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Preface

This book addresses vitamin and trace element needs as they relate to exercise and sports. A growing
body of research indicates that work capacity, oxygen consumption and other measures of physical
performance of individuals, including athletes, are affected by deficiency or borderline deficiency
of specific vitamins or essential trace elements. Athletes, as well as the public in general, often
have low dietary intakes of many of the vitamins and essential trace elements. The findings of some
researchers indicate that large doses of certain vitamins and trace elements given to individuals
who had adequate status of that vitamin or trace element improved various measures of physical
performance. Other researchers have reported conflicting findings. A critical review of these reports
is included in this book.

This volume includes a collection of chapters written by scientists from several academic
disciplines who have expertise in an area of vitamin or trace element nutrition as it relates to
exercise and sports. Following an introduction are reviews of exercise and sports as they relate to
the vitamins (ascorbic acid, thiamin, riboflavin, niacin, vitamin Bg, folate, vitamin B,,, pantothenic
acid and biotin, choline [an essential nutrient], vitamin A, vitamins D and K, vitamin E), the
essential trace elements (iron, zinc, iodine, chromium, selenium), as well as a chapter on boron,
manganese, molybdenum, nickel, silicon, and vanadium, and ending in a summary chapter. Sports
nutritionists, sports medicine and fitness professionals, researchers, students, health practitioners
and the well informed layman will find this book timely and informative.

This book is part of a miniseries we edited that deals with nutrition in exercise and sport. Other
books in this miniseries are: Sports Nutrition: Vitamins and Trace Elements (first edition); Macro-
elements, Water and Electrolytes in Sports Nutrition; Energy-Yielding Macronutrients and Energy
Metabolism in Sports Nutrition; Nutritional Applications in Exercise and Sport; Nutritional Assess-
ment of Athletes and Nutritional Ergogenic Aids. Additionally useful will be Nutrition in Exercise
and Sport, 3rd edition, edited by Ira Wolinsky, and Sports Nutrition, authored by Judy Driskell.

Judy A. Driskell, Ph.D., R.D.
University of Nebraska

Ira Wolinsky, Ph.D.
University of Houston
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I. INTRODUCTION

All cells of the human body require relatively small amounts (dietary intakes from milligrams to
micrograms per day) of certain biochemical compounds (classified as vitamins) and several atomic
elements (classified as essential trace minerals) to enable all body systems to utilize fuel, water
and electrolytes for survival and function, including physical performance.

Because other chapters are devoted to single nutrients, this introductory chapter for the second
edition will explore the effects from combinations of vitamins and trace minerals on exercise
performance and physiological conditions that influence physical performance. To emphasize the
effects of combinations of vitamins and minerals on exercise performance, background information
on vitamins and trace minerals and assessment of their status are not discussed. Consideration of
the effects of vitamin and mineral combinations on indirect factors that affect training, rather than
immediate physical performance, has been updated because training is essential for optimal sports
performance.
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4 Sports Nutrition: Vitamins and Trace Elements

II. IDENTITY AND ROLES OF VITAMINS AND TRACE MINERALS
A. VITAMINS

Vitamins are an extremely diverse range of low-molecular-weight compounds that have been
classified more by legislative definitions than by common biochemical functions. Vitamins recog-
nized by the Food and Nutrition Board of the Institute of Medicine of the National Academy of
Science in the United States include: Vitamin A (retinols and beta carotene); Vitamin B, (thiamin);
Vitamin B, (riboflavin); Vitamin B, (niacin and niacinamide); Vitamin B, (pyridoxine and related
congeners), Vitamin B,, (cobalamins), Folate, Biotin, Pantothenate, Vitamin C (ascorbate), Vitamin
D (calciferols), Vitamin E (tocopherols), and Vitamin K (phylloquinones and menaquinones).'-*
Recently, choline has been deemed an essential nutrient, and an adequate intake (AI) of 425 mg
per day for adult women and 550 mg per day for adult men established by the Institute of Medicine.
By tradition, choline has long been categorized as a complementary B vitamin-like nutrient, and
is commonly found in B complex mixtures and some multiple vitamin products.

For each vitamin, a daily value (DV, known formerly as the U.S. recommended daily allowance or
U.S. RDA) has been agreed upon as a target intake to prevent deficiency symptoms and maintain health
for the average person. DVs are commonly used to gauge adequacy of vitamin intake and for labeling
information to consumers. Vitamins are broadly categorized into fat-soluble (A, D, E, K) and water-
soluble compounds (B complex, C, choline). B vitamins and Vitamin K act primarily as enzyme cofactors
involved in intermediary metabolism, whereas vitamins A, C, D and E function via non-coenzymatic
or hormonal mechanisms for their major roles. However, vitamins affect overall health over a long time
period, which may affect training status, with resultant implications for exercise performance.

B. TRACE MINERALS

Sodium, potassium, chloride, phosphorus (as phosphate), calcium and magnesium are macrominerals,
with typical daily intakes in the gram range.>3-1° Trace minerals known to be essential for humans
are iron, zinc, copper, manganese, selenium, chromium, iodine, molybdenum and fluoride.>-'> Arsenic,
boron, nickel, silicon and vanadium await confirmation of essentiality in humans.” Other minerals are
not considered to have essential roles or needs. Daily trace mineral requirements are in the milligram
to microgram ranges, as opposed to grams or hundreds of milligrams for other essential minerals.

In general, trace minerals are required cofactors for function of numerous enzymes in almost
every aspect of metabolism and physiology. Roles that directly influence physical performance
include oxygen binding and transport, generation of cellular energy, hormone function, antioxidant
status and muscular contraction.>'> Molybdenum and fluoride are not considered to have roles that
affect physical performance, and so are seldom considered or discussed. Of the ultratrace minerals
that are not confirmed for essentiality, none have actions that would directly influence physical
performance. However, boron and vanadium play roles in hormonal balance, which might influence
results of training. Because of these roles and their use as dietary supplements in products designed
to affect physical performance (ergogenic aids), their use should be considered.

C. MuLTIPLE VITAMINS AND MINERALS

The essentiality for general health of almost thirty micronutrients (vitamins and minerals) combined
with potentially irregular intakes of any has fostered a particular solution for optimizing adequate
status — the multiple vitamin-mineral dietary supplement. The low amounts of vitamins and
minerals (except for calcium and magnesium) required daily allow the inclusion of most, if not all,
essential vitamins and minerals in convenient single-unit dosages at relatively modest cost. Defi-
ciencies of essential vitamins and minerals have been perceived as deleterious by consumers,
especially exercising individuals. Most medical and nutrition groups advocate trying to obtain
sufficient vitamin and mineral intake from food sources, but acknowledge that some people may
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Introduction 5

still need vitamin or mineral supplements in addition to a good diet.!>!* Recent scientific and
medical reviews have recommended multiple vitamin-mineral products with DV levels of nutrients
for the general population to help prevent or forestall major diseases.!>-!” Coupled with large margins
of safety, these factors have made multiple vitamin-mineral supplements the leading category of
dietary supplements in the United States. However, these findings pertain to healthy adults, and
not necessarily to more active individuals.

For physically active individuals, a multiple vitamin-mineral product represents insurance that
deficiencies of important micronutrients will not occur, and thus not adversely affect performance.
However, this belief has not been tested extensively, and the evidence to date will be examined in
this chapter. Furthermore, the inclusion of other purported active agents with vitamins and minerals
(ginseng extracts, for example) complicates determination of effects from multiple vitamin-mineral
products in physically active persons. Since there is not scientific agreement that the non-essential
ingredients actually have ergogenic effects, these products are another means to assess the effects
of multiple vitamin-mineral combinations. In addition, vitamins and minerals are frequently added
to protein powders, weight-gain powders, protein bars, energy bars, creatine-containing powders
and other types of products that are labeled as both foods and dietary supplements, but are used
as supplements by exercising individuals. One recent trend has been to add vitamins and some
minerals to bottled water, flavored bottled water, and carbohydrate-electrolyte drinks. Products
combining macronutrients with essential vitamins and minerals will not be considered in this chapter
since there is agreement that macronutrients (water, electrolytes, carbohydrates, protein) can affect
training, metabolism and physical performance, thus masking any effect of vitamins and minerals.

I1l. EFFECTS OF INCREASED INTAKE OF VITAMINS AND TRACE
MINERALS ON EXERCISE PERFORMANCE AND METABOLISM

Other chapters in this book are concerned with individual vitamins and minerals; therefore, a brief
review of the effects of multiple vitamin-mineral supplementation on exercise parameters will be
presented in this chapter. At present, there is considerable controversy over the use of and need for
essential micronutrient supplementation in exercising humans. After examination of the existing
human studies on multiple vitamin-mineral supplementation and physical performance, the reader
should understand that any conclusions rely on fewer than 30 controlled studies, only three with
dose—response data, each with different formulations, different durations of use, different measure-
ments of performance, different types of subjects and, commonly, too few subjects for meaningful
analysis. With large variability in important experimental determinants, it is no wonder there are
difficulties in drawing conclusions from disparate results.

A. Errects OF MICRONUTRIENT DEFICIENCIES ON EXERCISE PERFORMANCE

Effects of micronutrient deficiencies on exercise performance have been studied for many years,
and will be discussed in detail in subsequent chapters in this volume. Usually, decreases in physical
performance are found when one or more vitamins or trace minerals are known to be deficient,
based on extended lack of dietary intakes or reduced indicators of status (usually serum levels).!8-3*
These findings were first demonstrated in the 1940s before fortification of refined foods with iron
and a few B vitamins was widespread. Decrements in physical performance due to deficient status
in one or more vitamins or trace minerals continue to be documented in recent times by experimental
depletion or examination of subjects in countries without food fortification.?>-3! Tron-deficiency
anemia in endurance athletes is still encountered, and is well-known to eventually reduce perfor-
mance.?>282932-34 At this time, it is generally agreed that measurable deficiencies of thiamin, ribo-
flavin, B, C, E or iron (singly or in combination) are detrimental to human physical performance.
There is insufficient data or conflicting evidence for other vitamins and trace minerals at this time
to ascertain with certainty whether a deficiency reduces exercise performance.
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Seminal data generated during the 1940s influenced subsequent conclusions and research on
multiple vitamin-minerals and physical performance. Clearly, supplementation of single or multiple
B vitamins (and doses of vitamin C below 1000 mg daily) did not significantly affect physiological
parameters or physical exercise performance in well-controlled studies (see Table 1.1).!° However,
only incomplete mixtures of B vitamins were studied (pantothenate, folate and vitamin B,, had yet
to be characterized), and most of the trace minerals now known to be essential were thought to be
coincidental contamination or toxic, and therefore, completely overlooked. Thus, all of these studies
were incomplete in terms of nutrients examined, they lacked dose-response data and were usually
of very short duration. It is possible that a deficiency of an essential nutrient not recognized as
such at the time could have affected results, negating effects of the studied nutrient. However, the
prevailing attitude among researchers in exercise physiology was (and still is) that vitamins in
general had no effect on physical performance in absence of a prolonged or severe deficiency.
Thereafter, newly discovered vitamins and trace minerals were infrequently examined for possible
effects on exercise performance. Relatively few multiple combinations were subsequently examined
in studies that were frequently incomplete with regard to containing amounts of all known essential
micronutrients at doses known or shown to improve status (see comparison of doses to current
DVs in Table 1.2). Thus, there were no studies on what today would be considered a complete
multiple vitamin-mineral mixture (100% DV of all essential vitamins and minerals) until the 1980s.
In other words, the opinions carried over from early research that vitamin and mineral supplements
had little, if any, effects on exercise performance were based on weak experimental data.

C. B CoMmprLEx MIXTURES

Since the known roles of B vitamins emphasized cellular energy metabolism, it was only natural
that B vitamins were studied for effects on physical performance. Previous scrutiny of human
exercise performance trials after supplementation with one or more B complex vitamins has found
apparent dose-response and time effects.’> For some vitamins (thiamin and pantothenate) more
does seem to be better. Since some individual B vitamins will be covered in subsequent chapters,
Table 1.1 lists the doses and results for combinations of B vitamins from several studies.?330:36-44
Obviously, potential thresholds of effect for enhancement of physical performance by increased B
complex vitamin intake are not clearly known and may not be consistent between populations, and
multiple dose ranges have been studied in only a few experiments. Notice that there are no studies
that have examined a full complement of all eight B vitamins and choline, and only two studies
examined six B vitamins. Thus, every study listed is incomplete. Nevertheless, scrutiny of available,
but limited, data on mixtures of B complex vitamins given to exercising individuals has found a
pattern of higher doses and longer durations associated with greater effects. Human clinical studies
comparing placebo, low-dose and high-dose B vitamin mixtures with short and long durations and
specific performance endpoints are needed to clarify potential ergogenic benefits of B complex
vitamins.

D. MurtipLe VITAMIN-MINERAL COMBINATIONS

Table 1.2 lists human clinical studies concerning multiple vitamin-mineral supplementation in exercising
individuals and performance measurements.*-% First, it is immediately apparent that, excluding the mac-
rominerals calcium, magnesium, phosphorus and potassium, no combination tested contained all essential
vitamins and minerals. However, considering that there is little or no rationale or evidence for an ergogenic
effect from vitamin D, vitamin K, iodine, fluorine and molybdenum, exclusion of these nutrients is not
thought to influence findings. Taking these exclusions into account, only the report by Colgan in 1986>
studied a complete set of essential vitamins and minerals. Usual exclusions were biotin, chromium and
selenium, although each formula tested exhibited lack of one or more other essential micronutrients.
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TABLE 1.1
Correlation of Dose and Ergogenic Effects of Controlled Human Studies on B Vitamin Combinations
Panto-

Length of  Thiamin  Riboflavin Niacin B, B, Folate  thenate  Biotin Other
Investigators (year) Ref. admin. (mg) (mg) Equiv. (mg)  (mg) (mcg) (mg) (mg) (mg) Nutrients (mg)
Keys and Henschel (1941) 36 4 wks 5 100 C (100)
Simonson et al. (1942) 37 15 wks 6 8 80 0.3 80 units filtrate
Foltz et al. (1942) 38 Acute iv¢ 3-15 0.3-1.6 10-50 1-5
Keys and Henschel (1942) 39 4-6 wks 5-17 0-10 100 0-10 0-20 C (100-200)
Frankau (1943) 40 4d 5 5 50 C (100)
Henschel et al. (1944) 41 3d 5 10 100
Early and Carlson (1969) 42 6d 100 8 100 5 25000 30
Buzina et al. (1982)¢ 23 3 mo 2 2 C (70)
Read and McGuffin (1983) 43 6 wks 5 5 25 2 0.5 12.5
Boncke and Nickel (1989) 44 8 wks 90 60 120
Boncke and Nickel (1989) 44 8 wks 300 600 600

2— indicates no significant effect on physiological or performance measurements. + indicates a significant improvement in physiological or performance measurements.

"No effects on physical performance, but significant improvement of mental fatigue and subjective feelings.
“Vitamins were administered by intravenous means.
dLarge percentage of subjects exhibited clinical and biochemical signs of vitamin deficiencies.

Ergogenic
Results?

+
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TABLE 1.2
Comparison of Multiple Vitamin-Mineral Formulas Studied for Effects on Exercise Performance and Metabolism

McCollum  Nelson Keul Haralambie ~ Van Dam Keul van der Beek Barnett Colgan Weight
Author DV2 1960 1960 1974 1975 1978 1979 1981P 1984 1986 1988
Ref. 45 46 47 48 49 50 30 51 52 53
Total n 82 12 14 40 14 77 20 8 30
Subjects College German German German German cross- Dutch sports American American South African
students fencers fencers fencers country skiers  students competitive marathon competitive
— poor runners runners runners
fitness
Duration 8 12 3 16 4 24 12
(weeks)
Vitamin A 5000 25000 NRf 5000 6000 5000-45000 3000
auv)
Vitamin D 400 1000 400 600 200-2480 400
au)
Vitamin E 30 100 50 50 50 150 15 200-1600 516
auv)
Vitamin K 80
(mcg)
Ascorbate 60 300 1000 500 500 500 500 135 2000-16000 850
(mg)
Thiamin 1.5 10 20 10 10 10 12 15 40-600 60
(mg)
Riboflavin 1.7 10 30 15 15 15 20 15 30-250 60
(mg)
Niacin Equiv. 20 100 40 20 20 20 210 75 100-1000 70
(mg)
Vitamin B, 2.0 2 50 25 25 25 20 21 10-300 60
(mg)
Vitamin B;, 6.0 4 30 15 100-300 60
(mcg)
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Folate 400 1500 4000 400 2000-3000 500
(mcg)
Pantothenate 10 20 40 20 20 20 100 18 50-1000 70

(mg)
Biotin 300 2000 2000-10000
(mcg)
Potassium 200 100 100 100 37.5 198-5000 32
(mg)
Phosphorus 1000 2160 1080 1080 1080 200-2000 116
(mg) (PO,) (PO,)
Calcium 1000 500 250 250 250 1000-3500 230
(mg)
Magnesium 400 340 170 170 170 52.5 1000-2000 116
(mg)
Iron (mg) 18 100 37.5 30-60 13.4
Zinc (mg) 15 15 50-150 5.2
Copper (mg) 2.0 3 0-5 0.6
Manganese 2.0 3 20-100 300?
(mg)
Iodine (mg)  0.15 0.15 0.15-1.0 0.15
Selenium 0.07 0.2-1.0 0.05
(mg)
Chromium 0.12 0.3-1.0
(mg)
Molybdenum 0.075 0.05-5

(mg)
Choline (mg) 97.5 200-2000

(Continued)
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TABLE 1.2 (Continued)

Comparison of Multiple Vitamin-Mineral Formulas Studied for Effects on Exercise Performance and Metabolism

McCollum  Nelson Keul Haralambie =~ Van Dam
Author DV2 1960 1960 1974 1975 1978
Other Cerofort Contents Beneroc® Beneroc® Beneroc®
Nutrients + Lysine not 3.5 g sucrose, 35¢g 35¢g
reported Phosphorus sucrose, sucrose,
reported as Phosphorus Phosphorus
phosphate reported as reported as
phosphate phosphate
Results Physical No effects  Ratio of work Improved Improved
fitness on sprints, load to heart reflex status, hits,
index, vertical rate increased responses reaction
cable- jump, 3% times,
tension ergometer muscular
strength test irritability
test,
Army
physical
fitness
test
scores not
different
from
placebo
group

© 2006 by Taylor & Francis Group, LLC

4.3% increase

van der Beek
1981°

Keul
1979

Beneroc®
3.5 g sucrose,

Phosphorus
reported as
phosphate

No effect on
in cross- aerobic power
country ski

speed

Barnett
1984

Betaine HCL,
Inositol,
Lecithin,
Liver, PABA,
Pancreatin,
Rice bran
extract,
Safflower oil,
Soya bean

extract, Wheat

germ extract

No effects on
physiological
measurements
during

exercise

Colgan
1986

Inositol, PABA

Improved
marathon
times (by
11 min),
physiological
parameters,
81%
fewer
infections,
35% fewer
injuries

Weight
1988

B2, B6 status
improved;
other nutrient
status
unchanged, no
effects on
physiological
parameters,
peak treadmill
speed or 15 km
race times
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Dragan Dragan Colgan Colgan Singh Telford Savino Roberts Cavas
Author Dva 1991¢ 1991¢ 1991 1991 19924 1992¢ 1999 2001 2004
Ref. 54 54 55 55 56 57 58 59 60
Total n 20 20 23 23 22 82 20 8 30
Subjects Roumanian junior =~ Roumanian American American American regular  Australian Italian soccer English Turkish
cyclists junior cyclists marathon marathon exercisers basketball, team children endurance swimmers
runners runners gymnasts, athletes
rowers,
swimmers
Duration 4 4 12 12 12 28-32 4 4 4
(weeks)
Vitamin A 5000 1000 7.5 5000 5000 (2600) 4500 15000 5000
((18))
Vitamin D 400 3200 400 400 400 400 400 400 400 400
(18)
Vitamin E 30 60 200 15 15 (51 151 300 30
(18))
Vitamin K 80 10 500 40
(mcg)
Ascorbate 60 120 300 60 500 (169) 550 500 60
(mg)
Thiamin 1.5 3.0 79 1.5 1.5 (54) 75 3 1.5
(mg)
Riboflavin 1.7 3.0 100 1.7 1.7 (25) 25 34 1.7
(mg)
Niacin Equiv. 20 36 100 20 20 100 100 9 40 20
(mg)
Vitamin B, 2.0 10 82 2.0 152 (135) 100 10 2
(mg)
Vitamin B, 6.0 10 100 12 112 (48) 100 1.3 30 6
(mcg)
Folate 400 400 400 2400 (288) 200 600 400
(mcg)
(Continued)
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TABLE 1.2 (Continued)

Comparison of Multiple Vitamin-Mineral Formulas Studied for Effects on Exercise Performance and Metabolism

Author

Pantothenate
(mg)
Biotin (mcg)
Potassium
(mg)
Phosphorus
(mg)
Calcium
(mg)
Magnesium
(mg)
Iron (mg)
Zinc (mg)
Copper (mg)
Manganese
(mg)
Iodine (mg)
Selenium
(mg)

Dragan
DV2 1991¢

10

300

1000
1000
400
18

2.0
2.0

0.15
0.07

© 2006 by Taylor & Francis Group, LLC

Dragan Colgan Colgan
1991¢ 1991 1991
100
100
121
40
2.5 18 48
7.5 15 60
0.3
0.224 0.15 0.15
0.01

Singh
1992

(62)

(400)
99

(57

(67

(14.6)

15

0.05

Telford
1992¢

100

100
33

115

0.01

Savino
1999

3

Roberts
2001

30

300

500

250

15

3.6

0.075
0.1

Cavas
2004

40

100

100

20

18

0.15

cl
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Chromium 0.12 0.04 0.2 0.01 0.2
(mg)
Molybdenum  0.075 0.1 0.075
(mg)
Choline (mg) 37 75
Other Polivitaminizant Cantamega Perque 2 Betaine HCL, 400 kcal LifePak® One A Day
Nutrients S 2000: Aspartate, citrate, Bioflavonoids, carbohydrates,  Alpha- Junior
Betaine fumarate, malate, Glutamic acid, citrate, carotene,
hydrochloride, PABA, quercetin, Inositol, Kelp, fluoride, boron,
bioflavonoids, succinate, Lecithin, pollen, rose broccoli,
glutamic acid, trimethylglycine, PABA hips, cabbage,
inositol, vanadium, citrus
lecithin, vanilla bioflavonoids,
PABA, rutin, curcumin,
soya protein grape seed
extract, lipoic
acid, lutein,
lycopene,
quercetin,
silicon, soy
isoflavones,
vanadium
(Continued)
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TABLE 1.2 (Continued)

Comparison of Multiple Vitamin-Mineral Formulas Studied for Effects on Exercise Performance and Metabolism

Dragan Dragan
Author DV2 1991¢ 1991¢
Results No changes in Improved
status or mineral status
biomarkers of (calcium, iron,
recovery magnesium),
fatigue

ratings after
training and
biomarkers
of recovery
(urine
mucoproteins,
serum total
protein)

Colgan
1991

DV amounts
had no effect
on status or
performance

Colgan
1991

DV plus
hematinics
improved
status and
time to
exhaustion
on cycle
ergometer

Singh
19924

Vitamin status
improved, no
performance
changes for run
to exhaustion,
peak torque,
power, work

Telford
1992¢

Increased
skinfolds,
female
basketball
players
increased
jumping
ability, some
increases in
vitamin
status, no
changes in
mineral
status, no
performance
changes in
other sports
(gymnastics,
rowing,
swimming

Savino Roberts
1999 2001

Vitamin status ~ VO,max
improved, but unchanged
no effect on
body mass or
strength

Cavas
2004

Biomarkers
of cardiac
and
muscle
damage
reduced

3DV = Daily Value for essential vitamins and minerals from 1989 Guidelines® (this is the DV most commonly used on labels of dietary supplements). DV has been known formerly as DRI,

RDA and RDI.
"Reported as unpublished work in van der Beek, 1991.3

“Nutrient contents of Cantamega 2000 and Polyvitaminizant S products used by Dragan in 1991 differ from current formulas in 2004. The table reflects the formulas used in 1991.

dNutrients indicated by parentheses were analyzed for actual content in the product. Amounts of other nutrients were from the product’s label claim. Analyzed amounts were frequently

different from label claim.

cAmounts for minerals were calculated based on percentage of elemental mineral for each compound described.

NR = Not Reported.
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Introduction 15

1. Study Quality

The Kleijnen score is a rating of methodological quality of clinical trials, originally used to assess
human trials with Ginkgo biloba preparations.®! Maximum score is 100, and seven weighted criteria
(patient characteristics, subject number, randomization, intervention description, double-blinding,
effect measurements and results accountability) were considered. Studies in Table 1.2 on effects
of multiple vitamin-mineral combinations on exercise performance after 1960 ranged from 50-75,
indicating that no studies were of high quality (score >80). The most common deficiencies were
low subject numbers and under-detailed randomization practices.

Each study in Table 1.2 exhibited serious flaws. Nelson did not report the ingredients or amounts
of micronutrients administered.*® The series of studies using the European product Beneroc®
contained small amounts of sugars that should not have been enough to consistently affect exercise
performance.*’° However, carbohydrate content was not controlled, and order of administration
was not randomized, leading to potential order effects. Barnett and others discussed “performance,”
but actually measured physiological parameters during submaximal exercise under laboratory
conditions, and not actual physical performance.’' Colgan studied the largest doses of micronutrient
supplementation, but doses were individualized and statistical analysis not performed, although
very large changes in exercise performance were reported.’? Both Colgan and Dragan used relatively
low doses ( ~100% DV) of multiple vitamin-mineral products as control groups, and did not examine
untreated placebo control subjects.’*>> Van der Beek reported results from an unpublished study
performed ten years earlier, with the usual lack of experimental details.®

The study by Telford and others contained errors in reporting of micronutrient units, confusing
micrograms and milligrams for several nutrients.”’ Furthermore, compliance was very low —
the majority of subjects consumed less than half of the required doses. In addition, performance
measurements were mostly different for each group of athletes and analyzed separately for each
sport, yielding an average subject number per group of 5.25. Iron supplements were given to any
subject in either group who exhibited low serum ferritin levels, thus masking any chance for an
effect of iron (only 1 mg daily) from the multiple vitamin-mineral group, and making some placebo
subjects supplemented. McCollum, Nelson and Singh studied regular exercisers or students, not
athletes engaged in supervised training or competitive events, unlike the other studies listed in
Table 1.2.44656 The multiple vitamin-mineral formula used by Singh>® (and effectively, Telford>?)
did not contain iron or copper, and thus was deficient in the most common and important micro-
nutrient deficiency in exercising individuals.

Thus, each study in Table 1.2 exhibited confounding factors in experimental design and conduct
that make interpretation and extrapolation of results problematic. Careful attention to the following
list of experimental factors would improve quality of future research:

* Adequate subject numbers to provide necessary statistical power given normal biological
variability

* Doses that improve micronutrient status

e Multiple dose ranges per study to explore dose—response relationships

*  Subject compliance

* Verification of micronutrient content of dietary supplements

e Multiple measures of micronutrient status and intake, including functional assays

* Bioavailability of supplement studied

* Proper length of study

* Simultaneous measurement of performance, physiological, metabolic, psychological,
immunological, neurological and mental parameters

* Complete profile of all known essential vitamins and minerals

» Possible investigator bias in study design, execution, analysis and presentation

* Thorough, nonselective literature reviews for discussion in publications
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2. Exercise Performance

Twelve studies listed in Table 1.2 reported actual performance results.*346:48-50.52-58 Six studies found
improvements in various measurements of physical performance:

Improved reaction times in fencers*+

Improved speed in cross-country skiers>

Improved times in time trials or increased poundage lifted>?
Increased time to exhaustion in cycle ergometry>>
Increased jumping ability of female basketball players>’

Nk w =

Seven studies did not find improvements in various performance measurements:

15-km run times or treadmill speed>*>

Treadmill run to exhaustion, peak torque, total work or power®
Jumping ability of male basketball players, swimmers, gymnasts>’
Race times, sprint times, vertical jump or cycle ergometer tests*46-57
Strength®®

NS

Five studies in Table 1.2 did not report actual physical performance measures.347->3 560

3. Physiological Parameters during Exercise

One study found improved work efficiency*’ and two others found decreased indicators of muscle
damage,’*% but other studies did not find changes in physiological measurements during different
types of exercise.’031:53565759 Parameters measured included blood lactate, glucose, fatty acids,
ACTH response, oxygen consumption, heart rate, rectal temperatures, aerobic power and muscle
glycogen depletion during exercise under laboratory conditions.

4. Micronutrient Status

From the studies in Table 1.2, micronutrient status was not altered after supplementation in three
studies.>>-> These studies also found no significant effect from multiple vitamin-mineral supple-
mentation on physiological or performance parameters, and two>*>> were near 100% DV for most
nutrients. Status of certain minerals and hemoglobin was improved by a higher-potency supplement,
compared with a lower-potency supplement.’*> B vitamin status was improved in three other
studies, but status of fat-soluble vitamins and minerals were unchanged.>336:57:62:63

Similarly, other studies not listed in Table 1.2 examining the effect of multiple vitamin-mineral
combinations (usually lacking minerals) most often found improvements in the status of one or
more B vitamins (B,, B, or By), but usually not ascorbate or fat-soluble vitamins, unless deficiencies
were previously documented.!®236+70 Status usually took six weeks to show an improvement,
suggesting studies lasting less than this interval may have missed an effect.36.38,3941,51,58-60

E. MuLTIPLE VITAMINS AND MINERALS WITH OTHER NUTRIENTS

Many dietary supplements that contain essential vitamins and trace minerals along with other
potentially active agents for physical performance are available, and a few have been studied in
exercising individuals. Most common are herbs combined with multiple vitamin-mineral formulas,
especially ginseng (Panax ginseng) extracts. A recent review listed three studies of healthy exer-
cising adults (but not athletes) given ginseng-multiple-vitamin-mineral combination products.”!
Similarly, 14 studies on mental performance parameters using ginseng-multiple-vitamin-mineral
combinations were reported in adults, but not athletes.”! The products contained a standardized
ginseng extract, itself studied extensively for mental and performance effects in athletes,”’ with
100% DV for vitamins and some trace minerals, and also dimethylaminoethanol in one product
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(Gericomplex®, Gerimax® and Geriatric Pharmaton®). These studies did show performance or
physiological improvements during exercise, and most studies showed improved mental perfor-
mance, but since the amount of ginseng in these products was equivalent to that of other studies
that showed similar improvements, it is difficult to ascribe the changes to the vitamins or minerals.”!
A study by Ushakov’ in 1978 reported improved work capacity in seven subjects after 20 days
of supplementation with “nutrition correction supplements,” an undescribed mixture of “...glutamic
and aspartic acids, methionine, group B vitamins, ascorbic acid, vitamin A, rutin, nicotinamide, nucleic
acids, organic K, Ca, Mg, and Ph salts.” However, administration was not randomized, allowing for
possible training effects. Objective measurements of amino acid composition were reportedly improved
after supplementation. Again, low subject number and poor study design preclude trustworthy data.
Studies using multiple vitamin-mineral combinations with other nutrients or herbal extracts have
not added reliable information on any potential effects on physical performance in exercising individuals.

F. MuLtiPLE VITAMIN AND TRACE MINERAL ANTIOXIDANT COMBINATIONS

Several essential vitamins and minerals possess antioxidant activity. These are primarily: (1) vitamin
A (as beta carotene, not retinyl esters); (2) vitamin C; (3) vitamin E; and (4) selenium. Other vitamins
and minerals do not possess inherent antioxidant activity. Zinc, copper, manganese and iron are
essential cofactors for metalloenzyme antioxidants (superoxide dismutases, catalase, peroxidases),
and can be considered as antioxidants. However, since these minerals possess many other roles, and
because they possess pro-oxidant activities under certain conditions, their roles as antioxidants will
not be considered in this chapter. Like the other minerals, selenium (as selenocysteine) is required
for glutathione peroxidase (GPx) activity, but since there are only a few other non-antioxidant roles
for selenium in GPx, its inclusion instead of zinc, copper, manganese and iron is justified.

While there have been a prodigious number of human studies concerning supplementation of
essential micronutrient antioxidant combinations in exercising individuals, very few have actually
measured physical performance. In keeping with the theme of this chapter, this review will focus only
on physical performance results from studies using combinations of essential vitamins or trace minerals.
Table 1.3 shows that performance-related measures in four controlled studies were not affected by
antioxidant combinations, except for better lung function immediately after exercise in conditions of
high ozone concentrations.”>-7® There are still no reports on the effects of exercise performance (such
as time to exhaustion) from combinations of essential vitamin and trace mineral antioxidants without
other nutrients. There is insufficient data on hand to determine whether supplementation with only
combinations of essential vitamin and trace mineral antioxidants affects physical performance.

IV. EFFECT OF VITAMINS AND MINERALS ON CONDITIONS
INDIRECTLY AFFECTING PERFORMANCE

Because a product or nutrient does not alter VO,max or exercise time to exhaustion does not mean
it has no effect on sports performance. Effects of deficiencies and supplementation for essential
vitamins and trace minerals on non-performance or non-metabolic actions have relevance for sports
nutrition. These conditions include:

e Mental fitness (subjective feelings of well-being, perception of fatigue, coordination,
reaction times, decision making, neuromuscular control, neurological parameters)

e Immune system function (resistance to infections and overtraining)

* Prevention and healing of musculoskeletal injuries

The effects of mood, mental effort, sick time and downtime from injuries on physical perfor-

mance can be indirect and include loss of training time resulting in poorer adaptation to exercise
training. These issues are extremely difficult to study under controlled conditions, and may show

© 2006 by Taylor & Francis Group, LLC



TABLE 1.3

Effects of Combinations of Essential Vitamin and Trace Mineral Antioxidant Combinations on Physical Performance

Author

Kankaanpaa, et al., 1994

Grievink, et al., 1998

Bryant, et al., 2003

Bloomer, et al., 2004

Reference

73

74

75

76

Daily Dosage

Beta carotene — 45 mg (75000 IU)
Vitamin C — 600 mg

Vitamin E — 300 mg

Selenium — 150 mcg

Beta carotene — 15 mg (25000 TUO
Vitamin C — 650 mg

Vitamin E — 75 mg

Vitamin C — 1000 mg
Vitamin E — 200 IU

Vitamin C — 1000 mg
Vitamin E — 268 mg (400 IU)
Selenium — 90 mcg

Subjects & Duration

20 total male
recreational soccer
players for 4 weeks

26 total heavily
exercising amateur
cyclists (1641
years) for 10 weeks

7 total trained male
cyclists (21-25 years)
for 3 week periods

18 total healthy,
untrained women
(19-31 years) for 18
days

Performance parameters

Three 30 sec maximal
isokinetic knee flexion-
extension tests

Lung function with ozone
(Forced Vital Capacity,
Forced Expiratory Volume in
one second, Peak Expiratory
Flow, Maximal Mid-
expiratory Flow)

Cycle ergometry @ 70%
VO, max for 60 min, then
30 min performance ride

Eccentric elbow flexion

Results

Peak torque, work, thigh
surface EMG unaffected
by supplementation

Acute effects of ozone on
lung function after
exercise reversed

Total work during
performance ride not
different between groups

Maximal isometric force
not different between
groups for 96 hours after
exercise
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Introduction 19

large changes only after extended periods. Thus, studies on the effects of combinations of essential
vitamins and trace minerals on mental, immune and injury variables are sparse.

A. MENTAL PERFORMANCE

In keeping with the theme of this chapter to focus on exercising persons, the rather large background
of information on mental effects of deficiencies or supplements of essential vitamins and trace
minerals will not be reviewed; rather, the results from human studies listed in Tables 1.1 and 1.2
will be examined. Combinations of essential vitamins and trace minerals have led to improvements
in neuromuscular performance in four studies,’”#+484 and less fatigue in two studies.’>** Otherwise,
there have been no systematic scientific appraisals of subjective feelings in studies on exercising
athletes with combinations of essential vitamins and trace minerals. Given the availability of
validated assessment tools for mental parameters (quality of life, mood, feelings of well-being
questionnaires; reaction times, coordination, mental acuity tests, cognition), and given the large
role for physical performance played by how each individual feels, and given the established
literature on subjective effects of essential vitamins and trace minerals on these parameters in
nonathletes, it is surprising that more investigations have not been performed. Indeed, the connection
between mind and body and essential vitamin and trace mineral combinations may account for
why roughly half of the U.S. population (and exercising individuals) regularly consumes such
products.

B. IMMuUNITY

A consensus in the literature indicates that acute exhaustive exercise bouts (overexercise) or heavy
chronic exercise (overtraining) are associated with immune function changes consistent with
increased risk of upper respiratory tract infections.””*> While the exact mechanisms are under
investigation, inadequate status of essential vitamins and trace minerals is one suspected culprit.”’-%2

Effects of supplementation with single essential vitamins and trace minerals has been the subject
of recent reviews and elsewhere in this volume.”-2 With regard to combinations of essential
vitamins and trace minerals, relatively few studies in exercising persons are available. Table 1.4
lists some of these studies, six of which have found that various combinations of essential vitamins
and trace minerals have reduced upper respiratory infection rates and improved specific functions
of leukocytes.’293-7 The only common theme among these studies was the relatively high intakes
of vitamin C and vitamin E, although some results were similar to either vitamin C or vitamin E
supplementation alone. Obviously, the field of affecting immune function, infection rate, training
status and eventually physical performance with combinations of essential vitamins and trace
elements is virtually unstudied in athletes. Nevertheless, the results to date suggest potential for
large, real-life impacts on ability to train or perform.

C. INJURY AND RECUPERATION

Again, little research has been applied to the role of essential micronutrient deficiencies or supple-
mentation to prevention or recovery from musculoskeletal injuries in athletes.”® If deficiencies of
micronutrients exist, it is possible that healing or tissue repair can be delayed. An extensive review
of the available literature has found that large doses of vitamin A, vitamin C or zinc salts may
accelerate healing of skin wounds in healthy persons.”® However, no prospective trials of supple-
mentation with a complete and potent multiple vitamin-mineral formula on injured athletes can be
found. Colgan found that his subjects reported 35% fewer injuries after long-term use of individu-
alized combinations of essential vitamins and trace minerals.> Animal and human data suggest that
provision of large doses of thiamin and pantothenate to healing tissues may accelerate connective
tissue repair.”® Since injuries reduce training time and prevent participation in events, any reduction
in healing time and return to active training would greatly aid athletic endeavors.
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TABLE 1.4

Effects of Combinations of Essential Vitamin and Trace Mineral Combinations on Immune Function in Exercising Persons

Author

Ismail, et al., 1983

Colgan, 1986

Peters et al., 1996

Petersen et al., 2001

Tauler et al., 2002

Robson et al., 2003

Reference

93

52

94

95

96

97

Daily Dosage

Vitamin C — 500 mg
Vitamin E — 400 mg
See Table 1.2

Beta-carotene — 18 mg (30000 IU)
Vitamin C — 300 mg

Vitamin E — 270 mg (400 IU)
Vitamin C — 500 mg

Vitamin E — 400 mg

Beta-carotene — 50000 IU
Vitamin C — 1000 mg (last 15 d only)
Vitamin E — 500 mg

Baseline supplementation with
multiple vitamin-mineral product
plus extra antioxidants:

Beta-carotene — 18 mg (30000 IU)

Vitamin C — 900 mg

Vitamin E — 90 mg

Subjects and
Duration

Fit and sedentary
persons for 6 months

8 total American
marathon runners

total marathon
runners, starting
after run for 2 weeks

20 total male
recreational runners
for 21 days

20 well-trained
sportsmen (23 + 2
years) for 90 days

12 total healthy
endurance subjects
(30 % 6 years) for 7
weeks of baseline
with 7 days of extra
antioxidants

Results

Lymphocytes responses improved more in fit persons than in sedentary
persons
81% fewer infections reported compared to unsupplemented periods

Upper respiratory infections reduced by half (from 40% to 20%)
compared to placebo group (results similar to Vitamin C alone)

Cytokine release, lymphocyte subpopulations after downhill treadmill
running bout not different

Plasma vitamin concentrations increased after supplementation

Increased neutrophil antioxidant enzyme activities

Increased neutrophil superoxide dismutase protein concentration

Prevented decrease in total & reduced glutathione levels, GSH/GSSG
ratio in blood and neutrophils

Neutrophil oxidative burst at rest higher from baseline supplementation

Neutrophil oxidative burst after exercise higher after extra antioxidants

RPE, HR not different

Circulating leucocyte, neutrophil, lymphocyte counts and percentage of
oxidizing neutrophils not different
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V. SUMMARY AND CONCLUSIONS

The goal of this chapter was to identify essential vitamins and trace minerals, review studies of
supplementation with combinations of vitamins and trace minerals, and point out some largely
unexplored areas in sports nutrition that affect physical performance.

At this point, what is known about the most commonly used dietary supplement — multiple
vitamin-mineral products — and their effects on physical performance? Consumers of multiple
vitamin-mineral products want to know whether the pills they are popping keep them healthy and
performing at peak efficiency. Consumers want to know if multiple vitamin-mineral products are
a waste of money that creates expensive sewage, as many health care professionals claim. Con-
sumers want to know whether these products are safe and contain the amounts of nutrients listed
on the label. The following points are based on the evidence to date, along with a familiarity of
research from non-exercise fields:

* Deficiencies of water-soluble vitamins, antioxidant vitamins, and key trace minerals (iron,
zinc) can decrease physical performance.

* Exercising individuals most at risk are those who do not consume sufficient foods, who
ingest mostly refined carbohydrates, who overtrain and who exercise in extreme manners
or conditions.

e Multiple vitamin-mineral products with DV amounts of essential vitamins and trace
minerals are not associated with improvement in performance and cannot be relied upon
to prevent deficiencies of key micronutrients (antioxidants, iron) or favorably affect
micronutrient status.

e Multiple vitamin-mineral products containing more than the DV of essential water-
soluble vitamins, vitamin E and trace minerals may be associated with improved micro-
nutrient status, maintaining physical performance or improving performance if nutrient
deficiencies were pre-existing.

e Multiple vitamin-mineral products containing more than the DV of essential water-
soluble vitamins, vitamin E and trace minerals do not appear to enhance physical per-
formance for a majority of users.

* Indirect effects (mental effects, fewer illnesses, fewer injuries, better recovery) may
account for perceived benefits to performance.

* Apparent exercise intensity or workload effects (i.e., more exercise means more need
for supplementation larger than the DV).

* Apparent duration of supplementation effects (longer use brings more and/or larger
results).

* More micronutrients (more complete formulas) are associated with better results than
incomplete formulas.

» Toxicity from multiple vitamin-mineral products in exercising individuals appears to be
extremely uncommon; however, care must be taken to limit intakes of vitamin A (retinols)
and minerals, which have lower upper limits of safety than water-soluble vitamins.

In conclusion, the recommendation from a review article by investigators from Harvard Medical
School published in the Journal of the American Medical Association that it appears prudent for
all adults to take vitamin supplements!” is also appropriate for adults who exercise regularly. The
evidence also suggests that regular exercisers who do not perform optimally should consider a trial
of increased intakes of antioxidant vitamins and B vitamins along with a multiple vitamin-mineral
product with DV amounts of micronutrients (see amounts listed in Tables 1.2, 1.3 and 1.4) — the
easiest, least expensive and most trustworthy way to assess utility of essential vitamins and trace
minerals.
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I. INTRODUCTION

The relationship between ascorbic acid and exercise has been studied for a number of years, with several
review articles having been written covering this topic.!- This chapter will further address the knowledge
base concerning vitamin C and exercise. Such topics as the basic functions and deficiency symptoms
of ascorbic acid as related to exercise will be covered. In addition, articles related to exercise and vitamin
C requirements; immune function; cortisol secretion and stress; muscle soreness; supplementation and
sports performance and intakes/needs of physically active persons for the vitamin will be reviewed.

A. History

While the existence of vitamin C has been known for only a relatively short time, the fact that a
vitamin C deficiency could adversely affect physical performance has been documented for centuries. '
There are reports from the British Navy of the late 1700s concerning sailors with scurvy (vitamin C
deficiency).* These reports describe sailors who had good appetites and were cheerful, yet collapsed
and died on deck upon the initiation of physical activity. During the Crimean War (1854—6) and the
American Civil War, scurvy was reported among the soldiers. Those having scurvy were reported to
have shortness of breath upon exertion and greatly reduced energy and powers of endurance.* These
are just a couple of examples of how ascorbic acid deficiency has adversely affected the physical
ability of sailors and soldiers in the last several centuries, and other stories of scurvy’s effects on
physical performance exist.* Thus, while the study of vitamin C and physical performance is a relatively
new area, the fact that scurvy has caused decreases in physical performance has existed for centuries.

29
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B. GENERAL PROPERTIES AND STRUCTURE

Vitamin C is a water-soluble vitamin for humans, primates and guinea pigs. Most other animal
species can make ascorbic acid from the sugar glucose, but humans lack an enzyme necessary to
convert glucose to ascorbic acid. Vitamin C exists in humans in two biologically active forms,
ascorbic acid and dehydroascorbic acid. It is the ability to interconvert between these two forms
that gives vitamin C antioxidant capabilities.®-1°

Dietary intakes of vitamin C are absorbed in the upper small intestines by active transport mech-
anisms at physiological intakes (50-200 mg/day). Large intakes (gram doses) of the vitamin may be
absorbed by passive diffusion. Most (80-90%) of a physiological dose will be absorbed. However, this
absorbance value may drop to 10-20% for megadoses. Vitamin C is found in high concentrations in
the adrenal glands, pituitary gland, white blood cells, the lens of the eye and brain tissue.5-1°

C. FuncrioNs

Ascorbic acid has several important functions as related to physical activity. The vitamin has long
been known to be necessary for normal collagen synthesis. Collagen, one of the most abundant proteins
in the body, is a vital component of cartilage, ligaments, tendons and other connective tissue. Vitamin C
is needed for the formation of the vitamin-like compound carnitine, which is necessary for the transport
of long-chain fatty acids into the mitochondria. The fatty acids can then be used as an energy source.
The neurotransmitters, norepinephrine and epinephrine also require vitamin C for their synthesis.
Ascorbic acid seems to be needed for the proper transport of nonheme iron, the reduction of folic
acid intermediates and for the proper metabolism of the stress hormone cortisol. Finally, vitamin C
acts as a powerful water-soluble antioxidant. The vitamin seems to exert antioxidant functions in
plasma and probably interfaces at the lipid membrane level with vitamin E to regenerate vitamin E
from the vitamin E radical. Table 2.1 describes some of these functions in more detail.*-'°

Through these various functions vitamin C can interface with physical activity at several levels. For
example, poor development of connective tissue could result in increased numbers of ligament and
tendon injuries and poor healing of these injuries. Inadequate production of carnitine would decrease a
person’s ability to utilize fatty acids as an energy source. This would force increased use on glycogen
stores, exhausting these stores earlier during exercise and causing fatigue and decreased performance.
With decreased production of norepinephrine and epinephrine, an athlete might not be able to properly
stimulate the neural and metabolic systems necessary for optimal performance. Poor iron and folate
metabolism would result in anemia’s impairing the transport of oxygen to tissues. This would be a

TABLE 2.1
Selected Functions of Vitamin C That Would Affect Physical
Performance
Chemical Reaction Requiring Vitamin C Body Function
1) lysine — hydroxylysine Needed for normal collagen
proline — hydroxyproline (cartilage, connective tissue,
ligaments, tendons)
2) lysine — carnitine Necessary for normal fat
(liver, kidney) oxidation in muscle cell
mitochondria
3) phenylalanine — dopamine, Needed for normal
norepinephrine, epinephrine neurotransmitter formation
4) ascorbic acid <> dehydroascorbic acid normal antioxidant function
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TABLE 2.2

Vitamin C Deficiency Symptoms and Physical Performance

Deficiency Symptom Effect on Performance

Poor connective tissue development, poor Strains, sprains may increase, heal poorly.
injury healing, swelling, bleeding in joints Poor range of motion

Subcutaneous hemorrhages, increased bruising Hemorrhages due to contact would be worse,
more extensive

Anemia Decreased aerobic performance

Fatigue Decreased aerobic and anaerobic
performance due to decreased fatty acid use and
neurotransmitter function

Muscular weakness, pain Decreased force production, decreased
performance due to pain when moving

Anorexia Decreased performance due to low energy intake

definite hindrance to optimal performance in aerobic endeavors. Through its various functions, vitamin
C has ample opportunity to interface with physical performance at several metabolic sites.

D. DEerICcIENCY AND PHYsICAL PERFORMANCE

It should be apparent from the previous section that a vitamin C deficiency (scurvy) would cause a
decrease in physical performance. This point is not controversial. Table 2.2 lists the major symptoms
of vitamin C deficiency and how each symptom could decrease a certain aspect of physical activity.

Marginal status for ascorbic acid probably also exerts some detrimental effects on performance.
For example, Lemmel'! studied 110 children receiving a diet low in ascorbic acid. The addition of
100 mg daily of ascorbic acid over a 4-month period improved the work capacity and liveliness of
48% of the children as compared with 12% in a control group. Babadzanjan et al.'? studied 40 train
engine drivers and crew. These individuals initially had low vitamin C status. The administration of
200 mg of vitamin C per day normalized blood concentrations and reduced fatigue in these subjects.
Buzina and Suboticanec'?® reported that VO,max values were improved in young adolescents having
low plasma concentrations of vitamin C when these adolescents were supplemented with vitamin C.
The improvement in the VO,max stopped when plasma C concentrations were normalized. Van der
Beek et al.'*!> produced marginal vitamin C status in subjects by feeding them 32.5-50% of the Dutch
RDA for vitamin C for 3 to 8 weeks. In one study'S, an increased heart rate was seen at the “onset
of blood lactate” level during the time of reduced vitamin C intake. In addition, reduced vitamin C
status may have been partly responsible for a significant reduction in aerobic power seen in the other
study.!* More recently, Johnston et al.'® studied the effects of vitamin C supplementation on nine
vitamin C-depleted male and female subjects who were apparently healthy and unaware of their low
serum vitamin C concentrations. The subjects were given 500 mg of vitamin C a day for 2 weeks.
Compared with pre-supplementation values, work performed by the subjects on a graded walking
protocol and gross work efficiency increased significantly by 10 and 15%, respectively.

E. RecCOMMENDED INTAKES AND FOOD SOURCES

The current adult Dietary Reference Intake/Recommended Dietary Allowance (RDA) for vitamin C
is 75 mg/day for women and 90 mg/day for men.'” This level of intake is known to maintain
adequate tissue levels of the vitamin and prevent signs of scurvy in most individuals. However,
these guidelines were developed for light to moderately active people, not specifically for athletes
or persons engaged in strenuous or prolonged physical activity.
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TABLE 2.3
Vitamin C Content (mg) of Selected Fruits and Vegetables
Fruits Vitamin C Vegetables Vitamin C
Kiwi (1) 74 Kale (1/2 C) 27
Strawberries (1/2 C)* 42 Bell Pepper (1) 95
Oranges (1) 70 Turnip Greens (1/2 C) 20
Orange juice (1/2 C) 62 Brussels sprouts (1/2 C) 36
Tangerine (1 fruit) 26 Sweet potato (1) 28
Pineapple (3 slices) 12 Broccoli (1/2 C) 37
Cantaloupe (1/2 C) 113 Spinach (1/2 C) 16
Grapefruit (1/2 C) 41 Cauliflower (1/2 C) 35
Mango (1) 57 Cabbage (1/2 C) 18
Papaya (172 C) 46 Potato (1 med) 26
Watermelon (1 slice) 46 Okra (8 pods) 14
Tomatoes (1 med) 22

*C = cup(s); 1C=240ml

Various forms of physiological stress are known to increase the need for vitamin C. These
include infections,® cigarette smoking,'”!8 extreme environmental temperature'®?° and altitude,?
among others. Strenuous or prolonged exercise is a form of physiological stress?! and could possibly
increase requirements and, thus, recommended intakes of the vitamin in physically active individ-
uals. This point will be further explored later in this chapter. However, to date, no official recom-
mendations for vitamin C intake for physically active individuals have been made.

Vitamin C is found naturally, and almost exclusively, in fruits and vegetables. Some vitamin C
can be found in milk and liver, but these values are minimal.® In addition to natural sources of the
vitamin, many foods such as breakfast cereals, some sports drinks and various nutrition bars, for
example, are now fortified with the vitamin. Thus, it is more likely today than ever before that
significant vitamin C intake could be obtained from foods other than fruits and vegetables. Nonethe-
less, vitamin C can be different in terms of intake as compared with many other vitamins, particularly
the B complex vitamins. B complex vitamin intake tends to correlate well with total energy intake
of an athlete. Thus, if athletes are consuming sufficient energy, it is reasonably likely that their dietary
intake for B complex vitamins such as thiamin and niacin is also sufficient. However, because ascorbic
acid is found principally in some fruits and vegetables, the possibility exists that athletes could have
an otherwise adequate diet but one that is low in vitamin C. This would occur if the athletes did not
consume sufficient servings of fruits and vegetables or other vitamin C fortified foods. The vitamin C
content of selected fruits and vegetables can be found in Table 2.3.

Il. EXERCISE AND ASCORBIC ACID REQUIREMENTS

One question that researchers have asked is, “What effects does the stress of physical activity have
on the requirements for vitamin C?” A possible answer to this question can be evaluated by looking
at direct changes in tissue concentrations of blood/plasma, white blood cells and urine. Indirect
answers to this question can be obtained by looking in areas such as heat acclimation, muscle
soreness or damage, respiratory infection rates and the levels of the stress hormone, cortisol.

A. Direct EFrects: Bopy Tissues, BLoop/PLasma, WHITE BLoobp CELLs, URINE

Several animal studies?>?” have been performed that addressed the exercise/vitamin C requirement
question. These studies are in general agreement that exercise reduces the vitamin C content of
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various tissues such as the adrenal glands, spleen, liver and brain. This would seem to indicate that
exercise increased the need for vitamin C in these animals.

Studies evaluating the effect of exercise on ascorbic acid needs in humans are greater in number
and more diverse in their approach as compared with animal studies. Human studies have addressed
the relationship between exercise and vitamin C for blood/plasma and leukocyte concentrations of
the vitamin, excretion in the urine, immune function, hormonal status, muscle soreness or damage
and heat stress adaptation.

Several papers have evaluated blood/plasma vitamin C changes with exercise or in athletes at
rest. Namyslowski and Desperak-Secomska?® found decreased blood vitamin C levels in a group
of physical culture students. Although the diets of the students might not have been adequate in
vitamin C, the authors concluded that strenuous exercise had caused an additional decrease in these
blood concentrations. Namyslowski? followed the first research project with a second study. This
study found that blood vitamin C levels decreased in athletes ingesting 100 mg of vitamin C/day.
Dietary intakes of 300 mg/day were required to maintain or increase blood concentrations of ascorbic
acid in the athletes. Recently, Schroder et al.® reported that the plasma vitamin C concentrations of
a group of professional basketball players decreased significantly over a 32-day competitive season,
with the final plasma value (15.4 wumol/L) falling below the minimum acceptable concentration.

However, several other studies?!'-3° have reported normal mean vitamin C concentrations in the
plasma of athletes and physically active individuals; although at least one study?®’ reported 12% of
its subjects with low plasma vitamin C concentrations, while another’®* had mean ascorbic acid
concentrations for its subjects at the low end of normal range. Plasma vitamin C concentrations
above 23 umol/L are often considered adequate.>* Mean plasma vitamin C concentrations in active,
mostly male subjects have been reported to range from a low of 35 to a high of 86 umol/L. One
study with female ballet dancers reported a plasma vitamin C concentration of 46 umol/L.3* Thus,
for the most part, resting plasma concentrations in physically active individuals appear to be normal.
However, some care must be taken in interpreting these values as compared with a sedentary
population. Several papers have reported that recent physical activity can increase plasma vitamin
C concentrations for up to 24 hours.3'-33#! Thus, plasma values for vitamin C in some of the reported
studies could possibly be falsely elevated if they were obtained within 24 hours of strenuous
exercise. This could be a mitigating factor in evaluating plasma vitamin C in athletes. Furthermore,
plasma vitamin C values have been recorded mostly in runners. Data are not available for plasma
vitamin C concentrations in other groups such as weightlifters, swimmers and cyclists. Plasma
vitamin C values in various athletic groups can be seen in Table 2.4.

TABLE 2.4
Resting or Baseline Plasma Ascorbic Acid Concentrations (umol/L)
in Various Athletic Groups

Athletic group No. of Subjects Ascorbic Acid Value  Reference
Various athletes 50M, 36 F 56 37
Runners 4 M 79 31
Runners 7™M 35 33
Runners IM 53 32
Runners 30 M 58 35
Various athletes 55M 74 36
Ballet dancers 10M, 12 F 59M, 46 F 34
Trained runners 6M,6F 72 38
Ultramarathoners I5M 83 39

Normal plasma ascorbic acid concentration range = 23-114.0 pmol/L54
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Several studies*>* have examined the relationship between white blood cell/leukocyte ascorbic
acid concentrations and exercise. One study evaluated changes in white blood cell ascorbic acid
concentrations in 31 professional soccer players before and after a strenuous 2-hour training session.*?
The white blood cell ascorbic acid content decreased following the training session. The authors
likened this fall with the fall in white blood cell vitamin C seen following other stressful events such
as myocardial infarction and the common cold. Ferrandez et al.** reported on the leukocyte ascorbic
acid concentrations in a group of Olympic cyclists in the third year of their 4-year training program.
These authors reported that lymphocyte and neutrophil vitamin C concentrations declined significantly
over the length of the study. In addition, the authors further reported that lymphocyte and neutrophil
ascorbic acid levels declined from a pre-Olympic to a post-Olympic games test. However, two other
studies*** do not support an increased vitamin C requirement in athletes based on leukocyte evidence.
Robertson et al.* reported on the lymphocyte ascorbic acid concentrations in a group of six highly
trained runners compared with an equal number of sedentary control subjects. The runners had
significantly greater lymphocyte ascorbic acid levels. Krause et al.* measured neutrophil function in
two groups of biathletes following a strenuous competition. One group received vitamin C at 2 grams
per day for a week while the other group received a placebo. Neutrophil function decreased following
the competition in both groups with no significant differences between the groups.

Two studies have reported decreased urinary excretion of vitamin C with increased physical
activity.?4 Bacinskij*® studied 30 young sedentary male medical students and 33 physical-culture
students who participated in various forms of exercise on a daily basis. The physical-culture students
excreted only about 50% of the vitamin C excreted by the medical students. The author concluded
that persons engaged in physical activity need extra vitamin C. Namyslowski® also reported
decreased urine vitamin C in a group of skiers. The author suggested that the skiers needed 200-250 mg
of vitamin C each day. However, two other studies®!*#’ reported no significant differences in urine
excretion of vitamin C between runners and male athletes and their sedentary controls.

B. INDIRecT EFrecTs: HEAT ACCLIMATION, MuUSCLE SORENESS/DAMAGE,
REesPIRATORY INFECTIONS, CORTISOL

Several papers have examined the relationships among exercise, vitamin C needs and adaptation
to heat stress in humans.**-52 An early study* found no effect of 500 mg of vitamin C on rectal
temperature, sweat rate, recovery heart rate or strength in subjects working in a hot environment.
However, studies since then have found some improvement in the ability of humans to exercise in
a hot environment when they were given additional vitamin C.4-52

Strydom et al.3! studied the effects of vitamin C ingestion (250 or 500 mg/day for 21 days vs.
placebo) in a group of 60 mining recruits undergoing climatic room acclimatization. Subjects were
not exposed to heat for at least 6 months prior to the study. Exercise consisted of a 4-hour step
test in a comfortable environment (20-22°C) versus repeated testing in a hot environment (32.2°C
wet bulb and 33.9°C dry bulb). Results indicated no differences among groups for heart rate or
total sweat rate. However, rectal temperatures were significantly lower in the groups receiving
vitamin C. The authors concluded that the rate and degree of heat acclimatization was enhanced
by vitamin C supplementation.

Kotze et al.> also investigated heat acclimation in 13 male volunteers. Subjects exercised 4 hours
each day for 10 days in a manner and under conditions previously described by Strydom et al.>!
Volunteers were placed into diet groups receiving 250 or 500 mg vitamin C daily or a placebo.
Groups receiving vitamin C had a reduction in total sweat output and rectal temperature. The
authors concluded that vitamin C may be effective in reducing heat strain in unacclimatized persons.

Four papers>*-¢ outlined below have reported on vitamin C and muscle soreness or damage.
Two of the papers’>** reported that vitamin C had no effects on muscle soreness. However, two
other studies®>*¢ did find that vitamin C supplementation above RDA levels improved muscle
soreness or damage markers.
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An early study by Staton? showed no differences in delayed muscle soreness as measured after
a sit-up test between subjects receiving 100 mg of vitamin C and those receiving a placebo.
Thompson et al.>* gave 1,000 mg of ascorbic acid 2 hours prior to exercise to nine active males.
These same subjects also received a placebo treatment on another trial. Subjects underwent a 90-
minute shuttle running test that mimicked multiple sprints. Measurements were taken for muscle
damage (creatine kinase) and lipid peroxidation (malondialdehyde) as well as muscle soreness. No
differences were noted between treatment and placebo trials. The authors concluded that acute
supplementation of vitamin C had no beneficial effects on muscle soreness. However, the authors
stated that short-term ascorbic acid supplementation might have been ineffective because the timing
of the supplement was incorrect. However, in a study by Jakeman and Maxwell>® post-exercise
maximal voluntary isometric contraction of an eccentrically exercised leg was determined over a
7-day period of time. In general, retention of force production was better in a group of subjects
receiving 400 mg of vitamin C a day for 21 days prior to exercise as compared with a group
receiving vitamin E. The authors concluded that vitamin C may offer some protection from eccentric
exercise-induced muscle damage.

In a second study, Thompson et al.’® measured muscle soreness and muscle function in 16 (eight
vitamin C, eight placebo) regularly training male subjects. The vitamin C group received 400 mg of
the vitamin a day for 2 weeks prior to testing. Subjects undertook a 90-minute strenuous intermittent
shuttle run. Muscle soreness was assessed using a 10-point scale and muscle function was assessed
on the flexors and extensors of both legs using an isokinetic dynamometer. Vitamin C had beneficial
effects on muscle soreness and muscle function. In addition, plasma malondialdehyde and interleukin-
6 concentrations were lower at certain post-exercise time periods in the vitamin C group.

Research has previously documented that strenuous or prolonged exercise can compromise the
immune system.37 This compromised immune system may then allow for an increased incidence
of infections, particularly upper respiratory tract infections (URTI), in athletes. Several studies>®-¢!
have investigated the relationship between ascorbic acid and URTIL.

Peters et al.’® evaluated the effects of a vitamin C supplement (600 mg/day for 21 days or a
placebo) on the incidence of URTI in a group of ultramarathoners following a race. Runners were
monitored for 14 days following the race. A total of 68% of the runners in the placebo group had
symptoms of URTI following the race. Only 33% of the vitamin C-supplemented subjects had
symptoms. This difference was significant. Peters et al.”® followed up their initial research with
another study involving ultramarathoners, vitamin C and URTI. Results were similar to the first
study. Runners received either 500 mg of vitamin C a day or a placebo for 21 days prior to a 90-
kilometer race. URTI was monitored for 14 days post-race. URTI occurred in 16% of the vitamin C
runners and 40% of the placebo runners. Again, this difference was significant. Peters et al.’®
concluded that vitamin C supplementation may enhance resistance to post-race URTI. Other
studies®® have looked at vitamin C supplementation and URTI in school children undergoing training
at a ski camp and military troops undergoing strenuous training. Vitamin C was given at levels of
600-1000 mg/day and placebo groups were included. Vitamin C supplementation reduced URTI
symptoms in these studies approximately 50%. In contrast to the four previous studies, Himmelstein
et al.%! did not find a significant difference in URTI between vitamin C-treated and placebo marathon
runners. In this study,®' 44 marathon runners were given either 1,000 mg of vitamin C a day or a
placebo for 2 months prior to their marathon. They were then followed for 1 month post-marathon.
URTI incidence in the vitamin C runners was 33% and for the placebo runners 43%.

The secretion of the hormone cortisol also has been studied in relation to exercise and vitamin C.
Cortisol is released from the adrenal gland in response to physiological and psychological stress.>6?
Cortisol is generally thought of as a catabolic hormone, resulting in, among other functions, a loss of
lean body mass. Increased secretion of cortisol may indicate a higher level of stress on the organism.
Ascorbic acid is required for the synthesis of cortisol and may have a dampening effect on plasma
cortisol concentrations in response to stress. This could indicate a lower level of stress in relation
to the stressor. Peake’ has reviewed the relationships between ascorbic acid and cortisol metabolism.
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Five recent studies’$-7-3%63 have attempted to elucidate the relationship among cortisol, exercise
and ascorbic acid. Nieman et al.’” gave 12 experienced marathon runners either a vitamin C
supplement (1000 mg/day for 8 days) or a placebo. Subjects then ran on a treadmill at 75-80%
VO,max for 2.5 hours. Five blood samples were taken before and up to 6 hours following exercise.
These investigators found no significant differences in plasma cortisol concentrations between the
vitamin C and placebo groups. However, mean cortisol concentrations were lower at four of the
five time points in the vitamin C group. Robson et al.3® gave 900 mg of vitamin C a day or a
placebo for 7 days to 12 endurance athletes. There were no between-group differences in post-
exercise plasma cortisol concentrations following a 2-hour treadmill run at 65% VO,max. In contrast
to the findings by Robson et al.*® and Nieman et al.,”’ three other studies’®>°% have reported
decreases in plasma cortisol concentrations following exercise in vitamin C-supplemented groups.
Nieman et al.,% in a second study, reported that supplemental vitamin C reduced post-race cortisol
concentrations in a group of ultramarathoners. In addition, Peters et al.’®>° reported that supple-
mental vitamin C (1000-1500 mg/day) for 7 days prior to racing, on race day, and 2 days following
competition significantly reduced post-race plasma cortisol concentrations compared with placebo
subjects in two groups of 15—-16 ultramarathoners. However, while cortisol was reduced, plasma
markers of tissue inflammation were significantly elevated.

In summary, vitamin C requirements have been shown to be increased with various forms of
stress such as smoking, illness and injury. It seems likely that strenuous or prolonged exercise also
creates sufficient stress to increase vitamin C requirements. While not always clear, the overall data
reviewed in this section would tend to indicate such. All animal studies indicated decreased tissue
vitamin C levels with exercise. In humans, three papers reported decreased plasma ascorbic acid
concentrations with training, two of three papers reported decreased leukocyte concentrations with
training and two of four papers reported decreased urine excretion. In addition, four out five papers
reported improved heat acclimation with additional vitamin C, four out five papers reported
decreased URTI incidence while two (out of four) papers reported improvement in muscle soreness
markers and three (out of five) reported reduced plasma cortisol concentrations with additional
vitamin C. These results, coupled with the knowledge that ascorbic acid is needed for such functions
as epinephrine, carnitine and collagen synthesis as well as normal iron metabolism, would give
support to the concept that strenuous or prolonged exercise and training would increase vitamin C
requirements. On the other hand, it is not likely that light to moderate levels of exercise and training
would significantly increase vitamin C requirements.

I1l. EFFECTS OF SUPPLEMENTAL ASCORBIC ACID ON VARIOUS
ASPECTS OF PHYSICAL PERFORMANCE

Numerous studies have been performed over the last 50-60 years concerning the relationship between
ascorbic acid intake and improvement of physical performance. Many of these studies have found
positive effects and an equal number have found no effects. It should be noted that many positive
studies were performed early in the study of this vitamin. These studies suffer from poor control and
dubious statistical analyses. In addition, the initial vitamin C status of the subjects was usually not
ascertained and could have been low. However, several “no effect” articles could be criticized for
giving ascorbic acid doses that were probably too low to have possible ergogenic effects.

A. PosiTive FINDINGS

Studies finding positive effects of vitamin C on performance have been reported for both animal®5-68
and human subject groups. Several early human studies (prior to 1950) did report positive effects
of vitamin C in the diet on physical performance including such findings as delayed muscular
fatigue and an increase in the amount of work performed.®-"3
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Several studies performed since 1960 also have reported positive performance changes in
subjects given additional ascorbic acid. Hoogerwerf and Hoitink” worked 33 untrained male
students on a cycle ergometer at 120 watts for 10 minutes. The study was performed in a double-
blind manner with 15 students receiving 1,000 mg of ascorbic a day for 5 days while the rest of
the students received a placebo. Blood ascorbate concentrations in the subjects were within normal
range at the beginning of the study. The researchers found that excess metabolism due to work
decreased and mechanical efficiency increased significantly in the group receiving ascorbic acid
as compared with the placebo group. Margolis™ studied 40 adult male workers; half of the subjects
received a vitamin C supplement of 100 mg while the other subjects served as controls. The authors
concluded that the vitamin C supplement was helpful in reducing fatigue and in increasing or
preventing a decrease in muscular endurance. Spioch et al.”® gave 30 healthy men 500 mg of
ascorbic acid intravenously prior to a 5-minute step test. Oxygen consumption was reduced by
12%, oxygen debt by 40%, total energy output by 18% and pulse rate by 11% compared with the
same test without ascorbic acid. Mechanical efficiency also improved in the subjects when they
received the ascorbic acid. Meyer et al.”’ investigated the effect of a predominately fruit diet
containing 500-1000 mg of vitamin C on the athletic performance of six male and three female
university and high school students. All students performed 1 hour of exercise and a 20-km run
each day. Measurements were taken before, during and after the diet, which was continued for 14 days.
Running times of the students were reduced following the diet but no changes were noted for
resting heart rate. Howald et al.”® studied 13 athletes undergoing a moderately intense continuous
training program. The athletes were initially given a placebo for 14 days. This was followed by a
vitamin C supplement of 1,000 mg/day for the next 14 days. Exercise tests were performed at the
end of each dietary period. The exercise test was a progressive cycle ergometer test starting at a
workload of 30 watts and increasing in 40-watt increments every 4 minutes until the subject reached
exhaustion. Subjects exhibited a significantly greater physical working capacity at a heart rate of
170 beats/minute. In addition, heart rates were consistently lower at each workload throughout the
progressive test when the subjects were receiving the vitamin C. Finally, the addition of vitamin C
to the diets of a group of trained Indian university women also resulted in an improvement in their
VO,max and work efficiency in the Harvard step test.”

B. Stubpies SHOwWING No EFrect

While many studies do report an ergogenic effect of ascorbic acid, an almost equal number have
found no effect of supplementing the vitamin on performance.

Several studies conducted prior to 1960,3°-35 as well as a number of newer studies, found no
effect of vitamin C on performance. Rasch® found no differences in performance of cross-country
runners receiving either 500 mg of vitamin C/day or a placebo. The experiment lasted one cross-
country season, and diets during this time were not controlled. Margaria et al.®’ administered
240 mg of vitamin C to subjects 90 minutes before exercise. These authors found no effects of
the vitamin on treadmill run time to exhaustion or VO,max as compared with control conditions.
Snigur®® studied school children for a period of 2 years. Half of the children were given an
ascorbic acid supplement of 100 mg a day and the rest of them acted as controls. Normal dietary
vitamin C intake of the children was calculated at 40 mg/day. No differences between groups
were seen for fatigability as estimated by strength of the wrist muscles or vital capacity of the
lungs. Another investigator®® gave subjects a vitamin C supplement or a placebo in a double-
blind protocol and exercised them on a motor-driven treadmill. No differences were noted for
oxygen consumption, respiratory quotient, pulse or respiratory rate. Gey et al.”® used 286 soldiers
as subjects in an experiment that lasted for 12 weeks. Subjects were administered 1,000 mg of
vitamin C or a placebo in a double-blind manner. No differences were seen for endurance
performance or overall improvement as measured by the mean distance covered on a 12-minute
walk/run test. Bailey et al. conducted two studies®*? in which young male subjects were exercised
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on a level motor-driven treadmill at various speeds. The experiments were conducted in a double-
blind manner with subjects receiving either 2,000 mg of ascorbic acid or a placebo for 5 days. No
differences were noted for minute ventilation, oxygen uptake, oxygen pulse or respiratory variables.
In yet another study,” the effects of giving 250-1,000 mg of ascorbic acid, either as a supplemental
tablet or by drinking orange juice, was evaluated in normal athletic subjects. A placebo and untreated
control group were included. No differences were noted among groups for sprint times, long-distance
running or work efficiency as measured by the Harvard step test. Horak and Zenisek® gave two
groups of well-trained athletes either 200 mg of ascorbic acid daily as a supplement or a diet high
in vitamin C foods. These authors reported no significant relationship between resting vitamin C
concentrations and work efficiency.

Keren and Epstein® reported on the effects of a vitamin C supplement on both anaerobic and
aerobic performance. Ascorbic acid at 1,000 mg/day or a placebo were given in a double-blind
manner for 21 days to a group of male subjects undergoing training. No differences were noted for
VO,max or anaerobic performance. Keith and Merrill® reported no differences in maximum grip
strength or in muscular endurance in 15 male subjects receiving either a single dose of 600 mg of
vitamin C or a placebo given 4 hours prior to exercise. Mean muscular endurance values were actually
worse on the vitamin C supplement, although this value was not significantly different. The exper-
iment was performed using a double-blind crossover protocol. Normal vitamin C intake of the
subjects was calculated to be 140 mg/day. Keith and Driskell®” found no differences in forced
expiratory volume, vital capacity, treadmill workload, resting heart rate or post-exercise lactic acid
in a group of male subjects receiving 300 mg of ascorbic acid versus a group receiving a placebo
for 21 days. The study was conducted in a double-blind crossover manner with a 3-week washout
period between treatments. Subjects had normal plasma ascorbic acid concentrations at the beginning
of the study. In a final study for this section, Driskell and Herbert*® administered 1,000 mg of ascorbic
acid daily or a placebo to male subjects undergoing treadmill testing. The experiment lasted 6 weeks.
No significant differences were noted for a variety of performance measures.

Summarizing the data on ascorbic acid as a possible ergogenic aid is difficult. Several studies report
an ergogenic effect while just as many studies cite no effect. Weaknesses can be found in studies taking
both points of view. However, several of the later studies, in which initial vitamin C status was apparently
adequate and supplemental vitamin C was given at 200—1000 mg, seemed to show no ergogenic effects
of additional vitamin C. While exceptions may be found, supplemental vitamin C, when given to well-
nourished subjects, would seem to have no pronounced or consistent ergogenic effects.

IV. DIETARY INTAKES OF ASCORBIC ACID IN PHYSICALLY
ACTIVE PERSONS

Numerous studies have reported on the vitamin C intake of different types of male and female
athletes.?3-3699-125 These studies are summarized in Table 2.5. Generally, mean vitamin intakes in
these groups were above the DRI/RDA. The range of mean vitamin C intakes for males was 94 to
600 mg/day, while female athletes had intakes of 55 to 847 mg/day. Almost all studies reported
mean vitamin C intakes in athletes to be above the RDA and at levels that would probably be
considered adequate or good for athletes under most conditions.

However, while mean intakes for the athletic groups were generally adequate, several studies
did report that a portion of their athletic population consumed ascorbic acid in suboptimal amounts.
In male athletes, Steen and McKinney'!® reported that 23% of their wrestlers consumed less than
two thirds of the RDA for vitamin C. Other papers have indicated similar figures:

* Hickson et al.,'%" 12-20% of football players below 2/3 RDA.

¢ Guilland et al.,*® 25% with low intakes.

e Cohen et al.,>* 10% of dancers below the RDA.

e DeBolt et al.'? reported that 10% of Navy SEALS were below the RDA.
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TABLE 2.5
Mean Dietary Intakes (mg/day) of Vitamin C in Various
Athletic Groups

Athletic Group Subject Number  Vitamin C Intake  Reference
Males

Endurance runners 15 219 99
Marathon runners 291 147 100
High school footballers 134 180 101
Competitive runners 30 109 35
Basketball players 16 184 102
Elite triathletes 20 275 103
Compet. bodybuilders 13 272 104
Various athletes 55 95 36
Cross country runners 12 262 105
Swimmers 22 186 106
Ice hockey players 48 161 107
Elite Nordic skiers 5 282 108
Elite ballet dancers 10 170 34
Ultramarathoners 82 520 58
Elite Nordic skiers 13 232-371 (R) 109
College athletes — 97-433 (R) 110
College soccer 18 252,529 111
Navy SEALS 267 353 112
Gaelic footballers 25 73 120
Professional soccer 21 94 121
Elite soccer 8 520 122
Elite alpine ski racers 12 600 123
Females

Marathon runners 56 115 100
University dancers 21 148 113
College basketball 10 55 102
High school gymnasts 13 84 114
College basketball 13 106 115
College gymnasts 9 207 115
Compet. bodybuilders 11 196 104
Swimmers 21 188 106
Adolescent gymnasts 42 112 107
Trained cyclists 8 80 116
Elite Nordic skiers 7 234 108
Elite ballet dancers 12 162 34
Adolescent ballerinas 92 148 117
Elite Nordic skiers 14 173-210 (R) 109
Various college athletes — 84-223 (R) 110
Adolescent volleyball 65 93 124
Artistic gymnasts 29 847 125
Elite heptathletes 19 151 126

Note: R = range, instead of mean.
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Female athletes show similar figures:

¢ Nowak et al.'%? reported mean intakes of a group of basketball players to be below the
RDA.

¢ Hickson et al.!'> found 13-22% of basketball players and gymnasts to be below 2/3 RDA.

¢ Keith et al.!'% showed that 25% of the cyclists in their study consumed less than 2/3 RDA.

¢ Loosli et al.'”® found 10% of gymnasts to be below 2/3 RDA.

¢ Cohen et al.** and Benson et al.''” found 8-25% of surveyed dancers to be consuming
vitamin C at less than the RDA.

Thus, while group means for intake of vitamin C appear to be acceptable, anywhere from 10 to
25% of an athletic group may be consuming suboptimal levels of the vitamin as compared with
the RDA. Improved dietary intakes would be needed in these athletes to assure adequate physical
performance. It also should be noted that the above listed percentages were based on the previous
RDA for vitamin C of 60 milligrams a day. The current RDA for vitamin C has been increased to
75 milligrams for women and 90 milligrams for men. Thus, the percentage of athletes consuming
low amounts of vitamin C may actually be greater than the numbers listed in the various studies.

V. SUMMARY AND RECOMMENDATIONS

Historical and scientific evidence demonstrate that vitamin C deficiency or even marginal vitamin C
status can adversely affect physical performance. Ascorbic acid can adversely affect physical
functioning at several different metabolic sites such as: impaired collagen formation leading to
increased ligament and tendon problems; decreased synthesis of carnitine ,which would impair the
use of fatty acids as an energy source; decreased synthesis of epinephrine and norepinephrine
resulting in improper metabolic responses to exercise; as well as improper iron metabolism possibly
resulting in anemia and fatigue with consequential decreases in aerobic performance. Thus, all
physically active persons should strive to maintain optimal vitamin C status through intake of
generous servings of fruits and vegetables high in ascorbic acid, or if this is not possible, through
proper supplementation with the vitamin through pills or with foods that have had vitamin C added.
The RDA for vitamin C is 75 mg for adult women and 90 mg for adult men. These values may
not be sufficient for athletes engaged in strenuous, prolonged physical activity events and training.
Appropriate intakes for these athletes may range from 100 to 1000 mg each day.

Numerous studies have investigated both the effects that exercise has on vitamin C needs and
the effect that supplemental vitamin C has on subsequent athletic performance. Several animal and
human studies do seem to indicate that strenuous or prolonged exercise or physical training, in all
likelihood, increases the need for vitamin C. It is less likely that light or moderate levels of activity
and training increase vitamin C requirements. Animal studies consistently show reduced tissue levels
of ascorbic acid with exercise. Several human studies have shown reduced plasma and leukocyte
concentrations and reduced urinary excretion of the vitamin with exercise. In addition, supplemental
dietary vitamin C has been shown to increase adaptation to exercise in the heat and reduce upper
respiratory tract infections in individuals undergoing strenuous exercise. Supplemental vitamin C
also has been shown, in some studies, to reduce plasma cortisol concentrations and muscle soreness
markers following exercise. Vitamin C intake in these studies generally ranged from 100 to 1500
mg/day. Numerous other data from dietary intake studies with athletes show mean vitamin C intakes
of most athletic groups to be in the 55 to 850 mg/day range; intakes that are generally above RDA
values. However, several of these studies report that up to 25% (or perhaps more) of the athletes
consumed vitamin C at less than RDA levels. Thus, while mean ascorbic acid intakes appear to be
adequate, a large percentage of athletes could be consuming suboptimal intakes of the vitamin.

Numerous studies have been conducted in an attempt to find possible ergogenic effects of
ascorbic acid. The results of these studies are mixed. Many report possible ergogenic effects of
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vitamin C, while just as many studies find no effect of ascorbic acid supplementation on subsequent
performance. Most of the more recent, and generally better controlled studies do not seem to
indicate an ergogenic effect of vitamin C. At the present time, the data do not seem to support a
clear or consistent ergogenic effect of vitamin C.

While a wealth of knowledge does exist concerning ascorbic acid and exercise, many areas remain
understudied. The relationship between exercise and vitamin C requirements is still one such area.
Most of the work done in this area has been performed with runners. Little or no work has been done
that has reported on the relationships between vitamin C requirements and exercise for strength-power
athletes, swimmers (who undergo large training volumes) and cyclists. Studies on plasma and leuko-
cyte ascorbic acid concentrations and changes, as well as urine excretion values, cortisol concentration
changes and upper respiratory tract infections in these groups have not been performed. Little, if any,
work has been performed evaluating how exercise might alter ratios of ascorbic acid and dehydroascor-
bic acid in tissues. This ratio has been shown to be altered in some disease states. Newer studies
looking at the effects of ascorbic acid on heat acclimation need to be done. Heat stress and dehydration
are extremely important concerns for many athletes. No studies have investigated the relationship
between heat stress and vitamin C for more than 25 years. All of these subjects need to be explored
in the future to further our understanding of vitamin C and physical activity.
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I. INTRODUCTION

Thiamin, also known as vitamin B1, was the first chemically identified component of B-complex
vitamins. Since thiamin is a water-soluble vitamin, it cannot be stored in the body and must be
consumed regularly. Thiamin plays a significant role in carbohydrate and protein metabolism,
particularly metabolism of branched-chain amino acids. It also serves as an enzyme cofactor in
substrate metabolism, especially with pyruvate dehydrogenase, transketolase and 2-oxo-glucarate
dehydrogenease to produce adenosine triphosphate.! In addition, thiamin is known to affect neural
function, nerve conduction, and neurotransmitters.> Thus, thiamin is necessary for the normal
functioning of the nervous system and skeletal and cardiac musculature.? Thiamin deficiency causes
many complications, including beriberi, loss of appetite, weakness, insomnia, loss of weight, vague
aches and pains, mental depression, constipation and heart problems. The importance of thiamin
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in sports nutrition pertains to its importance in energy metabolism. Furthermore, thiamin deficiency
may lead to health problems in individuals with high carbohydrate and protein demands, including
athletes. It has been reported that some athletes may be at least marginally thiamin deficient.*> This
marginal deficiency might result from exercise-induced increases in thiamin-dependent amino acid
catabolism.®7 This chapter will review the chemical and functional properties of thiamin and then
apply that information to athletic endeavors.

II. CHEMICAL PROPERTIES OF THIAMIN
A. CHEMICAL STRUCTURE

Thiamin contains pyrimidine and thiazol moieties attached by a methylene group with a molecular
weight of about 300.8 Da as thiamin hydrochloride (Figure 3.1).® Those functional groups give
thiamin the property of high water solubility. Thiamin is very sensitive to alkali, and the thiazol
moiety easily opens at room temperature when pH is above 7.

Moisture greatly accelerates the destruction of thiamin, and thus makes it less stable to heat in
fresh foods than in dry foods. In dry conditions, thiamin is stable at 100°C for several hours.’

Thiamin is found in several forms, including thiamin monophospahate (TMP), thiamin pyrophos-
phate (TPP), which is also known as thiamin diphosphate, and thiamin triphosphate (TTP). Each of
these forms has a specific physiological function, but only the roles of TPP are well established.
Thiamin pyrophosphate, which is the active and most abundant form of thiamin in body tissues (about
80% of total thiamin), is the product of thiamin phosphorylation by thiamin diphosphotransferasein
in brain and liver cells.!® Thiamin is necessary as a cofactor for the carbohydrate metabolic enzyme
pyruvate dehydrogenase and o-ketoglutarate dehydrogenase in the citric acid cycle (CAC), which
catalyzes reactions as well as the transketolase catalyzes reactions of the pentose phosphate pathway.!!

On the other hand, anti-thiamin activity is common, and includes chemical structures that act
as antagonists in a competitive inhibition pattern. Pyrithiamine is one thiamin antagonist that not
only blocks the esterification with phosphoric acid to produce the phosphorylated forms, but also
inhibits thiamin coenzyme cocarboxylase. Likewise, oxythiamine transfers cocarboxylase, whereas
amprolium inhibits absorption of thiamin from the intestine and blocks thiamin phosphorylation.?
Thiamin activity is also decreased by action of the thiamin hydrolysis enzyme, thiaminase, which
attenuates thiamin activity by altering the structure of the vitamin, rendering it ineffective.!>!3

B. SEPARATION, DETERMINATION AND PURIFICATION

Thiamin is isolated in pure form as thiamin hydrochloride. New techniques have been used for
thiamin separation. Supercritical fluid chromatography is efficient at thiamin separation, particularly
when the mobile phase has been modified.'*

Many procedures have been used for thiamin determination, including biological, microbio-
logical and chemical methods. The conventional chemical methods are time consuming, i.e.,
gravimetric and titration, whereas spectrophotometric and chromatographic techniques'>-!7 are more
rapid and have been used to assess thiamin deficiency.!® The procedure of thiamin determination
differs depending on the sample whether it is food,"> pharmaceutical preparation'¢ or a clinical
specimen.!” In general, the first step of thiamin determination is extraction, and this step requires

H,C /N NH, S CH,CH,OH
N :
cHy~ @ CH,
FIGURE 3.1 Structure of thiamin.
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FIGURE 3.2 Thiochrome, the detectable form of thiamin, after alkali oxidation.

separating thiamin from other components, particularly proteins, which are removed by precipita-
tion. Another step of thiamin determination is derivatization, and this can be accomplished by
alkaline oxidation of thiamin into thiochrome, which is the detectable form of thiamin (Figure 3.2).
Thiochrome emits light that can be captured by the detector,'® or UV detector with Fourier-transform
infrared detection.!® Liu et al.?’ evaluated the spectrophotometric method for thiamin determination
of pharmaceutical preparations using several dyes that react with thiamin at a wavelength between
420 and 450 nm. They reported that the spectrophotometric method is an effective and sensitive
method for determining of thiamin in an aqueous solution.

C. SYNTHESIS

Industrially, thiamin, in its phosphorylated form, can be synthesized using chemical or enzymatic
methods. Enzymatic methods achieve higher yields of phosphorylated thiamin than chemical
methods, which require many steps including phosphorylation of thiamin, purification and crystal-
lization.?! However, chemical methods are more convenient than enzymatic methods, but the low
yield is considered a problematic issue.?!??> To address this problem, some researchers have over-
come the negative aspects of the chemical methods by reducing the processing steps and using 5’-
monophosphate as a precursor with plenty of phosphoric acid in the reactant. The result was a 70%
increase in thiamin yield compared with the conventional chemical method.?

While humans cannot synthesize thiamin,?* microorganisms provide a rich environment for
thiamin enzymatic biosynthesis which is, to some extent, well established.?*?® Melnick et al.?
reported that 71% of TPP could be enzymatically synthesized in Escherichia coli via thiazol kinase,
pyrimidine kinase, thiamin phosphate synthase, and thiamin phosphate kinase.

lll. METABOLISM OF THIAMIN

Thiamin has a relatively short biological half-life (9—18 days), is stored in small quantities
(25-30mg), and is readily excreted in urine, with small amounts also appearing in perspiration.*
Therefore, thiamin must be consumed on a regular basis. Thus, the digestion and absorption of the
thiamin are important processes in thiamin metabolism.

A. DIGESTION

Thiamin is readily digested from the food sources, either in its free or phosphorylated forms, but
sufficient production of hydrochloric acid in the stomach is necessary for its digestion. In the
stomach, acid hydrolysis occurs that yields free thiamin, and a phosphoric ester is obtained.

B. ABSORPTION

In the small intestine, particularly the proximal part, free thiamin is directly absorbed. Thiamin is
transported by active absorption and passive diffusion from the brush border membrane and
basolateral membrane in the small intestine.®3!-32 Active sodium transport occurs at low concentra-
tions of thiamin, and simple diffusion occurs at higher thiamin concentrations.? With transportation
of free thiamin through the intestine, some phosphorylation of thiamin occurs in everted jejunal
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sacs and in isolated enterocytes.®343> Following absorption, the free and phosphorylated forms
travel to the liver with a protein carrier via the portal vein, where further metabolism occurs.

Excretion of absorbed thiamin occurs in both the urine and feces, and small amounts in sweat.3°
The excretion in sweat may increase thiamin requirements in athletes.

C. PHOSPHORYLATION

In the liver, and less so in the brain, heart and muscles, phosphorylation of thiamin occurs under
the action of adenosine triphosphate (ATP) and thiamin diphosphokinase to form TPP, the meta-
bolically active form of thiamin, and acts as a cofactor for the metabolic enzymes in the CAC and
the pentose phosphate pathway.?¢37 On the other hand, enzymatic phosphorylation of thiamin into
TTP in the brain and liver is required to activate the chloride ion channel in nerves and muscles.3%3

D. THiamIN IN THE CiTriC Acip CYCLE

The CAC extracts energy nutrients throughout a chain of cyclic reactions. Thiamin pyrophosphate
is the key coenzyme for o-ketoacid dehydrogenases, which catalyzes two reactions of CAC,
the oxidative decarboxylation of pyruvate to acetyl CoA and the oxidative decarboxylation of
a-ketoglutarate to succinyl CoA. These reactions lead to the reduction of nicotinamide adenine
dinucleotide (NAD+) to NADH and production of a molecule of CO, for release.

Thiamin pyrophosphate is also the cofactor for the pyruvate dehydrogenase component of the
complex. Pyruvate dehydrogenase catalyzes the oxidative decarboxylation of pyruvate. Other com-
ponents of the enzyme complex complete the conversion of pyruvate to acetyl CoA. Other reactions
that require TPP involve o—ketoglutarate and branched-chain o-keto acids. This reaction has a
similar metabolic pathway to that of pyruvate.’” Alpha-ketoglutarate is decarboxylated and the
product is transferred to CoA to give succinyl CoA by action of TPP dependent o-ketoglutarate
dehydrogenase. Also, in BCAA catabolism, TPP is required as a coenzyme for branched-chain
keto-acid dehydrogenase for the oxidative decarboxylation of o-ketoglutarate and branched chains
derived from certain amino acids (valine, luecine, isoluecine).?

E. THIAMIN IN THE PENTOSE PHOSPHATE PATHWAY

The pentose phosphate pathway transforms energy from carbohydrate molecules and stores it in
the form of nicotinamide adenine dinucleotide phosphate (NADPH), which is important as an
electron donor for several biosynthetic reactions in the cell such as reducing reactive oxygen species
and lipids.’*** Moreover, the pentose phosphate pathway has a role in the production of 5-carbon
sugars such as ribose, which is used in the synthesis of polysaccharides, coenzymes, DNA and
RNA. Thiamin, in TPP form, is the coenzyme for the transketolase (TK),*”3° which has the primary
function of TK is to transfer a 2-carbon unit from an o-ketose to an aldose.

IV.  PHYSIOLOGICAL FUNCTION OF THIAMIN

Thiamin, as TPP, serves as a coenzyme in carbohydrate and BCAA metabolism.!*%40 A magnesium
ion along with TPP are essential for o.-ketols formation. Thiamin is needed for the oxidation of o-keto
acids pyruvate, o-ketoglutarate, and branched-chain o-keto acids by dehydrogenase complex
enzymes in CAC.3%¥ However, when thiamin is deficient, there is a decline in carbohydrate
metabolism, and consequently, this affects amino acid metabolism and neural function due to a
decrease in the acetylcholine formation.*

Thiamin also has an independent non-cofactor role in electrical generative cells such as nerves,
brain and muscles, particularly glial cells.3¥3%#142 Tt is believed that TTP has a role in chloride
channel regulation and trophic effects on neuronal cells.*? This has been confirmed by a study on
rat brain incubated with TPP.*3 The results showed that not only is TTP synthesized, but they also
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showed a direct correlation between TTP content and increased chloride uptake, which indicates
the activation role of TTP on chloride channels.** Some researchers reported that TTP is necessary
for the synthesis of acetylcholine, a neurotransmitter that affects several brain functions including
memory, and acetylcholine maintains muscle tone of the stomach, intestines and heart.** Acetyl-
choline stimulation of nerves results in the release of TMP and free thiamin with a concomitant
decrease of intracellular TPP and TTP.#24

V. DEFICIENCY OF THIAMIN

Thiamin deficiency occurs among individuals who consume inadequate intakes of thiamin. It is
more common in developing and undeveloped countries, and in the regions where rice is the staple
food item.!** Also, breastfed infants of low socio-economic families,* alcoholics,*47 and total
parental nutrition patients may present with thiamin deficiency.*$4°

Since thiamin acts as a coenzyme for several metabolic enzymes to generate energy, thiamin
deficiency generally affects substrate metabolism, leading to weight loss, weakness, cardiac abnor-
malities and neuromuscular dysfunction.'”%>! Hence, two metabolic syndromes (beriberi and Wernicke-
Korsakoff syndrome) are the typical consequence of thiamin deficiency.!*

A. BERIBERI

Beriberi, the most common thiamin deficiency syndrome in humans, is characterized by peripheral
neuropathy, exhaustion and anorexia that progress to edema, cardiovascular diseases and neurologic and
muscular degeneration.>'-33 Beriberi strikes in three major types: dry beriberi, wet beriberi and infantile
beriberi. Beriberi is considered an epidemic disease in some parts of Southeast Asia** and Cuba® where
refined rice is a staple diet, and these regions have inadequate thiamin-enrichment programs.

B. WERNICKE-KORSAKOFF SYNDROME

Wernicke-Korsakoff syndrome, or Wernicke’s encephalopathy, the acute thiamin-deficient disease
that occurs most often in Western developed countries, is linked to alcoholism.*-% Patients with
alcoholism, HIV-AIDS and malabsorption disorders are at a greater risk of acquiring Wernicke-
Korsakoff syndrome. However, patients with alcoholism will likely develop Wernicke’s encephal-
opathy more often than the others for several reasons, including insufficient diet intake of thiamin,>’
increased metabolic demands of thiamin due to increased alcohol consumption and the fact that
alcoholism induces malabsorption of thiamin and consequently inhibits thiamin-dependent
enzymes.*-¥ Wernicke-Korsakoff syndrome symptoms are similar to those of wet beriberi, being
characterized by defects in motor, sensory and cognitive systems.?>* Moreover, with progression
of Wernicke-Korsakoff syndrome, psychosis may develop, with coma occurring in severe cases.

VI. ASSESSMENT OF THIAMIN

The total thiamin concentration in the body is about 25-30 mg, where TPP is the primary form.
In addition, about 80% of the thiamin in whole blood is present in erythrocytes.®® Because the body
cannot store thiamin for long periods, thiamin deficiency may develop without adequate regular
ingestion of thiamin. Therefore, thiamin assessment provides a useful tool not only in identifying
thiamin deficiency, but also to evaluate the nutritional status of different groups.

Many procedures are used to estimate thiamin status, requirements and deficiency. These include
measurements of urinary thiamin excretion, erythrocyte transketolase (ETK) activity, erythrocyte
TPP34! and, to a lesser extent, blood pyruvate and lactate levels.3*6? The urinary excretion rate of
the thiamin is one of the oldest methods used to evaluate the thiamin status, and the presence of
thiamin and its derivatives in urine tends to reflect thiamin intake.®® However, this method does not
necessary reflect the thiamin status as much as it reflects recent thiamin intake.®® The ETK activity

© 2006 by Taylor & Francis Group, LLC



52 Sports Nutrition: Vitamins and Trace Elements

assay is an indirect method that reflects TPP levels in blood, which represents the most abundant
form of thiamin.53 This assay derives an activity coefficient based on basal TPP stimulation.®* A
higher activity coefficient (i.e., >1.25) indicates thiamin deficiency, whereas coefficient values of
1.00-1.15, and 1.20-1.25 are considered normal and marginally deficient, respectively.®

Baines and Davies®' suggest that it is useful to determine erythrocyte TPP directly because TPP
is less susceptible to factors that influence enzyme activity. There are methods for determining
thiamin and its phosphate esters in whole blood using high-performance liquid chromatography
(HPLC) instead of erythrocytes.®* Talwar et al.** compared the direct HPLC method to assess TPP
with the indirect assay to measure ETK activity. The results showed that HPLC can be used to
separate and directly measure not only TPP in blood, but also thiamin and TMP status as accurately
as the ETK activation test, with slightly better detection of thiamin deficiency detection obtained
using the HPLC method over the ETK test.*% Sgouros et al.*® used the HPLC direct method to
detect thiamin deficiency status in individuals with alcohol-dependence syndrome before and after
administration of thiamin treatment. The results demonstrated the effectiveness of HPLC in identi-
fying thiamin deficiency in erythrocytes with an inter-batch precision of 5.7%. For urinary excretion,
administration of 5 mg loading dose of thiamin was suggested to evaluate thiamin status, and the
cut point to be considered thiamin deficient was a value of <20ug of thiamin or its derivatives.®

VIl. THIAMIN IN PHYSICAL ACTIVITY AND EXERCISE

Thiamin is important for physically active individuals, given its critical role in carbohydrate and
amino acid metabolism. Manore®’ reported that thiamin, riboflavin, vitamin B-6, niacin, pantothenic
acid and biotin are involved in energy production during exercise. Consequently, it has been
suggested that thiamin deficiency may lead to decreased athletic performance.®® To investigate
whether physical activity and exercise increase the dietary requirements of thiamin, researchers
have compared whether thiamin intake is different between athletes and less active individuals.*-7?
Others have also studied the effects of thiamin supplementation on physical performance.’> The
results of these studies demonstrate that athletes seem to consume different amounts of thiamin,
yet supplementing with thiamin or thiamin derivatives over a short period of time does not seem
to improve athletic performance.

Since thiamin is required for the production of adenosine triphosphate, its requirements have usually
been expressed relative to energy intake, which tends to vary according to the level of physical activity.
For instance, Niekamp and Baer” reported the average energy and CHO intakes for trained male cross-
country runners were 3,248 £ 580 kcal and 497 £ 134 g/day, respectively, levels that were higher than
the average recommended intakes of less active men in the same age group. Thiamin intake also tended
to be higher (2.1 mg/day) than the recommended intake when energy and CHO intakes were higher.”
Similar findings of thiamin intake have been reported by Fogelholm et al.”* However, Elmafda et al.”’
observed that thiamin status decreased when relative carbohydrate intake increased during isoenergetic
diets. That is, while maintaining a constant energy intake, increasing the relative intake of carbohydrates
seems to decrease thiamin status, albeit the enzymatic activity of relevant metabolic pathways remains
unchanged. Taken together, athletes who increase total energy intake seem to minimize the risk for
thiamin deficiency, even with increased carbohydrate intake (in absolute terms).

Rokitzki et al.”! estimated the nutritional needs of athletes from several sports (marathon,
football or American soccer, handball, basketball and wrestling). They observed significant differ-
ences in dietary and energy intakes between well-trained athletes and controls, and the athletes’
serum thiamin levels were twofold higher. Another study by Rokitzki et al.”® reported that 35.4%
of the athletes tested had lower thiamin intake than the German recommendation for thiamin intake
(0.5 mg/1000 kcal), and about 87% of the athletes had less than satisfactory blood thiamin levels.
Based on the correlations between thiamin intake and blood concentrations of thiamin, they
suggested the two measurements could be an effective means of determining thiamin status in
athletes. In a similar study, Rankinen et al.” compared the nutritional habits of Finnish ski jumpers
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with age-matched controls. They reported that body weight and energy intake were lower in the
ski jumpers than control subjects, yet thiamin intakes were similar between groups.

While some studies have demonstrated differences between athletes and controls, others have
shown no effect of training or exercise on thiamin status.88! Nutter et al.3? compared the seasonal
changes of dietary intake between athletes and non-athletes and showed no differences between
groups for energy or thiamin intake.3? Also, following prolonged exercise (a 100-km race walk) no
differences in thiamin status were observed relative to pre-exercise values.®

As for the efficacy of thiamin supplementation, several studies have investigated whether
dietary supplementation of B-complex vitamins affects exercise performance in athletes and non-
athletes. For example, Suzuki and Itokawa® studied the metabolic effect of a high dose of thiamin
(100mg/d) on exercise recovery in cyclists. The result showed that a high dose of thiamin seems to
enhance subjective attributes of recovery following exercise-induced fatigue.?* In addition, thiamin
(300mg/d and 90mg/d) has been shown to improve neurological and motor function in target-
shooting sports compared with a control group that experienced a decline in physical and motor
performance.®® That study also observed that performance improved with the duration of supple-
mentation, indicating that the potential neurological benefits of thiamin supplementation result from
chronic supplementation instead of an acute response.

Doyle et al.” studied the effects of allithiamin on isokinetic exercise performance in healthy
college students (n=15). A randomized, double-blind, counterbalanced crossover design was used.
The supplementation scheme consisted of consuming allithiamin (1 g/day) or a placebo for 5
consecutive days. The exercise testing consisted of isokinetic knee extensions and flexions for six
sets. They observed no differences in peak or average torque, average power output or total work
performed between treatments. Using lactate accumulation in the blood as a surrogate of glycolytic
activity, they observed no differences in lactate accumulation during or following the exercise.

In a similar study from the same group, Webster® investigated the effects of derivatives of
thiamin (allithiamin) and pantothenic acid (pantethine) on 2,000m time trial performance in trained
cyclists (VO,max=61.8 = 2.1 ml O2/kg/min; n=6). The subjects supplemented with the intervention
compound (1 g of allithiamin and 1.8 g of a pantethine—pantothenic acid compound) or a placebo
for 7 days. A randomized double-blind crossover design was used so that each subject served as
his or her own control. On the testing days, the cyclists performed a steady-state 50 km ride at
60% of their VO,max followed by the 2,000m time trial. Performance times were not different
(p=0.58) between the treatment ride (170.7 = 10.2 s) or the placebo ride (178 = 8.4 s). However,
even though the rides were not statistically different, the 8-second difference between groups might
be of athletic importance. The results from these two studies seem to indicate that supplementation
with thiamin derivatives does not enhance glycolytic-dependent exercise in trained or untrained men.

Using a longer supplementation period, Fogelholm et al.”® observed that 5 weeks of supplemen-
tation with a B-complex vitamin in physically active college students (n=42) did not enhance exercise
performance even though the activation coefficients were different (p < 0.001) between the supple-
ment group and the placebo group. They stated that although there were differences in the activity
coefficients, exercise-induced lactate accumulation was not different. This study also demonstrates
that improvements in vitamin status (as the students had marginal vitamin status), do not always
equate to alterations in exercise metabolism. This outcome is supported by another study®® that
reported thiamin restriction does not decrease short-duration high-intensity-exercise performance.
Also, they did not report any correlations between thiamin status and exercise performance.%

Collectively, the available data seem to indicate that some athletes may be at risk for thiamin
deficiency; however, that deficiency may not affect athletic performance in competitions relying
heavily on glycolytic energy production. Likewise, supplementation with thiamin and thiamin
derivatives does not seem to affect glycolytic energy production, but may be of value to athletes
competing in sports that rely heavily on neurologic activity (e.g., hand-eye coordination). Table 3.1
summarizes the results of some studies that were performed to assess the thiamin status in physically
active individuals.
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TABLE 3.1

Results of Some Studies Performed to Assess the Thiamin Status in Physically Active Individuals

Reference

Frank et al.®

Ziegler et al.®

Rokitzki et al.”®

Fogelholm?!

Berning et al.”

Rankinen et al.”

Fogelholm et al.”

Doyle et al.”?

Webster et al.”

Webster3®

* Not determined

Subjects (n)

Leisure athletes (42)

Elite figure skaters (41)

Trained athletes (various sports) (62)

Fitness exercised females (21)
Controls (18)

Swimmers(43)

Elite ski jumpers (21)
Controls (20)

Healthy college students
Supplemented (n = 22)
Placebo (n = 20)
Allithiamin (1 g/d) (15)
Placebo (15)

Thiamin tetrahydrofurfuryl Disulfide
(1 g/d) (14) Placebo (14)

Allithiamin + Pantethine (n = 6)
(1 g allithiamine + 1.8 g

pantethine/pantothenic acid)
Placebo (n =6)

Intervention

100—km race (walk)

Descriptive

Descriptive

Descriptive

Descriptive

Descriptive

Supplementation
15 mg/d

Supplementation
(5 days) 1g/d

Supplementation
(4 days)

Supplementation
(7 days)

Thiamin/Exercise Assessment

Total blood thiamin
Initial = 16.2 £ 8.8nmol/l
After finish = 23.1 £ 9.4nmol/l
ETK = 3.58 + 0.66ukat/l

ND

Total blood thiamin = 151-308nmol/l
ETK = 1.09-1.21

Urine = 0.99-1.42 umol/g Cr.
ETK-AC

Exercised = 1.16

Control = 1.14

ND

No difference in hematological
differences between groups

Supplementation Decreased EKT

No differences in isokinetic exercise
performance

No difference in performance
outcomes

No difference in 2,000m time trial
performance

Thiamin Intake

ND*

1.6 = 1.4 mg/day
1.3-1.9 mg/day

Exercised = 1.3 mg
Control = 1.3 mg
2.5%+0.09 mg

Ski jumpers = 1.6mg
Control =2.0mg p = 0.07

ND

ND

ND

ND
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Males (mg/day)

0.2 (AD*
0.3 (AD)
0.5

0.6

0.9

1.2

1.2

TABLE 3.2
Recommended Dietary Allowance of Thiamin
Life Stage Age
Infants 0-6 months

7-12 months
Children 1-3 years

4-8 years

9-13 years
Adolescents 14-18 years
Adults 19 years and older
Pregnancy
Lactating

*Al = Adequate Intake

Females (mg/day)

0.2 (AD
0.3 (AD
0.5
0.6
0.9
1.0
1.1
1.4
1.4

VIII. THIAMIN RECOMMENDATION

55

The dietary requirement for thiamin is generally proportional to the caloric intake of the diet and
ranges from 1.0-1.5 mg/day for normal adults. If the carbohydrate content of the diet is excessive,

an increased thiamin intake is recommended.”’

Dietary recommendations for thiamin are different according to the age, sex and physiological
status of the individuals. The recommendations for thiamin are given in Table 3.2.

IX. FOOD SOURCES OF THIAMIN

Thiamin is found in small quantities in many plant and animal foods. Good sources of thiamin
include lean pork, beef, liver, yeast, whole grains, enriched grains and legumes. Table 3.3 shows

some sources and content of thiamin.

TABLE 3.3
Some Food Sources of Thiamin

Food

Worthington Food, Morningstar Farm
“Burger” crumbles

Cereals ready-to-eat

General Mills, whole Grain Total

Fortified breakfast cereal (different types)

Pork, lean (cooked)

Oat bran (cooked)

Peas (cooked)

Long-grain white rice, enriched (cooked)

Long-grain white rice (cooked)

Pecans

‘White bread, enriched

Orange

Whole wheat bread

Milk

Spinach (cooked)

Egg (cooked)

Serving

1 cup (240 ml)
3/4 cup (180 ml)

1 cup (240 ml)
3 ounces (90 g)
1 cup (240 ml)
1/2 cup (120 ml)
1 cup (240 ml)
1 cup (240 ml)
1 ounce (30 g)
1 slice (30 g)

1 fruit

1 slice (30 g)

1 cup (240 ml)
1/2 cup (120)

1 large

Thiamin (mg)

9.92

2.11

0.5-2.0
0.98
0.35
0.21
0.44
0.26
0.13
0.12
0.11
0.10
0.10
0.09
0.03
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X. BIOAVAILABILITY OF THIAMIN

In general, thiamin bioavailability is affected by many factors, including:

1. Interaction with compounds that are present in the same food sources, including polyphenolic
and sulfite compounds; and thiamin analogues that directly affect thiamin bioavailability.?’

2. Food processing and processing conditions (i.e., high temperature; added compounds
such as alkaline solutions that are used in the food industry can degrade thiamin and
reduce bioavailability.®?

3. Drug—nutrient interaction: low blood levels of thiamin have been reported in patients
taking anticonvulsant medication.?® Additionally, 5-Fluorouracil, a drug used in cancer
therapy, inhibits the phosphorylation of thiamin to thiamin pyrophosphate (TPP).%

4. As stated previously, high consumption of alcohol interferes with absorption of thiamin;”
likewise, diuretics, especially furosemide, may increase the risk of thiamin deficiency in
individuals with marginal thiamin intake due to increased urinary excretion of thiamin.*-2

XI. SUPPLEMENTATION OF THIAMIN

Thiamin is available in nutritional supplements and fortification in two forms — thiamin hydro-
chloride and thiamin nitrate. Because alcohol inhibits thiamin absorption, high doses of thiamin
are typically administered in the treatment of alcoholism. Thiamin supplementation may also be
prescribed for those with sepsis, since infections increase cellular energy requirements and therefore
thiamin requirements. To treat beriberi, thiamin administration ranges from 50-100 mg given
intravenously or intramuscularly for 1 or 2 weeks. The dose can then be decreased to 10 mg until
the patient recovers. A dose of 100mg/d has been suggested for athletes for recovering from exercise-
induced fatigue.3

XIl. TOXICITY OF THIAMIN

Toxicity is generally not a problem with thiamin because renal clearance is very rapid. Because
there is no evidence of toxic effects of excess thiamin intake, no tolerable upper level has been set
for its intake from food sources and through long-term supplementation up to 200mg/d.%

XHI. FUTURE RESEARCH

Thiamin has been studied for more than 50 years as an important cofactor for carbohydrate and
protein metabolism and for its non-cofactor function as a neuro-protective nutrient. Thiamin intake
has also been assessed in active and sedentary individuals. However, there is no supporting evidence
to determine whether physical activity increases thiamin requirement. Therefore, future research
should focus on the metabolism of thiamin status in sedentary and physically active groups to
determine whether the physically active individuals do indeed require a greater intake of thiamin.

XIV. SUMMARY

Thiamin is an important micronutrient for energy metabolism and for neurological functions in
humans, with requirements differing according to the physiological status and energy intake.
Athletes may require more energy intake than other individuals, but further research is needed to
better understand the role of thiamin in athletic performance.
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I. INTRODUCTION

Riboflavin (7,8-dimethyl-10-ribityl-isoalloxazine) was first isolated from milk whey in 1879 and occurs
naturally in a wide variety of foods. Its most important biologically active forms participate in many
of the redox reactions that are absolutely crucial to the function of aerobic cells and are cofactors for
many metabolic reactions that produce energy. There is particular interest in the role riboflavin may
play as an ergogenic aid due to these metabolic properties. Is it reasonable to assume that, as a person
becomes more physically active and energy and protein intakes increase, riboflavin needs increase?
Micronutrient needs may not rise with increased energy and protein intake if adequate dietary choices
are made. However, if energy and protein intake are restricted while physical activity is increased, the
need for certain micronutrients may further increase. This chapter will address relevant research
concerning the effects of physical activity on riboflavin status, as well as recent evidence for the use
of riboflavin as a performance enhancer.

Il. CHEMICAL STRUCTURE AND METABOLIC ROLES

Riboflavin, or vitamin B,, is a water-soluble vitamin involved in many metabolic reactions.
Consisting of an isoalloxazine ring, it is chemically referred to as 7,8-dimethyl-10-(1’-D-ribity).!
Riboflavin is responsible for the synthesis of coenzymes, flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), which are important in the metabolism of glucose, fatty acids,
glycerol and amino acids for energy.!? Specifically, FMN and FAD are critical coenzymes
involved in glycolysis, tricarboxylic acid cycle (TCA) and B-oxidation. These coenzymes act as
electron carriers and assist in redox reactions classified as dehydrogenases, oxidases and monoox-
ygenases by serving as either one-electron (FMNH, FADH) or two-electron (FMNH,, FADH,)
acceptors or donors.! Additionally, riboflavin is involved in the conversion of vitamin By into its
functional coenzyme.3-
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The majority of riboflavin found in food is in the form of FAD. Smaller amounts are present
in the form of FMN and free riboflavin, which is an isoalloxazine ring bound to a ribitol side chain,
with the absorption half-life of about 1.1 h.” Flavins that are covalently bound do not appear to be
available for absorption. However, FAD and FMN are predominantly in a non-covalently-bound
form attached to an enzyme. FAD and FMN must be hydrolyzed to riboflavin before absorption
can occur. Nonspecific phosphatases in the brush border membranes of enterocytes are responsible
for this catalysis.® Once in the enterocytes, free riboflavin undergoes ATP-dependent phosphoryla-
tion, which is catalyzed by cytosolic flavokinase to form FMN; it can now enter the plasma and
small intestine. However, most of this is further converted to FAD by the FAD-dependent FAD
synthetase.’ In the rare instance when riboflavin may be in excess, it is excreted in the urine as
riboflavin, 7-hydroxymethylriboflavin (7-o-hydroxyriboflavin), or luminflavin.!®

Ill. DIETARY SOURCES

Riboflavin is a water-soluble B-complex vitamin found in animal and vegetable products. The
primary food sources of riboflavin include: eggs, lean meats, milk, dairy products, broccoli and
enriched breads and cereals.!3 In the western diet, milk and dairy products contribute the greatest
amount of riboflavin. Naturally occurring grain products contain low amounts of riboflavin. However,
fortification practices have allowed bread and cereal products to become very good sources of
riboflavin. Although relatively heat-stable, riboflavin is readily degraded by light. The oxidative
products of photolysis can damage milk lipids and are associated with flavor changes. This was an
important consideration when milk was delivered in glass bottles.

There are no known toxicities associated with riboflavin. However, there is evidence of a
possible dietary interaction; dietary fiber may reduce the absorptive ability of riboflavin. Roe et al.
studied the effect of dietary fiber from wheat bran and psyllium gum on the absorption of riboflavin
in healthy women. Determined by fluorometric techniques, psyllium gum and a combination of
fiber supplements significantly reduced the 24-hour absorption of riboflavin by 31.8% and 26.1%,
respectively. The wheat bran supplement had no effect on riboflavin aborption.!!

IV. RECOMMENDED DIETARY ALLOWANCE

Riboflavin deficiency can lead to a variety of clinical abnormalities including degenerative changes
in the nervous system, anemia, endocrine dysfunction and skin disorders, and can lead to an increase
in the susceptibility to carcinogens.'?'# Feeding studies, in which clinical signs and symptoms of
riboflavin deficiency were observed, were used to determine the recommended dietary allowance
(RDA).!> The 1989 RDA for riboflavin was determined on the basis of energy and protein intake
(0.6 mg/1000 kcal).? Specifically, men 23 to 50 years of age need 1.7 mg and women 23 to 50
years of age need 1.3 mg of riboflavin. Individuals 50+ years of age are recommended to consume
less, based on lower energy requirements. The dietary reference intake (DRI) for riboflavin set in
1998 suggests an intake of 1.3 mg/d for men and 1.1 mg/d for women 19 to 70 years of age.*

V. ASSESSMENT OF STATUS

Assessment of riboflavin status should include direct and indirect biochemical measures, as well
as dietary intake data (Table 4.1). While the degree of urinary riboflavin excretion is a direct
reflection of tissue saturation, urinary excretion is not a sensitive marker of very low riboflavin
intakes.! More appropriately, riboflavin status is determined by an oxidation-reduction reaction
in which oxidized glutathione is reduced by GSSH in an FAD-dependent glutathione reductase
reaction.'”!8 Specifically, riboflavin status is obtained by determining the erythrocyte riboflavin
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TABLE 4.1
Biochemical Measures and Values Considered Inadequate
of Riboflavin Status

Biochemical Measure Inadequate Value
Plasma riboflavin < 0.24 pmol/L
Erythrocyte riboflavin < 270 nmol/L
Erythrocyte glutathione reductase >1.25

activity coefficient
Urinary riboflavin < 30 pg/g creatinine
Urinary riboflavin <40 pg/d

Source: Adapted from Fischbach?® and Gibson.?’

concentration measured by the urinary excretion of riboflavin. The erythrocyte glutathione
reductase activity coefficient (EGRAC) can be calculated from the erythrocyte riboflavin con-
centration. EGRAC and the erythrocyte transketolase enzyme activity coefficient (ETKAC) are
determined by dividing the stimulated enzyme activity (with added FAD) by the basal enzyme
activity (without added FAD). Thus, a high EGRAC indicates impaired riboflavin status (low
riboflavin excretion indicates deficiency). This technique of determining riboflavin status has
been confirmed by human depletion studies.? Table 4.2 depicts frequently used cutoff values for
EGRAC. The sensitivity of EGRAC, found to be useful in determining impaired riboflavin status,
is the preferred method for assessing riboflavin status.! In women, it is important to note that
the phase of the menstrual cycle should be considered when assessing riboflavin status, due to
some blood and urinary assessment indexes influenced by recent nutrient intakes. Martini et al.
found that riboflavin intakes were significantly higher in the midluteal phase than in the midfol-
licular phase of menstruating women.?®

Few studies have actually determined riboflavin intake of athletes compared with their non-
athletic counterparts. In a study conducted by Rokitzki et al., serum and blood concentrations of
riboflavin were measured in athletes and non-athletes by high-pressure liquid chromatography
(HPLC). Compared with non-athletes, the riboflavin status of body builders, cross-country cyclists,
cross-country skiers and 3,000-m steeplechase athletes was greater.?! According to Weight et al.,
the mean daily intake of riboflavin in athletes was above the RDA. Furthermore, blood riboflavin
concentrations remained within the normal range throughout the study and no clinical evidence of
toxicity was evident.?? These studies reinforce the notion that athletes consuming a well balanced
diet do not require vitamin and mineral supplements.?3-2°

TABLE 4.2

Frequently Used Cutoff Values for EGRAC Indicating Riboflavin Deficiency
Deficiency Status Value

Adequate <1.2

Low 12-14

Deficient >1.4

Source: Adapted from McCormick, D.B. and Institute of Medicine.'*
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VI. EFFECTS OF PHYSICAL PERFORMANCE

Due to riboflavin’s involvement in many metabolic functions critical to exercise performance, its
use as a performance enhancer has emerged. Specifically, riboflavin is involved in muscle cell
energy metabolism. Recall that FAD and FMN are important in the metabolism of glucose, fatty
acids, glycerol and amino acids for energy. When physical activity is performed, stress is put upon
the biochemical pathways involved in the metabolism of these substrates.!->?8

Before we can examine riboflavin’s role as an ergogenic aid, we need to evaluate the research
available as to whether physical activity can actually influence the riboflavin requirement. To date,
many studies have addressed this very issue.>?*32 However, it is important to note that several
differences have emerged among the pool of research studies; such as exercise interventions in men
versus women, the methodology in assessing riboflavin status and the length of the studies (i.e., 5 to
40 weeks). Several studies have examined the effect of vitamin deficiency on work performance.? 33-36
In particular, Suboticanec et al. found that 19% of 12-14 y boys enrolled in the study had poor
riboflavin status.?* After supplementation of 2 mg riboflavin was given for 6 days/week for 2 months,
a linear relationship between EGRAC and maximal work capacity was observed. Thus, as EGRAC
improved, work capacity improved. This suggests that subclincial deficiencies in riboflavin negatively
affect aerobic capacity in young boys. Furthermore, work capacity has the potential to improve as
the deficiency is corrected. Additionally, Haralambie examined the influence of riboflavin supplemen-
tation on neuromuscular irritability in athletes. After 10 mg riboflavin was administered, neuromus-
cular irritability was moderately lowered.?’

A series of well documented studies conducted by Belko et al. examined exercise as an
influence on riboflavin requirements.?® 3% 3% To achieve EGRAC values under the 1.2 cutoff,
researchers found that women needed to take in 0.96 pg/kcal and 1.16 pg/kcal riboflavin under
sedentary and exercise conditions (6 weeks of running), respectively. The authors concluded that
the RDA of 0.6 mg/1000 kcal was not sufficient to meet the needs of the study subjects, whether
sedentary or exercising. Additionally, Belko and colleagues examined the relationship between
riboflavin intake and aerobic performance. They concluded that riboflavin status was not related
to aerobic capacity. When a riboflavin load (1.16 pg/kcal) was given, no improvement in aerobic
capacity was observed.’®

Winters et al.?? repeated one of the first studies conducted by Belko et al.*® Active women
50-67 y of age were fed a diet containing 1793-1983 kcal/day and either 0.14 mg/239 kcal or
0.22 mg/239 kcal riboflavin for 5 weeks. During the weeks the subjects were required to exercise
(2.5 h/week), EGRAC significantly increased compared with the weeks when no exercise was
performed. Furthermore, during the exercised weeks, 0.22 mg riboflavin was required to maintain
mean EGRAC values within the normal range. This indicates that dieting alone or exercise alone
may increase riboflavin requirements above the RDA. Additionally, dieting (1243 kcal/day) plus
exercise (2.5-5 h/week) increased the requirement up to 0.38 mg/day.?8-3?

As the population ages, more and more people are becoming aware of the importance an
exercise routine can play in overall health. The effect of supplementation on an aging population
was addressed by Winters et al.? in a crossover-study design that implement an exercise intervention
of 4 weeks to determine the effects of exercise on riboflavin requirements in older women. The
researchers determined that exercise does, indeed, affect riboflavin status (assessed by measuring
EGRAC and urinary riboflavin excretion) in women 50-67 y of age. However, upon receiving
0.6-0.9 mg/kcal riboflavin, improvements in exercise endurance were not enhanced.??

While nutrient requirements are similar for the non-athlete, physical activity does influence
the amount of some nutrients needed by the athlete. However, the 1989 RDA recommendation
does not take physical activity into account. For the most part, an athlete has higher energy,
water, sodium, potassium, thiamin, riboflavin and niacin needs than the non-athlete. A few
studies have indicated that riboflavin status of elite athletes is no different from that of nonath-
letic control subjects, indicating athletes consume more calories, which can counterbalance the

© 2006 by Taylor & Francis Group, LLC



Riboflavin 65

extra demands placed upon the body by exercise.’*4 Thus, riboflavin supplementation will most
likely not improve athletic performance unless initial status is severely compromised prior to
supplementation.3*

Likewise, research has shown that riboflavin deficiency can impair physical performance. If
the deficiency is corrected, performance will usually improve. Riboflavin supplementation for an
athlete already consuming a well-balanced diet has not been shown to improve performance.
Deficiencies in riboflavin due to poor dietary intakes may decrease the ability to do work, especially
maximal work 303940

VII.  SUMMARY AND RECOMMENDATIONS
FOR ATHLETES

Based on available research, riboflavin requirements appear to increase with exercise demands.
Despite the anticipated effect of riboflavin deficiency on physical exercise, relatively few studies
have shown a relationship. Many research studies have indicated that physical activity may deplete
riboflavin status. However, there is no evidence that the riboflavin status in well nourished athletes
is different from well nourished non-athletic controls. Furthermore, to date, limited data is available
for riboflavin status in individuals who exercise strenuously. While the amount of additional
riboflavin needed to cover losses or the increase in needs is small, it can be easily met through a
well balanced diet. In addition, metabolic studies examining active women, exercise, dieting for
weight loss and dieting plus exercise appeared to increase the need for riboflavin above the 1989
RDA and the 1998 DRI.2830-38

The hypothesis that athletes may have compromised riboflavin status seems plausible because
many studies have indicated that exercise alters biochemical indices of riboflavin status.>2830-38
Researchers have begun to examined riboflavin status to evaluate if, indeed, trained athletes are at
higher risk for riboflavin deficiency.’#'-* As long as a well balanced diet is consumed and calorie
consumption rises as physical activity increases, athletes should be able to maintain adequate
riboflavin status. It is important to note that several studies indicate the current RDA to be sub par
in meeting riboflavin needs of normal healthy individuals, let alone athletes. There appears to be
no clinical evidence of riboflavin toxicity and little likelihood that toxic side effects will develop.
While it is difficult to prove whether a positive effect of vitamin supplementation on physical
performance was due to a preexisting vitamin deficiency or on the basis of normal serum and blood
vitamin status, future research needs to accurately determine riboflavin status and the metabolic
processes responsible for absorption and utilization in energy production. In addition, further
investigation is warranted to determine the long-term effects of exercise on riboflavin status and
riboflavin supplementation on elite athletic performance.
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I. INTRODUCTION

Niacin has a rich and intriguing history. Its discovery dates to the identification by a Spanish physician
named Casals in 1735 of pellagra, the disease now known to be caused by niacin deficiency. Pellagra
was widespread for the next two centuries in populations with high consumption of corn. It was
rampant throughout rural areas of the southern United States, where a physician named Joseph
Goldberger was sent by the U.S. Public Health Service in the 1920s to investigate what they thought
was an infectious disease. Goldberger, who recognized that changes in the diet to include milk, meat
and fresh vegetables resulted in a substantial decrease in the symptoms of pellagra, was convinced
that the disease could be cured by changes in diet. In 1937, Elvehjem demonstrated that nicotinic
acid (the acid form of niacin synthesized roughly 50 years before) could treat lesions caused by
pellagra in dogs, and within the year, it was reported to cure pellagra in humans.!-3

The role for supplying fuel for physical activity is filled predominantly by carbohydrates and
fats, plus a small donation from proteins. The contribution from each of these macronutrients during
an exercise bout is dependent upon the fitness level and the nutritional status of the individual, as
well as the intensity and duration of the activity. Niacin, in its coenzyme form, is involved in
numerous reactions, including glycolysis, tricarboxylic acid (TCA) cycle and electron transport, to
produce ATP from carbohydrates, fats and proteins in the major metabolic pathways. Because of
the extensive role of niacin as a coenzyme in the metabolic process, it is conceivable that the level
of niacin should be increased for those involved in a vigorous training program.'* This chapter
will investigate the possibility of an increased requirement for niacin with a review of the structure,
general properties (Recommended Dietary Allowance (RDA) and dietary sources) and the metabolic
functions of niacin. In addition, this chapter will address the history and current status of the use
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FIGURE 5.1 The acid (nicotinic acid) and the amide (nicotinamide) forms of niacin. (From Berdanier, C.D.,
Advanced Nutrition: Micronutrients, CRC Press, Boca Raton, FL, 1998.)

of pharmacologic doses of niacin to improve cholesterol profile, and the changes in fuel utilization
on these mega doses of niacin and how these changes may affect performance. Finally, the chapter
will review recommendations for exercise and sport performance and future research directions.

Il. CHEMICAL STRUCTURE

Niacin is a generic term for the water-soluble vitamin in the B complex that occurs as an acid
(nicotinic acid) or as an amide (nicotinamide) (Figure 5.1). Both nicotinic acid and nicotinamide
are stable in the dry state and soluble in water, although nicotinamide has a much higher solubility.
Nicotinamide is the main component of the coenzymes nicotinamide adenine dinucleotide (NAD)
and nicotinamide adenine dinucleotide phosphate (NADP), which have a major role in the catabolic
reactions of metabolism.?’

I1I. GENERAL PROPERTIES —RECOMMENDED DIETARY
ALLOWANCE AND DIETARY SOURCES

The RDA for niacin is based on early studies with the intention of preventing or treating pellagra.
Niacin is found in a variety of common foods and can also be synthesized in the body from the
essential amino acid tryptophan. Therefore, the RDA for niacin is expressed in niacin equivalents
(NE). It takes 60 mg of tryptophan to produce 1 mg of niacin, thus 1 NE equals 1 mg of preformed
niacin or 60 mg of tryptophan. Lean meats, poultry and fish are excellent sources of niacin because
they are all rich in both niacin and tryptophan. Sources rich in niacin alone are brewer’s yeast,
peanuts and peanut butter. Milk and eggs contain large amounts of tryptophan. Smaller amounts
can be found in beans, peas, other legumes, nuts and enriched whole-grain cereal products. Because
of the extensive metabolic role of the coenzymes derived from nicotinamide, NAD and NADP, the
RDA for niacin is determined by energy intake and expressed per 1,000 kcal. The RDA for niacin
is 6.6 mg/1,000 kcal (16-19 NE for adult males and 13-14 NE for adult females).>”’

IV. METABOLIC FUNCTIONS

More than 200 enzymes are dependent on the coenzymes NAD and NADP in metabolic processes.!
These coenzymes are pervasive in metabolism, serving as carriers of reducing equivalents in
glycolysis, the TCA cycle and electron transport. They also serve similar functions in B-oxidation
and in fat and protein biosynthesis.

These coenzymes play a critical role in fast glycolysis, where NAD is reduced in the
glyceraldehyde-3- phosphate to 1, 3 biphosphoglycerate step, and then the hydrogen ions are used
in converting pyruvate to lactate (Figure 5.2). Under slow glycolysis these hydrogens are transported
to the ETC. In the TCA cycle, NAD serves as an electron acceptor for a number of enzymes
including pyruvate dehydrogenase, isocitrate dehydrogenase, o-ketogluterate dehydrogenase and
malate dehydrogenase (Figure 5.3). The resulting NADH is then moved to the ETC to be reoxidized
to NAD and generates ATP as a result (Figure 5.4).1-
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V. NICOTINIC ACID DOSES

Large doses of nicotinic acid, with no reported toxicity, have been used for a wide variety of
purposes including as a purported ergogenic aid,®® to treat schizophrenia,'? to treat pellagra,> to
examine the effects on bouts of exercise,!'! to reduce plasma FFA levels,??>?* and most commonly
as an agent to improve cholesterol profile.?*3¢ The amount of the nicotinic acid dose and the time
for treatment varies considerably for the purposes mentioned above. As a possible ergogenic aid,

ATP ATP ATP
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FIGURE 5.4 Electron Transport System. (From Berdanier, C.D., Advanced Nutrition: Macronutrients, CRC
Press, Boca Raton, FL, 1995.)
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Hilsendager and Karpovich? used two 75-mg nicotinic acid doses and Frankau® used 3 days of a
40-50-mg dose of nicotinamide. Osmond and Hoffer'® reported use of up to 5 g/day for extended
periods in the treatment of schizophrenia. Administration of 40-250 mg/day has been reported to
be successful in the treatment cases of pellagra.!

Of particular interest for this chapter are the amounts of nicotinic acid used to affect substrate
utilization during bouts of exercise, to affect plasma free fatty acid (FFA) levels and to affect
cholesterol levels. Two investigations demonstrated significant changes in respiratory exchange
ratio (RER) with infusion of 1.4 g of nicotinic acid over 4 h of rest and exercise!? and 1.6 g (1 g
intravenous and 600 mg orally) of nicotinic acid given in a 2 h period prior to exercise.'' Two other
studies reported significant decreases in plasma FFA levels with ingestion of 200 mg of nicotinic
acid 10 min prior to testing?? and 3.2 mg/kg (235 mg for a 70-kg person) 2 h prior to testing with
1.6 mg/kg administered every 30 min thereafter.?* Other exercise studies to report on the amount
of nicotinic acid administered were Jenkins'® with 200 mg at the start and 100 mg after 1 h, and
Lassers et al.'® with a 200-mg IV bolus and continuous intravenous of 3.8 mg/min. Both Heath et al.'#!
studies used 1 g 1 h prior to exercise, Norris et al.!'” used 2 g and Pernow and Saltin?' administered
1.2 g — half of the dose intravenous and the rest ingested.

A variety of nicotinic acid doses, progressions of doses and durations of nicotinic acid
treatment have been used to achieve similar changes in plasma cholesterol levels. The doses vary
from 1.2 g/day® to 4 g/day,? with the most common dose being 3 g/day.?6-283931 The investigators
varied in how fast they increased the dose of nicotinic acid to the target dose. One group of
researchers increased the dose from 0.5 g/day to 3 g/day in 3-6 days*® and another group took 6 months
to increase from 1 g/day to 3 g/day.?s The doses of the new formulation, extended-release niacin,
used in the more recent studies ranged from 1-3 g/d.?"-3

A. ToLeraNcE OF NicoTINIC AcID

Large doses of nicotinic acid have been used to bring about changes in cholesterol levels for more
than 50 years,* despite annoying side effects. Flushing, a reddening of the skin with the sensation
of heat or itching, is the most common side effect. This flushing response mainly affects the upper
body and face, occurring 1 to 2 h after ingestion, and the symptoms usually disappear after repeated
nicotinic acid administration. Reduced oral glucose tolerance has also been commonly reported in
the past with ingestion of nicotinic acid, but recent evidence demonstrates that niacin can be used
safely and effectively in diabetics who have good glucose control.>*3 Although the use of pharma-
cologic doses of niacin have been associated with adverse side effects like flushing, liver dysfunction
and gastrointestinal stress, newer formulations of niacin (extended-release) demonstrate minimal
side effects with comparable effectiveness.?

VI. NICOTINIC ACID AND CHOLESTEROL LEVELS

Pharmocologic doses of niacin have been used to treat hyperlipidemia since the middle 1950s.
The use of niacin for this purpose had declined considerably since its more widespread use
early, but there has been a renewed interest in the last decade. The extended-release formulation
of niacin has lessened the adverse side effects and may be in large part responsible for its
resurgent use.®

Niacin is an over-the-counter medication that is arguably the best cholesterol-lowering agent
available. In its new formulation, it is safe, inexpensive and effective. It has proved to significantly
increase high-density lipoprotein cholesterol (HDL-C) with greater effectiveness than any other
medication. In addition, it decreases total cholesterol, low-density lipoprotein cholesterol (LDL-C),
lipoprotein (a) and triglycerides.?’*> Niacin has also recently been used in combination with other
medications such as lovastatin and, because of their different mechanisms of action, cholesterol
profile has improved more than with one medication alone.3*3
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VII. NICOTINIC ACID AND SUBSTRATE
AVAILABILITY/PERFORMANCE

A. NicoTtiNnic Acip Errects ON FUEL UTILIZATION AT REST

Numerous investigators have demonstrated changes in FFA mobilization as a result of ingesting or
infusing nicotinic acid. The articles that were reviewed all indicated that plasma or serum FFA
levels were lowered by the presence of nicotinic acid.

Havel, Carlson, Ekelund and Holmgren?” investigated the effects of norepinephrine and nicotinic
acid on energy metabolism in seven 21-26-year-olds. They ingested 1-3 g of nicotinic acid daily
for 3 days before the testing to become accustomed to the flushing response caused by nicotinic
acid, and then reported to the laboratory at 0800 h after a 1215 h fast. During the entire procedure
(just over 4 h) the participants were supine, with a catheter in an antecubital vein and a brachial
artery, while expired air was collected intermittently. Norepinephrine was infused between minutes
45 and 60, and plasma concentrations of FFA, glycerol and glucose rose rapidly. At minute 120,
nicotinic acid (100 or 200 mg) infusion started at 15 min intervals up to minute 225, when another
infusion of norepinephrine started. The plasma concentration of FFA, glycerol and glucose
decreased after the first infusion of nicotinic acid and stabilized in 30 min. The RER was increased
after administration of nicotinic acid. The effect of norepinephrine on FFA and glycerol levels was
almost completely blocked by nicotinic acid.

Two groups of investigators took advantage of the decreasing plasma levels of FFA caused by
administration of nicotinic acid to investigate cold exposure in man. Hanson et al.?? used four males
(aged 21-25 years) to examine the effects of nicotinic acid ingestion on plasma FFA in acute cold
exposure in a fasted state. A 200-mg dose of nicotinic acid was taken 10 min before the start of
the cold exposure. The plasma FFA level was significantly lower in the conditions of the experiment
that involved ingestion of nicotinic acid. More recently, Martineau and Jacobs?® also investigated
plasma FFA levels using nicotinic acid, although the cold exposure was in water. Eight males (aged
19-32 years) performed two cold-water immersions 1 week apart following a 14-16 h fast. Both
immersions were preceded by ingestion of nicotinic acid or placebo (3.2 mg/kg 2 h prior to
immersion and 1.6 mg/kg at 30 min intervals before immersion). Plasma FFA levels were
significantly lower before and during immersion in the trials with previous ingestion of nicotinic
acid. The plasma FFA values with nicotinic acid ingestion were still significantly less than without
nicotinic acid ingestion after immersion, despite a 73% increase in FFA levels.

These findings demonstrate that nicotinic acid has a significant effect on fat utilization at rest.
Butcher, Baird and Sutherland® revealed the manner by which nicotinic acid effectively suppresses
fat metabolism. Adenosine 3’, 5’-monophosphate (cyclic AMP) has been implicated as an intrac-
ellular second messenger. A decrease in cyclic AMP, caused by nicotinic acid, blocks the breakdown
of white adipose tissue triglycerides to FFA and glycerol. Madsen and Malchow-Mgller® stated
that nicotinic acid inhibited the stimulation of adenylcyclase in adipocytes, causing decreased
intracellular concentrations of cyclic AMP, which interfered with the activation of hormone-sensitive
lipase. Nicotinic acid also has a direct inhibiting effect on the hormone-sensitive lipase.

B. NicotiNnic Acip Errects oN FueL UTiLizatioN DURING Bouts ofF EXERCISE

A number of investigations have focused on the effects of nicotinic acid administration on exercise
metabolism; more specifically on the contribution of fat and carbohydrate sources to fuel acute or
prolonged exercise. Nicotinic acid has been used in these studies because of its marked effect on
FFA availability during exercise by the same mechanism as in resting conditions explained earlier.
The importance of mobilizing FFA from adipose tissue to fuel exercise is readily apparent because
there is only a small amount of stored fat within the skeletal muscles, thus, circulating FFA is
essential for continued fat metabolism in the muscle.** The common findings of these studies was
that nicotinic acid decreased fat utilization in a variety of exercise conditions.'!-?!
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Carlson and co-workers'? investigated the effect of nicotinic acid on plasma glycerol and glucose
as well as the appearance, oxidation and turnover of FFA at rest and during exercise in two college-
aged males. They were infused with 200 mg of nicotinic acid in the middle of the first rest period,
followed by 100 mg of nicotinic acid every 15 min throughout the 2 h of exercise and the following
1 h of rest. Expired air and blood samples were collected intermittently. Nicotinic acid decreased the
concentration and turnover rate of FFA and profoundly inhibited the usual increase in concentration
and turnover rate found in fasted subjects during exercise. The normal increase in concentration of
glycerol in fasted exercise was not present in one of the nicotinic acid-infused subjects. In the other
nicotinic acid-infused subject, there was an increase in glycerol concentration and turnover rate of
FFA during exercise, although the absolute values were lower than the controls. The plasma glucose
concentration did not change significantly in the controls. The subject that demonstrated the greatest
decrease in turnover rate of FFA had a large drop in the plasma glucose concentration (105 to 68
mg/100 ml) at the end of exercise while the other nicotinic acid-infused subject had little change.
Both nicotinic acid-infused subjects had higher plasma glucose concentrations than the controls.
Until the last hour of rest, the nicotinic acid-infused subject, who had the lowest glucose level
during exercise, had a higher RER than the control subjects. After administration of nicotinic acid,
the other subject demonstrated a progressive rise in RER to a higher level than the control subjects
at the end of exercise. The levels of lactate and pyruvate in the nicotinic acid-infused subjects
changed little during exercise and were comparable to the values of the control subjects. Nicotinic
acid did not affect the rate of removal of FFA from the blood, oxidation of FFA, heart rate or
mechanical efficiency. The most noteworthy results of the study were that nicotinic acid markedly
decreased the rate of FFA mobilization at rest and inhibited the normal increase in FFA mobilization
that occurs when fasted subjects exercise.

Jenkins'¢ followed the work of Carlson et al.'> to determine the metabolic response after
nicotinic acid ingestion on a treadmill at 3.5 mph and 10% grade for either I.5h (n=2)or 2.5 h
(n = 1). Compared with the control exercise session, the session with prior ingestion of 200 mg of
nicotinic acid showed significantly lower plasma FFA levels and a significantly higher RER. Unlike
the Carlson'? study, Jenkins'® reported an increase with blood glucose after the nicotinic acid
ingestion, which he speculated was caused indirectly by the drop in FFA.

Bergstrom et al.'! examined the effect of nicotinic acid on physical work capacity and muscle
glycogen stores, with particular focus on the possibility of increased glycogen utilization when
nicotinic acid blocked mobilization of FFA. In the first series, two males performed a two-leg cycle
ergometer protocol that increased work load every 6 min up to a near maximal level. After a 2 h
rest, during which 1.6 g of nicotinic acid (1 g intravenous and 0.6 g orally) was given, the same
procedure was performed. In the second series, 13 males used one-leg cycle ergometry at a constant
load for 60-90 min with a 1 h rest period in between conditions (with and without nicotinic acid).
When the work was gradually increased to a near maximal level in the first series, the participants
performed the same amount of exercise whether nicotinic acid was administered or not. After
nicotinic acid administration, the RER was higher at rest and at lower work loads, although there
was no difference in RER at higher work intensities. Arterial lactate and glucose concentrations
were lower in the nicotinic acid exercise. In the second series, where the opposite leg was used for
the nicotinic acid exercise, they performed the same amount of work, although the second bout of
exercise was more fatiguing. The resting heart rate was similar before the two exercise sessions,
however, the increase in heart rate during exercise before nicotinic acid administration was signif-
icantly higher with a mean difference of 20 beats/min at the end of the exercise. The VO, was
slightly higher in the cycling with prior administration of nicotinic acid (p < 0.10). The RER was
slightly higher at rest in the nicotinic acid condition, but was significantly (p < 0.005) higher at
the end of exercise in the nicotinic acid trial (0.93 £ 0.03 to 0.77 £ 0.03). There was an increased
rate of glycogen utilization after administration of nicotinic acid both at 45-60 min of exercise (p <
0.025) and after 90 min of exercise (p < 0.005). Arterial glucose had large individual variations
and was less at rest after nicotinic acid administration and showed no differences during exercise.
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The lactate concentration was significantly higher during exercise after nicotinic acid administration.
The resting levels of FFA were lower after nicotinic acid in four of five subjects and the normal
increase during exercise was almost completely blocked. One nicotinic acid-administered subject
showed an increase in FFA concentration with exercise, although the values were lower than the
control exercise. The glycerol concentration was lower after nicotinic acid administration both at
rest and during exercise.

Pernow and Saltin?' investigated work capacity and substrate utilization with and without 1.2 g
of nicotinic acid using one-leg cycling to exhaustion under conditions of glycogen depletion. The
glycogen depletion was caused by exhaustive one-leg cycling and a no-carbohydrate diet the
previous 24 h, and verified by biopsy. The result of the trial with nicotinic acid showed a significant
decrease in work load and time to exhaustion compared with both legs the previous day and with
the other leg the same day. With the nicotinic acid blocking the release of FFA, exercise capacity
was significantly reduced.

Unlike what many of the previous researchers might predict, Norris et al.?® demonstrate no
significant difference in the performance of a 10-mile run without (76 £ 3 min) and with nicotinic
acid ingestion (78 = 3 min). Ten habitual runners were randomized into ingesting 2 g of nicotinic
acid or a placebo 2 h before a timed 10-mile run on a measured course. The runners who ingested
nicotinic acid showed similarly depressed FFA levels as in previous studies, but did not demonstrate
a decrease in performance as a result of the decreased fat oxidation. The authors suggested that the
10-mile run did not deplete glycogen levels enough to affect performance and that when carbohy-
drate stores are still plentiful, the decreased fat oxidation caused by nicotinic acid did not impair
10-mile run time.

Two other investigations demonstrated a decrease in performance when the exercise was
presumably severe enough to deplete glycogen levels to the point where the lack of fat oxidation
in the nicotinic acid trial impacted performance. In an abstract, Galbo et al.!* reported a decrease
in running time to exhaustion with prior ingestion of nicotinic acid. Seven participants ran at 60%
of VO, max to exhaustion under normal conditions and with prior ingestion of nicotinic acid.
The total time to exhaustion was significantly shorter in the nicotinic acid condition (122 £ 8 vs.
166 £ 10 min). In a similar study with cyclists, Heath and collaborators!> published abstract showed
significantly decreased time to exhaustion cycling at 68% of VO, peak but not at 86% of VO, peak
with prior ingestion of nicotinic acid. Five highly trained male cyclists who fasted for 12 h participated
in four time-to-exhaustion rides at 68% and 86% of their VO, peak. The work rates were equivalent
at each of the two intensities with 1 g of nicotinic acid ingested before one of the trials at each
intensity. The order of the four trials was randomized and conducted at least 1 week apart. The
ingestion of nicotinic acid significantly decreased pre- and post-exercise FFA levels, and time to
exhaustion was significantly reduced in the niacin trials at 68% VO, peak (101.6 £ 40.2 vs. 142.3
+ 51.0 min), while there was no effect for the 86% VO, peak trials (13.9 £ 6.5 vs. 20.3 = 7.8 min).
Most of the difference in the high-intensity time-to-exhaustion rides was from one participant who
recorded 25 min 1 s without nicotinic acid and 5 min 55 s with nicotinic acid, showing considerable
variation in his response to the metabolic effects of nicotinic acid. Because of the drastic decrease
in the nicotinic acid trial at 86% of VO, peak with this participant, the trial with nicotinic acid
was repeated and the results were similar. This confirmed the possibility of marked individual
metabolic differences affecting the rides to exhaustion. The authors concluded that, as expected,
the inhibition on FFA mobilization caused by nicotinic acid impaired performance at the moderate-
intensity exercise. However, at the higher-intensity exercise, where fat utilization has a more minor
role, the inhibiting effects of nicotinic acid on FFA availability did not result in differences in
performance time.

Supplementation of carbohydrates during prolonged exercise, similar to nicotinic acid, causes
a blunted release of FFA, but also has the effect of increasing performance because of its glycogen-
sparing effect.*! Murray and co-workers'® predicted that carbohydrate supplementation in combi-
nation with nicotinic acid ingestion would enhance performance because of the proven effect of
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nicotinic acid’s increasing carbohydrate reliance. Under four conditions, 10 participants cycled at
68% VO, peak for 120 min and then completed a 3.5-mile time trial. Every 15 min during the
exercise, the participants ingested one of four beverages: (1) water placebo (WP), (2) WP + 280
mg nicotinic acid (NA) per liter (WP + NA), (3) 6% carbohydrate electrolyte drink (CE) and (4)
CE + NA. In the two NA conditions (WP + NA & CE + NA) the NA attenuated FFA rise during
exercise but the NA + CE condition, although it showed an increase in carbohydrate oxidation, did
not demonstrate improved performance on the 3.5-mile cycling time trial. The performance times
were 641.8 £ 17 s for CE, 685 *+ 34 s for CE + NA, 730.6 = 36 s for WP and 765.9 £ 59 s for
WP + NA. The CE group was significantly better than both the WP and the WP + NA groups.
Trends in the data are suggestive that NA ingestion may decrease performance (CE < CE + NA &
WP < WP + NA). Comparison of performance times for CE + NA and WP + NA approached
significance (p = 0.0517). Thus, Murray et al.’s hypothesis that combining nicotinic acid and
carbohydrate electrolyte drink would improve performance compared with all other conditions
except the CE trial did not come to fruition. The possibility exists that there was insufficient power
to detect differences or that another performance test could have demonstrated the benefits of
nicotinic acid and carbohydrate electrolyte ingestion combined.

There is little question that the administration of large doses of nicotinic acid has an adverse effect
on fat utilization. This decrease in availability of lipid fuel sources could have a negative impact on
lower-intensity exercise, where the contribution from fat sources is considerable. One of the intriguing
aspects of this line of research is the relationship between beneficial effects of pharmacologic doses
of niacin on cholesterol profiles and the physical activity recommendations to decrease the risk of
coronary artery disease. Physical inactivity and the associated low exercise capacity is one of the most
powerful changeable risk factors.*? To investigate the possibility of an adaptation to the decreased fat
utilization during single bouts of exercise, Heath et al.'* assessed fuel utilization during 3 weeks of
nicotinic acid administration. Eight trained male runners performed four 30-min submaximal treadmill
runs at 60% of VO, max. The first treadmill run served as a control and the next three were at the
onset, midpoint and end of 3 weeks of nicotinic acid administration. The nicotinic acid dose was built
up to a typical regimen to impact cholesterol profile — 3 g/d ingested with meals three times per
day. A 1-g nicotinic dose was ingested 1 h prior to the last three treadmill runs, which were conducted
in the morning after a 12-h fast. Serum FFA and glycerol levels were significantly lower in the three
treadmill runs with nicotinic acid compared with the control run, showing no adaptation over the
3 weeks of nicotinic acid administration. The RER showed a beginning of a possible adaptation
starting at 0.871 £ 0.008 in the control condition and peaking with a significant increase at 0.919 *
0.009 in the initial run with nicotinic acid. After, the RER showed a significant drop compared with
the first nicotinic acid run — 0.898 =+ 0.007 for the second nicotinic acid run and 0.896 x 0.009 for
the third nicotinic acid run. Although the values for the last two submaximal runs were significantly
lower than the first run with nicotinic acid, they were significantly higher than the control run without
the nicotinic acid. The possibility exists that a complete adaptation may take longer than 3 weeks.
Interestingly, total cholesterol was significantly decreased (195 + 9.2 to 174 + 9.2 mg/dl) and HDL-
C levels were significantly increased (56.2 = 2.9 to 63.0 & 3.9 mg/dl) in these habitual healthy runners
with the 3 weeks of nicotinic acid administration.

In addition to the fuel utilization changes for skeletal muscle with nicotinic acid administration,
Lassers et al.'® demonstrated similar changes in the myocardial metabolism. They showed an esti-
mated 42% decrease in lipid utilization during rest and a 56% decrease during exercise with nicotinic
acid administration. There is scant evidence that niacin status impacts performance. Jetté et al.!”
investigated changes in VO, max following glycogen supercompensation accomplished by exhaus-
tive exercise and followed by low- and high-carbohydrate diets. VO, max was slightly decreased
following the high-carbohydrate diets where niacin intake and N1-methylnicotinamide excretion
was lower compared with the high-protein, low-carbohydrate condition. The authors concluded that
the decreased VO, max with the high-carbohydrate condition might have been associated with
compromised oxidative metabolism from lower, although still adequate, niacin intake.
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VIII. SUMMARY AND RECOMMENDATIONS FOR EXERCISE
AND SPORTS PERFORMANCE

Although niacin has an important role in energy metabolism, few studies cite enhanced performance
with administration of small amounts of niacin. Frankau® used 40-50-mg doses of nicotinamide
and reported improved performance in an agility test. Hilsendager and Karpovich? showed no effect
of 75 mg of niacin on a cycle or hand ergometer endurance test, and there certainly has been no
research to show improved performance with doses of nicotinic acid large enough to impact
cholesterol levels (3 g/d is the typical dose).

A number of new studies have touted the effectiveness of large doses of nicotinic acid to treat
hyperlipidemia. With the new formulation of nicotinic acid that decreases the side effects, there
appears to be greater interest for its use to positively affect cholesterol profiles. These large doses
of nicotinic acid reduce the availability of FFA and make the individual more dependent on
carbohydrate sources. There is the possibility that the ability to exercise could be affected, but to
date, the only decrease in performance that has been demonstrated has been where carbohydrate
availability becomes compromised.'>?!

There is no question of the critical metabolic role of niacin, but there is no evidence that
compromised niacin status in an athletic or general population causes decreased aerobic exercise
performance. In addition, the substantial decrease in FFA availability with those on pharmacologic
doses of nicotinic acid does not impact performance unless carbohydrate sources are limited.

IX. FUTURE RESEARCH DIRECTIONS

Because of the extensive involvement of niacin-derived coenzymes in metabolism, it would seem
logical that there could be a possible ergogenic effect for niacin. Although no well controlled study
has shown an ergogenic effect of niacin, it is predictable that studies like these would continue.
Pharmacologic doses of niacin present some exceptional research possibilities because niacin causes
decreased availability of FFA and its effect on lipid profiles. It would be interesting to investigate
the effect on exercise of these large doses on individuals who have poor cholesterol profiles. More
extensive and longer studies could ascertain the effect of the niacin on their ability to be physically
active, and investigate a possible adaptation of increasing fat utilization back to normal. If there is
an adaptation in fat utilization to chronic niacin administration, more involved studies could be
designed to attempt to detect a mechanism for the adaptation.
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I. INTRODUCTION

The critical role vitamin B4 plays in fuel utilization has directed attention to the vitamin from
athletes and others interested in exercise performance. In this chapter, we will discuss the interac-
tions between vitamin By status and athletic performance. Because there are many excellent reviews
available,'-? this chapter will provide only a brief discussion of vitamin B, metabolism, function,
food sources and recommended intakes and status assessment.

Il. VITAMIN B, CHEMISTRY AND METABOLISM
A. FORMS AND INTERCONVERSIONS

Vitamin B, is the commonly used term for all 3-hydroxy-5-hydroxymethyl-2-methyl pyridine
derivatives. The three primary forms are the alcohol form (pyridoxine), the aldehyde (pyridoxal)
and the amine (pyridoxamine); each of these may also be phosphorylated on the 5° position.
Metabolism of vitamin B takes place primarily in the liver and the non-phosphorylated forms can
be converted by pyridoxine kinase to their phosphorylated forms in an ATP- and zinc-requiring
reaction. Pyridoxamine 5’-phosphate and pyridoxine 5’-phosphate can be converted by a flavin
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mononucleotide-dependent oxidase reaction to pyridoxal 5’-phosphate (PLP). The phosphorylated
forms are dephosphorylated by alkaline phosphatase and pyridoxal (PL) can be irreversibly con-
verted to 4-pyridoxic acid (4-PA), the major metabolic end product by an FAD-requiring aldehyde
oxidase or an NAD-dependent dehydrogenase.*

B. FuUNCTIONS

The primary biologically active form of vitamin B, is PLP, which functions as a coenzyme for more
than 100 mammalian enzymes. Pyridoxal phosphate reacts with the e-amino groups of lysine groups
in enzymes, forming a Schiff base. Enzymes requiring PLP include aminotransferases, decarboxy-
lases, racemases and enzymes involved in side-chain elimination and replacement reactions.? Cellular
processes in which PLP-requiring reactions play a role include immune function, gluconeogenesis,
niacin formation, red cell metabolism, nervous-system function and hormone modulation.? Of
particular interest to athletes are the roles vitamin B, plays in the breakdown of amino acids for
energy, the conversion of alanine to glucose in the liver and the utilization of muscle glycogen.

I1l. DIETARY SOURCES AND RECOMMENDED INTAKES

Vitamin B is found in a variety of fruits, vegetables, legumes, nuts and dairy products. The major
form in animal products is pyridoxal phosphate, while pyridoxine and pyridoxamine and their
phosphorylated forms are the major ones in plant foods. An additional form found in plants is
pyridoxine glucoside, which has reduced bioavailability compared with pyridoxine.? In the United
States, the food group that contributes the largest percentage of daily vitamin B, intake is fortified,
ready-to-eat cereals.’

The current recommended dietary allowance (RDA) for vitamin By is 1.3 mg/day for adults 50
years old and younger.’ Because vitamin By is required by many enzymes in protein metabolism,
high dietary protein intakes may increase vitamin B, requirements.%” This may be important for
athletes who consume protein supplements. Although recommended protein intakes for athletes
range from 1.2-1.8 g/kg body weight per day,® some athletes have reported protein intakes of as
high as 4.3 g/kg body weight. The required ratio of dietary vitamin By to protein has been estimated
to be 0.015-0.020 mg/g.>!° For an individual consuming 136 g of protein (2.0 g/kg body weight
for a 150 Ib person), 2.7 mg of vitamin B, would be required to supply 0.020 mg/kg protein.
Athletes and others consuming high-protein diets may need two or more times the current RDA
to meet their metabolic need for vitamin Bq.

Although no adverse effects of high intakes of vitamin B, from food sources has been reported,
peripheral neuropathy has been reported in individuals with chronic supplemental intakes between
1 and 4 g/d. Based on dose-response studies and the lack of reported adverse effects at doses less
than 200 mg/d, the Tolerable Upper Intake Limit (UL) for vitamin B4 has been set at 100 mg/d.’

IV.  VITAMIN B, STATUS ASSESSMENT

A variety of measures are used to assess vitamin By status, but there is no consensus as to which
measure is best or what levels indicate adequate status. Most investigators agree that more than
one measure should be used. For a more detailed discussion of biochemical methods of status
assessment, see the review by Reynolds.!!

A. DIrRect METHODS

Direct methods are methods in which concentrations of the vitamers or 4-PA are measured in blood,
urine or tissues. The most frequently used direct measure of vitamin B, status is plasma PLP
concentration, which has been demonstrated to correlate with dietary intake.'> Plasma PLP
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concentrations greater than 30 nmol/L have been suggested to indicate adequate vitamin By status.'?
The Dietary Reference Intakes Committee based the current RDA on a plasma PLP concentration
of 20 nmol/L, referring to a study in which the lowest reported plasma PLP concentration in
apparently healthy men was 20 nmol/L.> They stated that “the more conservative cutoff of 20 nmol/L
is not accompanied by observable health risks,” but a study by Shultz et al. revealed increased
lymphocyte DNA strand breaks in subjects whose mean plasma PLP concentration was 23.4 +
8.5 nmol/L."

Because plasma PLP concentrations can be influenced by plasma activity of alkaline phos-
phatase and conditions such as pregnancy, some researchers have proposed that measurement of
plasma PLP plus PL gives a better assessment of nutritional status. However, not enough data are
available to establish adequate values for plasma concentrations of PL or PLP plus PL. Plasma
total vitamin B, concentration (sum of all vitamers) of 40 nmol/L has been suggested to indicate
adequate status.'3

Urinary excretion of 4-PA is also used regularly in vitamin B status assessment. Urinary 4-PA
responds rapidly to changes in vitamin By intake and is considered a good short-term indicator of
status. Excretion greater than 3.0 umol/day has been suggested to indicate adequate vitamin By
status. Total urinary vitamin B4 has also been used to assess status, but it is relatively insensitive
to changes in intake.!!

B. INDIRECT METHODS

Indirect measures of vitamin B status involve measurement of metabolic products of vitamin B-
dependent enzymatic reactions, or enzyme activity. The most commonly used indirect measures
are activity coefficients (AC) of erythrocyte alanine or asparate aminotransferase (EALT or EAST).
Activity coefficients are calculated by the ratio of enzyme activity with and without added PLP.
When vitamin B, status is compromised, there is a greater increase in activity when exogenous
PLP is added, resulting in a higher activity coefficient. Adequate status is indicated when EALT-
AC is less than 1.25 or EAST-AC less than 1.80.13

Amino acid load tests have also been used as indirect measures of vitamin By status. Urinary
excretion of tryptophan or methionine metabolites after loading doses of these amino acids indicates
availability of the coenzyme PLP for the metabolic enzymes. After a 2 g load of tryptophan, excretion
of less than 65 pumol/day of xanthurenic acid indicates adequate vitamin B, status, or after a 3 g
methionine load, excretion of less than 350 umol/day of cystathionine.!? Increase in plasma homocys-
teine concentration can also be measured after a methionine load, but adequate values have not been
established.

All measures have both advantages and drawbacks and so a more complete assessment of
vitamin By status would include at least one direct measure, an indirect measure and evaluation of
dietary vitamin B, and protein intakes.'?

V. VITAMIN B, IN SPORTS AND EXERCISE

Vitamin By is a cofactor for many metabolic reactions that produce energy, including the transam-
ination of amino acids and the release of glucose from glycogen. Thus, it is not surprising that
researchers would ask whether exercise and physical activity increases the need for vitamin Bg.

This section will review the current literature examining whether physical activity increases
the need for vitamin B4 due to training-induced changes in metabolism that require the vitamin.
First, the exercise-related metabolic functions of vitamin B, will be reviewed. Then the impact of
vitamin By inadequacy or marginal vitamin status on exercise performance and work will be
discussed. Next, we will review the vitamin B, intakes of active individuals and whether combining
exercise with energy restriction for weight loss increase vitamin B-6 needs. Finally, the frequency
and impact of vitamin B, supplementation in active individuals will be reviewed.
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A. EXerciSe-ReLATED METABOLIC FUNCTIONS

As mentioned above, vitamin B, (pyridoxine) has a number of functions related to energy metab-
olism and, thus, to exercise.!52° First, vitamin By is required for the metabolism of proteins and
amino acids. Pyridoxal 5" phosphate, the most biologically active form of vitamin By, is a cofactor
for transaminases, decarboxylases and other enzymes used in the metabolic transformations of
amino acids and nitrogen-containing compounds.?! In addition, during exercise, gluconeogenesis
involves the breakdown of amino acids, with the carbon skeleton being used for energy. Thus, the
link between protein intake and vitamin B, requirements is especially important for athletes, because
active individuals typically have a higher protein requirement than sedentary individuals®?? and
higher protein intakes, due in part to their higher energy intakes. Another primary function of
vitamin By related to physical activity is that PLP is required for glycogen phosphorylase, the key
enzyme in the breakdown of muscle glycogen. Active individuals typically have higher glycogen
stores and need adequate vitamin B¢ to assure that the energy stored in glycogen can be quickly
released when it is needed for energy during exercise.

B. VitamiN B, INADEQUACY AND EXERCISE

Do individuals who engage in physical activity have higher vitamin B, needs? Researchers have
attempted to answer this question in a number of ways. First, researchers have identified individuals
with poor vitamin By status, or have fed diets low in vitamin B, and then determined the impact
of low status on the ability to do exercise compared with periods of good status. Second, metabolic
studies have fed trained and untrained individuals controlled levels of vitamin B4 to determine
whether trained individuals had higher B¢ needs to maintain status. Third, cross-sectional studies
have examined the nutritional status of trained individuals to determine the frequency of poor status.
At the moment, no longitudinal studies have controlled vitamin B intake in active individuals and
determined changes in nutritional status over time, or whether these changes impacted exercise
performance or the ability to do work.

1. Exercise Performance and Poor Vitamin B, Status

Because of the role vitamin B, plays in energy production during exercise, it is generally assumed
that individuals with poor vitamin B, status will have a reduced ability to perform physical activity.
This hypothesis has been supported in studies examining the effect of vitamin B, deficiency on
work performance.?*? For example, van der Beek et al.?> depleted 24 healthy men of thiamin,
riboflavin and vitamin B, over an 11-wk metabolic feeding period and then examined the effect of
deficiency on physical performance. They found that B-vitamin depletion significantly decreased
maximal work capacity (VO2max) by 12%, onset of blood lactate accumulation (OBLA) by 7%,
oxygen consumption at OBLA by 12%, peak power by 9% and mean power by 7%. The research
study was not designed to separate the impact of vitamin B4 alone on exercise performance, but does
support an earlier study by Suboticanec et al.,>* who measured the vitamin By status of 124 boys aged
12-14 y. They found that 24% had poor vitamin B, status (using erythrocyte aspartate aminotrans-
ferase activity coefficient [EAST-AC] >2.00). A subgroup (n = 37) of the original sample pool was
given 2 mg of vitamin By (pyridoxine) 6 d/wk for 2 months. At the beginning and end of the
treatment period, physical work capacity was measured on a bicycle ergometer. The researchers
reported a significant negative correlation (p = 0.036) between VO2max and E-ASTAC values.
Thus, as vitamin By status improved (i.e., EAST-AC values decreased), work capacity improved.
These data suggest that subclinical deficiencies of vitamin B can negatively affect the aerobic
capacity of young boys and that correction of the vitamin deficiency improves work capacity. As
expected, supplementation with vitamin By significantly improved status (p = 0.001). In summary,
these studies indicate that a deficiency of vitamin B, due to poor dietary intakes may decrease the
ability to do work, especially maximal work and exercise.
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2. Vitamin B, Metabolic Studies in Active Individuals

Metabolic studies done with active or sedentary individuals consuming known amounts of vitamin
By indicate that ~1.5-2.3 mg/d of vitamin B are required to maintain plasma PLP concentrations
above the cutoff value of 30 nmol/L.7-!32627 As mentioned earlier, the 1989 RDA for vitamin By
was 1.6 mg/d for women and 2.0 mg/d for men,?® while the 1998 RDA is 1.3 mg/d for both men
and women (19-50 y of age).’ Thus, studies report different adequacy levels for vitamin By
depending on when the study was done. A metabolic study by Dreon and Butterfield®”® examined
vitamin By status in men consuming 4.2 mg/d of vitamin B and running either 5 or 10 miles/d
for 29 d. Data from these active individuals were compared with those from sedentary male controls.
In this study, as determined by a methionine load test, vitamin B status did not change as individuals
increased their running mileage from 5-10 miles/wk. However, subjects were consuming twice the
1989 RDA for vitamin B4 (1.6-2.0 mg/d), which would be well above the current 1998 RDA (1.3
mg/d) and, thus, appeared to have adequate vitamin B, to cover all the metabolic costs of exercise.
No daily measurements of 4-pyridoxic acid (4-PA) excretion were done to determine whether excretion
increased on exercise days or was higher when more exercise was done.

In another metabolic study by Manore et al.,’® three groups of women (recreationally active
young, sedentary young, sedentary old) were fed known amounts of vitamin B, over a 7-wk period.
Throughout the study, the active women continued to exercise (2—4 h/wk) and all subjects exercised
on a cycle ergometer for 20 min at 80% VO2max four times during the study. Baseline mean
plasma PLP concentrations for the active and sedentary young groups were within normal ranges
(mean values: 35 and 42 nmol/L, respectively), while the baseline mean value of the sedentary
older group was marginal (30 nmol/L). For all groups, mean plasma PLP concentrations improved
when fed the metabolic diet providing 2.3 mg/d of vitamin B,. For all groups, plasma PLP
concentrations increased significantly during exercise and returned to baseline within 60 min. All
individuals responded similarly. This phenomenon has been documented in a number of other
studies,?!33 with only Leonard and Leklem* documenting a decrease in PLP with exercise. This
study was unique in that it was the first to assess change in vitamin B, status and PLP during an
ultra-endurance run (50 km). The extreme physiological conditions experienced by the subjects
during the race may have affected plasma PLP concentrations and may explain why they appeared
to respond differently. The metabolic rationale for the increases in plasma PLP observed during
exercise is not known, but a number of hypotheses have been proposed and focus on the movement
of PLP from various body pools to the plasma during exercise.!6-30-34

Plasma PLP concentrations typically increase within the first 5 min of exercise and stay elevated
during exercise, which increases the probability that PLP will be metabolized to 4-PA and lost in
the urine.?! Thus, exercise can increase the turnover and loss of vitamin B,. Indeed, researchers
have documented higher 4-PA losses in active individuals compared with sedentary controls or
during non-exercise periods,’®3* and after a strenuous exercise bout.3! In addition, Leonard and
Leklem?** found that 4-PA increased 21% in the plasma of individuals after participating in a
50-km run, but did not measure 4-PA urinary losses. Rokitzki et al.*® recently calculated that
marathon runners lost approximately 1 mg of vitamin B, during a race (26.2 miles), based on 4-PA
excretion. However, no research has documented a decrease in plasma PLP concentrations due
to exercise-induced 4-PA losses. In general, any loss of vitamin B, due to exercise is small and
could easily be replaced by eating one to two servings of a high-vitamin-B, food.

3. Vitamin B, Status of Active Individuals

If exercise increases the need for vitamin By, then active individuals theoretically should have poor
status while consuming the RDA for vitamin B4. Much of the research examining whether exercise
increases the need for vitamins has been done with athletes, with some being done in moderately
active individuals (4-7 h/wk). Table 6.1 outlines studies that examined the nutritional status of
active individuals consuming their free-living diets with no supplemental intakes of vitamin By.
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TABLE 6.1
Incidence of Low or Marginal Vitamin B-6 Status in Studies of Nonsupplemented
Active Individuals

Type of Low status  Vitamin B-6
Study Assessment Indices n Subjects (%) (mg/d)?
Fogelholm et al.>* EAST-AC® (>2.00) 42 Active subjects® 43 —
EAST basal
Guilland et al.* EAST-AC 55  Male athletes 35 1.5£0.1
Plasma PLP 17
Leonard and Leklem** Plasma PLP 11 50-km runners® 0 —
Plasma 4-PA
Total B-6
Manore et al.’® Plasma PLP 5 Active females 0 —
Urine 4-PA
Telford et al.’’ EAST-AC 86 60 —
Rokitzki et al.® EAST-AC (>1.50) 57  Athletes® 5 1.36-5.40¢
Urine 4-PA® (<2.73 umol/g 18
creatinine)
Whole blood
Weight et al.®* Plasma PLP 30  Female athletes 0 1.7+ 0.6

2Mean * Standard Deviation

> EAST-AC = Erythrocyte aspartic aminotransferase (EAST) activity coefficient (AC); 4-PA = 4-Pyridoxic acid;
PLP = pyridoxal 5'-phosphate.

¢Included both males and females.

dResearchers used 7-d weighed food records. Values reported are a range of intakes for various male and female
athletes.

The number of assessment parameters measured for each study varies, but in most studies, poor
status was based on more than one measurement as well as on dietary intake of vitamin B,. The
number of active individuals with poor B, status ranged from 0-60%, with the highest percentage
reported by Telford et al.’” They studied 86 male and female athletes before and after an 8-mo
training period. During this time, half consumed a multivitamin/mineral supplement and a matched
group took a placebo. They found that 60% of the athletes had poor vitamin By status before any
supplementation occurred. Fogelholm et al.3® also examined vitamin By status in 42 physically
active college students (18-32 y) before and after 5 weeks of supplementation with vitamin B
complex. At the beginning of the study, they found that 43% had poor vitamin B status and, as
expected, supplementation significantly increased (p < 0.0001) the erythrocyte aspartate aminotrans-
ferase activity coefficient (EAST-AC). These data suggest that some active individuals have poor
or marginal vitamin B, status while consuming their free-living diet.

One reason for poor nutritional status in active individuals may be long-term marginal dietary
intakes associated with either poor dietary choices or reduced energy intake.?>¥404! This point was
demonstrated by van der Beek et al.,>*? where they produced marginal vitamin B, deficiency in
8—11 weeks in active men by feeding a highly processed diet. Another reason for inconsistencies
in these studies might be related to differences in the experimental design. For example, the studies
could vary in the degree of dietary control, the type and intensity of exercise used, the type and
number of status indices measured, the level of regular physical activity in which subjects are
engaged, the type of subjects used or the lack of a control group. It is known that exercise can
increase both energy and protein needs, and thus could increase the total daily needs of vitamin
B, in active individuals. If active individuals consume adequate energy to maintain body weight
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and cover exercise energy expenditure, then dietary intakes of vitamin B, should be adequate unless
dietary food choices are poor. For example, if athletes include low-fat animal (e.g., meat, fish and
poultry) and plant foods (e.g., bananas, navy beans, walnuts) in their diet, then both protein and
vitamin B intakes will increase simultaneously. However, if active individuals restrict energy intake
or eliminate food groups, then intake of vitamin B will probably be low.

C. ViTamiN B, INTAKES OF ACTIVE INDIVIDUALS

Research examining the dietary vitamin B, intake of active adult individuals, excluding athletes, is
limited. Thus, we reviewed current studies examining dietary intakes (collecting = 3-d diet records)
of athletes and active individuals published since 1995. In general, studies report adequate mean
dietary intakes of vitamin By in active men.*>#7 This can be attributed to the relatively high-energy
intakes in these subjects, especially if the study examined intakes during a competitive training
period where energy intake is especially high.*> Only Paschoal et al.*¢ reported one male swimmer
consuming a mean intake of 0.89 mg B/d using a 4-d diet record. However, an earlier study by
Guilland et al.* reported low mean intakes of vitamin B, in young male athletes (20 y of age), with
67% of their subjects consuming less than 100% of the 1989 RDA (2 mg/d) and having a vitamin
B,:protein ratio of 0.013. As expected, the dietary intakes of vitamin B, are generally lower in active
females than males. Most studies report mean vitamin B-6 intakes greater than 66% of the 1989
RDA (1.6 mg/d) and 100% of the 1998 RDA (1.3 mg/d).*0444751 Those studies reporting lower
dietary intakes of vitamin By typically also report energy intakes less than 1900 kcal/d.*8-5233 This
point was demonstrated by Leydon and Wall,>? who examined the intakes of male and female jockeys
over a 7-d period in which the subjects alternated from energy-restricted to energy-adequate days
depending on their “making weight” goals. Over this 7-d period, mean vitamin B, intake for all
subjects was 0.95 + 0.44 mg/d. Thus, it appears that unless an individual is restricting energy intake
or consuming a diet high in refined foods, nutrient intakes of B, are near the 1998 RDA level.

D. Exercise AND DIETING FOR WEIGHT Loss

The effect of dieting plus exercise has been examined to a limited extent for vitamin B,. Fogelhom
et al.>* examined the effect of a 3-wk diet (7018 kJ/d or 1700 kcal/d) on male elite wrestlers and
found a significant increase in EASTAC (p < 0.01). However, no dietary intake data for vitamin B,
were given. Thus, the poor status might have been due to poor dietary intakes during the dieting
period combined with high physical activity. In another study examining the effect of diet plus
exercise, van Dale et al.>®> examined the effect of a 14-wk diet-only (3715 kJ/d or 900 kcal/d) or
diet-plus-exercise period in 12 obese men (mean age = 40 y). They found that plasma PLP concen-
trations significantly decreased in the diet-plus-exercise group (54.5 to 40.0 nmol/L) compared with
the diet only group (49.8 to 48.7 nmol/L)). However, the dietary intake of vitamin B-6 was below the
1989 RDA (2 mg/d) for the last 9 wk of the study. Finally, Lovelady et al.* examined the effect of
a 10-wk diet and exercise weight loss program on the B status of overweight lactating women (Body
Mass Index [BMI] I125 and £30 kg/m?). All women were consuming a 4-mg/d vitamin B, from diet
and supplements. Results showed that this level of vitamin B, intake maintained vitamin B status
in the mothers, who lost ~4.4 kg in 10 wk. However, mean PLP concentrations of the weight loss
group were consistently lower than the sedentary control group who was not dieting even though
vitamin B, intakes were similar. In summary, there is limited research on changes in vitamin By
status in active individuals who diet for weight loss or who lose weight due to the high levels of
physical activity they engage in while failing to increase energy intake.**

* Lovelady, C.A., Williams, J.P., Garner, K.E., Moreno, K.L., Taylor, M.L. and Leklem, J.E., Effect of energy restriction
and exercise on vitamin B-6 status of women during lactation. Med. Sci. Sports Exerc., 33(4), 512-518, 2001.

*#% Committee on Military Nutrition Research, Institute of Medicine, Food and Nutrition Board. Nutrient Composition of
Rations of Short-term, High-Intensity Combat Operations. National Academy Press, 2005.
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E. VITAMIN B, SUPPLEMENTATION IN ACTIVE INDIVIDUALS

Although marginal vitamin B, status appears to negatively impact exercise performance and the ability
to do work, no data support that supplementation with vitamin B, above that necessary to produce
good status, improves exercise performance.’®*° Virk et al.*® fed two different metabolic diets varying
in vitamin B, content — either 2.3 mg/d or 22 mg/d — for 9 days to trained males who exercised to
exhaustion on each diet. Vitamin B intake had no effect on exercise times to exhaustion.

Based on recent surveys, ~36—47% of athletes report using a multivitamin or multivitamin-
mineral supplement regularly (> 5 times/week).%>-¢2 These types of supplements typically include
vitamin By at 100% or more of the daily value (2 mg/d). Participants typically reported they
supplemented to improve overall health. Few athletes (1-4%) surveyed by Herbold et al.®' and
Froiland et al.%* used single vitamin B, supplements, but Morrison et al.®? found that 16% of
individuals who exercised at a commercial gym used a B-complex supplement on a regular basis.
Examination of supplement use in elite figure skates indicated that both male (61%) and female
(83%) athletes were high users of multivitamin-mineral supplements.*’ Thus, active individuals,
especially competitive athletes, appear to use supplements on a regular basis.

VI. SUMMARY AND CONCLUSIONS

Research examining the vitamin B, needs of active individuals is still limited, with most of the
work being done in competitive athletes. Exercise appears to increase the loss of vitamin B, through
urinary 4-PA excretion; however, the amount of additional vitamin B4 needed to cover losses or
increased need is small and could be easily met through good food choices. Little research is
available on the effect of combining both diet and exercise for weight loss on vitamin By status.
If individuals are restricting energy intake for weight loss or making poor dietary choices, dietary
intakes of vitamin B, will probably be low. Finally, no data are available on the effect of exercise
or dieting plus exercise on vitamin By status of individuals with chronic health problems that may
increase the need for vitamin B, such as diabetes, cardiovascular disease, arthritis or hypertension.
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I. INTRODUCTION

Folate is fast emerging as the vanguard of protection against many diseases. However, the specific
role of folate in exercise performance has yet to be adequately defined. Because the functions of
folate in the human body are necessary for optimal health, adequate folate is necessary for optimal
athletic performance. This is particularly true of endurance athletes, as folate is necessary for the
production of erythrocytes. Folate, a required constituent of certain enzymes involved in amino
acid metabolism, has a critical role in cell reproduction, being required for the synthesis of DNA
and RNA. This chapter discusses the requirement, status and function of folate in the general
population with emphasis on the athlete and exercise performance.
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A. Brier History

Over a period of several years, a number of compounds that had folate activity were independently
discovered. In 1931, Lucy Wills, an English physician working in India, observed a macrocytic
anemia in poor pregnant women. She found an extract in both liver and yeast that was effective in
curing the anemia.! In 1935, Day, Langston and Shukers reported on an anemia that was produced
in monkeys fed a refined diet.? In 1938, Langston et al. proposed that the substance missing in the
refined diet was vitamin M.? In 1940, Snell and Peterson isolated a factor in liver and in yeast that
enabled Lactobacillus casei to grow.* This substance became known as the L. casei growth factor.
In 1940, Hogan and Parrott observed that chicks on a simplified diet failed to grow and developed
anemia. A liver extract added to the diet cured the anemia. The researchers concluded that the
substance was a B vitamin and named it vitamin B_.> In 1941, Mitchell, Snell and Williams isolated
a growth factor from spinach that promoted growth in Streptococcus lactis R similar to the L. casei
growth factor and named it folic acid.® The name “folic acid” comes from folium, the Latin word
for leaf. In 1943, Stokstad synthesized folic acid and Angier et al. published the results in 1945.7
The synthesis of folate proved that the structure contained a pteridine ring, paraminobenozic acid
and glutamic acid.® In time, it was realized that all of the above factors were in the same family
and were called folates or folacin. Today, folacin, folates and folic acid are used interchangeably;
however, it has been suggested that the term folacin no longer be used.’

B. CHEMICAL STRUCTURE

Folate is the generic term for a group of derivatives found in plants that have similar chemical
structures and properties. All of the derivatives are reduced forms of the B vitamin, folic acid. Folate
is the natural form found in plants, and folic acid is the synthetic form found in vitamin tablets and
fortified food. Folates found naturally in plants usually have additional glutamate residues (up to
nine'?) bound together in peptide linkages to the gamma carboxyl group of the glutamate. The structure
of folate consists of a double pteridine ring that is covalently bound to para-aminobenzoic acid (PABA)
and glutamate, commonly called PGA.'! The chemical formula is C,,H,,N,O, (Figure 7.1).

C. GENERAL PROPERTIES

The biologically active form of folic acid in serum is tetrahydrofolic acid (THFA). It has two
reactive sites in the pteridine ring, one each at the 5 and 10 nitrogens.!? Either of these two sites
can be methylated, with the most common methylation being N-5-methyltetrahydrofolic acid
(MTHFA). Folate acts as a coenzyme and N-5-MTHFA is the primary active form."?

THFA is important in one-carbon transfer reactions, particularly those involved with amino acid
metabolism and nucleotide bases for DNA and RNA biosynthesis.'> Normal metabolism produces

COOH

CH,

Folic acid
OH o CH,
= N CH;—NH— —C—NH—(|:H
N
)\\ ‘ Para-aminobenzoic COOH
H,N N N acid Glutamate
2
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FIGURE 7.1 Structure of folic acid
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several one-carbon fragments, such as methyl (~CH,), methylene (~CH,—), methenyl (=CH-), formyl
(O=CH-),"* or formimino (-CHNH).!> The one-carbon group that is being transferred is bonded to
the N or to the N'° or to both. THFA can exist in three different oxidation states: the most reduced,
the intermediate and the most oxidized form. The most reduced carries a methyl group, the interme-
diate a methylene and the most oxidized a methenyl, a formyl, or a formimino group.'> Two basic
methods are used to measure folate in blood: microbiological assays and radiometric techniques.'

D. MeEeraBoLic FUNCTIONS

The role of folate in anemia is well established. Anemia was the first deficiency symptom associated
with the vitamin.!- Folate deficiency is characterized by the inability of erythrocytes to replicate
normally,'® resulting in a megaloblastic anemia.!” This is important to athletes, particularly endur-
ance athletes, because of the need to transport oxygen. The large oval cells of this anemia have
less hemoglobin and a reduced capacity to carry oxygen through the blood.

Because folate is necessary for DNA synthesis, it is important in the reproduction of cells, particularly
those that rapidly proliferate as erythrocytes, gastrointestinal epithelium and fetal cells. The relationship
between folate deficiency and neural-tube defects is also well established. Folate supplementation around
conception greatly decreases the risk of having an offspring with a neural-tube defect.!®?!

The relationship between folic acid and homocysteine has been the focus of considerable
research. Homocysteine is an intermediate sulfur-containing amino acid that is formed during normal
metabolism and converted to the essential amino acid methionine. THFA, along with vitamins By
and B,,, is important in the conversion of homocysteine to methionine. Homocysteine is produced as
a result of methylation reactions. The two most productive methyltransferases are guanidinoacetate
methyltransferase and phosphatidylethanolamine N-methyltransferase. The first produces creatine
and the latter produces phosphatidylcholine.?? Both reactions increase plasma homocysteine.
The methylation of guanidinoacetate to produce creatine requires more methyl groups than all other
methylation reactions combined.? This is significant to athletes because creatine production is a vital
factor in exercise. Because of the diseases associated with hyperhomocysteinemia, its production
during exercise should be of concern to the athlete.

Hyperhomocysteinemia has been suspected as a risk factor for atherosclerosis,?* particularly with
diabetics.? Elevated homocysteine has now emerged as a major player in atherosclerosis?-2® and Alzhe-
imer’s.”-32 It may have a causative role in some cancers,’>¢ and possibly increases susceptibility to
osteoporotic fractures.’”*® It may cause chromosome damage,* and is elevated in stroke patients,
patients with depression,*” dementia,” and those having Parkinson’s disease who are taking L-DOPA 224!

Simultaneous with homocysteine research, folic acid is emerging as the vanguard nutrient to
possibly prevent all of the diseases mentioned, because it has been shown to lower plasma homocys-
teine.** Hyperhomocysteinemia has been correlated with decreased levels of either B,, or folate.?>#
Several studies have reported that folate treatments significantly reduced elevated homocysteine in
chronic renal insufficiency and hemodialysis patients,* while others reported a beneficial effect
from high daily doses of folate and Bg,*” or with high daily dosing of folate, B, and B,,.*® Research
completed in the Netherlands found the combined supplementation of folate, B, and B, to reduce
homocysteine by 30% compared with a placebo.*

Most of the research with homocysteine has to do with methylation. Feron and Vogelstein point
out that the loss of DNA methylation has been shown to inhibit chromosome condensation and
thus might lead to mitotic nondisjunction.®® The U.S. Nurses’ Health Study suggested that an
increase in dietary folate and vitamin B, above the normal requirements may be a primary preventive
measure against coronary heart disease®' and the Kuopio Ischemic Heart Disease Risk Factor Study
found a significant inverse relationship between folate intakes and acute coronary events in men.>?

Clark and co-workers believe hyperhomocysteinemia to be a weak risk factor for asymptomatic
extracranial carotid atherosclerosis.® Majors and co-workers suggested that homocysteine accu-
mulation might promote an increase in both collagen production and total protein synthesis, which
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could increase the risk for vascular disease. Majors quotes others that indicate elevated homocys-
teine may promote the oxidation of LDL and have the potential to increase free radicals.>*
Moustapha et al. believe their research confirms that patients with elevated plasma homocysteine
levels have a greater likelihood of developing thrombotic or atherosclerotic complications.> Stanger
et al., investigating the management of homocysteine, folate and B vitamins in treatment of cardio-
vascular and thrombotic diseases, reported that a plasma homocysteine concentration of 10 pmol/l
could produce a linear dose-response relationship for increased risk of cardiovascular disease. The
researchers further stated that hyperhomocysteinemia, as an independent risk factor for cardiovas-
cular disease, is thought to be responsible for 10% of the total risk.3

In a review of hyperhomocysteinemia, Virdis and co-workers conclude that experimental evidence
exists to suggest hyperhomocysteinemia can be considered an independent risk factor for the recur-
rence of cardiovascular events and could be a predictor of new cardiovascular events.?® Others also
consider hyperhomocysteinemia to be an independent risk factor for coronary disease.?”-?® Despite all
of the information relating homocysteine with cardiovascular disease, the American Heart Association
has yet to declare hyperhomocysteinemia as a major risk factor for cardiovascular disease.’’

Aside from folate’s relationship with homocysteine, the latest-breaking news about folate is
promising. Wilmink et al. completed a case-controlled study on the effect of folate and vitamin B,
intake on peripheral arterial occlusive disease in men over the age of 50. Their model suggests that
a daily increase of folate by one standard deviation decreased the risk of peripheral arterial occlusive
disease by 46%. This was independent of serum levels of homocysteine.’® Moat and others observed
that folic acid supplementation could reverse endothelial dysfunction observed in patients with
cardiovascular disease, also independent of homocysteine levels.”® When adolescents and children
with type 1 diabetes were given 5 mg of folic acid for 8 weeks, there was an improvement in
endothelial function independent of homocysteine.*

The relationship between elevated homocysteine and athletes is important, because research
suggests that endurance exercises may cause a significant increase in plasma homocysteine. Twenty-
five percent of the recreational endurance athletes studied in one trial exhibited hyperhomocys-
teinemia in association with low intakes of folate and B,,.9' Another study completed with rats
indicated that exercise increased endothelial nitric oxide. If this is true in humans, it may have a
protective effect against elevated homocysteine, which decreases nitric oxide.®? A Dutch study did
not find a significant effect on plasma homocysteine concentration due to exercise® while another
study suggests that proper diet and exercise may lower homocysteine levels.®*

Research at Tufts University indicated that the elderly are susceptible to metabolic and phys-
iological changes that affect B ,, B, and folate status. Low gastric pH enhances the absorption of
B,, and folate, and many of the elderly have decreased production of gastric acid.®

The serum homocysteine status is affected by many variables and, in most cases, elevated
homocysteine is probably the result of a combination of factors, including gender, age, smoking,
nutrition, coffee and alcohol.%

E. INUTRIENT STATUS ASSESSMENT

Clinical manifestations of folate deficiency occur only after severe depletion of the vitamin on the
tissue level.” Folate deficiency could be prompted by several conditions:

A folate deficient diet for 2 to 4 months

Chronic alcoholism

Pregnancy or lactation without increased intake

Hypermetabolic states

Disorders of the intestines that cause a decrease in folate absorption

Medications such as oral contraceptives, phenytoin and other anticonvulsants
Folic acid antagonists used to treat cancer, such as methotrexate and aminopterin'3
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TABLE 7.1
Stages of Folate Deficiency
1 2 3 4
Serum Folate ng/ml <3%* <3 <3 <3
RBC Folate ng/ml >200 <160 <120 <100
Serum Homocysteine Normal Normal High High
umol/L
Erythrocytes Normal Normal Normal Macrocytic
MCV Normal Normal Normal Elevated
Hgb g/dl >12 >12 >12 <12
Clinical or Subclinical ~ Early negative Folate Folate Folate
Evidence balance depletion deficiency deficiency and
anemia evident
Effects on exercise Folate requiring Folate requiring RBC production RBCsenlarged;
performance enzymes inhibition enzymes inhibition inhibited and O, 0, availability
may be occurring, may be occurring, availability to cells is is reduced;

but probably no
measurable effect

seen.

but probably not
much of a
measurable effect

reduced; performance
inhibited, particularly
high intensity.

endurance is
decreased.

seen.

* Normal serum folate is >5. This is the first indication of an abnormality.

Adapted from Herbert, Chapter 26 Folic Acid In Modern Nutrition in Health and Disease, 9" Sils, M.E., Olson, J.A.,
Shine, M. and Ross, A.C. (Eds.) 1995. Williams & Wilkins, Baltimore, Maryland and from Manore, M. and Thompson,
J. Sport Nutrition for Health and Performance. 2000. Human Kinetics, United States.

The stages of folate deficiency have been characterized by Herbert (Table 7.1). In the first stage,
folate drops below 3 ng/ml. This is serum only and does not reflect tissue levels. In stage II, folate
drops in serum and erythrocytes. In the third stage, erythrocyte folate continues to decrease and
homocysteine begins to rise. DNA synthesis is affected and erythropoiesis is inhibited.” Hemoglobin
is still in the normal range, but could be decreased enough to affect oxygen availability to cells,
particularly with intense exercise.%® In the final stage, frank folate deficiency is manifested by
megaloblastic anemia and decreased hemoglobin.®’

Clinical symptoms of folate deficiency include glossitis, diarrhea, weight loss, nervous insta-
bility,” and dementia.®*® To determine subclinical deficiency and the true status of folate, bio-
chemical measurements are necessary. The primary reason for looking at serum folate is suspected
megaloblastic anemia.!®* Serum folic acid reflects recent folate intake and not total body stores. If
serum folate levels are normal, it does not mean that the subject is not folate deficient. Erythrocyte
folate is a better reflection of total body stores and shows the level of folate over the last 120 days.”

A deficiency of either folic acid or B,, can cause a megaloblastic anemia. If a deficiency of
B,, is not corrected, nerve damage can occur because B, deficiency can cause demyelination of
nerves. Folic acid does not correct demyelination, but it can correct a megaloblastic anemia from
B,, deficiency.!! Therefore, it has been suggested that folic acid supplementation should not exceed
1,000 pg per day so as not to mask a B,, deficiency.”! Other researchers emphasize that the masking
of B, is more likely in the elderly. When recommending greater than the tolerable upper limits of
folic acid (not food folate), a multivitamin that includes B,, should also be recommended.”?

There is no direct evidence that indicates an increased requirement of folate as a result of exercise.
However, as the intensity of exercise increases, there is a need for increased creatine and methylation
will increase.?* Logically, the need for folate will increase, but logic does not always prove to be
correct in such instances. Also, an increase in appetite and food consumption usually accompanies
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an increase in the duration and intensity of exercise. If the increase in consumption is balanced and
contains an increase in natural folate or food fortified with folic acid, the athlete may not need
additional folate. If the increased consumption is not balanced with an increase in folate, or if the
athlete erroneously believes the increased intake should be primarily meat and protein, then the athlete
may need additional folate. The bottom line dictates a need for additional research and the need for
individual evaluation of each case by a qualified nutritional professional, such as a registered dietitian.

F. NATuraL ForLATE CONTENT OF FooD

Mammals do not have the ability to synthesize folic acid so it is an essential nutrient and must be
ingested by humans. The best sources are liver and organ meats. Beans, peas and green leafy vegetables
are also good sources. A sample of common foods containing folic acid can be found in Table 7.2.

G. FolATE ENRICHMENT OF FOOD

After many years of research, the Food and Drug Administration, in March of 1996, mandated
enriched cereal-grain products to be fortified with 140 ug of folic acid per 100 g of flour. The
mandate was implemented January 1, 1998.74

Providing vitamin and mineral supplementation periconceptionally results in significant pre-
vention of neural-tube defects as well as urinary tract and cardiovascular defects, a decrease in
limb deficiencies and congenital hypertropic pyloric stenosis.”

Food supplementation of less than 300 ug per day of folic acid lowered plasma homocysteine in
one study, but the authors suggest that it may take more than 300 pg per day to substantially lower
plasma homocysteine.”® In a study completed on 41 Caucasian men (= 58 years of age) who were
taking in more than 400 pg of folate, supplementary intake of folic acid from fortified cereals did
not have an additional lowering effect on homocysteine.” Jacques et al. used the Framingham Off-
spring Study cohort to see the effects of folic acid fortification of enriched grains on plasma folate
and total homocysteine concentrations. They found the mean plasma folate concentrations increased
significantly (p < 0.001) and the level of plasma homocysteine decreased significantly (p < 0.001).78

TABLE 7.2
Sources of dietary folate'?

ug of ug of
Serving size Item Folate Serving size Item folate
3.5 oz (99g) Cooked chicken liver 770 he (99g) Lentils 179
3.5 0z (99g) Cooked beef liver 220 he (86g) Pinto beans, boiled 148
3.5 oz (99g) Cooked salmon 34 1 c (248g) Fresh orange juice 75
3.0 oz (85g) Yellow fin tuna 1.7 1 oz (282) Peanuts, dry roasted 40.6
3.0 oz (85g) Beef, ground 6.0 e (90g) Spinach, boiled 131.4
4.0 0z (113g)  Chicken, light meat, raw 4.5 2 0z (57g) Plain pasta 100.3
4.0 0z (113g)  Chicken, dark meat, raw 79 the (93g) ‘White rice, enriched, 54.9

cooked

3.0 oz (85g) Pork, center chop/raw 2.9 1 c (244g) Milk, whole 12
1 whole (50g)  Cooked egg 22 1 slice (21g) Swiss cheese 1.2
1 cup (28g) Corn flakes* 98.8 1 slice (30g) White bread 28.5
1 cup (47g) Bran flakes** 165.9 1 whole (102g)  Generic cheeseburger 54.1

! Includes supplemented folate in processed grains
2 Taken from Nutrients in Food by E.S. Hands”?

* Range among three fortified brands = 98.8 to 133.3, weight varies
+*Range among eight brands = 46.9 to 273.0, weight varies
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H. Toxicry

Whittaker et al. analyzed 29 breakfast cereals for iron and folic acid. They found the values for
folate ranged from 98% to 320% of the label values. The values for iron ranged from 80% to 190%.
They expressed concern that consumption of breakfast cereals may contribute to excessive intakes
of iron and folate.” Sisk and co-workers studied 3-day diet records of 320 subjects to determine
the total folate intake from food and supplements before and after the fortification of grains. They
found only five subjects took over 1,000 pg (tolerable upper limits) of supplemental folate per day.
They concluded that the fortification of grains with folic acid did not appear to be a risk of folate
toxicity in the population studied.® Folate toxicity is not an outstanding problem, but there are
concerns about excessive folic acid consumption that can be divided into three areas: (1) masking
pernicious anemia of B, deficiency and allowing for neurological damage; (2) possible interference
with zinc function and (3) interference with certain medications.?' Large doses of folic acid have
been known to interfere with anticonvulsant drugs, particularly Dilantin.??

I. ABSORPTION, DISTRIBUTION AND ELIMINATION

Folate is absorbed primarily in the proximal third of the jejunum but can be absorbed anywhere
in the small bowel. Most folates found naturally in plants are in a polyglutamate form and need to
be hydrolyzed. This is accomplished by the conjugase, pteroylpolyglutamate hydrolase, found in
the brush border of the small intestines.” In a review article, Hathcock summarizes an important
relationship between folate and zinc. The conjugase responsible for hydrolyzing the polyglutamates
is zinc dependent. Thus, folate absorption can theoretically be affected by zinc deficiency. Do high
levels of folate affect zinc bioavailability or function in the small intestines? Considerable variation
is found in the literature, indicating that as little as 350 pg can affect zinc function, while no harmful
effects were noted with 4 mg per day.?' Large, well-controlled clinical trials are necessary to
determine the interactions of folate and zinc.

Active transport of folate is enhanced by glucose and galactose. A small amount of folate is
absorbed by passive diffusion. Absorption is inhibited by unknown factors found in yeast and beans,
acidic pH, alcohol, some medications (including Dilantin) and some diseases.®” Once absorbed, the
pteroylmonoglutamate is transported to the liver and is either stored as a polyglutamate or circulated.
Some of the folate in plasma is bound to a low-affinity protein, primarily albumin.'? Total-body
folate stores usually range from 5 to 10 mg. About half of this is in the liver. Folate excretion is
in the urine and bile of both the biologically active and inactive forms. The primary excretion
product of folate in the urine is acetamindobenzoylglutamate.%” Ninety-percent of the folate in the
serum is either not bound or is loosely bound to albumin. The remaining 10% is bound to a specific
protein called folic acid-binding protein (FABP).'3 Normal folate values for serum is 3.0-17.0 ng/ml.
RBC folate is 280-903 ng/ml.™

Il. INTAKE
A. GENERAL POPULATION

International approaches to food fortification with folate vary. The United States mandates folate
fortification while the United Kingdom, some European countries, Australia and New Zealand have
voluntary fortification policies. The voluntary fortification of food with folate at the level of 50%
of the recommended daily dose resulted in a beneficial effect on the folate status of young South
Australians, but not at the level required for maximal prevention of neural tube defects.®?

In a report from the National Center for Health Statistics on the intake of selected vitamins in
the United States for 1999 to 2000, it was found that males consumed from 267 to 435 ug per day.
Those consuming 267 pug were in a group less than 6 years of age and excluded nursing infants
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and children. Those who consumed 435 pg were in the group for 20-39 years of age. The intake
for females was lower for every category, with the range being 243-335 ug per day. Those
consuming 243 ng were in a group less than 6 years of age and excluded nursing infants and
children. Those that consumed 335 g were in the group for 40-59 years of age. Requirements
were met for all of the age groups for males except the 60-year-olds and older. Only the 6-11-year-
old females met their requirements.?*

B. ATHLETES

Generally speaking, a regular increase in exercise intensity will cause an increase in the need for
additional nutrients, including vitamins and minerals.®> Also, generally speaking, those who are
more active are usually more health conscious and consume the recommended amount of vitamins
and minerals.!® Beitz et al., when using the German reference values, found moderately active
adults to consume more nutrients than sedentary adults in Germany.3® Athletic performance can be
directly influenced by a deficiency of folate because of the anemia that would result, but Lukaski
found that the use of vitamin and mineral supplements did not improve measures of performance
when adequate diets were consumed.' The question has to be asked, was homocysteine reduced
in these same subjects as a result of the supplements, thus improving overall health without showing
a performance difference?

Niekamp and Baer studied 12 male cross-country runners to determine the adequacy of their
dietary intake. Their diets were assessed using two 4-day self-recorded diet records. Their analysis
showed the diet to be more than adequate for folate.%”

The elderly athlete might be another concern. Sacheck and Roubenoff have suggested four
considerations when making recommendations to the exercising elderly:

What change in needs occurs with age?

What change in needs occurs with exercise?

Are there any chronic illnesses or diseases?

Is the subject exercising for fitness, recreation, or competition?®

el e

A decrease in stomach acid can cause a decrease in folate absorption.®® High doses of folate
may interfere with zinc metabolism.?® Research has documented that, even with adequate energy
intake, some older athletes have an insufficient micronutrient intake.”® Campbell, Rachel and Geik
list the vitamin and mineral intakes suggested for the elderly athlete, but they suggest that research
to make specific suggestions is lacking. They suggest increasing folate because of a decrease in
stomach acid that occurs with the elderly.*!

The nutritional status of elite Finnish ski jumpers was evaluated concerning macro and micro-
nutrient intake. Twenty-one male ski jumpers were compared with 20 non-athletic male controls.
Several micronutrients were looked at besides folate. There were no differences in the absolute
intake of folate between skiers and controls, but when the comparison was based on densities, the
skiers consumed more folate (p < 0.02).”

I1l. BIOCHEMICAL STATUS IN ATHLETES

A. RESEARCH ON CURRENT STATUS

Several research reports are concerned with the biochemical status of folate in athletes. Telford et
al. divided 86 Australian athletes into a treatment group (n = 42) and a placebo group (n = 44).
Dietary recalls revealed that both groups were receiving adequate folate in their diet. The
treatment group received an additional 200 pg of folate daily for 7 to 8 months of hard exercise.
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The athletes were basketball players, gymnasts, swimmers, or rowers. The supplemented athletes
were found to have a significant increase in serum folate (10.9 vs. 24.4 nmol/l, p < 0.001).%3

Ziegler et al. studied the nutritional status of 18 competitive female figure skaters and found
folate to be significantly higher in the preseason than in the competitive and off seasons. At least
20% of the skaters exhibited less than normal serum folate for all of the seasons.*

Forty male middle- and long-distance runners with 12 non-athletic controls were evaluated for
several parameters, some of which were hemoglobin concentration, mean cell volume, erythrocyte
count, serum and erythrocyte folate. The treatment groups were given iron, iron plus folate, or
folate alone. There were essentially no differences between the athletes and non-athletes for any
of the measured parameters except that the blood volume and hemoglobin of the athletes was 20%
more than the controls.® It should be noted that there were not large numbers per treatment group
in this study.

In 1991 a review article by Haymes reported that more than 50% of elite women distance
runners, non-elite women marathon runners and triathletes, and iron man triathletes of both sexes
regularly consume vitamin and mineral supplements. A large percentage of high school and college
athletes also consumed vitamin and mineral supplements. Haymes concluded that vitamin deficien-
cies are not likely to be common among most athletes but, based on work published in the 1980s,
the dietary intake of many girls were deficient in folate. The folate requirement has increased since
then.’® Haymes lists three primary reasons that it would be beneficial to supplement the diet of
athletes with specific vitamins or minerals:

1. The diet of the athlete is deficient in one or more vitamin or mineral.
2. The athletes have a greater need than the general population.
3. The addition of certain vitamin or minerals improves performance.®

B. ConDITIONs THAT MAY CHANGE THE STATUS

The research relating folate to hyperhomocysteinemia in athletes is controversial. Following are
several reports of elevated homocysteine levels as a result of exercise.

e Herrmann et al. studied the effects of 3 weeks of strenuous swimming on blood homocys-
teine, B,,, B¢, folate and methylmalonic acid of young healthy swimmers. They found a
prolonged homocysteine increase during the 3 weeks (about 15%) that was significant
at the 10% level. This did not reverse after 5 days of recovery training. Folate increased
substantially during the training period but dropped by the end of the recovery training.
The researchers proposed that the stimulation of the methionine cycle secondary to the
increased demand for methyl groups during exercise might help explain the increase in
homocysteine.”’

* Konig et al. studied the effects of training volume and acute physical exercise on plasma
levels of homocysteine and its interactions with plasma folate and B,, The subjects were
42 well-trained male tri-athletes. Blood samples were obtained before and after a 30-day
endurance-training period and before competitive exercise, at 1 hour and at 24 hours
after competitive exercise. The athletes were divided into subgroups of low training and
high training, depending on the number of hours of training per week. After the training
period was over, no significant differences in homocysteine could be found in the group
as a whole. When the subgroups were analyzed, the athletes in the highest training
quartile exhibited a significant decrease in homocysteine (p < 0.05). At the same time,
the plasma folate levels were significantly higher in this group (p < 0.05). When plasma
was analyzed at 1 hour and 24 hours after training, homocysteine levels were elevated
in all athletes regardless of the training volume (p < 0.001). After 1 hour of training,
folate increased in all athletes (p < 0.05). Multivariate analysis indicated the increase in
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homocysteine levels was dependent on baseline levels of folate and training volume but
not on B, levels.”®

e Bailey, Davis and Baker studied 34 physically active subjects who were randomly
assigned to either a normoxia or a hypoxia-training group. The training involved 4 weeks
of cycling. Each group inspired either a normobaric normoxic or a normobaric hypoxic
gas under double-blind conditions. Plasma concentrations of resting total homocysteine
decreased by 11% following hypoxic training (p < 0.05) but increased by 10% (p <
0.05) following normoxic training. Serum B,, and erythrocyte folate were determined
to remain stable in both treatments.”

* Tapola and co-workers investigated the effects of mineral water fortified with folic acid
and other vitamins and minerals that included B, and B,,. Serum and erythrocyte folate
were measured along with plasma homocysteine. Sixty normohomocysteinemic subjects
with normal folate levels completed the study that consisted of a 2-week running period
followed by an 8-week intervention period. During the intervention period, the subjects
consumed the fortified mineral water that contained 563 p1g/day along with other vitamins
and minerals or placebo water. Serum and erythrocyte folate increased (p < 0.001) and
plasma homocysteine decreased (p < 0.001).1%

e Herrmann et al. investigated 100 recreational endurance athletes (87 males and 13
females) who participated in a marathon race (n = 46), a 100-km run (n = 12), or a long-
distance mountain bike race (n = 42). Blood was drawn before, 15 minutes and 3 hours
after the race. Fourteen of the athletes (nine marathon runners and five cyclists) had
additional blood drawn 24 hours after the race. The authors reported that mild to moderate
hyperhomocysteinemia can frequently be found among recreational endurance athletes
and these athletes frequently have folate and B,, deficiencies. Twenty-three percent of
the athletes had elevated homocysteine levels before the race started. Since no strenuous
training was performed 48 hours prior to the event, a possible explanation for the elevation
was the fact that both folate and B,, were in the lower levels of the reference range. The
post-exercise levels of homocysteine (overall) were significantly increased at 15 minutes
(23%, p < 0.0001), at 3 hours (19%, p < 0.0001) and at 24 hours (33%, p < 0.002). Only
14 subjects had blood analyzed at 24 hours, with significant results; there was consid-
erable variation. When the results of the individual races were observed, the marathon
runners’ homocysteine level was 64% higher after the event when compared with levels
prior to the race. There were only 12 subjects in the 100-km race with considerable
variation among them. Six had a considerable increase in homocysteine, three were
unchanged and three had a decrease.!

e In the Intermountain Heart Collaborative Study, 2481 subjects were investigated to
determine the effects of folic acid fortification of food on homocysteine plasma levels
and mortality. Median homocysteine levels dropped modestly in the post-fortification
group but there was an insignificant drop in mortality.'"!

IV. STUDIES RELATED TO EXERCISE PERFORMANCE
A. ANIMAL

At least one animal study is of significance to athletes. One of the concerns with hyperhomocys-
teinemia is the effect on endothelial function. Hyperhomocysteinemia results in decreased avail-
ability of nitric oxide and impairs vascular function, two early events in atherosclerosis. The
effect of exercise on nitric oxide synthase, the enzyme necessary for nitric oxide production,
was investigated using rats that were subjected to treadmill running. The exercise increased the
activity of nitric oxide synthase and vasorelaxation in the exercise rats following homocysteine
exposure but not in the sedentary control group.®?
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B. HumaN

Previously mentioned research completed by Telford et al. was concerned with the biochemical
status of folate in athletes. In a similar parallel study completed by the same authors to determine
the effects of vitamin and mineral supplementation on the performance of athletes already receiving
the DRIs, little evidence of improved performance was obtained.!%> Considering research that states
exercise raises homocysteine levels, the question has to be asked, did the supplementation decrease
homocysteine as in other research efforts, thus improving the health of the athlete?

Matter et al. studied the effects of folate deficiency on 85 female marathon runners. The subjects
were treated for 1 week with 5 mg/day of folic acid. When tested on a treadmill, maximum oxygen
uptake, maximum treadmill running time, peak blood lactate levels and the running speed at the
blood lactate turn point were not changed from the previous week before supplementation. The
tests were repeated 10 weeks after treatment and were still unchanged.!®

Weight et al. studied the effects of 3 months of vitamin and mineral supplementation that was
25 times the RDAs on the running performance of 30 well-trained male runners. Folic acid was
one of the vitamins supplemented. None of the athletes had a vitamin deficiency during the trial
and there was no measurable difference in performance as a result of vitamin supplementation.'%

V. REQUIREMENTS
A. RECOMMENDED DIETARY ALLOWANCES

The recommended dietary allowances (RDAs) are a means of describing the amount of a nutrient
necessary to meet the needs of approximately 97 to 98% of all individuals in a certain age and
gender group. The RDAs are a part of a larger classification, the dietary reference intakes (DRIs).
Included in the DRIs are adequate intakes (Als) and tolerable upper intake levels (ULs). The Als
are recommendations for the intake of those nutrients for which there is not enough research
available to make a recommendation as definite as the RDAs. The UL is the maximum daily intake
of a nutrient that can be taken without the likelihood of causing adverse health effects in almost
all of the population in certain age and gender groups.”! The ULs have not been determined for all
nutrients. Table 7.3 lists the latest recommendations for folate.

In 1998, the National Academy of Sciences completed an exhaustive review of the evidence
available on folate intake, status and health for all age groups. As a result of the review, they
developed calculations to determine the estimated average requirement (EAR) of folate. They further
determined recommended dietary allowances (RDAs) to be the EAR plus two standard deviations.
This estimation agrees with the definition of the FAO/WHO recommended nutrient intake (RNI).
The members of the FAO/WHO expert group agreed that the values published by the National
Academy of Sciences were the best estimates of folate requirements based on current literature.!%
The National Academy of Sciences reports that folic acid taken with food is 85% bio-available and
food folate is only 50% bioavailable. The bioavailability ratio of folic acid taken with food to folate
found naturally in food is 85/50 or 1.7 times more available. When a mixture of synthetic folic
acid and food folate is fed, dietary equivalents (DEFs) are calculated as follows to determine the
estimated average requirements: [g of DEF provided = [ug of food folate + (1.7 X ug of synthetic
folic acid)].

Only half as much folic acid is needed if taken on an empty stomach, so to be comparable to
food folate, the American Academy of Sciences gives this explanation:

e 1 ug of DEF =1 ug of food folate

* 1 pg of food folate = 0.5 pg of folic acid taken on an empty stomach
* 0.5 ug of folic acid on an empty stomach = 0.6 pg of folic acid with meals!?’
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TABLE 7.3

Life Stage Group RDA/AI" of Folate in ug/d UL? in pg/d
Infants

0-6 months 65°% NDP
7-12 months 80* ND
Children

1-3 years 150 300
4-8 years 200 400
Males and Females

9 > 13 years 300 600
14-18 years 400 800
19 > 70 years 400 1000
Pregnancy

< 18 years 600 800
19-50 years 600 1000
Lactation

< 18 years 500 800
19-50 years 500 1000

* Represents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (Als)
in ordinary type followed by an asterisk (*). RDAs and Als may both be used as goals for individual
intake. RDAs are set to meet the needs of almost all individuals in a group (97 to 98 percent). For
healthy breastfed infants, the Al is the mean intake. The Al for other life stage groups is believed
to cover the needs of all individuals in the group, but lack of data prevent being able to specify
with confidence the percentage of individuals covered by this intake.

2 Tolerable upper limits. The maximum level of daily nutrient intake that is likely to pose no risk
of adverse effects. Unless otherwise specified, the UL represents total intake from food, water and
supplements.

®ND = Not determinable due to lack of data of adverse effects in his age group and concern with
regard to lack of ability to handle excess amounts. Source of intake should be from food only to
prevent high levels of intake.

Source: Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B, Folate, Vitamin
B,,, Pantothenic Acid, Biotin and Choline. 1998. The Food and Nutrition and Board, the National
Academy of Sciences.”!

The FAO/WHO expert group agrees with the findings of the Food and Nutrition Board of the National
Academy of Sciences.'® The reduced folates found in food are less stable than folic acid. Large
amounts of folate can be lost during cooking and folate can leach out of food during preparation.!?
The retention of folate in cooked food is variable and highly dependent on the type of food and the
method of preparation.'® Vitamin C may help prevent folate degradation during cooking.!®®

B. SreciFic RECOMMENDATIONS FOR ATHLETES

There is no official recommendation for folate by athletes that is different from the recommendation
for the general public. To make such a specific recommendation, more research is necessary. Because
there are young athletes, middle-aged athletes, “older” and elderly athletes, and because there are
casual athletes and elite athletes, the word “athlete” must be adequately defined. The research reviewed
in this chapter indicates that most serious athletes have an adequate to better-than-adequate intake of
folic acid®’ and that an additional intake of folic acid beyond the requirement did not increase
performance.'6193195 The effects of exercise on homocysteine is a new area of concern.®’ Because
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folate can have a positive effect on lowering homocysteine,** future recommendations may be different
from those of today, not for the sake of increasing athletic performance, but for the sake of preventing
disease processes caused by elevated homocysteine.

VI. FUTURE RESEARCH

There is a paucity of research expressly aimed at determining the need for additional folate for the
athlete to support maximum performance and control the rises in serum homocysteine that occur
as a result of exercise. The relationship between exercise and hyperhomocysteinemia needs to be
explored further and there is a conspicuous need for additional research to determine whether an
increase in the consumption of folate beyond the recommendation for the general population will
benefit the athlete’s performance or health by reducing elevated serum homocysteine levels.

VII. CONCLUSIONS

Folate is necessary for the synthesis of DNA and RNA. A deficiency of folate will affect many
systems but is primarily manifested by a megaloblastic anemia. Any type of anemia could affect the
performance of athletes, particularly endurance athletes. Supplementation with folate will correct
the anemia and thus possibly improve the athletes’ performance, but there is no strong evidence that
an increase in folate beyond the amount recommended for the general population will produce a
measurable increase in athletic performance. Additional research will determine whether an increase
in folate consumption is needed by the athlete to prevent disease due to a possible increase in
homocysteine levels secondary to exercise.
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I. INTRODUCTION

The role of vitamin B, (cobalamin) in sport and exercise is poorly defined today. Vitamin B, is
crucial for DNA synthesis, hence is involved in cell division and growth. It is required for proper
erythrocyte production, so could theoretically be important for endurance athletes, who need sufficient
red blood cells to carry oxygen to benefit their aerobic performance. Cobalamin is also involved
in other enzymatic steps that regulate amino acid and other cellular metabolic pathways. Thus, to
maximize physiologic function during performance, many athletes take nutritional supplements,
including those containing vitamin B,,. This chapter presents information on the intake and status
of this vitamin in the general population as well as in athletic populations. In addition, evidence
for its role in affecting exercise performance is discussed.

A. CHEMISTRY

Vitamin B, in the commercial form is generally cyanocobalamin. The chemical structure of cyano-
cobalamin consists of a planar coordination complex of four conjoined pyrrole rings surrounding a
central cobalt atom. This structure is similar to the iron porphyrins as in heme. The cyano (CN) group
is attached to one of the available Cobalt (Co) sites, while attached to the other site is a ribonucleotide,
which is additionally attached to the pyrrole ring structure by an aminopropanol linkage. There are three
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main physiologic cobalamins, in which the CN group is replaced with an OH group (hydroxoco-
balamin, which is sometimes available commercially), a methyl group (methylcobalamin), or a 5’-
deoxyadenosyl group (adenosylcobalamin). The latter two are the coenzyme forms of the vitamin
in humans. Cyanocobalamin is used commercially and in most research studies because of its
greater stability.! In addition to the cobalamins, human plasma often contains cobalamin analogues,
which are generally inactive as coenzymes.!

B. MEetaBoLic FUNCTIONS

Cobalamins are critical for cell growth and division, by acting as coenzymes in two reactions,
methylcobalamin in methionine synthase and adenosylcobalamin in methyl malonyl CoA mutase.
The former reaction involves the remethylation of homocysteine using 5-methyltetrahydrofolate as
methyl donor. Through this reaction, vitamin B, is linked with the folate system.? In the absence
of B,,, the methyl group cannot be transferred from the folate, leading to increased levels of 5-
methyltetrahydrofolate. The latter cannot be converted to tetrahydrofolate by reversal of its forma-
tion, so the folate pool becomes “trapped” in the methyl form. Then tetrahydrofolate is not available
to transfer one-carbon groups, especially in the thymidylate synthetase reaction, which leads to
diminished DNA synthesis. Rapidly proliferating tissues such as the hematopoietic system, the
gastrointestinal epithelium and the developing fetus have the greatest requirement for DNA syn-
thesis and are therefore the major tissues affected in clinical cobalamin deficiency. Recently, vitamin
B,, deficiency has been linked with an elevation in plasma homocysteine concentration, which has
been recognized as an important risk factor for the development of atherosclerosis.®> The second
reaction, i.e., methyl malonyl mutase, converts methyl malonyl CoA to succinyl CoA and is involved
in metabolism of propionate groups generated in fatty acid oxidation.

Because of the link with the folate system, vitamin B,,’s importance for athletes lies in proper
erythropoiesis to maintain oxygen transport in the blood. In addition, cobalamin deficiency is
associated with development of nervous-system damage leading to neurologic and mental symptoms,
through as yet undetermined mechanisms. Hence, vitamin B, may be needed for proper functioning
of the nervous system. Athletes, who depend on central coordination of movement, timing, strength,
etc., would probably be dependent on sufficient cobalamin to maintain proper CNS function.

Vitamin B,,, as a necessary cofactor for methionine synthetase, acts to help control the total
plasma level of homocysteine. Recent epidemiologic studies have suggested that plasma homocys-
teine is inversely related to levels of physical fitness* or of physical exertion.> Because high levels
of homocysteine are linked with an increased risk of cardiovascular disease,® the association of
cardiovascular disease and lack of exercise could be related to increased homocysteine levels in
such subjects. In turn, increased levels of homocysteine could result from a decrease in vitamin
B,, levels or a dysfunction in B,, metabolism. In recent years, a number of studies have tried to
determine whether there is a causal relationship between exercise and altered homocysteine levels.
The theory behind such studies is that strenuous exercise could increase the usage of methylated
substrates, which could affect homocysteine status because it is involved in recycling methyl groups.®

C. ABSORPTION, DISTRIBUTION AND ELIMINATION

The absorption of B, is a highly regulated process and defects in it are the primary cause of
deficiency.” Dietary B, is cleaved from dietary and salivary proteins by acid in the stomach and
by pancreatic proteases. B,, is then bound to intrinsic factor, a glycoprotein secreted by the gastric
parietal cells.” Binding to intrinsic factor protects B,, from enzymatic digestion in the gastrointes-
tinal tract. The cobalamin-intrinsic factor complex traverses the intestinal tract to the ileum, where
it binds to specific receptors on ileal mucosal cells.! Following receptor-mediated uptake into
mucosal cells, cobalamin is cleaved from intrinsic factor and transported into the portal circulation
by binding to a specific protein, transcobalamin II. Absorption defects that contribute to B,
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deficiency include a decreased release of acid or decreased secretion of intrinsic factor by gastric
parietal cells (secondary to gastric surgery), autoimmune diseases (antibodies to intrinsic factor)
or various intestinal diseases leading to ileal damage. Some absorption of pharmacologic levels of
B,, can be mediated by a separate diffusion-type mechanism.!

Vitamin B, is carried in the circulation as a bound complex with transcobalamin II (hence,
holo-TC) or with haptocorrins. Functional uptake into tissues, primarily the liver, occurs by binding
of transcobalamin II to specific receptors, followed by receptor-mediated endocytosis.! Haptocorrin-
bound B ,, comprising the majority of B, in the plasma, is not directly taken up by tissues. About
90% of the total body stores of cobalamin is found in the liver. Excretion via the urine and the
feces is minor, accounting for the minimal daily requirement of 2-3 pg. Biliary secretion of
cobalamin occurs, but most of the vitamin is reabsorbed in the ileum after binding to the intrinsic
factor. Efficient conservation of vitamin B, can explain why deficiency takes years to develop even
in cases of strict vegetarians, who consume almost no B,.%

D. INDICATORS OF STATUS

Vitamin B,, status can be assessed by biochemical measurements and by clinical indications, such
as the presence of macrocytic anemia (increased mean cell volume (MCV) and decreased hemo-
globin levels. However, the latter generally appear in severe deficiency so are of little use in
diagnosing the initial development of deficiency.” The diagnosis of subclinical deficiency depends
on demonstration of lower than normal tissue vitamin levels by biochemical measurements.

Many of the hematologic changes in B, deficiency are identical to those in folate deficiency,
so are not true indicators of status of the individual vitamins. Megaloblastic changes in the bone
marrow plus macroovalocytes and neutrophilic hypersegmentation in the peripheral blood are
indicators of megaloblastic anemia, resulting from either folate or B,, deficiency. Hence, laboratory
methods are needed to distinguish the two types of deficiency — measurements of serum and red
cell folate and of serum vitamin B, are needed to ascertain the cause of the macrocytic anemias.
A wide range of neurologic signs and symptoms can indicate diminished cobalamin status. These
include paresthesias of the extremities, loss of sensation, confusion, loss of memory and even, in
severe cases, delusional psychosis. It is critically important to identify the cause of the hematologic
abnormality because folate therapy for a cobalamin deficiency can reverse the megaloblastic
symptomatology, but exacerbate the neurologic damage,'”

The most common biochemical indicator of B, status is the demonstration of low serum or
plasma cobalamin concentrations, which are usually associated with decreased tissue content of
the vitamin. The lower levels of the normal range are about 200-250 pg/mL.* Serum B, levels
can be determined by microbiological or radioisotope dilution assay. Although the latter procedures
are used most often and are generally quite accurate, the presence of haptocorrins (transcobalamin
analogues) in the plasma can sometimes obfuscate the binding of cobalamin,’ leading to erroneous
interpretations. For example, B, that is bound to haptocorrin is not available for cellular uptake,
so subjects can have “normal” serum B,, levels and still be deficient in available B,, when there
is an abnormally high level of B, bound to haptocorrin.

A specific indicator of diminished vitamin B, status is an increased plasma or urinary level
of methylmalonate (because of the block in methylmalonate conversion to succinate). Recent studies
have shown the value of urinary or plasma methylmalonate determinations for diagnosis of cobal-
amin deficiency.!' Although these tests are not yet widely available, methylmalonate determinations
are currently accepted as a prime indicator of functional B, deficiency. Another potential indication
of cobalamin deficiency is an increase in plasma homocysteine, because of the block in conversion
of homocysteine to methionine by cobalamin-dependent methionine synthetase. However, homocys-
teine is also elevated in folate deficiency, so it is not a specific indicator of B, deficiency.!?

Holo-TC is the complex of vitamin B, and transcobalamin II in the plasma. Since holo-TC is
the active form of B, (the only form that can be taken up by tissues), measurement of serum
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holo-TC levels is theoretically a measurement of active B, levels.!3 Holo-TC is a minor component
of circulating B,, because of the binding of the majority to haptocorrins in the plasma. An assay
for holo-TC is in research development and may become useful in diagnosing functional B,
deficiency with greater specificity than the total plasma B,, determination.

There is no evidence that exercise has any direct effects on the biochemical or clinical indicators
of vitamin B, status per se. Nevertheless, exercise could change the optimal vitamin status by a
decrease in availability or an increase in requirement. Availability of B,, is decreased when there
is reduced dietary supply or reduced absorption of ingested vitamin. Dietary supply would primarily
be determined by socioeconomic factors; if anything, exercise should increase dietary intake by
stimulating the overall intake of food and the general concern of the exercising individual for health.
Malabsorption of food B, occurs in disorders of the intestinal tract such as in tropical sprue. Lack
of intrinsic factor secretion (see Section I.C) is the most common cause of diminished vitamin B,
status. Gastric mucosal atrophy, such as in pernicious anemia, and loss of gastric function through
surgical resection, are the major causes of loss of intrinsic factor secretion.

Vitamin B, requirements are increased in persons who experience rapid growth (infants,
pregnant and lactating women), suffer the presence of disease (malignancy, inflammation) and
possibly use drugs that might alter cobalamin metabolism. Functional B,, deficiency can be pro-
duced by chronic exposure (24 hours) to high levels of the anesthetic gas nitrous oxide.!* Nitrous
oxide combines with the Co atom in cobalamin, hence specifically and irreversibly inhibiting the
enzyme methionine synthase. Except for persons affected by such categories, there is no reason to
expect exercise or sporting activities to increase the requirements for B,,. However, malabsorption
of vitamin B, increases in frequency with age, so that master athletes are more likely to have an
increased requirement for B,.

E. CoNtents oF Foobps

Vitamin B,, is not biosynthesized by mammals, so must be ingested in order to achieve functional
levels in the body. The ultimate sources of vitamin B,, are cobalamin-synthesizing microorganisms
that are found in soil, water or the intestinal lumen of animals. Vegetable products do not contain
cobalamins unless they are contaminated with such microorganisms. Hence, the primary source of
vitamin B, is the consumption of animal products such as meat, eggs and milk containing B,,.
Small amounts of B, are available from legumes, due to contamination with soil bacteria. Hence,
because the daily requirement is only 2-3 ug, strict vegetarians often have marginal B, status (see
below). Also, infants breast-fed by strictly vegetarian mothers are susceptible to B,, deficiency
because of the very low concentration of cobalamin in milk of mothers with diminished B,, intake.'

II. INTAKE
A. GENERAL POPULATION

Vitamin B, deficiency is most often associated with absorption defects, so reduced intake per se
may not be as relevant as for other water-soluble vitamins. Even so, population studies indicate
that most humans in western societies consume more than adequate amounts of B,. People at most
risk for B, deficiency would be the elderly, especially post 60 years, when increasing gastric
atrophy contributes to malabsorption. Population studies of intake in the U.S. and U.K. reported
20-30 years ago (cited by Herbert®) suggest that vitamin B,, intakes range from 3-15 pg/d. A
recent study of the Framingham Heart Study cohort of elderly subjects (>67 yr old) showed B,,
intakes averaging 5-6 pg/d.'® A study of the vitamin B,, status of a group of 132 Thai vegetarians
(ingesting no animal products except milk) and a control group reported B,, intakes of 0.4 pg/d in
the vegetarians, confirming the reduced levels of B,, in vegetarian diets.!” As expected, the vege-
tarian group was relatively B,, deficient (mean serum levels of 117 and 152 pg/ml in males and
females, compared with about 500 pg/ml in controls). Bissoli et al.'® studied the long-term effects
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of diet on total serum B, levels in 31 strict vegans (no animal products), 14 lacto-ovo-vegetarians
(LOVs) and 29 age- and sex-matched control subjects. The vegetarian groups had followed their
respective diets for at least 5 years. Serum B, levels were decreased to 155 and 164 pmol/L in the
vegans and LOVs, respectively, compared with the controls at 265 pmol/L, with the normal range
defined as >220 pmol/L. The vegetarian groups also had a high prevalence (~40%) of subjects with
very low vitamin B, levels (<127 pmol/L).

B. ATHLETES

Total B, intake by athletes does not seem to be much different from that of other groups that are
active consumers of balanced diets and vitamin supplements, although such intake would be above
those of the general population. Barry et al.'” surveyed the reported intakes of 108 international-
(D) class athletes and of 35 club- (C) class athletes (involving both endurance and strength sports)
using weighed inventories over 3 alternative days. I- and C-class males consumed 19 and 13 pg of
B,,/d (much higher than the existing RDA of 3 g, probably due to a high meat consumption), while
I-and C-class females consumed 3 and 6 pg/d, respectively. About 50% of both groups of athletes
were active consumers of some type of vitamin supplement. Singh et al.?° recorded the 4-d dietary
records of ultramarathoners, who averaged 67 miles/wk in training. The estimated vitamin intake
from food alone was 4.5-6 g of B,,/d (compared with the existing RDA of 2 pg). Because 70% of
this population used vitamin supplements, the total daily intakes were estimated at 50-55 ug B,,,
well above the RDA. In a separate study of the effects of vitamin supplements on physically active
men, Singh et al.?! using baseline 4-d diet records (no subjects on supplements for 3 wk prior to
baseline data), reported B,, intakes were about 5.5 pg/d. Worme et al.?? surveyed male and female
participants in a forthcoming triathlon (about a 17% response). Subjects completed a 3-d dietary
record during normal training periods within 6 wk after the event, including no competition during
the 3 days. From food alone, daily B, intakes for both genders were about 5 pg/d. About 40% of
the population consumed vitamin supplements on a regular basis, and the total B, intakes for males
increased to 10 pg/d, but that for females remained the same as for food alone. The RDA cited at the
time of this study was 3 ug/d for B,. Hence, it would appear that total intake of cobalamin from this
population was greater than the RDA. However, when the data were shown for individuals, it was
noted that about 45% of the females and about 30% of the males consumed less than the RDA,
including both food and supplements. The population means cited above were apparently inflated by
the presence of a few excess consumers of food and supplements such that these populations included
a significant number of active athletes with less than recommended vitamin consumptions.

A special concern should be noted because there are subsets of athletes who follow vegetarian
diets for reasons of health or otherwise. As discussed above, the vitamin B,, intake of strict
vegetarians can be very low (0.4 ng/d,'” compared with the current RDA of 2.4 ug/d) and long-
term consumption of vegetarian diets may lead to reduced serum B,, levels.!® However, other studies
suggest that vitamin B, intake by vegetarian athletes may be sufficient to maintain normal B,,
status. Eisenger et al.”> combined a study of the effects of exercise on B, intake with a study of
the effects of a vegetarian diet on exercise performance. For an “ultra” run involving a 1000-km
run over a 20-d period, two groups of athletes were studied, 30 who consumed a regular western
diet and 25 who consumed an LOV diet. Both diets were strictly controlled by study personnel
and contained the same energy content and the same carbohydrate—fat—protein distribution. Partic-
ipants consumed the diets ad libitum, although study personnel recorded the amount of consumption.
Over the 20-d period, there was no difference in energy intake nor in the amount of weight loss
between the two groups. The LOVs consumed a significantly lower amount of vitamin B,,, although
this intake was still about twice the RDA. Analysis of serum B, levels in both groups showed no
significant changes over the duration of the study. Thus, short-term consumption of a vegetarian
diet, even in rigorously exercising endurance athletes, produces a reduced intake of vitamin B,,
but apparently the intake is sufficient to maintain normal serum B, levels.

© 2006 by Taylor & Francis Group, LLC



116 Sports Nutrition: Vitamins and Trace Elements

An additional concern would be the athletic elderly. Because the high frequency of atrophic
gastritis in elderly populations can diminish B, absorption, high amounts of B,, may need to be
ingested by the exercising elderly to maintain functional B,, status. Recommendations are to
increase intake of B, to 2.8 ug/d*.

Ill. BIOCHEMICAL STATUS IN ATHLETES

Several studies have examined the vitamin B, status of humans and animals during training as
well as the effects of vitamin supplements on such status. As noted above, recent evidence
suggests a link between exercise and plasma levels of homocysteine, and by inference, a rela-
tionship with that of vitamin B, or folate. While several studies have examined the effects of
exercise on plasma homocysteine, only those that have also assessed the effects on vitamin B,
will be discussed here.

Studies that have simply screened B, status show little difference between athletes and non-
athletes. Brotherhood et al.>> compared the status of numerous hematologic parameters in 40 male
long-distance runners with 12 matched controls. They reported no differences between these groups
in serum B, levels. Matter et al.,” in a study of 85 female marathoners, reported normal vitamin
B, levels. The biochemical status of 17 of the I-class athletes, characterized by Barry et al.,' included
serum B, and folate levels in the normal range for all athletes. None of these athletes was an active
consumer of vitamin supplements. Hermann et al.,’ in a study of the effects of intense endurance
exercise (running or bicycling) on homocysteine levels, measured the pre-race serum levels of
vitamin B, in those subjects who also had an elevated plasma homocysteine level. All 23 athletes
with high homocysteine levels, out of the total of 100 athletes, had a low serum B, level, suggesting
that a substantial number of highly trained athletes are susceptible to a functional B, deficiency.
Vitamin B, levels were not measured after the training period in these 100 athletes.

Several studies have examined the interaction between exercise and consumption of supple-
ments. Singh et al.?° reported on a group of ultramarathoners whose total B,, intake from foods
and supplements was found to be significantly above the RDA. Their B, levels averaged 226 pmol/L,
in the middle of the reference range. Singh et al.?! also reported on the status of physically active
men before and during daily ingestion of a commercially available high-potency multivitamin and
mineral supplement (200 ug B,,) for 12 wk. Blood B,, levels averaged about 200 pmol/L before
supplementation, in the middle of the reference range, and significantly increased to 300 pmol/L
by 6 wk of supplementation, with no further increase at 12 wk. The rise in B, levels can readily
be explained by the fact that the B, content in the supplements was orders of magnitude greater
than the RDA. Weight et al.® conducted a similar double-blind, placebo-controlled trial of multi-
vitamin and mineral supplementation (60 pg B,,) in a group of male runners who averaged more
than 40 miles per wk. Background (pre-supplementation) B,, status was normal in these endurance
athletes — serum B, was 340 pmol/L, in the middle of the normal range. Supplementation for up
to 3 mo did not affect B, status significantly; similarly, administration of a placebo did not affect
this vitamin, suggesting that the control subjects maintained a well balanced diet throughout the
study.

Vitamin B,, status has also been measured in controlled studies of exercise in endurance athletes.
As noted above, Eisenger et al.?* studied the effects of a 1000-km run over 20 d on serum B,
levels in 55 athletes consuming controlled diets, either regular western diets or LOV diets. In both
groups, intake of B, was well above the RDA, and there was no change in serum B,, levels in
either group at the end of the 20 d. Konig et al.” studied 39 well-trained triathletes, both over the
course of a 4-wk training and during a subsequent triathlon event (400-m swim, 25-km bicycle
ride and 4-km run). Serum B, levels were not affected by the 4 wk of strenuous endurance training
(compared with the pre-training determination), nor by the intense exercise during the event.
Hermann et al.® studied two groups of swimmers who underwent different levels of training, either
high-intensity or volume training, for 3 wk. All 19 such athletes had normal serum B, and
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methylmalonate levels before the training, and neither measure was changed by either type of
training. It is interesting that, in this group of swimming athletes, this group found no pre-existing
B,, deficiency, while in an earlier study of runners and bicyclists, nearly one in four had a low
serum B, level prior to training.

These studies of populations of heavy-endurance exercisers show that B, status is not related
to exercise but may be related to the diets consumed, i.e., those who consume a well-balanced diet
or supplements have normal or elevated status, while those who consume a marginal diet, such as
a strict vegetarian diet without supplements, tend to have marginal B,, status. Supplements, if they
contain an elevated B,, content, may actually raise B, levels to above normal status. In general,
highly trained endurance athletes do not appear to be deficient in vitamin B,,. Short-term, but
rigorous exercise has no effect of plasma B, levels in previously well-trained athletes.

Even in marginally healthy people, exercise does not appear to greatly alter B, status. De Jong
et al.3° conducted an intervention trial in 217 elderly (>70 yr) subjects over a 17-wk period including
enriched foods or light exercise (45 min, 2 X wk). They found no changes in plasma vitamin B ,,
total plasma homocysteine or serum methylmalonate levels between the exercise and control groups,
suggesting that light exercise has no effect on B, status in the elderly. Bailey et al.3! examined 32
young healthy male subjects who underwent a moderate cycling exercise program (30 min, 3 X wk)
for 4 wk, during which they consumed their normal diets. Vitamin B,, levels were unchanged after
4 wk. Randeva et al.* studied 12 overweight young women with polycystic ovary syndrome who
followed a light exercise program (brisk walking for 20—60 min, 3 X wk for 6 wk, then 5 X wk up
to 6 mo). The plasma B, levels at 6 mo in the exercising women did not differ from those in a
control group of nine similarly afflicted women who did not exercise.

IV. STUDIES RELATED TO EXERCISE PERFORMANCE
A. ANIMAL

Apparently no studies that relate B,, status or consumption of excess B, with changes in exercise
performance have been conducted in animals.

B. Human

Numerous studies have examined the effects of vitamin B,, on exercise performance. Most of these
have been conducted in conjunction with intake of other vitamins, especially other B vitamins
(reviewed by Van der Beek3?). Such studies are complicated in their interpretation as to the effects
of B,, per se. None of the studies of these vitamins individually have shown significant effects of
B,, on exercise performance, with the exception of a study* in which the subjects were already
anemic, i.e., they were already suffering from deficiency symptoms.

Tin-May-Tan et al.** studied the effects of parenteral vitamin B,, supplementation (1 mg, 3/wk
for 6 wk) on physical performance in a double-blind placebo-controlled study in male students.
B,, supplementation had no effect on resting heart rate, on recovery heart rate after maximal
exercise, on oxygen uptake (VO,max) nor on measures of strength and coordination. Rodger et al.3
reported on a mass screening study of a university population in which serum folate and B,, levels
in 300 subjects were compared with an assessment of exercise habits by questionnaire. The authors
observed no significant relation between B, levels and levels of exercise in hr/wk in either men
or women. Read and McGuffin?’ reported a double-blind placebo-controlled study of B vitamin
supplementation in age-matched male college students. Subjects received 0.5 pg B, per day for 6 wk
in a multivitamin complex containing near or above RDA levels of B, B,, B, niacin and pantothenic
acid. No significant effects of supplementation were noted in three tests of endurance capacity
(treadmill) during the 6-wk period.
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Although most sports require physical athletic exercise, others require mental conditioning and proper
sensory-motor control such as marksmanship. Bonke and Nickel® studied the effects of megadoses of B,
in combination with B, (thiamine) and B, (pyridoxine) on performance by experienced marksman. In two
studies, one of open design with 120 pg B,,/d for 8 wk and one as double blind design with 600 pg/d for
8 wk. In the latter study, the vitamin-treated group showed an increase in performance during the treatment
period, with no such effect in placebos suggesting minimal effects of training per se on the increased
performance. These results are intriguing, although a crossover study in the same subjects might have
eliminated some bias. Also, the doses of all the B vitamins were 60—300 times the respective RDAs.

V. REQUIREMENTS
A. NRC EsTIMATED SAFE AND ADEQUATE DAILY DIETARY INTAKES

The recommended dietary allowance (RDA) is the term used to describe the amount of intake of
a necessary nutrient considered to be sufficient to meet the needs of most healthy persons, i.e.,
what is needed to prevent a deficiency. These allowances utilize certain margins of safety (mean
requirement plus two standard deviations) to cover the degree of variability in requirements among
people and in bioavailability from most food sources. The RDAs undergo changes, depending on
the presence of new scientific data. For instance, the RDAs promulgated in 1998 (Table 8.1)
represent a significant increase over those established in 1989.3%40

B. SpeciFic RECOMMENDATIONS FOR ATHLETES

The popular or lay recommendation for intake of vitamin B, by athletes appears to be to “take as
much as you can,’as it is often sterotyped as an ergonomic aid or as a tonic for tiredness and poor
mental status. The reasons behind this hype are probably derived from the known rapid improvement

TABLE 8.1

Current Dietary Vitamin B,, Recommendations (ug/d)
Age/Gender B,,
0-0.5 yr 0.4*
0.5-1 yr 0.5%
1-3 yr 0.9
4-8 yr 1.2
Males

9-13 yr 1.8
14+ yr 2.4k
Females

9-13 yr 1.8
14+ yr 2.4%%
Pregnant 2.6
Lactating 2.8

Source: Recommended Dietary Allowance (RDA) determined by the Food
and Nutrition Board of the National Academy of Sciences, 1998.4°
*Adequate intake (not RDA) represents the mean intake for healthy infants;
RDA represents the needs of almost all (97%) individuals in a group.
**Because of the higher degree of B,, absorption problems in those older
than 50 yr, it is advised that these individuals reach their RDA by consuming
foods fortified with B, or supplements containing B,.
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in mental status that occurs when a person with the neurologic symptoms of B,, deficiency is injected
with B,. Hence, it is “logically” derived that if B,, works in such a situation, then B,, should be
good for other situations where a person feels the need to be stimulated by something healthy. Another
potential misperception that promotes use of vitamin supplements to improve athletic performance
is that exercise increases breakdown or excretion of vitamins, thus increasing the need for replacement.
There is no indication that such changes in B,, homeostasis happen because of exercise.

The intake studies that have been conducted in athletes show that a substantial portion of lay
and highly trained athletes consume high-potency vitamin supplements on a regular basis.'*-2! Such
consumption brings the B, status of these populations up to or above the recommended normal.
In particular, B, levels are often elevated, since supplements are often super-fortified in B,,. Despite
the fact that supplements have decreased the frequency of marginal or deficient status in exercising
populations, the studies of performance have indicated that the added amounts of B,, offer little if
any improvement in endurance or athletic ability. Hence, there appears to be no need to recommend
a different requirement of B, intake for athletes as compared with the general population. However,
because of the increasing frequency of vitamin B, malabsorption with age and of the low level of
B,, in vegetarian diets, elderly athletes and athletes who are strict vegetarians should increase their
B,, intake above the current RDA, to 2.8 pg/d, or should consider supplementation.?*

VI. SUMMARY

Vitamin B,, is primarily needed to maintain proper growth and development of cells through DNA
synthesis. Deficiency of vitamin B, leads to hematopoietic defects, and possibly to anemia or
neurological damage in severe cases. In persons who have reached such morbidity, the administra-
tion of B, in diets or supplements will have marked effects, including increasing endurance and
athletic performance. In the athlete with normal or marginal B,, status, with no accompanying
signs of deficiency, there is no scientific evidence that increased amounts of B,, will provide any
benefits in terms of athletic performance or exercise physiology. Hence, athletes and physically
active persons should consume a well-balanced diet to obtain sufficient B,,. Supplements should
be added to a vegetarian diet to ensure that the person does not suffer some of the subtle effects
of marginal B, status, but there is no reason to recommend consumption of added amounts of B,
to increase one’s ability to exercise or perform athletically. Although vitamin B,, is often given to
patients complaining of tiredness, there is no evidence from controlled studies that B,, improves
alertness or wellbeing in non-deficient subjects.
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I. INTRODUCTION

Pantothenic acid and biotin are water-soluble vitamins; chemical structures are depicted in
Figure 9.1. In cells, pantothenic acid is converted to 4>phosphopantetheine, which serves as a
covalently linked coenzyme for acyl carrier protein; 43>phosphopantetheine is further converted to
coenzyme A (CoA), which is a ubiquitous cofactor in intermediary metabolism. Biotin serves as
a coenzyme for carboxylases, but also plays roles in chromatin structure and cell signaling.

0 0 CH,
I I I
HO—C=— (CH,); = NH — C —CH —C— CH, —OH Pantothenic acid
I I
OH CH,
Q 0 CH,
Il Il ]
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FIGURE 9.1 Chemical structures of pantothenic acid, 43phosphopantetheine, coenzyme A and biotin.
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Pantothenic acid and biotin in vitamin supplements are obtained by chemical synthesis rather
than by purification from natural sources. Isobutyraldehyde, formaldehyde and cyanide are used as
starting materials in the chemical synthesis of pantothenic acid; the intermediate D-pantolactone is
condensed with -alanine to produce pantothenic acid.! Calcium salts of pantothenic acid are the
most common commercial form of the vitamin. The chemical synthesis of biotin is based on using
fumaric acid as a starting material.”

II. METABOLISM
A. PANTOTHENIC AcCID
1. Digestion

The majority of pantothenic acid in foodstuffs is present as CoA or 43>phosphopantetheine; both these
compounds are hydrolyzed by pyrophosphatase and phosphatase in the intestinal lumen to release
pantetheine.? Pantetheine is further hydrolyzed by luminal pantetheinase to release pantothenic acid.
Some pantetheine is transported into mucosa cells, followed by intracellular hydrolysis by pantetheinase.

2. Intestinal Transport and Bioavailability

Uptake of pantothenic acid into intestinal cells is mediated by the sodium-dependent multivitamin
transporter (SMVT).* This transporter has similar affinity for pantothenic acid, biotin and lipoic acid.**
At high intestinal concentrations of pantothenic acid, absorption by passive diffusion is quantitatively
more important than active transport.” It remains unknown whether bacterial synthesis in the intestine
contributes substantially to pantothenic acid supply. Note that SMVT is also expressed in the colon,
where the bulk of intestinal microorganisms reside. If microbial synthesis of pantothenic acid
is substantial, balance studies in humans may have underestimated pantothenic acid turnover
and requirements. The bioavailability of pantothenic acid from dietary sources is about 50%
compared with synthetic pantothenate from vitamin supplements.? If supraphysiological doses
of synthetic pantothenic acid (10-100 mg/day) are ingested orally, about 60% are excreted
into urine.’

3. Coenzyme Forms of Pantothenic Acid

The two coenzyme forms of pantothenic acid that have been identified in humans are CoA and 4>
phosphopantetheine. The pathway of CoA synthesis is depicted in Figure 9.2; 43>phosphopanteth-
eine is an intermediate in CoA synthesis. Synthesis of CoA depends on ATP and CTP and involves
phosphorylation and decarboxylation steps and a condensation with cysteine.!° The sulfhydryl group
in 4>phosphopantetheine forms thioesters with acyl compounds groups to produce acyl-CoA
derivatives, including acetyl-CoA.

Acetyl-CoA plays a central role in intermediary metabolism. Acetyl-CoA is generated in
processes such as {-oxidation of fatty acids, oxidation of glucose and catabolism of amino acids.
Acetyl-CoA is utilized in the generation of metabolic energy (ATP) in the tricarboxylic acid cycle
and the respiratory chain.!! Acetyl-CoA also participates in a number of acetylation reactions,
including the formation of acetylcholine, melatonin, N-acetylglucosamine, N-acetylgalactosamine
and N-acetylneuraminic acid.!? Finally, acetyl-CoA is a substrate in the acetylation of histones
(DNA-binding proteins), regulating transcriptional activity of chromatin.!? Various acyl-CoA esters
play roles in the synthesis of isoprenoid-derived compounds such as cholesterol, steroid hormones,
dolichol, vitamin D and heme A. Acyl-carrier protein depends on 43>phosphopantetheine as a prosthetic
group in fatty acids synthesis.!?

© 2006 by Taylor & Francis Group, LLC



126 Sports Nutrition: Vitamins and Trace Elements

Pantothenic acid

ATP
Pantothenic acid Inhibited by CoA and
! P .
kinase ADP CoA derivatives
Inhibition reversed by
4’-Phosphopantothenic acid carnitine

CTP + Cysteine
4’-Phosphopantothenoylcysteine

synthetase CDP + Pi

4’-Phosphopantothenoylcysteine

4’-Phosphopantothenoylcysteine CO2
decarboxylase

4’-Phosphopantetheine

ATP
Dephospho-CoA
rophosphorylase
pyropnosphory. i
v
4’-Dephospho-coenzyme A 3’,5’-ADP
ATP
Dephospho-CoA
kinase
ADP CoA hydrolase
v

Coenzyme A

FIGURE 9.2 Conversion of pantothenic acid to 4-phosphopantetheine and coenzyme A.

4. Cellular Uptake of Pantothenic Acid

The cellular uptake of pantothenic acid is mediated by SMVT.!* Activation of protein kinase C is
associated with decreased SMVT activity.!> Conversion of pantothenic acid to CoA prevents efflux
of pantothenic acid from cells (“metabolic trapping”). Pantothenic acid kinase (Figure 9.2) plays
an essential role in this process.!® This kinase depends on magnesium and ATP and is inhibited by
CoA and acyl-CoA esters, providing a negative feedback control. L-carnitine prevents the inhibition
of pantothenic acid kinase by CoA. Insulin activates pantothenic acid kinase.!®

5. Pantothenic Acid Excretion

The vitamin is excreted in urine primarily as intact pantothenic acid; CoA is hydrolyzed to release pan-
tothenic acid before excretion.!” The urinary excretion of pantothenic acid correlates with its dietary intake.!”
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B. BioTIN
1. Digestion

Biotin in foods is largely protein bound; binding is mediated by an amide linkage between the
valeric acid side chain in biotin and e-amino groups in lysines.!® Several gastrointestinal enzymes
hydrolyze biotin-containing proteins to generate biotinyl peptides.!” The amide bond between
biotin and lysine in biotinyl peptides is hydrolyzed by intestinal biotinidase (E.C. 3.5.1.12) to
release biotin. Biotinidase is found in pancreatic juice, secretions of the intestinal glands and
brush-border membranes.'® Biotinidase activities are similar in mucosa from duodenum, jejunum
and ileum.?

2. Intestinal Transport and Bioavailability

Studies using jejunal segments from rats provided evidence that intestinal biotin uptake is mediated
by both saturable and nonsaturable components.?’ At biotin concentrations less than 5 uM, biotin
absorption proceeds largely by the saturable process, whereas at concentrations above 25 pM, non-
saturable uptake predominates.?® Transport of biotin is faster in the jejunum than in the ileum and
is minimal in the colon. The intestinal transport of biotin is mediated by SMVT, i.e., the same
transporter that also mediates pantothenic acid uptake (see above).*> Biotin is absorbed nearly completely
in humans, even if pharmacological doses are ingested.?!

3. Biotin-Binding Proteins in Plasma

Biotinidase has one high-affinity and one low-affinity binding site for biotin and serves as a biotin-
carrier protein in human plasma.?? In addition, albumin, o-globulin and {-globulin have affinity
for biotin and may play a role in biotin transport in plasma.?* Evidence has been provided that 81%
of the biotin in human plasma is free, 12% is covalently bound and 7% is reversibly bound.>* A
biotin-binding glycoprotein (mol. wt. 66,000) is present in serum from pregnant female rats 2> but
not in serum from male rats.?

4. Cellular Biotin Uptake

Biotin uptake into mammalian cells is mediated by SMVT.>¢2¢ In addition, monocarboxylate
transporter 1 mediates biotin uptake into human lymphoid cells and, perhaps, other tissues.”’” An
inborn error of biotin transport has been described in humans.?

5. Biotin-Dependent Carboxylases

In mammals, biotin serves as a covalently bound coenzyme for four carboxylases (Figure 9.3):
acetyl-CoA carboxylase (E.C. 6.4.1.2), pyruvate carboxylase (E.C. 6.4.1.1), propionyl-CoA car-
boxylase (E.C. 6.4.1.3) and U-methylcrotonyl-CoA carboxylase (E.C. 6.4.1.4).293 The attachment
of biotin to specific e-amino groups of lysines in carboxylases is catalyzed by holocarboxylase
synthetase (E.C. 6.3.4.10).7

For acetyl-CoA carboxylase, a cytosolic (denoted acetyl-CoA carboxylase “o”) and a mito-
chondrial (denoted acetyl-CoA carboxylase “J”) form have been identified.>' Both acetyl-CoA
carboxylase o, and { catalyze the binding of bicarbonate to acetyl-CoA to form malonyl-CoA; the
latter is a substrate of fatty acid synthesis. Acetyl-CoA carboxylase o, and | have distinct roles in
intermediary metabolism due to their subcellular localization. Acetyl-CoA carboxylase o controls
fatty acid synthesis in the cytoplasm by generating malonyl-CoA. In contrast, acetyl-CoA carbox-
ylase U controls fatty acid oxidation in mitochondria. This effect of acetyl-CoA carboxylase U is
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Cytoplasm and mitochondria:
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FIGURE 9.3 Biotin-dependent steps in intermediary metabolism. ACC, acetyl-CoA carboxylase; PC, pyruvate
carboxylase; PCC propionyl-CoA carboxylase; MCC, {-methylcrotonyl-CoA carboxylase.

also mediated through malonyl-CoA, which is an inhibitor of fatty acid transport into mitochondria.
Acetyl-CoA carboxylase | may also play a role in biotin storage.3

Pyruvate carboxylase, propionyl-CoA carboxylase and -methylcrotonyl-CoA carboxylase are
located in mitochondria. Pyruvate carboxylase is a key enzyme in gluconeogenesis. Propionyl-CoA
carboxylase catalyzes an essential step in the metabolism of isoleucine, valine, methionine, threonine,
the cholesterol side chain and odd-chain fatty acids. J-Methylcrotonyl-CoA carboxylase catalyzes
an essential step in leucine metabolism.

6. Storage

Mitochondrial acetyl-CoA carboxylase (isoform {) may serve as a reservoir for biotin; neither
cytosolic acetyl-CoA carboxylase (isoform o) nor the mitochondrial pyruvate carboxylase, propi-
onyl-CoA carboxylase, or J-methylcrotonyl-CoA carboxylase are quantitatively important biotin
reservoirs.> A significant percentage of ingested biotin accumulates in the liver.??

7. Recycling of Biotin

Proteolytic degradation of holocarboxylases leads to the formation of biotinyl peptides. These
peptides are further degraded by biotinidase to release biotin, which can then be used for the
synthesis of new holocarboxylases."?
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8. Biotinylation of Histones

Chromatin comprises (1) DNA; (2) a group of proteins named histones; and (3) various non-histone
proteins. The folding of DNA into chromatin is mediated primarily by histones.* 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 and charged amino terminus (histone “tail”’). Lysines, arginines,
serines and glutamates in the amino terminus are targets for acetylation, methylation, phosphoryla-
tion, ubiquitination, poly (ADP-ribosylation) and sumoylation.!33+37 These modifications of histones
regulate processes such as gene expression, replication and DNA repair.3* All five classes of histones
are also modified by covalent attachment of biotin.3*#" Biotinylation of histones is mediated by
biotinidase 3 and holocarboxylase synthetase.*' Evidence has been provided that biotinylation of
histones might play a role in gene silencing and in the cellular response to DNA damage.*+3

9. Biotin and Gene Expression

The following three mechanisms are likely to mediate effects of biotin on gene expression; these
mechanisms are not mutually exclusive but might coexist in human cells. The reader is referred to
a recent review for an in-depth presentation of biotin-dependent gene expression.**

1. Activation of soluble guanylate cyclase by biotinyl-AMP. Biotinyl-AMP activates soluble
guanylate cyclase, increasing the generation of cyclic guanosine monophosphate.*> Sub-
sequently, cyclic guanosine monophosphate-dependent protein kinase phosphorylates
and activates proteins that enhance transcriptional activity of genes.

2. Nuclear abundance of transcription factors NF-kB and Spl/Sp3. Biotin deficiency is
associated with increased nuclear translocation of nuclear factor kB (NF-xB), mediating
activation of NF-kB-dependent genes.*® Biotin supplementation is associated with
increased nuclear abundance of Spl and Sp3;¥’ these ubiquitous proteins may act as
transcriptional activators or repressors, depending on the context.*34°

3. Remodeling of chromatin by biotinylation of histones (see above).

10. Catabolism

Two pathways of biotin catabolism have been identified in mammals and microorganisms in a
series of classical studies by McCormick and co-workers (Figure 9.4): (1) B-oxidation of the valeric
acid side chain,’*->* leading to the formation of bisnorbiotin, tetranorbiotin and related metabolites
that are known to result from B-oxidation of fatty acids. (2) Sulfur oxidation in the heterocyclic
ring, leading to the formation of biotin-/-sulfoxide, biotin-d-sulfoxide and biotin sulfone.’*>! Com-
binations of both pathways also occur. Biotin catabolites are quantitatively important in mammalian
tissues and body fluids; biotin catabolites account for approximately 50 to 70 mole% of the total
biotinyl compounds.3233>5 Recent studies have provided evidence that biotin catabolites have biotin-
like activities with regard to gene expression.

11. Biotin Excretion

Healthy adults excrete approximately 100 nmoles of biotin plus catabolites per day into urine.>
Biotin accounts for approximately half of the total urinary biotin; the catabolites bisnorbiotin,
biotin-d, /-sulfoxides, bisnorbiotin methyl ketone, biotin sulfone and tetranorbiotin-/-sulfoxide
account for most of the balance.>®3 Biotin in the glomerulum filtrate is reabsorbed by a saturable
sodium-dependent transport mechanism, as evidenced by studies using brush-border membrane vesicles
from human kidney cortex.> Apparent K, and V. values of this biotin transporter are 31 pM and
82 nmol biotin pg protein' e 30 o sec”!, respectively.
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FIGURE 9.4 Biotin catabolism.

The biliary excretion of biotin and catabolites is quantitatively minor. Less than 2% of an
intravenous dose of ['“C]biotin was recovered in rat bile but more than 60% of the dose was excreted
in urine.”’

IIl. DIETARY INTAKE AND STATUS ASSESSMENT
A. DIETARY AND SUPPLEMENTAL SOURCES
1. Pantothenic Acid

a. Adequate Intakes

Human requirements for pantothenic acid have not yet been quantified. Hence, recommendations
for adequate intake (AI) are based on the average daily intake in healthy individuals.’® The Al is
5 mg/day of pantothenic acid for adults of both genders. The Al of pantothenic acid in pregnant
and lactating women is 6 mg/day and 7 mg/day, respectively.!”-3

b. Intake and Food Sources

Pantothenic acid is widely distributed in plant, animal and microbial cells. In foodstuffs, the majority
of pantothenic acid is present as CoA and 43>phosphopantetheine. Rich dietary sources of pan-
tothenic acid include chicken, beef, liver, egg yolk, potatoes, whole cereals, broccoli and cauliflower
(containing more than 50 mg/g of pantothenic acid). Cow’s milk and human milk contain approx-
imately 3.5 mg/l and 2 mg/l pantothenic acid, respectively.!'>>
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Pantothenic acid degrades rapidly when exposed to heat. Hence, a significant fraction of pantothenic
acid in foodstuffs may be destroyed during food preparation; cooking may destroy up to 78% of
the vitamin, depending on the food source and preparation techniques.

c. Supplemental Sources

Calcium salts of D-pantothenate are the typical sources of pantothenic acid in oral vitamin
supplements. Dexpanthenol (pantothenyl alcohol) is a synthetic analog of pantothenic acid that
is commonly used for topical applications. Dexpanthenol can be converted to pantothenic acid
by mammalian cells.*®

2. Biotin

a. Adequate Intakes

The Food and Nutrition Board of the National Research Council has released recommendations
for Al of biotin.”® The Al is 30 pg/day of biotin for adults of both genders; the Al of biotin in
lactating women is 35 ng/day. These recommendations are based on estimated biotin intakes (not
to be confused with requirements) in a group of healthy people. Some drugs may cause increased
biotin requirements (see below).

b. Intake and Food Sources

The content of free and protein-bound biotin varies among foods. The majority of biotin in meats
and cereals appears to be protein bound.!® Most measurements of biotin content in food have used
microbial bioassays. Despite potential analytical limitations due to interfering endogenous sub-
stances, protein binding and lack of chemical specificity for biotin versus catabolites, there is
reasonably good agreement among the published reports and some worthwhile generalizations can
be made.!® Biotin is widely distributed in natural foodstuffs. Foods relatively rich in biotin include
egg yolk, liver and some vegetables. The dietary biotin intake in western populations has been
estimated to be 35 to 70 pg/d.!® Infants who ingest 800 ml of mature breast milk per day receive
approximately 6 ug of biotin.®!

B. BIOMARKERS

1. Pantothenic Acid

a. Direct Measures

Typically, pantothenic acid status is assessed by quantifying concentrations of the vitamin in whole
blood and urinary excretion. The urinary excretion of pantothenic acid correlates with recent dietary
intake.>%% Concentrations of pantothenic acid are much lower in plasma compared with whole
blood because plasma does not contain coenzyme forms of pantothenic acid.

b. Indirect Measures

Variables such as enzyme activities do not play an important role in the assessment of pantothenic
acid status.

2. Biotin

a. Direct Measures

The most commonly used direct measures to determine biotin status are the serum concentration
and the urinary excretion of biotin and catabolites. The urinary excretion of biotin and biotin
catabolites decreases rapidly and substantially in biotin-deficient individuals,** suggesting that the
urinary excretion is an early and sensitive indicator of biotin deficiency. In contrast, serum concen-
trations of biotin, bisnorbiotin and biotin-d, l-sulfoxide do not decrease in biotin-deficient individuals®*
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and in patients on biotin-free total parenteral nutrition % during reasonable periods of observation.
Thus, serum concentrations are not good indicators of marginal biotin deficiency.

b. Indirect Measures

Activities of biotin-dependent carboxylases may be useful as indicators of biotin status in humans.
Lymphocytes, which are easily accessible in human blood, contain detectable quantities of propionyl-
CoA carboxylase and B-methylcrotonyl-CoA carboxylase. The use of an activation index of car-
boxylases in lymphocytes has been proposed to assess biotin status.® The carboxylase activation
index is the ratio of carboxylase in cells after in-vitro incubation with biotin to the activity in cells
that are incubated without biotin. High values for the activation index suggest that a substantial
fraction of the carboxylase is in the apo form, consistent with biotin deficiency.

Reduced activity of B-methylcrotonyl-CoA carboxylase causes a metabolic block in leucine
catabolism (Figure 9.3). As a consequence, [3-methylcrotonyl-CoA is shunted to alternative path-
ways, leading to an increased formation of 3-hydroxyisovaleric acid and 3-methylcrotonyl glycine.
Biotin deficiency studies in humans suggest that the urinary excretion of 3-hydroxyisovaleric acid
is an early and sensitive indicator of biotin status.® In contrast, pathways that depend on propionyl-
CoA carboxylase are not sensitive indicators of biotin status,’” and pathways depending on acetyl-
CoA carboxylase and pyruvate carboxylase have not been extensively tested in this regard.

C. Toxicry

1. Pantothenic Acid

Doses of pantothenic acid that exceed the normal dietary intake are considered safe. Excess
pantothenic acid is rapidly excreted into urine. Diarrhea and gastrointestinal disturbances have
been reported after oral administration of single doses exceeding the Al of pantothenic acid by
1,000 times.!”

2. Biotin

Classically, ingestion of pharmacologic doses of biotin has been considered safe. For example, no
overt signs of toxicity have been observed in patients with inborn errors of biotin metabolism (e.g.,
biotinidase deficiency) who are empirically treated with biotin doses that exceed the normal dietary
intake by 300 times;% and test subjects treated with acute oral and intravenous doses of biotin that
exceeded the dietary biotin intake by up to 600-fold.?!

The arrival of advanced techniques in molecular biology has raised some concerns regarding
the safety of biotin supplements. Evidence has been provided that supplementation with pharma-
cological doses of biotin is associated with substantial changes in gene expression patterns.%®7°
Some of these changes may not be desirable. For example, evidence has been provided that biotin
supplementation is associated with increased expression of the gene encoding cytochrome P450
1B1,7! which mediates metabolic activation (hydroxylation) of pro-carcinogens. Moreover, biotin
supplementation decreases expression of the sarco-/endoplasmic reticulum calcium ATPase 3
(unpublished observation); this is associated with decreased transport of calcium into the endoplas-
mic reticulum and, perhaps, impaired folding of secretory proteins.

IV. INTERACTIONS WITH NUTRIENTS AND DRUGS
A. PANTOTHENIC AcCID

Biotin, lipoic acid and pantothenic acid share the same transport system for cellular uptake.?67273
Hence, interference of biotin and lipoic acid with the cellular transport of pantothenic acid needs
to be considered when evaluating the safety of biotin and lipoate supplements. Pharmacological
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doses of biotin (~ 10 mg), as used to treat holocarboxylase synthetase deficiency and biotinidase
deficiency, might cause pantothenic acid deficiency. Likewise, pharmacological doses of lipoic acid
are administered to treat heavy-metal intoxications, to reduce signs of diabetes and to enhance
glucose disposal in patients with noninsulin-dependent diabetes mellitus;’* theoretically, these
treatments might jeopardize pantothenic acid status.

B. BioTIN
1. Anticonvulsants

Biotin requirements may be increased during anticonvulsant therapy. The anticonvulsants primidone
and carbamazepine inhibit biotin uptake into brush-border membrane vesicles from human intes-
tine.”>’¢ Long-term therapy with anticonvulsants increases the urinary excretion of biotin catabolites
and 3-hydroxyisovaleric acid.””’® Phenobarbital, phenytoin and carbamazepine displace biotin from
biotinidase, conceivably affecting plasma transport, renal handling or cellular uptake of biotin.??
During anticonvulsant therapy, the plasma concentration of biotin may be decreased.”8" Adminis-
tration of carbamazepine is associated with decreased abundance and activity of pyruvate carbox-
ylase in rats.8!:82

2. Pantothenic Acid and Lipoic Acid

Pantothenic acid and lipoic acid may compete with biotin for the transporter SMVT (see above);
hence, supplements containing large doses of pantothenic and lipoic acid may decrease cellular
uptake of biotin. Indeed, chronic administration of pharmacologic doses of lipoic acid decreases
the activities of pyruvate carboxylase and f-methylcrotonyl-CoA carboxylase in rat liver to 64%
to 72% of controls.”

3. Egg White

Raw egg white contains the protein avidin, which has great affinity for biotin.®* Binding of biotin
to avidin renders biotin unavailable for absorption,®”3 potentially triggering biotin deficiency.
Hence, dietary supplements containing raw (spray-dried) egg white might impair biotin status. This
may be of importance to athletes ingesting large amounts of protein supplements based on egg white.

V. EFFECTS ON PHYSICAL PERFORMANCE
A. PANTOTHENIC AcCID

There is no conclusive evidence that pharmacological doses of pantothenic acid enhance physical
performance. Note, however, that acetyl-CoA plays a key role in the regulation of glycogen
synthesis. Glycogen is an important source of metabolic energy during exercise. Hence, theoretically,
pantothenic acid might affect glycogen homeostasis and physical performance. Indeed, previous
studies suggested that pantothenic acid-deficient mice have reduced exercise tolerance and low
glycogen stores compared with controls.®® The dietary and supplemental intake of pantothenic acid
by athletes is unknown.

B. BioTIN

No studies that address effects of biotin on physical performance have been published. Performance-
enhancing effects of biotin are conceivable, based on the following lines of reasoning: (1) biotin
is a coenzyme in pathways of gluconeogenesis (pyruvate carboxylase) and fatty acid metabolism
(acetyl-CoA carboxylase; propionyl-CoA carboxylase); and (2) biotin plays a role in enhancing
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the expression of the gene encoding glucokinase, %7 a key enzyme in glycolysis. The dietary and
supplemental intake of biotin by athletes is unknown.

VI. RECOMMENDATIONS AND FUTURE RESEARCH DIRECTIONS

Clearly, there is a lack of well-designed studies to address performance-enhancing effects of
pantothenic acid and biotin. There is a possibility that supplementation of athletes with these two
vitamins might enhance physical performance, given their essential roles in intermediary metabo-
lism. However, both pantothenic acid and biotin are ubiquitous in human diets and we believe that
athletes can maintain vitamin sufficiency simply by selecting a well-balanced diet. Note that
pantothenic acid and biotin deficiency are not commonly observed in healthy humans. Finally, there
are a few uncertainties associated with the safety of pharmacological doses of pantothenic acid and
biotin in cell signaling and gene expression. Those athletes who insist on using supplements are
advised to use physiological doses rather than pharmacological doses. Future research should
include both tests of adverse side effects of pantothenic acid and biotin and double-blinded studies
to determine whether pantothenic acid and biotin enhance physical performance.

VII.  SUMMARY

Both pantothenic acid and biotin serve as essential coenzymes in the metabolism of amino acids,
glucose, fatty acids and other intermediates. In addition, biotin plays a role in cell signaling and
chromatin structure. Both pantothenic acid and biotin are ubiquitous in human diets, and signs of
frank deficiency are rare. Some compounds have been identified that interfere with the normal
metabolism of pantothenic acid and biotin. For example, use of anticonvulsants interferes with biotin
metabolism. Individuals treated with these drugs may want to consider using vitamin supplements.
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I. INTRODUCTION

Choline, a quaternary amine and natural component of most plants and meats, is found in cell
membranes, particularly nervous tissue, with brain tissue having the highest concentration.!-?
Choline, which was named after the Greek word for anger “chole,” was first characterized in bile
as a nitrogen-containing substance by the German chemist, AFL Strecker in 1862.* Despite its
identification, it was not until the 1930s that choline became recognized as an important dietary con-
stituent.’ The term “lipotropic” was used in association with choline based on the finding that it prevented
the accumulation of lipids in the liver.® In 1977 Wurtman et al.” reported that choline administration

* The opinions and assertions expressed herein are those of the authors and should not be construed as reflecting those of
the U.S. Army, the Uniformed Services University of the Health Sciences (USUHS), or the Department of Defense.
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was associated with an increase in the neurotransmitter acetylcholine (ACh) and this finding
stimulated much interest in choline. However, it was not until 1998 that choline was classified as
an essential nutrient by the National Academy of Sciences. This resulted in the establishment of an
adequate intake level (AI) for humans by the Food and Nutrition Board of the Institute of Medicine.®

The establishment of choline as an essential nutrient was based on the growing body of literature
indicating the significant role served by choline in growth and development and overall human
health.!-33 For example, choline has been found to be important in fetal brain development, in
memory function and in the prevention of heart disease, fatty liver and neural tube defects.'-3 The
present review will focus on a general overview of choline metabolism, supplemental dietary choline
and the role of choline in physical performance.

II. CHOLINE METABOLISM
A. CHOLINE STRUCTURES

The chemical structure of choline and other compounds derived from choline are presented in Table 10.1;
the synthetic pathways are presented in Figure 10.1. The scientific name(s) for choline are 2-
Hydroxy-N, N, N-trimethylethanaminum, trimethylethanolamine and/or (beta-hydroxyethyl)

TABLE 10.1
Chemical Structures of Choline and Its Derivatives

BETAINE ‘O—ﬁ—CH2N+(CH3)3
0
CHOLINE HOCH,CH,N*(CHj),
0
ACETYLCHOLINE

CH;—C—0—CH,CH,N*(CHj),

Ceramide Phosphorylcholine
| | |
SPHINGOMYELIN RCHOH—CHCH, —OPO;CH,CH,N*(CHj3);
NHOCR!
CH,—OOCR!
LYSOPHOSPHATIDYLCHOLINE
HO—CH

CH, — OPO;— CH,CH,N*(CHj);

CH,—OH
0-GLYCEROPHOS
PHORYLCHOLINE HO—CH

CH, — OPO;— CH,CH,N*(CHj);

ﬁ CH,—O0—C—R,

R,—C—O0—CH

PHOSPHATIDYLCHOLINE

CH,—OPO;—CH,CH,N*(CHs);
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Choline Choline
acetyltransferase dehydrogenase
Acetylcholine «————— Choline Betaine aldehyde
Choline Betaine aldehyde
kinase dehydrogenase
Phosphocholine Betaine
CTP:‘Phosphocholine Homocysteine
cytidyltransferase \ Betaine: Homocysteine
/ methyltransferase
CDP-choline Methionine
Dimethylglycine

CDP-choline: Diacylglycerol

cholinephosphotransferase S-Adenosylmethionine S-Adenosylhomocysteine

Phosphatidylcholine Phosphatidylethanolamine
Phosphatidylethanolamine-
N-methyltransferase

FIGURE 10.1 Synthetic Pathways of Choline. Adapted from Canty and Zeisel.**

trimethylammonium hydroxide, but choline as a simple compound has several common names,
depending on the particular form.!'-*> Some of these names/forms include choline chloride, choline
citrate, choline bitartrate, Intrachol™, Lipotropic Factor and methylated phosphatidylcholine.” Other
forms of choline include cytidine 5-diphosphocholine (also known as CDP-choline or citocoline),
phosphatidylcholine (commonly called lecithin) and L-alphaglycerylphosphorylcholine (Alpha GPC).

B. CHoLINE IN THE HuMAN Bobpy
1. Tissue Distribution

Choline is abundant in the human body, existing in all cell membranes as a constituent of phos-
phatidylcholine, sphingomyelin and choline plasmalogens, with phosphatidylcholine and sphingo-
myelin being the more common forms.>!®!! All tissues accumulate choline where it participates in
various metabolic reactions. In the liver and kidney, choline is oxidized to form the methyl donor
betaine. Nerve tissue, in particular the brain, contains the greatest concentration of choline. The
choline content of human brain varies by regions, with average values ranging from 3.7 = 0.6 mM
in the parietal section to 7.7 £ 1.0 mM in the pons.'? Within the brain, choline is transported across
the blood-brain barrier by a specific carrier mechanism where the majority is converted to ACh.!314
Acetylcholine is commonly found in epithelial, mesothelial, endothelial, muscle, immune and
neuronal cells. The choline phospholipids in brain and nerve tissue constitute a large precursor
pool of choline for ACh synthesis, which could be important in neurons when the demand to sustain
ACh release is high.>'* Choline acetyltransferase (ChAT), the enzyme that catalyzes the synthesis
of ACh,'>16 is also found in brain, skeletal muscle, spleen and placental tissue.'-

Choline in blood exists as free choline, phospholipid-bound choline and erythrocyte choline.
Free plasma choline levels in the adult male are quite low, averaging 7.4 uM, with a range from
about 5.0 to 20 uM.!"” Approximately 98 to 99% of circulating choline exists in the form of
phosphatidylcholine, where it is an integral component of lipoprotein particles, especially high-
density lipoprotein (HDL).!® The phospholipid composition of plasma HDL is approximately 81%
phosphatidylcholine and 13% sphingomyelin, with an average phosphatidylcholine concentration
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of 1.3 mM. Plasma very low-density lipoprotein (VLDL) phospholipids are approximately 71%
phosphatidylcholine and 23% sphingomyelin, with average phosphatidylcholine concentrations of
0.43 mM." If plasma HDL or VLDL levels were to increase or decrease, total plasma choline
levels would follow the same direction.

Erythrocytes also contain choline as part of the cell membrane where it participates in enzymatic
reactions to synthesize ACh. The typical choline content of erythrocytes in normal controls averages
17 uM, but has been shown to range from 10 to more than 200 pM.2%?! Finally, human breast milk
also contains choline, which is very important for brain development in infants.?> Total choline
concentrations in breast milk between 7 and 22 days after birth average 1.28 mM.??

2. Absorption of Choline

Choline is absorbed throughout the small intestine by means of transporter proteins in the intestinal
cells; after absorption it is delivered to the liver via the portal circulation. 22> Some choline is
metabolized to and absorbed as trimethylglycine (betaine) and trimethylamine in the intestine before
being transported to the liver. Phosphatidylcholine, the primary delivery form of choline from foods,
can be absorbed in several ways, but most is absorbed through the intestine.?326

It is of interest that 60% of choline ingested orally as choline chloride or other choline salts is
transformed by intestinal bacteria into trimethylamine, which is metabolized and excreted as
trimethylamine-N-oxide.?> In contrast, only 26% of choline, when ingested as lecithin, is trans-
formed into trimethylamine.?> The transformation to trimethylamine is a function of intestinal
bacteria, and as such, the proportion of choline transformed can be modified by altering the intestinal
flora.? Overall, it appears these studies indicate that choline from lecithin is more effectively
absorbed than choline alone and would be a preferred delivery form.”-?

3. Biosynthesis of Choline

Although choline is ingested in various foods, it is also synthesized de novo within the body,
primarily in liver and kidneys, in two ways.'® The first pathway begins with the decarboxylation
of the amino acid serine to ethanolamine, followed by methylation of ethanolamine to form
choline.">!:?7 Methionine appears to be the primary methyl donor for choline, although S-adenosyl
methionine (SAM), which is synthesized from the amino acid methionine as a methyl group donor,
can also provide the methyl group for choline.>?® Because amino acids can contribute to the
biosynthesis of choline, the amount of protein in the diet may affect dietary choline requirements.!-3
Figure 10.1 presents a summary of the synthetic pathways of choline.

The second pathway for choline synthesis involves the conversion of phosphatidylethanolamine
to phosphatidylcholine.? Three methylation reactions are required, with each using SAM as a methyl
group donor. S-adenosyl methionine becomes S-adenosyl homocysteine after donating its methyl
group and is metabolized to homocysteine, which can be converted to methionine in a reaction that
requires methyl tetrahydrofolate (THF) and a vitamin B12-dependent enzyme. Thus, a close rela-
tionship exists between the synthesis of choline, methionine and folate.!

C. METABOLISM AND MECHANISMS OF ACTION

Choline is needed for both structural and functional roles in the body, as shown in Figure 10.2. First,
choline is an integral component of several lipids that maintain cell membrane integrity.?’ These
include phosphatidylcholine (lecithin) in the phospholipid bilayer of cell membranes; sphingomyelin,
a critical component of the myelin sheath that surrounds nerve fibers;!” choline plasmalogens, which
make up 35 to 41% of the phospholipids in human cardiac tissue;'° and lysophosphatidylcholine.*
Second, choline serves as a methyl donor.3! Although its role as a methyl donor is primarily for
the generation of betaine, choline can also serve as a methyl donor for creatine synthesis.>? Once
betaine is formed, it in turn donates methyl groups to homocysteine to form or regenerate methionine
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Sphingosylphosphorylcholine
Platelet-activating factor

Signaling phospholipids

. Neurotransmitter Methyl donor .
Acetylcholine Choline Betaine

Structural membrane

phospholipids
Sphingomyelin Intracellular
Lipid messengers  Diacylglycerol
transport " ceramide

VLDL <—  Phosphatidylcholine

FIGURE 10.2 Metabolic Pathways of Choline. Adapted from Blusztajn.?’

in the liver. The betaine pathway also provides methionine for protein synthesis.3? Third, choline is
a precursor for compounds that serve critical cell signaling functions, including phosphorylcholine;
platelet-activating factor, (PAF), a choline plasmalogens; and sphingophosphorylcholine.?* In addi-
tion, the choline-containing phospholipids, phosphatidylcholine and sphingomyelin, are precursors
for two other molecules that serve as intracellular messengers: diacylglycerol and ceramide.>!!-33-34

Choline also serves a role in lipid transport and metabolism. This role became apparent when
a choline deficiency was found to result in the accumulation of lipids in the liver of rats and
humans.* Subsequent investigations demonstrated that the accumulation of lipids reflected impaired
secretion of VLDL particles from the liver and that phosphatidylcholine was a required component
of VLDL particles.?-3 Yao et al.*> showed a reduction in plasma VLDL levels, but not HDL levels,
as a consequence of choline deficiency in rats. Moreover, recent evidence demonstrated that a
choline deficiency compromised assembly of nascent VLDLs and that blockage of phosphatidyl-
choline synthesis in the liver by the phosphatidylethanolamine N-methyltransferase (PEMT) path-
way inhibited VLDL secretion in PEMT-deficient mice.3¢

The choline structure Alpha-GPC is a precursor for phospholipid biosynthesis and serves an
important role in the recycling of phospholipids and in renal osmotic balance.’’- In the kidneys,
Alpha-GPC is considered an organic osmolyte that can accumulate to high levels in response to
elevated salt and urea concentrations. As a counteracting solute, Alpha-GPC allows cells to adapt
osmotically and protects them from denaturation during extracellular hypertonic stress.3840

The choline structure lysophosphatidylcholine may have adverse actions, as it has been impli-
cated in the pathogenesis of cardiovascular disease through modulation of endothelial cell func-
tion.*! The association with adverse actions is derived from the findings that levels of lysophos-
phatidylcholine are elevated in hyperlipidemia, atherosclerotic tissue, oxidized lipoproteins and
ischemic hearts.*! For example, the concentration of lysophosphatidylcholine in plasma from
healthy adults is approximately 130-150 uM as compared with 1.7 mM in patients with hyperlip-
idemia.’*#! Although the mechanism is uncertain, Murugesan et al.*® demonstrated that lysophos-
phatidylcholine induces the release of chemokines in endothelial cells to recruit distinct leukocyte
subsets to sites of inflammation. Further, it has been suggested that lysophosphatidylcholine serves
as a positive modulator for self-generation in vivo.*! Prolonged activation of this positive feedback
system would adversely affect endothelial cells and cell function by allowing lysophosphatidyl-
choline to accumulate. Thus, the preferred pathway for lysophosphatidylcholine is either deacety-
lation or reacetylation so it does not accumulate.*!
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Finally, choline is a precursor for ACh, which is released from nerve terminals to activate
nicotinic or muscarinic ACh receptors in presynaptic or postsynaptic membranes.!>? After ACh is
released, it is hydrolyzed into choline and acetate by acetylcholinesterase. 2° Although ACh
appears to regulate its own synthesis by feedback inhibition of ChAT and might be the rate-limiting
step for ACh synthesis,'¢ choline is requisite. Because cholinergic nerve cells cannot synthesize
choline, they must transport it into the cells. To date, at least two choline transport systems have
been identified to accomplish this function.!64?

D. CHOLINE TRANSPORT SYSTEMS

Choline can be transported into cells by at least two membrane uptake systems. The first is a high-
affinity choline uptake (HACU) system that is temperature-, energy- and sodium-dependent.!!-3¢
This transport system, which is located in cholinergic nerve terminals, appears to be the primary
mechanism by which choline is transported into neurons for ACh synthesis. Thus, the HACU system
may be a rate-limiting step in the production of the ACh.** As extracellular choline levels increase,
choline will be taken up via a low-affinity choline uptake (LACU) system, which is located in
neurons as well as other cell types.' The LACU system is less energy- and sodium-dependent than
the HACU system and appears to be activated when the metabolic demands for ACh are excep-
tionally high.'® Instead of being stored within the cells as choline, the choline is immediately
converted to and released as ACh.!6

Ill. CHOLINE REQUIREMENTS AND CHOLINE STATUS

The recognition that humans have a dietary requirement for choline was long in coming.? As early
as 1941, Du Vigneaud** had shown that biologically labile methyl donors, such as methionine and
choline, must be supplied in the diet. However, it was only in 1998 that the Food and Nutrition
Board (FNB) of the Institute of Medicine established a dietary reference intake (DRI) for choline.?
The FNB estimated an Al level based on age and gender because insufficient data were available to
establish a “recommended dietary allowance” or RDA for choline. An RDA could not be established
because the evidence suggested that the dietary requirement for choline might depend on the avail-
ability of other methyl group donors, such as folate and SAM. Table 10.2 provides the Al values put
forward by the FNB. As indicated in Table 10.2, the Als for choline are greatest during pregnancy
and lactation. During pregnancy, the availability of choline over during the first 3 months of
gestation may be critical for normal development!'2244-47 and an adequate dietary intake of choline

TABLE 10.2
Adequate Intake Values for Choline by Age and Gender
Males Females
Life Stage Age (mg/day) (mg/day)
Infants 0-6 months 125 125
Infants 7-12 months 150 150
Children 1-3 years 200 200
Children 4-8 years 250 250
Children 9-13 years 375 375
Adolescents 14-18 years 550 400
Adults =19 years 550 425
Pregnancy All ages 450
Breastfeeding All ages 550

Source: Adapted from the Institute of Medicine Dietary Reference Intakes.®
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would be required so that maternal stores would not be depleted. This is based on recent work
suggesting that low dietary intakes of choline are associated with increased risk of neural-tube
defects and that periconceptional dietary intake of choline is below the Al for pregnancy.*® With
respect to lactation, Holmes et al.?> have shown that human breast milk contains large amounts of
choline, an indication that lactating mothers need to obtain the requisite dietary choline during this
period to support infant growth.

Sensitive and valid biologic markers of choline status are needed because a choline deficiency
can lead to liver damage, compromise renal function and inhibit growth and development.>3' Based
on human choline deficiency studies, it appears that plasma choline and phosphatidylcholine are
good markers of choline status.!'-3#° Fasting plasma choline concentrations typically range from 5
to 20 uM, with 10 uM being the more common value!” and do not appear to change as a function
of circadian rhythm.'® In addition, concentrations appear to remain stable between 8 am and 4 pm,
unless foods containing choline are consumed.'® Jope et al.?! have clearly demonstrated that
ingestion of choline increases plasma and erythrocyte choline concentrations, with the greatest
increases noted for plasma choline 3 to 4 hours after ingestion. Despite its stability, one concern is
that plasma choline levels do not usually drop below 50% of normal unless the deficiency is
severe.!7* As such, its sensitivity may be limited in terms of assessing choline status.

One issue with respect to choline status relates to the use of plasma or serum. Holm et al.>
examined serum and plasma concentrations of choline, betaine and dimethylglycine under fed and
fasted conditions and concluded that dietary intake affected choline and betaine, but not dimeth-
ylglycine. Furthermore, plasma choline concentrations were significantly higher in serum as compared
with plasma under fasting (9.8 uM vs. 8.0 uM) and fed (11.9 uM vs 10.5 pM) conditions. Thus,
the particular tissue used must be carefully considered and specified when assessing choline status.

Other tissues for assessing choline status include urinary and erythrocyte choline.?*?! Although
erythrocyte choline may indicate choline status, it appears to be markedly elevated in patients with
manic-depressive illness and to be increased by lithium.?>?! Thus, it may not be a viable biologic
marker. Other possibilities are plasma and urinary betaine, but the validity of these measures has
not been determined. More recently, da Costa et al.>! suggested that serum levels of the MM isoform
of creatine phosphokinase (CK), derived from skeletal muscle, not brain or heart, might prove to
be a marker for choline status. Serum CK levels increased markedly in three of four men fed a
choline-deficient diet, but levels returned to normal following repletion with choline.’! The increase
in serum CK would suggest a disruption in the muscle cell membrane, but this will require further
investigation. It is clearly of interest with respect to the role of choline in muscle metabolism.

IV. DIETARY AND SUPPLEMENTAL SOURCES

Only recently have the concentrations and content of choline and choline-containing compounds
in foods become readily available. In 2003 Zeisel et al.3? published the concentrations of choline
and betaine in common foods so that choline intake could be assessed with a higher degree of
accuracy than before and to establish a choline database. Such a database will be important for
determining the dietary requirement for choline, developing nutrient recommendations and design-
ing research studies relating choline intake to human performance and disease risk. It is anticipated
that the choline database will be posted on the United States Department of Agriculture Nutrient
Data Laboratory web site.>?

Based on the available data, the major dietary sources of choline are eggs, meats, vegetables,
soy and dairy products.’> Eggs, liver and soybeans contain choline in the form of lecithin, whereas
vegetables such as cauliflower and lettuce provide free choline.’” Because choline data are now
available for foods and choline has been deemed an essential nutrient, the Food and Drug Admin-
istration (FDA) has allowed a nutrient content claim to be placed on labels of choline-containing
foods. The claim can include “good” or “excellent” source of choline; to be rated “excellent,” the
food must contain at least 110 mg of choline per serving, whereas for a “good” claim, the food
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TABLE 10.3
Choline and Betaine Concentrations in Common Foods

Food Product Choline* Betaine*

Dairy and Eggs
Cream cheese 27.3 0.7
Egg, raw 251.0 0.6

Meat, Poultry and Fish

Bacon, cured, cooked 124.7 3.5
Beef liver, pan fried 418.3 6.3
Chicken liver, pan fried 308.5 12.9
Chicken roasted 78.7 5.7
Cod, cooked 83.7 9.7
Ground beef, 95% lean, broiled 85.4 7.4
Pork Sausage 66.8 3.6

Fruits and Vegetables

Avocados 14.1 0.7
Broccoli, cooked 40.1 0.1
Brussel sprouts, cooked 40.7 0.2
Cauliflower, cooked 39.1 0.1

Grains and Nuts

Peanut butter, smooth, salted 65.6 0.8
Pistachio nuts, dry roasted, salted 71.5 0.8
Soybeans, raw 115.9 2.1
Wheat bran 74.5 1505.6

Beverages and Sweets

Decaf. Coffee powder 101.9 0.7
Milk chocolate 46.1 2.6
Muffins, blueberry 51.8 35.8

*Numbers listed as mg choline moiety/100 grams of food.

Source: Adapted from USDA Database for the Choline Content of Common
Foods (Supported by the United States Department of Agriculture, the
National Institutes of Health and the National Cattlemen’s Beef Association).

must contain at least 55 mg of choline per serving. Table 10.3 presents the total choline and betaine
content of selected foods with the highest choline concentrations.??

Although food sources appear to be the best way to obtain choline, supplements are available.
Choline as a nutrient is a generally recognized as safe (GRAS) substance, according to the Code
of Federal Regulations, Title 21 — Food and Drugs, Part 182.53 Specifically, choline bitartrate and
choline chloride have been designated GRAS items when used in accordance with good manufac-
turing practices.’® Thus, choline can be sold over the counter as a supplement in various forms
without approval by the FDA.

Choline supplements are available in many forms, including the choline salts (choline bitartrate,
choline citrate and choline chloride), phosphatidylcholine, lecithin, Alpha-GPC and cytidine 5-
diphosphocholine (CDP-choline). Table 10.4 presents a list of some commercially available choline
supplements and the more common doses. Lecithin, which also has GRAS status,>® is a better
choice than choline salts, because choline from lecithin appears to be more bioavailable.” Wurtman
et al.” showed that plasma choline levels increased by 265% after ingestion of lecithin as compared
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TABLE 10.4
Commercially Available Choline Supplements

Common Supplements

Choline Bitartrate (650 mg)

Choline Bitartrate (500 mg)

Choline Citrate (1,300 mg)

Choline Bitartrate (250 mg) and Inositol (250 mg)

Choline Bitartrate (103 mg) and Inositol (250 mg) in tablet form
Phosphatidylcholine (900 mg)

Phosphatidylcholine: Lecithin (1,200 mg) and Phosphatidyl Choline (420 mg)
Lecithin Choline: Soy Lecithin (1200 mg)

Phosphatidyl Choline Complex: Soy Lecithin (2400 mg); Phosphatidyl Choline (840 mg)
Leci-Choline

CDP Choline (250 mg)

Cognizin™ (Citicoline)

Alpha-GPC (300 mg)

Alpha-GPC (600 mg)

GPC Choline (450 mg)

Sport Supplement Beverages (100 mg choline bitartrate)

Choline Supreme™: GPC (200 mg) and Uridine (75 mg)

Lipotropic Fat Burner Capsules (Choline: 150 mg)

Source: Adapted from the www.naturaldatabase.com and many other Internet sources

with 86% after taking choline chloride (2-3 grams). Moreover, plasma levels were maintained
above normal for 12 hours after lecithin as compared with only 4 hours following choline chloride.

The supplements CDP-choline and Alpha-GPC are both natural, water-soluble compounds.
CDP-choline, also called citicoline, CDPC and citocholine, is an essential intermediate in the
biosynthesis of phosphatidylcholine, and Alpha-GPC is a product of phosphatidylcholine degrada-
tion. Other names for Alpha-GPC include choline alfoscerate, choline alphoscerate, choline-
glycerophosphate, glycerophosphorylcholine, glycerophosphorylcholine and GPC.

CDP-choline has been used in Europe for a number of years at doses up to 1.0 gram/day, but
only became available over the counter in the U.S. in 1998.>* A parenteral form of CDP-choline
(citicoline) is marketed in Europe as a drug, and an oral form is being developed as a drug in the
United States for treatment of ischemic stroke.>* Citicoline is hydrolyzed in the small intestine and
absorbed as choline and uridine®® because most of the cytidine is deaminated by cytidine deaminase
in the gastrointestinal tract and liver.® The uridine must be phosphorylated to uridine triphosphate,
which must then be converted to cytidine triphosphate before resynthesis to citicoline. Oral inges-
tion of citicoline may preserve systemic choline stores and inhibit breakdown of membrane
phospholipids.>

Alpha-GPC, when ingested as a supplement, is hydrolyzed, for the most part, to choline and
glycerol-3-phosphate by phosphodiesterases in the intestinal mucosa and then absorbed.’’ It has
been suggested, based on the work of Kim et al.,* that taking Alpha-GPC with caffeine, a
phosphodiesterase inhibitor, would prevent hydrolysis and allow Alpha-GPC to be absorbed directly.
Kim et al.*® demonstrated in a canine kidney epithelial cell line that caffeine stimulated Alpha-
GPC synthesis and accumulation by increasing the activity of phospholipase A2, a rate-limiting
enzyme for Alpha-GPC synthesis. Such issues have not been researched but will be important for
determining the most effective choline supplements.

Overall, lecithin, phosphatidylcholine, Alpha-GPC and CDP-choline are the major delivery
forms of supplemental choline. Each supplement provides a different amount of choline, depending
on the product and formulation. Typical commercial lecithin supplements contain 20 to 30%
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phosphatidylcholine, which, assuming that approximately 15% of the weight of phosphatidylcholine
is choline, would translate into 3 to 4.5% of lecithin as choline. In contrast, 40% of Alpha-GPC
and 21% of CDP-choline are choline.’® Differences in absorption, dose, formulation and other
factors raise a number of questions regarding supplementation. The various effects of choline
supplementation, which are of interest to both health professionals and the lay community, will be
discussed later.

V. CHOLINE AND EXERCISE INTERACTIONS

A role for choline in physical activity evolved based on the importance of ACh in neuromuscular
function.” 111617 Tt was reasonable to postulate that, as a neurotransmitter released at the neuro-
muscular junction in response to nerve stimulation, ACh may be rate limiting for exercise perfor-
mance. In particular, if release of ACh by cholinergic neurons were related to the level of physical
activity,'¢ then as the duration or intensity of the physical activity increased, comparable increases
in ACh for neurotransmission would be needed. A constant supply of choline should be able to
maintain ACh synthesis and release, whereas a reduction in choline availability could slow exci-
tation-contraction coupling across the muscle membrane.” Failure of neuromuscular transmission
might be one explanation for exercise-induced fatigue, and a depletion of ACh could account for
such a failure.!6

Athough it is rare for physiologic or pharmacologic manipulations to produce large changes
in steady-state levels of ACh,'® Conlay et al.'® provided the first evidence in 1986 that choline
availability might be compromised during prolonged exercise; marathon running decreased plasma
choline concentrations by approximately 40%. Their initial results were confirmed in a subsequent
study.” Other investigators have demonstrated similar declines in plasma choline with exer-
cise.31:9061 Buchman et al.®' showed that both plasma-free and phospholipid-bound choline concen-
trations decreased significantly after a marathon. In addition, Sandage et al.®° noted significant
decreases in plasma choline after only 20 miles. Von Allworden et al.3! studied triathletes between
23 and 28 years of age and found a significant decline in plasma choline concentrations (-16.9%)
after 2 hours of cycling as compared with pre-exercise levels. Their range of reductions in plasma
choline was wide, with a low of 3.6% and a high of 54.7%, which indicated that individuals have
strikingly different plasma choline responses to strenuous exercise. Table 10.5 provides plasma
choline concentrations before and after exercise in the studies published to date.

The exact mechanism(s) that might account for a decrease in plasma choline during prolonged
exercise is unknown. However, several possibilities have been proposed. Choline may be needed
during exercise for the increased demands for ACh synthesis or as an intramuscular methyl donor.?
Alternatively, as plasma choline is synthesized in the liver for incorporation into phospholipids and
lipoproteins or ACh synthesis, a decrease in hepatic choline release or secretion of VLDL particles
could explain the exercise-induced reduction in plasma choline.'® Another explanation may simply
be a transient move in the choline pool as a result of fluid compartment redistribution during exercise.?’

It is important to note that not all investigators have observed reductions in plasma choline
with long-term exercise.?'9263 For example, Deuster et al.®? showed slight, but nonsignificant reduc-
tions in plasma choline (—10.1%) when men underwent 2 hours of load carriage with a pack weighted
at 40% of their body weight. Although not a marathon, the load carriage was very stressful and
fatiguing, as indicated by marked increases in plasma levels of cortisol and lactate. As previously noted by
Von Allworden et al.,3! Deuster et al.%? found a striking range of change in plasma choline — one
participant had a 41% decline and another a 14% increase, which suggested that some individuals
might be more susceptible to choline depletion by exercise than others. In another study, Spector
et al.% exercised cyclists to exhaustion and, although the decline in plasma choline was negatively
correlated with time to exhaustion, the average decline in plasma choline was not significant. In
other words, participants riding the longest had the greatest reductions in plasma choline. Finally,
in contrast to the triathletes, Von Allworden et al.’! found no reduction in plasma choline
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TABLE 10.5
Plasma Concentrations (Mean = SD) of Choline (LM) before and after Exercise
and Percent Change with and without Choline Supplementation

Lead Author Supplementation Pre-Exercise ~ Post-Exercise ~ %Change
Conlay * None 10.1 £ 0.4 M 6.2+ 1.2 uM -39%
Conlay '8 None 14.1 £ 1.2 yM 8.4+£0.6 M —40%
Buchman ¢! Placebo 9.6 £ 3.6 M 7.0 £3.6 M —27%
Deuster % Placebo 7.9+ 2.6 yM 7.1 £ 1.7 uM -10.4%
von Allwérden 3! Placebo: Triathletes 121 £1.5uM 10.0 £ 2.1 pM -17%
von Allwérden 3! Placebo: Runners 145 £ 2.8 uM 149 £ 1.7 yM +3%
Spector %3 Placebo ~8.8 UM ~10.0 yM ~+12%
Warber 73 Placebo 8.1+ 1.8 yM 7.9+ 1.0 yM 2%
Buchman ¢! 2.2 g of choline from lecithin 8.0t 1.2uM 11.7 £ 3.6 yM +45.8%
Deuster © 0.050 g/kg as choline citrate 8.8 £3.9uM 122+44 M +41.9%
von Allwérden 3 Triathletes: 10.8 £ 0.6 yM 11.1 £ 0.6 uM +10%
0.2 g/kg of lecithin
von Allwérden 3! Runners: 139+21uM 163 +£2.8 uM +18%
0.2 g/kg of lecithin
Spector 93 2.43 g as choline bitartrate ~9.3 uM ~16.5 yM +44%
Warber 73 6.0 g as choline citrate 7.7 +13uM 175 £39 uM +128%

concentrations of adolescent runners aged 14 to 20 years who ran cross-country races lasting
between 30 and 60 minutes. In fact, there was a slight rise in plasma choline, which could reflect
hemoconcentration from the high-intensity exercise bout. However, this possibility was not
addressed.

We are uncertain as to why Von Allworden et al.3! found differences in his two study populations.
It can be postulated that the lack of a reduction in plasma choline for the adolescents might be
explained by the shorter exercise time period (<2 hours) or the age of the participants. Alternative
explanations include dietary intake of choline, as the studies reporting significant exercise-induced
decreases in plasma choline did not adequately control for or mention pre-race dietary intakes of
choline-rich foods. Dietary control and standardizing the time before the last meal would be very
important because plasma choline concentrations are known to peak about 3 to 5 hours after choline
ingestion and remain elevated a number of hours afterward.'3?! Moreover, none of the investigators
corrected post-exercise plasma choline for changes in plasma volume, which would be expected
to occur during long-duration exercise without fluid replacement. In the study by Deuster et al.,%
no changes in plasma volume were observed, which indicated that post-exercise choline concen-
trations required no adjustments. Finally, changes in plasma VLDL and HDL levels before and
after exercise should be considered, as phosphatidylcholine is a primary component of each. It is
well known that HDL levels increase markedly with exercise,* and this would be expected to yield
higher total plasma choline values.®> Such issues should be addressed in all future studies of
interactions between choline and exercise.

Another potential, but unexplored, choline and exercise interaction relates to the role of choline in
creatine synthesis. The commercial marketing communities have promoted the ability of choline to
enhance creatine synthesis and most athletes are well aware of the role of creatine in exercise
performance. Thus, a creatine-boosting mechanism might be one additional way wherein choline
might delay fatigue during marathon-type efforts. However, Stekol et al.> showed in 1953 that
creatine synthesis was not enhanced in the presence of choline and that the primary methyl donor
for creatine was SAM, not choline.?® Moreover, methylation of tissue creatine in rats was relatively
independent of dietary choline.’ Although these early data would discount any choline, creatine
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and exercise interactions, no human studies have been conducted to address the interactions. Recent
evidence that a choline deficiency in humans is associated with increased levels of serum CK
suggests that choline may be important in maintaining the functional capacities and integrity of
muscle cell membranes.”! However, this is an unexplored area.

Finally, another area where choline and exercise may interact relates to lipid metabolism.5667
Choline is a well established lipotropic agent!” and is known to interact with carnitine, a nutrient
essential for the translocation of fatty acids into the mitochondria of skeletal muscle cells.!768
However, all work in this area has focused on choline supplementation and, as such, will be
discussed under the section on choline supplementation.

VI. CHOLINE SUPPLEMENTATION

Dietary supplementation with vitamins, minerals, amino acids, cofactors and other such nutrients
or food constituents is prevalent among the general population. Despite supplementation by many,
the evidence to support beneficial actions is often lacking. Such is the case with choline. A number
of studies have been conducted to evaluate the effects of choline supplementation on its various
functional and structural roles. These studies include in vitro and in vivo as well as animal and
human studies.

In some of the first studies, Bierkamper and Goldberg!® examined how exogenous choline
affected the synthesis and release of ACh in a rat phrenic nerve-hemidiaphragm preparation. They
reported that increasing the availability of choline increased stimulated, but not spontaneous, release
of ACh at the neuromuscular junction.®® Wurtman et al.”> demonstrated that choline administrated
increased both ACh synthesis and release in peripheral neurons. Further work by Ulus et al.,”” who
used perfused brain slices from rats, provided additional evidence that an increase in extracellular
choline was associated with greater evoked, but not basal, release of ACh. They concluded that
increases in tissue choline enhanced ACh synthesis.”® However, they also found that ACh synthesis
continued with repeated stimulation in the absence of choline, which led to a decrease in the
phospholipid content of cell membranes.”” This was interpreted as evidence that choline from
membrane lipids could be liberated when the need for choline was high.”

Although this supported a justification for providing choline exogenously, the studies were
carried out in animal preparations rather than whole animals or humans. Further work was required
to demonstrate comparable responses in vivo. Zeisel et al.”! demonstrated a greater decay in muscle
conduction velocity when humans were fed a choline-deficient diet as compared with a control
diet. These investigations helped form the basis for research on choline supplementation in humans
under a variety of physiologic and pathologic conditions. Of particular interest was the role of
choline in long-duration exercise where fatigue could limit performance.

A. PHysicAL PERFORMANCE AND METABOLIC EFFECTS

It had been hypothesized that long-duration exercise might deplete ACh if choline availability were
limited — without adequate ACh, the ability to perform physical work could be significantly dimin-
ished.!®7172 Accordingly, investigations on choline supplementation and physical performance have
used long-duration, fatiguing aerobic exercise as a model for examining choline and exercise inter-
actions. Variations in exercise methodologies, such as mode, intensity and duration, have affected the
results of published studies, as have the dose, timing, form and characteristics of the choline supple-
ments. For example, the specific form of choline (citrate, bitartrate and lecithin) and doses, in terms
of absolute amounts and timing, have differed. Furthermore, dietary intake and choline status have
not usually been evaluated and variations in these factors are known to affect plasma choline. In
fact, no dietary intake data for choline are available. Given that plasma choline can increase for
up to 5 hours after ingestion of a choline-containing food or supplement, plasma choline levels
measured during and after exercise could be greatly affected if dietary intake were not comparable
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among participants. Each and all of these specific experimental issues would affect the results and
could account for discrepancies across studies of choline supplementation for aerobic performance.

One of the first exercise and choline supplementation studies was conducted by Von Allwérden
et al.,>! who examined the effects of lecithin supplementation in two different populations: triathletes
and adolescent runners. The lecithin was provided in orange juice 1 hour prior to the exercise, such
that the amount of actual choline ingested was unknown but could have ranged from 7.5 to
approximately 27 mg/kg, depending on the amount of phosphatidylcholine in the lecithin. In their
study, choline supplementation did result in higher post-exercise plasma choline concentrations relative
to baseline levels for both groups, but the percent increase was less in the triathletes (+10%) who
cycled for 2 hours than the adolescents, who ran for 30 to 60 minutes (+18%). Providing the lecithin
supplement in the absence of exercise increased plasma choline concentrations by 27% and 54%
for the triathletes and runners, respectively.?! They concluded that changes in plasma choline levels
with exercise were dependent upon exercise duration and intensity.?!

Although Von Allworden et al.3! demonstrated that choline supplementation prevented exercise-
induced declines in plasma choline, they did not examine performance. However, four other studies
on choline supplementation and exercise performance have shown negative results. In 1994 Spector
et al.® sought to determine whether choline supplementation would improve the performance of
cyclists engaged in brief, high-intensity (150% of maximal capacity) or sustained (70% of maximal
capacity) cycle exercise. Approximately 45 minutes before the exercise, participants, who were
asked to avoid choline-rich foods, were provided 2.45 g of choline bitartrate in a fruit drink that
also contained potassium and B vitamins. Fatigue times and total work performed were similar in
the placebo and supplemented groups for both exercise sessions, and plasma choline concentrations
were significantly higher in both exercise groups as a function of supplementation.5*

In a study by Deuster et al.,®> participants underwent two load carriage treadmill tests while
carrying 40% of body weight for 2 hours on separate days under conditions of placebo and
choline. The load carriage task was followed by a strenuous physical battery that included a
handgrip strength and endurance test, maximal number of steps completed in 1 minute while
wearing a 20-kg pack and as many pull-ups as possible. In addition, they underwent a cognitive
test battery after the exercise was completed. No improvement in any aspect of physical perfor-
mance was seen with ingestion of choline as compared with placebo, despite marked increases
in plasma choline.> Load carriage times, number of pull-ups, number of stairs stepped and
handgrip strength and endurance were unaffected by choline. Interestingly, the dose of choline
in this study was higher than most others (50mg/kg) and the increase in plasma choline under
conditions of supplementation was also larger, with an average increase of 41.9%. The choline,
which was in a liquid form as choline citrate with glycerine, was given 30 minutes before and
60 minutes after starting the exercise. As indicated by plasma choline values in Figure 10.3, the
choline was clearly bioavailable. Of note is the finding that plasma choline decreased 41% after
exercise under placebo conditions in one participant who had a very low plasma choline value
(5.4 uM) prior to starting the exercise, and plasma choline increased 74% after exercise when
choline was provided. This finding points to the importance of ensuring adequate choline status
prior to enrollment, as well as the need to assess individual differences and not just group averages.
Although strict dietary control was not maintained, the participants were given a list of choline-
rich foods and instructed to avoid them prior to exercise. In addition, the participants ingested
the same meal the evening prior to both tests. Thus, the influence of dietary choline should have
been minimal.

Warber et al.”? conducted a double-blind crossover study on plasma choline and performance
by having participants undergo 4 hours of load carriage with a 34.1-kg pack, followed by a time-
to-exhaustion treadmill run and squat tests. A placebo or choline-containing beverage (8.425 g
choline citrate) was provided prior to and midway through the load carriage exercise. Despite
marked increases in plasma choline (+ 128%) with the choline beverage, no significant improve-
ments on any performance measures were noted. They concluded, as did Deuster et al.,®> that
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FIGURE 10.3 Mean plasma choline concentrations for choline (open squares) and placebo (closed squares)
load carriage test sessions. Plasma choline concentrations were measured before (Pre Load) and after (Post
Load) load carriage treadmill exercise and again 60 minutes later after completing a cognitive battery (Post
Cognitive). (From Deuster et al.%%)

plasma choline was not depleted as a result of prolonged exhaustive exercise and that choline
supplementation had no performance-enhancing benefit.

Finally, Buchman et al.®! provided 2.2 g of choline as lecithin to runners on each of 2 days —
the day prior to and the day of a marathon competition; plasma free and phospholipid bound choline,
as well as urinary choline were measured. Unlike the other supplementation studies, this was not
a crossover design, so that participants were assigned to either a placebo or choline group. However,
consistent with other studies, performance in the choline-supplemented group was not superior to
that of the placebo group, despite significantly higher plasma choline levels in the supplemented
(+45.8%) as compared with the placebo (-26.2%) group. Urinary choline was reported to have
been less after exercise in both groups, which suggested conservation of choline after strenuous
exercise. This issue remains to be explored.

Only one study has demonstrated a performance improvement with choline. Sandage et al.%
provided choline citrate (2.4 grams) or placebo to 10 runners 1 hour prior to and at 10 miles into
a 20-mile run. Mean time to complete the 20 miles was significantly shorter (about 5 minutes)
when they ingested choline as compared with placebo. Moreover, plasma choline levels, which
declined under placebo conditions, were significantly increased with choline supplementation. As
this research effort was published in abstract form and not yet published in a peer-reviewed journal,
the results must be viewed with some caution.

It appears that a significant decrease or loss of choline during exercise occurs during long-
duration exercise. However, the intensity of exercise may also be important. Warber et al.”® found
no improvement in physical performance with choline supplementation after 4 hours of treadmill
walking. Running for more than 20 miles and swimming for more than 2 hours has led to
significant decreases in plasma choline levels, while short-duration running or cycling showed
no change in plasma choline levels.®® This suggests that duration, intensity and possibly mode
of exercise may determine changes in plasma choline levels with exercise. When plasma choline
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concentrations are normal, supplementing with choline appears to have no beneficial effect on
performance. In contrast, although more evidence is needed, providing supplemental choline in a
choline-deficient state might improve physical performance.

Another area of choline supplementation and exercise relates to interactions between choline
and carnitine. Although a choline:carnitine interaction has been clearly established, an understand-
ing of the implications has not been fully resolved. Early on it was determined that rats fed a
choline-deficient diet had significant reductions in the levels of carnitine in skeletal muscle, liver
and heart as compared with choline-sufficient animals.>’* Moreover, provision of choline reversed
the reduction.? Subsequent to those studies, several investigators demonstrated that choline supple-
mentation brought about a noticeable conservation of urinary carnitine in animals and humans 676873
as well as carnitine accretion in the skeletal muscle of guinea pigs.®’ Rein et al.®® also showed that
chronic choline administration to rats decreased plasma and kidney carnitine, but increased liver
concentrations. These efforts led to the suggestion that choline supplementation may facilitate
redistribution of carnitine across specific body compartments.

Subsequent work has provided additional evidence that choline-supplemented guinea pigs had
significantly lower total body fat and higher body proteins, but not different body weights, as
compared with the nonsupplemented animals.®”® Because the respiratory exchange ratios of the
groups were comparable, they speculated that acyl groups generated by the oxidation of fatty acids
were not oxidized to carbon dioxide, but rather transferred by carnitine from one body pool to
another.®” As a consequence of these findings, they conducted a very complicated study wherein
choline and carnitine supplements were provided to healthy women in combination with exercise.%
In the first phase, one supplementation group took choline and another took carnitine, and in the
second phase this was reversed, such that the group taking choline alone took carnitine and vice
versa. After phase two, the two supplements were given in combination and exercise was imposed.
The investigators concluded that the two supplements in combination reversed urinary conservation
of carnitine and shifted fatty acid metabolism toward incomplete oxidation® as compared with the
no supplementation group. Unfortunately, the outcome variables did not include anthropometric or
exercise data with a single supplement so the study did not provide a clear picture of how each
supplement alone and in combination with exercise altered lipid metabolism. Further studies may
clarify the issues.

In addition to their efforts with choline and carnitine, caffeine, which has been discussed above
with respect to choline absorption and metabolism, was added to animal studies of choline and
carnitine supplementation.®>’¢ The combination of choline, caffeine and carnitine was chosen based
on the key roles of each compound — choline to promote entry of carnitine into the skeletal muscle
cells, caffeine to enhance the release of fatty acids from adipose tissue and carnitine to facilitate
translocation of fatty acids into muscle mitochondria.”® The results of the studies have interesting
implications that will need to be fully addressed in humans. Overall, providing choline in combi-
nation with carnitine and caffeine to rats for a 3-week period resulted in significantly lower
epididymal, inguinal and perirenal fat pad weights and serum leptin levels as compared with non-
supplemented rats. These effects were enhanced when exercise was imposed 5 days a week.%
Furthermore, the supplement combination resulted in significant decreases in serum and increases
in skeletal muscle triglycerides. However, unlike exercise alone, the supplementation paradigm did
not decrease body weight or weight gain over the study period. The authors concluded that choline,
caffeine and carnitine in combination promote fat loss to the same extent as exercise alone and
that the effects are not interactive.®’

Sachan et al.”® explored the possibility that this combination might improve exercise perfor-
mance. At the end of a 3-week period, animals in the supplemented group had significantly higher
maximal aerobic capacities and lower lactate levels, as well as a trend indicating increased endur-
ance capacity.’® In addition, biochemical markers supported enhancement of fatty acid oxidation
by the supplement combination.” The results reported for rats must both be replicated and followed
up by human studies to ascertain whether comparable outcomes will emerge. It is important to
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note that the amount of carnitine used by these investigators was extraordinarily high —150-fold
higher than the non-supplemented group and 5- to 10-fold greater than what has been used in
humans.”® Nonetheless, the results are intriguing. Clearly the role of choline supplementation in
association with physical activity and exercise performance has not been fully established.

B. CocNiTive EFFecTs

Choline’s involvement in brain development and function has been the basis for many choline
supplementation studies, particularly in the area of memory and cognition, under both usual and
altered physiological conditions.'*>*”7 A series of studies looked at the effects of choline supple-
mentation on brain development during gestation and postnatally.?+?73744-47.77.78 Qverall, supple-
menting choline during fetal development improved spatial memory, timing and temporal memory,
problem solving and attention in rats.?’3744-4778 Conversely, a lack of choline led to impairments
in attention and certain memory tasks.”’” A molecular basis for these findings was provided by Li
et al.* who demonstrated that when choline was given prenatally, it altered the structure and function
of hippocampal pyramidal cells. Although such studies have not been conducted in humans, these
choline studies were the basis for recommending a higher choline intake during pregnancy.

Supplemental choline has been given to adult animals and humans to alter brain function-
ing 7131441627879 Quch studies were initiated based on the discovery that administration of choline
would increase brain, as well as plasma, choline concentrations.”!* Since that discovery, a number
of studies have been conducted, but to date, only one study of healthy adults has demonstrated
benefits of choline in the absence of some underlying problem. Deuster et al.®> saw no effect of
50 mg/kg of choline supplementation on reaction time, logical reasoning, vigilance, spatial memory
or working memory in healthy adults as compared with placebo. Likewise, Harris et al.”® were
unable to demonstrate any significant change in memory performance or psychomotor speed after
providing a single 20-gram dose of lecithin 5 hours before testing. Furthermore, they found no
relationship between plasma choline levels and performance on a memory test.”®

In contrast to the negative results, Ladd et al.” examined the effects of providing 10 or 25
grams of lecithin on explicit memory. Participants ingested 1.5 or 3.75 grams of choline as lecithin
in a milk-based beverage either 60 or 90 minutes prior to a serial learning task. A significant
reduction in the number of trials required to achieve criterion was found for the 25-gram lecithin
dose at both 60 and 90 minutes, but not for the 10-gram dose.” Further examination of the data
suggested the possibility of slow and fast learners and additional analyses revealed that choline
supplementation appeared to benefit the slow, more than the fast, learners.” These results provide
the first indication that supplemental choline may be beneficial only in those who have some pathology.

Several investigators have examined choline supplementation in the aged and those with
compromised cognitive capacities. Overall, the value of choline as a supplement in aging has been
inconclusive. Cohen et al.'* showed that oral administration of choline bitartrate resulted in
decreased brain uptake of choline by older (mean age 73 years) as compared with younger (mean age
32 years) adults. They postulated that the decreased uptake might contribute to dementia and other
neurodegenerative changes of aging. However, Tan et al.% attempted to replicate the Cohen study
and were unable to demonstrate increases in the choline content of brain in response to choline
ingestion. They encouraged additional trials before promoting choline for neurodegenerative
changes of aging.%

Despite the conflicting human data, animal models provide convincing evidence for choline
supplementation. Old mice (28 months old) have significantly lower ACh levels in the hippocampus,
frontal cortex and posterior cortex as compared with young mice (5 months old) and old mice show
impairments in both working memory and reference memory.3! Strong correlations between learning
performance and ACh levels in the hippocampus and cerebral cortex may explain the behavioral
impairment in spatial learning and habituation in old mice.®' Providing exogenous choline in
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supplemental forms improved the observed deficits. Crespo et al.®? reported that providing old mice
with CDP-choline for 45 days positively affected memory and modified hippocampal formation,
such that the neuronal characteristics and mitochondrial morphology of old animals treated with
CDP-choline resembled that of younger animals. Additionally, Lee et al.33 presented evidence that
providing soy isoflavones to old rats influenced the brain cholinergic system by reducing age-related
neuron loss and conferring benefit on cognitive functioning in old male rats.

A number of clinical studies with choline supplementation have also been conducted because
the breakdown of cellular membranes is characteristic of neuronal degeneration and choline is rate-
limiting for phospholipid biosynthesis.?*7”# The more recent human studies, which provide inter-
esting results in the aged and diseased states, have used CDP-choline (citicoline) and Alpha-GPC
as the delivery form of choline. Interestingly, citicoline has been approved in Europe and Japan
for use in stroke, head trauma and other neurological disorders, and is being evaluated as a treatment
for stroke in the United States.>* As would be expected, some, but not all, results are positive.?*343+
In addition to its effect in stroke and ischemic brain injury, citicoline is being examined as a safe
treatment for Alzheimer’s disease (AD), cognitive decline in the elderly, memory enhancement and
glaucoma.?>48485 Recent reviews?> *8485 present the multiple research efforts with citicoline.
Although the results are mixed, the compound is of great interest because of the apparent limited
toxicity and high bioavailability of citicoline.?>>* Clearly, more research is needed.

Alpha-GPC is also of great interest and may have multiple uses. Parnetti et al.* reviewed the
literature on the clinical efficacy of Alpha-GPC in dementia disorders and acute cerebrovascular
disease and concluded that most published studies of dementia had positive outcomes. Thus, unlike
choline and lecithin, Alpha-GPC appeared to be effective in improving cognitive function in the
dementia of stroke, degenerative disease and vascular disorders.* In addition, Moreno® published
results from a multicenter trial designed to evaluate the effectiveness of Alpha-GPC (1,200 mg) in
treating cognitive impairment due to mild to moderate AD. Overall, GPC was both useful and well
tolerated over a period of 180 days and significant improvements in all outcome measures were
noted at 90 and 180 days in the treated as compared with the placebo group.’ Fewer studies have
been published regarding stroke, but the results suggest that Alpha-GPC may assist in the functional
recovery of patients.3® Further work will be required to determine the efficacy.®

Overall, the potential for these choline derivatives that serve as delivery vehicles for choline is
exciting from the perspective of physical performance, cognition, aging and neurodegenerative
disorders. Previous studies of cognitive performance in healthy men and women should be recon-
sidered in light of the potential effectiveness of CDP-choline and Alpha-GPC. Thus, further work
is clearly needed to confirm and further explore their boundaries.

C. EFFECTIVENESS

Choline is very important for a variety of functions, which is why many people are interested in
taking supplemental choline for medical purposes and performance enhancement. Although a clear
demonstration of effectiveness is lacking for most situations, choline supplementation has been and
still is used orally for liver disease (including chronic hepatitis and cirrhosis), hypercholesterolemia,
depression, memory loss, schizophrenia, AD, dementia and athletic performance. It is also added
to infant formulas. Despite these many uses, there are only two areas where support for effectiveness
has been consistent.’

First, choline supplementation appears to be effective for treating TPN-associated hepatic
steatosis.*>%” In fact, the hepatic steatosis associated with long-term TPN may be prevented with
the addition of choline. Second, choline appears to be effective in decreasing symptom severity
and frequency, as well as the need for bronchodilators, in asthmatics.?¥8 However, the preferred
dosage for this application has not been determined.38%°

Finally, the first trials using choline and lecithin to test the cholinergic hypothesis for stroke
and in the cognitive dysfunction of aging and AD were discouraging. Results with citicoline and
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Alpha-GPC choline are more promising and demonstrate that the delivery form of choline may be
critical for effectiveness.

D. Sarery AND ToxiciTy

Overall, the use of choline appears to be safe. However, as of 2004, insufficient data were available to
establish a “no observed adverse effect level” (NOAEL). In contrast, a “lowest observed adverse effect
level”(LOAEL) has been proposed. The term NOAEL reflects levels considered safe that require no
application of a safety factor to determine a safe intake, whereas LOAEL refers to levels that should
NOT be considered safe for everyone and may require the application of a safety factor to calculate a
safe intake. Based on two clinical studies in humans, a LOAEL of 7.5 grams daily has been proposed.
At 7.5 grams of choline daily, nausea, diarrhea and a small decrease in blood pressure were reported
in some patients.>® The upper limit (UL) for adults is 3.5 grams daily. Future research may change these
limits, but at this point, less than 3.5 grams of choline daily should be considered safe and non-toxic.

E. DOSAGE AND ADMINISTRATION

Typical doses of choline range from 0.3 to 1.2 grams daily, with the major forms being choline
chloride, choline bitartrate, phosphatidylcholine, lecithin, Alpha-GPC and CDP-choline. Choline
is also added to some infant and TPN formulations. People who ingest less than 0.5 grams each
day through their diet may need to consider supplementation to ensure adequate intakes. The most
commonly recommended dose of choline (as a salt) for adults is 3 to 3.5 grams per day, which, as
discussed, is well below the LOAEL of 7.5 grams. In contrast, an upper limit of 20 to 30 grams
per day has been proposed for phosphatidylcholine. A common dose for Alpha-GPC is 0.5 to 1.0
grams daily and a typical dose of CDP-choline is 0.5 to 2.0 grams daily.

For pregnant or lactating women, doses of up to 3.5 grams each day appear acceptable,
whereas for children up to 8 years old, 1 gram has been recommended. For children 9-13 years
of age, 2 grams daily is adequate, and for adolescents between 14—18 years, 3 grams a day is
recommended.® A liquid form of choline may be preferred because of the high bioavailability
and rapid absorption.

F. NUTRIENT AND DRUG INTERACTIONS

Choline, as a methyl donor and precursor for betaine, works in concert and interacts with other
nutrients. In particular, as part of the SAM cycle, choline status is linked to the intake or availability
of vitamins B, and B,,, methionine and folate.'-* The compounds that actively exchange and provide
methyl groups for the SAM cycle depend on folic acid, which accepts methyl groups from other
molecules.'3 As noted earlier, Jacob et al.?° fed diets that varied in folate and choline content to
21 men and women and concluded that choline is used as a methyl group donor when folate intake
is low, and that synthesis of phosphatidylcholine is compromised when dietary folate and choline
intakes are minimal. Thus, diets limited in folate increase the dietary requirement for choline, such
that folate status is closely linked to choline status.”

Another choline—nutrient interaction that needs further investigation is choline and carnitine.
Several studies have reported conservation of carnitine in guinea pigs and humans,57:987591 and
carnitine accretion in skeletal muscle of guinea pigs®! supplemented with choline. Future work
will unravel the implications and concerns, if any, with regard to choline and carnitine interactions.

Although very few drug interactions have been identified, such interactions must always be
considered. Two known drug and choline interactions are with methotrexate and phenobarbital.
Methotrexate, a drug used for treating forms of cancer, rheumatoid arthritis and psoriasis, and
anticonvulsant drugs have both been shown to increase risk of choline deficiency by compromising
absorption.’® Interestingly, choline supplementation seems to reverse the fatty liver caused by
methotrexate administration in rats.*?
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G. AbDVERSE REACTIONS

Minimal adverse reactions have been associated with ingestion of choline at doses of 3.5 grams
per day, but it is possible to ingest toxic levels. Large dosages of choline (10 to 16 grams/day) may
be associated with hypotension, sweating, salivation, vomiting or diarrhea and a fishlike body odor.’
In addition, high doses of choline bitartrate have been associated with depression or symptoms of
depression in some instances.>

The fishy body odor associated with high intakes of choline reflects excessive production and
excretion of trimethylamine, a metabolite of choline.!-* Trimethylamine is eliminated from the body
through urination, sweating, respiration and other bodily secretions. In contrast to choline, ingestion
of phosphatidylcholine does not typically cause a fishlike odor, because its conversion to trimeth-
ylamine is limited. Some individuals (0.1 to 11.0% of the population) have a metabolic disorder,
trimethylaminuria, where large amounts of trimethylamines are formed and excreted in the urine.*?
Trimethylaminuria may be inherited as an autosomal dominant genetic trait or acquired as a result
of treatment with large doses of L-carnitine.”® The disorder arises from a lack or impairment in the
ability of the liver enzyme, trimethylamine-N-oxide synthetase, to convert the odorous compound
trimethylamine to the non-odorous trimethylamine-N-oxide. Persons with this metabolic disorder
should restrict their intake of choline.”® In addition, persons with various types of liver and renal
disease, depression and Parkinson’s disease may be at increased risk when taking supplemental choline.

H. RECOMMENDATIONS

Choline supplementation has not been shown to be effective for improving exercise performance
in long-duration events. However, a number of areas with regard to choline supplementation and
exercise remain unexplored. If a person is unable to get the recommended amount of choline
through dietary intake, choline supplementation is one way to ensure adequate amounts. Based on
the literature, Alpha-GPC, CDP-choline or citicoline and lecithin would be the supplements of
choice. However, no exercise studies with humans have used either Alpha-GPC or CDP-choline.
Moreover, Alpha-GPC at this time is very expensive. It is important to note that lecithin supplements
usually contain about 35% phosphatidylcholine, of which only 15% is choline. Therefore, people
consuming lecithin in hopes of increasing plasma choline concentrations may not see the results
that they might when using another choline supplement. Finally, persons who choose to take
supplemental choline should keep in mind that ingested choline reaches its maximum level 3 to 4
hours after ingestion.?!

VII. CONCLUSIONS AND FUTURE ISSUES
A. SUMMARY

Choline is an essential nutrient that is only beginning to be fully appreciated and understood. There
is little doubt that choline serves a multitude of important roles, both functional and structural, that
can influence overall health and physical and cognitive performance. Whether supplementation with
choline will overcome existing deficits, enhance selected physical activity and performance or provide
a safe and effective approach for treating various illness and disorders remains to be critically evaluated.
Most past studies used forms of choline that may not be optimal for the intended function. It is an
exciting area, given that it achieved “essential” status only in 1998.8 This review has attempted to
provide and highlight some of the old and new information relating to this important nutrient.

B. FUTURE RESEARCH DIRECTIONS

A long list of interesting research projects could be proposed based on the current state of choline
and choline supplementation with regard to physical activity and exercise. First and foremost, the
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particular forms of supplemental choline need to be examined to determine the most bioavailable
and bioactive form for using before and during exercise. Also, dietary intake data are needed to
determine ranges of choline intake. In addition, more appropriate outcome variables need to be
established in future testing of choline during long-duration exercise. For example, given the
reported role of choline in skeletal muscle membrane integrity,>' outcome measures such as plasma
levels of CK, recovery from exercise, muscle fatigue, muscle damage and energy stores should be
considered. In addition, the role of choline on markers of lipid metabolism in the absence of
carnitine should be considered. Furthermore, choline has never been studied in association with
short-term anaerobic or eccentric exercise. Given the rapid turnover of ACh during anaerobic
exercise and the muscle damage from eccentric activities, these paradigms are potential avenues
for choline actions.

In all future research efforts regarding choline supplementation and exercise, care must be taken
to control, account or adjust for differences in initial choline status, choline intake, caffeine intake,
carnitine status, lipoprotein profiles and changes in plasma volume. Alone and together, these factors
will influence results. Finally, appropriate markers of choline status and tissue redistribution need
to be carefully evaluated so that the results can be adequately interpreted.
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I. INTRODUCTION

Fat-soluble vitamin A is an essential factor for vision, growth and reproduction of all vertebrate
animals, including humans. It is derived from certain carotenoid pigments synthesized by plants, long-
chained hydrocarbon compounds, constructed of eight 5-carbon isoprene units (C,y). To possess
provitamin A activity, the carotenoids must have at least one cyclical structure of the B-ionone ring
on either end. B-Carotene, the orange-red pigment of carrots, theoretically may yield two molecules
of vitamin A aldehyde (retinal)! by central cleavage (Figure 11.1). The resulting 20-carbon structure
contains one B-ionone ring and a tetraene side chain. The aldehyde group can be irreversibly oxidized
to retinoic acid, or reversibly reduced to a hydroxyl group (retinol), which in turn is esterified by
long-chain fatty acids to form retinyl esters. The most common form of vitamin A is all-trans, but
11-cis-retinol is formed in the photoreceptors of retina as a necessary component of our visual system.?

I1. SOURCES OF VITAMIN A

The major sources of vitamin A in our diet include the easily absorbed retinyl esters found in foods
of animal origin, and the provitamin A carotenoids from fruits and vegetables, which usually have
low bioavailability. Among 600 known carotenoids® about 50 are consumed by humans in their
diet, but only a few serve as precursors for vitamin A. The most abundant provitamin A carotenoids
are P-carotene, o-carotene and B-cryptoxanthin.* B-Carotene is the predominant carotenoid in
orange-colored fruits and vegetables (carrots, pumpkin, squash, sweet potato, apricots, mango), as
well as dark-green vegetables (spinach, collards, broccoli). Carrots, pumpkin and squash are also
rich in o-carotene, while B-cryptoxanthin is found mainly in tangerines, orange juice, red peppers
and persimmons.’ The nutritional value of provitamin A carotenoids in the human body is based
on their conversion rate to vitamin A, which depends on food matrix, presence of dietary fat,
efficiency of absorption and health of the subjects.

The conversion factors for provitamin A activity of carotenoids reflect the changing views
on carotenoid bioavailability. In 1967 the World Health Organization (WHO) derived those
factors from the studies of young vitamin A-deficient rats, and assumed that one-sixth of the
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FIGURE 11.1 Structures of p—carotene and vitamin A compounds.

dietary provitamin A carotenoids are converted to retinol in humans.” Therefore, retinol equivalent
(1 ug RE = 1 ug retinol) was defined as 6 g B-carotene or 12 pg of other provitamin A carotenoids.
However, more recent studies of stable isotope labeled vegetables ingested by well nourished human
volunteers indicated much lower absorption and conversion rate.® Pureed carrots yielded only 1 pg
of retinol from 15 pg of B-carotene, and spinach was even less productive (1 g of retinol from 21 pug
of B-carotene). In underdeveloped countries of Southeast Asia, plant-derived food was found to have
very low vitamin A activity in combating vitamin A deficiency despite high carotenoid content.’ In
2001, a new term, retinol activity equivalent (1 pg RAE = 1 g retinol), was introduced by the U.S.
Institute of Medicine.* It reduced the vitamin A activity of provitamin A carotenoids in plant-derived
foods to half of their former value (1 RAE = 12 pg B-carotene or 24 [g of other provitamin A
carotenoids), decreasing their share in total vitamin A intake, and also lowering the estimate of total
vitamin A for any mixed food. However, the food and supplement labels still list total vitamin A
content in International Units (1 IU = 0.3 ug retinol or 0.6 g B-carotene), which were also used in
many older reports of vitamin A nutrition among athletes and the general population. It generates a
great deal of confusion, because only supplemental all-trans-B-carotene in oil or gelatin beadlets is
efficiently absorbed in the intestine. Using the same conversion factor for carotenoids in plant food
causes enormous sixfold overestimation of their vitamin A activity. The U.S. Department of Agri-
culture (USDA) only recently published an updated vitamin A activity database, expressed in RAE
per common measure (average serving) and per 100 g of edible portion (Table 11.1).

Preformed vitamin A is found in animal products, fortified foods and supplements. The liver
is the richest source of this vitamin, but significant amounts are also found in butter, milk, cheese
and other dairy products, as well as in egg yolk. Margarine is usually fortified with retinyl palmitate
to a level of 730 RAE/100 g. Fat droplets of milk naturally contain retinyl esters, but nonfat milk,
fat-free cheese, reduced-fat dairy products and egg substitute are fortified to provide standard
amounts of vitamin A. Preformed vitamin A is also added to many breakfast cereals.

Multivitamin formulas usually contain retinyl acetate or palmitate, and sometimes also 3-carotene
(5-100% of total vitamin A content). The standard amount of 5000 IU, or 100% of the daily value,
listed on the supplement label, may be twice the currently recommended dietary allowance (RDA)
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TABLE 11.1
Vitamin A Content of Foods Expressed in Retinol Activity Equivalents (RAE)
Provitamin A Sources Preformed Vitamin A Sources
Food Description RAE/100g  Food Description RAE/100g
Fruits Milk and Milk Products
Apricot, raw 131 Milk, nonfat, fluid, added vitamin A 61
Apricot, dry 180 Milk, low fat, 1% 59
Cantaloupe, cubes 160 Milk, reduced fat, 2% 56
Mango, raw 195 Butter 711
Tangerine 42 Margarine 731
Margarine-like spread 729
Vegetables Cottage cheese 44
Broccoli, cooked 69 Cheddar cheese 265
Carrots, raw 1406 Mozzarella cheese 205
Carrots, baby, raw 750 Swiss cheese 233
Collard greens, frozen, cooked 299 Cream cheese, fat free 282
Mustard greens 152 Cream, light whipping 287
Peppers, sweet, red, raw 285 Sour cream, reduced fat 107
Pumpkin, canned 1103 Cream, fluid, half and half 100
Pumpkin pie 426 Ice cream, vanilla 182
Spinach, frozen, cooked 389
Spinach, canned 439 Meat and Poultry Products
Sweet potato, baked 1091 Beef liver 7744
Butternut squash, cooked 167 Braunschweiger, pork 4221
Winter squash, baked 178 Chicken liver 4827
Turnip greens, frozen, cooked 399 Egg, large 192
Egg yolk 584
Egg substitute, liquid 108
Other
Complete Bran Flakes, Kellogg 1293
Cereals, fortified, oats, instant 256

Source: Adapted from USDA Nutrient Database for Standard Reference, Release 17 (2004).

for women,* but many multivitamins contain smaller doses of vitamin A (2500, 3000, or 3500 IU).
Vitamin A is also available without prescription as a single supplement containing 1250-8000 IU per
capsule (575-2400 pg retinol), and cod liver oil can be purchased as a liquid delivering 4000 TU
(1200 pg retinol) per teaspoon. Single supplements of B-carotene usually contain 15 mg of this
carotenoid, which is equivalent to 7500 g RAE, because supplemental 3-carotene is more bioavailable
than dietary B-carotene from plant food (1 RAE =2 ug of supplemental all-trans-B-carotene).*

Ill. ABSORPTION AND METABOLISM OF VITAMIN A

The absorption of carotenoids, vitamin A precursors, from dietary sources requires sufficient
digestion of food to release carotenoids, and the formation of mixed micelles in the small intestine,
aided by the presence of dietary fat and secretion of bile.! Processing of fruits and vegetables
(cooking and mashing)!! and addition of oily dressing to salads'?> greatly improves carotenoids
bioavailability.
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Preformed vitamin A is usually ingested in the form of retinyl esters. These esters are hydrolyzed
in the intestinal lumen together with triglycerides by various pancreatic ester hydrolases,'3 and the
resulting retinal is very efficiently absorbed by the intestinal mucosa. Inside enterocytes, provitamin
A carotenoids are partially converted to retinal by central cleavage enzyme (15,15’ -monooxygenase)
or asymmetrically degraded to retinal by other enzymes.'*!> These enzymes may be also expressed
in other tissues (liver, kidney, testes), possibly producing limited amounts of vitamin A from locally
stored carotenoids.!® Retinal is immediately reduced to retinol, but a small percentage may be
oxidized to retinoic acid. In the intestinal cell, both the absorbed and the newly formed retinol
form a common pool, rapidly esterified by long-chain fatty acids and incorporated into chylomi-
crons. Chylomicron particles, composed mainly of triglycerides, transport retinyl esters and the
unconverted carotenoids through the lymphatic system into the blood stream, and are taken up by
the liver. Hepatic cells hydrolyze retinyl esters and repackage retinol for circulation in plasma as
a complex with retinol-binding protein (RBP) and transthyretin. Excess retinol is reesterified and
stored in stellate cells of the liver, which maintain steady-state levels of circulating retinol and
buffer changes in dietary supply or tissue utilization. Within the tissues, the cells contain cellular
retinol-binding protein (CRBP) and cellular retinoic acid-binding proteins (CRABP-I and II), as
well as specific nuclear retinoid receptors, which allow various forms of vitamin A to fulfill their
important functions in cell differentiation.

IV. FUNCTIONS OF VITAMIN A

Vitamin A constitutes a vital part of our visual system.? Photoreceptors of the retina in the eye
(rods) contain rhodopsin, a photo-sensitive pigment composed of 11-cis-retinal and a protein, opsin.
Visual impulse is produced when 11-cis-retinal absorbs a photon, changes to all-trans-retinal, and
disengages from opsin. For continuous vision, rhodopsin must be regenerated by isomerization of
all-trans-retinol to 11-cis-retinol and the oxidation of the latter to 11-cis-retinal. These reactions
proceed in retinal pigment epithelium (RPE), which contains a local pool of retinyl esters and the
specific enzymes. The visual cycle continues because 11-cis-retinal is transported back to the rods
to combine with opsin. The first symptom of vitamin A deficiency is an impaired dark adaptation,
which develops into night blindness.

Vitamin A, oxidized irreversibly to retinoic acid, is required for differentiation of epithelial
tissues,!” including cornea and conjunctival membranes of the eye. Progressive deficiency of vitamin
A causes xerophthalmia and eventually destruction of the cornea, resulting in total blindness. Other
epithelial tissues (skin, respiratory pathways, urogenital tract) also become hyperkeratinized —
thickened, dry and scaly — which prevents their normal function and facilitates infections. In
addition, retinoic acid is involved in normal immune function, maintaining proper numbers of white
blood cells (natural killer cells, various classes of lymphocytes).!® This role of retinoic acid is
connected with the regulation of cell differentiation and proliferation, which leads to vitamin A
involvement in normal reproduction, fetal development and growth. Retinoic acid regulates the
expression of various genes encoding for important enzymes, structural proteins, transporters,
receptors and growth factors. Specific patterns involving retinoic acid, retinoid receptors and
retinoid-binding proteins were found to direct the embryonic development of vertebrae, spinal cord,
limbs, viscera, eyes and ears, in timely and spatially appropriate sequence.'’

Vitamin A deficiency symptoms are rare in the United States, but may include impaired dark
adaptation, follicular hyperkeratosis and dryness of skin,? loss of appetite, and increased suscep-
tibility to infections. Therefore, it was important to set estimated average requirement (EAR) for
various age groups, based on average body weight and designed to maintain minimal acceptable
liver reserves of vitamin A.* The RDA is designed to cover the needs of 97-98 % of the considered
population, and in case of vitamin A, it exceeds EAR by 40 % (Table 11.2).

While it is very important to ingest adequate amounts to maintain optimal health, serious
adverse effects are associated with excessive intake of preformed vitamin A. The tolerable upper
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TABLE 11.2

Vitamin A Requirements and Recommendations (ug RAE/day)
Group (age) EAR RDA
Boys (14-18 y) 630 900
Girls (14-18 y) 485 700
Men ( >18 y) 625 900
Women (>18 y) 500 700
Pregnant women 550 770
Lactating women 900 1300

Source: Adapted from Food and Nutrition Board, 20014

intake level (UL) for adolescent boys and girls (14-18 y) is set at 2,800 ug retinol per day, and
for adults at 3000 pg/day. Routine consumption of higher doses from animal products or retinol
supplements may lead to chronic hypervitaminosis A. The long-term intakes above 1500 ug
retinol/day have been associated with decreased bone mineral density and increased risk of hip
fractures in older men and women.?'2*> A comparatively mild hypervitaminosis A may produce
teratogenic effects in the fetus while not causing overt toxicity in the mother. Women who ingested
more than 4,500 pg retinol/day were at greater risk to deliver a child with a cleft lip or palate than
those consuming less than 1500 pg/day.?* Chronic toxicity, usually associated with doses greater
than 30,000 pg/day, is manifested by liver abnormalities, bone and joint pain, skin redness and
desquamation, loss of hair, headache, irritability and loss of appetite. The most complete skeleton
of Homo erectus discovered in Kenya shows pathological changes related to excessive intake of
vitamin A, probably from carnivore livers.?> Unfortunately, many athletes greatly exceed RDA by
supplementation. Body builders take 18,000 g retinol/day over a period of 4-6 weeks before a
competition.?® An adolescent soccer player experienced a strong leg pain after consuming at least
30,000 pg/day for 2 months.?’ The acute poisoning, after ingestion of more than 150 mg retinol by
adults, causes an increase in cerebrospinal fluid pressure with resulting severe headache, disorien-
tation, vomiting, blurred vision and loss of muscular coordination. Fatal cases were noted among
polar explorers who ingested large amounts of polar bear, seal or husky-dog liver.?%?

In contrast to preformed vitamin A, large intakes of dietary provitamin A carotenoids do not
cause hypervitaminosis A or exert any toxic effects. However, supplements of B-carotene are not
recommended, especially among smokers and alcohol drinkers, because they may increase risk of
cancer.3%-32 It is also not advisable to consume excessive amounts of any single food, be it a vegetable
or animal product. Such a case was described in Japan, where a young woman consumed mainly
pumpkin, liver and laver (a kind of edible seaweed), excluding other foods.** She developed hepatic
injury, dry skin and limb edema, but recovered on a normal diet.

V.  EVALUATION OF VITAMIN A INTAKE AMONG ATHLETES

A great majority of the available studies reported total vitamin A intake without specifying the
proportion obtained from animal and plant sources, and many used International Units, which only
added to the confusion when reporting total vitamin A intake from mixed foods and supplements.
Recently introduced new conversion factors for vitamin A activity of carotenoids* render all previous
reports inaccurate, because of the overestimated contribution from plant sources.

Adult athletes are usually well nourished in respect to the total vitamin A content of their diet.
The cyclists of the Tour de France consumed adequate amounts of vitamin A (1.3 + 0.4 mg daily)
during the race.’* However, individual variations can be quite large. Two elite U.S. male cyclists
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participating in an endurance ride (10 days, 2050 miles, 3300 km) had very different intake levels* —
one consumed 87 % and the other 163% of the RDA, when all their food was measured and
recorded by trained dietitians. A 4-year study at Syracuse University, New York* revealed enormous
range of vitamin A total dietary intake among men’s and women’s teams across all sport disciplines.
A Vitamin A-poor diet was consumed by 17% of the women in this study (< 66% RDA). Some
men also had a low vitamin A diet, even among football players, and one wrestler had clinical
signs of vitamin A deficiency (impaired dark adaptation, drying of mucous membranes). A smaller
study of 30 field athletes (throwers) participating in South African national championships in 1988
(20 males, 10 females) found more than adequate vitamin A intake in a majority of the participants.’’
On the average, the men exceeded RDA by 380%, because some of them consumed large quantities
of liver. However, 15% of the men had moderate intake of less than 100% but more than 67%
RDA. The mean intake of women was 68% higher than RDA, with 30% of women falling into the
moderate category. In a study of female collegiate heavyweight rowers, the women met 100% of
the RDA for vitamin A.3® Male cross-country runners had an average intake of twice the RDA.*

As can be seen from the above-mentioned studies, men are more likely to meet and exceed
vitamin A requirements than women athletes, due to the higher amount of food consumed and the
preference for animal products. Women are more likely to consume excessive amounts of raw
vegetables and less fat, which can result in amenorrhea (cessation of menses). In a study of
nutritional intakes of highly trained women marathon-runners,* the amenorrheic subjects had
exceptionally high intakes of total vitamin A (20,359 IU £ 7688 IU), most of it probably in the
form of dietary B-carotene, which was also indicated by the high correlation between the vitamin
A activity and fiber (r = 0.94, P = 0.001). No such correlation was found in eumenorrheic (normal
menses) runners, who selected more animal products, consumed more preformed vitamin A and
significantly more fat. More than 30% of vitamin A in this group was provided by supplemental
vitamin A in the form of retinol. These studies exemplify the paradoxical state of total vitamin A
intake estimates, which do not reflect individual vitamin A status. High amounts of provitamin A
carotenoids in the diet were converted by researchers to IU vitamin A activity according to the
previously overestimated guidelines, while the amount of ingested preformed vitamin A was usually
not reported.

Adolescent athletes may be at a greater risk of inadequate or overabundant vitamin A intake
than adults, because of their attitudes, poor knowledge of nutrition and the continuing growth and
development of their bodies. A group of 27 female high school athletes (13-17 y) averaged 102
95% RDA for total dietary vitamin A,* slightly better than other teenage girls in the U.S, but,
although 81% of the subjects were aware of foods high in vitamin A, only 42% of them met the
allowance. Male high school football athletes (12-18 y, n = 134) on the average exceeded RDA,*
but 20% of junior high school and 32% of senior high school boys had intakes below 70% RDA
for vitamin A activity. Very young Turkish female gymnasts (11.5 = 0.5 y) were reported to meet
87% of RDA for total vitamin A.* Italian adolescent female athletes (gymnasts, tennis, fencing, n =
119, 14-18 y) had better knowledge of nutrition and significantly higher intake of total vitamin A
(805 £ 500 RE) than a control group of age-matched non-athletes (612 + 408 RE).* The elite
rhythmic gymnasts of the same age group (n = 20) had even higher total vitamin A diet (1027 %
569 RE).* The wide ranges of intake registered in these studies indicate that many adolescent
athletes do not meet their recommendations, and a plausible average should not invalidate the
necessary vigilance and attention to the individual diet of each young competitor.

Although many of the described studies mention the use of vitamin supplements among the
athletes, the amount and form of vitamin A is usually not specified and not included in the total
estimate of vitamin A intake. It is a very important issue because the supplements usually deliver
100% of RDA in one dose, often as retinyl esters, and it is easy to exceed the upper tolerance level
of vitamin A intake by taking multiple doses or high-potency supplements in addition to a diet rich
in animal products. The supplement use among University of Nebraska-Lincoln athletes (n = 411)
was investigated in 1997 and found to be quite prevalent (57% of subjects).*> Most supplement
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users were taking multivitamins and minerals, but 10 male subjects reported taking vitamin A
supplements. African American males used vitamin A much more frequently than other ethnic
groups (P < 0.001). The use of dietary supplements is also higher among former top-level athletes
than in the general population. A large study of former male athletes (n = 1282) in Finland found
that 9.2% of them used vitamin A supplements,*” as compared with 5.0% of age-matched controls
(P = 0.003). The habit of taking vitamin supplements may have persisted in the athletes from the
time of their athletic careers (1920-1965), with possible detrimental effects for their risk of
osteoporosis,?'~2* Among the U.S. high school students, greater knowledge about supplements was
associated with less use.*® Nevertheless, 42% of all students used multivitamins and 13% used
vitamin A supplements; 34% did not know that taking high doses of vitamin A can be harmful.

V1. VITAMIN A STATUS AND EXERCISE PHYSIOLOGY

The best available assessment of vitamin A status is obtained from analysis of serum or plasma
by high-performance liquid chromatography (HPLC)* after extraction with organic solvents.
The method separates retinol, the major form of vitamin A in plasma, from retinyl esters, which
are usually absent in samples from fasting subjects. High amounts of retinyl esters in plasma
indicate recent intake of preformed vitamin A (diet or supplement) or excessive habitual consump-
tion, with possible toxicity and liver overload. The high levels may also be a symptom of liver
disease due to alcoholism.>

Plasma retinol concentration below 0.7 umol/L (20 pg/dL) indicates a deficient vitamin A status,
while the levels between 0.7 and 1.05 pumol/L (20-30 pg/dL) are marginal and predict low liver
stores.’! The normal range of plasma retinol in adults appears to be highly regulated within the range
of 1.1-2.8 umol/L (30-80 pg/dL). Levels above this range indicate excessive intake of preformed
vitamin A with possible consequences of increased bone fragility and other symptoms of vitamin A
toxicity. The mean serum retinol concentration in U.S. population is 1.92 umol/L. according to
NHANES III (1988-1994) with only 5% below 1.1 umol/L, but close to 10% above 2.8 pwmol/L.3

In the U.S. and other developed countries, the excessive intake of vitamin A is more prevalent
than vitamin A deficiency, but both conditions could be very detrimental to the health and perfor-
mance of athletes at any age. When serum levels of retinol were tested in German national teams,
none of the athletes (n = 24) exhibited vitamin A inadequacy (1.7 to 3.2 umol/L), and some could
be considered above the recommended limit.?¢ Highly trained Spanish athletes (n = 38) had signifi-
cantly higher plasma retinol than the sedentary control subjects (1.9 £ 0.3 versus 1.5 = 0.3 pmol/L,
P < 0.05).3 Top soccer (n = 21) and basketball (n = 9) players in Belgium had even higher levels
of plasma vitamin A, 2.6 £ 0.5 and 2.8 = 0.2 umol/L, respectively, after 4 months of regular training
and competition.>* Physically active older women in the Netherlands (n = 25, 60-80y) had an
average of 3.0 = 0.4 umol/L, practically identical to their sedentary controls, despite higher
consumption of fruits and vegetables in the active group, and of milk and meat in the controls.>
Similar results were obtained from a study of physically active male veterans (n = 26, 69 + 7y)
participating in Golden Age Games in the U.S.> Serum concentrations of retinol were 2.3 + 0.8 wmol/L,
nearly the same as in sedentary controls, although their intake of B-carotene significantly exceeded
that of controls. These data confirm that provitamin A carotenoid intake has little effect on the
levels of circulating retinol, and will not produce vitamin A toxicity.

Strenuous exercise may raise oxygen consumption and increase free radical production, leading
to lipid peroxidation and possible tissue damage.’’ Vitamin A, although not a strong antioxidant,
is probably required for tissue repair, therefore an increased turnover of vitamin A may be expected
under conditions of increased physical activity. The effects of vitamin A supplementation on
physical performance are not well investigated. No decrease of ability to perform hard exercise
was noted in men maintained on a vitamin A-deficient diet for 6 months and it did not improve
after 6 weeks of high supplementation.’® However, the subjects consumed a daily supplement of
22,500 pg vitamin A for one month before the study and probably had ample liver stores.
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A few older studies observed transient changes in serum vitamin A immediately after exercise.
A group of young athletes (n = 12) exhibited a striking 43% increase of serum vitamin A following
strenuous physical activity consisting of a 15 min warm-up and five or six 220-yard (201-m) dashes
at full speed at intervals of 5 min.*® Similar results were found in another study of 14 males
performing a step-up test.%® Both studies used an old colorimetric assay of vitamin A, which was
prone to inconsistent results. However, a more recent study of seven trained athletes also found a
significant 18% increase in plasma retinol concentration after completing a half-marathon, as measured
by HPLC assay, which was not explained by dehydration (6% decrease in plasma volume).®! Another
investigation of amateur and professional cyclists®? observed no differences in plasma retinol of both
groups, before and after prolonged exercise tests and a mountain stage (170-km) of cycling compe-
tition. The well-trained amateur cyclists were submitted to the maximal and submaximal tests on
cycloergometer, the professional cyclists participated in the Volta Ciclisto a Mallorca race. Their
basal values of plasma retinol were all very close, averaging 2.0 umol/L. A quite different effect of
exercise on plasma retinol was noted in volunteers from the U.S. Marine Corps (n = 40) undergoing
strenuous training for 24 days in a cold environment,% resulting in an average loss of 5 kg body
weight. Retinol levels decreased from 1.7 to 1.4 umol/L (P < 0.005) in the control group (n = 19)
and from 1.7 to 1.6 umol/L in the treatment group (n = 21) receiving antioxidant supplements, which
included 24 mg B-carotene/day, vitamins C and E, selenium, catechin, but not preformed vitamin A.

Because the liver contains 90% of body vitamin A,* the body stores of vitamin A are best
assessed by liver biopsy, which is too invasive for healthy subjects. Indirect approaches include
isotope dilution technique, relative dose response and modified relative dose response. These
methods involve administering an oral dose of stable-isotope-labeled vitamin A, an unlabeled
vitamin A, or vitamin A, (dehydroretinol), respectively. Blood samples are taken after a specified
period of equilibration or prescribed interval, and the results are used to assess adequacy of liver
stores. Unfortunately, these techniques were not used in studies of athletes or other human subjects
performing heavy physical exercise. Studies with laboratory rats indicated a significant decrease
in liver vitamin A content after 12 days of daily 90-min exercise on a moving track at 20 m/min.%
Shorter sessions of exercise elicited a proportionately smaller effect. Kidney levels of vitamin A
remained stable, as did plasma levels. These results could indicate a significant mobilization of
vitamin A stores from the liver during strenuous exercise if the subject remains on a vitamin A-
deficient diet. The assessment of plasma retinol may not reveal any deficiency until liver stores are
severely depleted; indeed, plasma levels may even be elevated by exercise. However, another study
of rats found a significan