed

a diet marginal in vitamin A [144]. The ability of the liver to down-regulate LRAT mRNA

and enzyme activity when retinoids are scarce could be an adaptive mechanism to conserve

retinol for secretion into plasma, rather than converting it into retinyl esters for storage.

However, LRAT in the small intestine and the testis was not reduced during vitamin A

deficiency [140]. Thus, the small intestine is capable of esterifying retinol immediately after

vitamin A is delivered, even if the animal has become vitamin A deficient. This result from

animal studies is consistent with clinical reports that vitamin A deficient individuals recover
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very quickly when vitamin A is provided [145–147]. Apparently the mechanisms for retinol

absorption and storage remain intact even when the diet is deficient in vitamin A.

CRBP delivers retinol to LRAT for esterification, and mice lacking CRBP [45] were able

to store only about half the amount of retinyl esters as compared to wild-type controls. When

switched from an adequate diet to a vitamin A-deficient diet, CRBP-deficient mice quickly

lost stored retinol from their liver [45]. Plasma retinol fell and the visual response was slower

[148]. Therefore, CRBP therefore can improve the efficiency of retinol storage, even though

CRBP is not actually essential.

Olson [149] has shown that the relationship between liver vitamin A storage and plasma

retinol concentrations is not linear. He showed that plasma retinol stays in a normal range,

with little variation, so long as the liver total retinol concentration is between ~20 and 300

mg=g tissue (Figure 1.5a). However, as liver vitamin A falls below 20 mg retinol=g, plasma

retinol concentration declines progressively [149a]. At such low concentrations of liver retinol,

the release of holo-RBP is compromised. Conversely, when liver vitamin A concentration is

elevated to above ~300–500 mg retinol=g of liver plasma unesterified retinol does not increase;

rather, retinyl esters (not normally present) are then found in plasma lipoproteins [33]. Thus,

total retinol (unesterified plus esterified retinol) increases. An increase in plasma retinyl esters

is one of the signs of hypervitaminosis A, as discussed later.

Release

As retinol is required by peripheral tissues, retinyl esters within stellate cells are hydrolyzed by

one or more yet-to-be-defined REHs, and retinol is transferred back to hepatocytes. Precisely

what signals this process is uncertain, but apo-RBP and retinoic acid levels have

been suggested as signals [150,151]. In vitamin A deficiency, as the retinol available for

combination with apo-RBP falls below some critical level, apo-RBP mRNA and protein

continue to be synthesized but RBP accumulates in the endoplasmic reticulum and thus the

concentration of apo-RBP in liver rises [24,152]. When retinol is made available, by oral

administration or direct administration into the portal vein, holo-RBP is released very rapidly

and plasma retinol rises [145,152], as illustrated in Figure 1.5b. Even a small dose of vitamin

A too low to increase liver stores was able to restore normal plasma retinol concentrations

(Figure 1.5b and Figure 1.5c). The ability of retinol to stimulate the release of RBP from

the vitamin A-inadequate liver has been applied as a clinical test, referred to as relative

dose–response (RDR) test. In the RDR test, which in practice has several variations, plasma

retinol is measured before and a few hours after the administration of a small test dose of

vitamin A [153]. An increase above baseline that reaches a certain criterion level is taken as

evidence that apo-RBP had accumulated in the liver, and it is inferred that vitamin A reserves

are inadequate. In the vitamin A-adequate state, no increase in plasma retinol occurs or it

is below the criterion level.

b-Carotene is stored at relatively low concentrations in liver and fatty tissues. Therefore,

yellow color of adipose tissue can indicate that a species absorbs some of its ingested carotene

intact. A prolonged slow rate of postabsorptive conversion to retinol has been observed in

volunteers in isotope kinetic studies [102].

PLASMA TRANSPORT

Plasma Retinol

In the fasting state, greater than 95% of plasma vitamin A is present as retinol bound to RBP.

The term plasma vitamin A usually implies total retinol (determined after saponification

of retinyl esters) whereas plasma retinol indicates unesterified retinol specifically. Plasma or
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serum retinol levels are normally very stable, with low inter- and intra-individual variations

[122], averaging ~2–2.2 mM for adult men and women in NHANES III. Although lower in

children and adolescents, concentrations increased progressively with age. All but a small

portion of retinol is RBP-bound, and nearly all RBP is bound to TTR, but plasma contains

additional TTR that is not associated with holo-RBP. Both RBP and TTR have high rates of

turnover, with half-lives of ~0.5 and 2–3 days, respectively [154], and therefore must be
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FIGURE 1.5 Relationships of plasma and liver vitamin A storage. (a) Relationship of plasma retinol

concentration to liver retinol concentration. Three portions of the curve represent the following: left,

inadequate liver vitamin A to maintain a normal level of plasma retinol; middle, homeostatic regulation

of plasma retinol over a range of liver retinol concentrations from ~20 to ~300 mg=g liver; right,

increasing plasma total retinol at liver concentrations greater than ~300 mg=g, due to presence in plasma

of lipoprotein-associated retinyl esters. (From Olson, J.A., J. Natl. Canc. Inst., 73, 1439, 1984. With

permission.) (b) Plasma retinol response of vitamin A-deficient rats to oral repletion with a small

(0.35 mmol) or large (5.2 mmol) dose of vitamin A. Initial spike of plasma retinol in rats that received

the large dose is due to transient presence of retinyl esters. (c) Liver response to the same doses as in b;

the 5.2 mmol dose was adequate to replete liver vitamin A stores, whereas the 0.35 mmol dose was not,

although both increased plasma retinol to normal levels. (From Pasatiempo, A.M.G., Abaza, M.,

Taylor, C.E., and Ross, A.C., Am. J. Clin. Nutr., 55, 443, 1992. With permission.)
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constantly resynthesized. The plasma concentrations of RBP and TTR are sometimes used as

an indicator of adequate visceral protein synthesis.

In healthy vitamin A-adequate individuals, the concentration of plasma retinol is tightly

regulated. Plasma retinol falls only when vitamin A status is becoming precarious (marginal),

and continues to decline as overt vitamin A deficiency develops. Vitamin A status has

sometimes been categorized as sufficient, marginal, or deficient, based on somewhat arbitrary

cut-off values, even though it is understood that vitamin A status actually represents a

continuum of states. In general, plasma retinol values above 1.05 mM (30 mg=dL) are

accepted as indicating vitamin A adequacy, values between 0.7 and 1.05 mM (20–30 mg=dL

plasma) as indicating marginal vitamin A status, and less than 0.7 mM retinol as indicating

vitamin A deficiency [122,155]. In experimental models of vitamin A deficiency, such as rats

fed a vitamin A-free diet, plasma retinol has usually fallen to less than 0.10 mM before weight

loss or external signs of deficiency are evident.

Conditions in Which Plasma Retinol May Be Low

Although low plasma retinol is a presumptive indicator that vitamin A status is inadequate, it

can also result from impaired mobilization and transport of retinol [24]. Several conditions

resulting in low plasma retinol are listed in Table 1.4. Nutritional deficiencies of protein,

calories, or micronutrients limit the synthesis of RBP and release of holo-RBP, and plasma

retinol may be low even if hepatic vitamin A is not limiting. Excessive alcohol intake depletes

vitamin A stores and reduces retinol transport. Various liver diseases affect the synthesis of

RBP and TTR [24,154]. Retinol also may be low due to renal diseases that impair the recovery

of retinol after filtration of the holo-RBP complex. Mice lacking the multiligand protein

receptor megalin, which has been implicated in the reuptake of RBP and TTR in renal

tubules, were shown to lose retinol in their urine [156–158]. Retinol may be reduced in states

of infection or inflammation because, during the acute-phase response, the synthesis of RBP

and TTR is reduced [159].

Low plasma retinol also may be due to perturbations in the protein transport complex

induced by retinoids used experimentally or therapeutically, such as 4HPR which binds

to RBP, displacing retinol and destabilizing the association of RBP with TTR [28]. The

concentrations of plasma retinol and RBP are also significantly reduced by supraphysiologic

doses of retinoic acid [160].

Rare cases of hyporetinolemia of genetic origin have been described. In two teenage

female siblings who presented with night blindness [161], plasma retinol and RBP were very

low, even though vitamin A intake was apparently adequate. Molecular analysis revealed the

presence of two single-point mutations in the RBP gene that were predicted to alter two

amino acids in RBP protein [161]. Although the girls’ plasma retinol levels were very low, less

than 0.2 mM, their growth and development was normal, and their retinoic acid levels were

similar to controls. Mice lacking the RBP gene showed a similar phenotype [162]. These

results suggest that other retinoids (such as chylomicron retinyl esters) can compensate for

RBP-bound retinol and, since vision was most affected, that the retina is more dependent

than other tissues on the delivery of retinol by holo-RBP.

Because multiple nutritional and metabolic disturbances can lead to similar decreases in

plasma retinol, RBP, and TTR, laboratory values must be interpreted cautiously. It can be

unclear whether a reduction is the result of a nutritional deficiency of vitamin A or due to

other factors, such as inflammation. Retinol dose–response tests and isotopic dilution

methods [163,164] have been used to test whether hepatic vitamin A stores are sufficient for

a normal rate of secretion of holo-RBP. Measuring acute-phase proteins along with

retinol may help to determine whether low plasma retinol concentrations could be due to

inflammation [155,165,166].
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Other Retinoids in Plasma

Several acidic and more polar retinoids have been measured in human and animal plasma,

but quantitative data are quite limited. In general, these retinoids are present in the nanomolar

range, much lower than retinol, for which 1–3 mM is normal. In a study that measured several

forms of retinoic acid at once, all-trans-retinoic acid, 13-cis-retinoic acid, and 13-cis-4-

oxo-retinoic acid averaged 5.6–7 nM, compared with 2.2 mM for retinol [167]. The half-life

of acidic retinoids is short, making metabolic studies at physiological concentrations difficult.

In pharmacokinetic studies using high doses of all-trans-RA and 9-cis-RA in rhesus monkeys,

plasma half-times were in the range of 15–30 min [168,169]. Rats that received a tracer

amount of isotopically labeled retinoic acid complexed to albumin cleared more than 90%

of retinoic acid from plasma in 3–5 min [170].

Plasma Carotenoids

Carotenoids circulate in plasma in association with LDLs and HDLs. The level of

b-carotene reflects its recent intake, but is also increased when plasma lipoprotein levels are

elevated.

Plasma Retinol Kinetics and Recycling

Computer-based compartmental modeling has been used to analyze the kinetics of

plasma retinol turnover. Each molecule of retinol recirculates from liver to other tissues

through the plasma compartment several times before it leaves the system and is irreversibly

disposed [171]. In one young man who consumed 105 mmol of retinyl palmitate in a test

meal, 50 mmol of retinol passed through his plasma per day, while only 4 mmol=day was

degraded. Plasma retinol concentration itself was a significant predictor of the rate of retinol

utilization [172]. Unlike retinol, RBP apparently is not recycled. Therefore, it appears that

new RBP must be synthesized in extrahepatic tissues to release retinol back into plasma. As

noted earlier, some extrahepatic tissues, such as kidney and adipose, contain RBP mRNA

[24]. Holo-RBP can bind to renal epithelial cells and cross the epithelium by transcytosis,

suggesting a mechanism for the recovery of retinol lost by filtration [173]. Megalin, a large

protein implicated in the reuptake of several small nutrient-binding proteins in the kidney, has

been shown to bind RBP and TTR [156,157], and its synthesis appears to be regulated by

retinoic acid [174]. Retinoic acid also alters the plasma kinetics and tissue distribution of

retinol [175].

INTRACELLULAR RETINOID METABOLISM

Most tissues contain retinyl esters, at concentrations lower than those in liver, which appear

to provide the substrate for the local generation of bioactive retinoids, as illustrated sche-

matically in Figure 1.4.

Hydrolysis

The hydrolysis of retinyl esters is catalyzed by a variety of both secreted and intracellular

enzymes of the lipase and carboxylesterase families. However, as most of the enzymes

studied in detail to date were from pancreas, intestine, or liver, there is little detailed

information on the exact nature of the enzymes responsible for the hydrolysis of retinyl

esters in most peripheral tissues (see Harrison and Hussain [176] for review). It is likely,

however, that one or more of the four major carboxylesterases, ES 2, ES 3, ES 4, or ES 10, are

involved [130].
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Oxidation–Reduction and Irreversible Oxidation Reactions

The oxidation of retinol to retinal, and reduction of retinal to retinol, can be catalyzed by

several different enzymes; some are members of the alcohol dehydrogenase gene family and

others of the short-chain dehydrogenase or reductase gene family [177]. All these can also

metabolize other substrates, often steroids, as well as retinoids. The preferred substrates of

these enzymes, their distribution and biological significance, and how they may respond to

changes in vitamin A status are not well clarified. Some retinol dehydrogenases are capable

of oxidizing CBP-bound retinol and are colocalized with CRBP in various tissues [178].

Therefore, they would appear most likely to be involved in retinol oxidation in vivo, but

other enzymes cannot be ruled out. Vitamin A-sensitive tissues were shown to contain a

cassette of CRBP-I, an epithelial retinol dehydrogenase, retinal dehydrogenase 2 (RALDH2),

and CRABP-II, all implicated in the conversion of retinol to retinoic acid. However, because

some epithelial cells possessed only some of these elements, it was proposed that the complete

conversion of retinol to retinoic acid may involve cooperation between epithelial cells and

neighboring mesenchymal cells [179].

The oxidation of the C-15 terminal group of retinal is a physiologically irreversible

process that produces retinoic acid, the main hormonal metabolite of vitamin A. Many

tissues contain retinoic acid, at nanomolar concentrations in tissues that have been analyzed,

and several isomers are usually detectable. Retinoic acid levels are thought to be regulated

through both biogenesis and catabolism [177]. Some tissues, such as liver and brain, obtain

most of their retinoic acid by uptake from plasma, while other tissues, including testis, kidney,

and adipose tissues, produce most by oxidative metabolism [170]. The rapid turnover of

retinoic acid, as indicated in the section Other Retinoids in Plasma, implies that new retinoic

acid molecules must be produced continuously from precursors to maintain physiological

levels. Several enzymes have been implicated in retinoic acid biosynthesis, including

enzymes belonging to the aldehyde dehydrogenase family (ALDH) and a family of retinal

dehydrogenases (RALDH1, RALDH2, RALDH3, and RALDH4) [42]; however, their

individual roles are still unclear. All four of the RALDH genes were found to be expressed

in mouse liver [180], whereas RALDH2 was present in mouse embryos early in development

[181], and RALDH4 was expressed later. 9-cis-Retinoic acid was formed by expressed

RALDH4 [180], suggesting a pathway for the formation of this isomer.

Formation of More Polar Retinoids

Retinol and retinoic acid are also subject to oxidation of the ring and side chain, as well as

chain-shortening reactions that apparently prepare the molecules for excretion [182].

A number of enzymatic activities have been implicated in these reactions, but the activity of

one cytochrome P450 gene family, CYP26, appears to play a prominent role and to be highly

inducible by retinoic acid. The CYP26 family comprises at least three genes, A, B, and C,

that encode monooxygenases capable of converting retinoic acid into 4-hydroxy, 4-oxo, and

18-hydroxy metabolites [183–185]. The various CYP26 genes are expressed in patterns that

are specific with respect to location and timing during embryonic development and are

essential for establishing the body pattern of the embryo [186,187]. Mouse embryos

lacking CYP26A1, and presumably unable to control retinoic acid levels, were not viable [186].

Both CYP26A1 and CYP26B1 enzymes are very selective for the all-trans isomer of retinoic

acid, but CYP26C1 can also metabolize 9-cis-retinoic acid [188]. The proximal promoter region

of the CYP26A1 gene contains a RARE of the DR-5 type, whereas the second RARE is located

2 kb further upstream [189]. The expression of CYP26A1 in rat liver was dose-dependently

regulated by dietary vitamin A [190]. CYP26A1 was also rapidly and dose-dependently upregu-

lated in the liver, intestine, and other tissues by short-term treatment with retinoic acid and
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related retinoid analogs [190–192]. In general, the oxidation of retinoic acid and the formation

of more polar retinoids is considered an inactivation reaction (phase I reaction) that is

important in the normal metabolism of retinoic acid and to prevent toxicity. Oxidation of

the C-4 position of retinoic acid is apparently linked to conjugation (phase II metabolism)

and excretion. Nonetheless, some studies support the idea that oxidized forms of retinoic

acid may possess biological activity [193]. Although the enzymes mentioned earlier are

thought to have a major role in retinoid metabolism, several different enzymes may contribute

to the activation and catabolism of retinoids.

Conjugation

Members of the UDP-glucuronyltransferase gene family have been implicated in the

glucuronidation of 4-oxo-retinoic acid, mainly on the C-4 position, although glucuronidation

of the carboxyl group at C-15 should also be possible [194,195]. Glucuronidation of

retinoic acid, or retinol, converts these lipophilic molecules into water-soluble forms [196].

Glucuronides comprise a substantial fraction of the total retinoid excreted in bile and

eliminated by the fecal route [197].

While retinoyl-b-glucuronide seems to be an inactivation product, it has also been shown

to have biological activity in vivo and in vitro [198]. It is notable as it is relatively nontoxic,

compared with retinoic acid, in tests of teratogenicity [199,200]. Retinoyl-b-glucuronide is not

known to bind to nuclear retinoid receptors [201], so its biological activity may be related to

its distribution properties and potential for slow hydrolysis to retinoic acid.

Isomerization

How cis retinoids are formed remains poorly understood. 13-cis- and 9-cis-retinoids are found

in extracts of plasma. The formation of 11-cis-retinal in the RPE is well described (see the

section Retina), although the enzymology is still controversial. An unusual isomerohydrolase

has been implicated, which can concomitantly hydrolyze all-trans-retinyl esters and,

apparently, use the released energy to convert retinol to the 11-cis isomer, which can then

be oxidized to 11-cis-retinal. The retinal protein RPE65 has also been implicated as a possible

mechanism [202]. Cis retinoids have been detected in other tissues but yet there is no

compelling evidence for their enzymatic formation; and they might form spontaneously, as has

been seen in vitro. In general, cis retinoids do not bind to the cellular retinoid-binding proteins

that are present in most tissues. The preference of the cellular retinoid-binding proteins for

retinoids in the trans conformation may explain why all-trans-retinoids are predominant

in nearly all tissues. In contrast, the retina contains CRALBP and IRBP, which are capable

of binding both cis and trans retinoids, and both cis and trans retinoids are abundant in

the retina.

VITAMIN A AND PUBLIC HEALTH

PREVENTION OF XEROPHTHALMIA

Vitamin A deficiency is a primary cause of xerophthalmia, which is manifested as

night blindness and corneal abnormalities—softening of the cornea (keratomalacia) and

ulceration—leading to irreversible blindness. In the early 1990s, the WHO estimated that

approximately 3 million children, most living in India, parts of Southeast Asia, and

sub-Saharan Africa, had some form of xerophthalmia annually, and, on the basis of blood

retinol levels, another 250 million were subclinically deficient [14]. The use of vitamin A to

prevent or treat xerophthalmia represents an important success story in the nutritional sciences

[203]. The WHO, together with the International Vitamin A Consultative Group (IVACG)
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and foundations such as Helen Keller International, has been instrumental in establishing

vitamin A supplementation programs in areas where xerophthalmia was, or still is, a

public health concern. Because vitamin A is readily absorbed, even by vitamin A-deficient

individuals, and can be stored in tissues in amounts that provide retinol for 4–6 months or

longer, it is possible to distribute high-dose vitamin A supplements (20,000 IU or 60 mg)

of retinol to children over 1 year and to adults [204,205] at infrequent intervals, often

4–6 months apart. Enough vitamin A is absorbed and stored quickly, and released and

used slowly, to prevent the development of xerophthalmia over an extended period.

Actions of Vitamin A in the Eye

The biological basis for the prevention of xerophthalmia is twofold: 11-cis-retinal is specifically

required for the production of rhodopsin in rods and analogous proteins in cones [206],

whereas retinoic acid is required for the maintenance and integrity of the corneal epithelium, a

role similar to the one it plays in many other epithelial tissues.

Retina

Night blindness is often the first detectable sign of vitamin A deficiency. It is experienced as a

loss of the ability to quickly readapt to the dark, after the retina is exposed to bright light. The

absorption of light by rhodopsin in the photoreceptor cells results in the instantaneous

isomerization of its 11-cis-retinal moiety to all-trans-retinal, and this photoisomerization

event initiates a signal cascade to nearby retinal ganglion cells, which is propagated to the

visual cortex of the brain. For normal vision to continue, the all-trans-retinal, just released

from rhodopsin, must be converted back to 11-cis-retinal and recombined with opsin, a

process known as dark adaptation. Dark adaptation occurs through an elegant series of

reactions, known as the visual cycle or retinoid cycle [206], which involve both RPE and

photoreceptor cells and the cycling of retinoids between them. However, the reactions of the

visual cycle take place over minutes, as compared with milliseconds for photoisomerization

[207], and thus dark adaptation would be slow were it not for the ability of the retina to very

quickly generate new molecules of 11-cis-retinal using retinyl esters stored in the RPE as

substrate. Retinyl esters previously formed by LRAT [120] are rapidly hydrolyzed and isom-

erized to 11-cis-retinol. It has been proposed that these steps take place in a single enzymatic

reaction catalyzed by isomerohydrolase, a unique enzyme expressed in the RPE [208].

However, alternative mechanisms have also been suggested [209]. In a subsequent reaction

facilitated by CRALBP, 11-cis-retinol is oxidized to 11-cis-retinal [207]. Then, in a transport

step facilitated by IRBP the 11-cis-retinal molecule formed in the RPE is returned to the rod cell

for combination with opsin, thereby taking the place of a molecule of rhodopsin that was

bleached [207,210]. If the storage of vitamin A in the RPE is not adequate, the synthesis of

rhodopsin is necessarily delayed as the visual cycle is completed, and night blindness occurs as

the functional outcome of this delay. Ultimately, an adequate supply of retinoids in the eye

depends on the resupply of retinol by holo-RBP to the RPE, to refill the retinyl ester pool.

Although the retinoid cycle is best understood for rod cells, a recently described cone

retinoid cycle shares some of the same features [211]. However, Müller glial cells located near

the cones apparently store retinyl esters in the cone retinoid cycle, analogous to the role of the

RPE in the rod retinoid cycle [211].

Cornea and Conjunctiva

The epithelial cells of the cornea and conjunctiva require retinoids for their differentiation

and integrity. RBP is expressed in the lacrimal glands and present in tears [212], and retinol

bound to RBP is likely to be used for the biogenesis of retinoic acid by the cornea. Retinoid
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deficiency results in a loss of secretory goblet cells in the conjunctival membranes,

observable cytologically [213,214], and sometimes includes visible Bitôt’s spots (foamy,

bacteria-laden deposits in the outer quadrants of the eye). These early changes typically

progress gradually and can be reversed by vitamin A. However, when corneal lesions have

advanced to the point of xerosis, further deterioration leading to corneal ulceration, loss of

the lens, and scarring can occur rapidly. The need for vitamin A to avert irreversible blindness

is urgent.

MORBIDITY AND MORTALITY

The association of vitamin A deficiency and increased risk of mortality was not fully appre-

ciated until late in the twentieth century. In the early 1980s, Sommer and colleagues reported

results from studies in Indonesia in which young children with what was referred to as mild

xerophthalmia—night blindness and Bitôt’s spots—were found to have died at a higher rate

than children with normal eyes [215]. Follow-up intervention studies by these and other

investigators, conducted in preschool-aged children in poor regions of Southeast Asia,

India, and Africa, showed conclusively that risk of mortality is reduced by preventing

vitamin A deficiency (reviewed by Sommer [216]). Sommer [217] estimated that vitamin A

administered at doses of 200,000 IU (60 mg retinol) every 6 months would reduce total

mortality by 35% in preschool children, at a cost of a few cents per child per year, while a

metaanalysis of eight epidemiological studies, including one inwhich vitaminAwas administered

weekly in amounts similar to the RDA, estimated a 23% reduction in mortality in children

less than 6 years of age who received vitamin A [218]. Subsequent studies have shown a

similar decrease in mortality in newborns [219] and pregnant women supplemented with

vitamin A [220,221].

Subclinical Deficiency

Based on these observations, there is now increased interest in subclinical forms of vitamin

A deficiency that, while not causing overt deficiency symptoms, may nonetheless increase

the risk of developing respiratory and diarrheal infections, decrease growth rate, slow bone

development, and decrease likelihood of survival from serious illness [222]. In children at risk

of vitamin A deficiency, providing vitamin A supplements, given most often as prophylaxis

and in some instances for therapy during illness, has significantly reduced the severity of

infectious diseases. Vitamin A reduced measles-related morbidity and mortality [223]. Due to

the protective role of vitamin A, WHO=UNICEF recommended in 1987 that in those

countries where the measles fatality rate is 1% or greater, all the children diagnosed with

measles should receive 30–60 mg of vitamin A immediately [205]. The American Academy of

Pediatrics has also recommended vitamin A in the treatment of high-risk children with

measles [224]. To facilitate the delivery of vitamin A supplements to young children, the

WHO has recommended integrating vitamin A supplementation into the expanded program

of immunization (EPI), using contacts at the time of measles and diphtheria–pertussis–

tetanus vaccinations to deliver vitamin A to infants and children in countries where vitamin

A deficiency is prevalent [225].

Immune System Changes

The ability of vitamin A to reduce mortality is widely thought to be due to effects on the

immune system, which collectively may reduce the severity of disease and increase the

likelihood of survival [226]. A number of animal models have been used to better understand

the effects of vitamin A deficiency, and repletion, on the immune system [227]. In brief,

vitamin A deficiency results in multiple abnormalities in innate and adaptive immunity
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involving cell differentiation, hematopoiesis and blood and lymphoid organ cell populations,

and the organism’s ability to respond to challenges with pathogens, antigens, and mitogens.

Changes, either increases or decreases, in the numbers and functions of B-cells, T-cells,

natural killer cells, antigen-presenting cells, and macrophages have all been reported.

Responses are often imbalanced or dysregulated, evident as imbalances in the production

of cytokines and type 1 or type 2 immune responses and alterations in cell proliferation and

cell–cell interactions. Generally, these abnormalities are mostly or completely reversible by

treatment with vitamin A or retinoic acid. In normal animals, retinoic acid has been shown to

stimulate innate and adaptive immune responses [228–231].

MEDICAL USES OF RETINOIDS

Retinoids have come into prominence as drugs in the treatment of dermatological diseases

and certain leukemias, and they have shown promise in the prevention of some forms of

cancer. These topics are mentioned here only briefly, with references to reviews of these

specialized topics.

Dermatology

Essentially all epithelial tissues are sensitive to a lack, as well as an excess, of vitamin A [232].

In the skin, vitamin A deficiency appears as dryness (follicular hyperkeratosis associated with

changes in the layers of the skin, sebaceous glands, and numerous keratins and other

proteins). 13-cis-Retinoic acid (isotretinoin, Accutane*) has been used for more than two

decades to treat severe cystic acne. Acetretin (Soritaney) is prescribed for severe psoriasis. In

addition, numerous topical preparations of these and other retinoids are available for treating

less severe dermatological conditions. Retinoids significantly reduce the production of sebum

and induce keratinocytes to differentiate. The use of isotretinoin in dermatology has been

reviewed by the American Academy of Dermatology [233].

The serious side effects of retinoic acid, especially its teratogenicity, threaten the con-

tinued use of retinoids in dermatology. Since the 1940s, it has been known that an excess or a

deficiency of vitamin A causes birth defects or the death of the embryo, and later studies using

acidic retinoids and their analogs showed them to be highly teratogenic [200]. Teratogenicity

is often related to abnormal development of the neural crest, the head and sensory organs,

nervous system, heart, limbs, and skeletomuscular system. Similar fetal abnormalities, often

manifested as craniofacial defects, have affected the offspring of women who have consumed

an excess of dietary vitamin A early in pregnancy, or have used prescription retinoids such as

13-cis-retinoic acid early in pregnancy. Because retinoids used therapeutically may persist in

tissues for some time after their use has been discontinued, even assuring they have been

discontinued before conception may not be enough to safeguard the fetus. Although the use

of isotretinoin by women who could become pregnant has been contraindicated for years, and

birth control has been required, cases of retinoid-related birth defects have persisted, suggest-

ing inadequate compliance and monitoring. Therefore, in 2005, the FDA approved new

strengthened regulations that include the registry of all patients to whom retinoids have

been prescribed, the use of two forms of birth control, and the frequent reporting by both

the patient and the prescribing physician. Other potential adverse effects, including depres-

sion and suicidal thoughts, were also reasons for the FDA’s decision to raise the level of

monitoring for prescription retinoids [234].

* A registered trademark of Hoffman-La Roche Inc. in the United States and other countries.
yA registered trademark of Hoffman-La Roche Inc. in the United States and other countries.
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Acute Promyelocytic Leukemia

All-trans-retinoic has gained prominence for its ability to induce the differentiation of

leukemic promyelocytes in patients with acute promyelocytic leukemia (APL) [235]. This

form of leukemia is associated with chromosomal translocations involving the RAR-a

nuclear receptor that result in several aberrant forms of receptor proteins and altered retinoid

signaling. Remarkably, the majority of patients have achieved complete remission either with

all-trans-retinoic acid alone or combined with chemotherapy [236].

Although all-trans-retinoic acid has generally been well tolerated by APL patients,

some of them have developed a serious and sometimes fatal condition termed the retinoic

acid syndrome, manifested by fever, respiratory distress, changes in hemostasis, and acute

renal failure [237]. Protocols for the treatment of APL have been modified to reduce the

length of treatment with retinoic acid to the minimum time necessary for differentiation of

APL blasts and to introduce adjunctive therapies in place of prolonged treatment with

retinoids [236].

PREVENTION OF HYPERVITAMINOSIS A OF NUTRITIONAL ORIGIN

Hypervitaminosis A refers to high storage levels of vitamin A in the body that can lead to

toxic symptoms. Signs of vitamin A toxicity include nausea and vomiting, headache, dizzi-

ness, blurred vision, lack of muscular coordination, abnormal liver functions, and pain in

weight-bearing bones and joints. Most vitamin A toxicity results from the accidental or

inappropriate use of supplements containing high levels of vitamin A [222]. Although rarely

does hypervitaminosis A result from ingestion of food sources of vitamin A, a few case

reports have described vitamin A toxicity due to excessive intakes of liver, and the frequent

intake of high vitamin A foods still is a concern. In 2005, the Scientific Advisory Committee

on Nutrition (SACN) of the Foods Standards Agency, in the United Kingdom, issued a

report stating that, as a precaution, people who eat liver regularly, that is more than once a

week, should not increase this amount and should avoid taking vitamin A supplements [238].

Symptoms resembling hypervitaminosis A have also been reported in some patients taking

retinoids under medical supervision.

There is no treatment or antidote for hypervitaminosis A. Elevated tissue retinol levels fall

only slowly after intake has stopped, as the tendency of the body is to conserve vitamin A.

Thus, great care should be taken to prevent the development of hypervitaminosis A by

limiting the consumption of foods, such as liver, and avoiding the use of supplements

containing high levels of retinol (see ULs, Table 1.2).

Intakes of retinol that are higher than recommended levels but not overtly toxicmay still have

adverse consequences. Results from epidemiological and clinical studies have suggested that

intakes of retinol not far above theRDA may reduce bone mineral density of the lumbar, femoral

neck, and trochanter regions and increase the risk of osteoporotic disease [239,240]. The relative

risk of hip fracture increased in a graded manner with increasing retinol intake, attributable

primarily to retinol (either from diet or supplements), but not b-carotene intake [241].

Excessive Consumption of b-Carotene

b-Carotene and other carotenoids in foods, even when consumed at high levels, have not

produced toxicity. For this reason, the UL for vitamin A does not include carotenoids.

Excessive intakes of carotenoids often are the result of food faddism, such as vegetable

juice diets, or use of supplements. When carotene accumulates in fatty tissues, yellow

discoloration of the skin (carotenodermia) may result. However, Krinsky [242], in a review

of the safety of b-carotene, has commented on the lack of carotenodermia in subjects

ingesting very large amounts of carotenoids in foods for 6 weeks, but the appearance of
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carotenodermia after an intake of a 30 mg=day supplement of b-carotene for the same period

[243]. The condition is not known to be harmful, and the yellow color slowly subsides after

the excessive consumption of b-carotene ceases.

While the consumption of high amounts of b-carotene in foods and even in supplements is

generally considered safe, the results of two large-scale placebo-controlled trials of the

efficacy of b-carotene in the chemoprevention of lung cancer have called into question the

safety of large doses of carotenoid supplements [244]. Thus, in both the a-Tocopherol

b-Carotene Trial (ATBC) in Finland and the b-Carotene Retinol Efficacy Trial (CARET)

in the United States, persons at high risk for lung cancer (i.e., smokers and asbestos workers)

showed a significantly increased risk of lung cancer when supplemented with 20–30 mg of

b-carotene=day for periods of 4–6 years. Although the mechanism of this effect is still not

entirely clear, it is likely related to the induction of P450 enzymes by oxidative metabolites of

b-carotene and perhaps from disruption of normal retinoid-signaling processes in cells [245].

Thus, this effect is apparently attributable to the pro-oxidant effects of b-carotene that have

been observed under certain conditions in vitro and in vivo and not to the nutritional

provitamin A activity of b-carotene.
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INTRODUCTION

The generic term vitamin D designates a group of chemically related compounds that possess

antirachitic activity. The two most prominent members of this group are vitamin D2 (ergo-

calciferol) and vitamin D3 (cholecalciferol). Vitamin D2 is derived from a common plant

steroid, ergosterol, and is the form that was employed for nutritional vitamin D fortification

of foods from the 1940s to 1960s. Vitamin D3 is the form of vitamin D obtained when radiant

energy from the sun strikes the skin and converts the precursor 7-dehydrocholesterol. Since

the body is capable of producing vitamin D3, vitamin D does not meet the classical definition

of a vitamin. A more accurate description of vitamin D is that it is a prohormone; thus,

vitamin D is metabolized to a biologically active form that functions as a steroid hormone

[1,2]. However, since vitamin D was first recognized as an essential nutrient, it has historically

been classified among the lipid-soluble vitamins. Even today it is thought of by many as a
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vitamin for public health reasons [3], although it is now known that there exists a vitamin D

endocrine system that generates the steroid hormone 1a,25-dihydroxyvitamin D3

[1a,25(OH)2D3] [4].

Vitamin D functions to maintain calcium homeostasis together with two peptide

hormones, calcitonin and parathyroid hormone (PTH). Vitamin D is also important for

phosphorus homeostasis [5–7]. Calcium and phosphorus are required for a wide variety of

biological processes (see Table 2.1). Calcium is necessary for muscle contraction, nerve pulse

transmission, blood clotting, and membrane structure. It also serves as a cofactor for such

enzymes as lipases and ATPases and is needed for eggshell formation in birds. It is an important

intracellular signaling molecule for signal transduction pathways such as those involving

calmodulin and protein kinase C (PKC). Phosphorus is an important component of DNA,

RNA, membrane lipids, and the intracellular energy-transferring ATP system. The phosphory-

lation of proteins is important for the regulation of many metabolic pathways. The mainten-

ance of serum calcium and phosphorus levels within narrow limits is important for normal

bone mineralization. Any perturbation in these levels results in bone calcium accretion or

resorption. Disease states, such as rickets, can develop if the serum ion product is not main-

tained at a level consistent with that required for normal bone mineralization. Maintaining a

homeostatic state for these two elements is of considerable importance to a living organism.

The active form of vitamin D3, 1a,25(OH)2D3, has been shown to act on novel target

tissues not related to calcium homeostasis. There have been reports characterizing receptors

for the hormonal form of vitamin D and activities in such diverse tissues as brain, pancreas,

pituitary, hair follicle, skin, muscle, immune cells, and parathyroid (Table 2.2). These studies

suggest that vitamin D status is important for insulin and prolactin secretion, hair growth,

muscle function, immune and stress response, and melanin synthesis and cellular differentiation

TABLE 2.1
Biological Calcium and Phosphorusa

Calcium Phosphorus

Utilization
Body content: 70 kg man has 1200 g Ca2þ Body content: 70 kg man has 770 g P

Structural: bone has 95% of body Ca Structural: Bone has 90% of body Pi

Plasma [Ca2þ] is 2.5 mM, 10 mg % Plasma [Pi] is 2.3 mM, 2.5–4.3 mg %

Muscle contraction Intermediary metabolism (phosphorylated intermediates)

Nerve pulse transmission

Blood clotting Genetic information (DNA and RNA)

Membrane structure Phospholipids

Enzyme cofactors (amylase, trypsinogen, lipases,

ATPases)

Enzyme or protein components (phosphohistidine,

phosphoserine)

Eggshell (birds) Membrane structure

Daily Requirements (70 kg man)
Dietary intake: 700a Dietary intake: 1200a

Fecal excretion: 300–600a,b Fecal excretion: 350–370a,b

Urinary excretion: 100–400a,b Urinary excretion: 200–600a,b

Note: For more details see Chapter 9 in Norman A.W. and Litwack G.L., Hormones, 2nd Academic Press, San Diego,

CA, 1997, 2nd Edition.

a Values in mg=day.
b Based on the indicated level of dietary intake.
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of skin and blood cells. A number of recent and comprehensive reviews [1,8–22] cover many

aspects of vitamin D and its endocrinology.

HISTORY OF VITAMIN D

Rickets, a deficiency disease of vitamin D, appears to have been a problem in ancient

times. There is evidence that rickets occurred in Neanderthal man about 50,000 BC [23]. The

first scientific descriptions of rickets were written by Dr. Daniel Whistler [24] in 1645 and by

Professor Francis Glisson [25] in 1650. Rickets became a health problem in northern Europe,

England, and the United States during the Industrial Revolution when many people lived in

urban areas with air pollution and little sunlight. Before the discovery of vitamin D, the

theories on the causative factors of rickets ranged from heredity to syphilis [2].

Some of the important scientific discoveries leading to the understanding of rickets

were dependent on the development of an appreciation of the complexity of bone. As

reviewed by Hess [26], the first formal descriptions of bone were made by Marchand

(1842), Bibard (1844), and Friedleben (1860). In 1885, Pommer wrote the first pathological

description of the rachitic skeleton. In 1849, Trousseau and Lasque recognized that osteo-

malacia and rickets were different manifestations of the same disorder. In 1886 and 1890,

Hirsch and Palm did a quantitative geographical study of the worldwide distribution of

rickets and found that the incidence of rickets paralleled the lack of sunlight [26]. This was

substantiated in 1919 when Huldschinsky demonstrated that ultraviolet (UV) rays were

effective in healing rickets [27].

TABLE 2.2
Distribution of 1,25(OH)2D3 Biological Actionsa

Tissue Distribution of Nuclear 1,25(OH)2D3 Receptor
Adipose Intestine Pituitary

Adrenal Kidney Placenta

Bone Liver (fetal) Prostrate

Bone marrow Lung Retina

Brain Muscle, cardiac Skin

Breast Muscle, embryonic Stomach

Cancer cells Muscle, smooth Testis

Cartilage Osteoblast Thymus

Colon Ovary Thyroid

Eggshell gland Pancreas b cell Uterus

Epididymus Parathyroid Yolk sac (bird)

Hair follicle Parotid

Distribution of Nongenomic Responses
Intestine Transcaltachiab

Osteoblast Ca2þ channel opening

Osteoclast Ca2þ channel opening

Pancreas b cells Insulin secretion

Muscle A variety

a Summary of the tissue location of the nuclear receptor for 1a,25(OH)2D3 (VDR) (top panel)

and tissues displaying rapid or membrane-initiated biological responses (bottom panel) [483].
b Transcaltachia is the rapid stimulation of intestinal calcium transport that can be initiated by

1a,25(OH)2D3 [484,485].
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In the early 1900s, the concept of vitamins was developed and nutrition emerged as

an experimental science, allowing for further advances in understanding rickets. In 1919, Sir

Edward Mellanby [28,29] was able to experimentally produce rickets in puppies by feeding

synthetic diets to over 400 dogs. He further showed that rickets could be prevented by the

addition of cod-liver oil or butterfat to the feed. He postulated that the nutritional factor

preventing ricketswas vitaminAsince butterfat and cod-liver oilwere known to contain vitamin

A [29]. Similar studies were conducted and conclusions drawn by McCollum et al. [30].

The distinction between the antixerophthalmic factor, vitamin A, and the antirachitic

factor, vitamin D, was made in 1922 when McCollum’s laboratory showed that the

antirachitic factor in cod-liver oil could survive both aeration and heating to 1008C for 14 h

whereas the activity of vitamin A was destroyed by this treatment. McCollum named the new

substance vitamin D [31].

Although it was known that UV light and vitamin D were both equally effective in

preventing and curing rickets, the close interdependence of these two factors was not imme-

diately recognized. Then, in 1923, Goldblatt and Soames [32] discovered that UV-irradiated

food fed to rats could cure rickets in cats, but nonirradiated food could not cure rickets. In

1925, Hess and Weinstock [33,34] demonstrated that a factor with antirachitic activity was

produced in the skin on UV irradiation. Both groups demonstrated that the antirachitic agent

was in the lipid fraction. The action of the light appeared to produce a permanent chemical

change in some component of the diet and the skin. They postulated that a provitamin D

existed that could be converted to vitamin D by UV light absorption and ultimately demon-

strated that the antirachitic activity resulted from the irradiation of 7-dehydrocholesterol.

The isolation and characterization of vitamin D2 and vitamin D3 was now possible. In 1932,

the structure of vitamin D2 was determined simultaneously by Windaus et al. [35] in Germany,

who named it vitamin D2, and by Angus et al. [36] in England, who named it ergocalciferol. In

1936, Windaus et al. [37] identified the structure of vitamin D3 found in cod-liver oil. Thus, the

naturally occurring vitamin is vitamin D3, or cholecalciferol. This conclusion is derived from

the fact that 7-dehydrocholesterol (precursor of D3), but not ergosterol (precursor of D2), is

present in the skin of all higher vertebrates. The structure of vitamin D was determined to be

that of a steroid, or more correctly, a secosteroid. However, the relationship between its

structure and mode of action was not realized for an additional 30 years.

Vitamin D (both D3 and D2) was believed for many years to be the active agent in

preventing rickets. It was assumed that vitamin D was a cofactor for reactions that

served to maintain calcium and phosphorus homeostasis. However, when radioisotopes

became available, more precise measurements of metabolism could be made. Using

radioactive 45Ca2þ, Carlsson and Lindquist [38] found that there was a lag period between

the administration of vitamin D and the initiation of its biological response. Stimulation

of intestinal calcium absorption (ICA) required 36–48 h for a maximal response. Other

investigators found delays in bone calcium mobilization (BCM) and serum calcium level

increases after treatment with vitamin D [39–43]. The rapidity of the response to vitamin D

and its magnitude were proportional to the dose of vitamin D used [40].

One explanation for the time lag was that vitamin D had to be further metabolized before

it was active. With the development of radioactively labeled vitamin D, it became possible to

study the metabolism of vitamin D. Norman et al. [44] detected three metabolites that

possessed antirachitic activity. One of these metabolites was subsequently identified as the

25-hydroxy derivative of vitamin D3 [25(OH)D3] [45]. 25(OH)D3 had 1.5 times more activity

than vitamin D in curing rickets in the rat, so it was first thought to be the biologically active

form of vitamin D [46]. However, in 1968, the Norman laboratory reported a more polar

metabolite, which was found in the nuclear fraction of the intestine from chicks given tritiated

vitamin D3 [47]. Biological studies demonstrated that this new metabolite was 13–15 times

more effective than vitamin D3 in stimulating ICA and 5–6 times more effective in elevating
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serum calcium levels [48]. The new metabolite was also as effective as vitamin D in increasing

total body growth rate and bone ash [48]. In 1971, the structural identity of this metabolite

was reported to be the 1a,25-dihydroxy derivative of vitamin D [1a,25(OH)2D3] [49–51], the

biologically active metabolite of vitamin D.

In1970, the siteofproductionof1a,25(OH)2D3wasdemonstrated tobe thekidney [52].This

discovery, together with the finding that 1a,25(OH)2D3 is found in the nuclei and chromatin of

intestinal cells and the demonstration of the presence of a nuclear receptor for 1a,25(OH)2D3

[53], suggested that vitamin D was functioning as a steroid hormone [47,53]. The cDNA for the

1a,25(OH)2D3 nuclear receptor as well as the estrogen (ER), progesterone (PR), androgen,

glucocorticoid (GR), and mineralocorticoid steroid receptors and the retinoic acid receptors

were all cloned in the interval of 1986–1990; somewhat surprisingly, these receptors have

significant amino acid sequence homology [54]. It is now appreciated that all of these receptors,

including the vitamin D receptor (VDR), belong to a superfamily of evolutionarily related

proteins [55]. The discovery that the biological actions of vitamin D could be explained by the

classicalmodel of steroid hormone actionmarked the beginningof themodern era of vitaminD.

CHEMISTRY OF VITAMIN D STEROIDS

STRUCTURE

VitaminD refers to a family of structurally related compounds that display antirachitic activity.

Members of the D-family are derived from the cyclopentanoperhydrophenanthrene ring

system, which is common to other steroids, such as cholesterol [56]. However, in comparison

with cholesterol, vitamin D has only three intact rings; the B ring has undergone fission of the

9,10-carbon bond resulting in the conjugated triene system that is present in all the D vitamins.

The structure of vitamin D3 is shown in Figure 2.1. Naturally occurring members of the vitamin

D family differ from each other only in the structure of their side chains; the side-chain

structures of the various members of the vitamin D family are given in Table 2.3.

The Nobel laureate Dorothy Crowfoot–Hodgkin, using the then relatively new technique

of X-ray crystallography, was the first to develop a three-dimensional model of vitamin D3 in

her Ph.D. dissertation [57,58]. Because vitamin D is a secosteroid, the A ring is not rigidly

fused to the B ring (compare 7-dehydrocholesterol with provitamin D3 in Figure 2.1). As a

result, the A ring exists in one of the two possible chair conformations, designated either as

chair conformer A or conformer B (see Figure 2.2). The rapid chair–chair interconversion of

the A-ring conformers of the vitamin D secosteroids was confirmed by Okamura et al. [59]

using nuclear magnetic resonance (NMR) spectroscopy (Figure 2.2). This A-ring conforma-

tional mobility is unique to vitamin D family of molecules and is not observed for other

steroid hormones. It is a direct consequence of the breakage of the 9,10-carbon bond of the B

ring, which serves to free the A ring. As a result of this mobility, substituents on the A ring

(e.g., a 1-a hydroxyl, as in 1a,25(OH)2D3) are rapidly and continually alternating between the

axial and equatorial positions. A second hallmark of the secosteroid is that the presence of the

6,7 single bond in the broken B ring, which allows for complete (3608) conformational

rotation, thus generating the 6-s-cis or 6-s-trans conformations (see top panel of Figure 2.2).

NOMENCLATURE

Vitamin D is named according to the new revised rules of the International Union of Pure and

Applied Chemists (IUPAC). Since vitamin D is derived from a steroid, the structure retains its

numbering from the parent steroid compound, cholesterol. Vitamin D is designated seco

because its B ring has undergone fission. Asymmetric centers are named using R,S notation

and Cahn’s rules of priority. The configuration of the double bonds is notated E, Z; E for
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trans, Z for cis. The formal name for vitamin D3 is 9,10-seco(5Z,7E)-5,7,10(19)-cholesta-

triene-3b-ol and for vitamin D2 it is 9,10-seco(5Z,7E)-5,7,10(19),21-ergostatetraene-3b-ol.

CHEMICAL PROPERTIES

Vitamin D3 (C27H44O)

Three double bonds;melting point, 848C–858C; UV absorption maximum at 264–265 nm with a

molar extinction coefficient of 18,300 in alcohol or hexane, aD20þ 84.88 in acetone; molecular

weight, 384.65; insoluble in H2O; soluble in benzene, chloroform, ethanol, and acetone;

unstable in light; will undergo oxidation if exposed to air at 248C for 72 h; best stored at 08C.

Vitamin D2 (C28H44O)

Four double bonds; melting point, 1218C; UV absorption maximum at 265 nm with a molar

extinction coefficient of 19,400 in alcohol or hexane, aD20 þ 1068 in acetone; same solubility

and stability properties as D3.
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FIGURE 2.1 Chemistry and irradiation pathway for production of vitamin D3 (a natural process) and

vitaminD2 (a commercial process). In each instance the provitamin, with a D5,D7 conjugated double-bond

system in theB ring, is converted to the seco-Bprevitamin,with the 9,10 carbon–carbonbondbroken.Then

the previtamin D thermally isomerizes to the vitamin form, which contains a system of three conjugated

double bonds. In solution, vitamin D is capable of assuming a large number of conformations because of

the rotation about the 6,7 carbon–carbon bondof theB ring. The 6-s-cis conformer (the steroid-like shape)

and the 6-s-trans conformer (the extended shape) are presented for both vitamin D2 and vitamin D3.
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ISOLATION OF VITAMIN D METABOLITES

Many of the studies that have led to our understanding of the mode of action of vitamin D

have involved the tissue localization and identification of vitamin D and its 37 metabolites.

Since vitamin D is a steroid, it is isolated from tissue by methods that extract total lipids. The

technique most frequently used for this extraction is the method of Bligh and Dyer [60].

Over the years a wide variety of chromatographic techniques have been used to separate

vitamin D and its metabolites. These include paper, thin-layer, column, and gas chromato-

graphic methods. Paper and thin-layer chromatography usually require long development

times, unsatisfactory resolutions, and have limited capacity. Column chromatography, using

alumina, Floridin, celite, silica acid, and Sephadex LH-20 as supports, has been used to rapidly

separate many closely related vitamin D compounds [2]. However, none of these methods is

capable of resolving and distinguishing vitamin D2 from vitamin D3. Gas chromatography

is able to separate these two compounds, but in the process vitamin D is thermally converted to

pyrocalciferol and isopyrocalciferol, resulting in two peaks. High-pressure liquid chromato-

graphy (LC) has become the method of choice for the separation of vitamin D and its metabolites

[61,62]. This powerful technique is rapid and gives good recovery with high resolution.

SYNTHESIS OF VITAMIN D

Photochemical Production

In the 1920s, it was recognized that provitamins D were converted to vitamins D on treatment

with UV radiation (see Figure 2.1). The primary structural requirement for a provitamin D is

TABLE 2.3
Side Chains of Provitamin D; It Includes Structures of the Side Chains of Vitamins D2� D7

Provitamin

Trivial Name

Vitamin D Produced

upon Irradiation

Empirical Formula

(Complete Steroid)

Side Chain

Structure

Ergosterol D2 C28H44O

7-dehydrocholesterol D3 C27H44O

22,23-dihydroergosterol D4 C28H46O

7-dehydrositosterol D5 C29H48O

7-dehydrostigmasterol D6 C29H46O

7-dehydrocampesterol D7 C28H46O
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a sterol with a C-5 to C-7 diene system in ring B. The conjugated double-bond system is a

chromaphore, which on UV irradiation initiates a series of transformations resulting in the

production of the vitamin D secosteroid structure. The two most abundant provitamins D are

ergosterol (provitamin D2) and 7-dehydrocholesterol (provitamin D3).

Chemical Synthesis

There are two basic approaches to the synthesis of vitamin D. The first involves the chemical

synthesis of a provitamin that can be converted to vitamin D by UV irradiation. The second is

a total chemical synthesis.

Since vitamin D is derived from cholesterol, the first synthesis of vitamin D resulted

from the first chemical synthesis of cholesterol. Cholesterol was first synthesized by Woodward

and Robinson groups in the 1950s. The first method involves a 20-step conversion of
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FIGURE 2.2 The dynamic behavior of 1a,25(OH)2D3. The topological features of the hormone

1a,25(OH)2D3 undergo significant changes as a consequence of rapid conformational changes (i.e.,

due to single-bond rotation) or, in one case, as a consequence of a hydrogen shift (resulting in the

transformation of 1a,25(OH)2D3 to pre-1a,25(OH)2D3). The top panel depicts the dynamic changes

occurring within the seco-B conjugated triene framework of the hormone (C5, 6, 7, 8, 9, 10, 19). All the

carbon atoms of the 6-s-trans conformer of 1a,25(OH)2D3 are numbered using standard steroid

notation for the convenience of the reader. Selected carbon atoms of the 6-s-cis conformer are also

numbered as are those of pre-1a,25(OH)2D3. The middle panel depicts the rapid chair–chair inversion of

the A ring of the secosteroid. The lower panel depicts the dynamic single-bond conformational rotation

of the cholesterol-like side chain of the hormone. The C=D trans-hydrindane moiety is assumed to serve

as a rigid anchor about which the A ring, seco-B triene, and side chain are in dynamic equilibrium.
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4-methoxy-2,5-toluquinone to a PR derivative, which is then converted in several more steps

to PR, testosterone, cortisone, and cholesterol [63]. The other method used the starting

material 1,6-dihydroxynaphthalene. This was converted to the B and C rings of the steroid.

A further series of chemical transformations led to the attachment of the A ring and then the

D ring. The final product of the synthesis was epiandrosterone, which could be converted to

cholesterol [64]. The cholesterol was then converted to 7-dehydrocholesterol and UV irradi-

ated to give vitamin D, with an overall yield of 10%–20%.

The first pure chemical synthesis of vitamin D, without any photochemical irradiation

steps, was accomplished by the Lythgoe group in 1967 [65]. This continuing area of investi-

gation allows for the production of many vitamin D metabolites and analogs, including

radioactively labeled compounds, without the necessity of a photochemical step.

Figure 2.3 summarizes some of the currently used synthetic strategies [4]. Method A

involves the photochemical ring opening of a 1-hydroxylated side-chain-modified derivative

of 7-dehydrocholesterol 1 producing a provitamin that is thermolyzed to vitamin D [66,67].

Method B is useful in producing side chain and other analogs. In this method, the phosphine

oxide 2 is coupled to a Grundmann’s ketone derivative 3, producing the 1a,25(OH)2D3

skeleton [68,69]. In method C, dienynes like 4 are semihydrogenated to a previtamin structure

that undergoes rearrangement to the vitamin D analog [70,71]. Method D involves the

production of the vinylallene 6 from compound 5 and the subsequent rearrangement with
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FIGURE 2.3 Summary of approaches to the chemical synthesis of 1a,25(OH)2D3. The general synthetic

approaches A–H, which are discussed in the text, represent some of the major synthetic approaches used

in recent years to synthesize the hormone 1a,25(OH)2D3 and analogs of 1a,25(OH)2D3.
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heat or metal-catalyzed isomerization followed by sensitized photoisomerization [72]. Method

E starts with an acyclic A-ring precursor 7, which is intramolecularly cross-coupled to

bromoenyne 8 resulting in the 1,25-skeleton [73,74]. Method F starts with the tosylate of

11, which is isomerized to the i-steroid 10. This structure can be modified at carbon-1 and

then reisomerized under sovolytic conditions to 1a,25(OH)2D3 or analogs [75,76]. In method

G, vitamin D derivatives 11 are converted to 1-oxygenated 5,6-trans vitamin D derivatives 12

[77]. Finally, method H involves the direct modification of 1a,25(OH)2D3 or an analog 13

through the use of protecting groups such as transition metal derivatives or by other direct

chemical transformations on 13 [78]. These synthetic approaches have enabled the synthesis

of over 1000 analogs of 1a,25(OH)2D3 [4].

PHYSIOLOGY OF VITAMIN D

INTRODUCTION

The elucidation of the metabolic pathway by which vitamin D is transformed into its

biologically active form is one of the most important advances in our understanding of

how vitamin D functions through its vitamin D endocrine system (see Figure 2.4). It is now

known that vitamin D3 must be sequentially hydroxylated at the C-25 position and then the

C-1 position to generate the steroid hormone, 1a,25(OH)2D3, before it can produce any

biological effects. The activation of vitamin D2 occurs via the same metabolic pathway

as that of vitamin D3. Originally, it was believed that the biological activities of both

vitamin D2 and vitamin D3 were approximately the same; however, it is now apparent

that vitamin D2 has significantly lower activity in birds [2] and the New World monkey [79].

Recent evidence indicates that in man, vitamin D2 has only 25%–30% of the biological

activity of vitamin D3 [80].

ABSORPTION

Vitamin D can be obtained from the diet, in which case it is absorbed in the small intestine

with the aid of bile salts [81,82]. In rats, baboons, and humans, the specific mode of vitamin D

absorption is via the lymphatic system and its associated chylomicrons [83,84]. It has been

reported that only about 50% of a dose of vitamin D is absorbed [83,84]. However, consider-

ing that sufficient amounts of vitamin D can be produced daily by exposure to sunlight, it is

not surprising that the body has not evolved a more efficient mechanism for vitamin D

absorption from the diet.

PHOTOCHEMICAL PRODUCTION OF VITAMIN D3

Although the body can obtain vitamin D from the diet, the major source of this pro-

hormone can be its production in the skin from 7-dehydrocholesterol. Skin consists of

two primary layers: the inner dermis composed largely of connective tissue and the outer

thinner epidermis. The epidermis contains five strata; from outer to inner they are the

stratum corneum, lucidum, granulosum, spinosum, and basale. The highest concentrations

of 7-dehydrocholesterol are found in the stratum basale and the stratum spinosum. Accord-

ingly, of the five layers of the epidermis, these two have the greatest capability for production of

previtamin D3 and vitamin D3.

Several types of cells characterize the epidermis. The most prevalent cell type is the

keratinocytes that synthesize and excrete the insoluble keratin, which strengthens and water-

proofs the outer surface of the skin. The second most abundant cells are the melanocytes that

produce the pigment melanin, the amount of which determines the skin color characteristic of
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racial groups [85]. Melanocytes are localized primarily in the innermost layer of the epidermis,

the stratum basale. Here the enzyme tyrosinase synthesizes melanin from tyrosine. Import-

antly, the pigment granules that contain the melanin are transferred from the tips of long

cytoplasmic processes of the melanocyte cells to other adjacent epidermal cells that are

migrating upward toward the outer surface. Thus, melanin is present in all five strata of the

epidermis and is the responsible agent that imparts a characteristic coloration to the skin. It

normally takes 2 weeks for a cell present in the stratum basale to migrate up to the stratum

corneum and another 2 weeks for the cell remnants to slough off.

There are four important variables that collectively determine the amount of vitamin D3

that will be photochemically produced by an exposure of skin to sunlight. The two principal

determinants are the quantity (intensity) and quality (appropriate wavelength) of the UV-B

irradiation reaching the 7-dehydrocholesterol deep in the stratum basale and stratum

spinosum. 7-Dehydrocholesterol absorbs UV light most efficiently over the wavelengths of

270–290 nm and thus only UV light in this wavelength range has the capability to produce

vitamin D3.

There have been many studies demonstrating the influence of season and latitude on the

cutaneous photochemical synthesis of vitamin D3 [86,87]; maximal vitamin D3 production

occurs in summer months, and depending on latitude little or no vitamin D3 may be generated

in winter months. [88,89]. The production of vitamin D3 photochemically via exposure to

sunlight is significantly higher at latitudes close to the equator and falls off significantly at

higher latitudes. For example, at latitudes higher than 508 with clear atmospheric conditions

no cutaneous production of vitamin D3 occurs during some periods of the year, thus posing a

serious vitamin D3 nutritional problem for the citizens of Finland (e.g., Helsinki), Canada

(e.g., Edmonton), or Alaska (e.g., Fairbanks). Clouds, aerosols, and thick ozone events can

reduce the duration of vitamin D synthesis considerably, and can suppress vitamin D

synthesis completely even at the equator [90].

The third potentially important variable governing the extent of vitamin D photosynthesis

in the skin is the actual concentration of 7-dehydrocholesterol present in the strata spinosum

and basale. However, under normal physiological circumstances in humans there are ample

quantities of 7-dehydrocholesterol available in these two (of the order of 25–50 mg=cm2

of skin).

The fourth determinant of vitamin D3 production is the concentration of melanin present

in the skin. Melanin, which absorbs UV-B in the 290–320 nm range, functions as a light filter

and therefore determines the proportion of the incident UV-B that is actually able to

penetrate the outer three strata and arrive at the strata basale and spinosum. Accordingly,

skin pigmentation is, in fact, a dominant variable regulating the production of vitamin D3

under circumstances of low levels of irradiation because the melanin absorbs UV photons in

competition with the 7-dehydrocholesterol [91–93]. Appreciation of this fact allowed Loomis

[94] to propose that the evolution of the world’s racial distribution by latitude was due to

regulation of vitamin D production. As people migrated to higher latitudes, their skin

pigmentation was diminished to enable the adequate production of the vitamin by the

skin [94].

Thus, there is a physiological connection between skin pigmentation (blacks versus

whites), the seasons (with seasonally varying UV-B intensities), and the resulting conversion

of 7-dehydrocholesterol into vitamin D3 and then its subsequent metabolism by the vitamin D

endocrine system to produce 25(OH)D3 and ultimately the steroid hormone, 1a,25(OH)2D3.

Consistent with this are several reports showing that the circulating levels of 25(OH)D3 are

substantially and significantly lower in black women than in white women in both the winter

(February=March) and summer (June=July) months [92,95]. Once formed, the vitamin D3 is

preferentially removed from the skin into the circulatory system by the blood transport

protein for vitamin D, the vitamin D-binding protein (DBP).
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TRANSPORT BY VITAMIN D-BINDING PROTEIN

Vitamin DBP, also referred to as group-specific component of serum or Gc-globulin, was

initially identified by its polymorphic migration pattern on serum electrophoresis. Although

its function was quite unknown, its polymorphic properties allowed DBP (Gc) to play a

significant role in human population genetics. In 1975 human Gc protein was found to

specifically bind radioactive vitamin D3 and 25(OH)-vitamin D3, thus identifying one of its

biological functions [96–98].

The vitamin DBP is the serum protein that serves as the transporter and reservoir for the

principal vitamin D metabolites throughout the vitamin D endocrine system [99,100]. These

include 25(OH)D3, the major circulating metabolite (KD ~ 6�10�9 M) [101,102], and the

steroid hormone 1a,25(OH)2D3 (KD ~ 6�10�8 M). DBP can be up to 5% glycosolated and is

known to be one of the most polymorphic proteins, with 3 common allelic variants and over

124 rare variants known [102]. DBP’s plasma concentration (4–8 mM) is approximately

20-fold higher than that of the total circulating vitamin D metabolites (~10�7 M). DBP

binds 88% of the total serum 25(OH)D3 and 85% of serum 1,25(OH)2D3, yet only 5% of

the total circulating DBP actually carries vitamin D metabolites [103]. The concentration of

the free hormone may be important in determining the biological activity of the 1a,25(OH)2D3

steroid hormone [104–106].

In addition to the vitamin D metabolite-binding properties of DBP, the protein has been

shown to function as a high-affinity plasma actin-monomer scavenger functioning in concert

with the protein gelsolin to prevent arterial congestion [107]. There are stoichiometric, 1:1,

amounts of DBP and actin in their high-affinity heterodimer; the actin=DBP KD ~10�9 M.

The X-ray crystallographic structure of DBP–actin complexes has been recently determined

[108,109]. This information is not considered in detail in this presentation.

DBP has been proposed to be involved in the transport of fatty acids [110]; the DBP KD

for binding fatty acids is ~10�6 M. In addition, DBP has also been implicated in playing a role

in complement C5a-mediated chemotaxis [111] and has been found to be associated with

immunoglobulin surface receptors on lymphocytes, monocytes, and neutrophils [112].

DBP (~53 kDa) is a member of the albumin multigene family of proteins, which also

contains albumin (human serum albumin or HSA), a-fetoprotein (AFP), and afamin (AFM).

AFP (~70 kDa) has an analogous function to albumin in the fetus and is measured clinically

to diagnose or monitor fetal distress or fetal abnormalities, some liver disorders, and some

cancers; however, AFP has no known function in adults. Albumin is the major protein

component in human plasma and binds a number of relatively water-insoluble endogenous

compounds, including fatty acids, bilirubin, and bile acids.

The known multifunctionality of DBP (both vitamin D metabolite and actin binding)

separates it from other members of its family and other steroid transport proteins like retinal-

binding protein (RBP) and thyroid-binding globulin (TBG). However, two proteins that bind

and transport sterols, sex hormone-binding globulin (SHBG) and uteroglobulin (UG), have

been implicated in physiological functions other than steroid transport. SHBG, which binds

sex steroids in blood, triggers cAMP-dependent signaling through binding to specific cell

surface receptors in prostate [113] and breast cancer cells [114].

The three-domain structure of DBP is shown in Figure 2.7A and is compared with the

domain structure of the VDR. Domains I, II, and III have been postulated to have evolved

from a progenitor that arose from the triple repeat of a 192 amino acid sequence [115];

however, domain III is significantly truncated at the C-terminus. The position of the vitamin

D metabolite and actin-binding domains are specified in domain I and portions of domains I,

II, and III, respectively.

The X-ray crystallographic structures of the human DBP with a bound ligand of 25(OH)-

D3 have been recently determined [116] (see Figure 2.7B and Figure 2.7C). The N-terminal
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region of DBP, helix 1–helix 6 of domain I, forms the ligand-binding domain (LBD), where

25(OH)D3 and other vitamin D metabolites bind. When bound to DBP, vitamin D sterols

including 1a,25(OH)2D3 remain highly exposed to the external environment, which is not the

case for internally sequestered ligands bound to the other plasma transport proteins (compare

with the X-ray structure of the VDR in Figure 2.8), for example, SHBG, RBP, UG, and TBG.

Virtually the whole a-face, top view, of the 25(OH)D3 molecule is exposed to the external

environment when bound to the DBP, but the protein’s affinity for 25(OH)D3 still remains

high (~6� 10�9 M) presumably because of the relative strength of the protein–ligand inter-

actions on the a-face of 25(OH)D3. A number of recent review articles on the DBP are

available [12,106,117].

STORAGE OF VITAMIN D

Following intestinal absorption, vitamin D is rapidly taken up by the liver. Since it was

known that the liver serves as a storage site for retinol, another fat-soluble vitamin, it

was thought that the liver also functioned as a storage site for vitamin D. However, it has

since been shown that blood has the highest concentration of vitamin D when compared with

other tissues [118]. From studies in rats, it was concluded that no rat tissue can store vitamin

D or its metabolites against a concentration gradient [83]. The persistence of vitamin D in rats

during periods of vitamin D deprivation may be explained by the slow turnover rate of

vitamin D in certain tissues, such as skin and adipose. Similarly, Mawer et al. [119] found that

human adipose and muscle were found to be major storage sites for vitamin D and

25(OH)D3. It was also reported that in pigs, tissue concentrations of 1a,25(OH)2D3, espe-

cially in adipose tissue, are threefold to sevenfold higher than plasma levels [120].

In view of the current debate concerning what is a sufficient daily intake of vitamin D

and suggestions by some that pharmacological amounts may have beneficial effects, our

understanding of the storage of the parent vitamin is woefully inadequate and needs a great

deal of research.

METABOLISM OF VITAMIN D

The parent vitamin D is largely biologically inert; before vitamin D can exhibit any biological

activity, it must first be metabolized to its active forms. 1a,25(OH)2D3 is the most active

metabolite known, but there is evidence that 24,25(OH)2D3 is required for some of the

biological responses attributed to vitamin D [121–123]. Both these metabolites are produced

in vivo following carbon-25 hydroxylation of the parent vitamin D molecule.

25(OH)D3

In the liver, vitamin D undergoes its initial transformation with the addition of a hydroxyl

group to the 25-carbon to form 25(OH)D3, the major circulating form of vitamin D.

Although there is some evidence that other tissues, such as intestine and kidney, may have

some 25-hydroxylase capacity, it is generally accepted that the formation of circulating

25(OH)D3 occurs predominantly in the liver.

The production of 25(OH)D3 is catalyzed by the cytochrome P450 enzyme, vitamin D3

25-hydroxylase. The 25-hydroxylase activity is found in both liver microsomes and mito-

chondria [124–127]. It is a poorly regulated P450-dependent enzyme [128]. Therefore, circu-

lating levels of 25(OH)D3 are a good index of vitamin D status, that is, they reflect the body

content of the parent vitamin [129,130]. Cheng et al. [131,132] were the first to identify a

microsomal CYP2R1 protein as a potential candidate for the liver vitamin D 25-hydroxylase

based on the enzyme’s biochemical properties, conservation, and expression pattern. In a
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breakthrough paper, this group provides molecular analysis of a patient with low circulating

levels of 25(OH)D3 and classic symptoms of vitamin D deficiency. This individual was found

to be homozygous for a transition mutation in exon 2 of the CYP2R1 gene on chromosome

11p15.2. The inherited mutation caused the substitution of a proline for an evolutionarily

conserved leucine at amino acid 99 in the CYP2R1 protein and eliminated vitamin D

25-hydroxylase enzyme activity. These data identified CYP2R1 as a biologically essential

vitamin D 25-hydroxylase and established the molecular basis of a new human genetic

disease, namely, selective 25-hydroxyvitamin D deficiency.

1a,25(OH)2D3

From the liver, 25(OH)D3 is returned to the circulatory system where it is transported via

DBP to the kidney where a second hydroxyl group can be added at the C-1 position by the

25(OH)D3-1-a-hydroxylase [133]. The 1a-hydroxylase is a mitochondrial cytochrome

P450-dependent mixed function oxidase. These enzymes consist of the two electron transport

proteins, ferredoxin and ferredoxin reductase and cytochrome P450, which reduces molecular

oxygen to one hydroxyl group to be incorporated into the substrate [25(OH)D3] and to one

molecule of water.

The most important point of regulation of the vitamin D endocrine system occurs through

the stringent control of the activity of the renal-1a-hydroxylase [134]. In this way the

production of the hormone 1a,25(OH)2D3 can be modulated according to the calcium

needs of the organism. Although extrarenal production of 1a,25(OH)2D3 has been demon-

strated in placenta [135,136], cultured pulmonary alveolar and bone macrophages [137–139],

cultured embryonic calvarial cells [140], and cultured keratinocytes [141,142], which can

provide the hormone to adjacent cells in a paracrine fashion, the kidney is considered the

primary source of circulating 1a,25(OH)2D3. The major controls on the production of

1a,25(OH)2D3 are 1a,25(OH)2D3 itself, PTH, and the serum concentrations of calcium and

phosphate [143].

Probably the most important determinant of 1a-hydroxylase activity in vivo is the

vitamin D status of the animal. When circulating levels of 1a,25(OH)2D3 are low, the

production of 1a,25(OH)2D3 in the kidney is high, and when circulating levels of

1a,25(OH)2D3 are high, synthesis of 1a,25(OH)2D3 is low [134]. The changes in enzyme

activity induced by 1a,25(OH)2D3 can be inhibited by cycloheximide and actinomycin D

[144], which suggests that 1a,25(OH)2D3 is acting, at least in part, at the level of transcription.

PTH is secreted in response to low plasma calcium levels, and in the kidney it stimulates the

activity of the 1a-hydroxylase. 1a,25(OH)2D3 operates in a feedback loop to modulate and

reduce the secretion of PTH. In mammals, serum phosphate is also an important influence on

the production of 1a,25(OH)2D3. Recently, substantial evidence has accumulated that the

endocrine link mediating this regulatory effect of phosphate on the vitamin D endocrine

system is fibroblast growth factor 23 (FGF23) [145–147].

24,25(OH)2D3

A second dihydroxylated metabolite of vitamin D produced in the kidney is 24R,25(OH)2D3.

In addition, virtually all other tissues that have receptors for 1a,25(OH)2D3 (VDR) can also

produce 24R,25(OH)2D3. There is some controversy concerning the possible unique bio-

logical actions of 24R,25(OH)2D3. However, there is some evidence that 24,25(OH)2D3

plays a role in the suppression of PTH secretion [148,149], in the mineralization of bone

[150,151], and in fracture healing [152–155]. Other studies demonstrated that the combined

presence of 24R,25(OH)2D3 and 1a,25(OH)2D3 are required for normal egg hatchability in

chickens [121] and quail [156]. From these studies, it is apparent that only combination doses
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of both metabolites are capable of eliciting the same response as the parent vitamin D. Thus,

it appears that both 1a,25(OH)2D3 and 24R,25(OH)2D3 may be required for some of the

known biological responses to vitamin D.

The enzyme responsible for the production of circulating 24R,25(OH)2D3 from

25(OH)D3 in the kidney is the 25-hydroxyvitamin D3-24R-hydroxylase, another mito-

chondrial cytochrome P450-dependent mixed function oxidase. The activity of the renal

24-hydroxylase is inversely proportional to circulating levels of 1a,25(OH)2D3. Under normal

physiological circumstances, both 1a,25(OH)2D3 and 24R,25(OH)2D3 are secreted from

the kidney and circulate in the plasma of all classes of vertebrates. The expression of the

24-hydroxylase is transcriptionally induced by 1a,25(OH)2D3 in virtually all target cells of the

hormone where it undoubtedly contributes to the catabolism of the active hormone (see

section Catabolism and Excretion).

In addition to these three metabolites of vitamin D3, many others have been chemically

characterized, and the existence of still others appears likely. The chemical structures of the 37

known metabolites are shown in Figure 2.5. Most of these appear to be intermediates in

degradation pathways of 1a,25(OH)2D3 and none of these other metabolites have yet been

shown to have biological activity except for the 1a,25(OH)2D3-26,23-lactone. The lactone is

produced by the kidney when the plasma levels of 1a,25(OH)2D3 are very high. The meta-

bolite appears to be antagonistic to 1a,25(OH)2D3, since it mediates a decrease in serum

calcium levels in the rat. Other experiments suggest that the lactone inhibits bone resorption

and blocks the resorptive action of 1a,25(OH)2D3 on the bone [157], perhaps functioning as

a natural antagonist of 1a,25(OH)2D3 to prevent toxic effects from overproduction of

1a,25(OH)2D3. Interestingly structural analogs of the 1a,25(OH)2D3-26,23-lactone, namely

(23S)-25-dehydro-1a-hydroxyvitamin-D3-26,23-lactone, have been shown to function as ant-

agonists of the nuclear VDR and can block the potent agonistic actions of 1a,25(OH)2D3 on

gene transcription [158–160]. There is the possibility that a lactone analog may ultimately be

used to treat the excessive bone resorption characteristic of Paget’s disease by inhibiting the

actions of osteoclasts (bone resorbing cells) [161].

CATABOLISM AND EXCRETION

Several pathways exist in men and animals to further metabolize 1a,25(OH)2D3, all of which

are depicted in Figure 2.5. These include: oxidative cleavage of the side chain following

hydroxylation of C-24 to produce 1a,24,25(OH)3D3 and formation of 24-oxo-1a,25(OH)2D3,

all catalyzed by the 24R-hydroxylase; formation of 1a,25(OH)2D3-26,23-lactone; and

formation of 1a,25,26(OH)3D3. It is not clear which of these pathways predominate in the

breakdown and clearance of 1a,25(OH)2D3 in man.

The catabolic pathway for vitamin D is obscure, but it is known that the excretion of

vitamin D and its metabolites occurs primarily in the feces with the aid of bile salts. Very little

appears in the urine. Studies in which radioactively labeled 1a,25(OH)2D3 was administered

to humans have shown that 60%–70% of the 1a,25(OH)2D3 was eliminated in the feces as

more polar metabolites, glucuronides, and sulfates of 1a,25(OH)2D3. The half-life of

1a,25(OH)2D3 in the plasma has two components. Within 5 min, only half of an administered

dose of radioactive 1a,25(OH)2D3 remains in the plasma. A slower component of elimination

has a half-life of about 10 h. 1a,25(OH)2D3 is catabolized by a number of pathways that

result in its rapid removal from the organism [162].

BIOCHEMICAL MODE OF ACTION

The major classical physiological effects of vitamin D are to increase the active absorption of

Ca2þ from the proximal intestine and to increase the mineralization of bone. This is achieved
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via two major signal transduction pathways, genomic and membrane-receptor-initiated rapid

responses.

GENOMIC

Vitamin D, through its daughter metabolite, the steroid hormone 1a,25(OH)2D3, functions in

a manner homologous to that of the classical steroid hormones. A model for steroid hormone

action is shown in Figure 2.6. In the general model, a steroid hormone is produced in an

endocrine gland in response to a physiological stimulus, then circulates in the blood, usually

bound to a protein carrier, that is, DBP in the case of vitamin D, to target tissues where the

hormone interacts with specific, high-affinity intracellular receptors. The receptor–hormone

complex localizes in the nucleus, undergoes some type of activation perhaps involving

phosphorylation [163–166], and binds to a hormone response element (HRE) on the DNA
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all known chemically characterized vitamin D3 metabolites.
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to modulate the expression of hormone-sensitive genes. The modulation of gene transcription

results in either the induction or the repression of specific mRNAs, ultimately resulting in

changes in protein expression needed to produce the required biological response. VDR has

been identified in at least 30 target tissues [123,167,168] and with the advent of microarray

analysis several hundred genes are known to be regulated by 1a,25(OH)2D3 [169–171].

A number of excellent recent reviews on the VDR regulation of gene transcription have

appeared [9,10,16,172–176].

Nuclear Receptor

The 1a,25(OH)2D3 receptor was originally discovered in the intestine of vitamin D-deficient

chicks [53,177]. It has been extensively characterized and the cDNA for the nuclear receptor

has been cloned and sequenced [178,179]. The 1a,25(OH)2D3 receptor is a DNA-binding

protein with a molecular weight of about 50,000 Da. It binds 1a,25(OH)2D3 with high affinity

with a KD in the range of 1–50� 10�10 M [180,181]. The ligand specificity of the nuclear

1a,25(OH)2D3 receptor is illustrated in Table 2.4. The 1a,25(OH)2D3 receptor protein

belongs to the superfamily of homologous nuclear receptors [55,182]. To date only a single

form of the receptor has been identified.

The protein superfamily to which the VDR belongs includes receptors for GR, PR, ER,

aldosterone, androgens, thyroid hormone (T3R), hormonal forms of vitamin A (RAR, RXR),

the insect hormone, ecdysone, the peroxisome proliferator–activator receptor (PPAR), and

several orphan receptors including the estrogen related receptor (ERR) and the cholic acid

lipid sensing receptor, LXR [55,183]. To date biochemical evidence has been obtained for the
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existence of about 24 small molecules or steroid receptors and an equivalent number of

orphan receptors for which a ligand has not yet been identified. Based on evaluation of the

human genome database, it is believed that there are a total of 47 members of the steroid

receptor superfamily [55].

VDR Domains

At the protein level, comparative studies of the VDR with all the steroid, retinoid, and thyroid

receptors reveal that they have a common structural organization consisting of five domains

[184] with significant amino acid sequence homologies (see Figure 2.8A). The different

domains act as distinct modules that can function independently of each other [185].

The DNA-binding domain, C, is the most conserved domain throughout the family.

About 70 amino acids fold into two zinc finger-like motifs in which conserved cysteines

coordinate a zinc ion in a tetrahedral arrangement. The first finger, which contains four

cysteines and several hydrophobic amino acids, determines the HRE specificity; an HRE is a

specific nucleotide sequence located in the promoter region of the gene to be regulated by the

receptor and cognate ligand [185–187]. The second zinc finger, which contains five cysteines

and many basic amino acids, is also necessary for DNA binding and is involved in receptor

dimerization [188,189]. The zinc fingers identify the receptor’s cognate HRE and physically

interact with the HRE to form a receptor þ ligand þ HRE–DNA complex.

The next most conserved region is the steroid-binding domain (region E). This region

contains a hydrophobic pocket for ligand binding and also contains signals for several other

functions including dimerization [190,191], nuclear translocation, and hormone-dependent

transcriptional activation [192].

The A=B (transactivation) domain, which is quite small in the VDR (25 amino acids), is

poorly conserved across the nuclear receptor superfamily and its function has not yet been

clearly defined. An independent transcriptional activation function is located within the A=B
region [188,192], which is constitutive in receptor constructs lacking the LBD (region E). The

relative importance of the transcriptional activation by this domain depends on the receptor,

the context of the target gene promoter, and the target cell type [192].

Domain D is the hinge region between the DNA-binding domain and the LBD. The hinge

domain must be conformationally flexible because it allows the DNA-binding domains and

TABLE 2.4
Ligand Specificity of the Nuclear 1a,25(OH)2D3 Receptor

Ligand Structural Modification RCIa (%)

1a,25(OH)2D3 100

1a,25(OH)2-24-nor-D3 Shorten side chain by one carbon 67

1a,25(OH)2-3-epi-D3 Orientation of 3b-OH altered 24

1a,25(OH)2-24a-dihomo-D3 Lengthen side chain by two carbons 24

1b,25(OH)2D3 Orientation of 1a-OH changed 0.8

1a(OH)D3 Lacks 25-OH 0.15

25(OH)D3 Lacks 1a-OH 0.15

1a,25(OH)2-7-dehydrocholesterol Lacks a broken B ring; is not a secosteroid 0.10

Vitamin D3 Lacks 1a and 25-OH 0.0001

Source: From Bouillon R., Okamura W.H., and Norman A.W., Endocr. Rev., 16, 200, 1995.

a The relative competitive index (RCI) is a measure of the ability of a nonradioactive ligand to compete, under in vitro

conditions, with radioactive 1a,25(OH)2D3 for binding to the nuclear 1a,25(OH)2D3 receptor (VDR).
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LBD some flexibility for their proper interactions with DNA and ligand, respectively. The

VDR hinge region contains 65 amino acids and has immunogenic properties.

X-ray Structure of the VDR

The crystal structure of an engineered version of the LBD of the nuclear receptor for vitamin

D, bound to 1a,25(OH)2D3, was determined in 2000 at a 1.8 Å resolution [193]. A follow-up

X-ray crystallographic report compared the VDR LBD and bound ligand for 1a,25(OH)2D3

with that of four superagonist analogs of 1a,25(OH)2D3 [194]. Other X-ray structures of the

VDR, which are all very similar to the original report, have appeared [195,196].

The structure of the LBD of the human VDRnuc spans amino acid residues 143–427

(COOH-terminus) but without residues 165–215, which were in an undefined loop in the

hinge region of domain D (see Figure 2.7A). The removal of the flexible insertion domain in

the VDR LBD produced a more soluble protein, which was more amenable to crystallization.

The VDR LBD protein structure is very similar to the LBD of the 5 other X-ray crystallo-

graphic nuclear receptor structures that had been determined before VDR in 2000 [192]. All

nuclear steroid hormone receptors consist of a three-stranded b-sheet and 12 a-helices, which

are arranged to create a three-layer sandwich that completely encompasses the ligand

[1a,25(OH)2D3 in the case of the VDR] in a hydrophobic core (see Figure 2.8). The X-ray

structures of all six nuclear hormone receptors are so similar that their ribbon diagrams are

virtually superimposable, indicating a remarkable spatial conservation of the secondary and

tertiary structures [192]. In addition, the AF-2 domain of the C-terminal helix 12 (domain F;

residues 404–427) contributes to the hormone-binding pocket.

Comparison of X-ray Structures VDR and DBP and Their Ligands

Table 2.5 summarizes the important similarities and differences in the structure of the two key

proteins of the vitamin D endocrine system, the VDR LBD and DBP. Even though there is no

TABLE 2.5
Comparison of VDR and DBP Protein Crystal Structures

Property VDR DBP

Molecular weight (kDa) 51 58

Number of amino acid residues of intact protein 427 458

Number of residues in X-ray structure 158 458

Location of LBD on the protein Interior pocket Surface cleft

Ligand–protein contacts Uniquea Uniquea

Ligand A-ring conformation b-chair a-chair

3b-OH Axial Equatorial

C5–C6–C7–C8 torsion angle þ2118 þ1498

General ligand shape Bowl-shaped 6-s-trans Twisted 6-s-trans

A-ring position 308 above C=D ring 318 below C=D ring

C17–C20–C22–C23 torsion angle �1568 �708

Side-chain orientation Extended Curled down

Distance from C-19 to oxygen on C-25 6.9 Å 3.8 Å

Overall ligand shape Bowl Hook

a Thedescriptorunique isused to indicate that theaminoacid residuesof theprotein involvedwith the stabilizinghydrogen

bond contact points with the respective ligands, 1a,25(OH)2D3 for VDR and 25(OH)D3 for DBP, are totally different.
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amino acid or structural similarity between the two proteins, each has independently evolved

to create a unique but highly effective LBD that can tightly bind its optimal vitamin D

secosteroid ligand: for DBP, 25(OH)D3, KD ~ 6� 10�9 M; and for the VDR, 1a,25(OH)2D3,

KDs ~ 1� 10�9 M. However, the location of the two LBDs is vastly different for the two

proteins. For the VDR, the ligand is sequestered inside the protein (see Figure 2.7C), whereas

for DBP the ligand is held in a surface crevice (see Figure 2.7B) such that one face of the

ligand is exposed to the solvent environment. Thus, there is a much greater freedom of ligand

structure tolerated by the DBP ligand in comparison with the VDR; compare optimal DBP

ligands with VDR ligand (Figure 2.8 and Table 2.2).

Calbindin-D

The first protein to be shown tobe genomically regulated by 1a,25(OH)2D3 is a calcium-binding

protein, named calbindin-D. In the mammalian kidney and brain and in all avian tissues, a

larger form of the protein (calbindin-D28K) is expressed, whereas in the mammalian intestine

Actin-binding domain

(a)

(b)

(A)

H2N

H2N

25(OH)D3
Binding

1 110

1 24

A/B C D E F

89 118 165 215 404 427

DNA
Binding

Hinge “Loop” 1α,25(OH)2D3
Binding

COOH

I II III

192 368 458

COOHDBP

VDR

FIGURE 2.7 Three-dimensional structure of the vitamin D-binding protein (DBP). (A) Schematic models

of the vitamin DBP (a) and the vitamin D receptor (b). (a) The DBP consists of 458 amino acid residues

and is divided into three domains (I, II, and III). The numbers below the DBP indicate the amino acid

residue boundaries for the various domains. The domains I, II, and III have been postulated to have

evolved from a progenitor that arose from the triple repeat of a 192 amino acid sequence [115]. However,

domain III is significantly truncated at the C-terminus. The 25(OH)D3-binding cleft is associated with the

first six a-helices or residues 1–110 of domain I. The actin-binding property of DBP is associated with a

portion of domains I and III, which clamp the actin while it rests on domain II. (b) The VDR comprises

427 amino acid residues that are divided into six domains (A–F). The numbers below the VDR indicate the

amino acid residue boundaries for the various domains. The VDR belongs to a superfamily of nuclear

receptors all of which have the same general A–F domain organization. The C domain, the most highly

conserved, which contains the DNA-binding domain, defines the superfamily; it contains two zinc finger

motifs. The E domain or ligand-binding domain (LBD) is less conserved and is responsible for binding

1a,25(OH)2D3 or its analogs and transcriptional activation. The A=B domain of the VDR is much

smaller than other members of the superfamily. The portion of the intact VDR that was crystallized and

subjected to X-ray crystallographic analysis included residues 118–427 but with deletion of the loop

region of the hinge domain D, residues 165–215.
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and placenta a smaller form (calbindin-D9K) is expressed [197]. The expression of calbindins in

various tissues and species appears to be regulated to differing degrees by 1a,25(OH)2D3 [198].

The gene for calbindin-D28K has now been cloned and sequenced [199], but there is still much to

learn about the physiological importance of calbindins-D in its many tissues.

NONGENOMIC ACTIONS OF 1a,25(OH)2D3

The rapid or nongenomic responses mediated by 1a,25(OH)2D3 were originally postulated to

be mediated through the interaction of 1a,25(OH)2D3 with a novel protein receptor located

on the external membrane of the cell (see Figure 2.8) [200]. This membrane receptor has now

been shown to be the classic VDR (heretofore largely found in the nucleus and cytosol)

associated with caveolae present in the plasma membrane of a variety of cells [201]. Caveolae,

also known as lipid rafts, are invaginations present in the plasma membrane of many cells;

caveolae are believed to be docking platforms for protein components of many signal

transduction systems [202–204]. Using VDR knockout (KO) and wild-type mice, rapid

modulation of osteoblast ion channel responses by 1a,25(OH)2D3 was found to require the

presence of a functional vitamin D nuclear or caveolae receptor [205].

Rapid responses stimulated by 1a,25(OH)2D3 or 6-s-cis locked analogs of 1a,25(OH)2D3

(see later) acting through the VDRmem include the following: rapid stimulation by

1a,25(OH)2D3 of ICA (transcaltachia) (Figure 2.9) [206]; opening of voltage-gated Ca2þ

and Cl� [207] channels; store-operated Ca2þ influx in skeletal muscle cells as modulated

by phospholipase C, PKC, and tyrosine kinases [208]; activation of PKC [209,210]; and

inhibition of activation of apoptosis in osteoblasts mediated by rapid activation of Src,

phosphatidyl inositol 30-kinase, and JNK kinases [211].

Careful study using structural analogs of 1,25(OH)2D3 has shown that the genomic and

nongenomic responses to this conformationally flexible steroid hormone have different

25(OH)D3 ligand exposed
on the surface of the DBP

Domain I

(B) (C)

Domain II

Domain III

FIGURE 2.7 (continued) (B) Three-dimensional structure of DBP for residues 1–458 as determined via

X-ray crystallography [116]. Illustration of the three domains (I, II, and III) of the DBP in a ribbon structure

representation. The atoms of the ligand 25(OH)D3 are colored black. The X-ray structure of DBP was

determined separatelywith two different ligands. These ligands were 25(OH)D3 and 22-(m-hydroxyphenyl)-

23,24,25,26,27-pentanor vitamin D3 (analog JY); both X-ray structures contained the same conformer

shape of the bound ligands. The structure and the shape of 25(OH)D3 are presented in more detail in Figure

2.8C. (C) The LBD of the DBP is a crevice located on the surface of domain I. The figure illustrates the

Corey–Pauling–Koltun (CPK) space-filling structure of DBP, with white regions indicating flexible regions

of the molecule. Virtually the entire top face of the 25(OH) is exposed to the external environment.
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requirements for ligand structure [9,212,213]. For example, a key consideration is the position

of rotation about the 6,7 single carbon–carbon bond, which can either be in the 6-s-cis or 6-s-

trans orientation (see Figure 2.1). The preferred shape of the ligand for VDRnuc, determined

from the X-ray crystal structure of the receptor occupied with ligand, is a 6-s-trans-shaped

bowl with the A ring 308 above the plane of the C and D rings. In contrast, structure–function

studies of rapid nongenomic actions of 1,25(OH)2D3 and its analogs show that the VDRmem

prefers its ligand to have a 6-s-cis shape.

Other steroid hormones, ER [214], PR [215–218], testosterone [219], GRs [220–222], and

thyroid [223,224], have been shown to have similar membrane effects [225]. A model for the

nongenomic signal transduction pathway is shown in Figure 2.8.

VDR

DBP

Membrane VDR

(C) (D)

FIGURE 2.8 Three-dimensional structure of the vitamin D receptor (VDR) for the steroid hormone,

1a,25(OH)2D3. (A) Domains of the VDR. All steroid receptors, including the VDR, have a homologous

domain structure. Domains A=B vary in size on the family of steroid receptors. The VDR domain A=B is

small, by comparison, and is also referred to as theAF-1 domain or activation function-1 domain.Domain

C is the site of two zinc fingers, which physically and very specifically interact with VDR HREs (specific

sequences of deoxy nucleotides that are in the promoters of genes to be regulated by the VDR). Domain D

is a linker region. Domain E comprises 12 helices (see B) and constitutes the ligand-binding domain (LBD)

for 1a,25(OH)2D3. Domain F is also small and is the AF-2 domain. (B) Three-dimensional ribbon

structure of the VDR LBD for residues 118–425 (D165–215) as determined via X-ray crystallography

[193]; the helices are numbered H1–H12. In addition, the presence of the bound ligand 1a,25(OH)2D3 is

shown; its structure and shape are presented in more detail in D. The white regions represent loops and

other flexible regions of the molecule. The ligand 1a,25(OH)2D3 has its atoms indicated. (C) Illustration

of the Corey–Pauling–Koltun (CPK) space-filling model of the VDR LBD. The position of helix-12 in

the closed position effectively sequesters the ligand from the external environment of the protein,

indicated by the absence of visible carbon and oxygen atoms from 1a,25(OH)2D3 in this view.

(D) Conformation of the optimal ligands for the VDR and DBP as determined by X-ray crystallog-

raphy. (Top structures) The shape of 1a,25(OH)2D3 as a ligand in the VDR LBD, in a stick (left) or CPK

space-filling (right) rendition, is shown as a twisted or bowl-shaped 6-s-trans orientation. The A ring is in

the b-chair conformation (see Figure 2.2) and the side chain is oriented northeasterly at 2 o’clock as

defined by its global energy minimum [480, 481]. (Middle structures) The shape of the 25(OH)D3 as a ligand

for DBP is shown in a stick (left) and CPK space-filling (right) model. The side chain is organized as a

hook. The A ring is in the a-chair conformation (see Figure 2.2) and the side chain is oriented behind

and nearly perpendicular to the CD ring. The bottom structure is that of the optimal agonist for

nongenomic or rapid responses 1a,25(OH)2-lumisterol (analog JN). Both the stick and the space-filling

presentations of JN are presented. It is apparent that the optimal ligand shapes for the VDR genomic

responses, DBP, and VDR-mediated rapid responses are each unique [482].
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SPECIFIC FUNCTIONS OF 1a(OH)2D3

1a,25(OH)2D3 AND MINERAL METABOLISM

The classical target tissues for 1a,25(OH)2D3 are those that are directly involved in the

regulation of mineral homeostasis. In man, serum calcium and phosphorous levels are

normally maintained between 9.5 and 10.5 mg=100 ml and between 2.5 and 4.3 mg=100 ml,

respectively [2]. Together with PTH and calcitonin, 1a,25(OH)2D3 maintains serum calcium

and phosphate levels by its actions on the intestine, kidney, bone, and parathyroid gland.

In the intestine, one of the best characterized effects of 1a,25(OH)2D3 is the stimula-

tion of intestinal lumen-to-plasma flux of calcium and phosphate [41,226,227]. Although exten-

sive evidence exists showing that 1a,25(OH)2D3, interacting with its receptor, upregulates

calbindin-D in a genome-mediated fashion, the relationship between calbindin-D and calcium

transport is not clear [228]. In the vitamin D-deficient state, both mammals and birds have

severely decreased intestinal absorption of calcium with no detectable levels of calbindin. There

is a linear correlation between the increased cellular levels of calbindin-D and calcium transport.

When 1a,25(OH)2D3 is given to vitamin D-deficient chicks, the transport of calcium reaches

maximal rates at 12–14 h whereas calbindin-D does not reach its maximal levels until 48 h [229].

Examples

Ligand shape matters Receptor location is important

Pancreas β cell

Adipocytes

Vascular smooth muscle

RAS/MAP kinase

Phospholipase C

PKC

G
Protein

PI3K

Caveolae

Signal
transduction

Gene
Expression

Altered genomic
responses

Osteocalcin promoter
24-OHase promoter

Alkaline phosphatase
NB4 cell differentiation

Microarray

Second messengers

Phosphoproteins

RAF/MAP kinase

PtdIns-3,4,5-P3

Cross-talk

Cell
nucleus

= VDR

1α,25(OH)2D3 + VDR = Rapid responses

1α,25(OH)2D3

PI3′Kinase

Systems

PKCIntestine

Monocytes

Osteoblasts

Plasma membrane

FIGURE 2.9 Schematic model describing how the conformationally flexible 1a,25(OH)2D3 can interact

with a nuclear receptor to generate genomic responses or a plasma membrane receptor to generate rapid

responses. Binding of 1a,25(OH)2D3 to the membrane surface receptor may result in the activation of

one or more second messenger systems, including phospholipase C, protein kinase C, G protein coupled

receptors, or phosphatidyl-inositol-3-kinase (PI3). There are a number of possible outcomes including

opening of the voltage-gated calcium channel or generation of the indicated second messengers. Some of

these second messengers, particularly RAF=MAP kinase, may engage in cross-talk with a nucleus to

modulate gene expression. Evidence has been presented that rapid responses can modulate the list of

specific genes tabulated in the figure.
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In a study employing immunohistochemical techniques, it was demonstrated that the cellular

location of calbindin-D28K changed with the onset of calcium transport [230].

1a,25(OH)2D3 treatment also alters the biochemical and morphological characteristics of

the intestinal cells [231,232]. The size of the villus and the size of the microvilli increase on

1a,25(OH)2D3 treatment [233]. The brush border undergoes noticeable alterations in the

structure and composition of cell surface proteins and lipids, occurring in a time frame

corresponding to the increase in Ca2þ transport mediated by 1a,25(OH)2D3 [234]. However,

despite extensive work, the exact mechanisms involved in the vitamin D-dependent intestinal

absorption of calcium remain unknown [235–237].

The kidney is the major site of synthesis of 1a,25(OH)2D3 and of several other hydro-

xylated vitamin D derivatives. Probably the most important effect 1a,25(OH)2D3 has on the

kidney is the inhibition of 25(OH)D3-1a-hydroxylase activity, which results in a decrease in

the synthesis of 1a,25(OH)2D3 [238].

Simultaneously, the activity of the 25(OH)D3-24R-hydroxylase is stimulated. The actions

of vitamin D on calcium and phosphorus metabolism in the kidney have been a controversial

area and more research is needed to clearly define the actions of 1a,25(OH)2D3 on the

kidney [239].

Recently, it has been found that 1a,25(OH)2D3 functions as a potent negative endocrine

regulator of renin gene expression [240]. The renin–angiotensin system plays a central role in

the regulation of blood pressure, volume, and electrolyte homeostasis. Epidemiological and

clinical studies have long suggested an association of inadequate sunlight exposure or low

serum 1a,25(OH)2D3 levels with high blood pressure and high plasma renin activity, but the

mechanism is presently being elucidated [241–243].

Although vitamin D is a powerful antirachitic agent, its primary effect on bone is the

stimulation of bone resorption leading to an increase in serum calcium and phosphorus levels

[244]. With even slight decreases in serum calcium levels, PTH is synthesized, which then

stimulates the synthesis of 1a,25(OH)2D3 in the kidney. Both of these hormones stimulate

bone resorption. Maintaining constant levels of calcium in the blood is crucial, whether

calcium is available in the diet or not. Therefore, the ability to release calcium from its largest

body store, the bone, is vital. Bone is a dynamic tissue, which is constantly remodeled. Under

normal physiological conditions, bone formation and bone resorption are tightly balanced

[245]. The stimulation of bone growth and mineralization by 1a,25(OH)2D3 appears to be

an indirect effect due to the provision of minerals for bone matrix incorporation through an

increase in intestinal absorption of calcium and phosphorus. In bone, nuclear receptors

for 1a,25(OH)2D3 have been detected in normal osteoblasts [246] and in osteoblast-like

osteosarcoma cells, but not in mature osteoclasts. In addition, 1a,25(OH)2D3 can induce

rapid changes in cytosolic Ca2þ levels in osteoblast and osteosarcoma cells by opening

voltage-gated Ca2þ channels via a nongenomic signal transduction pathway [247,248].

Some of the actions of 1a,25(OH)2D3 in bone are related to changes in bone cell

differentiation. For example, 1a,25(OH)2D3 decreases type-I collagen production [249], and

increases alkaline phosphatase production and the proliferation of cultured osteoblasts [250].

1a,25(OH)2D3 also increases the production of osteocalcin [251] and matrix Gla protein [252]

and decreases the production of type-I collagen by fetal rat calvaria [253]. 1a,25(OH)2D3 also

affects osteoclastogenesis from precursor cells through VDR-mediated effects on gene tran-

scription and in this way can stimulate bone mineral resorption [254,255]. A particularly

useful technique for studying the role of 1a,25(OH)2D3 in bone has been through the selective

KO of either (or in combination) the genes encoding VDR, the 25(OH)D-1a-hydroxylase,

or the 25(OH)D-24R-hydroxylase proteins. These studies have been reviewed in depth by

Goltzman et al. and Panda et al. [15,256].

PTH is an important tropic stimulator of 1a,25(OH)2D3 synthesis by the kidney. High

circulating levels of 1a,25(OH)2D3 have been shown to decrease the levels of PTH by an

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C002 Final Proof page 66 5.5.2007 3:31pm Compositor Name: BMani

66 Handbook of Vitamins, Fourth Edition



indirect mechanism involving increased serum calcium levels, which is an inhibitory signal

for PTH production and a direct mechanism involving the direct suppression of the

expression of the preprothyroid hormone gene by the 1a,25(OH)2D3–VDr complex.Collectively,

1a,25(OH)2D3 or analogs such as 1a,25(OH)2-19-nor-D2 (Zemplar; see Table 2.9) have been

shown to be effective in reducing the secondary hyperparathyroidism commonly found in

patients with renal failure [257–259].

During pregnancy and lactation, large amounts of calcium are needed for the developing

fetus and for milk production. Hormonal adjustments in the vitamin D endocrine system are

critical to prevent depletion of minerals leading to serious bone damage for the mother.

Although receptors for 1a,25(OH)2D3 have been found in placental tissue [260] and in the

mammary gland [261,262], the role vitamin D plays is not clear. In addition, there is an

emerging view that there is a correlation between VDR polymorphism and the incidence of

breast cancer [263,264].

VITAMIN D IN NONCLASSICAL SYSTEMS

In the 1970s and 1980s, nuclear receptors for 1a,25(OH)2D3 were discovered in a variety of

tissues and cells not directly involved in calcium homeostasis (Table 2.2). Thus, the role of the

vitamin D endocrine system has expanded to include a broader range of effects on cell

regulation and differentiation [168,265]. Nuclear VDR is present in muscle, hematolympho-

poietic, reproductive and nervous tissue as well as in other endocrine tissues, and skin. The

expression of more than 100 proteins is known to be regulated by 1a,25(OH)2D3, including

several oncogenes [266,267] by far extending the classical limits of vitamin D actions on

calcium homeostasis. In many of these systems, the effect vitamin D has on the tissue or the

details of its mechanism of action are not yet clear.

Skeletal muscle is a target organ for 1a,25(OH)2D3. Clinical studies have shown the

presence of muscle weakness or myopathy during metabolic bone diseases related to vitamin

D deficiency [25,268,269]. These abnormalities can be reversed with vitamin D therapy.

Experimental evidence has shown that 1a,25(OH)2D3 has a direct effect on Ca2þ transport

in cultured myoblasts and skeletal muscle tissue. Furthermore, there is evidence that the

action of 1a,25(OH)2D3 on skeletal muscle may be important for the calcium homeostasis of

the entire organism since the hormone induces a rapid release of calcium from muscle into the

serum of hypocalcemic animals. 1a,25(OH)2D3 receptors have been detected in myoblast

cultures and the changes in calcium uptake have been shown to be RNA- and protein

synthesis-dependent, suggesting a genomic mechanism. 1a,25(OH)2D3 has also been shown

to be important for cardiac muscle function [270–273].

The generation of VDR KO mice and the ability to maintain normal mineral ion

homeostasis in these mice using a diet enriched in calcium and lactose have permitted

investigations directed at identifying target tissues in which the actions of the VDR are critical

for normal development, maturation, and homeostasis. These studies have demonstrated an

important function in several nontraditional target tissues, including muscle [274–276].

In the skin, 1a,25(OH)2D3, acting through VDR, appears to exert effects on cellular

growth and differentiation [277]. Receptors for 1a,25(OH)2D3 have been found in

human [278] and mouse skin [279]. 1a,25(OH)2D3 inhibits the synthesis of DNA in mouse

epidermal cells [279]. The hormone induces changes in cultured keratinocytes, which are

consistent for terminal differentiation of nonadherent cornified squamous cells [280].

Additional experiments have shown that human neonatal foreskin keratinocytes produce

1a,25(OH)2D3 from 25(OH)D3 under in vitro conditions [281], suggesting that keratinocyte-

derived 1a,25(OH)2D3 may affect epidermal differentiation locally. Psoriasis is a chronic

hyperproliferative skin disease. Some forms of psoriasis have been shown to improve

significantly when treated topically with calcipotriol, a nonhypercalcemic analog of
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1a,25(OH)2D3 [282–284]. In mouse skin carcinogenesis, 1a,25(OH)2D3 blocks the production

of tumors induced by 12-O-tetradecanoyl-phorbol-12-acetate [285].

Recent work from the Demay laboratory emphasizes the critical role of the VDR

functioning in the hair follicle; indeed a primary phenotype of the VDR KO mouse is that

of alopecia [286]. Intriguingly, the presence of the VDR without any ligand [in the absence of

1a,25(OH)2D3 by genetic KO of the 25(OH)D-1a-hydroxylase] is essential for hair growth

[287–289].

In the pancreas, 1a,25(OH)2D3 is essential for normal insulin secretion. Experiments

with rats have shown the presence of the VDR in the pancreas [290] and that vitamin D

and 1a,25(OH)2D3 increase insulin release from the isolated perfused pancreas, both in the

presence and absence of normal serum calcium levels [291–295]. Human patients with

vitamin D deficiency, even when serum calcium levels are normal, exhibit impaired insulin

secretion but normal glucagon secretion, suggesting that 1a,25(OH)2D3 directly affects b-cell

function [296]. More recent studies clearly indicate the role of 1a,25(OH)2D3 in preventing

type-1 diabetes in mouse models [297,298]. It appears likely that in some circumstances type-1

diabetes is really an autoimmune disease that can be prevented by appropriate administration

of vitamin D3 or 1a,25(OH)2D3 or its analogs [298–301].

Receptors for 1a,25(OH)2D3 have been found in some sections of the brain. However, the

role of 1a,25(OH)2D3 in the brain is not well understood. Both calbindins-D have been found

in the brain but the expression of neither calbindin-D28K nor calbindin-D9K appears to be

modulated directly by vitamin D [302,303]. In the rat, 1a,25(OH)2D3 appears to increase

the activity of the choline acetyltransferase (CAT) in specific regions of the brain [302]. Other

steroid hormones have also been shown to affect neurotransmitter metabolism in specific

brain regions [304,305]. A recent report indicates that VDR KO mice exhibit both motor and

behavioral changes that may be linked to disruption of normal brain activity [306,307].

Behavioral effects of vitamin D deficiency are currently under investigation in animal models

and in humans [308].

IMMUNOREGULATORY ROLES OF 1a,25(OH)2D3

In the early 1980s, when the VDR was discovered in several neoplastic hematopoietic cell lines

as well as in normal human peripheral blood mononuclear cells, monocytes, and activated

lymphocytes [309,310], a role for 1a,25(OH)2D3 in immune function was suggested. Since

then, 1a,25(OH)2D3 has been shown to affect cells of the immune system in a variety of ways.

1a,25(OH)2D3 reduces the proliferation of HL-60 cells and also induces their differentiation

to monocytes and macrophages [311–313]. The actions of 1a,25(OH)2D3 on normal mono-

cytes is controversial but it appears that it may enhance monocyte function. 1a,25(OH)2D3

appears to reduce levels of HLA-DR and CD4 þ class II antigens on monocytes or macro-

phages with no effect on the expression of class I antigens [314]. The enhancement of class II

antigen expression is a common feature of autoimmunity and often precedes the onset of

autoimmune diseases.

1a,25(OH)2D3 also promotes the differentiation of leukemic myeloid precursor cells

toward cells with the characteristics of macrophages [309]. Subsequent experiments have

shown that 1a,25(OH)2D3 does not alter the clonal growth of normal myeloid precursors

but it does induce the formation of macrophage colonies preferentially over the formation of

granulocyte colonies [312]. In addition, macrophages derived from different tissues are able to

synthesize 1a,25(OH)2D3 when activated by g-interferon [139]. In addition, 1a,25(OH)2D3

can suppress immunoglobulin production by activated B-lymphocytes [315] and inhibit DNA

synthesis and proliferation of both activated B- and T-lymphocytes [316,317]. These findings

suggest the existence of a vitamin D paracrine system involving activated macrophages and

activated lymphocytes (Figure 2.4).
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Current studies of 1a,25(OH)2D3 and the vitamin D endocrine system interactions

with the immune system show many interesting new leads. A strain of mice (NOD) sponta-

neously develops a form of type-1 diabetes, which can be prevented by the administration

of 1a,25(OH)2D3 [298,301,318]. 1a,25(OH)2D3 restores thymocyte apoptosis sensitivity

in nonobese diabetic (NOD) mice through dendritic cells [319]. This has raised the

possibility that analogs of 1a,25(OH)2D3 may be used to treat the autoimmune component

of diabetes [320]. A similar approach has been proposed for autoimmune encephalomyelitis

[321,322].

Still another immune system discovery has been the demonstration that tolerogenic

dendritic cells induced by VDR ligands enhance the regulatory T-cells that inhibit allograft

rejection and autoimmune diseases [323]. Similarly, Wang et al. [324] have found from

microarray studies of gene expression a whole new category of 1a,25(OH)2D3-mediated

responses. 1a,25(OH)2D3 is a direct regulator of antimicrobial innate immune responses.

The promoters of the human cathelicidin antimicrobial peptide (camp) and defensin beta2

(defB2) genes contain consensus vitamin D response elements that mediate 1,25(OH)2D3-

dependent gene expression. Moreover, 1a,25(OH)2D3 induces corresponding increases

in antimicrobial proteins and secretion of antimicrobial activity against pathogens

including Pseudomonas aeruginosa. Thus, 1a,25(OH)2D3 directly regulates antimicrobial

peptide gene expression, revealing the potential of its analogs in the treatment of opportunistic

infections.

1a,25(OH)2D3 and cyclosporin, a potent immunosuppressive drug, appear to affect the

immune system in a similar fashion. They affect T-lymphocytes during initial activation by

antigen, select the generation of T-helper cells by inhibiting lymphokine production at a

genomic level, and inhibit the generation of T-cytotoxic and NK cells. Both are involved in

the enhancement of T-suppresser function, a key element in the efficacy of cyclosporin as a

drug to reduce allograft tissue rejection [325]. 1a,25(OH)2D3 appears to work synergistically

with cyclosporin when the two compounds are used in combination [326,327].

The use of nonhypercalcemic 1a,25(OH)2D3 analogs can result in enhanced immunosup-

pressive effects without the toxicity risks of 1a,25(OH)2D3. Because of the synergistic effects

when 1a,25(OH)2D3 and cyclosporine are used in combination, synthetic 1a,25(OH)2D3

analogs may be used in the treatment of autoimmune diseases [328] or for transplantation

[329] in combination with cyclosporin to reduce the toxicity of both compounds. The Koeffler

lab has reported the consequences of administering separately to mice for 55 weeks 4 analogs

of 1a,25(OH)2D3 that have potential as drugs for the immune system [330]. Thus, knowledge

of long-term tolerability of vitamin D3 analogs may be of interest in view of their potential

clinical utility in the management of various pathologies such as malignancies, immunological

disorders, and bone diseases.

STRUCTURES OF IMPORTANT ANALOGS

Studies using analogs of vitamin D have been used to address the question of the functional

importance of the various structural features of the vitamin D and 1a,25(OH)2D3 molecules.

Due to recent advances in new vitamin D syntheses described earlier and in Figure 2.3,

analogs have been synthesized with modifications in all the key structural motifs of this

secosteroid; these include the A ring, seco-B ring, C ring, C=D-ring junction, D ring, and side

chain [4,331]. It is estimated that between 1973 and 2003 over 2000 analogs of 1a,25(OH)2D3

were synthesized by chemists in academia and pharmaceutical companies [172].

The importance of the configuration of the A ring has been studied by synthesizing

5,6-trans analogs. Because of the rotation of the A ring, these analogs cannot undergo

1a-hydroxylation and are only 1=1000 as biologically effective as 1a,25(OH)2D3. The relative

significance of the 3b-hydroxyl group has been assessed by preparing analogs such as
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3-deoxy-1a,25(OH)2D3. This analog has the interesting property that in vivo it preferentially

stimulates ICA over BCM [332].

The length of the side chain also alters biological activity. 27-Nor-25(OH)D3 and 26,27-

bis-nor-25(OH)D3 stimulate ICA and BCM in both normal and anephric rats, but are 10–100

times less active than 25(OH)D3 [333]. 24-Nor-25(OH)D3 was found to have no biological

activity [334], although it was able to block the biological response to vitamin D, but not that

of 25(OH)D3 or 1a,25(OH)2D3. This suggests that it might have antivitamin D-metabolizing

activity.

One of the most interesting side-chain analogs of 1a,25(OH)2D3 is 1a(OH)D3. This

compound appears to have the same biological activity in chicks as 1a,25(OH)2D3 [335]

and is approximately half as active in rats [336]. The 25-fluoro-1a(OH)D3 derivative, in which

hydroxylation of the C-25 is inhibited, is only 1=50 as active as 1a,25(OH)2D3, suggesting that

1a(OH)D3 has some activity even without 25-hydroxylation [337].

From such studies, the particular attributes of the structure of 1a,25(OH)2D3 that enables

it to elicit its biological responses are now defined. It is now known that the 3b-hydroxy group

does not appear to be as important for biological activity as the 1a- or 25-hydroxyl groups;

the cis configuration of the A ring is preferred over the trans configuration; and the length of

the side chain appears critical, as apparently there is little tolerance for its shortened or

lengthened state.

Analogs of 1a,25(OH)2D3 have also been used to study the in vivo metabolism and mode

of action of vitamin D compounds. There is also widespread interest in developing

1a,25(OH)2D3 analogs to use as therapeutic agents in the treatment of osteoporosis, renal

osteodystrophy, cancer, immunodeficiency syndromes, autoimmune diseases, and some skin

disorders.

Of particular interest are analogs that separate the calcemic effects from the proliferation

and differentiation effects of 1a,25(OH)2D3. Among these is a cyclopropyl derivative of

1a,25(OH)2D3, 1a,24S(OH)2-22ene-26,27-dehydrovitamin D3, designated calcipotriol; this

analog has weak systemic effects on calcium metabolism but potent effects on cell proliferation

and differentiation [338,339]. It is rapidly converted to inactive metabolites in vivo [340,341]

and is 200-fold less potent than 1a,25(OH)2D3 in causing hypercalciuria and hypercalcemia in

rats [338]. Calcipotriol is equally effective in binding to the nuclear receptor as 1a,25(OH)2D3

and has similar effects on the growth and differentiation of keratinocytes [340–343]. It is

currently marketed as a topical treatment for psoriasis, a proliferative disorder of the skin

[282,344–347].

Another analog that has potential as therapeutic agent is 22-oxa-1a,25(OH)2D3. This

analog has been shown to suppress the secretion of PTH and may be useful in the treatment of

secondary hyperparathyroidism [348]. It is 10 times more potent in suppressing proliferation

and inducing differentiation than 1a,25(OH)2D3 with only 1=50 to 1=100 of the in vitro bone-

resorbing activity of 1a,25(OH)2D3 [349].

Still another set of analogs of 1a,25(OH)2D3 with potential therapeutic applications

are the compounds with a double bond at the 16-position and a triple bond at the

23-position. The best characterized of these compounds is 1a,25(OH)2-16ene-23yne-D3

[350,351], which is 300-fold less active than 1a,25(OH)2D3 in ICA and BCM and 10–15

times less active in inducing hypercalcemia in vivo in mice. In three leukemia models,

therapy with this analog resulted in a significant increase in survival [351]. All of the

16-ene and or 23-yne analogs that have been tested are equivalent or more potent than

1a,25(OH)2D3 in the induction of HL-60 cell differentiation and inhibition of clonal

proliferation [352] and 10-fold to 200-fold less active in intestinal calcium transport (ICT)

and BCM [330,352].

Fluorinated analogs of 1a,25(OH)2D3 have been especially useful for studying the in vivo

metabolism of 1a,25(OH)2D3. Fluorine groups have been substituted for the hydroxyls at
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positions C-25, C-1, and C-3 to study the importance of these hydroxylations for the

biological activity of 1a,25(OH)2D3. In addition, fluorine groups have been substituted for

hydrogens at positions C-23, C-24, and C-26 to study the catabolism of 1a,25(OH)2D3.

The analog 1a,25(OH)2-26,26,26,27,27,27-hexafluoro-D3 has been shown to be 10 times

more potent than 1a,25(OH)2D3 in calcium mobilization, with longer lasting effects due to

its slower rate of catabolism and metabolic clearance [353]. This analog is also 10 times more

potent than 1a,25(OH)2D3 in suppressing proliferation and inducing differentiation of HL-60

cells [312,354,355].

In the last decade, many other novel analogs have been chemically synthesized, which are

capable of initiating biological responses in only one key target organ (e.g., intestine or bone)

without affecting the many other potential target tissues (those which have the VDR; see

Table 2.2). Thus, there are analogs that have been projected to be useful for renal osteo-

dystrophy [356,357], leukemia [358,359], cardiovascular disease [360], prostate cancer [361],

breast cancer [362], osteoporosis [363–365], secondary hyperparathyroidism [366], as well as

in skin and immune disorders [367].

BIOLOGICAL ASSAYS FOR VITAMIN D ACTIVITY

With the exception of vitamin B12, vitamin D is the most potent of the vitamins (as defined by

the amount of vitamin required to elicit a biological response). Consequently, biological

samples and animal tissues usually contain only very low concentrations of vitamin D. For

example, the circulating plasma level of vitamin D3 in humans is only 10–20 ng=ml or

2–5� 10�8 M [368]. To be able to detect such low concentrations of vitamin D, assays that

are specific for and sensitive to vitamin D and its biologically active metabolites are required.

RAT LINE TEST

From 1922 to 1958, the only official assay for the determination of the vitamin D content

of pharmaceutical products or food was the rat line test. The term ‘‘official’’ indicates that

the reproducibility and accuracy of the assay are high enough for the results of the test to

be accepted legally. This assay, which is capable of detecting 1–12 IU (25–300 ng) of vitamin

D, is still used by some agencies to authenticate the vitamin D content of many foods,

particularly milk [369,370]. The rat line test for vitamin D employs recently weaned rachitic

rats that are fed a rachitogenic diet for 19–25 days until severe rickets develops. The rats are

then fed diets supplemented with either a graded series of known amounts of vitamin D3 as

standards or the unknown test sample. After 7 days on their respective diets, the animals are

sacrificed and their radii and ulnae dissected out and stained with a silver nitrate solution.

Silver is deposited in areas of bone where new calcium has been recently deposited. The

regions turn dark when exposed to light; see Figure 2.10. Thus, the effects of the unknown

sample on calcium deposition in the bone can be determined by visual comparison with the

standards.

ASSOCIATION OF OFFICIAL ANALYTICAL CHEMISTS CHICK ASSAY

Since the rat line test is done in rats, it is unable to discriminate between vitamin D2 and

vitamin D3. In the chick, vitamin D3 is 10 times more potent than vitamin D2, so it is

important to accurately determine the amount of vitamin D3 in poultry feeds. The AOAC

(Association of Official Analytical Chemists) chick test was developed to specifically measure

vitamin D3 [371].

Groups of 20 newly hatched chicks are placed on D-deficient diets containing added levels

of vitamin D3 (1–10 IU) or the test substance. After 3 weeks on the diet, the birds are
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sacrificed and the percentage of bone ash of their tibia is determined. A rachitic bird typically

has 25%–27% bone ash whereas a vitamin D-supplemented bird has 40%–45% bone ash.

This assay is not used frequently since it is time-consuming and somewhat expensive.

INTESTINAL CALCIUM ABSORPTION

Biological assays have been developed that make use of the ability of vitamin D to stimulate

the absorption of calcium across the small intestine. Two basic types of assays, in vivo [372]

and in vitro [41,373], measure this process. Each assay is capable of detecting physiological

quantities, that is, 2–50 IU (50–1250 ng: 0.13–3.2 nmol) of vitamin D.

In Vivo Technique

The in vivo technique for measuring ICA uses rachitic chicks that have been raised on a low-

calcium (0.6%), rachitogenic diet for 3 weeks. The birds are then given one dose of the test

compound orally, intraperitoneally, or intracardially. The chicks are anesthetized 12–48 h

later, and 4.0 mg of 40Ca2þ and approximately 6� 106 dpm 45Ca2þ are placed in the duodenal

loop. The chicks are killed by decapitation 30 min later, and serum is collected. Aliquots of

serum are measured for 45Ca2þ in a liquid scintillation counter [372].

In Vitro Technique

The general design of this technique is the same as the in vivo technique since vitamin D

activity is measured in terms of ICT. In these assays, a vitamin D standard or test compound

is given orally or intraperitoneally 24–48 h before the assay. At the time of the assay, the

animals are killed and a 10 cm length of duodenum is removed and turned inside out. A gut

sac is formed by tying off the ends of the segment so that the mucosal surface is on the outside
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FIGURE 2.10 (A) The rat line test; a classic vitamin D biological assay. (B) Photographs of radii

sections scored according to the line test chart.
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and the serosal surface on the inside. The everted intestinal loop is incubated with solutions of
45Ca2þ. The mucosal surface of the intestine actively transports the calcium through the tissue

to the serosal side. The ratio of calcium concentration on the serosal versus the mucosal side

of the intestine is a measure of the active transport of calcium [41,374,375]. In a vitamin

D-deficient animal this ratio is 1–2.5, and in a vitamin D-dosed animal this ratio can be as

high as 6–7. The chick in vivo assay is usually preferred because of the tedious nature of

preparing the everted gut sacs. The in vitro technique is used primarily for studies with

mammals rather than birds.

BONE CALCIUM MOBILIZATION

Another assay for vitamin D activity often performed simultaneously with the chick in vivo

ICA assay is the measurement of the vitamin D-mediated elevation of serum calcium levels.

If 3 week old rachitic chicks are raised on a zero-calcium diet for at least 3 days before the

assay and then are given a compound with vitamin D activity, their serum calcium levels will

rise in a highly characteristic manner, proportional to the amount of steroid given [372]. Since

there is no dietary calcium available, the only calcium source for elevation of serum calcium is

bone. By carrying out this assay simultaneously with the ICA assay, it is possible to measure

two different aspects of the animal’s response to vitamin D simultaneously.

GROWTH RATE

The administration of vitamin D to animals raised on a vitamin D-deficient diet leads to an

enhanced rate of whole body growth. An assay for vitamin D was developed in the chick

using the growth-promoting properties of the steroid [48,376]. Chicks that are 1 day old are

placed on a rachitogenic diet and given standard doses of vitamin D3 or the test compound

three times weekly. The birds are weighed periodically, and their weight is plotted versus age.

In the absence of vitamin D, the rate of growth essentially plateaus by the fourth week,

whereas 5–10 IU of vitamin D3=day is sufficient to maintain a maximal growth rate in the

chick. The disadvantage of this assay is the 3–4 week time period needed to accurately

determine the growth rate.

RADIOIMMUNOASSAY FOR CALBINDIN-D28K

Additional biological assays use the presence of calbindin-D28K protein as an indication of

vitamin D activity. Calbindin-D28K is not present in the intestine of vitamin D-deficient

chicks and is only synthesized in response to the administration of vitamin D. Therefore, it

is possible to use the presence of calbindin-D28K to determine vitamin D activity. A radio-

immunoassay (RIA) [377] and an enzyme-linked immunosorbent assay (ELISA) [378], both

capable of detecting nanogram quantities of calbindin-D28K, have been developed. A com-

parison of the sensitivity and working range of the biological assays for vitamin D are given

in Table 2.6.

ANALYTICAL PROCEDURES FOR VITAMIN D-RELATED COMPOUNDS

Although considerable progress has been made in the development of chemical or physical

means to measure vitamin D, these methods at present generally lack the sensitivity and

selectivity of biological assays. Thus, they are not adequate for measuring samples that

contain very low concentrations of vitamin D. However, these physical and chemical means

of vitamin D determination have the advantage of not being as time-consuming as biological

assays and so are frequently used on samples known to contain moderate levels of vitamin D.
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ULTRAVIOLET ABSORPTION

The first technique available for quantitation of vitamin D was based on the measurement

of the UV absorption at 264 nm. The conjugated triene system of the vitamin D secosteroids

produces a highly characteristic absorption spectrum (Figure 2.11). The absorption maximum

for vitamin D occurs at 264 nm, and at this wavelength the molar extinction coefficient for

both vitamins D2 and D3 is 18,300. Thus, the concentration of an unknown solution

of vitamin D can be calculated once its absorption at 264 nm is known. Although this

technique is both quick and straightforward, it suffers from the disadvantage that the

sample must be scrupulously purified before assay to remove potential UV-absorbing

contaminants.

COLORIMETRIC METHODS

Several colorimetric methods for the quantitation of vitamin D have been developed over the

years. Among these is a method based on the isomerization of vitamin D to isotachysterol.

This procedure, which employs antimony trichloride, can detect vitamin D in the range

of 1–1000 mg. Because of its relative insensitivity, this assay is now used primarily to

determine the vitamin D content of pharmaceutical preparations and has become the official

United States Pharmacopeia (USP) colorimetric assay for vitamin D3 [379].

LIQUID CHROMATOGRAPHY–MASS SPECTROMETRY

One of the most powerful modern techniques available to steroid chemists for the

analytical determination of samples containing mixtures of steroids is mass spectrometry

[380] or mass spectrometry coupled with prior separation by LC [381,382]. The liquid

chromatography–mass spectrometry (LC–MS) technique can be coupled to an online

TABLE 2.6
Comparison of Sensitivity and Working Range of Biological Assays for Vitamin D

Time

Required
Minimal Level Detectable in Assay

Usual

Working

Assay for Assay ng nmol Range

Rat line test 7 days 12 0.03 25–300 ng

AOAC chick 21 days 50 0.113 50–1250 ng

Intestinal Ca2þ absorption

In vivo
45Ca2þ 1 day 125 0.33 0.125–25 g
47Ca2þ 1 day 125 0.33 0.125–25 g

In vitro

Everted sacs 1 day 250 0.65 250–1000 ng

Duodenal uptake of 45Ca2þ 1 day 250 0.65 250–1000 ng

Bone Ca2þ mobilization

In vivo 24 h 125 0.32 0.125–25 g

Body growth 21–28 days 50 0.06 50–1250 ng

Immunoassays for

calcium-binding protein

1 day 1 0.0025 1 ng

Source: From Bouillon R., Okamura W.H., and Norman A.W., Endocr. Rev., 16, 200, 1995.
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computer that collects information on the fragmentation patterns of steroids in the mass

spectrometer. In this way, a sophisticated quantitative assay can be developed with a sensi-

tivity and selectivity equaling that of RIAs. Thus, Higashi et al. [383] used LC–MS to

characterize urinary metabolites of vitamin D3 in man under physiological conditions.

Vogeser et al. [384] provided the first report of a candidate reference method for possible

clinical assay of 25(OH)D3 that employed LC–MS methodology. LC–MS methodology has

also been employed to detect circulating concentrations of 22-oxacalcitriol, a drug candidate

[381]. It is anticipated that the near future will bring many additional applications of LC–MS

for the determination of vitamin D and its metabolites.

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

The technique of high-performance liquid chromatography (HPLC) has become the separation

procedure of choice for separating structurally related small organic molecules in many fields,

including vitamin D metabolism and analytical determination of individual vitamin D meta-

bolites. The HPLC separation process has an exceedingly high resolving capability because of

the large number of theoretical plates present in a typical column. Of equal importance to this

technique is the sensitivity of the detector used for observing the separated compounds. All the

published procedures for the separation of vitamin D by HPLC have used an UV detector, and

so their sensitivity is limited to approximately 5 ng. The chief advantages of using the HPLC are

the reduced labor and time required to separate vitamin D and its metabolites.

A landmark paper in the vitamin D assay field that depended on the utilization of HPLC

described the development of analytical assays for 25(OH)D3, 1a,25(OH)2D3, 24R,25(OH)2D3,

and 25,26(OH)2D3, as well as several metabolites of vitamin D2 in small plasma samples.

This was used to define the circulating concentrations of these metabolites in serum from

five species of adult farm animals [385]. This assay or close variants have been widely used

[386–392].

An older official USP method for the determination of vitamin D employed two prepur-

ification steps, requiring up to 8 h, before the colorimetric analysis could be performed.

However, with HPLC, reproducible separation of closely related compounds can be achieved

in less than 1 h [393].
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FIGURE 2.11 Ultraviolet (UV) spectrum of provitamin D and vitamin D. (A) Illustration of the

characteristic UV absorption spectrum of provitamin D. The wavelengths of 7-dehydrocholesterol’s

several absorption maxima are 262, 271, 282, and 293 nm. The molar extinction coefficient at 282 nm is

11,500. (B) The characteristic UV spectrum of vitamin D. The molar extinction coefficient at the

264–265 nm absorption maxima is 18,300.
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The technique of HPLC separation of vitamin D metabolites is now increasingly substi-

tuted for the classic rat line test biological assay (see earlier paragraphs) for the determination

of the content of vitamin D2 and vitamin D3 in fortified milk samples [394,395] as well as in

infant formula [396,397].

COMPETITIVE BINDING ASSAYS

Various competition assays that can specifically quantitate the levels of 25(OH)D3,

24,25(OH)2D3, or 1a,25(OH)2D3 in a sample are now available. Such assays were developed

as a consequence of the discovery of specific vitamin DBPs in the serum and tissues of mammals

and birds; the availability of high specific activity tritiated 25(OH)D3 and 1a,25(OH)2D3; and

HPLC separation procedures. The picogram sensitivity of these steroid competition assays

allows them to be routinely used to measure vitamin D metabolite levels in plasma.

Two types of steroid competition assays have been developed for the detection of

1a,25(OH)2D3. The first employs incubation of intestinal mucosal cytosol and the nuclear

chromatin fractions with standardized amounts of tritiated 1a25(OH)2D3 [398,399]. This

technique requires a minimum of 10 ml plasma and involves a three-stage chromatographic

procedure.

The second type of competition assay does not require any HPLC steps, uses calf thymus

cytosol as the source of binding protein, and employs nonequilibrium assay conditions [400].

This procedure requires only 0.2–1.0 ml plasma and has a sensitivity of 0.7 pg. Similar assays

using vitamin DBP have been developed for 25(OH)D3 and 24,25(OH)2D3 [183,401,402].

Measurement of circulating 25-hydroxyvitamin D [25(OH)D] is important in the man-

agement of metabolic bone disease. Two companies have developed commercially available,

Food and Drug Administration-approved, radioiodine ((125)I)-based RIA kits for the detec-

tion of 25(OH)D3 and 25(OH)D2 (DiaSorin, Stillwater, MN and IDS Ltd, Tyne and Wear,

United Kingdom). These methods have been tested for general assay performance, including

antibody specificity and were also compared with those of an HPLC-based direct UV

detection method. Although both the within- and the between-run CVs were acceptable,

both procedures quantitatively recovered 25(OH)D3 added to serum; only the DiaSorin kit

quantitatively recovered 25(OH)D2 [403].

NUTRITIONAL REQUIREMENTS OF VITAMIN D

HUMANS

The vitamin D3 requirement of healthy adults has never been precisely defined. Since vitamin

D3 is produced in the skin on exposure to sunlight and can be retained in vertebrate tissues,

humans may not have a requirement for vitamin D when sufficient sunlight is available.

However, vitamin D3 does become an important nutritional factor in the absence of sunlight.

In addition to geographical and seasonal factors, UV light from the sun may be blocked by

factors such as air pollution, clothing, and sunscreens. In fact, as air pollution became

prevalent during the industrial revolution, the incidence of rickets became widespread in

industrial cities making it one of the first diseases attributable to air pollution. In addition

to these man-made barriers to adequate sunlight exposure, there is insufficient sunlight

at northerly latitudes to maintain adequate levels of vitamin D3 in the skin. Under these

conditions, vitamin D3 becomes a true vitamin in that it must be supplied in the diet on a

regular basis. The requirement for vitamin D3 is also dependent on the concentration

of calcium and phosphorus in the diet, the physiological stage of development, age, sex,

degree of exposure to the sun, and the amount of pigmentation in the skin (see section

Photochemical Production of Vitamin D3).
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RECOMMENDED DIETARY ALLOWANCE

The World Health Organization has defined the international unit (IU) of vitamin D3 as ‘‘the

vitamin D activity of 0.025 mg of the international standard preparation of crystalline vitamin

D3’’ [2]. Thus, 1.0 IU of vitamin D3 is 0.025 mg, which is equivalent to 65.0 pmol. With the

discovery of the metabolism of vitamin D3 to other active secosteroids, particularly

1a,25(OH)2D3, it was recommended that 1.0 unit of 1a,25(OH)2D3 be set equivalent in

molar terms to that of the parent vitamin D3 [404]. Thus, 1.0 unit of 1a,25(OH)2D3 has

been operationally defined to be equivalent to 65 pmol.

The current adequate intake allowance of vitamin D recommended in 1998 by the USA

Food and Nutrition Board of the Institute of Medicine is 200 IU=day (5 mg=day) for infants,

children, adult males, and females (including during pregnancy and lactation) up to age 51

[405]. For males and females ages 51–70 or more than 70, the adequate indicated level is set at

400 IU=day (10 mg=day) or 600 IU=day (15 mg=day), respectively.

It is known that a substantial proportion of the US population is exposed to suboptimal

levels of sunlight; this is particularly true during winter months [87,406]. Under these condi-

tions, vitamin D becomes a true vitamin, which indicates that it must be supplied in the diet

on a regular basis. A recent work suggests that wintertime vitamin D insufficiency is common

in young Canadian women and makes the observation that the levels of vitamin D in food did

not prevent the deficiency [407]. This has led Vieth and others to ask the question whether the

optimal requirement of vitamin D should be much higher than what is officially recom-

mended [408]. In addition, a recent report documents the widespread deficiency of vitamin D

in all regions of China, particularly in children [409].

It has been taught for the last seven decades that in humans, vitamin D3 and vitamin D2

(see Table 2.3 for the differences in their side-chain structures) are equally biologically

efficacious. As a consequence, when vitamin D deficiency was encountered in the clinical

setting (e.g., the older or sick individuals and newborn infants), the physician naturally

desired to provide replacement or supplemental vitamin D; in the United States and Canada,

this could be either in the form of vitamin D3 or vitamin D2. In Europe and Asia, the only

form of vitamin D available for nutritional or clinical usage is vitamin D3. However, with the

realization that the serum 25(OH)D3 clinical assay provides the best assessment of vitamin D

status [405], it became appropriate to determine whether vitamin D2 was as effective in

elevating serum 25(OH)D levels in humans as vitamin D3. Earlier data suggesting that in

humans vitamin D3 is substantially more effective than vitamin D2 [410] have been recently

confirmed by Armas et al. [80], who found in a study in 20 healthy human volunteers that

vitamin D2 was less than one-third as vitamin D3 in elevating serum 25(OH)D. Unfortu-

nately, for patients who have a poor vitamin D status, there are currently no high-dose

vitamin D3 formulations approved by the USA FDA for clinical use; similarly there are no

formulations of 25(OH)D3 approved in the United States.

ANIMALS

The task of assessing the minimum daily vitamin D requirement for animals is no easier than

it is for humans. Factors such as the dietary calcium–phosphorus ratio, physiological stage of

development, sex, the amount of fur or hair, color, and perhaps even breed affect the daily

requirement of vitamin D in animals. In addition, some animals, such as chickens and

turkeys, do not respond as well to vitamin D2 as to vitamin D3. As with humans, animals

that are maintained in sunlight can normally produce their own vitamin D so that dietary

supplementation is not really necessary. For animals that are kept indoors or that live in

climates where the sunlight is not adequate for vitamin D production, the vitamin D content

of food becomes important. Sun-cured hays are fairly good sources of vitamin D, but
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dehydrated hays, green feeds, and seeds are poor sources. A brief list of the recommended

daily allowances (RDAs) for animals is given in Table 2.7.

FOOD SOURCES OF VITAMIN D

In the United States, the FDA plays an active role in codifying the nutrition labeling of food

[411]. The vitamin D3 reference daily intake (RDI) values for males and females (nonpreg-

nant) range from 200 IU at ages 1–50 years to 400 IU for ages 51–70 years and 600 IU for ages

greater than 70 years. In contrast, the dietary reference intake (DRI), also known as the

tolerable upper intakes or upper level (UL), is defined as the maximum level of a daily

nutrient intake that is likely to pose no risk or adverse effects; for vitamin D, the DRI or

UL is presently set at 2000 IU=day. The RDI and UL boundaries define the lower and upper

daily intake values for vitamin D, which allow assessment of various food types to provide the

desirable daily intake of vitamin D. Thus, the daily value (DV) or the amount of vitamin D to

be provided per 2000 kcal each day is 400 IU.

TABLE 2.7
Vitamin D Requirements of Animals

Animal Daily Requirements (IU)

Chickens, growing 90a

Dairy cattle

Calves 660b

Pregnant, lactating 5000–6000c

Dogs

Growing puppies 22d

Adult maintenance 11d

Ducks 100d

Monkey, growing rhesus 25d

Mouse, growing 167d

Sheep

Lambs 300e

Adults 250e

Swine

Breed sows 550c

Lactating sows 1210c

Young Boars 690c

Adult Boars 550c

Turkeys 400a

Source: Published information by the Committee of Animal Nutrition,

Agricultural Board (National Research Council). Available at:

http:==dels.nas.edu=banr=nut_req.shtml

a IU required per pound of feed.
b IU required for 100 kg body weight.
c IU required per animal.
d IU required per kg body weight.
e IU required per 45 kg body weight.
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For the most part, vitamin D is present in unfortified foods in only very small and

variable quantities (Table 2.8). The vitamin D that occurs naturally in unfortified foods is

generally derived from animal products. Salt-water fish such as herring, salmon, and sardines

contain substantial amounts of vitamin D, and fish-liver oils are extremely rich sources.

However, eggs, veal, beef, unfortified milk, and butter supply only small quantities of the

vitamin. Plants are extremely poor sources of vitamin D; fruits and nuts contain no vitamin

D; and vegetable oils contain only negligible amounts of the provitamin. As a consequence, in

the United States, dietary requirements for vitamin D can only be met by the fortification of

suitable foods, including milk, both fresh and evaporated; margarine and butter; cereals; and

chocolate mixes. Milk is usually fortified to supply 400 IU vitamin D=quart, and margarine

usually contains 2000 IU or more per pound. A more complete listing of the vitamin D values

of food is given by Booher et al. [412].

TABLE 2.8
Selected Food Sources of Vitamin D in Unfortified Food

Food International Units (IU) Per Serving Percent DVa

Cod-liver oil, 1 tablespoon 1360 340

Salmon, cooked, 3Z|x ounces 360 90

Mackerel, cooked, 3Z|x ounces 345 90

Tuna fish, canned in oil, 3 ounces 200 50

Sardines, canned in oil, drained, 1C|v ounces 250 70

Milk, nonfat, reduced fat, and whole,

vitamin D fortified, 1 cup

98 25

Margarine, fortified, 1 tablespoon 60 15

Pudding, prepared from mix and made

with vitamin D fortified milk, Z|x cup

50 10

Ready-to-eat cereals fortified with 10% of the

DV for vitamin D, C|v cup to 1 cup servings

(servings vary according to the brand)

40 10

Egg, 1 whole (vitamin D is found in egg yolk) 20 6

Liver, beef, cooked, 3Z|x ounces 15 4

Cheese, Swiss, 1 ounce 12 4

Sources: From Pennington J.A.T. and Douglass J.S., in Bowes and Church’s Food Values of Portions Commonly Used,

Lippincott, Williams & Wilkins, Philadelphia, 2004, 18th Edition; US Department of Agriculture ARS., USDA Nutrient

Database for Standard Reference, Release 16. http:==www.nal.usda.gov=fnic=cgi-bin=nut_search.pl. 2003. Bethesda,

MD, US Department of Agriculture.

Note: In addition, see the comprehensive tabulation of food values in Pennington and Douglass [486].

An assessment of human vitamin D requirements in 2005 is reviewed in Whiting and Calvo [420,488].

a DV, Daily value. DVs are reference numbers developed by the Food and Drug Administration (FDA) to help

consumers determine if a food contains a high or a low amount of a specific nutrient. The DV for vitamin D is 400 IU

(10 mg) for adults. Most food labels do not list vitamin D content unless a food has been fortified with this nutrient.

The percent DV (%DV) listed on the table indicates the percent of the DV provided in one serving. A food providing

5% of the DV or less is a low source while a food that provides 10%–19% of the DV is a good source and a food that

provides 20% or more of the DV is high in that nutrient. It is important to remember that foods that provide lower

percentages of the DV also contribute to a healthy diet. For foods not listed in this table, please refer to the US

Department of Agriculture’s Nutrient Database Web site.
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SIGNS OF VITAMIN D DEFICIENCY

HUMANS

A deficiency of vitamin D results in inadequate intestinal absorption and renal reabsorption

of calcium and phosphate. As a consequence, serum calcium and phosphate levels fall and

serum alkaline phosphatase activity increases. In response to these low serum calcium levels,

hyperparathyroidism occurs [413]. Increased levels of PTH, along with whatever

1a,25(OH)2D3 is still present at the onset of the deficiency, result in the demineralization of

bone. This ultimately leads to rickets in children and osteomalacia in adults. The classical

skeletal symptoms associated with rickets, that is, bowlegs, knock-knees, curvature of the

spine, and pelvic and thoracic deformities (Figure 2.12), result from the application of normal

mechanical stress to demineralized bone. Enlargement of the bones, especially in the knees,

wrists, and ankles, and changes in the costochondral junctions also occur. Since in children

bone growth is still occurring, rickets can result in epiphyseal abnormalities not seen in adult

osteomalacia. Rickets also results in inadequate mineralization of tooth enamel and dentin.

If the disease occurs during the first 6 months of life, convulsions and tetany can occur.

Few adults with osteomalacia develop tetany.

Low serum calcium levels in the range of 5–7 mg=100 ml and high serum alkaline

phosphatase activity can be used to diagnose rickets and osteomalacia. In addition, a

marked reduction in circulating 25(OH)D3 levels in individuals with osteomalacia or

rickets has been reported [413]. As noted earlier in the section Nutritional Requirements

for Vitamin D, a substantial proportion of the US population is exposed to suboptimal

levels of sunlight; this is particularly true during winter months [87,406]. Under these

conditions, vitamin D becomes a true vitamin, which indicates that it must be supplied

in the diet on a regular basis. In the past 5 years, a substantial number of clinical reports

FIGURE 2.12 Classic appearance of rickets in a child.
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from many countries and on many endpoints have indicated that there is likely a widespread

vitamin D deficiency as defined by a serum level of 25(OH)D3 that is lower than

50 nmol=L (20 ng=ml). Low 25(OH)D3 levels in patients have been found to be associated

with increased periodontal disease [414]. Secondary hyperparathyroidism linked with

increased rates of hip fracture and osteoporosis in northern Europe [413] and the North

American continent [415] and reduced bone mineral density (BMD) in persons with primary

knee injury in association with osteoarthritis [416] and in both veiled and nonveiled Bangladeshi

women [417].

Endemic hypovitaminosis D can lead to a variety of clinical problems. However, the

problems of interlaboratory variation in the measurement of serum levels of 25(OH)D3 that

has been reported also confound the diagnosis of vitamin D insufficiency or deficiency [387].

Further aggravating the validity of the 25(OH)D3 laboratory results is the problem of

accurately determining both 25(OH)D3 and 25(OH)D2 in serum samples. In spite of these

difficulties, in 2006 the view is emerging that there is a worldwide incidence of vitamin D

malnutrition [408] and that current dietary recommendations of vitamin D3 for children

and adults are not sufficient to maintain circulating 25(OH)D levels at least 50 nmol=L
[413,418–421].

ANIMALS

The response to vitamin D deficiency in animals closely resembles that in humans. Among

the first symptoms of the deficiency is a decline in the plasma concentration of calcium

and phosphorus. This is followed by an abnormally low growth rate and the characteristic

alteration of bones, including faulty calcification of the bone matrix. As the disease progresses,

the forelegs bend sideways and the joints become swollen. In laying birds, egg production

declines, the eggs are thin-shelled, and their hatchability is markedly reduced [121]; classic

symptoms of rickets develop, followed by tetany and death. It is known that vitamin D3

or 25(OH)D3 affects both the mineralization of avian bones and eggshell quality [422,423].

HYPERVITAMINOSIS D

Excessive amounts of vitamin D are not available from natural sources. However, vitamin D

intoxication is a concern in those patients treated with vitamin D or vitamin D analogs for

hypoparathyroidism, vitamin D-resistant rickets, renal osteodystrophy, osteoporosis, psoria-

sis, some cancers, or in those who are taking supplemental vitamins. Hypervitaminosis D is a

serious problem as it can result in irreversible calcification of the heart, lungs, kidneys, and

other soft tissues. Therefore, care should be taken to detect early signs of vitamin D

intoxication in patients receiving pharmacological doses. Symptoms of intoxication include

hypercalcemia, hypercalciuria, anorexia, nausea, vomiting, thirst, polyuria, muscular weak-

ness, joint pains, diffuse demineralization of bones, and disorientation. If allowed to go

unchecked, death will eventually occur.

One report of vitamin D intoxication occurred from drinking milk that had been fortified

with inappropriately high (230,000 IU=quart) levels of vitamin D3 [424]. A more recent report

describes severe vitamin D intoxication of one family resulting from contamination of a

household table sugar supply with extraordinary levels of vitamin D [425].

Vitamin D intoxication is thought to occur as a result of high 25(OH)D levels rather than

high 1a,25(OH)2D levels [426,427]. Patients suffering from hypervitaminosis D have been

shown to exhibit a 15-fold increase in plasma 25(OH)D concentration as compared with

normal individuals. However, their 1a,25(OH)2D levels are not substantially altered [428].

Furthermore, anephric patients can still suffer from hypervitaminosis D even though they are,

for the most part, incapable of producing circulating 1a,25(OH)2D3. It has also been shown
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that large concentrations of 25(OH)D can mimic the actions of 1a,25(OH)2D at the level

of the receptor [398,426,429,430]. Locally produced extrarenal 1a,25(OH)2D3 may also

contribute to the symptoms of hypervitaminosis D.

The early effects of intoxication are usually reversible. Treatment consists of merely

withdrawing vitamin D and perhaps reducing dietary calcium intake until serum calcium

levels fall. In more severe cases, treatment with GRs, which are thought to antagonize some

of the actions of vitamin D, may be required to facilitate the correction of hypercalcemia.

Since calcitonin can bring about a decline in serum calcium levels, it may also be used in

treatment.

FACTORS THAT INFLUENCE VITAMIN D STATUS

DISEASE

In view of the complexities of the vitamin D endocrine system, it is not surprising that many

disease states are vitamin D-related. Figure 2.13 classifies some of the human disease states

that are believed to be associated with vitamin D metabolism, according to the metabolic step

in which the disorder occurs.

Intestinal Disorders

The intestine functions as the site of dietary vitamin D absorption and is also a primary target

tissue for the hormonally active 1a,25(OH)2D3. Impairment of intestinal absorption of

vitamin D can occur in intestinal disorders that result in the malabsorption of fat. Patients

suffering from such disorders as tropical sprue, regional enteritis, and multiple jejunal

diverticulosis often develop osteomalacia because of what appears to be a malabsorption of

vitamin D from the diet [431]. Surgical conditions, such as gastric resection and jejunal–ileal

bypass surgery for obesity, may also impair vitamin D absorption. In addition, patients

receiving total parenteral nutrition in the treatment of the malnutrition caused by profound

gastrointestinal disease often develop bone disease [432].

The intestinal response to vitamin D can be affected by certain disease states. Patients

suffering from idiopathic hypercalciuria exhibit an increased intestinal absorption of calcium

that may result from an enhanced intestinal sensitivity to 1a,25(OH)2D3 or from an overpro-

duction of 1a,25(OH)2D3. Sarcoidosis is characterized by hypercalcemia and hypercalciuria

in patients receiving only modest amounts of vitamin D. The enhanced sensitivity to the

parent vitamin D is because of elevated levels of serum 1a,25(OH)2D3. The excess

1a,25(OH)2D3 is likely of extrarenal origin and therefore not regulated by circulating levels

of PTH [433]. Other experiments have clearly shown that macrophages from patients with

sarcoidosis can produce 1a,25(OH)2D3 [137,434].

Other disease states that can result in extrarenal production of 1a,25(OH)2D3 are tuber-

culosis [435,436], leprosy [437], and some lymphomas [438]. In one study of polymorphisms

related to susceptibility to leprosy in more than 200 individuals from northern Malawi, it was

found that individuals homozygous for a silent T!C change in codon 352 of the VDR gene

appeared to be at high risk for this disease [439].

Liver Disorders

The liver plays an important role in the vitamin D endocrine system; not only it is the primary

site for the production of 25(OH)D and the synthesis of plasma DBP, but it is also the source of

the bile salts that aid in the intestinal absorption of vitamin D. Hence, malfunctions of the

liver can interfere with the absorption, transport, and metabolism of vitamin D. Malabsorption

of calcium and the appearance of bone disease have been reported in patients suffering
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Vitamin D in human disease states
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FIGURE 2.13 Human disease states related to the vitamin D endocrine system. Under the boxed

headings (e.g., parathyroid, liver bone, etc.) are listed disease states occurring in man that have been

shown or are believed to have some functional linkage between some aspect of the vitamin D endocrine

system and that particular organ. The information associated with the arrows indicate the direction of

flow of calcium phosphate, or the calcium-regulating hormone vitamin D3, 25(OH)D3, 1a,25(OH)2D3,

24R,25(OH)2D3, parathyroid hormone, and calcitonin (CT). A presentation on each of these disease

states is given in Feldman, D., Pike, J.W., and Glorieux, F.H., eds., Vitamin D, Elsevier, San Diego,

p. 1892, 2005. VDRR, vitamin D-resistant rickets; Pi, inorganic phosphate; Ca2þ, calcium.
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from either primary biliary cirrhosis or from the prolonged obstructive jaundice. The disap-

pearance of radioactive vitamin D from the plasma of these patients is much slower than that in

normal subjects [440], and their plasma 25(OH)D levels are reduced [441]. Although these

patients respond poorly to vitamin D treatment, they immediately respond if treated with

25(OH)D3. Thus, it appears that the bone disease experienced by these patients results from

their inability to produce 25(OH)D.

Renal Disorders

Since the kidney functions as the endocrine gland for 1a,25(OH)2D3, disease states that affect

the kidney can alter the production of this calcium homeostatic hormone. It is well known

that patients with renal failure often also suffer from skeletal abnormalities, termed renal

osteodystrophy, a spectrum of disorders including growth retardation, osteitis fibrosa, osteo-

malacia, and osteosclerosis. Support for the idea that renal osteodystrophy is a result of the

failure of the kidney to make 1a,25(OH)2D3 came from studies on the metabolism of

radioactively labeled vitamin D in normal persons versus patients with chronic renal failure.

In normal subjects, the circulating level of 1a,25(OH)2D3 is in the range of 30–35 pg=ml,

whereas in chronic renal failure the levels have been reported as low as 3–6 pg=ml [442,443].

A successful renal transplant results in the return of 1a,25(OH)2D3 levels to the normal range.

In addition, the administration of 1a,25(OH)2D3 to these patients results in the stimulation of

ICA and an elevation of serum calcium levels [444,445].

Parathyroid Disorders

Since PTH stimulates the production of 1a,25(OH)2D3 in the kidney, any disease state that

affects the secretion of PTH may, in turn, have an effect on the metabolism of vitamin D.

Hyperactivity of the parathyroid glands, as in primary hyperparathyroidism, results in the

appearance of bone disease resembling osteomalacia. Circulating 1a,25(OH)2D3 levels in these

subjects have been reported to be significantly elevated [446], as is their ICT [447,448]. On the

other hand, in hypoparathyroidism, hypocalcemia occurs. In these patients a slight reduction in

circulating 1a,25(OH)2D3 levels has been reported [449]. When these patients are treated with

1a,25(OH)2D3, their serum levels of PTH and calcium return to normal. There are several

review articles on the role of vitamin D in disease [1,3,265,450,451].

GENETICS

Vitamin D-resistant rickets (hypophosphatemic rickets) appears to be an X-linked, dominant

genetic disorder. Winters et al. [452] presented evidence that this disease is almost always

inherited and is usually congenital. Males are usually more severely affected by this disease

than females. Associated with the disease are skeletal abnormalities, such as rickets or

osteomalacia, and a diminished renal tubular reabsorption of phosphate that results

in hypophosphatemia. Individuals with this disease do not respond to physiological doses

of vitamin D; treatment with 25(OH)D3 and 1a,25(OH)2D3 is also ineffective, although an

increase in ICA does occur [453]. Since these patients have been reported to have normal

serum 1a,25(OH)2D3 levels, it appears that this disorder does not result from an alteration in

the metabolism of vitamin D or from an impaired intestinal response to 1a,25(OH)2D3 but

rather is a defect in phosphate reabsorption by the kidney, which is linked to the presence of

an unknown humoral factor [454]. Very recent evidence suggests that this humoral factor is

FGF23 secreted by osteoblasts. FGF23 lowers renal 25(OH)D3-1a-hydroxylase activity and

thereby lowers the circulating levels of 1a,25(OH)2D3 [145,455]. Thus, the physiologic role of

FGF23 may be to act as a counterregulatory phosphaturic hormone to maintain phosphate

homeostasis in response to vitamin D.
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A genetic defect that interferes with vitamin D metabolism has also been suggested in

vitamin D-dependent rickets type I. This ailment differs from rickets in that it appears in

children who are receiving adequate amounts of vitamin D and it requires pharmacological

doses of vitamin D or 25(OH)D3 to reverse the harmful effect this disease has on bone.

However, the disease is responsive to physiological amounts of 1a,25(OH)2D3, suggesting

that the defect occurs in the metabolism of 25(OH)D3 to 1a,25(OH)2D3. This disease state

appears to be the result of an autosomal recessively inherited genetic defect [456]. It is not

known how this defect affects the metabolism of 25(OH)D3 [457].

Vitamin D-dependent rickets type II also has a genetic basis [458]. This ailment is similar

to type-I vitamin D-dependent rickets, except that children do not respond to large doses of

vitamin D, 25(OH)D3 or 1a,25(OH)2D3. The combination of symptoms, that is, defective

bone mineralization, decreased ICA, hypocalcemia, and increased serum levels of

1a,25(OH)2D3, suggests end-organ resistance to the action of 1a,25(OH)2D3, and in fact

genetic analysis has shown that these children have single-point mutations in the nuclear

receptor for 1a,25(OH)2D3 [459–462].

DRUGS

Recent evidence suggests that the prolonged use of anticonvulsant drugs, such as diphenyl-

hydantoin or phenobarbital, can result in an impaired response to vitamin D; this results in an

alteration of calcium metabolism and the appearance of rickets or osteomalacia. Serum

25(OH)D3 levels in patients receiving these drugs have been reported to be markedly reduced

[463], perhaps the result of drug-stimulated hepatic microsomal cytochrome P450 enzyme

activity, which could lead to an increased catabolism of 25(OH)D3 [464]. On the other hand,

circulating 1a,25(OH)2D3 levels are normal or even increased after drug treatment [465],

suggesting that anticonvulsant osteomalacia may not be due to an effect of the drug on

vitamin D metabolism. Studies on rat and chick duodena in organ culture indicate that

anticonvulsant drugs directly affect the absorption of calcium by the gastrointestinal tract

[466]. Anticonvulsant drugs have also been shown to inhibit calcium reabsorption in organ-

culture mouse calvaria [467]. Further research is needed to determine the mechanism by which

these anticonvulsant drugs affect calcium metabolism.

ALCOHOL

Persons suffering from chronic alcoholism exhibit a decrease in plasma 25(OH)D3 levels,

ICA, and bone mineral content. This is observed in patients with and without cirrhosis of the

liver. Current evidence indicates that the impairment of ICA is the result of low 25(OH)D3

levels [468,469]. However, how chronic alcoholism results in low 25(OH)D3 levels is at present

not understood.

AGE

The fact that changes in the metabolism of vitamin D may occur with aging has been

suggested by the observation that the ability to absorb dietary calcium decreases with age

[470]. In addition, loss of bone increases in the elderly along with age-related hypoplasia of

bone cells. Further, 1a,25(OH)2D3 levels in the plasma and responsivity of the renal

25(OH)D3-1a-hydroxylase to PTH are both known to decrease with age [471].

SEX DIFFERENCES

Gray et al. [472] demonstrated that men and women differ in their metabolism of vitamin D in

response to various physiological stimuli. They observed that in women, but not in men,
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dietary phosphate deprivation resulted in decreased serum phosphorus levels with a concomi-

tant increase in plasma 1a,25(OH)2D3 concentrations. The mechanism by which men and

women respond to dietary phosphate deprivation seems to differ but the details of this

difference are unknown.

EFFICACY OF PHARMACOLOGICAL DOSES

Several ailments are known to respond to massive doses of vitamin D. For example,

the intestinal malabsorption of calcium that results from chronic renal failure and the

subsequent development of rickets or osteomalacia can be overcome by administration of

100,000–300,000 IU vitamin D=day [471]. Patients suffering from hypoparathyroidism

can usually be treated by giving 80,000–100,000 IU vitamin D=day [473]. Children afflicted

with vitamin D-dependent rickets type I can be treated with 10,000–100,000 IU=day [2].

The therapeutic effect of such massive doses can be explained by the fact that 25(OH)D in

sufficiently high concentrations will mimic the action of 1a,25(OH)2D3 at the receptor.

However, as mentioned earlier, the administration of such pharmacological doses of vitamin

D to patients over a prolonged period of time carries with it the danger of vitamin D toxicity.

Table 2.9 lists the drug forms of 1a,25(OH)2D3 that are currently available for treatment

of several disease states including hypoparathyroidism, vitamin D-resistant rickets, renal

osteodystrophy (calcitriol [474,475] and paricalcitol [476]), osteoporosis (calcitriol [477,478]),

and psoriasis (calcipotriene [479]). The potential for vitamin D intoxication, that is,

hypercalcemia and soft tissue calcification, is much higher when an individual has access to

drug formulations of 1a,25(OH)2D3, since these medications bypass the stringent physio-

logical control point of the vitamin D endocrine system, namely the 25(OH)D3-1-hydroxylase

of the kidney.

CONCLUSIONS

Current evidence supports the concept that the classical biological actions of the nutritionally

important fat-soluble vitamin D in mediating calcium homeostasis are part of a complex

vitamin D endocrine system that coordinates the metabolism of vitamin D3 into

1a,25(OH)2D3 and 24R,25(OH)2D3. Further, it is clear that the vitamin D endocrine system

embraces many more target tissues than simply the intestine, bone, and kidney. Notable

additions to this list include the pancreas, pituitary, breast tissue, placenta, hematopoietic

cells, hair follicle, skin, and cancer cells of various origins (see Table 2.2 and Figure 2.4). Key

advances in understanding the mode of action of the steroid hormone, 1a,25(OH)2D3, have

been made by a thorough study of the VDR as a classical nuclear receptor as well as the

emerging studies describing the presence of VDR in the plasma membrane caveolae. Efforts

are underway to define the signal transduction systems that are activated by the nuclear and

membrane receptors for 1a,25(OH)2D3 and to obtain a thorough study of the tissue distri-

bution and subcellular localization of the gene products induced by this steroid hormone.

There are clinical applications for 1a,25(OH)2D3 and related analogs for treatment of the

bone diseases of renal osteodystrophy and osteoporosis, psoriasis, and secondary hyperpar-

athyroidism. Other clinical targets for 1a,25(OH)2D3 currently under investigation include its

use in leukemia, breast, prostate, and colon cancer as well as use as an immunosuppressive

agent. An emerging human nutritional issue is the question of whether the RDA for vitamin

D3 should be adjusted upward.
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HISTORY

The discovery of vitamin K was one of the outcomes of a series of experiments conducted by

Henrik Dam who investigated the possible essential role of cholesterol in the diet of the chick.

Dam [1] noted that chicks ingesting diets that had been extracted with nonpolar solvents to

remove the sterols developed subdural or muscular hemorrhages and blood taken from these

animals clotted slowly. Subsequently, McFarlane et al. [2] described a clotting defect seen

when chicks were fed ether-extracted fish or meat meal, and Holst and Halbrook [3] observed

scurvy-like symptoms including internal and external hemorrhages in chicks fed fish meal and

yeast as a protein source. Studies in a number of laboratories soon demonstrated that this

disease could not be cured by the administration of any of the known vitamins. Dam

continued to study the distribution and lipid solubility of the active component in vegetable

and animal sources and in 1935 proposed [4,5] that the antihemorrhagic vitamin of the chick

was a new fat-soluble vitamin, which he called vitamin K. Not only was K the first letter of

the alphabet that was not used to describe an existing or postulated vitamin activity at that

time, but it was also the first letter of the German word koagulation. Dam’s reported

discovery of a new vitamin was closely followed by an independent report of Almquist and

Stokstad [6,7] describing their success in curing the hemorrhagic disease with ether extracts of

alfalfa and clearly pointing out that microbial action in fish meal and bran preparations could

also lead to the development of antihemorrhagic activity.

A number of groups were involved in the attempts to isolate and characterize this new

vitamin, and Dam’s collaboration with Karrer of the University of Zurich resulted in the

isolation of the vitamin from alfalfa as a yellow oil. Subsequent studies soon established that

the active principle was a quinone and vitamin K1 was characterized as 2-methyl-3-phytyl-1,4-

naphthoquinone and synthesized by MacCorquodale et al. in St. Louis [8]. Their identifica-

tion was confirmed by independent synthesis of this compound by Karrer et al. [9], Almquist

and Klose [10], and Fieser [11]. The Doisy group also isolated a form of the vitamin from

putrified fish meal, which in contrast to the oil isolated from alfalfa was a crystalline product.

Subsequent studies demonstrated that this compound called vitamin K2, contained an unsat-

urated side chain at the 3-position of the naphthoquinone ring. Early investigators recognized

that sources of this form of the vitamin, such as putrified fish meal, contained a number of

different vitamins of the K2 series with differing chain length polyprenyl groups at the

3-position. The 1943 Nobel Prize in Physiology and Medicine was awarded to Dam and

Doisy, and much of the early history of the discovery of vitamin K has been reviewed by them

[12,13] and others [14,15].

CHEMISTRY

ISOLATION

Vitamin K can be isolated from biological material by standard methods used to obtain

physiologically active lipids. The isolation is always complicated by the small amount of

desired product in the initial extracts. Initial extractions are usually made with the use of some

type of dehydrating conditions, such as chloroform–methanol, or by first grinding the wet

tissue with anhydrous sodium sulfate and then extracting it with acetone followed by hexane

or ether. Large samples (kilogram quantities) of tissues can be extracted with acetone alone,

and this extract can be partitioned between water and hexane to obtain the crude vitamin.

Small samples, such as in vitro incubation mixtures or buffered subcellular fractions, can be

effectively extracted by shaking the aqueous suspension with a mixture of isopropanol and

hexane. The phases can be separated by centrifugation and the upper layer analyzed directly.
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Methods for the efficient extraction of vitamin K from various food matrices have been

developed [16], and rather extensive databases of the vitamin K content of foods are now

available.

Crude nonpolar solvent extracts of tissues contain large amounts of contaminating lipid

in addition to the desired vitamin. Further purification and identification of vitamin K in this

extract can be facilitated by a preliminary fractionation of the crude lipid extract on hydrated

silicic acid [17]. A number of the forms of the vitamin can be separated from each other and

from other lipids by reversed-phase partition chromatography, as described by Matschiner

and Taggart [18]. These general procedures appear to extract the majority of vitamin K from

tissues. Following separation of the total vitamin K fraction from much of the contaminated

lipid, the various forms of the vitamin can be separated by the procedures described in the

section Analytical Procedures and Vitamin K Content of Food.

STRUCTURE AND NOMENCLATURE

The nomenclature of compounds possessing vitamin K activity has been modified a number

of times since the discovery of the vitamin. The nomenclature in general use at the present

time is that of the most recently adopted IUPAC–IUB Subcommittee Report on Nomencla-

ture of Quinones [19]. The term vitamin K is used as a generic descriptor of 2-methyl-

1,4-naphthoquinone and all derivatives of this compound that exhibit an antihemorrhagic

activity in animals fed a vitamin K-deficient diet. The compound 2-methyl-3-phytyl-

1,4-naphthoquinone is produced in green plants and is generally called vitamin K1, but is

preferably called phylloquinone. The USP nomenclature for phylloquinone is phytonadione.

The compound first isolated from putrified fish meal and called at that time, vitamin K2 is

one of a series of vitamin K compounds with unsaturated side chains called multiprenyl-

menaquinones that are synthesized by a number of facultative and obligate anaerobic bacteria

[20]. The particular menaquinone shown in Figure 3.1 (2-methyl-3-farnesylgeranylgeranyl-

1,4-naphthoquinone) has 7 isoprenoid units, or 35 carbons in the side chain and was once

called vitamin K2 but now is called menaquinone-7 (MK-7). Vitamins of the menaquinone

series with up to 13 prenyl groups have been identified, as well as several partially saturated

members of this series. The parent compound of the vitamin K series, 2-methyl-1,4-naphtho-

quinone, has often been called vitamin K3 but is more commonly and correctly designated as

menadione. MK-4 is a minor bacterial product but can be formed by animals by the

alkylation of menadione or through the degradation of phylloquinone by a pathway not

yet elucidated (see section Synthesis of Menaquinone-4).
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FIGURE 3.1 Structures of some compounds with vitamin K activity.
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STRUCTURES OF IMPORTANT ANALOGS, COMMERCIAL FORMS, AND ANTAGONISTS

Analogs and Their Biological Activity

Following the discovery of vitamin K, a number of related compounds were synthesized in

various laboratories and their biological activity compared with that of the isolated forms

[21,22]. Structural features found to be essential for significant biological activity included: a

naphthoquinone ring, a 2-Me group on the ring, an unsaturated isoprenoid unit adjacent to

the ring, and trans-configuration of the polyisoprenoid side chain. The vitamin K analogs

illustrated in Figure 3.2 have all been shown to have low or minimal activity relative to trans

phylloquinone in whole-animal assays.

The activity of various structural analogs of vitamin K in whole-animal assay systems is,

of course, a summation of the relative absorption, transport, metabolism, and effectiveness of

this compound at the active site as compared with that of the reference compound. Much of

the data on biological activity of various compounds were obtained by the use of an 18 h oral

dose curative test using vitamin K-deficient chickens. It was found that when administered

orally, isoprenalogs with 3–5 isoprenoid groups had maximum activity [22]. The lack of

effectiveness of higher isoprenalogs in this type of assay may be due to the relatively poor

absorption of these compounds. Matschiner and Taggart [23] have shown that when intra-

cardial injection of vitamin K to deficient rats is used as a protocol, the very high molecular

weight isoprenalogs of the menaquinone series are the most active; maximum activity was

observed with MK-9. Structure–function relationships of vitamin K analogs have also been

studied using in vitro assays of the vitamin K-dependent g-glutamyl carboxylase, and these

are discussed in the section Vitamin K-Dependent Carboxylase.

Commercial Form of Vitamin K

Only a few forms of vitamin K are commercially important. The major use of vitamin K in

the animal industry is in poultry and swine diets. Chicks are very sensitive to vitamin K

restriction, and antibiotics that decrease intestinal vitamin synthesis are often added to

poultry diets. Phylloquinone is too expensive for this purpose, and different forms of mena-

dione have been used. Menadione itself possesses high biological activity in a deficient chick,

but its effectiveness depends on the presence of lipids in the diet to promote absorption. There

are also problems of its stability in feed products, and because of this, water-soluble forms are

used. Menadione forms a water-soluble sodium bisulfite addition product, menadione sodium

bisulfite (MSB) (Figure 3.3), which has been used commercially but which is also somewhat
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FIGURE 3.2 Structures of vitamin K-related compounds lacking substantial biological activity.
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unstable in mixed feeds. In the presence of excess sodium bisulfite, MSB crystallizes as a

complex with an additional mole of sodium bisulfite; this complex, known as menadione

sodium bisulfite complex (MSBC), has increased stability, and is widely used in the poultry

industry. A third water-soluble compound is a salt formed by the addition of dimethylpyr-

idinol to MSB; it is called menadione pyridinol bisulfite (MPB) [24]. Comparisons of the

relative biopotency of these compounds have often been made on the basis of the weight of

the salts rather than on the basis of menadione content, and this has caused some confusion in

assessing their value in animal feeds.

The clinical use of vitamin K is largely limited to various preparations of phylloquinone.

A water-soluble form of menadione, menadiol sodium diphosphate, which was sold as

Kappadione or Synkayvite, was once used to prevent hemorrhagic disease of the newborn,

but the danger of hyperbilirubinemia associated with menadione usage (see section Efficacy

and Hazards of Pharmacological Doses of Vitamin K) has led to the use of phylloquinone as

the desired form of the vitamin. Phylloquinone (USP phytonadione) is sold as AquaME-

PHYTON, Konakion, Mephyton, and Mono-Kay. These preparations are detergent stabil-

ized preparations of phylloquinone and are used as intramuscular injections to prevent

hemorrhagic disease of the newborn. In some countries, oral prophylaxis of vitamin K has

been promoted, and these preparations are not well absorbed. A lecithin and bile salt mixed

micelle preparation, Konakion MM, is now available and has been shown [25] to be effective

when administered orally. Although not currently used in the United States or Western

Europe, pharmacological doses of MK-4, menatetrenone, are used as a treatment for

osteoporosis in Japan and other Asian countries (see section Hemorrhagic Disease of the

Newborn).

Antagonists of Vitamin Action

The history of the discovery of the first antagonists of vitamin K, the coumarin derivatives,

has been documented and discussed by Link [26]. A hemorrhagic disease of cattle, traced to

the consumption of improperly cured sweet clover hay, was described in Canada and the

United States Midwest in the 1920s. The compound present in spoiled sweet clover that was

responsible for this disease had been studied by a number of investigators but was finally

isolated and characterized as 30,30-methylbis-(4-hydroxycoumarin) by Link’s group during the

period from 1933 to 1941 and was called dicumarol (Figure 3.4). Dicumarol was successfully

used as a clinical agent for anticoagulant therapy in some early studies, and a large number of
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FIGURE 3.3 Forms of vitamin K used in animal feeds.
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substituted 4-hydroxycoumarins were synthesized both in Link’s laboratory and elsewhere.

The most successful of these, both clinically for long-term lowering of the vitamin

K-dependent clotting factors and subsequently as a rodenticide, has been warfarin,

3-(a-acetonylbenzyl)-4-hydroxycoumarin. Although warfarin is the most extensively used

drug worldwide for oral anticoagulant therapy, other coumarin derivatives with the same

therapeutic mechanism such as its 40-nitro analog, acenocoumarol, and phenprocoumon have

been used. These drugs differ in the degree to which they are absorbed from the intestine, in

their plasma half-life, and presumably in their effectiveness as a vitamin K antagonist at

the active site. Because of this, their clinical use differs. Much of the information on the

structure–activity relationships of the 4-hydroxycoumarins has been reviewed by Renk

and Stoll [27]. The clinical use of these compounds and many of their pharmacodynamic

interactions have been reviewed by O’Reilly [28].

Warfarin has been widely used as a rodenticide and, as might have been predicted,

continual use led to development of anticoagulant-resistant populations [29,30]. More hydro-

phobic derivatives of 4-hydroxycoumarins are cleared from the body much more slowly and

are effective rodenticides in warfarin-resistant rat strains. Compounds such as difenacoum

and brodifacoum are now widely used for rodent control [31] but should be used with care as

consumption of carcasses by birds or cats can lead to death.

A second class of compounds with anticoagulant activity that can be reversed by

vitamin K administration [32] are the 2-substituted 1,3-indandiones such as 2-phenyl-1,

3-indandione (Figure 3.5). These compounds appear [33] to act by the same mechanism as

the 4-hydroxycoumarins, and although they were administered as clinical anticoagulants and

rodenticides at one time, they are currently seldom used. Some structural analogs of the vitamin

have also been shown to antagonize its action. Early studies of the structural requirements for

vitamin K activity [34] demonstrated that replacement of the 2-methyl group of phylloquinones

by a chlorine atom to form 2-chloro-3-phytyl-1,4-naphthoquinone resulted in a compound that

was a potent antagonist of vitamin K. In contrast to the coumarin and indandione derivatives,

chloro-K acts like a true competitive inhibitor of the vitamin at its active site; and, as it is an

effective anticoagulant in coumarin anticoagulant-resistant rats [35], it has been suggested

as a possible rodenticide. Another structurally unrelated compound, 2,3,5,6-tetrachloro-4-

pyridinol, has anticoagulant activity [36]; and, on the basis of its action in warfarin-resistant

rats [33], it would appear that it is functioning as a direct antagonist of the vitamin. Sub-

sequent studies have demonstrated [37] that other polychlorinated phenols are also effective
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FIGURE 3.4 Oral anticoagulants that antagonize vitamin K action.
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vitamin K antagonists. Studies of vitamin K antagonists have more recently been studied

using in vitro assays and are discussed in the section Vitamin K-Dependent Carboxylase.

SYNTHESIS OF VITAMIN K

The methods used in the synthesis of vitamin K by early investigators involved the con-

densation of phytol or its bromide with menadiol or its salt to form the reduced addition

compound, which was then oxidized to the quinone. These reactions have been reviewed

in considerable detail, as have methods to produce the specific menaquinones rather than

phylloquinone [38,39]. The major side reactions in this general scheme are the formation of

the cis rather than the trans isomer at the D2 position and alkylation at the 2-position rather

than the 3-position to form the 2-methyl-2-phytyl derivative. The use of monoesters

of menadiol and newer acid catalysts for the condensation step [40] is the basis for the general

method of industrial preparation used at the present time. Naruta [41] has described

a new method for the synthesis of compounds of the vitamin K series based on the coupl-

ing of polyprenyltrimethyltins to menadione. This method is a regio- and stereocontrolled

synthesis that gives a high yield of the desired product. Analytical methods based on high-

performance liquid chromatography (HPLC)=MS or GC=MS have been reported, and

methods for the high-yield synthesis of 18O- or 2H-labeled vitamin K homologs have been

described [42–44].

PHYSICAL AND CHEMICAL PROPERTIES

Compounds with vitamin K activity are substituted 1,4-naphthoquinones and, therefore,

have the general chemical properties expected of all quinones. The chemistry of quinoids

has been reviewed in a book edited by Patai [45], and much of the data on the special and

other physical characteristics of phylloquinone and the menaquinones have been summarized

by Sommer and Kofler [46] and Dunphy and Brodie [47]. The oxidized form of the K vitamins

exhibits an ultraviolet (UV) spectrum that is characteristic of the naphthoquinone nucleus,

with four distinct peaks between 240 and 280 nm and a less sharp absorption at around

320–330 nm. The molar extinction value e for both phylloquinone and the various mena-

quinones is about 19,000. The absorption spectrum changes drastically on reduction to the

hydroquinone, with an enhancement of the 245 nm peak and disappearance of the 270 nm

peak. Vitamin K-active compounds also exhibit characteristic infrared and nuclear magnetic

resonance (NMR) absorption spectra that are largely those of the naphthoquinone ring.

NMR analysis of phylloquinone has been used to firmly establish that natural phylloquinone
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is the trans isomer and can be used to establish the cis–trans ratio in synthetic mixtures of the

vitamin. Mass spectroscopy has been useful in determining the length of the side chain and

the degree of saturation of vitamins of the menaquinone series isolated from natural sources.

Phylloquinone is an oil at room temperature; the various menaquiones can easily be crystal-

lized from organic solvents and have melting points from 358C to 608C, depending on the

length of the isoprenoid chain.

ANALYTICAL PROCEDURES AND VITAMIN K CONTENT OF FOOD

Chemical reactivity of vitamin K is a function of the naphthoquinone nucleus, and as other

quinones also react with many of the colorimetric assays that have been developed [46,47],

they are of little analytical value. The number of interfering substances present in crude

extracts is also such that a significant amount of separation is required before UV absorption

spectra can be used to quantitate the vitamin. These simple methods are therefore not

practical in the determination of the small amount of vitamin present in natural sources.

All oral bioassay procedures are complicated by the effects of different rates and extents of

absorption of the desired nutrients from the various products assayed. They have been

superseded by HPLC techniques and have little use at the present time.

Analytical methods suitable for the small amounts of vitamin K present in tissues and

most food sources have been available only recently. The separation of the extensive mixtures

of menaquiniones in bacteria and animal sources was first achieved with various thin-layer or

paper chromatographic systems [38,46–48]. All separations involving concentrated extracts of

vitamin K should be carried out in subdued light to minimize UV decomposition of the

vitamin. Compounds with vitamin K activity are also sensitive to alkali, but they are

relatively stable to an oxidizing atmosphere and to heat and can be vacuum-distilled with

little decomposition. Interest in the quantitation of vitamin K in serum and animal

tissues eventually led to the use of HPLC as an analytical tool to investigate vitamin K

metabolism [49].

Satisfactory tables of the vitamin K content of various commonly consumed foods were

not made available until the early 1990s. Many of the values previously quoted in various

publications have apparently been recalculated in an unspecified way from data obtained by a

chick bioassay that was not intended to be more than qualitative and should not be used to

calculate intake. Tables of food vitamin K content in various older texts and reviews may also

contain data from this source, as well as considerable amounts of unpublished data.

Current methodology uses HPLC analysis of lipid extracts, and has been reported [16] to

have a within-sample coefficient of variation for different foods in the range of 7%–14% and a

between-sample coefficient of variation of 9%–45%. Although green leafy vegetables have

been known for some time to be the major source of vitamin K in the diet, it is now apparent

that cooking oils, particularly soybean oil and rapeseed oil [50], are major contributors.

Human milk contains about 1 ng=ml of phylloquinone [51–54], which is only 20%–30% of

that found in cow’s milk. Infant formulas are currently supplemented with vitamin K,

providing a much higher intake than that provided by breast milk.

The data in Table 3.1 are taken from a survey of literature [55], which considered most

of the reported HPLC-derived values for various food items and from analyses of the FDA

total diet study. An extensive USDA database containing the vitamin K content of a large

number of foods can be accessed at http:==www.nal.usda.gov=fnic=foodcomp. In general,

green and leafy vegetables are the best sources of the vitamin, and cooking oils are the next

major sources. In addition to the data from the United States, there are databases published

from a number of other countries [56–58] as well as reports of the vitamin K content of fast

foods [59], mixed dishes [60], and baby food products [61]. The major source of vitamin K

in foods, and the source usually reported, is phylloquinone. Significant amounts of MK-4 are
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found in poultry meat and egg yolk as poultry rations are commonly supplemented with

menadione, and some cheeses can have appreciable amounts of long-chain menaquinones

[62] due to the bacterial action during aging. Using the available food composition data and

food consumption data, it is possible to calculate average daily intakes of phylloquinione.

Based on the Third National Health and Nutrition Examination Survey (NHANES III)

data [63], the adult U.S. male and female intakes were about 115 and 100 mg=day, respect-

ively. This is somewhat higher than some previous estimates [64,65]. Mean phylloquinone

intakes in Ireland for adult men and women have been reported to be 84 and 74 mg=day [56],

in Scotland 72 and 64 mg=day [66], in Britain 70 and 61 mg=day [67], and in The Netherlands

257 and 244 mg=day [58]. The high consumption of cheese in The Netherlands also provides

an intake of about 20 mg=day of long-chain menaquinones. As different databases are used,

variations in the assumed vitamin K content of those few foods that contribute the most

vitamin to the diet can result in large differences. In a study where four metabolic ward diets

were directly analyzed to contain about 100 mg=day, the amount calculated by two different

databases ranged from 84 to 160 mg=day [68]. Use of the current database information has,

however, made it possible to formulate nutritionally adequate diets that contain only

10 mg=day of phylloquinone [69].

The conversion of liquid oils to solid margarines by commercial hydrogenation results in

the formation of substantial amounts of 20,30-dihydrophylloquinone, which in the case of

TABLE 3.1
Vitamin K Content of Ordinary Foods

mg Phylloquinone=100 g of Edible Portion

Vegetables Nuts, Oils, Seeds Fruits Grains Meats and Dairy

Kale 817 Soybean oil 193 Avocado 40 Bread 3 Ground

beef

0.5

Parsley 540 Rapeseed oil 141 Grapes 3 Oat meal 3 Chicken 0.1

Spinach 400 Olive oil 49 Cantaloupe 1 White rice 1 Pork <0.1

Endive 231 Walnut oil 15 Bananas 0.5 Wheat flour 0.6 Turkey <0.1

Green

onions

207 Safflower

oil

11 Apples 0.1 Dry

spaghetti

0.2 Tuna <0.1

Broccoli 205 Sunflower

oil

9 Oranges 0.1 Shredded

wheat

0.7 Butter 7

Brussels

sprouts

177 Corn oil 3 Corn flakes <0.1 Cheddar

cheese

3

Cabbage 147 Dry soybeans 47 3.5% Milk 0.3

Lettuce 122 Dry kidney

beans

19 Yogurt 0.3

Green beans 47 Sesame seeds 8 Skim milk <0.1

Peas 36 Dry navy

beans

2 Mayonnaise 81

Cucumbers 19 Raw peanuts 0.2 Egg yolk 2

Tomatoes 6 Egg white <0.1

Carrots 5

Cauliflower 5

Beets 3

Onions 2

Potatoes 0.8

Sweet corn 0.5

Mushrooms <0.1

Note: Values are taken from a provisional table [55] and are median values from a compilation of reported assays.
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some of the harder margarines can exceed the amount of unmodified phylloquinone [70,71].

Because of the large contribution of high phylloquinone vegetable oils to many diets, the

amount of the hydrogenated form represents around 20% of the total vitamin K in American

diets [72]. Although this form of the vitamin has some biological activity, the degree of this

response has not been well established in either human subjects or experimental animals.

METABOLISM

ABSORPTION AND TRANSPORT OF VITAMIN K

The absorption of nonpolar lipids, such as vitamin K, into the lymphatic system requires

incorporation into mixed micelles, and early studies [73] demonstrated that these phylloquinone-

containing micellar structures required the presence of both bile and pancreatic juice. Using

an in vitro recirculating perfused isolated rat intestine preparation [74], it was found that the

absorption of radiolabeled phylloquinone was energy-dependent and saturable. Normal

human subjects were found [75] to excrete less than 20% of a large (1 mg) dose of phyllo-

quinone in the feces, but as much as 70%–80% of the ingested phylloquinone was excreted

unaltered in the feces of patients with impaired fat absorption caused by obstructive jaundice,

pancreatic insufficiency, or adult celiac disease.

The bioavailability of phylloquinone from different food sources has not been extensively

studied, and the results reported are somewhat variable. Phylloquinone in spinach was found

to be absorbed only about 15% as well as from a detergent-solubilized preparation

(Konakion) when it was consumed with 25 g of butter [76], and less than 2% as well when butter

was omitted. A second similar study [77] indicated that phylloquinone in broccoli, spinach, or

romaine lettuce, consumed with a diet containing 30% fat, was only about 15%–20% as bio-

available as added phylloquinone. A comparison [78] of the absorption of about 300 mg=day

of phylloquinone in the form of broccoli or 300 mg=day added to corn oil indicated that

bioavailability from the food source was only about 50% that of phylloquinone in corn oil.

Some cheeses and a fermented soybean product, natto, consumed mainly in the Japanese

market, do contain substantial amounts of long-chain menaquinones, and there are indica-

tions [62] that these forms may be more bioavailable than phylloquinone from vegetable

sources. The limited available data would suggest that bioavailability of vitamin K from food

is rather low and variable and very dependent on both the individual food sources and total

diet composition.

Substantial amounts of vitamin K are present in the human gut in the form of long-chain

menaquinones. Relatively few of the bacteria that comprise the normal intestinal flora are

major producers of menaquinones, but obligate anaerobes of the Bacteroide fragilis, Eubac-

terium, Propionibacterium, and Arachnia groups are, as are facultatively anaerobic organisms

such as Escherichia coli. The amount of vitamin K in the gut can be quite large, and the

amounts found in total intestinal tract contents from five colonoscopy patients have been

reported [79] to range from 0.3 to 5.1 mg, with MK-9 and MK-10 as the major contributors.

The total amount of long-chain menaquinones, mainly MK-6, MK-7, MK-10, and MK-11,

present in human liver also greatly exceed the phylloquinone concentration, which represents

only about 10% of the total [80]. There is some evidence [81] that the hepatic turnover of long-

chain menaquinones is slower than that of phylloquinone, which would account for the

increased concentration observed, but a major question remaining is how these very

lipophylic compounds that are present as constituents of bacterial membranes are absorbed

from the lower bowel. Absorption of menaquinones from rat colonic gut sacs has been

reported [82], but in the absence of bile no uptake of MK-9 from the rat colon to lymph

or blood occurred within 6 h [83]. In the presence of bile, MK-9 is absorbed via the lymphatic

pathway from rat jejunum [83]. The oral administration of 1 mg mixed long-chain
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menaquinones to anticoagulated human subjects [84] effectively decreased the extent of the

acquired hypoprothrombinemia, demonstrating that the human digestive tract can absorb

these forms of the vitamin from the small intestine but does not address their absorption from

the large bowel. However, a small but nutritionally significant portion of the intestinal

content of the vitamin is located not in the large bowel but in a region where bile acid-

mediated absorption could occur [79].

Menadione is widely used in poultry, swine, and laboratory animal diets as a source of

vitamin K. It can be absorbed from both the small intestine and the colon by a passive process

[85]. Menadione itself does not have biological activity, but after absorption it can be

alkylated to MK-4, a biologically active form of the vitamin.

Absorption of phylloquinone from the intestine is via the lymphatic system [75] and is

decreased in individuals with biliary insufficiency or various malabsorption syndromes.

Phylloquinone in plasma is predominantly carried by the triglyceride-rich lipoprotein fraction

containing very low density lipoproteins (VLDL) and chylomicrons, although significant

amounts are located in the low-density lipoprotein (LDL) fraction [86,87]. In a study [88]

comparing the transport of different forms of vitamin K, significant amounts of MK-4 were

found in the high-density lipoprotein (HDL) fraction, and the half-life of MK-9 was found to

be substantially greater than that of either phylloquinone or MK-4. As expected from

lipoprotein transport, plasma phylloquinone concentrations are strongly correlated with

plasma lipid levels [89,90]. The major route of entry of phylloquinone into tissues appears

to be via clearance of chylomicron remnants by apolipoprotein E (apoE) receptors. The

polymorphism of apoE has been found to influence the fasting plasma phylloquinone con-

centrations in patients undergoing hemodialysis therapy [89], and plasma phylloquinone

concentrations have been shown to decrease according to apoE genotype: apoE2 > apoE3 >
apoE4. This response is correlated to the hepatic clearance of chylomicron remnants from

the circulation, with apoE2 that has the slowest rate of removal. Removal of circulating

phylloquinone by osteoblasts has also been shown [91] to be modulated by the apoE

genotype. Details of the secretion of phylloquinone from liver and the movement of the

vitamin between organs are not available. The total human body pool of phylloquinone is

very small, and early studies [75] using pharmacologic doses of radioactive phylloquinone

indicated that the turnover is rapid. There are only limited available data assessing the

disappearance of small amounts (<1 mg) of infused 3H-phylloquinone from human subjects,

and these [92] are consistent with a body pool turnover of about 1.5 days and a body pool size

of about 100 mg. Other data, based on liver biopsies of patients fed diets very low in vitamin K

before surgery [93], indicated that about two-thirds of hepatic phylloquinone was lost in

3 days. These findings are also consistent with a small pool size of phylloquinone that turns

over very rapidly.

PLASMA AND TISSUE CONCENTRATIONS OF VITAMIN K

Measurements of endogenous plasma phylloquinone concentrations have been available only

since the early 1980s. The early history of the development of HPLC techniques to quantitate

plasma phylloquinone concentrations has been reviewed [49]. These methods require a

preliminary semipreparative column to rid the sample of contaminating lipids followed by

an analytical column. The chief alterations and improvement in methodology in recent years

have been associated with the use of different methods of detection. Early methods used UV

detectors, which lack sensitivity, and electrochemical detection or fluorescence detection of

the vitamin following chemical or electrochemical reduction have replaced this methodology.

Comprehensive reviews of the procedures used to determine plasma phylloquinone concen-

trations by both detection methodologies are available [94,95]. The most commonly used

methodology at present involves fluorescence detection following zinc postcolumn reduction.
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Continued modification of this technique [96] has greatly increased its sensitivity and repro-

ducibility. Although earlier reports of plasma phylloquinone concentrations were somewhat

higher, it now appears that normal fasting values are around 0.5 ng=ml (1.1 nmol=L). There is

a strong positive correlation between plasma triglycerides and plasma phylloquinone [97], and

the variation between samples measured at different days from the same subject is much

higher than that for other fat-soluble vitamins [98]. Because of this, extreme caution should be

used in attempts to determine vitamin K status of an individual from a single day’s sample of

plasma. Circulating phylloquinone concentrations do respond to daily changes in intake and

fall rather rapidly when intake is restricted [93,99,100]. Although there are very few foods

containing appreciable amounts of long-chain menaquinones, they are detectable in plasma,

and in some cases have been reported to present at substantial levels [101–103].

TISSUE DISTRIBUTION AND STORAGE OF VITAMIN K

The distribution of vitamin K in various body organs of the rat was first studied with radio-

active forms of the vitamin, using both massive [104] and more physiological [105] amounts of

phylloquinone. The liver was found to retain the majority of the vitamin at early time points,

but as the half-life in the liver appears to be in the range of 10–15 h [105,106], it is rapidly lost.

Studies using radioactive phylloquinone [107] indicated that more than 50% of the liver

radioactivity was recovered in the microsomal fraction, and substantial amounts were found

in the mitochondria and cellular debris fractions. The specific activity (picomoles of vitamin

K=mg protein) of injected radioactive phylloquinone has been assessed [108], and only the

mitochondrial and microsomal fractions had a specific activity that was enriched over that of

the entire homogenate, with the highest activity in the microsomal fraction. A more detailed

study [109] found the highest specific activity of radioactive phylloquinone to be in the Golgi

and smooth microsomal membrane fractions. Only limited data on the distribution of mena-

quinones are available, and MK-9 has been reported [110] to be preferentially localized in a

mitochondrial rather than a microsomal subcellular fraction. Factors influencing intracellular

distribution of the vitamin are not well understood, and only preliminary evidence of an

intracellular vitamin K-binding protein that might facilitate intraorganelle movement has

been presented [111].

Because of the small amounts of vitamin K in animal tissues, it is difficult to determine

which of the vitamers are present in tissue from different species. Only limited data are

available, and they have been compiled and reviewed by Duello and Matschiner [112]. These

data, obtained largely by thin-layer chromatography, indicate that phylloquinone is found in

the liver of those species ingesting plant material and that, in addition to this, menaquinones

containing 6–13 prenyl units in the alkyl chain are found in the liver of most species. More

recently, analysis of a limited number of human liver specimens has shown that phylloquinone

represents only about 10% of the total vitamin K pool and that a broad mixture (Table 3.2) of

menaquinones is present. The predominant forms appear to be MK-7, MK-8, MK-10, and

MK-11. Kayata et al. [113] have reported that the hepatic menaquinone content of five

24 month old infants was approximately sixfold higher than that of three infants less than

2 weeks of age, and another study [114] failed to find menaquinones in neonatal livers. Although

the long-chain menaquinones are potential sources of vitamin K activity in liver, the extent

to which they are used is not known. A study conducted in rats [110] has demonstrated that

the utilization of MK-9 as a substrate for the vitamin K-dependent carboxylase is only about

20% as extensive as phylloquinone when the two compounds are present in the liver in equal

concentrations. Recent data have suggested that MK-4 may play a role in satisfying a unique

vitamin K requirement of some tissues. Most analyses of liver from various species have not

detected significant amounts of MK-4. As commercially raised chickens are fed menadione as a

source of vitamin K, chicken liver has been shown [112,115,116] to contain more MK-4 than
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phylloquinone, and some nonhepatic tissues of the rat have also been shown [117] to contain

much more MK-4 than phylloquinone.

SYNTHESIS OF MENAQUINONE-4

Long-chain menaquinones are synthesized by bacteria via pathways that have been well

established [20]. It is now well established that MK-4 is not a major product of bacterial

menaquinone biosynthesis, but that tissue MK-4 is formed by an alternate pathway. Mena-

dione can be converted to MK-4 by in vitro incubation of rat or chick liver homogenates with

geranylgeranyl pyrophosphate [118], and it has been demonstrated [119] that other isoprenoid

pyrophosphates can serve as alkyl donors for menaquinone synthesis. Early animal studies

[120] also suggested that both phylloquinone and other long-chain menaquiniones could be

converted to MK-4. It was originally believed that the dealkylation and subsequent realkyla-

tion with a geranylgeranyl side chain occurred in the liver, but it was subsequently concluded

that phylloquinone was not efficiently converted to MK-4 unless it was administered orally.

This suggested that intestinal bacterial action was required for the dealkylation step. More

recent studies [115–117,121] have demonstrated that the phylloquinone-to-MK-4 conversion

is very extensive in tissues such as brain, pancreas, and salivary gland and that its concen-

trations in those tissues exceed that of phylloquinone. Similar distributions of MK-4 have

been observed in human tissues [122], and it has been established that high tissue concentra-

tions of MK-4 are more readily obtained in rats by phylloquinone supplementation than by

administering MK-4 [123]. Gut bacteria are not needed for this conversion [124,125], and

cultures of kidney cells are able to convert phylloquinone to MK-4 in a sterile incubation

medium [124]. As both phylloquinone and MK-4 are effective substrates for the only known

function of vitamin K, the vitamin K-dependent g-glutamyl carboxylase, the metabolic

significance of this conversion is not yet apparent.

METABOLIC DEGRADATION AND EXCRETION

The conversion of phylloquinone or long-chain menaquiniones to MK-4 is a major metabolic

pathway of vitamin K utilization in some tissues, but does not indicate ultimate excretion

TABLE 3.2
Vitamin K Content of Human Liver

pmol=g Livera

Vitamer Study A Study B Study C

Phylloquinone 22 + 5 18 + 4 28 + 4

MK-5 12 + 18 NR NR

MK-6 12 + 13 NR NR

MK-7 57 + 59 122 + 61 34 + 12

MK-8 95 + 157 11 + 2 9 + 2

MK-9 2 + 4 4 + 2 2 + 1

MK-10 67 + 71 96 + 16 75 + 10

MK-11 90 + 15 94 + 36 99 + 15

MK-12 15 + 13 21 + 6 14 + 2

MK-13 5 + 6 8 + 3 5 + 1

a Values are means + SEM for six or seven subjects in each study; study A

[294], study B [295], and study C [93].Values from studies A and B have been

recalculated from data presented as ng=g liver. NR, not reported.
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pathways. Evidence for metabolism of the naphthoquinone ring is lacking, and the

phosphate, sulfate, and glucuronide of administered menadiol have been identified

[126,127] in urine and bile. Studies with hepatectomized rats [128] have indicated that

extrahepatic metabolism is also significant. Early studies of phylloquinone metabolism

[104] demonstrated that the major route of excretion was in the feces and that very little

unmetabolized phylloquinone was present. The side chains of phylloquinone and MK-4

are shortened by the rat to seven carbon atoms, yielding a terminal carboxylic acid group

that cyclized to form a g-lactone [129]. This lactone is excreted in the urine, presumably as

a glucuronic acid conjugate. Studies [75] of the metabolism of radioactive phylloquinone in

humans indicated that about 20% of an injected dose of either 1 or 45 mg of vitamin K was

excreted in the urine in three days, and that 40%–50% was excreted in the feces via the bile.

Two different aglycones of phylloquinone were tentatively identified as the 5- and 7-carbon

side-chain carboxylic acid derivatives (Figure 3.6). These studies concluded that the g-lactone

previously identified was an artifact formed by the acidic extraction conditions used

in previous studies.

The most abundant metabolite of phylloquinone is its 2,3-epoxide (Figure 3.6) formed as

a product of the action of the vitamin K-dependent g-glutamyl carboxylation. This meta-

bolite was discovered by Matschiner et al. [130] who was investigating an observation [107]

that warfarin treatment caused a buildup of radioactive vitamin K in the liver. This increase

was shown to be due to the presence of a significant amount of a metabolite more polar than

phylloquinone that was isolated and characterized as phylloquinone 2,3-epoxide. Further

studies of this compound [131] revealed that about 10% of the vitamin K in the liver of a

normal rat is present as the epoxide and that this can become the predominant form of the

vitamin following treatment with coumarin anticoagulants. Warfarin administration also

greatly increases urinary excretion and decreases fecal excretion of phylloquinone [132].

The distribution of the various urinary metabolites of phylloquinone is also substantially

altered by warfarin administration. The 7-carbon and 5-carbon side-chain major urinary

glucuronides (Figure 3.6) are decreased [133], and other uncharacterized metabolites, pre-

sumably arising from the epoxide, are increased. The major degradation products of vitamin

K metabolism appear to have been identified and they are apparently formed from either

phylloquinone or menaquinones, but there may be a number of urinary and biliary products

not yet characterized. Methodology useful for the routine analysis of the two major urinary

O

O

Phylloquinone-2,3-epoxide

7-C-aglycone 5-C-aglycone

COOHCOOH

O

O O

O

O

3

FIGURE 3.6 Phylloquinone metabolites. The 7C-aglycone is 2-methyl-3-(50-carboxy-30-methyl-20-
pentenyl)-1,4-naphthoquinone and the 5C-aglycone is 2-methyl-3-(30-carboxy-30-methylpropyl) 1,4-

naphthoquinone.
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aglycones of vitamin K has been developed [134], and it has been suggested that quantitation

of these metabolites might be a useful noninvasive marker of vitamin K status.

VITAMIN K-DEPENDENT PROTEINS

PLASMA-CLOTTING FACTORS

Soon after Dam’s discovery of a hemorrhagic condition in chicks that could be cured by

certain plant extracts, it was demonstrated that the plasma of these chicks contained a

decreased concentration of prothrombin. This protein (also called clotting factor II) was

the first plasma protein-clotting factor to be discovered. It is the most abundant of these

proteins and was also the first protein demonstrated to contain g-carboxyglutamic acid (Gla)

residues. Plasma-clotting factor VII, factor IX, and factor X were all initially identified

because their activity was decreased in the plasma of a patient with a hereditary bleeding

disorder [135] and were subsequently shown to depend on vitamin K for their synthesis. Until

the mid-1970s these four vitamin K-dependent clotting factors were the only proteins known

to require this vitamin for their synthesis.

The process of blood coagulation is essential for hemostasis and, along with platelet

activation, involves a complex series of events (Figure 3.7) which lead to the generation of

thrombin by proteolytic activation of protease zymogens [136,137]. The vitamin K-dependent

clotting factors are involved in these activation and propagation events through membrane-

associated complexes with each other and with accessory proteins. These proteins are

characterized by an amino terminal domain which contains a number of glutamic acid

residues which have been posttranslationally converted to g-carboxyglutamyl residues (see

section Biochemical Role of Vitamin K). The Gla domain of the four vitamin K-dependent

procoagulants is very homologous, and the 10–13 Gla residues in each are in essentially the

same position as in prothrombin.

Following the discovery of Gla residues in vitamin K-dependent proteins, three more Gla

containing plasma proteins with similar homology were discovered. Protein C [138,139] and

protein S [140] are involved in a thrombin-initiated inactivation of factor Va, a clotting factor

which is not vitamin K-dependent, and therefore plays an anticoagulant rather than procoa-

gulant role in normal hemostasis [141]. In addition to the approximately 40 residue Gla

domain, the vitamin K-dependent proteins have other common features. The Gla domain of

prothrombin is followed by two kringle domains, which are also found in plasminogen, and a

serine protease domain. Factor VII, factor IX, factor X, and protein C contain two epidermal

growth factor domains and a serine protease domain, whereas protein S contains four

epidermal growth factor domains, but is not a serine protease. The function of protein Z

[142], the seventh Gla-containing plasma protein which is also not a protease zymogen, was

not known for some time, but has now been shown [143] to have an anticoagulant function

under some conditions. As these proteins play a critical role in hemostasis, they have been

extensively studied, the cDNA and genomic organization of each of them is well-documented

[144], and a large number of genetic variants of these proteins have been identified as risk

factors in coagulation disorders [145].

CALCIFIED TISSUE PROTEINS

The first vitamin K-dependent protein discovered that was not located in plasma was isolated

from bone [146,147]. This 49 residue protein contained 3 Gla residues, was called osteocalcin

(OC) or bone Gla protein (BGP), and had little structural homology to the vitamin

K-dependent plasma proteins. Although it is the second most abundant protein in bone,
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its function has been very difficult to define. Production of the biologically active Gla form of

osteocalcin can be blocked when rats are fed a diet containing the anticoagulant warfarin and

also given large amounts of vitamin K to maintain plasma vitamin K-dependent protein

Protein S

Prothrombin

Factor VII

Factor IX

Factor XFactor X

Thrombin

Fibrinogen Fibrin

TM

Protein C

Protein Ca

(Inactive)

(Inactive)

V

IIa Ca2+

Ca2+Ca2+

Ca2+Ca2+
PL PL

Ca2+

Ca2+
PL

Va

Xa

V

VIII

VIIIa

IIa

VIII

IIa
XIXIa

IXa

IIa

XIIa

VIIa

Tissue factor

Xa

FIGURE 3.7 Vitamin K-dependent clotting factors. The vitamin K-dependent procoagulants (gray

ovals) are zymogens of the serine proteases; prothrombin, factor VII, factor IX, and factor X. Coagu-

lation is initiated when they are converted to their active (subscript a) forms. This process can be

initiated by an extrinsic pathway when vascular injury exposes tissue factor to blood. The product of the

activation of one factor can activate a second zymogen, and this cascade effect results in the rapid

activation of prothrombin to thrombin and the subsequent conversion of soluble fibrinogen to the

insoluble fibrin clot. A number of steps in this series of activations involve an active protease, a second

vitamin K-dependent protein substrate, and an additional plasma protein cofactor (circles) to form a

Ca2þ-mediated association with a phospholipid surface. The formation of activated factor X can also

occur through an intrinsic pathway involving thrombin activation of factor XI and subsequently factor

IX. Two other vitamin K-dependent proteins participate in hemostatic control as anticoagulants, not

procoagulants. Protein C is activated by thrombin (IIa) in the presence of an endothelial cell protein

called thrombomodulin (TM). Protein C is then able to function in a complex with protein S to

inactivate Va and VIIIa and to limit clot formation.
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production. Using this protocol, no defects in bone were seen when bone osteocalcin was

decreased to about 2% of normal after 2 months, and fusion of the proximal tibia growth

plate was observed after 8 months [148,149]. These observations indicate that osteocalcin is

involved in some manner in the control of tissue mineralization or skeletal turnover. However,

osteocalcin gene knockout mice have been shown [150] to produce more dense bone rather than

a defect in bone formation. Some of the osteocalcin produced in bone does appear in plasma at

concentrations that are high in young children and approach adult levels at puberty.

A second low-molecular-weight (79 residue) protein with five Gla residues was also first

isolated from bone [151] and called matrix Gla protein (MGP). This protein is structurally

related to osteocalcin but is also present in other tissues and has been shown to be synthesized

in cartilage and many other soft tissues [152]. MGP has been difficult to study because of its

hydrophobic nature, relative insolubility, and tendency to aggregate. The details of this

physiological role are unclear, but it has been shown that MGP knockout mice die from

spontaneous calcification of arteries and cartilage [153], and arterial calcification has been

demonstrated in a warfarin-treated rat model [154]. Although evidence to support a specific

function in calcified tissues is lacking, the plasma protein, protein S, which is produced in the

liver, is also synthesized by bone cells.

OTHER VITAMIN K-DEPENDENT PROTEINS

A relatively small number of other mammalian proteins have now been shown to contain Gla

residues and are therefore dependent on vitamin K for their synthesis. The most extensively

studied isGas 6, a ligand for the tyrosine kinaseAx1 [155], which appears to be a growth factor for

mesangial and epithelial cells. The physiological function of the protein is not clearly defined, but

there are indications of its possible role in nervous system function [156], vascular cell function

[157], and platelet activation [158]. Two proline-rich Gla proteins (PRGP-1, PRGP-2) were

discovered [159] as integral membrane proteins with an extracellular amino terminal domain

that is rich in Gla residues. Subsequently, two other members of this transmembrane Gla protein

family (TMG-3 and TMG-4) have been cloned [160]. The specifics of the role of these cell-surface

receptors are not yet known. Vitamin K deficiency has been reported to alter brain sphingolipid

synthesis [121,161], but the mechanism of the response or the role that it plays in neural function

has not been clearly identified [162]. There have also been reports of other peptide-bound Gla

residues in mammalian tissues, but no specific proteins have been identified.

Vitamin K-dependent proteins are not confined to vertebrates, and a large number of the

toxic venom peptides secreted by marine Conus snails are rich in Gla residues [163]. Vitamin

K-dependent proteins have also been found in snake venom [164,165], and the carboxylase

has been cloned from a number of vertebrates, the Conus snail, a tunicate, zebrafish, and

drosophila [166–168], and has been identified in the genome of bacteria and archaea [169].

The strong sequence homology of the enzyme from these phyllogenetic systems suggests that

this posttranslational modification of glutamic acid is of ancient evolutionary origin, and that

numerous vitamin K-dependent proteins are yet to be discovered within the wide range of

organisms capable of synthesizing this modified amino acid.

BIOCHEMICAL ROLE OF VITAMIN K

DISCOVERY OF g-CARBOXYGLUTAMIC ACID

A period of approximately 40 years elapsed between the discovery of vitamin K and the

determination of its metabolic role. Beginning in the early 1960s, studies of prothrombin

production in humans and experimental animals eventually led to an understanding of the

metabolic role of vitamin K. Early theories that vitamin K controlled the production of
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specific proteins at a transcriptional level could not be proven, and alternate hypotheses were

considered. Involvement of an intracellular precursor in the biosynthesis of prothrombin was

first clearly stated by Hemker et al. [170] who postulated that an abnormal clotting time in

anticoagulant-treated patients was due to a circulating inactive form of plasma prothrombin.

It was subsequently demonstrated [171] that the plasma of patients treated with coumarin

anticoagulants contained a protein that was antigenically similar to prothrombin but lacked

biological activity. A circulating inactive form of prothrombin was first demonstrated in

bovine plasma by Stenflo [172], but it appears [173] to be present in low concentrations or

altogether absent in many other species. Other observations [174] were consistent with the

presence of a hepatic precursor protein pool in the hypoprothrombinemic rat that was rapidly

synthesized and that could be converted to prothrombin in a step that did not require protein

synthesis.

Studies of the inactive abnormal prothrombin [175] demonstrated that it contained

normal thrombin, had the same molecular weight and amino acid composition, but did

not adsorb to insoluble barium salts as did normal prothrombin. This difference, and the

altered calcium-dependent electrophoretic and immunochemical properties, suggested a

difference in calcium-binding properties of these two proteins that was subsequently

demonstratedbydirect calcium-bindingmeasurements. The critical difference in the twoproteins

was the inability of the abnormal protein to bind to calcium ions, which are needed for the

phospholipid-stimulated activation of prothrombin by factor Xa [176]. Acidic, Ca2þ-binding,

peptides could be isolated from a tryptic digest of the amino terminal domain of normal

bovine prothrombin but could not be obtained when similar isolation procedures were

applied to preparations of abnormal prothrombin. Stenflo et al. [177] succeeded in isolat-

ing an acidic tetrapeptide (residues 6–9 of prothrombin) and demonstrated that the glutamic

acid residues of this peptide were modified so that they were present as g-carboxyglutamic

acid (3-amino-1,1,3-propanetricarboxylic acid) residues (Figure 3.8). Nelsestuen et al. [178]

independently characterized g-carboxyglutamic acid (Gla) from a dipeptide (residues 33 and

34 of prothrombin), and these characterizations of the modified glutamic acid residues in

prothrombin were confirmed by Magnusson et al. [179], who demonstrated that all of the 10

Glu residues in the first 33 residues of prothrombin are modified in this fashion.
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FIGURE 3.8 The vitamin K-dependent carboxylase reaction. In the presence of reduced vitamin K, O2,

and CO2, the enzyme converts a protein-bound Glu residue to a g-carboxyglutamyl residue and

generates vitamin K-2,3-epoxide.
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VITAMIN K-DEPENDENT CARBOXYLASE

The discovery of Gla residues in prothrombin led to the demonstration [180] that crude rat

liver microsomal preparations contained an enzymatic activity (the vitamin K-dependent

carboxylase) that promoted a vitamin K-dependent incorporation of H14CO3
� into endogen-

ous precursors of vitamin K-dependent proteins present in these preparations. The fixed
14CO2 was present in Gla residues, and subsequent studies [181] established that detergent-

solubilized microsomal preparations retained this carboxylase activity. The same microsomal

preparations and incubation conditions that fixed CO2 would convert vitamin K to its 2,3-

epoxide [182] (Figure 3.8). In the solubilized preparation, small peptides containing adjacent

Glu–Glu sequences such as Phe–Leu–Glu–Glu–Val were substrates for the enzyme [183], and

they were used to study the properties of this unique carboxylase. The rough microsomal

fraction of liver was found to be highly enriched in carboxylase activity, and lower but

significant activity was found in smooth microsomes. These initial studies were consistent

with the hypothesis that the carboxylation event occurs on the lumenal side of the rough

endoplasmic reticulum [184].

A general understanding of the properties of the vitamin K-dependent carboxylase was

gained from studies using this crude detergent-solubilized enzyme preparation, and these data

have been adequately reviewed [185–189]. The vitamin K-dependent carboxylation reaction

does not require ATP, and the energy to drive this carboxylation reaction is derived from the

oxidation of the reduced, hydronaphthoquinone, form of vitamin K (vitamin KH2) by O2 to

form vitamin K-2,3-epoxide (Figure 3.8). The lack of a requirement for biotin and studies of

the CO2 or HCO3 requirement indicate that carbon dioxide rather than HCO3
� is the active

species in the carboxylation reaction. Studies of substrate specificity at the vitamin K-binding

site of the enzyme have shown that active substrates are 2-methyl-1,4-naphthoquinones

substituted at the 3-position with a rather hydrophobic group. Although some differences

in carboxylase activity can be measured, phylloquinone, MK-4, and the predominant intes-

tinal forms of the vitamin, MK-6 and MK-8, are all effective substrates. The 2-ethyl and des-

methyl analogs of the vitamin have little activity, and methyl substitution of the benzenoid

ring has little effect, or decreases substrate binding. The vitamin K antagonist, 2-chloro-3-

phytyl-1,4-naphthoquinone, is an antagonist of the enzyme, and the reduced form has been

shown to be a competitive inhibitor. Synthesis and assay of a large number of rather high Km

low-molecular-weight peptide substrates of the enzyme have failed to reveal any unique

sequences surrounding the Glu residue that are needed as a signal for carboxylation.

Normal functioning of the vitamin K-dependent carboxylase poses an interesting

question in terms of enzyme–substrate recognition. This microsomal enzyme recognizes a

small fraction of the total hepatic secretory protein pool and then carboxylates 9–12 Glu sites

in the first 45 residues of these proteins. Cloning of the vitamin K-dependent proteins has

revealed that the primary gene products contain a very homologous propeptide between the

amino terminus of the mature protein and the signal peptide [144]. This region appears to

be a docking or recognition site for the enzyme [190] and has also been shown [191] to be a

modulator of the activity of the enzyme by decreasing the apparent Km of the Glu site

substrate. Although the carboxylase-binding affinities of the propeptides for different

proteins differ significantly [192], propeptides are required for efficient carboxylation, and

glutamate-containing peptides with no homology to vitamin K-dependent proteins are sub-

strates for the carboxylase if a propeptide is attached [193,194].

The role of vitamin K in the overall reaction catalyzed by the enzyme is to abstract the

hydrogen on the g-carbon of the glutamyl residue to allow attack of CO2 at this position

coupled to conversion of the vitamin to its 2,3-epoxide. A number of studies [195–197]

that used substrates tritiated at the g-carbon of each Glu residue have defined the action

and the stoichiometry involved. The enzyme catalyzes a vitamin KH2 and O2-dependent, but
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CO2
�-independent, release of tritium from the substrate and at saturating concentrations

of CO2 there is an apparent equivalent stoichiometry between vitamin K-2,3-epoxide for-

mation and Gla formation. The mechanism by which epoxide formation is coupled to

g-hydrogen abstraction is key to a complete understanding of the role of vitamin K. The

enzyme has been shown to catalyze a vitamin KH2 and O2-dependent exchange of 3H from
3H2O into the g-position of a Glu residue, and this exchange reaction is decreased as the

concentration of HCO3
� in the media is increased. The reaction efficiency defined as the ratio

of Gla residues formed to g–C–H bonds cleaved has been shown to be independent of Glu

substrate concentrations, and to approach unity at high CO2 concentrations [198].

Experiments designed to identify an intermediate chemical form of vitamin K, which is

sufficiently basic to abstract the g-hydrogen of the glutamyl residue, have been a challenge.

The most likely hypothesis is that first proposed by Dowd et al. [199], who suggested that an

initial attack of O2 at the naphthoquinone carbonyl carbon adjacent to the methyl group

results in the formation of a dioxetane ring that generates an alkoxide intermediate. This

intermediate is hypothesized to be the strong base that abstracts the g-methylene hydrogen

and leaves a carbanion that can interact with CO2. Although the general scheme [200] shown

in Figure 3.9 is consistent with all of the available data, the mechanism remains a hypothesis

at this time.

A general understanding of the mechanism of action of the vitamin K-dependent carboxy-

lase was gained through studies of very impure preparations. Progress in purifying the enzyme

was slow, but the enzyme was eventually purified to near homogeneity and cloned [201].

OH

O−

O−

−O2C

−O2C
−O2C

−O2C

Glu

GlaVitamin K epoxide

Vitamin KH2

O−

CH3

R

OH

CH3

R

OH

O2

HO
HO

HO

O

O

H

H

NH

NH

O H
NH

CH2

CH2

CH2

H

CO2

H3C

C

C

H

HR

O
O

CH3

O

R

O

O

O

CH3

CH3

HS
+

OH−

R

R

O

O

O
CH3

O

R
−

−

FIGURE 3.9 The vitamin K-dependent g-glutamyl carboxylase. An interaction of O2 with vitamin KH2,

the reduced (hydronaphthoquinone) form of vitamin K, generates intermediates eventually leading to

an oxygenated metabolite that is sufficiently basic to abstract the g-hydrogen of the glutamyl residue.

The products of this reaction are vitamin K-2,3-epoxide and a glutamyl carbanion. Attack of CO2 on the

carbanion leads to the formation of a g-carboxyglutamyl residue (Gla). The bracketed peroxy, dioxe-

tane, and alkoxide intermediates have not been identified in the enzyme-catalyzed reaction but are

postulated based on model organic reactions. The available data are consistent with their presence.
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The carboxylase is a unique 758 amino acid residue protein with a sequence suggestive of an

integral membrane protein with a number of membrane-spanning domains in the N-terminus,

and a C-terminal domain located in the lumen of the endoplasmic reticulum. It has been

demonstrated that the multiple Glu sites on the substrate for this enzyme are carboxylated

processively as they are bound to the enzyme via their propeptide [202,203], while the Gla

domain undergoes intramolecular movement to reposition each Glu for catalysis, and that

release of the carboxylated substrate is the rate-limiting step in the reaction [204].

The membrane topology of the carboxylase has not yet been firmly established. The

amino acid sequence of the carboxylase indicates seven hydrophobic regions in the protein

[205], and it has been proposed that the enzyme has five transmembrane regions spanning the

endoplasmic reticulum [206]. Alternative models of the topology [207] are also possible, and

additional data are needed. To generate the strong vitamin K base needed to generate a

carbanion on the g-carbon of the Glu residue would require deprotonation of the reduced

form of the vitamin so that it could react with O2. For some time, the available data suggested

that specific active-site Cys residues performed this function, but more recent data indicate

that an activated His residue carries out this function during catalysis [208]. Further details of

progress in an understanding of the details of the action of this unique fat-soluble vitamin-

dependent reaction are available in recent reviews [207,209,210].

VITAMIN K-EPOXIDE REDUCTASE

The degradation of vitamin K-dependent proteins generates Gla residues which are not

metabolized but are excreted in the urine [211]. Human adult Gla excretion is in the range

of 50 mmol=day, indicating that a similar amount is formed each day. The average dietary

intake of vitamin K is only about 0.2 mmol=day, and a mole of vitamin is oxidized for each

mole of Gla formed. It is clear that the vitamin K 2,3-epoxide generated by the carboxylase

must be actively recycled, and the hepatic ratio of the epoxide relative to that of the vitamin is

increased in animals administered the 4-hydroxycoumarin anticoagulant warfarin [212]. This

suggested that warfarin inhibition of vitamin K action was indirect through an inhibition of

the enzyme called the vitamin K-epoxide reductase [213]. Blocking of the reductase prevents

the reduction of the epoxide to the quinone form of the vitamin and eventually to the

carboxylase substrate, vitamin KH2. Widespread use of warfarin as an anticoagulant roden-

ticide led to the appearance of strains of warfarin-resistant rats [214], and the study of the

activity of the epoxide redutcase in livers of these animals was key to an understanding

[215, 216] of the details of what is now referred to as the ‘‘vitamin K cycle’’ (Figure 3.10). Three

forms of vitamin K (the quinone (K), the hydronaphthoquinone (KH2), and the 2,3-epoxide

(KO)) can feed into this liver vitamin K cycle. In normal liver, the ratio of vitamin

K-2,3-epoxide to the less oxidized forms of the vitamin is about 1:10 but can increase to a

majority of epoxide in an anticoagulated animal. The quinone and hydronaphthoquinone

forms of the vitamin can also be interconverted by a number of NAD(P)H-linked reductases

including one that appears to be a microsomal-bound form of the extensively studied liver

DT-diaphorase activity. The epoxide reductase uses a sulfhydryl compound as a reductant

in vitro, but the physiological reductant has not been identified. Efforts to purify and charac-

terize the protein or proteins responsible for this enzyme activity from liver have not been

successful, and a clear understanding of the enzymatic mechanism of the reduction is not

available. Recent identification of the human and rat genes for the vitamin K epoxide reductase

[217,218] will aid in efforts to more completely understand this enzyme. It is not yet established

if the small, 18 kDa protein expressed by this gene is completely responsible for the observed

activity, or if other as-of-yet-unidentified proteins of the endoplasmic reticulum are needed

to form an active complex [219]. The presence of the identified gene in Drosophila and other

insects [220] suggests that this activity may be as widespread as the carboxylase. The importance
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of the epoxide reductase for the synthesis of vitamin K-dependent proteins is illustrated by

observations [204,221] that the production of reduced vitamin K by this enzyme rather than

the activity of the carboxylase is the rate-limiting step in the production of these important

proteins.

HEALTH IMPACTS OF ALTERED VITAMIN K STATUS

METHODOLOGY

The classical method used to define an inadequate intake of vitamin K was to measure the

plasma concentration of one of the vitamin K-dependent clotting factors: prothrombin

(factor II), factor VII, factor IX, or factor X. The various tests of clotting function used in

clinical practice, which are based on the activity of these factors, have been summarized [222].

Standard tests currently in use measure the time it takes recalcified citrated or oxalated

plasma to form a fibrin clot. The standard prothrombin time or PT (historically called a

quick prothrombin time) assay measures clotting times in plasma after the addition of

calcium and a lung or brain extract (thromboplastin) preparation to furnish phospholipids

and tissue factors. Variations of this assay have been developed, and commercial reagent kits

are available. The assay responds to the levels of prothrombin and factor VII and factor X,
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FIGURE 3.10 Tissue recycling of vitamin K. Vitamin K epoxide formed in the carboxylation reaction

is reduced to the quinone form of the vitamin by a warfarin-sensitive enzyme, the vitamin K epoxide

reductase. This reaction is driven by a reduced dithiol. The naphthoquinone form of the vitamin can

be reduced to the hydronaphthoquinone form either by the same warfarin-sensitive dithiol-driven

reductase or by one or more of the hepatic NADH- or NADPH-linked quinone reductases that are

less sensitive to warfarin.
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and as factor VII has the shortest half-life, it is likely that these one-stage prothrombin assays

often measure the level of factor VII rather than prothrombin. Specific assays for factor VII

and factor X are also available but are seldom used in studies of vitamin K sufficiency.

A number of snake venom preparations liberate thrombin from prothrombin and have been

used [173,223] to develop one-stage clotting assays more specific for prothrombin. The

enzymes in these preparations do not require that prothrombin be present in a calcium-

dependent phospholipid complex for activation, and they will therefore activate the descar-

boxyprothrombin formed in vitamin K-deficient animals. For this reason, they cannot be

used to monitor a vitamin K deficiency. As the vitamin K-dependent clotting factors are

serine proteases, chromogenic substrates can also be used to assay their activity. These assays,

when used to assay prothrombin activity, actually measure the concentration of thrombin

that has been generated from prothrombin by various methods [223]. Because of their relative

lack of sensitivity, these historical clotting factor assays have had little value in determining

vitamin K status.

Human vitamin K deficiency results in the secretion into the plasma of partially carboxy-

lated species of vitamin K-dependent proteins. Because they lack the full complement of

g-carboxyglutamic acid residues, their calcium-binding affinity is altered, and they can be

separated from normal prothrombin by alterations in their ability to bind to barium salts or

by electrophoresis. Antibodies that are specific for these abnormal prothrombins have been

developed and can also be used to detect vitamin K deficiency. These assays or similar

methods used to detect the concentration of under-g-carboxylated osteocalcin (ucOC) have

greatly increased the sensitivity with which a vitamin K deficiency can be detected [102].

Vitamin K status is also reflected in alterations of circulating levels of the vitamin, but these

values are subject to day-to-day variation based on recent intake of the vitamin. The

extremely low concentration of vitamin K in plasma made these measurements very difficult

at one time, but satisfactory HPLC methods for the determination of plasma or serum

phylloquinone have now been developed (see section Plasma and Tissue Concentrations of

Vitamin K). The amount of vitamin K found in normal plasma appears to be about 0.5 ng=ml,

and limited information on the response of circulating vitamin K to changes in dietary

vitamin K is currently available.

ADULT HUMAN DEFICIENCIES

The human population normally consumes a diet containing an amount of vitamin K in

excess of that needed to maintain normal hemostasis, but a vitamin K-responsive human

hypoprothrombinemia can sometimes be a clinically significant response. O’Reilly [28] has

reviewed the potential problem areas and has pointed out the basic factors needed to prevent

a vitamin K deficiency: (a) a normal diet containing the vitamin, (b) the presence of bile in the

intestine, (c) a normal absorptive surface in the small intestine, and (d) a normal liver. Cases

of an acquired vitamin K deficiency do, therefore, occur in the adult population and, though

relatively rare, present a significant problem for some individuals. It has usually been assumed

that a general deficiency in the population is not possible, but Hazell and Baloch [224] have

observed that a relatively high percentage of an older adult hospital-admitted population has

a hypoprothrombinemia that responds to administration of oral vitamin K. The basis for this

apparent increase in vitamin K requirement was not determined and was probably multi-

causal. Vitamin K-responsive hemorrhagic events have frequently been reported in patients

receiving antibiotics and have been extensively reviewed [225]. These episodes have usually

been assumed to be due to decreased menaquinone availability from the gut, but it is possible

that many cases may represent low dietary intake alone and that the presumed effect on gut

bacteria was not related to the hypoprothrombinemia. Some second- and third-generation

cephalosporins have been implicated in a large number of hypoprothrombinemic episodes
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[226], and it is likely that they are exerting a weak vitamin K-dependent carboxylase inhibi-

tion [227] or a coumarin-like response [228,229] which might be more important than an

influence on the gut bacterial population.

Experimentally induced vitamin K deficiencies that are sufficiently severe to reduce PT

measurements have been rare. An often cited study [230] investigated the vitamin K requirement

of starved intravenously fed debilitated patients given antibiotics to decrease intestinal

vitamin K synthesis. A significant degree of vitamin K-responsive hypoprothrombinemia

was clearly established in these subjects. More recently, a number of controlled studies using

diets containing approximately 10 mg=day or less of phylloquinone [100,231,232] have

demonstrated alterations using more sensitive markers of vitamin K status, but a clinically

significant decrease in PTs was not seen.

ANTICOAGULANT THERAPY

A vitamin K deficiency acquired by treatment with oral anticoagulants is a common occur-

rence. Inhibition of the vitamin K epoxide reductase by warfarin results in the secretion to the

plasma of vitamin K-dependent proteins lacking all or a portion of the normal number of Gla

residues. The relationship between the concentration of various partially g-carboxylated

clotting factors and the response seen in the assays used to monitor warfarin therapy is not

yet clear. The magnitude of the anticoagulant effect produced by a given dose of warfarin

varies by as much as 20-fold between individuals and may vary substantially in an individual

patient over time. Drug interactions have been found to be responsible for some of this

variation, and drugs have been shown to: alter displacement of warfarin from its plasma

albumin carrier; induce the hepatic P450 that metabolizes warfarin; interfere with warfarin

clearance; or bind to warfarin in the gut. Alterations of vitamin K intake or absorption can

also alter warfarin efficacy [233,234], and genetic variability is also undoubtedly important.

Polymorphisms of the reductase gene itself [235,236] or of the P450 variant CYP2C9 [237]

appear to be responsible for most of the variation in effective warfarin dose. In extreme cases,

a genetic alteration of the warfarin sensitivity of the epoxide reductase has been shown to

result in an enzyme that is very difficult to inhibit to a desired therapeutic level [238].

The anticoagulant effect of warfarin therapy is monitored by measurement of the PT,

a measure of combined procoagulant status rather than a true measure of prothrombin

activity. As thromboplastin reagents vary widely in their sensitivity to depressed levels of

various clotting factors, plasma from a warfarin-treated patient may yield very different PTs

when tested with different thromboplastins. To overcome this problem, the international

normalized ratio (INR) is now used as a standardized method for reporting PT results. The

INR allows interconversion of PT ratios (patient PT=mean normal PT) by use of an inter-

national sensitivity index (ISI) that corrects for differences in thromboplastin sensitivities.

The goal of anticoagulant therapy is steady-state levels of vitamin K-dependent procoagu-

lants in the range of 20%–30% of normal, which would be an INR of 2–3 [239]. The most

common complication of anticoagulant therapy, bleeding, is directly related to the INR with

few bleeds at a stable INR less than 4.0 and a relatively high incidence with INR greater than

7.0. Overanticoagulation can be brought back to the desired level by lowering the warfarin

dose, or if severely out of range by s.c. or even slow i.v. infusion of phylloquinone.

HEMORRHAGIC DISEASE OF THE NEWBORN

Hemorrhagic disease of the newborn or early vitamin K deficiency bleeding (VKDB) occur-

ring during the first week of life in healthy appearing neonates [240] is the classic example of a

human vitamin K deficiency. The low vitamin K content of breast milk, low placental transfer
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of phylloquinone, low clotting factor levels, and a sterile gut all contribute to the disease.

Although the incidence is low, the mortality rate from intracranial bleeding is high, and

prevention by oral or intramuscular administration of vitamin K immediately following birth

is the standard cure. Late VKDB is a syndrome occurring between 2 and 12 weeks of age

predominantly in exclusively breastfed infants [52,241] or infants with severe intestinal

malabsorption problems. Although oral administration of vitamin appears to be as effective

as parenteral administration to prevent early VKDB, it may not be as effective for preventing

late VKDB. A report in the early 1990s [242] suggested that intramuscular injection of

vitamin K to infants was associated with an increased incidence of certain childhood cancers.

This led to a switch to oral administration of vitamin K in some countries and an increase in

the incidence of late VKDB. Subsequent studies have failed to show a correlation between the

use of intramuscular vitamin K and the incidence of childhood leukemia or other cancers

[243,244]. The current recommendations of the American Academy of Pediatrics [245] advise

that ‘‘vitamin K (phylloquinone) should be given to all newborns as a single, intramuscular

dose of 0.5 to 1 mg.’’

POSSIBLE ROLE IN SKELETAL AND VASCULAR HEALTH

Osteocalcin, MGP, and protein S are all known to be synthesized in bone. Because of its

relatively high concentration in bone, attention has been directed toward osteocalcin as a

possible factor in bone health. Small amounts of this protein circulate in plasma at concen-

trations that are fourfold to fivefold higher in young children than in adults, and reach the

adult levels at puberty.

Some of the circulating osteocalcin in individuals within the normal population is not

completely g-carboxylated, and the extent of undercarboxylation can be influenced by

vitamin K status [232,246,247]. An immunochemical assay for the des-g-carboxylated form

of osteocalcin is available, but most studies have defined ucOC as a fraction that does not

adsorb to hydroxyapatite under standard conditions [248]. Depending on assay conditions

and the specific epitopes detected by the assay kits used, the fraction of ucOC reported in

normal healthy populations has ranged from 30%–40% to <10%. These data have established

that the normal dietary intake of vitamin K is not sufficient to maximally g-carboxylate

osteocalcin, and it has been shown [249] that supplementation with 1 mg phylloquinone=day

(~10� the current RDI) is required to achieve maximal g-carboxylation. Attempts to link this

apparent marker of vitamin K insufficiency with bone health have included epidemiological

observations that a low vitamin K intake is associated with increased hip fracture risk

[250,251] and reports that ucOC is correlated with low bone mass [252]. These associations

do not necessarily imply causation, and they might simply be surrogate markers of general

nutrient deficiencies. Patients receiving oral anticoagulant therapy have very high circulating

ucOC levels, but attempts to correlate this treatment with alterations in bone mineral density

have not yielded consistent outcomes [253].

At present, there is no clear evidence to support a link between increased ucOC and

decreased mineralization. When g-carboxylation of osteocalcin is effectively blocked in a rat

model [149], a mineralization disorder characterized by complete fusion of proximal tibia

growth plate and cessation of longitudinal growth has been observed. These data suggest that

a skeletal vitamin K-dependent protein, probably osteocalcin, is involved in regulating bone

mineralization, but does not indicate that low vitamin K status would decrease mineraliza-

tion. Studies using transgenic mice lacking the osteocalcin gene [150] have demonstrated that

the phenotype is increased bone mineralization rather than a decrease of bone mass.

Although near-maximal carboxylation of osteocalcin does not appear to be needed for

normal bone mineralization, supplementation with one form of the vitamin, MK-4, is a

common therapy for osteoporosis in Japan and other Asian countries. The standard therapy
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is 45 mg of MK-4=day, a pharmacological rather than a nutritional approach. Positive

responses in bone mineral density at specific sites or reduction in fracture rates of postmeno-

pausal osteoporotic women have been reported [254,255], and MK-4 has been reported [256,257]

to increase markers of bone formation or to increase bone mineral density in experimental

animals or human subjects. The response to administration of a similar pharmacological dose

of phylloquinone has not been studied, although supplementation of 1 mg phylloquinone=day

to postmenopausal women between 50 and 60 years of age for 3 years has been reported [258]

to marginally reduce (P < 0.05) the decrease in bone mineral density of the femoral neck. The

decrease in mineral loss from the lumbar spine in this study was not altered by phylloquinone

supplementation. MK-4 has effects on cultured bone cells that are not seen with phylloquin-

one [259] and has apoptotic effects on malignant cell lines [260] that are seen by other

medium-chain-length menaquinones, but not by phylloquinone. MK-4 has also been identi-

fied as a ligand for the steroid xenobiotic receptor in bone cells [261], where it influences the

expression of osteoblastic markers. Although most cells appear to obtain MK-4 by synthesis

[124,262], it is possible that high doses do have an effect on bone cells that would explain the

responses reported. Efforts to reproduce the ability of MK-4 to decrease bone loss have been

studied in rat models, with success in some studies [263,264] but not in others [265]. Studies of

the efficacy of 45 mg of MK-4 in maintaining the skeletal health of women in North America

or Western Europe have not yet been reported, and it is likely that a clear understanding of

the influence of vitamin K status on bone health will require substantially more study.

Studies of the MGP knockout mouse indicated that these animals died from massive

calcifications of the large arteries within 8 weeks of birth [153], and a rapid calcification of the

elastic lamellae of arteries and heart valves has been seen in a rat model in which MGP

carboxylation was blocked [154]. Calcification of vascular smooth muscle cells appears to be

associated with chondrocyte differentiation and cartilage formation [266], and it has been

reported that the ability of g-carboxylated MGP to prevent soft tissue calcification is

mediated through an interaction with cellular growth factors [267,268]. It has been found

[269] that mutations in the MGP are associated with the phenotype of the Keutel syndrome, a

rare autosomal recessive condition characterized by abnormal cartilage calcification. The

action of MGP requires the g-carboxylated form, and studies of the relationship between

aortic calcification and phylloquinone [270] or total vitamin K [271] intake have shown no

relationship or slightly lower aortic calcification in subjects with a lower vitamin K intake.

A much larger epidemiological study has shown, however, an inverse relationship between

dietary menaquinone and aortic calcification, myocardial infarction, and sudden cardiovas-

cular death [272]. There are, however, no data to link a low intake of menaquinone to under-

g-carboxylation. Whether or not individuals with low vitamin K status, or more specifically a

low intake of menaquinones, are at risk for cardiovascular disease is not yet clear, and a great

deal of additional data would be needed to classify low vitamin K status as a risk factor for

cardiovascular disease.

OTHER FACTORS INFLUENCING VITAMIN K STATUS

Although it is easily demonstrated that the vitamin K requirement of the rat is greatly

increased under germ-free conditions [273], the significance of the utilization of gut mena-

quinones by humans has been difficult to quantitate. Dietary butylated hydroxytoluene has

been reported [274] to cause a hemorrhagic condition in rats that can be cured by vitamin K

supplementation, but the mechanism of this response has not been clarified. Phenobarbital

and diphenylhydantoin administration to pregnant women has been reported [275] to pro-

duce a vitamin K-responsive hemorrhage in the newborn.

Early studies of vitamin K requirements indicated that female rats had a lower vitamin K

requirement, and nutritional deficiencies are much more readily produced in male rats.
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Castration of both sexes unifies that vitamin K response, and in the castrated rat, prothrom-

bin concentrations can be increased with estrogens and decreased with androgens [276]. The

available evidence suggests that the influence of estrogens on rate of synthesis is reflected in a

higher rate of synthesis and accumulation of prothrombin precursors in the microsomes

[277,278]. Hypothyroidism in humans results in a decrease in both the rate of synthesis and

the destruction of the vitamin K-dependent clotting factors [279], and it is likely that these

hormonal effects are related to rates of synthesis of the proteins involved rather than to any

effect on vitamin K metabolism.

Early studies of vitamin K function [280] established that the inclusion of mineral oil in

diets prevented its absorption, and mineral oil has often been used in vitamin K-deficient

diets. High dietary vitamin A has also been recognized for some time to adversely influence

vitamin K action [281]. Whether this is a general effect on nonpolar lipid absorption or a

specific vitamin K antagonism is not clear, but it can be observed at relatively low dietary

levels of retinol acetate and retinoic acid. Administration of D-a-tocopherol hydroquinone

has been shown to produce a vitamin K-responsive hemorrhagic syndrome in the pregnant rat

[282], and the addition of vitamin E to the diet of a patient on coumarin anticoagulant

therapy has been reported [283] to result in a hemorrhagic episode. This suggests that this

interaction may be of clinical significance, and it is possible that high vitamin E intakes may

exacerbate a borderline vitamin K deficiency. The vitamin K-dependent carboxylase is

competitively inhibited by vitamin E, and there are indications that the a-tocopherol quinone,

rather than a-tocopherol [284,285], may be the causative agent. More recent studies [286]

using a rat model have indicated that vitamin E may adversely influence vitamin K absorp-

tion as well as inhibiting the carboxylase.

VITAMIN K REQUIREMENTS

ANIMALS

The establishment of a dietary vitamin K requirement for various species has been difficult

because of the varying degrees to which they use the large amount of vitamin K synthesized

by intestinal bacteria and the degree to which different species practice coprophagy.

A spontaneous deficiency of vitamin K was first noted in chicks, and poultry are much

more likely to develop symptoms of a dietary deficiency than any other species. This has

usually been assumed to be due to the rapid transit rate of material through the relatively

short intestinal tract of the chick or to limited synthesis of menaquinones in this species. A

more recent study [287] suggests that limited recycling of vitamin K because of low epoxide

reductase activity may be the cause of the increased requirement.

Ruminal microorganisms synthesize large amounts of vitamin K, and ruminants do not

appear to need a source of vitamin in the diet. Deficiencies have, however, been produced in

most monogastric species. Estimations of vitamin K requirements by different workers are

difficult to compare. The majority of the data are old, different forms of the vitamin were

used, and different methods were employed to establish the requirement. Phylloquinone has

been used for most experimental nutrition studies, whereas other forms of vitamin K are

usually used in practical rations. Menadione is usually considered to be from 20% to 40% as

effective as phylloquinone on a molar basis, but this depends a great deal on the type of assay

that is used. It is rather ineffective in a curative assay, where the rate of its alkylation to

menaquinone-4 is probably the rate-limiting factor, but often shows activity nearly equal to

phylloquinone in a long-term preventive assay. Commercial livestock rations usually use a

water-soluble form of menadione, such as MSBC. This compound appears to be about as

active on a molar basis as phylloquinone in poultry rations, and at least in this species, the

activity of menadione, MSBC, and phylloquinone is roughly equal on a weight basis.
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Detailed discussions of the vitamin K requirements of various species are available

[281,288,289]. The data indicate that the requirement for most species falls in a range of

2–200 mg vitamin K=kg body weight=day. The data in Table 3.3, which have been adopted

froma table presented byGriminger [289], give an indication of themagnitude of the requirement

for various species. It should be remembered that this requirement can be altered by age, sex, or

strain, and that any condition influencing lipid absorption or conditions altering intestinal flora

will have an influence of these values. A considerably higher level of dietary vitamin K has

been recommended for most laboratory animals by the National Academy of Sciences [290].

Recommendations formost species are in the range of 3000 mg=kg of diet, but the rat requirement

has been set at 50 mg=kg. Although this level is sufficient in most cases, it does not prevent all

signs of deficiency [106], and the American Institute of Nutrition [291] has now recommended

that purified diets for laboratory rodents should have 750 mg of phylloquinone added to each

kilogram of diet.

HUMANS

The most recent values for vitamin K intake were established in 2001 as part of the compre-

hensive dietary reference intakes (DRI) project of the Food and Nutrition Board=Institute of

Medicine and have been published by the National Academy of Sciences [63]. There are ample

data to establish that very few, if any, individuals consume sufficient vitamin K to maximally

g-carboxylate their circulating osteocalcin and that supplementation with about 1 mg=day of

phylloquinone is needed to achieve this response. As there appears to be no clinical significance

of this apparent deficiency, this index of adequacy was not used to set a reference value.

The only indicator of vitamin K status with clinical significance is the PT, and alterations

in the PT by changes in dietary intake alone are uncommon to nonexistent. As circulating

phylloquinone concentration is very dependent on previous day intakes, it is also not a

satisfactory indicator of an adequate intake (AI). Intakes of vitamin K that are in the range

of 10% of normal have been demonstrated under controlled conditions to result in decreases

in urinary Gla excretion and increases in under-g-carboxylated prothrombin which can be

measured by a commercially available immunoassay. However, no studies using a range

of intakes that would allow the calculation of an estimated average requirement (EAR)

based on these markers are available. Reports that might implicate bone or vascular health

(see section Hemorrhagic Disease of the Newborn) to alterations in vitamin K status also

TABLE 3.3
Vitamin K Requirements of Various Species

Species

Daily Intake

(mg=kg=day)

Dietary Concentration

(mg=kg diet)

Dog 1.25 60

Pig 5 50

Rhesus monkey 2 60

Rat, male 11–16 100–150

Chicken 80–120 530

Turkey poult 180–270 1200

Note: Data have been summarized from a more extensive table [289] and are

presented as the amount of vitamin needed to prevent the development of a

deficiency. No correction for differences in potency of equal weights of different

forms of the vitamin has been made.
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fail to provide the data needed to establish an EAR. If available data allow the determination

of an EAR, the historical term used to indicate nutrient requirements, the recommended

dietary allowance (RDA), can be calculated. As sufficient data to determine an EAR are

not available, the RDI currently in use is the AI for different age groups shown in Table 3.4.

The value is defined as ‘‘the recommended average daily intake level based on observed

or experimentally determined approximations or estimates of nutrient intake by a group or

groups of apparently healthy people that are assumed to be adequate.’’ AIs of infants

are based on the phylloquinone content of human milk and assume that infants also receive

prophylactic vitamin K at birth. AIs for children, adolescents, and adults are based on

the highest median intake for each age group reported by NHANES III. Based on those

data, the intakes of pregnant or lactating women do not differ from those of the general

population.

EFFICACY AND HAZARDS OF PHARMACOLOGICAL DOSES OF VITAMIN K

No hazards attributed to the long-term ingestion of elevated amounts of the natural forms of

vitamin K have been reported [292,293]. For treatment of prolonged clotting times when

hemorrhage is not a problem, vitamin K can be given orally or parenterally. If given orally to

patients with impaired biliary function, bile salts should also be administered. Vitamin K1 is

available as the pure compound or as an aqueous colloidal solution that can be given

intramuscularly or intravenously. Some adverse reactions have been noted following intra-

venous administration, and unless a severe hemorrhagic episode is present, intramuscular

injection is the recommended route of therapy. Effective therapy requires synthesis of normal

clotting factors, and a number of hours may be necessary before a substantial decrease in

clotting times is apparent.

The relative safety of phylloquinone and, presumably, menaquinones does not hold for

menadione or its water-soluble derivatives. These compounds can be safely used at low levels

to prevent the development of a deficiency but should not be used as a pharmacological

treatment for a hemorrhagic condition. Although once prescribed for treatment of the

hemorrhagic disease of the newborn, these compounds are known to react with free sulfhy-

dryl groups of various tissues and to cause hemolytic anemia, hyperbilirubinemia, and

kernicterus. This marked increase in conjugated bilirubin is extremely toxic to the neonatal

brain and has caused death in some instances [292].

TABLE 3.4
Adequate Intakes of Vitamin K

Population Vitamin K (mg=day)

0–6 Month old infants 2.0

7–12 Month old infants 2.5

1–3 Year old children 30

4–8 Year old children 55

9–13 Year old boys and girls 60

14–18 Year old boys and girlsa 75

19 to >70 Year old men 120

19 to >70 Year old womena 90

Note: Food and Nutrition Board, IOM [63].

a No alteration of intake for pregnancy or lactation.
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INTRODUCTION

Vitamin E is unique because it remains a vitamin without a specific function. Other vitamins

are cofactors, hormones, or have specific roles in metabolism. Vitamin E deficiency symptoms

are varied because the major function of vitamin E is that of a lipid-soluble antioxidant.

Therefore, vitamin E deficiency symptoms are dependent on a-tocopherol content, uptake

and turnover, as well as susceptibility to and the degree of oxidative stress in a given tissue.

Furthermore, vitamin E concentrations depend on the presence of other antioxidants to

maintain a-tocopherol in its unoxidized state (1).

Importantly, vitamin E’s antioxidant function cannot be fulfilled by just any anti-

oxidant. Specifically, only a-tocopherol meets human vitamin E requirements (2). Plasma

a-tocopherol is controlled by the hepatic a-tocopherol transfer protein (a-TTP) (3,4) and,

in humans, a genetic defect in a-TTP results in severe vitamin E deficiency (5). a-TTP is

necessary for the facilitated transfer of a-tocopherol from the liver to the plasma (6,7).

This chapter describes vitamin E structures, antioxidant function, lipoprotein transport,

and delivery to tissues. Requirements, intake, human deficiency symptoms, and the role of

vitamin E in the prevention of chronic disease are discussed.

HISTORY

Vitamin E deficiency in rats fed rancid fat was first described in 1922 by Evans and Bishop

(8). In 1936, Evans et al. (9) isolated vitamin E from wheat germ and named this factor, ‘‘a-

tocopherol;’’ a name derived from the Greek ‘‘tokos’’ (offspring) and ‘‘pherein’’ (to bear) with

an ‘‘ol’’ to indicate that it was an alcohol. Subsequently, b-tocopherol and g-tocopherol were

isolated from vegetable oils (10), demonstrating that various forms of vitamin E exist, but

that a-tocopherol is the most effective form in preventing vitamin E deficiency symptoms.

Today, it seems likely that the minor a-tocopherol contaminant in these vitamin E prepar-

ations provided their vitamin E biologic activity.

Specific vitamin E deficiency symptoms (e.g., fetal resorption, muscular dystrophy, and

encephalomalacia) were observed in experimental animals fed vitamin E-deficient diets (11).

The most popular, though most tedious and time-consuming, assay for the biologic activity of

vitamin E is the fetal resorption assay (11). Here, vitamin E-depleted virgin female rats are

mated with normal males. After successful mating, various levels of single vitamin E forms are

fed in several divided doses to the females, which are killed 20–21 days after mating. The

number of living, dead, and resorbed fetuses are counted and the percentage of live young

determined. Thus, the vitamin E biologic activity depends on the amount necessary to

maintain the maximum number of live fetuses. The results of this assay remain in use today

to define the international units (IUs) of vitamin E activity.

Horwitt (12,13) attempted to induce vitamin E deficiency in men by feeding a diet low in

vitamin E (2–4 mg a-tocopherol) for six years to volunteers at the Elgin State Hospital in

Illinois. After about two years, their serum vitamin E levels decreased into the deficient range.

Although their erythrocytes were more sensitive to peroxide-induced hemolysis, overt anemia

did not develop. The data from the Horwitt study was used in 2000 to set the recommended

dietary allowance (RDA) for vitamin E (2). These latest RDAs are discussed later.

STRUCTURES AND ANTIOXIDANT CHEMISTRY

STRUCTURE

Vitamin E is the name for molecules with a-tocopherol antioxidant activity, including all

tocol and tocotrienol derivatives (14). These antioxidants include four tocopherols and four
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tocotrienols, which have similar chromanol structures: trimethyl (a-), dimethyl (b- or g-), and

monomethyl (d-). Tocotrienols differ from tocopherols in that they have an unsaturated tail.

However, in 2000, the Food and Nutrition Board (FNB) (2) defined a-tocopherol as the only

form that meets human vitamin E requirements, because only a-tocopherol has been shown

to reverse human vitamin E deficiency symptoms.

Unlike most other vitamins, chemically synthesized a-tocopherol is not identical to the

naturally occurring form. a-Tocopherol synthesized by condensation of trimethyl hydroquinone

with racemic isophytol (15) contains eight stereoisomers, arising from the three chiral centers

(2,40, and 80, Figure 4.1), and is designated all-rac-a-tocopherol (incorrectly called D,L-a-

tocopherol). The FNB (2) defined that only 2R-a-tocopherol forms meet human vitamin E

requirements. Thus, only half of the stereoisomers in all-rac-a-tocopherol meet the vitamin

E requirement.

Vitamin E supplements often contain a-tocopherol esters, including a-tocopheryl acetate,

succinate, or nicotinate. The ester form is not an antioxidant and thus has a long shelf life.

Vitamin E esters are readily hydrolyzed in the gut and are absorbed as a-tocopherol (16).

NOMENCLATURE

The FNB (2) definition of vitamin E has led to confusion about vitamin E units. The vitamin E

unit currently used on supplement labels was defined by the U.S. Pharmacopoeia (17). The IU

of vitamin E equals 1 mg all-rac-a-tocopheryl acetate, 0.67 mg RRR-a-tocopherol, or 0.74 mg

RRR-a-tocopheryl acetate. However, the FNB (Table 6.1 in (2)) defined the vitamin E

requirement in milligrams of 2R-a-tocopherol and provided conversion factors, such that

all-rac is equal to 1=2 RRR-a-tocopherol. To estimate the number of milligrams of

2R-a-tocopherol, IU all-rac-a-tocopherol (or its esters) must be multiplied by 0.45; whereas IU

RRR-a-tocopherol (or its esters) is multiplied by 0.67.

CHEMICAL PROPERTIES

All vitamin E forms act as lipid-soluble chain-breaking antioxidants (18). Vitamin E is a

potent peroxyl radical scavenger and especially protects PUFA within phospholipids of

biological membranes and in plasma lipoproteins. When lipid hydroperoxides are oxidized

to peroxyl radicals (ROO.), these react 1,000 times faster with vitamin E (Vit E-OH) than

with PUFA (RH) (19). The chromanol hydroxyl group reacts with a peroxyl radical to form a

hydroperoxide and the chromanoxyl radical (Vit E-O.):

R1 R2 R3

α CH
3

CH
3

CH
3

β CH3

CH3 CH3

CH3

CH3

γ H 

H 

H δ H 

O

HO

R3
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CH3

CH3

CH3CH3CH3
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Tocotrienol
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CH3
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FIGURE 4.1 Vitamin E structures are shown. The methyl groups on the chromanol head determine

whether the molecule is a-, b- or g-, or d-, while the tail determines whether the molecule is a tocopherol

or a tocotrienol.
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In the presence of vitamin E, ROO.þ Vit E-OH! ROOHþ Vit E-O.

In the absence of vitamin E, ROO.þ RH! ROOHþ R.

R.þ O2! ROO.

In this way, vitamin E acts as a chain-breaking antioxidant, preventing further autooxidation

of lipids.

ANTIOXIDANT NETWORK

Vitamin E interacts with other antioxidants to remain in the unoxidized form. The chroma-

noxyl radical Vit E-O. reacts with vitamin C (or other reductants serving as hydrogen donors,

AH), oxidizing the other antioxidant and reducing vitamin E.

Vit E-O.þ AH! Vit E-OH þ A.

Biologically important antioxidants that regenerate chromanols from chromanoxyl radicals

include ascorbate (vitamin C) and thiols, especially glutathione. Various metabolic processes

can then reduce these other antioxidants. This phenomenon has led to the idea of vitamin E

recycling, where vitamin E is restored by other antioxidants. Since the a-tocopheroxyl radical

can readily be reduced to a-tocopherol, the amount of vitamin E that is recycled is likely

much larger than the amount that is further oxidized.

OXIDIZED VITAMIN E

The primary oxidation product of a-tocopherol is a-tocopheryl quinone, which can be

conjugated to yield the glucuronide after reduction to the hydroquinone. The glucuronide

can be excreted into bile or further degraded in the kidneys to a-tocopheronic acid, which is

excreted in the urine (20). Other oxidation products, including dimers and trimers, as well as

other adducts have also been described (18).

Specific vitamin E oxidation products have been generated in vitro (21,22). These include

4a,5-epoxy- and 7,8-epoxy-8a(hydroperoxy)tocopherones and their respective hydrolysis

products, 2,3-epoxy-tocopherol quinone and 5,6-epoxy-a-tocopherol quinone. However,

these products are formed during in vitro oxidation; their importance in vivo is unknown.

PHYSIOLOGIC RELATIONSHIPS

ABSORPTION

The absorption of vitamin E from the intestinal lumen is dependent on processes necessary

for fat digestion and uptake into enterocytes (23). Pancreatic esterases are required for release

of free fatty acids from dietary triglycerides. Esterases are also required for the hydrolytic

cleavage of tocopheryl esters, present in dietary supplements. Bile acids, monoglycerides, and

free fatty acids are important components of mixed micelles. Bile acids are required for the

formation of mixed micelles and are essential for vitamin E absorption. In the absence of both

pancreatic and biliary secretions, only negligible amounts of vitamin E are absorbed. Thus,

human vitamin E deficiency occurs as a result of fat malabsorption (24).

The bioavailability of vitamin E appears also to be dependent on the fat content of the

meal. Hayes et al. (25) reported that plasma a-tocopherol concentrations doubled when

a-tocopheryl acetate (100–200 mg=day) was provided as a microdispersion in milk, compared

with providing the same dose in orange juice. Vitamin E absorption is relatively poor when it

is consumed without fat, as was observed when vitamin E pills were consumed without food (26).
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It is well known that increasing dietary fat increases absorption of vitamin E supplements

(26,27). Roodenberg et al. (28) suggested that a 3% fat intake was sufficient for optimal

vitamin E bioavailability. However, they measured bioavailability as increased plasma

a-tocopherol concentrations following one week of supplementation with 50 mg a-tocopherol

in either 50 g of a low- or high-fat spread, such that hot meals contained either less than

6.5 g fat or less than 45 g fat. Thus, dissolving the vitamin E in the spread may have allowed

normal vitamin E absorption.

During fat absorption, enterocytes synthesize chylomicrons that contain triglycerides, free

and esterified cholesterol, phospholipids, and apolipoproteins (especially apolipoprotein

[apo] B48). In addition, fat-soluble vitamins, carotenoids, and other fat-soluble dietary

components are incorporated into chylomicrons. Chylomicrons are then secreted into the

lymph. The movement of vitamin E through the absorptive cells is not well understood; no

intestinal TTPs have been described. Even in healthy individuals, the efficiency of vitamin E

absorption is low (<50%). Recent findings in the cholesterol field suggest that lipid-soluble

nutrient absorption may be modulated by adenosine triphosphate-binding cassette (ABC)

transporters, nuclear receptors, and various intracellular trafficking proteins (29).

Often it is assumed that differences in plasma concentrations of various forms of vitamin

E result from differences in the degree of intestinal absorption, but this is not the case.

Discrimination between forms of vitamin E does not occur during their absorption by the

intestine and their secretion in chylomicrons (30,31). Thus, all dietary forms of vitamin E are

absorbed and secreted into chylomicrons.

LIPOPROTEIN TRANSPORT

During chylomicron catabolism by lipoprotein lipase in the circulation, some of the newly

absorbed vitamin E is transferred to high-density lipoproteins (HDL) and some remains with

the chylomicron remnants. Because HDL readily transfer vitamin E to other lipoproteins, the

newly absorbed vitamin E is distributed to all of the circulating lipoproteins. Although the

process can occur spontaneously, the phospholipid transfer protein (PLTP) may also be

involved. PLTP catalyzes vitamin E exchange between lipoproteins at a rate that represents

transfer of approximately 10% of the plasma vitamin E=h (32).

Chylomicron remnants are taken up by the liver, delivering the newly absorbed vitamin E.

The liver repackages dietary fats, secreting them into the plasma in very low density lipopro-

teins (VLDL). Unlike other fat-soluble vitamins, which have specific plasma transport

proteins, vitamin E is transported nonspecifically in lipoproteins in the plasma. However,

plasma vitamin E concentrations do depend on a-tocopherol secretion from the liver (33).

Additionally, the newly absorbed vitamin E appears to be preferentially secreted into

the plasma from the liver (34). Thus, the liver, not the intestine, discriminates between

tocopherols.

TISSUE DELIVERY

No plasma-specific vitamin E transport proteins have been described, but rather mechanisms

of lipoprotein metabolism determine the delivery of vitamin E to tissues. There are at least

three major routes by which tissues likely acquire vitamin E: (i) via lipoprotein lipase-

mediated lipoprotein catabolism, (ii) via lipoprotein receptors, and (iii) mediated by mem-

brane lipids transporters. In addition, vitamin E rapidly exchanges between lipoproteins, and

between lipoproteins and membranes.

Delivery of vitamin E from both chylomicrons and VLDL is likely mediated by lipopro-

tein lipase. This mechanism may be particularly important for tissues that express lipoprotein

lipase, such as adipose tissue, muscle, and brain. Sattler et al. (35) tested this hypothesis
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directly by overexpressing lipoprotein lipase in mouse muscle and found increased delivery of

a-tocopherol to the muscle.

Another important mechanism for the delivery of tocopherols to tissues is via the LDL

receptor (24). Other lipoprotein receptors are also involved in tissue uptake of tocopherols.

The scavenger receptor-BI (SR-BI) mediates transfer of lipids from HDL, whereas the protein

is released into the circulation (36). Apparently, SR-BI similarly delivers vitamin E from

HDL to cells. HDL are major a-tocopherol transporters to lung (37–40), brain (41,42), and

liver (43).

Vitamin E delivery by HDL to the liver appears analogous to reverse cholesterol transport

(44), in that HDL via SR-BI deliver vitamin E for excretion into bile (45). Vitamin E-deficient

rats increase liver SR-BI suggesting that SR-BI is regulated by a-tocopherol (43). Increased

SR-BI would serve to increase vitamin E delivery to the liver.

ABCA1 is an ABC transporter that transfers cholesterol and phospholipids to HDL.

ABCA1 is also responsible for the cellular secretion of a-tocopherol (46). Mice lacking ABCA1

have severe a-tocopherol deficiency (47). Clearly, ABCA1 is important in a-tocopherol

trafficking, and its physiologic role appears to be involved in cellular tocopherol efflux;

but further investigations into its role in regulating tissue vitamin E concentrations are

warranted.

STORAGE SITES

No organ functions as an a-tocopherol storage site, releasing it on demand (24). More than

90% of the human body a-tocopherol is located in the adipose tissue. It has been estimated

that more than two years are required to reach new steady state levels in response to changes

in dietary intake (48). Thus, the analysis of adipose tissue a-tocopherol content is a useful

estimate of long-term vitamin E intakes. El-Sohemy et al. (49) reported in nearly 500 Costa

Rican subjects that adipose tissue g-tocopherol concentrations were related to dietary

g-tocopherol intakes; whereas adipose tissue a-tocopherol concentrations were not related

to intakes. Nonetheless, adipose tissue a-tocopherol concentrations were higher than

g-tocopherol concentrations. These findings suggest that the ability of a-TTP in its role of

discriminating between tocopherols and maintaining plasma a-tocopherol concentrations is

ultimately important for determining tissue, including adipose tissue concentrations.

VITAMIN E-SPECIFIC PROTEINS

a-TOCOPHEROL TRANSFER PROTEIN

a-TTP (calculated molecular weight 31,883 Da) has been detected in the liver of rats, humans,

mice, dogs, chickens, and so on. The gene has been localized to the human 8q13.1–13.3 region

of chromosome 8 (50,51). a-TTP mRNA has been detected in rat brain, spleen, lung, and

kidney (52), as well as in human brain (53). a-TTP is also present in pregnant mouse uterus

and human placenta (54–56), suggesting that it functions to ensure adequate a-tocopherol

concentrations during pregnancy.

a-TTP preferentially transfers a-tocopherol, compared with other dietary vitamin E

forms (57,58). Hypothetically, this ability to transfer tocopherol is necessary for the observed

in vivo a-TTP action because nascent VLDL, secreted from the monkey liver, are preferen-

tially enriched in RRR-a-tocopherol (59). However, when this hypothesis was tested in an

a-TTP-expressing hepatic cell line (McARH7777 cells), a-TTP-mediated a-tocopherol secretion

was not associated with VLDL secretion (60).

Although the mechanism by which a-TTP facilitates a-tocopherol secretion into plasma is

unknown, some progress has been made in this area. a-TTP is a cytosolic protein in
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hepatocytes; however, following chloroquine treatment, a-TTP was associated with the

cytosolic surface of late endosomes (61). Hypothetically, a-TTP translocates from the cytosol

to late endosomes to acquire a-tocopherol and then a-TTP-a-tocopherol moves to the

plasma membrane where a-TTP releases a-tocopherol to the membrane (61). Thus, chylo-

micron remnant-a-tocopherol could be released from the lipoprotein, enriching the inner

leaflet of the endosomal membrane. Zha et al. (62) have reported that ABCA1 in the

endosomal compartment also plays a role in endocytosis by acting as a flippase to translocate

phosphatidyl serine to the outer membrane and potentiate membrane budding. Since ABCA1

can also transfer a-tocopherol (46), ABCA1 could enrich the outer membrane of the endo-

cytic vesicles with both RRR- and SRR-a-tocopherols; a-TTP could then preferentially

remove RRR-a-tocopherol from the outer leaflet of the endosomal membrane for transfer

to the plasma membrane. It remains to be clarified as to whether ABCA1 participates in

a-tocopherol transfer to a-TTP, as suggested by Horiguchi et al. (61), or if some other

transporters or flippases are also involved in a-tocopherol trafficking.

a-TTP crystal structure has also been described (63,64). Importantly, the protein has

a pocket that specifically binds a-tocopherol. The phytyl tail is bent to fit the pocket

(Figure 4.2), thus the 2-position is critical for this conformation. Additionally, there are

coordinating sites in the pocket that only allow a-tocopherol, and not other tocopherols, to

bind. Clearly, the tocotrienols do not fit this binding pocket.

OTHER TOCOPHEROL-BINDING PROTEINS

a-TTP belongs to a family of hydrophobic ligand-binding proteins that have a cis-retinal

binding motif sequence (CRAL_TRIO). This motif is also shared with the cellular retinalde-

hyde binding protein (CRALBP) and yeast phosphatidylinositol transfer protein (Sec14p).

Panagabko et al. (65) showed that all of the CRAL_TRIO members bind a-tocopherol to

some extent, but only a-TTP appears to have high enough affinity to serve as a physiological

a-tocopherol mediator. The search for tissue a-tocopherol-regulating proteins led to the

SRR-α-Tocopherol

RRR-α-Tocopherol

α-Tocotrienol

FIGURE 4.2 Space-filling structures of RRR-a-tocopherol and SRR-a-tocopherol and a-tocotrienol are

shown to illustrate the conformation that RRR-a-tocopherol takes when it is bound to the a-tocopherol

transfer protein. (Adapted from Min, K.C., Kovall, R.A., and Hendrickson, W.A., Proc. Natl. Acad.

Sci. USA, 100, 14713, 2003.)
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identification of the tocopherol-associated protein (TAP), a 46 kDa cytosolic, CRAL_TRIO

protein in bovine liver (66). TAP is controversial because its sequence is identical to super-

natant protein factor (SPF). SPF stimulates squalene conversion to lanosterol, and thus

enhances cholesterol biosynthesis (67). The actual function of TAP=SPF remains under

intense investigation. Both the liver and the heart contain an a-tocopherol-binding protein

with a mass of 14.2 kDa (68).

PLASMA VITAMIN E KINETICS

Plasma vitamin E kinetics have been studied in humans using deuterium-labeled stereoiso-

mers of a-tocopherol (RRR- and SRR-) (69). In normal subjects, the fractional disappearance

rates of RRR-a-tocopherol (0.4+ 0.1 pools=day) were significantly ( p< 0.01) slower than

those for SRR- (1.2+ 0.6). In patients with a genetic defect in a-TTP, the fractional disap-

pearance rates of both RRR- and SRR-a-tocopherols were fast and the same as for SRR-a-

tocopherol in the control subjects.

The RRR-a-tocopherol half-life in normal subjects was approximately 48 h, consistent

with the slow disappearance of RRR-a-tocopherol from the plasma (69). Because RRR-a-

tocopherol is taken up by the liver and is returned to the plasma, its apparent turnover is slow.

This hepatic recirculation of RRR-a-tocopherol results in the daily replacement of nearly all

of the circulating RRR-a-tocopherol.

a-Tocopherol and g-tocopherol E kinetics have also been evaluated in humans using

differently deuterated a-tocopherol and g-tocopherol (70). Like SRR-a-tocopherol, plasma

g-tocopherol fractional disappearance rates (1.4+ 0.4 pools=day) were triple those of

a-tocopherol (0.3+ 0.1). In this study, g-tocopherol half-lives were 13+ 4 h compared

with 57+ 19 h for a-tocopherol. These data suggest that non-RRR-a-tocopherols are quickly

removed from plasma.

Vitamin E kinetics in endurance exercisers suggests that a burst of oxidative stress can

increase a-tocopherol depletion (71). Moreover, studies in cigarette smokers, a model of

chronic oxidative stress and inflammation, not only demonstrate a faster a-tocopherol

disappearance compared with nonsmokers, but faster disappearance in smokers with the

lowest plasma ascorbate concentrations (72). These data demonstrate the in vivo antioxidant

role of vitamin E in humans.

METABOLISM AND EXCRETION

Vitamin E is not accumulated in the liver (73), suggesting that excretion and metabolism

are important. The vitamin E metabolites, a-CEHC (2,5,7,8-tetramethyl-2-(20-carboxyethyl)-

6-hydroxychroman) and g-CEHC (2,7,8-trimethyl-2-(20-carboxyethyl)-6-hydroxychroman),

are derived from a-tocopherols and a-tocotrienols and from g-tocopherols and g-tocotrienols,

respectively (74,75). Initially, the tail is hydroxylated, then b-oxidation takes place (75,76)

(Figure 4.3).

Vitamins E appear to be metabolized similarly to xenobiotics, in that they are v-oxidized

by cytochrome P450s (CYPs), then conjugated and excreted in urine (77) or bile (78). Hepatic

CYP 4F2 is involved in v-oxidation of a-tocopherol and g-tocopherol (76); but CYP 3A may

also be involved (75,79–81). Similar to other xenobiotics, CEHCs are sulfated or glucuroni-

dated (82–84). Xenobiotic transporters are likely candidates for mediating hepatic CEHC

excretion because CEHCs are found in plasma, urine, and bile (85).

High a-tocopherol intakes, for example, most vitamin E supplements, lead to plasma

increases of a-tocopherol, decreases of g-tocopherol (86), and increases in excretion of both

a-CEHC (87) and g-CEHC (74,88). In cultured hepatocytes, g-CEHC production is 100 times

greater than that of a-CEHC from similar amounts of tocopherols added to the medium (75).
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When humans were given equimolar amounts of labeled tocopherols (~50 mg each d6-a-

tocopheryl acetate and d2-g-tocopheryl acetate), plasma d6-a-CEHC concentrations were

below levels of detection, but g-CEHC and g-tocopherol rates of disappearance from plasma

were similar (70). Thus, dietary g-tocopherol is rapidly metabolized (within 9–12 h) by humans.

Studies in mice suggest that g-CEHC excretion increases because a-tocopherol upregulates

hepatic xenobiotic metabolism (89). Additionally, studies in end-stage renal disease patients

demonstrated that vitamin E supplementation was accompanied by a concomitant decrease

(~1 mM) in circulating g-tocopherol and about 1 mM increase in g-CEHC (88). Thus,

metabolism appears to be a regulator of plasma g-tocopherol concentrations.

The mechanisms for the regulation of CEHC production are, however, unknown, but

a-tocopherol appears to play an important role in the regulatory process (89). Studies thus far

in isolated hepatocytes or liver cell lines (76) have not provided complete answers to the

mystery of why a-tocopherol and g-tocopherol, despite their very similar structures and

antioxidant activities, are so differently handled by the liver. There is speculation, however,

that the chemical properties of g-tocopherol and other non-a-tocopherols make them toxic to

cells (90).

The major route of excretion of ingested vitamin E is fecal elimination. Excretion of

hepatic vitamin E into the bile has been demonstrated to be mediated by the ABC transporter,

p-glycoprotein (MDR2) (91), a transporter that also facilitates biliary phospholipid excretion

into bile.
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FIGURE 4.3 Proposed pathway for the metabolism of a-tocopherol to a-CEHC. (Adapted from

Birringer, M., Pfluger, P., Kluth, D., Landes, N., and Brigelius-Flohé, R., J. Nutr., 132, 3113, 2002.)
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CELLULAR AND BIOCHEMICAL FUNCTIONS

a-Tocopherol appears to modulate some cellular functions. For example, a-tocopherol

inhibits protein kinase C (PKC) and thus inhibits smooth muscle cell proliferation (92), as

well as platelet aggregation and adhesion (93,94). a-Tocopherol supplementation to humans

(1200 IU or 900 mg=day) also decreases monocyte superoxide production via inhibition of

PKC (95,96), decreases IL-1b release from monocytes by inhibiting 5-lipoxygenase (97), and

decreases monocyte–endothelial cell adhesion in vitro, which correlated with decreases in

message and cell surface expression of E-selectin in endothelial cells (98). Treatment of

endothelial cells (HUVEC) with a-tocopherol significantly reduced the expression of the

adhesion molecules, ICAM-1 and VCAM-1, on HUVEC induced by oxidized LDL (99).

Enrichment of human aortic endothelial cells with a-tocopherol significantly inhibited LDL-

induced adhesion of monocytes to endothelial cells in a dose-dependent manner with a

concomitant reduction in levels of sICAM-1 (100). This decreased adhesion was mediated

by decreased expression of CD11b and VLA-4, by inhibiting the activation of NFkB (96).

Another key function that a-tocopherol regulates is vascular homeostasis through its action

on PKC in endothelial cells; a-tocopherol has been shown to mediate NO production (101).

Singh et al. (102) have recently reviewed the data with respect to inflammation.

a-Tocopherol decreased the release of proinflammatory cytokines and chemokines (IL-8 and

plasminogen activator inhibitor-1 [PAI-1]). It decreased C-reactive protein level in patients

with and those at risk for cardiovascular disease. The mechanisms proposed for these

a-tocopherol actions include the inhibition of PKC, 5-lipoxygenase, tyrosine kinase, as well

as cyclooxygenase-2 (102). Unfortunately, many of the studies described in this section were

carried out in tissue culture or are a result of ex vivo treatments with a-tocopherol. Very few

measurements have been carried out showing changes in humans, so the health benefits of

these tissue culture observations are lacking.

NUTRITIONAL REQUIREMENT

The dietary reference intakes (DRIs) for Vitamin C, Vitamin E, Selenium, and Carotenoids

were published in 2000 by the Panel on Dietary Antioxidants and Related Compounds, FNB,

Institute of Medicine (2). The a-tocopherol health benefits described were primarily those

related to the prevention of deficiency symptoms (2). The estimated average requirement

(EAR)was based on the amount of 2R-a-tocopherol intake that reversed erythrocyte hemolysis

in men who were vitamin E-deficient as a result of consuming a vitamin E-deficient diet for

five years (2). The EAR of 12 mg 2R-a-tocopherol was chosen because intakes at this level

prevented in vitro hydrogen peroxide-induced erythrocyte hemolysis. The 2000 RDA for adults

(both men and women �19 years) defined as 2R-a-tocopherol is 15 mg=day (Table 4.1).

The tolerable upper intake level (UL) was set at 1000 mg=day for vitamin E (any form of

supplemental a-tocopherol). This was one of the few UL that was set using data in rats,

because sufficient and appropriate quantitative data assessing long-term adverse effects of

vitamin E supplements in humans was not available.

There have been several reports carrying out mathematical analyses of adverse outcomes

in clinical trials of vitamin E supplements. A meta-analysis that combined the results of 19

trials in normal subjects, as well as those with various diseases, including heart disease, end-

stage renal failure, and Alzheimer’s disease, suggested that adults who took supplements of

400 IU=day or more were 6% more likely to die from any cause than those who did not take

vitamin E supplements (103). This report was highly criticized for using unorthodox meth-

odology to reach their conclusions, given that simpler mathematical analyses did not find any

statistical relationship between all-cause mortality and vitamin E supplement dose. Further-

more, three other meta analyses that combined the results of randomized controlled trials
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designed to evaluate the efficacy of vitamin E supplementation for the prevention or treat-

ment of cardiovascular disease found no evidence that vitamin E supplementation up to 800

IU=day significantly increased or decreased cardiovascular disease mortality or all-cause

mortality (104–106). Moreover, an intervention trial in 40,000 women, half of whom took

vitamin E supplements (600 IU every other day) for ten years found no increase in mortality

with vitamin E (107). Thus, it appears that the Miller et al. (103) meta analysis overstated the

risks of vitamin E supplements.

ADEQUACY OF VITAMIN E INTAKES IN NORMAL U.S. POPULATIONS

The amount of vitamin E consumed by most U.S. adults is sufficient to prevent overt

symptoms of deficiency; however, the actual quantities consumed by U.S. adults, as assessed

by various surveys (108–110), are closer to 8 mg than the required 15 mg. Estimates are that

92% of men and 98% of women did not meet the EAR for a-tocopherol (111). These low

intakes may be real, or they may result from underreporting of fat intakes. Nevertheless, it is

quite possible that many people do not consume a diet that contains 15 mg a-tocopherol;

however, supplement intake is high (112).

FOOD SOURCES OF VITAMIN E

The richest dietary sources of vitamin E are edible vegetable oils (113), because only plants

synthesize vitamin E (14). RRR-a-tocopherol is especially high in wheat germ, safflower, and

sunflower oils. Soybean and corn oils contain predominantly g-tocopherol, as well as some

tocotrienols. Cottonseed oil, as well as palm oil, contain both a-tocopherol and g-tocopherol

in equal proportion. In addition, palm oil contains large amounts of a-tocotrienol and

g-tocotrienol (113). Vitamin E is found in relatively low concentrations in fruits and vegetables

(Table 4.2).

TABLE 4.1
Criteria and Dietary Reference Intake Values for Vitamin E by Life Stage Group

RDAb ULc

Life Stage Group Criterion mg=day IU RRR IU all-rac mg=day IU RRR IU all-rac

Adult Intakes sufficient to

prevent hydrogen

peroxide-induced

hemolysis in vivo

15 23 34 1000 1500 1100

Pregnancy Adult EARa 15 23 34 1000 1500 1100

Lactation Adult EAR plus average

amount secreted in

human milk

19 29 43 1000 1500 1100

Source: Adapted from Food and Nutrition Board, Institute of Medicine in Dietary Reference Intakes for Vitamin C,

Vitamin E, Selenium, and Carotenoids, National Academy Press, Washington, 2000, pp. 186–283.

a EAR, Estimated Average Requirement. The intake that meets the estimated nutrient needs of half the individuals in

a group.
b RDA, Recommended Dietary Allowance. The intake that meets the nutrient needs of almost all (97%–98%) of

individuals in a group.
c UL, Tolerable Upper Intake Level. The highest level of daily nutrient intake that is likely to pose no risk of adverse

health effects in almost all individuals.
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The major source of vitamin E in the American diet is desserts (108). Thus, it is not

surprising that decreasing fat intake decreases vitamin E intake. Decreasing intake of

saturated fats and increasing intake of PUFA-containing fats, usually corn oil or soybean

oil, which contain high g-tocopherol and lesser a-tocopherol amounts, decreases vitamin E

intake (14).

Probably, the most important source of vitamin E in the American diet is the supplement

pill (112). Pills containing vitamin E with natural stereochemistry (RRR-a-tocopherol) are

labeled D-a-tocopherol, while those containing synthetic (all-rac-a-tocopherol) are labeled DL.

Each IU contains either 0.91 mg all-rac-a-tocopherol or 0.67 mg RRR-a-tocopherol. The

FNB (2) defined that the equivalence of natural and synthetic is such that 2 mg all-rac-a-

tocopherol is needed to provide 1 mg 2R-a-tocopherol. Thus, a 400 IU pill of D-a-tocopherol

contains 268 mg 2R-a-tocopherol (400 IU times 0.67 mg=IU), whereas a 400 IU pill of DL-a-

tocopherol contains 180 mg 2R-a-tocopherol (400 IU times 0.91 mg=IU divided by 2).

DEFICIENCY SIGNS AND METHODS OF NUTRITIONAL ASSESSMENT

Overt vitamin E deficiency occurs only rarely in humans and virtually never as a result

of dietary deficiencies. Vitamin E deficiency does occur as a result of genetic abnormalities

in a-TTP and as a result of various fat malabsorption syndromes (Table 4.3).

VITAMIN E DEFICIENCY CAUSED BY GENETIC DEFECTS IN THE a-TOCOPHEROL TRANSFER PROTEIN

Genetic defects in a-TTP are associated with a characteristic syndrome, ataxia with vitamin E

deficiency (AVED) (previously called familial isolated vitamin E [FIVE] deficiency). AVED

patients have neurologic abnormalities characterized by a progressive peripheral neuropathy

with a specific dying back of the large caliber axons of the sensory neurons, which results in

ataxia.

These patients are responsive to oral a-tocopherol supplements. A dose of 800–1,200

mg=day is usually sufficient to prevent further deterioration of neurologic function and in

some cases improvements have been noted, as reviewed by Sokol (114). Most of the patients

TABLE 4.2
a-Tocopherol Contents of Selected Foods

Food Measure a-Tocopherol (mg)

Cereals, ready-to-eat, fortified 3=4 cup 13.50

Sunflower seeds, dry roasted 1=4 cup 8.35

Almonds 1 oz (24 nuts) 7.33

Oil, sunflower 1 tbsp 5.59

Tomato sauce 1 cup 5.10

Oil, safflower 1 tbsp 4.64

Turnip greens, cooked 1 cup 4.36

Hazelnuts 1 oz 4.26

Carrot juice 1 cup 2.74

Beet greens, cooked 1 cp 2.61

Potato chips 1 oz 2.58

Sweet potato, canned 1 cup 2.55

Broccoli, chopped, cooked 1 cup 2.43

Oil, canola 1 tbsp 2.39

Peppers, sweet, red, raw 1 cup 2.35
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described by Ouahchi et al. (115) have a truncation of the C-terminal portion of a-TTP that

causes an inability to discriminate between RRR- and SRR-a-tocopherols (116).

Retinitis pigmentosa commonly accompanies vitamin E deficiency in humans (24).

Importantly, a-tocopherol supplementation stops or slows the progression of retinitis pigmen-

tosa caused by vitamin E deficiency (117). However, the results from a trial of vitamins E and

A supplements in patients with many common forms of retinitis pigmentosa showed that

there was a beneficial effect of 15,000 IU=day of vitamin A and a possible adverse effect of

400 IU vitamin E (118). Therefore, the plasma vitamin E concentrations should be measured

in patients with retinitis pigmentosa to evaluate their vitamin E status before supplementa-

tion. Only those retinitis pigmentosa patients with vitamin E deficiency should be supple-

mented with a-tocopherol.

VITAMIN E DEFICIENCY CAUSED BY GENETIC DEFECTS IN LIPOPROTEIN SYNTHESIS

Studies of patients with hypobetalipoproteinemia or abetalipoproteinemia (low to nondetect-

able circulating chylomicrons, VLDL, or LDL) have demonstrated that lipoproteins contain-

ing apoB are necessary for effective absorption and plasma transport of vitamin E (24).

Clinically, both groups become vitamin E-deficient and develop a progressive peripheral

neuropathy if they are not given large vitamin E supplements. Daily doses of 100–200

mg=kg, or about 5–7 g of RRR-a-tocopherol are recommended (114). Although plasma

concentrations of a-tocopherol concentrations never reach normal levels, adipose tissue

a-tocopherol concentrations do reach normal levels (119).

VITAMIN E DEFICIENCY AS A RESULT OF FAT MALABSORPTION SYNDROMES

Vitamin E deficiency occurs secondary to fat malabsorption because vitamin E absorption

requires biliary and pancreatic secretions (24). Vitamin E deficiency occurs in children with

chronic cholestatic disease, who have impaired secretion of bile into the small intestine,

resulting in severe fat malabsorption. Neurologic abnormalities, which appear as early as

the second year of life, become irreversible if the vitamin E deficiency is uncorrected.

Children with cystic fibrosis can also become vitamin E deficient because the impaired

secretion of pancreatic digestive enzymes causes steatorrhea and vitamin E malabsorption,

even when pancreatic enzyme supplements are administered orally. More severe vitamin E

deficiency occurs if bile secretion is impaired.

TABLE 4.3
Neurological Abnormalities of Vitamin E Deficiency

Peripheral Neurology Spinal Cord Brain

Histology Loss of large-caliber

myelinated axons in

peripheral sensory

nerve

Axonal dystrophy in the

posterior columns of

the spinal cord and

dorsal and ventral

spinocerebellar tracts

Mild atrophy of the

cerebellar hemispheres

Electrophysiology Diminished amplitude of

sensory nerve action

potentials, delayed

conduction velocity is

unusual

Central delay in sensory

nerve conduction
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It should be emphasized that any disorder that causes fat malabsorption can lead

to vitamin E deficiency. The development of neurologic symptoms of vitamin E deficiency

in adults who acquire these disorders, however, takes decades (114). The prolonged time for

onset of symptoms results from the earlier accumulation of vitamin E in most tissues and its

relatively slow release from nervous tissues.

Vitamin E supplementation in patients with fat malabsorption syndromes is very diffi-

cult to achieve because they malabsorb vitamin E. Sokol (114) suggests treatment with

RRR-a-tocopherol (not the ester) at 25–50 mg=kg=day, advancing by 50 mg=kg=day up to

150–200 mg=day if the ratio of serum a-tocopherol to total lipids does not normalize

(>0.8 mg=g).

PATHOLOGY OF HUMAN VITAMIN E DEFICIENCY

The primary manifestations of human vitamin E deficiency include spinocerebellar ataxia,

skeletal myopathy, and pigmented retinopathy (24). Hypo- or a-reflexia is the earliest symp-

tom observed. By the end of the first decade of life, untreated patients with chronic cholestatic

hepatobiliary disease have a combination of spinocerebellar ataxia, neuropathy, and opthal-

moplegia. The progression of neurologic symptoms appears to be dependent on the level of

oxidative stress accompanying the vitamin E deficiency.

The large-caliber, myelinated axons in peripheral sensory nerves are the predominant

target in vitamin E deficiency in humans (120). In deficient humans, diminished amplitudes of

sensory nerve action potential are common, whereas delayed conduction velocity, an indica-

tor of demyelination, is unusual. Thus, axonal degeneration rather than demyelination is the

primary sensory nerve abnormality. However, motor nerve demyelination has also been

reported (121). Axonal dystrophy has been observed in the posterior columns of the spinal

cord and the dorsal and ventral spinocerebellar tracts (120). Specifically, swollen, dystrophic

axons (spheroids) have been observed in the gracille and cuneate nuclei of the brain stem.

Lipofuscin accumulation has been observed in dorsal sensory neurons and peripheral

Schwann cell cytoplasm. Electromyographic studies show denervation injury of muscles in

patients with advanced vitamin E deficiency. Somatosensory-evoked potential testing has

shown a central delay in sensory conduction, correlating with degeneration of the posterior

columns of the spinal cord.

ASSESSMENT OF VITAMIN E STATUS

The FNB determined that a plasma concentration of less than 12 mmol a-tocopherol=L was

associated with an increased tendency for hemolysis (2). The usual plasma a-tocopherol

concentration in normal subjects is approximately 20 mmol=L. Although low serum or

plasma a-tocopherol concentrations are indicative of vitamin E deficiency, measurement of

plasma levels are insufficient for patients with various forms of lipid malabsorption. Calcu-

lation of effective plasma a-tocopherol concentrations needs to take into account plasma lipid

levels when lipids are high or low. These are calculated by dividing the plasma a-tocopherol

by the sum of plasma cholesterol and triglycerides (122). For example, Sokol et al. (123)

showed that plasma vitamin E concentrations were in the normal range in patients with

vitamin E deficiency resulting from cholestatic liver disease because they had extraordinarily

high circulating lipid levels. Adipose tissue concentrations can also be used as an indicator of

long-term vitamin E status (48,49,124).

Any patient presenting with peripheral neuropathies or retinitis pigmentosa with unknown

causes should be evaluated to assess if they are vitamin E-deficient. The ataxia of Friedreich’s

ataxia is so remarkably similar to that of AVED patients that plasma concentrations
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of vitamin E in all patients with ataxia should definitely be measured or their genotypes

defined (125).

EFFICACY OF PHARMACOLOGICAL DOSES OF VITAMIN E

Vitamin E has antioxidant benefits and is generally considered to be nontoxic even in

relatively high doses (>1000 mg) (2). Moreover, several studies have reported that vitamin E

is associated with decreased chronic disease risk. The Women’s Health Study, a 10 year

prevention trial in normal, healthy women, found that 600 IU vitamin E decreased cardio-

vascular mortality by 24% and in women over 65 by 49% (107). Antioxidant treatment with

the combination of vitamins E and C slowed atherosclerotic progression in intimal thickness

of coronary and carotid arteries in hypercholesterolemic (126) and in heart-transplant patients

(127). Epidemiologic studies indicate a beneficial role of vitamin E supplements in decreasing

risk of degenerative diseases, such as cardiovascular disease and atherosclerosis (128,129),

cancer (130), and cataract formation (131). The Cache County Study reported that antioxi-

dant use (vitamin E> 400 IU and vitamin C> 500 mg) was associated with reduced Alzheimer’s

disease prevalence and incidence in the elderly (132). Regular vitamin E supplement use for

ten years or more was associated with a lower risk of dying of amyotrophic lateral sclerosis

(ALS, Lou Gehrig’s disease) (133). It is, therefore, not surprising that vitamin E supplements

are taken daily by more than 35 million people in the United States (112).

Another important area of investigation is the maintenance of immune function. Meydani

et al. (134–136) have demonstrated in a series of trials that immune function is compromised

in the elderly, and that vitamin E supplements can improve immune responses.

No clinical trial in healthy people has shown that any supplemental dose of vitamin E

causes adverse effects, with the exception of an increased tendency to bleed (137). However,

an antioxidant intervention trial suggested adverse vitamin E effects in patients taking

antihyperlipidemic drug therapy. The intervention study was a three year, double-blind trial

of antioxidants (vitamins E and C, b-carotene, and selenium) or placebos in 160 subjects

taking both simvastatin and niacin (138,139). Simvastatin is a 3-hydroxy-3-methylglutaryl

coenzyme A (HMG-CoA) reductase inhibitor that is widely used in the treatment of hyper-

cholesterolemia. The protective increase in HDL2 with simvastatin plus niacin was attenuated

by concurrent therapy with antioxidants. The average stenosis progressed by 3.9% with

placebos, 1.8% with antioxidants ( p¼ 0.16 for the comparison with the placebo group),

and 0.7% with simvastatin–niacin plus antioxidants ( p¼ 0.004) and regressed by 0.4% with

simvastatin–niacin alone ( p < 0.001) (139). The other study reporting adverse vitamin E

effects was the Women’s Angiographic Vitamin and Estrogen (WAVE) Trial, a randomized,

double-blind trial of 423 postmenopausal women with at least one coronary stenosis at

baseline coronary angiography. In postmenopausal women on hormone replacement therapy,

all-cause mortality was increased in women assigned to antioxidant vitamins compared with

placebo (HR, 2.8; 95% CI, 1.1–7.2; p¼ 0.047) (140). Finally, the HopeToo trial suggested that

patients at high risk for coronary heart disease taking vitamin E were at increased risk of left-

ventricular dysfunction, but no specific mechanism was proposed (141).

One possibility for adverse vitamin E effects is vitamin E-dependent alterations in xeno-

biotic metabolism (142). Studies in mice showed that hepatic cytochrome P450 3a (analogous

to CYP3A in humans) protein concentrations were correlated with hepatic a-tocopherol

concentrations (89). CYP3A4 is responsible for the metabolism of more than 50% of pre-

scription drugs, including statins (143). Both simvastatin (143) and estrogen (144) are metab-

olized by CYP3A4, lending support to the hypothesis that a-tocopherol in pharmacologic

doses stimulates drug metabolism, potentially decreasing beneficial drug concentrations

(145). These data suggest that a-tocopherol could stimulate xenobiotic metabolism, but

clearly further studies are needed.
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CONCLUSION

Vitamin E is clearly a lipid-soluble antioxidant. There remains huge enthusiasm for the

concept that a-tocopherol has some specific molecular role of regulation of cellular functions,

but efforts to document such a role along with its physiological significance have been limited.

Numerous investigators have used gene chip technology to demonstrate specific vitamin E or

a-tocopherol effects (146–152), but no consistent findings have emerged. Clinical trials to

demonstrate that vitamin E supplements reverse chronic diseases have largely been disap-

pointing. However, disease prevention shows more promise, but it is much more difficult to

carry out the very long trials necessary to show benefit (107,153). Overall, it is important to

recognize that vitamin E is a required nutrient, that its concentrations are regulated in vivo,

that it has antioxidant benefits, and its role may be to prevent oxidative damage caused

during lipid peroxidation. Thus, those people consuming diets that are low in a-tocopherol

may be at risk for increased oxidative damage because they have insufficient protection from

oxidative stress.
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INTRODUCTION

DEFINITION

With the use (and misuse) of terms over significant periods of time, there is sufficient

uncertainty regarding a specific word; it is best to avoid confusion by defining it. This is the

case for the word coenzyme, which together with cofactor and prosthetic group has to some

become ambiguous biochemical jargon [1]. As defined succinctly, a coenzyme is a natural,

organic molecule that functions in a catalytic enzyme system [2]. Coenzymes bind specifically

within protein apoenzymes to constitute catalytically competent holoenzymes. Hence, coen-

zymes are organic cofactors that augment the diversity of reactions that otherwise would be

limited to chemical properties, principally simple acid–base catalysis of side-chain substitu-

ents from amino acid residues within enzymes. With tight binding, coenzymes may be referred

to as prosthetic groups; with loose binding, they may be called cosubstrates.
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The focus of this chapter is on the molecular means or mechanisms by which coenzymes

participate as the loci of bond making and breaking steps in holoenzyme-catalyzed reactions.

Most coenzymes are more complex metabolic derivatives of water-soluble vitamins. Since the

subject of this volume is vitamins, as in the previous edition, coverage of coenzyme mechan-

isms will bear emphasis on those coenzymes derived from such vitamins covered in other

regards in subsequent chapters; however, this edition also includes some information on

quinone cofactors as well as some more recently identified functions of vitamin derivatives.

References are sparsely used for typical or recent material that otherwise has largely become

the domain of mechanistically inclined textbooks of biochemistry [3–5], especially when set

for the more advanced student or professional [6].

GROUPINGS

Attempts to place each coenzyme in a singular mechanistic group are sometimes fraught with

difficulty because some can arguably fit into more than one category. For example, the lipoyl

residues of transacylases undergo oxidation–reduction as well as participate in acyl transfers,

but it is the latter that distinguishes the biological function. In at least a few instances, the

tetrahydro forms of pterin coenzymes are oxidized to the dihydro level during operations of

the enzymic systems, for example, 5,10-methylene tetrahydrofolate in thymidylate synthase

and tetrahydrobiopterin in phenylalanine hydroxylase. More conventionally, folyl coenzymes

are pulled together in a broad mechanistic view under one-carbon transfers.

The six groups that are subdivisions of this chapter reasonably imply the mechanistic

and functional connections of principal coenzymes. These are oxidation–reduction reac-

tions, generation of leaving group potential, acyl activation and transfer, carboxylations,

one-carbon transfers, and rearrangements on vicinal carbons. These groupings follow a

conventional pattern of biochemical recognition of what major purposes are served by

vitamin-derived coenzymes.

OXIDATION–REDUCTION REACTIONS

NICOTINAMIDE COENZYMES

Nicotinamide adenine dinucleotide (NAD) and its phosphate (NADP) are the two natural

pyridine nucleotide coenzymes derived from niacin, as discussed in Chapter 6. Both contain an

N(1)-substituted pyridine-3-carboxamide (nicotinamide) that is essential to function in redox

reactions with a potential near �0.32 V. The nicotinamide coenzymes function in numerous

oxidoreductase systems, usually of the dehydrogenase or reductase type, which include such

diverse reactions as the conversion of alcohols (often sugars and polyols) to aldehydes or

ketones, hemiacetals to lactones, aldehydes to acids, and certain amino acids to keto acids [7].

The general reaction stoichiometry is written as

Substrateþ NAD(P)þÐ Productþ NAD(P)Hþ Hþ:

The common stereochemical mechanism of operation of nicotinamide coenzymes when

associated with enzymes involves the stereospecific abstraction of a hydride ion (H�) from

the substrate, with para addition to one or the other side of C-4 in the pyridine ring of the

coenzyme, as shown in Figure 5.1. The second hydrogen of the substrate group oxidized is

concomitantly removed, typically from an electronegative atom (e.g., N, O, or S), as a proton

(Hþ) that ultimately exchanges as a hydronium ion. The sidedness of the pyridine ring is such

that the para hydrogen up from the plane, when the carboxyamide function is near (or to the

right) and the pyridine N is on the left (or at the bottom), is prochiral R because it is oriented
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toward the re face (A side). The hydrogen down from the plane of the ring is then prochiral S

and oriented toward the si face (B side). There are numerous examples of nicotinamide

coenzyme-dependent enzymes that are stereospecific as regards addition or removal of the

hydride ion from the prochiral R (A) or S (B) position relative to the pyridine ring. These

include, for A sidedness, NAD-dependent alcohol dehydrogenase and NADP-dependent

cytoplasmic isocitrate dehydrogenase; for B sidedness, NAD-dependent D-glyceraldehyde-3-

phosphate dehydrogenase and NADP-dependent D-glucose-6-phosphate dehydrogenase [8].

In general, A-side hydrogenases bind a conformation of the coenzyme in which the nicotina-

mide ring has an antiorientation with respect to the ribosyl ring, that is, the carboxamide

groups points away; B-side dehydrogenases usually have syn conformation. This is probably

due to stabilization of the dihydronicotinamide in the boat conformation attributable to

orbital overlap between the lone n pair of electrons on the pyridine nitrogen and the

antiboding s orbital of the ribosyl C–O moiety, as depicted in Figure 5.2. The pseudoaxial

hydrogens, either pro-R with anti or pro-S with syn orientation, are then more easily

transferred because of orbital overlap in the transition state.

Nicotinamide coenzymes also participate in other (nonredox) biological reactions that

involve ADP ribosylations; however, these are properly considered as substrate rather than

coenzymic functions (see Chapter 6). The larger nucleotide-like structure of nicotinamide

coenzymes is important with regard to coenzymic roles primarily to facilitate recognition and

specific binding by the protein apoenzymes with which they interact.

FLAVOCOENZYMES

Flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and covalently linked

flavocoenzymes (usually 8a-substituted FAD) are the natural coenzymes derived from ribo-

flavin (vitamin B2), which is discussed in Chapter 7. All contain an isoalloxazine ring system

with a redox potential near �0.2 V when free in solution, but the potential is subject to

considerable variation when bound within functional flavoproteins. This propensity for

shifting potential gives flavoenzymes a wider operating range for oxidation–reduction reac-

tions than is the case for enzymes dependent on nicotinamide coenzymes.

R
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+
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FIGURE 5.1 The stereospecific hydride ion transfer to and from nicotinamide coenzymes generating

prochiral R and S forms.
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FIGURE 5.2 The syn and anti conformations of bound nicotinamide coenzymes that putatively transfer

pro-S hydrogen and pro-R hydrogen, respectively.
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Flavoproteins are variably able to catalyze both one- and two-electron redox reactions.

The ring portion involving nitrogens 1 and 5 and carbon 4a reflects sequential addition or loss

of electrons and hydrogen ions in one-electron processes and addition or loss of other

transitory adducts with two-electron processes. There are nine chemically discernible redox

forms, that is, three levels of oxidation–reduction and three species for acid, neutral, and base

conditions. Of these only five have biological relevance because of pH considerations [2].

These biological forms are summarized in Figure 5.3. It should also be noted that free flavin

semiquinones (radicals) are quite unstable, and the free flavia hydroquinones react very

rapidly with molecular oxygen to become reoxidized. The latter is kinetically dissimilar to

reduced nicotinamide coenzymes, which reoxidize more slowly with O2. Binding to specific

enzymes markedly affects the kinetic stability of the half-reduced and reduced forms of

flavocoenzymes and again allows for diverse reactions under biological situations. An

example of a flavoprotein undergoing a one-electron transfer is with the microsomal

NADPH-cytochrome P450 reductase. This enzyme contains both FAD and FMN, and the

latter cycles between a neutral semiquinone and fully reduced form [9]. The FAD in the

electron-transferring flavoprotein, which mediates electron flow from fatty acyl coenzyme

A (CoA) to the mitochondrial electron transport chain, cycles between oxidized quinone and

anionic semiquinone. In addition, a single-step, two-electron transfer from substrate can

occur in the nucleophilic reactions shown in Figure 5.4. Such cases as hydride ion transfer

from reduced nicotinamide coenzymes or the carbanion generated by base abstraction of a

substrate proton may lead to attack at the flavin N-5 positions; some nucleophiles, such as the

hydrogen peroxide anion, are added on the C-4a position with its frontier orbital.

As regards stereochemistry, the transfer of hydrogen on and off N-5 can take place to or

from one or the other face of the isoalloxazine ring system. When visualized with the

benzenoid ring to the left and side chain at top (as in the top of Figure 5.3), orientation is

to the si face with re on the opposite side. A fair number of flavoproteins have now been

categorized on this steric basis [8]. Examples include the FAD-dependent glutathione reduc-

tase from human erythrocytes, which uses HADPH as substrate and is re side interacting, and
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FIGURE 5.3 Biologically important redox states of flavocoenzymes with pKa, values for interconver-

sions of the free species.
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the FMN-dependent spinach glycolate oxidase, which is si side interacting. It should be noted

that reduced flavins free in solution have bent or butterfly conformations, since the dihy-

droisoalloxazine has a 1448 angle between benzenoid and phyrimidinoid portions. The

orientations taken when bound to enzymes, however, may vary and can influence the redox

potential.

There are flavoprotein-catalyzed dehydrogenations that are both nicotinamide coenzyme-

dependent and -independent, reactions with sulfur-containing compounds, hydroxylations,

oxidative decarboxylations, dioxygenations, and reduction of O2 to hydrogen peroxide. The

diversity of these systems is covered in periodic symposia on flavins and flavoproteins [10].

The intrinsic ability of flavins to be variably potentiated as redox carriers on differential

binding to proteins, to participate in both one- and two-electron transfers, and in reduced

(1,5-dihydro) form to react rapidly with oxygen permits wide scope in their operation. An

interesting extension of the photoactivity of flavins is the vitamin B2-based blue light photo-

receptor (cryptochrome) found in the retinohypothalamic tract involved in setting the circa-

dian clock in mammals [11].

QUINONES AND QUINOPROTEINS

Among coenzymes that are not formed from vitamins because they can be biosynthesized by

at least most of the organisms that require them are quinones that are both noncovalently and

covalently bound within systems that operate generally in oxidation–reduction modes [12].

The ubiquinones (coenzyme Qs) are a group of ubiquitous substituted benzoquinones

with variable-length terpenoid chains, as shown in Figure 5.5. In eukaryotes, they are found

mainly in the mitochondrial inner membrane where they function to accept electrons from

several different dehydrogenases and relay them to the cytochrome system. In this process,

the quinone can be cyclically reduced and reoxidized with generation of intermediate radicals.

Evidence has been found for a function of CoQ in plasma membrane electron transport,

which influences mammalian cell growth.

More recently discovered redox cofactors [13] include pyrroloquinoline quinone (PQQ),

originally called methoxatin, required in the pyridine nucleotide-independent primary alcohol

dehydrogenase of methylotrophic bacteria. The structure of PQQ is illustrated in Figure 5.6.

Though PQQ has been shown to function only in bacterial methanogens, its ubiquitous
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FIGURE 5.4 Reaction types encountered with flavoquinone coenzymes and natural nucleophiles to

generate N-5 and C-4a adducts as intermediates.
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FIGURE 5.5 Ubiquinones (CoQ is ubiquinone-10).
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though trace occurrence in the environment and its ready accessibility in the human diet have

raised questions concerning its role as a vitamin, or an essential or helpful nutrient. In

particular, there are reported benefits for mice as regards growth, reproduction, and immuno-

logic competence. However, as reviewed previously [13,14], there is a lingering question as to

whether PQQ serves any unique role for humans and other mammals.

There are coenzymatically operating quinones that are within peptidic structures of a

bacterial alkyl amine oxidase (trytophan tyrtophanal quinone, TTQ) and a fungal galactose

oxidase (cysteinyl tyrosine cofactor, CT). At present, though, only a lysine tyrosyl quinone

(LTQ) isolated from the Cu-containing lysyl oxidase from collagen and elastin and a tyrosyl

quinone (TPQ) found in Cu-containing amine oxidase from almost every form of life are

known to function in our bodies [13]. The structures of the later two topa quinones operating

in the human are given in Figure 5.7. Such covalently bound coenzymes arise biosynthetically

from the amino acid side chains of proenzymes and are released only by extensive proteolysis.

The free quinones do not serve as vitamins.

GENERATION OF LEAVING GROUP POTENTIAL

THIAMINE PYROPHOSPHATE

Thiamine pyrophosphate (TPP) is the coenzyme derived from thiamine (vitamin B1), which is

discussed in Chapter 8. Though the substituted pyrimidyl portion shares a role in apoenzymic

recognition and binding, the thiazole moiety not only is important in that regard but is

involved with substrates to provide a transitory matrix that provides good leaving group

potential [2,15]. Specifically, TPP as an Mg3þ ternary complex within enzymes can react

as an ylid, resonance-stabilized carbanion that attacks carbonyl functions as illustrated in

Figure 5.8.

In all cases, the bond to be labilized (from R0 to the C of the original carbonyl carbon) must

be oriented for maximal s–p orbital overlap with the periplanar system extending to the

electron-deficient quaternary nitrogen of the thiazole ring. There are two general types of

biological reactions in which TPP functions in so-called active aldehyde transfers. First, in

decarboxylation of a-keto acids, the condensation of the thiazole moiety of TPP with the

a-carbonyl carbon on the acid leads to loss of CO2 and production of a resonance-stabilized

carbanion. Protonation and release of aldehyde occur in fermentative organisms such as yeast,

which have only the TPP-dependent decarboxylase, but reaction of the a-hydroxalkyl-TPP

CO2H
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HO2C
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O

FIGURE 5.6 Pyrroloquinoline quinone (PQQ).
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FIGURE 5.7 Topa quinone (TPQ) (left) and lysl topa quinone (LTQ) (right).
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with lipoyl residues and ultimate conversion to acyl-CoA occurs in higher eukaryotes, includ-

ing humans with multienzymic dehydrogenase complexes (see section Lipoic Acid). A lyase

that is required to shorten 3-methyl-branched fatty acids, for example, phytanic acid, by

a-oxidation also requires TPP. The other general reaction involving TPP is the transformation

of a-ketols (ketose phosphates). Specialized phosphoketolases in certain bacteria and higher

plants can split ketose phosphates, for example, D-glyceraldehyde-3-phosphate and acetyl

phosphate. However, the reaction of importance to humans and most animals is a transketola-

tion. Transketolase is a TPP-dependent enzyme found in the cytosol of many tissues, especially

liver and blood cells, where principal carbohydrate pathways exist. This enzyme catalyzes the

reversible transfer of a glycoaldehyde moiety (a,b-dihydroxyethyl-TPP) from the first two

carbons of a donor ketose phosphate, that is, D-sylulose-5-phosphate, to the aldehyde carbon

of an aldose phosphate, that is, D-ribose-5-phosphate, of the pentose phosphate pathway

wherein D-sedoheptulose-7-phosphate and D-glyceraldehyde-3-phosphate participate as the

other substrate–product pair.

PYRIDOXAL-50-PHOSPHATE

Two of the three natural forms of vitamin B6, which are discussed in Chapter 10, can be

phosphorylated to yield directly functional coenzymes, that is, pyridoxal-50-phosphate (PLP)

and pyridoxamine-50-phosphate (PMP). PLP is the predominant and more diversely func-

tional coenzymic form, although PMP interconverts as coenzyme during transaminations

[2–6,16]. At physiological pH, the dianionic phosphates of these coenzymes exist as zwitter-

ionic meta-phenolate phridinium compounds. Both natural and synthetic carbonyl reagents

(e.g., hydrazines and hydroxylamines) form Schiff bases with the 4-formyl function of PLP,

thereby removing the coenzyme and inhibiting PLP-dependent reactions.
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PLP functions in numerous reactions that embrace the metabolism of proteins, carbo-

hydrates, and lipids. Especially diverse are PLP-dependent enzymes that are involved in

amino acid metabolism. By virtue of the ability of PLP to condense its 4-formyl substituent

with an amine, usually the a-amino group of an amino acid, to form an azomethine (Schiff

base) linkage, a conjugated double-bond system extending from the a carbon of the amine

(amino acid) to the pyridinium nitrogen in PLP results in reduced electron density around the

a carbon. This potentially weakens each of the bonds from the amine (amino acid) carbon to

the adjoined functions (hydrogen, carboxyl, or side chain). A given apoenzyme then locks in a

particular configuration of the coenzyme–substrate compound such that maximal overlap of

the bond to be broken occurs with the resonant, coplanar, electron-withdrawing system of the

coenzyme complex. These events are depicted in Figure 5.9.

Selection of the s bond to be cleaved (R0–C) is achieved by stabilizing a conformation of

the external aldimine in which the leaving group is orthogonal to the plane of the ring

system, thus ensuring maximal orbital overlap with the p system in the transition state. The

type of stereochemistry involved is characteristic of a given coenzyme system. Both re and si

faces of the PLP complex can orient toward a reactive function, such as a base, contributed

by enzyme protein. This is the case, for instance, with aspartate aminotransferase whereby

a base function abstracts a proton from the a position and transfers it to the same side of

the p system (syn transfer), adding it to the si face of the azomethine group in the ketimine. In

this case, the hydrogen is incorporated in a pro-S position at carbon 40 (the methylene

of PMP).

Aminotransferases effect rupture of the a-hydrogen bond of an amino acid with ultimate

formation of an a-keto acid andPMP; this reversible reaction proceeds by a double-displacement

mechanism and provides an interface between amino acid metabolism and that for ketogenic

and glucogenic reactions. Amino acid decarboxylases catalyze breakage of the a-carboxyl

bond and lead to irreversible formation of amines, including several that are functional in

nervous tissue (e.g., epinephrine, norepinephrine, serotonin, and g-aminobutyrate). The bio-

synthesis of heme depends on the early formation of d-aminolevulinate from PLP-dependent

condensation of glycine and succinyl-CoA followed by decarboxylation. There are many

examples of enzymes, such as cysteine desulfhydrase and serine hydroxymethyltransferase,

that affect the loss or transfer of amino acid side chains. PLP is the essential coenzyme for

phosphorylase that catalyzes phosphorolysis of the a-1,4 linkages of glycogen. An important

role in lipid metabolism is the PLP-dependent condensation of L-serine with palmitoyl-CoA

to form 3-dehydrosphinganine, a precursor of sphingolipids. The diversity of PLP functions is

covered in periodic symposia that now include other carbonyl compounds as cofactors

(pyruvyl enzymes, quinoproteins, etc.) [17,18]. A simpler but less-frequently encountered
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variation on the way in which PLP operates is provided by the pyruvoyl N-terminus of some

enzymes [12,17]. In these electrophilic centers, the amino function of a substrate amino acid

condenses to form a ketimine, which facilitates loss of a carboxyl group from the attached

amino acid moiety. For example, S-adenosylmethionine decarboxylases from mammals as

well as from Escherichia coli use such a subsystem to form spermidine from putrescine and

methionine.

ACYL ACTIVATION AND TRANSFER

PHOSPHOPANTETHEINE COENZYMES

40-Phosphopantetheine is a phosphorylated amide of b-mercaptoethylamine and the vitamin

pantothenate, which is discussed in Chapter 9. The phosphopantetheinyl moiety serves as a

functional component within the structure of CoA and as a prosthetic group covalently

attached to a seryl residue of acyl carrier protein (ACP). Because of a thiol (sulfhydryl)

terminus with a pKa near 9, phosphopantetheine and its coenzymic forms are readily oxidized

to the catalytically inactive disulfides.

Esterification of the thiol function to many carboxylic acids is the prelude to numerous

acyl group transfers and enolizations [2–6]. In classic terminology, the thiol ester enhances

both head and tail activations of acyl compounds, as illustrated in Figure 5.10. In head

activation, the carbonyl function is attacked by a nucleophile and releases the original thiol.

The carbonyl carbon of a thiol ester is more positively polarized than would be an oxy ester

counterpart. Hence, the acyl moiety is relatively activated for transfer. The phosphopan-

tetheine terminus of CoA and ACP both function in acyl transfer, the latter only within the

fatty acid synthase complex. In tail activation, there is greater tendency for thio than oxy

esters to undergo enolization by permitting removal of an a hydrogen as a proton. The

enolate is stabilized by delocalization of its negative charge between the a carbon and the acyl

oxygen, which makes it thermodynamically accessible as an intermediate. Since the develop-

ing charge is also stabilized in the transition state that precedes the enolate, it is also

kinetically accessible. This process leads to facile condensation whereby nucleophilic addition

of the carbanion-like carbon of the enolate to a neutral activated acyl group (another thiol

ester) is a favored process. CoA is a good leaving group from the tetrahedral intermediate.

From the above, it follows that thio esters are more like a ketone than an oxy ester. The

degree of resonance electron delocalization from the overlap of sulfur p orbitals with the acyl

p bond is less than that with oxygen in oxy esters.

The myriad acyl thio esters of CoA are central to the metabolism of numerous com-

pounds, especially lipids and the penultimate catabolites of carbohydrates and ketogenic
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amino acids. For example, acetyl-CoA, which is formed during metabolism of carbohydrates,

fats, and some amino acids, can acetylate compounds such as choline and hexosamines to

produce essential biochemicals. It can also condense with other metabolites, such as

oxalacetate, to supply citrate, and it can lead to formation of cholesterol. The reactive

sulfhydryl termini of ACP provide exchange points for acetyl-CoA and malonyl-CoA. The

ACP-S-malonyl thio ester can chain-elongate during fatty acid biosynthesis in a synthase

complex.

LIPOIC ACID

a-Lipoic (thioctic) acid is not a vitamin for humans and other animals because it can be

biosynthesized from longer-chain, essential fatty acids. However, it is indispensable in its

coenzymic role, which interfaces with some of the functions of TPP and CoA [2–5]. The

natural D isomer of 6,8-dithiooctanoic (1,2-dithiolane-3-pentanoic) acid occurs in amide

linkage to the 2-amino group of lysyl residues within transacylases that are core protein

subunits of a-keto acid dehydrogenase complexes of some prokaryotes and all eukaryotes. In

such transacylases, the functional dithiolane ring is on an extended flexible arm. The lipoyl

group mediates the transfer of the acyl group from an a-hydroxyalkyl-TPP to CoA in a cyclic

system that transiently generates the dihydrolipoyl residue, as shown in Figure 5.11. Hence,

the lipoyl=dihydrolipoyl pair in this cycle serves a dual role of electron transfer and acyl group

vector by coupling the two processes.

The three a-keto acid dehydrogenase complexes of mammalian mitochondria are for

pyruvate and a-ketoglutarate of the Krebs citric acid cycle and for the branched-chain a-keto

acids from some amino acids. All involve participation of lipoyl moieties within core transa-

cylase subunits surrounded by subunits of TPP-dependent a-keto acid decarboxylase,

which generate a-hydroxyalkyl-TPP, and are further associated with subunits of FAD-

dependent dihydrolipoyl (lipoamide) dehydrogenase. The number of subunits and their

packing varies among cases. For instance, a single particle of E. coli pyruvate dehydrogenase

consists of at least 24 chains of each decarboxylase and transacetylase plus 12 chains of the

flavoprotein.
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FIGURE 5.11 Function of the lipoyl moiety within enzymes involved in transacylations following

a-keto acid decarboxylations (see Figure 5.8). In multienzyme dehydrogenases, there is transfer of an
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CARBOXYLATIONS

BIOTIN

The characteristics of the vitamin biotin are discussed in Chapter 11. The coenzymic form of

this vitamin occurs only as the vitamin with its valeric acid side chain amide linked to the

e-amino group of specific lysyl residues in carboxylase and transcarboxylase [2–6]. The length

of this flexible arm (~14 Å) is similar to that encountered with the lipoyl attachments in

transacylases. Biotin-dependent carboxylases operate by a common mechanism illustrated in

Figure 5.12. This involves tautomerization of the ureido 10-N to enhance its nucleophilicity.

Though the two ureido nitrogens are essentially isoelectronic in the imidazoline portion of

biotin, the steric crowding of the thiolane side chain near the 30-N essentially prevents

chemical additions to position 30. Phosphorylation of bicarbonate by ATP to form carbonyl

phosphate provides an electrophilic mixed-acid anhydride. The latter can then react at the

nucleophilically enhanced 10-N to generate reactive N(10)-carboxylbiotinyl enzyme. This in

turn can exchange the carboxylate function with a reactive center in a substrate, typically at a

carbon with incipient carbanion character [19].

There are nine known biotin-dependent enzymes: six carboxylases, two decarboxylases,

and a transcarboxylase. Of these, only four carboxylases have been found in tissues of

humans and other mammals. Acetyl-CoA carboxylase is a cytosolic enzyme that catalyzes

formation of malonyl-CoA for fatty acid biosynthesis. Pyruvate carboxylase is a mitochon-

drial enzyme that forms oxalacetate for citrate formation. Propionyl-CoA carboxylase forms

the D isomer of methylmalonyl-CoA on a pathway toward succinyl-CoA in the Krebs cycle.

Finally, b-methylcrotonyl-CoA carboxylase forms b-methylglutaconyl-CoA in the catabolic

pathway from L-leucine.

ONE-CARBON TRANSFER: TETRAHYDROFOLYL COENZYMES

Among natural compounds with a pteridine nucleus, those most commonly encountered are

derivatives of 2-amino-4-hydroxypteridines, which are trivially named pterins. Humans and

other mammals normally require only folic acid as a vitamin of the pterion type. This is

discussed in Chapter 12. Although a number of pterins when reduced to the 5,6,7,8-tetra-

hydro level function as coenzymes, the most generally used are poly-g-glutamates of tetra-

hydrofolate (THF) [2,12,20,21]. Tetrahydropteroylglutamates and forms of its natural

derivatives responsible for vectoring one-carbon units in different enzymic reactions are
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Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C005 Final Proof page 185 5.5.2007 4:52pm Compositor Name: BMani

Bioorganic Mechanisms Important to Coenzyme Functions 185



shown in Figure 5.13. All of these bear the substituent for transfer at nitrogen 5 or 10 or are

bridged between these basic centers. The number of glutamate residues varies, usually from

one to seven, but a few to several glutamyls optimize binding of tetrahydrofolyl coenzymes to

most enzymes requiring their function. Less broadly functional, but essential for some

coenzymic roles of pterins, is tetrahydrobiopterin, which cycles with its quinoid 7,8-dihydro

form during O2-dependent hydroxylation of such aromatic amino acids as in the conversion

of phenylalanine to tyrosine. Tetrahydrobiopterin also serves as a one-electron donor in NO

synthase catalysis. In addition, the recently elucidated molybdopterin functions in some

Mo=Fe flavoproteins, such as xanthine dehydrogenase. Structures for tetrahydrobiopterin

and molybdopterin are shown in Figure 5.14. Pterin coenzymes, most of them at the tetra-

hydro level, are sensitive to oxidation.

These interconversions of folate with the initial coenzymic relatives, the tetrahydrofolyl

polyglutamates, involve dihydrofolate reductase, necessary for reducing the vitamin level

compound through 7,8-dihydro to 5,6,7,8-tetrahydro levels. This enzyme is the target of such

inhibitory drugs as aminopterin and amethopterin (methotrexate). A similar dihydropterin

reductase catalyzes reduction of dihydrobiopterin to tetrahydrobiopterin. THF is trapped

intracellularly and extended to polyglutamate forms that operate with THF-dependent

systems. In some cases (e.g., thymidylate synthetase), there is a redox change in tetrahydro to

dihydro coenzyme, which is rejected by the NADPH-dependent reductase.

There are different redox levels for the one-carbon fragment carried by THF systems. With

formate, physphorylation by ATP leads to formyl phosphate, a reactive mixed-acid anhydride.

This can reactwith nitrogens at either position5or 10 inTHFto form the formyl compounds; on

cyclization, the5,10-methenyl-THFresults.With formaldehyde,whichbecomesanelectrophilic

cation when protonated (þCH2OH), the reaction shown in Figure 5.15 ensues. This reaction is

initiatedat themostbasicN-5 (pKa ~4.8) ofTHFtogenerate anN-hydroxymethyl intermediate.

The high electron charge (high basicity) and large free valence (high polarizability) confer a low
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activation energy for electrophilic substitution at N-5. With loss of a hydroxyl and quaterniza-

tion of this nitrogen, the one-carbon unit becomes canonically equivalent to a carbocation,

which can react either inter- or intramolecularly. In the former instance, reaction with a

nucleophile can lead to another hydroxymethyl compound; in the latter, 5,10-methylene-THF

is formed. For the methyl level, reduction of the methylene-THF occurs.

An overview of some of the major interconnections among the one-carbon-bearing

THF coenzymes and their metabolic origins and roles include a fair range of reaction types.

As mentioned earlier, there is generation and utilization of formate. The important de

novo biosynthesis of purine includes two steps wherein glycinamide ribonucleotide and

5-amino-4-imidazole carboxamide ribonucleotide are transformylated by 5,10-methenyl-THF

and 10-formyl-THF, respectively. In pyrimidine nucleotide biosynthesis, deoxyuridylate and

5,10-methylene-THFformthymidylate anddihydrofolyl coenzyme inamechanismwhereby the

tetrahydro coenzyme is oxidized to the dihydro level, as shown in Figure 5.16. There are
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conversions of some amino acids, namely, N-formimino-L-glutamate (from histidine catabol-

ism) with THF to L-glutamate and 5,10-methenyl-THF (via 5-formimino-THF), L-serine

with THF to glycine and 5,10-methylene-THF, and L-homocysteine with 5-methyl-THF to

L-methionine and regenerated THF.

REARRANGEMENTS ON VICINAL CARBONS: B12 COENZYMES

Though there are several biologically active forms derived from vitamin B12 discussed in

Chapter 13, only a couple warrant attention as coenzymes in higher eukaryotes [2,22].

The coenzyme B12 (CoB12) known to function in most organisms, including humans, is

50-deoxyadenosylcobalamin. A second important coenzyme form is methylcobalamin

(methyl-B12), in which the methyl group replaces the deoxyadenosyl moiety of CoB12. Some

prokaryotes use other bases (e.g., adenine) in this position originally occupied by the cobalt-

coordinated cyanide anion in cyanocobalamin, the initially isolated form of vitamin B12.

The metabolic interconversion of vitamin B12 as the naturally occurring hydroxocobala-

min (B12a) with other vitamin and coenzyme level forms involves sequential reduction of B12a

to the paramagnetic or radical B12r and further to the very reactive B12s. The latter reacts in

enzyme-catalyzed nucleophilic displacements of tripolyphosphate from ATP to generate

CoB12 or of THF from 5-methyl-THF to generate methyl-B12.

Seemingly all CoB12-dependent reactions react through a radical mechanism, and all but

one (Lactobacillus leichmanii ribonucleotide reductase) involve a rearrangement of a vicinal

group (X) and a hydrogen atom. This general mechanism is illustrated in Figure 5.17. For the

CoB12-dependent mammalian enzyme, L-methylmalonyl-CoA mutase, X is the CoA-S-CO-

group, which moves with retention of configuration from the carboxyl-bearing carbon of

L(R)-methylmalonyl-CoA to the carbon b to the carboxyl group in succinyl-CoA. This

reaction is essential for funneling propionate to the tricarboxylic acid cycle. Without CoB12

(from vitamin B12), more methylmalonate is excreted, but also the CoA ester competes with

malonyl-CoA in normal fatty acid elongation to form instead abnormal, branched-chain fatty

acids. Methyl-B12 is necessary in the transmethylase-catalyzed formation of L-methionine and
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regeneration of THF. Without this role, there would not only be no biosynthesis of the

essential amino acid, but increased exogenous supply of folate would be necessary to replen-

ish THF, which would not otherwise be recovered from its 5-methyl derivative.
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HISTORICAL PERSPECTIVE

The identification of niacin as a vitamin resulted from an urgent need to cure pellagra, which

ravaged low socioeconomic groups of the Southeastern United States in the early twentieth

century and various European populations for the previous two centuries [1,2]. Corn had

been introduced to Europe from the Americas and quickly became a staple food, as it could

produce more calories per acre than wheat or rye. In 1735, the Spanish physician Casal

became the first to describe the strange new disease, which he termed mal de la rosa (disease of

the rose) and the characteristic rash around the neck of pellagrins is still referred to as

‘‘Casal’s necklace.’’ The disease spread geographically with the cultivation of corn, and

became known as pelle agra (rough skin) in Italy.

Due to the widespread incidence of pellagra in eighteenth century Europe and the

establishment of whole hospitals for victims of the disease, there was a painstaking documen-

tation of its symptoms [1,2]. These include diarrhea and neurological disturbances (dementia)

[3], as well as the sun-sensitive dermatitis, which, along with the eventual death of the patient,

are often referred to as the 4 D’s of pellagra. The disease was recognized in populations in

Egypt, South Africa, and India in the late 1800s and early 1900s. The disease reached

epidemic proportions in the United States in the first half of the 1900s, producing at least

250,000 cases and 7,000 deaths per year for several decades in the southern states alone [4].

Serious outbreaks continue to occur in some developing countries [5]. An improved standard

of living and fortification of grain products have limited the disease in developed countries,

but cases of pellagra still occur and they are likely underreported because of a lack of

familiarity of modern physicians with this disease. Pellagra may be found in the homeless

[6] and associated with alcohol abuse [7]. In these cases it may be complicated by deficiency of

other nutrients, including thiamine, generating complex patterns of dementia [7]. Pellagra

may occur in AIDS patients [8] and is associated with anorexia nervosa [9]. Low niacin status

is also very common in cancer patients [10,11] and pellagra may be induced by chemotherapy

[11,12]. Carcinoid cancers produce high levels of serotonin from tryptophan, and these

patients will be at risk for deficiency if their intake of preformed niacin is low [13]. In all of

these conditions, pellagra may be difficult to recognize if it does not present with the

traditional outward signs of the disease [14]. For most of the cases given earlier, sun exposure

is less of a factor compared with the historical pellagra outbreaks, and current patients may

present with nondescript combinations of diarrhea and depression. Interestingly, if poorly

diagnosed niacin-deficient patients are supplemented with micronutrients lacking sufficient

niacin, they appear to move rapidly toward a full pellagrous dementia [14,15]. In addition to

true pellagra, it is also likely that subclinical deficiencies of niacin exist in developed countries;

15% of women surveyed in Malmo, Sweden, had blood nucleotide pools which indicated a

suboptimal niacin intake [16].

Until the first half of the twentieth century, the etiology of pellagra was unknown. Early

theories suggested it was a type of leprosy; that it resulted from a toxin in moldy corn; or that

it was an infectious disease communicated through an insect vector. Gradually, an association

between pellagra and corn consumption became apparent, even in the absence of mold

contamination. This was confirmed by Joseph Goldberger [17], who determined that a

pellagra-preventative (P-P) factor, missing from corn, was necessary to prevent and cure

pellagra in humans. In 1937, Elvehjem et al. [18] discovered that nicotinic acid could cure

black tongue in dogs, an early animal model for pellagra. Paradoxically, chemical analysis of
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corn revealed that it was not especially low in nicotinic acid content. However, Krehl et al.

[19] induced niacin deficiency in rats by feeding the animals a corn-based diet and the

symptoms were alleviated with the addition of casein, a protein source rich in tryptophan.

There had been suggestions that tryptophan deficiency caused pellagra and, in 1921, a

pellagrous patient was treated successfully with tryptophan supplementation [20]. It was

eventually realized that tryptophan can be used, with low efficiency, as a substrate for the

synthesis of nicotinamide adenine dinucleotide (NAD) [21]. In 1951, Carpenter’s group found

that niacin in corn is biologically unavailable and can be released only following prolonged

exposure to extremes in pH [22]. These findings eventually led to a better understanding of the

contribution of a corn-based diet to the development of pellagra; corn-based diets are low in

tryptophan and the preformed nicotinic acid is tightly bound, preventing its absorption. The

release of niacin from this complex at elevated pH explained the good health of native

Americans who used corn as a dietary staple: in most cases, these societies processed their

corn with alkali before consumption. Corn was in use throughout North and South America

for thousands of years as a domesticated crop, and methods of preparation ranged from

treatment of corn with ashes from the fireplace, to the well-known use of limewater (water

and calcium hydroxide) in the making of tortillas. In addition, niacin in immature corn is

far more available, and the native practice of roasting and drying ‘‘green’’ corn provided

another source of available niacin [23]. Had the explorers brought native American cooking

techniques along with corn to sixteenth century Europe, pellagra epidemics might never

have occurred.

Pellagra may be difficult to identify, as the symptoms of dermatitis, diarrhea, and

dementia occur in an unpredictable order, and it is uncommon to find all three aspects

until the disease is very advanced. The earliest sign of deficiency is often inflammation in

the oral cavity, which progresses to include the esophagus and eventually the whole digestive

tract, associated with a severe diarrhea [1]. Burning sensations often discourage food con-

sumption, and the patient may progress toward a state of marasmus. The cause of death in

many cases results from the effects of general malnutrition, poor disease resistance, and

diarrhea [1]. Due to the sensitivity to sunlight, and possibly due to dietary variation, the

incidence of pellagra is seasonal. The dermatitis can become severe rapidly, with exposed skin

showing hyperpigmentation, bullous lesions, and desquamation (Figure 6.1a and Figure

6.1b). The skin may heal during fall and winter, leaving pink scars, only to revert to open

sores the following summer. The other dramatic symptom of pellagra is dementia, which

progresses beyond the type of depression associated with general malnutrition. Neurological

changes in pellagra patients begin peripherally, with signs such as muscle weakness, twitching

and burning feelings in the extremities, and altered gait [24]. Early psychological changes

include depression and apprehension, but these progress to more severe changes, such as

vertigo, loss of memory, deep depression, paranoia and delirium, hallucinations, and violent

behavior [25]. This type of dementia is very similar to schizophrenia [26]. There are examples

of the pellagrous insane committing murder, although it was more common for these patients

to turn to suicide [1]. While there are pathological changes in the spinal cord in advanced

pellagra, and some of the motor disturbances are permanent [1], there is a striking recovery of

psychological function when insane pellagra patients are treated with nicotinic acid, with

a disappearance of many symptoms in 1 to 2 days [25]. These observations suggest

that a compound derived from niacin is involved in neural signaling pathways.

The first biochemical role established for niacin was its involvement in redox reactions

and energy metabolism. For many years, however, the symptoms of pellagra remained

mysterious when viewed from this perspective. Other nutrients involved in energy metabolism

do not cause similar deficiency symptoms. Riboflavin-containing coenzymes are often

coupled with nicotinamide-dependent reactions in the transfer of electrons, but riboflavin

deficiency is not very similar to pellagra. Iron is intimately involved in electron transport and
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ATP production and it functions closely with nicotinamide cofactors in energy metabolism.

Iron deficiency and pellagra both cause general weakness, which could be associated with

disrupted energy metabolism, but the pellagra patient displays several unique and dramatic

clinical characteristics. While other nutrient deficiencies cause dermatitis, only in niacin

deficiency is this condition induced by exposure to sunlight. While thiamine deficiency also

causes changes in energy metabolism and neural function, the behavioral effects reflect a

severe depression (dry beriberi) rather than dementia.

Recently, insights into the function of nicotinamide coenzymes in metabolism have

improved our appreciation of the biochemical changes that may underlie the 4 D’s of

pellagra. Table 6.1 lists the general categories of enzymes now known to require nicotinamide

nucleotides as cofactors. In the end, the etiology of pellagra, and the impact of subclinical

deficiencies of niacin, will be understood from a perspective of the relative disruption of these

different areas of NADP-dependent metabolism.

In 1967, poly(ADP-ribosyl)ation was identified and recognized as a posttranslational

modification of nuclear proteins. Poly(ADP-ribose) synthesis makes use of NADþ as sub-

strate, rather than as an electron-transporting intermediate. Poly(ADP-ribose) formation has

been shown to be important in DNA repair and genomic stability and provides an explan-

ation for sensitivity to ultraviolet radiation observed in pellagra. Mono(ADP-ribosyl)ation

was characterized, beginning in the mid-1960s, as a mechanism of action for many bacterial

FIGURE 6.1 (a) An Austrian child with pellagra, showing dermatitis on the exposed skin of the face and

hands. Note the unaffected skin on the wrists where the cuffs of the coat are turned up. (Reproduced

from Roberts, S.R., Pellagra: History, Distribution, Diagnosis, Prognosis, Treatment, Etiology, C.V.

Mosby, St. Louis, 1914. With permission.) (b) Severe pellagrous lesions on the arms of a 32 year old

woman. They did not respond to riboflavin supplementation, but cleared up with the use of Valentine’s

whole liver extract, a good source of niacin. (Reproduced from Harris, S., Clinical Pellagra, C.V.

Mosby, St. Louis, 1941. With permission.)
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toxins. Mono(ADP-ribosyl)ation is now thought to be important in the endogenous regula-

tion of many aspects of signal transduction and membrane trafficking in eukaryotic cells.

In 1989, cyclic ADP-ribose was identified as another product of NAD metabolism

and shown to have the ability to regulate cellular calcium homeostasis, a central process

in neural transmission. Interestingly, the enzymes that make and degrade cyclic ADP-

ribose and the proteins that bind this second messenger are present in the brain in relatively

larger quantities than other tissues. The same enzymes that make cyclic ADP-ribose have

now been found to produce nicotinic acid adenine dinucleotide phosphate (NAADP), using

NADP as a substrate. NAADP also appears to have distinct functions in the regulation

of intracellular calcium stores. The studies of mono-ADP-ribose, cyclic ADP-ribose, and

NAADP function are in their early stages, but they may soon provide explanations for the

dementia of the pellagra patient and the changes in intestinal cell function that lead

to diarrhea.

CHEMISTRY

NICOTINIC ACID AND NICOTINAMIDE

The term niacin is accepted as a broad descriptor of vitamers that have the biological activity

associated with nicotinamide, including nicotinamide, nicotinic acid, and a variety of pyridine

nucleotide structures. In the past, niacin has been used to specifically refer to nicotinic acid

(pyridine-3-carboxylic acid, Figure 6.2a) but, for the purposes of this discussion, ‘‘niacin’’ is

used in reference to all forms with vitamin activity whereas ‘‘nicotinic acid’’ refers to pyridine-

3-carboxylic acid. Nicotinic acid is a white crystalline solid, stable in air at normal room

temperature. It is moderately soluble in water and alcohol, but insoluble in ether. An aqueous

solution has maximum ultraviolet absorbance at 263 nm.

Like nicotinic acid, nicotinamide (niacinamide; pyridine-3-carboxamide) (see structure,

Figure 6.2b) is a white crystalline substance with a maximal ultraviolet absorbance at 263 nm.

In contrast to nicotinic acid, nicotinamide is highly soluble in water, and is soluble in ether,

characteristics that allow separation of the two vitamers.

NIACIN COENZYMES

The biologically active forms of niacin compounds are the NAD and NADP coenzymes

(Figure 6.2c and Figure 6.2d). The C-4 position on the pyridine ring of the nicotinamide

moiety participates in oxidation and reduction reactions. Due to the electronegativity of the

amide group and the nitrogen at position 1 on this ring, hydride ions can readily reduce

the oxidized C-4 position. This is the basis for the enzymatic hydrogen-transfer reactions that

are ubiquitous among organisms. In relation to the nonredox functions of NAD, the glyco-

sidic linkage between nicotinamide and ribose is a high-energy bond and cleavage of this bond

drives all types of ADP-ribose-transfer reactions in the forward direction.

The oxidized and reduced forms of the coenzymes are designated NADþ or NADPþ and

NADH or NADPH, respectively. The designations NAD and NADP are used to describe the

total pools. This is often necessary if the method of quantification does not distinguish

between oxidized and reduced forms or if a general statement about the nucleotide pool is

made. The total pool of all four forms may be referred to as NAD(P). Both NAD and NADP

are white powders, which are freely soluble in water and poorly soluble in ether. Both

compounds have strong ultraviolet absorption at 340 nm in their reduced forms, with a

weaker absorption at 260 nm when oxidized or reduced. The absorbance at 340 nm is often

used to monitor the oxidation or reduction of these cofactors in enzyme assays.
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FOOD CONTENT, DIETARY REQUIREMENTS, AND ASSESSMENT OF STATUS

QUANTIFICATION

The traditional analysis for nicotinic acid entails cleavage of the pyridine ring with cyanogen

bromide (the Koenig reaction) and then reaction with an aromatic amine to yield a colored

product that can be assayed spectrophotometrically [27]. Microbiological assay of nicotinic

acid and nicotinamide is possible [28,29] and fluorometric measurement of nicotinamide is

very sensitive [30]. These traditional methods for the analysis of nicotinic acid and nicotina-

mide are replaced by new techniques including gas chromatography and mass spectroscopy

[31,32] or HPLC [33].

Measurement of pyridine nucleotides is easier than measurement of the vitamin pre-

cursors. Oxidized forms (NADþ, NADPþ) are extracted by acid, usually 1 N perchlorate.

This causes destruction of the reduced forms (NADH, NADPH). The reduced nucleotides are

extracted by base, which causes destruction of the oxidized forms [34]. The extracted nucleo-

tides are generally quantified by enzyme-cycling techniques, which recognize oxidized or

reduced nucleotides, but are specific to either NAD or NADP [34]. The oxidized forms can
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FIGURE 6.2 Chemical structures of niacin compounds. (a) Nicotinic acid, (b) nicotinamide, (c) NADþ,

(d) NADPþ, and (e) site of reduction.
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also be measured by HPLC techniques, which provide additional data on ATP, ADP, and

AMP levels [35].

FOOD CONTENT

The niacin content of human foods is usually expressed as niacin equivalents (NE), which are

equivalent to niacin content (mg) and 1=60 tryptophan content (mg). This relationship is not

really constant across a range of niacin and tryptophan intake, as it may be less efficient with

low tryptophan intakes [36,37] and more efficient with low niacin intake [2,36]. The efficiency

of conversion may also be affected by other amino acids and dietary fat, as discussed in

subsequent sections. Niacin in plant products is mainly in the form of nicotinic acid, although

much of it exists in poorly understood bound forms. These bound forms have been studied in

wheat bran, corn, and other grains and are heterogeneous mixtures of polysaccharides and

glycopeptides to which nicotinic acid is esterified [38]. Niacin in immature corn is much more

bioavailable [23]. Niacin in mature corn is about 35% available, even with cooking, but

alkaline treatment frees the niacin for effective absorption [39]. Animal products initially

contain mainly NAD and NADP coenzymes, although these tend to release nicotinamide

during the aging and cooking of meats. Because plant products contain less tryptophan than

animal products, and because the nicotinic acid may be largely bound in unavailable forms,

some grain products such as breakfast cereals are supplemented with nicotinic acid. Diet

fortification, together with the widespread occurrence of niacin and tryptophan in a mixed

diet, has greatly diminished clinically obvious cases of pellagra in developed countries.

Subclinical niacin deficiency may still be common in developed countries [16,31] and clinical

pellagra still occurs in association with alcoholism [14]. Outbreaks of pellagra continue in

some areas of the world where populations rely on corn as a staple [5]. The degree of nutrient

deficiency in a population is always based on the current perception of optimal intake or

function. As our understanding of niacin function evolves, we should be open to revising

these end points and re-evaluating niacin status. Later sections in this chapter show that

higher intakes of niacin may decrease the risk of various forms of cancer.

DIETARY REQUIREMENTS AND ASSESSMENT OF STATUS

Canada and the United States have harmonized dietary reference intakes (DRI) for essential

nutrients, including niacin. There are recommended dietary allowances (RDA) and tolerable

upper intake levels (UL) set out for niacin intake. The new RDA values for niacin range from

2 mg of preformed niacin per day for infants up to 18 NE=day during pregnancy [40]. Niacin

status has traditionally been tested by measuring the urinary excretion of various niacin

metabolites or the urinary ratio of N-methyl-2-pyridone-5-carboxamide to N-methylnicoti-

namide [41]. The 2-pyridone form decreases to a greater extent in response to a low dietary

intake, and a ratio of less than 1.0 is indicative of niacin deficiency. More recently, it has been

found that the NAD pool in red blood cells decreases rapidly during niacin deficiency in

men whereas the NADP pool is quite stable [36]. This has led to the suggested use of

(NAD=NADþNADP)� 100, referred to as the niacin number, as an easily obtained index

of niacin deficiency in humans [13,16,42]. Studies using animal models have also shown that

blood NAD pools deplete more rapidly and to a greater extent than those of tissues such as

the liver, heart, or kidney [43], suggesting that a portion of blood NAD may represent a labile

storage pool.

The UL values for niacin apply only to supplements and fortified foods and range from

10 mg=day in young children to 35 mg=day in adults. The UL is based on the risk of skin

flushing [40], which, alone, does not reflect serious health risks. Many vitamin B supplements

contain 50–100 mg per tablet, and about half of all supplement users are found to exceed the
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UL for niacin [44]. As Canada moves toward a more regulated natural product industry, these

high-niacin supplements may not receive natural product numbers, and may not be available

for purchase. On the other hand, future research may extend the results of animal studies and

show that larger niacin supplements decrease cancer risk in human populations, and the

recommendations for niacin supplementation may be increased. Very high levels of niacin

intake can stress methyl donor status [45] and increase blood homocysteine levels [46].

(See Pharmacology and Toxicology in page 220.)

PHYSIOLOGY

PATHWAYS OF SYNTHESIS

Although plants and most microorganisms can synthesize the pyridine ring of NAD de novo

from aspartic acid and dihydroxyacetone phosphate [47], animals do not have this ability.

Nicotinic acid, nicotinamide, pyridine nucleotides, and tryptophan represent the dietary

sources for the pyridine ring structure in mammals. Animals may also practice coprophagy

to take advantage of colonic synthesis of niacin by microflora. Ruminants receive an ample

supply of niacin from foregut bacteria.

In 1958, Preiss and Handler [48] proposed a pathway for the conversion of nicotinic acid

to NAD in yeast and erythrocytes (shown in reactions 9, 5, and 6 of Figure 6.3). Initially, it

was believed that nicotinamide was also metabolized through the Preiss–Handler pathway,

following the conversion of nicotinamide to nicotinic acid by nicotinamide deamidase (reac-

tion 8, Figure 6.3). However, it was soon demonstrated by Dietrich et al. [49] that nicotina-

mide reacts first with phosphoribosyl pyrophosphate and then ATP to produce NAD directly

(reactions 10 and 11, Figure 6.3). Interestingly, there is a common enzyme in the de novo and

salvage routes of NAD synthesis. Nicotinamide mononucleotide (NMN) and nicotinic acid

mononucleotide (NAMN) adenylyltransferase activities reside within a common protein; this

enzyme catalyzes the last step in the conversion of nicotinamide and the second last step in the

conversion of nicotinic acid to NAD. It was thought to exist only in the nucleus, but now

three distinct forms of the enzyme have been characterized, including nuclear, mitochondrial,

and Golgi isoforms [50].

Tryptophan catabolism plays an important role in niacin status. The majority of trypto-

phan is catabolized through kynurenine and 2-amino-3-carboxymuconic-6-semialdehyde

(ACMS) to acetyl CoA. Quinolinic acid can react with phosphoribosyl pyrophosphate to

produce NAMN. This reaction predominates in the kidney and in the liver in mammals

because of the localization of quinolinate phosphoribosyltransferase in these tissues [51].

NAD is then synthesized from NAMN via the Preiss–Handler pathway. A number of

reactions are required to convert tryptophan to quinolinic acid. ACMS, an intermediate

in this pathway, is catabolized toward acetyl CoA and CO2 (reaction 2, Figure 6.3) by

2-amino-3-carboxymuconic-6-semialdehyde decarboxylase (ACMSD, previously called pico-

linate carboxylase). If ACMS accumulates, some of it degrades spontaneously to quinolinic

acid (reaction 3, Figure 6.3), allowing the formation of NAD. The formation of quinolinate

and NAD is impaired if there is a high activity of ACMSD, and this appears to be a main

source of variation between species in the efficiency of conversion of tryptophan to niacin

[52]. The production of NAD from tryptophan is favored by a high activity of tryptophan or

indoleamine 2,3-dioxygenase, a low activity of ACMSD, and a high activity of quinolinate

phosphoribosyltransferase. These requirements restrict this pathway to the liver and kidney

and lead to a wide range in the efficiency of tryptophan utilization among species and

individuals. The following is a subjective observation, but the conversion of tryptophan to

niacin seems like a poorly regulated pathway with respect to niacin status. NAD production is

dependent on a nonenzymatic conversion, and the enzymes that are required to create
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the required accumulation of ACMS are regulated by many factors unrelated to niacin status

[53–55]. It appears that this pathway may be regulated, in part, to minimize quinolinate

neurotoxicity during high protein intake [56], starvation, and ketosis [57].

In nutritionally replete humans, there is thought to be a 60:1 ratio between tryptophan

supply and niacin formation, although individual variation is significant [58]. Because of this

relationship, dietary niacin content is described in niacin equivalents (1 NE¼mg niacin þ
1=60 mg tryptophan). More recent work has suggested that humans may not utilize trypto-

phan for niacin synthesis when tryptophan levels are limited in the diet [36]. In these

experiments, young men were placed on a diet containing 6 NE=day (RDA¼ 16 NE),
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Serotonin

Acetyl CoA

Kynurenine

Quinolinic acid

NA mononucleotide

NA adenine dinucleotide

Nicotinamide

NAD+

ADP-ribose
Poly(ADP-ribose)
Mono(ADP-ribose)
Cyclic ADP-ribose

Gln + ATP
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PRPP
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PPi

NH3

PPi

PPi

PPi
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PRPP

NA

2-amino-3-carboxymuconic-
6-semialdehyde (ACMS)

FIGURE 6.3 Pathways of NADþ synthesis in mammals. Reactions 5, 6, 8, and 9 comprise the Preiss–

Handler pathway whereas reactions 10 and 11 form the Dietrich pathway. The following enzymes

correspond to the numbered reactions: 1, tryptophan 2,3-dioxygenase (hepatic) or indoleamine 2,3-

dioxygenase (extrahepatic), which start the five-step conversion to ACMS and nine-step catabolism of

tryptophan to acetyl CoA; 2, ACMS decarboxylase (ACMSD); 3, spontaneous chemical reaction;

4, quinolinic acid phosphoribosyltransferase; 5, NAMN adenylyltransferase (enzymes 5 and 11 may

be identical proteins); 6, NAD synthetase; 7, NAD glycohydrolases, various ADP-ribosylation reac-

tions; 8, nicotinamide deamidase; 9, nicotinic acid phosphoribosyltransferase; 10, nicotinamide phos-

phoribosyltransferase; 11, NMN adenylyltransferase.
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and their blood NADþ levels decreased by 70% over 5 weeks, indicating a significant degree

of niacin deficiency. Subsequent addition of 240 mg=day of tryptophan to this diet had no

effect on blood NAD, although it prevented the decrease in plasma tryptophan that had been

caused by the consumption of the unsupplemented diet. This tryptophan represented, in

theory, an additional 4 NE=day, but it appears that protein turnover takes precedence over

niacin synthesis when tryptophan levels are low. NE calculations for diets with marginal

niacin status may be inaccurate because of this relationship. At the same time, tryptophan

supplements have been reported to cure pellagra and a genetic defect in tryptophan absorp-

tion, known as Hartnup’s disease, which also causes pellagra-like signs and symptoms.

Carcinoid tumors, which catabolize tryptophan, are also seen to be associated with poor

niacin status [13]. While the efficiency of conversion of tryptophan to NAD is thought to be

increased by niacin deficiency [2], it is also apparent that at low tryptophan intakes, needs for

protein metabolism dominate over conversion to NAD [36].

The conversion of tryptophan to NAD varies between individuals, because of genetic

variation, disease states (e.g., carcinoid syndrome), and the effect of other dietary compo-

nents. High-leucine diets [54] and high-fat diets [55] depress tryptophan to NAD conversion,

apparently through a similar mechanism involving excess formation of ketone bodies. The

impact of ketosis is supported by the finding that uncontrolled diabetes increases ACMSD

expression [59], thereby depressing tryptophan to niacin conversion. This is interesting from

the perspective that the diet of pellagrins in the southern United States has been described as a

combination of corn bread and pork fat, which would create a ketotic environment that

would discourage tryptophan conversion, in combination with a low-tryptophan diet and

niacin in a form with low bioavailability.

Species vary in their ability to synthesize niacin from tryptophan. Cats, adapted to a diet

high in amino acids, have approximately 50 times greater ACMSD activity than humans [52]

and they demonstrate extremely poor utilization of tryptophan as a precursor of NAD [60].

Rats, on the other hand, are more efficient than humans in their use of tryptophan for NAD

synthesis (in a ratio of about 33 mg tryptophan:1 mg niacin) [61]. Mice are resistant to niacin

deficiency, even on diets containing as little as 6% casein, with 7% gelatin, a protein source

lacking tryptophan (unpublished data). In the previous edition of this text, it was reported

that guinea pigs are very susceptible to niacin deficiency, and eventually die on a niacin-free

diet containing 20% casein [62]. This could be interpreted as a very poor conversion of

tryptophan to niacin, and we decided to use guinea pigs for a series of experiments on niacin

deficiency and neural function. We found that guinea pigs on a niacin-free 20% casein diet

developed only a modest niacin deficiency, as assessed by tissue NAD levels [198]. However,

these animals are very sensitive to environmental stressors and basically appeared to stop

eating and die for no apparent metabolic reason. I apologize to anyone who attempted to use

guinea pigs as a model of niacin deficiency after reading the previous edition of this chapter.

ABSORPTION

Both nicotinamide and nicotinic acid can be absorbed through the stomach lining, but

absorption in the small intestine is more rapid. For intact nucleotides, pyrophosphatase

activity in the upper small intestine metabolizes NAD(P) to yield NMN, which is then quickly

hydrolyzed to form nicotinamide riboside and eventually free nicotinamide.

Absorption of both nicotinic acid and nicotinamide at low concentrations appears to be

via sodium-dependent facilitated diffusion [63], or by carrier-mediated transport making use

of proton cotransporters [64] and anion antiporters [65]. Higher concentrations of both forms

appear to be absorbed by passive diffusion. Once absorbed from the lumen into the entero-

cyte, nicotinamide may be converted to NAD or released into the portal circulation.

Although some nicotinic acid moves into the blood in its native form, the bulk of nicotinic
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acid taken up by the enterocyte is converted via the Preiss–Handler pathway to NAD [63].

As required, NAD glycohydrolases in the enterocytes release nicotinamide from NAD into

the plasma as the principal circulating form of niacin.

DISTRIBUTION AND METABOLISM

Niacin compounds entering the portal circulation are either internalized by erythrocytes or

transported to the liver. Erythrocytes take up nicotinic acid and nicotinamide effectively by

facilitated diffusion, converting them to nucleotides to maintain a concentration gradient [66,67].

The liver is a central processing organ for niacin. Aside from its role in the conversion of

tryptophan to NAD, it receives nicotinamide and some nicotinic acid via the portal circula-

tion, as well as nicotinamide released from other extrahepatic tissues. In the liver, nicotinic

acid and nicotinamide are metabolized to NAD or to yield compounds for urinary excretion,

depending on the niacin status of the organism. The liver has some capacity for NAD storage.

Because hepatic regulation of nicotinamide phosphoribosyltransferase by ATP and NAD (posi-

tive and negative, respectively) is less effective than in many other tissues, liver NAD

concentrations increase significantly following dietary nicotinamide administration [63].

In rats, nicotinic acid and nicotinamide, at 1000 mg=kg diet, increase blood and liver

NADþ to a similar and modest extent (about 50%) [68]. NAD glycohydrolases are thought

to use hepatic NAD to produce nicotinamide [69], which is released for replenishment of

extrahepatic tissues. The function of NAD glycohydrolases is controversial, however,

and may be difficult to distinguish from mono-, poly-, and cyclic ADP-ribose formation and

catabolism (see later sections).

The liver plays an important role in the preparation of niacin for urinary excretion,

producing a variety of methylation and hydroxylation products of both nicotinic acid and

nicotinamide. In humans, nicotinamide is primarily methylated to produce N1-methylnicoti-

namide, whereas nicotinic acid is conjugated with glycine to form nicotinuric acid. Increasing

levels of the untransformed vitamers can be found in the urine as the level of dietary niacin

increases [63]. High levels of niacin intake can stress methyl donor status [45] and increase

blood homocysteine levels [46].

BIOCHEMICAL FUNCTIONS

NAD COFACTORS IN REDOX REACTIONS

Oxidation and reduction of the C-4 position on the pyridine ring of NAD coenzymes is the

basis for hydrogen-transfer reactions important in oxidative phosphorylation and biosyn-

thetic reactions. NADþ is reduced to NADH in glycolytic reactions, oxidative decarboxyla-

tion of pyruvate, oxidation of acetate in the TCA cycle, oxidation of alcohol, b-oxidation of

fatty acids, and a large number of other cellular oxidation reactions. The electrons derived

from these oxidation reactions are transferred to the electron transport chain through the

oxidation of NADH. The energy resulting from these transfers is used to generate ATP. In

contrast to the central role that NAD(H) plays in energy expenditure, NADP(H) is essential

for the biosynthetic reactions involved in energy storage. NADPH is produced from reduction

of NADPþ in reactions of the pentose phosphate pathway and during the malate–pyruvate

shuttle across the mitochondrial membrane. NADPH then acts as a reducing agent for fatty

acid production, cholesterol synthesis, and manufacture of deoxyribonucleotides, as well

as many other cellular macromolecules. NADPH is also notable for its involvement in

glutathione regeneration, and therefore critical in oxidant defense and xenobiotic metabolism.

The extra phosphate group carried on NADP allows the cell to separate the oxidation and

reduction activities of the nicotinamide cofactors by allowing most cellular enzymes to be
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specific for one of these coenzyme species. Because of this specificity, the majority of cellular

NADP is maintained in the reduced state by the pentose phosphate pathway and reduction

reactions are favored by mass action. Conversely, NAD is predominantly oxidized, improv-

ing the oxidant capabilities of this cofactor under cellular conditions. The role that NAD

coenzymes play in redox reactions has been the function classically associated with niacin,

since Warburg and Christian showed that nicotinamide was a component of NADP in 1935

and, in the following year, demonstrated the presence of nicotinamide in NAD [70]. It is

probable that early researchers attributed the pathology associated with niacin deficiency to

disruptions in redox cycling, since this was the only capacity for niacin known at that time.

However, the distinctive clinical signs of pellagra (dementia, sun-sensitive dermatitis) may be

better explained in relation to the functions of NAD described in the following sections.

NAD1
AS A SUBSTRATE

While the hydride-transfer chemistry of the pyridine nucleotides was initially described in the

1930s [70], the high-energy glycosidic linkage between nicotinamide and ADP-ribose received

little attention before the discovery of mono- and poly(ADP-ribosyl)ation reactions in the

1960s. The energy provided by breaking this bond allows the addition of ADP-ribose to a

variety of nucleophilic acceptors. These include glutamate side chains and hydroxyl groups of

ribose for poly(ADP-ribose) synthesis; a variety of amino acid side chains in mono(ADP-

ribosyl)ation reactions; and an internal ribose linkage for cyclic ADP-ribose synthesis

(Figure 6.4). The catabolic activity of NAD glycohydrolase (if this reaction does exist in

isolation) also represents an ADP-ribose transfer, in which water acts as the nucleophilic

acceptor. NAD-dependent deacetylation reactions are also ADP-ribosylation reactions,

forming O-acetyl-ADP-ribose as an end product.

ADP-RIBOSE CYCLIZATION AND NAADP SYNTHESIS

In 1987, a metabolite of NADþ was found to cause intracellular calcium mobilization in sea

urchin eggs [71] and was later identified as cyclic ADP-ribose [72]. Cells have several types of

calcium channels, including the inositol-1,4,5-trisphosphate (IP3) receptors and the ryanodine

receptors, which regulate the release of calcium from internal stores. Evidence has accumu-

lated that cyclic ADP-ribose is an endogenous messenger that controls type 2 and type 3

ryanodine receptors [73]. More recently, a contaminant of commercial NADP was found to

mobilize calcium, and was identified as NAADP [74]. It is now accepted that control of

intracellular calcium release is a result of overlapping signals from IP3, cyclic ADP-ribose,

and NAADP [75].

Calcium concentrations are about 10,000-fold higher outside cells than the levels in the

cytoplasm or nucleoplasm. Transient increases in intracellular calcium are a major compon-

ent of signaling in all the cells of the body. Calcium may move into a cell through the plasma

membrane or it may be released from intracellular stores, including the endoplasmic or

sarcoplasmic reticulum, mitochondria, lysosomes, and the nuclear envelope. When one

stimulus causes calcium release, there is often a positive feedback leading to a much larger

flow of calcium into the cytoplasm. The control of ryanodine receptors by cyclic ADP-ribose

plays an important role in this calcium-induced calcium release (CICR), in conjunction with

IP3 and IP3 receptors. As an example of this, an impulse traveling along a nerve axon arrives

at a synapse, where voltage-gated channels allow a certain amount of calcium to cross the

plasma membrane. This calcium initiates a variety of intracellular signals in the cytosol,

including the formation of IP3 and cyclic ADP-ribose, which bind to ryanodine and IP3

receptors, causing more calcium release from intracellular stores. If the total calcium release

reaches a certain threshold, the release of neurotransmitters will be sufficient to cause the

impulse to be propagated across the synapse. Similar calcium release events occur in both
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the pre- and postsynaptic boutons, which enhance or dampen the strength of synapses and are

involved in essentially all aspects of nervous system function. Analogous calcium-signaling

events take place in all the cells of the body, including insulin release by beta cells, muscle cell

contraction, T-lymphocyte activation, and so on.

ADP-ribosyl cyclases are enzymes that release nicotinamide from NADþ and form cyclic

ADP-ribose (Figure 6.4). Cyclic ADP-ribose hydrolase is the activity responsible for degrad-

ation of cyclic ADP-ribose to linear ADP-ribose. NAD glycohydrolase, isolated from canine

spleen, actually has both cyclase and hydrolase activities, leading to an overall reaction that

appears to be NADþ glycohydrolysis [76]. The leukocyte cell-surface antigen CD38 also

has both these activities [73]. It is likely that other enzymes previously identified as

NAD glycohydrolases are actually cyclases and also likely that most cyclases have NAD

glycohydrolase-like activity. The presence of both activities is probably useful given the rapid

and transient nature of calcium signaling.
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FIGURE 6.4 Structures and origin of cyclic ADP-ribose and NAADP.
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NAADP is the most potent of the calcium release agents, but does not appear to be

involved in CICR. NAADP regulates intracellular calcium pools that are distinct from those

controlled by IP3 or cyclic ADP-ribose and it may play a role in the initial release that causes

CICR. Surprisingly, NAADP appears to be formed by the same enzymes that make cyclic

ADP-ribose, although the reaction mechanism seems quite different. This occurs in vitro by

exchanging the nicotinamide on NADP with nicotinic acid (Figure 6.4). This reaction requires

acidic pH and high levels of nicotinic acid and may function in vivo within a specialized

vesicle or microenvironment, or may be an in vitro artifact. NAADP could be formed in vivo

through phosphorylation of NAAD or deamination of NADP, although no enzymes with

these activities have been identified [75]. In some cell types, NAADP causes release of calcium

through type I ryanodine receptors whereas in other cells there appears to be a specialized

receptor associated with an acidic vesicle [75]. NAADP is released at extremely low concentra-

tions, but has been shown to accumulate during the response of pancreatic beta cells to glucose,

smooth muscle cells to endothelin, and pancreatic acinar cells to cholecystokinin. Many other

cell types have been shown to respond in vitro to exogenous NAADP [75], and the accumulated

evidence strongly supports a physiological role for this molecule in cell signaling.

There are many questions to be answered concerning the roles of cyclic ADP-ribose and

NAADP in cell signaling. ADP-ribosyl cyclase activities are widespread and many of these

same enzymes have the potential to make NAADP. CD38 has been identified as an ectoen-

zyme in a wide variety of mammalian tissues, but is also internalized in lipid rafts and has also

been found in the cytosol, endoplasmic reticulum, and nucleus [77], so there is much to learn

about the regulation and function of CD38 [73]. As for non-CD38 enzymes, cyclases have

been isolated from the cytosol of Aplysia and dog tissues [78], from the endoplasmic reticulum

of canine spleen [76], and from skeletal muscle sarcoplasmic reticulum [79]. Of interest to

the central nervous system (CNS) field, a cyclase has been found in synaptosomes from

CD38-null mouse brains [80], which appears to be responsible for the majority of brain cyclic

ADP-ribose formation. There may even be calcium-signaling roles for free linear ADP-ribose

[81], which is created during the hydrolysis of cyclic, mono-, and poly(ADP-ribose).

To eventually understand the effect of niacin deficiency on these processes, we need to

determine the subcellular localization of the active forms of these enzymes and their affinity

for nucleotide substrates. Later in this chapter, we will try to integrate these functions with

other NADþ-utilizing reactions and consider how they might respond during niacin defi-

ciency. We have recently found that niacin deficiency in rats, over a period of 4 weeks, causes

40% and 30% decreases in cortical–hippocampal NADþ and cyclic ADP-ribose, respectively

[199], and we are proceeding to investigate neural function in this model. Researchers may

find over the next few years that neural functions mediated by cyclic ADP-ribose and

NAADP are impaired during niacin deficiency and are responsible for the unusual CNS

disruptions and dementia of pellagra.

During niacin deficiency, altered levels of cyclic ADP-ribose and NAADP may affect

processes other than neural function. Niacin deficiency causes genomic instability in bone

marrow lineages [82], and it is logical to think of altered poly(ADP-ribose) metabolism [83].

However, many nuclear processes are controlled by calcium signals, and cyclic ADP-ribose

and NAADP have been shown to liberate calcium from the inner surface of the nuclear

envelope [84]. UV-induced skin cancer in mice is dramatically reduced by supraphysiological

niacin intake, and this effect is related to immune surveillance [85]. This could be related to

the role of CD38 in the function of lymphokine-activated killer cells [86].

NAD1 GLYCOHYDROLYSIS

NADþ glycohydrolase enzymes catalyze the donation of the ADP-ribose moiety of NADþ to

water, resulting in free ADP-ribose and nicotinamide. There have been many reports of this
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activity in mammalian plasma membranes and in the cytosol [87]. However, difficulty in

isolating the enzymes has prevented clear identification of their form and metabolic function.

The function of these enzymes has never been clearly understood, but may become clearer

with the discovery that cyclic ADP-ribose formation and hydrolysis are often catalyzed by

the same enzyme, leading to the misleading appearance of simple NAD hydrolysis. It is

possible that CD38 and other cyclase–hydrolase complexes are identical to the elusive

membrane-bound NAD glycohydrolase [76]. To further complicate this issue, poly(ADP-

ribose) polymerase (PARP) [88], bacterial ADP-ribosylating toxins [89], and endogenous

mono(ADP-ribosyl) transferases [90] have the ability to use water as an acceptor of the

ADP-ribose moiety, in lieu of a protein, thus leading to glycohydrolase-like activity. If true

NAD glycohydrolase activities exist, their function may be related to the control of intracel-

lular NAD levels and to the availability of nicotinamide for export from tissues such as the

small intestine and liver [87].

MONO(ADP-RIBOSYL)ATION

Mono(ADP-ribosyl)ation is the transfer of a single ADP-ribose moiety, derived from NADþ,

to an amino acid residue on an acceptor protein [91,92]. Of these enzyme systems, the

bacterial toxins are the best characterized. Cholera, pertussis, diphtheria, and Pseudomonas

toxins use eukaryotic NADþ to ADP-ribosylate endogenous G-proteins, disrupting cellular

function and allowing for virulent infection. Mono(ADP-ribosyl)ation of Gas by cholera

toxin results in the stimulation of adenylate cyclase activity, leading to disruption of ion

transport in intestinal epithelial cells and the diarrhea which is characteristic of this disease.

Pertussis toxin catalyzes the cysteine-specific ADP-ribosylation of several other forms of

G-proteins, also leading to an uncoupling of their activities from the associated receptors.

Diphtheria toxin and Pseudomonas exotoxin A ADP-ribosylate polypeptide elongation

factor 2 (also a G-protein), halting protein synthesis. Clostridium toxins ADP-ribosylate

various actin monomers to prevent actin polymerization.

The profound metabolic changes elicited by the bacterial toxins show that mono(ADP-

ribosyl)ation is a powerful modulator of protein function. Mammalian cells are now known

to contain a variety of endogenous mono-ADP-ribosyltransferases (ARTs) [92], although

their functions are poorly understood. Like bacterial toxins, some of these enzymes regulate

the function of G-proteins. There is also a broad spectrum of enzyme chemistry, with five or

more amino acid side chains acting as ADP-ribose acceptors. There are two main groups of

ARTs, as they are currently understood: those on the outer surface of cells or secreted from

cells, known as ecto-ARTs and those expressed inside cells, known as endo-ARTs [92]. The

four human ecto-ARTs are related gene products and were identified by sequence similarity

to bacterial toxins. ART1 is expressed in muscle, heart, and lung, and has been shown to

ADP-ribosylate integrins and control myogenesis. ART1 also ADP-ribosylates defensin, a

small immune peptide, changing it from a bacterial toxin to a macrophage-signaling hor-

mone. In vitro assays and ART-overexpressing cells have demonstrated other protein sub-

strates, but these should be considered as potential substrates until they are identified in a

naturally functioning system. ART2 has recently been shown to induce apoptosis through

ADP-ribosylation of P2X7, an ATP-gated ion channel. T cells normally respond to ecto-

NADþ by ADP-ribosylating cell-surface proteins, becoming resistant to activation and

undergoing apoptosis. In ART2-null mice, all of these T-cell responses to NAD treatment

are lost [93].

Other ecto-ARTs are highly expressed in testes and lymphatic tissues, but their roles are

poorly understood. It is interesting to note that CD38 and ecto-ART enzymes are expressed

on the outside of cells, where NADþ concentration is generally very low, and that they

control overlapping areas of lymphoid differentiation, immune function, and apoptosis.
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Several ideas have been proposed to rationalize the separation of ecto-enzyme and substrate,

including NAD channels in the plasma membrane and NAD released from injured cells.

These ideas suggest that NAD itself may be used as a signal of the metabolic state of a cell, or

as a signal for the death of nearby cells, leading to signaling events which may be paracrine or

autocrine in nature.

Endo-ARTs, acting in the cytosol or on inner membrane surfaces, are very poorly

defined, and do not appear to have homology with ecto-ART genes. Some of the better

characterized endo-ARTs are discussed later.

Heterotrimeric G-proteins are important components of cell signaling, and have been

shown to be substrates for arginine-specific ADP-ribosylation. Following the stimulation of

cell-surface receptors, linked G-protein b-subunits may be released and made available for

further complex formation. It appears that an endo-ART on the inner surface of the plasma

membrane may ADP-ribosylate and inactivate the excess b-subunits [92]. There is a hydrolase

enzyme to remove the ADP-ribose and return the G-protein to an active pool. This mechanism

could control any number of different pathways, depending on which cell-surface receptor the

G-proteinwas linked to. AnotherG-protein that appears to be controlled byADP-ribosylation is

elongation factor 2, which is the site of attack for diphtheria and Pseudomonas toxins, although

the endogenous enzyme appears to modify an arginine residue rather than diphthamide [94].

One of the most interesting proposed mechanisms of cellular regulation using mono-

ADP-ribosylation involves the 78 kDa glucose-regulated-protein (GRP78). GRP78 is a

molecular chaperone that aids in the correct folding of secreted proteins in the lumen of

the endoplasmic reticulum. GRP78 may also bind incorrectly glycosylated proteins and

prevent their secretion. When cells are under metabolic or environmental stress, GRP78 is

mono(ADP-ribosyl)ated by a poorly characterized endo-ART. This modification is freely

reversible, suggesting the presence of a hydrolase enzyme. The ADP-ribosylated form of

GRP78 appears to be inactive in its chaperone functions, and the authors suggest that this

is a mechanism to decrease the rate of protein secretion during times of nutritional stress [95],

while preventing a total shutdown, which would eventually kill the cell [92].

There are potential artifacts in the study of mono(ADP-ribosyl)ation reactions. Free

ADP-ribose reacts nonenzymatically with a variety of amino acid side chains, creating the

illusion of mono(ADP-ribosyl)ation [94,96]. Careful determination of the enzymatic nature of

proposed mono(ADP-ribosyl)ation reactions is necessary to avoid artifacts in the future. At

the same time, it may turn out that nonenzymatic reactions of NAD or ADP-ribose with

proteins are physiologically relevant and that these types of reactions could be affected by

dietary niacin status. There are at least four human enzymes in the Nudix class of hydrolases

that rapidly degrade free ADP-ribose [97], so there is some inclination that this intermediate

presents a risk of toxicity to the cell, and it may be through spontaneous ADP-ribosylation

reactions. At the same time, there is evidence that free ADP-ribose is released from the

mitochondria during oxidant stress, leading to binding and opening of cell-surface TRPM2

channels, which initiate calcium signals [81]. Thus, free ADP-ribose may be considered the

third calcium release agent derived from NAD metabolism. There is no real knowledge of the

impact of dietary niacin status on mono-ADP-ribosyltransferase reactions. The potential for

this is considered in a later section of this chapter.

SIRTUINS, GENOMIC STABILITY, CALORIC RESTRICTION, AND AGING

An additional role for NAD in genomic stability is through the action of SIR2 (rat) or SIRT1

(human), an NAD-dependent protein deacetylase [98]. This reaction is also in the ADP-

ribosylation family, as the acetyl group is transferred from the protein to ADP-ribose, with

the release of nicotinamide. Deacetylation of histones leads to a more compact chromatin

structure and gene silencing. It also appears to protect sensitive areas of chromatin, like
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telomeres, against translocation events. In theory, niacin deficiency could lead to a more open

DNA structure, with more active gene expression and greater sensitivity to damage and

translocation events. It is clear from various models that SIR2–SIRT1 play central roles in

the extended life span associated with caloric restriction [98]. SIR2 activity is sensitive to

NADþ supply, but is also strongly inhibited by nicotinamide [99]. Some researchers have

suggested that SIR2 is exquisitely designed to link control of chromatin structure to cellular

energy status. Others feel that control of SIR2 occurs within a very small environment around

sites of DNA damage, linked to PARP activation [99]. Activation of PARP-1=2 at strand

breaks creates a localized depression in NADþ and an increase in nicotinamide. This inhibits

SIR2 activity, allowing acetylation of histones, leading to chromatin relaxation [99]. This is

quite similar to the effects of poly(ADP-ribosyl)ation around strand breaks (see chapter 16).

Another substrate for SIRT is p53, which is a central protein in genomic stability [100].

p53 controls cell cycle checkpoints, DNA repair, and apoptosis. The effects of p53 acetylation

are not well understood, but acetylation appears to enhance p53 stability and accumulation

by inhibiting ubiquitination [101]. Acetylation may also enhance transcriptional activation by

p53, although this is controversial. The effect of niacin deficiency on p53 acetylation is not

known. In our model of niacin deficiency in rats, we have observed an accumulation of slow

mobility p53, and a disruption of p53-dependent processes, like cell cycle arrest, apoptosis,

and DNA repair [200].

POLY(ADP-RIBOSYL)ATION

Poly(ADP-Ribose) Synthesis

The research field of ADP-ribosylation was born in 1966 with the discovery of poly(ADP-

ribose) in liver nuclei by Mandel’s group [102]. PARP (EC 2.4.2.30) was the first enzyme

identified that had the ability to synthesize poly(ADP-ribose) (Figure 6.5). When the gene for

this protein was disrupted in mice, and they were still found to synthesize a small amount of

poly(ADP-ribose), a search for related enzymes led to a list of 18 PARP-like gene sequences

[103]. The original enzyme is now referred to as PARP-1 and is responsible for the majority of

poly(ADP-ribose) formation in mammalian cells. PARP-1 contains three functional domains

[104]. The amino terminus contains two zinc fingers which allow the enzyme to bind speci-

fically to strand breaks in DNA and signal the catalytic portion of the protein to initiate

poly(ADP-ribose) synthesis [105]. The 55 kDa carboxy terminus region contains the NADþ-

binding and catalytic sites. Although more than 30 nuclear proteins may act as acceptors,

most of the poly(ADP-ribose) is synthesized on PARP-1 itself (referred to as automodifica-

tion). The middle section of the amino acid sequence of PARP-1 has been identified as the

automodification domain. The synthesis of poly(ADP-ribose) on PARP-1 itself is critical in

the regulation of its interactions with DNA.

Activated PARP-1 attaches the initial ADP-ribose unit to a glutamate or aspartate

residue on an acceptor protein. A linear sequence of ADP-ribose units is synthesized on the

initial protein-bound monomer. At intervals of 40 to 50 residues, branch points are created on

the parent polymer chain and subsequently serve as sites for elongation [106]. These initiation,

elongation, and branching reactions are all carried out by the catalytic domain at the carboxy

terminus of PARP-1. Automodification of PARP-1 occurs by two PARP molecules working

together as a dimer [107]. As PARP becomes more poly(ADP-ribosyl)ated, it takes on an

increasingly negative charge because of the accumulation of phosphate groups. This creates

electrostatic repulsion between automodified PARP and DNA, causing PARP to dissociate

from the DNA nick and lose catalytic activity [108].

It is important to note that inhibition of PARP-1 activity by treatment with competitive

inhibitors or removal of NAD from in vitro systems is very different from removing PARP
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from the system. Inactive PARP binds to strand breaks, preventing access by repair enzymes,

inhibiting DNA repair, and impeding the signals initiated by poly(ADP-ribose) formation. It

is not known whether niacin deficiency in vivo will cause a similar situation. This will depend

on the degree of depletion of NAD and the response of other aspects of poly(ADP-ribose)

metabolism, including the rate of degradation of poly(ADP-ribose).

Alternate Poly(ADP-Ribose) Polymerase Genes

Eighteen putative PARP-encoding genes have been identified using homology with the

catalytic region of PARP-1 [103]. Of the new PARP genes, PARP-2, PARP-3, vault-PARP

(VPARP), tankyrase (TNKS), and tankyrase 2 (TNKS2) have been found as proteins and

shown to have PARP activity [109]. They have highly varied distribution and function.
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PARP-2 is the most similar to PARP-1, with an abbreviated DNA-binding domain. These

are the only two PARPs known to bind to, and be activated by, DNA strand breaks. Both can

hetero- and homodimerize, and both interact with XRCC1 in the regulation of base excision

repair (BER) [110]. Both PARP-1 and PARP-2-null mice display genomic instability, and

double knockouts die in utero, demonstrating a redundancy of activity between these two

enzymes [111].

PARP-3 has a catalytic region similar to PARP-2, with a more abbreviated DNA-binding

domain that appears to lack nick-sensing ability. PARP-3 tends to localize to the centrosome,

and will heterodimerize with PARP-1, explaining the finding that PARP-1 will localize to the

centrosome [109].

PARP-4, or VPARP, is found in association with vault particles, which are massive

ribonucleoprotein particles found in the cytosol of mammalian cells. PARP-4 modifies a

major vault protein and itself, when active, creating cytosolic poly(ADP-ribose) [109]. The

role of PARP-4, and vault particles in general, is not understood.

TNKS and TNKS2 are related proteins found in association with telomeres, the repetitive

sequences at the end of mammalian chromosomes [109]. TNKS and TNKS2 bind to a protein

called telomeric-repeat binding factor 1 (TRF1), which in turn is bound to the repeated

sequence of bases found in the telomere. If TNKS is activated (by phosphorylation events),

it will poly(ADP-ribosyl)ate TRF1. The negative charge of the poly(ADP-ribose) forces the

TRF1 away from the telomeric DNA, allowing telomerase access to the DNA terminus,

which it elongates. Telomerase is required by dividing cells to prevent erosion and instability

at the ends of the chromosome. Telomerase activity is critical to stem cell pools and also plays

a key role in neoplastic development.

PARP-7, or dioxin-inducible PARP, is induced by activation of the aryl hydrocarbon

receptor (AhR). It has the ability to poly(ADP-ribosyl)ate histones, and may play a role in the

changes in gene expression caused by dioxins, PCBs, and other AhR agonists. PARP-10 can

be found in the nucleus or cytoplasm, also has modifying activity toward histones, and

interacts with the oncogenic signaling protein, Myc [109]. The remaining 10 PARP-related

gene sequences have not been characterized as enzymes at this point.

Poly(ADP-Ribose) Degradation

There are several enzymes required to fully degrade poly(ADP-ribose). In spite of the fact that

there are 18 possible PARP genes, there is only one poly(ADP-ribose) glycohydrolase, which

cleaves the poly(ADP-ribose) in a combined endo- and exoglycosidic fashion to release free

ADP-ribose units and some free oligomers, which are then substrates for further exoglycosi-

dic action [112]. The one gene does produce three splice variants, which target the different

forms of the enzyme to nuclear or cytosolic compartments [113].

ADP-ribosyl protein lyase appears to release the final ADP-ribose residue from the

acceptor proteins, but this activity is poorly characterized [114]. Free ADP-ribose is rapidly

degraded to AMP and ribose phosphate by the Nudix family of pyrophosphatase enzymes,

which could be considered a third type of enzyme involved in poly(ADP-ribose) catabolism

[97]. It is not certain why free ADP-ribose is catabolized so rapidly, although it may be to

encourage the forward activity of glycohydrolase or to limit the nonenzymatic glycation of

proteins, as discussed earlier [96]. As mentioned earlier, free ADP-ribose may also have

calcium release properties [81], and rapid catabolism may be a reflection of its signaling

activities.

Mechanisms of Action for Poly(ADP-Ribose)

The single-strand breaks required to activate PARP-1 and PARP-2 are produced in vivo

through the processes of DNA replication, transcription, and repair [115]. The role played by
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poly(ADP-ribose) metabolism in these processes has been best characterized in DNA repair.

In 1980, Durkacz et al. [116] demonstrated that poly(ADP-ribosyl)ation was required in order

for cells in culture to repair DNA alkylation damage. This landmark study stimulated a wide

variety of research to determine the roles which poly(ADP-ribose) metabolism plays in the

DNA repair process, and provided new perspectives on the possible effects of niacin defi-

ciency in the whole animal.

There are three general mechanisms proposed for the functions of poly(ADP-ribose).

With the discovery of 18 possible PARP enzymes, this discussion has become more complex,

but there are commonalities in the function of poly(ADP-ribose) in these different reactions.

These mechanisms include polyanionic interactions, high-affinity poly(ADP-ribose)-binding

sites, and control of enzyme activity.

Polyanionic interactions: The most obvious characteristic of the polymer is its strong negative

charge, and its similarity in structure to DNA. It would appear that many functions of

poly(ADP-ribose) are dependent on this anionic nature, which causes electrostatic repulsion

from other polyanions such as DNA and attraction to cations such as basic DNA-binding

proteins. Most of the poly(ADP-ribose) in whole cells and tissues is associated with PARP

and histones. The extranucleosomal histone, H1, and histone H2B are modified, leading to

localized disruption of the DNA–protein interactions within and among nucleosomes [115].

In a process referred to as ‘‘histone shuttling,’’ the automodification of PARP may also

contribute to chromatin relaxation by drawing nearby histones away from the DNA [108]. As

a result of these modifications, poly(ADP-ribosylation) leads to a localized relaxation of

nucleosomal structure. The exposed DNA is presumably available for interactions with other

DNA-binding proteins such as helicases, topoisomerases, polymerases, and ligases involved

in replication or repair [115]. The topic of niacin and chromatin structure is covered in more

detail in chapter 16 of this volume. The repulsion between poly(ADP-ribose) and DNA may

also serve the important purpose of keeping nonhomologous areas of DNA away from DNA

strand breaks and telomeres, to decrease the occurrence of chromosomal translocations at

these sensitive sites.

High-affinity poly(ADP-ribose)-binding sites: Thus, a poly(ADP-ribosyl)ated protein may be

pushed away from DNA, and it may attract proteins with cationic DNA-binding sites. In

an extension of this idea, there are sites on proteins specifically designed to interact non-

covalently with poly(ADP-ribose). The first high-affinity poly(ADP-ribose)-binding sites

were found on the tails of histones, and a consensus sequence was used to find other binding

proteins. This search has generated a long list of nuclear proteins that are involved in

DNA damage responses, including XRCC1, DNA ligase III, DNA polymerase e, topoisome-

rases, p53, p21, NF-kB, and DNA-PK [117]. In each of these cases, noncovalent binding of

the protein to poly(ADP-ribose) causes functional changes or changes in localization of the

protein.

Control of enzyme activity by covalent poly(ADP-ribosyl )ation: A number of studies have

also demonstrated poly(ADP-ribose) synthesis on enzymes involved in DNA repair [115].

Poly(ADP-ribosyl)ation of most enzymes, including DNA topoisomerases I and II and DNA

polymerases a and b results in inhibition of their activities [115]. In addition, the poly(ADP-

ribosyl)ation of Ca2þ- and Mg2þ-dependent endonuclease has been shown to suppress the

rapid, nonspecific DNA-degrading activity of this enzyme [118] and this may be important in

the regulation of apoptosis. In contrast, DNA ligase, the enzyme required to anneal the strand

ends once excision repair is complete, appears to be stimulated by poly(ADP-ribosyl)ation

[119]. Noncovalent association of PARP with DNA polymerase a has been found to stimu-

late the activity of DNA polymerase a [120].
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Metabolic Roles of Poly(ADP-Ribosyl)ation

Many approaches have been used to determine the role of poly(ADP-ribose) metabolism in

DNA repair, replication, and transcription. In some cases, investigators have created defined

in vitro models, in which PARP activities can be added or removed, or controlled by the

removal of NAD or the addition of inhibitors. However, these systems lack the complexity of

chromatin structure and interactions with the nuclear matrix which exist in the whole cell.

Lindahl and coworkers have used a simplified in vitro repair system to show that the

combined addition of PARP-1 and NAD does not increase the rate of excision repair.

However, in the absence of NAD, PARP effectively blocks repair because of its persistence

at the site of damage [121]. These authors have suggested that PARP is not involved in

excision repair directly, but may play a role in preventing nonhomologous recombination

events between two sites of damage. In support of this, chemical inhibition of PARP in cells

has been shown by others to increase homologous recombination and sister chromatid

exchanges [122]. At the same time, it is apparent that the in vitro models do not contain the

complexity of chromatin structure, including nucleosomal organization, DNA supercoiling,

and nuclear matrix interactions seen in intact cells.

An excellent way to determine the role of a protein in the whole animal is to delete the

gene using recombinant techniques and, if possible, create a fully homozygous animal lacking

any functional expression of the gene. This is usually done in mice, and the modified strains are

referred to as ‘‘knockouts.’’ There have been a series of publications characterizing three new

PARP-1 knockout mouse models [109]. PARP-1-null mice appear to be healthy and fertile, but

they show sensitivity to radiation and alkylation injury, and demonstrate various forms of

genomic instability. PARP-2 knockout mice also display genomic instability, and mice lacking

PARP-1 and PARP-2 die in utero [111]. There is a clear overlap in function between PARP-1 and

PARP-2 in the area of DNA repair. Of interest, PARP-1-null mice are dramatically protected

from conditions like stroke, ischemic injury, septic shock, and other insults that causewidespread

cell death through PARP-1 activation and NAD depletion. There may be great potential for

pharmacological inhibition of PARP activity in many of these human conditions.

PARP-3 is not activated by DNA strand breaks, but it forms complexes with PARP-1,

and contains a centrosome-targeting motif [109]. Centrosome function is critical to the

genomic stability during cell division. The centrosomes need to duplicate once per cell cycle

to accurately divide the chromosomes between the two daughter cells. The centrosomes must

then accurately draw a single complement of chromosomes to each pole before cell division.

These processes are highly controlled, with many checkpoints to slow the division process or

induce apoptosis if problems occur. PARP-1, PARP-3, and TNKS all localize to the centro-

some [109]; therefore, it is thought that poly(ADP-ribose) formation plays an important role

in centrosome function.

PARP-4, or vault PARP, is a mystery, as are vault particles themselves. They appear to

have a storage function, as they look like barrels, with a hollow center. The impact of PARP-4

modification of vault proteins is unknown. This observation has substantiated older reports

on the existence of cytosolic poly(ADP-ribose), which were controversial. Cytosolic forms of

the poly(ADP-ribose) glycohydrolase also support a story for cytosolic poly(ADP-ribose)

function, and the details will probably become more clear in the coming years. Of interest,

PARP-4 is also found in the nucleus, localized to the mitotic spindle, so it may also aid in the

organized distribution of chromosomes during cell division [123].

TNKS and TNKS2 have related functions at the telomere. Poly(ADP-ribose) synthesis

allows for telomerase activity by clearing TRF1 from the terminal area allowing the chromo-

some to be elongated [109]. This is dependent on expression of active telomerase components.

Lengthening of telomeres is required for continued cell division, and overexpression of

telomerase in cultured cells makes them immortal. Longer telomeres also prevent genomic
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instability events, like end-to-end fusions and telomeric translocations, which occur around

eroded telomeres. As is the case with excision repair, there is more than one possible role for

poly(ADP-ribose) synthesis at the telomere. At the site of a single- or double-strand break, or

at the end of a chromosome, there is the potential for recombination events that lead

to chromosomal translocations, which play a key role in carcinogenesis. The presence of

poly(ADP-ribose) at these sites may be to repel other strands of DNA to prevent these

dangerous recombination events.

Although the PARP enzymes described earlier appear to have very distinct functions, that

may not be accurate. There are many surprising interactions between these PARP enzymes

suggesting that they do work as a family. PARP-1 and PARP-2 have overlapping functions in

excision repair [111]. TNKS, TNKS2, PARP-1, PARP-2, and PARP-4 all have roles in the

maintenance and protection of telomeres [124]. PARP-1, PARP-3, PARP-4, and TNKS all

appear to play a role in centrosome function [109]. During niacin deficiency, all these forms of

PARP may be impaired, leading to a complex pattern of genomic instability [124].

Role of Poly(ADP-Ribose) Metabolism in Response to DNA Damage in Vivo

Given that poly(ADP-ribose) metabolism plays an important role in DNA repair, one would

expect PARP activity to be important in the in vivo response to DNA damage. However,

there are dramatically different models in use, with conflicting mechanisms, and potentially

opposite conclusions. The first type of model uses very high levels of genotoxic stress, leading

to widespread cell death and acute tissue injury. These models include chemically induced

diabetes, septic shock, myocardial or cerebral ischemia, and other forms of inflammatory

injury [125]. The second type of model focuses on spontaneous genomic instability, or lower

levels of genotoxic stress, resulting in the long-term development of cancer. The high-stress,

acute-damage models generally show PARP-1 to be a destructive influence, and PARP-1-null

mice and animals treated with PARP-1 inhibitors show remarkable resistance to these

pathologies. Conversely, basal levels of genomic instability, and the response to low levels

of genotoxicity, tend to be enhanced when PARP-1 is ablated or inactive.

In the first type of model, PARP-1 acts as a destructive force by several mechanisms. The

first of these to be appreciated was the suicidal NAD depletion effect. Excessive activation of

PARP-1 causes a catastrophic drop in NAD and ATP, leading to widespread cell death [126].

In less drastic models, PARP-1 may mediate cell death in a slower progression of events

involving inflammatory signaling. PARP-1 protein and catalytic activity play important roles

in the activation of NFkB as a proinflammatory transcription factor [125]. In addition,

PARP-1 activity enhances apoptosis through the action of apoptosis-inducing factor (AIF)

[127]. The release of AIF from the mitochondria causes a caspase-independent cell death; this

is controlled by PARP-1 activation and poly(ADP-ribose) synthesis and is greatly diminished

in PARP-null mice [127]. The combination of NAD depletion, enhanced apoptosis, and

inflammatory signaling can be quite devastating under certain circumstances.

An in vivo example of this type of model is the chemical induction of insulin-dependent

diabetes mellitus (IDDM) in animals. Alloxan and streptozotocin are DNA-damaging agents,

working via hydroxyl radical formation and base alkylation, respectively and are fairly

selective pancreatic b-cell toxins. They are commonly used to induce IDDM in animal

models. In these models, alloxan and streptozotocin induce poly(ADP-ribose) synthesis to

the point of NAD depletion and cell death. Treatment with PARP inhibitors, including

nicotinamide and 3-AB, results in conservation of pancreatic b-cells and maintenance of

insulin secretion in rats treated with alloxan and streptozotocin [128]. However, the incidence

of pancreatic b-cell tumors in these animals is essentially 100% later in life [129].

While this model illustrates the trade-off between short-term survival and long-term

neoplastic development, it is probably overly pessimistic. Animal models of ischemic stroke
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and cardiac injury, septic shock, and other severe inflammatory conditions show dramatic

benefit to inhibiting the catalytic activity and inflammatory signals generated by PARP-1

[125]. It is likely that PARP-inhibiting drugs will be an important tool in critical care medicine

in the near future.

In contrast to these models, most human cancers result from a gradual accumulation of

DNA damage under conditions in which poly(ADP-ribose) synthesis rates are low and NAD

depletion is modest. Even very aggressive models of chemically induced carcinogenesis cause

a high incidence of cancer initiation without severe depletion of NAD [130]. Cell culture

models have a great contribution to make in understanding the relationship between niacin

status and cellular defense as many parameters can be controlled and measured accurately,

including NAD levels, degree of DNA damage, progression of apoptosis, and transformation

to a neoplastic phenotype. However, researchers need to relate their in vitro models to the

degree of NAD depletion and levels of DNA damage that are representative of the in vivo

condition that they are modeling.

Dietary Niacin Deficiency, Poly(ADP-Ribose) Metabolism, and Carcinogenesis

The native population of the Transkei region in South Africa has a high risk for esophageal

cancer [131]. A maize-based, low-protein diet is staple for these people and pellagra is

common. Esophageal ulcerations and esophagitis, frequent in pellagrins, have been associ-

ated with development of carcinoma of the esophagus. Van Rensburg et al. [132] found a

greater than fivefold increase in the risk of esophageal cancer in Zulu men who ate maize

daily. Frequent consumption of maize by natives of the Henan province of China is also

associated with increased esophageal cancer risk [133]. Consumption of maize in northeastern

Italy was associated with increased risk of oral, pharyngeal, and esophageal cancers, espe-

cially with heavy consumption of alcohol [134]. The frequency of esophageal cancer appears

to increase when maize replaces sorghum as a basic dietary component [131,135]. Low niacin

intake in an American population, in western New York, was also associated with increased

oral cancer risk, when controlled for smoking and alcohol consumption [136], which

appeared to be the initiating factors in the disease. This is interesting in that the patients

were not deficient in niacin to the degree of showing clinical symptoms of pellagra, and

suggest that subclinical niacin deficiency may increase cancer risk. Most recently, Fenech et al.

[137] have surveyed a population in Australia and found that lymphocyte micronucleus

frequencies are 50% lower within the upper quartile of preformed niacin intake.

The Linxian province of northern China also has a very high rate of esophageal and

gastric cancers. Recently a series of nutritional intervention trials were conducted in this area

[138,139]. During 5 years of intervention, a combined supplement of b-carotene, vitamin E,

and selenium decreased total mortality, total cancer mortality, and stomach cancer mortality.

A parallel group receiving riboflavin and niacin did not show any benefits. The duration of

the study was probably too short to examine the role of niacin during cancer initiation. In

addition, the high esophageal cancer incidence in this population is associated with heavy

contamination by fumonisin mycotoxins [140], which appear to promote carcinogenesis by a

rather unique mechanism that may not be responsive to niacin status [141]. It is also uncertain

whether niacin deficiency was prevalent in this population.

A limited number of animal experiments have been conducted to test whether niacin

deficiency plays a causal role in the process of carcinogenesis. Miller and Burns [142] studied

the interaction of niacin deficiency, protein energy malnutrition, and renal carcinogenesis in

rats. The diets were low in tryptophan and total protein (25% of recommended intake), with

nicotinamide at zero requirement or 10 times requirement levels. The diets did not affect

tumor size or number, although death due to renal tumor burden may have been accelerated

in the deficient animals. Unfortunately, pyridine nucleotides in the liver and kidney were not
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decreased by the deficient diet and it is difficult to determine if niacin deficiency had any

impact in this experiment. This experiment highlights the difficulties in working with a

nutrient that can be synthesized from an amino acid, requiring, in most species, an imbal-

anced amino acid diet to create the vitamin deficiency. Parameters must be controlled

carefully to get the desired nutritional status.

Van Rensburg et al. [143] developed an animal model of malnutrition and esophageal

cancer, induced by N-nitrosomethylbenzylamine (a DNA-alkylating agent) in corn-fed rats.

Addition of 20 mg of nicotinic acid per kilogram of basal diet resulted in reduction of tumor

incidence, size, and progression compared with that seen in rats fed the basal diet alone. NAD

and poly(ADP-ribose) levels were not measured in this study. Another study has shown that

lymphocytes from niacin-deficient rats were more susceptible to oxygen radical–induced

DNA damage [144].

We have developed a model of niacin deficiency in rats, which maintains a positive growth

rate. The diet is based on components with minimal niacin content and a mixture of casein

(7%) and gelatin (6%) as sources of protein, designed to limit tryptophan content. Rats fed

this diet develop clinical signs of deficiency, including dermatitis, diarrhea, and ataxia, and

also have decreased hepatic NADþ and poly(ADP-ribose) levels [43]. However, following

DNA damage, hepatic poly(ADP-ribose) accumulation was not affected by niacin deficiency,

and there was no long-term effect of diet on the development of preneoplastic altered hepatic

foci [145]. It is apparent that hepatic NADþ levels, which decreased from about 900 mM to

about 600 mM in deficient rats, were still adequate to support the activity of PARP, which has

a Km in the range of 20–80 mM [146].

We have found that NAD depletion is not uniform in different organs and tissues during

niacin deficiency [43,83]. The symptoms of pellagra also demonstrate tissue specificity, like

most nutrient deficiencies. One factor that can cause more rapid nutrient depletion is cell

turnover. The bone marrow has the most rapid rate of cell turnover in the body, with a

doubling time of about 12 h, and these cells leave to other sites in the body, exporting nutrient

resources with them. With this in mind, we have recently examined the effect of niacin status

on NAD and poly(ADP-ribose) metabolism in the bone marrow of rats. We have found that

NAD is decreased by 80% in the bone marrow and that basal poly(ADP-ribose) content is

decreased to almost undetectable levels [83]. DNA damage–induced synthesis of poly(ADP-

ribose) is almost completely blocked in the niacin-deficient marrow cells [83]. The most

common problem with DNA damage to the bone marrow occurs during chemotherapy, so

we started to treat niacin-deficient and control rats with nitrosourea drugs that are known to

cause bone marrow suppression and induce leukemias in the long term. In this model of the

side effects of chemotherapy drugs, niacin deficiency increased the severity of acute bone

marrow suppression (anemia, leukopenia) [147] and increased the rate development of

nitrosourea-induced leukemias [83]. There is a dramatic occurrence of genomic instability in

niacin-deficient bone marrow; micronuclei and sister chromatid exchanges are increased

with niacin deficiency alone and enhanced by deficiency combined with DNA damage [82].

In more recent studies, we have found that niacin deficiency delays strand break repair

kinetics and increases chromosomal aberrations (unpublished data). These results may be very

important to cancer patients, as many are niacin deficient [10,11], and bone marrow suppression

and secondary leukemias are two serious problems in cancer therapy.

Many more experiments have been conducted on the effect of pharmacological supple-

mentation of nicotinic acid or nicotinamide on various types of carcinogenesis [148].

Nicotinamide, alone, does not appear to present risk as a carcinogen. When used in conjunc-

tion with carcinogenic foods or compounds in animal experiments, nicotinamide has a

confusing array of effects, suggesting varied mechanisms of action. When given with diethyl-

nitrosamine, nicotinamide did not affect liver carcinogenesis, but it increased kidney neo-

plasms. Following streptozotocin treatment, nicotinamide decreased adenoma formation, but
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increased pancreatic islet cell tumors [129,148]. Conversely, nicotinamide has shown significant

protective effects against bladder and intestinal cancers when provided in a diet containing

bracken fern.

There is much less data on the effects of large doses of nicotinic acid on carcinogenesis.

Surprisingly, the best information is probably from human studies, derived from the long-

term use of this compound in the treatment of hypercholesterolemia. Nine years after a 6-year

period of nicotinic acid use to treat hypercholesterolemic patients, there was a significant

decrease in mortality in this group, but this did not appear to be due to a decrease in cancer

incidence [149].

We have recently studied animals supplemented with nicotinamide or nicotinic acid and

treated with diethylnitrosamine [68]. While both supplements increased liver NADþ to a

modest extent in the absence of carcinogen treatment, only nicotinamide significantly

increased basal poly(ADP-ribose) levels (before diethylnitrosamine), whereas only nicotinic

acid increased poly(ADP-ribose) levels following diethylnitrosamine. Neither supplement

affected the development of diethylnitrosamine-induced preneoplastic-altered hepatic foci.

In contrast, we have found that pharmacological supplementation of both nicotinic acid and

nicotinamide causes large increases in bone marrow NADþ and poly(ADP-ribose) in rats,

and decreases the long-term development of leukemia [150]. We have recently repeated these

experiments with a lower dose of nitrosourea and found a much larger protective effect of

niacin supplementation (unpublished data). Pharmacological supplementation of nicotina-

mide in mouse diets caused a dramatic increase in skin NADþ and provided significant

protection against skin cancer induced by ultraviolet radiation [138]. As with deficiency, it

is not surprising that niacin supplementation affects cancer susceptibility in some tissues, like

the marrow and skin, and not others, like the liver. We need to continue to build our

knowledge of whole animal models to appreciate the complexities of niacin metabolism and

allow accurate recommendations for human populations.

While some of the foregoing responses may have been due to changes in the functions

associated with NADþ utilization, there are also a variety of pharmacological actions that are

not related to NADþ synthesis. These may be responsible for the inconsistency of the

responses, and some of the potential mechanisms will be discussed in a later section.

Niacin Status and Oxidant Lung Injury

Niacin supplementation can decrease the degree of lung injury and fibrosis from a variety of

causes, including exposure to lipopolysaccharide, cyclophosphamide, and bleomycin. The

best-defined model uses bleomycin, an antibiotic chemotherapy drug that intercalates with

DNA and induces damage through the local production of oxygen radicals [151]. This is a

very severe stress, which causes NAD and ATP depletion, perhaps leading to suicidal NAD

depletion, as hypothesized by Berger [126]. Protection by niacin may be functioning through

the maintenance of NAD levels, but nicotinamide is more effective in increasing NAD, while

nicotinic acid is more potent in the reduction of lung pathology [152]. The protection of lung

tissue with these supplements may allow much safer use of bleomycin as a chemotherapy

agent, although it is not known whether they also protect tumor tissue.

Hyperoxia is another popular model of oxidant stress in the lung, and has clinical

relevance to the care of premature infants and adult respiratory distress syndrome. Hyperoxia

has been shown to induce poly(ADP-ribose) synthesis in the lung and, although poly(ADP-

ribose) synthesis is decreased by niacin deficiency, the deficient state does not increase the

severity of lung damage [153]. Consistent with this finding, pharmacological niacin supple-

mentation is also ineffective in decreasing the severity of hyperoxic lung damage [154]. Why is

this response different from that observed following bleomycin treatment? Bleomycin induces

a more sudden and severe stress to pulmonary cells, and it targets DNA specifically as an

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C006 Final Proof page 216 5.5.2007 3:03pm Compositor Name: BMani

216 Handbook of Vitamins, Fourth Edition



intracellular target, leading to depletion of NAD and ATP. Hyperoxic damage occurs

gradually over a period of 5 days or more [155] and does not cause NAD depletion [153].

The majority of oxygen radicals emanate from the mitochondria and endoplasmic reticulum

and oxidative damage is distributed among the intracellular compartments. Perhaps of grea-

test interest in this model, hyperoxia actually increases lung NAD content in the niacin-

deficient animal to almost that of niacin replete controls. This result strongly suggests that

enzymes or transport systems involved in NAD turnover are regulated in response to certain

aspects of cellular damage, perhaps via the oxidant stress response described for the induction

of fos and jun [156]. The degree of oxidant stress and the time course of the stress, which differ

between hyperoxia and bleomycin toxicity, are likely to be important in determining the

ability of cells or tissues to adapt. In addition to this, poly(ADP-ribose) formation is known

to enhance inflammatory responses and promote apoptotic cell death, so one might not be

surprised to see hyperoxia respond well to PARP inhibitors [125].

Niacin Status and Skin Injury

Because of the sun sensitivity displayed by pellagrins, there has been a long-standing interest

in the effect of niacin deficiency on skin health [157], although not very many studies have

been conducted. Rainbow trout are more prone to ultraviolet light–induced skin damage

when niacin deficient [158]. A relatively mild deficiency of niacin in mice increases their

susceptibility to ultraviolet light-induced skin cancers [159].

On the other hand, many studies have been conducted using pharmacological doses of

various forms of the vitamin. Nicotinic acid acts as a vasodilator in the skin, leading to an

increase in blood flow through the microvasculature, which is caused by changes in prosta-

glandin production [160,161]. Over the years, a wide variety of treatment regimens and

different forms of nicotinic acid have been used to treat various skin disorders [157]. The

effects on blood flow occur only at supraphysiological levels of the vitamin and are not caused

by modulation of NAD pools. However, nicotinic acid supplementation at 1 to 10 g=kg of

diet was shown to dramatically decrease UV-induced skin cancers in mice [85]. The decrease

was linear through the supplementation range, as was the increase in skin NAD content.

This work shows that very large dietary doses of niacin may continue to influence cancer

susceptibility through modulation of NAD pools. The underlying mechanisms may prove to

be quite interesting, as the authors also showed that niacin supplementation was improving

immune surveillance of tumors. This may be due to changes in mono- or cyclic ADP-ribose

signaling events in immune cells [86,93].

Nicotinamide supplementation has also been shown to protect the skin from DNA-

damaging agents in some animal models. Large doses of nicotinamide, given i.p., decreased

the skin damage caused by the chemical warfare agent, sulfur mustard [162].

With the potential for niacin to improve skin health, especially in the face of ultraviolet

exposure, niacin has been added to various skin creams. Topical application of natural forms

of niacin provides little benefit as the water-soluble intermediates cannot cross the skin.

Niadyne Incorporated has developed a derivative of nicotinic acid that crosses the skin and

is released to support NAD synthesis (www.niadyne.com). Skin structure is changed by

regular use of this product and it is under consideration by the National Cancer Institute as

an agent for protection against skin cancer.

COMPETITION FOR NAD1 DURING NIACIN DEFICIENCY

It seems obvious that the most critical cellular functions of the niacin-containing nucleotides

are those of electron transport and energy metabolism. A loss in the capacity to deliver

reducing equivalents to the electron transport chain would be similar to poisoning the cell
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with cyanide or suffocating from a lack of oxygen. It makes sense, then, that these functions

are strongly protected when NAD levels start to deplete during niacin deprivation. Cultured

cells, in the absence of DNA damage, can grow and divide with less than 5% of control NAD

levels [116,163,164], leaving us with a variety of questions to be answered. How do the other

pathways of NAD utilization, including poly, mono and cyclic ADP-ribose formation,

compete for these limiting substrate pools? What is the nature of this competition at the

cellular level with respect to compartmentalization between the nucleus, cytoplasm, and

mitochondria? What is the role of extracellular NADþ in the function of mono(ADP-

ribosyl)transferase and ADP-ribosyl cyclase enzymes on the outer surface of the cell? How

are nicotinic acid and nicotinamide distributed among tissues during deficiency, and does this

contribute to the distinctive signs and symptoms of pellagra? How do these interactions

lead to the specific metabolic lesions that cause the sun-sensitive dermatitis, diarrhea, and

dementia?

Possible mechanisms for unequal utilization of NAD at the subcellular level include (a)

variation in the affinity of enzymes for NADþ (Km) and (b) compartmentalization. Km values

are used to describe the affinity of an enzyme for its substrate and are defined as the

concentration of substrate required to support 50% of the maximal activity. A lower Km

indicates a higher affinity and suggests that an enzyme will compete effectively with enzymes

having a higher Km as NADþ concentrations fall during deficiency. Some caution in inter-

pretation is required; enzyme kinetics may change during purification, especially for mem-

brane-bound proteins.

The Km of PARP for NADþ is thought to be between 20 and 80 mM [146]. In certain

cultured cells, the ability to synthesize poly(ADP-ribose) decreases when cellular NAD

content drops to less than half of control levels [164], showing that the synthesis of poly

(ADP-ribose) is one the most sensitive pathways of NAD utilization. This is similar to the

proportionate decrease in NADþ during niacin deficiency in many tissues in vivo, but tissues

vary in their absolute concentrations of NADþ and direct extrapolation to intact tissues could

be problematic. For example, in rats, liver NADþ decreases by close to 50% during deficiency,

but is still present at about 500 mM [43]. At this level of NADþ, there was actually an

increased poly(ADP-ribose) response to DNA damage [145], reminding us that PARP-1 is

functioning in the nucleus, and there may be mechanisms to maintain nuclear NADþ during

altered dietary status and in response to chronic DNA damage [165]. In our bone marrow

model, control NADþ is estimated as 350 mM (much lower than liver) and likely around

100 mM during niacin deficiency [83]. This is in the range of the Km of PARP-1 for NADþ,

and the synthesis of poly(ADP-ribose) in bone marrow cells is decimated during niacin

deficiency [83].

It has been stated that poly(ADP-ribosyl)ation is the aspect of NADþ utilization, which is

most sensitive to niacin deficiency because of a much higher Km of PARP for NADþ. Do the

Km values of other NADþ-utilizing enzymes suggest that the sensitivity of poly(ADP-ribose)

metabolism may be unique? There are scores of dehydrogenase enzymes that use NADþ as an

electron acceptor, producing NADH for utilization in the electron transport chain. Glycer-

aldehyde phosphate dehydrogenase is a cytosolic enzyme, which is critical to the flow of

substrates through glycolysis. It uses NADþ as an oxidant and has a Km for this cofactor of

13 mM [166], smaller than that of PARP, indicating a higher affinity. Other cytosolic enzymes

may have slightly higher affinities for NADþ than PARP, including alcohol and aldehyde

dehydrogenases (17–110 mM and 16 mM, respectively) [166]. In the mitochondria, isocitrate is

oxidatively decarboxylated in the TCA cycle by a dehydrogenase with a Km for NADþ of

78 mM [166], which is similar to PARP. However, the mitochondrial form of malate dehy-

drogenase is also critical to the flow of substrate through the TCA cycle, and its Km for

NADþ has been reported as 540 mM [166]. If these data are correct, the TCA cycle appears

to require compartmentalization of NADþ during niacin deficiency, and the role of the
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mitochondria in this regard will be discussed later. In the end, ATP production by the

electron-transfer chain is only dependent on NADH levels. The fact that NADH is main-

tained during niacin deficiency, as NADþ declines, shows that the oxidative machinery of the

cell can function at lower levels of NADþ and still maintain the flow of reducing equivalents

to the electron transport chain.

With respect to cyclic ADP-ribose synthesis, the purified microsomal cyclase from

canine spleen has a Km of 10 mM for NADþ [76]. With access to cytosolic NAD pools,

this enzyme should maintain its catalytic activity during niacin deficiency. The CD38

cyclase is reported to have a Km of 15 mM for NADþ [167]. While this is a relatively high

affinity for substrate, the curious aspect of this enzyme is that it faces the exterior of the cell.

Does it have a requirement for extracellular NAD or access to intracellular pools? Cultured

kidney epithelial cells synthesize cyclic ADP-ribose, but they require permeabilization to use

NADþ in the medium and require over 500 mM for a half-maximal response [168]. There

are several new concepts developing in this area, including the possibility that connexin

channels deliver NADþ to ectoenzymes [169]. This could be a mechanism to regulate

extracellular signals based on the energy status inside the cell. Another possibility is that

areas of cell death lead to the local release of NADþ, generating cyclic ADP-ribose signals

that may play a role in inflammatory responses [170]. A cytosolic ADP-ribosyl cyclase

has recently been described in mouse synaptosomes, and it represents the sort of enzyme

that could explain the striking dementia of pellagra. It has a Km of 21 mM [80] for NADþ,

and therefore should be relatively resistant to niacin deficiency. We have recently started

measuring cyclic ADP-ribose levels in rat tissues, and have found them to be responsive to

niacin status [199].

Mono(ADP-ribosyl)transferases are a very diverse group. The only published data on

affinity for NADþ refers to the arginine-specific transferases. In a family of transferases from

turkey erythrocytes, two cytosolic enzymes have Km values of 7 and 36 mM, while a transfer-

ase from the membrane fraction has a Km of 15 mM [171]. These enzymes would appear to

compete with PARP under conditions of limiting NADþ pools, but a transferase from

chicken liver nuclei has a Km of between 200 and 500 mM, and a transferase from mammalian

skeletal and heart muscle displays a Km of 560 mM [171]. It appears that some mono(ADP-

ribosyl)transferases may be quite sensitive to niacin deficiency. The resulting changes in

cell signaling might not appear as problems in cell culture models, while presenting significant

problems in the whole organism. As discussed earlier, there is a mono(ADP-ribosyl)transferase

anchored to the outer surface of the plasma membrane, which, like CD38, appears to

require extracellular NADþ. This enzyme appears to cause the ADP-ribosylation of an

intracellular protein, leading to a depression in T-cell proliferation. Although no attempt

has been made to determine the Km of this enzyme for NADþ, levels of NADþ as low 1 mM in

the culture medium are effective in decreasing cell proliferation [172].

It becomes apparent that the physical partitioning of NAD within the cell is a key factor

in the availability of the molecule for various metabolic functions. The cytoplasmic pool

provides substrate for soluble enzymes, as well as for those on the endoplasmic reticulum and

on the inside of the plasma membrane. These would support a host of redox reactions and the

activity of a variety of poorly defined mono(ADP-ribosyl)transferases and ADP-ribosylcyclases.

The mitochondria isolate a pool of NADþ which is predominantly involved in electron

transport, although mono(ADP-ribosyl)ation reactions have been reported in this organelle.

Nuclear NADþ is probably used mainly for poly(ADP-ribosyl)ation reactions, but mono

(ADP-ribosyl)transferases are also located here, and cyclic ADP-ribose is active in the release

of calcium from the nuclear envelope. The least studied pool is extracellular NADþ, which

appears to play a role in some ADP-ribosylcyclase and mono(ADP-ribosyl)transferase acti-

vities. How distinct are these pools, and how do they respond to the progression of niacin

deficiency?
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Because of the presence of nuclear pores, it is not surprising that PARP-1 activation can

deplete cytosolic NAD pools [173]. However, the final step in the synthesis of NADþ from

nicotinamide is catalyzed predominantly by a nuclear enzyme, NMN adenylyltransferase-1

(Figure 6.3) [50]. In contrast, the last step in the conversion of nicotinic acid to NADþ occurs

in the cytosol. This means that NADþ synthesized in the cell from newly arrived nicotina-

mide, or from nicotinamide released by any of the ADP-ribosylation reactions in the cell, may

be directed toward nuclear reactions [174]. Nicotinic acid will lead to the production of

cytosolic NADþ, which may favor different patterns of utilization. Interestingly, certain

mice express a mutant form of NMN adenylyltransferase that is overexpressed in the nucleus.

They are protected from axonal cell death by a mechanism that is dependent on NAD

synthesis and SIR2 function, illustrating the importance of nuclear NAD synthesis [175],

even under conditions in which total cellular NAD is not enhanced.

The mitochondria are well equipped to regulate NAD levels. The inner mitochondrial

membrane is essentially impermeable to all forms of NAD(P). Reducing equivalents in the

form of NADH must be transformed via shuttle mechanisms to enter the mitochondria for

ATP production. How does the mitochondrion produce or obtain NAD, and what levels does

it maintain? Some researchers believe that mitochondria synthesize NAD [176], while others

suggest that slow, high-affinity carriers bring the necessary NAD from the cytosol [177,178].

The net requirement is probably modest, as most of the reactions presently identified in this

organelle do not degrade the cofactor. The important question concerns the ability of

mitochondria to concentrate NADþ, and it appears that they have potent mechanisms to

accomplish this. NADþ levels in hepatocyte mitochondria appear to be about 10-fold higher

than in the cytoplasm, with absolute concentrations in the neighborhood of 5 mM [179].

These NADþ concentrations would support enzymes with relatively low affinities for NADþ,

such as malate dehydrogenase [166]. With this ability to concentrate NADþ, the mitochon-

drial pool could be well protected during niacin deficiency. As support for this thought,

mitochondrial NAD is resistant to depletion by activated PARP-1 [173], until the failure

of mitochondrial integrity associated with apoptosis. Prevention of mitochondrial permea-

bility under these conditions can prevent or delay cell death [180].

The plasma pool of NADþ is poorly characterized. Levels of noncellular NADþ in blood

samples are extremely low [31] and there is no information on the response of this pool to

dietary niacin intake. Roles for extracellular NADþ likely involve localized situations, like

regions of cell lysis [170].

In addition to the competition for NADþ at the cellular level, organs and tissues vary in

their ability to conserve NAD pools or compete for precursors during the progression of

niacin deficiency [43]. Some tissues, like the liver, also start with much higher levels

of NADþ, and these may act as reserves during deficiency. Blood NADPþ is more stable

than NADþ during niacin deficiency [36], but it may change in other tissues, and the impact

of niacin deficiency on NAADP metabolism is not known. If NAADP is really synthesized

in vivo from NADP and nicotinic acid, then it could be dramatically influenced by falling

nicotinic acid levels during niacin deficiency. These are some of the concepts that must

be appreciated as we progress toward a better understanding of the biochemical basis of

the pathologies of pellagra, a disease whose clinical symptoms remain unexplained at the

molecular level.

PHARMACOLOGY AND TOXICOLOGY

Levels of niacin in excess of the RDA have been used in attempts to treat Hartnup’s disease,

carcinoid syndrome, poor glucose tolerance, atherosclerosis, schizophrenia, hyperlipidemia,

IDDM, and a variety of skin disorders. In some countries, during the shortages of proper
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medical supplies caused by World War II, nicotinic acid became a popular drug because the

dramatic flushing reaction that it caused in the skin was interpreted as a sign of the potency of

the treatment [181]. In recent years, nicotinic acid and nicotinamide have been used mainly in

the prevention of cardiovascular disease and IDDM, respectively. Very few nutrients are

prescribed medicinally for pharmacological purposes that are mechanistically distinct from

their known nutrient functions. Both nicotinic acid and nicotinamide fall into this category,

and the pharmacological effects of these two vitamers are surprisingly unrelated.

NICOTINIC ACID

Nicotinic Acid and Hyperlipidemia

Historically, nicotinic acid has been administered to patients with a variety of disorders, often

more for the dramatic skin reaction than proven curative powers. Its most successful use is for

the treatment of hyperlipidemia. The mechanisms of action of high-dose nicotinic acid are

unrelated to the formation of NAD(P) and unrelated to the actions of nicotinamide. The

main effect is a decrease in lipolysis in adipose tissue due to an inhibition of adenylate cyclase

activity. The resulting drop in cAMP levels leads to the decreased mobilization of fatty acids

[182], which is at least partially responsible for a drop in VLDL formation by the liver and a

subsequent drop in LDL levels, although there may also be direct effects on liver lipid

metabolism. Unlike many treatments for hyperlipidemias, nicotinic acid also increases circu-

lating levels of HDL [183], the beneficial lipoprotein that removes cholesterol from vascular

tissue. In addition to the blood lipid effects, high-dose nicotinic acid causes a dramatic skin

flush of the face and upper trunk.

All of these blood lipid effects appear to be due to the binding of nicotinic acid to a high-

affinity receptor, which is in turn linked to an inhibitory G-protein, leading to decreased

cAMP levels and inhibition of hormone-sensitive lipase [182]. This receptor is known as the

niacin receptor or HM74A [184]. It is termed as an orphan receptor, as nicotinic acid is not

thought to be its natural ligand, given the unphysiologically high doses required to activate it.

The skin flush, which is mediated by prostaglandin formation, also appears to be caused by

the binding of nicotininic acid to HM74A, in this case, on the surface of macrophages [185].

Nicotinic Acid Toxicity

There are a few drawbacks for using high levels of oral nicotinic acid. As mentioned earlier,

the short-term side effects may include vasodilation, burning or stinging sensations in the face

and hands, nausea, vomiting, and diarrhea. In the longer term, there may be varying degrees

of hyperpigmentation of the skin, abnormal glucose tolerance, hyperuricemia, peptic ulcers,

hepatomegaly, and jaundice [186]. Newer versions of time-release nicotinic acid have been

reported to be safe and effective [182]. It should be noted that all drugs used in the treatment

of hyperlipidemia have some side effects and many of these problems can be managed

through changes in dose. Interestingly, nicotinic acid use for six years by patients with

cardiovascular disease led to a decrease in all-cause mortality measured 8 years after the

drug use was discontinued [149]. A lipid-soluble derivative of nicotinic acid, which is active in

lowering blood cholesterol, and paradoxically, does not cause a skin flush reaction, is under

development by Niadyne Incorporated (www.niadyne.com).

NICOTINAMIDE

In the past, nicotinamide has been used in the treatment of schizophrenia [187], but

more effective drugs have replaced it in this field. It has also been tested as a chemotherapy

agent; in this application, nicotinamide potentiates the cytotoxic effects of chemotherapy
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and radiation treatment against tumor cells [188], an action that appears to be caused

by increased blood flow and oxygenation of tumor tissue [189]. However, most of the recent

interest in nicotinamide involves its potential use in the prevention or delay of onset

of IDDM.

Nicotinamide and Insulin-Dependent Diabetes Mellitus

Interest in this area started with the finding that nicotinamide could prevent diabetes induced

by the b-cell toxins alloxan and streptozotocin [128]. It was soon shown that the b-cells were

killed by excessive activation of PARP, which depleted cellular NAD levels. Since nicotina-

mide is not a very high-affinity inhibitor of PARP [190], and cellular levels tend to stay low

due to active conversion to NAD, it seems likely that protection in this model was due to the

use of nicotinamide as a precursor of NAD synthesis, although PARP-1 may have been

partially inhibited. We have shown that large oral doses of nicotinamide increase NADþ and

poly(ADP-ribose) levels in the liver [68] and more recently, in the bone marrow [150].

Interestingly, animals protected from chemically induced diabetes by nicotinamide all devel-

oped insulin producing b-cell tumors [129], a form of cancer that is particularly lethal in

humans [191]. It is not surprising that cells rescued from NAD depletion due to extreme DNA

damage, either through inhibition of PARP or pharmacological support of NAD pools,

would be at risk for neoplastic growth because of the survival of cells with significant levels

of DNA damage.

In humans, the onset of IDDM occurs spontaneously by immune recognition of b-cell

antigens. This is associated with leukocyte infiltration and the presence of anti-islet cell

antibodies in the serum. The spontaneous occurrence of IDDM is similar in the nonobese

diabetic (NOD) mouse. When nicotinamide is given to weaning NOD mice, the onset

of diabetic symptoms is prevented or delayed [192]. As discussed in an earlier section,

catalytically active PARP-1 is now recognized as an inflammatory mediator and as an inducer

of apoptosis [125]. Inhibition or genetic ablation of PARP-1 has been shown to prevent

diabetes in multiple low-dose streptozotocin and NOD animal models [193]. Recent studies

more clearly implicate PARP-1 with the use of potent and specific inhibitors.

Clinical Trials

Encouraged by the type of data summarized above, a number of experiments have been

conducted with human subjects. In the majority of these studies, patients were recruited in the

early stages of clinically apparent diabetes. Since these subjects retain a varying degree of

b-cell function, it is not surprising that the results have been inconsistent. However, a number

of treatment protocols have been successful in inducing remission in some patients [194]

and increasing the residual level of plasma insulin for up to 2 years after diagnosis [195].

The animal models show that nicotinamide treatment should start before the disease process

is in an advanced stage. To do this in human populations, researchers must identify the

susceptible population. Blood levels of islet cell antibodies, human leukocyte antigen, and family

history are used as predictors of IDDM in recruiting subjects. These strategies were used in the

organization of several large studies, including the European-Canadian Nicotinamide Diabetes

Intervention Trial (ENDIT). Unfortunately, this large and well-designed study showed no

benefit of nicotinamide supplementation [196]. It is quite possible that nicotinamide was not

effective in PARP inhibition in the doses used in the human studies. If nicotinamide increased

tissue NAD concentrations, it would have the potential to enhance the poly(ADP-ribose)-

induced signals leading to inflammation and apoptosis. These effects would conflict with the

possible benefits exerted by PARP inhibition. It is important to note that the use of potent PARP

inhibitors in relatively healthy human populations may carry an unacceptable risk.
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Nicotinamide Toxicity

The levels of nicotinamide that are used in the ENDIT trial (about 1–3 g=day) have not been

reported to cause any adverse side effects on an acute basis. Larger doses (about 10 g=day)

have been known to cause liver injury (parenchymal cell injury, portal fibrosis, and choles-

tasis) [197]. Chronic intake of nicotinamide can also induce a methyl-group deficiency state

because of the methylation reactions involved in excretion [45].

SUMMARY

Niacin deficiency has the potential to alter redox reactions, poly and mono(ADP-ribose)

synthesis, SIRT1 activity, and the formation of cyclic ADP-ribose and NAADP. During

niacin deficiency, the metabolic changes that lead to the dramatic signs and symptoms of

pellagra will likely be tissue-specific and reflect subcellular competition for NAD pools. The

effect of chronic niacin undernutrition on human health, especially the process of carcino-

genesis, appears to be an exciting area that deserves more attention. With a rapidly broad-

ening perspective on the biochemical roles for niacin in metabolism, identification of optimal

niacin nutriture should be possible in the coming decade.

Supplementation of nicotinic acid and nicotinamide above the dietary requirement may

affect some of the same processes, but these compounds have distinctive pharmacological

properties, some of which may be unrelated to their currently defined nutrient functions.

Future research in models of niacin deficiency and supplementation may lead us to reevaluate

the accepted metabolic roles of niacin and create new guidelines for niacin intake.
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INTRODUCTION

Within the last few years, much has been learned about the role of riboflavin in intermediary

metabolism and in several categories of disease. The relationship of riboflavin to other

B vitamins has undergone further clarification. Like many of the B vitamins, its metabolically

active forms are as coenzyme derivatives, the formation of which is regulated by the nutri-

tional state, hormones, drugs, and other stimuli. There are now new approaches to riboflavin

supplementation for specific purposes.

Several recent reviews have emphasized the role of riboflavin in health (1), the regulation

of riboflavin metabolism (2), and the inborn errors of riboflavin metabolism with neuro-

logical sequelae (3).

HISTORY

Perhaps the earliest scientific studies showing prevention of a deficiency state by riboflavin

and other factors were those of McCollum and Kennedy (4), who observed its efficacy

against a pellagra-like condition. In later studies, a heat-labile and heat-stable fraction

were identified. The heat-stable fraction contained a yellow growth factor that was able to

fluoresce. After purification, the factor was named riboflavin (5). This heat-stable fraction
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contained a number of other essential nutrients, including niacin (variably called vitamin B3)

and vitamin B6.

The physiological role of the yellow growth factor was shown later by Warburg and

Christian (6) who described the factor as ‘‘old yellow enzyme,’’ composed of an apoenzyme

and a yellow cofactor as coenzyme. The coenzyme was found to have an isoalloxazine ring (7)

and a phosphate-containing side chain (8).

Riboflavin was synthesized by Kuhn et al. (9) and Karrer et al. (10). The structure of the

first coenzyme formed sequentially from riboflavin, riboflavin-50-phosphate, also called flavin

mononucleotide (FMN), was established by Theorell (11). The structure of the second

coenzyme formed, flavin adenine dinucleotide (FAD), was established by Warburg and

Christian (12). This coenzyme was synthesized from its coenzyme precursor, FMN.

CHEMISTRY

FMN and FAD serve as coenzymes for enzymes in a wide variety of reactions in intermediary

metabolism. There are also tissue forms of FAD, which are covalently linked from the

8-alpha position of the isoalloxazine portion of the flavin via N(1) or N(3) of histidyl or

the S of cysteinyl residues within specific enzymes that have a number of significant roles in

metabolism (13). Those mammalian enzymes with covalently bound flavins include sarcosine

dehydrogenase, succinic dehydrogenase, monoamine oxidase, and L-gulonolactone oxidase

(14). L-gulonolactone oxidase synthesizes ascorbic acid from its precursors and is not present

as a functional holoenzyme in human tissues.

The planar isoalloxazine ring forms the basic structure for riboflavin, FMN, and FAD, as

shown in Figure 7.1. The sequence of events in the synthesis of the flavin coenzymes from

riboflavin and its control by thyroid hormones are shown in Figure 7.2. Thyroid hormones

regulate the activities of the flavin biosynthetic enzymes (15), the synthesis of the flavopro-

teins apoenzymes, and the formation of covalently bound flavins (16). The first biosynthetic

enzyme, flavokinase, catalyzes the initial phosphorylation of riboflavin from ATP to form

FMN. A fraction of FMN is directly used in this form as a coenzyme. The largest fraction of

FMN, however, combines with a second molecule of ATP to form FAD, the predominant

tissue flavin, in a reaction catalyzed by FAD synthetase, also called FAD pyrophosphorylase.

The covalent attachment of flavins to specific tissue proteins occurs after FAD has been

synthesized. A sequence of phosphatases returns FAD to FMN, and FMN, in turn, to

riboflavin (15). Most flavoproteins use FAD rather than FMN as coenzyme for a wide

variety of metabolic reactions.

Microsomal NADPH-cytochrome P450 reductase is the first mammalian enzyme shown

to contain both FMN and FAD as coenzymes and in equimolar ratios. Human novel

reductase 1, like other diflavin reductases, also contains both FMN and FAD as prosthetic

groups (17,18). In addition, nitric oxide synthase (19) and methionine synthase (20) also

contain both FMN and FAD as coenzymes.

Riboflavin is yellow in color and has a high degree of natural fluorescence when excited by

UV light, a property that can be used conveniently in its assay. There are a number of variations

in structure in the naturally occurring flavins. Riboflavin and its coenzymes are sensitive to

alkali and to acid, particularly in the presence of UV light. Under alkaline conditions, ribofla-

vin is photodegraded to yield lumiflavin (7,8,10-trimethylisoalloxazine), which is inactive

biologically. Riboflavin is photodegraded under acidic conditions to lumichrome (7,8-

dimethylalloxazine), a product that is also biologically inactive. Thus, an important physical

property of riboflavin and its derivatives is their sensitivity to UV light, resulting in rapid

inactivation. Therefore, phototherapy of neonatal jaundice and of certain skin disorders has

the potential to promote systemic riboflavin deficiency. The structure–function relationships

of the various biologically active flavins have been comprehensively reviewed (21).
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FIGURE 7.2 Metabolic pathway of conversion of riboflavin into FMN, FAD, and covalently bound

flavin, together with its control by thyroid hormones. (From Rivlin, R.S., N. Engl. J. Med., 283, 463,

1970.)
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RIBOFLAVIN DEFICIENCY AND FOOD-RELATED ISSUES

RIBOFLAVIN DEFICIENCY

Isolated clinical deficiency of riboflavin is not recognizable at the bedside by any unique or

characteristic physical feature. The classical glossitis, angular stomatitis, and dermatitis

observed in advanced cases are not specific to riboflavin deficiency and may be due to

other vitamin deficiencies as well. In fact, when deficiency of riboflavin does occur, it is

almost invariably in association with multiple nutrient deficits (22).

With the onset of riboflavin deficiency, one of the adaptations that occurs is a fall in the

hepatic free riboflavin pool to nearly undetectable levels, with relative sparing of the pools of

FMN and FAD that are needed to fulfill critical metabolic functions (23). Another adapta-

tion to riboflavin deficiency in its early stages is an increase in the de novo synthesis of

reduced glutathione (GSH) from its amino acid precursors, in response to the diminished

conversion of oxidized glutathione back to GSH (24). This may represent a compensatory

reaction resulting from depressed activity of glutathione reductase, a key FAD-requiring

enzyme, as shown in Figure 7.3.

Dietary inadequacy is not the only cause of riboflavin deficiency. Certain endocrine

abnormalities, such as adrenal and thyroid hormone insufficiency, specific drugs, and diseases

may interfere significantly with vitamin utilization (24,25). Psychotropic agents, such

as chlorpromazine; antidepressants, including imipramine and amitriptyline (26); cancer

Normal Riboflavin deficiency

Riboflavin Riboflavin
FMN FMN

FAD

Oxidized glutathione
(G55G)

FAD

Glutathione reductase

Glutathione synthetase

y -Glutamylcysteine

glycineglycine

y -Glutamylcysteine synthetase

Olvtamate
+

Cysteine

Reduced glutathione 
(GSM)

FIGURE 7.3 Regeneration of reduced glutathione (GSH) under normal and riboflavin-deficient condi-

tions. The diagram represents two major pathways for the formation of GSH in erythrocytes, that is,

reduction of oxidized glutathione (GSSG) via the glutathione reductase pathway and de novo biosyn-

thesis via glutamylcysteine synthetase and glutathione synthetase. Bold arrows are used to emphasize the

predominant pathways, thin arrows represent pathways that are operating below maximal levels, and

the dotted arrow indicates diminished enzymatic activity.
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chemotherapeutic drugs, for example, adriamycin; and some antimalarial agents, for

example, quinacrine (27), impair riboflavin utilization by inhibiting the conversion of this

vitamin into its active coenzyme derivatives. Figure 7.4 shows the structural similarities

among riboflavin, imipramine, chlorpromazine, and amitriptyline. There is evidence that

alcohol causes riboflavin deficiency by inhibiting both its digestion from dietary sources

and its intestinal absorption (28).

In approaching riboflavin deficiency, as well as other nutrient deficiencies, it may be useful

to think in terms of risk factors. That is to say, the consequences of a poor diet may be

intensified if the patient is also abusing alcohol, using certain drugs for prolonged periods, is

elderly, or has malabsorption or other underlying illnesses affecting vitamin metabolism (24).

In experimental animals, hepatic architecture is markedly disrupted in riboflavin defi-

ciency. Mitochondria in riboflavin-deficient mice increase greatly in size, and cristae increase

in both number and size (29). These structural abnormalities may disturb energy metabolism

by interfering with the electron transport chain and metabolism of fatty acids. Villi decrease

in number in the rat small intestine; villus length increases, as does the rate of transit of

developing enterocytes along the villus (30). These structural abnormalities, together with the

accelerated rate of intestinal cell turnover (31), may help to explain why dietary riboflavin

deficiency leads to both decreased iron absorption and increased iron loss from the intestine.

There are many other effects of riboflavin deficiency on intermediary metabolism, par-

ticularly in lipid, protein, and vitamin metabolism. Of particular relevance is the impaired

conversion of vitamin B6 to its coenzyme derivative, pyridoxal-50-phosphate (32). Riboflavin

deficiency has been studied in many animal species and has several vital effects, foremost of

which is failure to grow. Other effects include loss of hair, skin disturbances, degenerative

changes in the nervous system, and impaired reproduction. Congenital malformations occur

in the offspring of female rats that are riboflavin-deficient. The conjunctivae become

inflamed, and the cornea is vascularized and eventually opaque with cataract formation (33).

Changes in the skin consist of scaliness and incrustation of red–brown material consistent

with changes in lipid metabolism. Alopecia may develop, lips become red and swollen, and

filiform papillae on the tongue deteriorate. During late deficiency, anemia develops. Fatty

degeneration of the liver occurs. Important metabolic changes occur, so that deficient

rats require 15% to 20% more energy than control animals to maintain the same body weight

CH−(CH2)2−N(CH3)2

Riboflavin Imipramine

Chlorpromazine Amitriptyline
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OH
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CH3

CH2−(CH2)2−N(CH3)2

N

CH2−(CH2)2−N(CH3)2

FIGURE 7.4 Structural formulas of riboflavin, chlorpromazine, imipramine, and amitriptyline showing

their similarities.
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(34,35). Thus, in all species studied, riboflavin deficiency causes profound structural and

functional changes in an ordered sequence. Early changes are very readily reversible. Later

anatomical changes, such as formation of cataract, are largely irreversible despite treatment

with riboflavin.

In humans, as noted earlier, the clinical features of human riboflavin deficiency do not

have absolute specificity. Early symptoms may include weakness, fatigue, mouth pain and

tenderness, burning and itching of the eyes, and possible personality changes. More advanced

deficiency may give rise to cheilosis, angular stomatitis, dermatitis, corneal vascularization,

anemia, and brain dysfunction. Thus, the syndrome of dietary riboflavin deficiency in

humans has many similarities to that in animals, with one notable exception. The spectrum

of congenital malformations observed in rodents (33) with maternal riboflavin deficiency has

not been clearly identified in humans.

The role of riboflavin in cataract has been the subject of recent renewed interest. For some

time, higher intake of riboflavin has been associated with reduced cataract formation (36).

The use of riboflavin for a 5 year period in the Nurses Health Study was associated with a

decreasing rate of development of lens opacification (37). In another study of patients who

already had keratoconus, riboflavin administered in eye drops delayed its progression (38).

Treatment of keratoconus with riboflavin and UV light increases the stiffness of the cornea,

increases the cross-linking of collagen, and in this manner may inhibit progression of the

disorder. UVA light reduces the activity of glutathione reductase in the lens because of

the light sensitivity of its FAD coenzyme (39).

FOOD-RELATED ISSUES

The most significant dietary sources of riboflavin in the United States today are meat and

meat products, including poultry and fish, as well as milk and dairy products, such as eggs

and cheese. In developing countries, plant sources contribute most of the dietary riboflavin

intake. Green vegetables, such as broccoli, collard greens, and turnip greens, are reasonably

good sources of riboflavin. Natural grain products tend to be relatively low in riboflavin, but

fortification and enrichment of grains and cereals has led to a considerable increase in

riboflavin intake from these food items.

The food sources of riboflavin are similar to those of other B vitamins. Therefore, it is not

surprising that if a given individual’s diet has inadequate amounts of riboflavin, it is very

likely to be inadequate in other vitamins as well. A primary deficiency of dietary riboflavin

has wide implications for other vitamins, as flavin coenzymes are involved in the metabolism

of folic acid, pyridoxine, vitamin K, niacin, and vitamin D (22).

Several factors in food preparation and processing may influence the amount of riboflavin

that is actually bioavailable from dietary sources. In view of the light sensitivity of ribofla-

vin noted earlier, it is not surprising that appreciable amounts of riboflavin may be lost with

exposure to UV light, particularly during cooking and processing. Prolonged storage of milk

in clear bottles or containers may result in flavin degradation (40). Fortunately, most milk is

no longer sold in clear bottles. There has been some controversy as to whether opaque plastic

containers provide greater protection than do cartons, particularly when milk is stored on a

grocery shelf exposed to continuous fluorescent lighting. Milk must be perfectly protected

against light; otherwise significant amounts of riboflavin and vitamin A will be lost and the

flavor will deteriorate (41).

It is highly likely that large amounts of riboflavin are lost during the sun-drying of fruits

and vegetables. The precise magnitude of the loss is not known but varies with the duration

of exposure. The practice of adding sodium bicarbonate as baking soda to green vegetables

to make them appear fresh can result in accelerated photodegradation of riboflavin.

The riboflavin content of common food items with the highest amounts is shown in Table 7.1.
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PHYSIOLOGY

ABSORPTION, TRANSPORT, STORAGE, TURNOVER, AND EXCRETION

Since dietary sources of riboflavin are largely in the form of their coenzyme derivatives, these

molecules must be hydrolyzed before absorption. Very little dietary riboflavin is found as

free riboflavin from sources in nature. Under ordinary circumstances, the main sources of free

riboflavin are commercial multivitamin preparations, which are consumed increasingly by

the general public.

The absorptive process for flavins occurs in the upper gastrointestinal tract by specialized

transport involving a dephosphorylation–rephosphorylation mechanism, rather than by pas-

sive diffusion. This process is sodium-dependent and involves an ATPase-active transport

system that can be saturated (35). It has been estimated that under normal conditions

the upper limit of intestinal absorption of riboflavin at any one time is approximately 25 mg

(34). This amount represents approximately 15 times the recommended dietary allowance

(RDA). Therefore, the common practice of some megavitamin enthusiasts to consume

massive doses of multivitamins has little benefit with respect to riboflavin, as the additional

amounts would be passed in the stool. Dietary covalent-bound flavins are largely inaccessible

as nutritional sources. In experimental animals, the uptake of riboflavin from the intestine is

increased in dietary riboflavin deficiency (35), which likely represents an adaptive mechanism

to vitamin deficiency.

A number of physiological factors influence the rate of intestinal absorption of riboflavin

(24). Diets high in psyllium gum decrease the rate of riboflavin absorption, whereas wheat

bran has no detectable effect. The time from oral administration to peak urinary excretion of

riboflavin is prolonged by the antacids, aluminum hydroxide, and magnesium hydroxide.

Total urinary excretion is unchanged by these drugs, however, and their major effects appear

to be delaying the rate of intestinal absorption rather than inhibiting net absorption. As noted

earlier, alcohol interferes with both the digestion of food flavins into riboflavin and the direct

intestinal absorption of the vitamin (28). This observation suggests that the initial rehabili-

tation of malnourished alcoholic patients may be accomplished more rapidly and efficiently

with vitamin supplements containing riboflavin rather than with food sources comprising

predominantly phosphorylated flavin derivates. This hypothesis needs to be tested directly.

There is evidence that the magnitude of intestinal absorption of riboflavin is increased by

the presence of food. This effect of food may be due to decreasing the rates of gastric

emptying and intestinal transit, thereby permitting more prolonged contact of dietary ribo-

flavin with the absorptive surface of the intestinal mucosal cells. In general, delaying the rate

of gastric emptying tends to increase the intestinal absorption of riboflavin. Bile salts also

increase the rate of intestinal absorption of riboflavin (24).

A number of metals and drugs form chelates or complexes with riboflavin and riboflavin-

50-phosphate that may affect their bioavailability (42). Among the agents in this category are

the metals, copper, zinc, and iron; the drugs, caffeine, theophylline, and saccharin; and the

vitamins, nicotinamide and ascorbic acid; as well as tryptophan and urea. The clinical

significance of this complex formation is not known with certainty in most instances and

deserves further study.

In human blood, the transport of flavins involves loose binding to albumin and tight

binding to a number of globulins. The major binding of riboflavin and its phosphorylated

derivatives in serum is to several classes of immunoglobulins, that is, IgA, IgG, and IgM (42).

In human erythrocytes, there is very little free riboflavin, compared with the much larger

amounts of FMN and FAD (43). Following supplementation of human subjects with

1.6 mg=day of riboflavin, the concentrations of riboflavin in serum and FMN in erythrocytes

are increased more than 80% compared with levels in placebo-fed controls (43).
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Pregnancy induces the formation of flavin-specific binding proteins initially found in

birds (44). Riboflavin-binding proteins have also been found in sera from pregnant cows,

monkeys, and humans. A comprehensive review of riboflavin-binding proteins covers the

nature of the binding proteins in various species and provides evidence that, as in birds, these

proteins are crucial for successful mammalian reproduction (13). Pregnancy-specific binding

proteins may help transport riboflavin to the fetus.

Serum riboflavin-binding proteins appear to influence placental transfer and fetal or

maternal distribution of riboflavin. There are differential rates of uptake of riboflavin at

the maternal and fetal surfaces of the human placenta (45). Riboflavin-binding proteins

regulate the activity of flavokinase, the first biosynthetic enzyme in the riboflavin-to-FAD

pathway (21).

Urinary excretion of flavins occurs predominantly in the form of riboflavin; FMN and

FAD are not found in urine. McCormick (13) has identified and described a large number of

flavins and their derivatives in human urine. Besides the 60% to 70% of urinary flavins

contributed by riboflavin itself, other major derivatives include 7-hydroxymethylriboflavin

(10% to 15%), 8a-sulfonylriboflavin (5% to 10%), 8-hydroxymethylriboflavin (4% to 7%),

riboflavinyl peptide ester (5%), and 10-hydroxyethylflavin (1% to 3%), representing largely

metabolites from covalently bound flavoproteins and intestinal riboflavin degradation by

microorganisms. Traces of lumiflavin and other derivatives have also been found.

Accidental ingestion of boric acid greatly increases urinary excretion of riboflavin (24).

This agent when consumed forms a complex with the side chain of riboflavin and other

molecules that have polyhydroxyl groups, such as glucose and ascorbic acid. In rodents,

riboflavin treatment greatly ameliorates the toxicity of administered boric acid. This treat-

ment should also be effective in humans with accidental exposure of boric acid, although in

practice it may be difficult to provide adequate amounts of riboflavin because of its low

solubility and limited absorptive capacity from the intestinal tract.

Urinary excretion of riboflavin in rats is also greatly increased by chlorpromazine

(46). Levels are twice those of age- and sex-matched pair-fed control rats. In addition,

chlorpromazine accelerates urinary excretion of riboflavin during dietary deficiency. Urinary

concentrations of riboflavin are increased within 6 h of treatment with this drug.

SPECIFIC FUNCTIONS

The major function of riboflavin, as noted earlier, is to serve as the precursor of the flavin

coenzymes, FMN and FAD, and of covalently bound flavins. These coenzymes are widely

distributed in intermediary metabolism and catalyze numerous oxidation–reduction reac-

tions. As FAD is part of the respiratory chain, riboflavin is central to energy production.

Other major functions of riboflavin include drug and steroid metabolism, in conjunction with

cytochrome P450 enzymes, and lipid metabolism. The redox functions of flavin coenzymes

include both one-electron transfers and two-electron transfers from the substrate to the flavin

coenzymes (13).

Flavoproteins catalyze dehydrogenation reactions as well as hydroxylations, oxidative

decarboxylations, dioxygenations, and reductions of oxygen to hydrogen peroxide. Thus,

many different kinds of oxidative and reductive reactions are catalyzed by flavoproteins.

ANTIOXIDANT ACTIVITY

In the wake of contemporary interest in dietary antioxidants, one vitamin that is often not

appreciated sufficiently as a member of this category is riboflavin. Riboflavin has little, if any,

significant antioxidant action per se, but powerful antioxidant activity is derived from its role

as a precursor to FMN and FAD. A major protective role against lipid peroxides is provided
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by the glutathione redox cycle (47). Glutathione peroxidase breaks down reactive lipid

peroxides. This enzyme requires GSH, which in turn is regenerated from its oxidized form

(GSSG) by the FAD-containing enzyme glutathione reductase. Thus, riboflavin nutrition

may be critical in regulating the rate of inactivation of lipid peroxides. Diminished glu-

tathione reductase activity would be expected to lead to diminished concentrations of GSH

that serve as substrate for glutathione peroxidase and glutathione S-transferase, and therefore

would limit the rate of degradation of lipid peroxides and xenobiotic substances (48).

Furthermore, the reducing equivalents provided by NADPH, the other substrate required

by glutathione reductase, are primarily generated by an enzyme of the pentose monopho-

sphate shunt, glucose-6-phosphate dehydrogenase. Taniguchi and Hara (49), as well as Dutta

et al. (50), have found that the activity of glucose-6-phosphate dehydrogenase is significantly

diminished during riboflavin deficiency. This observation provides an additional mechanism

to explain the diminished glutathione reductase activity in vivo during riboflavin deficiency

and the eventual decrease in antioxidant activity.

There have been reports (51,52) indicating that riboflavin deficiency is associated with

compromised oxidant defense and furthermore that supplementation of riboflavin and its

active analogs improves oxidant status. Riboflavin deficiency is associated with increased

hepatic lipid peroxidation and riboflavin supplementation limits this process (49–52). In our

laboratory, we have shown that feeding a riboflavin-deficient diet to rats increases basal as

well as stimulated lipid peroxidation (48).

RIBOFLAVIN AND MALARIA

There is increasing evidence that riboflavin deficiency may be protective against malaria both

in experimental animals and in humans (53,54). With dietary riboflavin deficiency, parasite-

mia is decreased dramatically, and symptomatology of infection may be diminished. In a

study with human infants suffering from malaria, normal riboflavin nutritional status was

associated with high levels of parasitemia. In similar fashion, supplementation with iron and

vitamins that included riboflavin resulted in increased malaria parasitemia (55,56).

Further evidence for a beneficial role of riboflavin deficiency inmalaria is provided by studies

using specific antagonists of riboflavin, for example, galactoflavin and 10-(40-chlorophenyl)-

3-methylflavin (57,58). These flavin analogs as well as newer isoalloxazines derivatives are

glutathione reductase inhibitors and possess clear antimalarial efficacy. The exact mechanism

by which riboflavin deficiency appears to inhibit malarial parasitemia is not yet established.

One possibility relates to effects on the redox status of erythrocytes, which is an important

determinant of growth of malaria parasites. Protection from malaria is afforded by several

oxidant drugs, vitaminE deficiency, and specific genetic abnormalities inwhich oxidative defense

is compromised (47).

It is well known that malaria parasites (Plasmodium berghei) are highly susceptible to

activated oxygen species. Parasites are relatively more susceptible than erythrocytes to the

damaging effects of lipid peroxidation (47). We have hypothesized that the requirement of

parasites for riboflavin should be higher than that of the host cells and therefore that marginal

riboflavin deficiency should be selectively detrimental to parasites. Support for this hypoth-

esis comes from the finding that the uptake of riboflavin and its conversion to FMN and

FAD are significantly higher in parasitized than in unparasitized erythrocytes and further-

more that the rate of uptake of riboflavin is proportional to the degree of parasitemia (59).

These results strongly suggest that parasites have a higher requirement for riboflavin than do

host erythrocytes.

In a recent report of malaria patients in Gabon (60), plasma levels of FAD, FMN, and

riboflavin were normal, but the authors point out that because of the high degree of
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hemolysis, dehydration, and liver and kidney problems in these patients, plasma flavin levels

may not be comparable with values found in other population groups.

RIBOFLAVIN AND HOMOCYSTEINE

An emerging role for riboflavin lies in its regulation of homocysteine metabolism. Homo-

cysteine is involved in the pathogenesis of vascular disease, including cardiovascular, cere-

brovascular, and peripheral vascular disorders (61). Blood levels of folic acid sensitively

determine serum homocysteine concentrations (62). N-5-methyltetrahydrofolate is a cosub-

strate with homocysteine in its inactivation by conversion to methionine. Methylcobalamin

is also a coenzyme in this enzymatic reaction. Vitamin B6 is widely recognized for its

importance in the inactivation of homocysteine by serving as coenzyme for two degradative

enzymes, cystathionine b-synthase and cystathioninase.

As we pointed out in the previous edition of this volume (2), it is not widely appreciated

that riboflavin also has a vital function in homocysteine metabolism. The flavin coenzyme,

FAD, is required by methyltetrahydrofolate reductase, the enzyme responsible for converting

N-5,10-methylenetetrahydrofolate intoN-5-methyltetrahydrofolate. Thus, the efficient utilization

of dietary folic acid requires adequate riboflavin nutrition.

A mutation leading to a heat-sensitive form of methylenetetrahydrofolate reductase has

been identified (63). This genetic variation is found in approximately 10% to 15% of the

population of Europe and North America (64). Homozygous individuals are especially

sensitive to folate, and those with folate levels in the lower part of the so-called normal

range tend to have elevated serum levels of homocysteine.

It is now evident that riboflavin also shares the property of stabilizing this enzyme

variation (64,65). Furthermore, there are now a number of reports (66,67) that the state of

riboflavin nutrition governs homocysteine metabolism in patients who are homozygous for

this genetic variation. It seems likely that patients with this genotype would respond more

rapidly and effectively to riboflavin supplementation than those individuals without this

genetic variation (63).

Furthermore, dietary intake of riboflavin in food is inversely related to serum homocys-

teine concentrations in the United States (69). Consistent with this finding is the observation

that riboflavin improves the genomic instability of the genetic variant of methylenetetrahy-

drofolate reductase (68,70–72). Other investigators have suggested that folate and riboflavin

together lower plasma homocysteine concentrations regardless of genotype (69).

The results of previous studies demonstrating thyroid hormone control of riboflavin

metabolism (15,16,22,24) predict that, as a consequence, thyroid hormone status would

regulate serum homocysteine levels. This prediction has been borne out and thyroid hormone

status has been shown to affect phenotypic expression of the genetic variant of methylenete-

trahydrofolate reductase. With treatment of hyperthyroidism, serum concentrations of flavin

cofactors fall as expected and homocysteine levels rise (73).

INBORN ERRORS OF METABOLISM

The important role of riboflavin in fat metabolism has been highlighted by demonstrations

that in certain rare inborn errors administration of riboflavin may be therapeutic. In acyl-

CoA dehydrogenase deficiency, infants present with recurrent hypoglycemia, lipid storage

myopathy, and increased urinary excretion of organic acids. Clinical improvement has

occurred rapidly after riboflavin supplementation (74,75). Three varieties of the disorder

occur, all of which involve flavoproteins of various types. Five patients with a mitochondrial

disorder associated with NADH dehydrogenase deficiency were improved by riboflavin
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treatment (75). A form of riboflavin-responsive glutaric aciduria (type II) can present as a

leukodystrophy (76).

The genetic disorder known as riboflavin-responsive, multiple acylcoenzyme A dehydro-

genase deficiency is characterized by a lipid storage myopathy and decreased b-oxidation.

There are also defects in the respiratory chain. An uncoupling protein (UCP3) is increased in

concentration in both this disorder and in normal rodents fasted and may mediate the

underlying metabolic abnormalities (77). At present, Type B lactic acidosis occurs in associ-

ation with HIV treatment and also responds to riboflavin (78,79). This observation, if

confirmed and extended, may be of widespread clinical significance.

PHARMACOLOGY, TOXICOLOGY, AND CARCINOGENESIS

There is general agreement that dietary riboflavin intake at many times the RDA is without

demonstrable toxicity (13,80–82). Because riboflavin absorption is limited to a maximum of

about 25 mg at any one time (13), the consumption of megadoses of this vitamin would not be

expected to increase the total amount absorbed significantly. Furthermore, classical animal

investigations showed an apparent upper limit to tissue storage of flavins that cannot be

exceeded under ordinary circumstances (83). The tissue storage capacity for flavins is prob-

ably limited by the availability of proteins capable of providing binding sites. Thus, protective

mechanisms prevent tissue accumulation of excessive amounts of the vitamin. Because

riboflavin has very low solubility, even intravenous administration of the vitamin would

not introduce large amounts into the body. FMN is more water-soluble than riboflavin but

is not ordinarily available for clinical use.

Nevertheless, the photosensitizing properties of riboflavin raise the possibility of some

potential risks. Phototherapy in vitro leads to degradation of DNA and increase in

lipid peroxidation, which may have implications for carcinogenesis, mutagenesis, and other

disorders. Irradiation of rat erythrocytes in the presence of FMN increases potassium loss

(84). Topical administration of riboflavin to the skin may increase melanin synthesis by

stimulation of free-radical formation. Riboflavin forms an adduct with tryptophan and

accelerates the photooxidation of this essential amino acid (85). Further research is needed

to explore the full implications of the photosensitizing capabilities of riboflavin and its

phosphorylated derivatives.

The photosensitization of vinca alkaloids by riboflavin may distort results of efficacy

testing of cytotoxic drugs if the studies are carried out in the presence of visible light,

as is usually done (86). This property of riboflavin needs to be considered in drug

evaluations, inasmuch as cell death will occur even without the addition of the drug.

Riboflavin is capable of reacting with chromate, forming a complex, and then increas-

ing DNA breaks because of a chromium-induced free-radical mechanism (87). Treatment

of mouse FM3A cells with riboflavin greatly increases the frequency of mutation and

the extent of cellular DNA damage in the presence of light (88). There is increasing evidence

that in the presence of visible light, riboflavin and its degradative products may enhance

mutagenicity (89).

On the other hand, other studies (90) confirm earlier reports (91) that riboflavin deficiency

may enhance carcinogenesis by increasing activation of carcinogens, particularly nitrosa-

mines. Riboflavin may provide protection against damage to DNA caused by certain

carcinogens through its action as a coenzyme with a variety of cytochrome P450 enzymes.

It is important to establish the role of riboflavin as a dietary factor capable of preventing

carcinogenesis while determining the full implications of the photosensitizing actions of

riboflavin on mutagenesis and carcinogenesis. There are reports raising the possibility that

deficient riboflavin nutritional status, together with shortages of other vitamins, may possibly
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enhance development of precancerous lesions of the esophagus in China (92,93) and in Russia

(94). These population groups require further long-term follow-up.

REQUIREMENTS AND ASSESSMENT

There are a variety of methods available for analysis of riboflavin and its derivatives in

biological samples. Bioassays (95) measure the growth effect of vitamins but lack the preci-

sion of more sensitive analytical procedures. Fluorometric procedures take advantage of the

inherent fluorescent properties of flavins (96). Some degree of purification of the urine or

tissues may be required before analysis is performed as there is often significant interference

by other natural substances that lead to quenching of fluorescence and methodological

artifacts.

A procedure has been developed for measuring riboflavin by competitive protein binding,

which is applicable to studies in human urine (97). Riboflavin binds specifically to the avian

egg white riboflavin-binding protein and thereby provides the basis for quantitative analysis

(98). Other procedures based on binding to specific apoenzymes, such as D-amino acid

oxidase, are also in use. Currently, procedures using high-pressure liquid chromatography

(HPLC) are widely applied as they have great precision and can be used for analysis of

riboflavin in pure form as well as in biological fluids and tissues (99). HPLC is the method

most widely employed at this time for determination of flavins in blood and other tissues.

In clinical studies that involve individual patients as well as population groups, the

status of riboflavin nutrition is generally evaluated by determining urinary excretion of

riboflavin (100) and the erythrocyte glutathione reductase activity coefficient (EGRAC).

Urinary riboflavin determinations are made in the basal state, in random samples, in 24 h

collections, or after a riboflavin load test. Normal urinary excretion of riboflavin is approxi-

mately 120 mg=g creatinine=24 h or higher. It is useful to express urinary excretion in terms

of creatinine to verify the completeness of the collection and to relate excretion to this

biological parameter. Expressed in terms of the total amount of urinary flavins in the normal

adult (not taking supplements), excretion is about 1.5–2.5 mg=day, which is very close to the

RDA of the National Academy of Sciences. Riboflavin excretion per se is only about 1.0–1.5

mg=day. Flavin metabolites account for an appreciable portion of total urinary flavins, as

noted earlier.

In deficient adult individuals, urinary riboflavin excretion is reduced to about 40 mg=g
creatinine=24 h. Thus, deficient individuals have reduced urinary excretion, reflecting dimin-

ished dietary intake and depleted body stores. Normal urinary excretion is reduced with

age, may be reduced by physical activity (as discussed later), and is stimulated by elevated

body temperature, treatment with certain drugs, and various stressful conditions associated

with negative nitrogen balance (99). Interpretation of urinary riboflavin excretion must be

made with these factors in mind.

Another potential drawback to using urinary riboflavin excretion as an assessment of

nutritional status of this vitamin is that the amount excreted reflects recent intake very

sensitively. Thus, if an individual has been depleted of riboflavin for a long time but consumes

a food item high in riboflavin, urinary excretion determined a few hours later may not be in

the deficient range, but is likely to be normal or even elevated.

It is for this reason that attention has been directed to the development of assessment

techniques that more accurately reflect long-term riboflavin status. The method most widely

employed that largely meets these needs is the EGRAC assay, as noted earlier. The principle

of the method is that the degree of saturation of the apoenzyme with its coenzyme, FAD,

should reflect the body stores of FAD. In deficient individuals, relative unsaturation of the

apoenzyme with FAD leads to decreased basal activity of the enzyme. Therefore, the addition

of FAD to the enzyme contained in a fresh erythrocyte hemolysate from deficient individuals
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will increase activity in vitro to a greater extent than that observed in a preparation from

well-nourished individuals in whom the apoenzyme is more saturated with FAD.

The EGRAC is the ratio of in vitro enzyme activity with the addition of FAD to that

without it. In general, most studies propose that an activity coefficient of 1.2 or less indicates

adequate riboflavin status, 1.2–1.4 borderline-to-low status, and greater than 1.4 a clear

riboflavin deficiency (100,101).

It must be kept in mind that a number of physiological variables influence the results of

this determination. In the inherited disorder of glucose-6-phosphate dehydrogenase defi-

ciency, associated with hemolytic anemia, the apoenzyme has a higher affinity for FAD

than that of the normal erythrocyte and will affect the measured EGRAC. Thyroid function

affects glutathione reductase activity, with the coefficient elevated in hypothyroidism and

decreased in hyperthyroidism (102), reflecting that hypothyroidism has many biochemical

features in common with those of riboflavin deficiency (24).

The latest RDAs issued by the Food and Nutrition Board (80) call for adult males aged

19–50 years to consume 1.3 mg=day. Adult females from 19 to 50 years of age should

consume 1.1 mg=day. It is recommended that intake be increased to 1.4 mg=day during

pregnancy and to 1.6 mg=day in lactation.

There has been some concern as to whether these figures are applicable to other popula-

tion groups around the world. Chinese tend to excrete very little riboflavin, and their

requirement may be lower than that of Americans (103). Adults in Guatemala have similar

requirements in individuals older than 60 compared with those 51 years or younger (104). This

finding may not necessarily be relevant to populations of other countries. The requirements

of various national groups require further study. Environmental factors, protein-calorie

intake, physical activity, and other factors may have an impact on riboflavin requirements.

More research is needed on the requirements of the extremely old, who form an increasingly

large proportion of the population. They are also the population group that consumes the

largest number of prescribed and over-the-counter medications.

In women aged 50–67 who exercise vigorously for 20–25 min=day, 6 days a week, both a

decrease in riboflavin excretion and a rise in the EGRAC were noted, findings consistent with

a marginal riboflavin-deficient state (105). Supplementation with riboflavin did not, however,

improve exercise performance. These investigators observed compromised riboflavin status as

well in young women exercising vigorously (106). Similar observations of reduced urinary

riboflavin excretion and elevated EGRAC were made in young Indian males who exercised

actively (107).

To determine whether the status of riboflavin nutrition influences metabolic responses to

exercise, blood lactate levels were determined in a group of physically active college students

from Finland before and after an exercise period. A number of the students were initially in a

state of marginal riboflavin deficiency. Following supplementation with vitamins, including

riboflavin, which produced improvement in the elevated EGRAC, the blood lactate levels

were unaffected and were related only to the degree of exercise (108).

Thus, to date, while exercise clearly produces biochemical abnormalities in riboflavin

metabolism, it has not been shown that these abnormalities lead to impaired performance,

nor has it been shown that riboflavin supplementation under these conditions leads to

improved exercise performance.
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HISTORY

The story of the discovery of thiamine, as the preventative and curative agent of the human

disease, beriberi, or kakke, is a fascinating one [1]. The disease had become increasingly

common in many far-eastern, rice-dependent countries, especially during the nineteenth

century. At this time, it was widely believed to be caused by a toxin or an infection.

However, in 1885 Dr. K. Takaki, surgeon-general of the Japanese navy, introduced extra

rations of protein-rich foods such as meat and the replacement of rice by wheat flour or barley

in the diet of the beriberi-prone lower naval ranks, since higher-ranking officers, whose diets

contained more protein, seldom suffered from beriberi. This intervention was successful.

Dr. Christiaan Eijkman, a Dutch medical researcher working in Batavia (now Jakarta) in

the Dutch East Indies (now Indonesia) during the late nineteenth century, made the next

advance. He found that chickens fed exclusively on white rice from human diets in the local

military hospital developed a polyneuritic condition that resembled dry beriberi in humans.

Other chickens, fed less-purified red or brown rice from which the silverskin (containing the

aleurone layer) had not been removed by machine milling, did not develop polyneuritis. These

observations enabled his successor, Gerrit Grijns, and then Fraser and Stanton in Malaya, to

reach, eventually, the correct conclusion that highly polished white rice lacked an essential

organic trace nutrient, which could be extracted from rice polishings, parboiled rice, or the

silverskin layer of rice by water or alcohol. Such an extract could convert the disease-causing

polished white rice into a more adequate food that did not result in polyneuritis in chickens.

Observations on the prevalence of human beriberi in Javanese prisons during the mid-1890s,

by Adolphe Vorderman, a friend of Eijkman, indicated that diets based on heavily milled

white rice were associated with a high prevalence of the disease in humans also, whereas

brown rice, with a higher proportion of the silverskin and embryo, was protective [1].

Although the chicken polyneuritis model was not identical to human beriberi, there were

many common features.

Thus, steam-powered rice mills removed not only the husk, but also the vitamin-rich

aleurone layer of cells (silverskin) between the starchy endosperm and the husk, and the

vitamin-rich embryo and its associated scutellum layer. Less aggressive polishing, or parboil-

ing (which redistributes some of the vitamin content to the endosperm), and avoidance of

leaching during cooking, could reduce the risk of beriberi.

In the following decades, Grijns, Casimir Funk (who coined the name vitamine, now

shortened to vitamin, to describe a whole new class of essential organic micronutrients), and

Roger Williams, a chemist working in Manila in the Philippines, all attempted further

purification of the beriberi-preventative factor in rice polishings. In 1926, Jansen and Donath,

two chemists working in Java, succeeded in purifying and crystallizing the active substance

(see section Isolation, Chemical Synthesis, and Biosynthesis). They used ricebirds (Munia

maja), which developed the pathological symptoms of deficiency more rapidly and reliably

than chickens did. Roger Williams thus obtained ca. 100 mg of pure, crystalline antineuritic

material from 600 kg rice polishings from which he determined the structure of the active
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component, thiamine, and then achieved its synthesis from defined chemical precursors by

defined chemical reactions.

CHEMISTRY

STRUCTURE AND NOMENCLATURE

The empirical formula of the hydrochloride salt of thiamine is C12H17N4OSCl.HCl

and its chemical name is 3-(40-amino-20-methyl-pyrimidin-50-ylmethyl)-5-(2-hydroxyethyl)-4-

methylthiazolium chloride hydrochloride. Figure 8.1 shows the molecular structure. The

essential key features of the molecule are the linked pyrimidine and thiazole rings,

the hydroxyethyl side chain at position 5 of the thiazole ring, which becomes phosphorylated

in the cell (Figure 8.1), the unsubstituted carbon at position 2 of the thiazole ring, which
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FIGURE 8.1 Structures of thiamine and thiamine phosphates. The names thiamine diphosphate and

thiamine pyrophosphate are used interchangeably. Cocarboxylase is an older name for the same

substance.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C008 Final Proof page 255 5.5.2007 2:53pm Compositor Name: BMani

Thiamine 255



is capable of forming a carbanion, and the amino group at position 40 of the pyrimidine

ring. The crystalline vitamin salts that are most widely produced commercially are the

hydrochloride and the mononitrate.

The name thiamine (with or without the final ‘‘e’’) is used interchangeably with the older

alternative name, vitamin B1. During the early years of investigation, the name aneurin(e)

was also used, especially in the United Kingdom, to emphasize the antineuritic properties of

the vitamin.

ISOLATION, CHEMICAL SYNTHESIS, AND BIOSYNTHESIS

As noted in section History, Jansen and Donath [2] achieved the first recorded isolation of a

crystalline thiamine salt in 1926. Their purification steps included precipitation with silver

nitrate, phosphotungstic acid, platinic chloride, acetone, and picrolinic acid, redissolving at

each stage in barium hydroxide. Isolation was greatly assisted when they found that a

hydrated aluminium silicate, known as Fuller’s earth, would adsorb the vitamin from dilute

aqueous solutions, from which it could be eluted in a partially purified state with hot acidic

potassium chloride solution. This Fuller’s earth purification step continued to be used for

many years as the second step, after extraction, in thiamine assay procedures. It was usually

followed by open-column chromatography, using a cation-exchange resin, or by paper or

thin-layer chromatography, to achieve further purification [3].

The chemical characterization and synthesis of thiamine was carried out during the 1930s,

with Roger Williams playing a major role [4]. Once the empirical formula had been correctly

established by elemental analysis, he made an important advance by splitting the two halves

of the molecule apart by treatment with sulfite. This permitted physical separation of two

simpler components, and comparison of each against known compounds with known struc-

tures. The correct chemical structure for the intact molecule was proposed in 1936, and

the stage was then set for a complete chemical synthesis, which was achieved almost simul-

taneously by Williams and two other groups in 1936–1937 [3,4]. In the preferred synthesis

pathway [3] the pyrimidine ring is built first, largely from organic nitrile compounds, then the

thiazole ring is added by reaction with a chloro-ketone, carbon disulfide and ammonia, and

finally an oxidation step with hydrogen peroxide removes a sulfur atom and introduces a ring

double bond so as to complete the thiazole ring.

Thiamine cannot be synthesized within the tissues of any animal species, as far as we

know, and is thus a universally essential dietary component throughout the animal kingdom.

All higher plants can make the vitamin, thereby providing a dietary source for animals, and it

is produced also by yeasts. In plant tissues, the pyrimidine and thiazole moieties are synthesized

separately; the pyrimidine is converted to its mono- or diphosphate and the thiazole to its

monophosphate; then the two rings are condensed together by thiamine phosphate synthetase

to yield thiamine monophosphate. This is then phosphorylated by ATP to the diphosphate or

dephosphorylated to free thiamine [3,5]. Some, but not all, microorganisms can make thiamine

de novo, and small amounts of thiamine are produced in the mammalian large intestine by the

gut flora there; however, it is very poorly absorbed in this region of the intestine, and becomes

available to the host only if the feces are recycled by coprophagy.

PHYSICAL AND CHEMICAL PROPERTIES

Thiamine chloride hydrochloride (the name is often shortened to thiamine hydrochloride) is a

colorless, crystalline, hygroscopic, and highly water-soluble substance. Thiamine mononitrate

is an alternative commercially available salt that is less hygroscopic than the chloride and is

often preferred for use in food fortification. These two thiamine salts are moderately soluble

in alcohol and acetone, from which they can be crystallized, but they are essentially insoluble
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in nonpolar solvents. They have a characteristic pungent odor. In aqueous solution at pH 5,

thiamine exhibits two UV-light absorption maxima, at 235 and 267 nm, and at lower pH,

around 3, it has a single absorption maximum at 246 nm and a molar extinction coefficient

of 11,305. This property of UV-light absorption can be used (albeit with limited sensitivity

and specificity) for detection and quantitation, for example, in liquid chromatographic

analysis of pharmaceutical preparations, or of fortified or rich food sources, or for calibration

of the concentration of pure solutions.

Free thiamine base unstable and very easily oxidized. When dry, thiamine salts are

much more stable and survive at temperatures exceeding 1008C. In aqueous solution the

hydrochloride is acidic (pH ca. 3.5 at 5% w=v concentration), and at acidic pH values, below

about pH 5, it is stable even at autoclave temperatures of 1208C–1308C, and is not readily

oxidized. However, at neutral pH it is less stable, and is destroyed (largely by oxidation),

especially at high temperatures. At pH 8 and above, thiamine solutions rapidly turn yellow

and form complex degradation products. In the presence of an oxidant such as potassium

ferricyanide in strongly alkaline solutions, thiamine is converted almost quantitatively to the

oxidized, tricyclic, highly fluorescent product, thiochrome (Figure 8.2). Its excitation max-

imum is at 375 nm and its emission maximum is at 432–435 nm. This reaction is widely used in

the detection and quantitative analysis of thiamine and its phosphate esters in food and tissue

extracts, which is made possible because virtually no other naturally occurring compound

can undergo conversion to such a strongly fluorescent product with similar optical charac-

teristics, under the same chemical conditions. Thiamine can also be converted to various

colored products that can be used for its quantitation by spectrophotometry; for example,
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FIGURE 8.2 Structures of lipid-soluble thiamine analogs and thiochrome.
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it yields pink- or red-colored derivatives with diazotized sulfanilic acid and formaldehyde, or

with p-aminoacetophenone. However, none of these alternative assays can compete with the

thiochrome reaction, especially in terms of sensitivity of detection.

Solutions containing sulfite at pH 6 or above rapidly and irreversibly cleave thiamine at

its methylene bridge, thus splitting apart the pyrimidine and thiazole moieties. This chemical

inactivation has major significance for the food industry, because sulfite is widely used as an

antioxidant in food preservation. Exposure to chlorine (e.g., from chlorinated tap water) also

increases the rate of cleavage and hence irreversible inactivation of thiamine.

THIAMINE PHOSPHATES AND LIPID-SOLUBLE THIAMINE DERIVATIVES

Figure 8.1 includes the structures of the biologically significant phosphate esters of thiamine:

firstly thiamine monophosphate (TMP), secondly thiamine diphosphate (TDP), also known

as thiamine pyrophosphate (TPP) (and originally named cocarboxylase, because of its func-

tion as the coenzyme for carboxylase, the enzyme that is now known as pyruvate dehydro-

genase), and thirdly, thiamine triphosphate (TTP). Of these three esters, only thiamine

diphosphate has well-defined biological functions, acting as an essential coenzyme in five

key enzyme systems in mammals (see sections Pyruvate Dehydrogenase Complex, Alpha-

Ketoglutarate Dehydrogenase and Branched-Chain Alpha-Keto Acid Dehydrogenase Com-

plexes, Transketolase, and Peroxisomal Alpha-Oxidation of 3-Methyl Branched-Chain Fatty

Acids and Cleavage of 2-Hydroxylated Fatty Acids). The biological significance of thiamine

triphosphate is poorly understood; one theory is that it may have a functional role in the brain

(section Thiamine-Dependent Reactions in the Nervous System). The monophosphate is a

transport form and breakdown intermediate, but has no known cofactor roles.

Depicted in Figure 8.2 are four relatively lipid-soluble substances known as allithiamines

(thiamine allyl disulfide, thiamine propyl disulfide, thiamine tetrahydrofurfural disulfide and

O-benzoylthiamine disulfide) that can act as precursors of thiamine, and hence as alternative

delivery routes for absorbed thiamine in man and animals, because reduction of their disulfide

bridge structure is followed by spontaneous thiazole ring formation to generate thiamine

within the body. Some allithiamines occur naturally in plants, especially in the genus Allium

(garlic) where they contribute to the characteristic odor; others are synthetic compounds,

developed especially by the Japanese pharmaceutical industry, mainly for the purpose of

bypassing the readily saturable intestinal absorption step that limits the entry of thiamine (see

section Metabolism: Bioavailability, Absorption, Tissue Distribution, Turnover). As they are

more completely absorbed than thiamine at high doses, and also more efficiently retained in

the body, where they are then converted slowly to thiamine, these precursors can be useful,

especially in the treatment of alcoholics, whose body stores are diminished, whose absorption

efficiency is compromised, and in whom there is a need for rapid restoration of thiamine-

dependent functions, despite frequent poor compliance with conventional therapy. About

half of an oral dose of the tetrahydrofurfural disulfide derivative is hydrolyzed in the

gastrointestinal tract [6], and it may therefore be more efficient to deliver the allithiamines

intravenously than orally. Once absorbed, they enter the red cells and are there slowly

reduced by glutathione, which results in spontaneous ring closure to produce free thiamine;

this then exits to the plasma and is distributed to the rest of the body [7].

THIAMINE ANALOGS THAT ACT AS ANTAGONISTS

Figure 8.3 shows the structures of three compounds that all have somewhat similar structures

to thiamine, but lack thiamine-replacement activity, and instead act as antagonists, thereby

selectively inducing functional thiamine deficiency states in animals or bacteria, even when

dietary supplies of thiamine would otherwise be adequate.
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Oxythiamine is an example of a group of compounds with intact pyrimidine and thiazole

rings, but with alterations to the substituent groups attached to the two rings. A key

difference from thiamine is that it lacks the pyrimidine 40-NH2 group, which is essential for

the release of aldehyde adducts from carbon-2 of the thiazole ring, after splitting a carbon–

carbon bond in the course of the reactions that are catalyzed by thiamine diphosphate

enzymes [3]. Because it has a hydroxyethyl group substituent on the thiazole ring, as does

thiamine itself, it can form a diphosphate by the shared enzymic pyrophosphorylation

reaction, and then binds to thiamine diphosphate-requiring enzymes, resulting in an inactive

complex. Since the displacement of thiamine diphosphate at key enzyme sites is rapid, the

time lag to onset of pathology is shorter than that required for a deficiency state to be

achieved by simply removing thiamine from the diet. Another important difference from

the result of simple thiamine deficiency is that oxythiamine does not penetrate the blood–

brain barrier, and it therefore does not affect pyruvate dehydrogenase or other thiamine-

dependent enzymes in the brain; nor does it produce neurological dysfunction symptoms of

thiamine deficiency, such as ataxia or convulsions [3].

The second thiamine antagonist shown in Figure 8.3, pyrithiamine, is an example of a

different group of antagonists, all of which have ring modifications in either the pyrimidine or

the thiazole rings, instead of, or in addition to, any changes in the attached (i.e., substituent)

groups. In contrast to oxythiamine, pyrithiamine does penetrate the blood–brain barrier.

It severely reduces both pyruvate dehydrogenase and alpha-ketoglutarate dehydrogenase

activities in brain tissue and it induces ataxia and convulsions (much more rapidly and

efficiently than by simple dietary thiamine deficiency) [3]. Unlike oxythiamine, pyrithiamine

increases urinary thiamine excretion and general tissue thiamine depletion. However, it is not

readily converted to a pyrophosphate derivative; instead it inhibits the conversion of thiamine

to thiamine diphosphate and thereby deprives the tissues, especially brain, of thiamine

diphosphate. It does not readily cause anorexia or weight loss, and its efficacy in producing

the nonneurological symptoms of thiamine deficiency is low by comparison with oxythiamine

or dietary thiamine deprivation. Pyrithiamine is widely used for research into experimental
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animal and cell culture models of thiamine deficiency, especially when the neurological effects

of deficiencies of the thiamine-cofactor-dependent pathways are studied.

The third thiamine antagonist shown in Figure 8.3, amprolium (usually supplied in

the bromide form), is the most widely used member of a group of compounds that are

employed in veterinary practice to treat coccidial infections, especially in farmed birds such

as chickens. Amprolium, like pyrithiamine, has a pyridine ring structure in place of the

thiazole of thiamine, and therefore lacks the sulfur atom. However, the amprolium series

do not have a hydroxyethyl side chain on the pyridine ring, and they are therefore unable to

form diphosphate derivatives, which makes them relatively weak antithiamine antagonists

in the birds, except at high doses, where they can reduce thiamine absorption. However, in

most bacteria, they reduce thiamine absorption very efficiently, thereby achieving a useful

therapeutic ratio by starving bacterial pathogens of an essential nutrient.

ANALYTICAL PROCEDURES

UNITS AND RANGE OF PROCEDURES

Before the isolation of pure thiamine, assay methods used international units, where one unit

is now equivalent to 3 mg thiamine chloride hydrochloride, to calibrate animal assays

for thiamine. The thiamine content of foods and pharmaceuticals is now expressed in mg=g
(¼mg=kg) or as mg=100 g, and body fluid or tissue concentrations are in SI units, for

example, as mmol=L or nmol=L. The molecular weight of free thiamine base is 266.4, but

that of the chloride hydrochloride salt is 26% higher at 337.3. Fortified foods mainly contain

thiamine; nonfortified foods often mainly contain thiamine diphosphate, which needs to be

converted to thiamine for analysis. Quantitation is then achieved by microbiological or

chromatographic assays. High-performance liquid chromatography has replaced open-

column ion-exchange resin-based and paper chromatographic or thin-layer separation

methods. The historically important animal assays were usually based on the cure of patho-

logical deficiency signs such as bradycardia, or reversal of impaired growth.

EXTRACTION

To liberate thiamine, food samples of animal origin can be autoclaved in 0.1 N hydrochloric

acid for 30 min at ca. 1218C. Free thiamine is best extracted at 1088C–1098C [8]. Rice flour can

be extracted with 0.1N hydrochloric acid in 40% aqueous methanol for 30 min at 608C [9]. To

ensure that thiamine phosphates are completely hydrolyzed and that interference by protein is

minimized, enzyme digestion with fungal diastase preparations containing phosphatase may

be used.

MICROBIOLOGICAL ASSAY

Thiamine assays have traditionally used Lactobacilli species: L. viridescens (ATCC 12706),

which is preferred, or L. fermenti (ATCC 9338) [8]. Detection of nanogram amounts is

feasible, and the assay is specific and robust. Thiamine diphosphate is 130% as active as

free thiamine in the L. fermenti assay [7]. An alternative, highly sensitive and specific

protozoon-based assay, using Ochromonas danica, has been developed by Baker et al. [10]

for blood-based thiamine status assays.

FLUORIMETRIC ASSAYS AND HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

Fluorimetric thiamine assays require extraction, oxidation of thiamine to thiochrome,

which is then extracted into isobutanol, and measurement of its fluorescence with a blank
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correction that is achieved by omitting the oxidant. An officially adopted procedure [11] for

foods containing thiamine diphosphate required acid digestion, enzymatic hydrolysis, partial

purification by cation-exchange open-column chromatography, conversion of thiamine to

fluorescent thiochrome by reaction with alkaline potassium hexacyanoferrate, extraction of

the thiochrome into isobutanol, and measurement of fluorescence.

HPLC-based assays for thiamine in foods have been available since the 1980s [8,12].

Fluorescence detection is usually preferred. Conversion of thiamine to thiochrome can be

performed either before the chromatographic separation, or else between the column and

the detector by using an effluent–reagent mixing coil. Precolumn conversion can achieve

better resolution, but may expose the column to a caustic mobile phase that shortens its

working life.

Most HPLC methods use C18 (octadecyl silica) reverse-phase column-packing materials;

many also use ion-pairing agents to interact with the positively charged nitrogen atom of

thiamine [12]. External quality assurance schemes and calibrated materials for interlaboratory

exchange and assay verification are essential to achieve harmonization of results between

different laboratories.

FOOD CONTENT OF THIAMINE AND THIAMINASE ENZYMES

THIAMINE IN FOOD

In most animal products, 95%–98% of the thiamine present is in the phosphorylated form,

with around 80%–85% as the diphosphate, whereas in plant foods, and especially in com-

mercially fortified foods, a higher proportion of nonphosphorylated thiamine may be

found [3]. Some of the best dietary sources of thiamine include yeast extract, offal, pork

and ham, wheat germ and wheat bran, most nuts and some legumes, and fortified foods such

as breakfast cereals and bread (Table 8.1). Pork meat contains considerably more thiamine

than the muscle of other farm animals. Egg yolk is a rich source of the vitamin, whereas egg

white is a poor source—although the difference is much smaller with food energy as the

denominator. Raw peanuts are a good source, but roasted peanuts contain much less due to

heat destruction during roasting.

About 17%–18% of the thiamine in the diet of U.S. adults came from bread and bread

products in 1995 [13]. Although the thiamine content of green vegetables on a weight basis is

comparatively low (Table 8.1), on an energy basis they make an important contribution (see

also Gubler [3]). Legumes are better sources than leafy vegetables. Wholemeal foods tend to

contain more thiamine than the corresponding white versions, unless the latter are fortified.

The amount present in unfortified rice as eaten depends enormously on the method of

removal of the husk; heavily (mechanically) milled rice has the lowest content (e.g., only

ca. 0.02 mg=100 g cooked rice [5]). Thiamine can be partly redistributed within the rice grain

by parboiling before dehusking, a process that originated in Bengal. This requires preliminary

soaking and steaming of the grain within the husk and then drying before milling, which

facilitates the separation of the husk, and gelatinizes the vitamin-rich layers, allowing the

vitamin to diffuse from the silverskin into the endosperm, thus reducing subsequent losses

during milling.

Highly refined white flour has a low thiamine content, and many western countries,

including the United Kingdom and the United States, have introduced mandatory fortifica-

tion of some types of bread. In the United Kingdom, thiamine must be added at not less

than 0.24 mg=100 g flour that is used commercially for making white or brown bread.

Alkaline pH, for example, use of bicarbonate during cooking to preserve the green color

of vegetables, increases the rate of thiamine destruction, and large volumes of cooking water

that are then discarded cause substantial losses of all the water-soluble vitamins, including
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TABLE 8.1
Thiamine and Energy Contents of Selected Foods from UK Food

Composition Tables

Food Description Thiamine (mg=100 g) Energy (kcal=100 g)

Meat and offal

Pork muscle (loin chops, lean, grilled) 0.78 184

Beef muscle (rump steak, grilled) 0.13 177

Pig’s liver, stewed 0.21 189

Ox liver, stewed 0.18 198

Pig’s kidneys, stewed 0.21 153

Ox kidney, stewed 0.18 138

Chicken, roast, average 0.07 177

Fish

Cod, baked 0.03 96

Haddock, steamed 0.04 89

Sardines in oil (drained) 0.01 220

Dairy products

Cow’s milk, whole 0.03 66

Human milk 0.02 69

Yoghurt, whole milk 0.06 79

Egg white (chicken, raw) 0.01 36

Egg yolk (chicken, raw) 0.30 339

Cereals, cereal products

Cornflakes (fortified, breakfast cereal, dry) 1.20 376

Porridge as eaten, with milk (not fortified) 0.09 113

White rice, raw (fortified, easy cook) 0.41 383

Brown rice, raw 0.59 357

Brown rice, boiled 0.14 141

White bread (sliced) 0.24 219

Wholemeal bread 0.25 217

Vegetables

Potatoes, new, boiled 0.09 75

Broccoli, boiled 0.05 24

Cauliflower, boiled 0.07 28

Courgette, boiled 0.08 19

Onions, fried 0.08 164

Tomatoes, raw 0.09 17

Tomato puree 0.40 76

Fruits

Apples, eating 0.03 47

Pears 0.02 41

Oranges 0.11 37

Blackcurrants 0.03 28

Cherries 0.03 48

Strawberries 0.03 27

Other foods

Baker’s yeast, dry 2.33 169

Peanuts, uncooked 1.14 563

Peanuts, roasted 0.18 589

Source: From Food Standards Agency in McCance and Widdowson’s The Composition of Foods,

6th Summary Edition, Royal Society of Chemistry, Cambridge, 2002. With permission.
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thiamine, by leaching. Stir-frying in fat or the use of cooking water in soups or stews

minimizes losses. Rice should be cooked in an amount of water that it absorbs. Heat

sterilization of milk causes greater losses (30%–50%) than pasteurization (10%–20%), and

use of sulfite to preserve fruit, fruit juices, and minced meat can cause major losses. UV light

and oxygen are also destructive. However, binding to protein or starch provides some

protection.

ANTITHIAMINE COMPOUNDS IN FOOD

Some foods contain thiamine-splitting enzymes (thiaminases) [5]. The threat to health and life

that can be posed by such enzymes is graphically illustrated by an ill-fated expedition led by

Burke and Wills, which set out to explore the center of Australia from 1860 to 1861 [14].

During their return journey, the explorers were compelled to eat inadequately cooked

freshwater mussels and flour from Nardoo ferns. Both foods contain high amounts of

thiaminase, and four of five members of the expedition perished from beriberi.

Thiaminase type I occurs in the visceral organs of freshwater fish, shellfish, ferns, certain

seawater fish, and in some species of microorganisms. Other species of microorganisms

produce thiaminase type II, which is less common. Both enzymes split thiamine into its two

component rings, each by a different mechanism. Thiaminase I acts by base-exchange

between the thiazole ring of thiamine and various nitrogenous bases; thiaminase II acts by

simple hydrolysis. When present in intact cells the thiaminases are inactive, but they become

activated when intracellular contents are liberated by cell membrane disruption. They can

destroy thiamine either during food storage, or during its preparation, or even within the

gastrointestinal tract. However, they can usually be inactivated by thorough cooking, and are

not a major problem in most human diets.

Polyphenolic compounds such as tannic acid, chlorogenic acid, and caffeic acid, which

occur in tea, coffee, betel nuts, and ferns, have also been reported to impair thiamine status

in human subjects. However, some of the research on these effects has later proved mis-

leading, either because there was interference by polyphenols with the thiochrome assay, or

because the products of polyphenol treatment of thiamine could be reconverted to thiamine

within the body [1], and the practical importance of heat-stable antithiamine substances is

controversial.

In ruminant animals the rumen microflora may exert complex effects on the thiamine

supply to the host animal. Some species of rumen bacteria synthesize and release

thiamine, which can then be absorbed by the host animal; others have surface enzymes that

destroy it, especially at low pH [15]. Severe destruction of thiamine arises especially with high-

concentration diets. Cerebrocortical necrosis in ruminants is almost certainly caused

by thiamine deficiency whose origin is a thiaminase from the rumen bacteria [7]. Bracken

or endophyte-infected fescue grass can antagonize thiamine, and high sulfate intakes can give

rise to sulfite by reduction processes in the rumen; this can then destroy the vitamin.

METABOLISM: BIOAVAILABILITY, ABSORPTION, TISSUE
DISTRIBUTION, TURNOVER

Body stores of thiamine are not generally maintained above functional requirements. Rates of

catabolism and loss imply that if the dietary intake falls to near zero, functional and clinical

abnormalities begin to become apparent in humans within a few weeks, that is, more rapidly

than for most other micronutrients.

About half the total amount of thiamine in the body is present in muscle, and the

total amount of thiamine in a well-nourished adult human is about 30 mg, of which about

four-fifths occurs as the enzyme cofactor, thiamine diphosphate.
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Adenosine triphosphate (ATP) provides the diphosphate moiety for the synthesis of

thiamine diphosphate from free thiamine by the action of thiamine pyrophosphokinase.

Thiamine diphosphate can be metabolized either by dephosphorylation to form thiamine

monophosphate, catalyzed by thiamine pyrophosphatase, or by further phosphorylation to

give thiamine triphosphate, catalyzed by thiamine diphosphate–ATP phosphoryltransferase

[3,5]. To a limited extent, free thiamine can be converted to thiamine monophosphate by an

intestinal membrane alkaline phosphatase, in the presence of phosphate donors [16].

BIOAVAILABILITY AND INTESTINAL ABSORPTION

Thiamine phosphate esters in food are mostly converted to free thiamine by digestive enzymes

(phosphatases) before the vitamin is absorbed. Any excess vitamin that escapes absorption in

the ileum is metabolized or degraded by the gut flora of the large bowel.

Both free thiamine and thiamine monophosphate can be actively absorbed by the intes-

tinal mucosa; thiamine is transported more efficiently of the two forms [16]. In all animal

species that have been studied, which include rat, mouse, frog, chicken, and human, thiamine

absorption in the intestine takes place by two parallel mechanisms, saturable active transport,

which comes into play at low luminal thiamine concentrations (e.g., <1.25 mmol=L) and

simple diffusion at higher luminal thiamine concentrations. Because the low-concentration

pathway is saturable, it ensures that when intakes are modest, almost all the available

thiamine is efficiently absorbed; however, its saturation at higher intakes ensures that

energy is not wasted by transferring excessive amounts when gut luminal concentrations

are high.

The low-concentration, saturable pathway in the apical brush border of the epithelium

of the intestine is an energy-dependent process, which is most active in the duodenal

region [3,17,18]. It is now known to be linked to the counter-transport of hydrogen ions,

and is not sodium dependent, as was once believed [16]. In a study of human intestinal

biopsies [19], it was found to exhibit Michaelis–Menten-type kinetics, with an apparent Km

for thiamine of 4.4 mmol=L; other studies have yielded slightly different Km values. The active

transport process is competitively inhibited by all three types of thiamine analogs that

are represented, respectively, by oxythiamine, pyrithiamine, and amprolium (see section

Thiamine Analogs that Act as Antagonists and Figure 8.3).

The efficiency of transport appears to change with increasing age in a rat model [20],

thus raising the question whether there may also be an age-dependency in humans? For the

active transport process in rats the affinity for substrate declines with age, but the number of

transporter sites increases, and passive transport declines. Transport is also modulated

via various different mechanisms, by factors such as the diabetic state, by hormones such as

thyroxin and calmodulin, by ethanol exposure, and by calcium [16]. Exploration of these

important control mechanisms, especially those mediated by hormones, is, however, incomplete.

Once inside the intestinal cells, phosphorylation of thiamine to its phosphate esters

(mainly the diphosphate) occurs to a considerable extent. Transfer from the intestinal

cell cytoplasm to the portal circulation requires the release of thiamine from these intracel-

lular phosphate esters, followed by transport by an outward facilitative thiamine transporter

across the basolateral cell membrane. This basolateral transporter, like the brush border

transporter, is pH-dependent and electroneutral, but may differ from the brush border inward

transporter because unlike the latter, it was reported to be sodium–potassium–ATPase-

dependent in rats [21], although no such dependence was found in a study of humans [22].

Like the brush border transporter, the basolateral transporter is relatively specific for

thiamine and some of its structural analogs.

Important advances have been made during the past few years in characterizing the active

thiamine transporter proteins that are present in the intestine and in a number of other
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mammalian tissues. These proteins, and the genes that encode them, have been sequenced,

their genes have been transfected into cells that do not normally contain them, and their

properties, including control by promoter regions of the genome, have been studied [23].

Specific gene knockout models in mice have helped to define the functions of the transporters,

and to determine whether and how they may be essential for avoidance of pathology [23–25].

There are two well-characterized microtubule-associated transporter proteins that are specific

for free thiamine and some of its analogs; these are designated ThTr1 and ThTr2, respectively

(see Table 8.2 for a comparison of some of their reported characteristics). The corresponding

genes are designated SLC19A2 and SLC19A3, respectively, and their chromosome loci

are 1q23.3 and 2q37 [25]. The promoter region of the SLC19A2 gene has been partially

explored [26]. The SLC19A2 messenger (for ThTr1) is expressed in all gastrointestinal tissues.

The ThTr1 messenger RNA concentration, when compared between different tissues, showed

the following relative concentrations in humans: liver > stomach > duodenum > jejunum >
colon > cecum > rectum > ileum [26]. Expression of SLC19A3 messenger (for ThTr2) occurs

throughout the human gastrointestinal tract, but maximally in the proximal small intestine

[27]. The specific functions of different parts of these transporter proteins are explored, thus

amino acid no. 138 in the protein sequence of ThTr1 is essential for transporter activity [28];

other identifiable regions of the molecule determine whether or not it is expressed at the cell

surface, a property that is essential for functional activity, and yet others determine the

characteristics of intracellular trafficking mechanisms [29].

In the ThTr1 gene, 14 distinct mutations have been identified in a series of patients with

the rare genetic disease, thiamine-responsive megaloblastic anemia (TRMA, or Roger’s

disease) [30]. The pathology associated with this condition, however, differs radically

TABLE 8.2
Summary of Reported Characteristics of ThTr1 and ThTr2 Thiamine Transporters

in Human and Mouse Tissues [16,23,27,31,145]

Species Location and Characteristics ThTr1 ThTr2

Human and mouse Transporter expressed at apical intestinal brush

border surface?

Yes Yes

Human Transporter expressed in basolateral membrane

of intestinal cells?

Yes No

Human Apparent Km Micromolar

range

Nanomolar

range

Mouse Transporter protein, mRNA, and functional

activity upregulated by thiamine deficiency in

intestine?

No Yes

Human and mouse Transporter expressed in renal tubular brush

border epithelium?

Yes Yes

Mouse Transporter protein, mRNA, and functional

activity upregulated by thiamine deficiency

in kidney?

Yes Yes

Human transfected

in mouse

Transfected promoter region of genome (human

! mouse), evidence for regulation by thiamine

status at transcriptional level in humans?

No (intestine),

Yes (renal)

Yes (intestine þ
renal)

Human and mouse Transporters expressed at other sites: liver, brain,

muscle (including heart), placenta, red blood

cells, fibroblasts, etc?

Yes Not yet

sufficient infoa

Human Defects reported in Roger’s disease (TRMA)? Yes No

a Reported to be present in brain and heart [31]; little information is available about ThTr2 at other sites, but it may

be absent from red blood cells and fibroblasts [16].
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from that of dietary thiamine deficiency seen in genetically normal people. It is characterized

by megaloblastic anemia, sensorineural deafness, and diabetes. A mouse ThTr1 gene knock-

out mutant exhibits pathologies that are similar to the human TRMA condition [24].

However, these mice have normal plasma thiamine levels, suggesting that an additional

pathway, possibly using ThTr2, can compensate for the absence of the ThTr1 transporter

at the sites of intestinal absorption. Said et al. [27] have recently shown, in a human (Caco)

intestinal cell line, that both human ThTr1 and ThTr2 transporters contribute to thiamine

transport. They found that if either gene product were knocked out (i.e., silenced) by

treatment with a small interfering RNA, only about half the transport activity was lost,

but if both were silenced, essentially all the activity was lost. The location pattern of

ThTr1 differed from that of ThTr2 in this study; the former was found at both the brush

border and basolateral membranes, whereas the latter was detected only at the brush border.

Moreover, the apparent Km of human ThTr2 was in the nanomolar range (27.1+ 7.6 nmol=l)
whereas existing estimates for the Km of human ThTr1 were in the micromolar range

(see earlier).

From a recent study in mice, it has been reported that thiamine deficiency results in the

upregulation of the intestinal mRNA and transporter protein for mouse ThTr2, but does

not affect those for ThTr1 [31]. Transgenic mice containing promoters of the transporter

genes of human origin likewise exhibited an increase in the promoter activity of the gene for

ThTr2 but not that for ThTr1, in the thiamine-deficient state. Previous to this report, evidence

had already been obtained to suggest that thiamine transport activity may be upregulated

when body thiamine stores are low, derived from observations on a rat jejunal sac model [32]

and on a duodenal biopsy from a thiamine-deficient human subject [19].

A third gene, which exhibits considerable structural homology to the two thiamine

transporter genes, is designated SLC19A1, which encodes a reduced folate transporter

(RFT) protein. This protein transports not only 5-methyltetrahydrofolate and other

reduced folate species, but also, to a limited extent, the mono- and diphosphates of

thiamine (but not free thiamine). The in vivo significance of this transporter protein,

with respect to functional transport of thiamine phosphates, is not yet known. However,

it is known that thiamine monophosphate can be actively transported across the intestinal

mucosa, and that it can also be transported across the blood–brain barrier [16]. Rapid

progress has been made in the characterization of thiamine transporter proteins and their

encoding genes, and ongoing studies are exploring their links with the physiological aspects

of thiamine economy.

THIAMINE TRANSPORT IN OTHER TISSUES

Saturable active transport of thiamine also occurs in the brush border of the renal tubular

epithelium [33], which helps to ensure, as with other essential nutrients, that when the plasma

concentrations of the vitamin are below the upper limit of tubular reabsorption, essentially all

of it will be returned to the plasma following filtration in the glomerulus. The saturable nature

of the renal tubular transporter ensures that if plasma concentrations are increased consid-

erably above the requirements of the tissues, the excess is rapidly excreted in the urine. This

property determines the shape of the thiamine intake:urinary excretion relationship, whereby

a gradual rise in excretion rate with increasing intake below the renal threshold is followed

by a steep rise at higher intakes [34]. However, if high doses of thiamine are given intraven-

ously, then although most of the excess is excreted rapidly in the urine, some additional

phosphorylated thiamine derivatives also accumulate within the cells, at concentrations

above their usual levels [35]. In the renal brush border, the expression of both ThTr1 and

ThTr2 transporters and of both their transgenically inserted human promoter activities were

upregulated by thiamine deficiency [31].
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Active transport of thiamine also takes place in the placenta [36], thus apparently ensuring

that the developing fetus is preferentially supplied, even when maternal intakes and plasma levels

are low. Exchange of thiamine for Hþ has been studied in human placental epithelium [16].

Breast milk thiamine concentrations vary with the stage of lactation [37]. However, they

are clearly dependent also on the thiamine status of the mother, because there are many

reports of over thiamine deficiency in apparently fully breast-fed infants in populations where

beriberi is endemic. Moreover, a recent study has reported nearly a twofold difference in

mature breast milk thiamine concentrations between two groups of Spanish lactating women

with low versus high thiamine intakes and biochemical status indices [38]. In well-nourished

lactating women, between 0.1 and 0.2 mg thiamine is secreted into breast milk each day at

peak lactation, which implies an additional thiamine requirement for at least this amount in

the maternal diet during lactation.

Active transport of thiamine has also been studied in erythrocytes, and these cells,

too, exhibit both saturable and nonsaturable thiamine transport pathways [16]. People with

TRMA lack the erythrocyte-active thiamine transporter. Cultured fibroblasts from people

with TRMA cannot survive without increased thiamine supplementation, which indicates

the probable importance of the ThTr1 pathway in these cells also. Rat liver sinusoidal

membranes likewise contain a pH-dependent saturable thiamine transporter [16]. Clearly,

similar mechanisms for active thiamine transport are shared between a wide range of tissues

and cell types.

Thiamine is nonspecifically bound to several proteins, especially albumin, in the plasma.

There has also been a report that treatment of pregnant rats with an antibody to a plasma

estrogen-inducible thiamine carrier protein that had been isolated from chickens resulted in

fetal resorption in the rat, suggesting a possible role for this carrier, in thiamine transport to

the fetus [39].

The levels to which thiamine and its esters are concentrated at particular tissue sites

vary considerably between species [3]. For instance, pig muscle contains 0.7–1.2 mg=100 g,

compared with 0.05–0.4 mg=100 g in muscle from most other species. Mouse liver contains

1.3 mg=100 g whereas cod liver contains only 0.03 mg=100 g. Analysis of distribution between

subcellular fractions has shown that in most tissues, about 50% of the thiamine (plus its

esters) occurs in the soluble fraction, 35% in mitochondria, 10% in the nuclei, and 5% in the

microsomal fraction.

DEGRADATION AND TURNOVER OF THIAMINE

A study of thiamine turnover in man, using a radioactively labeled thiamine probe [40],

estimated the half-life to be 9.5–18.5 days. The rate of thiamine degradation, mainly to water-

soluble products that are excreted in the urine, has been reported to be approximately

constant within an individual, not varying greatly with variations in thiamine intakes

and body stores. Therefore, the ratio of intact thiamine to its breakdown products in the

urine increases steeply with increasing thiamine intake and hence increasing plasma thiamine

levels. Of around 20–30 different metabolites of thiamine that have been identified in rat and

human urine following ingestion of radioactively labeled thiamine only a minority have

been studied [3,41]. For instance, 2-methyl-4-amino-5-pyrimidinecarboxylic acid was identi-

fied in rat and human urine [42]. 4-methylthiazole-5-acetic acid, together with a thiamine-

containing peptide, molecular weight ca. 25,000 was also characterized in human urine [40].

5-(2-hydroxyethyl)-4-methylthiazole was reported to occur in rat urine [43], and some

thiamine disulfide and thiochrome may be present. It has been suggested [44] that the

measurement of urinary thiamine metabolites might offer a better insight into tissue thiamine

reserves than urinary intact thiamine, because the metabolites continue to be excreted even

when tissue thiamine stores become depleted. Many of the urinary thiamine metabolites were
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found to contain part, at least, of both rings of the vitamin [45]. Small amounts of intact

thiamine are also lost in sweat. However, little is known about the factors that determine the

rate of thiamine turnover in mammals.

BIOCHEMICAL FUNCTIONS

The four enzyme complexes in animal tissues that have, for many years, been known to

require thiamine diphosphate as an essential cofactor comprise three closely related dehy-

drogenase systems, which catalyze oxidative decarboxylation reactions: pyruvate dehydro-

genase complex, alpha-ketoglutarate dehydrogenase complex, and branched-chain ketoacid

dehydrogenase complex, together with one enzyme that catalyzes a somewhat different type

of reaction, namely transketolase, which catalyzes a glycolaldehyde moiety transfer reaction

between sugars. Studies that paved the way for our understanding of these key biochemical

pathways began in the 1920s and 1930s [46]. Much more recently, a fifth thiamine

diphosphate-requiring enzyme has been added: this is a peroxisomal enzyme that catalyzes

thiamine diphosphate-dependent cleavage following the alpha-oxidation of 3-methyl

branched-chain fatty acids such as phytanic acid [47], and also the cleavage of 2-hydroxy

straight-chain fatty acids to yield formate [48].

Thiamine diphosphate has a special relationship with magnesium ions at the active site of

all thiamine diphosphate-requiring enzymes: this divalent cation is universally required to

achieve binding of the anionic thiamine diphosphate cofactor to its apoenzymes.

PYRUVATE DEHYDROGENASE COMPLEX

The reactions catalyzed by the pyruvate dehydrogenase complex are shown in Figure 8.4.

Pyruvate, produced from glucose by the Embden–Meyerhof (glycolytic) pathway, can either

be reduced to lactate, or else committed to complete oxidation in the citric acid (Krebs) cycle

via pyruvate dehydrogenase, which is thus a key enzyme in the overall oxidative metabolism

of carbohydrates. The reaction product, acetyl coenzyme A, is also a key intermediate in fatty
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FIGURE 8.4 Reactions of the pyruvate dehydrogenase enzyme complex. The names of the three princi-

pal component enzymes of the complex are highlighted in bold type. Pyruvate dehydrogenase catalyzes

the first (decarboxylation) step. Lipoic acid, in its oxidized disulfide form, bound as lipoamide to dihy-

drolipoyl acetyltransferase, then reacts with the product of pyruvic acid decarboxylation, by which it is

converted to its reduced, dithiol form. Its reoxidation to the disulfide form releases two reducing

equivalents via FAD to NADþ, catalyzed by dihydrolipoyl dehydrogenase.
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acid and steroid synthesis and, of course, in a myriad of acetylation reactions. The first

enzyme in the sequence, pyruvate dehydrogenase (E1), is sometimes called pyruvate decar-

boxylase. It catalyzes the initial conversion of pyruvate to a hydroxyethyl carboxy derivative

bound at position 2 of the thiazole ring of the thiamine diphosphate coenzyme and decarbox-

ylation. The hydroxyethyl product then passes on to a lipoamide–protein complex in the

second enzyme, dihydrolipoyl acetyltransferase (E2), which produces acetyl coenzyme A.

Reoxidation of the reduced lipoamide requires the third enzyme, dihydrolipoyl dehydrogen-

ase (E3). Two reducing equivalents are captured, via FAD to NADþ. The same sequence of

E1 (thiamine pyrophosphate-dependent decarboxylase), E2 (lipoamide-containing acyltrans-

ferase), and E3 (FAD-dependent dihydrolipoyl dehydrogenase generating NADH from

NADþ) occurs in alpha-ketoglutarate dehydrogenase and branched-chain alpha-keto acid

dehydrogenase. E3 is identical in all three complexes.

A central feature, especially of the pyruvate dehydrogenase complex, is a metabolite-

driven regulation mechanism involving reactants and products of the pathway, ensuring that

its activity is rapidly and flexibly responsive to changing levels of these metabolites in vivo [49].

Pyruvate dehydrogenase activity is partly controlled by end-product inhibition [5], thus it is

inhibited by the end-products, acetyl CoA and NADH. Further fine-tuning regulation

is achieved by a phosphorylation–dephosphorylation cycle, involving serine residues in the

alpha subunit of pyruvate dehydrogenase. The fully dephosphorylated form is by far

more active, with an affinity for the thiamine diphosphate coenzyme that is enhanced at

least 12-fold. There are three different serine phosphorylation sites within the dehydrogenase,

each with a different degree of interaction with thiamine diphosphate and with the lipoyl

groups of the acetyltransferase enzyme, and there are four different isoenzymes of the kinase

(phosphorylating) enzyme, each with different specificities for the three serine phosphoryl-

ation sites, thus providing flexibility of regulation [50]. The pyruvate dehydrogenase complex

in eukaryotes has a multiunit structure containing 20–30 heterotetramers of E1, each tetramer

with two alpha and two beta subunits. Each 20–30 tetramers of E1 are associated with 60 units

of acetyltransferase (E2), with 12 units of a dihydrolipoyl dehydrogenase-binding protein, with

6–12 homodimers of the dihydrolipoyl dehydrogenase enzyme (E3), and with the regu-

latory (kinase–phosphatase) enzyme system, which consists of 1–2 homo or heterodimers of

pyruvate dehydrogenase kinase and 2–3 heterodimers of phosphopyruvate dehydrogenase

phosphatase [51]. The subunit composition differs between different tissues and between

species. The pyruvate dehydrogenase kinase activity is stimulated by the end-products of

the pathway, NADH and acetyl CoA, and it is inhibited by ADP, pyruvate, CoA, NADþ,

thiamine diphosphate, and by intracellular free calcium. The phosphatase activity is stimu-

lated by calcium and inhibited by NADH; the NADH inhibition can be reversed by NADþ.

Genetic defects in the pyruvate decarboxylase complex, for example, Leigh’s disease

(section Thiamine-Dependent Reactions in the Nervous System) can lead to lethal lactic

acidosis, psychomotor retardation, central nervous system damage, ataxia, muscle fiber

atrophy, and developmental delay [52].

ALPHA-KETOGLUTARATE DEHYDROGENASE AND BRANCHED-CHAIN ALPHA-KETO ACID

DEHYDROGENASE COMPLEXES

These two dehydrogenase enzyme complexes resemble pyruvate dehydrogenase, both in the

sequence of reactions that achieve oxidative decarboxylation and in possessing a multienzyme

unit structure. The thiamine diphosphate cofactor is, however, more tightly bound here than

in pyruvate dehydrogenase.

In the alpha-ketoglutarate dehydrogenase reaction, the equilibrium in the conversion of

alpha-ketoglutarate to succinyl CoA lies far in the direction of succinyl CoA. Although alpha-

ketoglutarate dehydrogenase apparently does not possess the same kinase–phosphatase
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control mechanism that acts on pyruvate dehydrogenase and branched-chain alpha-keto acid

dehydrogenase, it is, nevertheless, subject to control through inhibition by ATP, GTP,

NADH, and succinyl CoA and through stimulation by calcium ions [5,53]. The enzyme is

considered to be vulnerable to oxidative stress, and is also claimed to be a contributor to

such stress by generating hydrogen peroxide as a side reaction when the NADH:NADþ ratio

is high [54].

There is an alternative pathway of alpha-ketoglutarate turnover that increases its

throughput if the thiamine-dependent conversion to succinate is inhibited, for instance by a

deficiency of thiamine. This pathway is known as the GABA shunt, and it gives rise to

gamma-aminobutyric acid (via glutamate), which can be transaminated to give succinic

semialdehyde and then oxidized to succinate. When this pathway increases in the hypothal-

amus, the feeding stimulus is reduced and anorexia results. This is one of the first functional

lesions that is observed in thiamine-deficient animals such as rodents. Increased throughput

for the GABA shunt in thiamine-deficient rats has been demonstrated by studies using labeled

glutamate [55].

The third thiamine diphosphate-dependent dehydrogenase complex, which is based on

the branched-chain alpha-keto acid dehydrogenase, forms part of the sequence of enzyme-

catalyzed reactions that oxidize three branched-chain amino acids, valine, leucine, and

isoleucine, so as to liberate energy from them when they are present in excess of require-

ments for protein synthesis [5]. Following transamination of these amino acids to give the

corresponding alpha-keto acids, the dehydrogenase complex effects oxidative decarboxyla-

tion to liberate carbon dioxide and to reduce NADþ to NADH. The reaction products of

this pathway are isobutyryl CoA, isovaleryl CoA, and alpha-methyl-butyryl CoA, respect-

ively. Subsequently, pathways of fatty acid oxidation yield acetyl CoA or propionyl CoA

from these intermediates; propionyl CoA is converted to succinyl CoA, and complete

oxidation is then achieved by the tricarboxylic acid cycle. The branched-chain dehydrogen-

ase enzyme, like pyruvate dehydrogenase, is regulated by protein phosphorylation–depho-

sphorylation, but here it appears to involve just a single serine residue (amino acid 292 of

the E1b subunit) [56]. Phosphorylation generates a disordered loop that prevents E1b

binding to the lipoyl-bearing domain of the E2b subunit, thereby inhibiting the entire

reaction sequence. Thiamine deficiency (in rats) increases the proportion of the hepatic

branched-chain dehydrogenase that is in the active, dephosphorylated state, thus helping

to maintain its activity [57]. Therefore, paradoxically, the activities of the branched-chain

dehydrogenase and of alpha-ketoglutarate dehydrogenase may respond in opposite direc-

tions in rat liver during thiamine depletion and repletion [57].

Maple syrup urine disease (branched-chain keto-aciduria) is a rare human genetic abnor-

mality that results from various mutations of the genes for the first two of the three enzymes of

the branched-chain dehydrogenase complex. In addition to ketoacidosis, there may also be

mental retardation, ataxia, and sometimes blindness. Amelioration of some of these symptoms

has been achieved by high thiamine intakes, in those individuals where increased tissue

thiamine levels can counteract a reduced apoenzyme affinity for the thiamine cofactor [58–60].

TRANSKETOLASE

Transketolase catalyzes two key reactions of the pentose phosphate pathway, one of whose

functions is to generate pentose sugars, especially for synthesis of nucleic acids, their pre-

cursors, and related metabolites. It interconverts sugars with chain lengths between C3 and

C7, of which C3 and C6 can enter the glycolytic sequence. The pentose phosphate pathway

also generates the reduced form of NADP, which in turn is required for a wide range of

biosynthetic reactions, including the synthesis of fatty acids. The fundamental reaction that

transketolase catalyzes is a two-carbon (glycolaldehyde group) transfer from one sugar
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phosphate to another, resulting in the lengthening of the carbon chain of one of the sugar

phosphates at the expense of the other:

Xylulose-5-phosphate (C5)þ ribose-5-phosphate (C5)

$ glyceraldehyde-3-phosphate (C3)þ sedoheptulose-7-phosphate (C7)

and

Xylulose-5-phosphate ðC5Þ þ erythrose-4-phosphate (C4)

$ glyceraldehyde-3-phosphate (C3)þ fructose-6-phosphate (C6)

Transketolase acts in conjunction with the enzyme transaldolase, a non-thiamine diphosphate-

requiring enzyme that catalyze

Sedoheptulose-7-phosphate (C7)þ glyceraldehyde-3-phosphate (C3)

$ erythrose-4-phosphate(C4)þ fructose-6-phosphate (C6)

The pentose phosphate pathway is especially active in adipose tissue, mammary glands, and

adrenal cortex, but less so in skeletal muscle and liver. Transketolase is found in most tissues

and cell types. It is found in surprisingly high concentrations (10% of total soluble protein)

in the cornea [61]. The highly active pentose phosphate pathway that is present in erythrocytes

is thought to be necessary to generate NADPH rapidly, so as to maintain reduced glutathione

levels in an oxidizing environment. Erythrocyte transketolase becomes partially depleted of

its cofactor, thiamine diphosphate, during a period of dietary thiamine deficiency. The

resulting apoenzyme can then be reactivated by an excess of the cofactor added in vitro,

and the resulting increase in activity forms the basis for a commonly used test of thiamine

status, the erythrocyte transketolase test (see section Erythrocyte Transketolase Assay).

Under thiamine-deficient conditions, several different types of cultured human cells were

found to respond by reducing the synthesis of the messenger RNAs (i.e., there was trans-

criptional control) for transketolase and also for the beta subunit of pyruvate dehydrogenase,

but not for alpha-ketoglutarate dehydrogenase. Thus, thiamine status may regulate gene

expression for some thiamine diphosphate enzymes but not others [62].

PEROXISOMAL ALPHA-OXIDATION OF 3-METHYL BRANCHED-CHAIN FATTY ACIDS

AND CLEAVAGE OF 2-HYDROXYLATED FATTY ACIDS

A relative newcomer to the list of mammalian enzyme systems which requires thiamine

diphosphate is a peroxisomal enzyme complex that catalyzes the alpha-oxidation and cleav-

age of 3-methyl fatty acids such as phytanic acid, and the cleavage of 2-hydroxy straight-chain

fatty acids such as 2-hydroxyoctadecanoic acid that occurs in brain cerebrosides and sulfa-

tides. Alpha-oxidation shortens them by a single carbon atom and thus enables them to enter

the beta-oxidation pathway [47,48,63].

There are four sequential reactions in the alpha-oxidation pathway of 3-methyl fatty

acids: firstly, activation of the 3-methyl fatty acid to its CoA derivative; secondly, hydroxyla-

tion at the 2-carbon; thirdly, thiamine diphosphate-dependent cleavage of the 1-carbon

(to liberate formyl CoA and hence generate formate); and fourthly, dehydrogenation of

the resulting long-chain aldehyde to an acyl group. The dependence of the third step on

thiamine diphosphate was the first thiamine-cofactor-requiring reaction to be recognized

in the peroxisomes. Clinically, this sequence of reactions is significant mainly for the occur-

rence of pathology linked to mutations in the gene for the second (hydroxylase) enzyme.
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For the 2-hydroxy straight-chain fatty acids, formation of the CoA derivative is followed by

thiamine diphosphate-dependent cleavage to formate and to an aldehyde with one less carbon

than the original 2-hydroxy fatty acid [48]. Oxythiamine inhibits the latter reaction in cultured

fibroblasts. Dependence on ATP, Mg2þ, and NADþ, as well as thiamine diphosphate, has

been demonstrated [48].

THIAMINE-DEPENDENT REACTIONS IN THE NERVOUS SYSTEM

The polyneuritis of thiamine deficiency, characteristic of dry beriberi (section Dry Beriberi),

and the neurological pathology of the Wernicke–Korsakoff syndrome (section Wernicke–

Korsakoff Syndrome) have indicated that there is likely to be some special vulnerability of the

nervous system (both central and peripheral regions) to the effects of thiamine depletion.

Brain tissue, unlike other tissues, cannot use fatty acids for energy release and is wholly

dependent on glucose as an energy source. However, despite a large body of research, the

precise nature of the links between the biochemical and the functional vulnerability has

remained elusive. There are indications that, whereas acute severe thiamine deficiency affects

mainly the central nervous system, a chronic milder deficiency is more likely to result in

pathology (such as polyneuritis) in the slower-responding peripheral nerves [64]. The hypoth-

esis that thiamine may play a role in nervous tissue that is independent of its well-established

coenzyme functions in other tissues was proposed, with some supporting evidence, by

von Muralt [65].

One approach to this problem has focused on thiamine triphosphate that occurs in

nerve cells. Bettendorff et al. [66–68] showed that chloride uptake was correlated with

formation of thiamine triphosphate in membrane vesicles from brain and that neuroblas-

toma cells in culture respond (irreversibly) to the triphosphate by activating a large

conductance chloride ion channel. It was proposed that a key protein within the channel

becomes phosphorylated, and is thus activated, by thiamine triphosphate. The genetic

disease, subacute necrotizing encephalomyopathy (Leigh’s disease, see section Pyruvate

Dehydrogenase Complex), which presents with dendrite and myelin lesions of the brain

stem and third ventricle, and a range of neurological signs and symptoms, was reported to

be accompanied by a reduction in levels of thiamine triphosphate but not of the diphos-

phate, and the presence of a compound in body fluids, which specifically inhibits the

synthesis of thiamine triphosphate in the central nervous system [69–71]. This inhibition

could be overcome by high oral doses of thiamine. There was also some evidence that

thiamine triphosphate can act as the phosphate donor for phosphorylation of synaptic

proteins [72], and that it could modify ion transport, especially sodium transport [73].

However, in the brains of thiamine-deficient rats, in which thiamine diphosphate levels had

fallen as low as 26% of control levels in the pons region, thiamine triphosphate levels were

unaffected, suggesting that the triphosphate may be relatively resistant to depletion, at

least at this site [74]. Clearly the putative roles and significance of the triphosphate, in the

brain and elsewhere, remain controversial and unresolved.

Studies on severely thiamine-deficient rats [75] have shown that the turnover of acetyl-

choline, the synthesis of catecholamines, the normal metabolism of serotonin, and the

concentration of some functionally important amino acids (glutamate, aspartate, glutamine,

gamma-aminobutyric acid) are all disturbed, thus identifying neurotransmitter metabolism as

an area of potential vulnerability to deficiency. Malfunction of the blood–brain barrier has

been reported in thiamine-deficient mice [76]; however, it is unclear whether this is a primary,

or a later, secondary, defect.

Studies by Gibson and others of the neurological sequelae of thiamine deficiency

in human subjects, in animal models, and in cultured cells have focused particularly on

the oxidative stress and oxidant damage that accompanies thiamine depletion [77,78].
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In Wernicke–Korsakoff syndrome in humans, neurodegeneration becomes apparent, ini-

tially as a reversible lesion and later irreversibly in very specific areas of the brain, notably

the submedial thalamic nucleus and parts of the cerebellum, especially the superior cerebel-

lar vermis [79]. Lactic acid accumulates in the medial thalamus, but not in the frontal cortex,

in thiamine deficiency [80]. Many of the biochemical changes resulting from thiamine

deficiency can affect both neurons and nonneuronal brain cells (e.g., astrocytes, microglial

cells, endothelial cells, and neutrophils), and some of the changes were described as char-

acteristic of oxidative stress. For instance, the disappearance of neurons and the elevation of

markers of neurodegeneration during thiamine deficiency coincide with changes in micro-

glial (resident immune) brain cells that include increases in redox active iron, nitric oxide

synthase, and heme-oxygenase 1, all of which are markers of inflammation and oxidative

stress [78]. Oxidation damage markers such as 4-hydroxynonenal, advanced glycation end-

products, and fragmentation damage to DNA have been observed in cultured neurons that

are deprived of thiamine. Some of these changes are preventable by traditional antioxidants

such as vitamin E or butylated hydroxyanisole [81].

It has been proposed that in the early stages of thiamine deficiency, biochemical changes

in the (relatively robust) nonneuronal cells of the brain can be neuroprotective, but at the later

stages of deficiency they are likely to exacerbate neuronal degeneration [78]. Another possible

clue relating to neuronal cell vulnerability is that apoptosis of thiamine-deprived neuronal

cells in culture has been linked to the decline of a specific regulatory protein kinase, Jnk1 [82].

Although neuronal cells have been most extensively studied with respect to oxidative

stress-linked degeneration during thiamine deficiency, there is also some evidence of a similar

type of damage in lens fiber cells in thiamine-deficient mice [83]. Increased expression of

Alzheimer precursor protein, amyloid beta protein peptides, and presenilin 1 damage markers

was detected.

The oxidant damage hypothesis, the concept that some cell types, especially neuronal

cells, are especially vulnerable to irreversible damage and apoptosis during thiamine defi-

ciency, and the complex interaction between different cell types during the course of

deficiency represent approaches that may help to provide fresh perspectives on this difficult

area of research; however, many key questions still remain unanswered.

PATHOGENESIS OF DEFICIENCY AND HIGH-RISK CONDITIONS

BERIBERI IN INFANTS

In thiamine-deficient infants, edema and right-sided heart failure are frequently accompanied

by increased pulse rate and blood pressure. There may be gastrointestinal malfunction, with

loss of appetite, vomiting, diarrhea, and oliguria, and convulsions may occur. The child may

either cry loudly, or suffer hoarseness or even aphonia due to paralysis of the recurrent

laryngeal nerve. Four subtypes have been described [5]. Causes include low thiamine levels in

breast milk and weaning foods.

WET BERIBERI IN OLDER CHILDREN AND ADULTS

Edema and heart failure are common. In a rat model, ATP concentrations were reduced in

the heart, but not in other tissues [84]. Cardiac blood output in deficient humans may be

normal, high, or low. Where it is low, myocardial damage is suspected, and where high,

vasomotor depression has been proposed [5]. A severe form is known as acute pernicious

(fulminating) beriberi or shoshin beriberi, and accounted for ca. 26,000 deaths=year in Japan

in the 1920s. There was heart failure, and circulating lactic acid levels were high. Its occur-

rence declined, but it then reappeared years later, in adolescents [85].
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DRY BERIBERI

A diet that is moderately deficient in thiamine may result in a symmetrical ascending

peripheral polyneuritis, without cardiac symptoms. A chronic marginal deficiency can thus

produce a different pathological syndrome from an acute, severe deficiency [64].

Weakness and numbness in the legs are followed by loss of the ankle jerk reflex and of

control of the muscles of the foot, then the calf, and then the thigh. Foot and hand droop

occur. Hyperaesthesia (abnormally increased sensation) in a glove and stocking pattern is

followed by surface anesthesia, together with deep muscular pain. Axonal degeneration with

flattened sacs or tubules of the axoplasm of large myelinated fibers is seen, which returns

toward normal after treatment with thiamine [86]. In a rat model there is axonal degeneration

with increased mitochondrial and endoplasmic reticulum vesicle counts, followed by disrup-

tion of the neurotubules, neurofilaments, and myelin sheaths [87]. Prolonged nerve degener-

ation may become resistant to repair.

WERNICKE–KORSAKOFF SYNDROME

Chronic alcohol abuse is frequently associated with Wernicke’s encephalopathy, Korsakoff

psychosis, or a combination, known as Wernicke–Korsakoff syndrome. Alcoholics often

have poor diets, and hence a low intake of thiamine, impaired absorption (because ethanol

reduces thiamine transport at both the brush border and the basolateral membrane of the

intestinal mucosa), and impaired utilization of the vitamin, especially if there is fibrotic liver

damage. Thiamine supplements frequently produce dramatic clinical improvement, but some

types of damage may be irreversible.

Diagnosis of Wernicke’s encephalopathy classically depends on the presence of ataxia,

paralysis of eye movements, and abnormal motor function [88]. If amnesia or apathy and

confabulation are present, Wernicke–Korsakoff syndrome is diagnosed. Magnetic resonance

imaging [89,90] for diagnosis is being developed.

Alcoholic neuropathy and thiamine-deficiency neuropathy can be distinguished [91]. Sural

nerve specimens from alcoholic neuropathy had small fiber-predominant axonal loss, whereas

thiamine-deficiency neuropathy exhibited large fiber axonal loss. In Australia, mandatory

addition of thiamine to bread flour in 1991 was followed by some improvement [92–94].

Possible variations in genetic susceptibility have been considered [95]. One study [96]

reported that transketolase from skin fibroblasts from people with Korsakoff ’s psychosis had

an affinity for thiamine diphosphate that was 10-fold lower than that of controls. Another

reported that in alcoholics (men and their sons) transketolase exhibited reduced affinity for its

cofactor [97]. However, the original finding could not be confirmed in several other studies

[98,99]. Thiamine-dependent hysteresis of transketolase has been described [100], which might

cause interindividual variation. In one Wernicke–Korsakoff patient, a transketolase assembly

defect was present [101]. Thus, research on predisposing factors is continuing.

ALZHEIMER’S DISEASE AND OTHER NEURODEGENERATIVE CONDITIONS

A potential association between thiamine-dependent enzyme defects and neurodegenerative

diseases such as Alzheimer’s and Parkinson’s diseases has been proposed. A modest (18%–

21%) reduction in thiamine diphosphate levels was seen in two studies of Alzheimer brain

[102,103]. Gibson and Zhang [77] have summarized the evidence that all thiamine-dependent

enzyme activities, especially that of the alpha-ketoglutarate dehydrogenase complex, are

severely impaired in the brains of Alzheimer’s, Parkinson’s, and other degenerative brain

disease sufferers, and have proposed that this impairment may be directly linked to the

pathophysiology of the disease. Although thiamine supplementation studies have so far failed
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to provide convincing evidence of benefit in Alzheimer’s sufferers [104,105] further investiga-

tion seems warranted [77].

OTHER HIGH-RISK GROUPS

In western society, certain older adults are at risk of suboptimum thiamine status. In

the United Kingdom, older people in nursing homes were found to have especially poor

biochemical status [106,107]. Low erythrocyte thiamine diphosphate concentrations, below

140 nmol=L, were found in 16% of 225 subjects aged 65 years and over [108], and poor status

was also seen in older people in the United States [109]. Thiamine-cofactor concentrations in

the human brain may decline with increasing age [110]. Use of diuretic drugs by older people

may increase urinary losses of thiamine, although the evidence is not conclusive [111].

Others at risk include people receiving parenteral nutrition, especially if their main energy

source is glucose without added thiamine. Patients with intestinal resection, in whom the

major sites of thiamine absorption have been damaged or removed, postgastrectomy patients,

people who are treated with the cancer chemotherapy drug 5-flurouracil, and pregnant

women with prolonged hyperemesis gravidarum, especially if treated with intravenous

glucose without added thiamine. People with HIV are likely to have poor status [112].

Sporadic outbreaks of beriberi occur in developing countries. In The Gambia, in West

Africa, hard physical work and a monotonous rice-based diet, especially during the rainy

season, have led to beriberi in adult men, with a number of deaths [113]. Postpartum women

in a Thai Karen refugee camp [114] and their infants [115] have developed beriberi, and other

outbreaks have been reported from Indonesia, the Seychelles, and the Amazonian Indians of

South America [116–118]. Thiamine deficiency may increase the risk of cerebral complica-

tions of malaria [119]. Tropical neuropathies are suspect. An outbreak of optical and

peripheral neuropathy affected ca. 50,000 people in Cuba in 1993, after food availability

and quality had deteriorated, following severance of trading partnerships with the Soviet

Union [120]. A high intake of sugar (a local cash crop) and alcohol was accompanied by poor

biochemical thiamine status [121]. The increased neuropathy prevalence subsided with a

countrywide multivitamin supplementation program. Sporadic outbreaks of deficiency can

arise, especially in the tropics, in conditions of stress coupled with poor diet.

ASSESSMENT OF THIAMINE STATUS

Nutrient status assessment of individuals and population groups is based on a combination

of clinical investigations and biochemical index measurements. Clinical observations are

especially important in situations where deficiency is believed to be severe. Where an inter-

vention, such as vitamin supplementation, is planned, they form an essential part of the

process of monitoring its efficacy. However, clinical signs may be difficult to interpret,

especially where there are multiple insults. The strength of biochemical status tests is that

they can be made very specific for a particular insult, such as thiamine deficiency in the

presence of other nutrient deficiencies and disease processes, and they can detect mild,

subclinical deficiencies, which can then act as an early warning of suboptimum nutrition, of

the risk of future clinical deterioration, and they can help to clarify the etiology of pathologies

with multiple causation.

Measurement of biochemical status in a sample of body fluid is less demanding of subject

cooperation than an accurate long-term dietary history, and it is able to detect tissue

depletion that is caused by factors other than low dietary intake, such as impaired absorption

(see section Metabolism: Bioavailability, Absorption, Tissue Distribution, Turnover).

For thiamine, the principal options available for biochemical status measurement are

urinary thiamine excretion rates, whole blood or erythrocyte total thiamine concentrations,
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and the erythrocyte transketolase activation test (Table 8.3). Other, less frequently-used

options include serum or plasma thiamine concentrations and thiamine in cerebrospinal

fluid. Serum (or plasma) and cerebrospinal fluid both contain free thiamine and its monopho-

sphate, but not the higher phosphates [122], whereas red cells (like most intact cells) contain

mainly thiamine diphosphate. Horwitt and Kreisler historic carbohydrate metabolism index

[123], which is an interesting example of a functional test at whole body rather than specific

enzyme level, is included for completeness.

URINARY THIAMINE EXCRETION

The rate of excretion of thiamine in the urine has for many years been recognized as reflecting

the thiamine supply to the individual, and hence as providing an indirect index of tissue

status, and it underpinned some of the earliest studies of human thiamine requirements in the

1940s and 1950s. A dataset that illustrates covariance of thiamine excretion rates with group

thiamine intakes in healthy adults in the United States [34,124] reveals that above a certain

threshold of thiamine intake, which is around 0.3–0.4 mg=1000 kcal in adults, urinary

concentrations increase steeply. This necessarily occurs when plasma thiamine concentrations

reach a level at which renal tubular reabsorption approaches saturation. Urinary excretion

rates reflect variations in thiamine intake in the adequate range, but they are less sensitive to

variations in intake at very low intakes where tissue deficiency occurs. At an adequate intake

of 0.5 mg=1000 kcal, the daily excretion rate was at least 100 mg [125,126]; at a marginal

intake of 0.2 mg=1000 kcal the daily excretion rate was only 5–25 mg [4,125,126], and in cases

of beriberi it was 0–15 mg [4]. Large within- and between-subject variabilities of urinary

thiamine for a given thiamine intake are encountered, so that this test is more useful to

characterize groups of people than it is for individuals.

Early studies quantitated thiamine in urine either by microbiological assay procedures or

by chemical conversion to thiochrome followed by extraction into a less-polar solvent

TABLE 8.3
Biochemical Tests of Thiamine Status: Interpretative Guidelines

Interpretation

Status Assay (Units) Sample Required Age-Group Deficient Marginal Normal

Urinary thiamine excretion:

mg=g creatinine

(mmol=mol creatinine)

24 h or single

urine samplesa
1–3 years

4–6 years

7–9 years

10–12 years

13–15 years

Adult

<120 (<51)

<85 (<36)

<70 (<30)

<60 (<25)

<50 (<21)

<27 (<12)

120–175 (51–75)

85–120 (36–51)

70–180 (30–77)

60–180 (25–77)

50–150 (21–64)

27–65 (12–28)

>175 (>75)

>121 (>51)

>181 (>77)

>181 (>77)

>151 (>64)

>66 (>28)

Erythrocyte thiamine

diphosphateb:

nmol=L

Washed

erythrocytes

All ages <120 120–150 >150

Erythrocyte transketolase

activation coefficient:

ETKAC:enzyme activity

ratio; without units

Washed

erythrocytes

All ages >1.25 1.16–1.24 1.00–1.15

Source: From Sauberlich, H.E. in Laboratory Tests for the Assessment of Nutritional Status, CRC Press, Boca Raton,

1999, 37–53. With permission.

a Here, 24 h urine samples are preferred, but their collection is more demanding than for single-void samples.
b Tentative interpretation, because relevant studies are scarce.
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(typically isobutanol) and direct measurement of the thiochrome fluorescence (see section

Analytical Procedures). More recently, the use of HPLC with precolumn or postcolumn

conversion to thiochrome has made the assay much more specific and accurate, thereby

permitting more reliable assays, especially of samples from deficient subjects. Although 24 h

urine collections are preferable, because they overcome the problem of diurnal fluctuations in

intake and excretion, the cost of a 24 h collection and limitations of subject compliance have

meant that they are relatively difficult to obtain, and it is cumbersome to verify the com-

pleteness of collection in population surveys. Therefore, a more extensive body of data is

available for single or spot urine samples. Variable urine dilution can be corrected for by

using urinary creatinine as the denominator, but it is important to be aware that creatinine

excretion rates differ markedly between age-groups. Pearson [127] found that in children,

urinary thiamine:creatinine ratios are much higher than those in adults, so that age-specific

interpretative guidelines are needed [34], see Table 8.3.

A thiamine load test (e.g., 5 mg given parenterally, followed by the measurement of

urinary excretion over a 4 h postdose period, which yields <20 mg excreted by deficient

subjects) is occasionally used as a confirmatory diagnostic test in individuals with suspected

deficiency, but this test is too cumbersome for survey use.

THIAMINE CONCENTRATIONS IN SERUM OR PLASMA, WHOLE BLOOD, OR ERYTHROCYTES

The measurement of thiamine in serum or plasma has been used as a status assay, but this has

not become popular, partly because extracellular levels of nutrients such as thiamine generally

reflect recent intakes rather than long-term status, and because the concentrations encoun-

tered are much lower than those in erythrocytes, making them more difficult to measure

accurately and more susceptible to contamination by leakage of thiamine from cells during

sample preparation. About 80% of total blood thiamine is found in the erythrocytes; only

about 10% is in the plasma [128].

The direct assay of thiamine in whole blood or washed red cells is generally recognized as

useful as an index of status, and indeed is preferred over other approaches by several

laboratories, but the details of the procedures vary widely, including the choice of denomin-

ator, often making it difficult to compare results between laboratories. Moreover, there are

no universally accepted interpretative guidelines available to define the normal and the

deficient ranges of whole blood or red cell thiamine. Table 8.3 shows some tentative guidelines

for the interpretation of erythrocyte thiamine diphosphate concentrations. There is on

average about twice as much total thiamine in the red cells (or whole blood) of well-nourished

subjects as in those with signs of deficiency.

The measurement of total thiamine in whole blood has been the preferred choice of

procedure in a number of laboratories, but variations in hematocrit need to be corrected

for. It is, of course, possible to measure the thiamine concentration in both whole blood and

separated plasma and then to calculate the concentration in the red cells, based on the

hematocrit, as is common practice for red cell folate assays. However, this rather cumbersome

approach has not gained favor for thiamine. Alternatively, washed erythrocyte preparations

may be assayed, and the thiamine content then expressed as a ratio to hemoglobin [129] or as a

concentration in the intracellular fluid. This approach has the advantage that the white cells

(which contain a higher concentration of thiamine than erythrocytes) can be removed. Since

erythrocytes contain mainly phosphorylated thiamine, whereas free thiochrome formation

requires the free vitamin, phosphatase treatment may need to be included when total thiamine

in whole blood or erythrocyte preparations is measured. However, of the 19 published HPLC

assay methods listed by Lynch and Young [12] for thiamine assay in biological fluids, more

than half estimate the individual phosphate esters and the free thiamine separately. Baines

and Davies [130], Kuriyama et al. [131], and Talwar et al. [129] have reported that the

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C008 Final Proof page 277 5.5.2007 2:53pm Compositor Name: BMani

Thiamine 277



concentration of total thiamine or thiamine diphosphate in erythrocytes correlates well with

erythrocyte transketolase-based status measurements, but there is disagreement about which

of the two status assays is preferable. Studies providing data to define a lower limit of the

normal range for thiamine diphosphate concentrations in erythrocytes have generally sug-

gested around 140–150 nmol=L [132–134], but more data are needed to confirm this estimate.

Talwar et al. [129] have quoted a normal range (mean+2SD) of 280–590 ng TDP=g hemo-

globin in washed erythrocytes from 147 Scottish subjects.

ERYTHROCYTE TRANSKETOLASE ASSAY

Since the original development of the erythrocyte transketolase assay as an index of thiamine

status by Brin in the early 1960s [135], this enzyme activation-based assay has proved robust

insofar that it is highly specific for thiamine and sensitive to progressive tissue thiamine

depletion in the marginal-to-deficient range. As it is a ratio of two enzyme activities, there is

no possibility of variable interlaboratory choices in the choice of denominator. The test

is analogous to the erythrocyte glutathione reductase assay for riboflavin status and eryth-

rocyte aminotransferase assay for vitamin B6 status, which are further examples of in vitro

erythrocyte enzyme activation assays.

Transketolase activity (see section Transketolase) is measured simultaneously in two identi-

cal subsamples of the washed erythrocyte hemolysate from each subject, one of which contains

no added cofactor and the other contains sufficient thiamine diphosphate cofactor to saturate

and reactivate any transketolase apoenzyme that may be present. It can be measured by a

colorimetric end-point assay, which in the original assay by Brin was based on disappearance

of pentose (orcinol reaction) and the formation of hexose (anthrone reaction) after a standard

incubation. A later version of the colorimetric end-point assay measured the formation of

sedoheptulose phosphate by its reaction with sulfuric acid and cysteine. These older colorimetric

assays have now been superseded by a pyridine nucleotide-based assay of the formation, from

ribose-5-phosphate, of glyceraldehyde-3-phosphate, which is further converted to dihydroxya-

cetone phosphate and then to glycerol-1-phosphate by two added enzymes (triose phosphate

isomerase and glycerol-1-phosphate dehydrogenase), where the final enzymic step is linked to the

oxidation of NADH [136]. This is usually measured by spectrophotometric monitoring of the

intact enzyme reactionmixture at 340 nmwavelength. It is oftenmonitored as a rate reaction, and

is compatible with several automated clinical chemistry analyzers (provided that they are flexibly

programmable and operationally compatible with the long incubation time that is required)

[137,138]. Microtitre plate assay technology is also potentially feasible. The extent of in vitro

activation of the enzymeby its cofactor, thiamine diphosphate, is expressed either as a percentage

of the basal enzyme activity (¼ thiamine pyrophosphate effect) or else as an activation coefficient

(ETKAC), which is the fractional ratio of stimulated to unstimulated activity. Thus, a thiamine

pyrophosphate effect of 10% translates to anETKAC of 1.10. Interpretative guidelines, based on

Brin’s studies, are shown in Table 8.3.

In some situations, prolonged chronic deficiency of thiamine can reduce the transketolase

apoenzyme concentration in the red cells in vivo, and thereby result in low basal activity but

minimal activation by thiamine diphosphate in vitro [5]. It is therefore often recommended

that the basal activity of erythrocyte transketolase should also be measured (e.g., substrate

conversion per unit time per unit of hemoglobin in a sample without added thiamine

diphosphate), since this index, in addition to ETKAC, may reveal abnormal status and the

need for intervention. Low apoenzyme levels have been reported in certain disease states,

including diabetes and uremia. In contrast, in some situations where red cell turnover rates

are increased (e.g., iron deficiency or pernicious anemia), basal ETK activity may be increased

because of an increase in the proportion of younger cells, but ETKAC remains normal,

provided that tissue thiamine status is normal.
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The preparation of washed red cells for the ETKAC assay is time consuming and requires

specialized equipment, so it may not be feasible under fieldwork conditions at remote sites, in

which case, the use of whole blood can be an acceptable alternative.

As an example of the use of ETKAC in population surveillance, Table 8.4 shows the

percentages of values for ETKAC above 1.15 and 1.25 in four nationally representative

samples of subjects, living in mainland UK in the final decade of the twentieth century,

derived from reports of the National Diet and Nutrition Surveys. Except in the subgroup of

older people living in institutions such as nursing homes, only a small percentage of subjects

had ETKAC values above 1.25, which are indicative of severe biochemical deficiency.

However, the proportion of subjects with values above 1.15, indicative of mild biochemical

deficiency, was much greater, and it increased progressively with age. In the 19–64 year age-

group, fewer women than men had ETKAC values above 1.15, which is consistent with a

more frequent use of dietary supplements by women [139].

CARBOHYDRATE METABOLISM INDEX

Thiamine deficiency increases blood pyruvate and lactate concentrations, especially after a

glucose load and exercise. Horwitt and Kreisler [123] made use of this effect to devise a

functional test known as the carbohydrate metabolism index, in which pyruvate and lactate

levels are assayed after an oral dose of glucose plus mild exercise. Although a true functional

test, which measures biochemical function by an end-product of a key pathway, it is now

considered impractical because it is not sufficiently specific for thiamine deficiency, and it is

too cumbersome to be used for population studies.

HUMAN REQUIREMENTS AND RECOMMENDED INTAKES

Many of the biochemical functions of thiamine are linked to the release of energy from

energy-providing substrates. Depending on the preference of individual expert committees,

human thiamine requirements and recommendations have been expressed both on an

TABLE 8.4
Erythrocyte Transketolase Activation Coefficient Values in Four Age-Groups: Percentages

of Values in the Abnormal Range in the UK National Diet and Nutrition Survey Series

ETKAC: Male Subjects ETKAC: Female Subjects

Survey Base No. % >1.15 % >1.25 Base No. % >1.15 % >1.25

Young people aged 4–18

years (a)

561 22 0 534 23 2

Adults aged 19–64 years (b) 628 46 3 672 34 1

People aged 65þ years:

free-living (c)

454 57 8 439 51 9

People aged 65þ years:

in institutions (c)

134 57 11 117 54 15

Source: (a) From Gregory, J., Lowe, S., Bates, C.J., Prentice, A., Jackson, L.V., Smithers, G., Wenlock, R., and

Farron, M., in Volume 1: Report of the Diet and Nutrition Survey, The Stationery Office, London, 2000; (b) From

Ruston, D., Hoare, J., Henderson, L., Gregory, J., Bates, C.J., Prentice, A., Birch, M., Swan, G., and Farron, M.,

in Volume 4: Nutritional Status (Anthropometry and Blood Analytes), Blood Pressure and Physical Activity, The

Stationery Office, London, 2004; (c) From Finch, S., Doyle, W., Lowe, C., Bates, C.J., Prentice, A.M., Smithers, G.,

and Clarke, P.C., in Volume 1: Report of the Diet and Nutrition Survey, The Stationery Office, London, 1998.

Crown copyright material is reproduced with the permission of the Controller of the HMSO and the Queen’s Printer

for Scotland.
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absolute daily basis and as a ratio to dietary energy. In the Dietary Reference Values for the

United Kingdom published in 1991 [140] the Reference Nutrient Intakes for thiamine have

been given in both ways. A more recent appraisal in the United States for the Dietary

Reference Intakes in 1998 [13] concluded that it is better to express thiamine requirements

in absolute daily amounts. This was because under normal conditions, variations in physical

activity did not appear to influence thiamine requirements, although there was some pub-

lished evidence that they may be increased by very heavy physical work.

A comparison of the current UK Reference Dietary Intakes and U.S. Recommended

Dietary Allowances (Table 8.5) indicates reasonably close conformity between the two sets of

recommendations.

TABLE 8.5
U.S. Dietary Reference Intakes [13] and UK Dietary Reference Values [140] for Thiamine

U.S. DRIs (mg=day) UK DRVs (mg=1000 kcal) UK DRVs (mg=day)

Age-Groups AIa EARb RDAc LRNId EARb RNIe RNIe

Children

0–6 months 0.2 0.2 0.23 0.3 0.2

7–9 months 0.3 0.2 0.23 0.3 0.2

10–12 months 0.3 0.2 0.23 0.3 0.2

1–3 years 0.4 0.5 0.23 0.3 0.4 0.5

4–6 years 0.23 0.3 0.4 0.7

4–8 years 0.5 0.6

7–10 years 0.23 0.3 0.4 0.7

Males

9–13 years 0.7 0.9

11–14 years 0.23 0.3 0.4 0.9

14–18 years 1.0 1.2

15–18 years 0.23 0.3 0.4 0.1

19þ years 1.0 1.2

19–50 years 0.23 0.3 0.4 1.0

50þ years 0.23 0.3 0.4 0.9

Females

9–13 years 0.7 0.9

11–14 years 0.23 0.3 0.4 0.7

14–18 years 0.9 1.0

15–18 years 0.23 0.3 0.4 0.8

19þ years 0.9 1.1

19–50 years 0.23 0.3 0.4 0.8

50þ years 0.23 0.3 0.4 0.8

Pregnancy 1.2 1.4 0.23 0.3 0.4 0.9 (third trimester)

Lactation 1.2 1.4 0.23 0.3 0.4 1.0

Source: Extracted from Food and Nutrition Board, Institute of Medicine, Dietary Reference Intakes: Thiamine,

Riboflavin, Niacin, Vitablin B6, Folate, Vitamin B12, Pantothemic Acid, Biotin and choline, Eds., National Academy

Press, Washington DC, 1998, 58–86. With permission; Extracted from Department of Health, Report on Health and

Social Subjects No. 41. Dietary Reference Values for Food Energy and Nutrients for the United Kingdom. Report of the

Panel on Dietary Reference Values of the Committee on Medical Aspects of Food Policy, HMSO, London, 1991, 90–93.

With permission.

a Adequate intake.
b Estimated average requirement.
c Recommended dietary allowance.
d Lower reference nutrient intake.
e Reference nutrient intake. In the U.S. and the UK tables, the RDA and the RNI are each intended to meet the needs

of the majority of healthy people in the population group described.
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For suckled infants, the UK estimated average requirement is based on an estimate of the

mean thiamine content of human milk from UK mothers, 0.16 mg=L, which equates to 0.23

mg=1000 kcal [141]. Artificial feeds for young infants in the United Kingdom have been

recommended to contain not less than 0.2 mg thiamine=1000 kcal [141].

PHARMACOLOGY, HIGH DOSES, TOXICITY

Thiamine is generally well tolerated, even at high oral intakes, partly because of the brush

border limit on excessive absorption. Commercial multivitamin supplements for prevention

of deficiency typically contain 1–5 mg thiamine=daily dose; those used for treatment of

deficiency often provide 10–35 mg=day and thiamine as a single nutrient is available at up

to 300 mg=day dosage. Frank beriberi is frequently treated by 50–100 mg thiamine daily,

given intramuscularly or intravenously for 7–14 days, followed by an oral maintenance dose.

As noted in the section Chemistry, synthetic allithiamine compounds are readily absorbed

and then converted to thiamine, thereby achieving high concentrations for rapid therapy. For

instance, 50 mg thiamine propyl disulfide, given orally to Wernicke patients, efficiently

restored their low biochemical status and reversed their clinical deficiency signs [142]. Very

large doses of thiamine given intravenously to animals can cause vasodilatation, a fall in

blood pressure, bradycardia, and respiratory depression or arrhythmia, and can suppress

transmission of nerve impulses at the neuromuscular junction [3]. In humans, very high

parenteral doses of thiamine are sometimes toxic, possibly due to anaphylaxis [143]. Death

in one instance and clinical signs including respiratory distress, nausea, abdominal pain,

shock, and pruritus have been recorded following parenteral or intramuscular administration

of large doses, but no upper limit on oral intake has been set [13]

An apparently unexplained observation was the occurrence of extremely high serum

thiamine concentrations in infants who succumbed to sudden infant death syndrome

(SIDS) [7]. There was no indication that the biochemical anomaly was responsible for

the deaths.

CONCLUSION

Just over a century ago, the discovery of the dietary cause of beriberi, followed in the next

quarter century by the isolation of thiamine, the determination of its structure and its

chemical synthesis, were major advances in nutritional science. Elucidation of the role of

thiamine diphosphate as an essential cofactor in several key enzyme reactions of carbohydrate

and fatty acid metabolism was a second important milestone. However, the links between the

catalysis of specific biochemical reactions and the signs and symptoms of thiamine deficiency

diseases, especially in nerve tissues, remain only partly understood, even today. The relation-

ships between thiamine deficiency, prooxidant damage, and apoptosis, especially in neurons

in the brain, and the complex interactions that occur between different cell types represent a

new area of research, which is vigorously explored. Possible roles of thiamine in certain

common degenerative diseases affecting the brain, especially in older people, deserve explor-

ation. In recent years, the specific thiamine transporter proteins in the gastrointestinal

tract and elsewhere, and their genes and promoters, have been intensively studied, and

important advances have been made in this area. Thiamine degradation within the body

and factors affecting its turnover, however, are topics that have received less attention.

The burden of disease that is attributable to thiamine deficiency or thiamine-responsive

conditions, worldwide, is poorly documented. In parts of the world where diet quality is

especially poor and lacking in thiamine, sporadic outbreaks of beriberi continue to affect

especially young infants, women in late pregnancy and during lactation, and adults, especially
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men, with high levels of energy expenditure. Chronic alcoholics are especially at risk in some

affluent countries. New imaging techniques are developed for human studies, particularly for

Wernicke’s encephalopathy, to help diagnose and characterize subtle clinical abnormalities.

Public health intervention, which may include fortification of a staple food, or careful

identification of high-risk individuals for individual treatment, needs to be tailored to the

specific problem areas.
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INTRODUCTION AND HISTORY

The discovery of pantothenic acid followed the same path that led to the discovery of other

water-soluble vitamins evolving from studies using bacteria and single-cell eukaryotic organ-

isms (e.g., yeast) and eventually animal models [1–23]. Although the widespread occurrence of

pantothenic acid in food makes a dietary deficiency unlikely, the use of experimental animal

models [5–14], antagonistic analogs, such as v-methyl-pantothenate [24–29], and in the

past several decades, the feeding of semisynthetic diets free of pantothenic acid [25,30–34]

have helped to define pantothenate’s functions. Largely the efforts of research groups

associated with R.J. Williams, C.A. Elvehjem, and T.H. Jukes led to the identification of

pantothenic acid as an essential dietary factor. R.J. Williams and coworkers established
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that pantothenic acid was required for the growth of certain bacteria and yeast

[1,17,20,22,23]. Next, Elvehjem and associates [21] and Jukes and associates demonstrated

that pantothenic acid was a growth factor for rats and chicks [2,16,35,36]. Early nutritional

studies in animals also demonstrated that there was loss of fur color in black and brown rats

and an usual dermatitis that occurred in chickens fed pantothenate-deficient diets; thus, at

one point pantothenate was known as the antigray or antidermatitis factor [37].

Williams coined the name pantothenic acid from the Greek meaning ‘‘from everywhere’’

to indicate its widespread occurrence in foodstuffs. The eventual characterization and syn-

thesis of pantothenic acid by Williams in 1940 took advantage of observations that the

antidermatitis factor present in acid extracts of various food sources, i.e., pantothenic acid,

did not bind to fuller’s earth (a highly adsorbent claylike substance consisting of hydrated

aluminum silicates) under acidic conditions [22,23]. Using chromatographic and fractionation

procedures, which were typical of the 1930s and 1940s (solvent-dependent chemical partition-

ing), Williams isolated several grams of pantothenic acid for structural determination from

250 kg of liver as starting material [22,23]. With this information, a number of research

groups contributed to the chemical synthesis and commercial preparation of pantothenic

acid. Pantothenate and its derivatives are now produced mainly through chemical synthesis

and the global market in the past decade was >7� 106 kg=year [38].

As emphasized throughout this chapter, pantothenic acid, which is sometimes designated

as vitamin B5, is the core of the structure of coenzyme A (CoA), an essential cofactor in

pathways important to oxidative respiration, lipid metabolism, and the synthesis of many

secondary metabolites such as steroids, acetylated compounds (e.g., acetylated amino acids,

carbohydrates), and prostaglandins and prostaglandin-like compounds. In addition, the

phosphopantetheine moiety (a pantothenic acid derivative derived from CoA metabolism)

is incorporated into the prosthetic group of the acyl carrier proteins (ACP) used in fatty acid

synthases, polyketide synthases, lysine synthesis in yeast and bacteria, and nonribosomal

peptide synthetases. Coenzyme A was discovered as the cofactor essential for the acetylation

of sulfonamides and choline in the early 1950s [39–42]. In the mid-1970s, pantothenic acid was

identified as a component of ACP in the fatty acid synthesis (FAS) complex [43–46]. These

developments, in addition to a steady series of observations throughout this period on the

effects of pantothenic acid deficiency in humans and other animals, provide the foundation

for our current understanding of this vitamin.

CHEMICAL PERSPECTIVES AND NOMENCLATURE

Pantothenic acid [b-alanine-N-4-dihydroxy-3,3-dimethyl-1-oxobutyl)-(R); vitamin B5; CAS

Registry Number 79-83-4] is synthesized by microorganisms via an amide linkage of pantoic

acid and b-alanine subunits (Figure 9.1). Pantothenic acid is an essential metabolite for all

biological systems; however, the biosynthesis of pantothenic acid is limited to plants, bacteria,

eubacteria, and archaea (Figure 9.2). It is worth noting that the biosynthesis pathway for

pantothenic acid in microorganisms and plants is also viewed as a strong candidate for the

discovery of novel antibiotic and herbicidal compounds [38].

Pure pantothenic acid is water soluble, viscous, and yellow. It is stable at neutral pH, but

is readily destroyed by acid, alkali, and heat. Calcium pantothenate, a white, odorless,

crystalline substance, is the form of pantothenic acid usually found in commercial vitamin

supplements due to greater stability than the pure acid. The structure elucidation of pan-

tothenate was based on the identification of a lactone formed by degradation of pantothe-

nate. Initial analytical work revealed an a-hydroxy acid that was readily lactonized. Stiller

et al. [17] identified the lactone as a-hydroxy-b,b-dimethyl-x-butyrolactone (pantoyl lactone

or pantolactone), which aided in the structural elucidation of pantothenate.
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FOOD SOURCES AND REQUIREMENTS

PANTOTHENIC ACID REQUIREMENTS

Although limited, available data suggest that at intakes of 4–6 mg of pantothenic acid per

day, serum levels of pantothenic acid are maintained in young adults and no known signs of

deficiency are observed. The U.S. recommended dietary allowance (RDA) for pantothenic

acid, which is used for determining daily percent values on nutritional supplement and food

labels, is 10 mg=day [47].

Pantothenic acid is found in edible animal and plant tissues ranging from 10 to 50 mg=g of

tissue. Thus, it is possible to meet the current daily recommended intake for adults with a

mixed diet containing as little as 100 to 200 g of solid food; i.e., the equivalent of a mixed diet

corresponding to 600 to 1200 kcal or 2.4 to 4.8 MJ. In this regard, the typical Western diet

usually contains 6 mg or more of available pantothenic acid [37,48]. Table 9.1 gives the

current recommended amounts of pantothenic acid for humans, expressed as dietary refer-

ence intakes (DRI) [47]. Moreover, when expressed on a per energy intake equivalent basis,

the need for pantothenic acid is remarkably constant across species [49]. Although in mice

small amounts of pantothenic acid are synthesized by intestinal bacteria, the contribution of

bacterial synthesis to human pantothenic acid status is not known and probably small [28,50].

Regrettably, relatively little quantitative information on the enteric synthesis of pantothenic

acid exists.

FOOD SOURCES

Chicken, beef, potatoes, oat cereals, tomatoes, eggs, broccoli, and whole grains are major

sources of pantothenic acid. Refined grains have a lower content. Table 9.2 contains some

typical values for pantothenic acid in selected food. The processing and refining of grains

TABLE 9.1
Pantothenic Acid Dietary Reference Intakes (RDI)a

Category Recommendation

0 through 6 months 1.7 mg=day ~0.2 mg=kg

7 through 12 months 1.8 mg=day ~0.2 mg=kg

Children

1 through 3 years 2 mg=day

4 through 8 years 3 mg=day

Girls and boys

9 through 13 years 4 mg=day

14 through 18 years 5 mg=day

Women and men

19 years and older 5 mg=day

Pregnancy

14 through 50 years 6 mg=day

Lactation

14 through 50 years 7 mg=day

Note: There is no evidence of toxicity associated; thus, the

lowest observed adverse-effect level (LOAEL) and an associated

no observed adverse-effect level (NOAEL) have not been

determined.

a Recommendation of the Food and Nutrition Board of the

Institute of Medicine of the U.S. National Academy of Sciences.
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can produce as much as a 50% loss of pantothenic acid [51–53]. In keeping with the proposed

requirements for humans, human milk contains ~5–6 mg of pantothenic acid per 1000 kcal

[54–56]. It has been estimated that for every milligram of pantothenic acid consumed in the

diet, ~0.4 mg can be transported into milk when lactation is active. Because the pantothenic

content of milk correlates well with maternal intakes of pantothenic acid, the possibility

does exist that pantothenic acid deficiency may occur in infants consuming milk produced

by mothers deficient in the vitamin (e.g., those who consume predominantly refined cereals).

Because of the widespread distribution of pantothenic acid in foods and apparently the diets

of adults have to be markedly devoid of pantothenic acid to induce deficiency, the need for

aggressive fortification of pantothenic acid may never become a high priority.

INTESTINAL ABSORPTION AND MAINTENANCE

The vast majority of pantothenic acid in food is present as CoA or 40-phosphopantetheine. In

order to be absorbed, these substances must first be hydrolyzed [50]. This occurs in the

TABLE 9.2
Pantothenic Content in Selected Foods

Ingredient ~Amount (mg=100 g or mL of Edible Portion)

Beer <0.1

Soft drinks <0.03

Wine 0.02–0.04

Wheat bran 2–3

Boiled rice 0.2–0.3

Soy flour 1.5–2.5

Raw eggs 1.5–2.0

Cooked fish 0.2–0.5

Lobster 1.5

Oysters 0.5

Salmon 0.5

Tuna 0.4

Apples 0.05

Apricots, bananas 0.1–0.2

Dates 0.8

Grapes 0.04

Lemon and orange juice 0.1

Plums 0.2

Prunes 0.5

Strawberries 0.3

Beef 0.5–1.2

Chicken boiled 0.3–1.0

Liver 5–7

Kidney 4–6

Pork 0.5–1.0

Cheese 1.5

Milk (bovine) 1

Milk (human) 0.3–0.4

Almonds 2–3

Peanuts 2–3

Walnuts 1

Peanut butter 5–8
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intestinal lumen by the sequential activity of two hydrolases, pyrophosphatase and phos-

phatase, with pantotheine as the product. Intestinal phosphatases and nucleosidases are capable

of very efficient hydrolysis of CoA so that near-quantitative release of pantothenic acid occurs

as a normal part of digestion. Pantotheine is either absorbed as is, or further metabolized

to pantothenic acid by a third intestinal hydrolase, pantothenase [57–60]. In rats, pantothenic

acid absorption was initially found to be absorbed in all sections of the small intestine by

simple diffusion [28,50,61]. However, subsequent work in rats and chicks indicated that at

low concentrations, the vitamin is absorbed by a saturable, sodium-dependent transport

mechanism [62]. Further, the overall Km for pantothenic acid intestinal uptake is 10–20 mM.

At an intake of ~10–15 mg of coenzyme A, the amount of coenzyme A in a typical meal, the

pantothenic acid concentration in luminal fluid would be ~1–2 mM. At this concentration,

pantothenic acid would not saturate the transport system and should be efficiently and

actively absorbed [61].

Researchers have demonstrated that pantothenic acid shares a common membrane

transport system in the small intestine with another vitamin, biotin [61,63–67]. Experiments

using Caco-2 cell monolayers as a model of intestinal absorption have established that

pantothenic acid uptake is inhibited competitively by biotin and vice versa [61,63–67].

Similar relationships were observed in transport experiments involving the blood–brain

barrier [61,68,69], heart [70–73], and placenta [74–77]. For example, membrane transport

pathways for transplacental transfer of pantothenate were investigated by Grassl [77] assess-

ing the possible presence of a Naþ–pantothenate cotransport mechanism in the maternal

facing membrane of human placental epithelial cells. The presence of Naþ–pantothenate

cotransport was determined from radiolabeled tracer flux measurements of pantothenate

uptake using preparations of purified brush-border membrane vesicles. Compared with

other cations, the imposition of an inward Naþ gradient stimulated vesicle uptake of pan-

tothenate to levels ~40-fold greater than those observed at equilibrium. The effect of biotin on

the kinetics of Naþ-dependent pantothenate uptake and the effect of pantothenate on the

kinetics of Naþ-dependent biotin uptake suggest that placental absorption of biotin and

pantothenate from the maternal circulation also occurs by a common Naþ cotransport

mechanism.

After absorption, pantothenic acid enters the circulation from which it is taken up by

cells in a manner similar to that of intestinal absorption (see the following section). The

vitamin is excreted in the urine primarily as pantothenic acid [27,78–85]. This occurs after its

release from CoA by a series of hydrolysis reactions that cleave off the phosphate and

b-mercaptoethylamine moieties.

CELLULAR REGULATION OF PANTOTHENIC ACID, COA,

AND THE IMPORTANCE OF PANTOTHENIC KINASE

CELLULAR TRANSPORT AND MAINTENANCE

Said and others [61,63–67] have observed that similar to enterocytes, other epithelial cells take

up pantothenic acid in a manner that is inhibited by Na-K-ATPase inhibitors, such as

ouabain, and is in competition with biotin. In most instances, activity of this transporter is

sensitive to phosphokinase C (PKC)- and A (PKA)-mediated activation and inhibition. For

example, pretreatment of epithelial cells with phorbol 12-myristate 13-acetate (PMA), but not

with its negative control (4a-PMA) or with 1,2-dioctanoyl-sn-glycerol, both activators of

PKC, causes significant inhibition in uptake, whereas pretreatment of cells with staurosporine

and chelerythrine, inhibitors of PKC, promotes stimulation in uptake [67]. These findings

point toward the involvement of a PKC-mediated pathway in the regulation of biotin and

pantothenic acid uptake by epithelial cells.
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PANTOTHENIC ACID KINASE

Following uptake, the maintenance of pantothenic acid cellular concentration depends on its

incorporation into CoASH and pantotheine. The most important control step in this process is

the phosphorylation of pantothenic acid to 40-phosphopantothenic acid by pantothenic acid

kinase [86–101] (Figure 9.3). There are four members in the human PanK family: PanK1,

PanK2, PanK3, and PanK4, which are located on chromosomes 10q23.31, 20p13, 5q35, and

1p36.32, respectively [98]. Pantothenic acid kinases possess a broad pH optimum (between pH 6

and 9). The Km for pantothenic acid in the liver enzyme of most animals is ~20 mM. Mg-ATP is

the nucleotide substrate for this phosphorylation reaction with a Km of ~0.6 mM [88,102–112].

The relationships involving the various isoforms are complex. Two murine PanK1s exist,

mPanK1a and mPanK1b [86,88,95,97,100]. These two transcripts are the result of an alter-

nate splicing of the same gene. PanK1 localizes predominantly in heart, liver, and kidney

[86,88,95,97,100]. PanK2 is ubiquitously expressed with the highest levels in retinal and infant

basal ganglia [95,113–115]. PanK3 is limited to the liver, but expressed at a high level [88,95].

The expression of PanK4 occurs in most tissues with a high concentration in muscle

[88,95]. Metabolic labeling experiments in rat heart support the role of PanK in controlling

the flux of the CoA biosynthesis. For example, enhanced mPanK1b expression reduced the

intracellular pantothenate pool and triggered a 13-fold increase in intracellular CoA content.

PanK1b activity in vitro was stimulated by CoA and strongly inhibited by acetyl CoA,

illustrating the differential modulation of mPanK1b activity by pathway end products and

supporting the concept that the expression or activity of PanK is a determining factor in the

physiological regulation of the intracellular CoA concentration [100].

Pantothenic acid kinase is activated and inhibited nonspecifically by various anions. More

significantly, feedback inhibition of the kinase by CoA or CoA derivatives governs flux

through the subsequent steps in the CoA synthesis pathway and defines the upper threshold

for intracellular CoA cofactor levels. Inhibition by acetyl CoA is slightly greater than that of

free CoA. The inhibition by free CoA is uncompetitive with respect to pantothenate concen-

tration; Ki for inhibition of 0.2 mM. Interestingly, L-carnitine, important for the transport of

fatty acids into mitochondria, is a nonessential activator of pantothenic acid kinase. Carnitine
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FIGURE 9.3 Coenzyme A metabolism and importance of pantothenic acid kinase.
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has no effect by itself, but specifically reverses the inhibition by CoA. In heart, the free

carnitine content varies directly with the phosphorylation of pantothenic acid. Thus,

these properties of the kinase provide a potential mechanism for the control of CoA synthesis

and regulation of cellular pantothenic acid content, i.e., feedback inhibition by CoA and

its acyl esters that is reversed by changes in the concentration of free carnitine

[71,107,108,111,116].

In this regard, it is important to underscore that the free concentration of acyl CoA in

cells is low and variable because the bulk of acyl derivatives are protein bound. Moreover,

similar to CoA, carnitine exists in both free and acylated forms and reversal of kinase

inhibition by CoA does not occur when carnitine is acylated [107]. The ratio of free to

acylated carnitine varies considerably depending on feeding and hormonal influences, with

insulin of particular importance. Fasting and diabetes (states of low insulin) increase panto-

thenic acid kinase activity and the total content of CoA [102,105,110]. Perfusion of heart

preparations or incubation of liver cells with glucose, pyruvate, or palmitate markedly

inhibits pantothenic acid phosphorylation because of reduction in free carnitine and increases

in the free and acylated forms of CoA [116].

COA FORMATION

For CoA synthesis, the additional steps include the addition of adenine and ribose

30-phosphate to produce CoA composed of 40-phosphopantetheine linked by an anhydride

bond to adenosine 50-monophosphate, modified by a 30-hydroxyl phosphate (Figure 9.3). In

yeast and perhaps higher organisms (for which details of the pathway require further reso-

lution), these steps are carried out on a protein complex with multifunctional catalytic sites

[117–120]. Important enzymatic features of this complex in yeast include dephospho-CoA-

pyrophosphorylase activity, which catalyzes the reaction between 40-phosphopantetheine and

ATP to form 40-dephospho-CoA; dephospho-CoA-kinase activity, which catalyzes the ATP-

dependent final step in CoA synthesis; and CoA hydrolase activity, which catalyzes the

hydrolysis of CoA to 30,50-ADP and 40-phosphopantetheine. This sequence of reactions is

referred to as the CoA=40-phosphopantetheine cycle and provides a mechanism by which the

40-phosphopantetheine can be recycled to form CoA [107–110]. Each turn of the cycle utilizes

two molecules of ATP and produces one molecule of ADP, one molecule of pyrophosphate,

and one molecule of 30,50-ADP. Although some enzymes of the pathway were identified

relatively rapidly, it was not possible to identify all enzymes using traditional methods.

Hence, the use of bacterial mutants and the application of molecular biology have been

essential in resolving key features of the pathway shown in Figure 9.3.

As CoA holds a central position in cellular metabolism, it may therefore be assumed to be

an ancient molecule [119]. Starting from the known Escherichia coli pathway and known

human enzymes required for the biosynthesis of CoA, phylogenetic profiles and chromo-

somal proximity methods have led to the conclusion that the topology of CoA synthesis from

common precursors is essentially conserved across the three domains of life [119].

COA REGULATION

In animal tissue, the levels of CoA cover a wide range and change in response to signals

arising from hormones, nutrients, and cellular metabolites. Hepatic CoA levels are among the

most responsive to such changes, ranging from 100 to 500 nmol=g liver. In decreasing order:

heart> kidney> diaphragm> skeletal muscle contain CoA in concentrations ranging from

100 to 50 nmol=g [43,103,106,108,121,122]. Fasting results in high levels of long-chain

fatty acyl CoA thioesters, whereas glucose feeding results in nonacylated CoA derivatives.

The total CoA levels decrease in response to insulin, but increase in response to glucagon. The
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transfer of activated acyl moieties across organelle membranes, to and from the CoA pools in

mitochondria, cytosol, and peroxisomes occurs through the carnitine transferase system and

ABC-like transporters [123–125].

The concentration of nonacylated CoA determines the rate of oxidation-dependent

energy production in both mitochondria and peroxisomes, and the interorganelle transport

of CoA-linked metabolites helps to maintain CoA availability. Although much remains to be

investigated regarding the relative roles, various compartments play a role in CoA regulation;

available evidence suggests that mitochondria are the principle sites of CoA synthesis. For

example, PanK2s localization in mitochondria is proposed to initiate intramitochondrial CoA

biosynthesis.

CoA synthase is also of importance in this process. 40-phosphopantetheine adenylyltrans-

ferase and dephospho CoA kinase activities are both catalyzed by CoA synthase [126]. The

full-length CoA synthase is associated with the mitochondrial outer membrane, whereas the

removal of the N-terminal region relocates the enzyme to the cytosol. Phosphatidylcholine

and phosphatidylethanolamine, which are principle components of the mitochondrial outer

membrane, are potent activators of both enzymatic activities of CoA synthase. Taken

together, it may be inferred that CoA synthesis is regulated by phospholipids and intimately

linked to mitochondrial function [118]. At steady state, cytosolic CoA concentrations range

from 0.02 to 0.15 mM, mitochondrial concentrations range from 2 to 5 mM, and peroxisomal

concentration are ~0.5 mM CoA [106,108].

ACYL CARRIER PROTEIN

ACP is also referred to as a ‘‘macro-cofactor’’ because in bacteria, yeast, and plants, it is

composed of a dissociable polypeptide chain (MW ~8500–8700 Da) to which 40-phospho-

pantetheine is attached [43,44,127]. However, in higher animals, ACP is most often associated

with a fatty acid synthase complex that is composed of two very large protein subunits

(MW ~250,000 Da each). The carrier segment or domain of the fatty acid synthetic complex

is also called ACP, i.e., one of seven functional or catalytic domains on each of the two subunits

that comprise fatty acid synthase (Table 9.3).

In addition to fatty acid production and catabolism, in yeast, bacteria, and plants, capable

of essential amino acid synthesis, proteins with 40-phosphopantetheine attachment sites are

utilized. An example is aminoadipic acid reductase (e.g., LYS2 in yeast). The pantetheine

transferase (LYS5), which aids in the activation of aminoadipic acid reductase, has also

been isolated and cloned from a human source, i.e., a putative human homolog to the

LYS5 gene [128].

Regarding ACP assembly to form holo-ACP, apo-ACP is posttranslationally modified

via transfer of 40-phosphopantetheine from CoA to a serine residue on apo-ACP

[126,127,129]. The resulting holo-ACP is then active as the central coenzyme of fatty acid

biosynthesis, either as individual subunit in bacterial systems or as a specific domain in

the fatty acid synthetase complex in higher animals (Figure 9.4). Moreover, the transfer

of the 40-phosphopantetheine moiety of CoA to acyl carrier proteins may also serve as an

alternate to CoA degradation or catabolism, i.e., ACP formation has the potential of

providing an additional strategy for coordination of CoA levels [117,118,129].

In summary, the regulation of pantothenic acid kinase is complex and occurs via allosteric

and transcriptional mechanisms. Multiple approaches to regulating this important enzyme

are of obvious importance given the central roles and importance of both ACP and CoA to

intermediary metabolism, protein processing, and gene regulation. In addition to the allos-

teric controls, transcriptional regulation by peroxisome proliferator activated receptor tran-

scription factors, sterol regulatory element binding proteins (SREBP), and interaction with

the glucose response element [95] are also essential.
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SELECTED PHYSIOLOGIC FUNCTIONS OF ACP AND COA

To reiterate, the functions of pantothenic acid as a vitamin are inexorably linked to processes

that utilize CoA as a substrate and cosubstrate, particularly given that the bulk of

40-phosphopantotheine incorporated into ACP also derives from transfer reactions that

require CoA as substrate. Descriptions of the hundreds of reactions involving CoA in acetyl

and acyl transfers are beyond the scope of a chapter specifically focused on pantothenic acid.

However, the following descriptions (Table 9.4) were chosen to underscore how pantothenic

acid as a component of CoA and ACP is central to virtually all aspects of metabolism.

COA AND ACP AS HIGH-ENERGY INTERMEDIATES

Intermediates arising from the transfer reactions catalyzed by CoA and 40-phosphopantetheine

in ACP are ‘‘high-energy’’ compounds [130]. Thioesters (–S–CO–R) are thermodynamically

TABLE 9.3
Catalytic Sites Associated with the Fatty Acid Synthase Complex

Catalytic Site Function

Acetyl transferase Catalyzes the transfer of an activated acetyl group on CoA to the sulfidryl group

of 40-phosphopantetheine (ACP domain). In the next step, the acetyl group is

transferred to a second cysteine-derived sulfidryl group near active site of

3-oxoacyl synthase (see step 3) leaving the 40-phosphopantetheine sulfhydryl

group free for step 2

Malonyl transferase Catalyzes the transfer of successive incoming malonyl groups to

40-phosphopantetheine

3-Oxoacyl synthetase Catalyzes the first condensation reaction in the process. The acetyl moiety

(transferred in step 1) occurs with decarboxylation and condensation to yield a

3-oxobutryl (acetoacetyl) derivative. In the subsequent series of cycles, the

newly formed acyl moieties react with the malonyl group added at each cycle

(see step 6)

Oxoacyl reductase Catalyzes reductions of acetoacetyl or 3-oxoacyl intermediates. The first cycle of

this reaction generates D-hydroxybutyrate, and in subsequent cycles,

hydroxyfatty acids

3-Hydroxyacyl dehydratase Catalyzes the removal of a molecule of water from the 3-hydroxyacyl derivatives

produced in step 4 to form enoyl derivatives

Enoyl reductase Catalyzes the reduction of the enoyl derivatives (step 5). This acyl group is

transferred to the sulfidryl group adjacent to 3-oxoacyl synthase, as described

in step 1, until a 16-carbon palmitoyl group is formed. This group, still attached

to the 40-phosphopantetheine arm, is high-affinity substrate for the remaining

enzyme of the complex, thioester hydrolase

Thioester hydrolase This enzyme liberates palmitic acid (step 6) from the 40-phosphopantetheine arm

Apo-ACP

Phosphopantetheinyl transferase

Coenzyme A Adenosine 3�,5�-bisphosphate

Holo-ACP

FIGURE 9.4 Pantethenylation of acyl carrier protein.
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less stable than typical esters (–O–CO–R) or amides (–N–CO–R). The double-bond character

of the C¼¼O bond in –S–C¼¼O–R does not extend significantly into the C–S bond, i.e., in thiol

esters the d-orbitals of sulfur do not overlap with the p-orbitals of carbon. This causes

thioesters to have relatively high-energy potential, and for most reactions involving CoA or

ACP, no additional energy, for example, from ATP hydrolysis, is required for transfer of the

acetyl or acyl group. At pH 7.0, the �DG of hydrolysis is ~7.5 kcal for acetyl coenzyme A and

10.5 kcal for acetoacetyl CoA, compared with 7–8 kcal for the hydrolysis of adenosine

triphosphate to AMP plus PPi or ADP plus Pi. CoA or ACP also reacts with acetyl or acyl

groups to form thioesters. The pKa of the thiol in CoA–SH is ~10 (ROH ~ 16); at physiological

pH, reasonable amounts of CoA–S– can be formed. CoA–SH is a potent nucleophile and more

nucleophilic than RO–; moreover, RS– is a much better leaving group than RO–. Therefore,

there is no mesomeric effect that makes the carbonyl group more polar than in regular ester

[R–O–CO–R0] or amide bonds [R–N–CO–R0].

SCoA SCoA CoA

O O− O−

S+C+

Their reactivity toward nucleophiles lies between esters and anhydrides. Thiol esters are easier

to enolize than esters, i.e., the a-hydrogens are more acidic.

O

O

O−
SCoA

SCoA

SCoA

SCoA

OO

H
H

H

B

As such, acetyl CoA is involved in Claisen condensations, which is the basis of fatty acid,

polyketide, phenol, terpene, and steroid biosynthesis. Coenzyme A is also central to the

balance between carbohydrate metabolism and fat metabolism. Carbohydrate metabolism

TABLE 9.4
Functions of CoA and ACP

Function Importance

Carbohydrate-related citric acid cycle transfer reactions Oxidative metabolism

Acetylation of sugars (e.g., N-acetylglucosamine) Production of carbohydrates important to cell structure

Lipid-related

Phospholipid biosynthesis Cell membrane formation and structure

Isoprenoid biosynthesis Cholesterol and bile salt production

Steroid biosynthesis Steroid hormone production

Fatty acid elongation Ability to modify cell membrane fluidity

Acyl (fatty acid) and triacyl glyceride synthesis Energy storage

Protein-related

Protein acetylation Altered protein conformation; activation of certain

hormones and enzymes, e.g., adrenocorticotropin

transcriptional regulation, e.g., acetylation of histone

Protein acylation (e.g., myristic and palmitic acid,

and prenyl moiety additions)

Compartmentalization and activation of hormones and

transcription factors
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needs some CoA for the citric acid cycle to continue, and fat metabolism needs a larger

amount of CoA for breaking down fatty acid chains during b-oxidation [120].

SYNTHETIC VERSUS CATABOLIC PROCESSES INVOLVING PANTETHEINE

As a fundamental distinction, CoA is involved in a broad array of acetyl and acyl transfer

reactions and processes related to primarily oxidative metabolism and catabolism, whereas

ACP is involved in synthetic reactions (Table 9.4). The adenosyl moiety of CoA provides a

site for tight binding to CoA-requiring enzymes, while allowing the 40-phosphopantetheine

portion to serve as a flexible arm to move substrates from one catalytic center to another

[43,120]. Similarly, when pantothenic acid (as 40-phosphopantetheine) in ACP is used in

transfer reactions, it also functions as a flexible arm that allows for an orderly and systematic

presentation of thiol ester derivatives to each of the active centers of the FAS complex

described in the previous section. A FAS system also exists in mitochondria [131]. The

mitochondrial FAS pathway is novel in that it is similar to the FAS pathway in bacteria

(designated the ‘‘type ii’’ pathway), for example, discrete soluble protein catalyzes each step of

the reaction cycle rather than a multidomain complex.

ACETYLATIONS AS REGULATORY SIGNALS

The addition of an acetyl group into an amino acid –[NH2] or –[C¼¼O–OH] function can

markedly alter chemical properties. The same is true for biogenic amines, carbohydrates,

complex lipids and hormones, xenobiotics, and drugs [132–137]. Specific compounds range

from acetylcholine to melatonin to structural carbohydrates which are subject to O-linked

acetylations. Examples include acetylated sialic acids (under the control of two groups of

enzymes, O-acetyltransferases and 9-O-acetylesterases), cell surface antigens, and a wide

variety of lipopolysaccharides, and N-acetylgangliosides. Acetylation is critical to cell–cell

surface and cell surface protein–protein interactions (e.g., antigenic sites and determinants).

Of the hundreds of examples of covalently modified proteins, acetylation may be the most

common [138,139]. Acetylations are catalyzed by a wide range of acetyltransferases that

transfer acetyl groups from acetyl CoA to amino groups. Acetylation can alter enzymatic

activity, stability, DNA binding, protein–protein=peptide interactions [140–145].

Amino-terminal acetylations occur cotranslationally and posttranslationally on processed

eukaryotic regulatory peptides [140–150]. Proteins with serine and alanine termini are the

most frequently acetylated, although methionine, glycine, and threonine may also be targets.

This type of acetylation is usually irreversible and occurs shortly after the initiation of

translation. The biological significance of amino-terminal modification varies in that

some proteins require acetylation for function whereas others do not have an absolute

requirement. In some cases, the process may be promiscuous, given the large number of

proteins that may be acetylated. For example, it is estimated that over 50% of all proteins are

acetylated [149].

Lysine residues are also target for acetylations [143]. Lysine acetylations also occur

posttranslationally. Histones, transcription factors, cotranscriptional activators, nuclear

receptors, and a-tubulin are proteins in which acetylation of specific lysyl residues

modulates or alters function [147,148,150]. Acetylation occurs on internal lysine residues

within these proteins, and is balanced by the action of a large number of deacetylases [141].

The deacetylases are NAD-dependent. Instead of water, the NAD-dependent deacetylases

use a highly reactive ADP-ribose intermediate as a recipient for the acetyl group. The

products of the reaction are nicotinamide, acetyl ADP-ribose, and a deacetylated

substrate [145]. As an example of an important function, regions of chromatin that are

inactive exist as hypo-acetylated heterochromatin-like (tightly packaged) domains. Therefore,
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acetylation–deacetylation results in different states of chromatin configuration and is an

important regulator of gene expression [145].

Other nonhistone proteins and transcription fractions that are reversibly acetylated have

been implicated in protein–protein interactions and have been shown to facilitate specific

binding of regulatory proteins, such as steroid hormone receptors or that modulate transcrip-

tion by altering protein–protein interactions (e.g., high-mobility group proteins: HMG1 and

HMG2). From a regulatory perspective, although there is no clear evidence that acetyltrans-

ferases act in classical cascade sequences (e.g., similar to phosphorylation or dephosphoryla-

tion signals), acetylations do alter the charge of the targeted lysyl group in a given protein.

Such modifications can markedly influence or cause changes in protein structure.

ACYLATION REACTIONS

Another type of CoA facilitated posttranslational modification is acylation. Acylations occur

by covalent attachment of lipid groups to change the polarity and strengthen the association

of an acylated protein with membranes, both intra- and extracellularly. To date, the best

characterized acylation pathways are those involving S-acyl linkages to proteins. Work

with Ras proteins has shown that the S-acylation–deacylation cycle along with prenylation

and carboxylmethylation may regulate the cycling of Ras between intracellular membrane

compartments [151,152]. Indeed, many signaling proteins (e.g., receptors, G-proteins,

protein tyrosine kinases, and other cell membrane ‘‘scaffolding’’ molecules) are acylated.

Examples of acylations include S-acylation [153] (predominately the addition of a

palmitoyl group), N-terminal myristoylations [109], and C-terminal prenylations and internal

prenylations [154].

PANTOTHENIC ACID DEFICIENCY, CLINICAL RELATIONSHIPS,
AND POTENTIAL INTERACTIONS INVOLVING POLYMORPHISMS

Pantothenic acid deficiency would be expected to result in generalized malaise, perturbations

in CoA and lipid metabolism, and mitochondrial dysfunction. In turn, altered homeostasis of

CoA would be expected to be associated with a number of disease states; indeed CoA has

been described as a component of diabetes, alcoholism, and Reye syndrome [37,43]. Changes

in or responses to hormones important to lipid metabolism (e.g., glucocorticoids, insulin,

glucagon, and PPAR agonists, such as clofibrate) also occur with either pantothenic acid

deficiency or in response to pantothenic acid kinase inhibitors. To reiterate, severe deficien-

cies of pantothenate are difficult to achieve (e.g., even commercial ‘‘vitamin-free’’ casein can

contain up to 3 mg pantothenate=kg [155]). Nevertheless, under conditions of mild pantothe-

nate deficiency in which weight differences between groups are not observed, serum trigly-

ceride and free fatty acid levels are elevated, a reflection of reduced CoA levels.

In deficient states, pantothenate is reasonably conserved, particularly when there is prior

exposure to the vitamin. For example, in studies using rodent embryos explanted at 9.0, 9.5,

and 10.5 days and cultured for periods of 2 days or more in vitamin-free serum, some type of

vitamin augmentation was necessary for normal growth [156]. However, lack of vitamins has

a more marked effect on the younger embryos than on those explanted at 10.5 days.

Experiments with media deficient in individual vitamins show that for normal development,

9.0 day embryos required a number of vitamins and biofactors (e.g., pantothenic acid,

riboflavin, inositol, folic acid, and niacinamide); however, 10.5 day embryos need only

riboflavin added to serum using growth and closure of the hindbrain as indices. In animals,

the classical signs of deficiency include growth retardation and dermatitis as a secondary

consequence of altered lipid metabolism [6,7,9,12,13,29,157–167]. Neurological, immuno-

logical [6,167], hematological, reproductive [29,162,168], and gastrointestinal pathologies
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[169] have been reported. The effects of pantothenic acid deficiency in different species are

summarized in Table 9.5.

What is known about pantothenic acid deficiency in humans comes primarily from

two sources. First, during World War II, malnourished prisoners of war in Japan, Burma,

and the Philippines experienced numbness and burning sensations in their feet. While

these individuals suffered multiple deficiencies, numbness and burning sensations were only

reversed on pantothenic acid supplementation [170]. Second, experimental pantothenic

acid deficiency has been induced in both animals and humans by administration of the panto-

thenic acid kinase inhibitor, v-methylpantothenate, in combination with a diet low in

pantothenic acid [24,159,171–175]. Observed symptoms in humans also included numb-

ness and burning of the hands and feet, as well as some of the other symptoms listed in

Table 9.5. Another pantothenic acid antagonist, calcium hopantenate, has been shown to

induce encephalopathy with hepatic steatosis and a Reye-like syndrome in both dogs and

humans [176].

With respect to temporal expression of pantothenic acid deficiency, if 5 mg or more is

needed per day by humans, it may be predicted that with a severe deficiency of pantothenic

acid, ~6 weeks would be required in an adult before clear signs of deficiency are observed.

A daily loss of 4–6 mg of pantothenic acid represents a 1%–2% loss of the body pool of

pantothenic acid in humans. For example, for many water-soluble vitamins (at a loss of 1%–2%

of the body pool) 1–2 months of depletion results in deficiency signs [37,49]. In this regard,

from the limited studies on pantothenic acid depletion ~6 weeks of severe depletion are

required before urinary pantothenic acid decreases to a basal level of excretion [79,177,178].

With regard to clinical applications, claims for pantothenic acid range from prevention

and treatment of graying hair (based on the observation that pantothenic acid deficiency in

rodents causes fur to gray) to improved athletic performance. Several studies have indicated

that pantetheine, in doses ranging from 500 to 1200 mg=day, may lower total serum choles-

terol, low-density lipoprotein cholesterol, and triacylglycerols [25,179–189]. Oral administra-

tion of pantothenic acid and application of pantothenol ointment to the skin seems to

accelerate the closure of skin wounds and increase the strength of scar tissue in animal models

[190–192].

H — O

CH3 CH3

HOH

Structure of pantothenol

N

O

OH

—

TABLE 9.5
Effects of Pantothenic Acid Deficiency in Selected Species

Species Symptoms

Chicken Dermatitis around beak, feet, and eyes; poor feathering; spinal cord myelin degeneration; involution of

the thymus; fatty degeneration of the liver

Fish Anorectic behavior; listlessness; fused gill lamellae; reproductive failure

Rat Dermatitis; loss of hair color with alopecia; hemorrhagic necrosis of the adrenals; duodenal ulcer;

spastic gait; anemia; leukopenia; impaired antibody production; gonadal atrophy with infertility

Dog Anorexia; diarrhea; acute encephalopathy; coma; hypoglycemia; leukocytosis; hyperammonemia;

hyperlactemia; hepatic steatosis; mitochondrial enlargement

Pig Dermatitis; hair loss; diarrhea with impaired sodium, potassium, and glucose absorption;

lachrymation; ulcerative colitis; spinal cord and peripheral nerve lesions with spastic gait

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C009 Final Proof page 302 5.5.2007 4:54pm Compositor Name: BMani

302 Handbook of Vitamins, Fourth Edition



However, the results are equivocal in humans. In a randomized, double-blind study

examining the effect of supplementing patients undergoing surgery for tattoo removal with

pantothenic acid did not demonstrate any significant improvement in the wound-healing

process [191]. Papers may also be found on lupus erythematosus and pantothenic acid

deficiency. Procainamide, hydralazine, and isoniazid are known to cause drug-induced

lupus erythematosus. Because these drugs are metabolized via CoA-dependent acetylation,

it is argued that there is an increased demand for CoA, which causes a pantothenic acid

deficit. However, clinical trials involving pantothenic acid supplementation and given dis-

eases, lupus in particular, have yet to show promise [193–199].

Polymorphisms or gene defects in enzymes involved in CoA synthesis pathway exist, and

result in disease states, such as Hallervorden–Spatz syndrome or pantothenate kinase–

associated neurodegeneration [89,91,96,113–115]. This disease results from mutations in

PanK2, which is the most abundantly expressed form in the brain and localized in mitochon-

dria. This autosomal recessive neurodegenerative disorder is characterized clinically by

dystonia and optic atrophy or pigmentary retinopathy with iron deposits in the basal ganglia

and globus pallidus [114,115].

PHARMACOLOGY

Several pantothenate-related compounds have been recommended as inhibitors of Staphylo-

coccus aureus infections or proliferation of malarial parasites. Most of these analogs retain the

2,4-dihydroxy-3,3-dimethylbutyramide core of pantothenic acid. Many analogs are relatively

specific, inhibiting the proliferation of human cells only at concentrations several fold higher

than those required for inhibition of parasite or bacterial growth. The structures and chemical

characteristics of selected analogs are provided in Figure 9.5.

Some classic observations utilizing pantothenic acid antagonists such as v-methyl-panto-

thenic acid and calcium hopantenate were mentioned in the previous section. Tragic lessons

were learned utilizing these compounds. In moderate doses, v-methyl-pantothenic acid can be

potentially lethal [24]. Similarly, calcium hopantenate administration may cause fatal and

acute encephalopathy ([176]).

As was noted in the previous section, pantothenic acid supplementation has also been

associated with lipid-lowering effects, but pantothenic acid administration does not compete

with the excellent drugs that are currently available, although it is conceivable that the

OH
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O
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FIGURE 9.5 Pantothenic acid analogs that have potential as CoA synthesis inhibitors. Modifying the

carboxyl moiety of pantothenic acid by the addition of an aromatic or acyl group in amide linkage

results in a derivative that is effective as an inhibitor of 40-phosphopantothenoylcysteine synthetase and

subsequent transferases (see Figure 9.2).
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combination of pantetheine and an appropriate peroxisomal activated regulator receptor

agonists or coactivator may be of utility in normalizing lipid metabolism [95,179].

Regarding other applications, amelioration of the adverse effects of valproic acid on

ketogenesis and liver CoA metabolism by cotreatment with pantothenate and carnitine has

proven successful in developing mice. Valproic acid (CH3–CH2–CH2]2¼¼CH–COOH) is a

Food and Drug Administration (FDA)-approved drug used in the treatment of epilepsy

and has been used in the treatment of manic episodes associated with bipolar disorder.

Considering the side effects of valproic acid (nausea, tremors, and liver failure), pantothenic

acid supplementation has been suggested to have some promise in modulating such symptoms

when valproic acid is the drug chosen [200–205].

TOXICITY

Pantothenic acid is generally safe, even at extremely high doses. Excesses are mostly excreted

in the urine. Very high oral doses (>1 g=day) of pantothenic acid may be associated with

diarrhea and gastrointestinal disturbances. However, there are no reports of acute toxic

effects in humans, or commonly available pharmaceutical forms of pantothenic acid, other

than gastrointestinal disturbance. Indeed, no data are available that suggest neurotoxicity,

carcinogenicity, genotoxicity, or reproductive toxicity. Calcium pantothenate, sodium pan-

tothenate, and panthenol are not mutagenic in bacterial tests.

In animals, young rats fed 50 mg=day (~0.5 g=kg bw=day) as calcium pantothenate for

190 days had no adverse effects. When bred, their offspring were maintained using the same

diets with no signs of abnormal growth or gross pathology. Similar studies in mice (both oral

and i.p.) have led to the same conclusions. In the early 1940s, Unna and Greslin [15,18]

reported acute and chronic toxicity tests with D-calcium pantothenate in mice, rats, dogs, and

monkeys. Acute oral LD50 values were 10,000 mg=kg bw, mice, and rats, with lethal doses

producing death by respiratory failure. An oral dose of 1000 mg=kg bw produced no toxic

signs in dogs or in one monkey. Oral dosing (500 or 2000 mg=kg bw=day to rats, 50 mg=kg

bw=day to dogs, 200–250 mg=kg bw=day to monkeys) for 6 months produced no toxic signs,

weight loss, or evidence of histopathological changes at autopsy [206].

In humans, Welsh [193,195] reported that giving patients high doses of pantothenic acid

derivatives (�10–15 g) with the goal of treating symptoms of lupus erythematosus (see

previous section) had no side effects other than transient nausea and gastric distress. Like-

wise, Goldman [207] described the use of panthenol for the treatment of lupus erythematosus

at various dosage levels up to 8–10 g=day, for periods ranging from 5 days to 6 months with

few side effects. Webster [70] carried out a randomized, double-blind, placebo-controlled,

crossover study to assess the effects of pantothenic acid on exercise performance in six highly

trained cyclists. For each subject, two testing (cycling performance) sessions were carried

out, separated by a 21 day washout period. One testing session was carried out immediately

after 7 days supplementation with pantotheine derivatives at ~2 g=day or placebo. No significant

differences were identified between assessed parameters of cycling performance and no side

effects of the therapy were reported. In summary, high doses of pantothenic acid, 100–500

times the normal requirements, appear well tolerated.

STATUS DETERMINATION

Whole blood concentration and urinary excretion reflects pantothenic acid status. In humans,

whole blood concentrations typically range from 1.6 to 2.7 mmol=L [37,47,85,208] and a value

<1 mmol=L is considered low. Urinary excretion is considered a more reliable indicator of

status because it is more closely related to dietary intake [79]. Excretion of <1 mg pantothenic
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acid per day in urine is considered low. Plasma level of the vitamin is a poor indicator of

status because it is not highly correlated with changes in intake or status.

Pantothenic acid concentrations in whole blood, plasma, and urine are measured by

microbiological assay employing Lactobacillus plantarum. For whole blood, enzyme pretreat-

ment is required to convert CoA to free pantothenic acid since L. plantarum does not respond

to CoA. Other methods that have been employed to assess pantothenic acid status include

radioimmunoassay, ELISA, and gas chromatography [52,53,84,85,209,210].
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INTRODUCTION

The B vitamins provide cofactors or prosthetic groups to various enzymatic reactions.

Among the B vitamins, vitamin B6 is unique in that it is involved in the metabolism of all

three macronutrients, proteins, lipids, and carbohydrates. The enzymes involved in the

metabolism of amino acids use pyridoxal phosphate as the cofactor. Because of the extensive

nature of these reactions, the requirement of this vitamin is related to the protein content of

the diet. Through the amino acid decarboxylase reactions that generate monoamine neuro-

transmitters, vitamin B6 is intimately associated with the function of the nervous system. It

also has an obligatory role in immune and endocrine systems. This chapter attempts to review

the biological role of vitamin B6 in health and in disease.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C010 Final Proof page 315 5.5.2007 4:55pm Compositor Name: BMani

315



Paul Gyorgy (1) identified vitamin B6 as a factor distinct from riboflavin and the pellagra-

preventive factor (niacin) of Goldberger. The isolation of crystalline vitamin B6 was reported

by Gyorgy (2) and Lepkovsky (3). The chemical structure was identified as 3-hydroxy-4,5-

hydroxymethyl-2-methyl pyridine and its synthesis was reported by Harris and Folkers (4)

and Kuhn et al. (5). Gyorgy first referred to this compound as pyridoxine. In the years that

followed, natural materials were found to have more ‘‘vitamin B6 activity’’ than could be

accounted for by its pyridoxine content. This led to the identification of the derivatives of

vitamin B6, which we now refer to as ‘‘vitamin B6 vitamers.’’ The term generally used,

‘‘vitamin B6’’ now refers to the group of naturally occurring pyridine derivatives represented

by pyridoxine (pyridoxol), pyridoxal, and pyridoxamine and their phosphorylated derivatives

with similar physiological actions. They are referred to as vitamin B6 vitamers. The term

vitamin B6 is generically used to refer to all these related chemicals.

The term ‘‘pyridoxine’’ specifically refers to the alcohol form, ‘‘pyridoxal’’ to the aldehyde

form, and ‘‘pyridoxamine’’ to the amine form. The natural free forms of the vitamers could be

converted to the key coenzymatic form, pyridoxal-50-phosphate (PLP) by the action of two

enzymes, a kinase and an oxidase. The kinase phophorylates the hydroxymethyl group of all

three vitamers and the oxidase catalyzes the oxidation of pyridoxine-50-phosphate (PNP) and

pyridoxamine-50-phosphate (PMP) to PLP. Phosphatases catalyze the dephosphorylation of

the vitamer phosphate derivatives (Figure 10.1).
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FIGURE 10.1 Interconversions of vitamin B6 vitamers. (1) Phosphatase, (2) kinase, and (3) pyridoxine

phosphate oxidase.
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The kinases of most higher organisms use Zn2þ rather than Mg2þ as the ATP-chelated

cofactor and there is an additional activation by Kþ (6–9). Pyridoxal kinase is inhibited

by carbonyl reagents (10). The mammalian kinase is a benzodiazepine-binding protein (11).

The PNP oxidase has been purified from various tissue sources as well as from Escherichia coli

(12–16). By comparing primary sequence of PNP (PMP) oxidase from various organisms,

McCormick and Chen (8) have pointed out that all known sequences of PNP (PMP) oxidases

contain protein kinase c phosphorylation sites, casein kinase phosphorylation sites, and

tyrosine kinase phosphorylation sites. PLP and PMP account for most of the vitamin content

of various tissues (17,18). The oxidase is developmentally regulated in liver and brain (19).

In the rat brain, the level of PLP rises from roughly 36% of adult level at birth to 65% by

6 days of age and to 82% by 30 days of age. In contrast, PMP remains at approximately 25%

of adult level for the first 10 days of age and rises to 80% by 23 days of age. Pyridoxal kinase

increases during brain maturation from 30% of adult levels at 5 days of age to 95% at 30 days

of age (17). The activity of this enzyme in red blood cells of American blacks is approximately

50% lower than that of American whites. There is no difference between the enzymes from

these two sources with respect to properties such as heat stability, chromatographic mobility,

Km for pyridoxine, and inhibition by analogs such as 4-deoxypyridoxine. The activity of the

enzyme in lymphocytes, granulocytes, and fibroblasts is the same in both racial groups. It is

suggested (20) that a structural gene mutation coding for an enzyme of approximately one-

third the usual activity has reached a population frequency of 1.0 in the African population.

Unanswered yet is the question whether this large decrease in enzyme activity leads to any

decrease in the levels of phosphorylated pyridoxine vitamers in various tissues of the African

and Afro-American population. In terms of metabolic regulation, inverse relationships

between the activity of the kinase and the concentration of brain PLP as well as the

concentrations of brain monoamines have been reported (21,22).

PNP oxidase is inhibited by PLP. Unbound PLP is hydrolyzed by an alkaline phosphatase

(23). A large part of the PLP in muscle and liver is protein bound. Thus, the feedback

regulation of the enzymes of PLP synthesis as well as the sequestration of PLP by protein

binding serves to regulate the concentration of active-unbound PLP in tissues.

PYRIDOXAL-50-PHOSPHATE-DEPENDENT ENZYMES

Since its identification as the active cofactor form of vitamin B6, there has been extensive

research aimed at understanding the versatility of the reactions catalyzed by PLP-

dependent enzymes. There are over 140 enzymatic reactions, which are PLP dependent.

PLP-dependent enzymes are found in all organisms. They are involved in reactions that

synthesize, degrade, and interconvert amino acids. In view of the versatility of its catalysis,

PLP-dependent enzymes are involved in linking carbon and nitrogen metabolism, replenish-

ing the pool of one-carbon units and forming biogenic amines. It has been pointed out that

PLP enzymes belong to five of the six enzyme classes as defined by the Enzyme Nomenclature

Committee of the International Union of Biochemistry and Molecular Biology (24).

Pyridoxal is a carbonyl compound and reacts with primary amines to form a Schiff

base referred to as the external aldimine. The fully formed carbanion is referred to as the

quinonoid intermediate. The structural features that facilitate this first step leading to a

variety of molecular transformations in PLP-mediated enzyme catalysis have been listed

(25). The 2-methyl group brings the pKa of the proton of the pyridine ring into the physio-

logical range. The phenoxide oxygen in position 3 helps in the expulsion of the nucleophile at

position 4. The phosphate in position 5 prevents hemiacetal formation and drain of electrons

from the ring. The protonated nitrogen helps in regulating the pKa of the 3-hydroxyl group.

Delocalization of the negative charge through the Pi system of PLP facilitates the stabilization

of the Ca anion. PLP alone can catalyze many of the enzymatic reactions in the absence of the

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C010 Final Proof page 317 5.5.2007 4:55pm Compositor Name: BMani

Vitamin B6 317



enzyme, although the rates of these reactions would be extremely slow. The protein apoen-

zyme enhances the catalytic potential of PLP, the selectivity of the substrate binding, and

the reaction type (26).

With delineation of the structures of most PLP enzymes, they have been found to belong

to one of five fold types. Fold Type I is the largest group, the aspartate amino transferase

family. They function as homodimers or higher order oligomers with two active sites

per dimer. Fold Type II is the tryptophan synthase family. The enzymes are similar to

Fold Type I but the proteins are distinct. The active sites are in one monomer. Fold Type

IV is the D-amino acid aminotransferase family. They are functional homodimers. Fold

Type III is the alanine racemase family and Fold Type V is the glycogen phosphorylase

family. The fold type of the enzyme protein does not determine the reaction type catalyzed

by the enzyme. The reaction types are classified into three groups depending on the site

of elimination and replacement of the substituents. Reactions occurring at the a-carbon

atom include enzymes such as transaminase, racemases of a-amino acid, amino acid

a-decarboxylases, and enzymes catalyzing condensation of glycine and the a–b cleavage of

b-hydroxy amino acids such as d-aminolevulinic acid synthetase, serine hydroxy methylase,

and sphingosine synthetase. Reactions occurring at the b-carbon atom of the substrate

include enzymes such as serine and threonine dehydrases, cystathionine synthetase, trypto-

phanase, and kynureninase. Reactions occurring at the g-carbon atom of the substrate

include enzymes such as homoserine dehydrase and g-cystathionase.

Glycogen phosphorylase catalyzes the first step in the degradation of glycogen. Although

the reaction catalyzed is reversible, the enzyme acts in vivo in the direction of phosphorolysis.

The physiological role of phosphorylase in skeletal muscle is as an energy source as this

enzyme in the inactive phosphorylase b form comprises about 2% of the total soluble protein

of muscle tissue. Phosphorylase b is under regulatory control with AMP and IMP as activa-

tors and ATP, ADP, purines, flavins, D-glucose, and UDP-glucose as inhibitors. The catalytic

site in the phosphorylase b monomer is located in a deep crevice between the N-terminal and

C-terminal domains with binding sites for glucose-1-phosphate, Pi, and glycogen. PLP, the

cofactor necessary for activity is part of the active site. Phosphorylase can be reversibly

resolved into an enzymatically inactive apophosphorylase and free PLP (27).

In other PLP enzymes, the cofactor is bound as a Schiff base with the e-amino group of

corresponding lysine residue of the protein moiety. Hence reduction of the aldimine bond

with sodium borohydride causes loss of enzyme activity. Although PLP in phosphorylase is

connected to lysine 680 through an aldimine bond reduction of this bond with sodium

borohydride results in an enzyme form with over 60% of the activity of the native

enzyme (28). Thus, the free aldehyde group is not involved in catalysis. Helmreich (28a)

has proposed that the phosphate group of PLP functions in the phosphorylase in the

form of dianion as a proton donor–acceptor. In the forward reaction, phosphorolysis of

a-1,4-glycoside bond in oligo- or polysaccharides occurs followed by stabilization of the

incipient oxocarbonium ion and subsequent covalent binding to form a-glucose-1-phosphate.

In the reverse direction, protonation of the phosphate of glucose-1-phosphate destabilizes the

glycosidic bond and promotes the formation of a glucosyl carbonium ionphosphate anion

pair. The involvement of the phosphate group rather than the carbonyl group is a novel

feature of the role of PLP in the phosphorylase reaction and thus, the mechanism of action is

completely different from other PLP-dependent enzymes. A structural role for PLP in

glycogen phosphorylase has been documented (29). The dissociation of PLP from phos-

phorylase b causes structural rearrangement in the phosphorylase molecule in the contact

area of monomers in the dimer, in the region of the glycogen storage site, and in the region

of the allosteric inhibitor site. Reconstruction of the holoenzyme from the apoenzyme

and PLP causes restoration of the affinity for glycogen and for flavin mononucleotide

(FMN). Thus, PLP plays an important role in maintaining the quaternary structure and
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conformation of the enzyme (29a). A reservoir function for PLP in muscle phosphorylase has

also been suggested (6).

In determining the activity of PLP-dependent enzymes, two parameters can be estab-

lished. The enzyme activity without the in vitro addition of PLP gives an estimate of

the holoenzyme. Enzyme activity in presence of an excess of in vitro PLP in the incubation

system gives an estimate of the availability of the apoenzyme. The percentage saturation of

the enzyme with the coenzyme might, in some instances, reflect the vitamin B6 status of the

organism. This should take into account the tightness of binding of PLP to various apopro-

teins. PLP cannot practically be dissociated from glutamic oxaloacetic transaminase whereas

it is easily dissociated from kynurenine transaminase.

From the point of molecular evolution, most enzymes depend on the nonprotein com-

ponent, either inorganic ions or small molecular weight organic compounds. PLP interacts

with amino acid substrates in the absence of enzyme and catalyzes the transformations

although at a very slow rate. These transformations have been made more efficient through

association with protein during the transition from prebiotic to biotic evolution. It has been

suggested that ‘‘specialization of the catalytic apparatus for reaction specificity may be

assumed to require more extensive structural adaptations than specialization for specific

substrate. For the organization of metabolism in the uncompartmented progenote cell, the

development of catalysts that accelerate one particular reaction of diverse substrates seems

more important than the development of catalysts that act only on one substrate’’ (24). PLP is

a prime example of this concept.

VITAMIN B6 VITAMERS—DETERMINATION, SOURCES,
AND BIOAVAILABILITY

Traditionally, microbiological methods were used for the determination of vitamin B6 in foods

and biological samples (30,31). Much of the data currently available on the total vitamin B6

content of foods are based on microbiological methods, using the growth of Saccharomyces

uvarium (ATCC 9080). Enzymatic and radioenzymatic techniques have been used for the

assay of PLP (32). Currently, the most commonly used methods are based on ion-exchange or

paired-ion reverse-phase HPLC techniques with postcolumn derivatization (33–35).

The three vitamers and their phosphorylated forms are present in most foods. Pyridoxine,

pyridoxamine, and their phosphorylated forms are the major forms of vitamin B6 present

in plant foods whereas pyridoxal and PLP are the major forms found in animal

foods. Glycosylated forms of pyridoxine, such as 50-0-(b-D-glucopyranosyl)pyridoxine and

50-0-(6-0-malonyl-b-D-glucopyranosyl)pyridoxine are present in plant foods (36,37). The

vitamin B6 content of selected foods and the percentage distribution of the three vitamers

have been listed (38).

The B6 vitamers and their phosphorylated derivatives are photosensitive. Food process-

ing, including heat sterilization, results in loss of vitamin activity. Heat-sterilized infant

formula was responsible for the epidemic of seizures caused by vitamin B6 deficiency in

infants fed such formula diet (39). The phosphorylated vitamers are hydrolyzed by an alkaline

phosphatase in the intestines. There is a gradient of decreasing rates of uptake, with a

saturable component, from the proximal to the distal part of the intestine (40). The bioavail-

ability of vitamin B6 present in various foods depends on the chemical nature of the vitamin

B6 derivative present. The low bioavailability of vitamin B6 in plant foods is related to the

content of glycosylated vitamin B6 in these foods (41).

The absorption of vitamin B6 occurs following the hydrolysis of the phosphorylated forms

in the lumen of intestine. Earlier it was believed to occur via simple diffusion. Recent studies

have provided evidence for the existence of a specialized, Naþ-dependent carrier-mediated

system for the uptake of pyridoxine (42).
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Once absorbed, there is interconversion of the various forms of the vitamin B6 vitamers.

Pyridoxine hydrochloride is the most commonly available form of vitamin B6. It is sold as a

vitamin supplement or as a component of multivitamin preparations. Orally administered

pyridoxine hydrochloride is less efficiently utilized than intravenous infusion. Intravenously

infused PN is rapidly spread in its volume of distribution. PN does not bind to proteins of

blood plasma and so has a large rate constant of elimination. In spite of this there is a

significant build up of PL, PLP, and 4-pyridoxic acid (4-PA) in blood plasma. Thus, there

is an efficient utilization of PN (43). Pyridoxal (PL) is converted to 4-pyridoxic acid (PA)

by either of two pathways—using an NAD-dependent dehydrogenase or a FAD-dependent

aldehyde oxidase. In livers of humans, only the aldehyde oxidase has been detected. The con-

version of PL to PA is an irreversible reaction. The concentrations of PL and PLP in the

erythrocyte are 2.6- and 1.8-fold higher than in blood plasma. This is explained by the easy

penetration of erythrocyte membrane by PL and the higher affinity of PL to hemoglobin than

to albumin. PLP, synthesized in the erythrocytes themselves, is also bound to hemoglobin

with an affinity greater than that of PL. In view of this, the concentration of PMP is very low

in spite of the ease of conversion of PLP and PMP by transamination (44). The kinase,

oxidase, and transaminase are all present in the erythrocytes. In view of these interconver-

sions, PL and PLP in blood plasma and PL in erythrocytes are the forms in which they are

transported to all tissues following hepatic metabolism. In the muscle, vitamin B6 is present

mostly as PLP bound to glycogen phosphorylase (45). About two-thirds of the total vitamin

B6 is associated with glycogen phosphorylase. About half the total vitamin B6 of the body

seems to be associated with a single enzyme, muscle phosphorylase. Muscle was initially

considered to be a storage organ for vitamin B6 (45). A specific protease, which might be

involved in this function, is known (46). Although both PLP and glycogen phosphorylase

levels in muscle responded positively to a diet high in vitamin B6 (47), it was found that these

levels decreased only in response to a caloric deficit in the diet and not to a depletion of

vitamin B6 in the diet (48).

ASSESSMENT OF VITAMIN B6 STATUS AND REQUIREMENT

A variety of methods have been used to assess the vitamin B6 (pyridoxine) status in humans.

This is based on the availability of body fluids or effluents as against tissue samples for the

determination of vitamin B6 content. Direct assessment would comprise the measurement of

total vitamin B6, including the distribution of the vitamers in blood plasma and erythrocytes.

4-PA is the final oxidized metabolite of vitamin B6 and is excreted in the urine. As such it is a

measure of the total vitamin B6 metabolized in the body, although a relationship between

graded dietary intake of vitamin B6 and the excretion of 4-PA in urine has still not been

established.

Although erythrocyte transaminase activities (alanine amino transferase and aspartate

amino transferase) have been used in the assessment of vitamin B6 status of individuals (49),

there are questions as to the reliability. Measurement of activation coefficients (ratio of

activity in presence of excess in vitro added PLP to activity with no in vitro added PLP) is

complicated by the high affinity of the transaminases for PLP. The levels of blood plasma and

erythrocyte contents of PL and PLP are indicatives of the acute vitamin B6 status of the

individual rather than the status of overall tissue stores.

As vitamin B6 participates as a coenzyme in various metabolic pathways, determination of

the effectiveness of a metabolic pathway under specified conditions, including after a metabolic

challenge, can be used to indicate the status of the individual with respect to vitamin B6.

Tryptophan and methionine load tests fall in this category. Determination of urinary

excretion of xanthurenic acid following an oral dose of 5 g L-tryptophan has been used to

assess vitamin B6 status. In normal individuals with adequate tissue stores of vitamin B6, there
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is no increase in the excretion of urinary xanthurenic acid under these conditions. Here again,

the effects of protein intake, stress, and hormonal imbalances on the metabolism of trypto-

phan must be taken into consideration (50,51). The excretion of cystathionine following an

oral load of methionine offers much promise, as cystathionase seems to be quite sensitive to

tissue levels of PLP (52).

In view of the fact that vitamin B6 coenzyme is involved extensively in amino acid

metabolism, the establishment of a requirement for vitamin B6 is based on protein intake.

The initial studies aimed at determining the requirement were of the depletion–repletion

design (53). There was much variation in the duration of depletion and the amount of vitamin

B6 in the diet during this depletion period. Again, in terms assessment of vitamin B6 status,

various indices such as plasma total vitamin B6, plasma PLP, urinary 4-PA excretion,

xanthurenic acid excretion following a load of tryptophan and erythrocyte transaminase

activation were used. In addition only two levels of protein intake, a high and a low level,

were considered. These studies were all done on male volunteers. In more recent studies,

efforts have been made to include other indices of vitamin B6 function such as EEG studies

and immune function. In addition a broader cross section of age groups, including both the

sexes as well as more levels of protein intake, was included (54–56). Recommendation about

the requirement would depend on which biochemical or functional impairment is to be

reversed. Also to be taken into consideration in these determinations is the availability of

vitamin from the food source, particularly plant foods. Physiological requirements depend on

the age, sex, body size, extent of physical activity, and protein intake in the diet.

Oral contraceptive drug use has been associated with many clinical side effects that

are normally associated with pregnancy. The altered tryptophan metabolism produced

by estrogens, glucocorticoids, and pregnancy is related to the induction of tryptophan-2,

3-dioxygenase, the rate-limiting enzyme of tryptophan metabolism in the liver. The effect of

these metabolic alterations on brain monoamine status as well as the impact of this on the

physiology and behavior of the individual needs further investigation. It is recognized that

the requirement in women during lactation and of adolescents during the rapid phase of

muscle mass increase would be high. The current recommended dietary allowance (RDA)

recommendations are set at 2.0 mg for adult males and females, 0.9 mg for children in the age

group of 4–6 years, and 1.2 mg for children in the age group of 7–10 years.

CLINICAL MANIFESTATIONS OF VITAMIN B6 DEFICIENCY
AND SECONDARY VITAMIN B6 DEFICIENCY

Impairment of somatic growth, a pellagra-like dermatitis, and ataxia have been reported in all

species of vitamin B6-deficient animals. Anemia occurs in all species except the rat (57,58).

Among the most outstanding symptoms are those related to the nervous system. Ataxia,

hyperacousis, hyperirritability, impaired alertness, abnormal head movements, and convul-

sions are observed in a variety of species studied such as the chicken, duck, turkey, rat, guinea

pig, pig, cow, and human (32,59). Snyderman et al. (60) reported on the development of

vitamin B6 deficiency in a 2-month-old hydrocephalic child fed a deficient diet for 76 days.

The biochemical correlates of vitamin B6 deficiency were present and the child had convulsive

seizures, which were relieved by intravenous administration of pyridoxine. The widespread

occurrence of vitamin B6 deficiency induced convulsive seizures in infants receiving a heat-

sterilized proprietary milk formula has been reported (39). Electroencephalogram (EEG)

techniques were used to monitor the effectiveness of treatment. Marked improvement in the

waveform and normalization of the amplitude and frequency were seen on the EEG following

treatment with pyridoxine.

Clinically recognized signs of vitamin B6 deficiency due to a primary dietary deficiency are

rarely seen. However, a variety of conditions are recognized in which a relative deficiency of
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vitamin B6 is caused by factors such as increased requirement, poor availability of the

vitamin, or formation of inactive complexes between the vitamin and various drugs.

Such a condition of relative vitamin B6 deficiency has been recognized in pregnant

woman, based on the tryptophan load test (61). In view of the complexities introduced by

hormonal influence on the metabolism of tryptophan, it was doubted whether there was a

real vitamin B6 deficiency. This was proved to be so, in a later study based on measurement of

vitamin B6 vitamer levels. The blood levels of PLP were significantly lower during pregnancy

whereas the fetal cord blood levels were high (62). In another study (63), erythrocyte glutamic

oxaloacetic transaminase activation was used in assessing the vitamin B6 status of 493

pregnant women. About 50% of them had suboptimal coenzyme saturation as compared

with nonpregnant women. Even on a daily intake of 2.0–2.5 mg pyridoxine per day pregnant

women had a relative deficiency of vitamin B6, based on determinations of plasma PLP and

erythrocyte aspartate aminotransferase activation (64). When maternal vitamin B6 levels were

low, the PLP levels of cord blood were significantly decreased (65). The differences in PL

and PLP levels between the umbilical vein and artery indicate extensive utilization of the

vitamers transported across the placenta. Premature infants have very low levels of plasma

PLP at birth (66). Plasma PLP of pregnant women with hyperemesis gravidarum was as low

as that of healthy pregnant women during the last trimester of pregnancy (67).

Oral contraceptive drugs have been associated with clinical side effects that are the

same as those associated with pregnancy. These are related to hormonal induction of

tryptophan-2,3-dioxygenase and hence an altered tryptophan metabolism. The biochemical

abnormalities are corrected by administration of 25 mg pyridoxine. Perioral dermatosis and

neuropsychiatric disorders including depression and sleep disorder associated with oral

contraceptive use in some women are corrected by supplements of pyridoxine.

A functional deficiency of vitamin B6 might exist in uremic patients. Symptoms such as

neuromuscular irritability, central nervous system depression, convulsions, and peripheral

neuritis seen in these patients are indicative of vitamin B6 deficiency as both plasma PLP and

erythrocyte glutamic oxaloacetate transaminase levels are low in both undialyzed and dia-

lyzed uremic patients (68). Various causes such as impaired intestinal absorption, tissue

phosphorylation, increased phosphatase activity, or inactivation of PLP by complexing

with amines in blood could contribute to the deficiency of vitamin B6.

PLP is chemically a very active compound and forms a Schiff base with compounds that

have an –NH2 group. Such a complex could reduce the concentration of biologically active

form of vitamin B6 or could even bind irreversibly to the apoenzyme. Some therapeutic

drugs such as isonicotinic acid hydrazide (isoniazid), cycloserine, and penicillamine have an

anti-vitamin B6 action (Figure 10.2).
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FIGURE 10.2 Antipyridoxine compounds.
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Isonicotinic acid hydrazide has been used for long in the treatment of pulmonary tuber-

culosis. Peripheral neuropathy has been one of the commonly reported side effects of this

treatment. Increased excretions of xanthurenic acid following a tryptophan load and of

cystathionine following a load of methionine have been reported. The low saturation

of erythrocyte transaminase is indicative of deficiency. Supplementation with 50 mg pyrid-

oxine resulted in an optimum state of vitamin B6. The need for routine pyridoxine supple-

mentation in patients with newly discovered tuberculosis was emphasized (68,69). White

leghorn fertile eggs injected with isoniazid had a high level of embryonic mortality and

developmental alterations at the level of the neural epithelium (70). These effects of isoniazid

were countered by concurrent administration of pyridoxine. Cycloserine is used effectively in

the treatment of human tuberculosis, in cases resistant to the streptomycin-p-aminosalicylate-

isoniazid regimen. The toxicity symptoms include neuropsychiatric manifestations. There was

considerable loss of pyridoxine-like material in the urine. The neurological side effects were

greatly reduced by the concurrent administration of 50 mg pyridoxine to these patients (71).

Penicillamine has been used in the treatment of Wilson’s disease in view of its copper-

chelating action and also for cystinuric patients to prevent formation of urinary cystine

stones. Epileptic seizures were reported in several of the treated patients. A moderate

supplement of pyridoxine corrected the neurological abnormality and normalized their

EEG pattern (72).

NEUROBIOLOGY OF VITAMIN B6

The biochemical reactions involving PLP as the coenzyme are of diverse types as over

140 enzymes are PLP dependent. Most are involved in catabolic reactions of amino acids.

The crucial role played by vitamin B6 in the nervous system is evident from the fact that

the putative neurotransmitters, dopamine (DA), norepinephrine (NE), serotonin (5-HT),

and g-aminobutyric acid (GABA) as well as taurine, sphingolipids, and polyamines are

synthesized by PLP-dependent enzymes. There is considerable variation in the affinities of

the various apoenzymes for PLP. This explains the observed differential susceptibility

of various PLP enzymes to decrease during vitamin B6 depletion in animals and humans.

Of the PLP enzymes those involved in the decarboxylations, respectively, of glutamic acid,

5-hydroxytrytophan, and ornithine are of considerable significance and can explain most of

the neurological defects of vitamin B6 deficiency in all species studied.

L-AROMATIC AMINO ACID DECARBOXYLASE

The enzyme L-aromatic amino acid decarboxylase (AADC, EC 4.1.1.28) lacks substrate

specificity and has been considered to be involved in the formation of the catecholamines

and serotonin. This has been considered to be a single protein entity, based on immunological

evidence (73). The established immunological cross-reactivity of dihydroxyphenylalanine

(DOPA) decarboxylase and histidine decarboxylase using antibodies against these enzymes

suggests the presence of similar antigenic recognition sites inside the native molecules of the

decarboxylases that are exposed when the enzymes are denatured (74).

The best evidence for a ‘‘single protein’’ hypothesis has been reported by Albert et al. (75).

They purified AADC to homogeneity, using DOPA as the substrate, produced antibodies

against it and isolated the cDNA clone complementary to bovine adrenal AADC mRNA.

A single form of AADC was detected in rat and bovine tissues and the proteins were

indistinguishable from one another biochemically and immunochemically in brain, liver,

kidney, and adrenal medulla. By in situ hybridization, a single 2.3 kb mRNA was detected

in bovine adrenal, kidney, and liver. Southern blot analyses were consistent with the presence

of a single gene coding for AADC.
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However, there are many differences in the optimal conditions for enzyme activity,

including kinetics, affinity for PLP, activation and inhibition by specific chemicals, and

regional differences in the distribution of DOPA and 5-hydroxytryptophan (5-HTP) decar-

boxylation activities (76–78). Nonparallel changes in brain monoamines in the vitamin

B6-deficient rat have been reported (79). Brain content of dopamine and norepinephrine

were not decreased during deficiency whereas serotonin was significantly decreased.

Decreased availability of the precursor 5-HTP or increased catabolism of 5-HT was excluded

as contributing to this. The decarboxylation step was shown to be the site of difference

between vitamin B6-replete and vitamin B6-deficient rats in regard to the decrease of sero-

tonin (80). It has been reported that brain serotonergic neurons can take up DOPA, dec-

arboxylate it to dopamine and, at least in vitro, release dopamine in a stimulus-dependent

fashion (81). On the other hand, intracisternal injection of 6-hydroxydopamine into

rats pretreated with pargyline caused a marked decrease in DOPA decarboxylation in

upper and lower brain stem regions while not affecting 5-HTP decarboxylation (82).

The decarboxylation of 5-HTP actually increased in the hypothalamus, cerebellum, and

lateral pons medulla.

Research has shown that the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP) and its oxidation product, MPPþ, enhance 5-HTP decarboxylase activity but

not DOPA decarboxylase (DDC) activity in the brain and liver of the cat (83). Rat liver

DDC activity is preferentially inactivated by sodium dodecyl sulfate treatment and 5-HTP

decarboxylase activity by urea (84). The selective inhibition of brain AADC by subacute

a-monofluoromethyl-p-tyrosine administration led to a decrease in brain catecholamines

but not of brain serotonin (85). Carbidopa has been reported to differentially affect DOPA

and 5-HTP decarboxylations (86). High concentrations of aminooxyacetic acid inhibited

more than 95% of the DDC activity of rat brain whereas the 5-HTP decarboxylase activity

was inhibited only to about 40%. AADC is considered to be localized in the cellular soluble

fraction. However, a population of the decarboxylase has been found to be associated

with the cellular membrane fraction (87).

AADC is expressed in nonneuronal tissues such as liver and kidney although its function

in these tissues is not known. The rat genomic DNA encoding AADC was isolated. Two separate

promoters specific for the transcription of neuronal and nonneuronal forms of AADC were

identified. Transcription initiating at distinct promoters followed by alternate splicing might

be responsible for the expression of the neuronal and nonneuronal forms of the enzyme (88,89).

The single copy of the gene encoding for the enzyme is located on chromosome 7, in close

proximity to the epidermal growth factor gene, and is composed of 15 exons spanning more

than 85 kb (90). An alternative transcript of the enzyme lacking exon 3 was identified (91).

This splicing event leads to the production of two distinct DDC protein isoforms, with the

shorter transcript predominating in the neuronal tissues (92). Both alternative mRNA splice

variants were identified in human placenta. There is still considerable discussion about the

substrate specificity and structure of AADC (93).

The decrease in serotonin in various brain areas of the vitamin B6-deficient rat has

physiological consequences (Figure 10.3). The decrease in the synaptic release of serotonin

in the deficient rat brain regions was indicated by the increase in the postsynaptic receptor

density (93). The Bmax and binding affinities of the ligands to respective D-1 and D-2 receptors

were not affected in synaptosomal membrane preparations from vitamin B6-deficient rat

striatum, in keeping with the data on dopamine levels.

g-AMINOBUTYRIC ACID

GABA is present almost exclusively in the nervous system of invertebrates and vertebrates.

It is formed from glutamic acid through the action of glutamic acid decarboxylase (GAD)
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and is catabolized by transamination catalyzed by GABA transaminase (GABA-T) to yield

succinic semialdehyde (SSA). Both GAD and GABA-T are PLP enzymes. SSA is oxidized by

SSA dehydrogenase to succinic acid. GABA is an inhibitory neurotransmitter whereas

glutamic acid is an excitatory neurotransmitter.

GABA, GAD, and GABA-T are localized predominantly in the regions of the brain that

are inhibitory in function. The concentration of GABA in the cerebellum is particularly high

in the Purkinje cells. The destruction of Purkinje cells resulted in a 70% decrease in both

GABA and GAD activity of the dorsal part of the Dieter’s nucleus of the brain, where

Purkinje cell axon terminals synapse (94).

The neurophysiological action of GABA studied by iontophoretic application resembles

that observed in postsynaptic inhibition produced by electrical stimulation (95). When GABA

is injected in young chicks, it produces abolition of photically evoked responses (96). During

sleep, GABA was detected in cerebral cortex perfusates with a decrease in glutamic acid

release (97). GABA is involved in the etiology of convulsive seizures (98). Apart from the

involvement of GABA in the etiology of certain convulsive seizures, abnormalities in

GABAergic neuronal pathways contributing to other CNS disorders such as depression,

anxiety, and panic disorders have been recognized. In Huntington’s chorea, a disease marked

by the onset of dementia and choreiform movements, there is a marked decrease in the
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concentration of GABA as well as in the activity of GAD in the basal ganglia. In Parkinson’s

disease, the main neurochemical lesion is associated with degeneration of the dopaminergic

neurons in the substantia nigra. In addition to this, decreases are observed in both GABA and

GAD in the basal ganglia, indicating an interrelationship between these two neuronal

systems.

Molecular cloning studies indicate that in the adult brain GAD exists as two major

isoforms referred to as GAD65 and GAD67 based on their molecular masses. They are the

products of two independently regulated genes located on the chromosomes 2 and 10,

respectively in humans (99). The two GAD genes are coexpressed in most GABA-containing

neurons. GAD65 is more responsive than GAD67 to the cofactor PLP and it accounts for

the majority of apoGAD. GAD65 is the major isoform present in most brain regions in the

rat. Available evidence indicates that GAD67 might be involved in GABA synthesis

for general metabolic activity and GAD65 might be involved in synaptic transmission

(100). The expression of these two isoforms of GAD is regulated by distinct intracellular

mechanisms.

Although all neurotransmitter monoamine-synthesizing decarboxylases are PLP-

dependent enzymes, the affinities of the apodecarboxylases for PLP vary considerably.

In view of this, during a moderate deficiency of vitamin B6 and consequent decrease in

PLP, the activities of the decarboxylases with low affinities for PLP would decrease whereas

the decarboxylases with high affinities for PLP would not be affected. Thus, in the

moderately vitamin B6-deficient rat there is biologically significant decrease in the activities

of GAD65 and AADC (5-HTP-DC) acting on 5-HTP leading to decreases in neurotrans-

mitters GABA and serotonin (5-HT). DDC activity is not affected during PLP depletion,

resulting in no change or even in an increase in catecholamine levels in the nervous system.

The biological correlates of the nonparallel changes in brain monoamines are indicated

in Figure 10.3. Decreased brain serotonin in the vitamin B6-deficient rat is implicated

in physiological changes such as decreased deep body temperature and altered sleep pattern

with shortening of deep slow-wave sleep and rapid eye movement (REM) sleep. The effects

of vitamin B6 depletion on sleep parallel the effects of experimental serotonergic

deficit (101).

NEUROENDOCRINOLOGY OF VITAMIN B6 DEFICIENCY

HYPOTHALAMUS–PITUITARY–END ORGAN RELATIONSHIP

The hypothalamus is one of the areas of the brain of vitamin B6-deficient rats with signi-

ficant decreases in PLP and serotonin compared with vitamin B6-replete controls. There is

no decrease in the contents of dopamine and norepinephrine. The secretion by the anterior

pituitary of ACTH, growth hormone, prolactin (PRL), thyroid-stimulating hormone (TSH),

and the gonadotropins is regulated by releasing factors and in some instances by the release

of inhibitory factors from the hypothalamus. The concept of the regulatory role of

the hypothalamus through the neurotransmitters is generally accepted. Regulation of the

release of stimulatory or inhibitory factors by the hypothalamus involves complex neural

circuitry in which the serotonergic and dopaminergic neurons represent links in the control

mechanisms (102). The hypothalamus of the normal animal has high concentrations of

both dopamine and serotonin, which are essentially antagonistic in their effects on pituitary

hormone regulation.

We have examined the hypothalamus–pituitary–thyroid relationship in vitamin B6 defi-

ciency. The secretion of TSH is directly controlled by two factors: a negative feedback signal

indicating serum thyroid status and a stimulatory factor, thyrotropin-releasing hormone

(TRH), released from the hypothalamus (Figure 10.4).
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Injection of serotonin into the third ventricle caused a rapid increase in serum TSH, an

effect completely reversed by pretreatment of rats with the serotonin receptor antagonist,

cyproheptadine (103). Serotonin stimulates TRH release from superfused hypothalamus

(104). A direct relationship between hypothalamic serotonin turn over and TSH release has

been reported (105). Dopaminergic neurons exert an inhibitory effect on the secretion of

TSH. This effect is at the level of the pituitary as bromocriptine blunts the stimulatory effect

of TRH in euthyroid subjects. The inhibitory effect of dopamine is abolished by dopamine

receptor antagonists such as domperidone. The cold-induced secretion of TSH is mediated

by norepinephrine. Studies using inhibitors of norepinephrine synthesis or a-adrenergic

blockers have established a stimulatory role for norepinephrine in the control of TRH-

mediated TSH secretion (106). Thus, it appears that serotonergic neurons have a stimulatory

effect on hypothalamic control of pituitary secretion of TSH in situations where central

control is natural, such as in timing of the circadian rhythm and, possibly, in the pulsatile

secretion of TSH.

We compared the thyroid status of vitamin B6-deficient and pair-fed vitamin B6-replete

young and adult rats. Serum concentration of thyroxin (T4) and triiodothyronine (T3) of

the deficient rats were significantly lower in comparison with normal control rats (106).

There was no significant change in the concentration of serum TSH in the deficient rats.
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FIGURE 10.4 Control of the hypothalamus–pituitary–thyroid system.
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However, the pituitary content of TSH in the deficient rats was significantly decreased.

Pyridoxine treatment restored the hypothalamic levels of PLP and serotonin to normal.

In determining the locus of the biochemical lesion leading to the hypothyroid state in

vitamin B6 deficiency, various possibilities such as primary with a defective thyroid gland,

secondary with defective pituitary thyrotroph, or tertiary with defective hypothalamus were

considered. If the defect were only at the level of the thyroid gland, low serum T4 and T3 levels

would be coupled with a compensatory increase in serum TSH, which was not seen. With a

defective pituitary, the low levels of serum T3 and T4 would be coupled with a sharp decrease

in serum TSH as well as unresponsiveness to TRH, which again was not seen (107). Hypo-

thalamic hypothyroidism is due to deficient TRH secretion. The administration of TRH to

deficient rats significantly increased serum TSH as well as serum T4 and T3 in both vitamin

B6-deficient and vitamin B6-replete rats. The chronic deficiency of TRH in the deficient rat is

indicated by an increase in the number of TRH receptors with no change in receptor affinity

(108). These results are consistent with a hypothalamic type of hypothyroidism in the vitamin

B6-deficient rat caused by the specific decrease in hypothalamic serotonin level.

PINEAL MELATONIN SECRETION

The pineal gland tranduces photoperiodic information and hence has a crucial role in the

temporal organization of various metabolic, physiological, and behavioral processes. Mela-

tonin is the major secretory product of the pineal gland. Tryptophan is hydroxylated in

the pinealocyte to 5-HTP and decarboxylated to yield serotonin. Serotonin is converted to

N-acetylserotonin (NAS) by the enzyme N-acetyltransferase (NAT). NAS is converted

to melatonin by hydroxyindole-O-methyltransferase. Melatonin synthesis is stimulated by

b-adrenergic postganglionic sympathetic fibers from the superior cervical ganglion, which are

stimulated in the dark. Melatonin levels in tissues and body fluids show both circadian and

seasonal rhythms.

We have examined the effect of a moderate deficiency of vitamin B6 on indolamine

metabolism in the pineal gland of adult rats (109). Melatonin and NAS showed significant

circadian variation in both vitamin B6-deficient and vitamin B6-replete control animals.

However, the peak nighttime levels of pineal melatonin and NAS were also significantly

lower in the deficient animals. Pineal levels of 5-HT and 5-hydroxy indole acetic acid

(5-HIAA) were significantly lower in the deficient rats. Treatment of deficient rats with

pyridoxine restored the levels of 5-HT, NAS, and melatonin to levels seen in vitamin

B6-replete controls. Such reversal was evident both during day and night periods. There

was no difference in pineal NAT between deficient and control animals. However, pineal

5-HTP decarboxylase activity was significantly decreased in vitamin B6-deficient rats. Try-

ptophan hydroxylation is considered to be the rate-limiting step in the syntheses of serotonin.

Several studies indicate that a decrease in pineal 5-HT can reduce melatonin synthesis. In vivo

administration of AADC inhibitors such as benserazide or monofluoromethyl dopa results in

a reduction in the synthesis of pineal 5-HT and melatonin levels without altering pineal NAT

activity. Thus, 5-HT availability, in addition to other known factors, could be important in

the regulation of the synthesis of melatonin. The best understood endocrinological function

of the pineal is the antigonadotropic action of melatonin (110). Melatonin acts at the level of

the hypothalamus regulating the formation of releasing factors for anterior pituitary hor-

mones. Melatonin might act through the serotonergic pathway (111), although direct effects

of melatonin on pituitary, adrenals, and thyroid are also indicated.

PROLACTIN SECRETION

The secretion of PRL is controlled by both stimulatory and inhibitory factors of hypothal-

amic origin. The inhibitory control is exerted primarily by dopamine, which is released from
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the tuberoinfundibular dopaminergic (TIDA) neurons into the pituitary portal circulation

(112). Evidence based on peripheral administration of serotonin precursors, agonists or

antagonists, intraventricular injection of serotonin, and electrical stimulation of the raphe

nucleus indicates that central serotonergic projections to the hypothalamus are involved in

the stimulation of PRL (113). The stimulatory effect of serotonin could be achieved either

by increasing a PRL-releasing factor or by reducing the activity of the TIDA neurons. In view

of the nonparallel changes in brain dopamine and serotonin during vitamin B6 depletion,

we investigated the effect of deficiency on PRL secretion (112). Plasma concentration of PRL

was significantly reduced in vitamin B6-deficient as compared with vitamin B6-replete control

adult male rats. The reduction in plasma PRL in deficient rats corresponded with the

significantly reduced hypothalamic contents of PLP and serotonin in these rats. Administra-

tion of pyridoxine to deficient rats resulted in a significant increase in plasma PRL. Admini-

stration of the 5-HT1A agonist, 8-hydroxy-2-n-dipropylaminotetralin, also resulted in a

significant increase in plasma PRL whereas administration of 5-HT1A antagonist spiroxatrine

had the opposite effect. These results support our suggestion (102) about the neuroendocrine

consequences of moderate vitamin B6 deficiency and extend it to decreases in function of

both pituitary thyrotrophs and lactotrophs.

VITAMIN B6—SEIZURES AND NEUROPROTECTION

Although a statistical relationship between poor central nervous system function and physical

signs of undernutrition in children had been recognized for long, these studies implicated low

protein intake or imbalance between protein and carbohydrate as the causative (114). It was

the general belief that if the nutrition of the mother was adequate for conception and

maintenance of pregnancy, the intrauterine mechanisms for active transport and concentra-

tion would supply the necessary nutrients for the normal development of her unborn child

(115). In view of the clinical and biochemical manifestations of vitamin B6 deficiency in young

and adult animals, it was of interest for us to produce and characterize vitamin B6 deficiency

in the very young rat. The report of the existence of a critical period in the development of the

central nervous system indicated the importance of inducing deficiency during or prior to

this period (116).

Female Holtzman rats were mated and the sperm-positive rats continued to be main-

tained on a vitamin B6-replete diet during the first week of gestation. Following this, they

were divided into two groups. One group was continued on the vitamin B6-supplemented diet

and the other was fed the vitamin B6-deficient diet until the delivery of the pups and

also during the nursing period. There was a small, but significant decrease in the body weight

of the deficient litters even at birth. However, there was no significant difference in the brain

weights between the two groups. Deficient pups had a significantly lower content of PLP

in their brains. There was no difference between the vitamin B6-replete and vitamin

B6-deficient groups in the concentration of GAD apoenzyme (enzyme activity in the presence

of excess added PLP). However, the enzyme activity measured as such in the absence of

externally added PLP was significantly reduced in the vitamin B6-deficient group. Related to

this observation was the occasional finding, among the vitamin B6-deficient group, of pups

with spontaneous convulsions that became noticeable at about 3–4 days of postnatal age.

These fits were characterized by a high-pitch scream followed by generalized convulsions of a

few seconds duration and repeated many times within a 1–3 min time period. It was noticed

that when one neonate of a dam was affected with convulsions, all or a majority of other pups

were also afflicted. The motility, perception, and alertness of the deficient neonates were

inferior to that of the controls. This was the first report of the production of congenital

pyridoxine deficiency (32). In view of the high mortality of the deficient pups, we could not
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use them in studies on the development of the central nervous systems, which in the rat

extends from tenth to the twenty-first day after birth. In a further study, female rats were fed a

vitamin B6-deficient diet from the first postpartum day and the pups were fed the deficient

diet from the time they were weaned till they were 5–6 weeks of age. The induction of

pyridoxine deficiency during the most intense period of development of the CNS resulted in

a decrease in both body and brain weights of the pups. The lower content of PLP found in the

brains of deficient pups confirmed their vitamin B6-deficient status. The lower GABA levels

in the brains of deficient pups are directly related to the decrease in the activity of the GAD

holoenzyme. The GAD apoenzyme levels were quite significantly increased, possibly due to

stimulation of the apoprotein synthesis by the low concentration of GABA (117). We

examined the effect of deficiency on various electrophysiological parameters. The bursts of

high-voltage spikes during spontaneous EEG activity, as well as the spontaneous convulsions

observed, reflect the decrease in cerebral GABA concentration in deficient rats. The more

complicated changes in cortical auditory evoked potentials in the vitamin B6-deficient rats are

the results of the retardation of the normal ontogenetic development of the CNS of these

rats (117). The inability of the cerebral cortex of the deficient pups to follow the increasing

frequency of any kind of repetitive stimulus as well as a marked decrease in the amplitude of

evoked potentials were quite apparent and correlated with decreases in both PLP and GABA

levels in various brain areas. There was a significant increase in the maximal binding (Bmax) of

both GABAA and GABAB receptors, with no difference in the binding affinities (Kd),

suggesting a supersensitivity of both these receptors, which correlated negatively with the

concentration of GABA in these brain areas (118).

In further work (119–121), we investigated the effects of vitamin B6 deficiency in adult

rats. It is recognized that the thalamus acts as a relay station for various peripheral and

central inputs to the cerebral cortex. We studied the electroresponsiveness of thalamic

ventroposterior lateral (VPL) neurons in normal control and vitamin B6-deficient adult rats

in response to local administration of convulsants such as picrotoxin or pentylene tetrazole.

The extent of neuronal recovery following intrathalamic administration of either GABA or

pyridoxine or systemic administration of pyridoxine was assessed using computerized EEG

analysis. The results demonstrated an antiepileptic effect of exogenously applied GABA and

pyridoxine on thalamic VPL neurons, with pyridoxine having a much slower effect than

GABA. Brain levels of PLP, GAD, and GABA responded to the systemic administration of

pyridoxine. Even in normal rats, GAD is unsaturated with respect to the cofactor PLP

(117,119). Brain levels of glutamate were significantly increased following administration

of picrotoxin or pentylene tetrazole. Excitatory neurotransmitters such as glutamate are

linked to the initiation and spread of seizure discharge and GABA is responsible for the

termination of seizure activity (122–124). Neuronal recovery following pyridoxine is related

to the synthesis of GABA through activation of GAD.

Domoic acid, a rigid structural analog of glutamate, is an excitatory neurotransmitter.

It was identified as the toxic contaminant of cultivated mussels responsible for the outbreaks

of acute food poisoning characterized by gastrointestinal and neurologic symptoms (125).

The hippocampal CA-3 region was chosen for the study of seizure activity as this region has

minimum seizure threshold as compared with other cerebral areas. We reported that acute

intrahippocampal administration of picomole amounts of domoic acid led to EEG epilepti-

form seizure discharge activity. Domoic acid was 125 times more potent than kainic acid, a

well-known neuroexcitant (126). Local administration of GABA or pyridoxine attenuated the

seizure activity (119,127). Following domoic acid injection, GABA levels decreased signifi-

cantly in various brain regions. Domoic acid inhibited GAD activity. As tissue levels of

glutamate do not represent the neuronal pool of glutamate, we studied the effect of domoic

acid on the in vitro release of glutamate in tissue superfusion experiments. The KCl-induced

depolarization leads to the release of neurotransmitter glutamate. This was augmented by
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domoic acid. The direct application of GABA to the hippocampus of rats exhibiting domoic

acid-induced seizure activity resulted in suppression of spike discharges. The slower effect of

pyridoxine is related to the augmented PLP-dependent formation of GABA from glutamate.

Similar observations have been reported by others (128).

Seizure discharge activity, following microinjection of domoic acid in the ipsilateral rat

hippocampal CA-3 region, was attenuated by the microinjection of the serotonin 5-HT1A

agonist, 8-hydroxy-2-(di-N-propylamino) tertralin [8-(OH)-DPAT] and augmented by the

specific 5-HT1A antagonist, spiroxatrine, in the contralateral hippocampal CA-3 region

(129). Serotonin-dependent signal transduction by 8-(OH)-DPAT is routed through 5-HT1A

receptor activation postsynaptically via second messenger cyclic GMP and calcium across the

neuronal membrane. It has been reported that serotonin functions in the stabilization of brain

regional GABAergic neurons and in seizure control. Serotonin has been shown to have a

stimulatory effect on brain GABAergic neurotransmission. The neuroprotective action of

pyridoxine flows from its effect on the synthesis of both GABA and serotonin. Hippocampal

changes in developing mice at postnatal age of 10–30 days following intrauterine exposure to

a single dose of domoic acid at day 13 of gestation were studied (130). The mice exhibited age-

related developmental neurotoxicity. Brain regional GABA levels were significantly reduced

and glutamate levels increased in these mice. Neuronal death was apparent in the offspring at

30 days of chronological age. This delayed neurotoxicity cannot be attributed to the acute

effect of domoic acid and might be related to the increased sensitivity of hippocampal cells to

the high concentration of endogenous glutamate.

In other experiments, electroencephalographic recordings in cerebral cortex of adult

mice given a single subconvulsive dose of domoic acid exhibited typical spike and wave

discharges. Administration of drugs such as sodium valproate or nimodipine or pyridoxine

simultaneously with or after domoic aid treatment resulted in significantly less spike and

wave activity. Administration of these same drugs 45 min prior to the administration

of domoic acid also significantly decreased domoic acid-induced EEG background (131).

Mechanistically, sodium valproate and pyridoxine significantly attenuated the domoic acid-

induced increase in the levels of glutamate, increase in calcium c-fos, jun-B, and jun-D.

Pyridoxine, acting through PLP, appears to decrease intracellular levels of glutamate by

increasing influx, decrease in levels of GABA and increase in levels of the proto-oncogenes

GAD activity, and decrease calcium influx through its action on cell surface calcium

channels. Such actions of PLP were established in smooth muscle and in cardiac sarco-

lemma (see section on Vitamin B6 and cardiovascular function). In the former, voltage-

gated L-type calcium channels were the major calcium transporters whereas in cardiac

sarcolemma purinergic P2X receptors activated by ATP seem to be the major pathway of

calcium transfer. PLP inhibits both calcium transport mechanisms and is central to the

neuroprotective action of pyridoxine.

These studies in whole animals were followed by experiments where primary cultures

of hippocampal neurons were exposed to domoic acid. This resulted in apoptotic changes.
1H-NMR proton spectra of domoic acid-treated neuronal cultures exhibited significantly

increased glutamate and reduced GABA levels. Pretreatment of cells with PLP prior to

domoic acid exposure reduced glutamate and increased GABA levels. Exposure of cells

to domoic acid or Bay-K 8644 increased the calcium influx into neurons. This was again

significantly decreased by preincubating hippocampal cells with either nimodipine or PLP.

The domoic acid-induced proto-oncogene expression was also significantly suppressed by

preincubation of the cell culture with either nimodipine or PLP (131). These results would

suggest that domoic acid-induced apoptosis might occur through increased calcium influx,

proto-oncogene induction, and intranucleosomal DNA fragmentation. Similar results were

obtained by exposure of cultures of neuroblastoma=glioma 108=15 cells to domoic acid and to

pyridoxine, respectively.
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PYRIDOXINE-DEPENDENCY SEIZURES

For about half a century, pyridoxine dependency has been recognized as an inborn abnor-

mality (132). Infants present, generally soon after birth, with seizures that are resistant to the

commonly used antiepileptic drugs and respond only to pharmacologic doses of pyridoxine.

It is a rare autosomal recessive genetic disorder. In view of the prevalence of atypical variants

of this disorder, it is thought to be underrecognized. A pyridoxine-dependent condition has to

be considered in all children with intractable epilepsy up to 3 years of age (133). A variety of

seizure types such as myoclonic seizures, atonic seizures, partial and generalized seizures, as

well as infantile spasms are all associated with this condition. The unusual rhythmic in utero

movements reported retrospectively by some mothers might represent fetal seizures (134). At

present, there is no biochemical test to confirm pyridoxine-dependency seizures and clinical

diagnosis is the only mode of recognition. Response to pyridoxine monotherapy and recur-

rence of seizures following withdrawal of treatment is the only confirmatory test. Such testing

is fraught with difficulty due to ethical considerations. Pyridoxine dependency is to be

distinguished from vitamin B6 deficiency, first reported in infants fed on commercial milk

formula where autoclaving destroyed the vitamin B6 content (39).

The intravenous administration of 50–100 mg of pyridoxine results, generally, in a

dramatic cessation of seizures. In some cases, doses up to 500 mg as well as repeated dosings

might be needed. This additional requirement of pyridoxine is for life. Once the initial seizures

are controlled, the minimum dose necessary for maintenance of a seizure-free state can be

titrated. This is about 15 mg=kg body weight per day. Delay in achieving milestones,

developmental defects, as well as permanent brain damage are the concomitants of untreated

pyridoxine-dependency condition. Most patients have some degree of cognitive impairment,

particularly, in language expression. Brain imaging studies indicate gray and white matter

atrophy in these patients. The progressive magnetic resonance imaging (MRI) changes are

suggestive of selective neuronal loss (135,136). Magnetic resonance spectroscopy is comple-

mentary to MRI and shows the presence of various metabolites in the samples. Such study

revealed a decrease in N-acetylaspartate to creatine ratio in the frontal and parieto-occipital

cortices indicative of neuronal loss (137), as reported in pathologic studies (138). Recent

studies (133,139) indicate that increasing the dose of pyridoxine in pyridoxine-dependent

children without seizures could improve their IQ, indicating a role for pyridoxine in normal

brain development and in functions other than controlling the excitable state.

There is no conclusive resolution of the etiology of pyridoxine-dependent seizures. Aut-

opsy studies showed elevated glutamate and decreased GABA levels in the frontal and

occipital cortices (137). Similar observations in the cerebrospinal fluid (CSF) of affected

patients point to a defect in the conversion of glutamate to GABA (140,141). GABA is an

inhibitory neurotransmitter. Its precursor, glutamic acid, which itself is an excitatory neuro-

transmitter, undergoes decarboxylation by the enzyme GAD. PLP is the coenzyme of GAD.

An abnormality of this enzyme has been presumed to be responsible for the impairment in the

synthesis of GABA from glutamate. Of the two isoforms of GAD, GAD-65 is PLP dependent

and the defective binding of PLP to this enzyme was suggested to be the cause of the

decreased synthesis of GABA in vitamin B6-dependent seizures. Studies using cultured

fibroblasts obtained from affected patients showed a reduction in the PLP-dependent

GABA synthesis (142). A biochemical defect related to the interaction between PLP and

GAD is indicated. More recent studies, however, have excluded a mutation in either of the

two isoforms of GAD as the molecular defect responsible for pyridoxine-dependent seizures

(143,144). Other proteins involved in GABA metabolism such as GABA-T, plasma mem-

brane GABA transporter GAT-1, and pyridoxal kinase have also been ruled out in the search

for the etiology of this genetic defect. However, a linkage to markers on chromosome 5q31

has been reported (145). The report of elevated blood and CSF levels of pipecolic acid,
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a precursor to a PLP-dependent reaction in the pathway of the metabolic conversion of lysine

to glutaryl CoA, is significant as it has been shown that a high concentration of pipecolic acid

inhibits GABA uptake (146). We can only speculate that a defective glutamate–GABA

conversion in association with other, not well defined, abnormalities contributes to the

pathology of vitamin B6-dependent seizures.

There are other seizure conditions in which pyridoxine therapy finds a place. Infantile

spasms (spastic convulsions), in combination with diffuse electroencephalographic abnorma-

lities (hypsarrhythmia), is referred to as ‘‘West Syndrome.’’ Mental retardation is associated

with this condition (147,148). Adrenocorticotropic hormone (ACTH) is effective for the

short-term treatment of infantile spasms. In view of the elevated therapy associated morbidity

(149), valproic acid and vigabatrin have been used (150). Following reports of beneficial

effects of high doses of pyridoxine, initial treatment for 1–2 weeks with high doses of

pyridoxine is the established therapy in some European countries and in Japan (151,152).

Combined therapy with high-dose pyridoxine in association with low-dose corticotrophin

has also been reported as a promising therapy for seizure control, normalized EEG, and

intellectual outcome (153).

VITAMIN B6 AND CARDIOVASCULAR FUNCTION

Hypertension is one of the major causes of chronic illness in Western Societies, where

about 20%–30% of the adult population has some degree of elevation of blood pressure.

As in most of these patients, a causative has not been recognized and they are referred to as

those that have ‘‘essential hypertension.’’ Various rat and dog models such as uninephrecto-

mized deoxycorticosterone acetate (DOCA)–saline-treated rats, adrenal regeneration in rats,

Goldblatt renal hypertension in dogs, obese rat strains, and spontaneously hypertensive rats

(SHRs) have been used in the study of hypertension. We have introduced the moderately

vitamin B6-deficient male rat as an additional animal model (154–157).

Male Sprague–Dawley rats were fed a vitamin B6-deficient diet for up to 12 weeks (32)

and compared with a group pair-fed a pyridoxine-supplemented diet. Systolic blood pressure

(SBP) was measured indirectly in conscious restrained animals trained to this procedure, by

tail-cuff plethysmography. These values were comparable with those obtained directly from

a cannula placed in the right carotid artery in anesthetized animals (155). The blood

pressure changes in the vitamin B6-deficient rat can be classified into three phases: prehyper-

tensive (1–4 weeks), hypertensive (5–11 weeks), and posthypertensive (from the 12th week).

During the hypertensive phase, the rats were only moderately vitamin B6 deficient and have

been biochemically characterized in terms of tissue vitamin B6 levels. They were functionally

deficient in neurotransmitters serotonin and GABA. Treatment of the hypertensive vitamin

B6-deficient rats with dietary pyridoxine corrected both the deficiency state and the hyper-

tensive condition. After 11 weeks of vitamin B6 depletion, the rats were at an advanced state

of vitamin B6 depletion but were not hypertensive. They were generally hypotensive and could

be titrated with very small dietary vitamin B6 supplements to a hypertensive state. The

‘‘moderately vitamin B6-deficient’’ rat is an animal model of moderate hypertension. Using

drugs such as phenytoin, valproic acid, and diltiazem, it was shown that the hypertension was

not the result of a hyperexcitable state in these animals.

We examined the possibility that the reversible hypertension was related to sympathetic

stimulation. The concentration of norepinephrine (NE) in plasma is a valid reflection

of sympathetic activity. To draw blood samples from the conscious animal without trauma,

we developed a technique of implanting a vascular-access port (VAP) with catheterization to

the jugular vein (158). We showed (159) that both epinephrine and norepinephrine levels in

the plasma of hypertensive vitamin B6-deficient rats were threefold higher than controls.
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Significantly, NE turn over in the hearts of deficient hypertensive rats was threefold higher

than that in controls. Treatment of the rats with pyridoxine returned both the blood pressure

and catecholamine levels to normal within 24 h. Pyridoxine administration to control rats had

no significant effect on any of these parameters. The complete reversibility of hypertension in

such a short time would preclude permanent structural damage to the vessel wall of the

vitamin B6-deficient rat. The lesion could be at the level of neurotransmitter regulation.

CARDIOVASCULAR EFFECTS OF SEROTONIN

Serotonergic neurotransmission in the central nervous system controls a wide variety of

functions such as blood pressure, emotional behavior, endocrine secretion, perception

of pain, and sleep (Figure 10.3). In addition, there are effects on peripheral neurons and

nonneural tissues. Serotonin, when administered into the brain elicits complex cardiovascular

responses. Depressor, pressor, or biphasic responses are reported, which reflects the non-

homogenous nature of brain 5-HT neurons subserving different functions. The receptors that

mediate the diverse effects of serotonin have been categorized into major families and

subtypes. The development of specific agonists for serotonin such as the centrally acting

8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), ipsapirone, and flesinoxan with

specificity to 5-HTA subtype receptors has led to the recognition that 5-HT1A receptors are

involved in the central control of autonomic flow (160).

The decrease in neuronal 5-HT and the consequent changes in its receptors, particularly

5-HT1A, may cause hypertension in vitamin B6 deficiency. This was investigated in vitamin

B6-deficient rats after they had developed peak hypertension by examining the effects of

various 5-HT1A agonists. They all had an acute hypotensive effect in these rats. When doses

that caused a fall in SBP of 20 mmHg were compared, the following rank order was

established: 8-OH-DPAT > flesinoxan > 5-methylurapidil > urapidil (161). The affinity of

the agonists for the 5-HT1A receptor site correlated with the order of their antihypertensive

activity indicating that this effect is mediated through the 5-HT1A receptor site (162).

The selective 5-HT1A receptor antagonist spiroxatrine (161) dose-dependently antagonized

the hypotensive activity of 5-HT1A receptor agonists.

The moderately vitamin B6-deficient hypertensive rats have a low concentration of

serotonin in various brain areas and correspondingly an increased 5-HT1A receptor number

in membrane preparations from the tissues. What is the mechanism of the hypotensive action

of the 5-HT1A agonists? The hypertension of the moderately vitamin B6-deficient rat is

characterized by central sympathetic stimulation as seen in other animal models of hyperten-

sion. When the a2-adrenoreceptors in the nucleus tractus solitarii (NTS) are stimulated,

inhibitory neurons of the vasomotor center are activated. Sympathetic outflow, which ori-

ginates from the vasomotor center and innervates the peripheral vasculature, heart, and

kidney, is reduced. As a result, peripheral vascular tone, heart rate, and renin release are

decreased, resulting in a decrease in total peripheral resistance and cardiovascular output.

Drugs such as clonidine, an a2-agonist, exert their cardiovascular effect through stimulation

of the a2-adrenoreceptors in the brain stem. Activation of central a2-adrenoreceptors in the

NTS requires a serotonergic input through the 5-HT1A receptor (163). Hence it results in

the hypotensive action of 5-HT1A receptor agonists as well as the hypertensive response in the

serotonin-deficient, moderately vitamin B6-deficient rat.

PYRIDOXAL-50-PHOSPHATE AND CALCIUM CHANNELS

The end result of centrally mediated sympathetic stimulation is an increase in peripheral

resistance. This is reflected in elevations of both resting and stimulated vascular tone in

the resistance arteries of the moderately vitamin B6-deficient hypertensive rats (164).
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Elevated peripheral resistance is the hall mark of hypertension as seen in other models of

hypertension. The increase in tone of caudal artery segments from the hypertensive vitamin

B6-deficient rat is calcium dependent. The decrease in tone following the addition to the

medium of the calcium-channel antagonist, nifedipine, indicates that the increased peripheral

resistance resulting from increased permeability of smooth muscle plasma membrane to Ca2þ

might be central to the development of hypertension in the vitamin B6-deficient rat (164).

The initiation of smooth muscle contraction is principally dependent on the short-term

increase in cytosolic Ca2þ. Calcium moves in and out of the cell and intracellular storage sites

in response to chemical, electrical, pressure, and other physical stimuli (165). Calcium influx

occurs through plasma membrane Ca2þ channels, which are voltage-operated or receptor-

mediated. Voltage-sensitive calcium channels open on depolarization of the cell membrane

resulting in an inward movement of calcium ions. ATP is an important extracellular nucle-

otide that mediates its effect via plasma membrane-bound P2 receptors. The P2 purinoceptors

belong to two different families P2X and P2Y, respectively, which differ in their molecular

structure and transduction mechanisms. P2X receptors are agonist-gated nonselective cation

channels that mediate a rapid depolarization through influx of both Ca2þ and Naþ. P2Y

receptors act via G-protein-coupled receptors.

The slow channel (L-type) is the major pathway by which Ca2þ enters the cell during

excitation for initiation and regulation of the force of contraction of cardiac and skeletal

muscle. Vascular smooth muscle also contains the L-type channel. We evaluated the possi-

bility that in the vitamin B6-deficient hypertensive rat a higher concentration of cytosolic free

Ca2þ might be responsible for the higher tension in the vascular smooth muscle. The high

cytosolic free Ca2þ could result from an increase in the permeability of dihydropyridine-

sensitive L-type calcium channel of the vascular smooth muscle plasma membrane. We

determined the intracellular calcium uptake by caudal artery segments of vitamin B6-deficient

hypertensive and control rats using the lanthanum-resistant calcium [45Ca2þ] uptake as an

index. In the hypertensive, deficient rats, the [45Ca2þ] influx into the vascular smooth muscle

was significantly increased to twice that of the control (164).

We investigated the alterations in [Caþ2]i induced by KCl in vitamin B6-deficient hyper-

tensive and control rats. [Ca2þ]i was measured in isolated cardiomyocytes using the Fura-2

fluorescent technique. The KCl-induced [Ca2þ]i increase was significantly higher in cardio-

myocyte isolated from vitamin B6-deficient hypertensive rats. A single injection of vitamin B6

(10 mg=kg body weight) to the deficient animal completely reversed the KCl-induced changes

in [Ca2þ]i due to vitamin B6 deficiency (166).

The defects in the calcium channel of vitamin B6-deficient hypertensive rats were exam-

ined further by studying the effect of calcium-channel antagonists on the SBP of conscious

hypertensive rats (167). All the calcium-channel antagonists were effective in lowering

the SBP of the vitamin B6-deficient hypertensive rats with a rank order of potency: nifedipine

> (�)202–791 > (+)verapamil > diltiazem. The specificity of the effect was demonstrated as

the dihydropyridine agonist, BAY K 8644 antagonized the hypotensive effect of nifedipine.

In further experiments, we examined the relationship between vitamin B6 levels in the

diet and some dietarily induced hypertensive conditions. Low levels of calcium in the diet

potentiated the hypertension induced by the vitamin B6-deficient diet (168). In addition high

dietary calcium reduced the SBP of vitamin B6-deficient hypertensive rats, similar to the

observations in other hypertensive animal models (169,170).

Chronic ingestion of simple carbohydrates such as sucrose or fructose has been shown to

increase the SBP in several rat strains (171). This was attenuated by the inclusion of a vitamin

B6 supplement (five times the normal intake) in the diet (172). In further work, we investi-

gated whether a dietary supplement of vitamin B6 could attenuate the elevation of SBP in

genetically hypertensive animal models such as the Zucker obese or the SHR. Male Zucker

obese rats ( fa=fa) fed a commercial rat chow developed hypertension in 3–4 weeks.
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The inclusion of a dietary vitamin B6 supplement (five times the normal intake) resulted in a

complete attenuation of the hypertension in the obese strain, which was reversible (172).

In contrast to the effect seen in the Zucker obese rats, there was no response to the inclusion

of a dietary vitamin B6 supplement in SHRs. The changes in SBP in the Zucker as well as in

the sucrose- or fructose-fed rats correlated with the changes in the uptake of calcium by the

caudal artery segments in these groups.

In view of the earlier results, we investigated the possibility that pyridoxine or more

particularly PLP could directly modulate the cellular calcium uptake process. BAY K 8644, a

DHP-sensitive calcium-channel agonist (173) stimulated calcium [45Ca2þ] entry into artery

segments from control rats. PLP dose-dependently reduced the BAY K 8644-stimulated

calcium uptake by control artery segments (174,175). The basal uptake of [45Ca2þ] by caudal

artery segments from vitamin B6-deficient hypertensive rats was at least twice the uptake

by artery segments from control normal rats. PLP or nifedipine added to the incubation

medium significantly decreased the [45Ca2þ] uptake by artery segments from the vitamin

B6-deficient hypertensive rats. However, in the presence of BAY K 8644 in the incubation

medium, both PLP and nifedipine were much less effective in attenuating the [45Ca2þ] uptake

by artery segments from the deficient hypertensive rats. These in vitro direct antagonisms

indicate the possibility that the calcium-channel agonist BAY K 8644, the calcium-channel

antagonist nifedipine and PLP might all act at the same site on the calcium channel. We

examined the effect of PLP on the binding of tritiated nitrendipine, a dihydropyridine

calcium-channel antagonist, to membrane preparation from caudal artery of normal rats.

PLP treatment of crude membranes of caudal artery resulted in a significant decrease in the

number of [3H]nitrendipine-binding sites (166).

In a further study, we examined the influence of PLP on the ATP-induced contractile

activity of the isolated rat heart and the ATP-mediated increase in [Ca2þ]i in freshly isolated

adult rat cardiomyocytes as well as on the specific binding of ATP to cardiac sarcolemmal

membrane to determine if PLP is an effective antagonist of ATP receptors in the myocar-

dium. The contractile activity of the isolated perfused rat heart was monitored on infusion

with 50 mm ATP in the presence or absence of 50 mm PLP. The infusion of ATP caused an

immediate increase (within seconds) in left ventricular diastolic pressure (LVDP), þdP=dt,

and �dP=dt. This effect was completely blocked in the hearts pretreated with PLP for 10 min.

The antagonistic effect of PLP was concentration dependent. The specificity of the effect

of PLP was established as propranolol, which prevented the positive inotropic action of

isoproterenol showed no effect on the positive inotropic action of ATP. Conversely, the

contractile activity of isoproterenol was unaffected by PLP (166,176).

The ATP-induced increase in [Ca2þ]i was significantly decreased in cardiomyocytes fol-

lowing pretreatment with PLP. We also examined the effect of PLP on both the high- and low-

affinity binding sites for ATP on cardiac sarcolemma. PLP almost completely blocked the

low-affinity binding whereas the high-affinity binding was decreased by about 60%. Other

purinergic P2X antagonists such as suramin, cibacron blue, and 4,40-diisothiocyanatostilbene-

2,20-disulfonic acid (DIDS) inhibited ATP binding at both high- and low-affinity sites.

Agents such as propranolol (b-adrenoreceptor blocker), prazosin (a-adrenoreceptor

blocker), verapamil (L-type Ca2þ-channel blocker), and ryanodine (sarcoplasmic reticulum

Ca2þ-release channel blocker) did not show any significant effect on the high- or low-affinity

ATP-binding sites. PLP is a weak antagonist of P2 receptors (177). Synthetic polyanionic

diazo derivative of PLP such as pyridoxal-a5-phosphate-6-azophenyl-20,40-disulfonic acid

(PPADS) and 2,5-disulfonate isomer of PPADS (iso-PPADS) are P2 receptor antagonists,

with a preference for P2X receptor (178–181).

PLP in vitro attenuates the influx of extracellular calcium. This effect is achieved through

modulation of ligand binding. This is analogous to the effect of PLP on steroid hormone

activity (182). The action of drugs at the calcium channels would indicate that endogenous
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factors or ligands might serve as physiological regulators, a function that is mimicked by

synthetic calcium-channel agonists or antagonists. The KCl-induced increase in [Ca2þ]i was

increased in cardiomyocytes from vitamin B6-deficient rats. Administration of vitamin B6 to

the deficient rats abolished this condition. It is possible that the augmentation of KCl-induced

increase in [Ca2þ]i in the deficient rat is related to an increase in Ca2þ influx through

the sarcolemmal calcium channels. An increase in Ca2þ influx in smooth muscle cells

causes an increase in tone of the smooth muscle and hence, hypertension in the deficient

animal (155,174).

Studies in humans have identified an independent association between low plasma

vitamin B6 concentration and a higher risk of coronary artery disease (CAD) (183). In

addition to a role for vitamin B6 in atherosclerosis, other potential explanations have been

considered. These include the role of PLP in platelet aggregation through inhibition of

adenosine-50-diphosphate receptors (184), downregulation of glycoprotein IIb gene expres-

sion (185), and the association between low PLP and inflammatory markers (186,187). Low

plasma concentration of PLP has been inversely related to C-reactive protein (CRP) in the

Framingham Heart Study Cohort (188). The relation between plasma PLP and major

markers of acute-phase reactions in affecting CAD was evaluated in a cohort of subjects

who were characterized by angiography for severe coronary atherosclerosis and a control

group of CAD-free individuals (189). They determined plasma PLP, fibrinogen, high-sensi-

tivity CRP (hs-CRP), serum lipid concentrations, and all major biochemical CAD risk factors

including total homocysteine. A significant, inverse-graded relation was observed between

PLP and both hs-CRP and fibrinogen. The CAD risk as a result of low PLP was additive

when considered in combination with elevated hs-CRP concentration or with an increased

ratio of low-density lipoprotein (LDL) to high-density lipoprotein (HDL). Low plasma PLP

concentrations were inversely associated with major markers of inflammation and independ-

ently associated with increased CAD risk (188). The association of low PLP concentration

with higher risk of CAD remained even after the inclusion, in a multivariate logistic regres-

sion model, of hs-CRP, fibrinogen, and variables related to homocysteine metabolism. It has

been suggested that the association of low PLP with CAD risk is mainly due to the effect of

inflammation on plasma PLP concentration (190). Friso et al. (191) contend that the additive

effect of low PLP to that conferred by hs-CPR was seen in the progressive increase in the

estimate of CAD risk across increasing hs-CRP quintiles. This is supported by the observa-

tion of Kelly et al. (192) that a low PLP status was associated with stroke and only partially

mediated via inflammation, as expressed by the major inflammation marker hs-CRP.

Our observations on the role of PLP in both the major calcium channels for the influx of

extracellular calcium might proffer a viable biochemical explanation for the association

between low PLP concentration and the risk for CAD. The increase in [Ca2þ]i in cardiomyo-

cytes in the vitamin B6-deficient rat might contribute to heart dysfunction and increased

susceptibility to myocardial infarction (166) and explain the beneficial effect of vitamin B6 in

patients with hypertension (193) and myocardial infarction (166). PLP also antagonizes the

cardiac action of ATP by blocking purinoceptors on the myocardium. This is consistent with

pharmacological studies showing the antagonistic effect of PLP on ATP-induced changes in

rat vagus and vas deferens (177). It is significant that PLP has an inhibitory effect on both the

major channels, the L-type as well as the ATP-mediated, for the influx of extracellular

calcium into the cell.

HYPERHOMOCYSTEINEMIA—CARDIOVASCULAR IMPLICATIONS

Homocysteine is a sulfur-containing amino acid formed during the metabolism of methionine,

an essential amino acid. These two amino acids undergo interconversion through the demethy-

lation and remethylation pathways. This ‘‘methionine cycle’’ is important in the conservation
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of methionine and occurs in all tissues. In the demethylation pathway, methionine is stepwise

converted through S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) to

homocysteine. SAM is an universal methyl donor, and the methyl acceptors are DNA, RNA,

proteins, catecholamines, phospholipids, myelin, carnitine, and polysaccharides (Figure 10.5).

The product, homocysteine, is converted back to methionine, for conservation of

this essential amino acid, by the remethylation pathways. In the significant remethy-

lation pathway, methionine synthetase adds the methyl group to homocysteine with

5-methyltetrahydrofolate (5-MeTHF) as the methyl donor. This reaction requires methylco-

balamin. The other product of this reaction, tetrahydrofolate is converted back to 5-MeTHF

through successive steps. The first step is catalyzed by serine hydroxymethyl transferase,

a PLP-dependent enzyme. The product 5,10-methylenetetrahydrofolate (5,10-MTHF) is

reduced to 5-MeTHF by 5,10-MTHF reductase, a flavin enzyme that uses NADH as the
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FIGURE 10.5 Metabolism of methionine–homocysteine. SHMT, Serine hydroxyl methyl transferase;

5,10-MTHFR, 5,10-methylene tetrahydrofolate reductase; MS, methionine synthetase; BHMT, betaine

homocysteine methyltransferase; CS, cystathionine synthetase; THF, tetrahydrofolate; 5,10-MTHF,

5,10-methylene tetrahydrofolate; 5-MeTHF, 5-methyltetrahydrofolate; SAM, S-adenosylmethionine;

SAH, S-adenosylhomocysteine; methyl B12, methylcobalamin; DMG, dimethyl glycine.
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reducing potential. 5-MeTHF is restored as the methyl source in the ‘‘methionine cycle.’’

A minor pathway of remethylation uses betaine as the methyl source.

Homocysteine is catabolized by the transsulfuration pathway in which homocysteine is

converted to cystathionine by cystathionine synthetase (CS), a PLP enzyme. Cystathionine

is further degraded to cysteine by g-cystathionase, another PLP enzyme. Cysteine contributes

to the syntheses of taurine and more significantly of glutathione. The sulfur is terminally

degraded to inorganic sulfate. The smooth operation of these metabolic pathways ensures

normal tissue and plasma concentrations of methionine and homocysteine.

Two features of the methionine–homocysteine metabolic pathways are to be noted. The

first relates to the control of methionine–homocysteine metabolism. SAM, the product

of the demethylation pathway inhibits 5,10-MTHFR and activates CS, under conditions of

cellular methionine excess. The second feature of the metabolic pathways is the number

of vitamins involved. In the remethylation pathway, dietary folate is the source of

5-MeTHF of the methyl transferase reaction, which also requires methylcobalamin (methyl-

B12). The formation of 5,10-MTHF from THF requires PLP (vitamin B6). The reduction of

5,10-MTHF to 5-MeTHF requires riboflavin and niacinamide. The key steps of the ‘‘trans-

sulfuration’’ pathway are catalyzed by CS and g-cystathionase, respectively. Both require

PLP (vitamin B6). Hence the interrelationships occur among water-soluble vitamins particu-

larly folate, vitamin B12, and vitamin B6 and homocysteine metabolism (194,195). High

homocysteine concentrations (hyperhomocysteinemia, homocysteinuria) are the result of

genetic defects, deficiencies of folate, vitamins B12, and B6 (196), or renal failure (197). In

the Framingham study, inadequate vitamin status was associated with more than two-thirds

of the cases of hyperhomocysteinemia (198).

The vascular pathology of hyperhomocysteinemia implicating it in the pathogenesis of

arteriosclerosis was first proposed by McCully (199) based on autopsy evidence of precocious

arterial thrombosis and atherosclerosis in a homocysteinuric patient. Although dormant for

decades, this hypothesis has received much clinical and experimental evidence. Even mild

hyperhomocysteinemia has been shown to be an independent risk factor for arthrosclerosis

and thromboembolic diseases (200–203). In hyperlipidemic patients with atherosclerotic

disease, hyperhomocysteinemia is an independent predictor of atherosclerotic events (204).

The pathological mechanisms of hyperhomocysteinemia include its effect on blood pres-

sure (205,206). The effects involve the stimulation of smooth muscle cell proliferation as well

as the alteration of the elastic properties of the vascular wall. There is evidence to suggest

that hyperhomocysteinemia mediates atherosclerosis through endothelial dysfunction (207),

generation of reactive oxygen species, and increased susceptibility of LDL to oxidation

(208). The oxidation products of reduced homocysteine include H2O2 and superoxide

anions (209). The impairment of vasodilation in homocysteinemia is due to the decreased

availability of nitric oxide (NO), through formation of peroxynitrite in the reaction between

superoxide anion and NO (210). Homocysteine increases the thickness of vascular intima,

endothelial cell desquamation, and monocyte adhesion to vessel wall (206). The regulation of

collagen expression is mediated by a redox-sensitive homocysteine receptor. Homocysteine

activates nuclear factor kappa-B (NF-kB), which contributes to the mitogenic effect by

activating cyclin D1 expression. This leads to increase in vascular smooth muscle proliferation

contributing to constrictive collagen remodeling. Homocysteine enhances collagen synthesis

(211). The resultant reduction in the elastin–collagen ratio would contribute to the changes in

the vessel wall characteristics leading to increased systemic vascular resistance.

In view of the established connection between hyperhomocysteinemia and vascular dys-

function, there have been efforts to study clinically and experimentally the effect of decreasing

homocysteine concentration on vascular function. A strong inverse association between

homocysteinemia and plasma folate was established in the adult survivors of the Framingham

Heart Study. In this study, a weaker inverse association with plasma vitamin B12 and PLP was
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also seen. Inadequate plasma concentrations of one or more, among folate, vitamin B12, and

vitamin B6 contributed to 67% of the cases of hyperhomocysteinemia (198). In various

studies, therapy of homocysteinemia with a combination of folate and vitamin B6 resulted

in normalization of plasma homocysteine concentration. Glueck et al. (204) treated patients

for 15 weeks with folic acid (5 mg=day) and pyridoxine (100 mg=day), resulting in a normal-

ization of plasma homocysteine. Similar results have been reported by others (201,202). In

one study, Till et al. (212) used carotid intima–media thickness (IMT) as a marker of

atherosclerotic changes and studied the effect of multiple vitamin treatment. In a double-

blind randomized trial, patients received 2.5 mg folic acid, 25 mg pyridoxine, and 0.5 mg

vitamin B12 or placebo daily for 1 year. There was a significant decrease in plasma homo-

cysteine as well as in IMT in the treated group. In another study (213), vitamin B12 and

vitamin B6 were effective in lowering plasma homocysteine even after an initial lowering of

homocysteine by folic acid treatment. Marcucci et al. (214) studied 310 nonvalvular atrial

fibrillation (NVAF) patients on oral anticoagulant treatment and 310 controls. Hyperhomo-

cysteinemia (highest quartile) and vitamin B6 deficiency (lowest quartile) were independently

associated with NVAF after multivariate analysis. Various reports indicate that homocysteine

and vitamin B6 are independent and additive cardiovascular risk factors (215). Within

the framework of a large Austrian study on recurrent venous thromboembolism (VTE), the

impact of hyperhomocysteinemia on VTE was assessed. Homocysteinemia due to genetic

factors or vitamin deficiency was an independent risk factor of recurring VTE and low

vitamin B6 levels were associated with an increased risk of first venous thrombosis.

Patients with inflammatory bowel disease (IBD) are at increased risk for thrombosis and

vitamin deficiencies. Low plasma levels of vitamin B6 are an independent risk factor for

thrombosis and low levels of vitamin B6 were significantly more frequent in patients with

active IBD than in patients with the quiescent disease. Low vitamin B6 levels were signifi-

cantly correlated with serum concentrations of C-reactive protein (inflammation marker) and

also homocysteine (216). In experiments using the rat, a vitamin B6-deficient diet induced

hyperhomocysteinemic condition compared with a normal vitamin B6 diet. This hyperhomo-

cysteinemia induced by vitamin B6 deficiency was increased 10-fold in rats fed a high

polyunsaturated fatty acid diet. It is significant that PLP is a cofactor of d-6-desaturase,

which is involved in polyunsaturated fatty acid metabolism (217).

There is evidence to suggest that a deficiency of vitamin B6 leads to hyperhomocysteine-

mia. The relationship of hyperhomocysteinemia to various cardiovascular and thromboem-

bolic diseases is well established. Hyperhomocysteinemia is attenuated by treatment with

folate, vitamin B12, and vitamin B6. The reduction in homocysteine concentration following

folate treatment of hyperhomocysteinemia is further augmented by treatment with vitamin

B6. In addition to its relationship to cardiovascular diseases through the homocysteine

connection, it has been shown that vitamin B6 deficiency is an independent risk factor for

various cardiovascular diseases. This relationship could be through the development of

hypertension in vitamin B6 deficiency. The specific decrease in the neurotransmitter serotonin

in the central nervous system and its connection to sympathetic stimulation is well estab-

lished. Hence, the connection between PLP and calcium entry into the vascular cell and

cardiomyocytes occurs, controlling vascular tone.

ADVANCED GLYCATION END PRODUCT INHIBITORS—PYRIDOXAMINE

The implication of advanced glycation end products (AGEs) on the pathogenesis of diabetic

and uremic complications as well as on aging and atherosclerosis has been recognized recently

leading to investigations on the inhibition of the formation of AGEs.

Nonenzymatic glycation involves the Schiff-base condensation of the carbonyl group of

sugar aldehydes with the N terminus or free amino groups of proteins. This is reversible
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process and is referred to as the Maillard reaction. It is dependent on the concentration of

glucose. The Schiff bases are later rearranged to intermediate ketamine Amadori products.

This is a partially reversible reaction. In the later phase, over a period of weeks and months,

glucose-independent reactions including rearrangements, condensation, dehydration, poly-

merization, and fragmentation lead to a host of metabolites that are referred to as ‘‘advanced

glycation end products’’ (AGEs). Lipid peroxidation of polyunsaturated fatty acids gives

rise to corresponding ‘‘advanced lipoxidation end products’’ (ALEs). AGEs comprise a

vast range of molecular species including aminoacids (carboxymethyllysine, CML), glyoxal-

derived lysine dimers (GOLD), methylglyoxal-derived lysine dimers (MOLD), carbohydrates

(pentosidine), and lipids (malondialdehyde-lysine, 4-hydroxynonenal protein adducts).

High tissue levels of glucose as in diabetes accelerate the formation of AGEs. These

compounds, because of their low molecular weight, are cleared by the kidney. Hence, under

conditions of renal impairment the serum concentration of AGEs builds up. Oxidative stress

and carbonyl stress contribute to the formation of AGEs and ALEs. An imbalance between

reactive oxygen and nitrogen species or free radicals and antioxidants in favor of free radicals

is referred to as oxidative stress. The overproduction of carbonyl compounds caused by

increased formation or decreased clearance of reactive carbonyls is referred to as carbonyl

stress (218). Carbonyl compounds are formed from carbohydrates, lipids, and amino acids

by oxidative and nonoxidative pathways, which are detoxified by several enzymes and are

excreted by the kidneys. Carbonyl compounds react nonenzymatically with amino groups of

proteins to give rise to Schiff base, which rearrange to Amadori products and eventually

to AGEs.

Tissue accumulation of AGEs results in toxic effects. AGEs can directly damage the

structure of extracellular matrix and change its physical, chemical, and metabolic properties.

This happens through cross-linking, quench reactions of nitric oxide, lipoperoxidations or

through AGE-specific receptors. AGE receptors (RAGE) are expressed on the surface of

various cells such as monocytes, macrophage, mesangial cells, neurons, endothelial cells,

smooth muscle cells, and fibroblasts. Following the interaction of AGEs with RAGE,

signaling involving P21ras, MAP kinase, and NF-kB are activated (219). This results in

stimulation of transcription of genes for cytokines, growth factors (TNF, IL-1, PDGF,

IGF-1, interferon), and adhesion molecules (ICAM-1, VCAM-1). Stimulation of cell prolif-

eration, increase in vascular permeability, induction of migration of macrophages, stimula-

tion of endothelin-1 formation, downregulation of thrombomodulin, increased synthesis of

collagen, fibronectin, and proteoglycans, as well as procoagulant tissue factors ensue

(219,220).

Thus, AGEs and ALEs are involved in the pathogenetic mechanisms leading to the

complications of diabetes such as nephropathy, angiopathy, neuropathy, retinopathy, and

renal failure. Even in nondiabetic conditions such as aging, atherosclerosis, dialysis-related

amyloidosis, neurodegenerative diseases, osteoporosis, and rheumatoid arthritis, the increased

formation of AGEs leads to complications (219). Hence, the design of drugs to inhibit the

formation of AGEs and ALEs is a major challenge in the treatment of microvascular

complications of chronic disease states such as diabetes and uremia. These inhibitors trap

low molecular weight reactive intermediates of AGE and ALE formation.

Amino guanidine (AG) is the prototype AGE inhibitor (221). It has been shown to be

effective in the abatement of a wide range of diabetic complications such as nephropathy,

neuropathy, retinopathy, and vasculopathy in various animal models of diabetes. These

positive effects are achieved without any effect on blood glucose concentration, indicating

that AG acts as an inhibitor of advanced glycation reactions. In addition to the inhibition

of AGE formation, AG has other effects such as both anti- and prooxidant effects on

lipid peroxidation, chelation of redox-active mental ions, and inhibition of inducible

nitric oxide synthase. These effects are independent of the formation of AGE. Clinical trials
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of AG indicate that the usefulness of AG is compromised by its hepatotoxicity. AG reacts

with PLP and so, adversely affects vitamin B6 metabolism (222).

In view of the toxicity of AG, the AGE inhibitory activity of analogs of vitamins such as

thiamine and vitamin B6, involved in the metabolism of carbonyl compounds, was examined.

Thiamine pyrophosphate potently inhibited AGE formation and was more potent than AG.

Pyridoxal and PLP competitively inhibit Schiff-base condensation of aldehydes with protein

amino groups at glycation sites. PLP produced a stronger inhibition than AG (223).

Pyridoxamine (PM), a vitamer of vitamin B6, is a potent scavenger of reactive carbonyls

and inhibits the later stages of glycation reactions leading to AGE formation (224). In

contrast to AG, PM is a more potent inhibitor of AGE formation from glycated proteins.

Because it inhibits formation of AGE from Amadori-modified proteins, PM is referred to as

a post-Amadori inhibitor of AGE formation (amadorin). PM also prevents protein modifi-

cation by products of lipid peroxidation and thus, prevents formation of ALEs.

Various mechanisms of action of PM have been indicated (222). PM reacts with keto-

aldehydes formed from glucose during Maillard reactions. PM also reacts with protein-bound

dicarbonyl compounds that are formed from Amadori adducts and are the precursors of

AGEs. PM cleaves a-dicarbonyl compounds and so, could be an AGE-breaker. It is an

inhibitor of the chemical modification of proteins by polyunsaturated fatty acids.

In cell culture studies, both pyridoxamine and pyridoxine (which is not an inhibitor of

AGE formation) decrease superoxide generation and protect red cells against oxidative stress.

PM also protects against oxidative damage to DNA during the growth of umbilical vein

endothelial cells in a high glucose medium (225).

PM has been shown to be a potent inhibitor of the development of renal disease in

diabetic rats. It has positive effects on major microvascular lesions in diabetes such as

retinopathy. PM provides protection against a wide range of pathologies associated with

chronic diabetes, functioning, at least in part, as an inhibitor of AGE and ALE formation

in vivo. The function of PM is not related to its role as a vitamin B6 vitamer. PM, in

combination therapy, might find a use in the treatment of a wide range of chronic diseases

in which oxidative stress, inflammation, and tissue damage lead to an increase in chemical

modification of proteins (222).

VITAMIN B6—GENE EXPRESSION AND ANTICANCER EFFECT

In rats fed a diet adequate in vitamin B6, the fraction of total PLP found in the nuclei of liver

cells was 21% and this increased to 39% in rats fed a vitamin B6-deficient diet indicating a

conservation of the vitamin in the nuclear compartment during deficiency (226). This is

analogous to the distribution of biotin in biotin-replete and biotin-deficient animals (227).

PLP in the cell nucleus is protein bound and this protein has an apparent molecular mass of

50 to 55 kDa. Cells grown in the presence of 5 mM pyridoxine have a decreased glucocorti-

coid-dependent induction of enzymes such as tyrosine aminotransferase. Vitamin B6 regulates

transcriptional activation of human glucocorticoid receptors in the HeLa cells. The modula-

tory role in transcription is not restricted to the glucocorticoid receptor but extends to other

members of the steroid hormone superfamily (228). The intracellular concentration of PLP

could have a profound influence on steroid hormone-induced gene expression, with increased

PLP levels resulting in a decreased transcriptional response to various steroid hormones and

vice versa (229). The possibility of an interaction between vitamin B6 and steroid hormone

has been known for sometime. Kondo and Okada (230) found that the induction of aspartate

aminotransferase in rat liver cytosol (cAspAT) of adrenalectomized vitamin B6-deficient

rats by hydrocortisone was suppressed by the administration of pyridoxine. Oka et al. (231)

have reported that the level of cAspAT mRNA in the liver of vitamin B6-deficient rats was

several fold higher than that of controls. The administration of hydrocortisone induced the
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expression of hepatic cAspAT mRNA. This induction was suppressed by the simultaneous

administration of pyridoxine. Using an oligonucleotide probe of glucocorticoid-response

elements (GREs), the binding of nuclear extract to oligonucleotide was assessed. The binding

of nuclear extracts prepared from liver of vitamin B6-deficient rats was greater than that of

control rats. The preincubation of nuclear extracts with PLP resulted in a significant decrease

in the binding of the extract to GREs.

The level of steroid-induced gene expression from simple promoters containing only

hormone response elements and a TATA sequence was not affected by changes in the vitamin

B6 status. However, the modulatory influence of vitamin B6 status was restored when a

binding site for a transcription factor, nuclear factor I (NFI) was included within the

hormone-responsive promoter indicating that PLP modulates gene expression through its

influence on a functional interaction between the steroid hormone receptors and transcription

factor NFI (232).

A general increase in gene expression that includes housekeeping genes such as b-action is

seen in livers of vitamin B6-deficient rats. This has been ascribed to the activation of RNA

polymerase II and I in the deficient liver. Among the vitamin B6-independent proteins, the

expression of the albumin gene is increased in vitamin B6 deficiency. Serum albumin is the

most abundant protein synthesized and secreted by the liver. The level of albumin mRNA in

vitamin B6-deficient rat livers was increased sevenfold over control levels (233). A 170

nucleotide region immediately upstream of the transcription initiation site of the albumin

gene is sufficient for tissue-specific expression of this gene. This region contains various

transcription factors such as HNF-1 and C=EBP. Oligonucleotides that interacted with

HNF-1 and C=EBP were synthesized and the binding activity of liver nuclear extracts to

each of these olignonucleotides was assessed. Binding activity of extracts prepared from

vitamin B6-deficient rat livers was greater than that prepared from vitamin B6-replete rat

livers. The lower binding activity of extracts from vitamin B6-replete rat liver was suggested to

be due to inactivation of tissue-specific factors by PLP. In further work (232), recombinant

HNF-1 was produced in E. coli and the site of PLP binding in vitro was examined. PLP was

bound to lysine 197 of HNF-1. Lysine 197 lies in the homeodomain of HNF-1. Hence PLP

binding to this lysine residue renders the HNF-1 less accessible to the HNF-1 binding site of

the albumin gene.

diSorbo et al. (234) reported that the growth of B16 melanoma in vitro was inhibited by

5 mM of pyridoxine or pyridoxal. Treatment of mice with 0.5 g pyridoxal per kilogram body

weight reduced the growth of both new and established B16 melanoma. Topical administra-

tion of pyridoxal exhibited selective toxicity for melanoma and also resulted in the necrosis

and regression of murine B16-C3 melanomas in mice (235,236). Pyridoxal supplementation

was shown to reduce cell proliferation and DNA synthesis in estrogen-dependent and inde-

pendent mammary carcinoma cell lines (237). Natori et al. (232) have shown that the growth

of hepatoma HepG2 cells was inhibited by the addition of pyridoxine or pyridoxal to the

culture medium. There was concurrent inhibition of protein synthesis and secretion of

albumin. They also reported that the growth of MH-134 hepatoma cells, transplanted into

C3H=He mice, was significantly reduced by the administration of large amounts of pyridoxine

to mice. Other reports (235) indicate that vitamin B6 suppressed azoxymethane-induced

colon cancer. High dietary intake of vitamin B6 has also been shown to suppress herpes

simplex virus type 2 transformed (H-238) cell-induced tumor growth in BALB=c mice (238).

Epidemiological studies including the ‘‘Seven country study’’ indicate a reduced risk

of lung and colorectal cancer in older men ingesting high doses of vitamin B6 (239,240).

An inverse relationship between vitamin B6 status and incidence of prostate cancer has been

reported. This relationship is supported by experimental work in mice (241). It has

been suggested that inhibition of angiogenesis might be responsible for the anticancer effect

of high doses of vitamin B6. Vitamin B6 was shown to suppress angiogenesis in a rat aortic
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ring angiogenesis model (242). Pyridoxal and PLP were shown to suppress human umbilical

vein endothelial cell (HUVEC) proliferation without affecting HUVEC tube formation (243).

Of the vitamin B6 vitamers, PLP was reported to be a strong inhibitor of DNA polymerase

a and e from phylogenetically wide range of organisms from protists, plants, insects, and

fish to mammals (244). These polymerase classes are related to DNA replication (245).

Treatment with pharmacological doses of vitamin B6 suppressed the expression of cell

proliferation-related genes, c-myc and c-fos, in colon epithelium of mice treated with azox-

ymethane (241). PLP has also been shown to inhibit DNA topoisomerase I and II (246). DNA

topoisomerase is ubiquitous and needed for strand separation, replication, and recombin-

ation. Inhibition of DNA topoisomerase arrests cell cycle and induces apoptosis (243).

PLP has been shown to be an effective inhibitor of many enzymes that have binding

sites for phosphate-containing substrates or effectors including RNA polymerase, reverse

transcriptase, and DNA polymerase (247).

The preventive effects of vitamin B6 on tumorigenesis might also derive from the strong

antioxidant effect of vitamin B6 (248). The expressions of c-myc and c-fos are induced by

oxidative stress and suppressed by vitamin B6 (249). Vitamin B6 deficiency in animals on a

high fat diet lends to increased lipid peroxidation (248). Nitric oxide (NO) plays an important

role in colon carcinogenesis by elevating cyclooxygenase-2 and angiogenesis. The production

of NO and the expression on iNOS mRNA are increased by oxidative stress and suppressed

by pharmacological doses of vitamin B6 (235). These observations highlight the potential

use of pharmacological doses of vitamin B6 in cancer therapy.

VITAMIN B6 AND IMMUNITY

The early work of Stoerk and Eisen (250) and Axelrod et al. (251) was focused on the

requirement of vitamin B6 in antibody production. Over the years, the evidence for this

connection has accumulated. The thymus of rats made vitamin B6 deficient was depleted of

lymphocytes and there was atrophy of lymph nodes. Thymic epithelial cells of moderately

vitamin B6-deficient rats were unable to induce maturation of lymphoid precursors from

neonatally thymectomized donors. The T lymphocytes were reduced. Vitamin B6 deficiency

induced dietarily with or without a supplement of the antipyridoxine drug, deoxypyridoxine,

resulted in impaired antibody formation following exposure to various antigens and this was

associated with a reduction in the number of antibody-forming cells in the spleens of the

deficient rats (252–254).

Cell-mediated immunity is also impaired in vitamin B6-deficient rats. Thoracic duct

lymphocytes from vitamin B6-deficient rats had a decreased ability to respond in mixed

lymphocyte culture and to incorporate uridine into DNA. The delayed type hypersensitivity

(DTH) skin response is reduced in vitamin B6-deficient animals. The rejection of a homolo-

gous transplant is due to cellular immune response of the recipient to antigens of the donor

tissues. Immunosuppression is associated with depletion of vitamin B6 and this facilitates

induction of immune tolerance (255,256). Thus successful skin homografts could be achieved

in vitamin B6-deficient rats. Trakatellis et al. (256) have highlighted the role of serine hydro-

xymethyl transferase in this transplantation. Serine hydroxymethyl transferase has a signifi-

cant role in the production of one-carbon units used in the syntheses of nucleotides and

purines. Thus, in vitamin B6 deficiency or when the enzyme is inhibited by antipyridoxine

compounds such as deoxypyridoxine, the decreased production of one-carbon units impairs

the synthesis of DNA, which is evident particularly in rapidly proliferating cells.

They postulate that this metabolic impairment underlies the decreased humoral and cellular

responses in the vitamin B6-deficient state.

The effect of a supplement of vitamin B6 on the development of tumors and on the in vitro

response associated with cell-mediated immunity was assessed. It was found that peripheral
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blood and splenic lymphocyte proliferative responses to T-cell mitogens such as phytohe-

magglutinin and concanavalin A were higher in mice fed the highest levels of pyridoxine.

High intake of vitamin B6 also suppressed tumor development (235).

A decline in immune response is almost a concomitant of the aging process in animals and

in humans, with the most significant effect on cell-mediated immunity, through a decrease in

the number of T lymphocytes and also changes in T-cell surface receptors. The effect of

pyridoxine supplements on lymphocyte responses in elderly persons was studied. Lymphocyte

proliferative response to both T- and B-cell antigens was reduced. Lymphocyte subpopula-

tions were augmented in the supplemented group and correlated with plasma PLP levels.

Similar findings have been reported (257,258).

Macrophage activation by gram-negative bacterial endotoxin (lipopolysaccharide, LPS) is

central to the mammalian inflammatory response to this agent. The expression of P2 pur-

inergic receptors that bind extracellular adenine nucleotides has been shown to serve as

markers of macrophage differentiation in response to LPS and various cytokines. P2X

purinergic receptors participate in the nucleotide-induced modulation of LPS-stimulated

inflammatory mediator production. Pretreatment of RAW 264.7 macrophages with a P2X

receptor antagonist such as PPADS substantially inhibits LPS-stimulated functions such as

NO production and iNOS expression (259). PPAPDS and PLP have similar biological

activity.

Disease states such as uremia and arthritis are associated with immunological abnormal-

ities. Treatment of uremic patients with pharmacologic doses of pyridoxine (260) resulted in a

significant increase in lymphocyte reactivity in mixed lymphocyte cultures. Plasma PLP was

found to be 50% lower in patients with rheumatoid arthritis than in controls matched for age,

gender, race, and weight (261). All groups had similar intakes of the B vitamins. The plasma

levels of PLP inversely correlated with production of tumor necrosis factor by unstimulated

peripheral blood mononuclear cells.

Vitamin B6 deficiency is widely prevalent among HIV-infected persons (262) despite an

adequate dietary intake and quite often, supplementation with multivitamins. It is suggested

that this might be related to the HIV-related enteropathy. The relationship of PLP to

activation of CD4 T cells by antigen-presenting cells has been investigated. CD4 T cells are

mediators in the initiation and continuation of the immune response causing autoimmune

diseases and allogenic transplant rejection.

The CD4 glycoprotein is the characteristic surface receptor of all helper T cells. The

extracellular part of CD4 molecules comprises four domains D1–D4. CD4 binds to MHC

class II through the D1 and D2 domains. It has been shown that PLP binds very tightly to the

D1 domain on CD4 (263) and thus interferes with the CD4–MHC II interaction. Nonincor-

poration of CD4 into the activation complex could lead to T-cell apoptosis. Further, the tight

association of D1 and PLP would prevent protein–protein interaction of CD4 itself, its

dimerization, or the interaction of the dimer with other molecules on the T-cell surface

leading to apoptosis. PLP has been shown to be an anion-channel blocker in a variety

of cells (264). It has been suggested (265) that PLP might have a role in the treatment of

autoimmunity and in transplant rejection. In addition, as the interaction of HIV gp120 and

CD4 occurs through the D1 domain, PLP may have an anti-HIV effect as well. High

concentrations of PLP inhibit viral coat protein (envelope glycoprotein) binding and infection

of CD4þ T cells by isolates of HIV-1 in vitro (266). Thus PLP might function not only as an

immune stimulator by increasing CD4 T-cell count but also protect uninfected CD4 T cells

from infection by HIV-1 (267). These effects of PLP are seen at a concentration of 50–70 mM

(266). At issue is the mechanism of increasing the tissue concentration of PLP to therapeutic

levels. The rapid hydrolysis of PLP by tissue nonspecific alkaline phosphatase is a major

problem. Levamisole (2,3,5,6-tetrahydro-b-phenylimidazo [2,1-b]thiazole), an antihelminthic

drug, is an inhibitor of this enzyme (268). A combination of phosphatase inhibitor with
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high-ingested doses of pyridoxine might maintain the required high tissue concentrations of

PLP to afford protection of uninfected CD4 T cells against HIV-1 (267). Further work along

these lines is warranted.

TOXICITY OF PYRIDOXINE

Concern about the toxicity of pyridoxine was the result of the controversy associated with the

use of Bendectin (doxylamine plus pyridoxine) by pregnant women and the subsequent

occurrence of birth defects in some offsprings. Later studies have consistently ruled out any

teratogenic effect of pyridoxine (269). Concerns about its toxicity resurfaced following reports

of reversible sensory neuropathy in persons ingesting gram quantities of pyridoxine for long

periods of time extending to years (270). The significant feature to note in these reports is that

the reported sensory neuropathy is reversible, indicating no permanent structural damage to

the nervous system. High doses of pyridoxine ingested for several years has been in vogue for

a long time in the treatment of various clinical conditions, significant among them are

homocysteinemia, pyridoxine-dependent convulsions, autism, and Down’s syndrome

(271,272). It is to be noted that pyridoxine administration up to 750 mg=day in patients

homozygous for homocysteinemia treated up to 24 years has been safe without any report of

sensory neuropathy (273). There has been no report of adverse effects associated with these

treatments. An assessment of available clinical data attests to the general low toxicity of

pyridoxine. Bendich and Cohen (274) conclude that doses of 500 mg=day of pyridoxine for up

to 2 years are not associated with neuropathy whereas doses about 1000 mg=day for variable

periods of time might be been associated with neuropathy. There is no report of permanent

damage to the nervous system following ingestion of large doses of pyridoxine over long time

periods, as the reported neuropathy is reversible following withdrawal of the pyridoxine

supplement.

CONCLUDING REMARKS

The diversity of the chemical reactions involving vitamin B6 is because of the participation of

PLP in determining the three-dimensional structure of PLP-dependent enzymes as well as

in determining the sites of elimination and replacement of substituents. Apart from its role in

phospholipid metabolism through the synthesis of sphingosine and in glycogen metabolism

through its structural role in glycogen phosphorylase, PLP participates in the metabolism of

amino acids. The formation of monoamine neurotransmitters through PLP-dependent dec-

arboxylation of the precursors highlights the role of vitamin B6 in the function of the nervous

system. There is a range in the affinity of PLP to the apodecarboxylases with the result that

during mild or moderate vitamin B6 deficiency, the formation of some monoamine neuro-

transmitters is impaired whereas those of others are not. Thus, the nonparallel effect on

monoamine neurotransmitter syntheses leads to significant alterations in the function of

neuro and neuroendocrine systems. A moderate depletion of vitamin B6 is characterized by

significant decreases in the synthesis and secretion of GABA and serotonin with no change in

the catecholamines. In addition, even under conditions not associated with a depletion of

vitamin B6, administration of pyridoxine to animals results in the augmented synthesis

of some neurotransmitters, with significant biological effects. PLP also has significant effects

on calcium transport, both through the voltage-dependent and the ATP-dependent pathways.

As calcium is at the center of much metabolic regulation, this results in wide-ranging effects in

the functioning of the organism. Here again, the administration of pyridoxine to animals, not

associated with a vitamin-depleted state, have significant calcium-mediated biological effects

indicating a continuum of effects of pyridoxine administration. It is to be noted that ingestion
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of very high doses of pyridoxine does not have irreversible toxic effects. The associated

neuropathy is reversed on withdrawal of the huge supplement. The beneficial effects of a

supplement of pyridoxine (vitamin B6) on the nervous and cardiovascular systems and related

disease processes and the protection afforded by pyridoxine under these conditions need

further study.

Apart from its cofactor role, the affinity of PLP to diverse proteins is at the center of its

noncofactor biological role. PLP modulates gene expression through its influence on the

interaction between steroid hormone receptors and the corresponding transcription factors.

PLP binding to tissue-specific transcription factors makes them less accessible to their binding

site on the target gene. The binding of PLP to the D1 domain of CD4 glycoprotein surface

receptors of helper T cells seems to regulate cell-mediated immunity. The binding of PLP

to cell surface calcium transport systems such as the L-type and the ATP-mediated

calcium channels is the basis of cellular calcium changes mediated by PLP. The study of the

mechanism of these protein–PLP interactions should provide valuable information and newer

approaches to the therapeutic potential of PLP-related compounds.
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11 Biotin

Donald M. Mock
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HISTORY OF DISCOVERY

Although a growth requirement for the ‘‘bios’’ fraction had been demonstrated in yeast, Boas

was the first to demonstrate the requirement for biotin in a mammal. In rats fed protein
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derived from egg white, Boas observed a syndrome of severe dermatitis, hair loss, and

neuromuscular dysfunction known as ‘‘egg-white injury.’’ A factor present in liver cured

the egg-white injury and was named ‘‘protective factor X.’’ The critical event in this ‘‘egg-

white injury’’ of both humans and rats is the highly specific and very tight binding (Kd ¼
10�15 M) of biotin by avidin, a glycoprotein found in egg white [1]. This very high-affinity,

high-specificity interaction is used in an extraordinary range of biochemical, biological, and

pharmaceutical applications. From an evolutionary standpoint, avidin probably serves as a

bacteriostat in egg white; consistent with this hypothesis is the observation that avidin is

resistant to a broad range of bacterial proteases in both the free and biotin-bound form.

Because avidin is also resistant to pancreatic proteases, avidin in dietary egg white binds to

dietary biotin preventing absorption, thus carrying the biotin through the gastrointestinal

tract. Biotin is also synthesized by many intestinal microbes; the contribution of microbial

biotin to absorbed biotin in the absence of egg-white feeding is unknown, but any biotin

released from intestinal microbes is also bound by avidin, preventing absorption. Cooked egg

white does not cause biotin deficiency because cooking denatures avidin, rendering it suscep-

tible to cleavage by pancreatic proteases and unable to interfere with absorption of biotin.

CHEMISTRY OF BIOTIN

STRUCTURE

As reviewed by Bhatia et al. [2] and Bonjour [3], the structure of biotin (Figure 11.1) was

independently elucidated by Kogl and du Vigneaud in the early 1940s. Because biotin has

three asymmetric carbons in its structure, eight stereoisomers exist. Of these, only one

(designated D-(þ)-biotin) is found in nature and is enzymatically active. This compound is

generally referred to simply as biotin or D-biotin. Biocytin (e-N-biotinyl-L-lysine) is about as

active as biotin on a mole basis in mammalian growth studies.

Biotin is a bicyclic compound. One of the rings contains a ureido group (–N–CO–N–) and

the other is a tetrahydrothiophene ring. The tetrahydrothiophene ring has a valeric acid side

chain. On the basis of biotin analog binding to avidin and the X-ray crystallographic structure

of the biotin:avidin complex [1], the ureido ring of biotin is the most important region for the

extraordinarily tight binding of biotin to avidin. Biotin also binds tightly to streptavidin, a

protein secreted by Streptomyces avidinii. Other studies [1] suggest that the length of the side

chain or the apolar nature of the –CH2– moieties in the side chain also play a role in the

binding of biotin to the hydrophobic site on (strept)avidin.

CHEMICAL SYNTHESIS OF BIOTIN

The structure of biotin was confirmed by de novo chemical synthesis by Harrison and

coworkers in the 1940s [3]. The stereospecific synthesis was developed by Goldberg and

Sternbach in 1949 in the laboratories of Hoffman-LaRoche [4]. Additional stereospecific

methods of synthesis have been published [5,6].

PHYSIOLOGY OF BIOTIN

DIGESTION OF PROTEIN-BOUND BIOTIN

The content of biotin is highly variable among foods [7]. Likewise, the proportion of free and

protein-bound biotin likely varies substantially even within food groups [8,9]. ‘‘Free biotin’’ is

defined functionally in most studies as water extractable and dialyzable [10]. ‘‘Bound biotin’’

is usually defined as biotin that is sedimentable after a water extraction of the homogenized
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food [11,12]. Bound biotin must be released to render the biotin fully detectable by either

microbial or avidin-binding assays. Release has generally been accomplished by enzymatic or

acid-catalyzed proteolysis; these methods have likely resulted in incomplete biotin release,

destruction of biotin, or both as discussed in the sections Requirement and Assessment and

Dietary Sources of Biotin.

Proteolytic degradation of dietary protein likely yields biocytin and biotinyl oligopep-

tides. Neither the exact mechanism of the intestinal hydrolysis of protein-bound biotin nor

the relationship of digestion of protein-bound biotin to its bioavailability has been clearly

elucidated, but Wolf and coworkers have postulated that biotinidase (EC 3.5.1.12, an amide

hydrolase) in pancreatic secretions cleaves biocytin [13,14]. Given the observation that

biocytin uptake is substantially less active than that of biotin [15], this cleavage of biocytin

by biotinidase may substantially enhance the bioavailability of bound biotin.

INTESTINAL ABSORPTION OF BIOTIN

Intestinal absorption of biotin has been the subject of an excellent recent review by Said [16].

His studies are the source of a substantial amount of the information concerning intestinal

biotin absorption.

The nutritional significance of biotin synthesized by the normal intestinal microflora

remains uncertain. However, a considerable amount of the bacterially synthesized biotin

appears to be in the free (absorbable) form, and studies in humans, rats, and mini-pigs

have shown that the large intestine is capable of absorbing luminally introduced biotin.

Moreover, studies utilizing human-derived colonic epithelial cells have shown that these

cells posses an efficient, Naþ-dependent, carrier-mediated mechanism for biotin uptake [16].

Absorption of free biotin in the small intestine has been studied using several intestinal

preparations including isolated loops, intestinal cells in culture, and brush-border membrane

vesicles in vitro. Biotin is absorbed from the lumen at the brush border by an Naþ-dependent

carrier. The carrier is structurally specific, requiring both a free carboxyl group on the valeric

acid side chain and an intact ureido ring [17,18]. The transport of biotin is temperature

dependent and occurs against a concentration gradient. At high concentrations, biotin

transport also occurs by simple diffusion.

Based on a study in which biotin was administered orally in pharmacologic amounts, the

bioavailability of biotin is ~100% [19]. This observation provides a rational basis for the

pharmacologic doses used in the treatment of biotin-responsive inborn errors of metabolism

and for predicting that the bioavailability of free biotin is likely to be high for physiologic

doses as well.

Substantial evidence indicates that the intestinal biotin transporter is encoded by the

sodium-dependent multivitamin transporter (SMVT ) gene [16]. SMVT expression generally

parallels biotin transport. Biotin uptake is competitively inhibited by pantothenic acid and

lipoic acid; this observation is consistent with studies of the overexpressed SMVT, which

indicate that SMVT transports pantothenic acid and lipoic acid in addition to biotin. Hence

the origin of the name sodium-dependent multivitamin transporter. In addition, studies using

gene-specific siRNA to silence the SMVT gene in human intestinal epithelial cells indicate that

SMVT is the main (if not the only) biotin uptake system that operates in these cells.

Biotin transport is regulated by multiple factors including biotin nutritional status,

enterocyte maturity, anatomic location, and ontogeny. Upregulation of biotin transport

occurs in response to biotin deficiency. The mechanism for most of the change appears to

be an increased Vmax (presumably mediated by an increased number of carriers) rather than

change in the carrier affinity. Biotin transport is more active in the villus cells than in the crypt

cells. Transport is most active in the upper small intestine and progressively less active

aborally into the colon.
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The intestinal biotin uptake process appears to be under the regulation of intracellular

protein kinase C and Ca2þ–calmodulin-mediated pathways. Transcription of the SMVT gene

of rats appears to be driven by three distinct promoters whereas that of humans appears to

involve two distinct promoters. Said has identified four distinct variants (I, II, III, IV) in

the rat small and large intestine, which have significant heterogeneity in the 50 untranslated

region [16].

The exit of biotin from the polarized enterocyte occurs by transport across the basolateral

membrane. Basolateral transport is also carrier-mediated but is independent of Naþ. Baso-

lateral transport is electrogenic and does not accumulate biotin against a concentration

gradient. The gene is yet to be identified.

TRANSPORT OF BIOTIN FROM THE INTESTINE TO PERIPHERAL TISSUES

Biotin concentrations in plasma are small relative to those of other water-soluble vitamins.

Most biotin in plasma is free and dissolved in the aqueous phase of plasma. However, small

amounts are reversibly bound and covalently bound to plasma protein (~7% and 12%,

respectively); binding to human serum albumin likely accounts for most of the reversible

binding [10,11]. Biotinidase has been proposed as a specific biotin-binding protein or biotin-

carrier protein for the transport into cells [20,21]. A biotin-binding immunoglobulin has

recently been identified in human serum. An approximately fivefold higher concentration of

this biotin-binding immunoglobulin was reported in patients with Graves, disease than in

normal and healthy controls [22].

TRANSPORT OF BIOTIN INTO THE LIVER

Studies of 3T3-L1 fibroblasts [23] rat hepatocytes isolated by collagenase profusion [18,24],

basolateral membrane vesicles from human liver [25,26], and HepG2 human hepatoma cells

[27,28], indicate that uptake of free biotin is mediated both by diffusion and by a specialized

carrier system that is dependent on an Naþ gradient, temperature, and energy. Transport is

electroneutral (Naþ to biotin 1:1) and specific for a free carboxyl group, but transport is not

strongly specific for the structure in the region of the thiophene ring [27]. Recent work from

Said and coworkers provides evidence that the primary, and perhaps only, transporter for

biotin into hepatocytes is coded by the SMVT gene [28]. At physiologic nanomolar concen-

trations, biotin transport into HepG2 cells was inhibited by siRNA specific to the human

SMVT; pantothenic acid uptake was also effectively inhibited by hSMVT-specific siRNA.

Studies in cultured rat hepatocytes have demonstrated trapping of biotin [29], presumably

covalently bound in holocarboxylase enzymes and histones. These studies confirm earlier

studies by McCormick and recapitulate the importance of metabolic trapping of water-

soluble vitamins as a mechanism for an intracellular vitamin accumulation [18].

After entering the hepatocyte, biotin diffuses into the mitochondria via a pH-dependent

process leading to the hypothesis that biotin enters the mitochondria in the neutral, proto-

nated form and dissociates into the anionic form in the alkaline mitochondrial environment,

thus becoming trapped by the charge [30]. Biliary excretion of biotin and metabolites is

quantitatively negligible based on a rat study [31].

TRANSPORT OF BIOTIN INTO THE CENTRAL NERVOUS SYSTEM

Using in situ rat brain perfusion, Spector and Mock [32] demonstrated that biotin is trans-

ported across the blood–brain barrier by a saturable system; the apparent Km is�100 mmol=L
(a value several orders of magnitude greater than the concentration of free biotin in plasma).

Transport was structurally specific. Transfer of biotin directly into the cerebral spinal fluid
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(CSF) via the choroid plexus did not appear to be important for biotin entry into the central

nervous system (CNS). Additional studies using either intravenous or intraventricular injec-

tion of 3H-biotin into rabbits [33] indicated that biotin was cleared from the CSF more

rapidly than mannitol, suggesting specific transport systems for biotin uptake into the

neurons after biotin crosses the blood–brain barrier; further, biotin entry did not depend

on the subsequent metabolism of biotin or immediate trapping by incorporation into brain

proteins.

Ozand et al. have described 10 patients in Saudi Arabia with a novel biotin-responsive

basal ganglia disease. Patients presented with subacute encephalopathy, confusion, disartria,

and dysphasia progressing to cogwheel rigidity, distonia, and quadriparesis. These findings

improved dramatically within days in response to 5–10 mg biotin per kilogram body weight

per day. The symptoms recurred if biotin was discontinued [34]. Zeng et al. working in

collaboration with this group mapped the genetic defect to chromosome 2q36.3 [35]. Each

affected member of the family kindreds displayed one of two missense mutations. Both

mutations alter the coding sequence for the SLC19A3 transporter. SLC19A3 codes for a

protein previously identified as a thiamine transporter and designated THTR-2. These

investigators have speculated that SLC19A3 may be responsible for biotin transport or

recycling in the CNS [35], although the possibility remains that biotin responsiveness is

secondary to an effect on thiamine transport. Vlasova and Mock have identified SLC19A3

as a gene that is highly responsive to biotin status in peripheral blood leukocytes in culture

[36]; SLC19A3 is also responsive to experimental biotin deficiency induced in vivo in human

subjects [37].

Mardach et al. have reported an 18 month old boy with sudden onset biotin-responsive

coma [38]. This child had a profound biotin-transporter defect in both normal and EBV-

transformed lymphocytes; the parents of this child had intermediate biotin transporter activ-

ities consistent with heterozygous status. Despite possessing a biotin-responsive pattern of

organic aciduria consistent with multiple carboxylase deficiency, this child had normal holo-

carboxylase synthetase and biotinidase activities; pantothenic acid transport and SMVT gene

coding sequence were normal. The gene defect of this subject is under active investigation.

Mock has measured the concentrations of free ‘‘biotin’’ (i.e., total avidin-binding

substances) in human CSF and ultrafiltrates of plasma; the ratio was 0.85 + 0.5 for 11

subjects [39]. This result is similar to the CSF:plasma ratios determined for biotin by Spector

and Mock in rabbits, a species that has a specific system for biotin transport across the blood–

brain barrier [33]. Livaniou and coworkers have also measured CSF concentrations of biotin

of normal adults and adults with a variety of neurologic disorders [40]. Both studies provide

evidence that biotin is not highly concentrated in normal CSF. Livaniou and coworkers also

reported a significant reduction in CSF biotin in epileptics and subjects with multiple

sclerosis.

RENAL HANDLING OF BIOTIN

Specific systems for the reabsorption of water-soluble vitamins from the glomerular filtrate

likely contribute importantly to conservation of the water-soluble vitamins [17]. A biotin

transport system has been identified in brush-border membrane vesicles from human kidney

cortex [41,42]. Uptake by brush-border membrane vesicles was electroneutral, structurally

specific, saturable, occurred against a biotin concentration gradient, and was dependent on an

inwardly directed Naþ gradient.

Biotin uptake by human-derived proximal tubular epithelial HK-2 cells is dependent on

temperature, energy, and an inwardly directed Naþ gradient [43] and is inhibited by both pan-

tothenic acid and lipoate, suggesting the involvement of SMVT. Said and coworkers demon-

strated that SMVT is expressed as both mRNA and protein in HK-2 cells. In their study,
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silencing of the SMVT gene by specific siRNA led to specific and significant inhibition of biotin

uptake. Studies with protein kinase C and Ca2þ–calmodulin modulators provided evidence

that renal biotin uptake is under regulation via these pathways. Uptake was also adaptively

regulated by biotin deficiency consistent with previous studies demonstrating reduced biotin

excretion early in experimentally induced biotin deficiency in human subjects [44,45].

The renal clearance of biotin in normal adults and children who are not receiving biotin

supplementation is ~0.4 when expressed as biotin to creatinine clearance ratio [41,46,47]. In

patients with biotinidase deficiency, renal wasting of biotin and biocytin occurs; biotin to

creatinine clearance ratios typically exceed 1, and half-lives for biotin clearance are about half

of the normal value. The mechanism for the increased renal excretion of biotin in biotinidase

deficiency has not been defined, but this observation suggests that there may also be a role for

biotinidase in the renal handling of biotin.

PLACENTAL TRANSPORT OF BIOTIN

Biotin concentrations are 3–17-fold greater in plasma from human fetuses than their mothers

in the second trimester, consistent with active placental transport. Specific systems for

transport of biotin from the mother to the fetus have been reported [48–50]. Studies using

microvillus membrane vesicles and cultured trophoblasts [48,49] detected a saturable trans-

port system for biotin, which was dependent on Naþ and actively accumulated biotin within

the placenta with slower release into the fetal compartment. However, in the isolated,

perfused single cotyledon [48,49] transport of biotin across the placenta is slow relative to

placental accumulation. Studies using fetal facing (basolateral) membrane vesicles detected a

saturable, Naþ-dependent, electroneutral, carrier-mediated uptake process, which was not as

active as the biotin uptake system in the maternal facing (apical) membrane vesicles [50].

SMVT was originally discovered in human chorionic carcinoma cells [51] and is expressed in

normal human placenta [52]. Biotin supply affects the rates of cell proliferation, biotinylation

of carboxylases and histones, expression of SMVT, and progesterone secretion in chorionic

carcinoma cells [53].

TRANSPORT OF BIOTIN INTO HUMAN MILK

Greater than 95% of the biotin in human milk is free in the aqueous phase of the skim

fraction [54]. A steady increase in the biotin concentration is observed during the first 18 days

postpartum in about half of the women; after 18 days postpartum, biotin concentrations vary

substantially [55]. Bisnorbiotin accounts for about half of the total biotin plus metabolites in

early and transitional human milk; biotin sulfoxide accounts for about 10%. With postpartum

maturation, the absolute concentration of biotin increases as well as the proportion of the

total due to biotin; however, bisnorbiotin and biotin sulfoxide still account for about 25% and

8% of the total at 5 weeks postpartum [56].

The concentration of biotin in human milk exceeds the plasma concentration by 10–100-

fold [56], implying that a transport system exists. The location and the nature of the biotin

transport system for human milk have yet to be elucidated.

SPECIFIC FUNCTIONS

In mammals, biotin serves as an essential cofactor for five carboxylases; each enzyme

catalyzes a critical step in intermediary metabolism [57,58]. All five of the mammalian

carboxylases catalyze the incorporation of bicarbonate into a substrate as a carboxyl

group. Four similar carboxylases, two other carboxylases, two decarboxylases, and a trans-

carboxylase are found in nonmammalian organisms. Each works by a similar mechanism.
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INCORPORATION INTO CARBOXYLASES AND HISTONES

Attachment of the biotin to the apocarboxylase (Figure 11.1) is a condensation reaction

catalyzed by holocarboxylase synthetase. The holocarboxylase synthetase reaction is driven

thermodynamically by hydrolysis of ATP to pyrophosphate and onto inorganic phosphate.

An amide bond is formed between the carboxyl group of the valeric acid side chain of biotin

and the e-amino group of a specific lysyl residue in the apocarboxylase. The lysine residue is

consistently found within a biotin acceptor sequence (A=Bio) MKM that is at the center of a

60 to 80 amino acid domain. One interpretation concerning conservation of this amino acid

sequence is that these residues allow the biotinylated peptide to swing the carboxyl (or acetyl)

group from the site of activation to the receiving substrate [59].

Much of our knowledge of the reaction mechanisms for holocarboxylase synthetase

comes from studies of BirA in the analogous Escherichia coli acetyl CoA carboxylase

(ACC) [60]. BirA acts not only as a biotin transfer enzyme and a carboxylase, but this protein

also acts as a repressor of the operand for the biosynthesis of biotin [60,61]. Biotin is

transferred via a two-step reaction involving biotinyl 50AMP. This intermediate remains

bound to BirA producing a conformational shift that stabilizes the complex preventing

unproductive release of biotinyl 50AMP [62,63]. Biotin is then transferred to a biotin carb-

oxyl-carrier protein (BCCP) of ACC with the release of AMP.

Human holocarboxylase synthetase (HCLS, EC 6.3.4.10) has been cloned [64–67]. HCLS

is located on chromosome 21q22.1 and consists of 14 exons and 13 entrons in a span of 240 kb.

Comparison with BirA indicates substantial homology in some regions. Studies of human

mutant HCLS indicate that all forms of holocarboxylase synthetase are likely encoded by

one gene.

Biotinylation of histones is emerging as an important histone modification; biotinylation

likely interacts with other covalent modification of histones. Elsewhere in this text, see an

excellent review of vitamin-dependent modifications of chromatin by Zempleni and cowork-

ers. Briefly, the relative importance in biotinidase and HCLS in the biotinylation and

debiotinylation of histones has yet to be elucidated and is under active investigation

[68–70]. HCLS is present in the nucleus in greater quantities than in the cytosol or the

mitochondria [68]. Gravel and Narang have produced exciting evidence that HCLS likely

acts in the nucleus to catalyze the biotinylation of histones [68] and have hypothesized that

biotinidase acts primarily to catalyze the debiotinylation of histones producing a biotin

regeneration cycle similar to that observed for the biotinylation of apocarboxylases and the

regeneration of biotin during turnover of mitochondrial proteins (Figure 11.1). As fibroblasts

from patients with HCLS deficiency are severely deficient in histone biotinylation [71], a

direct or indirect role for biotinidase in histone biotinylation is likely. Genetic deficiencies of

holocarboxylase synthetase and biotinidase cause two types of multiple carboxylase defi-

ciency. These inborn errors bear some phenotypic resemblance to biotin deficiency, especially

biotinidase deficiency, but are not identical. See the excellent recent review by Wolf in The

Metabolic and Molecular Basis of Inherited Disease for a more detailed discussion [14]. Some

clinical findings and biochemical abnormalities of biotinidase deficiency resemble those of

biotin deficiency (dermatitis, alopecia, conjunctivitis, ataxia, developmental delay) suggesting

that they are caused by biotin deficiency [72,73]. However, the signs and symptoms of biotin

deficiency and biotinidase deficiency are not identical. Seizures, irreversible neurosensory

hearing loss, and optic atrophy have been observed in biotinidase deficiency, but not in biotin

deficiency. The gene for human biotinidase has been cloned, sequenced, and characterized

[14]. The biotinidase gene is a single copy gene of 1629 bases encoding a 543 amino acid

protein; the mRNA is present in multiple tissues including heart, brain, placenta, liver, lung,

skeletal muscle, kidney, and pancreas. Biotinidase activity is greatest in serum, the liver, the

kidney, and the adrenal gland. The liver is thought to be the source of serum biotinidase.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C011 Final Proof page 368 5.5.2007 3:06pm Compositor Name: BMani

368 Handbook of Vitamins, Fourth Edition



FIVE MAMMALIAN CARBOXYLASES

The five biotin-dependent carboxylases are propionyl CoA carboxylase (PCC), methyl-

crotonyl CoA carboxylase (MCC), pyruvate carboxylase (PC), acetyl CoA carboxylase 1

(ACC1), and acetyl CoA carboxylase 2 (ACC2). All except ACC2 are mitochondrial enzymes.

In the carboxylase reaction, the carboxyl moiety is first attached to biotin at the ureido

nitrogen opposite the side chain. Next, the carboxyl group is transferred to the substrate. The

reaction is driven by the hydrolysis of ATP to ADP and inorganic phosphate.

ACC1 and ACC2 both catalyze the incorporation of bicarbonate into acetyl CoA to form

malonyl CoA (Figure 11.2). ACC1 is located in the cytosol and produces the malonyl CoA,

which is the rate-limiting substrate in fatty acid synthesis (elongation). ACC2 is located on the

outer mitochondrial membrane and controls fatty acid oxidation in mitochondria through the

inhibitory effect of malonyl CoA on fatty acid transport into mitochondria.

Pyruvate carboxylase (PC, EC 6.4.1.1) catalyzes the incorporation of bicarbonate into

pyruvate to form oxaloacetate, an intermediate in the tricarboxylic acid cycle (Figure 11.2).

Thus, PC catalyzes an anapleurotic reaction. In gluconeogenic tissues (i.e., liver and kidney),

the oxaloacetate can be converted to glucose. Deficiency of PC is probably the cause of the

lactic acidemia (Figure 11.2), and CNS lactic acidosis observed in biotin deficiency and

biotinidase deficiency and may contribute to abnormalities in glucose regulation.

Methylcrotonyl CoA carboxylase (MCC, EC 6.4.1.4) catalyzes an essential step in the

degradation of the branch-chained amino acid leucine (Figure 11.2). Deficient activity of

MCC (whether due to the isolated MCC deficiency, HCLS deficiency, or biotin deficiency

per se) leads to metabolism of its substrate 3-methylcrotonyl CoA by an alternate pathway to

}

Methylcrotonyl CoA 
carboxylase

Isoleucine 
methionine

Acetyl CoA

Acetyl CoA 
carboxylase 1 and 2

Propionyl CoA 
carboxylase

Succinyl CoA

D-methylmalonyl CoA

Malonyl CoA

Propionyl CoA

Fatty acid elongation

Leucine

3-methylcrotonyl CoA

Tricarboxylic acid cycle

3-methylglutaconyl CoA

3-hydroxyisovalerate 
3-methylcrotonylglycine

Pyruvate

Pyruvate
carboxylase

Oxalacetate

Glucose

Lactate

3-hydroxypropionate 
2-methylcitrate

Acetyl CoA + C12:0

C14:0 + HSCoA

Odd-chain fatty acid 
(e.g., C15:0)

FIGURE 11.2 Interrelationship of pathways catalyzed by biotin-dependent enzymes (shown in boxes).

Organic acids and odd-chain fatty acids accumulate because biotin deficiency causes reduced activity of

biotin-dependent enzymes. Hatched bars denote metabolic blocks at deficient carboxylases. Ovals

denote accumulation of products from alternative pathways, which are denoted by dashed arrows.
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3-hydroxyisovaleric acid, 3-methylcrotonylglycine, and related organic acids (Figure 11.2).

Thus, increased urinary excretion of these abnormal metabolites in the urine reflects deficient

activity of MCC.

Propionyl CoA carboxylase (PCC, EC 6.4.1.3) catalyzes the incorporation of bicarbonate

into propionyl CoA to form methylmalonyl CoA (Figure 11.2). Methylmalonyl CoA under-

goes isomerization to succinyl CoA and enters the tricarboxylic acid cycle. Deficiency of PCC

leads to increased urinary excretion of 3-hydroxypropionic acid and 2-methylcitric acid

(Figure 11.2).

BIOTIN CATABOLISM

Instead of incorporation into carboxylases or histones, biotin may be catabolized. Biotin,

possibly in the form of biotinyl CoA, can be oxidized to bisnorbiotin and tetranorbiotin

(metabolites with two and four fewer carbons in the valeric acid side chain, respectively;

Figure 11.1). The sulfur can be oxidized to sulfoxide and possibly sulfone. Biotin, bisnor-

biotin, and biotin sulfoxide are present in mole ratios of ~3:2:1 in human urine and plasma.

Biotin catabolism is induced during pregnancy, with cigarette smoking, and with anticonvul-

sant therapy, thereby increasing the ratio of biotin catabolites to biotin [74,75] and likely

contributing to biotin depletion.

REQUIREMENT AND ASSESSMENT

CIRCUMSTANCES LEADING TO DEFICIENCY

The requirement for biotin by the normal human has been clearly documented in three

situations: prolonged consumption of raw egg white, parenteral nutrition without biotin

supplementation in patients with short-gut syndrome [39], and infant feeding with an elemental

formula devoid of biotin. As in Japan biotin could not legally be added as a supplement

to infant formulas until 2003, all reports related to infant formula have come from Japan [76].

The most recent report by Fujimoto and colleagues describes the ninth such infant and provides

an excellent summary of the results of the other eight infants [76]. The infants generally

developed the classic cutaneous manifestations of biotin deficiency as well as the characteristic

pattern of organic aciduria. Often feeding of an elemental formula was instituted because

of chronic diarrhea in the infant. Biotinidase deficiency and zinc deficiency were ruled out in

most of the infants. An undiagnosed deficiency of holocarboxylase synthetase deficiency

was functionally ruled out in most infants by the gradual weaning of biotin supplementation

at an age when the infant would be introduced to biotin-containing foods [76].

On the basis of lymphocyte carboxylase activity and plasma biotin levels, biotin deficiency

likely also occurs in children with severe protein energy malnutrition; biotin deficiency may

contribute to the clinical syndrome of protein energy malnutrition [77,78].

Long-term anticonvulsant therapy in adults can lead to biotin depletion [79,80]. The

depletion can be severe enough to interfere with leucine metabolism and cause increased

urinary excretion of 3-hydroxyisovaleric acid [75,81]. The mechanism of biotin depletion

during anticonvulsant therapy is not known, but may involve accelerated biotin catabolism

based on increased urinary excretion of biotin catabolites [75,82]. Impaired biotin absorption

[83,84], impaired biotin transport in plasma, or impaired renal reclamation biotin [20] may

also contribute to biotin depletion.

Studies of biotin status during pregnancy provide evidence that a marginal degree of

biotin deficiency develops in at least one-third of women during normal pregnancy [85,86].

Although the degree of biotin deficiency was not severe enough to produce overt manifest-

ations of biotin deficiency, the deficiency was sufficiently severe to produce metabolic
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derangements. A similar marginal degree of biotin deficiency causes high rates of fetal

malformations in some mammals [87]. Moreover, data from a multivitamin supplementation

study provide significant, although indirect, evidence that the marginal degree of biotin

deficiency that occurs spontaneously in normal human gestation is teratogenic [88].

Biotin deficiency has also been reported or inferred in several other clinical circumstances.

These include Leiner’s disease, sudden infant death syndrome, renal dialysis, gastrointestinal

diseases, and alcoholism [39].

CLINICAL FINDINGS OF FRANK DEFICIENCY

Whether caused by egg-white feeding or omission of biotin from total parenteral nutrition,

the clinical findings of frank biotin deficiency in adults and older children have been quite

similar to those reported by Sydenstricker in his pioneering study of egg-white feeding [39,89].

Typically, the findings began to appear gradually after several weeks to months for egg-white

feeding. Six months to three years typically elapsed between the initiation of total intravenous

feeding without biotin and the onset of the findings of biotin deficiency [39,90]. Thinning of

hair, often with loss of hair color, was reported in most patients. A skin rash described as

scaly (seborrheic) and red (eczematous) was present in the majority; in several, the rash was

distributed around the eyes, nose, and mouth. Depression, lethargy, hallucinations, and

paresthesias of the extremities were prominent neurologic symptoms in the majority of adults.

In infants who developed biotin deficiency, the signs and symptoms of biotin deficiency

began to appear within 3 to 6 months after initiation of total parenteral nutrition or biotin-

free formula. This earlier onset may reflect an increased biotin requirement because of

growth. The rash typically appeared first around the eyes, nose, and mouth; ultimately, the

ears and perineal orifices were involved (periorificial). The appearance of the rash was similar

to that of cutaneous candidiasis (i.e., an erythematous base and crusting exudates); typically,

Candida could be cultured from the lesions. The rash of biotin deficiency is similar, but not

identical to the rash of zinc deficiency [76]. In infants, hair loss, including eyebrows and

lashes, can occur after 6 to 9 months of parenteral nutrition. These cutaneous manifestations,

in conjunction with an unusual distribution of facial fat, have been dubbed ‘‘biotin deficiency

facies.’’ The most striking neurologic findings in biotin-deficient infants were hypotonia,

lethargy, and developmental delay. A peculiar withdrawn behavior was noted and may reflect

the same CNS dysfunction diagnosed as depression in the adult patients.

LABORATORY FINDINGS OF BIOTIN DEFICIENCY

Methodology for Measuring Biotin

Methods for measuring biotin at pharmacologic and physiologic concentrations have been

reviewed [39]. For measuring biotin at physiologic concentrations found in plasma and urine

(i.e., 100 pmol=L to 100 nmol=L), a variety of assays have been proposed, and a limited

number have been used to study biotin nutriture. All the published studies of biotin nutriture

have used one of three basic types of biotin assays: (a) bioassays (most studies), (b) avidin-

binding assays (several recent studies), or (c) fluorescent derivative and complex assays (a few

published studies).

Bioassays generally have adequate sensitivity to measure biotin in blood and urine.

Radiometric bioassays offer both sensitivity and precision. However, the bacterial bioassays

(and perhaps the eukaryotic bioassays as well) suffer interference from unrelated substances

and variable growth response to biotin analogs; these bioassays can give conflicting results if

biotin is bound to protein [39].

Avidin-binding assays generally measure the ability of biotin to do one of the following:

(a) to compete with radiolabeled biotin for binding to avidin (isotope dilution assays),
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(b) to bind to 125I-avidin and thus prevent 125I-avidin (or enzyme-coupled avidin) from

binding to a biotinylated protein adsorbed to plastic (sequential, solid phase assay), or (c) to

prevent the binding of a biotinylated enzyme to avidin and thereby prevent the consequent

inhibition of an enzyme activity. Other methods detect the postcolumn enhancement of

fluorescence activity caused either by the mixing of the column eluate with fluorescent-labeled

avidin or derivatization of biotin and metabolites by a fluorescent agent before separation

by HPLC [91–93]. Avidin-binding assays using novel detection systems such as electrochem-

ical detection [94], bioluminescence linked through glucose-6-phosphate dehydrogenase [95],

or a double antibody technique [96] have been published and may offer some advantages

in terms of sensitivity. Avidin-binding assays have been criticized for remaining cumber-

some, requiring highly specialized equipment or reagents, or performing poorly when

applied to biological fluids. Avidin-binding assays detect all avidin-binding substances,

although the relative detectability of biotin and analogs varies between analogs and between

assays, depending on how the assay is conducted (e.g., competitive vs. sequential). Assays

that couple chromatographic separation of biotin analogs with subsequent avidin-binding

assays of the chromatographic fractions are more sensitive and chemically specific [85,91,93].

These assays have been used in several studies that provide new insights into biotin

nutrition [44,74,97–99].

A problem in the area of biotin analytical technology that remains unaddressed is the

disagreement among the various bioassays and avidin-binding assays concerning the true

concentration of biotin in human plasma. Reported mean values range from ~500 to >10,000

pmol=L.

Although commonly used to assess biotin status in a variety of clinical populations,

the putative indexes of biotin status had not been previously studied during progressive

biotin deficiency. To address this issue, Mock and coworkers [44] induced progressive biotin

deficiency by feeding egg white. The urinary excretion of biotin declined dramatically with

time on the egg-white diet, reaching frankly abnormal values in eight of nine subjects by

day 20 of egg-white feeding. Bisnorbiotin excretion declined in parallel with urinary biotin,

providing evidence for regulation of catabolism of the biotin metabolic pools. By day 14 of

egg-white feeding, 3-hydroxyisovaleric acid excretion was abnormally increased in all

nine subjects, providing evidence that biotin depletion decreases the activity of the biotin-

dependent enzyme MCC and alters intermediary metabolism of leucine earlier in the course of

experimental biotin deficiency than previously appreciated. Serum concentrations of free

biotin as measured by HPLC separation and avidin-binding assay decreased to abnormal

values in less than half of the subjects. Thus, these studies provide objective confirmation of

the impression of many investigators in this field [100] that blood biotin concentration is not

an early or sensitive indicator of impaired biotin status.

Plasma concentrations of biotin (i.e., total avidin-binding substances) are higher in term

infants than older children and, for reasons that are not simply related to dietary intake,

decline after 3 weeks of breast feeding or feeding a formula containing 11 mg=L of biotin.

Infant formulas supplemented with 300 mg=L produce plasma concentrations ~20-fold

greater than normal [101]; consequences of these higher levels, if any, are unknown.

Odd-chain fatty acid accumulation is a marker of biotin deficiency [102–105]. Several

groups have independently demonstrated increases in the percentage composition of odd-

chain fatty acids (e.g., 15:0, 17:0, etc.) in hepatic, cardiac, or serum phospholipids in the

biotin-deficient rat and chick. Moreover, Mock and coworkers detected accumulation of odd-

chain fatty acids in red cell membranes and plasma lipids of subjects in whom biotin

deficiency was induced experimentally [99] and in the plasma of patients who developed

biotin deficiency during parenteral nutrition [106]. The accumulation of odd-chain fatty acid

is thought to result from PCC deficiency, based on the observation that the isolated genetic

deficiency of PCC and related disorders cause an accumulation of odd-chain fatty acids in
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plasma, red blood cells, and liver [107,108]. Apparently, the accumulation of propionyl CoA

leads to the substitution of propionyl CoA moiety for acetyl CoA in the ACC reaction, and

hence, to the ultimate incorporation of a three carbon, rather than a two carbon, moiety

during fatty acid elongation [109].

Biochemical Pathogenesis

The mechanisms by which biotin deficiency produces specific signs and symptoms remain

to be completely delineated. However, several recent studies have given new insights into

the biochemical pathogenesis of biotin deficiency. The assumption of most studies is that

the clinical findings of biotin deficiency result directly or indirectly from deficient activities

of the five biotin-dependent carboxylases. However, the recently elucidated role of biotin

as a covalent modifier of histones and other evolving roles of the effects of biotin open

the possibility that these mechanisms may also contribute to the phenotype of biotin

deficiency.

Sander and coworkers initially suggested that the CNS effects of biotinidase deficiency

(and, by implication, biotin deficiency) might be mediated through deficiency of PC and the

attendant CNS lactic acidosis. As brain PC activity declined more slowly than hepatic

PC activity during progressive biotin deficiency in the rat, these investigators discounted

this mechanism. However, subsequent studies suggest their original hypothesis is correct.

Diamantopoulos et al. [110] expanded the hypothesis by proposing that deficiency of brain

biotinidase (which is already quite low in the normal brain) [111] combined with biotin

deficiency leads to a deficiency of brain pyruvate carboxylase and, in turn, to CNS accumu-

lation of lactic acid. This CNS lactic acidosis is postulated to be the primary mediator of the

hypotonia, seizures, ataxia, and delayed development seen in biotinidase deficiency. Add-

itional support for the CNS lactic acidosis hypothesis has come from direct measurements of

CSF lactic acid in children with either biotinidase deficiency or isolated pyruvate carboxylase

deficiency and from the rapid resolution of lactic acidemia and CNS abnormalities in patients

who have developed biotin deficiency during parental nutrition [39]. The work of Suchy and

coworkers has provided evidence against an etiologic role for disturbances in brain fatty acid

composition in the CNS dysfunction [103,112].

Several studies have demonstrated abnormalities in metabolism of fatty acids in

biotin deficiency and have suggested that these abnormalities are important in the pathogen-

esis of the skin rash and hair loss. The cutaneous manifestations of biotin deficiency

and essential fatty acid deficiency are similar but not identical and the pathogenesis likely

involves impaired lipid synthesis. For example, Munnich et al. [113] described a 12 year old

boy with multiple carboxylase deficiency; in retrospect, the enzymatic defect was almost

certainly biotinidase deficiency [114]. The child presented with alopecia and periorificial

scaly dermatitis. Oral administration of ‘‘unsaturated fatty acids composed of 11% C18:1,

71% C18:2, 8% C18:3, and 0.3% C20:4’’ at a rate of ‘‘2–400 mg=day’’ plus twice daily topical

administration of the same mixture of fatty acids ‘‘resulted in dramatic improvement of the

dermatologic condition’’ and hair growth. Lactic acidosis and organic aciduria remained

the same.

Three studies in the rat support the possibility of abnormal polyunsaturated fatty

acid (PUFA) metabolism as a cause of the cutaneous manifestations of biotin deficiency.

Kramer et al. [102] and Mock et al. [104] have reported significant abnormalities in the n-6

phospholipids of blood, liver, and heart. Watkins and Kratzer also found abnormalities of

n-6 phospholipids in liver and heart of biotin-deficient chicks [115]. Several investigators have

speculated [103–109,111,114,116,117] that these abnormalities in PUFA composition

might result in abnormal composition or metabolism of the prostaglandins and related

substances derived from these PUFAs. However, these studies did not directly address the
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question of an etiologic role. To address that question, Mock [118] examined the effect of

supplementation of the n-6 PUFA (as intralipid) on the cutaneous manifestations of biotin

deficiency in a nutrient interaction experiment. Supplementation of n-6 PUFA prevented the

development of the cutaneous manifestations of biotin deficiency in a group of rats that were

as biotin deficient (based on biochemical measurements) as the biotin-deficient control group.

The rats not receiving the supplemental n-6 fatty acids did develop the classic rash and hair

loss. This study provides evidence that an abnormality in n-6 PUFA metabolism plays a

pathogenic role in the cutaneous manifestations of biotin deficiency and that the effect of the

n-6 PUFA cannot be attributed to biotin sparing.

OTHER EFFECTS OF DEFICIENCY

Subclinical biotin deficiency has been shown to be teratogenic in several species including

chicken, turkey, mouse, rat, and hamster [39]. Fetuses of mouse dams with degrees of biotin

deficiency too mild to produce the characteristic cutaneous or CNS findings developed

micrognathia, cleft palate, and micromelia [119–123]. The incidence of malformation

increased with the degree of biotin deficiency to a maximum incidence of ~90%. Differences

in teratogenic susceptibility among rodent species have been reported; a corresponding

difference in biotin transport from the mother to the fetus has been proposed as the cause

[124]. Bain et al. have hypothesized that biotin deficiency affects bone growth by affecting

synthesis of prostaglandins from n-6 fatty acid [125]. This effect on bone growth might be the

mechanism for the skeletal malformations caused by biotin deficiency.

On the basis of studies of cultured lymphocytes in vitro and of rats and mice in vivo,

biotin is required for normal function of a variety of immunological cells. These functions

include production of antibodies, immunological reactivity, protection against sepsis,

macrophage function, differentiation of T and B lymphocytes, afferent immune response,

and cytotoxic T-cell response [126–131]. However, in rats in which only moderate biotin

deficiency was induced, immune function was not strikingly impaired. Specifically, neither

phenotype nor organ redistribution of lymphocytes occurred, and mitogen T-cell prolifer-

ation, mitogen-induced interferon-g, and interleukin-4, and IgG antibody responses and

natural killer cell activity were not affected by moderate biotin deficiency [123]. In humans,

Okabe et al. [132] have reported that patients with Crohn’s disease have depressed natural

killer activity caused by biotin deficiency and are responsive to biotin supplementation. In

patients with biotinidase deficiency, Cowan et al. [133] have demonstrated defects in both

T-cell and B-cell immunity. However, supplementation of 750 mg of biotin per day for 14

days in normal subjects actually caused a significant decrease in peripheral blood monocyte

proliferation as well as release of interleukin-1b and interleukin-2 [122].

Evidence is accumulating that biotin has stimulatory effects on genes whose actions favor

lowering blood glucose concentrations; these include insulin, insulin receptor, and both

pancreatic and hepatic glucokinase. Biotin also decreases expression of hepatic phospho-

enolpyruvate carboxykinase, a key enzyme in gluconeogenesis by the liver. Thus, the net

effect observed from biotin in whole animal and cell culture studies favors hypoglycemia.

These observations are in accord with studies detecting impaired glucose tolerance and

decreased glucose utilization in biotin-deficient rats. Recently, pharmacologic amounts of

biotin have been reported to lower postprandial glucose concentrations and improve toler-

ance to glucose in genetically diabetic mice strains and in individuals with Type I and Type II

diabetes. In a similar fashion, older studies indicating that biotin deficiency interferes with

lipid metabolism and pharmacologic biotin therapy improves hyperglycemia have been con-

firmed in recent studies in individuals with hypertriglyceridemia. This topic is the subject of

an excellent recent review by Fernandez-Mejia [134].
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DIAGNOSIS OF BIOTIN DEFICIENCY

The diagnosis of biotin deficiency has been established by demonstrating reduced PCC activity

in peripheral blood lymphocytes [135,136], reduced urinary excretion of biotin [44,45],

increased urinary excretion of the characteristic organic acids discussed earlier [45,99], and

resolution of the signs and symptoms of deficiency in response to biotin supplementation.

Plasma and serum levels of biotin, whether measured by bioassay or avidin-binding assay, have

not uniformly reflected biotin deficiency [44,85,100]. The clinical response to administration

of biotin has been dramatic in all well-documented cases of biotin deficiency. Within a few

weeks, healing of the rash has been striking, and growth of healthy hair was generally present

after 1–2 months of biotin supplementation. In infants, hypotonia, lethargy, and depression

generally resolved within 1–2 weeks of biotin supplementation; accelerated mental and motor

development followed.

REQUIREMENTS AND ALLOWANCES

Data providing an accurate estimate of the biotin requirement for infants, children, and

adults are lacking [137]; as a result, recommendations often conflict among countries [39].

Data providing an accurate estimate of the requirement for biotin administered parenterally

are also lacking. For parenteral administration, uncertainty about the true metabolic require-

ment for biotin is compounded by lack of information concerning the effects of infusing

biotin systemically and continuously (rather than the usual postprandial absorption into

intestinal portal blood). Despite these limitations, recommendations for biotin supplementa-

tion have been formulated for oral and parenteral intake from preterm infants through adults

[137–139]. These recommendations are given in Table 11.1. One published study describes

infants parenterally supplemented [140]; normal plasma levels of biotin were detected in term

infants supplemented at 20 mg=day and increased plasma levels of biotin were detected in

preterm infants supplemented at 13 mg=day (note that the units for plasma biotin should be

picogram per milliliter in this publication [140]).

TABLE 11.1
Recommended Intake of Biotin

Age

Safe and Adequate

Daily Oral Intakes (mg)

Daily Parenteral

Intakes (mg)

Preterm infants 5 5–8 mg kg�1

Infants up to 6 months 5 20

Infants 7–12 months 6 20

Children 1–3 years 8 20

Children 4–8 years 12 20

Children 9–13 years 20 20

Children 14–18 years 25 20

Adults 30 60

Pregnancy 30 —

Lactation 35 —

Sources: National Research Council in Recommended Dietary Allowances, 11th ed., Food

and Nutrition Board Institute of Medicine National Academy Press, Washington, DC,

1998, 374–389; Greene, H.L., Hambridge, K.M., Schanler, R., and Tsang, R.C., Am.

J. Clin. Nutr., 48, 1324, 1988; Greene, H.L. and Smidt, L.J. in Nutritional Needs of the

Preterm Infant, Tsang, R.C., Lucas, A., Uauy, R., and Zlotkin, S., eds., Williams &

Wilkins, Baltimore, MD, 1993, 121–133.
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An important factor in the current uncertainty concerning the biotin requirement is the

possibility that biotin synthesized by intestinal bacteria may contribute significantly to

absorbed biotin. If so, the required intake would be reduced and might be dependent on

factors that influence the density and species distribution of intestinal flora. Unfortunately,

few data are available for assessing the actual magnitude of the absorbed microbial biotin.

DIETARY SOURCES OF BIOTIN

There is no published evidence that biotin can be synthesized by mammals; thus, the higher

animals must derive biotin from other sources. The ultimate source of biotin appears to be de

novo synthesis by bacteria, primitive eukaryotic organisms such as yeast, molds, and algae,

and some plant species.

Most measurements of the biotin content of various foods have used bioassays [141–145].

Recent publications [12,146] provide evidence that the values are likely to contain substantial

errors. However, some worthwhile generalizations can still be made. Biotin is widely

distributed in natural foodstuffs, but the absolute content of even the richest sources is low

when compared with the content of most other water-soluble vitamins. Foods relatively

rich in biotin include egg yolk, liver, nuts, legumes, and some vegetables [12,146]. The

average daily dietary biotin intake has been estimated to be ~35–70 mg using a microbial

assay [141,147–149].

PHARMACOLOGY AND TOXICITY

TREATMENT OF BIOTIN DEFICIENCY

Pharmacologic doses of biotin (e.g., 1–20 mg) have been used to treat most patients with biotin

deficiency and biotin-related inborn errors. For two patients, parenteral administration of

physiologic amounts of biotin (100 mg=day) was adequate to cause resolution of the signs and

symptoms of biotin deficiency and to prevent their recurrence [39]. However, abnormal organic

aciduria persisted for at least 10 weeks in one patient receiving 100 mg=day, suggesting that this

dose may not have been adequate to restore tissue biotin levels to normal over that time. In

pregnant women with increased 3-hydroxyisovaleric acid excretion treatment with 300 mg of

biotin for 2 weeks resulted in decreased 3-hydroxyisovaleric acid excretion in every woman, but

3-hydroxyisovaleric acid excretion did not return to normal in 3 of 13 women. Likely, this

organic aciduria indicates that biotin status at the tissue level was not restored entirely to

normal. Whether this degree of deficiency is sufficient to cause significant, subtle morbidity is

currently not known.

TOXICITY

Daily doses up to 200 mg orally and up to 10–20 mg intravenously for over 6 months have

been given to treat biotin-responsive inborn errors of metabolism and acquired biotin

deficiency; toxicity has not been reported [14].

PHARMACOLOGY

Mounting reports of biotin deficiency in commercial animals and humans have led to several

studies of plasma levels, pharmacokinetics, and bioavailability after acute or chronic oral,

intramuscular, or intravenous administration of biotin in cattle [150], swine [151,152], and

human subjects [19,153,154].
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Doses greater than 300 mg result in high biotin concentrations in blood and the

urinary excretion of a large proportion as the unchanged vitamin [153–155]. Increased

blood concentrations of bisnorbiotin and biotin sulfoxide [155] and urine excretion rates

[156] of bisnorbiotin and biotin sulfoxide are also observed. These observations are consistent

with the metabolites originating from human tissues rather than enteric bacteria.
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INTRODUCTION

The isolation, structure identification, and synthesis of folic acid, which took place in the

1940s, led to the widespread therapeutic use of this water-soluble vitamin for the treatment

of megaloblastic anemia. During the next 50 years, the basic aspects of folate metabolism

and the biochemical functions were investigated and the key role of folate coenzymes in one

carbon metabolism established. Since the early 1990s, the links between folate intake and

birth outcome or chronic disease risk were explored. One of the most important public health

discoveries of this century is that daily supplemental folic acid taken periconceptionally

significantly reduces the risk of neural tube defects (NTDs). The conclusive evidence related

to folic acid and NTD risk reduction led to the implementation of global public health

policies including mandatory folic acid fortification in North America. The identification

of genetic polymorphisms that affect the structure–function of folate-related enzymes and

proteins has served as the catalyst for the ongoing search for links between these polymorph-

isms and increased risk for birth defects or chronic disease.

This chapter highlights the current knowledge of folate nutrition including key aspects

of the chemistry, food sources, intake recommendations, methods of analysis and status

assessment, metabolism, biochemical functions, and genetic polymorphisms. An overview

of the association between folate status and health-related risks provides the foundation for

new research efforts to address challenging new questions that have evolved from research

efforts to date.

CHEMISTRY

STRUCTURE AND NOMENCLATURE

Folate consists of a family of compounds that differ in a variety of ways including

the oxidation state of the molecule, the length of the glutamate side chain, and the

specific one carbon units attached to the molecule. The folate molecule, tetrahydrofolate

(THF), is derived from 5,6,7,8-tetrahydropteroylglutamate, which consists of a 2-amino-4-

hydroxy-pteridine (pterin) moiety linked via a methylene group at the C-6 position to a

p-aminobenzoylglutamic acid (pABG) (Figure 12.1). The pyrazine ring in THF is fully

reduced at the 5,6,7, and 8 positions and reduction at positions 7 and 8 only yields dihydro-

folate. The monoglutamate form of the vitamin contains one glutamic acid molecule, which

can be converted to a glutamate chain by the addition of glutamate residues by g-peptide

linkage. In the majority of naturally occurring folates, the number of glutamate units in

the side chain varies from 5 to 8. The fully oxidized monoglutamate form of the vitamin is

referred to as folic acid and is the form used commercially in supplements and fortified foods.

In contrast to polyglutamyl folate, folic acid rarely occurs naturally in food. Specific one
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carbon units that can be added at either or both of the N-5 or N-10 positions of the

polyglutamyl form of the THF molecule include methyl (CH3), methylene (��CH2��),

methenyl (��CH¼¼), formyl (��CH¼¼), or formimino (��CH¼¼NH) groups.

CHEMICAL PROPERTIES

The molecular weight of folic acid is 441.4, and although it is described as ‘‘water soluble,’’ the

acid form is only slightly soluble in water in contrast to the salt form, which is quite soluble. The

THF molecule is labile in solution due to sensitivity to oxygen, light, and extremes in pH. In

oxygenated solutions, THF breaks down to form pterin-6-carboxaldehyde, H2 pterin, pterin,

and xanthopterin. The molecule is rapidly cleaved at the C-9–N-10 bond forming pABG.1 In

contrast to THF and N-10-substituted THF, which are unstable in the presence of oxygen, folic

acid and THF substituted at N-5 (or N-5, N-10) are relatively stable when exposed to oxygen.

Instability to light is a consistent feature of all forms of folate.

FOOD SOURCES

NATURALLY OCCURRING FOOD FOLATE

Folate that occurs naturally in the diet, referred to in this chapter as food folate, is concen-

trated in select foods including orange juice, strawberries, dark green leafy vegetables,

peanuts, and dried beans such as black beans and kidney beans.2 Meat in general is not a

good source of folate, with the exception of liver.

Folate coenzymes (Polyglutamate THF)
One carbon units (N-5, N-10, or N-5 and N-10 positions)

Pteridine p-Aminobenzoic acid
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FIGURE 12.1 Folic acid structure. Folic acid consists of a pteridine ring linked to p-aminobenzoic acid

joined at the other end to a molecule of glutamic acid. Food folates exist in various forms, containing

different numbers of additional glutamate residues joined to the first glutamate. The folate or folic acid

structure can vary by reduction of the pteridine moiety to form dihydrofolic acid and tetrahydrofolic

acid (THF), elongation of the glutamate chain, and substitution of one carbon units to the polygluta-

mated form of the THF molecule.
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FOLIC ACID IN FORTIFIED AND ENRICHED FOOD PRODUCTS

In addition to food folate, ready-to-eat breakfast cereals contribute significantly to folate

intake in the United States since the majority of breakfast cereals in the United States

marketplace contain ~100 mg per serving of folic acid and a smaller number contain 400 mg

per serving.3 Folic acid is an added ingredient in a large number of other food products

including meal replacement and infant formulas, and an increasing number of ready-to-eat

breakfast cereals, nutritional bars, and snack foods. In the United States, all ‘‘enriched’’

cereal grain products (e.g., bread, pasta, flour, breakfast cereal, and rice) and mixed food

items containing these grains are required by the Food and Drug Administration to be

fortified with folic acid for the purpose of reducing the risk of NTDs.4 Although the effective

date was January 1, 1998, the majority of food manufacturers had implemented folic acid

fortification by mid-1997. Mandatory fortification has also been implemented in select

countries in addition to the United States including Canada,5 Chile,6 and some Latin

American countries.7

EFFECT OF FOLIC ACID FORTIFICATION ON FOLATE INTAKE AND STATUS IN THE

UNITED STATES AND CANADA

Folic acid fortification has had a significant impact on folate status in the United States and

Canada.8,9 In the United States, recently reported nationally representative data from the

National Health and Nutrition Examination Survey (NHANES) (1999–2000) were compared

with that from the prefortification period (NHANES III 1988–1994).8 The median serum

folate concentration increased more than twofold (from 12.5 to 32.2 nmol=L) and the median

red blood cell (RBC) folate concentration increased from 392 to 625 nmol=L from NHANES

III (1988–1994) to NHANES (1999–2000). In Canada, the mean RBC folate concentration

rose from 527 nmol=L during the prefortification period to 741 nmol=L postfortification in

women of reproductive age.9

BIOAVAILABILITY

The bioavailability of folate may be defined as the portion of the nutrient that is physiolo-

gically available, which is influenced by numerous factors including but not limited to

the following: (a) chemical form of folate; (b) food matrix; (c) the chemical environment

in the intestinal tract; and (d) factors affecting the metabolic fate postabsorption.10,11

Reported estimates of folate bioavailability are quite variable due in part to differences

between experimental approaches and analytical methodologies used.11–14

The blood folate response to folic acid is greater than that observed in response to food

folate.10,11 The average bioavailability of food folate has been estimated to be no more than

50% relative to folic acid consumed alone in a fasting condition.15 When folic acid is

consumed with a light meal, the bioavailability is ~85% that of supplemental folic acid

taken alone when fasting.16

METHODS

FOOD FOLATE

Food folate has historically been measured by a wide range of methods including microbio-

logical assay, radiobinding or radiometric assay, and fluorometric, electrochemical, or spec-

trophotometric methods, with some methods in combination with high-performance liquid

chromatography (HPLC).17 A review of the interlaboratory variation using many of these

different methods has been published.18
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The microbiological assay has been considered to be one of the best and most versatile

methods for the determination of food folate for the past half century. Lactobacillus casei

subspecies rhamnosus (ATCC 7469) has been the most widely used microorganism since it

responds almost equally to the widest variety of folate derivatives.19 Folate values using the

microbiological assay are currently obtained after heat extraction to release folate from

folate-binding protein or the food matrix in the presence of a reducing agent such as ascorbic

acid, followed by trienzymatic extraction and deconjugation.20,21 This trienzyme procedure

involves a combination of protease and a-amylase treatments to release folate bound to

matrices of proteins and polysaccharides, respectively, in addition to pteroyl-g-glutamyl

carboxypeptidase (folate conjugase, EC 3.4.19.9), which hydrolyzes folate polyglutamates

to folate with shorter glutamyl residues that can be used by the microorganisms.19 Key studies

have confirmed that the trienzyme assay results in significantly higher folate values compared

with conjugase treatment alone and that the higher values are not an artifact of the assay

procedure.22,23 Based on the results of a recent collaborative study, the microbiological assay

with trienzyme extraction has been recommended for adoption as the official AOAC

method.24

Food folate can also be measured by HPLC methods25,26 and procedures are also

available to either allow the identification of specific one carbon derivatives of folate27 or

characterize the length of the polypeptide chain.28,29 To identify the one carbon entities,

folates are treated with folate conjugase to convert the polyglutamyl folates to monogluta-

mates and then separated by reverse phase HPLC.27 To identify polyglutamate distributions,

folates can be cleaved at the C-9–N-10 bond to yield ( pABPG) derivatives, which can be

separated and identified by HPLC analysis.28,29 The analysis of one carbon derivatives and

polyglutamate chain length is complicated by the large number of folate derivatives present in

food. To address this challenge, Selhub and coworkers30 developed an affinity method using

immobilized milk folate–binding protein to purify the extracted folates before reverse phase

HPLC analysis. This method allows quantitation of individual folates in foods and can

also be applied to tissues.

BIOLOGICAL SAMPLES

Quantitation of folate in biological specimens includes microbiological growth procedures,

protein–ligand-binding methods, chromatographic and mass spectrometric methods.17,31

Several liquid chromatography–tandem mass spectrometry methods have been developed

for the analysis of clinical specimens.32,33 The classical L. casei method for measurement of

both serum and RBC folate concentrations has been used in research laboratories for more

than 50 years. When the microbiological assay is used, the standard cutoff to define inad-

equate folate status for serum folate is <7 nmol=L (<3 ng=mL) and for RBC folate is

305 nmol=L (<140 ng=mL).34 The basis of this cutoff is the observation that in response to

a folate-deficient diet (~5 mg=day), the appearance of hypersegmented neutrophils in the

peripheral blood coincided with the approximate time when the RBC folate concentration

was <305 nmol=L.34 In a clinical setting, radioassay procedures are most commonly used

with variable cutoffs depending on the specific kit used. Improvement and standardization of

methods for quantitation of folate in biological samples remains the focus of ongoing

research efforts due to substantial differences between commonly used methods in different

laboratories.35,36

DIETARY REFERENCE INTAKES

The dietary reference intakes (DRIs) established by the Institute of Medicine (IOM) are a set

of reference values including the estimated average requirement (EAR), recommended dietary
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allowance (RDA), adequate intake (AI), and tolerable upper intake level (UL).37 The RDA

for all males and nonpregnant females �14 years is 400 mg DFE=day. For pregnant and

lactating women, the RDA increases to 600 and 500 mg DFE=day, respectively.38 Dietary

folate equivalent (DFE) is a unit of expression for the folate DRIs (except the upper level),

and derived by the IOM as a means to account for differences in bioavailability of food

folate and synthetic folic acid provided by fortified foods.39 When expressed as DFEs, all

forms of dietary folate, including folic acid in fortified products, are converted to an amount

that is equivalent to food folate. The quantity of synthetic folic acid in the diet is first

multiplied 1.7 times and this quantity is added to the microgram of food folate. The

conversion factor (1.7) was based on the observation that when folic acid is consumed with

a meal, which is the usual case for a fortified product, then the added folic acid is ~85%

available16 and food folate is ~50% available15; thus, the ratio 85:50 yielded the multiplier

of 1.7 in the DFE calculation. A recent study provides confirming evidence for the validity of

the use of the 1.7 multiplier to correct for the higher bioavailability of folic acid than the

naturally occurring food folate.40 Yang et al.40 conducted a long-term-controlled human

metabolic study in which the metabolic response to multiple combinations of food folate

and folic acid (microgram of food folate or microgram of food folate plus microgram of folic

acid� 1.7) was compared. The fact that the folate status responses to the different combin-

ations within 400 and 800 mg DFE=day groups were not different supports the basis of the

1.7 equivalency conversion factor.

A tolerable UL was estimated (IOM 1998) for folic acid (1000 mg=day). In contrast, there

is no UL for naturally occurring food folate. The UL for folic acid is not based on evidence of

a toxic reaction to folic acid, since there are no substantiated side effects and no dose response

associated with high doses of folic acid.37 The basis of the UL is the reported correction of

hematological abnormalities associated with a vitamin B12 deficiency, which may delay

(mask) the detection of the B12 deficiency if the diagnosis is solely dependent on the presence

of anemia.41

In addition to the DRIs for folate and folic acid, the IOM also established a separate

recommendation specifically targeted to women capable of becoming pregnant to reduce the

risk of NTDs. This recommendation is different from the RDA since the recommendation

specifies that the supplemental form of the vitamin, folic acid (400 mg=day), be taken

(or consumed as a fortified food) in addition to folate in a varied diet.

METABOLISM

ABSORPTION AND TRANSPORT

Dietary folate predominately occurs in a polyglutamate form, which must be first hydrolyzed

to the monoglutamate form before intestinal epithelial cell uptake, which takes place primar-

ily in the jejunum.10 The enzyme responsible for the deconjugation of polyglutamyl folate is

folylpoly-g-glutamate carboxypeptidase (EC 3.4.12.10) (also referred to as folate conjugase or

pteroylpolyglutamate hydrolase), which is located primarily in the jejunal brush-border

membrane. Folylpoly-g-glutamate carboxypeptidase functions as an exopeptidase that

releases terminal glutamates sequentially with optimal activity at pH 6.5 to 7.0.42 The next

stage in the two-step process of dietary folate absorption is transport of monoglutamyl folate

across the intestinal muscoa, which is maximum at a pH of 5–6.

The transport process for internalizing folate is not completely understood, however in

general there appears to be two types of carrier-mediated mechanisms involved, a folate

transporter and a folate receptor. These folate membrane transport systems are essential for

normal folate absorption into the epithelial cells of the small intestine, for reabsorption by a

similar epithelial layer in the proximal renal tubes, and for internalization through the plasma
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membranes of both the developing embryo and the adult organism.43 In the intestine,

the folate transporter is encoded by the reduced folate carrier (RFC ) gene, which is also

expressed in most tissues.44,45 The RFC is mobile and therefore capable of mediating bidir-

ectional flux.43 The second type is the receptor-mediated processes in which folates are bound

with high affinity at the membrane surface to a folate receptor-like protein, which mediates

unidirectional flux following internalization of the receptor–folate complex.43 The folate

receptor is encoded by at least three genes with most tissues expressing the a-form. When

high doses of folic acid are given (>10 mM), intestinal uptake takes place by a nonsaturable

mechanism involving a diffusion-like process.46

Once internalized, folate is metabolized to 5-methyl THF, although the degree of meta-

bolism depends on the folate dose, with unmetabolized folic acid appearing in the portal

circulation when pharmacological doses are given.47 With passage through the liver, folic acid

is converted to 5-methyl THF,48 however, large oral doses of folic acid result in a significant

increase in urinary excretion of unmetabolized folic acid.49

Plasma folate, primarily 5-methyl THF, is largely bound to albumin, a low-affinity folate-

binding protein (Kd folate ~1 mM), which accounts for ~50% of circulating bound folate.50

A smaller proportion of plasma folate is bound to a high-affinity folate binder (Kd folate

~1 nM), which is a soluble form of a membrane-associated folate transporter.51

Cellular folate uptake is mediated by both RFCs and folate receptors.51 Reversible

internalization of folate is facilitated by RFC proteins in contrast to folate receptors, which

mediate only unidirectional transport of cellular folate. The pathways for entry of folates are

likely to be distinct in different cells depending on the relative efficiency of the RFC and the

folate receptor-mediated mechanisms, as well as the intra- and extracellular concentration

of folate.51 The expression of folate transport proteins may adapt to extracellular folate

concentrations. Folate in portal circulation is taken up by hepatic tissues by the RFC,

which is a low-affinity, high-capacity system. In hepatic tissues, the RFC has a similar affinity

for folic acid as it does for reduced folates; however in many other tissues, the affinity is much

lower for folic acid relative to reduced folates.44,45 In humans, the folate receptor is usually

attached to the plasma membrane of cells via a glycosylphosphatidylinositol anchor. Tissues

with the highest levels include the choroid plexus, kidney proximal tubes, placenta, and a

number of human tumors. In the kidney, the folate receptor has a well-established role in

receptor-mediated reabsorption of folate.52 In the embryo and fetus, the folate receptor shows

localized patterns of expression in that it is highly expressed in the neural folds before

closure of the neural tube, and in the yolk sac. Folate is transported into RBCs exclusively

during erythropoiesis and retained throughout the RBC life span since mature RBCs do not

transport folate.

INTRACELLULAR STORAGE

To be retained intracellularly, folate polyglutamation by folylpolyglutamate synthetase (EC

6.3.2.17) is required.53 To be released back into circulation, the polyglutamate form of folate

must be reconverted to the monoglutamate form, a process that requires g-glutamyl hydro-

lase (EC 3.4.19.9).54,55 Tissue storage of folate in general is limited to the amounts required

for metabolic function, which is estimated to be on average ~15–30 mg.56,57

Cellular folate accumulation displays saturation kinetics with the upper limit approxi-

mating the folate-binding capacity of the cell.58 Within the cells, folate is bound by enzymes

that catalyze folate-dependent reactions and by other folate proteins that sequester folate.59

CATABOLISM AND TURNOVER

Folate is excreted in the urine primarily as breakdown products, with only a very small

percentage as intact folate.60,61 The percentage of ingested food folate that is excreted as
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intact urinary folate is estimated to be only 1%–2%, which indicates that folate is catabolized

before urinary excretion.62 The major fate of folates undergoing catabolism is cleavage of the

C-9–N-10 bond producing pteridines and pABG with the majority of pABG N-acetylated to

acetamidobenzolyglutamate (apABG) before excretion.63,64 Studies conducted by Stover and

coworkers have demonstrated that the iron-storage protein, ferritin, can catabolize folate

in vitro and in vivo, and increased heavy-chain ferritin synthesis decreases intracellular

folate concentrations independent of exogenous folate levels in cell culture models.65

The rates of whole-body folate turnover are very slow in humans with slow-turnover

folate pools exhibiting mean residency times of >100 days.66 Folate-binding proteins are

not expressed in all tissues or are expressed to different degrees, which may explain

the variability in different rates of tissue folate turnover since unbound folate is suscep-

tible to catabolism.67

EXCRETION

The majority of plasma folate not associated with protein is freely filtered in the glomerulus

and reabsorped in the proximal renal tubules.68 A large quantity of folate is secreted daily into

bile but is reutilized via enterohepatic recirculation.68 The origins of folate excreted in feces

include unabsorbed dietary folate, folate synthesized by colonic microbes, and folate contrib-

uted by endogenous secretions. It is estimated that the quantity of fecal folate excretion is

comparable to that of urinary folate excretion.63

BIOCHEMICAL FUNCTIONS

OVERVIEW OF BIOCHEMICAL FUNCTIONS

One carbon metabolism is synonymous with folate-requiring reactions and includes those

involved with different phases of amino acid metabolism, pyrimidine and purine synthesis,

and methylation reactions following the formation of the body’s primary methylating

agent, S-adenosylmethionine (SAM) (Figure 12.2). In each of these folate-dependent path-

ways, a specific form of the folate coenzyme donates a one carbon unit to the reaction,

resulting in regeneration of THF, which is then free to accept other one carbon units from

the folate pool and thus continue the cycle. A detailed description of the enzymatic conver-

sions involved in the subcellular compartmentalization of folate-dependent reactions is

reviewed elsewhere.69

KEY FOLATE-DEPENDENT ENZYMATIC REACTIONS INVOLVED IN ONE CARBON METABOLISM

Serine–Glycine Interconversion

Serine hydroxymethyltransferase (SHMT) (EC 2.1.2.1) (Figure 12.2, Reaction 2) catalyzes the

transfer of formaldehyde from serine to THF to form 5,10-methylene THF and glycine, a

reversible reaction. Both serine and glycine are nonessential amino acids. Serine can be

derived through glycolysis from 3-phosphoglycerate and much of the glycine requirement is

provided by serine by the action of SHMT. The enzyme that contains pyridoxal 50-phosphate

is present in two different isoforms that carry out the interconversion of serine and glycine

either in the mitochondria (mSHMT) or in the cytoplasm (cSHMT). The conversion of

serine to glycine via SHMT generates a 1-C unit (5,10-methylene THF), which is the primary

source of methyl groups for methionine, dTMP, and purine synthesis or it may be oxidized to

CO2 via 10-formyl THF.69–71
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FIGURE 12.2 The diagram represents the major metabolic reactions and interconversions of

folate coenzymes (polyglutamates). DHF, dihydrofolate; THF, tetrahydrofolate; DMG, dimethyl-

glycine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; FIGLU, formiminoglutamic

acid. The enzymes and reaction numbers are noted in Table 12.1.

TABLE 12.1
Select Enzymes Involved in One Carbon Metabolism Depicted

in Figure 12.2

Reaction Enzyme EC Number

1 Dihydrofolate reductase 1.5.1.3

2 Serine hydroxymethyltransferase 2.1.2.1

3 5,10-Methylene THF reductase 1.1.99.5

4 Methionine synthase 2.1.1.13

5 Betaine:homocysteine methyltransferase 2.1.1.5

6 Methionine adenosyltransferase 2.5.1.6

7 Variety methyltransferase reactions Various

8 Glycine N-methyltransferase 2.1.1.20

9 S-Adenosylhomocysteine hydrolase 3.3.1.1

10 Cystathionine b-synthase 4.2.1.22

11 Thymidylate synthase 2.1.1.45

12 Glycinamide ribonucleotide transformylase 2.1.2.2

13 Aminocarboxamide ribotide transformylase 2.1.2.3

14 Formiminotransferase 2.1.2.5
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Formation of 5-Methyltetrahydrofolate

A major cytosolic cycle of one carbon metabolism involves the reduction of 5,10–methylene

THF to 5-methyl THF by 5,10-methylenetetrahydrofolate reductase (MTHFR) (EC 1.7.99.5)

(Figure 12.2, Reaction 3). This reaction is dependent on FAD as a transfer agent for reducing

equivalents from NADPH to the 5,10-methylene THF substrate to form 5-methyl THF. The

binding of SAM to a specific regulatory domain of MTHFR results in allosteric inhibition,

which can be reversed by adenosylhomocysteine (SAH).72

Homocysteine Remethylation

A key enzyme required for the remethylation process is methionine synthase (5-methyltetra-

hydrofolate:homocysteine methyltransferase; EC 2.1.1.13), which sequentially transfers a

methyl group from 5-methyl THF to the cobalamin coenzyme and to homocysteine thus

forming methionine and regenerating THF (Figure 12.2, Reaction 4). The methionine

synthase reaction is the only reaction in which the methyl group of 5-methyl THF can

be metabolized in mammalian tissues. The role of this enzyme is vitally important for

both the folate cycle and for the production of methionine required for SAM-dependent

transmethylation reactions. The methionine synthase reaction allows the reutilization of

homocysteine as a carrier of methyl groups derived primarily from serine.

5-Methyl THF is the primary folate form supplied by the diet to the liver where it enters

the folate pool by conversion to THF catalyzed by methionine synthase. This enzymatic step

appears to be the obligatory step for assimilation of exogenous folate because 5-methyl

THF is a very poor substrate for folate polyglutamate synthesis required for cellular folate

retention.69 For the methionine synthase enzyme to be active, the cobalamin cofactor must be

reduced, which is accomplished enzymatically by methionine synthase reductase (MTRR)

(EC 1.6.1.8).

The methyl-trap hypothesis was proposed73 to explain why a cobalamin deficiency results

in a secondary folate deficiency. The basis of this hypothesis is that a cobalamin deficiency

inactivates methionine synthase trapping folate as 5-methyl THF since the MTHFR reaction

is irreversible. The methyl-trap hypothesis provides the rationale for why either a cobalamin

or folate deficiency may result in megaloblastic anemia due to insufficient THF to form 5,10-

methylene THF required for normal DNA synthesis and cell division.

An alternative homocysteine remethylation cycle is the betaine-dependent remethylation

catalyzed by betaine:homocysteine methyltransferase (BHMT) (EC 2.1.1.5) (Figure 12.2,

Reaction 5).74 The BHMT remethylation of homocysteine is an irreversible reaction in

which choline is first oxidized to betaine (trimethylglycine) and then demethylated to gly-

cine.74 BMHT catalyzes the first demethylation step in which a methyl group of betaine

is transferred to homocysteine, producing dimethylglycine and methionine, respectively.74

Unlike the cobalamin-dependent remethylation of homocysteine catalyzed by methionine

synthase, which is widely distributed in tissues throughout the body, BHMT tissue distribu-

tion in humans is limited to the liver and kidney.

Formation of S-Adenosylmethionine

Methionine is an essential amino acid that must be provided in the diet. Since methionine

is usually one of the limiting amino acids in dietary protein, it has to be efficiently assimilated

and recycled. In addition to protein synthesis, the other major function of methionine

is the synthesis of SAM, the major methyl donor in mammalian systems. The transfer of

the adenosyl component of ATP to methionine is dependent on methionine S-adenosyltrans-

ferase (EC 2.5.1.6) to form SAM (Figure 12.2, Reaction 6). When dietary methionine intake

is adequate, SAM reduces the production of 5-methyl THF by allosteric inhibition of

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C012 Final Proof page 394 7.5.2007 6:25pm Compositor Name: VBalamugundan

394 Handbook of Vitamins, Fourth Edition



MTHFR and hence the supply of methionine.69 In contrast when dietary methionine is

limited, SAM concentration decreases resulting in decreased inhibition of MTHFR, which

allows for an increased production of 5-methyl THF. This leads to an increase in homo-

cysteine remethylation to produce methionine for protein synthesis and methylation.69

Hepatic SAM concentration is regulated by glycine N-methyltransferase (EC 2.1.1.20),

which catalyzes the SAM-dependent methylation of glycine to sarcosine and SAH (Figure

12.2, Reaction 8).75 The glycine N-methyltransferase enzyme provides an alternate mechan-

ism for maintaining the constant ratio of SAM to SAH, which is important to regulate

methylation reactions, since SAH is a strong inhibitor of methyltransferases. Glycine

N-methyltransferase is inhibited by 5-methyl THF, illustrating how folate controls SAM

disposition and methyl group turnover.76

SAM is the methyl donor in >100 transmethylation reactions, including methylation

of DNA, RNA, and membrane phospholipids (Figure 12.2, Reaction 7). A large variety of

methyltransferase enzymes transfer the methyl groups from SAM, which in the process is

converted to SAH. Examples of the >100 different SAM-dependent methylation reactions

are listed in Table 12.2.77

Conversion of S-Adenosylmethionine to S-Adenosylhomocysteine

The conversion of SAM to SAH is a one-way process, which is subjected to competitive

inhibition by SAH.78 SAH has a higher affinity than SAM for the active site of the methyl-

transferases, therefore a build up of SAH and decreased SAM=SAH ratio is associated with

methyltransferase inhibition.78 SAH is hydrolyzed to homocysteine and adenosine by SAH

hydrolase (EC 3.3.1.1) (Figure 12.2, Reaction 9) via a reversible reaction in which the

thermodynamics of the SAH hydrolase reaction strongly favor SAH synthesis.78 The utiliza-

tion of adenosine by adenosine kinase and the remethylation of homocysteine provide the

kinetic impetus that pulls this reaction in the direction of SAH hydrolysis.

Transsulfuration Pathway

The hydrolysis of SAH leads to the formation of homocysteine, which can then be metabol-

ized to cysteine in the transsulfuration pathway or remethylated back to methionine by the

methionine synthase reaction. Approximately half the homocysteine formed is converted by

remethylation to methionine and the other half is irreversibly converted to cysteine.79 It has

TABLE 12.2
Examples of Transmethylation Reactions

Group Methyl Group Acceptor=Function

DNA DNA-cytosine=gene expression, regulation, inactivation, imprinting

RNA mRNA-guanine=capping of mRNA

tRNA-cytosine, -guanine, -adenine=alteration of tRNA flexibility

Histones Lysine amino acid

Proteins—amino acids Basic myelin protein; actin and myosin

Lipids Phosphatidylethanolamine=synthesis of phosphatidylcholine

N-methyltransferases Guanidinoacetic acid=creatine synthesis

Nicotinamide=pyridine metabolism

Histamine=inactivation

O-methyltransferases Catechols (e.g., norepinephrine, epinephrine, dopamine)=inactivation

Source: Modified from Fowler, B., Semin. Vasc. Med., 5 (2), 78, 2005. With permission.
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been proposed that the real importance of transsulfuration in humans may be a catabolic

pathway of homocysteine destruction, rather than a cysteine synthesis pathway.80 In the

transsulfuration pathway, homocysteine is first coupled with serine to form cystathionine in

a pyridoxine-dependent reaction by cystathionine b-synthase (CBS) (EC 4.2.1.22) (Figure

12.2, Reaction 10). SAM functions as a switch between the methionine cycle and the

transsulfuration pathway.81 When SAM concentrations are low, homocysteine remethylation

is unimpaired. In contrast, high concentrations of SAM inhibit 5,10-methylene THF82 and

BHMT.81 Transsulfuration, in contrast is enhanced by SAM, which stimulates CBS activity

and accelerates the elimination of homocysteine through the transsulfuration pathway.83

Nucleotide Biosynthesis

The rate-limiting step in DNA synthesis is the conversion of the pyrimidine deoxyuridylate

(dUMP) to deoxythymidylate (dTMP), which is dependent on thymidylate synthase (EC

2.1.1.45) and 5,10-methylene THF as a source of one carbon groups (Figure 12.2, Reaction

11). The one carbon unit is initially at the formaldehyde oxidation level and is reduced to the

methanol level during the reaction by the reducing power of the tetrahydropyrazine ring. The

product of this reaction is dihydrofolate, which is inactive as a coenzyme and must be reduced

back to the active THF coenzyme form by dihydrofolate reductase (EC 1.5.1.3) (Figure 12.2,

Reaction 1). Both thymidylate synthase and dihydrofolate reductase act in a coordinated

manner for efficient folate metabolism. The level of thymidylate synthase is much higher in

rapidly growing or regenerating tissues than in adult liver.84

During the synthesis of the purine ring, 10-formyl THF is used in two reactions in

which glycinamide ribonucleotide transformylase (EC 2.1.2.2) and aminocarboxamide

ribotide transformylase (EC 2.1.2.3) add formyl groups at positions C-8 and C-2, respectively

(Figure 12.2, Reactions 12 and 13).

Histidine Catabolism

In the final steps of histidine catabolism, the transfer of the formimino group of formimi-

noglutamate to THF is catalyzed by formiminotransferase (EC 2.1.2.5) (Figure 12.2, Reac-

tion 14). The formimino moiety is converted to 5,10-methenyl THF in a formimidoyl THF

cyclodeaminase (EC 4.3.1.4) reaction.

FACTORS AFFECTING FOLATE METABOLISM

SINGLE NUCLEOTIDE POLYMORPHISMS

The term polymorphism refers to a genetic mutation that occurs in a population at a

frequency �1.0% of alleles that may or may not be detrimental.85 There have been a large

number of reports of single nucleotide polymorphisms affecting the enzymes and transport

proteins required for normal folate metabolism that, in some cases, are linked to elevations in

plasma homocysteine and clinical abnormalities.85–88

A polymorphism of particular importance to folate metabolism is the 677C!T

base substitution in the gene encoding the enzyme MTHFR that catalyzes the reduction of

5,10-methylene THF to 5-methyl THF, the methyl donor for homocysteine remethylation

to methionine.85 Homozygosity for the 677C!T polymorphism (TT genotype) is associated

with a 70% lower MTHFR enzyme activity.85 The prevalence of the MTHFR 677C!T

polymorphism in the overall population is ~12% for the homozygous variant (TT genotype)

and ~50% for the heterozygous (CT genotype) variant.89 When folate status is low, the

MTHFR 677C!T polymorphism has been associated with significantly increased plasma
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homocysteine concentrations and reduced global DNA methylation.90 Clinical abnormalities

linked to the combined presence of low folate status and the homozygous variant for the

MTHFR 677C!T polymorphism include increased risk for NTDs and vascular disease.85,91

The influence of inadequate folate intake coupled with the 677C!T MTHFR polymorphism

on folate metabolism has been determined in controlled feeding studies.92,93 When low-folate

diets (115–135 mg DFE=day) were consumed, both serum and RBC folate concentrations

were lower and homocysteine concentrations were higher in women with the TT genotype

versus CC genotype.92,93 A larger percentage of women with the TT genotype had low

folate status (serum folate <13.6 nmol=L) (59%) compared with women with the CC geno-

type (15%) in response to low-folate diets.92

The MTHFR 677C!T polymorphism in conjunction with low folate status has also been

found to reduce global DNA methylation in epidemiological studies90,94 and one controlled

feeding study.95 In a cross-sectional study conducted in a European population group,

significantly less DNA methylation was observed in subjects with the TT genotype than

those with the CC genotype.90 In the United States, no differences could be detected in

DNA methylation in women whose folate status was considerably higher than that observed

in European countries due to consumption of fortified foods.95 There was however a differ-

ence between genotype groups in the DNA methylation response to folate repletion following

consumption (7 weeks) of a moderately low-folate diet. In individuals with the TT genotype,

DNA methylation significantly increased in contrast to no observed change in the CC

genotype group. These data provide additional evidence that the DNA methylation response

to folate intake may be modified by the MTHFR 677C!T polymorphism and that an

individual’s MTHFR 677C!T genotype should be taken into account when evaluating the

DNA methylation response to changes in folate intake.

Methionine synthase catalyzes homocysteine remethylation to methionine in a reaction in

which the methyl group is donated by 5-methyl THF. A polymorphism of the methionine

synthase enzyme 2756A!G results in the substitution of an aspartic acid with a glycine

amino acid. Homozygous variants occur less frequently (<5%) than the MTHFR 677C!T

variant (~12%).85 Since human methionine synthase has not been expressed in vitro, func-

tional studies of this polymorphism have not been performed. However, the corresponding

amino acid (glutamine) in the bacterial enzyme (Q893) lies in a linker region connecting the

activation domain to the cobalamin-binding domain.85 The functional consequence of con-

verting the bacterial Q893 residue into glycine was a slight decrease in activity with impaired

reductive activation.85 The polymorphism does not appear to be associated with hyperho-

mocysteinemia or with an increased risk of NTDs or vascular disease.96–100

The MTRR enzyme is required for maintaining methionine synthase in an active state by

facilitating the reductive methylation of cobalamin.101 A common polymorphism affecting

this enzyme is the MTRR 66A!G variant, which is considered a genetic determinant of

plasma homocysteine concentrations.101,102 The coexistence of the MTRR 66A!G and the

MTHFR 677C!T polymorphisms has been shown to exacerbate the homocysteine-elevating

effect of the MTHFR TT genotype.101

The enzyme folylpoly-g-glutamyl carboxypeptidase, which is encoded by the glutamate

carboxypeptidase II gene (GCPII ), is present in the intestinal brush border and responsible

for the deconjugation of polyglutamate folate (predominant dietary form). A polymorphism

(1561C!T) in the GCPII gene was first reported by Devlin et al. in a study in which the

presence of this polymorphism was associated with lower folate status suggesting that

the polymorphism may impair folate absorption.103 In contrast to these initial findings,

other reports indicate that the T allele did not affect the bioavailability of polyglutamyl

folate104 and was for unknown reasons associated with higher folate status.104–106

A common polymorphism affecting the RFC1 gene (80G!A) may affect folate carrier

function. A trend for higher homocysteine concentration was observed in individuals with the
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80GG genotype, which increased and inversely affected RBC folate when the MTHFR 677

TT genotype was taken into account.107

ALCOHOL AND DRUGS

Alcohol interferes with folate absorption, hepatic uptake, and renal reabsorption and when

consumed chronically in large amounts may contribute to folate deficiency.108 The ability of

alcohol to interfere with folate absorption has been linked to the negative effect of alcohol

on the function of two proteins that regulate folate absorption, folylpoly-g-glutamyl carboxy-

peptidase, and RFC.108–111 Hepatic folate metabolism is impaired when chronic alcohol

consumption is coupled with a low-folate diet.108 A decreased hepatic uptake or retention

of folic acid and reduced renal tubular reabsorption were observed in studies involving

alcohol-fed monkeys.112 Other studies have demonstrated increased urinary folate excretion

in chronic alcoholic patients and alcohol-fed rats.113,114 In addition to abnormalities in folate

metabolism, the development of alcoholic liver injury is a frequent culmination of chronic

high doses of alcohol coupled with a low-folate diet.108

Drugs (methotrexate, 5-fluorouracil, aminopterin, trimethoprim, trimetrexate, and triam-

terene) that interfere with folate metabolism are key components of chemotherapy for both

neoplastic and nonneoplastic diseases. A major chemotherapeutic agent with antifolate

activity, methotrexate (amethopterin) has been used in low doses to treat a large variety of

both neoplastic and nonneoplastic diseases and has been especially effective in rheumatoid

arthritis.115 The molecular structure of methotrexate differs slightly from folate, however,

these minor structural modifications result in a higher affinity for the drug’s enzyme target,

dihydrofolate reductase.116 Treatment of rapidly growing malignant cells with methotrexate

traps folate as dihydrofolate, which is nonfunctional as a coenzyme. Tissues that are growing

slowly do not convert reduced folate to the dihydrofolate form rapidly; therefore, they are less

affected by methotrexate than malignant cells. Patients receiving methotrexate may show

significant increases in plasma homocysteine concentrations associated with the chronic use

of this drug.117

Another major chemotherapeutic antifolate drug, 5-fluorouracil, inhibits the activity

of thymidylate synthase. The mechanism of drug action involves the initial formation of a

complex between the thymidylate synthase enzyme and folate in which the drug acts as

a substrate.116 Since the fluorine atom cannot be abstracted and the reaction completed, the

drug functions as a covalent inhibitor of thymidylate synthase, which blocks DNA synthesis

and reduces cell proliferation.116

Chronic use of the anticonvulsants diphenylhydantoin (phenytoin, Dilantin) and pheno-

barbital has been associated with impaired folate status; however, the mechanism of the

folate–anticonvulsant interaction is not known.118 An anti-inflammatory drug commonly

used for the treatment of ulcerative colitis, salicylazosulfapyridine (Azulfidine, sulfasalazine)

is known to inhibit folate absorption and metabolism.115 Chronic use of drugs used for

glycemic control in diabetes and some other conditions has been associated with impaired

folate status and hyperhomocysteinemia.119

DEFICIENCY

BIOMARKERS AND STATUS ASSESSMENT

Serum and Red Blood Cell Folate Concentration

Serum folate concentration is considered the earliest and most sensitive indicator of folate

status but requires repeated measures over time to reflect long-term status.120 In controlled

metabolic studies in which folate intake is limited, serum folate concentration decreases
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rapidly within 1 to 3 weeks preceding changes in RBC folate concentration.34,92,121 Cutoffs

for serum folate concentrations used to define deficiency are variable depending on the

method of analysis; however, when using the L. casei microbiological method of analysis a

cutoff of <7 nmol=L (<3 ng=mL) is commonly used.37

Folate uptake into the RBC only occurs during the early stages of reticulocyte develop-

ment in the bone marrow. Since the mature RBC membrane is not permeable to folate during

the 120 day life span of the RBC, this indicator is considered a reflection of long-term

status.120 An early study involving liver biopsies provides evidence that RBC folate concen-

tration parallels liver folate concentration and may be considered representative of tissue

folate stores since ~50% of the body’s folate is in the liver.122 In response to controlled folate

depletion, RBC concentration responds very slowly relative to serum folate and continues to

decline initially when a folate repletion diet is consumed.92,121 A cutoff value of <305 nmol=L
(<140 ng=mL) is the criterion commonly used to define inadequate folate status when a

microbiological assay is used.37 Methodology for blood folate analysis is addressed later.

Homocysteine Concentration

Since changes in blood folate concentrations may or may not reflect metabolic abnormal-

ities, it is essential to measure ‘‘functional’’ indictors of status. Elevated homocysteine

concentration is considered a functional indicator of folate status in that it reflects a

metabolic abnormality (insufficient 5-methyl THF to convert homocysteine to methionine)

and not just a reduction in blood folate concentration associated with folate inadequacy.37

It is difficult to define universally acceptable cutoff points for plasma homocysteine con-

centration because definitive evidence does not exist that values above a specific cutoff are

associated with clinical abnormalities or increased disease risk. Homocysteine values are not

considered specific for folate deficiency since other nutrient deficiencies, renal insufficiency,

genetic polymorphisms, and lifestyle factors may lead to elevations in homocysteine con-

centrations.85,123 A commonly used cutoff before fortification in the United States that was

based on the upper percentile in the population was >14 mmol=L.124 Multiple issues

involved in defining a desirable homocysteine level have been addressed by Ubbink.125

The methodologies available for the measurement of homocysteine have been reviewed.126

The links between elevated homocysteine concentrations and vascular disease are discussed

in the section Vascular Disease.

DNA Methylation

Genomic DNA methylation, an epigenetic modification of DNA (discussed in greater detail

in Chapter 16), is evolving as a sensitive biomarker of dietary folate intake.127,128 The primary

methylating agent of the body, SAM, is dependent on an adequate supply of 5-methyl THF

(Figure 12.2). Consumption of a low-folate diet in controlled human-feeding studies resulted

in global DNA methylation that was responsive to folate repletion.129,130 In individuals with

the TT genotype for the MTHFR 677C!T polymorphism, the negative effect of low folate

status on DNA methylation is accentuated90 and the response to folate repletion may differ

by MTHFR genotype.95 McCabe and Caudill recently reviewed DNA methylation and its

functions, examined the relationship between dietary methyl insufficiency and DNA methy-

lation, and evaluated the associations between DNA methylation and cancer.127 DNA

methylation significantly decreases as a function of dietary folate depletion in human meta-

bolic studies129,130 as reviewed by McCabe and Caudill.127 DNA methylation has been

determined on the basis of the ability of genomic DNA to incorporate [3H]methyl groups

from labeled SAM in an in vitro assay.129 New HPLC and mass spectrometry methods to

measure genomic DNA methylation are now available.90,95
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Hematological Indices

A folate deficiency leads to early hematological abnormalities in the bone marrow, which

precede hypersegmentation of neutrophils in peripheral blood.131 Macrocytic cells are pro-

duced in the bone marrow when folate supply to the bone marrow becomes rate limiting for

erythropoiesis. Since the life span of the RBC is 120 days, megaloblastic anemia characterized

by an increase in mean cell volume and a reduction in RBC number develops slowly after the

earlier stages of folate-deficient megaloblastosis.131 Impaired cell division is also evident in

reduced leukocyte number and impaired regeneration of rapidly dividing gastrointestinal

epithelial cells, both of which may have clinical consequences.131

ABNORMAL PREGNANCY OUTCOMES

Folate requirements are increased in pregnant women to meet the demands for DNA

synthesis and one carbon transfer reactions in rapidly dividing fetal and maternal cells.132

When folate intake is restricted during pregnancy, impaired folate status has been associated

with poor pregnancy outcomes including preterm delivery, low infant birth weight, and

fetal growth retardation as previously reviewed.132 Maternal hyperhomocysteinemia has

been linked to increased habitual spontaneous abortion and pregnancy complications

(e.g., abruptio placentae or placental infarction with fetal growth retardation and pre-

eclampsia), which increase the risk of low birth weight and preterm delivery.133,134 Although

there is a reported link between hyperhomocysteinemia and low folate status with adverse

pregnancy outcomes, it is not possible to determine whether low folate status and high

homocysteine play a causative role or whether they are simply markers for abnormal

pregnancy outcomes.133,134 Randomized controlled trials with folic acid supplementation

in women at high risk of these pregnancy complications are required to determine a cause

and effect relationship.

INCREASED RISK OF BIRTH DEFECTS

Neural Tube Defects

The neural tube forms in the developing embryo from the neural plate during the first 28 days

postconception and develops into the spinal cord and its protrusion that encases the brain.135

Incomplete closure of the neural tube results in a group of birth defects collectively referred to

as NTDs, which vary in severity depending on the location and size of the defect. There are

marked geographical variations in the prevalence of NTDs. For example, during the 1980s,

the prevalence at birth was 0.8 per 1000 births in the United States, 3.6 per 1000 in the

Republic of Ireland, and 10.6 per 1000 in a Chinese province.136

Folic acid supplements taken periconceptionally significantly reduce the risk of NTDs, a

major public health discovery based on findings from randomized controlled intervention

trials supported by a large body of observational data.37,137,138 Estimates of the effect of folic

acid fortification on NTD prevalence are based on reports from the United States, Canada,

and Chile, which indicate that fortification was associated with a significant reduction in

NTDs, although the estimated reductions are quite variable (19%–50%) depending on the

type of data evaluated.139–143 The basis of folic acid–responsive NTDs is likely to be multi-

factorial involving both metabolic and genetic defects that may impair normal maternal

folate metabolism, restricting delivery of adequate folate to the developing embryonic neural

tube. Folate metabolic abnormalities proposed to increase NTD risk include elevations in

homocysteine concentration,144 increased SAH=SAM ratio, and impaired dTMP production,

which interfere with DNA synthesis and cell division.145 Other proposed mechanisms that

may be involved in the etiology of NTDs include impaired maternal folate absorption146 and
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maternal autoantibodies, which bind folate receptors and may block the cellular uptake

of folate.147

The search for the genetic bases for the folic acid–responsive NTDs has focused on

genes that encode for folate-related enzymes, receptors, and binding proteins.87,148 A large

number of polymorphisms in folate-related candidate genes (e.g., MTHFR, folate receptor

alpha (FRa), RFC, CBS, MTR, MTRR, MTHFD, and SHMT) have been evaluated to

determine if there is a link with NTDs. Only a few folate-related polymorphisms appear to

be significant NTD risk factors86,148,149 with the magnitude of the risk inversely associated

with folate status149–151 and the strongest evidence related to the MTHFR 677C!T poly-

morphism and NTD risk. Based on findings from a recent meta-analysis, the TT genotype

(homozygosity for the 677C!T polymorphism) compared with the CC genotype was

associated with a significant increase in risk for NTDs (odds ratio of 1.76 (95% confidence

interval 1.45–2.14)).91

Congenital Heart Defects

In the United States, heart defects affect 1 in 110 newborns and account for a third or more

of infant deaths due to birth defects, more than that for any other congenital anomaly

including NTDs.152 Periconceptional folic acid supplement use has also been associated

with risk reduction for congenital heart defects in some153–155 but not all studies.156,157 Data

from a randomized–controlled trial conducted in Hungary158,159 and two population-based

case–control studies in the United States154,155 provide support for the link between peri-

conceptional folic acid supplement use and reduced risk for congenital heart defects. Data

from the Hungarian study indicate that prenatal multivitamins are associated with an

overall 50% reduction in heart defects in general. The specific types of heart defects that

appear to be most likely associated with periconceptional folic acid use include ventricular

septal defects and some conotruncal defects, tetralogy of Fallot, and D-transposition of the

great arteries.160

INCREASED RISK CHRONIC DISEASE

Vascular Disease

Elevated plasma homocysteine concentration is a significant risk factor for vascular disease, a

conclusion based on a large body of epidemiological evidence as previously reviewed.161 It is

estimated that a 25% reduction in plasma homocysteine concentration is associated with

an 11%–16% decrease in risk for ischemic heart disease162 and a 19%–22% decrease in risk

for stroke.163

Folic acid supplementation lowers plasma homocysteine concentration with the greatest

homocysteine-lowering effect observed in individuals with the highest pretreatment homo-

cysteine concentration.164 After standardizing pretreatment homocysteine concentration to

12 mmol=L and serum folate to 12 nmol=L, the magnitude of the reduction in homocysteine

achieved with different folic acid doses has been estimated in a series of meta-analyses

conducted by the Homocysteine Lowering Trialist collaboration.164,165 The magnitude of

the reduction in homocysteine was ~25% for doses �0.8 mg with 90% and 60% of this effect

associated with lower doses (0.4 and 0.2 mg=day, respectively).164,165

The improved folate status resulting from folic acid fortification in North America166

would be expected to significantly attenuate the observed homocysteine-lowering response to

folic acid (~25%) observed in studies primarily conducted in Europe where there is no

mandatory fortification. The prevalence of elevated homocysteine was reduced by 50%

when pre- and postfortification homocysteine concentrations were compared with the

Framingham population.167 Data from NHANES (1999–2000) indicate that ~80% of the
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entire US population currently have homocysteine concentrations �9 mmol=L and only 5%

(~14% in elderly) have elevated (�13 mmol=L) concentrations.166

Whether the reductions in plasma homocysteine concentrations in response to supple-

mental folic acid are sufficient to be associated with a reduced incidence of vascular disease is

the focus of controlled intervention trials currently underway in the United States, Canada,

Europe, and Australia.168 The North American trials may not have the statistical power

necessary to detect a significant effect on vascular disease outcome due to the lower baseline

homocysteine concentration resulting from fortification, as the recent Vitamin Intervention

for Stroke Prevention (VISP) trial illustrates.169 Ongoing randomized trials in European

countries and Australia, which do not have mandatory folic acid fortification, are likely to

provide a sustained homocysteine-lowering effect of folic acid thus increasing the probability

of detecting vascular benefits.170

The presence of the MTHFR 677C!T polymorphism has been shown to significantly

influence vascular disease risk based on a series of large meta-analyses.162,171,172 Individuals

with the TT genotype for the MTHFR 677C!T polymorphism have a significantly greater

risk of stroke,172 ischemic heart disease, and deep vein thrombosis162 than individuals with the

CC genotype. Individuals with the MTHFR 677 TT genotype were reported to have a 16%

higher odds of coronary heart disease than individuals with the CC genotype based on a meta-

analysis involving 11,162 coronary heart disease cases and 12,758 controls from 40 studies.171

The data indicated that the TT genotype for the 677C!T polymorphism was only associated

with increased coronary heart disease risk when folate status was low, illustrating the

modulating effect of folate status on vascular disease risk associated with the MTHFR

677C!T polymorphism.

Cancer

Observational data provide population-based evidence for the conclusion that poor folate

status is associated with an increase in cancer risk with the strongest support for colorectal

cancer and its precancerous lesion, adenoma as previously reviewed.173,174 In the Nurses’

Health Study and the Health Professionals’ Follow-Up Study, the risk for colorectal ade-

noma and cancer was 30%–40% lower in individuals with the highest folate intake (primarily

supplement users) than those with the lowest folate intake.173,174 In contrast to what might be

predicted, the presence of the MTHFR 677C!T polymorphism has been associated with a

significant reduction in colorectal cancer risk as previously reviewed.175–177 In the Physician’s

Health Study for example, colorectal cancer risk was decreased threefold in individuals with

the TT genotype for the MTHFR 677C!T polymorphism with normal folate status com-

pared with the risk in the group with CC and CT genotypes combined.175 When folate status

was deficient, the protective effect of the MTHFR 677C!T polymorphism was absent. It is

proposed that a reduction in MTHFR activity associated with the 677C!T polymorphism in

the presence of adequate folate may lead to an increase in the 5,10-methylene THF required

for DNA synthesis and normal cell division.178

In addition to colorectal cancer, accumulating evidence from large prospective epidemi-

ological studies suggests that folate has a protective role against breast cancer, especially

among alcohol users.179–182 In the Nurses’ Health Study,179 there was a significant reduction

in risk associated with total folate as well as folate from supplements among women who

consume alcohol (�15 g=day). Similar findings were reported in the Canadian National

Breast Screening Study180 and the Iowa’s Women’s Health Study.181 The evidence from

these epidemiological investigations suggesting that the increased breast cancer risk associ-

ated with moderate alcohol consumption (�15 g=day; approximately one drink of any kind

daily) can be significantly reduced by increased folate intake179,180 indicates that both low

folate intake and alcohol intake are potential modifiable cancer risk factors. The observation
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that alcohol consumption coupled with low folate intake increases cancer risk may be related

to alcohol’s ability to impair folate absorption, decrease hepatic folate uptake, and interfere

with renal conservation of folate.108

Potential mechanisms by which folate status may modulate cancer risk include those

that influence DNA stability or methylation.178 When folate intake is limited, dTMP

synthesis is impaired leading to a nucleotide imbalance and misincorporation of uracil

into DNA, which has been associated with increased cancer risk. Excessive DNA uracil

content as well as increased numbers of chromosomal breaks have been observed in folate-

deficient humans and reversed with folic acid supplementation.183 In addition to chromo-

somal instability due to uracil misincorporation, a folate deficiency may result in changes in

DNA methylation, an ‘‘epigenetic’’ mechanism by which gene function is selectively acti-

vated or inactivated. It is hypothesized that a folate deficiency may alter the normal

methylation patterns in neoplastic cells, which could potentially be associated with inacti-

vation of tumor suppressor genes.178

SUMMARY AND CONCLUSIONS

This chapter presented highlights of folate’s key role in one carbon metabolism and proposed

links between metabolic abnormalities affecting folate-dependent pathways and health-

related risks. Maintenance of normal folate status requires knowledge of food sources,

stability and bioavailability, and physiological utilization of the vitamin in addition to

recommended intakes and methods of status assessment, which are reviewed in this chapter.

The potential for folate status or folate-related polymorphisms to influence the risk for

developmental abnormalities and chronic disease is addressed in this chapter. Research

challenges that evolve from our current understanding of folate metabolism and its relation-

ship to health and disease will be best addressed in the future by a collaborative approach

involving multiple disciplines including chemistry, biochemistry, physiology, genetics and

molecular biology, clinical medicine, and epidemiology.
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Ralph Green and Joshua W. Miller

CONTENTS

History ............................................................................................................................... 414

Structure and Chemistry .................................................................................................... 415

Cobalamins ..................................................................................................................... 415

B12 Analogs ....................................................................................................................417

Nutritional Aspects ............................................................................................................418

Dietary Sources...............................................................................................................418

Requirements ..................................................................................................................418

Absorption, Transport, and Metabolism ........................................................................... 418

Absorption and Intestinal Transport..............................................................................418

Plasma Transport ........................................................................................................... 420

Metabolism..................................................................................................................... 422

Genetics ..............................................................................................................................423

Inborn Errors of Metabolism ......................................................................................... 423

Congenital Intrinsic Factor Deficiency or Functional Abnormality........................... 423

Imerslund–Gräsbeck Syndrome or Autosomal Recessive Megaloblastic Anemia ...... 424

Congenital Transcobalamin Deficiency ...................................................................... 424

Congenital Haptocorrin Deficiency ............................................................................425

Inborn Errors of Intracellular Cobalamin Metabolism ..............................................425

Single Nucleotide Polymorphisms .................................................................................. 426

Deficiency...........................................................................................................................428

Overview and Prevalence ................................................................................................428

Causes of B12 Deficiency ................................................................................................428

Dietary Deficiency ...................................................................................................... 428

Malabsorption—Gastric Causes .................................................................................429

Malabsorption—Intestinal Causes..............................................................................431

Miscellaneous Causes of B12 Deficiency ..................................................................... 432

Clinical and Biochemical Effects of B12 Deficiency .................................................... 432

Diagnosis and Treatment ...................................................................................................434

Diagnosis ........................................................................................................................ 434

Total Serum B12 ..........................................................................................................434

Holotranscobalamin.................................................................................................... 435

Methylmalonic Acid and Homocysteine ..................................................................... 436

Multiple Analyte Testing ............................................................................................ 437

Deoxyuridine Suppression Test...................................................................................437

Immune Phenomena ...................................................................................................437

Absorption Tests......................................................................................................... 438

Therapeutic Trial ........................................................................................................439

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C013 Final Proof page 413 5.5.2007 6:00pm Compositor Name: BMani

413



Treatment ....................................................................................................................... 440

Response to Treatment ...............................................................................................440

Forms of Treatment....................................................................................................441

New Directions...................................................................................................................441

Gene Expression ............................................................................................................. 441

Inflammation .................................................................................................................. 442

Diagnostic Imaging and Drug Delivery.......................................................................... 443

Emerging Epidemiological Associations.........................................................................444

Breast Cancer..............................................................................................................444

Osteoporosis................................................................................................................ 444

Hearing Loss...............................................................................................................444

Neural Tube Defects ................................................................................................... 445

References .......................................................................................................................... 445

HISTORY

The history of discovery of vitamin B12 is punctuated by a series of important contributions

from diverse fields including human and animal nutrition, medicine, chemistry, microbiology,

x-ray crystallography, and pharmaceutical science. Discoverers of some of the more import-

ant scientific milestones were awarded Nobel Prizes for their contributions. A full description

of this rich tapestry of medical history intertwined with the leading edge of scientific discovery

contains examples of the several threads drawn from the spools of scientific progress includ-

ing insight, persistence, intuition, and serendipity, and lies beyond the scope of this chapter.

However, several excellent monographs and articles have been written on the subject [1–3].

The original impetus that led ultimately to the discovery of B12 stemmed from the medical

necessity to seek a cure for a mysterious and ultimately fatal disease first enigmatically

described in 1855 by Thomas Addison, a physician at Guys Hospital in London, as ‘‘a very

remarkable form of general anemia, occurring without any discoverable cause whatsoever’’

[1,4]. In tribute, this disease later acquired the eponym Addison’s pernicious anemia. It was

only some 20 years later that it was recognized that this type of anemia was often accom-

panied by a variety of neurological complications. After 70 years and many fatal outcomes

following Addison’s description, a group of physicians at the Thorndike Hospital in Boston

made the epochal discovery that feeding a half-pound of lightly cooked liver to patients with

pernicious anemia resulted in their cure. In point of fact, the intuition that prompted this

group to try near-raw liver was far off the mark regarding the reason for its efficacy. To quote

from their 1926 description: ‘‘Following the work of Whipple we made a few observations on

patients concerning . . . a diet . . . [with] an abundance of liver . . . on blood regeneration. The

effect . . . [was] quite similar to that which [Whipple] . . . obtained in dogs. [This] . . . led us to

investigate the value of . . . food rich in . . . proteins and iron—particularly liver—[to treat]

pernicious anemia’’ [5]. It is now well known that Whipple’s earlier dog experiments worked

because he was simply correcting iron deficiency in dogs that had been bled [6]. Moreover,

since patients with pernicious anemia have lost the capacity to absorb vitamin B12 via the

physiologic route, the efficacy of the liver fed to pernicious anemia patients was likely a

function of two serendipitous circumstances. First, the large amount of B12 present in a half-

pound of liver, permitting absorption of adequate B12 through a passive diffusion mechanism

that allows for assimilation of 1%–2% of an oral dose, and second, the fact that liver is a rich

source of folate, which would not be destroyed by the gentle heat used to prepare Minot and

Murphy’s unappetizing therapeutic dietary concoction. For reasons discussed later, folate can

replace the need for B12 in its role in DNA synthesis.

For their seminal observations, Paul Minot, William Murphy, and George Whipple

were awarded the Nobel Prize in Physiology and Medicine in 1934. By a simple, though
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unpalatable, nutritional intervention they had converted a disease with a median survival of

20 months and a 5 year survival of barely 10% and rendered it curable. Then began the intense

and competitive search for the nutrient contained in liver in what became a veritable

alchemist’s dream of purifying the elusive precious elixir. This culminated some 20 years

later when Karl Folkers and his group from Merck, and their transatlantic competitors at

Glaxo led by E. Lester Smith, almost simultaneously announced successful purification and

crystallization of reddish needle-like crystals of a new vitamin [7,8]. This vitamin showed

clinical and biological activity by the gold standard assay of demonstrating efficacy in

inducing and maintaining remission in patients with pernicious anemia. These teams under-

took the gargantuan task that ultimately succeeded in scaling from the 60 g of dried liver that

was required to induce remission in pernicious anemia to 1 mg of purified crystalline vitamin

B12, a 60 million-fold purification. Shortly thereafter, Smith gave some of his crystals to

Dorothy Hodgkin, an x-ray crystallographer working at Oxford, to unravel the molecular

structure of this compound that had an approximate molecular weight of 1300–1400 Da.

She carefully and laboriously accomplished this task over 8 years, involving an estimated

10 million calculations [9]. Hodgkin was awarded the Nobel Prize in Chemistry in 1964 for her

work on the elucidation of the structure of B12, as well as the structures of penicillin and

insulin. The next step, also a gigantic and ambitious undertaking, was the total chemical

synthesis of B12, which took 11 years to accomplish in 100 separate reactions and with almost

as many coinvestigators [10]. This was led by Robert Woodward, who received the Nobel

Prize for Chemistry in 1965.

Before all this took place, and during the years between the findings of Minot and his team

and the crystallization of B12, another investigator at the Thorndike Hospital, William Castle,

in a series of brilliantly conceived experiments, set out to prove the hypothesis that there was a

gastric factor that played a role in the normal absorption of the antianemic factor present in

liver. His hypothesis was based on the earlier observations that in patients with pernicious

anemia, the stomach lining appeared thin, without normal glandular structure, and gastric

juice including acid production was reduced or absent [1]. He showed that gastric juice from

normal individuals was capable of enhancing the ability of pernicious anemia patients to derive

sufficient antianemic factor from a much smaller amount of liver than was the case without the

gastric juice (10 g instead of>200 g). This led him to postulate a gastric intrinsic factor (IF) that

was required to absorb the essential extrinsic factor in liver that later proved to be vitamin B12.

These are the major milestones in the fascinating history of the pageant of B12

discovery, but it is by no means all. The identification of the biologically active forms of

B12 (50-deoxyadenosylcobalamin and methylcobalamin) and their roles in metabolic reac-

tions; the development of sensitive assays to measure B12 at the concentrations found in the

blood; methods to radioisotopically label B12 for tracer studies including measurement of B12

absorption; the discovery and characterization of B12-binding proteins; the discovery of the

autoimmune basis for pernicious anemia; and numerous other advances meld into our current

state of knowledge about the unique and fascinating nutrient that is the topic of this chapter.

STRUCTURE AND CHEMISTRY

COBALAMINS

The ultimate source of vitamin B12 (B12)* for all living systems that require the vitamin is

microbial biosynthesis. A detailed review of the complex, multistep biosynthesis of B12 by

*The term ‘‘vitamin B12’’ should be restricted to cyanocobalamin. In this review, for purposes of simplicity, ‘‘B12’’ will

be used generically to refer to all forms of the vitamin. Specific forms of the vitamin will be referred to in the context

of the narrative, when appropriate.
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anaerobic (e.g., Propionibacterium shermanii, Salmonella typhimurium) and aerobic (e.g.,

Pseudomonas dentrificans) bacteria is beyond the scope of this chapter. The reader is referred

to several excellent source references for specifics [11–13]. The structure and the chemistry of

B12 are also complex and have been extensively reviewed [2,14–17,18]. In the context of this

chapter, only a brief description of the chemistry is presented. B12 is an organometallic

compound that has the highly unusual property among biological molecules of possessing a

carbon–metal bond. The molecule consists of two halves: a planar group and nucleotide set

at right angles to each other (Figure 13.1). The core planar group is a corrin ring with a single

cobalt atom coordinated in the center of the ring. The nucleotide consists of the base,

5,6-dimethylbenzimidazole, and a phosphorylated sugar, ribose-3-phosphate. The corrin ring,

like porphyrin, is comprised of four pyrroles, each of which is linked on either side to its two

neighboring pyrroles by carbon–methyl or carbon–hydrogen methylene bridges, with one

exception. In this exception, two neighboring pyrroles are joined directly to each other. The

nitrogens of each of the four pyrroles are coordinated to the central cobalt atom. The fifth

ligand of the cobalt, projecting above the plane of the molecule, is covalently bound to one of

several groups, designated, R. In nature, the predominant form of B12 has 50-deoxyadenosyl

as the R-group (50-deoxyadenosylcobalamin), which in eukaryotes is located primarily in
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FIGURE 13.1 The structure of vitamin B12 (cyanocobalamin).
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the mitochondria. It serves as the cofactor for the enzyme methylmalonyl CoA mutase. The

other major natural form of B12 is methylcobalamin. This is the predominant form in human

plasma and within the cytosol. It serves as the cofactor for the enzyme methionine synthase.

There are also minor amounts of hydroxocobalamin, which is the form to which 50-deoxy-

adenosylcobalamin and methylcobalamin are rapidly converted when the carbon–cobalt bond

is disrupted by exposure to light. The cobalt atom in hydroxocobalamin is fully oxidized in the

Co(III) state, whereas the cobalt exists as reduced Co(I) or Co(II) in the 50-deoxyadenosylco-

balamin and methylcobalamin forms.

The most stable pharmacological form of the vitamin is cyanocobalamin. In the presence

of light and a source of cyanide, all forms of cobalamin are converted to cyanocobalamin.

Cyanocobalamin is therefore the form used for pharmacological purposes, although hydroxo-

cobalamin and methylcobalamin are also in use in some formularies. Several other forms of

cobalamin have also been identified in cell and tissue extracts, including glutathionylcobal-

amin, sulfitocobalamin, and nitritocobalamin. Their physiological roles, if any, are not well

understood, and with the exception of glutathionylcobalamin [19], may represent artifacts of

the extraction process. Techniques to separate and identify the various forms of cobalamin

include microbiological methods using thin layer chromatography and bioautography [20]

and HPLC methods [21,22].

The sixth ligand of the central cobalt atom is occupied by one of the nitrogens of the 5,6-

dimethylbenzimidazole base. The other nitrogen of the 5,6-dimethylbenzimidazole attaches to

ribose, which connects to a phosphate, linking the lower axial ligand back to one of the seven

amide groups of the corrin ring by an aminopropyl residue that serves as a molecular sling to

attach it to the ring. It has been noted that compared with porphyrin rings, corrins are more

flexible and less planar when viewed from the side. Putatively, this facilitates conformational

changes required for cofactor activity.

Biologically active forms of B12 play many and varied roles in reactions involving different

substrates. All of these may be classified into one of three categories: (1) mutases, involving

exchanges of a hydrogen and some other group between two adjacent carbon atoms, which

may or may not be followed by elimination of water or ammonia. There are several examples

of such mutase reactions, including glutamate mutase, ornithine mutase, L-b-lysine mutase,

a-methyleneglutarate mutase, and methylmalonyl CoA mutase. Examples of the elimination

reactions are dioldehydrase, glycerol dehydrase, and ethanolamine ammonia lyase; (2) ribo-

nucleotide reductase involving the reduction of the ribose in a ribonucleotide to deoxyribose;

and (3) methyl group transfer reactions, such as methane synthase, acetate synthase, and

methionine synthase. Of all these reactions, only methylmalonyl CoA mutase and methionine

synthase are known to occur in eukaryotes, including mammals and humans.

The first two types of reactions (mutases and ribonucleotide reductase) involve a Co(II)

intermediate oxidation state whereas the methyl group transfer reactions involve a

Co(I) oxidation state. In all three types of reactions, the cobalt is Co(III) in the resting

state. Key to the catalytic role of the cobalamin is the somewhat weak cobalt–carbon bond

and the sensitivity of the active coenzymes to free radical damage by oxygen. Hence, the

reactions are protected by anaerobic conditions.

B12 ANALOGS

Many analogs of B12, collectively called corrinoids, are known to exist in nature [2,18]. These

include two major subclassifications: (1) cobamides, which contain substitutions in the place of

ribose, for example, adenoside; and (2) cobinamides, which lack a nucleotide. The analogs of

B12 are distinguished microbiologically from the vitamin forms by organisms such as Euglena

gracilis and Lactobacillus leichmannii, whose growth is sustained by the cobalamins, but not the

cobamides or cobinamides. It is unclear whether B12 analogs are inert or inhibit B12-dependent
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reactions. The sources of B12 analogs, whether from diet, gut bacteria, or endogenous break-

down of B12, are unknown. B12 analogs have been found in fetal blood and tissues [23,24].

NUTRITIONAL ASPECTS

DIETARY SOURCES

Though required by eukaryotes, B12 is synthesized solely by prokaryotic microorganisms.

Ruminants obtain B12 from the resident flora of their foregut. In some species, B12 is obtained

through coprophagia or fecal contamination of the diet, but for humans and other omnivores,

the only source of B12 (other than supplements) is foods of animal origin. The highest

amounts of B12 are found in liver and kidney (>10 mg=100 g wet weight), but it is also

present in shellfish, organ and muscle meats, fish, chicken, and dairy products—eggs, cheese,

and milk—which contain smaller amounts (1–10 mg=100 g wet weight) [25]. Vegetables, fruits,

and all other foods of nonanimal origin are free from B12 unless contaminated by bacteria.

B12 in food is generally resistant to destruction by cooking.

REQUIREMENTS

The recommended dietary allowance (RDA) for males and females, age 14 years and older, is

2.4 mg=day. The RDA ranges from 0.9 to 1.8 mg=day for children age 1–13 years. Due to a

lack of adequate data, no RDA has been established for infants <1 year of age. Instead,

adequate intakes have been estimated of 0.4 mg=day for age 0–6 months and 0.5 mg=day for

age 7–12 months. No upper limit of intake for B12 has been established as no discernible

adverse effects have been observed even with several milligram daily doses of the vitamin [26].

ABSORPTION, TRANSPORT, AND METABOLISM

ABSORPTION AND INTESTINAL TRANSPORT

There are two distinct mechanisms for B12 absorption, one active and the other passive. The

active physiological processes of B12 absorption are complex and involve discrete anatomical

areas of the gastrointestinal tract, as well as specific B12-binding and chaperone molecules

(Figure 13.2). Dietary B12 is released from protein complexes primarily by enzymes in gastric

juice, aided by the low pH of the stomach that is maintained by normal gastric output of

hydrochloric acid from parietal cells. On release from proteins in food, B12 combines rapidly

with a salivary R binder, part of a family of B12-binding proteins known as haptocorrins.

Subsequently, the salivary R binder is digested by pancreatic trypsin in the upper small

intestine. The B12 is thus released and then transferred to the gastric glycoprotein, IF,

produced by the same parietal cells responsible for gastric acid production. Binding of B12

to IF is favored by the less acidic milieu of the upper small intestine than the stomach.

All forms of B12 are absorbed by the same IF-dependent mechanism. The nucleotide

portion of B12 fits into a pocket on the surface of the protein, while the –CN, –OH, –CH3, or

50-deoxyadenosyl group lies opposite to the site of attachment [27–30]. B12 analogs (coba-

mides and cobinamides, as described earlier) that attach to R binder do not attach to IF and

therefore remain unabsorbed through the active physiological mechanism [31–35].

IF is a glycoprotein with a molecular weight of 45,000 Da (Table 13.1) [36]. It is produced in

the microsomes or endoplasmic reticulum of the gastric parietal cells in the fundus and body of

the stomach. The IF–B12 complex, in contrast to free IF, is resistant to enzyme digestion [37].

The formation of the complex is believed to protect not only the IF, but also the B12, which is

known to be susceptible to side-chain modification of the corrin ring, as well as perhaps

removal of the alpha (lower-axial) ligand [2,38]. Because of protein folding, IF–B12 has a
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smaller molecular radius than does free IF [39], and some peptide bonds that are accessible to

proteolytic enzyme cleavage when IF is free are protected in the complex.

The IF–B12 complex traverses the entire length of the small intestine and binds to specific

receptors located on the brush border of the terminal portion of the ileal mucosa. Several

excellent reviews provide detailed summaries of the characteristics of IF–B12 receptors and

the process of IF–B12 uptake [29,40–43]. The receptor consists of an a subunit facing

outward, which binds IF, and a b subunit, which faces into the cell. These receptors consist

of cubulin and a molecule designated as the receptor-associated protein (RAP). Cubilin

(molecular weight 460,000 Da) is also present in yolk sac and in renal tubular epithelium.

Internalization of the IF–B12 complex by the ileal receptor requires calcium ions and a

B12 bound to protein in food

B12 released from food protein by

gastric acid and pepsin

B12 bound to salivary R binder

(haptocorrin)

IF produced by parietal cells

Diet

Stomach
lumen

Intestinal
lumen

B12 released from R binder

B12 bound to IF

R binder degraded

IF–B12 complex taken up by receptor-

mediated endocytosis involving

cubulin, RAP, and megalin

B12 released from IF in lysosome 

B12 bound to TC and carried into 
blood (TC-B12)

Enterocyte
(Ileum)

FIGURE 13.2 Normal physiology of B12 absorption.

TABLE 13.1
Properties of Plasma B12 Transport Proteins

Intrinsic Factor Haptocorrin Transcobalamin

Molecular weight ~45,000 Da ~150,000 Da 45,538 Da

Source Gastric parietal cells Granulocytes Endothelial cells

Functions Absorption Storage, excretion of B12

analogs, antimicrobial

Cellular B12 uptake

Binding specificity Very high for B12 Low, binds B12 analogs High for B12

Membrane receptors IF receptors on ileal

enteroctyes (cubulin, RAP,

megalin-mediated)

Nonspecific asialoglycoprotein

receptors on hepatocytes

Transcobalamin receptors

on all cell types

Saturation with B12 — 80%–90% 10%–20%

Percentage of total

plasma B12

— 70%–80% 20%–30%

Plasma clearance — Slow (t1=2 ~ 10 days) Rapid (t1=2 ~ 60–90 min)
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near-neutral pH. Cubulin appears to traffic by means of megalin, a 600,000 Da endocytic

receptor that mediates the uptake of a number of ligands. The role of RAP is to serve as a

chaperone during receptor folding and internalization. Defects in the genes regulating this

mechanism are implicated in autosomal recessive megaloblastic anemia (MGA1) character-

ized by intestinal malabsorption of B12 (Imerslund–Gräsbeck’s disease) (see Genetics section).

Following receptor-mediated endocytosis of the IF–B12 complex via clathryn-coated pits at

the brush-border membrane of the ileal mucosa, B12 enters the enterocyte where it is pro-

cessed to leave through the serosal surface into the portal circulation bound to the plasma

transport protein, transcobalamin (see later). Following internalization of the IF–B12 com-

plex, the exact fate of IF is unknown, but it is believed to undergo proteolytic degradation

within the lysosome. Intact IF does not enter the bloodstream.

An important component of normal B12 absorption and body conservation of the vitamin

is enterohepatic circulation. Between 0.5 and 5.0 mg of B12 enter the bile each day [44,45]. This

B12 is available to bind to IF and thus a portion of biliary B12 is reabsorbed. B12 derived from

sloughed intestinal cells also is reabsorbed in this process. There is evidence to suggest that

bile may enhance B12 absorption [46]. Because of the appreciable amount of B12 undergoing

enterohepatic recycling, B12 deficiency develops more rapidly in individuals who malabsorb

the vitamin than is the case in vegans, who ingest none of the vitamin.

The ileum has a restricted capacity to absorb B12 because of a limited number of receptor

sites. Although 50% or more of a single 1 mg oral dose of B12 may be absorbed, the proportion

absorbed falls significantly with increasing amounts of B12 [18]. Moreover, after one dose of

B12 has been presented, the ileal cells become refractory to further uptake of IF–B12 for ~6 h

[18,47]. Nonetheless, the active mechanism for B12 absorption is extremely efficient for small

(a few micrograms) oral doses of B12. This is the mechanism by which the body acquires B12

from normal dietary sources. The other mechanism for B12 absorption is passive, occurring

equally throughout the absorptive surface of the gastrointestinal tract. While rapid, it is

extremely inefficient; ~1%–2% of an oral dose can be absorbed by this process [18]. Passive

absorption of B12 can also occur through other mucous membranes, including the oral and

the nasal mucosa.

PLASMA TRANSPORT

Two main B12 transport proteins exist in human plasma, haptocorrin and transcobalamin.

Both proteins bind B12 one molecule for one molecule. Plasma haptocorrin, previously known

as transcobalamin I, is a glycoprotein (molecular weight ~150,000 Da) (Table 13.1). It is

closely related to other haptocorrin B12-binding proteins in milk, gastric juice, bile, saliva

(R binder), and other fluids. These haptocorrins differ from each other only with respect to

the carbohydrate moiety of the molecule. Transcobalamin III was a term used to describe a

minor isoprotein of haptocorrin in plasma, which differs from the haptocorrin previously

designated as transcobalamin I with respect to sugar composition and the level of saturation

with B12. Today, transcobalamins I and III are referred to collectively as haptocorrin. Plasma

haptocorrins are derived primarily from neutrophil-specific granules.

Normally, plasma haptocorrin is ~80%–90% saturated with B12 and carries between 70%

and 80% of the total circulating B12 [48,49]. However, haptocorrins do not facilitate B12

uptake or entry into extrahepatic tissues through a receptor-mediated mechanism. It is

surmised that asialoglycoprotein receptors on liver cells are concerned in the removal of

desialated haptocorrins from the plasma [50]. Because haptocorrins bind both B12 and B12

analogs asialoglycoprotein receptor-mediated uptake of haptocorrin into liver may

represent a mechanism by which B12 analogs are removed from the circulation and subse-

quently excreted in the bile [50]. B12 analogs excreted in the bile are not reabsorbed through

the IF-dependent mechanism, and thus are destined for excretion in the stool, though some
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reuptake by passive absorption may occur. Additionally, haptocorrin may have an

antimicrobial function [51].

The other major B12 transport protein in plasma is transcobalamin (Table 13.1), previously

known as transcobalamin II. Transcobalamin (molecular weight variously estimated to be

between 38,000 and 43,000 Da by gel filtration and SDS-PAGE, and calculated to be 45,538 Da

from the deduced amino acid sequence) [52–56] is a beta-globulin synthesized by liver and by

other cells, including macrophages, endothelial cells, and ileal enterocytes. B12 absorbed in

the ileal enterocyte by the IF-dependent mechanism enters the portal venous blood bound

to transcobalamin. Indicative of this process is that B12 can be detected in serum bound to

transcobalamin within 3–4 h after ingestion [57–59]. In contrast, newly absorbed B12 is not

bound to haptocorrin. Consequentially, the potential increase in holotranscobalamin follow-

ing absorption of orally administered B12 is far greater than that of holohaptocorrin. This may

have important implications for evaluating B12 absorption through measurements of changes

in holotranscobalamin and total B12 after an oral dose (see Absorption Tests section).

Transcobalamin is normally ~10%–20% saturated and carries only 20%–30% of the total

circulating pool of B12 [48,60]. The large differences in percentage saturation and the propor-

tion of the total circulating B12 bound between transcobalamin and haptocorrin are largely

the function of their respective half-lives. Using intravenous injections of bound and unbound

radiolabeled B12 (57Co–B12 or 58Co–B12) the half-lives for the transcobalamin-B12 (holotrans-

cobalamin) and haptocorrin-B12 (holohaptocorrin) complexes have been estimated to be

<2 h and ~10 days, respectively [61,62]. Transcobalamin, but not haptocorrin, occurs in

cerebrospinal fluid where it binds ~35 ng B12=L [63]. Alterations may occur in transcobalamin

and haptocorrin levels in plasma in a variety of disease states (Table 13.2). In general, an

increase in haptocorrin causes an increase in total plasma B12, whereas an increase in

TABLE 13.2
Effects of Disease States on Plasma B12 Transport Proteins

Haptocorrin

Increased (usually accompanied by elevated serum B12)

Liver disease, including hepatitis, cirrhosis, and malignancy

Renal diseasea

Myeloproliferative diseases, especially chronic myeloid leukemia, myelofibrosis, polycythemia vera

Increased granulocyte production (e.g., inflammatory bowel disease, liver abscess)

Eosinophilia due to hypereosinophilic syndrome

Decreased

Congenital haptocorrin deficiency with decreased serum B12, but no clear clinical abnormality

Transcobalamin

Increased (sometimes with no elevation in serum B12)

Renal disease

Gaucher’s disease

Autoimmune disease

Pernicious anemia

Long-term hydroxocobalamin therapy

Decreased

Congenital transcobalamin deficiency with normal or decreased serum B12, and megaloblastic

anemia, pancytopenia, impaired B12 absorption, and defective cellular and humoral immunity

Alcoholic liver disease

Source: Hoffbrand, A.V. and Green, R., Megaloblastic anaemia, in Postgraduate Haematology, 5th

edition, Hoffbrand, A.V., Catovsky, D., and Tuddenham, E.G., eds., Blackwell Publishing, Oxford,

2005, chapter 5; Carmel, R. et al., Clin. Lab. Haematol., 23, 365, 2001.
a In renal disease, transcobalamin levels are more elevated than haptocorrin.
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transcobalamin does not [64]. One exception is in chronic renal disease, where the total plasma

B12 is increased primarily because of raised levels of holotranscobalamin [65,66].

Receptors for holotranscobalamin are ubiquitously present in tissues, supporting the

contention that transcobalamin is the primary B12 cellular delivery protein. After endocytosis,

holotranscobalamin enters acidic lysosomes in which the transcobalamin protein is degraded,

thus releasing B12 (Figure 13.3). The B12 is then available for metabolic processing to its

cofactor forms.

Transcobalamin has a 20% amino acid homology and greater than 50% nucleotide

homology with haptocorrin and IF. The regions of homology among the B12 binders are

considered to be involved in B12 binding [56]. Properties of the plasma B12-binding proteins

are summarized in Table 13.1. Functionally important polymorphisms for transcobalamin

exist and are discussed in the section Genetics.

METABOLISM

Once within the cell, B12 participates as a cofactor in two important metabolic reactions,

one mitochondrial and the other cytosolic (Figure 13.3). In the mitochondrial reaction, B12

in the form of 50-deoxyadenosylcobalamin is required for the enzyme methylmalonyl

CoA mutase. This enzyme catalyzes the conversion of methylmalonyl CoA to succinyl
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Cytoplasm

B12-Co3+ B12-Co2+
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Methylmalonyl-CoA
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Methylmalonic Acid

THF5,10-methyleneTHF

5-methylTHF B12-Co+
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4dT
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FIGURE 13.3 Cellular uptake and metabolism of B12. Key enzymes: (1) methylmalonyl CoA mutase; (2)

methionine synthase reductase; (3) methionine synthase; and (4) methylenetetrahydrofolate reductase.

Abbreviations: Adenosyl-B12, 50-deoxyadenosylcobalamin; methyl-B12, methylcobalamin; THF, tetra-

hydrofolate; SAM, S-adenosylmethionine; dT, deoxythymidine; TC, transcobalamin; Co, cobalt.

(Modified from Rosenblatt, D.S., in Carmel, R., Green, R., Rosenblatt, D.S., and Watkins, D.,

Hematology Am. Soc. Hematol. Educ. Program, 62, 2003.)
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CoA, an intermediate step in the conversion of propionate to succinate during the oxidation

of odd-chain fatty acids and the catabolism of ketogenic amino acids. In the cytosolic

reaction, B12 in the form of methylcobalamin is required in the folate-dependent methylation

of the sulfur amino acid homocysteine to form methionine, which is catalyzed by methionine

synthase. Methionine, apart from being necessary for adequate protein synthesis, is also a key

precursor for the maintenance of methylation capacity through synthesis of the universal

methyl donor S-adenosylmethionine. In addition, the methionine synthase reaction is ultim-

ately necessary for normal DNA synthesis. The methyl group transferred to homocysteine

during methionine synthesis is donated by the folate derivative methyltetrahydrofolate

(methylTHF), forming tetrahydrofolate (THF). THF is subsequently converted to methyle-

netetrahydrofolate (methyleneTHF) by a one-carbon transfer from serine during its conver-

sion to glycine. MethyleneTHF can be reduced to again form methylTHF, but it also serves as

the critical one-carbon source for the de novo synthesis of thymidylate from deoxyuridylate

required for DNA replication. B12 is thus an important cofactor in (1) the maintenance of

normal DNA synthesis, as becomes evident under conditions of B12 deficiency, which lead to

defective DNA synthesis and megaloblastic anemia; (2) the regeneration of methionine for the

dual purposes of maintaining protein synthesis and methylation capacity; and (3) the avoid-

ance of homocysteine accumulation, an amino acid metabolite implicated in vascular damage,

thrombosis, and several associated degenerative diseases including coronary artery disease,

stroke, Alzheimer disease, and osteoporosis [67].

GENETICS

Genetic causes of altered B12 metabolism have been identified that involve all of the various

steps involved in B12 assimilation, transport, and metabolism. These may be considered in

two broad categories: (1) severe but rare disorders involving gene deletion or mutation

that generally result in serious complications during infancy and childhood, and which are

associated with total absence or markedly compromised function of the encoded protein; and

(2) milder and more subtle but considerably more common conditions that arise as a result of

polymorphisms of genes involved in B12 pathways and those that are usually not associated

with conspicuous clinical features. Polymorphisms are detected at any age, usually during

population or epidemiological surveys. Inborn errors and polymorphisms are considered here

separately, although there is an overlap between the two categories.

INBORN ERRORS OF METABOLISM

These conditions have been reviewed extensively elsewhere [68–70]. Affected individuals are

usually identified because of hematological, neurological, or metabolic manifestations that

may vary from mild to severe and even life-threatening. They may be considered in three

categories as affecting ether intestinal absorption and assimilation, plasma transport, or

intracellular metabolism.

Congenital Intrinsic Factor Deficiency or Functional Abnormality

Several mutations in the IF gene (gene locus 11q13) have been identified that result in either total

absence of IF protein or an abnormal protein in which the IF can be detected immunologically,

but is functionally inactive or is unstable [68–70]. In the latter case, IF is incapable of binding B12

or facilitating B12 uptake by the ileum. In all varieties of this disorder, and in contradistinction to

pernicious anemia, affected individuals have a normal-appearing gastric mucosa and normal

secretion of acid [71–73]. In addition, antibodies to parietal cells and IF are not present in the

serum. Individuals with congenital IF deficiency usually come to medical attention when stores
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of B12, maternally derived before birth, are exhausted. Affected infants and children between

1 and 3 years of age are found to have megaloblastic anemia, an unusual type of anemia at this

age. Rarely, the disorder may be discovered in older children or even teenagers.

Imerslund–Gräsbeck Syndrome or Autosomal Recessive Megaloblastic Anemia

This disease, inherited as autosomal recessive, is the most common cause of megaloblastic

anemia due to B12 deficiency encountered in infancy in western countries [68–70]. The patients,

who usually present with megaloblastic anemia between the ages of 1 and 5 years, but who may

present as early as 1 month or during teenage years, secrete normal amounts of IF and gastric

acid, but are unable to absorb B12 because of a congenital defect in the ileum. Affected

individuals have low levels of serum B12 despite normal IF production. B12 absorption tests

like the Schilling test show malabsorption that is not corrected by exogenous IF. Several

variants of the disorder have been identified that coincide with the geographical origin of the

affected individual. Thus, in all Finnish families, the disease is caused by mutations in the

CUBNgene that encodes for cubulin (gene locus 10p12.1) [74,75], the IF–B12 receptor described

earlier. Interestingly, it appears that the frequency for the disease appears to be decreasing and it

has been proposed that some environmental change, possibly diet, may influence expression of

the disease [76]. Cubilin is also normally expressed on proximal renal tubules. In Norwegian

MGA1 patients, CUBN mutations have not been found. Using linkage studies, a second

candidate gene was identified in these patients [75]. Inactivation of this gene in the mouse is

embryonic lethal, because the embryos lack an amnion, hence the gene designation AMN

(human) or AMN (mouse) [77,78]. In humans, the AMN (gene locus 14q32) mutation results

only in a mild MGA1 phenotype. It has been proposed that AMN may represent an example of

a moonlighting protein [70,79]. This is a term used to describe proteins that possess two or more

apparently unrelated functions depending on cell type, localization, cellular concentration of

interacting molecules, developmental stage, and other variables. In the case of AMN, one

proposed explanation is that the 50-end of the gene product is required for B12 absorption,

whereas the 30-end is necessary for embryonic development [80]. In some cases of MGA1 ileal

brush-border receptors for IF are nonfunctional, and impaired synthesis, processing, or ligand

binding of cubilin have been implicated [81]. Apart from B12, other tests of intestinal absorption

are normal. Over 90% of patients with MGA1 show nonspecific proteinuria, but renal function

is otherwise normal and renal biopsy has not shown any consistent defect. A few of these

patients have shown aminoaciduria and congenital renal tract abnormalities.

Congenital Transcobalamin Deficiency

Transcobalamin (gene locus 22q11.2-qter) is functionally and clinically the most important of

the plasma B12 carrier proteins. Consistent with this notion are observations of individuals with

genetic transcobalamin deficiencies [68–70,82]. Infants with transcobalamin deficiency usually

present with severe megaloblastic anemia within a few weeks of birth. Serum B12 levels are

usually normal, because most of the B12 in plasma is bound to haptocorrin. Since haptocorrin-

bound B12 is not available for cellular uptake, B12 needs to be given frequently by injection in

large doses to cure and prevent anemia (e.g., 1 mg B12 three times weekly). This allows free B12

to enter marrow cells directly by passive diffusion in the absence of functional transcobalamin.

Because these patients are young children, as in cases of Imerslund–Gräsbeck syndrome, the

initially normal or near-normal total serum B12 levels are presumably attributable to mater-

nally derived B12 acquired before birth. Though rare, the condition should be suspected in

infants with unexplained anemia, particularly megaloblastic anemia, because it is easily treat-

able by B12 injections. Failure to institute adequate B12 therapy may lead to neurological

damage. To make a diagnosis, it is necessary to measure transcobalamin directly, either

immunologically or using an assay that specifically measures holotranscobalamin B12.

Less-severe cases are manifested later in childhood. In some cases, the protein is present in
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normal amounts, but is unable to bind B12 or to attach to the cell surface, and thus is

functionally inert. It is not clear whether these types of transcobalamin deficiency display

different phenotypes. Infants with transcobalamin deficiency do not show methylmalonic

aciduria, but curiously display B12 malabsorption [70]. A proportion of patients have immune

deficiency and reduced levels of serum immunoglobulins occur in some.

Congenital Haptocorrin Deficiency

In contrast to patients with transcobalamin deficiency, patients with congenital haptocorrin

(gene locus 11q11-q12) deficiency display no apparent overt adverse clinical effects of their

deficiency [83]. B12 absorption is normal in subjects with haptocorrin deficiency, but since the

major fraction of serum B12 is normally associated with haptocorrin, these individuals have total

serum B12 levels below normal. The low normal B12 levels in these individuals are not associated

with biochemical sequelae or clinical symptoms of B12 deficiency. As a consequence of their low

serum B12, which may be found incidentally, these individuals may be erroneously suspected of

B12 deficiency. Haptocorrin deficiency appears to be fairly common, and in one study was

identified in as many as 15% of subjects found to have low serum B12 levels [83]. Many of

these,with low but not totally absent haptocorrin, likely represent heterozygosity for haptocorrin

deficiency. The gene frequency for haptocorrin deficiency thus appears to be quite high, but is

benign in its effect. This suggests that whatever the function of haptocorrin, it is either not critical

to maintenance of normal health, or there is a redundancy of function such that some other

protein or mechanism compensates adequately for the role of haptocorrin.

Inborn Errors of Intracellular Cobalamin Metabolism

A number of underlying genetic abnormalities have been identified affecting proteins

involved in the multistep pathway for cellular B12 uptake, intracellular transport and activation

(Figure 13.4). These disorders have been classified as cobalamin mutations, generally desig-

nated either as mut or by sequential capital letters of the alphabet preceded by a cbl prefix

(cblA-cblH), and identified by complementation analysis in cultured human fibroblasts

[68,70]. In brief, the procedure of complementation analysis involves fusion of cultured

fibroblasts from the individual who is being investigated with each of a panel of fibroblasts

derived from individuals known to have the various cobalamin mutations. If the defects of the

two fused cell lines involve different loci, then following fusion there is a correction to normal

cobalamin metabolism compared with each unfused cell line. If the defects of the two cell lines

involve the same gene locus, then there is no correction following fusion.

Individuals affected by one of the cobalamin mutations all share in common either or both

hyperhomocysteinemia and methylmalonic acidemia, and this is usually discovered during

investigation of infants or children (rarely young adults) with developmental delay, regression,

a variety of other neurological and psychiatric manifestations, anemia, vomiting, failure to

thrive, severe metabolic acidosis, ketosis, or thrombosis. Typically, these individuals are found

to have normal serum B12 levels. Hyperhomocysteinemia, when present, is usually caused by

abnormal functioning of the enzyme methionine synthase (cblG) or a defect in the capacity to

produce its cofactor, methylcobalamin (cblE). Megaloblastic anemia is common in these

patients, but frequently neurological and psychiatric symptoms are more prominent. Though

usually discovered during early childhood, the disorder may on rare occasions first become

apparent in adult life.

Methylmalonic acidemia may be the result of abnormal functioning of methylmalonyl

coenzyme A mutase (mut) or caused by a defect in activation or production of its cofactor

adenosylcobalamin (cblA, cblB, cblH). In the case of the methylmalonyl coenzyme A mutase

defects the enzyme may either be lacking (muto) or defective (mut�). The cblH variant appears

to represent an interallelic variant of cblA [84]. A proportion of infants with cblA and cblB

respond to B12 in large doses, whereas those who are unresponsive include muto or mut�.
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Patients who are unable to produce either methylcobalamin or adenosylcobalamin have

both hyperhomocysteinemia and methylmalonic acidemia (cblC, cblD, cblF). Those with cblC

or cblD have a defect in reduction of B12 from the cob(III)alamin to the cob(I)alamin state after

transfer ofB12 from the endocytic compartment to the cytoplasm.Over 100 cases of cblCdisease

have been described. In cblF, there is a defect in ability to release B12 from lysosomes [85].

The genes for some of the designated complementation mutations have been identified:

mut (6p21, methylmalonyl coenzyme A mutase); cblA (4q31.1-q31.2, a gene thought to

encode for a mitochondrial cobalamin reductase) [86]; cblB (12q24 caused by deficient

activity of a cob(I)alamin adenosyltransferase) [87]; cblE (5p15.2-15.3, methionine synthase

reductase, a flavin-dependent enzyme) [88]; and cblG caused either by greatly reduced levels of

methionine synthase associated with diminished steady-state levels of mRNA or impairment

of the reductive activation cycle of the enzyme [89,90].

SINGLE NUCLEOTIDE POLYMORPHISMS

Though inborn errors of metabolism or loss of function mutations in the various proteins

involved in B12 absorption, transport, and metabolism can cause severe B12 deficiency

syndromes, they are rare occurrences. Significantly more prevalent are single nucleotide

polymorphisms (SNPs) that may have subtle, but potentially important effects on the hand-

ling of B12 and related functions.
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FIGURE 13.4 Inherited disorders of B12 metabolism showing known or putative sites of defects

(black rectangles). Abbreviations: Adenosyl-B12, 50-deoxyadenosylcobalamin; methyl-B12, methylcoba-

lamin; THF, tetrahydrofolate; dT, deoxythymidine; TC, transcobalamin; Co, cobalt. (Modified from

Rosenblatt, D.S., in Carmel, R., Green, R., Rosenblatt, D.S., and Watkins, D., Hematology Am. Soc.

Hematol. Educ. Program, 62, 2003.)
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Transcobalamin has received significant attention with respect to SNPs. In the 1970s and

1980s, distinct isopeptide forms of transcobalamin were identified by isoelectric focusing and

polyacrylamide gel electrophoresis techniques [91–93]. Four relatively common transcobala-

min isopeptides were identified, designated X, S, M, and F, according to their relative rates of

electrophoretic mobility, that is, extra slow, slow, medium, and fast, respectively. Subse-

quently, molecular sequencing revealed several SNPs encoding for amino acid differences

among transcobalamin isoforms [56,94–97]. The most prevalent polymorphism is a C-to-G

substitution at base position 776 (776C >G) that results in an arginine in place of a proline in

amino acid position 259. Comparison of the sequencing data with the isoelectric focusing and

polyacrylamide gel electrophoresis data indicates that the M isoform of the protein generally

corresponds to the 776C allele, while the X isoform generally corresponds to the 776G

allele [95,96,98]. However, the correspondence between electrophoretic mobility and

776 allele (C or G) is not perfect [98] suggesting other base substitutions, separately or in

combination with the 776 allele, influence the electrophoretic mobility of the protein. Which

of the base substitutions among other SNPs known to exist for transcobalamin that corres-

pond to the S and F isoforms is yet to be determined. The 776C > G polymorphism is highly

prevalent in white populations with allele frequencies of ~55% and 45% for 776C and 776G,

respectively [96,99–103]. The 776G allele is less prevalent in blacks, Hispanics, and native

Americans, and more prevalent in Asians than in whites [102,103]. Blacks tend to have high

frequencies of the F or S isoforms, depending on their ethnic origin, while these iosforms are

rare in white, Asian, and native American populations [103].

The biochemical significance of the 776C>G polymorphism is indicated by studies

comparing various indicators of B12 status among the genotypes, including total B12, holo-

transcobalamin, methylmalonic acid, and homocysteine. The most consistent findings are

that both apotranscobalamin and holotranscobalamin are lower in serum from individuals

homozygous for the 776G allele than in those homozygous for the 776C allele

[96,97,99,100,104–108]. Other observed differences include higher serum methylmalonic

acid and a lower percentage of total B12 bound to transcobalamin (holotranscobalamin=total

total B12 ratio) in 776G homozygotes [100]. Cerebrospinal fluid holotranscobalamin also

is lower in 776G homozygotes [63]. Total B12 and homocysteine typically are not significantly

different among the genotypes, though one study found a significant interaction

between transcobalamin genotype and total B12 such that homocysteine was lower in indi-

viduals homozygous for the 776C wild-type allele who were also in the upper quartile of total

B12 levels [109]. These observations suggest that the 776G allele encodes for a transcobalamin

isoform with reduced affinity for B12 compared with that encoded by the 776C allele, though

this remains to be proven empirically. Indeed, theoretical modeling predicts that the

776C>G polymorphism affects the secondary structure of the protein [97].

The clinical significance of the 776C>G polymorphism may be reflected by birth out-

comes. Studies have found associations with spontaneous abortion and cleft lip or palate

[110–112]. Another study found evidence that the 776C>G polymorphism influences the age

of onset of Alzheimer’s disease [107].

SNPs in other B12-related proteins have been identified, including methionine synthase,

methionine synthase reductase, and IF. The 2756A>G polymorphism in methionine

synthase, which encodes for a glycine residue in place of aspartate, has been shown to affect

the risk of various birth defects, including neural tube defects (NTDs), orofacial clefts, and

Down syndrome [113–116]. Similarly, the 66A>G polymorphism in methionine synthase

reductase, which encodes for methionine in place of isoleucine, is also associated with

differential risk for NTDs and Down syndrome [114–118]. The effect of the 66A>G poly-

morphism on neural tube risk is mediated by B12 status such that the association is strongest

for individuals with low B12 levels [117]. Recently, a polymorphism has been identified in IF,

68A>G, which encodes for arginine in place of glutamine. One study associated this
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polymorphism with congenital IF deficiency [71], but this finding was not confirmed in a

separate study [73].

DEFICIENCY

OVERVIEW AND PREVALENCE

B12 deficiency is a significant public health problem, particularly but not exclusively among the

elderly. During the past decade, many investigators have reported a high prevalence of B12

deficiency in the elderly [119–127], primarily on the basis of raised serum or urine methylma-

lonic acid or homocysteine levels with or without low serum B12 concentrations. Some esti-

mates suggest that the prevalence of B12 deficiency may be as high as 30%–40% among the

elderly due to the condition of food B12 malabsorption caused by chronic gastritis, gastric

atrophy, and perhaps other unknown causes [119]. As a result, there is a growing concern that

the prevalence of B12 deficiency may have been underestimated [128]. The classic clinical

manifestations of B12 deficiency, notably megaloblastic anemia, occur only in the most severely

B12 depleted individuals [129], but neuropsychiatric manifestations [130] and metabolic abnor-

malities [131,132] often occur before serum B12 concentrations reach a level that would be

considered deficient by standard criteria. Results of recent surveys of B12 status in the elderly

indeed indicate that the prevalence of deficiency is much higher if based on serum or urine

methylmalonic acid concentrations [120]. Lindenbaum et al. [120] have suggested that the usual

cut-off values for serum B12 (i.e., <300 pg=mL or <221 pmol=L for mild deficiency and <200

pg=mL or<148 pmol=L for severe deficiency) are too low, and that<350 pg=mL (258 pmol=L)

is the cut-off value below which serum methylmalonic acid and homocysteine concentrations

may become elevated. Using the latter cut-off, the prevalence of serum B12 concentrations

indicating deficiency in free-living elderly participating in the Framingham Heart Study was a

staggering 40% [120]. Such observations underscore the need for more sensitive screening

methods to identify B12 deficiency and malabsorption in the elderly.

In recent years, several studies have reported an apparently highprevalence of lowB12 status

and varying degrees of B12 deficiency in both children and young adults in diverse locations,

such as Guatemala, Mexico, India, and Israel [133–137]. The causes of B12 deficiency in these

populations are unclear, but may be related to a combination of low intake and unrecognized

malabsorption. Infection with Helicobacter pylori, a widespread gastric pathogen, can be high

in these populations [133,134], and there has beenan increased attention to the protean effects of

this organism on the gastrointestinal tract. H. pylori may cause gastritis leading to food B12

malabsorption. It has recently been suggested that H. pylori may also initiate autoimmune

destruction of the gastric mucosa leading to pernicious anemia (Figure 13.5) [138,139].

CAUSES OF B12 DEFICIENCY

By far the most common cause of clinically evident B12 deficiency is malabsorption, although

other causes, notably inadequate dietary intake, cause or contribute to B12 deficiency. Rarely,

chemical inactivation by the anesthetic gas nitrous oxide (N2O), as well a variety of inborn

errors of metabolism affecting B12 absorption, transport and metabolism, result in conditions

resembling B12 deficiency.

Dietary Deficiency

Dietary B12 deficiency arises in adult vegans who shun all meat, fish, eggs, cheese, and other

animal products from their diet. The largest group of vegans in the world consists of Hindus

and it is likely that many millions of individuals who are cultural or religious adherents of this

or related creeds are at risk for deficiency of B12 on a nutritional basis. Not all vegans develop
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B12 deficiency; dietary B12 deficiency may arise in nonvegetarian subjects who exist on grossly

inadequate diets primarily because of poverty. Subnormal B12 levels have been found in up to

50% of randomly selected young adult Indian vegans [137]. Few, however, develop B12

deficiency of sufficient severity to cause anemia or neuropathy.

There are several possible explanations of why nutritional B12 deficiency may not progress

to megaloblastic anemia, including the fact that the diet of most vegans is probably not totally

lacking B12 because of dietary contamination. Furthermore, the serum B12 level may not be

an accurate measure of body stores. Curiously, unlike serum B12, red blood cell B12 levels in

vegans have been found to be generally much closer to those of subjects on a normal diet

[140]. The most likely explanation for the observation that vegans appear relatively protected

from clinical B12 deficiency resides in the fact that the enterohepatic reabsorption of B12

excreted in the bile, discussed earlier [44,46], remains intact in vegans and thus biliary losses

are less than those in conditions of malabsorption. Consequently, B12 deficiency, induced by

dietary deficit alone, takes many years to develop in both humans and animals. Furthermore,

it is possible that vegans may be protected against the hematological complications of B12

deficiency because of adequate folate intake.

In childhood, B12 deficiency has been described in infants born to severely B12-deficient

mothers [141–143]. These infants develop megaloblastic anemia at ~3–6 months of age,

presumably because they are born with low stores of B12 and because they are fed breast

milk of low B12 content. This occurs most commonly in Indian vegans, but a similar condition

has also been described in unrecognized maternal pernicious anemia and in strict practitioners

of veganism living in Western countries whose offspring have shown growth retardation,

impaired psychomotor development, and other neurological sequelae [143]. B12 deficiency has

also been observed in children fed macrobiotic diets [144,145].

Malabsorption—Gastric Causes

Pernicious anemia, the most well studied cause of B12 malabsorption, is usually caused by a

lack of functional IF in the stomach resulting from autoimmune destruction of the gastric

parietal cells. (For historical reviews of pernicious anemia, see Castle [1] and Chanarin [3].)

H. pylori colonization of
gastric mucosa

Active inflammation

Chronic active gastritis

Gastric atrophy and
achlorhydria

Immune response

H. pylori- directed Host tissue-directed

Autoimmune destruction of
intrinsic factor-producing

parietal cells
(pernicious anemia)

Vitamin B12 malabsorption and
deficiency

Molecular mimicry

FIGURE 13.5 Putative role of H. pylori infection as an initiator of autoimmune gastritis. (Modified

from Green, R., Blood, 107, 1247, 2006.)
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Pernicious anemia may be defined as a severe lack of IF due to gastric atrophy following

autoimmune gastritis (Table 13.3). It is a common disease in north Europeans but occurs in

all countries and ethnic groups. In the United States, there are 37 million people over age

65 years (expected to rise to 70 million by the year 2030) and conservative estimates indicate

that 2%–3% of this population has or develops pernicious anemia caused by progressive and

ultimately complete abrogation of IF production and consequent B12 malabsorption

[146,147]. The ratio of incidence in men and women is ~1:1.6. It is most commonly encoun-

tered in the elderly [146], but is not restricted to any age-group. The peak age of incidence is

60 years, with only 10% of cases presenting under 40 years of age. Among the African

American and Latino populations, the age distribution of pernicious anemia is different,

affecting a younger age-group, particularly women [148,149]. On rare occasions, a pernicious

anemia-like condition can occur in children, arising from a genetic defect affecting the

synthesis of IF (see Genetics section). Classical pernicious anemia or predisposition to its

development has a genetic component, as it occurs more commonly than by chance in close

relatives, in subjects with other organ-specific auto-immune diseases, particularly of the

TABLE 13.3
Causes of B12 Malabsorption

Causes that often lead to megaloblastic anemia

Autoimmune disorder Pernicious anemia

Gastric Congenital IF deficiency

Total or partial gastrectomy

Intestinal Intestinal stagnant loop syndrome: jejunal

diverticulosis, ileocolic fistula, anatomical blind loop,

intestinal structure, etc.

Ileal resection and Crohn’s disease

Selective malabsorption with proteinuria (MGA1;

Imerslund–Gräsbeck syndrome)

Tropical sprue

Congenital transcobalamin deficiency

Fish tapeworm

Causes that usually do not lead to megaloblastic anemia

Gastric Simple atrophic gastritis (food B12 malabsorption)

Zollinger-Ellison syndrome

Gastric bypass surgery

Use of proton pump inhibitors

Intestinal Gluten-induced enteropathy

Severe pancreatitis

HIV infection

Radiotherapy

Graft versus host disease

Nutritional Deficiencies of B12, folate, protein, and possibly riboflavin and niacin

Drugs Colchicine

Para-aminosalicylate

Neomycin

Slow-release potassium chloride

Anticonvulsant drugs

Metformin

Phenformin

Cytotoxic drugs

Alcohol

Source: Hoffbrand, A.V. and Green, R., Megaloblastic anemia, in Postgraduate Haematology, 5th edition,

Hoffbrand, A.V., Catovsky, D., and Tuddenham, E.G., eds., Blackwell Publishing, Oxford, 2005, chapter 5.
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thyroid, and in those with premature graying, blue eyes, and vitiligo, as well as in persons of

blood group A [146].

Apart from pernicious anemia, other causes of B12 deficiency involving the stomach are

less common, not so well defined, and the malabsorption usually less complete. In part, this is

because the area responsible for IF production within the stomach is extensive, and normally

the amount of IF produced is in vast excess of what is required to accomplish physiologic B12

absorption. Surgical removal of all or most of the stomach in the operation of gastrectomy

will have the same effect on the ability to absorb B12 as does autoimmune destruction of the

IF-producing cell mass [146]. Following total gastrectomy, B12 deficiency is inevitable and

prophylactic B12 therapy is routinely instituted following the operation. After partial gastrec-

tomy, 10%–15% of patients may also develop B12 deficiency [146]. This usually manifests

4 years or more following the operation, but may occur sooner. The exact incidence and time

of onset is most influenced by the size of the resection and the preexisting size of the body B12

store. The B12 deficiency following gastrectomy may cause uncomplicated megaloblastic

anemia, but more frequently occurs in association with iron-deficiency anemia because gastric

acidity favors iron absorption. This may render the identification of the nature of the anemia

more obscure, since the typical macrocytosis of a megaloblastic anemia may be masked by the

microcytic component of iron deficiency [150].

Following gastrectomy, the explanation of the B12 deficiency is usually lack of IF.

Secretion of IF in postgastrectomy patients is stimulated by food; tests of absorption in the

fasting state may therefore be misleading. In a few patients, the deficiency is due primarily to

the creation of an intestinal stagnant loop that becomes bacterially contaminated or the

development of abnormal flora in the jejunum. These conditions may contribute to B12

deficiency through microbial consumption of B12. In addition to gastrectomy, B12 malab-

sorption leading to deficiency has been described following various procedures involving

gastric reduction to treat morbid obesity [151].

In addition to the specific-disease pernicious anemia caused by autoimmune gastritis is the

fairly common nonautoimmune chronic gastritis leading to gastric atrophy or the so-called

simple atrophic gastritis [146,152]. This condition is characterized by a loss of stomach acid

required for the extraction of B12 from food sources in the stomach. A substantial number of

these patients show malabsorption of B12 from food with resulting borderline or low serum

B12 levels, sometimes with raised serum levels of methylmalonic acid and homocysteine

[153–155]. Typically, however, they do not develop clinically significant B12 deficiency,

although some early literature reported in long-term follow-up of patients with gastritis

that up to 25% developed anemia or neurological problems [146,156]. In malabsorption

of food B12, standard tests for free crystalline B12 absorption reveal no abnormality.

A modified test using food-bound B12 must be used to demonstrate the malabsorption, as

is described in the section on Absorption Tests. Another consequence of the failure of gastric

acid production is that intestinal bacterial overgrowth can occur and further contribute to B12

malabsorption through competition for use of the vitamin [157]. In addition, there is growing

evidence that infection with H. pylori is a major cause of nonspecific gastritis [158–160] and

therefore potentially can result in B12 malabsorption [138–139,161,162]. It is not clear to what

extent this may be responsible for B12 deficiency in developing countries where H. pylori

infestation is endemic. Chronic gastritis and gastric atrophy also may affect >30% of elderly

individuals globally [163], and may be responsible for the vast majority of lowered serum B12

levels seen in this age-group and the consequent deficiency that may develop.

Malabsorption—Intestinal Causes

Since the terminal portion of the ileum is the site for physiologic absorption of B12 via the IF-

mediated mechanism, diseases, abnormalities, and removal of this portion of the intestine can
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result in B12 malabsorption and deficiency. Causes include inflammatory bowel disease

(Crohn’s disease); both tropical and nontropical sprue; HIV infection associated with

AIDS; congenital B12 malabsorption (MGA1); as a sequel to radiation therapy for cancers

of the abdominal or pelvic region; graft versus host disease; and ileal resection. The

complete list of causes is shown in Table 13.3 [64,146,152]. In addition to diseases affecting

the ileal lining, there are several causes of B12 malabsorption that arise in the lumen of

the bowel and that compromise or abrogate absorption through disruption of the conditions

of pH (excessive gastric hydrochloric acid production) or digestion (chronic pan-

creatic disease), as well as competition by abnormal bacterial flora or parasites such as

Giardia lamblia and the fish tapeworm Diphylobothrium latum that consume B12, making

it unavailable to the host. Finally, a large number of drugs are known to interfere with

B12 absorption. These are also listed in the Table 13.3. Of these drugs only a few, such as the

proton pump inhibitors used to treat acid reflux and the biguanide oral antidiabetic agents,

are likely to be used for a sufficiently long duration to cause significant B12 deficiency.

Miscellaneous Causes of B12 Deficiency

In addition to dietary deficiency and the various causes of malabsorption described earlier,

chemical inactivation of B12 by inhalation of the anesthetic gas N2O can also cause or

substantially contribute to B12 deficiency [164–166]. N2O irreversibly oxidizes methylcobala-

min in the methionine synthase reaction during catalytic shunting of labile methyl groups

from the active, fully reduced, Co(I) state in methylcobalamin to an inactive Co(III) state.

This is of importance in the megaloblastic anemia that can occur in patients undergoing

prolonged N2O anesthesia, such as in intensive care units. In addition, a neuropathy resem-

bling B12 neuropathy has been described in dentists and anesthetists who are repeatedly

exposed to N2O [165] and in monkeys that have been exposed experimentally to the gas for

many months [167]. In patients with low B12 stores, megaloblastic anemia or B12 neuropathy

may be precipitated after shorter exposure to N2O [166]. The inactivation of methionine

synthase results in accumulation of homocysteine in plasma. Though the effect of N2O is at

first restricted to methylcobalamin and methionine synthase, eventually due to irreversible

oxidative damage there is generalized depletion of B12, and methylmalonate levels rise in

addition to the increase in homocysteine consequent on methionine inactivation. Recovery

from N2O exposure requires regeneration of methionine synthase, since this protein is

damaged by active oxygen derived from the N2O–B12 reaction [168].

Clinical and Biochemical Effects of B12 Deficiency

B12 deficiency has profound pathophysiological effects on the blood, nervous system, and

possibly other organs. The most prominent effect is megaloblastic anemia, which is caused

by the disruption of DNA synthesis. The reduction of methyleneTHF to methylTHF is an

irreversible reaction under physiological conditions. Consequently, when B12 is deficient and

THF synthesis is impaired, methylTHF has no metabolic outlet, forward or backward,

and it becomes trapped. This methylfolate trap, first described by Herbert and Zalusky

[169] in 1962, decreases the availability of folate for the synthesis of thymidylate and

DNA. Unavailability of thymidine leads to misincorporation of dUTP in place of thymidine

triphosphate (dTTP) during DNA polymerase-mediated base addition with stalling of

the DNA replication mechanism [170]. Subsequent repeated futile cycles of DNA excision

and repair continue while the state of thymidine starvation persists. This affects DNA

synthesis throughout the body, but particularly in tissues undergoing rapid cellular

turnover, including the hematopoietic system. This is the underlying cause of the megalo-

blastic anemia.
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In bone marrow and other rapidly dividing cells, as a result of the defective nuclear DNA

replication induced by B12 deficiency, there is unbalanced growth in dividing cell precursors

resulting in delayed mitosis with normal cytoplasmic synthesis of RNA and protein. Dysyn-

chrony between nuclear and cytoplasmic maturation occurs when a cell, undergoing pro-

grammed cytoplasmic development and growth (in the case of red cell precursors, this

includes changes like hemoglobinization and involution of organelles), is not undergoing

mitosis. This produces abnormally large cells with nuclear chromatin that has a fine, mor-

phologically immature appearance. Although this condition mostly affects erythroid pre-

cursors in the bone marrow, giving rise to anemia with abnormally large erythrocytes

(macrocytes), it can also affect the development of other hematopoietic cells, resulting in

giant granulocyte precursors and mature neutrophils with abnormally large numbers of

nuclear lobes (hypersegmented neutrophils) in the blood. In addition to anemia there may

also be a net decrease in numbers of all the formed blood elements (pancytopenia). Disturb-

ances in both cellular and humoral immune functions have also been reported in B12

deficiency-related disorders [146,171–173].

B12 deficiency, particularly if it progresses unrecognized for a protracted period, also

affects the nervous system resulting in neuronal demyelination [174]. The primary manifest-

ation is a demyelinating syndrome that affects both peripheral and central neurons. This is

believed to be related to decreased synthesis of the universal methyl donor S-adenosylmethio-

nine [175], which has a variety of functions in the nervous system. These include methylation

reactions involving neurotransmitters and the membrane phospholipids contained in myelin.

Particularly vulnerable to the demyelination that occurs in B12 deficiency are the long tracts of

white matter in the posterior and lateral columns of the spinal cord containing sensory fibers

that are responsible for conduction of vibration and position sense. Motor fiber myelination

can also be affected. Although the hypothesis linking defective methylation with the myelo-

neuropathy of B12 deficiency is favored, there is some evidence that links disrupted odd-chain

fatty acid metabolism related to the accumulation of methylmalonic acid and its precursors as

a mechanism responsible for neurological damage due to B12 deficiency [176].

The neurological manifestations of B12 deficiency may precede the appearance of

hematological changes and may, at times, occur in the absence of any hematological compli-

cations [130]. This renders the diagnosis more difficult, particularly since the neurological

manifestations may be quite protean, running the gamut from peripheral neuropathy

to depression, cognitive disturbances, dementia, and autonomic dysfunction [177,178]. The

effect of deficiency on the nervous system is particularly catastrophic because the damage can

be irreversible if allowed to continue without adequate B12 replacement.

The risk of irreversible neurological damage may be magnified in the context of folic

acid supplementation. Impaired DNA synthesis due to B12 deficiency is essentially the

result of a functional folic acid deficiency arising from sequestration of folate in the form of

5-methyltetrahydrofolate (the methylfolate trap), as discussed earlier. It is well recognized

that folic acid supplementation reverses B12 deficiency-related megaloblastic anemia by

providing folic acid for the synthesis of DNA, thus circumventing the methylfolate trap.

The potentially deleterious effect of such treatment, however, is that by correcting the anemia,

it masks the underlying B12 deficiency allowing neurological deterioration to continue

undetected, often until irreversible damage has occurred. Since the U.S. Government has

instituted the fortification of flour with folic acid to reduce the risk of NTDs in the general

population [179–181], this raises the issue of whether such fortification may, in the long term,

be detrimental to individuals with undetected and untreated B12 deficiency [26]. The elderly,

who exhibit a high prevalence of B12 deficiency, may be particularly susceptible to this risk.

Thus far, there has been no evidence that this is the case. In fact, one study of patients with

low serum B12 found that there was no change in the proportion of these patients who

presented with anemia after the initiation of folic acid fortification in the United States [182].
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More recent evidence suggests that B12 deficiency may contribute to the risk of vascular

disease (related to elevated levels of homocysteine in the blood) [131]. Other associations,

discussed in the New Directions section, include cancer (particularly breast cancer), NTDs

(spina bifida, anencephaly), and osteoporosis. B12 deficiency may also play a role in the rate

of onset of clinical AIDS resulting from HIV infection.

The biochemical and metabolic hallmarks of B12 deficiency, other than a decrease in total

serum B12 concentration, include an increase of methylmalonic acid in blood and urine due to

the impairment of methylmalonyl CoA mutase (Figure 13.3) and an increase of homocysteine

in blood and urine due to the impairment of methionine synthase (Figure 13.3). Accordingly,

levels of serum and urinary methylmalonic acid and plasma homocysteine are important

indicators of functional B12 status [131,183–185]. Additionally, serum holotranscobalamin

decreases relatively early during negative B12 balance and therefore potentially provides the

earliest indication of B12 deficiency [25,186]. The rationale and utility of using holotransco-

balamin, methylmalonic acid, and homocysteine as indicators of B12 status, along with total

B12, are discussed in the Diagnosis and Treatment section.

DIAGNOSIS AND TREATMENT

DIAGNOSIS

The principal methods used for diagnosing B12 deficiency include clinical assessment, plasma,

serum, and urine analyte assays, and tests of B12 absorptive capacity. Many of these tests are

described later, and others, particularly those used to investigate possible causes of malab-

sorption (other than autoimmune pernicious anemia), lie beyond the scope of this chapter and

are described in specialized texts of gastroenterology. B12 deficiency is usually suspected from

the clinical picture, notably the presence of megaloblastic anemia and neurological symptoms,

particularly in conjunction with a low serum B12. Due to the potential seriousness of these

clinical consequences, as well as recent recognition that low B12 status is highly prevalent not

only in the elderly, but also in children and young adults throughout the world [187], an

increasing emphasis is placed on other analyte assays, including holotranscobalamin, methyl-

malonic acid, and homocysteine, in the diagnosis of B12 deficiency.

Total Serum B12

Measurement of total serum B12 remains the most widely used routine method of assessing B12

status. Measurement of serum B12 has evolved over the past 30 years beginning with micro-

biological assays using Lactobacillus leichmanii or other organisms [18]. More recent methods,

which are still in use, include radioisotope dilution assays [188] and nonradioactive enzyme-

linked and chemiluminescence assays [189]. These assays are frequently automated. Common

to each of these assays is the initial release of all protein-bound B12 through destruction of the

serum B12 carrier proteins or through change in pH. In addition, common to all competitive

binding assays is the use of IF, added as a specific binding protein for cobalamin only, and not

cobalamin analogs that may be present in some sera. Some early configurations of competitive

binding assays for total serum B12 used or were contaminated with haptocorrin binders and

gave spuriously high values for serum B12 because of interference by B12 analogs [190,191].

Both the microbiological and the competitive binding assays measure total serum B12,

the sum of both the haptocorrin and the transcobalamin protein-bound fractions. Serum

B12 concentrations are typically expressed in pg=mL (or pmol=L), with values <200 pg=mL

(<148 pmol=L) considered deficient (reference range ¼ 200–900 pg=mL or 148–664 pmol=L).

While this range is diagnostically useful for the majority of cases of B12 deficiency, there

are individuals with values that would be considered deficient, but who exhibit no clinical

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C013 Final Proof page 434 5.5.2007 6:00pm Compositor Name: BMani

434 Handbook of Vitamins, Fourth Edition



signs of deficiency [131]. Conversely, there are individuals who have serum B12 concentra-

tions that would be considered normal, but who clearly exhibit B12-related abnormalities

(e.g., megaloblastic anemia, neurological deficits) that resolve on B12 supplementation

[130–132]. Thus, the use of total serum B12 for detecting B12 deficiency has limitations. The

less-than-adequate positive and negative predictive value of total serum B12 for detecting B12

deficiency is plausibly explained on the basis of the distribution of serum B12 among its plasma

carrier proteins [131]. Holotranscobalamin exhibits a higher rate of turnover (<2 h) than

holohaptocorrin (up to 10 days), and consequently only 20%–30% of B12 in serum at any

given time is actually bound to transcobalamin, with the remainder bound to haptocorrin

(Table 13.1) [48,49,60]. Because dietary and biliary B12 are absorbed across the enterocyte

and appear in the serum initially bound to transcobalamin, a significant decrease in

serum holotranscobalamin concentration may precede any significant decreases in holohapto-

corrin concentration during a state of B12 negative balance. Because holotranscobalamin

represents only a small fraction of the total serum B12, a reduction in holotransco-

balamin during the early stages of B12 negative balance may have little effect on total serum

B12 concentration. An abnormally low total serum B12 concentration is frequently a late

occurrence in the continuum from the onset of negative B12 balance to overt deficiency

(i.e., the development of megaloblastic anemia and neurological deficits) [186].

In general, the more severe the deficiency, the lower the serum B12 level. In patients with

spinal cord damage and megaloblastic anemia due to B12 deficiency, the level is usually <100

pg=mL (<74 pmol=L). Values between 100 pg=mL (74 pmol=L) and 200 pg=mL (148

pmol=L) are regarded as borderline and may be found in patients with mild B12 deficiency.

Serum B12 levels above the normal reference range (if not due to recent therapy or supplement

use) are usually due to a rise in holohaptocorrin, or to liver or renal disease with increased

saturation of haptocorrin and transcobalamin (Table 13.2) [65,66]. Elevation of serum B12

through one of these mechanisms, unrelated to B12 status, may obscure an underlying

condition of B12 deficiency.

Holotranscobalamin

Experimental evidence to support the hypothesis that serum holotranscobalamin concentra-

tions reflect recent B12 malabsorption and negative balance includes the following: (1) Low

concentrations of serum holotranscobalamin are found in patients with a failure of B12

absorption due to pernicious anemia [186] or due to gastric atrophy [192]. (2) There is a

rapid fall (within 7 days) of serum holotranscobalamin concentrations after damage to the

intestine caused by pelvic radiotherapy for the treatment of cancer, while total plasma B12

concentrations remain in the normal range (>200 pg=mL or >148 pmol=L) [193]. (3) Low

serum holotranscobalamin concentrations (defined as <40 pg=mL or <30 pmol=L) were

found in >50% of 100 sequentially studied AIDS patients who had generalized intestinal

malabsorption [194], although most of these patients had serum B12 concentrations in the

normal range (>200 pg=mL or >148 pmol=L). Intramuscular B12 treatment was reported to

improve their cognitive function and hematopoiesis. (4) In long-term vegans, holotranscoba-

lamin concentrations remain in the low-normal range (defined as 40–60 pg=mL or 30–44

pmol=L) for many years because absorption of some B12 through the enterohepatic recircu-

lation is maintained despite low dietary B12 intake [195]. Thus, it should be anticipated that in

contrast to B12 malabsorption, holotranscobalamin would remain in the normal range even

when B12 stores become markedly depleted, as long as absorption of the vitamin remains

intact. (5) In elderly individuals, in whom B12 malabsorption syndromes are prevalent, low

holotranscobalamin concentrations have been observed: serum holotranscobalamin concen-

trations <40 pg=mL (<30 pmol=L) were reported in 35% of 150 Veterans Administration

outpatients age 65–95 years [152]; in well- and poorly nourished nursing home residents with a
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mean age of 84 years, low holotranscobalamin (defined as <60 pg=mL or <44 pmol=L) was

observed in 15% and 36% of individuals, respectively [196]; and the proportion of the total

serum B12 carried by transcobalamin was found to be significantly lower in older adults (~4%)

than young adults (~15%) [129].

Taken together, these observations offer compelling support that holotranscobalamin

may be a sensitive indicator of B12 absorption and status. Measurement of holotranscobala-

min has been confounded, however, by assay limitations. For many years, holotrans-

cobalamin was measured almost exclusively using the method of Jacob and Herbert [197],

or some minor modification thereof. This assay used microfine silica as an agent for removal

of transcobalamin from serum. Total B12 was measured in serum before and after treatment

with the microfine silica, with the calculated difference between the two measurements

equal to the holotranscobalamin concentration. This method suffered from technical flaws,

as well as conceptual limitations. A study examining the potential usefulness of holo-

transcobalamin measurement to identify B12 deficiency among a miscellaneous group of

patients with macrocytosis concluded that the test was not useful [198]. Refinements and

improvements to this assay were subsequently described, using Sepharose beads coated with

antitranscobalamin antibody [100,199,200] or heparin-conjugated Sepharose [201]. Like the

approach using microfine silica, all suffered from the drawback that holotranscobalamin

levels, rather than being measured directly, were calculated by difference.

More recently, more precise and accurate methods to measure holotranscobalamin

have been developed in which the concentration of this fraction of the total B12 is mea-

sured directly. These methods have been commercialized and are based on separating

transcobalamin from haptocorrin using a monoclonal transcobalamin antibody followed by

direct measurement by radioassay of the B12 bound to transcobalamin [202] or using a

monoclonal antibody specific for holotranscobalamin in an automated chemiluminescence

assay format [203]. Numerous studies have appeared in the literature recently assessing the

clinical and epidemiological utility of holotranscobalamin measurement for detection of B12

deficiency or B12 status determination for population screening [204–210]. In general, these

studies indicate that used singly, holotranscobalamin measurement is about equivalent to

total serum B12 with respect to sensitivity and specificity.

Although holotranscobalamin levels may reflect total body B12, apotranscobalamin

(unsaturated transcobalamin) or the percentage saturation of total transcobalamin is not a

reliable indicator of B12 status. This may be because apotranscobalamin levels, which nor-

mally are present in plasma in a fivefold to tenfold excess over holotranscobalamin levels, are

reported to rise several fold as an acute phase protein in response to infection and inflam-

matory processes [211]. In contrast, holotranscobalamin levels are not affected by infection or

inflammation.

Methylmalonic Acid and Homocysteine

Metabolite assays that provide an indication of B12 status are also available. These include

serum and urinary methylmalonic acid and total plasma homocysteine [131]. The assays are

sometimes termed functional or biochemical because they assess the metabolic pathways in

which B12 participates directly. They are useful because metabolic disturbances generally

precede overt clinical symptoms, thus allowing for the detection of deficiency before serious

and potentially irreversible structural changes occur. In addition, B12-responsive elevations of

serum methylmalonic acid and plasma homocysteine concentrations may be observed despite

a total serum B12 concentration in the normal range (i.e., >200 pg=mL) [130,131].

Several factors limit the usefulness of these measurements, however. The most reliable

methods for determining methylmalonic acid use elaborate derivatization procedures followed

by gas chromatography or mass spectrometry [212–214]. The methods are technically
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daunting, require specialized equipment and training, and are expensive. In addition, it is

known that serum methylmalonic acid concentrations may become elevated in B12-replete

individuals with renal insufficiency, thus reducing specificity of the assay for identifying

B12 deficiency. Methods for measuring homocysteine use simpler derivatization procedures

or enzymatic conversion to S-adenosylhomocysteine, followed by high-pressure liquid chro-

matography [215,216]. They are somewhat less expensive than methylmalonic acid assays, but

still require specialized equipment and training. More recently, assays that use a simpler format

have been introduced that do not involve chromatographic separation [217]. Importantly,

however, plasma homocysteine is not a specific indicator of B12 status. Several other common

conditions, including folate and vitamin B6 deficiencies, certain genetic enzyme defects,

renal insufficiency, hypothyroidism, and particular drugs, can cause plasma homocysteine to

become elevated [218]. Thus, although methylmalonic acid and homocysteine are certainly

important and useful clinical assays, they nonetheless have significant limitations when used

for determining B12 status [219].

Multiple Analyte Testing

As described earlier, the limitations of individual analyte assays indicate that no single assay

is completely adequate for assessment of B12 status. In recent years, several novel or refined

strategies have been proposed for the diagnosis or detection of B12 deficiency or for screening

of populations. These promote the use of either sequential tests as described by an algorithmic

approach [131] or panels of two or more measurements performed in sequence or simul-

taneously [204–207,220]. Preliminary evidence from our laboratory suggests that the ratio of

holotranscobalamin to total B12 may also serve as a useful indicator of functional B12 status

(unpublished observations). In addition to various combinations and permutations of total

B12, holotranscobalamin, methylmalonic acid, and homocysteine, these panels of tests may

also include two other metabolites that rise in B12 deficiency, 2-methylcitric acid, and

cystathionine [221].

Deoxyuridine Suppression Test

In cultured normal bone marrow, addition of deoxyuridine (dU) considerably suppresses

the uptake of radioactive thymidine into DNA. This is due to conversion of dU to deoxy-

thymidine (dT) by the enzyme thymidylate synthase in a reaction in which methyleneTHF

serves as cosubstrate. The dT so formed through what is termed the de novo pathway is

converted to dTMP through the action of thymidine kinase and ultimately to dTTP for

incorporation into DNA. dTMP arising through the de novo pathway inhibits preformed

thymidine uptake through the salvage pathway. dU suppresses radioactive thymidine incorp-

oration less effectively in megaloblastic anemia due to either folate or B12 deficiency because

of a block in dU monophosphate conversion to dTMP [222]. In B12 deficiency, the test can be

corrected with B12 or 5-formyltetrahydrofolate (folinic acid), but not with 5-methyltetrahy-

drofolate. In contrast, in folate deficiency both the folate analogs, but not B12, correct the test

[223]. Performance of the dU suppression test is laborious and the test is rarely performed

other than in specialized laboratories.

Immune Phenomena

Autoimmune mechanisms play an important role in the pathogenesis of pernicious anemia.

Tests based on the demonstration of immune phenomena are available to assist in the

diagnosis of the disease. Two types of IF antibody may be found in the sera of patients

with pernicious anemia: both are IgG immunoglobulins. One, the blocking or Type I anti-

body, prevents the combination of IF and B12; whereas the other, the binding, Type II,
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or precipitating antibody, attaches to IF whether bound to B12 or not and prevents attach-

ment of IF to the ileal mucosa. The blocking antibody occurs in the serum of ~70% of patients

with pernicious anemia and the binding antibody in 35%–40% of patients [224–226]. Bind-

ing antibodies are found only in those patients who also have blocking antibodies. IF

antibodies cross the placenta and cause temporary IF deficiency in the new-born infant

[227–229]. Pernicious anemia patients also show cell-mediated immunity to IF. An increased

CD4=CD8 lymphocyte ratio in blood has been described in pernicious anemia patients with

IF antibodies [230]. In addition, complement-dependent cytotoxicity has been observed in

pernicious anemia patients [231].

IF antibodies are rarely found in conditions other than pernicious anemia. Type I

antibody has been detected occasionally not only in the sera of patients without pernicious

anemia, but with other autoimmune diseases such as thyrotoxicosis, myxoedema, Hashimoto’s

disease, or diabetes mellitus, or in relatives of pernicious anemia patients [18]. There is

a clinical association between pernicious anemia and thyroid diseases, vitiligo, hypo-

parathyroidism, and Addison’s disease of the adrenal, and a higher prevalence of these

diseases is found in patients with pernicious anemia [18]. IF antibodies have also been

detected in gastric juice in a proportion of pernicious anemia patients [232]. These anti-

bodies may reduce absorption of dietary B12 by combining with small amounts of residual

IF in the gastric juice, thus further reducing the already limited capacity to absorb B12 in

pernicious anemia.

Antibodies directed against parietal cells may be detected immunohistochemically

in microscopic sections of the gastric mucosa by immunoflourescence or by complement

fixation techniques. These antibodies are present in the sera of nearly 90% of adult patients

with pernicious anemia, but they are frequently present in other diseases as well [19]. Parietal

cell antibodies have been detected in as many as 16% of randomly selected women over the

age of 60 years and in a smaller proportion of younger control subjects [233]. They are found

more frequently than in controls in relatives of pernicious anemia patients, and in patients

with simple atrophic gastritis, autoimmune thyroid disorders, Addison’s disease of the

adrenal, rheumatoid arthritis, and other autoimmune conditions [18]. Parietal cell antibodies

have also been found in the gastric juice in pernicious anemia. It is directed against the a and

b subunits of the gastric proton pump (Hþ-Kþ-ATPase). The serum of pernicious anemia

patients may also contain an autoantibody to the gastrin receptor [234].

Absorption Tests

The Schilling test [235] has been the gold standard method for detecting B12 malabsorption

and is the only test of B12 absorption ever to be widely used in clinical practice. The test

requires the oral administration of cobalt-57-labeled B12 (57Co–B12) to a fasting subject and

complete collection of urine during the subsequent 24 h. A large dose of nonradioactive B12

(1000 mg) is administered by intramuscular injection up to 2 h after the oral radioactive dose.

This temporarily saturates all available plasma B12-binding proteins such that any of the
57Co–B12 dose that is absorbed, which is of low molecular weight, is flushed into the urine.

Low excretion of the radioactivity in urine indicates impairment of the ability to absorb the

vitamin. Patients identified as having malabsorbtion are given a Stage II test in which an

exogenous source of IF (usually porcine) is administered orally with 57Co–B12 to check for

gastric pernicious anemia. If the IF does not correct the malabsorption (evidenced by

continued low excretion of 57Co–B12 in the urine) then the patient does not have classical

pernicious anemia or any other gastric defect resulting in failure of IF production. This points

to an intestinal cause of the B12 malabsorption. The patient may then be treated with

antibiotics and have an additional Stage III test to determine if malabsorption was due to

bacterial overgrowth.
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In clinical practice, the radioactivity is usually provided as crystalline B12, which can be

absorbed by elderly individuals even if they lack gastric acid and pepsin. The labeled vitamin

must be mixed and equilibrated with food (e.g., egg protein), called the food-bound Schilling

test or the egg-yolk B12 absorption test, to simulate dietary B12 absorption [236–242]. Only the

food-bound Schilling test is abnormal in most individuals with chronic gastritis or gastric

atrophy because they do not produce enough hydrochloric acid or pepsin to release B12 from

its attachment to dietary protein.

Even with the high prevalence of B12 deficiency in the elderly and its clinical importance,

absorption is now rarely tested. The reasons for the disinclination of physicians to pres-

cribe the Schilling test for patients suspected of having B12 deficiency relate to several

factors, including reduced availability of test components (i.e., 57Co–B12 and IF), cost (several

hundreds of dollars for each stage), the lengthy protocol (up to 1 week to carry out all three

parts), and the requirement for oral consumption of a radioactive compound requiring

management and disposal of radioactive waste, thus precluding its use in women of child-

bearing age as well as in children. In addition, the pharmacological dose of B12 injected

intramuscularly as part of the test delays and sometimes obscures subsequent assessment of

responses in B12 status to medical and nutritional therapy. Furthermore, the test requires

normal renal function and complete collection of 24 h urine output and is invalidated by

either incomplete urine collection or underlying chronic renal disease. Because of these

limitations, physicians are reluctant to order the test for their B12-deficient patients suspected

of having pernicious anemia and other malabsorption disorders. Instead, patients found

or suspected to have B12 deficiency are frequently prescribed lifelong monthly intramuscular

injections of B12 without adequate diagnosis of the underlying cause of the deficiency.

Because food-bound B12 is not usually used in the Schilling test, many patients referred

with low serum B12 concentrations resulting from atrophic gastritis are incorrectly deter-

mined to have normal B12 absorption [241,242], adding to the perception that the test is of

limited value.

Alternatives to the Schilling test are currently considered. One method [243,244] employs

a strategy of giving three consecutive 9 mg oral doses of nonradioactive B12, given 6 h apart.

Change in serum holotranscobalamin level is then assessed 24 h after the initial B12 dose.

Initial studies suggest that change in holotranscobalamin distinguishes between individuals

with B12 malabsorption and those with intact B12 absorptive capacity with reasonable

sensitivity and specificity. A second strategy considered exploits a newly developed method

for the microbial synthesis of B12 labeled with carbon-14 (14C–B12) and accelerator mass

spectrometry (AMS) [59]. AMS provides the capacity to detect levels of 14C in biological

samples at attomolar range, and thus is uniquely suited to detect the appearance in the blood

of minimally radioactive substances. Initial studies have shown that 14C–B12, given as a

physiological dose (1.5 mg) and containing one-twentieth of the level of radioactivity typically

used in the Schilling test (0.05 mCi 14C–B12 vs. 1.0 mCi 57Co–B12), can be detected in plasma

after oral ingestion in a healthy adult, with peak label appearing between 6 and 8 h after

ingestion. Future studies will determine if measurement of plasma 14C–B12 after oral ingestion

can distinguish B12 malabsorbers from those with intact absorptive capacity.

Therapeutic Trial

Response to treatment of subjects with suspected B12 deficiency (treatment strategies are

described in detail later) can be employed as a means for definitive diagnosis [188], though

nowadays it is rarely used. This works particularly well for the diagnosis of B12 deficiency as

the cause of megaloblastic anemia. It involves treatment with a physiological dose of B12 (e.g.,

1–2 mg intramuscularly daily) and monitoring of the hematological response. A therapeutic

trial is less definitive in the diagnosis of neurological deficits caused by B12 deficiency. If the
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deficiency has been prolonged (over 1 year), then the neurological deficits may not respond

to B12 supplementation [245,246]. Response to treatment is discussed in more detail in the

next section.

TREATMENT

Response to Treatment

Following treatment of vitamin B12 deficiency, a series of observable changes occur, depend-

ing on the degree of deficiency. Classically, in B12 deficiency, the observable changes relate

to hematological reversal of megaloblastic abnormalities and the accompanying macrocytic

anemia. Typically, these changes begin to occur rapidly, with correction of megalo-

blastic abnormalities in the bone marrow beginning to occur after 8–12 h and complete

disappearance of abnormal morphology within 2–3 days. It is known that megaloblasts are

incapable of normal maturation and effective hematopoiesis, and they undergo apoptosis

within the bone marrow [247]. It therefore requires time for newly committed progenitor cells

to mature to reticulocytes within the marrow so that the number of reticulocytes begin to

rise abruptly 3–5 days after treatment is instituted, reaching a zenith after 4–10 days. There is

a more gradual rise in the red cell count and the hemoglobin concentration as the depleted

circulating red cell mass is reconstituted. Parallel with the rise in red cell count, there is an

increase in the platelet and white cell counts if these were also low at the time treatment was

initiated. The intensity of the hematological response is, in general, proportional to the

original degree of anemia. The pattern of response provides important information in that

it confirms there was, indeed, a B12 deficiency, and also may indicate the presence of

additional complicating factors such as associated deficiencies of other hematinic factors. In

such situations, the reticulocyte response and rise in hemoglobin concentration or red cell

count are suboptimal. This occurs typically when there is an associated iron deficiency that

frequently coexists in conditions like gastric atrophy and pernicious anemia.

In the absence of hematological abnormalities, an objective response to treatment is

more difficult to evaluate. Neurological changes attributable to B12 deficiency may show a

variable response to B12 replacement therapy, depending on the severity and the duration of

the abnormality [177]. With respect to the myeloneuropathy, symptoms of <3 months

duration are generally completely reversible and improvement begins within weeks, particu-

larly those of muscular weakness. So, too, do psychiatric manifestations such as irritability,

confusion, and even hallucinations. Sensory abnormalities like paresthesias take longer to

remit and may never completely disappear. Some studies have reported improvements in

objective measurements of neurological function following B12 treatment, including visual

and auditory-evoked potentials and nerve conduction velocity [248–252].

There are also objective biochemical changes that occur following effective treatment of

B12 deficiency, some specific and others nonspecific. Specific biochemical changes include

reduction in plasma methylmalonic acid and homocysteine. Typically, these metabolites fall

significantly within days after initiation of B12 replacement therapy [132,253]. Methylmalonic

acid and homocysteine may be elevated in subjects without hematological or neurological

abnormalities, including a proportion with normal levels of serum B12. These metabolites,

nonetheless, may fall to normal with B12 therapy. The significance of these biochemical

changes is controversial [119,131,254–256]. They may imply functional B12 deficiency not

reflected by subnormal levels of the vitamin or by disturbed hematopoiesis. This suggests

that the accepted normal serum level of B12 reflects body stores that are sufficiently high to

prevent hematological changes, but in some subjects may not be optimal for prevention of

other complications, including thrombosis, vascular disease (putatively associated with

hyperhomocysteinemia), and fetal NTDs.
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Among the nonspecific biochemical changes that occur in response to B12 treatment are

an increase in previously low-serum alkaline phosphatase, an increase in serum uric acid

(depressed to varying degrees in B12 deficiency), a fall in serum lactic dehydrogenase

and unconjugated bilirubin (both raised during the B12-deficient state), and a fall in the

serum iron concentration caused by sudden increase in the rate of erythropoiesis with a

resulting consumption of available iron. The erthyropoietic burst also rapidly consumes

extracellular potassium that can result in a precipitous and life-threatening lowering of

serum potassium [257].

In addition to the objective, measurable changes in blood count values, there are a

number of dramatic subjective changes experienced by a B12-deficient patient following

treatment. This is variously described in superlatives by patients who experience a general

sense of well-being and improved alertness. Mood may become elevated, as well.

Forms of Treatment

Treatment protocols for established B12 deficiency are fairly straightforward. The form of B12

is cyanocobalamin in the United States and hydroxocobalamin in the United Kingdom. In

several countries both forms are used, and in Japan methylcobalamin is popular. The

advantages claimed for hydroxocobalamin over cyanocobalamin are that the former shows

better retention following a large intramuscular dose and that cyanocobalamin is metabolic-

ally inactive until the cyanide group is cleaved from the upper axial ligand position of

cobalamin [64].

Regardless of the form of B12, it is generally necessary to continue lifelong treatment with

B12 once the decision has been made that a patient is B12-deficient, particularly if the

deficiency is due to conditions other than dietary deficiency. The traditional approach has

been to administer the B12 by intramuscular injection. Initially, the B12 is given in doses of

1000 mg twice weekly for 2 weeks and then 1000 mg weekly for another 4 weeks. This generally

replenishes the depleted B12 tissue stores. Thereafter, B12 may be given by monthly injection

of 1000 mg. So large a dose of cyanocobalamin is not well retained and most of this dose is

excreted in the urine. The use of hydroxocobalamin reduces the need to administer as many

doses initially (six 1000 mg injections at 3–7 day intervals suffice initially with maintenance

injections of 1000 mg required only every 3 months). Toxic reactions to vitamin B12 are

extremely rare and there is no upper limit defined [26].

Because a small fraction (1%–2%) of any oral dose of B12 can be absorbed passively

through diffusion, even in the total absence of the normal IF-mediated physiologic mechan-

ism for B12 absorption, B12 replacement may be given orally to treat deficiency [258]. To

ensure that an oral dose of B12 is adequate, it has been recommended that daily doses of

1000–2000 mg be given [259]. Sublingual and intranasal routes of B12 administration have also

been proposed and marketed [260–263].

NEW DIRECTIONS

GENE EXPRESSION

As stated in the Chemistry section, the details of the microbial biosynthesis of B12 are

complex. One aspect of B12 biosynthesis that warrants mention, recent advances in the

understanding of how intracellular B12 appears to regulate its own biosynthesis in bacteria,

as well as transport of available extracellular B12 into the bacterial cell. In the presence of

50-deoxyadenosylcobalamin, expression of the cob operon of S. typhimurium, which encodes

for the B12 biosynthetic pathway, is significantly decreased. Likewise, the expression of the

btuB gene of Escherichia coli and S. typhimurium, which encodes for the membrane cobalamin
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transporter, is decreased in the presence of 50-deoxyadenosylcobalamin [11,264–266].

Mutational analysis has revealed that the mechanism by which this occurs is at the level

of translation initiation and involves two elements in the leader sequences of the cob and

btuB genes, a so-called B12 box and an RNA hairpin structure [267–271]. Binding of

50-deoxyadenosylcobalamin to the B12 box alters and stabilizes the tertiary structure of the

RNA hairpin, thus inhibiting ribosomal binding and the initiation of translation. In this way,

B12 acts as a riboswitch, a function beyond its well-known role as a cofactor in enzymatic

reactions. B12 is not unique in this regard; several other small molecules are known to serve as

riboswitches, including thiamine pyrophosphate, flavin mononucleotide, S-adenosylmethio-

nine, lysine, guanine, and adenine [272,273]. It is important to note that riboswitches seem to be

restricted to prokaryotic systems. To date, a eukaryotic riboswitch has not been identified. This

notable evolutionary distinction suggests the possibility that riboswitches, including the B12

riboswitch, might be exploited as targets for novel antimicrobial drugs [272].

Though riboswitches have not been identified in eukaryotic cells, there is evidence that

B12 acts to promote the translation of at least one mammalian gene. B12 has been known for

many years to induce the activity of methionine synthase (but not methylmalonylCoA

mutase) [274–276]. A series of investigations by Banerjee and coworkers [277–279] have

established that the increased activity of methionine synthase in the presence of B12 is not

solely the result of conversion of apo-enzyme to holo-enzyme, nor is it the result of increased

transcription of the methionine synthase gene or stabilization of the protein. Instead, induc-

tion of enzyme activity seems to be initiated from an internal ribosomal entry site (IRES) that

spans 71 bases immediately upstream of the translation start codon of the methionine

synthase mRNA. B12 increases the efficiency of IRES-dependent translation of the protein.

The effect is not due to direct binding of B12 to the mRNA sequence, but rather appears to be

the result of interaction of B12 with an IRES transactivating factor (ITAF) [279]. The working

model is that B12 binds to an as yet unidentified ITAF protein and induces a conformational

change that promotes the interaction of the ITAF with the IRES. This in turn enhances

recruitment of ribosomes and promotes translation. It is proposed that this may constitute a

mechanism by which B12, a rare commodity in the environment, may be rapidly sequestered

within the cell [278]. Thus, methionine synthase may have, as additional purpose to its

primary function of enzymatic conversion of homocysteine to methionine, the role of pro-

viding an intracellular storage silo for the vitamin. It will be of great interest in the future to

see if this effect of B12 is unique to methionine synthase in mammalian cells or if B12 promotes

IRES-dependent translation of other proteins, particularly those involved in B12 metabolism.

INFLAMMATION

Vitamin B12 may be a modulator of the inflammatory response. Evidence for a relationship

between B12 and inflammation comes from the totally gastrectomized (TGX) rat model of B12

deficiency [280]. Removal of the stomach eliminates the source of IF required for the

physiologic absorption of B12. Consequently, B12 deficiency occurs within several months,

as demonstrated by Scalabrino and colleagues [281] who have described significantly elevated

levels of homocysteine and methylmalonic acid in the blood as well as subacute combined

degeneration of the spinal cord (SACD). Inhibition of methionine synthesis with resulting

alterations of methylation and abnormal methylmalonate incorporation into odd-chain fatty

acids have been implicated as pathogenetic mechanisms underlying SACD (see Deficiency

section). An alternative proposition, however, is that B12 deficiency causes neurodegeneration

through a mechanism mediated by the inflammatory cytokine, tumor necrosis factor alpha

(TNF-a) [282]. Intracerebroventricular microinjection of TNF-a into nongastrectomized rats

induces spinal cord pathology similar to that observed in the TGX rat. In addition, TNF-a is

overexpressed in the spinal cords of TGX rats, and this overexpression can be reversed with
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intramuscular injections of B12. Moreover, intracerebroventricular microinjections of TNF-a

antibodies or cytokine inhibitors of TNF-a production, such as transforming growth factor

ß1 and interleukin 6, prevent SACD lesions in the TGX rat. The relevance to humans of

these findings is supported by the observation that serum and cerebrospinal fluid TNF-a

levels are elevated in patients with B12 deficiency and are normalized by B12 replacement

therapy [283,284]. It is unclear from these rat and human studies, however, if the increased

expression of TNF-a is secondary to the primary biochemical impairments induced by B12

deficiency, or if B12 plays a more direct role in TNF-a expression at the transcriptional

or translational level. This latter possibility, for which there is no experimental support,

could represent a novel IRES-dependent type role for B12 in the regulation of gene expression

that lies beyond the currently recognized B12-related proteins, similar to that postulated in the

previous section.

The observed association between B12 deficiency and increased TNF-a may underlie

several clinical observations [285]. First, a connection between Alzheimer’s disease and

B12 deficiency has long been suspected. Alzheimer’s disease, with its characteristic

amyloid plaques and neurofibrillary tangles in the brain, is ultimately a disease with a strong

inflammatory component. The potential for developing antiinflammatory drugs to prevent

or slow the progression of Alzheimer’s disease is currently an active line of investigation. If B12

deficiency promotes inflammation by inducing increased expression of TNF-a, this could

exacerbate the damage caused by the disease. Second, in vitro studies have shown

that methylcobalamin inhibits inflammatory cytokine production [286]. This observation

has led to the use of methylcobalamin in the treatment of rheumatoid arthritis [286]. Last,

B12 has been shown to inhibit HIV infection of lymphocytes and monocytes in vitro [287]. In

contrast, TNF-a is known to promote HIV replication. Together, these observations suggest

that B12 may inhibit HIV infectivity by suppressing TNF-a production. Of note is that low

B12 status has been associated with an accelerated rate of onset of clinical AIDS after HIV

infection [288].

DIAGNOSTIC IMAGING AND DRUG DELIVERY

Cancer cells have the capacity to take up and sequester B12 at a higher rate and efficiency than

that required for normal metabolism and cell replication [289]. This may be the result of a high

density of transcobalamin receptor sites on cancer cells [290]. This implies an increased need

for B12 to support rapid DNA replication and cell proliferation that are characteristic of

cancer cells. The differential uptake of B12 between cancer cells and normal cells has been

proposed as a phenomenon that can be exploited for both in vivo imaging and drug delivery.

Common to these approaches is the attachment of the label or drug to the central cobalt atom

of B12 in the upper axial ligand position.

Labeling of B12 or B12 analogs with gamma-emitting Indium-111 has been used to image

high-grade primary and metastatic malignancies of the breast, lung, colon, thyroid, prostate,

and central nervous system [291]. The use of nonradioactive fluorescently labeled B12 has

also been explored [292]. Initial experiments have demonstrated that fluorescently labeled B12

can be used for lymphatic mapping in a porcine model, thus opening the possibility of a

minimally invasive method to visualize malignant cells in the lymphatic system [293].

With respect to drug delivery, promising results have been obtained with a conjugate of

B12 and colchicine. Colchicine is highly cytotoxic, primarily through inhibition of tubulin

polymerization and the blocking of mitosis during metaphase [294]. Colchicine has not

been useful in cancer treatment because of very high systemic toxicity. However, if colchicine

can be preferentially targeted to cancer cells, then the drug may yet prove an effective

anticarcinogen. A B12–colchicine conjugate has been synthesized and uptake into breast,

brain, and melanoma cancer cell lines has been demonstrated in vitro [294]. LC50 values for
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the conjugate are in the nanomolar range, suggesting this mode of drug delivery may

ultimately prove clinically beneficial.

EMERGING EPIDEMIOLOGICAL ASSOCIATIONS

Because of the prominent role of B12 in both DNA synthesis and homocysteine metabolism,

there is a biochemical basis for investigating associations between B12 and chronic degenera-

tive diseases of aging. In addition to putative associations between B12 and vascular and

neurodegenerative diseases discussed earlier, other associations that have some epidemi-

ological support include cancer (in particular breast cancer), bone health, age-related hearing

loss, and NTDs.

Breast Cancer

The association with breast cancer was first observed in 1999 in postmenopausal women

[295,296]. In a prospective study, median serum B12 levels were lower in cases versus controls

and the lowest quintile of serum B12 was associated with an elevated odds ratio for breast

cancer. A subsequent prospective study found an inverse association between B12 and

incident breast cancer, but only in premenopausal women [297]. Proposed mechanisms by

which B12 may play a role in cancer are similar to those proposed for folate deficiency, that is,

an increase in DNA strand breaks due to uracil misincorporation and a decrease in DNA

methylation, which can affect gene expression patterns and genome stability [295,296].

Osteoporosis

In recent years, there has been growing interest in a possible relationship between osteo-

porosis and B12 status. In middle-age and older adults, associations have been observed

between B12 and bone mineral content, bone mineral density, risk of osteoporosis

and osteopenia, and risk of hip fracture [298–303]. Associations have also been observed

between B12 and markers of bone turnover, including serum osteocalcin and urinary deoxy-

pyridinoline excretion [302]. Notably, B12 supplements increase osteocalcin levels in individ-

uals with B12 deficiency [304]. Relationships between B12 and bone are not limited to the

elderly; low bone mineral density associated with low B12 status (including elevated methyl-

malonic acid) has been observed in adolescents formerly fed a macrobiotic diet low in B12

[300]. A mechanism by which B12 influences bone is suggested by in vitro and clinical studies

linking B12 with osteoblastic activity [304,305]. Alternatively, the relationship between B12

and bone health may be mediated by homocysteine. Two prominent studies have linked

hyperhomocysteinemia to increased risk of osteoporotic fractures in older adults, though the

dependence of this relationship on B12 status was not assessed in these studies [306,307]. There

is also evidence that lowering homocysteine with a combination of B12 and folate supplement

reduces the risk of hip fracture [308].

Hearing Loss

Among the many and varied symptoms of B12 deficiency that have been reported are tinnitus

and auditory hallucinations, suggesting a role for B12 in hearing. Limited epidemiological

evidence provides some support for an association. In a small cohort of older women (age

60–71 years) serum B12 was significantly lower in subjects with impaired hearing defined as a

hearing threshold >20 dB than in subjects with a threshold <20 dB [309]. In addition, pure-

tone air conduction thresholds were inversely correlated with B12 levels. A study of military

personnel exposed to excessive noise also suggests an association; subjects with a combination

of tinnitus and noise-induced hearing loss had a higher prevalence of low serum B12 than
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those with noise-induced hearing loss without tinnitus or normal hearing [310]. Moreover, a

lessening of the tinnitus was reported in the B12-deficient subjects who received B12 supple-

ments. Mechanisms by which B12 might affect hearing could be damage to the vascular

system of the ear associated with hyperhomocysteinemia, alterations in bone conduction

properties resulting from metabolic bone changes, or direct neurotoxic effects of homocys-

teine or methylmalonic acid on the neural components of the ear [309].

Neural Tube Defects

The success of folic acid fortification of the food supply in reducing the incidence of NTDs

in the United States, Canada, and other countries is well documented [181,311]. Because of

the interrelated biochemical functions of folate and B12 in the conversion of homocysteine

to methionine, it was predicted that B12 status might also be an important factor in neural

tube development. The strongest support for a role of B12 in neural tube development

comes from case-control studies; mean total B12 level is consistently lower in the amniotic

fluid from NTD pregnancies than normal pregnancies [312]. In contrast, the majority of

studies find no difference in mean serum B12 between cases and controls [312]. These

observations suggest that women susceptible to an NTD-affected birth have a higher require-

ment for B12 to support normal neural tube development, thus implicating genetic differences

in delivery of B12 to the fetus, B12 metabolism, or cofactor function that may contribute to

NTDs. In support of this contention are data indicating that a common polymorphic variant

in methionine synthase reductase (A66G) influences the risk of NTDs, particularly when

maternal B12 status is low [117]. Therefore, with folic acid fortification, it can be hypothesized

that some of the residual NTD incidence is related to a combination of genetic factors and

low B12 nutrition. The effect of polymorphisms in this situation may arise either as a result of

maternal or fetal SNPs, or the coexistence of both.
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INTRODUCTION

Optimal nutrition requires dietary choline but this nutrient is not a vitamin. The functions of

choline in animals have no resemblance to the B vitamins, vitamin C, or the fat-soluble

vitamins. The relatively large daily requirement humans have for choline (~0.5 g=day) and its

metabolism are more akin to the amino acids than any other class of nutrients. Choline is

made from serine and methionine, and its oxidation in the mitochondria is an energy-yielding
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process. Biochemically, choline is required for phospholipid and acetylcholine biosynthesis,

and its oxidation to betaine and ultimately glycine is important for osmolyte homeostasis and

one-carbon metabolism, respectively.

This chapter focuses on the role of choline in mammalian biology. There have been many

reviews on different aspects of choline chemistry and biology and the reader is referred to

several excellent sources of additional information [1–10], including earlier editions of this

handbook.

HISTORY

Choline was discovered by Adolph Strecker in 1862 [11]. He isolated the platinum salt of a

substance from pig and oxen gall with the chemical formula of C5H13NO, HClþPtCl2, which

he termed cholin and correctly surmised it to be an ammonium base. In 1868, he later went on

to show that choline is an integral part of egg yolk lecithin and cites Wurtz as the first to

chemically synthesize choline by heating ethylene oxide with trimethylamine under acidic

conditions [12]. Later, choline was shown to be a component of sphingomyelin [13,14]. Other

key discoveries include the elucidation of the pathway for the biosynthesis of choline by du

Vigneaud et al. in 1941 [15], its incorporation into phosphatidylcholine (lecithin) by Kennedy

and Weiss in 1956 [16], and the potent pharmacological actions of acetylcholine by Hunt and

Taveau in 1906 [17].

The nutritional importance of choline was first recognized by its lipotrope action. Lipo-

trope is a term that was coined for compounds that prevent the accumulation of neutral lipid

in the liver. Best and Huntsman showed in depancreatized dogs maintained on insulin that

phosphatidylcholine conferred lipotrope activity [18,19]. Fatty liver is the most well-known

outcome of choline deficiency, a symptom that occurs rapidly in every animal species tested,

including monkeys [20]. Long-term choline deficiency has been shown to lead to the devel-

opment of liver cancer in rodents, a pathology that occurs in part because of the complica-

tions associated with prolonged fatty infiltration as well as other independent mechanisms

caused by the deficiency [21–24]. The importance of choline for liver function represents the

basis for its relatively recent designation by the National Academy of Sciences (United States)

as an essential nutrient for humans. Removing choline from the diet of adult men resulted in a

decrease in plasma choline and an elevation of serum alanine aminotransferase levels, despite

adequate levels of dietary methionine, folic acid, and vitamin B12 [25]. Before its designation

as an essential nutrient, choline was excluded from this status because of its well-characterized

pathway of biosynthesis and the lack of a human deficiency syndrome, the latter due to its

abundance in many commonly consumed foods. Although supplemental methionine report-

edly oblates the need for dietary choline as a growth stimulant in all animals tested except

chicks [26], such a diet cannot be recommended for humans because the combination of high

dietary methionine coupled with low choline will likely result in elevated levels of plasma total

homocysteine ([27] and references therein), a proposed risk factor for vascular diseases and

thrombosis [28–30].

CHEMISTRY

STRUCTURE, NOMENCLATURE, AND CHEMICAL PROPERTIES

The structure of choline and choline-containing biomolecules can be seen in Figure 14.1 and

Figure 14.2. Free choline [2-hydroxy-N,N,N-trimethylethanaminium or (b-hydroxyethyl)

trimethylammonium], (CH3)3N
þCH2CH2CH2OH, is an organic base that is very hydroscopic.

It is soluble in water and alcohol but not in chloroform or ether. The most common salts used

in diet formulations are choline chloride (trade names: Biocolinea, Hepacholine, and Lipotil)

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C014 Final Proof page 460 5.5.2007 6:02pm Compositor Name: BMani

460 Handbook of Vitamins, Fourth Edition



(H3C)3N      C      CH2OH
H2

(H3C)2HN      C      COOH
H2

H3CHN     C      COOH
H2

(H3C)3N      C      CHO
H2

(H3C)3N      C      COOH
H2

(H3C)3N      C     CH2O      COCH3

H2

(H3C)3N      C      CH2O      PO3H2

H2

(H3C)3N
H2
C CH2O P

O

O

CH2

CHOH

CH2OH

(H3C)3N      C      CH2O      CDP
H2

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

FIGURE 14.1 The structure of choline and derived water-soluble metabolites. The structures of

(a) choline, (b) betaine aldehyde, (c) betaine, (d) dimethylglycine, (e) sarcosine, (f) acetylcholine,

(g) phosphocholine, (h) CDP-choline, and (i) glycerophosphocholine are shown.
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FIGURE 14.2 The structure of lipid-soluble choline-containing metabolites. The structures of

(a) phosphatidylcholine, (b) lysophosphatidylcholine, (c) sphingomyelin, and (d) lysosphingomyelin

are shown. Note that the fatty acid composition, both aliphatic chain length and degree of saturation,

can vary in these metabolites.
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and choline bitartrate, the latter of which has largely supplanted the use of the former because it

is less hydroscopic. Choline is commonly made from trimethylamine and ethylene chlorohy-

drin or ethylene oxide (U.S. Patent 2,774,759 to American Cyanamid). It decomposes in

alkaline solutions releasing trimethylamine.

CHOLINE ANTAGONISTS

There have been hundreds of compounds made to probe the biochemistry and metabolism

choline and its derived metabolites. One of the first choline antagonists used in animals was

2-amino-2-methyl-1-propanol. This compound slows choline synthesis and oxidation and

causes many of the symptoms associated with choline deficiency [31–34]. Diethanolamine is

an environmental contaminant that is a choline antagonist. It has been shown to cause

hepatic choline deficiency and liver cancer in rodents [4,35,36]. Choline-specific transporters

are inhibited to varying degrees by hemicholinium-3. This compound has been particularly

useful in the classification of choline transporters [37]. Hemicholinium-3 is also a weak

inhibitor of choline kinase (CK) [38]. Triethylcholine and homocholine have also been used

to characterize choline transport mechanisms [39,40], and these and other N-ethyl analogs of

choline have been studied as false neurotransmitters [41–43]. A new inhibitor, N-cyclohex-

ylcholine, has been shown to be a high-affinity ligand for the blood–brain barrier choline

transporter [44]. Ever since the development of the cholinergic hypothesis of decline in

dementia, inhibitors of acetylcholine degradation have been developed. There are four

acetycholine esterase (AChE) inhibitors currently used to treat dementia, namely, tacrine,

donepezil, riastigmine, and galantamine [45]. Analogs of trans-1-methyl-4-(1-naphthylvinyl)-

pyridinium are potent inhibitors of choline acetyltransferase (ChAT) [46]. Because phospho-

choline is now known to be a signaling molecule that has a role in cell proliferation there is

renewed interest in the development of CK inhibitors. The structure of new inhibitors [47,48]

as well as the more classical CK inhibitors have been recently reviewed [38]. Finally, specific-

and high-affinity inhibitors have been made for betaine-homocysteine S-methyltransferase

(BHMT) [49], an enzyme in the pathway of choline oxidation. Treating mice with one of these

inhibitors, carboxybutylhomocysteine, blocks the enzyme in vivo [27].

ASSAY PROCEDURES

Many procedures have been developed to quantify the various metabolites of choline in

different matrixes. Most methods are restricted to choline and one or two other choline-

containing metabolites. However, after choline was classified as an essential nutrient for

humans [20] and the U.S. FDA allowed health claims for choline [50] quantifying choline

and all the choline-containing compounds in foods has attracted greater attention. In brief,

choline and acetylcholine can be measured using a classic radioisotope method [51] or one of

several newer methods that employ liquid chromatography with electrochemical or fluores-

cent detection [52–54], continuous-flow fast atom bombardment mass spectrometry [55], or

biosensor technology [56]. The combination of liquid or gas chromatography with various

mass spectrometer techniques [57,58] or proton nuclear magnetic resonance [59] has greatly

expanded the number of metabolites of choline that can be accurately measured from a single

sample. A recent procedure using liquid chromatography with electrospray ionization–

isotope dilution mass spectrometry enables researchers to measure all of the major choline

metabolites in foods or tissues [60]. This method was recently employed to generate the most

comprehensive database of total choline in foods to date [61]. In addition, there is an AOAC

method (Official Method 999.14) for the determination of choline in milk and infant formulas

[62,63]. This method is simple and does not require expensive equipment, although it only
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measures total choline content and not the distribution of the choline moiety in various

molecules. The AOAC method is based on the principle that choline-containing compounds

can by hydrolyzed by acid or base to generate free choline, and, following neutralization, the

sample can be treated with bacterial choline oxidase to convert choline to betaine while

generating two equivalents of hydrogen peroxide. The hydrogen peroxide generated is then

used for the peroxidase-dependent oxidation of phenol, which in turn reacts with 4-aminoan-

tipyrine to generate a quinoneimine chromophore. This method was recently adapted to

measure the total choline content of dietary supplements [64].

CONTENT IN FOOD

Zeisel et al. [61] recently published a comprehensive evaluation of the choline content of 145

commonly consumed foods. Measurements included choline, phosphocholine, glyceropho-

sphocholine, phosphatidylcholine, and sphingomyelin. The amount of acetylcholine and

cytidinediphosphocholine (CDP-choline) in foods is negligible. The sum of all of these

forms was added to give a total choline value since all of the choline derivatives mentioned

earlier can be metabolically converted to free choline (Figure 14.3).

All whole and unprocessed foods contain some choline. In terms of total choline, the

richest sources (mg=100 g) are beef liver (418), chicken liver (290), eggs (251), wheat germ

(152), bacon (125), soybeans (116), and pork (103) [61]. Of these rich sources, the predomin-

ant form is phosphatidylcholine, which is 95% of the choline in eggs and about 55%–70% of

the choline in meats and soybeans. In wheat germ the predominant form is free choline (45%),

while phosphatidylcholine is the second most abundant form (30%). In general, whole fruits

and vegetables contain about 5–40 mg total choline=100 g [61].

An important metabolite derived from choline, betaine (Figure 14.4), has also been

quantified in foods [60,65,66]. The level of betaine in foods varies, particularly in plants,

because its concentration increases in tissues during periods of water or salt stress [67]. In

general, wheat products are good sources of betaine, with the germ and the bran being very

rich sources (>1000 mg=100 g product). Other rich sources include shellfish, such as shrimp,

mussel, oyster, and scallops (100–1000 mg=100 g product). In general, fruits and vegetables

contain much less betaine (<10 mg=100 g product), except beets and spinach, which are good

sources (~100–600 mg=100 g product). Choline and betaine are stable during different cook-

ing procedures, although betaine [65] and presumably the water-soluble forms of choline can

leach from boiled foods. The free choline content of foods can increase following mechanical

disruption (dicing, grinding) because of the release of phospholipase activity [60].

METABOLISM

ABSORPTION, TRANSPORT, AND PLASMA CONCENTRATIONS

Choline bioavailability is linked to fat absorption since phosphatidylcholine is the predomi-

nant source of dietary choline. Most dietary fat is triglyceride (>95%), with the remainder

containing some phosphatidylcholine and lesser amounts of sphingomyelin and other choline

metabolites. Phosphatidylcholine is hydrolyzed by pancreatic and intestinal phospholipase A2

to form lysophosphatidylcholine, which is absorbed into the mucosal cell by passive diffusion

[68]. Much of the absorbed lysophosphatidylcholine is reacylated back to phosphatidylcholine

and secreted into the lymph with the chylomicron particle. Significant amounts of absorbed

lysophosphatidylcholine can also be deacylated by intestinal phospholipase B to form glycer-

ophosphocholine and a fatty acid [6]. Dietary sphingomyelin is hydrolyzed by an intestinal

alkaline sphingomyelinase to form ceramide and phosphocholine [69]. Phosphocholine is

hydrolyzed by intestinal phosphatase to form free choline. Little is known about the digestion
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and the absorption of the other choline metabolites. The choline released from sphingomyelin

degradation and that found in the diet are absorbed through a sodium-independent choline

transporter that is moderately sensitive to hemicholinium-3 inhibition. The properties of this

uptake mechanism are consistent with the intermediate-affinity choline transporter-like (CTL)

family of transporters described later. The concentration of free choline in plasma ranges from

10 to 50 mM [37], the variation reflecting recent intake [6,70]. Betaine, an oxidation product of

choline, is also found in the diet and is absorbed by the IMINO proline transporter [71]. The

concentration of betaine in plasma ranges from 25 to 50 mM [72,73], and its uptake by tissues is

discussed in conjunction with osmolyte regulation (section Osmotic Regulation).

Choline is a positively charged quaternary amine and its entrance into cells requires

protein-mediated transfer. Biochemically, choline transport has been classified into three
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nolamine methyltransferase (PEMT); (2) phospholipase A2; (3) lecithin–cholesterol acyltransferase

(LCAT); (4) lysophospholipase; (5) phospholipase B; (6) phospholipase D; (7) phosphatidylserine

synthase-1; (8) and (9) glycerophosphodiester phosphodiesterases; (10) choline oxidations enzymes

(see Figure 14.4); (11) choline acetyltransferase (ChAT); (12) acetylcholine esterase (AChE); (13) choline

kinase (CK); (14) phospholipase C; (15) CTP:phosphocholine cytidylyltransferase (CT); (16) sphingo-

myelinases; (17) sphingomyeline deacylase; (18) cholinephophotransferase (CPT); (19) sphingomyelin

synthase; and (20) multidrug-resistance protein-3 (human MDR-3). Diagram abbreviations: AcCho,
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general phenomena based on kinetic studies with radiolabeled choline: (i) low-affinity

(Km> 30–100 mM) facilitative diffusion that is insensitive to hemicholinium-3, (ii) intermediate-

affinity sodium-independent transport that is moderately sensitive to hemicholinium-3

inhibition, and (iii) high-affinity (Km< 10 mM) sodium-dependent transport that is very

sensitive to hemicholinium-3 inhibition [37]. A given cell may express more than one of

these general classes of transporters. In general, the low- and intermediate-affinity systems

are used to transport choline through the plasma membrane and for some other unique

choline transport needs, for example, the blood–brain barrier, mitochondrial and intestinal
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FIGURE 14.4 Choline oxidation. The enzymes of choline oxidation are (1) choline dehydrogenase

(CHDH); (2) betaine-aldehyde dehydrogenase (BADH); (3) betaine-homocysteine S-methyltransferase

(BHMT); (4) dimethylglycine dehydrogenase; and (5) sarcosine dehydrogenase. Reaction 6 is catalyzed

by the glycine cleavage system. All of the reactions shown are mitochondrial, except BHMT, which is

cytosolic.
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transporters. The high-affinity system is unique to the cholinergic neurons. Choline transport

has been reported to be rate-limiting for acetylcholine synthesis [74] and for the oxidation of

choline to betaine in the mitochondria [75]. In recent years there has been significant progress

elucidating the molecular biology of choline transporters and assigning their genes to the

biochemical classes of choline transporters mentioned earlier [37,74,76–78].

The high-affinity choline transport system is specific to the cholinergic neurons of the

brain, brain stem, and spinal cord. This system is now believed to be the product of one

gene, which has been cloned from several mammalian species [37,74]. The gene has been

designated CHT1 and it encodes a 63 kDa protein whose function is sodium-dependent. Its

primary sequence has consensus motifs for several kinases and there is emerging evidence

that the transport of choline through CHT1 is inhibited by protein kinase C-dependent

phosphorylation [74]. Because this transporter can be rate-limiting for acetylcholine

synthesis, a neurotransmitter required for normal central and peripheral nervous system

function, further study of the structure and function of CHT1 promises to yield results with

therapeutic potential. For example, abnormal cholinergic function is associated with some

neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and amyotrophic lateral

sclerosis [37,74].

The intermediate-affinity transporters are encoded by a family of five genes, CTL1–5

(choline-specific transporter-like proteins), some of which produce complex alternative splice

variants [37,79]. Many tissues express one or more CTL genes, but the CTL1 gene has been

the most thoroughly characterized. The deduced protein sequences of the two known splice

variants (hCTL1a and hCTL1b) of human CTL1 are composed of 657 and 654 residues [37]

and each contains five putative protein kinase C phosphorylation sites. Expression of both

isoforms in cultured cells indicates little-to-no sodium dependence for choline transport [37].

The CHT1 and CTL families of transporters are specific for choline.

Three organic cation transporters, OTC1, OTC2, and OTC3, are members of the

solute carrier superfamily (SLC) of transporters and are low-affinity transporters of

choline. These transporters have broad specificity and further work is required to clarify

their precise role in choline transport in vivo [37,80]. These transporters are expressed in many

tissues, are about 60–65 kDa, and OTC1 and OTC2 are known to produce at least one splice

variant [80].

TISSUE DEPOSITION AND STORAGE

There have been very few studies that have investigated the quantities and the distribution of

all the choline metabolites in the major organs of mammals. Most of the choline in the body is

found in the form of phosphatidylcholine [57,60]. For example, in rodent liver phosphatidyl-

choline accounts for 90% of the total choline. Lysophosphatidylcholine and phosphocholine

generally account for an additional 7%–9%, whereas free choline is only 0.5%–1% of the total

tissue choline. Liver and brain contain about 25 mmol total choline=g tissue [57,60], whereas

muscle, heart, and kidney contain about 20%–30% of that found in liver and brain. Each

organ has a similar distribution of choline metabolites except kidney, which contains signifi-

cantly more glycerophosphocholine, presumably for osmotic control (section Osmotic Regu-

lation). There are no known mechanisms to store choline in tissues. All of the molecules that

contain the choline moiety are either intermediates in pathways, signaling molecules, or reside

in lipid bilayers providing structural and functional properties to membranes. Although

pathway intermediates, particularly phosphocholine, can fluctuate because of recent intake,

there is no evidence indicating that these metabolite changes are nothing other than a

transient mass–action effect. Rather, excess choline is catabolized via the choline oxidation

pathway (section Choline Oxidation).
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CELLULAR METABOLISM

Biosynthesis and Turnover of Phosphatidylcholine

Phosphatidylcholine can be synthesized in animals by the S-adenosylmethionine-dependent

methylation of phosphatidylethanolamine, which is catalyzed by phosphatidylethanolamine

methyltransferase (PEMT). This enzyme is liver-specific and accounts for about 30% of the

phosphatidylcholine made in hepatocytes [81]. PEMT knockout mice have an absolute

requirement for dietary choline. Lack of dietary choline results in a dramatic reduction of

phosphatidylcholine and the accumulation of triglycerides in the liver, and the mice live only

3–5 days [82]. The liver damage in these mice can be reversed by supplemental choline [83],

but levels of liver phosphocholine remain lower than normal [84]. These mice also have lower

levels of plasma total homocysteine and their hepatocytes secrete less homocysteine [85,86],

indicating that PEMT-dependent biosynthesis of phosphatidylcholine is a major draw on the

S-adenosylmethionine pool.

Other nucleated cells of the body rely solely on the CDP-choline pathway for phospha-

tidylcholine biosynthesis (Figure 14.3), whereas the liver synthesizes about 70% of its phos-

phatidylcholine via this pathway [81]. The CDP-choline pathway requires free choline and is

composed of three enzymes: CK, CTP:phosphocholine cytidylyltransferase (CT), and CDP-

choline:1,2-diacylglycerol choline phosphotransferase (or cholinephosphotransferase, CPT).

These reactions are also referred to as the Kennedy pathway because of the significant work

of Eugene Kennedy and Weiss in this area during the 1950s [16]. Each reaction of this

pathway is briefly discussed below.

CK is a cytosolic enzyme that catalyzes the ATP-dependent phosphorylation of choline. It

also displays kinase activity toward ethanolamine, but there are also ethanolamine-specific

kinases in the human and mouse genomes [87]. There are two CK genes in mice: Chok=Etnk-a

and Chok=Etnk-b, which encode CK-a and CK-b proteins, respectively. CK-b (45 kDa)

seems to be ubiquitously expressed but is most abundant in the heart and the liver. Two

isoforms of CK-a, CK-a1 (50 kDa) and CK-a2 (52 kDa) have been shown to result from

alternative splicing of the Chok=Entk-a mouse gene. Although their mRNAs can be detected

in all tissues tested, the alpha proteins are only strongly immunodetectable in the liver and the

testes. CK enzymes are dimers, with homodimers (a=a and b=b) and heterodimers (a=b) found

in tissues. The first crystal structure of a CK (Caenorhabditis elegans) was recently solved and

shown to have structural similarities to protein kinases and aminoglycoside phosphotrans-

ferases [88]. There are no known allosteric effectors of CK, nor is the enzyme’s activity known

to be modulated by any posttranslational modification. CK may be the rate-limiting step of

the Kennedy pathway under some metabolic scenarios, for example, mitogen-stimulated

phosphatidylcholine synthesis, although the key regulatory enzyme of this pathway is gener-

ally believed to be CT [89–91].

CT is encoded by two genes in mice, Pcyt1a and Pcyt1b. Both genes produce multiple

transcripts that encode the CTa and CTb isoforms, respectively. The CTa mRNAs are more

ubiquitously expressed, and are highest in the heart, the liver, and the kidney. CTb mRNAs

are most abundant in brain. A key difference between these genes is that the Pcyt1a gene

products contain a nuclear import motif, whereas the Pcyt1b gene products do not. Both

proteins contain a membrane-binding and phosphorylation domain. These gene character-

istics explain why CT activity has been detected in the nuclear envelope, as well as in the

cytosolic-assessable membranes of various tissues. Both CTa and CTb are regulated by lipids

in a similar manner. Phosphatidylcholine is believed to feed back and inhibit CT activity since

there is an inverse relationship between membrane phosphatidylcholine and CT content.

Diacylglycerol stimulates activity by mass action (a substrate) and by enhancing the trans-

location of the soluble, inactive forms of CT to their active, membrane-bound forms.
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Fatty acids, phosphatidylethanolamine, and anionic phospholipids also enhance the trans-

location of CT to the membranes. The membrane-associated form of CT is less phosphoryl-

ated that the soluble form of the enzyme. Although the C-terminal region encodes a so-called

phosphorylation domain with many putative phosphorylation sites and some kinases have

been shown to phosphorylate the enzyme in vitro, whether phosphorylation has a key role in

intracellular location or in the regulation of its activity remains unknown. It is also unknown

which enzymes phosphorylate and dephosphorylate the enzyme in vivo. It is clear that CT

activity is also regulated by changes in the steady-state levels of CT mRNA, as affected by

changes in transcription and mRNA turnover, but aside from an increased mRNA abun-

dance in various cells stimulated to proliferate, much needs to be learned regarding the

molecular signals that mediate these changes. There have been several recent reviews covering

the biochemistry and molecular biology of CT [89–92].

The last enzyme of the Kennedy pathway, CPT, is an integral membrane protein that is

most abundant in the endoplasmic reticulum and whose specific activity is highest in liver, small

intestine, adipose, and brain. This condensation reaction converts CDP-choline and diacylgly-

cerol to phosphatidylcholine. There are two genes in humans that encode CPT, one is a specific

CPT and the other also has ethanolaminephosphotransferase activity [87,93]. The latter is

ubiquitously expressed whereas the phosphocholine-specific enzyme has a more limited tissue

distribution, with highest levels expressed in the small intestine and the testis.

Phosphatidylcholine can be catabolized by at least five different lipases (Figure 14.3)

generating diacylglycerol (phospholipase C), phosphatidic acid (phospholipase D), aracha-

donic acid (phospholipases B and A2), and lysophosphatidylcholine [phospholipase A2 and

lecithin–cholesterol acyltransferase (LCAT)], all of which have roles in signal transduction.

The major pathway for phosphatidylcholine degradation is via lysophosphatidylcholine,

which is then converted to glycerophosphocholine and then choline (or phosphocholine) by

the action of lysophospholipases and glycerophosphodiester phosphodiesterases, respectively

[94]. The last known way to the formation of choline from phosphatidylcholine is by the base

exchange reaction catalyzed by PS synthase 1, which catalyzes the conversion of phosphati-

dylcholine and serine to PS and choline [91,95].

Biosynthesis and Turnover of Sphingomyelin

The pathways of sphingomyelin synthesis and degradation have been recently reviewed [96,97].

This choline-containing phospholipid is synthesized by sphingomyelin synthases localized in

the Golgi apparatus, which catalyze the conversion of phosphatidylcholine and ceramide to

sphingomyelin and DAG. Sphingomyelin is then transported to the plasma membrane by an

exocytic pathway. Sphingomyelin is degraded to ceramide and phosphocholine by sphingo-

myelinases (Figure 14.3), of which seven have been described that have differing cellular

locations and enzymatic properties [98–100]. Sphingomyelin can also be converted to lyso-

sphingomyelin (also known as sphingosylphosphorylcholine) by a sphingomyelin deacylase

activity that remains uncharacterized. The routes of degradation of lysosphingomyelin remain

unknown but may involve hydrolysis resulting in the generation of sphingosine-1-phosphate

and choline. The synthesis and degradation of sphingomyelin generates signaling molecules

(section Choline-Containing Signaling Molecules), and its structural role in membranes as a

component of lipid rafts help form centers of signal transduction activity (section Membrane

Structure and Function).

Choline Oxidation

There is no storage system for choline and so homeostasis can only be achieved by changing

rates of synthesis and degradation. Choline oxidation is a process that requires enzymes

found in the cytosol and the mitochondria (Figure 14.4). Many tissues express some of the
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enzymes of choline oxidation, but the liver is the primary organ where the whole complement

of enzymes is abundantly expressed [101,102]. The oxidation of choline is an energy-yielding

process that is anapleurotic to the one-carbon pool. Since the majority of one-carbon

metabolism, on a whole body basis, occurs in liver, the localization of choline oxidation

in this organ and the amount of choline in the diet are consistent with choline being a major

one-carbon donor [103,104].

The oxidation of choline begins with its transport into the mitochondria, a process that

has been proposed to be rate-limiting for its oxidation [75]. The Km for choline transport into

rat liver mitochondria is about 220 mM [105], which is considerably higher than the Km value

obtained for rat liver CK (13 mM) [106]. Since the concentration of free choline in rodent liver

is reportedly 50–250 mM [60,107,108], and probably increases when choline is supplemented

in the diet, together these data indicate that the oxidation of choline fluctuates relative to liver

choline concentrations while phosphorylation is almost always proceeding at maximum

capacity and is probably only limited by the expression of CK. However, at least in rodents,

the capacity of the choline oxidation pathway is robust. Experiments indicate that choline

oxidation accounts for most of its metabolism (60%–90%) shortly after administration of a

radiolabeled tracer dose [109–111]. After transport into the mitochondria, choline is oxidized

to betaine aldehyde by choline dehydrogenase (CHDH), the first enzyme of the choline

oxidation pathway. Rodent and human genes for CHDH share a surprising homology to

Escherichia coli CHDH [112], and recently the rat cDNA has been overexpressed in cultured

cells [113]. CHDH is a member of the glucose–methanol–choline family of oxidoreductases,

with each member containing a consensus FAD-binding domain [114]. Many members of this

oxidoreductase family are soluble proteins but mammalian CHDH is associated with the

inner mitochondrial membrane [115]. Preparations from liver mitochondria have shown that

its activity can be measured by oxygen uptake, indicating that the electrons produced from

this reaction enter the electron transport system and coenzyme Q has been identified as the

electron acceptor [116,117]. The rat liver enzyme has been purified to homogeneity [116,118].

It has a molecular mass of 66 kDa, which is consistent with the coding sequence of its gene

[113,115,117], and it has been shown to contain FAD [118]. There are no known regulatory

features of this enzyme.

The second enzyme in the oxidation of choline is betaine-aldehyde dehydrogenase

(BADH), which catalyzes the NAD-dependent conversion of betaine aldehyde to betaine.

BADH activity is detected in the cytosol (93%–95%) and mitochondria (5%–7%) of rat liver

[115,119,120]. Since there are many aldehyde dehydrogenase genes and isozymes, the identi-

fication of the enzymes that are responsible for BADH activities has been sought for a

considerable period of time. Recent work has shown that the E3 aldehyde dehydrogenase

isozyme (product of the ALDH9 gene) displays high specificity toward betaine aldehyde [121].

However, this enzyme also has considerable activity toward aminobutyraldehyde and

g-trimethylamino-butyraldehyde [119], the latter being an intermediate of carnitine biosyn-

thesis. The E3 isozyme is abundant in liver cytosol, and recent works suggest that it is present

in the mitochondria as well [119,122], consistent with earlier studies on the subcellular

fractionation of BADH activity [115,119,120]. Although it has not been confirmed, it seems

likely that the cytosolic and mitochondrial isoforms of BADH are both products of the

ALDH9 nuclear gene [122]. Whether any betaine aldehyde is metabolized to betaine in the

cytosol is not known for certain but seems doubtful. Studies with isolated mitochondria fail to

detect any betaine aldehyde leaving the mitochondria following incubation with 14C-choline,

and yet betaine rapidly appears in the extramitochondrial space [115,123,124]. This observa-

tion, in addition to the knowledge that CHDH can also oxidize betaine aldehyde as well as

choline [116], suggests that choline is rapidly converted to betaine in mitochondria by the

combined actions of CHDH and the mitochondrial isoform of E3 aldehyde dehydrogenase.

The crystal structure of a class 9 BADH from cod liver has recently been reported [125].
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The third enzyme of the choline oxidation pathway is catalyzed by BHMT. This enzyme

catalyzes a methyl transfer from betaine to homocysteine to form dimethylglycine and

methionine. This is one of the most abundant enzymes found in liver, typically measured

at 0.5%–2% of the total soluble protein in this organ [126]. Lesser amounts are found

in the kidney proximal tubules of guinea pigs, pigs, and primates, including humans

[101,102,127]. The expression of this enzyme is influenced by methionine and choline

intake [108,128,129]. The levels of hepatic BHMT mRNA increase fivefold or more when

dietary methionine is restricted and choline (or betaine) is supplemented [129]. The level of

enzyme activity and immunodetectable protein mirrors the diet-induced changes in mRNA;

however, kidney BHMT expression is refractory to these dietary changes [130]. The diet-

induced changes in BHMT expression are most likely driven by the effect these nutrients have

on liver S-adenosylmethionine concentrations. S-adenosylmethionine has been shown to

inhibit BHMT transcription in human hepatoma cells [131]. Dimethylglycine is a potent

inhibitor of BHMT due to the formation of an abortive ternary complex with enzyme and

homocysteine [132], but it remains unclear whether this inhibition is physiologically signifi-

cant when animals are consuming diets that are not supplemented with excessive amounts of

choline or betaine. The human BHMT gene has been cloned and sequenced [129], and a

highly related gene called BHMT2 has also been found in mouse and human genomes [133].

However, the BHMT2 protein does not catalyze a betaine-dependent methyl transfer to

homocysteine, but rather uses S-methylmethionine as a methyl donor [134], a compound

only known to be produced by plants and fungi. Crystal structures of human and rat BHMT

have been solved [135,136].

The last two reactions of the choline oxidation pathway convert dimethylglycine to glycine

and are catalyzed by genetically related folate- and flavin-dependent enzymes, dimethylglycine

and sarcosine dehydrogenases, respectively [137–148]. Like the other enzymes of choline

oxidation, these enzymes are abundant in the liver and the kidney; however, they are also

expressed at significant levels in many other organs [149,150]. These enzymes are found in the

matrix of the mitochondria and catalyze the oxidative demethylation of dimethylglycine and

sarcosine-producing FADH2 and methylenetetrahydrofolate. The methylene group of methy-

lenetetrahydrofolate can be oxidized to formate in the mitochondria, generating ATP and

reduced nicotinamide dinucleotides. Formate then leaves the mitochondria and can be incorp-

orated into the cytosolic folate pool and used for the biosynthesis of purines, pyrimidines,

serine, and methionine (section One-Carbon Metabolism), the latter via the methyltetrahydro-

folate- and vitamin B12-dependent methionine synthase [151].

BIOCHEMICAL FUNCTION

MEMBRANE STRUCTURE AND FUNCTION

Phosphatidylcholine is the predominant phospholipid in mammalian membranes and lipo-

proteins. In the cell membrane most of the phosphatidylcholine is located in the outer leaflet

(extracellular), an asymmetry that is maintained by the action of membrane-associated

translocases, floppases, and scramblases [96,152,153] that act on the various membrane

phospholipids. In the liver, about 90% of the choline moiety is found in phosphatidylcholine

[91,95]. Sphingomyelin is also found in all membranes within the cell, but at much lower levels

than phosphatidylcholine. The plasma, Golgi, and lysosomal membranes are particularly rich

in sphingomyelin. Like phosphatidylcholine, the sphingomyelin content in the outer leaflet of

the plasma membrane is greater than that in the inner leaflet. The concentration of sphingo-

myelin in the outer leaflet has recently been shown to be an important structural component

of specialized membrane domains called lipid rafts. Lipid rafts are rich in cholesterol and are
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referred to as rafts because they are resistant to disruption by nonionic detergents. Lipid rafts

are centers for signal transduction enzymes and receptors [96].

In addition to the fact that phosphatidylcholine is an integral part of membranes and

lipoproteins, the liver secretes large amounts of phosphatidylcholine into bile [91,95] where it

acts as a surfactant to facilitate lipid digestion (Figure 14.3). It has been estimated that mouse

liver secretes as much phosphatidylcholine into bile each day as is present in the entire organ.

This process takes place at the cannicular membranes via a phosphatidylcholine-specific

flippase known as multiple drug-resistant protein 3 in humans, or multidrug-resistant protein

2 in mice [95]. Mice devoid of PEMT activity die with only half of the liver phosphatidylcho-

line content of their wild-type littermates. However, mice devoid of both MDR2 and PEMT

activities (mdr2 �=�, pemt �=�) survive more than 90 days without dietary choline because

the draw of phosphatidylcholine into bile via MDR2 is ablated and the oxidation of choline is

dramatically reduced [95]. Combined, these changes increase the recycling of any choline

released from phospholipid catabolism back into the CDP-choline pathway to regenerate

phosphatidylcholine, thus allowing the liver to retain function.

CHOLINE IN NEUROTRANSMISSION AND BRAIN DEVELOPMENT

Acetylcholine is a neurotransmitter. Although the amount of choline used for acetylcholine

synthesis is very small relative to that funneled into the CDP-choline and choline oxidation

pathways, this molecule is indispensable for central and peripheral nervous function. Choli-

nergic neurons are involved in a diverse array of cognitive and neuromuscular functions and

are affected by neurodegenerative diseases such as Alzheimer’s and Parkinson’s.

Acetylcholine is synthesized from choline and acetyl-coenzyme A by ChAT. It is made in

the cytosol of nerve terminals and is concentrated in synaptic vesicles with the aid of a unique

choline transporter, VAChT (vesicular acetylcholine transporter). The VAChT gene is

located within intron 1 of the ChAT gene, and hence ChAT and VAChT expressions

are coordinated. It has been shown that ChAT is normally phosphorylated and many

putative phosphorylation sites for many kinases exist in the deduced amino acid sequence

of the enzyme. Phosphorylation sites for calcium- or calmodulin-dependent kinase II and

protein kinase C have been identified, yet at present it is unclear how changes in phosphor-

ylation at each site affect ChAT activity, subcellular localization, and interaction with other

cellular proteins [154]. At nerve depolarization, acetylcholine is released from the vesicles by

exocytosis and elicits its neurotransmitter action by binding to nicotinic and muscarinic

receptors. Free choline is then rapidly hydrolyzed to choline and acetate by AChE. Recently

it has been appreciated that the once orphan esterase, butyrylcholine esterase, also has AChE

activity but this activity only accounts for 5% of acetylcholine hydrolysis in humans [45].

Choline in the synaptic cleft is then efficiently reused for acetylcholine synthesis following

uptake by the high-affinity, CHT1 choline-specific transporter. Acetylcholine synthesis

and release may be affected by choline nutritional status [155] and can be augmented by

supplemental choline [6].

Choline is important for brain development. Rodent pups receiving choline supplements

(in utero or early after birth) experience a lifelong memory and attention span improvement.

Exactly how choline supplementation elicits these effects is not understood but is known to

involve increased sensitivity of the hippocampal neurons to stimulate of long-term potentia-

tion and increased working spatial memory. In rodents, choline has been shown to influence

nerve cell division, differentiation, migration, apoptosis, and other processes that affect

development of the hippocampus and neural tube closure. More in-depth coverage of the

role of choline in neurotransmission and brain function can be obtained from recent

articles [9,156].
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CHOLINE-CONTAINING SIGNALING MOLECULES

The metabolism of phosphatidylcholine and sphingomyelin can generate the following

signaling molecules: diacylglycerol, phosphatidic acid, arachidonic acid, ceramide, sphingo-

sine-1-phosphate, lysophosphatidylcholine, and lysosphingomyelin (Figure 14.3). Of these,

lysophosphatidylcholine and lysosphingomyelin contain the choline moiety and both are

signaling lipids that are involved in a complex array of biological functions. Besides its

production intracellularly byphospholipaseA2, lysophosphatidylcholine is produced inplasma

by the action of LCAT, which transfers a fatty acid from phosphatidylcholine to cholesterol.

Lysophosphatidylcholine is known to be proinflammatory and stimulates atherogenesis, at

least in part by upregulating proinflammatory molecules (e.g., vascular cell adhesion molecule-

1 and intracellular adhesion molecule-1), cytokines, and matrix metalloproteinase-2. Lyso-

sphingomyelin has been shown to affect cell growth and is probably involved in angiogenesis,

wound healing, and muscle contraction. Both lysophosphatidylcholine and lysosphingomyelin

exert their bioactivity through families of lipid-specific G protein-coupled receptors that

function, at least in part, to increase intracellular calcium concentrations.

In addition to lysophosphatidylcholine and lysosphingomyelin, platelet-activating

factor (PAF) is a choline-containing phospholipid (not shown). This signaling phospholipid

is involved in a diverse set of physiological events including wound healing, angiogenesis,

apoptosis, and reproduction. Traditionally, PAF referred to as 1-O-alkyl-2-acetyl-sn-glycero-

3-phosphocholine, but it has now been recognized that this molecule is one of a larger family

of 1-alkyl or 1-acyl derivatives containing a short sn-2 group that may or may not be oxidized.

Although many derivatives have been described, only the analogs with an sn-2 acetyl

group are known to be bioactive. The most characterized pathway for the synthesis of

PAFs involves the action of phospholipase A2 on 1-O-alkyl- or 1-O-acyl-2-arachidonoyl-

glycerophosphcholine, which releases arachidonate to generate 1-O-alkyl- or 1-O-acyl-2-

lysoglycerophosphocholine. These molecules can then be acted on by an acetyltransferase

(acetyl-CoA:1-O-alkyl-2-lyso-glycerophosphcholine acetyltransferase) to generate alkyl-PAF

and acyl-PAF, respectively. Like lysophosphatidylcholine and lysosphingomyelin, the action

of PAF molecules is mediated by G protein-coupled receptors that are expressed in a wide

variety of tissues and cells. The deduced amino acid sequences of the lysophosphatidylcholine,

lysosphingomyelin, and PAF receptors have considerable homology (~35%–50%) and

may have overlapping ligand specificities, perhaps explaining some of their overlapping

physiological effects.

Recent work has indicated that phosphocholine is also a signaling molecule important for

cell division, including malignant transformation [38,87]. A detailed review of the choline-

containing signaling molecules is beyond the scope of this work but the interested reader is

referred to many recent reviews for a more advanced introduction to this exciting and rapidly

evolving area of research [38,87,157–167].

ONE-CARBON METABOLISM

One-carbon metabolism refers generically to the reactions that use tetrahydrofolate

coenzymes and those reactions that transfer a methyl group, the latter being primarily

S-adenosylmethionine-dependent methyltransferases. Folate-dependent reactions transfer

one-carbon units at different oxidation states. 10-formyltetrahydrofolate is required for

purine and formylmethionine biosynthesis; 5,10-methylenetetrahydofolate is used for the

interconversion of serine and glycine and thymidylate biosynthesis; and 5-methyltetrahydro-

folate is required for the methylation of homocysteine to regenerate methionine (i.e., remethy-

lation). The folate-dependent remethylation of homocysteine is catalyzed by methionine

synthase, which is also a cobalamin (vitamin B12)-dependent enzyme. It is known that serine
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(via mitochondrial serine hydroxymethyltransferase), glycine (via the mitochondrial glycine

cleavage system), and choline are the major sources of one-carbon units that support folate

metabolism, but much more research is required to understand their relative contributions

and how their contributions change because of changes in nutritional and physiological

states.

When oxidized, four of the five carbon atoms that make up choline enter the one-carbon

pool (Figure 14.4). This process is mediated by the enzymes that metabolize betaine to glycine

and the mitochondrial glycine cleavage system, the latter of which oxidizes glycine to ammo-

nium ion, carbon dioxide, and methylenetetrahydrofolate. All of the major enzymes that

generate one-carbon units for folate-dependent reactions are mitochondrial, except BHMT,

yet the predominant need for these one-carbon units is extramitochondrial. The transfer of

one-carbon units generated in the mitochondria to the cystosol is mediated by two sets of

folate-interconverting enzymes that operate in opposite directions in the cytosol (reductive

direction) and mitochondria (oxidative direction), with formate being the one-carbon inter-

mediate linking these compartments [151].

Since there is no storage form of choline, animals in maintenance must oxidize each day

an amount that equals what is taken in by the diet plus that which is synthesized de novo

via PEMT (minus any incomplete choline oxidation products that might be excreted),

which can total to be a gram or more. In humans, classic studies showed that choline intake

and the need to synthesize methyl groups de novo are inversely related [103,104]. Simple

choline deficiency results in reduced hepatic methionine, S-adenosylmethionine [168–170],

and DNA hypomethylation [171,172], and in vivo inhibition of BHMT causes fasting hyper-

homocysteinemia and increases postmethionine load hyperhomocysteinemia [27]. These out-

comes of choline deficiency emphasize the importance of choline oxidation to one-carbon

metabolism.

OSMOTIC REGULATION

Cells regulate their volume by finely adjusting the levels of intracellular osmolytes. Osmolytes

can be inorganic, for example, sodium, potassium, and chloride ions, or organic, for example,

betaine, glycerophosphocholine, myo-inositol, sorbitol, and amino acids such as taurine,

glutamate, and others [173]. The organic osmolytes have been the focus of much study over

the last two decades. Changes in the intracellular concentration of osmolytes result in changes

in cell volume by affecting the water content of the cell by osmosis. Two important osmolytes

are derived from choline: betaine and glycerophosphocholine. The tissue of the body with the

greatest need for osmotic regulation is the kidney inner medulla since these cells are exposed

to very high extracellular osmolarity during the normal process of concentrating urine for

excretion. It is not surprising, therefore, that most research on the biology of osmolytes in

mammals have focused on the kidney inner medulla [174–177].

Betaine is an intermediate of choline oxidation (Figure 14.4), and several processes can

facilitate the ability of the inner medulla to modulate betaine concentrations, including

changes in synthesis from choline, changes in betaine import and export, and changes in

betaine degradation. The renal cortex and the medulla have been shown to express CHDH

and BADH, indicating that both regions of the kidney have some capacity to synthesize

betaine. Hypertonicity due to hypernatremia caused a 50% increase in betaine synthesis in rat

kidney cortex, but had no effect on medullary betaine synthesis [178]. This study suggested

that enhanced betaine synthesis in the kidney cortex and perhaps efflux out of this tissue

could be a mechanism to increase the availability of betaine for transport into the medulla.

Another mechanism to enhance the availability of betaine for medullary cells includes

decreased degradation by BHMT. It has been shown that guinea pig liver and kidney cortex

dramatically downregulate BHMT expression during hypernatremia [127]. BHMT is not
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expressed in the kidney medulla [101,127], precluding the catabolism of betaine in these cells.

Aside from these few studies that imply changes in betaine synthesis and degradation might

be mechanisms to facilitate betaine accumulation by the renal medulla, there has been much

more research on the ability of the medulla to transport betaine into the cell, and to a lesser

extent, on betaine efflux mechanisms [173,175,179]. Betaine is transported into the renal

medullary epithelial cells by the betaine=g-aminobutyric acid transporter (BGT1). BGT1 is

expressed in the basolateral membrane and is a sodium- and chloride-coupled cotransporter.

Its levels have been shown to increase or decrease under hypertonic or hypotonic conditions,

respectively, with a corresponding effect on intracellular betaine concentrations. Betaine has

also been shown to rapidly efflux out of medullary cells when they are exposed to hyper-

osmotic conditions. The molecular mechanisms responsible for changes in betaine synthesis

and degradation due to changes in osmolarity have not been described, but changes in BGT1

mRNA expression have been shown to be driven by the tonicity element binding protein

(tonEBP) interacting with the tonicity elements (tonE) of the BGT1 gene [180].

The biosynthesis of glycerophosphocholine from phosphatidylcholine is shown in Figure

14.3. To date, there is no evidence that glycerophosphocholine can be directly produced from

choline. The rate-limiting step in glycerophosphocholine biosynthesis is reportedly the pro-

duction of lysophosphatidylcholine from phosphatidylcholine [181]. Work to date suggests

that changes in glycerophosphocholine synthesis rate is not the primary mechanism respon-

sible for the increase in medullary glycerophosphocholine content observed during hypertonic

stress. This conclusion is supported by the finding that phospholipase activities required

for glycerophosphocholine synthesis from phosphatidylcholine are refractory or change

very little in response to changes in osmolarity [182,183]. Rather, work to date suggests

that the rate of glycerophosphocholine degradation is the primary mechanism influencing

medullary glycerophosphocholine concentrations, a conclusion based on the observation

that medullary glycerophosphocholine:choline phosphodiesterase, which converts glycero-

phosphocholine into choline and phosphoglycerol, and alkaline phosphatase activity decrease

under conditions of high osmolarity [182,184,185].

DEFICIENCY SIGNS AND METHODS OF NUTRITIONAL ASSESSMENT

There are many publications that detail the symptoms and the assessment of choline defi-

ciency in animals and cells [5–7,21–23,83,95,168,170,172,186–210]. In animals the most

frequently measured metabolite changes associated with choline deficiency include reductions

in liver choline metabolites (including betaine), methionine and S-adenosylmethionine. Liver

triglyceride levels increase dramatically, and as discussed earlier, fatty liver has historically

been the hallmark of choline (or lipotrope) deficiency. Another common occurrence of

experimental choline deficiency in weanling animals is renal hemorrhage [198], which appears

to be due to a lack of betaine, an organic osmolyte critical for normal renal function. Choline

deficiency in experimental animals results in liver cell proliferation, apoptosis, and eventual

transformation. Indeed, choline is the only nutrient deficiency that results in the spontaneous

development of cancer (hepatocarcinoma). Choline deficiency in rodents has been shown to

affect learning and attentional processes throughout the lifespan [3,9].

Far less is known about choline deficiency in humans. Most assessment tools are limited

to what can be obtained from a blood sample, although fatty liver can now be confirmed by

nuclear magnetic resonance imaging [211]. Due to its wide distribution in foods [61], and the

fact that the average total choline intake of adult humans meets or exceeds the dietary

reference intakes for choline [20,212], a primary deficiency of choline has not been observed.

However, suboptimal choline status has been observed in humans undergoing total parental

nutrition [20,213]. Healthy humans fed diets low or devoid in choline have reduced plasma

choline and increased serum alanine amino transferase [25], increased plasma creatine
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phosphokinase [214], increased lymphocyte DNA damage and apoptosis [215], and increased

plasma total homocysteine following a methionine load [196]. It has recently been reported

that women who had lower choline intakes during pregnancy had significantly increased risk

of giving birth to a child with a neural tube defect [216].

NUTRITIONAL REQUIREMENT

ANIMALS

The recommended intakes of choline for rat, mouse, guinea pig, and hamster range

from 7.1 to 7.9 mmol=kg diet [217]. This is equivalent to 1.8–2.0 g of choline bitartrate=kg

diet. These recommendations assume that the diets of these laboratory animals contain

adequate methionine (but nonsupplemental levels), folate, and vitamin B12. The primary

basis for these recommendations is the level of choline required to prevent fatty liver, a

phenomena that happens quickly (one to several days) after the consumption of a diet devoid

of choline ensues.

HUMANS

In 1998, the Food and Nutrition Board of the Institute of Medicine set the first recommended

intakes of choline for humans [20]. Adequate intakes were set at 125 mg=day for infants

0–6 months, 150 mg=day for infants 7–12 months, 200 mg=day for children 1–3 years,

250 mg=day for children 4–8 years, 375 mg=day for boys and girls 9–13 years, 400 mg=day

for girls 14–18 years, 550 mg=day for boys 14–18 and men greater than 19 years, and

425 mg=day for women 19 years or older. The requirement was set at 450 mg=day

and 550 mg=day for pregnancy and lactation, respectively. An intake of 500 mg=day was

the level required to prevent an increase in plasma alanine aminotransferase activity [25] in

humans consuming adequate methionine, folate, and vitamin B12, and this one report was the

only data set used to extrapolate this set of current recommended values. Hence, these values

may change in the future as more knowledge of the level of choline intake required to

maintain optimal health is gained.

FACTORS INFLUENCING CHOLINE STATUS

NUTRITIONAL FACTORS

There are several nutritional factors that affect choline status. The best documented is the

interrelationship between methionine intake and the requirement for choline. Most early

studies focused on quantifying the ability of methionine to replace choline in the diet using

growth and liver lipid content as indicators of choline status. Using these indicators most

studies concluded that choline was not an essential nutrient because supplemental methionine

could compensate for the lack choline by rescuing growth rate and reducing liver lipids. The

only exception to this was the growing chick, which no amount of dietary methionine (below

toxic levels) could rescue the growth depression observed when they were fed a diet devoid of

choline [26]. The general interpretation of these data was that in most animals the supple-

mental methionine enhanced the availability of S-adenosylmethionine for the synthesis

of phosphatidylcholine from phosphatidylethanolamine, thereby abolishing the need for

dietary choline. However, as indicated earlier (section History), the combination of high

dietary methionine coupled with low choline likely results in elevated levels of plasma

total homocysteine [27], a proposed risk factor for vascular diseases and thrombosis

[28–30]. In addition, recent studies indicate that reducing dietary methionine reduces
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mitochondrial oxidative damage and increases longevity [218–222]. These data suggest that

replacing any of the choline requirement with supplemental methionine does not result in

optimal, long-term health.

Dietary betaine can replace part of the choline requirement, as indicated by its ability to

promote growth and prevent liver lipid accumulation in animals fed choline-deficient diets

[223,224]. These effects are likely due to betaine’s ability to offset the role choline normally

provides one-carbon units for methionine biosynthesis and folate-dependent reactions, which

requires oxidation to betaine and beyond (Figure 14.4). In addition, betaine can prevent the

renal hemorrhage associated with choline deficiency in weanling animals [198], indicating that

this phenomena must be due primarily to the lack of the osmolyte rather than any other

metabolic role for choline.

Severe folate deficiency has been shown to significantly reduce liver choline and phos-

phocholine concentrations [225] in rats consuming diets that contain what is normally an

adequate level of choline. These changes are probably due to reduced methionine synthesis

from homocysteine via the folate- and vitamin B12-dependent methionine synthase reaction,

which in turn decreases the availability of S-adenosylmethionine for choline (phosphatidyl-

choline) biosynthesis via PEMT. In addition, there may be enhanced choline oxidation to

bolster methionine biosynthesis through the BHMT-catalyzed reaction, a process that would

be expected to deplete liver choline levels.

PHARMACEUTICALS

Any drug that interferes with folate, vitamin B12, or sulfur amino acid metabolism should be

tested for, and probably disrupts choline metabolism because the function of these nutrients

intersect at the level of one-carbon metabolism (section Osmotic Regulation). For example,

methotrexate, one of the most widely recognized antifolates, is currently in clinical use for the

treatment of childhood lymphoblastic leukemias, rheumatoid arthritis, and psoriasis. In

experimental animals this drug causes a reduction in tissue folate [171,172,206], phosphocho-

line and glycerophosphocholine [168], and in the S-adenosylmethionine-to-S-adenosylhomo-

cysteine ratio [168,226]. Tissue homocysteine levels become elevated [169,172]. These

metabolite changes are likely due to the reduced conversion of homocysteine to methionine

by the folate- and vitamin B12-dependent methionine synthase, and these metabolite changes

are also observed when animals are fed a choline-deficient diet [168,169,172]. Methotrexate

also causes a reduction in liver betaine levels [227], which is consistent with enhanced flux

through the choline oxidation pathway as a mechanism to bolster methionine production via

BHMT (Figure 14.4). An outcome of the methotrexate-induced disturbances in sulfur amino

acid metabolism is a general reduction in S-adenosylmethionine-dependent methylation

reactions, including phosphatidylcholine biosynthesis (causing fatty liver) [228,229] and

DNA methylation [172]. Supplementing choline to methotrexate-treated animals greatly

attenuates or abolishes the reduction in the S-adenosylmethionine-to-S-adenosylhomocys-

teine ratio and downstream events including the development of fatty liver [229], whereas

restricting dietary choline exacerbates these pathological changes [206].

GENETICS

The possibility that genetic variation can affect the dietary requirement for choline is an area

that requires more research. It has been noted that some humans are more susceptible to

developing clinical signs of choline deficiency (increased liver lipid and plasma alanine amino

transferase and creatine phosphokinase activities) than others when placed on diets very low

in choline. To date there have been two reports investigating whether single nucleotide

polymorphisms in the genes involved in choline and one-carbon metabolism have a role in
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this phenomena. These studies indicate that individuals with the MTHFD1 þ1958 G!A

(rs 2236225) polymorphism [230] or the PEMT promoter �744 G!C (rs 12325817) or

CHDH þ432 G!T (rs 12676) polymorphism [211] are more susceptible to choline deficiency

symptoms, and that women harboring these polymorphisms are more affected than men. It is

proposed that all of these polymorphisms may result in a functional reduction of phospha-

tidylcholine biosynthesis by either reducing PEMT expression or reducing the flux of one-

carbon units entering the S-adenosylmethionine pool, the latter of which is required for

optimal PEMT activity. The observation that these polymorphisms made women more

susceptible to signs of choline deficiency than men could be very important because it was

shown recently that deficient maternal dietary choline intake was associated with a fourfold

increased risk of giving birth to a child with a neural tube defect [216], a condition most

notably associated with disturbed folate metabolism or folate deficiency. Due to the relatively

small number of subjects in the two studies mentioned earlier, additional studies using a larger

numbers of subjects are required to confirm these observations.

EFFICACY AND HAZARDS OF PHARMACOLOGICAL DOSES OF CHOLINE

Animals and humans can tolerate high intakes of choline with no adverse side effects. For

humans the tolerable upper limit has been set at 3.5 g=day for adults 19 years and older [20].

Very high levels of choline intake (>5 g=day) in humans have been associated with a fishy

body odor, excessive sweating and salivation, vomiting, and gastrointestinal distress. The

fishy body odor is known to be due to the excretion of high amounts of trimethylamine, a

bacterial degradation product of choline [231]. Individuals with trimethylaminuria, renal or

liver disease, depression, and Parkinson’s disease may have increased sensitivity to pharma-

cological doses of choline. These hazards and others associated with pharmacological intakes

of choline were outlined by the Institute of Medicine [20].
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INTRODUCTION AND HISTORY

Ascorbic acid (vitamin C) plays a role as a redox cofactor and catalyst in a broad array of

biochemical reactions and processes. Vitamin C is designated as ascorbic acid because of its

ability to cure and prevent scurvy [1–6]. Ascorbic acid comes from the Scandinavian terms,

skjoerberg or skorbjugg, and from the English, scarfy or scorby. From a historical perspec-

tive, it is instructive to visit the original treatise on scurvy by James Lind, Treatise on the

Scurvy, published in 1753 [7], although it was over 100 years later that a connection between

scurvy and diet was established and an additional 100 years before the first biological and

chemical descriptions of ascorbic acid began to appear [1].

Scurvy has had a direct influence on all of our lives. Scurvy was endemic in many areas

throughout seventeenth to nineteenth centuries. The military diets of the seventeenth and

eighteenth centuries adhered to protocols that promoted scurvy, that is, lack of fruits and

vegetables. For example, Britain’s general lack of success in earliest explorations of the New

World compared with the Spanish and French is an example of how scurvy influenced the

historical face of ‘‘New World’’ development. Over 2 million sailors are reported to have died

of scurvy during the era, often called the ‘‘Age of Sail’’ [8]. Indeed, it was not until 1804, that

the British Navy adopted the use of lime juice as a part of rations, which resulted in the

nickname ‘‘limeys’’ for British sailors [8–10]. In the United States, thousands of settlers died

from scurvy, particularly in route to the west [11]. During the Civil War, poor nutrition,

resulting in scurvy (and also pellagra), also took its toll and debatably influenced the outcome

of a number of key battles [8–12].

An important breakthrough in the understanding of scurvy was the observation that

guinea pigs were susceptible to scurvy. This observation, reported in 1907 by Holst and

Frohlich, was one of the first examples of use of an animal model to study a nutritional

disease [13]. Eventually, it was demonstrated that primates were also susceptible to scurvy [1].

Next, Zilva and his associates isolated antiscorbutic activity from a crude fraction of lemon

[4,9,10]. Zilva showed that the activity was destroyed by oxidation and protected by reducing

agents. Important to the evolving nomenclature for vitamins, it was suggested that the new

antiscorbutic factor be designated ‘‘factor or vitamin C’’ since ‘‘A’’ and ‘‘B’’ had been

previously designated as potential health and growth factors [9].

Throughout the 1930s, work progressed rapidly with validation and identification

of vitamin C in a number of foods. Early papers by Szent-Gyorgyi, Haworth, King,

and coworkers document in part this effort as well as chemical identification and elucidation

of ascorbic acid’s structure [10]. In 1937, both Szent-Gyorgyi and Haworth received Nobel

Prizes in medicine and chemistry, respectively, for work related to vitamin C.

CHEMISTRY AND FOOD SOURCES

NOMENCLATURE AND STRUCTURE

The IUPAC–IUB Commission on Biochemical Nomenclature changed vitamin C (2-oxo-L-

theo-hexono-4-lactone-2,3-enediol) to ascorbic acid or L-ascorbic acid in 1965. The chemical

structures of ascorbic acid are given in Figure 15.1. The molecule has a near planar five-

member ring. Ascorbic acid has two chiral centers, which contain four stereoisomers.

Dehydroascorbic acid, the oxidized form of ascorbic acid retains vitamin C activity and can

exist as a hydrated hemiketal. Crystalline dehydro-L-ascorbic acid can exist as a dimer [14–16].

PHYSICAL AND CHEMICAL PROPERTIES

Physical and chemical features of ascorbic acid are summarized in Table 15.1. Data are

also available regarding X-ray crystallographic, [1H] and [13C]NMR spectroscopic, IR- and
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UV-spectroscopic, and mass spectroscopic characteristics [12,17]. The most important chem-

ical property of ascorbic acid is the reversible oxidation to semidehydro-L-ascorbic acid and

oxidation further to dehydro-L-ascorbic acid [12,14,16]. This property is the basis for its

known physiological activities. In addition, the proton on oxygen-3 is acidic (pK1 ¼ 4:17),

which contributes to the acidic nature of ascorbic acid.

Degradation reactions of L-ascorbic acid in aqueous solutions depend on a number of

factors such as pH, temperature, the presence of oxygen, or metals. In general, ascorbic acid is

O
OH

HO

HO

AscH2

Chemical forms of ascorbic acid
and

major metabolites
and

degradation products

OH

−e−−2H+

+e−−2H+

−e−

+e−

O
HO

OH O
O

OO

DHAsc

2,3-Diketo- L-gulonic acid

CO2
Oxalic acid

+
L-Threonic acid L-Xylonic acid  + L-Lyxonic acid

HO

OOH

O

O−O•

Asc[• −]

CO2

L-Xylose + CO2

FIGURE 15.1 Ascorbic acid and various oxidation products. Ascorbic acid can exist in several different

forms. The two predominant forms and some of their associated oxidation products are shown. In

solution, ascorbic acid probably exists as the hydrated semiketal. AscH2 (reduced ascorbic acid) $
Asc[�] (ascorbate radical)$ DHASC (dehydroascorbic acid). Under basic conditions, cleavage occurs

rapidly at carbon-1 or carbon-2.

TABLE 15.1
Selected Physical Properties of Ascorbic Acid

Empirical formula C6H8o6

Molar mass 176.13

Crystalline form Monoclinic, mix of platelets and needles

Melting point 1908C–1928C

Optical rotation [a]25=D þ 20.58 to 21.518 (cm ¼ 1 in water)

pH, at 5 mg=mL ~3

at 50 mg=mL ~2

pK1 4.17

pK2 11.57

Redox potential (dehydroascorbic acid=ascorbate) �174 mV

(ascorbate . –, Hþ=ascorbate�) þ282 mV

Solubility, g=mL

Water 0.33

Ethanol, abs. 0.02

Ether, chloroform, benzene Insoluble

Absorption spectra

at pH 2 Emax (1%, 10 mm) 695 at 245 nm

at pH 6.4 Emax (1%, 10 mm) 940 at 265 nm
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not very stable in aqueous media at room temperature. Above pH 7.0, alkali-catalyzed

degradation results in over 50 compounds, mainly mono-, di-, and tricarboxylic acids

[15,18,19]. The vitamin can be stabilized in biological samples with trichloroacetic acid or

metaphosphoric acid. Ascorbic acid is reasonably stable in blood or enteral or intravenous

solutions when stored at or below 208C [20–22].

As noted, in addition to redox and acid–base properties, ascorbic acid can exist as a free

radical [14,16,18,19,23]. The ascorbate radical is an important intermediate in reactions

involving oxidants and ascorbic acid’s antioxidant activity. The physiologically dominate

ascorbic acid monoanions and dianions have pKs of 4.1 (pK1) and 11.79 (pK2), respectively.

Rate constants for the generation of ascorbate radicals vary considerably, for example,

104�108 s�1. When ascorbate radicals are generated by oxyanions, the rate constants are on

the order of 104�107 s�1, when generated by halide radicals, 106�108 s�1, and when generated

by tocopherol and flavonoids radicals, 106�108 s�1 [14,15]. Once formed, the ascorbate

radical decays slowly, usually by disproportionation [15,16]. Changing ionic strength or pH

can influence the rate of dismutation of ascorbic acid (i.e., either increase or decrease).

Certain oxyanions, for example, phosphate, accelerate dismutation [16]. The acceleration is

attributed to the ability of various protonated forms of phosphate to donate a proton

efficiently to the ascorbate radical, particularly dimer forms of ascorbate.

In biological systems, the unusual stability of the ascorbate radical dictates that accessory

enzymatic systems be made available to reduce the potential transient accumulation of the

ascorbate radical. Excess ascorbate radicals may initiate free-radical cascade reactions or

nonspecific oxidations. In plants, NADH:monodehydroascorbate reductase (EC 1.6.5.4) has

evolved to maintain ascorbic acid in its reduced form. NADH:monodehydroascorbate reduc-

tase plays a major role in stress-related responses in plants. In animal tissues, glutathione

dehydroascorbate reductase (EC 1.8.5.1) serves this purpose. Such enzymes keep vitamin C

operating at maximum efficiency, so that other enzyme systems may take advantage of the

univalent redox-cycling capacity of ascorbate [12]. As an example, without an interaction

between dopamine hydroxylase (EC 1.14.17.1) and cytochrome b5 reductase (EC 1.10.2.1),

increasing the concentration of ascorbate will scavenge the dopamine radical and replace it

with an ascorbate radical. Similarly, dopamine can reduce the radical intensity of ascorbate

[24,25]. Enzymatically coupled reactions reduce the potential of radical accumulation.

ISOLATION

Ascorbic acid is stable in many organic and inorganic acids. m-Phosphoric acid–containing

ethylenediamine tetraacetic acid (0.5%–2%), oxalic acid, dilute trichloroacetic acid, dilute

perchloric acid, or 2,3-dimercaptopropanol are often used as solvents or solutions for tissue

extraction [20,26]. Extraction of ascorbic acid should be carried out under subdued light and

an inert atmosphere to avoid the potential for degradation [26].

CHEMICAL AND BIOLOGICAL SYNTHESIS

The approach used for ascorbic acid synthesis often depends on the eventual use of the final

product [27]. For example, strategies for radiochemical labeling of ascorbic acid involve

coupling either a C-1 fragment to a C-5 fragment or a C-2 fragment to a C-4 fragment.

Alternatively, the approach may involve the conversion of the six-carbon form of ascorbic

acid or an analog to a suitable radiolabeled derivative. Although procedural details are

beyond the scope of this chapter, most approaches in making or modifying ascorbic acid

involve first derivatizing ascorbic acid [28,29]. In this regard, selective derivatization of

ascorbic acid can be difficult because of delocation of the negative charge of ascorbate in

its anionic form. For example, by protecting the C-2 and C-3 hydroxyl groups, alkylation or
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acylation can take place at the more sterically accessible primary hydroxyl group on C-6.

Reactions at the C-5 position occur only after derivatizations of the C-2, C-3, and C-6 are

completed [30]. The formation of acetates or ketals of ascorbic acid is useful for protection of

the molecule while reactions at the other carbons are carried out [30]. The chemical pathway

for industrial synthesis of ascorbic acid from glucose is given in Figure 15.2. This process was

first developed in the 1930s and is still in use. More biological approaches involve the use of a

novel enzyme, for example, L-sorbosone dehydrogenase, which directly converts polyalcohols,

such as L-sorbosone to L-ascorbic acid and 2-keto-L-gulonic acid [31,32].

ANALYSIS

Ascorbic acid has strong UV absorption, which is the basis of spectrophotometric methods

for the measurement of ascorbic acid (see Table 15.1). Treatment of material to be analyzed

with ascorbic acid oxidase is often used as a blank to correct for interfering substances in

biological samples. A number of high-performance liquid chromatographic methods have

now been developed for isolation of ascorbic acid [33–43].

Electrochemical detection is also used for measuring ascorbic acid and derivatives in

eluates [36]. Electrochemical detection allows for the simultaneous measurement of ascorbic

and dehydroascorbic acid, isomers, and derivatives. Chromatographic approaches include

ion exchange, gas, reversed phase, and ion-pairing HPLC chromatographic protocols.

In direct assays of ascorbic acid in crude mixtures, the 2,20-dipyridyl calorimetric method

is often used, which is based on the reduction of Fe(III) to Fe(II) by ascorbic acid [39]. Fe(II)

reacts with 2,20-dipyridyl to form a complex that can be quantified calorimetrically.

In addition to 2,20-dipyridyl, ferozine and Folin phenol reagent have also been used. Further,

Reichstein–Grussner synthesis

Glucose

Fermentation

Fermentation

L-Sorbose

Diacetone-L-Sorbose

L-Sorbose

L-Sorbosone

Enzymatic

Lactonization

Methyl-2-keto-L-gulonic acid

2-Keto-L-gulonic acid

Ascorbic acid

Hydrogenation

Fermentation

Acetone addition

Ox/Hydrolysis

Esterification

D-Sorbitol

FIGURE 15.2 Basic steps in the commercial synthesis of ascorbic acid from D-glucose via the

Reichstein–Grussner synthesis pathway or fermentation starting with D-glucose or L-sorbitol. If ample

quantities of sorbosone are produced, ascorbic acid can be generated by the action of sorbosone

dehydrogenase.
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methods based on fluorometric and chemiluminescence detection provide highly sensitive

approaches for the determination of ascorbic acid [38,40].

Enzymatic methods using ascorbate oxidase have the advantage of selectively measuring

the biological activity of ascorbic acid [44]. Conventional and isotope ratio mass spectrometry

techniques have also been used to analyze ascorbic acid. Isotope ratio mass spectrometry is

particularly useful and sensitive, when 13C ascorbic acid is available for use as a reference or

standard in the analysis of complex matrices [40,43].

As a final point, in addition to the problems associated with accurately measuring ascorbic

acid, the presence of ascorbic acid may also interfere with many urine and blood chemical tests.

Examples include the analysis of glucose, uric acid, creatinine, bilirubin, glycohemoglobin,

hemoglobin A, cholesterol, triglycerides, leukocytes, and inorganic phosphate [45,46], because

as a reductant, ascorbic acid can cause nonspecific color formation.

SOURCES OF ASCORBIC ACID

Ascorbic acid occurs in significant amounts in vegetables, fruits, and animal organs such as

liver, kidney, and brain. Potatoes and cabbage are also among the important sources of

vitamin C. Typical values are given in Table 15.2.

BIOCHEMICAL FUNCTIONS

PLANTS

Ascorbic acid is detected in yeast and prokaryotes, except cyanobacteria [12]. Ascorbic acid is

synthesized in plants from D-glucose and other sugars. Ascorbic acid functions in many

mono- and dioxygenases to maintain metals in a reduced state. For example, mono- and

dioxygenases usually contain copper or iron as redox cofactors, respectively. As an additional

characteristic, dioxygenases require a-ketoglutarate and O2 as cosubstrates in reactions

whereas monooxygenases require only O2. The pathway for ascorbic acid synthesis in plants

and animals is shown in Figure 15.3.

ANIMALS AND ANIMAL MODELS

In the kidney of fish, reptiles, and birds, and the liver of mammals, the key enzyme in

the synthesis of ascorbic acid is L-gulonolactone oxidase (EC 1.1.3.8; cf. Figure 15.3).

During the course of evolution, the ability to express L-gulonolactone oxidase functional

activity disappeared in the guinea pig, some fruit-eating bats, and most primates, including

man [47].

Regarding specific steps in the pathway in animals, L-gulonolactone is generated by the

direct oxidation of glucose [48,49]. In this regard, it may be asked whether the amounts of

ascorbic acid synthesized per day in animals with gulonolactone oxidase correspond to the

amounts needed in the diets of the guinea pig or primate. Grollman and Lehninger [48] used

liver homogenates and gulonic acid as substrates for ascorbic acid synthesis. They found that

the amounts varied from ~0.01 g of L-ascorbic acid synthesized per day per kilogram body

weight for the pig to 0.2 g=kg body weight for the rat. Linus Pauling in his monograph,

Vitamin C and the Common Cold [50], used such data to infer that the ascorbic acid needs in

humans were in grams per day range. What is ignored is that ascorbic acid production can be

no more than the amount of glucose or galactose shunted through the gulonate oxidative

pathway. In a 70 kg person, this value ranges from 5 to 15 g=day. Only ~1% of the gulonate

flux is in the direction of ascorbate synthesis [48,51,52]. Therefore, given that 5–15 g of

glucose and galactose are shunted through the glucuronate and gulonate pathway in humans,
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this would amount to ~50–150 mg of ascorbate per day, if humans were capable of making

ascorbate. This is the same order of magnitude, as the reported need for ascorbic acid in

humans [51,53–55].

Interestingly, examination of two animal genetic models (1) the gulonolactone oxi-

dase null mouse [56] and (2) the osteogenic disorder Shionogi (ODS) rat [57], in which a

missense mutation of L-gulono-g-lactone oxidase causes scurvy-prone disorders, leads to the

same conclusion. The L-ascorbic acid requirement for normal growth and metabolism for

these two animal models is in the order of 300–400 mg L-ascorbic acid=kg of diet [58], that is,

about the same as that for the guinea pig, ~200 mg L-ascorbic acid=kg diet for optimal

growth. Expressed per unit of food energy intake, this amounts to 80–160 mg L-ascorbic

acid=1000 kcal (4187 kJ), that is, 150–300 mg=day in ‘‘human terms.’’ Moreover, human milk

contains 50 mg L-ascorbic acid=L or 150–250 mg=kg of milk solids. The point is that a strong

case may be made that for vitamins, ascorbate as a specific example, requirements in

TABLE 15.2
Vitamin C in Selected Food

Sources Edible Portion (mg=100 g) Sources Edible Portion (mg=100 g)

Animal products Vegetables

Cows milk 0.5–2 Asparagus 15–30

Human milk 3–6 Avocado 10

Beef 1–2 Broccoli 80–90

Pork 1–2 Beet 6–8

Veal 1–1.5 Beans, various 10–15

Ham 20–25 Brussels sprout 100–120

Liver, chicken 15–20 Cabbage 30–70

Beef 10 Carrot 5–10

Kidney, chicken 6–8 Cucumber 6–8

Heart, chicken 5 Cauliflower 50–70

Gizzard, chicken 5–7 Eggplant 15–20

Crab muscle 1–4 Chive 40–50

Lobster 3 Kale 70–100

Scrimp muscle 2–4 Onion 10–15

Fruits Pea 8–12

Apple 3–30 Potato 4–30

Banana 8–16 Pumpkin 15

Blackberry 8–10 Radish 25

Cherry 15–30 Spinach 35–40

Currant, red 20–50 Spices and condiments

Currant, black 150–200 Chicory 33

Grape 2–5 Coriander (spice) 90

Grapefruit 30–70 Garlic 16

Kiwi fruit 80–90 Horseradish 45

Lemon 40–50 Lettuce, various 10–30

Melons 9–60 Leek 5

Mango 10–15 Parsley 200–300

Orange 30–50 Papaya 39

Pear 2–5 Pepper, various 150–200

Pineapple 15–25

Plums 2–3

Rose hips 250–800

Strawberry 40–70

Tomato 10–20l
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homeothermic (warm-blooded) animals are similar or are of the same magnitude when

expressed relative to units of energy intake.

SELECTED ENZYMES AND BIOCHEMICAL PROCESSES

Ascorbic acid deprivation and scurvy include a range of signs and symptoms that involve

defects in specific enzymatic steps and processes (cf. Table 15.3). Other examples are sum-

marized in Selected Clinical Features Important to Ascorbic Acid Status.

Ascorbic Acid and Glutathione Interrelationships

Cells deal with excessive oxidants by a number of mechanisms. The most important is the

utilization of L-g-glutamyl-L-cysteine-glycine (GSH) as a reductant [59–67]. GSH is synthe-

sized by a two-step reaction involving g-L-glutamyl cysteine synthetase and GSH synthetase.

When GSH synthesis is blocked, for example, by use of inhibitors, such as L-buthionine-

(SR)-sulfoximine, newborn animals die within a few days due to oxidative stress, which can

result in proximal renal tubular damage, liver damage, and disruption of lamella bodies in

lung [65]. The cellular damage involves mostly mitochondrial changes. A role for ascorbic

acid is depicted in Figure 15.4.

Meister and his associates reported that administration of ascorbic acid ameliorates most

of the signs of chemically induced GSH deficiency [65]. The effect is very pronounced in

newborn rats, which do not efficiently synthesize ascorbic acid in contrast to adult rats, and

guinea pigs. When L-buthionine-(SR)-sulfoximine is administered, in addition to the loss in

GSH, there is a marked increase in dehydroascorbic acid. This has led to the hypothesis that

GSH is very important to dehydroascorbic acid reduction and, as a consequence, ascorbic

acid recycling. Moreover, in studies using guinea pigs, treatment with GSH ester significantly

delays the onset of scurvy. The sparing effect is probably due to the need for both ascorbic
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FIGURE 15.3 Cellular pathways for the synthesis of ascorbic acid. The direct oxidative pathway for

glucose is utilized in animals that make ascorbic acid. Gulonolactone oxidase is compromised or absent

in animals that cannot make ascorbic acid. In plants and bacteria that make L-ascorbic acid (pathway to

the left), galactose and mannose, in addition to D-glucose can contribute to ascorbic acid production.
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acid and GSH in counteracting the deleterious effects of reactive oxidant species. Keys to

understanding the steps in the ascorbate–GSH relationships are the enzymes thioredoxin and

thioredoxin reductase [68,69]. The mammalian thioredoxin reductases are found within a

family of selenium-containing pyridine nucleotide–disulfide oxidoreductases. They are catalyzed

by the NADPH-dependent reduction of thioredoxin, as well as of other endogenous and

TABLE 15.3
Functions of Ascorbic Acid Associated with Specific Enzymes

Function Associated Enzymes

Associated Mechanism

and Features

Extracellular matrix Prolyl-3-hydroxylase Dioxygenase; Fe2þ

maturation (collagen biosynthesis) Prolyl-4-hydroxylase

Lysyl hydroxylase

Cq1 Complement synthesis Prolyl-4-hydroxylase Dioxygenase; Fe2þ

Carnitine biosynthesis 6-N-Trimethyl-L-lysine hydroxylase Dioxygenase; Fe2þ

g-Butyrobetaine hydroxylase

Pyridine metabolism Pyrimidine deoxyribonucleoside Dioxygenase; Fe2þ

Hydroxylase (fungi)

Cephalosporin synthesis Deacetoxycephalosporin C synthetase Dioxygenase; Fe2þ

Tyrosine metabolism Tyrosine-4-hydroxyphenylpyruvate hydrolase Dioxygenase; Fe2þ

Norepinephrine biosynthesis Dopamine-b-monooxygenase or hydrolase Monooxygenase; Cu1þ

Peptidylglycine a-amidation in

the activation of hormones

Peptidylglycine a-amidating monooxygenase Monooxygenase; Cu1þ

Ribulose
5-phosphate

NADPH GSSG AA
Diffusible
oxidants

Reduced
oxidants

Diffusible
oxidants

DHAGSHNADP6-Phosphogluconate

GRXGRD6PGD
Pentose

shunt

FIGURE 15.4 Interaction between ascorbic acid and glutathione. Excess oxidants can be reduced

directly and indirectly by ascorbic acid and glutathione by complex processes that are depicted con-

ceptually although in a very simplified fashion. The most important reductant in the cell is glutathione

(L-g-glutamyl-L-cysteine-glycine, GSH), which is synthesized by a two-step reaction involving L-glutamyl

cysteine synthetase and GSH synthetase. In addition to reducing equivalents derived from the pentose

shunt or hexose monophosphate shunt pathway via NADPH (catalyzed by 6-phosphogluconate

dehydrogenase [6-PGD] and transferred by glutathione reductase [GD]), reduced ascorbic acid can

transfer reducing equivalents to oxidized glutathione (GSSG) catalyzed by thioredoxin (TRX) and

perhaps to some species of diffusible oxidants.
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exogenous compounds. The importance of thioredoxin to many aspects of cell function

appears in part related to the recycling of ascorbate from its oxidized form [66,67].

Although ascorbic acid also has pro-oxidant properties and may cause apoptosis of

lymphoid and myeloid cells, Puskas and associates [70–74] have shown that dehydroascor-

bate, the oxidized form of vitamin C, also stimulates the antioxidant defenses in some cells by

preferentially importing dehydroascorbate over ascorbate. While 200---800 mM vitamin C

caused apoptosis of Jurkat and H9 human T lymphocytes, pretreatment with 200---1000 mM

dehydroascorbate stimulates the activity of the pentose phosphate pathway enzymes glucose

6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase, and transaldolase,

and elevates intracellular glutathione levels. A 3.3-fold elevation in glutathione was observed

after 48 h stimulation with 800 mM dehydroascorbate [73].

Norepinephrine and Adrenal Hormone Synthesis

Synthesis of norepinephrine (Figure 15.5) depends on ascorbic acid and explains in part the

need for a high concentration of ascorbic acid in brain tissue and the adrenal glands. Ascorbic

acid is a cofactor required both in catecholamine biosynthesis and in adrenal steroidogenesis.

In studies using animal models with a deletion in the ascorbic acid transporter SVCT2 gene,

reduced tissue levels of ascorbic acid occur. Animals die soon after birth and there is a

significant decrease in tissue catecholamine levels in the adrenals. The drop in ascorbic acid is

accompanied by decreased plasma levels of corticosterone and altered morphology of mito-

chondrial membranes, that is, a clear validation of the importance of ascorbic acid on adrenal

cortical function [75,76]. At the enzymatic level, a primary effect is on dopamine-b-hydroxylase

(EC 1.14.17.1), which is present in catecholamine storage granules in nervous tissues and in

chromaffin cells of the adrenal medulla. This is the site of the final and rate-limiting step in the

synthesis of norepinephrine. Dopamine-b-hydroxylase is a tetramer containing two Cu(I)

ions per monomer, which consumes ascorbate stoichiometrically with O2 during its catalytic

cycle. At a steady state, the predominant enzyme form is an enzyme–product complex.

Dopamine hydroxylation

Dopamine

Dopamine-β-hydroxylase
Cu and ascorbic acid

Peptidyl α-amidation

Norepinephrine

CH2 CH2 NH2 CH

OH

COOHH2NH

+
Peptide

COOHPeptide

O H H 2H+, 2e−, O2

Cu2+

Peptide COOH

HO HO

N
H

Ascorbate + O2

N
H

OO

HO

HO

HO

Tyrosine

HO

CH2 NH2

FIGURE 15.5 Steps in norepinephrine synthesis catalyzed by dopamine-b-hydroxylase (dopamine

hydroxylation) and C-terminal amide formation via peptidyl a-amidations (peptidyl a-amidation).

Mechanistically, these reactions occur in two steps. The enzyme receives single e� sequentially from

two ascorbic acid molecules resulting in ascorbate free radical as intermediate. This intermediate is later

reduced back to ascorbate by transmembrane electron transfers via cytochrome b561.
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The primary function of ascorbate is to maintain copper in a reduced state in this complex.

Only the reduced enzyme seems to be catalytically competent, with bound cuprous ions as the

only reservoir of reducing equivalents. Under acute stress, ascorbic acid levels in neural tissue

are also rapidly depleted [12,77,78].

Hormone Activation (a-Amidations)

Many hormones and hormone-releasing factors are activated by posttranslational steps

involving a-amidations [12]. Examples of hormone activation include melanotropins, calci-

tonin, releasing factors for growth hormone, corticotrophin and thyrotropin, pro-ACTH,

vasopressin, oxytocin, cholecystokinin, and gastrin [79,80]. Peptidylglycine a-amidating

monooxygenase (EC 1.14.17.3), the enzyme that carries out a-amidation, is found in secre-

tory granules of neuroendocrine cells in the brain, pituitary, thyroid, and submaxillary glands

[81–83]. For peptides that undergo amidation, a glycine must be at the C terminus. The

process involves C-terminal amidation with the release of glyoxylate (Figure 15.5). Similar to

dopamine-b-hydroxylase, in the ascorbate-dependent a-amidases, ascorbic acid serves as a

reductant to maintain copper in a reduced state at the active site of the enzyme.

Ascorbic Acid as an Antioxidant

The Food and Nutrition Board’s panel on Dietary Antioxidant and Related Compounds of

the NAS has defined an antioxidant as ‘‘any substance that, when present at low concentra-

tions compared to those of an oxidizable substrate (e.g. proteins, lipids, carbohydrates and

nucleic acids), significantly delays or prevents oxidation of that substrate’’ [84]. Ascorbic acid

readily scavenges reactive oxygen and nitrogen species, such as superoxide and hydroperoxyl

radicals, aqueous peroxyl radicals, singlet oxygen, ozone, peroxynitrite, nitrogen dioxide,

nitroxide radicals, and hypochlorous acid. Excesses of such products have been associated

with lipid, DNA, and protein oxidation.

Lipids

Although mostly inferential, numerous in vitro and in vivo studies have focused on the ability

of ascorbic acid to reverse lipid peroxidation [85,86]. When the peroxyl radicals are generated

in plasma, vitamin C is consumed faster than other antioxidants, for example, uric acid,

bilirubins, and vitamin E [86]. Ascorbic acid is 103 more reactive than a polyunsaturated fatty

acid in reacting with peroxyl radicals. In contrast, ascorbic acid is not as effective in

scavenging hydroxyl or alkoxyl radicals [86].

In assays for lipid peroxidation, low-density lipoprotein (LDL) particles are often used as

the lipid source [85,87,88]. LDL oxidation susceptibility is estimated by the lag time and

propagation rate of lipid peroxidation in LDL exposed to copper ions or catalyst to initiate

oxidation. Many studies in humans and animals support the observation that ascorbic acid

generally retards peroxyl radical formation in LDL. Studies have been carried out with

smokers, nonsmokers, and hypercholesterolemic subjects [89]. In all cases, with the combin-

ation of ascorbic acid and vitamin E, a significant reduction in oxidized LDL has been

reported [88]. In studies using only vitamin C, however, the effect on LDL oxidation is

more varied.

DNA

Oxidative damage to DNA is of particular importance in somatic cells, because of the risk

of mutations, which can lead to cancer or birth defects. In addition to protection against

lipid peroxidative damage, ascorbic acid has also been shown to provide a degree of

protection with respect to DNA oxidation. In DNA, 8-oxoguanosine and its respective
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nucleoside 8-oxo-deoxyguanosine are the products [90–92]. These modified nucleic acid bases

are found in all cells, and are excreted in urine. Estimation of 8-oxo-deoxyguanosine derivatives

and other modified bases has led to the view that cells must repair 104 to 105 oxidative lesions per

cell per day [93]. Fraga et al. [90,91] were among the first to demonstrate a significant decrease

in human sperm 8-oxo-deoxyguanosine levels following vitamin C supplementation. However,

since the nucleus of many cells contains relatively low concentrations of ascorbic acid, it

remains unclear as to the relative importance of ascorbic acid to DNA protection.

Protein

Examples of protein oxidation include the lifelong oxidation of long-lived proteins, such as

the crystallin in the lens of the eye, the oxidation of a-proteinase inhibitor, and the advanced

glycation end products associated with diabetes. Tyrosine, N-terminal amino acids, and

cysteine are often targets of such reactions [94–96]. Although data are limited, ascorbic acid

supplementation appears to have a protective effect and certain categories of protein oxidation.

Protein carbonyl formation, a precursor for glycation products, is increased in scorbutic

guinea pigs and reduced on ascorbic acid repletion [97]. Vitamin C supplementation has also

been shown to reduce the formation of nitrotyrosine levels in patients with Helicobacter pylori

gastritis [98].

In summary, ascorbate is an electron donor, which may account for many of its known

functions. However, much remains to be resolved. In spite of the ability of ascorbic acid to

influence the production of hydroxyl and alkoxyl radicals, whether this is the principle effect

or mechanism that occurs in vivo remains uncertain. There seems to be good evidence for the

antioxidant protection of lipids by vitamin C in biological fluids (both with and without iron

cosupplementation, e.g., Ref. [88]) with the data on protein oxidation and DNA oxidation

somewhat inconsistent.

Carnitine Biosynthesis

Researchers have suggested that early features of scurvy (fatigue and weakness) may be

attributed to carnitine deficiency [99–101]. Ascorbate is a cofactor of two-enzyme hydroxyla-

tion in the pathway of carnitine biosynthesis (Figure 15.6), g-butyrobetaine hydroxylase, and

e-N-trimethyllysine hydroxylase [98–100]. High doses of ascorbic acid in guinea pigs fed high-

fat diets contribute to enhanced carnitine synthesis. Ascorbate deficiency results in as much as

a 50% decrease in carnitine in heart and skeletal muscle compared with guinea pig fed

ascorbic acid [49,100,102].

Extracellular Matrix and Ascorbic Acid

Ascorbic acid is an essential cofactor in extracellular matrix (ECM) metabolism. Vitamin C

deficiency differentially affects the expression of collagen, laminin, various cell surface

integrins, as well as elastin [103]. The effects of ascorbic acid may be observed at both the

functional and regulatory gene levels. Ascorbic acid is a cofactor for enzymes important to

the posttranslational modification of matrix proteins and perhaps the transcriptional regula-

tion of specific proteins. As examples, the role of ascorbic acid in prolyl and lysyl hydroxylase

will be highlighted.

Collagen is the predominant structural protein in animals. To date, 25 (possibly more)

distinct types of collagen polypeptide chains have been identified. Each of these forms

assembles into distinct fibrillar or laminar structures [104]. The fibrillar types are typically

formed by triple helical arrangements of glycine- and proline-enriched polypeptide chains.

For such chains to form stable structures, specific prolyl residues in each chain must be

hydroxylated. The hydroxylation is catalyzed by prolyl hydroxylase.
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Moreover, lysyl groups in collagen are also hydroxylated. Some of the resulting residues

of hydroxyl lysine becomes a part of the complex network of cross-links, which aid in

stabilizing the helical forms of collagen into stable fibers [79,80,105].

When collagen fibers are under-hydroxylated, intracellular cellular assembly of collagen

fibers is compromised, with possible alterations in the distribution and types of cross-links.

The result is excessive degradation and turnover of collagen. Physiologic consequences range

from impaired wound healing to capillary fragility, the hallmarks of scurvy. An important

perspective is that some collagens have very long half-lives and are developmentally regulated

[105]. Consequently, if scurvy occurs at critical times in development there may be very

profound and long-lasting consequences affecting the deposition of bone, the modeling of

the vascular, and pulmonary alveolar matrix [79,80,105–108].

Elastin is another protein that is hydroxylated, although it is the over-hydroxylation, in

contrast to the under-hydroxylation, that causes decreased production of the ultimate prod-

uct, an insoluble elastin fiber [105–108]. When elastin producing cells are subjected to medium

containing high concentrations of ascorbic acid (e.g., near millimolar concentrations), there is

a decrease in expression of elastin. The short-term response is abnormal assembly, which

causes a shift in the partitioning of elastin into insoluble matrix to more ‘‘soluble’’ and easily

degraded forms of elastin. The net result is less insoluble elastin [106,107].

Peptidyl lysine

3 SAM

Peptidyl trimethyllysine

Proteolysis

Trimethyllysine

α-Ketoglutarate + O2

Succinate + CO2

α-Ketoglutarate + O2

Succinate + CO2
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Carnitine

Ascorbate
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4-Trimethylammoniobutanal
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FIGURE 15.6 Steps in carnitine biosynthesis. In order to form L-carnitine from lysine, three

consecutive methylation reactions are required utilizing S-adenosylmethionine (SAM) as the methyl

donor. This step occurs as a posttranslational protein modification. Next, trimethyllysine is obtained

(after protein hydrolysis). Trimethyllysine is enzymatically transformed into 3-hydroxy-trimethyllysine

in a reaction requiring a-ketoglutarate, O2, and ascorbic acid. Following the loss of glycine and

oxidation to trimethylammoniobutyrate, a second hydroxylation involving an ascorbic acid-assisted

step results in carnitine.
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As noted, the effects of ascorbate on collagen and elastin are both posttranslational and

possibly transcriptional. Collagen fibers begin to assemble in the endoplasmic reticulum (ER)

and Golgi complexes. Specific proline residues are hydroxylated by two hydroxylases, prolyl

4-hydroxylase and prolyl 3-hydroxylase. Vitamin C is necessary to maintain the enzyme

prolyl hydroxylase in an active form by keeping iron, an essential cofactor for prolyl hydro-

xylase, reduced. Note that for the mono- and dioxygenases that utilize ascorbic acid as a

reductant, copper and iron are often the targets for reduction. Reduced iron and copper are

required for coordination with oxygen, the principal cosubstrate for the mono- and dioxy-

genases [79,80].

Another cosubstrate is a-ketoglutarate. Oxidative decomposition of a-ketoglutarate

forms CO2 plus succinate and leads to the generation of Fe(IV)-oxo or activated oxygen

species, which next interacts with and hydroxylates the primary substrate. Ascorbate’s role is

to return the metal to its reduced state for another catalytic cycle. In this regard, ascorbic acid

persists for 6–12 catalytic cycles (Figure 15.7).

Regarding ECM expression and ascorbate status, there is the need to resolve a number of

factors. In cell culture, high concentrations of ascorbate can act as a pro-oxidant. Inverse

correlations exist between antioxidants (e.g., vitamin E added to cultures) and ascorbic acid in

fibroblast and smooth muscle cultures when collagen mRNA or collagen production is used

as the dependent variable [109]. Ascorbic acid promotes collagen production, which may be

countered by the addition of a-tocopherol to cultures. The phenomenon appears most related

to the pro-oxidant effects of ascorbic acid and malonaldehyde formation as a product of lipid

peroxidation. Malonaldehyde has been shown to promote collagen expression, possibly by

upregulation of c-jun nuclear kinase [110].

In summary, the response to ascorbic acid with respect to ECM is complex. The role of

ascorbate as a cosubstrate or cofactor for prolyl and lysyl hydroxylase (dioxygenases) is clear

and mechanistically understood. Many facets of ascorbate role in gene expression, however,

remain unresolved, given that changes in redox potential, oxidation productions, and the

stability of ECM can all impact changes in gene expression.

Ascorbic Acid and Gene Expression

The influence of ascorbic acid on the mRNA transcription of specific genes remains unclear

[12,99,111–113]. As illustrated by the ECM and ascorbic acid interactions, it is clear that
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FIGURE 15.7 Hydroxylation of peptidyl proline. The reaction sequence for prolyl hydroxylase (prolyl-

glycyl-peptide-2-oxoglutarate:oxygen oxidoreductase, EC 1.14.11.2) is shown. Lysyl hydroxylase carries

out a similar sequence of steps. In contrast to the mechanism or sequence of steps described in the

previous figures, iron is utilized instead of copper as the redox metal. Ascorbate role is to maintain iron

in a reduced state.
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controlling for changes in oxidative potential is essential to truly determine the specific effects

of ascorbic acid on the expression of given genes. For example, disruption of the ECM has

profound effects on cell differentiation and gene expression. Further, an interesting phenom-

enon is the formation of the complex of ascorbate and RNA (at GC and AU base pairs). This

can apparently occur with little change in RNA secondary structure [114], which may

influence the stabilization or destabilization of given transcripts. With regard to hydroxylated

proteins, particularly collagen, transcription may be influenced by the amounts of intracel-

lular under-hydroxylated products or peptides [109,115–117]. If there is a redox-controlled

mechanism that involves ascorbic acid, additional detail is often needed to determine the

influence of products of lipid peroxidation, which may also influence gene expression

[109,116–118]. The opening and closing of certain ion channels (e.g., the cystic fibrosis

transmembrane chloride channel) is also sensitive to ascorbic acid, which may in turn

influence gene expression [119].

Regarding genes that are known to be influenced by ascorbic acid, the transcription of the

72 kDa type IV collagenase (matrix metalloproteinase-2) is downregulated by ascorbic acid in

cultured human amnion-derived cells [113]. Tyrosine hydroxylase transcription [120] and the

mRNA encoding of various forms of cytochrome P450 in liver microsomes are enhanced by

ascorbic acid. Other mRNAs whose transcription appears to be regulated by ascorbic acid are

the ubiquitins, the collagen-related integrins, and the fra-1 gene, which encodes a transcrip-

tion factor of the Fos family and downregulates the activator protein-1 (AP-1) target gene

[74,121]. In plants, the maize Hrgp gene is induced by ascorbic acid [113].

ASCORBIC ACID METABOLISM AND REGULATION

Ascorbic acid is transported into all types of cells. Simple diffusion accounts for some of this

movement. The major transport, however, is carrier mediated [75]. For ascorbate, there are

Naþ cotransporters that actively transport ascorbate into cells [75]. In contrast, dehydroas-

corbate is taken into cells by the facilitative glucose transporters.

Cell accumulation of ascorbic acid occurs as dehydroascorbate is converted to ascorbic

acid. This also serves to keep the intracellular concentration of dehydroascorbate low,

favoring uptake into the cell along a concentration gradient. As examples, the erythrocyte

and neutrophil dehydroascorbate reduction system are capable of rapidly generating ascorbic

acid [75]. Neutrophils utilize ascorbate as a reductant to generate H2O2 for ‘‘killer activity.’’

Inside the neutrophil, dehydroascorbate is converted to ascorbate by a dehydroascorbic acid

reductase that utilizes glutathione as a reductant. Activated neutrophils accumulate ascorbate

to levels that range from 2 mM to as much as 10 mM and can effectively recycle ascorbic acid.

The increase in the intracellular ascorbic acid concentration occurs at a time when the cell needs

maximum antioxidant protection against the products of its own oxidative burst reactions.

Of clinical significance, diabetes can influence ascorbate cellular transport. High glucose

can compete for ascorbic acid, presumably by interfering with ascorbic acid uptake via the

glucose transporter isoforms, GLUT1 and GLUT2, which transport the oxidized form of

vitamin C, dehydroascorbic acid [122–125]. Dehydroascorbic acid also enters mitochondria

via the facilitative glucose transporter 1 (Glut1) and accumulates in the mitochondria as

ascorbic acid.

Specific active transporters for ascorbic acid have also been identified and are found in

tissues that accumulate ascorbic acid [124–127]. The activity of the transporters has been

observed to vary inversely with intracellular ascorbate, with the net result of maintaining a

relatively constant intracellular concentration. Two different isoforms of specific sodium–

vitamin C cotransporters (SVCT1=SLC23A1 and SVCT2=SLC23A2) have been cloned. The

tissue distributions of the transporters differ, with SVCT1 occurring primarily in epithelial
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tissues such as intestine, liver, and kidney. Whereas SVCT2 is widely distributed and detected in

choroid plexus cells and neurons, cardiac muscle, placenta, and most other tissues [128–130].

With regard to intestinal absorption, in guinea pigs and in humans, the ileum and jejunum

are major sites of absorption. The process is efficient. Ascorbic acid is easily absorbed (cf.

Requirements and Allowances). Similar to the cellular uptake of ascorbic acid by red cells and

neutrophils, enterocyte uptake is Naþ dependent [122].

Ascorbic acid circulates in plasma at micromolar concentrations, whereas it is found in

some tissues, often at millimolar concentrations. Ascorbic acid oxidation to CO2 and C-4 and

C-5 derivatives and excretion are major paths by which ascorbic acid is lost from the body [131].

SELECTED CLINICAL FEATURES IMPORTANT TO ASCORBIC ACID STATUS

DEFINING ASCORBIC ACID STATUS

Although leukocyte concentrations are generally considered to be the best indicator of

vitamin C status, the measurement of leukocyte vitamin C is technically complex [131,132].

The varying amounts of ascorbic acid in differing leukocyte fractions and the lack of

standardized reporting procedures [131–134] also complicate interpretation of data. Hence,

the measurement of plasma vitamin C concentration is currently the most widely applied test

for vitamin C status. Plasma concentrations between 11 and 28 mmol=L represent marginal

vitamin C status. At this level, there is a moderate risk for developing clinical signs of vitamin

C deficiency due to inadequate tissue stores of vitamin C.

Data from the Second National Health and Nutrition Examination Survey, 1976–1980

(NHANES II) [135], indicated that the prevalence of vitamin C deficiency (plasma vitamin C

concentrations <11 mmol=L) ranged from 0.1% in children (3–5 years of age) to 3% in females

(25–44 years of age) and 7% in males (45–64 years of age). A decade later, the more sensitive

measures utilized by NHANES III indicated that the prevalence of vitamin C deficiency was

12% for adult females and 17% for adult males [136]. Marginal vitamin C status (plasma vitamin

C concentrations from 11 to 28 mmol=L) was noted in 20%–23% of adults [136]. Smokers are

more likely to have marginal vitamin C status comparedwith nonsmoking adults. Several studies

suggest that smokers require >200 mg ascorbate daily to maintain plasma concentrations at a

level equivalent to nonsmokers consuming 60 mg vitamin daily (cf. Ref. [137] and references

cited therein). The current vitamin C recommendation for smokers is ~40% greater than that

for nonsmokers, 110 and 125 mg daily for females and males, respectively [138].

In its most extreme form, scurvy is characterized by subcutaneous and intramuscular

hemorrhages, leg edema, neuropathy, and cerebral hemorrhage, and, if untreated, the condi-

tion is ultimately fatal. Presently, even in affluent countries, scurvy should be considered

when signs and symptoms such as cutaneous and oral lesions are observed, particularly in

alcoholics, the institutionalized elderly, or persons who live alone and consume restrictive

diets containing little or no fruits and vegetables. Patients may also complain of lassitude,

weakness, and vague myalgias, and seek medical attention following the appearance of a skin

rash or lower extremity edema. Discussion of the functional roles of ascorbic acid in body

systems and prevention of chronic disease is provided later.

CLINICAL FEATURES

Immune Function

Since the publication of Vitamin C and the Common Cold by Pauling [50], the role of vitamin

C in immune function has been a topic of lively debate. The high concentration of vitamin C

in leukocytes, and the rapid decline in plasma and leukocyte vitamin C concentrations during
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stress and infection, has been used as evidence that vitamin C plays a role in immune function

[139–143]. Dozens of basic research studies and clinical trials have been conducted in attempts

to resolve the role of vitamin C in common cold and other viral and bacterial infections

[140–153]; most reviewers of the literature concur that there is little justification for

routine vitamin C mega-dose prophylaxis [148–153]. However, in certain high-risk popula-

tions, vitamin C supplementation may provide some benefit. Ultra–marathon runners are

likely to suffer upper-respiratory-tract infections in the immediate postrace period [154–157].

In a double-blind, placebo-controlled trial, vitamin C supplementation (600 mg=day), begin-

ning 21 days before the start of the race, reduced by 50% the incidence of postrace upper-

respiratory-tract infections in runners [148]. In the same study, the incidence of

upper-respiratory-tract infections in sedentary controls was not affected by vitamin C

supplementation, although the duration of symptoms was significantly less (�1.4 days) in

control subjects receiving vitamin C supplements. Three of four randomized, double-blind,

placebo-controlled trials utilizing 1–2 g vitamin C daily have reported a significant reduction

in the incidence of respiratory-tract infections among military personnel [150]. A lesser

dosage, 300 mg=day, was not associated with reduction in common cold infections among

military recruits; but a 50% reduction in the most severe respiratory infection was noted [149].

Elderly patients hospitalized with acute respiratory infections and receiving 200 mg vitamin C

daily were also reported to fare better than patients receiving placebo [153]. Although the

difference was not statistically significant, the elderly patients receiving placebo were five

times more likely to die from complications of respiratory-tract infection than patients

receiving the ascorbate supplement.

The mechanism by which vitamin C reduces the incidence or severity of respiratory-tract

infections is not known. Studies show that a low salivary IgA secretion rate midrace predicted

the occurrence of upper-respiratory-tract infections in ultra–marathon runners [148–151].

Vitamin C supplementation (1500 mg=day for the 7 days before race day) did not affect the

reductions in salivary IgA noted at midrace and postrace [151]. Other trials investigating

alterations in immune responses after high-intensity running have been unable to demonstrate

a countering effect of vitamin C supplementation on changes in interleukin-6, natural killer

cell activity, lymphocyte proliferation, and granulocyte phagocytosis [153,158]. However,

a more consistent finding is that vitamin C can also accelerate the destruction of histamine,

a mediator of allergy and cold symptoms [159–162]. Vitamin C supplementation reduces

blood histamine concentrations from 30% to 40% in adult subjects [161,162], and an acute

dosages of vitamin C (e.g., 2 g) reduces bronchial responsiveness to inhaled histamine in

patients with allergy [163]. In addition, supplementation with 250 mg vitamin C=day for 6

weeks significantly reduces monocyte ICAM-1 mRNA expression (�50%) in healthy male

subjects [164], an important observation because the expression of this adhesion molecule

by inflammatory and endothelial cell types is associated with airway hyperresponsiveness

characteristic of the common cold, allergic asthma, and seasonal allergic rhinitis.

Ascorbic acid can also influence neutrophil chemotaxis [165–170]; however, enhancement

is most often obtained at nonphysiological concentrations of vitamin C. For example,

neutrophil chemotaxis is enhanced following an intravenous injection of 1 g ascorbic acid

[168] and following high doses of ascorbic acid (2 or 3 g=day for one or more weeks) [169–

171]. Ascorbic acid supplementation (1 g=day) has also been shown to significantly improve

leukocyte chemotaxis in patients with Chediak–Higashi syndrome, a disease characterized by

impaired neutrophil microtubule assembly [172,173] and in patients with chronic granuloma-

tous disease, a condition characterized by depressed neutrophil activation [174]. In guinea

pigs, vitamin C deficiency does not affect neutrophil activity, but it does decrease neutrophil

killing of internalized pathogens [175].

Data regarding the effect of vitamin C status on lymphocyte proliferation are somewhat

equivocal. Vitamin C depletion for a 9 week period in human subjects did not appear to alter
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T-cell number or T-cell proliferation in assays in vitro [175]; and the decline in lymphocyte

proliferation noted in aged populations is not restored by vitamin C in vitro [176]. In another

metabolic depletion–repletion study, vitamin C ingested daily in amounts ranging from 5 to

251 mg for 92 days also did not affect mitogen-induced lymphocyte proliferation [177].

Indeed, it may be that it is the restoration of function after a deficiency rather than response

to supplementation that will prove to be the most important factor. Moreover, the mechan-

ism is complex and appears to involve mitogen-induced proliferative processes [169,178–180],

as well as reduction in or in combination with a reduction in the rate of apoptosis in T cells

maintained in culture.

Vitamin C may also influence other immune system parameters. Vitamin C status in

guinea pigs is directly related to serum concentrations of the complement component C1q,

a protein that, in association with the other complement proteins, mediates nonspecific

humoral immunity [181,182]. Vitamin C dose-dependently inhibits intracytoplasmic produc-

tion of the proinflammatory cytokines IL-10 and TNF-a in whole blood cultures [183],

possibly by inhibiting NFkB activation [184]. Finally, several investigators have suggested

that the antihistamine effect of vitamin C may indirectly enhance immune responsiveness,

that is, ascorbic acid enhances mitogen-dependent lymphocyte blastogenesis by inhibiting

histamine production in spleen cell cultures [185].

Progression of Selected Chronic Diseases

Atherosclerosis

Epidemiologic studies have shown that death due to cardiovascular disease is inversely

related to regular use of vitamin C supplements [186–190]. Individuals participating in the

NHANES II Mortality Study with tissue-saturating concentrations of serum ascorbic acid

(�62 mmol=L) were 34% less likely to die from cardiovascular disease [186–190]. Males with

vitamin C deficiency (plasma vitamin C <11 mmol=L) were at significantly increased risk of

myocardial infarction after controlling for potentially confounding variables [189,190,191].

The mean plasma vitamin C concentration in male patients admitted within the first 12 h of

onset of an acute myocardial infarction was significantly lower than that of control subjects

(19.5 and 37.0 mmol=L, respectively).

The oxidation of LDL has been implicated in the etiology of atherosclerosis in addition to

endothelial dysfunction and inflammatory processes. Vitamin C may be involved in the

recycling of vitamin E, which in turn may donate electrons to prevent LDL oxidation

[192,193], or improve vascular health by promoting endothelial nitric oxide synthesis [192,194]

or by reducing blood pressure in hypertensive patients [196]. However, as described earlier,

clinical trials of ascorbate supplementation, either alone or with other antioxidant vitamins,

have yet to yield significant reductions in cardiovascular disease risk or clinical events that

indicate ascorbic acid is a truly independent factor in cardiovascular risk protection [195–

200]. Much is still needed to clarify mechanisms that may eventually lead to understanding

why the results of certain studies suggest some level of efficacy.

Stroke

Risk of stroke, both cerebral infarction and hemorrhagic stroke, is inversely related to

vitamin C status. In two large prospective studies in Finland and Japan, serum vitamin C

(>45 mmol=L) was associated with a 30%–50% lower risk of stroke [196,201,202]. However,

the regular use of vitamin C supplements was not associated with reduced risk for stroke [203]

suggesting that other factors in fruits and vegetables may be responsible for the beneficial

effects of diets rich in vitamin C.
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Cancer

In epidemiologic studies, all-cause cancer incidence and deaths appear inversely related to

serum vitamin C concentrations in men but not women [185–187]. Risk of fatal lung cancer

was inversely related to serum vitamin C in both men and women [204]. The regular use of

vitamin C supplements is related to a reduced risk of gastric and intestinal cancers in large US

cohorts [205]; yet, a short-term, intervention trial in a Chinese population at high risk for

stomach cancer did not demonstrate a benefit of vitamin C supplementation (120 mg=day) on

the incidence of gastric cancer [206–208]. The chemopreventive properties of vitamin C may

be linked to antioxidant effects that protect against oxidative DNA damage, or to protective

effects against carcinogenic mechanisms that disrupt the cell cycle [209,210]. Although the

pro-oxidant effects of ascorbic acid in vitro suggest a possible role for vitamin C in muta-

genesis, investigations utilizing physiologically relevant cell culture systems demonstrate that

vitamin C is most often associated with decreased frequency of DNA mutations.

Cataracts

Epidemiologic studies have also shown that the risk of cataract is significantly higher in

individuals with moderate to low blood concentrations of vitamin C [211–213]. After con-

trolling for potentially confounding variables, including diabetes, smoking, sunlight expos-

ure, and regular aspirin use, taking vitamin C supplements for ~10 years was associated with

reduced risk for early (odds ratio, 0.23; 95% CI, 0.09–0.60) and moderate (odds ratio, 0.17;

95% CI, 0.03–0.87) age-related lens opacities in women. In a separate study, high dietary

vitamin C (>200 mg=day) was associated with a 30% reduction in cataract risk, and serum

ascorbic acid concentrations >49 mmol=L were associated with a 60%–70% reduction in all

types of cataract [211]. Interestingly, a high-quality diet rich in fruits, vegetables, and whole

grains is associated with a reduced prevalence of cataract in nonusers of vitamin C supple-

ments but not in users of vitamin C supplements, suggesting an important role for vitamin C

in cataract prevention [211–214].

Pulmonary Function

In large population-based studies, vitamin C is associated with forced expiratory volume

(FEV1) and forced vital capacity, the common functional markers for pulmonary function

[215,216]. Vitamin C appears to decrease oxidant damage to the lung [210,217] and may

modulate the development of chronic lung diseases and declines in lung function. A prospective

study of diet and lung function demonstrated that an additional 100 mg higher than average

intake of vitamin C was related to a significantly smaller reduction in FEV1 after a 9 year

follow-up [218]. Dietary vitamin C is inversely related to self-reported respiratory symptoms

(morning cough, chronic cough, and wheezing) in adults, a relationship that tends to be

related to smoking status [219,220]. Hence, smokers, as well as populations with chronic

exposure to air pollutants [217,219,221], benefit from optimizing intakes of vitamin C.

Bone Density

Ascorbic acid increases collagen accumulation and alkaline phosphatase activity in osteo-

genic cells thereby affecting bone formation. Abnormal bone development and fractures are

noted in scurvy, yet the role of vitamin C in protecting against age-related bone loss is less

clear. Vitamin C from the diet is not consistently associated with bone mineral density in

postmenopausal women [222,223], but dietary vitamin C, as well as fruit and vegetable

consumption, is protective against bone loss in young and early menopausal women

[222,223]. Long-term vitamin C supplementation (400–750 mg=day for >10 year), however,

is positively associated with bone mineral density in postmenopausal women [222–226]. In a
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population at risk for hip fracture (female smokers aged 40–76 years), low dietary vitamin C

was associated with a threefold increased risk for hip fracture as compared with nonsmoking

women; smokers consuming adequate dietary vitamin C (>67 mg daily) were not at an

increased risk of hip fracture [226].

Wound Healing and Connective Tissue Metabolism

As discussed, the mechanisms that link ascorbic acid intake to connective regulation and

deposition are related to its role as an enzymatic cofactor (and stabilizing factor) for prolyl

and lysyl hydroxylases.

REQUIREMENTS, ALLOWANCES, AND UPPER LIMITS

The 2000 RDA for vitamin C, 75 mg daily for adult females and 90 mg daily for adult males,

represents a 25%–50% increase over the 1989 RDA, 60 mg [227]. Plasma vitamin C concen-

trations range from 45 to 50 mmol=L in well-nourished individuals with a typical vitamin C

intake of 90–100 mg dietary vitamin C daily [227]. Plasma vitamin C concentrations in people

who regularly consume vitamin C supplements are 30%–70% higher, ranging from 50 to 60

mmol=L to 75–80 mmol=L in individuals who regularly supplement 100 mg to 500–1000 mg

vitamin C [227–229], respectively. Plasma vitamin C concentrations in newborn infants are

much higher, ~150 mmol=L [230–234].

In humans, vitamin C bioavailability is nearly 100% for single oral doses �200 mg but

falls to ~75% at an oral dose of 500 mg and to ~50% at an oral dose of 1250 mg [57]. At the

higher oral doses, 500 and 1250 mg, nearly 100% of the absorbed dose is excreted nonmeta-

bolized in urine; thus, effective homeostatic mechanisms operate to control plasma vitamin C

concentrations over wide ranges of intake.

REBOUND SCURVY

There is some evidence that accelerated metabolism or disposal of ascorbic acid may occur

after prolonged supplementation of high doses. Presumably, when vitamin C supplementa-

tion ceases abruptly, the accelerated disposal of vitamin C creates a vitamin C-deficient state,

that is, ‘‘rebound scurvy.’’ The phenomenon seems to have some support from animal studies

[12] and historical records [10]. However, there are concerns regarding rebound scurvy that

come largely from work by Cochrane [233]. Of 42 cases of infantile scurvy at Children’s

Hospital in Halifax, Nova Scotia (from October 1959 to January 1961), only two could not be

attributed to inadequate dietary vitamin C. The possibility of rebound scurvy was considered,

because the mothers of both of the infants reported taking vitamin C supplements during

pregnancy (400 mg daily). However, the regression plots of plasma ascorbic acid depletion

during withdraw from low-dose vitamin C (60 mg=day for 2 weeks) and from high-dose

vitamin C (600 mg=day for 3 weeks) display similar slopes, indicating similar rates of vitamin

C metabolism and disposal independent of initial vitamin C status. In guinea pigs, high

intakes of vitamin C upregulate enzymes important to ascorbic acid degradation [12].

Whether this is truly the case in humans and in the appropriate setting lead to as suggested

by the observations of Cochrane [233] needs further clarification and validation.

OXALIC ACID AND URIC ACID

About 75% of kidney stones contain calcium oxalate; another 5%–10% is composed of uric

acid. High doses of vitamin C have been shown to increase urinary excretion of both oxalic

acid and uric acid; and thus, theoretically promote the formation of kidney stones [235–238].
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Case reports have described the development of hyperoxaluria with associated pathologies

(tubular necrosis and hematuria) in previously healthy individuals consuming 5–8 g vitamin C

daily [235–237]. These individuals appeared to possess abnormally high capacities to absorb

dietary ascorbic acid and to convert ascorbic acid to oxalate. Yet clinical investigations

indicate that calcium oxalate stone-formers and normal subjects respond similarly to mega-

doses of vitamin C [238,239]. The crystallization of calcium oxalate in urine was increased

~60% in both stone-forming patients and healthy subjects consuming 1 g vitamin C for 3 days

[239]. A prospective cohort study of 45,600 men without a history of nephrolithiasis demon-

strated a significant association between incident kidney stones and vitamin C ingestion after

a 14 year follow-up [240,241]. The multivariate risk ratio in men who consumed �1000 mg

daily as compared with <90 mg daily was 1.41 (95% CI: 1.11–1.80). Consequently, it would

seem prudent for calcium oxalate stone-formers to abstain from consuming supplemental

vitamin C. For others, daily intakes of vitamin C more than the tolerable upper intake level

set by the Food and Nutrition Board, 2000 mg, are not recommended.

IRON-RELATED DISORDERS

Red cell hemolysis, related to G6PD deficiency, has been reported as a toxic effect of ascorbic

acid [242]. Although the mechanism is not clear, it is possible that ascorbic acid in excess can

act as a pro-oxidant catalyst in the presence of available iron and the absence of an important

source of reducing equivalents in red cells, that is, the NADPH that is generated by G6PD.

Since dietary vitamin C may enhance mealtime iron absorption, some have speculated

that high-dose vitamin C regimens may aggravate conditions associated with increased iron

absorption and storage, notably hemochromatosis. About 0.5% and 10% of the US popula-

tion are homozygous and heterozygous, respectively, for the hemochromatosis HFE gene

mutation. Ascorbic acid fortification of foods did increase nonheme iron absorption in homo-

zygous patients compared with wild-type controls, but increased iron absorption was not

observed in heterozygous patients [243]. Vitamin C supplementation may also have adverse

effects in thalassemia major, an iron-overload disease characterized by impaired globin chain

synthesis, ineffective erythroporesis, and anemia. Supplemental vitamin C may mobilize iron

stores creating iron-overloaded plasma and risk for increased oxidative stress.

VITAMIN B12

Herbert et al. [244] reported that patients who received ascorbic acid in high doses had low

serum vitamin B12. These data have not been replicated by others, and this concern has never

been confirmed. The long-term use of supplemental vitamin C is not likely to adversely affect

serum vitamin B12 concentrations [245,246].

SUMMARY

Ascorbic acid is the cell’s universal reducing agent. It performs redox reactions by free-radical

mechanisms to activate the mono- and dioxygenases vital for many aspects of normal cellular

metabolism. Ascorbic acid is required for the growth and repair of all tissues owing in part to

its role as a cofactor for prolyl and lysyl hydroxylase activity, which is essential for collagen

formation and wounds healing. Ascorbic acid also directly moderates oxidative stress by

neutralizing free radicals, and indirectly by affecting the metabolism of glutathione and

vitamin E. In animals that lack the gene for L-gulonolactone oxidase, or possess a mutated

gene, ascorbic acid cannot be synthesized and becomes a dietary essential. Poor ascorbic acid

status has been related to risk for chronic disease (e.g., atherosclerosis and cataracts) and the

worsening of respiratory function in high-risk populations, such as the elderly and smokers.

Although ascorbic acid is considered relatively nontoxic, supplementation by some populations
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(e.g., oxalate stone-formers and individuals suffering from iron-overload diseases) is not

recommended. Clearly in past centuries and up to the first decades of the twentieth century,

vitamin C deficiencies were common, especially during the winter months and during long

ocean voyages. In its most severe form, for example, scurvy, vitamin C deficiency has altered

human history. Studies of its chemistry and functions were the underpinning of two Nobel

Prizes: to Albert von Szent-Gyorgyi Nagyrapolt in Medicine (1937) for his discoveries in

connection with biological combustion processes, with special reference to vitamin C; and to

Sir Walter N. Haworth in Chemistry (1937) for his studies on carbohydrates and vitamin C.
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INTRODUCTION

DNA and DNA-binding proteins make up the bulk of chromatin. DNA-binding proteins

comprise a diverse group of compounds, including histones, high-mobility group proteins,

transcription factors, and enzymes that mediate covalent modifications of DNA and histones.
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For many years, the nucleotide sequence of DNA has been considered the sole driver of

heredity. Consistent with this notion, heritable changes in phenotypic traits were thought to be

determined by genetic mutations and recombinations. More recently, however, the discovery

of epigenetic mechanisms for gene regulation has dramatically expanded our understanding

of mechanisms used by eukaryotes to regulate gene expression through remodeling in chro-

matin structure and chemical modifications of both DNA and DNA-binding proteins. It is

now well established that enzymatic methylation of cytosine residues in DNA and methyla-

tion, acetylation, and phosphorylation of amino acids in histones can establish changes in

gene expression and chromatin conformation that are maintained through many generations

of cell division in mammalian cells. More recently, these covalent modifications of DNA and

its binding proteins have been found to play essential roles in maintaining genomic stability

and DNA repair. However, the role of vitamins such as folate, biotin, vitamin B, and short-

chain fatty acids is less appreciated. This chapter focuses on two unique modifications of

histones by biotinylation and poly(ADP-ribosyl)ation and the role of folate and other dietary

sources of methyl groups on modification of DNA and histones.

ROLES FOR VITAMINS IN EPIGENETIC EVENTS

INTRODUCTION TO CHROMATIN STRUCTURE AND MODIFICATIONS OF HISTONES

Vitamin-dependent modifications of chromatin may target both DNA and its binding

proteins. In this section, we review the following examples for nutrient-dependent modifica-

tions of chromatin, which play roles in epigenetic events and genomic stability: biotinylation,

acetylation and poly(ADP-ribosyl)ation of histones, and methylation of DNA.

Chromatin in the mammalian cell nucleus is composed primarily of DNA and DNA-

binding proteins, that is, histones and nonhistone proteins (Figure 16.1). Histones play a

11 nm

2 nm

30 nm

300 nm

700 nm

Core histones
Histones H1

FIGURE 16.1 DNA is organized at multiple levels through interactions with specific proteins and other

cellular molecules, eventually increasing in diameter from 2 nm for double-stranded DNA up to 700 nm

for a fully condensed chromosome. This complex structure is highly regulated and is responsive to the

supply of several micronutrients, including biotin, folate, and niacin.
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predominant role in the folding of DNA into chromatin (1). Five major classes of histones

have been identified in mammals: H1, H2A, H2B, H3, and H4. Histones consist of a globular

domain and a more flexible amino terminus (histone tail). Lysine and arginine residues

account for a combined >20% of all amino acid residues in histones, leading to a positive

net charge of these proteins at physiological pH (1).

DNA and histones form repetitive nucleoprotein units, the nucleosomes (1). Each nucleo-

some (nucleosomal core particle) consists of 146 base pairs of DNA wrapped around an

octamer of core histones (one H3–H3–H4–H4 tetramer and two H2A–H2B dimers). The

binding of DNA to histones is of electrostatic nature, and is mediated by the association of

negatively charged phosphate groups of DNA with positively charged e-amino groups (lysine

moieties) and guanidino groups (arginine moieties) of histones. The DNA located between

nucleosomal core particles is associated with histone H1.

The amino-terminal tail of histones protrudes from the nucleosomal surface; covalent

modifications of this tail affect the structure of chromatin and form the basis for gene

regulation (2–7), mitotic and meiotic chromosome condensation (8,9), and DNA repair

(10–15). Histone tails are modified by covalent acetylation (16–18), methylation (1), phos-

phorylation (1), ubiquitination (1), poly(ADP-ribosyl)ation (12,19,20), and biotinylation (see

later) of e-amino groups (lysine), guanidino groups (arginine), carboxyl groups (glutamate),

and hydroxyl groups (serine). Multiple signaling pathways converge on histones to mediate

covalent modifications of specific amino acid residues (8,21). Site-specific modifications

of histones have distinct functions; for example, dimethylation of lysine-4 in histone H3 is

associated with transcriptional activation of surrounding DNA (6,22). Modifications of

histone tails (histone code) considerably extend the information potential of the DNA code

and gene regulation (6,23,24). Modifications of histone tails may affect binding of chromatin-

associated proteins, triggering cascades of downstream histone modifications. For example,

methylation of arginine-3 in histone H4 recruits the histone acetyltransferase Esa1 to yeast

chromatin, leading to acetylation of lysine-5 in histone H4 (6). Histone modifications can

influence each other in synergistic or antagonistic ways, mediating gene regulation. For

example, phosphorylation of serine-10 inhibits methylation of lysine-9 in histone H3, but is

coupled with acetylation of lysine-9 and lysine-14 during mitogenic stimulation in mamma-

lian cells (6). Covalent modifications of histones can be reversed by a large variety of

enzymatic processes (6).

Acetylation of histones itself represents a vitamin-dependent form of chromatin

structure regulation. It does not receive much attention from a nutrition perspective as

pantothenic acid deficiency is never a practical issue. However, as stated earlier, methyla-

tion of histones can alter acetylation patterns, and deacetylation is dependent on NAD

pools and dietary niacin status, so there are many opportunities for nutrient interactions.

Deacetylation plays a key role in chromatin silencing and is discussed further in the section

on niacin.

BIOTINYLATION OF HISTONES

Histone Biotinyl Transferases and Hydrolases

Histones are modified by covalent attachment of the vitamin biotin. Hymes et al. have

proposed a reaction mechanism by which cleavage of biocytin (biotin-e-lysine) by biotinidase

leads to the formation of a biotinyl–thioester intermediate (cysteine-bound biotin) at or near

the active site of biotinidase (25–27). In the next step, the biotinyl moiety is transferred from

the thioester to the e-amino group of lysine in histones. Biocytin is generated in the break-

down of biotin-dependent carboxylases, which contain biotin linked to the e-amino group of

a lysine moiety (28,29).
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Biotinidase belongs to the nitrilase superfamily of enzymes, which consists of 12 families

of amidases, N-acyltransferases, and nitrilases (30). Some members of the nitrilase super-

family (vanins-1, -2, and -3) share significant sequence similarities with biotinidase (31); it is

unknown whether vanins use histones as acceptor molecules in transferase reactions. Bio-

tinidase is ubiquitous in mammalian cells and 26% of the cellular biotinidase activity is

located in the nuclear fraction (28). Human biotinidase has been characterized at the gene

level (32,33). The 50-flanking region of exon 1 contains a CCAAT element, three initiator

sequences, an octamer sequence, three methylation consensus sites, two GC boxes, and one

HNF-5 site, but has no TATA element (33). The 62 amino acid region that harbors the active

site of biotinidase is highly conserved among various mammals and Drosophila (34).

Subsequent to the elucidation of the biotinidase-mediated mechanism of histone bio-

tinylation in vitro (25,26), biotinylated histones H1, H2A, H2B, H3, and H4 were detected

in human peripheral blood mononuclear cells in vivo (35). Biotinylated histones were also

detected in human lymphoma cells (36), small cell lung cancer cells (37), choriocarcinoma

cells (38), and chicken erythrocytes (39). These studies also suggested that biotinidase may

not be the only enzyme mediating histone biotinylation. For example, evidence was pro-

vided that biotinylation of histones increases in response to cell proliferation, whereas

biotinidase activity was similar in nuclei from proliferating cells and quiescent controls (35).

Finally, Narang et al. identified holocarboxylase synthetase (HCS) as another enzyme that

may catalyze biotinylation of histones (40).

Mechanisms mediating debiotinylation of histones are largely unknown. Recent studies

suggested that biotinidase may catalyze both biotinylation and debiotinylation of histones

(41). Variables such as the microenvironment in chromatin and posttranslational modifi-

cations and alternate splicing of biotinidase might determine whether biotinidase acts as

biotinyl histone transferase or histone debiotinylase. This assumption is based on the follow-

ing lines of reasoning. First, the availability of substrate might favor either biotinylation or

debiotinylation of histones. For example, locally high concentrations of biocytin might

increase the rate of histone biotinylation in confined regions of chromatin. Note that the

pH is unlikely to affect the biotinylation equilibrium, given that the pH optimum is similar

(pH 8) for both the biotinylating activity (25) and the debiotinylating activity of biotinidase

(41). Second, proteins may interact with biotinidase at the chromatin level, favoring either

biotinylation or debiotinylation of histones. Third, three alternatively spliced variants of

biotinidase have been identified (42). Theoretically, these variants may have unique functions

in histone metabolism. Fourth, some variants of biotinidase are modified posttranslationally

by glycosylation (32,42), potentially affecting enzymatic activity. An assay for analysis of

histone debiotinylases is available (41).

Identification of Biotinylation Sites

Biotinylation sites in human histones were identified by using synthetic peptides (43,44).

Briefly, this approach is based on the following analytical sequence: (i) short peptides (<20

amino acids in length) are synthesized chemically; the amino acid sequences in these peptides

are based on the sequence in a given region of a given histone; (ii) peptides are incubated

with biotinidase or HCS to conduct enzymatic biotinylation; (iii) peptides are resolved by

electrophoresis; and (iv) biotin in peptides is probed using streptavidin peroxidase. Amino

acid substitutions (e.g., lysine-to-alanine substitutions) and modifications (e.g., acetylation

of lysines) in synthetic peptides can be used to corroborate identification of biotinyla-

tion sites and to investigate the cross talk between biotinylation and other known modifica-

tions of histones, respectively (43). Using this approach the following biotinylation sites have

been identified in human histones: K9, K13, K125, K127, and K127 in histone H2A (45), K4,

K9, and K18 in histone H3 (46), and K8 and K12 in histone H4 (43). Acetylation and
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phosphorylation of lysine and serine residues, respectively, decrease biotinylation of adjacent

lysine residues (43,45,46). In contrast, dimethylation of arginine residues enhances biotinyla-

tion of adjacent lysine residues (45,46). This is consistent with studies suggesting that histones

in livers from biotin-deficient rats showed unusual patterns of phosphorylation, methylation,

and acetylation compared with biotin-sufficient controls (47).

Biological Functions of Histone Biotinylation

Biotinylation of histones is a relatively new field of research; evidence of biological

roles for biotinylation of histones is scarce. However, biotinylation of histones appears to

participate in the following biological processes.

First, evidence was provided that biotinylation of histones increases in response to cell

proliferation in human peripheral blood mononuclear cells (35). Biotinylation of histones

increases early in the cell cycle (G1 phase) and remains increased during later phases (S, G2,

and M phases) compared with quiescent controls; the increase is greater than fourfold.

Fibroblasts from patients with HCS deficiency are severely deficient in histone biotinylation

(40). It remains to be determined whether this is associated with decreased proliferation rates.

Note that these early studies were conducted before specific biotinylation sites in histones

were identified and before biotinylation site-specific antibodies became available. Subsequent

studies used site-specific antibodies to demonstrate that biotinylation of K8 and K12 in

histone H4 increases in M phase of the cell cycle compared with G1 phase in human small

cell lung cancer cells (48).

Second, studies in chicken erythrocytes have provided circumstantial evidence that bioti-

nylated histones are enriched in transcriptionally silent chromatin (39). These studies have

recently been expanded by using chromatin immunoprecipitation (ChIP) assays (49) in

combination with antibodies to K8-biotinylated and K12-biotinylated histone H4. These

studies provided evidence that biotinylated histone H4 is associated with heterochromatin

in pericentromeric regions and inactive euchromatin (49a).

Third, biotinylation of histones might play a role in the cellular response to DNA

damage (39,50). If formation of thymine dimers is caused by exposure of lymphoid cells

to UV light, the global biotinylation of histones increases (39). If double-stranded DNA

breaks are caused by exposure of lymphoid and choriocarcinoma cells to etoposide, bioti-

nylation of K12 in histone H4 shows a rapid and transient decrease (50). This is consistent

with a role for histone biotinylation in signaling DNA damage. These studies suggest that

distinct kinds of DNA damage cause unique changes in histone biotinylation. Currently, it is

unknown whether biotinylation of histones is a mechanism leading to DNA repair or

apoptosis.

BIOTIN SUPPLY

Effects of biotin supply on biotinylation of histones have been investigated in various human-

derived cell lines (36–38). In these studies cell lines were cultured in media containing

deficient, physiological, and pharmacological concentrations of biotin for several weeks.

Biotin concentrations in culture media had only a moderate impact on biotinylation of

histones; in contrast, biotinylation of carboxylases correlated strongly with biotin con-

centrations in culture media (36–38). The reader should note that even small changes in

biotinylation of histones might be physiologically meaningful, given that these changes

might affect other modifications of histones such as acetylation and methylation. Consis-

tent with this hypothesis, evidence has been provided that biotin deficiency is associated

with decreased rates of DNA repair by nonhomologous endjoining (49b).
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NIACIN AND CHROMATIN STRUCTURE

Dietary niacin can be consumed in the form of tryptophan (converted at low efficiency),

niacin (nicotinic acid), and nicotinamide (see Figure 6.3). Niacin exerts its impact on cellular

functions through the formation of the pyridine nucleotides, NAD and NADP, which exist in

oxidized and reduced forms. Although these molecules are critical to the redox reactions

present in essentially all metabolic pathways, there are a large number of nonredox roles for

niacin. Most of these make use of NADþ as a substrate, and belong to the ADP-ribosylation

class of reactions. These include mono- and poly(ADP-ribosyl)ation, cyclic ADP-ribose

formation, and NAD-dependent deacetylation reactions.

Mono(ADP-ribosyl)ation reactions are posttranslational modifications of proteins, in

many cases GTP-binding proteins, with a wide variety of poorly understood metabolic

roles. Cyclic ADP-ribose regulates intracellular calcium signaling. Although these two may

impact on chromatin structure through cell-signaling events, little is known in this area at

present, and this chapter concentrates on the effects of poly(ADP-ribosyl)ation and deacety-

lase activities.

Poly(ADP-ribosyl)ation and PARP-1

The human disease of niacin deficiency, pellagra, is characterized by sun sensitivity, which is

suggestive of problems in DNA repair and genomic stability. The connection between

niacin and sun sensitivity was illuminated by the discovery that NAD is required for the

synthesis of poly(ADP-ribose) by the enzyme poly(ADP-ribose) polymerase-1 (PARP-1)

(see Figure 6.5). Poly(ADP-ribose) is a anionic chain of ADP-ribose units synthesized on

protein acceptors using NADþ as a substrate. PARP-1 is a zinc-finger protein that binds to

strand breaks in DNA. This binding causes catalytic activation, leading to the synthesis of

poly(ADP-ribose) on a variety of nuclear proteins. The predominant acceptor is PARP-1

itself, in a reaction referred to as automodification (51). Many other proteins are covalently

modified by PARP-1, including histone H1, core histones, high-mobility group proteins, and

protamines (52). Poly(ADP-ribose) is highly negatively charged, and modified proteins tend

to lose affinity for DNA. Due to charge repulsion, automodified PARP-1 eventually disso-

ciates from DNA strand breaks, allowing repair to proceed (53). Similarly, histones modified

with poly(ADP-ribose) dissociate from DNA and the local chromatin structure becomes

more relaxed (52). Catalytically active PARP-1 can cause complete dissociation of the

nucleosome structure through covalent modification of histones H1, H2A and HB, H3 and

H3d, H4, and H5 (52). In vivo experiments show that H1 and H2B are the predominant

substrates. In vivo, active turnover of poly(ADP-ribose) by a specific glycohydrolase gener-

ates shorter chains on acceptor proteins and causes a proportionate shift toward histone

modification. Thus, the early understanding of the role of PARP-1 in chromatin structure

followed this picture; DNA damage leads to strand breaks through the action of base excision

repair; strand breaks lead to PARP-1 binding and catalytic activation, causing poly(ADP-

ribosyl) ation of PARP-1, histones, and high-mobility group proteins. The relaxation of

chromatin occurs in a localized fashion around strand breaks, and this relaxation allows for

proper access by DNA polymerase and other repair proteins. Automodified PARP-1 then

dissociates from strand breaks, allowing completion of repair and the removal of poly(ADP-

ribose) from substrates via glycohydrolase activity (52). Although some simplified in vitro

systems have questioned aspects of this process, they have not always represented the appro-

priate level of chromatin structure to be valid models for eukaryotic nuclear processes (53).

This early model remains valid, but appears to represent the tip of the iceberg with respect to

ADP-ribosylation reactions in chromatin. In addition to acting as acceptor proteins for covalent

addition of poly(ADP-ribose), histones also have noncovalent poly(ADP-ribose)-binding sites.
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These sites have very high-affinity binding, resisting dissociation by salts, detergents, and acids.

The C-terminus of H1 and the N-termini of H3 and H4 were found to be the sites of noncovalent

poly(ADP-ribose)-binding, and these are also the tail regions involved in DNA condensation

(54). Thus, PARP-1 enzymes, automodified with long chains of poly(ADP-ribose), draw nearby

histones out of the chromatin structure by noncovalent binding, leading to local chromatin

relaxation. The histones return when the polymer is degraded by glycohydrolase activity,

generating a process referred to as histone shuttling (54). Covalent and noncovalent effects of

poly(ADP-ribosyl)ation on histones are thought to be important in the accurate repair of DNA

damage and prevention of recombination events at sites of injury. Although the removal of

histones and relaxation of the chromatin should allow the access of repair enzymes to the site

of damage, this relaxed state associated with strand breaks also encourages nonhomologous

recombination events, potentially leading to chromosomal translocations that are known to

play an important role in carcinogenesis. The cloud of negatively charged poly(ADP-ribose) at

these sites is thought to fulfill a second purpose of repelling other strands of DNA, thereby

discouraging recombination events.

DNA strand breaks and chromatin remodeling may also take place as an intentional

process in the absence of exogenous DNA damaging agents. One example of this occurs in the

development of mammalian sperm. During spermatogenesis, an extremely compact form of

chromatin develops because of the progressive replacement of histones by transitional pro-

teins, and eventually protamines. Just before this exchange of chromatin-binding proteins,

there is an appearance of DNA strand breaks and active synthesis of poly(ADP-ribose),

presumably by both PARP-1 and PARP-2, which are both activated by DNA ends (55).

Another example of PARP-1 controlling chromatin structure in the absence of obvious

DNA damage is seen in the puffing of polytene chromosomes in fruit flies. Following stresses

such as heat shock, there are rapid increases in the expression of certain mRNA species, like

certain heat shock proteins. The transcription of these genes requires local decondensation of

the giant polytene chromosomes, and these areas are seen as distinct puffs by microscopy. It

was recently shown that PARP-1 accumulates rapidly at these puff loci and is required for the

decondensation of chromatin and subsequent changes in gene expression (56). It is not known

if this is organized by strand breaks or if this mechanism acts in other types and species of

chromosomes.

In a similar finding, Cohen-Armon et al. showed that PARP-1 is required in Aplysia for

the formation of long-term memory. These nematodes undergo well-established learning

patterns related to feeding and stress avoidance. PARP-1 was activated during these learning

processes, and long-term memory was blocked by PARP inhibition (57). The mechanism may

be similar to the puff loci, in that PARP-1 appears to facilitate the formation of new mRNA

and proteins, enabling shifts in gene expression. Strand breaks did not appear to be a key

component of the response.

The previous two examples suggest that PARP-1 activity modifies chromatin structure in

the absence of strand breaks, and this has now been demonstrated. In addition to the zinc-

finger structures that bind DNA strand breaks, PARP-1 contains further DNA-binding

domains, which bind to non-B structures like hairpins, cruciforms, and stably unpaired

regions. This type of binding, in the absence of strand breaks, causes catalytic activation of

PARP-1, leading to PARP-1 automodification and histone poly(ADP-ribosyl)ation (58). This

opens the potential role of PARP-1 in chromatin structure regulation to all cellular processes,

not just those following DNA damage.

PARP-1 also participates directly in chromatin structure by a mechanism that is actually

disrupted by poly(ADP-ribose) formation. Nonmodified PARP-1 competes with histone H1

binding to linker DNA. The binding of PARP-1 between nucleosomes increases the repeat

length and sedimentation constant, generating a compact form of chromatin that is likely to

be transcriptionally repressed (59). Increasing NADþ leads to automodification of PARP-1
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and its release from chromatin, providing a mechanism for integration of energy metabolism,

chromatin structure, and gene expression.

PARP-1 also communicates laterally with other epigenetic pathways. DNA methyltrans-

ferase 1 (DNMT1) adds methyl groups to cytosine residues in promoter regions of DNA,

regulating gene expression (see later section of this chapter). DNMT1 has a high-affinity

binding site for poly(ADP-ribosyl)ated PARP-1. This binding inactivates DNMT1 in vitro,

and PARP-1 activity was shown to be a negative regulator of DNA methylation in cultured

cells (60).

Additional PARP Enzymes

Reports that PARP-null mice still synthesize small amounts of poly(ADP-ribose) (61) have

been validated by the discovery of five other poly(ADP-ribose)-synthesizing enzymes, includ-

ing two other nuclear enzymes involved in excision repair (PARP-2, PARP-3) (62,63), a vault-

associated protein (VPARP) (64), and two telomere-associated proteins (tankyrase-1 and

tankyrase-2) (65). Analysis of genome sequences reveals 12 additional genes with the consen-

sus sequence for PARP activity (66). PARP-2 has been found to be similar to PARP-1 in

function; both are catalytically activated by DNA damage, heterodimerize, and interact with

other DNA repair proteins like XRCC1 (67). Disruption of PARP-1 or PARP-2 genes causes

genomic instability, whereas a double knockout causes embryonic lethality (68). PARP-1 and

PARP-2 may have similar roles in the regulation of chromatin structure.

Tankyrase-1 binds TRF1, which is a negative regulator of telomerase. Tankyrase-1

synthesizes poly(ADP-ribose) on TRF1, and the electrostatic repulsion forces it to be released

from its binding at the telomere, which allows telomerase to access and elongate the end of the

chromosome (69). Tankyrase-2 shares 85% amino acid identity with tankyrase-1, has a

similar subcellular distribution, and also interacts with TRF1 (70). Thus, the tankyrases

have a similar action on TRF1 to that of PARP-1 and histones, and appear important in

the regulation of chromatin structure within the telomeric regions. This is an emerging field,

and the impact of poly(ADP-ribose) synthesis by tankyrases on telomeric stability will likely

be a focus of future research. There is also evidence from yeast studies that Sir2 localizes to

the telomere, and may interact with tankyrases in the regulation of telomeric chromatin

structure (see later).

The function of VPARP, and vault particles in general, is poorly understood.

Vault particles are cytosolic barrel-like structures that appear to have a storage function.

Although VPARP is found mainly in the cytosol, associated with vault particles, PARP-1,

tankyrase-1, and VPARP have also been found to localize to centromeres or spindle appar-

atus during mitosis (64,71,72), and there may be a coordinated role for poly(ADP-ribose)

synthesis in the regulation of the cell cycle and segregation of chromosomes. The remaining

12 gene products containing the consensus sequence for PARP activity may add several

additional components to the already complex model of poly(ADP-ribose) and chromatin

structure.

To summarize the interrelationship between poly(ADP-ribose) metabolism and chroma-

tin structure, it is obvious that the dominant physical characteristic of this polymer is its

similarity to DNA. The majority of polymer synthesis takes place in the nucleus, and it is a

highly anionic structure that competes with many DNA-binding sites on proteins, or forces

acceptor proteins away from DNA by electrostatic repulsion. By using NAD as a substrate,

these reactions also represent a connection between nuclear regulation and the energy status

of the cell. With the potential for 18 different poly(ADP-ribosyl)ating enzymes in human cells,

it is apparent that many regulatory processes are using this mechanism, and we anticipate a

variety of new research findings in this area.
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Sirtuin Family of Deacetylases

An additional role for NAD in the regulation of chromatin structure is through the action of

the sirtuins, which act as NAD-dependent protein deacetylases (73). Acetyl groups are added

to lysine residues in histones, neutralizing charge and decreasing DNA histone interaction.

This leads to a more open chromatin structure and increased gene expression. Deacetylation

leads to a more compact chromatin structure and gene silencing. It also appears to protect

sensitive areas of chromatin, like telomeres (74), against translocation events and to play a

role in extended life span associated with caloric restriction (75). Inhibitors of the deacetyla-

tion enzymes are being developed for cancer therapy and are presumably active against cancer

cells by the derepression of gene expression favoring cell differentiation and apoptosis (76).

The activity of sirtuins, like Sir2 in yeast or SIRT1 in mammalian cells (family of seven

members), is actually an ADP-ribosylation reaction. The acetyl group is transferred from the

lysine residue of a histone, to the ADP-ribose portion of NADþ, forming O-acetyl-ADP-

ribose, in a reaction driven by the release of energy associated with nicotinamide cleavage. In

fact, many sirtuins mono(ADP-ribosyl)ate themselves or related proteins as an alternate

reaction. Interest in this area expanded with the recent finding that Sir2 activity was the

critical factor in the life span induction caused by calorie restriction in budding yeast. The end

result of enhanced Sir2 activity was an improvement in genomic stability, which limited

the age-related accumulation of extrachromosomal rDNA circles (75). Although mammalian

cells do not suffer from rDNA accumulation, similar forces are involved in genomic instabil-

ity at both levels of nuclear organization, and it appears that the mammalian sirtuins play

similar roles. A major focus of the yeast longevity work has been to define the mechanisms by

which caloric restriction is coupled to Sir2 activity and longevity. Sir2 activity is closely tied

to the energy status of the cell; it uses NADþ as a substrate, and is inhibited by nicotinamide

and NADH. Lin et al. provide evidence that decreased NADH levels are the physiological

triggers connecting caloric restriction to enhanced Sir2 activity and longevity (77). This is a

critical concept to explore in higher models, as caloric restriction has extended life span in

all animal models in which it has been tested. A pharmacological approach to the same

pathway could have a large impact on chronic diseases related to genomic instability. Along

this line of thought, chemical activators of sirtuins, such as resveratrol, have been identified.

Resveratrol is a polyphenol found in red grape juice and wine, which extends life span in

Caenorhabditis elegans and Drosophila melanogaster (78). The effect of resveratrol is depen-

dent on Sir2 activity and is not additive with caloric restriction, providing a strong proof of

principle for sirtuins and aging. Increased sirtuin activity has also been shown to protect

neurons from the type of degeneration seen in Alzheimer’s and Parkinson’s diseases (79), but

it must be remembered that sirtuins are involved in the deacetylation of a variety of proteins

other than histones, including p53, a major regulator of cell survival and apoptosis (80).

Dietary Niacin Status and Chromatin Structure

There has not been any direct work on niacin status and chromatin structure in whole

animal models. However, niacin deficiency and pharmacological supplementation have

been shown to dramatically alter poly(ADP-ribose) levels in rat bone marrow cells, and to

have a significant impact on genomic stability (81–83). DNA damage-induced poly(ADP-

ribose) levels in rat bone marrow vary from 10 to 600 pmol=million cells, depending on

dietary niacin status (81,82). Although chromatin structure has not been directly measured

under these conditions, it seems likely that the local relaxation around strand breaks will

differ. The end result of chromosomal instability during niacin deficiency is evidenced by

increased levels of sister chromatid exchanges, chromosomal aberrations, DNA strand

breaks, and enhanced leukemogenesis (discussed in more detail in Chapter 6).
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PARP has a relatively high Km for NADþ (84), and a loss of PARP activity appears to

occur at stages of NAD depletion (e.g., 50% of control NADþ in cultured cells) (85), which

do not affect basic redox reactions and energy metabolism, as judged by cell division (11). In

vitro, tankyrase-1 is responsive to NAD concentrations through the physiological range,

producing larger-sized poly(ADP-ribose) as the NAD concentration is increased (65). The

Km for NADþ of SIRT1 is reported to be over 500 mM (86), putting this enzyme in an affinity

range that would be sensitive to dietary niacin status. Conversely, mitochondria are very

efficient in sequestering NAD, and enzymes in redox metabolism may have higher affinities

for NAD than do ADP-ribosylation enzymes. In this fashion, cells could maintain critical

energy metabolism during niacin deficiency, while allowing the ADP-ribosylation reactions

(which consume NAD) to fail.

In summary, niacin-dependent cofactors play a major role in the regulation of chromatin

structure and genomic stability through a wide variety of ADP-ribosylation reactions, with

many more appearing to be on the verge of discovery. In addition to acting as the substrate

for these reactions, NAD cofactors reflect the energy status of the cell and provide a link

between DNA damage events and chromatin structure. Deregulation of these mechanisms

will have an impact on carcinogenesis and aging, as discussed in more detail in Chapter 6.

MODIFICATION OF CHROMATIN BY METHYLATION

In 1948, Rollin Hotchkiss was the first to detect 5-methylcytosine (5mC) in mammalian DNA

(87). By 1954, it was already known that 5mC was not randomly distributed in DNA and that

the only dinucleotide with significant 5mC content was 5mC,G (88,89). Once it was shown

that cytosine residues were enzymatically methylated after incorporation into DNA, the basis

for the field of epigenetics was established (90,91). Epigenetic determinants can be defined as

meiotically and mitotically heritable modulators of gene regulation that are not encoded in

the primary DNA sequence. Postreplicative methylation of cytosine residues in DNA fits this

definition. More recently, methylation of histones has also been shown to play a major role in

epigenetic regulation of gene expression, but is yet to be established as meiotically heritable.

DNA methylation and histone methylation are inextricably associated with diet since

several vitamins function as cofactors and substrates in the synthesis of S-adenosylmethionine

(AdoMet or SAM), the predominant methyl donor used by cellular methyltransferases

(MTases) (92). AdoMet is generated when methionine is adenylated by methionine adenosyl-

transferase (MAT, EC 2.5.1.6, Figure 16.2). Methionine required for AdoMet formation can

be generated through two interrelated pathways. In one, homocysteine:methionine synthase

(MTR, also known as methionine synthase (MS), EC 2.1.1.13) uses the methyl group from

5-methyltetrahydrofolate (methyl-THF) to produce AdoMet. In the other, homocytseine is

methylated by betaine–homocysteine S-methyltransferase (BHMT, EC 2.1.1.5) to generate

AdoMet (Figure 16.2). The charged sulfur atom in AdoMet reduces the thermodynamic

barrier for transfer of the methyl group to RNA, DNA, proteins, and phospholipids,

subsequently regulating a wide range of cellular functions (93–95). AdoMet can also serve

as a donor of its decarboxylated aminopropyl moiety for polyamine synthesis (96). Thus, it is

important to recognize that although disruptions in AdoMet metabolism may play a critical

role in altering epigenetic marks, a decrease in AdoMet availability could profoundly impact

a variety of cellular functions through nonepigenetic pathways.

Specific nutrients that function to regulate the supply of cellular AdoMet include folic

acid, cobalamin (vitamin B12), pyridoxine (vitamin B6), methionine, and choline (also referred

to as lipotropes) (97). Dietary betaine also serves as an important source of methyl groups for

humans (98). Riboflavin (vitamin B2) and zinc (Zn2þ) are additional key dietary factors

involved in one-carbon metabolism. The steps at which these nutrients function in one-carbon

metabolism through the folate cycle are indicated in Figure 16.2.
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Since acute deficiencies of these nutrients are no longer prevalent in populations residing

in modernized countries, interest has shifted to defining the health consequences of subopti-

mal intakes of nutrients that influence epigenetic events associated with aging or relevant to

development of cancer or other diseases. However, the contribution of suboptimal intakes of

specific vitamins to altered cellular DNA or histone methylation status is not completely

understood at the present time.

DNA methylation of cytosine residues contributes to chromatin structure, but the

sequence of events and the specific mechanisms by which DNA methylation status controls

chromatin structure also remain to be clarified. For example, it has been shown that methyl-

CpG-binding proteins, such as the MeCP1 complex and the MeCP2 protein, bind specifically

to methylated CpG sequences and promote transcription repression (99–101). Transcription

factors, including AP-2, c-Myc, CREB, E2F, and NF-kB, which recognize and bind to

GC-rich regulatory sequences exhibit impaired binding to methylated DNA elements within

their corresponding recognition sequences (102,103). Increased DNA methylation has also

been shown to follow transcriptional silencing (104), and a loss of DNA methylation can

follow transcriptional activation (105). Additionally, DNA methylation has been shown to

trigger methylation of lysine 9 (K9) in the N terminus of histone H3 (H3) (106). The H3-K9

epigenetic mark is associated with transcriptionally silent chromatin (107). An extensive

literature based on findings from multiple independent observations has led to the recognition
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FIGURE 16.2 Methyl metabolism. Dietary factors, enzymes, and substrates involved in methyl metab-

olism. Enzymes in methyl metabolism identified by number: 1a, glycine hydroxymethyltransferase

(GHMT); 1b, serine transhydroxymethylase; 2, methylenetetrahydrofolate reductase (MTHFR); 3a,

5-methyltetrahydrofolate:homocysteine S-methyltransferase (methionine synthase or MS); 3b, betaine–

homocysteine S-methyltransferase (BHMT); 4, methionine adenosyltransferase (MAT); 5, various

methyltransferases, including DNA methyltransferase (DNMT); 6, S-adenosylhomocysteine hydrolase

(SAHH); 7, cystathionine-b-synthase (CBS); 8, adenosine kinase (AK); 9, 5-nucleotidase (5-NT);

10, adenosine deaminase (ADA); 11, methylenetetrahydrofolate cyclohydrolase; 12, thymidylate

synthetase (TS). Abbreviations: DHF¼ dihydrofolate; Ser¼ serine; Gly¼ glycine; Cys¼ cysteine;

THF¼ tetrahydrofolate; B6¼ vitamin B6; B12¼ vitamin B12 or cobalamin; B2¼ vitamin B2 or ribo-

flavin; 5,10-CH2 THF¼ 5,10-methylenetetrahydrofolate; methyl-THF¼ 5-methyltetrahydrofolate; Zn¼
zinc; DMG¼ dimethylglycine; AdoMet¼S-adenosylmethionine; AdoHcy¼S-adenosylhomocysteine;

GSH¼ glutathione (reduced); ATP¼ adenosine triphosphate; Pi¼ inorganic phosphate; PP¼ pyro-

pyrophosphate; TMP¼ thymidine monophosphate; dUMP¼ deoxyuridylate monophosphate; AMP¼
adenosine monophosphate; ==¼ inhibits; * *¼ activates.
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that methylation of cytosine residues in DNA plays a role in regulating the association of a

variety of proteins with a localized region of DNA and serves as a regulatory component in

the complex process of gene expression. However, it has been noted that DNA methylation

does not appear to be involved in gene silencing in insects and other invertebrates whereas

histone methylation ‘‘has an evolutionarily conserved role in gene silencing’’ (108). Thus, it

would not be surprising to find that in some cases posttranslational modification of histones

determines whether DNA methylation occurs, whereas in others DNA methylation is a

leading event that stimulates chromatin remodeling or is even sufficient to maintain gene

silencing in the absence of histone methylation.

Overview of Mammalian DNA Methylation

Epigenetic modifications associated with DNA methylation tend to be stable and heritable

in somatic cells, but exhibit plasticity associated with temporal growth stages. The most

dramatic epigenetic changes occur during gametogenesis proceeding through conception

into early embryonic development where an initial genome-wide loss of methylation is

followed by reestablishment of DNA methylation patterns (97,109,110). Aging is also marked

by a gradual, genome-wide decrease in DNA methylation, yet is accompanied by an increase

in de novo methylation that can silence expression of specific genes (111,112).

Alterations in DNA methylation are observed in numerous pathological conditions

ranging from cancer (113) to atherosclerosis (114) and are investigated as possible contribu-

tors to human behavioral disorders such as schizophrenia and autism (115). Chronic inflam-

mation has also been associated with alterations in DNA methylation patterns (116,117).

Both loss of methylation and gain of methylation play a role. Loss of methylation is one of

the earliest events in the linear progression model of familial adenomatous polyposis coli and

appears to be linked with loss of imprinting of IGF2 (118). However, there is also ample

evidence of silencing of tumor suppressor genes due to hypermethylation as the disease

progresses (119). Although more investigation is needed to discern whether changes in

DNA methylation in some of these diseases are the result of the pathological process and

play a causal role in their development, it is clear that DNA methylation is essential

in mammals and that alterations in DNA methylation patterns, promoting alterations in

chromatin structure, accompany disease progression (95).

The addition of a methyl group at the 5-carbon position of cytosine (C! 5 mC) is

the only enzymatically mediated covalent modification of genomic DNA in mammalian

cells (103). Methylation of cytosine occurs predominantly at C residues 50 to guanosine (G)

in the DNA sequence (50-CG-30) in the CpG dinucleotide site, which is recognized as a

methylation target by all known catalytically active mammalian DNA methyltransferases

(DNMTs). Approximately 70% of C residues within the CpG dinucleotide context are

methylated in mammalian cells (120–122). Since CpG dinucleotides are observed at

~20%–25% of the expected frequency in bulk DNA (123–125), it has been postulated

that deamination of 5mC!T has resulted in a high frequency of mutation at these sites.

C residues within genomic regions exhibiting a relative paucity of CpGs are normally heavily

methylated, and are primarily localized within repetitive DNA elements, parasitic DNA,

and pericentromeric regions (126–128). On the other hand, CpG islands (CGIs), currently

defined as discrete regions within bulk DNA that exhibit a CþG content of>55% and have a

length >200 base pairs, remain relatively unmethylated (125,129–131). Many CGIs are

localized in the promoter region of transcribed genes where they function to regulate

gene expression (129,132). In summary, CpG methylation influences critical cellular events

inclusive of transcription regulation, genomic stability, differential maintenance of the density

of chromatin structure, X chromosome inactivation, and the silencing of parasite DNA

elements (122).

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C016 Final Proof page 532 5.5.2007 6:07pm Compositor Name: BMani

532 Handbook of Vitamins, Fourth Edition



DNA Methyltransferases

DNMTs catalyze the transfer of a methyl group from the universal donor, AdoMet, to carbon

5 of the cytosine moiety within DNA. In the process of methyl group transfer, the target C

residue is flipped out of the DNA double-helix structure for the covalent modification (133).

Mammalian DNMTs include DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L.

However, only DNMT1, DNMT3a, and DNMT3b have been shown to exhibit significant

catalytic activity (DNMT, EC 2.1.1.37). Reviews of the structures and functions of DNMTs

provide more detailed information than that presented herein (97,122,134,135). DNMT1 is

considered a maintenance MTase, because it exhibits 5- to >100-fold preference for hemi-

methylated DNA substrates over unmethylated DNA (97,136). Hemi-methylated DNA is

generated during cell division, where the original template DNA strand retains the 5mC

epigenetic mark, but the newly synthesized daughter strand does not bear this epigenetic

modification until methylated by DNMT1 to maintain the preexisting methylation patterns.

DNMT1 is a component of the multiprotein DNA replication complex and appears to

complete the task concurrently with DNA synthesis (137). In general, in vitro studies show

that DNMT3a and DNMT3b exhibit little or no preference for hemi-methylated versus fully

unmethylated sites; in vitro they exhibit catalytic efficiencies at least one log lower than that of

DNMT1 toward hemi-methylated sites. DNMT3a and DNMT3b are de novo MTases in vivo.

They play a key role in establishing new DNA methylation patterns (138,139), although

with different specificity. DNMT3a, in concert with the catalytically inactive DNMT3L, is

critical in establishing imprinting (140). Although both DNMT3a and DNMT3b can methy-

late C residues that are in CpA and CpT sites, a recent study presented convincing data that

15%–20% of cytosine methylation in embryonal stem cells occurs in non-CpG sites. In contrast,

non-CpG methylation was negligible in somatic tissues (141).

Both DNMT3a and DNMT3b can methylate pericentric major satellite repeats and

DNMT3b appears to be a major regulator of genomic stability. There is also evidence that

DNMT3b is involved in maintenance methylation (142,143). Although the mechanisms regu-

lating the specificity of the DNMTs are still under active investigation, it has been shown that,

unlikeDNMT1, flanking sequencesofupto+4basepairs surrounding theCpGtarget influence

the catalytic activity of DNMT3a and DNMT3b (144) (Farrell and Christman, unpublished

data). In addition, short, double-stranded RNA can induce DNA methylation (145).

Mammalian DNMTs function as components within large multiprotein complexes asso-

ciated with chromatin. For example, DNMT1, DNMT3a, and DNMT3b have been observed

to bind directly to histone deacetylases (HDACs) and repress gene expression (122). DNMTs,

histone methytransferases (SUV39H1), HDAC1, HDAC2, individual 5mC-binding proteins

(MBD1, MBD2, MBD3, MBD4, MeCP2, KAISO) or 5mC-binding protein complexes

(MeCP1), and heterochromatin-binding protein (HP1) interact with methylated DNA. Many

of these proteins are observed to colocalize in chromatin regions within the cell and to directly

interact with each other by yeast two-hybrid assays and coimmunoprecipitation (101,146–148).

Thus, a complex network of connections between DNMTs and a wide range of chromatin-

associated proteins contribute to epigenetic signaling through DNA methylation.

Role of Folate in Regulation of Nucleic Acid Stability

Dietary folate is a critical component in maintaining chromatin stability, because it is

essential for both AdoMet synthesis and de novo synthesis of purines required for synthesis

of DNA and RNA (97,149,150). However, folate, choline, and methionine can compensate

for each other in the event of a deficiency of one of these nutrients (151). During the

course of one-carbon metabolism, a carbon unit from either serine or glycine is transferred

to tetrahydrofolate (THF) to generate 5,10-methylenetetrahydrofolate (5,10-CH2 THF).
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The latter compound is used in the synthesis of thymidine, the rate-limiting step in DNA

synthesis (152). Insufficient thymidine pools that can result from vitamin deficiencies promote

incorporation of uracil into DNA contributing to a futile cycle of removal of the misincor-

porated base followed by reintroduction of uracil back into DNA (153). This futile cycle

contributes to DNA strand breaks that can lead to irreparable DNA damage and hypo-

methylation of DNA (154). 5,10-CH2 THF can be converted to 10-formyl-THF for de novo

synthesis of purines used in the synthesis of DNA and RNA. Finally, 5,10-CH2 THF can be

reduced to methyl-THF, by methylenetetrahydrofolate reductase (MTHFR, EC 1.5.1.20), to

serve as the methyl donor for the reaction that methylates homocysteine to form methionine

in the cyclic pathway that synthesizes AdoMet.

Methyl transfer from AdoMet releases S-adenosylhomocysteine (AdoHyc), which acts as

a competitive inhibitor of most MTases (97,155). Therefore, cellular homocysteine and

AdoHyc levels are tightly regulated through multiple cellular processes. S-adenosylhomocys-

teine hydrolase (SAHH, EC 3.3.1.1) catalyzes a reversible reaction that converts AdoHyc to

adenosine and homocysteine. Although the formation of AdoHyc is favored, four additional

metabolic pathways limit AdoHyc formation. One of these pathways converts adenosine to

inosine. Another pathway, catalyzed by the cystathionine-b-synthase enzyme (CBS, EC

4.2.1.22), condenses serine with homocysteine to form cystathionine. Two additional path-

ways regenerate methionine either by adding a methyl group to homocysteine by MTR or by

using the BHMT enzyme pathway. Limiting levels of folate and vitamin B12 can interfere with

methionine synthesis via the MTR enzyme. Vitamin B6 serves as a cofactor for both the CBS

and BHMT enzymes that function to reduce cellular homocysteine levels.

Nutrient Intake, DNA Methylation Status, and Disease Risk

For humans, the primary dietary sources of methyl groups include methionine (~10 mmol of

methyl=day), folate (~5–10 mmol of methyl=day), and choline (~30 mmol of methyl=day)

(151). The tight association of these three sources of methyl-donor groups within the one-

carbon metabolic pathway necessitates that all three be assessed when studying dietary

influence of DNA methylation status. Unfortunately, no published human studies that

correlate the combined intake of all three with DNA methylation status are available.

However, some human studies showing that folate status does influence DNA methylation

have been completed. Serum folate levels have been reported to be inversely associated with

plasma homocysteine levels and DNA hypomethylation status of colonic mucosa, although

disease outcome was not reported (156). It has also been found that an experimentally

induced, low-folate diet promoted a global decrease in DNA methylation in leukocytes

from 20 to 30 year old women (157). Thus, it is reasonable to conclude that deficiencies of

other vitamins known to function in the one-carbon metabolic pathway could influence the

status of DNA.

Human epidemiological studies also offer indirect evidence that vitamin intakes may

influence DNA methylation status changes associated with chronic disease. The association

between dietary insufficiency of nutrients that regulate one-carbon metabolism and disorders

such as colon cancer, cardiovascular disease, depression and other psychiatric disorders, birth

defects, and diabetes has been reviewed (97,158–165). However, direct studies linking the

intake of nutrients that are sources of methyl groups with DNA methylation status and

disease risk are needed to clarify the role of dietary effects on DNA methylation as a factor

determining disease risk.

For example, despite the need for adequate folate consumption, recent animal studies

have led to recommendations for caution in recommending population-wide folic acid forti-

fication (166). A study conducted by Song et al. (167) showed that folate supplementation

inhibited ileal adenoma formation in mice harboring the ApcMin=þ mutation during a 3 month
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time frame. However, in the mice treated with supplemental folate for 6 months, this

protective effect was no longer observed. In fact, at 6 months the ApcMin=þ mice receiving

the folate-deficient diet exhibited the lowest number of ileal adenomas. These studies

suggest that folate deficiency inhibits tumor progression in individuals harboring premalig-

nant lesions, whereas folate supplementation promotes tumor progression. However, there

are several caveats regarding comparison of the effects of lowering the level of DNMT1 by

knockout and lowering it by feeding folate- or folate- and choline-deficient diets. Simple

lowering the level of DNMT1 does not have a direct effect on the availability of AdoMet

for methylation of other proteins or RNA or synthesis of polyamines. This may account for

the fact that reviews of human epidemiological data only support an inverse association or

no significant difference between folate intake and risk of colorectal and other cancers.

Another emerging concern among epidemiologists is that nutrient consumption during

midlife, the age of most epidemiological study populations, may not have the same health

protective effects that would be conferred from this intake behavior if it occurred

during critical growth periods of the in utero stages through childhood (168–170). It has

been proposed that nutritional deprivation during the formative growth stages of human

life may preset metabolic processes that will persist through adulthood even if nutritional

intakes are adequate during the adult stage of life. This concern has been strengthened by

the results from investigations using animal models to demonstrate the influence of nutri-

tional exposure on patterns of DNA methylation and subsequent, life-long gene expression.

A review of both human epidemiological data and animal model data suggest the relative

risk of adult-onset chronic disease can be increased by prenatal and early life growth

responses to nutrition (166). Waterland and Jirtle have demonstrated that the methylation

status of an intracisternal A particle (IAP) retrotransposon within the promoter of the agouti

(A) allele of mice renders expression of the gene (Avy) responsive to the effects of maternal

nutrition during fetal growth. CpG methylation in the IAP varies greatly among Avy mice.

Hypomethylation of the IAP in Avy animals allows maximal production of yellow phaelome-

lanin in hair follicles leading to a yellow coat, whereas hypermethylation leads to Avy gene

silencing and a psuedoagouti (brown) coat. Variation in the extent of methylation generally

results in a wide variety of individual coat color, adiposity, glucose tolerance, and tumor

susceptibility in Avy=a(nonagouti-loss of function) mice. However, supplementation of a=a
dams with the dietary methyl donors of folic acid, vitamin B12, choline, and betaine promotes

an increase of genomic methylation within the Avy gene promoter of their pups, contributing

to shift in coat color of the pups from yellow to brown. Previously, it had been shown that

yellow-phenotype dams, possessing an Avy allele, produced yellow-coated and mottled pups

but no pseudoagouti offspring (171). The phenotype of the sires possessing an Avy allele

exhibited no influence on progeny coat color. Although these studies may not have direct

implications for human health, they do demonstrate that (i) DNA methylation on maternal

chromosomes is not completely erased during oogenesis and can be passed to progeny and (ii)

that nutritional exposure early in life can establish stable epigenetic modifications that

regulate gene expression during adulthood.

It has long been recognized that single-carbon metabolism is adversely affected by alcohol

consumption (172). Chronic overconsumption of alcohol is frequently associated with poor

food intake, and additionally, can cause malabsorption of nutrients leading to deficiencies.

Therefore, it is not surprising that the combination of a low-folate intake coupled with high

alcohol consumption has been linked with an increased risk of chronic disease, particularly

cancer (173–177). It was also observed that an inverse relationship between folate intake and

colon cancer risk was most pronounced in smokers, whereas, caffeine intake had no effect on

the relative risk of colon cancer (178). More recent data continue to identify individuals who

smoke or consume higher amounts of alcohol to be at risk for chronic disease formation,

which is believed to be partially due to a depletion of lipotropes (179).
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Germ-line polymorphisms within genes, which generate proteins functioning within the

one-carbon metabolic pathways, add another complicating layer to the influence of vitamin

intake on DNA methylation status. For instance, a 677C!T polymorphism in the MTHFR

enzyme has been shown to impair DNA methylation in women subjected to inadequate folate

intakes (157). It is uncertain how this 677C!T polymorphism may impact the long-term

health status of the U.S. population following mandated folic acid fortification of grain

products since 1998 (180). Quite possibly, the observation of frank folate deficiencies may

be confined predominantly to smokers and to individuals who abuse alcohol.

Rodents have been used to study the effects of dietary lipotrope deficiencies on DNA

methylation status. However, a complicating factor is that these nutrients are synthesized by

the intestinal flora (181). Antibiotics can be administered to ablate the intestinal flora, but it is

uncertain if the study results are entirely due to the target nutrient deficiency or to an interaction

of the nutrient deficiency in combination with health consequences associated with altered

intestinal physiology created by antibiotic therapy. As reviewed in Dizik et al. (182), lipotrope-

deficient diets synergize with chemical carcinogens to promote tumors in rats and mice. Further-

more, prolonged intake of diets lacking methionine, choline, vitamin B12, and folic acid is

sufficient to induce hepatocellular carcinoma in rats, and rats subjected to methyl-deficient

diets exhibit hypomethylation ofDNA as early as 7 days (183). Thus, hypomethylation of hepatic

tissue DNA precedes hepatocellular carcinoma in these rats. In addition, it was observed that

mRNA levels of protooncogenes were elevated within rats subjected to methyl-deficient diets

(184). On refeeding of an adequate diet for 1–3 weeks, hemi-methylated sites resulting from

replication of DNA in the absence of sufficient AdoMet were remethylated and the levels of

mRNA of selected genes were restored to levels exhibited by rats fed a normal diet. However,

hypomethylated sites within the c-myc, c-fos, and c-Ha-ras genes were observed to persist for at

least 1 year of refeeding with adequate dietary sources of methyl groups. These studies open the

possibility that intermittent or long-term exposure to inadequate dietary sources ofmethyl-donor

groups may result in heritable epigenetic changes within growth regulatory genes, which renders

cells more permissive of hyperplasia and tumorigenesis.

Methylation of Histones

The role of AdoMet depletion or AdoHcy accumulation in inhibition of histone methylation

was recognized over 30 years ago, but is now receiving greater attention because of the

demonstrated importance of this modification in regulating chromatin structure (97,185).

Although the effects of dietary folate deprivation remain to be investigated, it has been found

that 36 weeks of feeding a low-methionine diet lacking choline, vitamin B12, and folic acid

not only induced loss of DNA methylation but led to a decrease in H4-K20 trimethylation,

H3-K9 trimethylation, and a gradual decrease in expression of both Suv4–20h2 and Suv39h1

histone methyltransferase (HMT) accompanying preneoplastic changes. Widespread reduc-

tion in DNA methylation coupled with reduced histone methylation would be predicted to

lead to aberrant activation of genes normally silenced in hepatocytes as well as protoonco-

genes and endogenous retroposons. Interestingly, with a longer course of methyl deprivation

expression of Suv39h1 HMT and histone H3-K9 methylation increased in neoplastic nodules

and tumors (186). Since H3-K9 is predominantly localized to centromeric and telomeric

regions of the chromosomes, these changes could contribute to chromosomal instability

and activation of telomerase leading to tumor progression.

CONCLUSION

It is now well established that chemical modifications of DNA and DNA-binding proteins

alter the structure of chromatin without altering the nucleotide sequence of DNA. Some of
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these modifications are associated with heritable changes in gene function, genomic stability,

and DNA repair. There is growing evidence that a number of vitamins and other dietary

components play an essential role in establishing and maintaining epigenetic regulation of

chromatin structure and gene expression. First, biotinylation of histones has the potential to

regulate gene silencing, cell proliferation, and cellular response to DNA damage. Second,

poly(ADP-ribosyl)ation of histones plays several roles in DNA repair and apoptotic events

in response to DNA damage. Third, folate-dependent production of AdoMet is required

for both DNA- and histone-mediated gene silencing. In addition, although not a focus of

this chapter, vitamin B12, B6, and riboflavin all contribute to the synthesis of AdoMet and

regulation of AdoHcy levels. These findings are consistent with roles for vitamins that go far

beyond their classical roles as coenzymes or antioxidants. We are just beginning to understand

how vitamin metabolism interfaces with epigenetics. Future studies are likely to find many

new roles for vitamins and are likely to unravel the true magnitude of vitamin-driven events

regulating chromatin structure and DNA repair.
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HISTORICAL BACKGROUND

Accelerator mass spectrometry (AMS) harnesses the power of advanced nuclear instruments

to solve important and heretofore unsolvable problems in human nutrition and metabolism.

AMS methods are based on standard nuclear physics concepts. Isotopes of a given element

differ from one another by the number of neutrons in their nucleus. Generally, the isotope

with the lowest number of neutrons in its nucleus is the natural isotope (e.g., 1H,12C). Adding

one neutron typically creates a stable isotope (e.g., 2H,13C), which is similar in most properties

to the natural isotope, but differs in mass and can thus be separated and detected by mass

spectrometry. Isotopes with even greater numbers of neutrons (e.g., 3H,14C) become unstable.

An unstable nucleus such as 14C has excess energy, which is released in the form of particles of

radiation. These radioisotopes can also be detected by mass spectrometry, while more

common and familiar instruments such as liquid scintillation and Geiger counters can detect

their radioactive decay products.

The antecedents of AMS date back to the beginning of the nuclear era. In 1903,

Marie Curie and her husband Pierre Curie established quantitative standards for measuring
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the rate of radioactive emission, and it was Marie Curie who found that there was a

decrease in the rate of radioactive emissions over time (radioactive decay), which could be

calculated and predicted.1 In 1911, Ernest Rutherford bombarded atoms with a-rays and

defined the structure of the atom.2 By 1912, more than 30 radioactive species were known and

current isotope terminology was introduced. The a-particle is a nucleus of the element helium,

b-particles are electrons whereas g-radiation is composed of electromagnetic rays (their

names were intended to be temporary until better identification could be obtained). By

1921, several instruments had been constructed to determine the masses of isotopes

and their relative proportions. These instruments evolved into what we now call mass

spectrometers.

In the 1930s, J.D. Cockroft and E.T.S. Walton were the first to construct a

true accelerator at the Cavendish Laboratory, at Cambridge, UK.3 The Cockroft–

Walton accelerator accelerated protons by driving off electrons from atoms. In this acceler-

ator, hydrogen protons were generated by an electric discharge in hydrogen gas. The

proton ions traveled inside an evacuated tube containing electrodes. Each time the ions

oscillated from one electrode to the other, they accelerated; by the time the ions passed

through the tube they were accelerated into a narrow bundle or beam of particles that

could be separated and measured. This first accelerator generated a little over a million

volts. Shortly thereafter, Robert J. Van de Graaff developed the eponymous generator,

which uses static electricity to generate very high voltages. In this accelerator, a pulley-driven

rubber belt moves at high speed to generate electricity. As the pulley rotates, the inside of

the belt becomes negatively charged and the outside positive. The positive charges are then

collected in an outer metal sphere. The Van de Graaff generators produced as much as

10 million volts.

In 1932, the most famous of all accelerators, the Ernest O. Lawrence cyclotron, was built

at the Radiation Laboratory of the University of California at Berkeley.4 In this accelerator

the particle beams circled, allowing the particles to pass through the same electrodes

many times. Between 1934 and 1939, a large number of radionuclides were produced, iden-

tified, and characterized by bombarding elements with every available particle in accelerating

machines.

Cyclotrons could also in principle be used as extremely sensitive mass spectrometers, but

it was not until 1977 that a cyclotron was used in this way for radiocarbon dating.5

The cyclotron increased the sensitivity of radiocarbon dating dramatically because it allowed

direct measurement of the actual mass of radioactive 14C, instead of the typical methods,

which only count radioactive decays. Mass spectrometry methods had also been suggested

for the measurement of 14C=12
C ratios for carbon dating, but had difficulties distinguish-

ing between the 14N and 14C. To solve that problem, two research groups in 1977 proposed

using a tandem Van de Graaff accelerator instead of a cyclotron for radiocarbon dating.6,7 The

Van de Graaff accelerator can discriminate between 14N and 14C and it is also capable of

accelerating and separating all three carbon isotopes (12C,13C, and 14C) simultaneously.8

Nowadays, the Van de Graaff accelerator is the most commonly used accelerator for 14C

measurements.

In the early 1960s, before the advancement of AMS, there were 14C measurements

of human blood and tissues from individuals who were exposed to elevated atmospheric
14C from nuclear weapons testing,9,10 as well as 14C studies of the metabolism of nutrients

in hospitalized patients.11,12 However, these studies had to use large amounts of 14C capable of

being detected by a liquid scintillation counter. The possibility of using AMS in biomedical

research has been reported since 197813 and was reenforced in a review published in 1987.14

However, it was not until the early 1990s thatAMS began to be used regularly for biomedical and

clinical applications.15–19
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DESCRIPTION OF ACCELERATOR MASS SPECTROMETRY

A photo of the accelerator mass spectrometer at Lawrence Livermore National Laboratory

(Livermore, CA, USA) used in our studies is shown in Figure 17.1. An accelerator mass

spectrometer is a form of an isotope ratio spectrometer, ideal for measuring long-lived

radioisotopes because it measures the actual mass rather than the radioactive decay. AMS

separates and measures the individual atoms of isotopic species. AMS is an extremely

sensitive technique, able to detect isotope concentrations to parts per quadrillion and quantify

labeled elements to attomole levels in milligram-sized samples.20

Since AMS measures individual isotopomers, it is millions of times more sensitive than

the more familiar methods of Geiger counting and liquid scintillation counting, which only

measure radioactive decays. However, data from liquid scintillation counting and AMS can

be linearly extrapolated and compared.8,21 Radioisotope methods have inherent superiorities

to stable and natural isotope methods. Specifically, the total radioisotope activity can be

collected and measured, regardless of whether the compounds measured have been identified.

This allows for the collection and measurement of all the metabolites, before they are

identified. Stable isotope methods, in contrast, are difficult to use to identify metabolites,

and in general can only be used to measure metabolites that have already been identified by

other methods. A second advantage is that AMS is more sensitive than almost all stable

isotope methods currently available; by using such small dosages, it allows researchers to

conduct true-tracer studies. This is especially advantageous in nutrient metabolism research,

where the observed behaviors in nutrient metabolism may depend on the size of the adminis-

tered labeled dose.

The most common use of AMS in nutrition is to measure carbon or hydrogen isotopes,

although calcium and aluminum have also been measured.22–24 In this chapter, we illustrate

the use of AMS for human metabolism research, using folic acid, vitamin A, b-carotene, and

calcium as examples.

FIGURE 17.1 1 MV accelerator mass spectrometer at the Lawrence Livermore National Laboratory

(LLNL). (From http:==bioams.llnl.gov=equipment.php.)
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ACCELERATOR MASS SPECTROMETRY METHOD

AMS methods require careful sample preparation. Before AMS measurement, the carbon

of biological samples must be converted to graphite. The first method for rapid production

of graphite from biological samples was developed in 1992.25 A description of a high-throughput

method for measuring 14C is given below.26 In the first step, dried biological samples are placed

in combustion tubes containing cupric oxide and heated to 6508C for 2.5 h. All of the carbon

present in the sample is oxidized to carbon dioxide. In the second step, carbon dioxide is

reduced to graphite in the presence of titanium hydride and zinc powder at 5008C for 3 h then

5508C for 2 h, using cobalt as catalyst.26 The graphitized samples are then loaded into the AMS

instrument and 1 mg (or more) of carbon is added to each sample in the form of 50 mL 33.3

mg=mL of tributyrin in methanol. It is important that the biological material to be analyzed

does not get contaminated with 14C during sample preparation. To avoid sample cross con-

tamination, disposable materials are used throughout the entire process of graphitization.

Most AMS instruments use cesium as an ion source.20,27 Samples are bombarded with

cesium vapor, which causes the graphitized samples to form negative ions that are extracted

by a series of plates held thousands of volts more positive than the ion source. The negative

ion beam enters an injection magnet where the ions are separated and selected by their mass-

to-charge ratio, so that 12C,13C, and 14C ions pass through separately as a series of pulses in

sequence.28 The pulsed ion beams pass into a tandem electrostatic Van de Graaff particle

accelerator where the negative ions flow toward a positive terminal held at 1 to 5 million volts.

As the ions travel, they attain very high energies, and these high-energy ion beams are focused

to collide with argon gas molecules (on a 0.02 mmol thin carbon foil) in a collision cell. This

collision strips the outer valence electrons from the atoms, so that the charge on the atoms

changes from negative to positive and all molecular species are converted to atoms. These

positive atomic ion beams are now repelled by the positive high terminal voltage used and

exit the accelerator. The beams then pass into a high-energy analyzing magnet where the
12C, 13C, and 14C atoms are separated by their mass moment charge state ratio. 12C and 13C

are measured with Faraday cups whereas the less abundant 14C beam is focused by a

quadropole and electrostatic cylindrical analyzer and counted in a gas ionization detector.

The rare isotope (14C) count is compared to the abundant (12C) isotope count to determine the

relative abundance of the 14C atoms in the original sample.28 Measurements are normalized to

improve precision, by comparing the 14C=12
C ratio in the sample with the same ratio obtained

from a known standard, graphitized sucrose with an accepted 14C=12
C ratio of 1.5081 modern

(Australian National University [ANU], Canberra, Australia).26,27 14C determinations are

made at the Center for Accelerator Mass Spectrometry at Lawrence Livermore Laboratory

(Livermore, CA, USA).

AMS can also be used to detect 3H tracers in milligram-sized samples.29,30 Sample

preparation for analysis by tritium AMS is a multistep process in which the organic samples

are converted to titanium hydride.29 First, the organic sample is oxidized to carbon dioxide

and water. Then the water is reduced to hydrogen gas, which reacts with titanium to produce

titanium hydride. The ratio of 3H=1
H is measured by AMS. This technique is currently under

development, but once established it can be a very powerful tool because 3H is the most widely

and least expensive radioisotope used in biomedical research. In addition, 3H AMS could

be used with 14C AMS for double-labeled experiments to study the interaction of two

compounds or the metabolites of a single compound labeled in two separate locations.31,32

CONSIDERATIONS FOR HUMAN SUBJECTS

Several studies conducted in the 1960s used relatively large doses of radioisotopes to study the

metabolism of vitamins in hospitalized subjects. Classic studies of vitamins A, C, E, and other
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nutrients were all conducted this way.11,12,33,34 The information from these studies formed the

basis of our current understanding of nutrient metabolism and requirement. Those experi-

mental protocols would not meet current Institutional Review Boards’ requirements since the

amount of radiation used ranged from 10 to 194 mCi. AMS, an extremely sensitive technique,

allows the use of radiation dosages that are several 1000 fold lower, on average, a radiation

exposure of 100 nCi,35–39 which corresponds to 11 mSv or 1.1 mrem. This amount of radiation

exposure is equivalent to that received during a 3 h flight in an airplane or from 1 day of

cosmic radiation at sea level. The U.S. Food and Drug Administration defines a safe

radiation dose as <3 rem to the whole body, blood-forming organs, lens of the eye, and

gonads or 5 rem for the remaining organs.40 Additionally, tissues and fluids with a specific

activity >2 nCi=g must be declared as radioactive material. The blood, urine, and fecal

specimens from the low doses of 14C used in current AMS studies (�200 nCi) are below the

2 nCi=g cutoff; therefore, the specimens are not considered radioactive material by the U.S.

Federal Regulation.40

MATHEMATICAL MODELING

Our understanding of nutrient metabolism is hindered because metabolism occurs over time,

often in inaccessible tissues. It is very difficult, even impossible, to collect experimental

data for some critical steps in nutrient metabolism in vivo. Kinetic modeling is a systems

analysis approach that constructs a quantitative overview of the dynamic and kinetic beha-

vior of metabolism of a nutrient as it might occur in vivo. A mathematical model is built to

realize as complete a description as possible of the metabolic system under investigation. The

advance of computer hardware and modeling software makes it possible to solve (and

manipulate) differential equations meant to predict kinetic behavior efficiently and accur-

ately. Therefore, mathematical modeling has become an attractive tool for collecting and

processing research data and information needed to understand the dynamics of nutrient

metabolism in vivo. Kinetic models are built to mimic the metabolism of a nutrient as it might

occur in vivo and to estimate values for critical parameters, so that unobserved portions of the

dynamic and kinetic behavior of the nutrient under investigation can be predicted. Specific

information obtained about the nutrient under investigation includes the number of storage

sites (pools) for the nutrient and their sizes, how they are connected, and how their masses

change over time.

Modeling begins with a thorough review existing knowledge of the metabolism of

the nutrient under investigation to formulate an initial structure for the model.

Then initial constants (for transfer of nutrient to recipient compartments from donor com-

partments) are estimated and adjusted in physiologically relevant ways until the

model structure and rate constants predict best fits for the experimental data. Final

parameter values are generated using iterative nonlinear least squares routines. The following

references describe a series of conferences on mathematical modeling in nutrition and health

sciences.41–47

HUMAN FOLATE METABOLISM

Folate is necessary for purine and pyrimidine synthesis and for the metabolism of homo-

cysteine to methionine. There have been extensive studies of folate metabolism in humans

using pharmacological dosages of radiolabeled folate measured with liquid scintillation

counting.48–52 These studies yield useful information about folate absorption, metabolism,

and excretion. However, all but one were of short duration and thus gave no information

about long-term storage and metabolism of folate.52
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We investigated short- and long-range human folate metabolism with AMS following an

oral dose of 14C-pteroylmonoglutamate in healthy adults.38 Thirteen free-living adults re-

ceived 0.5 nmol 14C-pteroylmonoglutamate (100 nCi) plus 79.5 nmol nonlabeled pterolylmo-

noglutamate orally in water. The subjects were typical American adults with no known

disease and had a mean dietary folate intake of 1046 nmol=day. 14C was followed in plasma,

erythrocytes, urine, and feces for 40 days. Kinetic models were used to analyze and interpret

the data. Model parameters were optimized using the SAAM II kinetic analysis software such

that hypotheses that were inconsistent with the datasets observed for each of the 13 subjects

could be rejected. A diagram of the final model is shown in Figure 17.2. Our model consisted

of four pools of folate: gastrointestinal tract (lumen), plasma, erythrocyte, and viscera (all

other tissues).

Apparent absorption of 14C-pteroylmonoglutamate was 79%. Mean total body folate

was 225 mmol. Pteroylpolyglutamate synthesis, recycling, and catabolism were 1985, 1429,

and 556 nmol=day, respectively. Mean residence times were 0.525 day as visceral pteroylmo-

noglutamate, 119 days as visceral pteroylpolyglutamate, 0.0086 day as plasma folate, and 0.1

day as gastrointestinal folate.

The kinetic model predicted that only 0.25% of plasma folate was destined for bone

marrow, even though folate metabolism is important for healthy bones. It also predicted an

important role for bile in folate metabolism. Most folate was recycled in tissues through bile.

Visceral pteroylmonoglutamate, which is transported to the gastrointestinal tract via bile,

provided a large pool of extracellular pteroylmonoglutamate (5351 nmol=day) that could

blunt between-meal fluctuations in folate supply to the cells to sustain folate concentrations

during periods of folate deprivation. Therefore, the digestibility of the dietary folate plus

the folate recovered in the bile (1046 þ 5351 nmol=day, respectively) was 92%. We accounted

for the gastric transit time of 1 day to the absorption site. The 6.15 days erythron transit

time was a new observation that fit well with the week-long maturation of hematopoietic

progenitor cells.53

Intact pteroylmonoglutamate that was eliminated in the urine represented ~6%

of ingested folate, a value that compared well with already published values.54–56 However,

the novel and testable hypothesis represented by our model is that fully one-half of

excreted folate was derived from visceral pteroylpolyglutamate and appeared in the urine as

p-aminobenzoylglutamate (and its metabolic successors).

PteGlu1 
=
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=

 
Pteroylpolyglutamate

p -ABA-Glu
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FIGURE 17.2 Kinetic model of folate metabolism. The numbers represent steady-state folate fluxes

(nanomoles per day).
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The model makes several important predictions. First, the fractional absorption

of folate was high and independent of the gastrointestinal folate load. Second, ~33% of

visceral pteroylmonoglutamate was converted to the polyglutamate form. Third, most of the

body folate was visceral (>99%), and most of the visceral folate was pteroylpolyglutamate

(>98%). Fourth, the model predicted that bile folate was 25 times greater than prior estimates

and that steady-state folate distributions were approximately fivefold larger than prior

estimates.57

In addition, the model predicted two distinct chemical forms of folate in plasma:

pteroylmonoglutamate and p-aminobenzoylglutamate. For visceral pteroylglutamate to be

recycled by conversion to visceral pteroylmonoglutamate was no surprise, but for visceral

pteroylpolyglutamate to also be converted directly to p-aminobenzoylglutamate is a new path-

way that fits nicely with other recent discoveries in pteroylpolyglutamate catabolism.58

HUMAN VITAMIN A AND b-CAROTENE METABOLISM

Vitamin A (retinol and its metabolites) plays an important role in vision, growth, cell

division, and differentiation.59 Retinol status has been difficult to assess using nonisotopic

methods, because its serum concentrations are tightly regulated and 90% or more of its body

stores are in inaccessible tissues such as liver and kidney.60–64 Therefore, much of what is

known about the human absorption and metabolism of retinoids is based on one small

radioisotope study.65

Recently we fed deuterated retinyl acetate to adult men and women. Our results show that

a single large peak appears in the blood at ~4–8 h postdose, reaching its maximum at

12–24 h postdose.66 The vitamin A half-lives ranged from 75 to 241 days for men fed

a vitamin A-deficient diet65 and 56 to 243 days for men and women fed a vitamin A-adequate

diet.36,67,68

The reasons for the large variations in metabolic half-life are unknown, but the main

factors that appear to influence vitamin A metabolism are the individual’s vitamin A nutri-

tional status and dietary intake. People with higher retinol status appear to absorb retinol

more efficiently than people with lower retinol status.36,65,66 Very low intakes of retinol

appear to reduce (rather than increase) retinol utilization, even when retinol stores are still

adequate.65 Other factors, such as, gender, race, and body composition, did not have a strong

influence on vitamin A metabolism in our studies, but might well have an impact in more

heterogeneous groups.66

Although retinoids are key essential nutrients, they are not widely dispersed among

foods. In developing countries, b-carotene, found in yellow-orange fruits and vegetables, is

the major source of vitamin A.69 b-carotene has also been reported to have various

biological effects; among them are enhancement of the immunological system, to

stimulate gap junction communication between cells in vitro, and a possible antioxidant

activity.70–72 We conducted a long-term kinetic study of b-carotene30 using 14C-b-carotene

derived by growing spinach in an atmospherically sealed chamber pulsed with 14CO2.

A healthy 35 year old male received a single oral dose of 14C-b-carotene (306 mg; 200

nCi) and the tracer was followed for 209 days in plasma, 17 days in urine, and 10 days in

feces. Aliquots of plasma (30 mL), urine (100 mL), and stool (150 mL) samples were

analyzed. Plasma 14C-b-carotene, 14C-retinyl esters, 14C-retinol, and several 14C-retinoic

acids were separated by reversed phase HPLC.

The results showed that 57.4% of the administered dose was recovered in the stool

within 48 h postdose; therefore, 42.6% of b-carotene was bioavailable. Urine was not a

major excrete route for intact b-carotene. There was a 5.5 h delay between dosing and the
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appearance of 14C in plasma. The losses of 14C-b-carotene and its metabolites after an oral dose

of 14C-b-carotene are shown in Figure 17.3. 14C-b-carotene and 14C-retinyl esters presented

similar kinetic profiles for the first 24 h. Both 14C-b-carotene and 14C-retinyl esters rose to

a plateau spanning between 14 and 21.3 h. The concentration of 14C-retinol rose linearly for

28 h postdose before declining. Therefore, the substantial disappearance of retinyl esters

from plasma between 21 and 25 h closely preceded the transition from increasing

retinol concentrations. This observation suggests that retinyl ester was handed off to retinol

into circulation. The area under the curve suggested a molar vitamin A value of 0.53 for

b-carotene, with a minimum of 62% of the absorbed b-carotene cleaving to vitamin A. The

pattern of total 14C,14C-b-carotene, 14C-retinyl esters, and 14C-retinol in plasma is shown in

Figure 17.4.
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FIGURE 17.3 Patterns of 14C in plasma following an oral dose of 14C-b-carotene to a normal adult.

(From Burri, B.J. and Clifford, A.J., Arch. Biochem. Biophys., 430 (1), 110, 2004.) The 14C in plasma,

which is associated with the labeled retinyl esters, retinol, and b-carotene fractions, accounts for about

one-half of the total radioactivity. The remainder is associated with yet-unidentified carotenoid and

retinoid metabolites, possibly epoxides, apo-carotenals, and retinoic acids.
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J. Lipid Res., 44 (8), 1591, 2003.)
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In addition, the effect of vitamin A nutritional status on b-carotene metabolism was

elucidated.36 Two healthy adult women received an oral dose of 14C-b-carotene

(0.5–1.0 nmol with specific activity of 98.8 mCi=mmol) in a banana ‘‘milk shake.’’ Seven

weeks after this first dose, both women began taking a vitamin A supplement, 3000 RE

(10,000 IU) retinyl palmitate per day. They consumed the supplement for 21 days and then

received a second dose of 14C-b-carotene. The women continued taking the 3000 RE supple-

ments for 14 days after the second dose was given, then the amount of vitamin A supplement

was decreased to 1500 RE (5000 IU) per day for the remainder of the study. Concentrations

of 14C-b-carotene, 14C-retinyl esters, and 14C-retinol in plasma were measured for 46 days

after the first dose and 56 days after the second dose.

Using AUCs and irreversible losses of 14C in feces and urine, a yield of 0.54 mol 14C-vitamin

A from 1 mol of 14C-b-carotene before supplementation and 0.74 mol 14C-vitamin A after

supplementation was calculated. These data indicate that more vitamin A was formed from

b-carotene when subjects were taking vitamin A supplementation. This suggests that retinoid

status can influence carotenoid status and vice versa.

CALCIUM

Calcium is the most abundant divalent cation of the human body and is important

for the maintenance of bone mineral density, blood clotting, nerve conduction, muscle

contraction, enzyme regulation, and membrane permeability.73 Calcium has three radio-

isotopes, 47Ca, 45Ca, and 41Ca:47Ca and 45Ca have relatively short half-lives (4.5 and 165

days, respectively) but 41Ca is a very long-lived radioisotope (t1=2 � 116,000 years). Osteo-

porosis, the decrease in bone mass and density due in part to loss of calcium, is a growing

problem as people age; therefore, long-term studies on bone calcium turnover and bone

resorption are extremely important.74,75 Short-term studies of calcium metabolism can be

done by a variety of stable and radioisotope techniques, using 47Ca and 45Ca, but these cannot

resolve long-term small but significant differences in bone resorption. The advent of AMS

has made possible the use of the long-lived radioisotope 41Ca, which potentially could be

traced for decades.76 In 1990, Elmore et al. assessed the potential for using 41Ca for bone

resorption study by measuring 41Ca by AMS in dogs.77 The authors demonstrated that 41Ca

behaves identically to 45Ca in vivo. Freeman et al. developed an improved protocol,78 then

administered 5 nCi of 41Ca dissolved in orange juice to 25 subjects and measured the tracer

in urine by AMS.24 Fink et al. described the protocols for measuring 41Ca=40
Ca ratios to a

sensitivity of 6� 10�16.79 These studies have clearly demonstrated the feasibility of the AMS

approach. Freeman et al. have also shown that the osteoporosis drug, alendronate, markedly

suppressed bone resorption by effecting 41Ca loss in urine.24 The use of 41Ca and AMS to

better understand long-term calcium metabolism in humans, and to trace the impact on

osteoporosis of minute differences in calcium metabolism, occurring over many years, offers

many exciting possibilities.

SUMMARY

AMS is an isotope ratio method ideal for measuring the ratios of long-lived radioisotopes

such as 14C=12
C for biological and chemical research. It is capable of measuring nutrients and

their metabolites in attomol (10�18) concentrations in milligram-sized samples. The detection

sensitivity and small sample size requirements of AMS satisfies both the analytical and ethical

requirements for tracer applications in human subjects.
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INTRODUCTION

Dietary reference intakes (DRIs) are nutrient reference standards to be used for planning and

assessing diets of apparently healthy individuals and groups. DRIs were developed by the

United States and Canada to update, expand on, and replace the former recommended

nutrient intakes for Canadians and recommended dietary allowances (RDA) for Americans.

The process was overseen by the Standing Committee on the Scientific Evaluation of Dietary

Reference Intakes of the Food and Nutrition Board, Institute of Medicine, The National

Academies, in collaboration with Health Canada. Instead of releasing a report that covered

all nutrients in a single volume, as was done previously, a series of reports on groups of

related nutrients was released, reflecting the work of nutrient panels composed of Canadian

and American scientists (1–6). The first nutrient report was released in 1997 and covered

calcium, phosphorus, magnesium, vitamin D, and fluoride (1); the final nutrient report was

released in 2004 and covered electrolytes and water (6). Reports were also published on using

a risk assessment model to establish upper levels (ULs) (7) and on the use of DRIs in dietary

assessment and planning (8,9).

There are several types of DRIs and each has a specific definition. Figure 18.1 shows how

these DRIs relate to one another.

ESTIMATED AVERAGE REQUIREMENT

The estimated average requirement (EAR) is defined as ‘‘the daily intake value that is

estimated to meet the requirement, as defined by the specified indicator of adequacy, in

half the apparently healthy individuals in a life stage or gender group’’ (6). Several aspects of

this definition warrant further elaboration:
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Daily intake value: All DRIs are expressed as amounts per day; however, they are more

appropriately considered as average intakes over a longer period of time (e.g., weeks or

months).

Requirement: A requirement is defined as ‘‘the lowest continuing value of a nutrient that,

for a specified indicator of adequacy, will maintain a defined level of nutriture in an

individual’’ (6). The specified indicator of adequacy is identified for each nutrient, although

in some cases it may differ among different age groups. The indicators of adequacy used for

the vitamins are described in the next section (Dietary Reference Intakes for Vitamins).

Half the apparently healthy individuals: Although the word ‘‘average’’ is used in the EAR,

its definition implies a median value rather than an average. The EAR is expected to meet or

exceed the requirements of 50% of healthy individuals in a life stage or gender group, and to

fall below the requirements of the other 50%. The median and the average remain the same

when the requirement distribution is symmetrical, which is assumed to be the case for all of

the vitamins.

RECOMMENDED DIETARY ALLOWANCE

The RDA is defined as ‘‘the average daily intake level that is sufficient to meet the nutrient

requirement of nearly all (97%–98%) apparently healthy individuals in a particular life stage

and gender group’’ (6). The primary use of the RDA is as a daily intake goal for individuals:

at this level of intake, there is a very high probability (97%–98%) that the given indivi-

duals will meet or exceed their requirements. This is in contrast to the EAR, which would

be expected to fall below the requirements of 50% of individuals.

The RDA for vitamin intakes is set based on the EAR plus twice the standard deviation

(SD) of the EAR: RDA¼EARþ 2SD. As the requirements are thought to be normally

distributed, intake at the RDA will be sufficient for 97%–98% of individuals. If sufficient
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FIGURE 18.1 Dietary reference intakes. This figure shows that the estimated average requirement

(EAR) is the intake at which the risk of inadequacy is 0.5 (50%) to an individual. The recommended

dietary allowance (RDA) is the intake at which the risk of inadequacy is very small—only 2%–3%. The

adequate intake (AI) does not bear a consistent relationship to the EAR or the RDA because it is set

without the ability to estimate the requirement (however, it is thought to meet the needs of most

individuals). At intakes between the RDA (or AI) and the tolerable upper intake level (UL), the risks

of inadequacy and of excess are both close to zero. At intakes above the UL, the risk of adverse effects may

increase (although the intake level at which this may occur is not known with precision). (Adapted from

Food and Nutrition Board, Institute of Medicine, Dietary Reference Intakes: Applications in Dietary

Assessment, National Academies Press, Washington, DC, 2000. With permission.)
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data are not available to calculate the SD, a coefficient of variation (CV; SD=EAR) of 10% is

frequently used in place of the SD. This is based on the variability of other biological variables.

In this case, the RDA is set as the EAR and twice the CV of 10%: RDA¼EARþ 2

(0.1�EAR)¼ 1.2 � EAR. In some cases, when there is evidence of greater variability (but

still insufficient data to accurately identify the SD), a larger CV was assumed. For example,

for vitamin A the CV was assumed to be 20%; thus, the RDA¼ 1.4 � EAR. For niacin, the

CV was 15%, so that the RDA is 1.3 � EAR.

ADEQUATE INTAKE

For some nutrients, sufficient scientific evidence was not available to establish an EAR, and

in these situations, adequate intakes (AIs) were set instead. The AI is defined as ‘‘the

recommended average daily intake value based on observed or experimentally determined

approximations or estimates of nutrient intake by a group (or groups) of apparently healthy

people who are assumed to be adequate—used when an RDA cannot be determined’’ (6). In

the case of vitamins, AIs were established for vitamin D, vitamin K, pantothenic acid, biotin, and

choline. As a recommended intake, the AI is expected to meet or exceed the amount needed to

maintain a defined nutritional state or criterion of adequacy in almost all members of an

apparently healthy population. In other words, it is likely that the AI would be at or above

the RDA if it had been possible to determine the requirement distribution and set a value for the

RDA. This is particularly likely to be the case if an AI was based on average intakes of free-living

individuals. For example, AIs for infants aged 0–6 months were set for all nutrients (except

vitamin D) as the average intake by full-term infants born to presumably healthy, well-nourished

mothers and exclusively fed human milk. Under these conditions, infants grow well and it is

therefore assumed that their intake from human milk meets or exceeds their requirements.

The AI is similar to the RDA in that both are recommended intake levels for individuals,

expected to meet or exceed amounts needed to maintain a specified indicator of adequacy in

almost all individuals. However, there is much less certainty about AIs than RDAs, and the

presence of an AI is an indication that additional research is required. Eventually, it is hoped

that additional knowledge of nutrient requirements will allow AIs to be replaced by EARs

and RDAs.

TOLERABLE UPPER INTAKE LEVEL

The UL is the ‘‘highest level of daily nutrient intake that is likely to pose no risk of adverse

health effects in almost all apparently healthy individuals in the specified life stage group. As

intake increases above the UL, the potential risk of adverse effects increases’’ (6). Although

the UL is thought to represent an intake that the body can biologically tolerate, it is not a

recommended intake. There are no established benefits to healthy individuals of intakes that

exceed the RDA or AI. It is important to note that the UL is intended to apply to chronic

consumption rather than to intakes on any given day, and that it does not apply to individuals

who are treated while under medical supervision. For example, the UL for niacin for adults is

35 mg=day, an amount which may be exceeded by individuals who are treated for hypercho-

lesterolemia (2). However, in this situation the individual can be monitored by their physician

for adverse effects.

The ULs for nutrients are based on evaluations conducted using a risk assessment frame-

work. An important feature of this process is the concept that adverse effects of nutrients are not

expected until intake exceeds a threshold. Just as requirements for nutrients vary among indi-

viduals, it appears that the thresholds for adverse effects also vary. An intake that might be

tolerated by one individual could result in adverse effects in another. The intent is to set the UL so

that it is below the threshold of even the most sensitive members of a group.
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At present, ULs have not been set for all vitamins: specifically, vitamin K, thiamin,

riboflavin, vitamin B12, biotin, and pantothenic acid do not have ULs. This does not mean

that these vitamins are safe in unlimited quantities. In most cases, the data are not sufficient

to identify the potential risk of adverse effects.

DIETARY REFERENCE INTAKES FOR VITAMINS

The first DRIs were released in 1997 (1), and included those for vitamin D. Additional vitamin

DRIs were published through 2001 (2–4). Table 18.1 shows the DRIs that apply to vitamins,

and gives the values for nonpregnant, nonlactating adults. The complete sets of DRI values,

including those for infants, children, and adolescents, may be found at http:==www.iom.

TABLE 18.1
Vitamin DRIs for Males and Females 19 Years of Age and Older

EAR RDA AI UL

Vitamin A (mg RAE=day)a 500=625b 700=900b 3000c

Vitamin D (mg=day) 5=10=15d 50

Vitamin K (mg=day) 90=120b —

Vitamin E (mg=day) 12 15 1000e

Vitamin C (mg=day) 60=75b 75=90b 2000

Thiamin (mg=day) 0.9=1.0b 1.1=1.2b —

Riboflavin (mg=day) 0.9=1.1b 1.1=1.3b —

Niacin (mg NE=day)f 11=12b 14=16b 35e

Vitamin B6 (mg=day) 1.1=1.3=1.4g 1.3=1.5=1.7g 100

Vitamin B12 (mg=day) 2.0 2.4h —

Folate (mg DFE=day)i 320 400 1000e

Pantothenic acid (mg=day) 5 —

Biotin (mg=day) 30 —

Choline (mg=day)j 425=550b 3500

Sources: Food and Nutrition Board, Institute of Medicine, Dietary Reference Intakes for Calcium, Phosphorus,

Magnesium, Vitamin D and Fluoride, National Academies Press, Washington, DC, 1997; Food and Nutrition

Board, Institute of Medicine, Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,

Vitamin B12, Pantothenic Acid, Biotin, and Choline, National Academies Press, Washington, DC, 1998; Food

and Nutrition Board, Institute of Medicine, Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium and

Carotenoids, National Academies Press, Washington, DC, 2000; Food and Nutrition Board, Institute of Medicine,

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese,

Molybdenum, Nickel, Silicon, Vanadium, and Zinc, National Academies Press, Washington, DC, 2001.

a RAE ¼ Retinol activity equivalent.
b For women=men.
c Applies to intake of preformed vitamin A (retinol) only.
d For ages 19–50=51–70=>70 years; amount needed in the absence of adequate exposure to sunlight.
e Applies to synthetic forms in supplements and fortified foods.
f NE ¼ Niacin equivalent.
g For ages 19–50=women >50=men >50.
h Adults over 50 are advised to meet the RDA mainly by consuming foods fortified with B12 or a supplement

containing B12.
i DFE ¼ Dietary folate equivalent.
j Although AIs have been set for choline, there are few data to assess whether a dietary supply of choline is needed at

all stages of the life cycle, and it may be that the choline requirement can be met by endogenous synthesis at some of

these stages.
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edu=file.asp?id¼ 21372. Note that most nutrients have several DRIs (e.g., vitamin C has an

EAR, an RDA, and a UL); thus it is inappropriate to refer to ‘‘the DRI’’ for a nutrient.

For many of the vitamins, values for children and adolescents are extrapolated from those

for adults. For infants <1 year of age, an AI is set based on the vitamin content of breast milk

(age 0–6 months) and the combination of breast milk and solid food (age 7–12 months). The

requirements for pregnant and lactating women are based on those for nonpregnant, non-

lactating females, plus an allowance for daily accumulations by the fetus (during pregnancy)

or the average amount secreted in breast milk (during lactation). Following is a brief

discussion of the functional criteria used for DRIs for each of the vitamins, as well as any

special considerations when using the DRIs. More details on the functions of each vitamin are

given in the respective chapters earlier in this book. As discussed later, for some vitamins

(vitamin A, vitamin E, and folate), the units for the DRIs differ from those used for the

former RDAs and thus may not match the units traditionally used to measure intakes (10,11).

. Vitamin A (mg RAE=day): An EAR and RDA, as well as a UL, have been set for

vitamin A (4). The primary functional criterion for the EAR is adequate liver vitamin

A stores; however, an additional (lower) EAR was also identified for the correction of

abnormal dark adaptation in adults. The DRIs for vitamin A are given in microgram

of Retinol Activity Equivalents (RAEs), rather than in microgram of retinol equiva-

lents (REs). The new unit reflects current bioavailability studies showing a lower

conversion of provitamin A carotenoids to vitamin A. The conversion factors are

now one-half of those used previously, so that intake of vitamin A in RAE is lower

than intake in RE if any provitamin A carotenoids are in the diet. Thus, intakes in RE

should not be used to evaluate vitamin A intakes relative to the DRIs. No DRIs were

set for specific carotenoids, although provitamin A carotenoids in the diet contribute

to meeting the recommended intakes for vitamin A. The UL for vitamin A applies only

to preformed vitamin A (retinol). The UL is based on a risk of liver abnormalities as the

critical adverse effect for adults, the risk of teratogenicity for women of child-bearing

age, and the risk of a bulging fontanel in infants. The UL for children and adolescents is

extrapolated from the UL for adults on the basis of relative body weights.
. Vitamin D (mg=day): An AI and a UL were set for vitamin D (as cholecalciferol) for all

age groups. One microgram of cholecalciferol is equal to 40 IU of vitamin D. The

primary functional criterion for the AI is the maintenance of serum 25(OH) vitamin D

concentrations at 27.5 nmol=L. The AI is intended to apply to individuals who do not

obtain adequate exposure to sunlight. The requirements are higher for older adults

(over 50 years of age) because a variety of factors may reduce cutaneous production of

this vitamin. The UL is based on a risk of hypercalcemia at higher intakes of vitamin D.
. Vitamin K (mg=day): An AI is set for vitamin K for all age groups. The AI for all age

groups except infants is based on the median intake of vitamin K from a national

nutrition survey. No UL was set for this vitamin.
. Vitamin E (mg=day): Vitamin E has an EAR, RDA, and UL. The functional criterion

for the requirement for most age groups is the prevention of hydrogen peroxide–

induced hemolysis of red blood cells. The units for the EAR and RDA are milligrams

of a-tocopherol (a-T), and not for milligrams of a-tocopherol equivalents (a-TE),

as have been used in the past. Other tocopherols and tocotrienols no longer are

thought to have vitamin E activity. Furthermore, the requirements apply only to

RRR-a-tocopherol (the form of a-tocopherol that occurs naturally in foods), and

the 2R-stereoisomeric forms which contribute about half of the a-tocopherol used

in most fortified foods and supplements. Thus, vitamin E intakes in a-TE will be

higher than intakes in a-T and should not be used to evaluate intakes relative to the

DRIs. An approximate conversion factor is milligram a-T¼ 0.8�milligram a-TE.
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Conversion factors for supplemental and fortification vitamin E in international units

(IUs) are 0.45 mg=IU for synthetic vitamin E and 0.67 mg=IU for natural vitamin E.

The UL for vitamin E is based on hemorrhagic effects at high intakes. ULs for

children and adolescents were extrapolated from those for adults. No UL was set

for infants. The UL applies only to forms of the vitamin used for fortification and

dietary supplements. Furthermore, the UL applies to all forms of synthetic vitamin E

(both the 2R and 2S stereoisomers).
. Vitamin C (mg=day): An EAR, RDA, and UL were set for vitamin C. The criterion for

the requirement is near-maximal neutrophil concentration of vitamin C. The EAR for

most age groups is extrapolated from the EAR for adults 19 through 30 years old. The

EAR and RDA are 35 mg=day higher for smokers due to increased oxidative stress

and metabolic turnover of vitamin C. A UL was set for all age groups except infants,

based on an increased risk of osmotic diarrhea and gastrointestinal disturbances. The

ULs for children and adolescents were extrapolated from the UL for adults.
. Thiamin (mg=day): The EAR and RDA for thiamin are based on the amount of

thiamin needed to achieve and maintain normal erythrocyte transketolase activity

while avoiding excessive thiamin excretion. Although body size and energy intake

were considered in setting the requirements, the EAR and RDA are not expressed per

1000 kcal, as has been done in the past. No UL was set for this vitamin.
. Riboflavin (mg=day): Riboflavin has an EAR and RDA that are based on a combin-

ation of indicators, including the excretion of riboflavin and its metabolites, blood

values for riboflavin, and the erythrocyte glutathione reductase activity coefficient. As

with thiamin, the EAR and RDA for riboflavin are daily intake values and are not

expressed relative to energy intake. No UL was set for this vitamin.
. Niacin (mg NE=day): For niacin, the EAR and RDA are based on urinary excretion of

niacin metabolites. They are expressed in niacin equivalents (NE) to allow for some

conversion of tryptophan to niacin. As with thiamin and riboflavin, the EAR and

RDA are not expressed relative to energy intake. The UL is based on a risk of flushing

at higher niacin intakes in adults, and was extrapolated to children and adolescents.

No UL was set for infants. The UL applies only to synthetic forms of the nutrient used

for fortification and dietary supplements.
. Vitamin B6 (mg=day): The EAR and RDA for vitamin B6 are based on the mainten-

ance of an adequate plasma pyridoxal phosphate concentration. Although typical

protein intakes were considered when setting the requirements, the requirements are

not expressed relative to protein intake. The UL is based on a risk of sensory

neuropathy at high intakes. No UL was set for infants.
. Vitamin B12 (mg=day): For vitamin B12, the EAR and RDA are based on the amount

needed for the maintenance of hematological status and serum B12 values. No UL was

set for this vitamin.
. Folate (mg DFE=day): The EAR and RDA for folate are based on the amount needed

to maintain erythrocyte folate. The folate requirement applies to naturally occurring

folate in food, as well as the monoglutamate form (folic acid) used in fortified foods

and supplements. The DRIs for folate are given as micrograms of dietary folate

equivalents (DFEs), not in micrograms of folate as has been used in the past. A

microgram of food folate is equal to a microgram of DFE, but a microgram of folic

acid (from fortification or supplements) is equal to 1.67 DFE. Thus, folate intakes

in micrograms will be lower than folate intakes in micrograms DFE, and should not be

used to evaluate intakes relative to the DRIs. The UL for folate applies only

to synthetic forms of the nutrient used for fortification and dietary supplements. It

is based on an examination of case studies of the progression of neurological effects in

vitamin B12-deficient individuals taking folate supplements. No UL was set for infants.

Robert B. Rucker/Handbook of Vitamins, Fourth Edition 4022_C018 Final Proof page 564 5.5.2007 6:10pm Compositor Name: BMani

564 Handbook of Vitamins, Fourth Edition



. Pantothenic acid (mg=day): The AI for pantothenic acid is based on data on pantothenic

acid intake that is sufficient to replace urinary excretion. No UL was set for this vitamin.
. Biotin (mg=day): The AI for biotin for infants is based on the content of breast milk. For

children and adults, the AI is based primarily on an extrapolation from the AI for

infants, as well as on limited data on current intakes. No UL was set for this vitamin.
. Choline (mg=day): The AI for choline is based on the intake required to maintain liver

function as assessed by serum alanine aminotransferase levels. Although an AI was set

for all of the age groups, the data for determining the necessity of choline are sparse

for some stages of the life cycle. The UL for choline is based primarily on a risk of

hypotension. No UL was set for infants.

When this volume was published, all the vitamin DRIs were at least 7 years old, and the DRI

for vitamin D was set 10 years ago. Given the availability of new knowledge about the

functions and requirements for the vitamins, a periodic review and revision of the vitamin

DRIs should be considered.

APPROPRIATE USES OF VITAMIN DIETARY REFERENCE INTAKES

The many uses of the DRIs fall into two broad categories: intake assessment and intake planning

(8,12) (Figure 18.2). A further subdivision within each category separates applications for

individuals and applications for population groups. Each is briefly discussed here, and in more

detail in two reports from the Subcommittee on Interpretation and Uses of the DRIs (8,9). A new

paradigm is utilized for many of these applications because the distribution of requirements is

specified for most nutrients. This distribution is defined by the EAR, which is the mean of the

distribution, and the standard deviation of the EAR.For all vitamins, the distribution is assumed

to be normal.

Assessment of individuals: Many uses of the DRIs involve assessing the diets of individ-

uals. Examples include dietary counseling and nutrition education. As the distribution of

requirements is given for most nutrients, it is possible to estimate the probability of adequacy

(or the probability of inadequacy) for a given intake, assuming that the intake represents an

individual’s ‘‘usual’’ intake (i.e., what is usually consumed over a long period of time). For

example, usual intake at the EAR would have a 50% probability of inadequacy, since by

definition, half of the people in the age–sex category have requirements below the EAR and

Dietary reference
intakes

Nutrient  intakes

Dietary planning Dietary assessment

Group GroupIndividual Individual

FIGURE 18.2 Conceptual framework for uses of dietary reference intakes. (Adapted from Beaton, G.H.

Criteria of an adequate diet. In: Shils, M.E., Olson, J.A., and Shike, M., Eds. Modern Nutrition in Health

and Disease, 8th Edition. Philadelphia: Lea & Febiger. pp. 1491–1505, 1994; Food and Nutrition Board,

Institute of Medicine, Dietary Reference Intakes: Applications in Dietary Assessment, National

Academies Press, Washington, DC, 2000.)
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half have requirements above it. Usual intake at the RDA would have a 97%–98% probability

of adequacy, because the RDA is set at a level that meets the needs of 97%–98% of the

individuals in the category. Using a simple statistical algorithm, it is possible to calculate

the probability of adequacy for any usual intake level. As intakes that are reported or

observed are not usually long-term intakes, because of the effect of day-to-day variations in

intake, the confidence that these probability estimates are correct is reduced if only a few days

of intake are available. An adjustment for this reduced confidence can be made, which allows

an evaluation of the confidence of adequacy, as well as the probability of adequacy. In the

past, individual assessment was based on the percent of the RDA in a usual diet because the

distribution of requirements was not stated. However, unlike the probability and confidence

of adequacy, the percent of the RDA cannot be meaningfully interpreted.

For nutrients with an AI, rather than an EAR=RDA, usual intakes of individuals may be

evaluated by comparing the intake to the AI. If intake is above the AI, it is likely to be

adequate. However, if the intake is below the AI, the probability of adequacy is unknown.

Because an AI is usually higher than an RDA (if one were known), intakes below the AI may

still have a high probability of adequacy. An individual’s usual intake also may be compared

to the UL for a nutrient. Usual intakes above the UL are not desirable because they are at risk

of being excessive.

In summary, several DRIs may be used to assess an individual’s usual intake: the EAR to

estimate the probability of adequacy; the AI, if an EAR is not available, to determine if the

probability of adequacy is high; and the UL to estimate whether the intake is at risk of being

excessive.

Planning for individuals: The DRIs are frequently used to plan diets for individuals. For

example, food guides and dietary guidelines help consumers choose nutritionally adequate

diets because they are based on the DRIs. The Nutrition Facts and Supplement Facts labels

on consumer products use nutrient standards, although these have not yet been updated to

reflect the current DRIs. In addition, both consumers and health professionals may use the

DRIs to plan diets with a high probability of nutrient adequacy and a low probability of being

excessive. For all of these uses, the RDA is the appropriate target for an individual’s intake,

and when an RDA is not available, the AI may be used for the same purpose. The EAR is not

meant to be a target for individuals. If an individual’s usual intake is at or above the RDA or

AI, the probability of adequacy is high. Likewise, if the usual intake is below the UL, the risk

of adverse effects is low.

Assessment of population groups: The DRIs may be used to assess the intakes of groups of

people. This type of assessment is used for national nutrition surveys (such as the National

Health and Nutrition Examination Survey, NHANES), and to evaluate food assistance

programs (such as the National School Lunch Program). Several statistical assumptions are

involved in both assessing and planning intakes of population groups, and these assumptions

require that the group contains a minimum number of people. Although the minimum varies

across nutrients and applications, a group with 100 people is likely to be sufficient for

appropriate statistical calculations.

Assessing the intakes of groups is conceptually more complex than assessing the intakes of

individuals, although computer algorithms can greatly simplify this process. For group

assessment, the goal is to estimate the prevalence of inadequacy within the group, as well as

the prevalence of intakes at risk of being excessive. The prevalence of inadequacy may be

calculated as the average of the probabilities of inadequacy for each individual in the group.

However, for many nutrients, an even easier estimate of the prevalence of inadequacy is

possible—the proportion of the group with usual intakes below the EAR is approximately

equal to the proportion of the group with inadequate intakes. This EAR ‘‘cut-point’’

approach may be used for nutrients with a normal distribution of requirements, which is

thought to be the case for all vitamins. The cut-point approach also assumes that the
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variation of usual intakes is greater than the variation of requirements within the group,

which is true for most intake distributions among free-living populations. Finally, it assumes

that intakes and requirements are essentially uncorrelated, which is thought to be true for

vitamins. The cut-point method is a useful statistical method of estimating the prevalence of

inadequacy in a group. However, it does not mean that the EAR should be used to identify

specific individuals in the group with adequate or inadequate intakes. As noted earlier,

individuals with usual intakes at the EAR still have a 50% probability of inadequacy.

For nutrients with an AI, the prevalence of inadequate intakes cannot be determined.

However, if the median intake of a group is at or above the AI, a low prevalence of

inadequacy within the group is likely. This is particularly likely to be true if the AI was

based on the intakes of a healthy group. If the median intake is below the AI, it is still possible

that the prevalence of inadequacy is low. Thus, no statement about the prevalence of

inadequacy can be made for groups with median intakes below the AI.

The prevalence of excessive intakes may be estimated by determining the proportion of

usual intakes that is above the UL. It should be noted that this will not correspond to the

prevalence of the adverse effect used to set the UL. For example, the UL for vitamin C for

adults is set at 2000 mg=day, based on the adverse effect of osmotic diarrhea. If a survey

indicated that 10% of a group had intakes above the UL, these individuals would be at

potential risk of the adverse effect. There would not be a 10% prevalence of diarrhea; the

actual prevalence would likely be considerably lower because the UL is intended to protect

even the most sensitive individuals in the group.

It is important to ensure that the effect of day-to-day variation in intakes has been

removed from the intake distribution before calculating either the prevalence of inadequacy

or the prevalence of excess. This type of adjustment to the distribution of intakes can be made

using computer algorithms. One algorithm is described in Appendix E of the IOM report on

planning diets (9). Software to make the adjustment is also available (13). Figure 18.3 shows
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Vitamin B6 intake level, mg/day, women 19–50
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FIGURE 18.3 Vitamin B6 intake distributions for women 19–50 years. A distribution of 1 day intakes is

compared to a distribution that has been adjusted to represent usual intakes. Note that the proportion

of the distribution that falls below the EAR is considerably less with the adjusted usual intake

distribution than with 1 day of intake. (Adapted from Food and Nutrition Board, Institute of Medicine,

Dietary Reference Intakes: Applications in Dietary Assessment, National Academies Press, Washington,

DC, 2000.)
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the effect of removing day-to-day variation from a distribution of vitamin B6 intakes, and the

difference in estimates of the prevalence of inadequacy before and after the adjustment.

In summary, several of the DRIs are used to assess the intakes of groups: the EAR is used

to estimate the prevalence of inadequate intakes, and the UL is used to estimate the preva-

lence of excessive intakes. It is important to adjust intake distributions to reflect usual intakes

before using these procedures. For nutrients with an AI, but not an EAR, it is only possible to

determine if the prevalence of inadequacy is likely to be low. The RDA is not used to assess

the intake of groups.

Planning for groups: There are numerous uses of the DRIs for planning intakes of

population groups. Examples include planning for institutional feeding, food assistance

programs, and military rations. Planning intakes for population groups relies on the same

concepts as assessing intakes of groups. The goal of the planning activity is to minimize the

prevalence of inadequate intakes and also the prevalence of excessive intakes within the group

of interest. Planning and assessment are closely linked, as it is not usually possible to predict

the actual outcome of the planning activity.

Planning intakes for groups involves several steps. The first is to identify the nutrients of

interest, as well as the acceptable prevalences of inadequacy and excess. Although 2%–3% has

often been used as an acceptable prevalence for both of these indicators, such targets may not

always be feasible or even desirable. The next step is to examine the current usual intake

distribution for a nutrient and decide if the distribution needs to be shifted up (or down) to

improve the prevalences of adequacy and excess. As with any assessment using the DRIs, it is

important that intake distribution be adjusted to reflect usual intakes. The third step is to

determine the amount of the shift that is needed. The magnitude of the shift can be approxi-

mated using the EAR and the UL as cut-points. For example, if 30% of the group has usual

intakes of vitamin C below the EAR, then intakes need to be increased by an amount that shifts

the distribution so that only 2%–3% have vitamin C intakes below the EAR (if that is the target

that was chosen). Such a shift would require that all intakes increase by a specific amount (e.g.,

10 mg of vitamin C) if the shape of the distribution is unchanged. It is also important to

determine if the shift would cause an undesirable increase in the prevalence of intakes above the

UL, again assuming that the shape of the intake distribution does not change. Because

assuming that the distribution shape will not change is likely to be unrealistic, it is crucial

that an assessment activity takes place after the new feeding plan is implemented.

In some cases, it may be desirable to try to change the shape of the distribution as part of

the planning activity. This might be accomplished, for example, by trying to target those

individuals whose usual intake has the highest probability of inadequacy. For these individ-

uals, nutrition education programs could be provided, or specific foods or supplements could

be made available to them. Once the group is subdivided so that particular individuals are

targeted, their diets would be planned using the methodology described earlier for planning

intakes for individuals. The group planning activity would now apply to the remainder of the

group, with these individuals removed.

The AI may be used as the target for the median intake of the group, if an EAR is not

available. For nutrients with an AI, the goal is to increase the median intake to at least the

level of the AI, without increasing the prevalence of excessive intakes.

Planning intakes for groups is not a simple task. The steps described earlier need to be

undertaken for each nutrient of interest, and then the results must be translated into foods to

be provided and menus for actual meals. This activity also requires assumptions about the

amount of food that will be chosen and consumed by individuals in the group. Again, given

the many assumptions involved, it is crucial that an assessment activity follows the imple-

mentation of the feeding plan.

For some groups, the individuals within the group are not homogeneous. For

example, there may be a mix of gender categories within the group, such as boys and girls
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in a school feeding program. If the EAR and UL for boys are used for the planning

activity, then the prevalences of inadequacy and excess may not be acceptable for the girls.

Often, an iterative process is necessary to set appropriate planning goals for such heteroge-

neous groups.

The appropriate uses of the DRIs are summarized in Table 18.2. These issues are

discussed in more detail in the IOM reports on uses of the DRIs (8,9) and also in several

published journal articles (14–19).

CONCLUSIONS

DRIs are available for 14 vitamins. All the DRIs are based on a specific functional indicator

of adequacy (for the EAR, RDA, and AI) or indicator of risk of adverse effects (for the UL).

Furthermore, a distribution of requirements is given for most of the vitamins, which allows

TABLE 18.2
Uses of Dietary Reference Intakes (DRIs) for Planning and Assessing Nutrient Intakes

of Apparently Healthy Individuals and Groups

DRI Individual Group

Assessment

EAR Use (with information on variability of requirement

and intake) to examine the probability that usual

intake is inadequate

The proportion of the group with usual intake

below the EAR estimates the group prevalence

of inadequacy

RDA Usual intake at or above the RDA has a low

probability of inadequacy

Do not use to assess intakes of groups

AI Intake at or above the AI can be assumed adequate.

No assessment can be made if intake is below the AI

Median usual intake at or above the AI implies a

low prevalence of inadequate intakes.a No

assessment can be made if median intake is

below the AI

UL Usual intake above the UL may place an individual at

risk of adverse effects from excessive intake

The proportion of a group with usual intake

above the UL is at potential risk of adverse

effects of excessive intake
Planning

EAR Do not use the EAR as an intake goal; usual intake at

this level has a 50% probability of inadequacy

Plan for an acceptably low proportion of a group

with intakes below the EAR. Note that mean

intake is likely to be above the RDA

RDA Aim for this intake; usual intake at or above the RDA

has a low probability of inadequacy

Do not use the RDA to plan mean intakes for

groups. In almost all cases, mean intake at the

RDA will lead to an unacceptably high

prevalence of inadequate intakes

AI Aim for this intake; usual intake at or above the AI has

a low probability of inadequacy

Plan for median intake at this level; median usual

intake at or above the AI implies a low

prevalence of inadequate intakesa

UL Plan for usual intake to remain below the UL to avoid

potential risk of adverse effect from excessive intake

Plan to minimize the proportion of a group with

intakes above the UL to minimize potential risk

of adverse effects of excessive intake

Sources: Food and Nutrition Board, Institute of Medicine, Dietary Reference Intakes: Applications in Dietary

Assessment, National Academies Press, Washington, DC, 2000; Food and Nutrition Board, Institute of

Medicine, Dietary Reference Intakes: Applications in Dietary Planning, National Academies Press, Washington,

DC, 2003.

a The AI should be used with less confidence if it has not been established as a median intake of a healthy group.
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many new uses of these nutrient standards. In addition to new applications related to

assessing and planning intakes for individuals, there are expanded opportunities to assess

and plan intakes for population groups. The first vitamin DRIs (for vitamin D) were released

in 1997 and thus are now over 10 years old. A periodic review and revision of the vitamin

DRIs should be considered.
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Index

A

AADC inhibitors, 328

Accelerator mass spectrometry (AMS), 439

description of, 547

human folate metabolism with, 550

measurement of 41Ca by, 553

method, 548

in study of vitamins and mineral metabolism

in humans, 545–546

p-Acetamidobenzoylglutamate (apABG), 392

Acetretin, for psoriasis, 28

Acetycholine esterase (AChE) inhibitors, 462

Acetylations, as regulatory signals, 300–301

Acetylcholine

structure of, 461

synthesis of, 471

Acetyl CoA, 270

Acetyl CoA carboxylases (ACC), 368–369

9-O-Acetylesterases, 300

b-Action, 343

Acute pernicious beriberi, 273; see also Beriberi

Acute promyelocytic leukemia (APL), medical

uses of retinoids in, 29

1-O-Acyl-2-arachidonoylglycerophosphcholine, 472

Acylation reactions, 301

Acyl carrier proteins (ACP), 290, 297–298

and CoA, selective physiologic functions

of, 298–301

functions of, 299

pantethenylation of, 298

Acyl-CoA dehydrogenase deficiency, 243

1-O-Acyl-2lysoglycerophosphocholine, 472

Addison’s disease, 438

Addison’s pernicious anemia, 414

Adenosine triphosphate-binding cassette

(ABC), 157

for transfer of a-tocopherol, 159

Adenosylcobalamin, 425, 426

AdoHyc, see S-Adenosylhomocysteine (SAH)

AdoMet, see S-Adenosylmethionine (SAM)

ADP-ribose cyclization, and NAADP synthesis,

203–205

Adrenal hormone synthesis, 498–499

Adrenocorticotropic hormone (ACTH), 333

a2-Adrenoreceptors, 334

Adriamycin, influence on riboflavin

utilization, 237

Adults

choline requirement for, 475

osteomalacia in, 80

vitamin K deficiency in, 133–134

wet beriberi in, 273–274

Advanced glycation end products (AGEs)

inhibitors, 340–342

Advanced lipoxidation end products (ALEs),

341–342

Afamin (AFM), 54

Age influence, on vitamin D status, 85

AIDS patients, pellagra in, 192

Albumin, for RA circulation, 13

Alcohol abuse, 274

Alcohol, interference with folate absorption,

reabsorption and uptake, 398

Alcoholism, 371

CoA as component of, 301

pellagra in association with, 192, 198

on vitamin D status, influence of, 85

ALDH9 gene, 469

1-O-Alkyl-2-acetyl-sn-glycero-3-phosphocholine

(PAF), 472

Allithiamines, 258

Allium (garlic), natural source of

allithiamines, 258

Alopecia, 68, 368, 373

due to ribofalvin deficiency, 237

Alpha-ketoglutarate dehydrogenase, 259, 269

and branched-chain alpha-keto acid

dehydrogenase complexes, 269–270

Alpha-methyl-butyryl CoA, 270

Aluminum, AMS for measurement of, 547

Alzheimer’s disease, 162, 274, 423, 427, 443,

466, 471, 529

vitamins E for, 167

Amadorin, 342

Amethopterin, 398

D-Amino acid oxidase, 245

Aminoaciduria, 424

Aminoadipic acid reductase, 297

4-Aminoantipyrine, 463
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p-Aminobenzoylglutamic acid ( pABG),

386–387, 392

Aminobutyraldehyde, 469

Aminocarboxamide ribotide

transformylase, 396

Amino guanidine (AG), 341

d-Aminolevulinic acid synthetase, 318

Aminooxyacetic acid, 324

Aminopterin, 398

Amitriptyline

influence on riboflavin utilization, 236

structural formula of, 237

Amprolium, 260, 264

Anemia, 215, 321

hemolytic, cause of, 139

ribofalvin deficiency and, 237–238

Anencephaly, 434

Aneurin(e), see Thiamine

Angiogenesis, 343–344, 472

Angular stomatitis, riboflavin

deficiency and, 238

Animal industry, use of vitamin K in, 114

Anorexia, 270

Anticancer effect, of vitamin B6, 343

Anticoagulants therapy

dicumarol for, 115

oral, warfarin for, 116

for vitamin K deficiency, 133

Anticonvulsants, 398

Antidepressants, influence on riboflavin

utilization, 236

Antidermatitis factor, 290

Antifolate activity, 398

Antigen-presenting cells (APC), 345

Antihypertensive activity, 334

Anti-inflammatory drug, 398

Antimalarial agents, influence on riboflavin

utilization, 237

Antipyridoxine compounds, 322

Anxiety, 325

AOAC chick assay, 71–72

Aphonia, 273

Apocarboxylase, attachment of biotin

to, 363, 368

Apodecarboxylases, 326

Apoenzymes, 245

Apolipoproteins, 121, 157

Apoptosis, 208, 471–472, 474–475

of lymphoid, 498

mitochondrial integrity associated with, 220

regulation of, 211

Apotranscobalamin, 436

AquaMEPHYTON, 115

Arachadonic acid, 468

Arachnia, for menaquinones in human gut, 120

L-Aromatic amino acid decarboxylase (AADC),

323–324

Arteriosclerosis, 339

Arthritis, 345

Ascorbic acid

on adrenal cortical function, importance

of, 498

as antioxidant, 499–500

biochemical functions, 494–503

clinical features, 504–508

extracellular matrix and, 500–502

and gene expression, 502–503

isolation, 492

metabolism and regulation, 503–504

nomenclature and structure, 490

and oxidation products, 491

physical and chemical properties, 490–492

requirements, allowances, and upper limits,

508–509

in selected food, 495

on serum vitamin B12 concentrations, 509

sources of, 494

status, defining, 504

synthesis, chemical and biological, 492–494

toxic effect of, 509

Ataxia, 259, 269, 274, 321, 368

friedreich’s, 166

spinocerebellar, 166

Ataxia with vitamin E deficiency

(AVED), 164

Atherosclerosis, 339

niacin for, 220

vitamins E for, 167

Autism, 346

Autoimmune diseases, 438

Autoimmune gastritis, 429

Autosomal recessive megaloblastic anemia,

see Imerslund-Gräsbeck syndrome

Avidin, 371

biotin binding by, 362
125I-avidin, 372

Avidin-binding assays, 372

Azoxymethane, 344

Azulfidine, 398

B

Bacteroide fragilis, for menaquinones in human

gut, 120

BAY K 8644, 335–336

B-cell immunity, 374

Bendectin, 346

Benserazide, 328

Benzodiazepine-binding protein, 317
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Beriberi, 263, 267; see also Dry beriberi;

Wet beriberi

dry beriberi, 272, 274

in infants, 273

rice polishings, preventative factor in, 254

sporadic outbreaks of, 275

wet beriberi, in children and adults, 273–274

Betaine, 464, 473

renal medulla, accumulation by, 474

sources of, 463

structure of, 461

Betaine-aldehyde dehydrogenase (BADH), 469

Betaine=g-aminobutyric acid transporter

(BGT1), 474

Betaine homocysteine methyltransferase

(BHMT), 394, 396, 462

expression=transcription, 470

in vivo inhibition of, 473

BGT1 gene, 474

Biguanide oral antidiabetic agents, 432

Bile acids, for vitamin E absorption, 156

Bilirubin, 441

Biocytin, 362

Biotin, 185, 294

AI for, 565

assessment, methods for, 371–373

biochemical pathogenesis, 373–374

carboxylases, biotin-dependent, 369–370

catabolism, 370

chemistry of, 362

deficiency

circumstances leading to, 370–371

diagnosis of, 375

laboratory findings of, 371–374

other effects of, 374

treatment of, 376

dietary sources of, 376

frank biotin deficiency, clinical findings

of, 371

histones modified by attachment of, 523

incorporation into carboxylases and

histones, 368

intestinal absorption of, 364–365

metabolism, degradation, and recycling of, 363

pharmacology, 376–377

physiology of, 362–367

protein-bound, digestion of, 362–364

renal handling of, 366–367

requirements and allowances, 375–376

structure, 362

supply, 525

toxicity, 376

transport, 365–367

Biotin carboxyl-carrier protein (BCCP), 368

Biotinidase, 365

activity of, 524

deficiency, clinical findings and biochemical

abnormalities of, 368

genetic deficiencies of, 368

Biotin sulfoxide, 367, 370, 377

Biotinylation, of histones, 368,

523–525, 537

BirA, 368

Bisnorbiotin, 367, 370, 372, 377

BitÔt’s spots, 27

Bleomycin, use of, 216

Blood–brain barrier, 259

biotin transport across, 365–366

choline transporter, 462

malfunction of, 272

Blood coagulation

calcium for, 547

process of, 125

Blood pressure (BP), renin-angiotensin system

and, 66

Bone calcium mobilization, for vitamin D

activity, 73

Bone density, long-term vitamin C

supplementaion on, 507–508

Bone Gla protein (BGP), 125

Bone marrow cells

of rats, NAD and poly(ADP-ribose)

metabolism in, 215

synthesis of poly (ADP-ribose) in, 218

Bone mineral density (BMD), in patient with

osteoarthritis, 81

Bone mineralization

by 1a,25(OH)2D3, stimulation of, 66

calcium and phosphorus for, 43

24,25(OH)2D3 role in, 56

osteocalcin for, 135

Bone(s)

1a,25(OH)2D3 on, 57

demineralization of, 80

healthy, folate metabolism for, 550

synthesis of protein S by, 127

Boric acid, 241

Bradycardia, 260, 281

Brain dysfunction, riboflavin deficiency

and, 238

Branched-chain keto-aciduria, 270

Breast cancer, 434, 444

1a,25(OH)2D3 analogs for, 71

Breast milk

low thiamine levels in, 273

thiamine concentrations, 267

Brodifacoum, for rodent control, 116

Brown rice, 254

Brush-border membrane, biotin absorption

in, 364
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L-Buthionine-(SR)-sulfoximine, for inhibition

of GSH synthesis, 496

Butylated hydroxyanisole, 273

C

41Ca by AMS, measurement of, 553

Caenorhabditis elegans, 467

Calbindin-D, 62–63

for calcium transport, 66

Calbindin-D28K, RIA and ELISA for, 73

Calcipotriol, for psoriasis, 67, 70

Calcitonin, for serum calcium and phosphate

level, 65

Calcium

AMS for measurement of, 547

metabolism, 553

NAADP for regulation of, 205

and phosphorus, for biological

processes, 43

Calmodulin, 264

Cancer

1a,25(OH)2D3 analogs for, 70

breast, 1a,25(OH)2D3 analogs for, 71

carcinoid, 192

colon, folate for risk of, 535

esophageal, development of, 214

increased risk in folic acid deficiency,

402–403

inhibitors of deacetylation enzymes for, 529

lung, b-carotene for, 30

niacin for, 198

prostate, 1a,25(OH)2D3 analogs for, 71

retinoids and, 2, 28

skin, 217

vitamin C influence on, 507

vitamin D and its analogs for, 81

vitamins E for, 167

Candidiasis, 371

Ca2þ, poly(ADPribosyl) ation of, 211

Carbidopa, 324

Carbohydrate metabolism index, 279

Carboxybutylhomocysteine, 462

g-Carboxyglutamic acid (Gla)

discovery of, 127–128

formation of, 130, 131

in vitamin K-dependent proteins, discovery

of, 125

Carboxylases

biotin-dependent, 185, 369

vitamin K-dependent, 129–131

g-Carboxylated osteocalcin (ucOC)

detection of, 133

immunochemical assay for, 135

a-Carboxylethyl hydroxychroman (CEHC),

metabolism pathway of a-tocopherol

to, 161

Carboxymethyllysine (CML), 341

Carcinogenesis

poly(ADP-Ribose) metabolism and, 214–216

in riboflavin deficiency, 244

Carcinoid syndrome, niacin for, 220

Cardiac muscle

1a,25(OH)2D3 for function of, 67

SVCT2 in, 504

Cardiovascular disease

1a,25(OH)2D3 analogs for, 71

nicotinic acid for prevention of, 221

vitamin C supplements for, 506

vitamin K status for, 136

vitamins E for, 167

Carnitine, 304

biosynthesis, 500–501

L-carnitine, 295

b-Carotene, 2

bioactivity of, 7

cleavage of, 15–16

excessive consumption of, 29–30

human, and vitamin A metabolism, 551–553

for lung cancer, 30

metabolism, vitamin A nutritional status

on, 553

postintestinal conversion of, 17

b-Carotene 15,150-dioxygenase (BCO),

for b-carotene cleavage, 16

Carotenodermia, 29

Carotenoids

cellular uptake of, 16

definitions of, 3

dietary, nutritional equivalency of, 8

DRIs for, 162

intestinal absorption of, 15

intracellular metabolism of, 16–17

lipoproteins, transport by, 10

nutritional aspects of, 2–3

nutritionally importance, 6–10

plasma, 23

release of, 15–16

solubilization of, 16

synthesis of, 7

utilization of, 8

Casal’s necklace, 192

Cataract

formation, ribofalvin deficiency and, 237–238

role of vitamin C in prevention, 507

vitamins E for, 167

Ca2þ transport, calbindin-D and 1a,25(OH)2D3

for, 66

CD4 T cells, 345–346
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C=EBP, 343

Celiac disease, of adults, 120

Cell-mediated immunity, 344

Cellular retinoic acid-binding proteins (CRABP),

in embryonic development and tissue

differentiation, role of, 14

Cellular retinoid-binding proteins (CRBP)

distribution of, 13

family, 13–14

LRAT for, 18

Cerebral infarction, 506

Cesium, in AMS instruments, use of, 548

ChAT activity, 471

Cheilosis, due to riboflavin deficiency, 238

Children=childhood

B12 deficiency in, 429

with cholestatic disease, vitamin E deficiency

in, 165

choline requirement for, 475

leukemia and, 135

lymphoblastic leukemias, treatment of, 476

with measles, vitamin A for, 27

organic aciduria in, 370

with pellagra, 194

rickets in, 80, 85

wet beriberi in, 273–274

Chloro-K, 116–117

10-(4-Chlorophenyl)-3-methylflavin, 242

Chlorpromazine, 241

riboflavin utilization and, 236

structural formula of, 237

Chok=Etnk-a and Chok=Etnk-b, 467

Cholecalciferol, see Vitamin D3 (C27H44O)

Cholera toxins, for mono (ADP-ribosyl)ation, 206

Cholestatic disease, vitamin E deficiency in

children with, 165

Choline

absorption, transport, and plasma

concentrations, 463–466

AI for, 565

antagonists, 462

assay procedures, 462–463

biochemical function, 470–474

cellular metabolism, 467–470

daily requirement for humans, 459

deficiency, 460, 474–475

dietary sources of, 534

in food, 463

membrane structure and function, 470–471

in neurotransmission and brain

development, 471

nutritional assessment, methods of, 474–475

nutritional requirement, 475

one-carbon metabolism, 472–473

osmotic regulation, 473–474

oxidation, 465, 468–470

pharmacological doses, efficacy and hazards

of, 477

signaling molecules with, 472

sources of, 463

status, factors influencing, 475–477

structure, nomenclature, and chemical

properties, 460–462

tissue deposition and storage, 466

transport, 464–466

Choline acetyltransferase (ChAT), inhibitors

of, 462

Choline dehydrogenase (CHDH), 469

Choline kinase (CK), 467

inhibitor of, 462

Cholinephosphotransferase (CPT), 467

Choline-specific transporter-like proteins

(CTL1-5), 466

Chromatin

modification by methylation, 530–536

niacin and structure of, 526–530

structure of, 522–523

vitamin-dependent modifications of, 521–522

CHT1, 466, 471

Chylomicrons, 463

catabolism by lipoprotein lipase, 157

reesterification, incorporation of retinol

into, 18

Circadian rhythm, 327

Citric acid cycle, 268

Claisen condensations, 299

Cleft palate, 374

Clofibrate, 301

Clostridium toxins, for mono(ADP-ribosyl)-

ation, 206

Clotting factors

plasma, 125

vitamin K-dependent, 126, 132
14C measurements

high-throughput method for, 548

from human blood, AMS for, 546

CNS lactic acidosis, 369, 373

Cobalamin(s), 415–417, 425, 472

Coenzyme A (CoA)

and ACP, selective physiologic functions

of, 298–301

formation, 296

metabolism, 295

structural components of, 291

synthesis inhibitors, 303

Coenzymes

acyl activation and transfer of, 183

carboxylations of, 185

definition, 175–176

flavo, 177–179
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generation of leaving group potential in, 180

groupings, 176

niacin, 196–197

nicotinamide, 176–177

one-carbon transfer of, 185

oxidation–reduction reactions of, 176

phophopantetheine, 183–184

for rearrangements on vicinal carbons:

vitamin B12, 188–189

tetrahydrofolyl, 185

Colchicine, 443

Cold, role of vitamin C in, 505

Collagen

ascorbate effects on, 502

degradation of, 501

Colon

cancer, folate for risk of, 535

carcinogenesis, NO role in, 344

Cone cells, iodopsin in, 6

Congenital haptocorrin deficiency, 425

Congenital heart defects, folic acid deficiency

and, 401–402

Congenital transcobalamin deficiency, 424–425

Conjunctiva and cornea, in vitamin A and public

health, 26–27

Conjunctivitis, 368

Convulsions, 80, 259, 273, 321

pyridoxine-dependent, 346

Coprophag(y)ia, 256, 417

Corneal vascularization, riboflavin deficiency

and, 238

Coronary artery disease (CAD), 423

risk and vitamine B6, 337

Coronary heart disease, vitamins E for, 167

Coumarin, for vitamin K inhibition, 116

C-reactive protein (CRP), 337, 340

Crohn’s disease, 374, 432

b-Cryptoxanthine, 2, 6

Cubilin, 419, 424

CUBN gene, 424

Cyanocobalamin, 417

structure of, 416

in U.S., 441

Cyclic ADP-ribose

for calcium signaling, 526

synthesis of, 219

N-Cyclohexylcholine, 462

Cyclooxygenase-2, 344

Cycloserine, 322, 323

Cyclotron, in MS, use of, 546

CYP26 genes, for body pattern of

embryo, 24

CYP2R1 protein, identification of, 55

g-Cystathionase, 318, 339

Cystathioninase, 243

Cystathionine, 437

excretion of, 321

Cystathionine b-synthase (CBS), 243, 396

Cystathionine synthetase (CS), 318, 339

Cytidinediphosphocholine (CDP-choline), 463

structure of, 460

Cytochrome P450s (CYPs)

in liver microsomes, forms of, 503

24,25(OH)2D3 production by, 56

25(OH)D3 production by, 55

vitamins E oxidation by, 160

Cytosine, for chromatin structure, DNA

methylation of, 531

46 kDa Cytosolic protein, in bovine liver, 160

D

1a,25(OH)2D3

biological activity of, 54

chemical synthesis of, 50

degradation pathways of, 57

dynamic behavior of, 49

immunoregulatory roles of, 68–69

metabolism of, 55–56

and mineral metabolism, 65–67

nongenomic actions of, 63–65

nuclear receptor, 59–60, 67

against P. aeruginosa, antimicrobial

activity of, 69

RIA for detection of, 76

structure of, 70

transcriptional activation, 59

Deacetylases, for chromatin structure, 529

Deafness, sensorineural, 266

7-Dehydrocholesterol, 42

in epidermis, concentration of, 53

irradiation of, 45

Dementia, 192

decline in, 462

of pellagra, 219

Demyelinating syndrome, 433

50-Deoxyadenosylcobalamin, 415–417, 422,

441–442

from vitamin B12, 188

Deoxycorticosterone acetate (DOCA), 333

Deoxypyridoxine, 317, 344

Deoxy ribo nucleic acid (DNA)

ascorbic acid for oxidative damage of, 499–500

into chromatin, histones in folding of, 523

damage (see DNA damage)

hypomethylation, 473

mutations, decreased frequency of, vitamin C

and, 507

nucleotide sequence of, 522
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polymerase, inhibitor of, 344

replication, effect of B12 deficiency on, 433

synthesis, 423, 534

topoisomerase I and II, 344

Deoxythymidine (dT), 437

Deoxythymidylate (dTMP), 396

Deoxyuridine (dU), 437

Deoxyuridylate (dUMP), 396

Dephospho-CoA-kinase activity, 296–297

Depression, 325, 371

increased sensitivity to choline, 477

in women, pyridoxine supplement

for, 322

Dermatitis, 368

pellagra-like, 321

periorificial scaly dermatitis, 373

riboflavin deficiency and, 238

sun-sensitive, 192

Dermatology

retinoic acid use in, 7

retinoids and, 2, 28

d-6-Desaturase, 340

Diabetes

on ascorbate transport, influence of, 503

CoA as component of, 301

complications, AG for effective treatment

of, 341

dietary thiamine deficiency and, 266

effect of biotin in, 374

mellitus, 438

Diacylglycerol, 467–468

Diarrhea, 273

Dicumarol, for anticoagulant therapy, 115

3,4-Didehydroretinol, 4

Dietary folate equivalent (DFE), 390

Dietary reference intakes (DRIs)

vitamin, appropriate uses of, 565–569

for vitamins, 559, 562–565

Dieter’s nucleus, 325

Diethanolamine, 462

Difenacoum, for rodent control, 116

Dihydrolipoyl acetyltransferase, 269

Dihydrolipoyl dehydrogenase, 269

Dihydroxyphenylalanine (DOPA)

decarboxylase, 323

4,40-Diisothiocyanatostilbene-2,20disulfonic acid

(DIDS), 336

5,6-Dimethylbenzimidazole, 416–417

Dimethylglycine, 461, 470

1,2-Dioctanoyl-sn-glycerol, 294

Diphenylhydantoin, 398

on vitamin D status and, 85

Diphtheria toxins, for mono(ADP-ribosyl)-

ation, 206

Diphylobothrium latum, 432

25(OH)D, liver for production of, 82

24,25(OH)2D3, metabolism of, 56–57

DNA damage

biotinylation of histones for, 525, 537

processes of, 210

role of poly(ADP-Ribose) metabolism

in, 211–214

DNA methylation, 397

and cancer, association between, 399

of cytosine for chromatin structure, 531

influence of nutritional exposure on, 535

mammalian, overview of, 532

status, dietary influence of, 534–536

DNA methyltransferases (DNMT),

function of, 533

Docosahexaenoic acid, 15

Domoic acid, 330–331

Domperidone, 327

Donepezil, 462

DOPA decarboxylase (DDC), 324

Dopamine-b-hydroxylase, norepinephrine

synthesis catalyzed by, 498

Dopamine (DA), 323

Down’s syndrome, 346, 427

25(OH)D2, RIA for detection of, 76

Dry beriberi, 272, 274

1a(OH)2D3, specific functions of, 65–71

Dysphasia, 366

Dystonia, 303

E

E3 aldehyde dehydrogenase, 469

Egg-white feeding, 371, 372

‘‘Egg-white injury,’’ 362

Egg yolk lecithin, 460

Elastin, hydroxylation of, 501

Embden–Meyerhof (glycolytic) pathway, 268

Encephalomalacia, 154

Enzyme-linked immunosorbent assay (ELISA),

calbindin-D28K detection and, 73

Epilepsy, treatment of, 304

Epoxide reductase, 131–133

Ergocalciferol, see Vitamin D2 (C28H44O)

Erythrocyte glutathione reductase activity

coefficient (EGRAC), 245–246

Erythrocyte transketolase

activation test, 276

assay, 278–279

Erythropoiesis, 441

Esophageal cancer, development of, 214

Estimated average requirement (EAR)

of folic acid, 389

for nutrition, 559–560
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Estrogens (ER), 46

membrane effects, 64

prothrombin synthesis and, 137

Ethanolaminephosphotransferase activity, 468

ETKAC, 278–279

Eubacterium, for menaquinones in human gut, 120

Euglena gracilis, 417

Eukaryotic regulatory peptides (ERP), 300

Extracellular matrix (ECM) metabolism,

ascorbic acid for, 500–502

Extrinsic factor, 415

F

Fat malabsorption syndromes, vitamin E

deficiency in result of, 165–166

Fat metabolism, role of riboflavin in, 243

Fatty acid synthase (FAS)

complex, catalytic sites associated with, 298

pathway, 300

Fatty liver, 460

Females and males, vitamin DRIs for, 562

Ferritin, 392

Fetal abnormalities, AFP for diagnose of, 54

Fetal resorption assay, for biologic vitamin E

activity, 154

a-Fetoprotein (AFP), for diagnose of fetal

abnormalities, 54

Fibrinogen, 337

Fish-oil, 2, 4

Flavin adenine dinucleotide (FAD), 234, 240

from riboflavin, 177

structural formula of, 235

Flavin mononucleotide (FMN), 234, 240, 318

from riboflavin, 177

structural formula of, 235

Flavins, transport in human blood, 240

Flavocoenzymes, 177–179

Flavokinase, 241

Flesinoxan, 334

5-Fluorouracil, 275, 398

Folate

coenzymes, metabolic reactions and

interconversions of, 393

deficiency, 476

dietary sources, 534

EAR and RDA for, 564

folate-dependent enzymatic reactions (see One

carbon metabolism)

metabolism, 549–551

for risk of colon cancer, 535

role in modification of DNA and histones, 522

role in regulation of nucleic acid stability,

533–534

Folic acid

absorption and transport, 390–391

bioavailability, 388

biochemical functions, 392–396

biomarkers and status assessment, 399–400

catabolism and turnover, 391–392

chemical properties, 387

deficiency, 400–403, 433

dietary reference intakes (DRIs), 389–390

EAR of, 389

excretion, 392

folate metabolism, factors affecting, 396–398

food folate, determination of, 388–389

food sources, 387–388

intake and status in U.S. and Canada, 388

intercellular storage, 391

RDA for, 390

structure and nomenclature, 386–387

UL for, 390

Folinic acid, 437

Folylpoly-g-glutamate carboxypeptidase, 390

Folylpoly-g-glutamyl carboxypeptidase, 397–398

Food, antithiamine compounds in, 263

Formaldehyde, with N-5 of tetrahydrofolyl

coenzyme, reaction of, 187

Formimidoyl THF cyclodeaminase, 396

Formiminotransferase, 396

5-Formyltetrahydrofolate, see Folinic acid

10-Formyltetrahydrofolate, 472

Fracture healing, role of 24,25(OH)2D3 in, 56

Frank beriberi, 281

Frank biotin deficiency, clinical findings of, 371

Free fatty acids, pancreatic esterases for

release of, 156

Friedreich’s ataxia, 166

Fuller’s earth, 256, 290

G

GABAergic neurons, 331

GABA shunt, 270

Galactoflavin, 242

Galantamine, 462

g-aminobutyric acid (GABA), 323–326, 330–333

Gas chromatography

for analysis of nicotinic acid and

nicotinamide, 197

for separation of vitamin D2 and D3, 48

Gastric cancers

rate of, 214

vitamin C supplements for, 507

Gastritis, 439

vitamin C supplementation for patients

with H. pylori, 500
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Geiger counting methods, for isotopic

measurement, 547

Gene regulation, epigenetic mechanisms

for, 522

Giardia lamblia, 432

Glucagon, 301

Glucocorticoid (GR), 46

membrane effects, 64

Glucocorticoid-response elements

(GREs), 343

Gluconeogenesis, 374

a-Glucose-1-phosphate, 318

78 kDa Glucose-regulated-protein (GRP78),

mono(ADP-ribosyl)ation of, 207

Glucuronic acid, 7

Glucuronidation, of RA, 25

Glutamate carboxypeptidase II (GCPII)

gene, 397

Glutamic acid decarboxylase (GAD), 324–326,

329–332

g-Glutamyl carboxylase, vitamin

K-dependent, 130

g-Glutamyl-L-cysteine-glycine (GSH), synthesis

of, 496

Glutaric aciduria (type II),

riboflavin-responsive, 244

Glutathione, 155

interaction between ascorbic acid and, 497

Glutathionylcobalamin, 417

Glycerophosphocholine, 461, 463, 466, 473

Glycinamide ribonucleotide transformylase, 396

Glycine

enzymes catalyzing condensation of, 318

N-methyltransferase, 395

Glycogen phosphorylase, 318

Glycohydrolysis, NADþ, 205–206

Glycolysis, 218

Glyoxalderived lysine dimers (GOLD), 341

Gonadotropins, 326

G6PD deficiency, 509

G-Proteins, cell signaling and, 207

Gram-negative bacterial endotoxin, 345

Graves disease, 365

L-Gulonolactone oxidase, 234

H

Hair follicle, role of VDR functioning in, 68

Hair loss, 373

Hallervorden–Spatz syndrome, 303

Hallucinations, 371, 440

auditory, 444

Haptocorrin, 420, 435

deficiency, 425

Hartnup’s disease

niacin for, 220

tryptophan absorption and, 201

Hashimoto’s disease, 438

Hearing loss, 444

Helicobacter pylori, 428–429, 500

Hematopoiesis, 28, 435, 440

Heme-oxygenase 1, 273

Hemicholinium-3, 462

inhibition, 464–465

Hemochromatosis, 509

Hemolysis, red cell, 509

Hemolytic anemia, 139

Hemorrhagic disease

kappadione or synkayvite for prevention

of, 115

of new born, 134–135

vitamin K for, 112

Hepatic steatosis, 302

Hepatocarcinoma, 474

High-density lipoproteins (HDL), 13

MK-4 in, 121

for transfer vitamin E, 157, 158

High-mobility group (HMG) proteins, 301

High-performance liquid chromatography

(HPLC)

for analysis of nicotinic acid and

nicotinamide, 197

plasma phylloquinone concentrations and, 121

separation of 14C-b-carotene and, 551

for synthesis of 18O- or 2H-labeled

vitamin K, 117

vitamin D separation and, 75–76

vitamin K metabolism and, 118

High-sensitivity CRP (hs-CRP), 337

Histamine, vitamin C for destruction

of, 505

Histidine catabolism, 396

Histidine decarboxylase, 323

Histone biotinyl transferases, 523–524

Histones

biotinylation of, 368, 523–525

chromatin structure and modifications

of, 522–523

for DNA damage, biotinylation of, 537

methylation of, 530, 536

modifications by biotinylation and

poly(ADP-ribosyl)ation, 522

poly(ADP-ribosyl)ation on, 527

HIV infection, 346, 432, 434, 443

HNF-1, 343

Holocarboxylase synthetase (HCS)

deficiency, fibroblasts from patients

with, 525

genetic deficiencies of, 368
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Holohaptocorrin, 421, 435

Holotranscobalamin, 421, 435–436

receptors for, 422

Homocholine, 462

Homocysteine, 399

formation of, 395

methods for measuring, 437

remethylation, 394

and riboflavin, 243

Homocysteinemia, 346

Homocysteinuria, 339–340

Horwitt and Kreisler carbohydrate metabolism

index, 276
3H tracers, AMS for detection of, 548

Human holocarboxylase synthetase (HCLS), 368

Humans

AMS in study of vitamins and mineral

metabolism in, 545–546

antioxidant role of vitamin E in, 160

vitamin D deficiency in, 80–81

Human umbilical vein endothelial cell

(HUVEC), 344

Huntington’s chorea, 325

Hydralazine, 303

Hydrocortisone, 342

Hydroxocobalamin, 417

b-Hydroxy amino acids, enzymes catalyzing a-b

cleavage of, 318

a-Hydroxy-b,b-dimethyl-x-butyrolactone,

see Pantolactone

8-Hydroxy-2-(di-N-propylamino) tertralin,

331, 334

6-Hydroxydopamine, 324

10-Hydroxyethylflavin, 241

5-(2-Hydroxyethyl)-4-methylthiazole, 267

5-Hydroxy indole acetic acid (5-HIAA), 328

Hydroxyindole-O-methyltransferase, 328

3-Hydroxyisovaleric acid, 370

excretion, 372, 376

24-Hydroxylase, expression, 57

2-Hydroxylated fatty acids, cleavage of, 271–272

Hydroxymethylriboflavins, 241

8-Hydroxy-2-n-dipropylaminotetralin, 329

4-Hydroxynonenal, 273

4-Hydroxyphenylretinamide (4HPR), 12

3-Hydroxypropionic acid, 370

5-Hydroxytryptophan (5-HTP), 324

Hyperacousis, 321

Hyperbilirubinemia, cause of, 139

Hypercalcemia, 70

risk of, 563

Hypercalciuria, 70, 82

Hypercholesterolemia, 216

Hyperemesis gravidarum, 275, 322

Hyperglycemia, 374

Hyperhomocysteinemia, 339–340, 397, 398, 425,

426, 440, 445, 473

cardiovascular implications, 337–340

Hyperirritability, 321

Hyperlipidemia

niacin for, 220

nicotinic acid and, 221

Hypernatremia, 473

Hyperoxaluria, development of, 509

Hyperparathyroidism, 80

1a,25(OH)2D3 analogs for, 71

22-oxa-1a,25(OH)2D3 analogs for, 70

in patients with renal failure, 67

secondary, 81

Hypertension, 333, 340

Hyperthyroidism, 243, 246

Hypervitaminosis A

of nutritional origin, prevention of, 29

signs of, 20

Hypervitaminosis D, 81–82

Hypocalcemia, 84

Hypoglycemia, 374

recurrent in infants, 243

Hypolipoproteinemia, 165

Hypoparathyroidism, 84

vitamin D and its analogs for, 81

Hypophosphatemia, 84

Hypoprothrombinemia, 121

human, 133

Hyporetinolemia, 22

Hypothalamus–pituitary–thyroid system,

control of, 327

Hypothalamus, regulatory role of, 326

Hypothyroidism, 246, 437

in humans, 137

hypothalamic, 328

Hypotonia, 371

Hypovitaminosis D, 81

Hypsarrhythmia, 333

I

IF gene, mutations in, 423

Imerslund–Gräsbeck’s syndrome, 420, 424

Imipramine

riboflavin utilization and, 236

structural formula of, 237

Immune function, role of vitamin C in, 504

Immune system, changes due to

vitamin A, 27–28

Immunity, and vitamin B6, 344–346

Immunochemical assay, for ucOC, 135

Immunodeficiency syndromes, 1a,25(OH)2D3

analogs for, 70
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Immunoglobulins, 437

and binding of riboflavin, 240

production, role of 1a,25(OH)2D3 in, 68

Immunoregulatory roles, of 1a,25(OH)2D3, 68–69

Immunosuppression, and vitamin B6

depletion, 344

Indandione, vitamin K inhibitor, 116

Indium-111, 443

Infants

B12 deficiency in, 429

beriberi in, 273

biotin-deficient, 371

choline requirement for, 475

IF deficiency in, 438

need for riboflavin supplementation

in, 243

with transcobalamin deficiency, 425

Inflammatory bowel disease (IBD), 340

Insulin, 301

1a,25(OH)2D3 for secretion of, 68

vitamin D status for, 43

Insulin-dependent diabetes mellitus (IDDM)

in animals, chemical induction of, 213

niacin for, 220

nicotinamide for prevention of, 221, 222

Interferon, 341, 374

Interleukins, 374

Internal ribosomal entry site (IRES), 442

Intestinal calcium absorption (ICA), for

vitamin D activity, 72–73

Intestinal cancers, vitamin C supplements

for, 507

Intestinal disorders, on vitamin D status,

influence of, 82

Intestinal metabolism, of vitamin A, 15–18

Intracellular cobalamin metabolism, inborn

errors of, 425–426

Intrinsic factor (IF), 415

Iodopsin, in cones, 6

Ipsapirone, 334

IRES transactivating factor (ITAF), 442

Iron deficiency, and pellagra for general

weakness, 194

Iron-related disorders, 509

Isobutyryl CoA, 270

Isoniazid (isonicotinic acid hydrazide), 303,

322–323

Iso-PPADS, 336

Isovaleryl CoA, 270

J

Japan methylcobalamin, 441

Jaundice, obstructive, 84, 120

K

Kappadione, 115

Kennedy pathway, 467, 468

Keratoconus, treatment with riboflavin and UV

light, 238

Keratomalacia, 25

Kernicterus, cause of, 139

Ketoacidosis, 270

Keutel syndrome, 136

Kidney

production of 1a,25(OH)2D3 in, 56

synthesis of 1a,25(OH)2D3 in, 66

Kidney stones, formation of, 508

Konakion, 115

Korsakoff psychosis, 274

Krebs cycle, 184, 268, 270

Kynureninase, 318

L

Lactic acidemia, 369, 373

Lactic acidosis, 373

lethal, 269

type B, 244

Lactobacilli sp.

casei, 389

fermenti, 260

leichmannii, 417, 434

plantarum, 305

viridescens, 260

Lecithin, 460

Lecithin–cholesterol acyltransferase (LCAT), 468

Lecithin retinol acyltransferase (LRAT)

all-trans-retinol for, 13

for CRBP, 18

retinyl ester formation by, 19

Left ventricular diastolic pressure (LVDP), 336

Leigh’s disease, 269, 272

Leiner’s disease, 371

Leprosy, 82

Leukemia(s)

acute promyelocytic, uses of retinoids in, 29

1a,25(OH)2D3 analogs for, 71

childhood, incidence of, 135

nitrosourea-induced, 215

supplementation of nicotinic acid and

nicotinamide for, 216

Leukopenia, 215

Levamisole, 345

Ligand-binding domain (LBD), 55

for 1a,25(OH)2D3, 64

structure of, 61

Lipid rafts, 470–471
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Lipid storage myopathy, in infants, 243

Lipoic acid, 184–185

biotine uptake inhibition by, 364

Lipopolysaccharide (LPS), 345

b-Lipoproteinemia, 18

Lipoprotein lipase, chylomicrons catabolism

by, 157

Lipoproteins

mechanisms of metabolism of, 157

for retinyl esters bound, 13

synthesis, 165

transport of carotenoids and retinyl esters by, 10

Lipotrope, 460, 474

deficiencies, 536

Liquid chromatography–mass spectrometry

(LC-MS), for determination of

vitamin D, 74–75

Liquid scintillation counting methods, for

isotopomers measurement, 547

Liver

bovine, 46 kDa cytosolic protein in, 160

cirrhosis of, 85

disorders, 82–84

human, vitamin K content of, 123

for production of 25(OH)D, 82

Lou Gehrig’s disease, 167

Low-density lipoproteins (LDL), 13

peroxyl radical formation in, 499

phylloquinone in, 121

Lumichrome (7,8-dimethylalloxazine), 234

Lumiflavin (7,8,10-trimethylisoalloxazine), 234

Lung

diseases, vitamin C for, 507

injury, oxidant and niacin status, 216–217

Lung cancer

b-carotene for, 30

risk of, 507

Lupus erythematosus, 303, 304

Lutein, structure of, 6

Lycopene, structure of, 6

Lysine, acetylation of, 525

Lysine tyrosyl quinone (LTQ), isolation, 180

LYS2, in yeast, 297

Lysl topa quinone (LTQ), structure of, 180

Lysophosphatidylcholine, 463

atherogenesis stimulation by, 472

share in total choline tissue

deposition=storage, 466

structure of, 461

Lysosphingomyelin, structure of, 461

M

Magnetic resonance imaging (MRI), 332

Magnetic resonance spectroscopy, 332

Malaria, beneficial role of riboflavin

deficiency in, 242

Malnutrition, vitamin D, 81

Malonaldehyde, 502

Malonyl CoA, 369

Maple syrup urine disease, 270

Mass spectrometry (MS)

accelerator description, 545–548

for analysis of nicotinic acid and

nicotinamide, 197

LC, for determination of vitamin D, 74–75

Matrix Gla protein (MGP), 127

action of, 136

synthesis in bone, 135

Matrix metalloproteinase-2, 472

Measles, vitamin A for children with, 27

Megaloblastic anemia (MGA1), 420, 424, 425,

429, 432, 435

B12 deficiency-related, reversal of, 433

dietary thiamine deficiency and, 266

thymidine incorporation in, suppression of, 437

Melanin synthesis, 53

Melatonin, 328

Menadione

biological activity of, 114

in poultry, use of, 121

structures of, 113

Menadione sodium bisulfite complex (MSBC),

in poultry industry, 115

Menaquinione(s)

daily intake of, 119

distribution of, 122

in human gut, produce of, 120

isoprenalogs of, 114

by thin-layer or paper chromatographic

systems, separation of, 118

Menaquinone-4 (MK-4)

for osteoporosis, 135

synthesis of, 123

Menaquinone-7 (MK-7), structures of, 113

Menatetrenone, for osteoporosis, 115

Mental retardation, 333

b-Mercaptoethylamine, 294

‘‘Methionine cycle,’’ 337, 339

Methionine, dietary sources of, 534

Methionine synthase, 417, 425

cellular uptake and metabolism, 422

inactivation of, 432

Methionine synthase reductase (MTRR),

394, 426

66A1G variant, 397

cellular uptake and metabolism, 422

Methotrexate, 398, 476

2-Methyl-4-amino-5-pyrimidinecarboxylic

acid, 267
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Methylation

of histones, 536

modification of chromatin by, 530–536

2-Methylcitric acid, 370, 437

Methylcobalamin, 243, 338, 415, 417, 425, 426

from vitamin B12, 188

Methylcrotonyl CoA carboxylase (MCC),

369–370

3-Methylcrotonylglycine, 370

5-Methylcytosine (5mC), 530

Methylenetetrahydrofolate, 470, 473

5,10-MTHF, 338, 472

Methylenetetrahydrofolate reductase (MTHFR)

cellular uptake and metabolism, 422

heat-sensitive form of, 243

5,10-MTHFR, 394–399, 401–402

Methylfolate trap, 433

Methylglyoxal-derived lysine dimers

(MOLD), 341

Methylmalonic acidemia, 425, 426

Methylmalonic acid, indicator of B12

deficiency, 434

Methylmalonic aciduria, 425

Methylmalonyl CoA mutase, 417, 425

cellular uptake and metabolism, 422

Methyl metabolism, 531

2-Methyl-1,4-naphthoquinone, 113

Trans-1-Methyl-4-(1-naphthylvinyl)-pyridinium,

462

W-Methylpantothenate, 302

W-Methyl-pantothenic acid, 303

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP), 324

N-5-Methyltetrahydrofolate, 243

5-Methyltetrahydrofolate (5-MeTHF), 338–339,

433, 472

formation of, 394

Methyltetrahydrofolate reductase, 243

4-Methylthiazole-5-acetic acid, 267

Mg2þ, poly(ADP-ribosyl) ation of, 211

Micrognathia, 374

Micromelia, 374

Mineral metabolism

1a,25(OH)2D3 and, 65–67

in humans, AMS in study of vitamins and,

545–546

Missense mutation, 366

Molybdopterin, structures of, 186

Mono(ADP-ribosyl)ation, of niacin, 206–207

Monoamine oxidase, 234

Monofluoromethyl dopa, 328

a-Monofluoromethyl-p-tyrosine, 324

Morbidity and mortality, of vitamin A, 27–28

Multiple acylcoenzyme A dehydrogenase

deficiency, riboflavin-responsive, 244

Munia maja, 254

Mutases, 417

Myelin, 433

Myelination, 433

Myocardial infarction, 136, 506

Myopathy, 67

Myxoedema, 438

N

N-acetylserotonin (NAS), 328

N-acetyltransferase (NAT), 328

Na-K-ATPase inhibitors, 294

Nardoo ferns, 263

National Health and Nutrition Examination

Survey (NHANES), 388

Neonatal jaundice, phototherapy of, 234

Nephropathy, 341

Neural tube defects (NTDs), 475

fetal, 440

folic acid and, 400–401

reduced risk by folic acid, 386

Neuronal demyelination, 433

Neutrophil chemotaxis, influence of vitamin C

on, 505

New borns, hemorrhagic disease in, 115, 134–136

Niacin coenzymes, 196–197

Niacin (vitamin B3), 191–196, 234; see also

Nicotinamide; Nicotinic acid

absorption, 201

chemistry, 196

and chromatin structure, 526–530

deficiency of, 214–220

distribution and metabolism, 202

EAR and RDA for, 564

food content, dietary requirements, and

assessment of status, 197–199

mono(ADP-ribosyl)ation, 206–207

NADP and NAD from, 176

pathways of synthesis of, 199–201

pharmacology and toxicology of, 220–223

physiology, 199–202

poly (ADP-ribosyl)ation, 208–217

status, 216–217, 529–530

Nicotinamide, 221–222, 300

and IDDM, 221–222

toxicity, 223

Nicotinamide adenine dinucleotide (NAD)

in chromatin structure, role for, 529

cofactors, in redox reactions, 202–203

in genomic stability, role for, 207

glycohydrolase, catabolic activity of, 203, 205

glycohydrolysis, 205–206

metabolism, in bone marrow of rats, 215
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from niacin, 176, 196

during niacin deficiency, competition for,

217–220

as substrate, 203

synthesis in mammals, pathways of, 200

synthesis of, 193

for synthesis of poly(ADP-ribose), 526

synthesis of pyridine ring of, 199

Nicotinamide adenine dinucleotide phosphate

(NADP), from niacin, 176, 196

Nicotinamide coenzymes, 176–177

Nicotinamide nucleotides, reaction types of

dependent on, 195

Nicotinic acid

and hyperlipidemia, 221

to NAD in yeast, conversion of, 199

for prevention of cardiovascular disease, 221

for reduction of lung pathology, 216

in skin, action of, 217

toxicity, 221

Nicotinic acid adenine dinucleotide phosphate

(NAADP)

ADP-ribose cyclization and synthesis of,

203–205

function, 196

structures and origin of cyclic ADP-ribose

and, 204

Nicotinic acid=nicotinamide

absorption of, 201–202

chemical structures of, 197

chemistry, 196

effect on carcinogenesis, 215

for leukemia, supplementation of, 216

Nifedipine, hypotensive effect of, 335, 336

Night blindness, 3, 22, 25, 26

Nimodipine, 331

Nitric oxide (NO), role in colon

carcinogenesis, 344

Nitric oxide synthase, 234, 273, 341

Nitritocobalamin, 417

Nonvalvular atrial fibrillation (NVAF), 340

Norepinephrine (NE), 323, 326, 327, 333

and adrenal hormone synthesis, 498–499

Nuclear factor I (NFI), 343

Nuclear factor kappa-B(NF-kB), 339

Nuclear magnetic resonance (NMR) spectroscopy,

for vitamin D secosteroids, 46

Nuclear retinoid receptors, 14–15

Nucleic acid, role of folate in regulation of

stability, 533–534

Nucleus tractus solitarii (NTS), 334

Nutrition

adequate intakes (AIs) for, 561

estimated average requirement (EAR) for,

559–560

recommended dietary allowance (RDA) for,

560–561

upper intake level (UL) for, 561–562

use of AMS in, 547

O

Obstructive jaundice, 84, 120

Ochromonas danica, 260

Oliguria, 273

One Carbon metabolism, folate-dependent

enzymatic reactions and

histidine catabolism, 396

homocysteine remethylation, 394

5-Methyltetrahydrofolate formation, 394

nucleotide biosynthesis, 396

S-adenosylmethionine, 394–395

serine–glycine interconversion, 392

transsulfuration pathway, 395–396

Optic atrophy, 303, 368

Oral cancer, risk for, 214

Organic acids, increased urinary excretion

in infants, 243

Organic aciduria, 370, 373

Organic cation transporters (OTC), 466

Osmolytes, 473

Osteoarthritis, BMD in patient with, 81

Osteocalcin (OC), 125

production of, 66

synthesis in bone, 135

Osteomalacia, 44, 84

in adults, 80

Osteoporosis, 81, 423, 434, 444

1a,25(OH)2D3 analogs for, 70, 71

menatetrenone for, 115

MK-4 for, 135

vitamin D analogs for, 81

Osteosarcoma cells, 66

Osteosclerosis, 84

Ouabain, 294

Oxalic acid, 508–509

Oxidative stress, 496

a-tocopherol for, 154

markers of, 273

Oxythiamine, 259, 264

P

Pancreatic esterases, free fatty acids and, 156

Pancytopenia, 433

Panic disorders, 325

Pantetheine transferase (LYS5), 297

Panthenol, use of, 304

Pantolactone, 290
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Pantothenase, 294

Pantothenate, 290

Pantothenic acid

ACP and COA, selected physiologic functions

of, 298–301

acyl carrier protein (ACP), 297–298

AI for, 565

biosynthesis of, 291

biotine uptake inhibition, 364

cellular transport and maintenance, 294

chemical perspectives and

nomenclature, 289

CoA metabolism and importance of

pantothenic acid kinase, 295–296

deficiency, clinical relationships, and

polymorphisms, 301–303

dietary reference intakes (DRI), 292

food sources and requirements, 291–292

intestinal absorption and maintenance,

293–294

pharmocology, 303–304

RDA for, 292

status determination, 304–305

toxicity, 304

Pantothenic acid kinase (PanK), 295

Paper chromatographic systems, menaquiniones

separation by, 118

Parasitemia, 242

Parathyroid hormone (PTH), 43

disorders, vitamin D status and, 84

role of 24,25(OH)2D3 in secretion of, 56

for serum calcium and phosphate level, 65

Paresthesias, 440

of extremities, 371

Parkinson’s disease, 274, 326, 466, 471, 529

increased sensitivity to choline, 477

PARP-1 and poly(ADP-ribosyl)ation for

chromatin structure, 526–528

Pcyt1a and Pcyt1b, 467

Pellagra

child with, 194

clinical signs of, 203

clinical symptoms of, 214

dementia of, 219

like dermatitis, 321

neurological and psychological changes

in, 193

niacin deficiency and, 192

Penicillamine, 322, 323

Pentose phosphate pathway, 271

Pentosidine, 341

Peptidyl proline, hydroxylation of, 502

Periodontal disease, 81

Perioral dermatosis, 322

Periorificial scaly dermatitis, 373

Pernicious anemia, 415, 423, 428–431

autoimmune, 434

and thyroid diseases, clinical association

between, 438

Peroxynitrite, 339

Pertussis toxins, for mono(ADP-ribosyl)ation, 206

Phenobarbital, 398

on vitamin D status, influence of, 85

Phenytoin, 398

Phophopantetheine coenzymes, 183–184

Phorbol 12-myristate 13-acetate (PMA), 294

Phosphate, vitamin D endocrine system and, 56

Phosphatidic acid, 468

Phosphatidylcholine, 297, 463, 470;

see also Lecithin

CT activity inhibition by, 467

degradation, 468

PEMT-dependent biosynthesis of, 467

structure of, 461

total choline tissue deposition=storage,

share in, 466

Phosphatidylethanolamine, 297, 468

phosphatidylcholine from, 475

SAM-dependent methylation of, 467

Phosphatidylethanolamine methyltransferase

(PEMT), 467

Phosphocholine, 463

structure of, 461

total choline tissue deposition=storage,

share in, 466

3-Phosphoglycerate, 392

Phosphoglycerol, 474

Phosphokinase A and C (PKA=PKC), 294

Phosphokinase C (PKC), 294

Phospholipase A2, B, C and D, 463, 468

Phospholipase activity, 463

40-Phosphopantetheine, 293, 296

in ACP, 298–299

40-Phosphopantetheine adenylyltransferase, 297

40-Phosphopantothenoylcysteine synthetase,

inhibitor of, 303

Phosphorus and calcium, for biological

processes, 43

Phosphorylase b, 318

Phosphotungstic acid, 256

Phylloquinone

absorption of, 121

bioavailability of, 120

daily intakes of, 119

metabolites, 124

radioactive, activity of, 122

structures and degradation of, 113

use of, 115

Phytanic acid, 15, 268

Phytonadione, 113
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Picrolinic acid, 256

Pigmentary retinopathy, 303

Pipecolic acid, 332–333

Plasma carotenoids, 23

Plasma-clotting factors, 125

Plasma haptocorrin, 420

Plasma retinol, 20–22

causes of low level of, 12

kinetics and recycling of, 23

values, 22

Plasmodium berghei, 242

Platelet-activating factor (PAF), 472

PNP oxidase, 317

Poly(ADP-Ribose)

alternate, polymerase genes, 209–210

in bone marrow cells, synthesis of, 218

catabolism, 210

degradation, 209, 210

in DNA damage, role of metabolism of,

213–214

mechanisms of action for, 210–211

metabolism, and carcinogenesis, 214–216

synthesis, 208–209

Poly(ADPribose) polymerase (PARP), 206

activation of, 208

activity in DNA damage, 214

in cells, chemical inhibition of, 212

Poly(ADP-Ribosyl)ation

of histones for DNA damage, 537

histones modifications by, 522

metabolic roles of, 212–213

of niacin, 208–217

and PARP-1 for chromatin structure,

526–528

Polyglutamate folate, 397

Polyneuritis, 254, 272

Polyunsaturated fatty acid (PUFA), 373

n-6 PUFA, 374

Pork meat, 261

Poultry industry

menadione use in, 121

MSBC use in, 115

P2 purinoceptors, 335

Prazosin, 336

Pregnancy

inducement of bioting catabolism during, 370

and riboflavin-binding proteins, 241

risk of choline intake, 475

vitamin B6 deficiency in, 322

Presenilin 1, 273

Procainamide, 303

Prochiral R and S forms, nicotinamide coenzymes

and, 177

Progesterone (PR), 46

membrane effects, 64

Prolactin (PRL), 326

secretion, 328–329

Propionibacterium, menaquinones in human gut

and, 120

Propionyl CoA, 270

accumulation of, 373

Propionyl CoA carboxylase (PCC), 369–370

Propranolol, 336

Prostate cancer, 1a,25(OH)2D3 analogs for, 71

Protein C activation, by thrombin, 126

Protein kinase C (PKC), a-tocopherol and, 162

Protein oxidation, ascorbic acid for, 500

Protein(s)

a-tocopherol transfer, 158–159

calcified tissue, 125–127

heat shock, 527

nutritional deficiencies of, 22

phosphorylation of, 43

PLP for metabolism of, 182

vitamin K-dependent, 125–127, 131

Protein S, synthesis in bone, 127, 135

Prothrombin

discovery of Gla residues in, 129

in humans and animals, production of, 127

Provitamin A carotenoids to retinoids

in intestinal vitamin A metabolism, conversion

of, 15–17

Provitamin D

photochemical production of, 48–49

side chains of, 48

UV spectrum of, 75

Pseudomonas aeruginosa, antimicrobial activity

of 1a,25(OH)2D3 against, 69

Pseudomonas toxins, for mono(ADP-

ribosyl)ation, 206

Psoriasis, 476

acetretin (soritane) for, 28

calcipotriol for, 67, 70

vitamin D analogs for, 81

Pterin, 386–387

Pteroyl-g-glutamyl carboxypeptidase, 389

Pteroylpolyglutamate synthesis, 550

Pulmonary tuberculosis, treatment of, 323

Purines, folate for synthesis of, 533, 549

Purinoceptors, 337

Pyridoxal-a5-phosphate-6-azophenyl-20,40-
disulfonic acid (PPADS), 336

Pyridoxal kinase, 317

Pyridoxal-50-phosphate (PLP), 181–183, 316, 392

PLP-dependent enzymes, 317–319

from vitamin B6, 181

Pyridoxamine, AGEs inhibitors, 340–342

Pyridoxamine-50-phosphate (PMP), 316

from vitamin B6, 181

Pyridoxamine (PM), 342
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Pyridoxic acid (PA), 320

Pyridoxine

deficiency, congenital, 329

glycosylated forms of, 319

Pyridoxine hydrochloride, 320

Pyridoxine-50-phosphate (PNP), 316

Pyrimidine synthesis, folate for, 549

Pyrithiamine, 259, 264

Pyrophosphatase, 294

Pyrroloquinoline quinone (PQQ),

structure of, 180

Pyruvate carboxylase (PC), 369

Pyruvate decarboxylase, 269

Pyruvate dehydrogenase, 258, 259

complex, 268–269

Q

Q893 (bacterial enzyme), 397

Quadriparesis, 366

Quinacrine, influence on riboflavin

utilization, 237

Quinoneimine chromophore, 463

Quinones and quinoproteins, 179–180

R

Radioimmunoassay (RIA)

calbindin-D28K dedection and, 73

25(OH)D3 and 25(OH)D2 dedection and, 76

RAGE (AGE receptors), 341

Rapid eye movement (REM) sleep, 326

RAR-b, expression, 15

Ras proteins, 301

Rat line test, 72

for determination of vitamin D, 71

Recommended dietary allowance (RDA)

for nutrition, 560–561

and UL values for vitamin A, 9

values for niacin, 198

Red cell hemolysis, 509

Reduced folate carrier (RFC ) gene, 391

Renal carcinogenesis, 214

Renal dialysis, 371

Renal diseases, 22

Renal disorders, on vitamin D status,

influence of, 84

Renal failure, hyperparathyroidism in patients

with, 67

Renal insufficiency, 437

Renal osteodystrophy

1a,25(OH)2D3 analogs for, 70, 71

vitamin D analogs for, 81

Respiratory distress syndrome, 216

Respiratory infections, vitamin C and, 505

Resveratrol, 529

Retina, 26

CRBP and CRABP expression in, 14

RPE65 for vitamin A metabolism in, 16

11-cis-Retinal

for rhodopsin in rods, 26

Retinal pigment epithelium (RPE)

in retinoid cycle, role of, 26

storage of vitamin A in, 14

Retinitis pigmentosa, 165, 166

Retinoic acid (RA)

albumin for circulatation of, 13

biogenesis of, 26

for cell differentiation, 2

in dermatology, use of, 7

glucuronidation of, 25

for maintenance of corneal epithelium, 26

metabolism of, 25

production of, 10

side effects of, 28

structure of, 4

Retinoid-binding proteins (RBP), 54

intracellular, 13–14

intracellular and extracellular, 11, 14

release of, 20

synthesis of, 22

Retinoid cycle, 26

Retinoid metabolism

hydrolysis of retinyl esters in, 23

intracellular, 23–25

oxidation-reduction and irreversible oxidation

reactions of retinol in, 24

polar retinoids formation in, 24–25

Retinoid receptors, nuclear, 14–15

Retinoid(s)

absorption properties of, 4

definitions of, 3

for dermatological diseases, 2

human absorption and metabolism of, 551

isomerization of, 25

lipophilic, conjugation of, 7

medical uses of, 28

nutritional equivalency, 8–10

nutritionally important, properties of, 3–7

in plasma, 23

solubilization of, 16

Retinol

biological activity of, 3

dietary, nutritional equivalency of, 8

oxidation–reduction and irreversible oxidation

reactions of, 24

plasma, 12, 20–22, 23

by RBP, transport of, 12
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11-cis-Retinol

structure of, 4

for vision, 2

Retinol-binding protein (RBP), 12; see also

Retinoid-binding proteins (RBP)

All-trans-Retinol, for LRAT, 13

Retinopathy, pigmented, 166

Retinyl esters

digestion of, 17

formation by LRAT, 19

hydrolysis of, 23

liver stellate cells for, 19

secretion in chylomicrons, 18

Reverse transcriptase, 344

Reye syndrome, 302

CoA as component of, 301

RFC1 gene, 397–398

Rheumatoid arthritis, 345, 476

treatment of, 443

Rhodopsin

in rods, 11-cis-retinal for, 6, 26

Riastigmine, 462

Riboflavin, 301

absorption of, factors influencing, 240

accelerated photodegradation, due to addition

of sodium bicarbonate, 238

binding proteins, 241

on boric acid toxicity, 241

conversion into FMN=FAD, metabolic

pathway of, 235

deficiency, 234, 236, 240, 242

EAR and RDA for, 564

FMN and FAD from, 177

metabolism, thyroid hormone

control of, 243

photosensitizing properties of, 244

recommended dietary allowance (RDA), 240

sources and thier caloric content, 239

sources of, 238

structural formula of, 235, 237

urinary excretion of, 241, 245

Riboflavin (Vitamin B2), 233–246

antioxidant activity, 241–242

and carcinogenesis, 244–245

chemistry, 234

deficiency, 236–238

fat metabolism, role in, 243–244

food-related issues, 238–239

and homocysteine, 243

and malaria, 242–243

metabolism, inborn errors of, 243–244

pharmacology, 244

physiology, 240–241

requirements and assessment, 245–246

toxicology, 244

Riboflavinyl peptide ester, 241

Ribonucleotide reductase, 417

Ricebirds, 254

Rice, silverskin layer of, 254

Rickets, 43

in children, 80

descriptions of, 44

type II, vitamin D-dependent, in children, 86

type I, vitamin D-dependent, in children, 85

RNA

formation of, 503

synthesis of, 534

RNA polymerase, 343–344

Rods cells

11-cis-retinal for rhodopsin in, 26

rhodopsin in, 6

Roger’s disease, 265

RPE65, for vitamin A metabolism in retina, 16

Ryanodine, 336

S

S-Adenosylhomocysteine (SAH), 338, 394

accumulation, 536

conversion of SAM to, 395

S-Adenosylmethionine (SAM), 338, 392–393,

423, 433, 442, 467, 473, 474

for choline (phosphatidylcholine)

biosynthesis, 476

depletion, 536

folate-dependent production of, 533, 537

formation of, 394–395

inhibition of BHMT transcription by, 470

in inhibition of histone methylation, role of, 536

SAH from, 534

synthesis of, 530, 537

for synthesis of phosphatidylcholine

from, 475

S-Adenosyltransferase, 394

Salicylazosulfapyridine, 398

Salt stress, 463

Sarcoidosis, 82

Sarcosine, 395

structure of, 461

Sarcosine dehydrogenases, 234, 470

Schilling test, 438

food-bound, 439

Schizophrenia, 193

niacin for, 220

Scurvy

features of, 500

onset of, 496

rebound, 508

signs of, 504
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Seizures, 368

Selenium

for cancer, 214

DRIs for, 162

Sensorineural deafness, due to dietary thiamine

deficiency, 266

Serine hydroxy methylase, 318

Serine hydroxymethyl transferase (SHMT), 338,

344, 392–393

Serine, phosphorylation of, 525

Serotonin, 326, 327, 328, 331

cardiovascular effects of, 334

(5-HT), 323

Sex differences, on vitamin D status,

influence of, 85–87

Sex hormone-binding globulin (SHBG), 54

Short-gut syndrome, 370

Shoshin beriberi, 273

Silverskin, 254

Single nucleotide polymorphisms (SNPs),

affecting folate metabolism, 396–398

Sirtuins, action of, 529

Skeletal and vascular health

role of vitamin K status in, 135–136

Skeletal muscle

1a,25(OH)2D3 for target of, 67

Skeletal myopathy, 166

Skin injury, niacin status and, 217

Skin rash, 373

seborrheic and eczematous, 371

SLC19A3, for biotin transport, 366

SLC19A2=SLC19A3, 265–266

Sleep

deep slow-wave and REM sleep, 326

disorder, in women, pyridoxine supplement

for, 322

Smokers, folate deficiencies in, 536

Snake venom

preparations, 133

vitamin K-dependent proteins in, 127

Sodium-dependent multivitamin transporter

(SMVT ) gene, 364, 366–367

silencing by siRNA, 367

variants of, 365

Sorbitol, 473

Soritane, for psoriasis, 28

Sphingomyelin, 463, 470

biosynthesis and turnover of, 468

choline as component of, 460

structure of, 461

Sphingomyelinase, 463

Sphingosine, 346

Sphingosine synthetase, 318

Sphingosylphosphorylcholine, 468

Spina bifida, 434

Spinal cord, in pellagra, pathological changes

in, 193

Spiroxatrine, 329, 331, 334

Squamous metaplasia, 3

Staphylococcus aureus infections, inhibitors

of, 303

Steatorrhea, 16

Sterol regulatory element binding proteins

(SREBP), 297

Streptavidin, 362

Streptomyces avidinii, 362

Stroke, 423

Subacute combined degeneration of spinal cord

(SACD), 442

Subacute necrotizing encephalomyopathy, 272

Succinic dehydrogenase, 234

Succinic semialdehyde (SSA), 325

Succinyl CoA, 270

Sudden infant death syndrome, 371

Sulfasalazine, 398

Sulfitocobalamin, 417

8a-Sulfonylriboflavin, 241

Synkayvite, 115

Systemic riboflavin deficiency, 234

T

Tacrine, 462

Tankyrase (TNKS), 209

Tattoo, removal with pantothenic acid, 303

TCA cycle, 218

oxidation of acetate in, 202

T-cell immunity, 374

Telomeres, maintenance and protection of, 213

Teratogenicity, 25, 28

Testosterone, membrane effects, 64

Tetany, 80

Tetrahydrobiopterin, structures of, 186

Tetrahydrofolate (THF), 338, 386, 423

breakdown of, 387

5-methyl, 391, 394–395

methylene, 423

5,10-methylene, inhibition by SAM, 396

regeneration of, 392

Tetrahydrofolyl (THF) coenzymes, 185

Tetrahydropteroyl-L-glutamates, 186

Thalassemia, 509

Thiaminases, 263

Thiamine

analogs as antagonists, 258–260

analytical procedures, 260–261

biochemical functions, 268–273

biosynthesis, 256

chemical synthesis, 256
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deficiency, 194, 259, 266, 270, 273–275

depletion, 272

derivatives, lipid-soluble, 258

dietary sources of, 261–262

in food, 261–263

human requirements and recommended

intakes, 279–281

isolation, 256

metabolism, 263–268

pharmacology, 281

physical and chemical properties, 256–258

status, assessment of, 275–279

structure and nomenclature, 255–256

toxicity, 281

TPP from, 180

Thiamin, EAR and RDA for, 564

Thiamine diphosphate-dependent dehydrogenase

complex, 270

Thiamine diphosphate (TDP), 258

Thiamine hydrochloride, 256

Thiamine mononitrate, 256

Thiamine monophosphate (TMP), 255–256,

258, 264

Thiamine phosphate synthetase, 256

Thiamine pyrophosphatase (TPP), 180–181, 258,

264, 342

function of thiazole of thiazole moiety of, 181

Thiamine pyrophosphokinase, 264

Thiamine-responsive megaloblastic anemia

(TRMA), 265–267

Thiamine triphosphate (TTP), 258

Thin-layer chromatography

for determination of phylloquinone, 122

menaquiniones separation by, 118

Thiochrome, 257, 267, 276

Thioredoxin, 498

Thrombin, protein C activation by, 126

Thrombosis, 340, 440

ThTr1 pathway, 267

THTR-2, thiamine transporter, 366

ThTr1=ThTr2, 265–266

Thymidylate, 432

Thymidylate synthase, 396, 398

Thyroid-binding globulin (TBG), 54

Thyroid hormones

control of riboflavin metabolism, 243

flavin coenzymes synthesis from riboflavin

and its control by, 234– 235

membrane effects, 64

Thyroid-stimulating hormone (TSH), 326–328

Thyrotoxicosis, 438

Thyrotropin-releasing hormone (TRH), 326–327

receptors, 328

Thyroxin (T4), 264, 327–328

Tinnitus, 444–445

a-Tocopherol, 4; see also Vitamin E

to a-CEHC, pathway for metabolism of, 161

contents of selected foods, 164

for inhibits PKC, 162

for oxiadative stress, 154

recirculation of, 160

for retinitis pigmentosa patients with vitamin E

deficiency, 165

space-filling structures of, 159

synthesis of, 155

Tocopherol-binding proteins, 159–160

a-Tocopherol transfer protein (TTP), 158–159

for transfer of a-tocopherol, 154

vitamin E deficiency caused by genetic defects

in, 164–165

a-Tocotrienol, space-filling structures of, 159

Topa quinone (TPQ), structure of, 180

Transaldolase, 271

Transcobalamin, 420, 421, 424, 435–436

Transcobalamin I, see Plasma haptocorrin

Transketolase, 270–271

activity, 278

Transsulfuration pathway, 395–396

Transthyretin (TTR), 12

synthesis of, 22

Triamterene, 398

Tricarboxylic acid (TCA) cycle, 370;

see also Krebs cycle

Triethylcholine, 462

Triglycerides, hydrolysis of, 18

Triiodothyronine (T3), 327–328

Trimethoprim, 398

Trimethylamine, 462

g-Trimethylamino-butyraldehyde, 469

Trimethylaminuria, increased sensitivity

to choline, 477

Trimetrexate, 398

Tryptophan

catabolism, 199

pellagra due to deficiency of, 193

Tryptophanase, 318

Tuberculosis, 82, 323

Tuberoinfundibular dopaminergic (TIDA)

neurons, 329

a-Tubulin, 300

Tumor

folate supplementation for, 535

renal, 214

Tumor necrosis factor, 345

Tumor necrosis factor alpha (TNF-a), 442

Type B lactic acidosis, 244

Type-1 diabetes, role of 1a,25(OH)2D3 in

prevention of, 68, 69
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U

Ubiquinones (CoQ), structure of, 179

Ulcerative colitis, treatment of, 398

Ultraviolet (UV) absorption, for quantitation

of vitamin D, 74

Uncoupling protein (UCP3), 244

Upper intake levels (UL)

and RDA values for vitamin A, 9

values for niacin, 198

Urapidil, 334

Uremia, 345

Uric acid, 441, 508–509

Uteroglobulin (UG), 54

V

Valproic acid, 304, 333

Van de Graaff accelerator, in MS, use of, 546

Vascular-access port (VAP), 333

Vascular and skeletal health, role of vitamin K

status in, 135–136

Vascular disease, 440

increased risk in B12 deficiency, 434

increased risk in folic acid deficiency, 401–402

Vascular smooth muscle, calcification of, 136

Vasculopathy, 341

Vault poly(ADPribose) polymerase (VPARP),

function of, 528

Ventroposterior lateral (VPL) neurons, 330

Verapamil, 336

Vesicular acetylcholine transporter (VAChT), 471

Vigabatrin, 333

Vinca alkaloids, photosensitization by

riboflavin, 244

Viral coat protein, inhibition by PLP, 345

Vitamins

DRI, appropriate uses of, 565–569

DRI for, 559, 562–565

in epigenetic events, roles for, 522

Vitamin A, 1–2; see also Carotenoids; Retinoids

cellular uptake and efflux of, 17–18

for children with measles, 27

compounds, properties of, 5

deficiency of, 3, 17, 27–28

definitions of, 3

dietary sources of, 9–10

EAR, UL and RDA for, 563

extrahepatic uptake of, 19

in eye, actions of, 26–27

hepatic uptake of, 18–20

in hospitalized subjects, metabolism of, 548

human, and b-carotene metabolism, 551–553

intestinal absorption of, 17–18

metabolism of, 10–15, 16, 551

nutritional aspects of, 2–3

nutritional equivalency of, 8–10

plasma and liver, storage relationships of, 21

plasma transport of, 20–23

and public health, 25–30

RDA and UL values for, 9

in RPE, storage of, 14

Vitamin B1, see Thiamine

Vitamin B5, 290; see also Pantothenic acid

Vitamin B6, 243; see also Pyridoxamine;

Pyridoxine

anticancer effect of, 343

biological role in health and in disease, 315–346

and cardiovascular function, 333–337

deficiency, 321–323

EAR and RDA for, 564

gene expression and anticancer effect, 342–344

and immunity, 344–346

impaired conversion of, 237

intake distributions for women, 567

major forms of, 319

neurobiology of, 323–326

neuroendocrinology of, 326–329

PLP and PMP from, 181

PLP-dependent enzymes, 317–319

pyridoxine-dependency seizures, 332–333

pyridoxine, toxicity of, 346

RDA for, 321

seizures and neuroprotection, 329–331

status assessment and requirement, 320–321

vitamers, 316, 319–321

Vitamin B12

absorption and intestinal transport, 418–420

deficiency, 428–432

clinical and biochemical effects of, 432–434

treatment, 440–441

diagnostic imaging and drug delivery, 443–444

dietary sources, 418

EAR and RDA for, 564

epidemiological associations, 444–445

gene expression, 441–442

inborn metabolic errors, 423–426

inflammation, 442–443

malabsorption, causes of, 429–432

metabolism, 422–423

plasma transport, 420–422

requirements, 418

serum concentrations, and long-term vitamin C

supplementation, 509

single nucleotide polymorphisms, 426–428

structure and chemistry

B12 analogs, 417–418

cobalamins, 415–417
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Vitamin B12 coenzymes, 188–189

Vitamin B6 vitamers, 316

Vitamin C

deficiency, 504

DRIs for, 162

EAR, RDA, and UL for, 564

in hospitalized subjects, metabolism of, 548

leukocyte, measurement of, 504

Vitamin D, 41–44; see also 7-Dehydrocholesterol

absorption of, 51

activity, biological assays for, 71–73

AI and UL for, 563

biochemical mode of action of, 57–58

catabolism of, 57

chemical synthesis of, 49–51

comparison of sensitivity and working range

of biological assays for, 74

by DBP, transport of, 54–55

deficiency, 80–81

efficacy of pharmacological doses of, 85–87

endocrine and paracrine system of, 52

food sources of, 78–79

functions, 43

genomic of, 58–62

history of, 44–46

metabolism of, 55–57

in nonclassical system, 67–68

nutritional requirements of, 76–78

rat line test for determination of, 71

requirements of animals, 78

storage of, 55

structures of important analogs of, 69–71

synthesis of, 48–51

UV spectrum of, 75

Vitamin D-binding protein (DBP)

competitive binding assays for discovery

of, 76

three-dimensional structure of, 62–63

transport of vitamin D by, 54–55

and VDR, comparison of x-ray structures

of, 61–62

Vitamin D2 (C28H44O)

activation of, 51

chemical properties of, 47–48

chemistry and irradiation pathway for

production of, 47

structure of, 45

Vitamin D3 (C27H44O)

AOAC chick assay for determination

of, 71–72

in biological actions, distribution of, 44

chemical properties of, 47

chemistry and irradiation pathway for

production of, 47

metabolic transformations of, 58

photochemical production of, 51–53

in poultry feeds, AOAC chick assay for

determination of, 71–72

production of, 46

recommended dietary allowance of, 77

requirements of, 76

Vitamin D endocrine system

human disease states related to, 83

proteins of, 61

regulation of, 56

Vitamin D metabolites

drug forms of, 86

isolation of, 48

Vitamin D receptor (VDR), 46

and DBP, comparison of x-ray structures

of, 61–62

domains, 60–61

generation of, 67

schematic models of, 62

three-dimensional structure of, 64

X-ray structure of, 61

Vitamin D-related compounds

analytical procedures for, 73–76

Vitamin D status

factors for influence of, 82–87

important of, 43

Vitamin D steroids

chemistry of, 46–51

nomenclature of, 46–47

structure of, 46

Vitamin E, 153–154, 273; see also a-Tocopherol

absorption of, 156–157

antioxidant activity, in humans, 160

antioxidant chemistry of, 154–156

cellular and biochemical functions of, 162

and C for heart-transplant patients, 167

chemical properties of, 155–156

deficiency, 164–167

DRI for, 162

EAR, RDA, and UL for, 563–564

efficacy of pharmacological doses of, 167

food sources of, 163–164

in hospitalized subjects, metabolism of, 548

intakes, in normal U.S. populations, adequacy

of, 163

kinetics, plasma, 160

by life stage group, criteria and dietary intake

values for, 163

lipoprotein transport of, 157

metabolism and excretion, 160–161

nomenclature of, 155

nutritional requirement of, 162–164

oxidized, 156

specific proteins, 158–160

status, assessment of, 166–167

storage sites of, 158

structure of, 154–155
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supplements, 162, 167

tissue delivery of, 157–158

vitamin C for recycling of, 506

on vitamin K absorption, influence of, 137

Vitamin Intervention for Stroke Prevention

(VISP) trial, 402

Vitamin K, 112

absorption and transport of, 120–121

adequate intakes of, 139

AI for, 563

analogs and biological activity of, 114

biochemical role of, 127–132

chemistry, 112

commercial form of, 114–115

efficacy and hazards of pharmacological doses

of, 139

isolation of, 112–113

metabolic degradation and excretion of, 123–125

physical and chemical properties of, 117–118

plasma and tissue concentrations of, 121–122

structure and nomenclature of, 113

synthesis of, 117

tissue distribution and storage of, 122–123

tissue recycling of, 132

Vitamin K action

antagonists of, 115–117

in liver, sources of, 122

warfarin for inhibition of, 131

Vitamin K content

of food, analytical procedures and, 118–120

of human liver, 123

Vitamin K deficiency

in adult human, 133–134

anticoagulants therapy for, 133

Vitamin K deficiency bleeding (VKDB), in new

born, 134

Vitamin K-dependent

carboxylase, 129–131

clotting factors, 132

g-glutamyl carboxylase, 130

proteins, 125–127

cloning of, 129

degradation of, 131

epoxide reductase for synthesis of, 132

Vitamin K-epoxide reductase, 131–132

by warfarin, inhibition of, 133

Vitamin K-related compounds, structures of, 114

Vitamin K requirements

animals, 137–138

humans, 138–139

of various species, 138

Vitamin K status

altered, health impacts of, 132–137

factors for influencing of, 136–137

methodology for, 132–133

Vitamins metabolism

in humans, AMS in study of mineral and,

545–546

Vitiligo, 438

VTE, 340

W

Warfarin

for inhibition of vitamin K action, 131

inhibition of vitamin K epoxide

reductase by, 133

for oral anticoagulant therapy, 116

Warfarin therapy, anticoagulant effect of, 133

Water stress, 463

Wernicke–Korsakoff syndrome, 272–274

Wernicke’s encephalopathy, 274

‘‘West Syndrome,’’ 333

Wet beriberi, 273

Wilson’s disease, treatment of, 323

Women

depression and sleep disorder in, 322

impair DNA methylation in, 536

vitamin B6 intake distributions for, 567

Wound healing, 472, 508

X

Xanthophylls, 3

Xanthopterin, 387

Xanthurenic acid, 320–321, 323

Xerophthalmia, prevention of, 3, 25–26

X-ray crystallographic structure, of DBP, 54

Y

Yeast

conversion of nicotinic acid to NAD in, 199

LYS2 in, 297

Z

Zucker obese, 335–336
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