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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 B

 

6

 

, folate, vitamin B

 

12

 

, 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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II. IDENTITY AND ROLES OF VITAMINS AND TRACE MINERALS

A. V

 

ITAMINS

 

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

 

1

 

 (thiamin);
Vitamin B

 

2

 

 (riboflavin); Vitamin B

 

3

 

 (niacin and niacinamide); Vitamin B

 

6

 

 (pyridoxine and related
congeners), Vitamin B

 

12

 

 (cobalamins), Folate, Biotin, Pantothenate, Vitamin C (ascorbate), Vitamin
D (calciferols), Vitamin E (tocopherols), and Vitamin K (phylloquinones and menaquinones).

 

1–9

 

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.

 

3

 

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. T

 

RACE

 

 M

 

INERALS

 

Sodium, potassium, chloride, phosphorus (as phosphate), calcium and magnesium are macrominerals,
with typical daily intakes in the gram range.

 

5,8–10

 

 Trace minerals known to be essential for humans
are iron, zinc, copper, manganese, selenium, chromium, iodine, molybdenum and fluoride.

 

5–12

 

 Arsenic,
boron, nickel, silicon and vanadium await confirmation of essentiality in humans.

 

7

 

 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.

 

5–12

 

 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. M

 

ULTIPLE

 

 V

 

ITAMINS

 

 

 

AND

 

 M

 

INERALS

 

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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5

 

still need vitamin or mineral supplements in addition to a good diet.

 

13,14

 

 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.

 

15–17

 

 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.

 

III. 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. E

 

FFECTS

 

 

 

OF

 

 M

 

ICRONUTRIENT

 

 D

 

EFICIENCIES

 

 

 

ON

 

 E

 

XERCISE

 

 P

 

ERFORMANCE

 

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).

 

18–34

 

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.

 

23–31

 

 Iron-deficiency
anemia in endurance athletes is still encountered, and is well-known to eventually reduce perfor-
mance.

 

22,28,29,32–34

 

 At this time, it is generally agreed that measurable deficiencies of thiamin, ribo-
flavin, B

 

6

 

, 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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B. S

 

TUDIES

 

 B

 

EFORE

 

 1960

 

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).

 

19

 

 However,
only incomplete mixtures of B vitamins were studied (pantothenate, folate and vitamin B

 

12

 

 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 C

 

OMPLEX

 

 M

 

IXTURES

 

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.

 

35

 

 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.

 

23,30,36–44

 

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. M

 

ULTIPLE

 

 V

 

ITAMIN

 

-M

 

INERAL

 

 C

 

OMBINATIONS

 

Table 1.2 lists human clinical studies concerning multiple vitamin-mineral supplementation in exercising
individuals and performance measurements.

 

45–60

 

 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

 

52

 

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

 

Investigators (year) Ref.
Length of 

admin.
Thiamin

(mg)
Riboflavin

(mg)
Niacin

Equiv. (mg)
B

 

6

 

(mg)
B

 

12

 

(mcg)
Folate
(mg)

Panto-
thenate 

(mg)
Biotin
(mg)

Other 
Nutrients (mg)

Ergogenic
Results

 

a

 

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 —

 

b

 

+

 

Foltz et al. (1942) 38 Acute iv

 

c

 

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 4 d 5 5 50 C (100)

 

+

 

Henschel et al. (1944) 41 3 d 5 10 100 —
Early and Carlson (1969) 42 6 d 100 8 100 5 25000 30  +

 Buzina et al. (1982)  d  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

 

+

 

a

 

— indicates no significant effect on physiological or performance measurements. 

 

+

 

 indicates a significant improvement in physiological or performance measurements.

 

b

 

No effects on physical performance, but significant improvement of mental fatigue and subjective feelings.

 

c

 

Vitamins were administered by intravenous means.

 

d

 

Large percentage of subjects exhibited clinical and biochemical signs of vitamin deficiencies.
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TABLE 1.2
Comparison of Multiple Vitamin-Mineral Formulas Studied for Effects on Exercise Performance and Metabolism

 

Author DV

 

a

 

McCollum
1960

Nelson
1960

Keul 
1974

Haralambie
1975

Van Dam
1978

Keul
1979

van der Beek
1981

 

b

 

Barnett 
1984

Colgan
1986

Weight
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

students 
— poor 
fitness

German 
fencers

German
fencers

German
fencers

German cross-
country skiers

Dutch sports 
students

American
competitive
runners

American
marathon
runners

South African
competitive 
runners

Duration 
(weeks)

8 12 3 16 4 24 12

Vitamin A
(IU)

5000 25000 NR

 

f

 

5000 6000 5000–45000 3000

Vitamin D
(IU)

400 1000 400 600 200–2480 400

Vitamin E
(IU)

30 100 50 50 50 150 15 200–1600 516

Vitamin K
(mcg)

80

Ascorbate
(mg)

60 300 1000 500 500 500 500 135 2000–16000 850

Thiamin
(mg)

1.5 10 20 10 10 10 12 15 40–600 60

Riboflavin
(mg)

1.7 10 30 15 15 15 20 15 30–250 60

Niacin Equiv.
(mg)

20 100 40 20 20 20 210 75 100–1000 70

Vitamin B

 

6

 

(mg)
2.0 2 50 25 25 25 20 21 10–300 60

Vitamin B

 

12

 

 
(mcg)

6.0 4 30 15 100–300 60
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Folate
(mcg)

400 1500 4000 400 2000–3000 500

Pantothenate 
(mg)

10 20 40 20 20 20 100 18 50–1000 70

Biotin
(mcg)

300 2000 2000–10000

Potassium
(mg)

200 100 100 100 37.5 198–5000 32

Phosphorus
(mg)

1000 2160
(PO

 

4

 

)
1080 1080 

(PO

 

4

 

)
1080 200–2000 116

Calcium
(mg)

1000 500 250 250 250 1000–3500 230

Magnesium
(mg)

400 340 170 170 170 52.5 1000-2000 116

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
(mg)

2.0 3 20–100 300?

Iodine (mg) 0.15 0.15 0.15–1.0 0.15
Selenium 
(mg)

0.07 0.2–1.0 0.05

Chromium
(mg)

0.12 0.3–1.0

Molybdenum 
(mg)

0.075 0.05–5

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

 

Author DV

 

a

 

McCollum
1960

Nelson
1960

Keul
1974

Haralambie
1975

Van Dam
1978

Keul
1979

van der Beek
1981

 

b

 

Barnett
1984

Colgan
1986

Weight
1988

 

Other
Nutrients

Cerofort

 

±

 

 Lysine
Contents 
not 
reported

Beneroc®
3.5 g sucrose, 
Phosphorus 
reported as 
phosphate

Beneroc®
3.5 g
sucrose,
Phosphorus
reported as
phosphate

Beneroc®
3.5 g 
sucrose, 
Phosphorus 
reported as 
phosphate

Beneroc®
3.5 g sucrose, 
Phosphorus 
reported as 
phosphate

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

Inositol, PABA

Results Physical 
fitness 
index, 
cable-
tension 
strength 
test, 
Army 
physical 
fitness 
test 
scores not 
different 
from 
placebo 
group

No effects 
on sprints, 
vertical 
jump, 
ergometer 
test

Ratio of work 
load to heart 
rate increased 
3%

Improved 
reflex 
responses

Improved 
status, hits, 
reaction 
times, 
muscular 
irritability

4.3% increase 
in cross-
country ski 
speed

No effect on 
aerobic power

No effects on 
physiological 
measurements 
during 
exercise

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

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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Author DV

 

a

 

Dragan
1991

 

c

 

Dragan
1991

 

c

 

Colgan
1991

Colgan
1991

Singh
1992

 

d

 

Telford 
1992

 

e

 

Savino 
1999

Roberts
2001

Cavas
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 

cyclists
Roumanian 
junior cyclists

American 
marathon 
runners

American 
marathon 
runners

American regular 
exercisers

Australian 
basketball, 
gymnasts, 
rowers, 
swimmers

Italian soccer 
team children

English 
endurance 
athletes

Turkish 
swimmers

Duration 
(weeks)

4 4 12 12 12 28–32 4 4 4

Vitamin A
(IU)

5000 1000 7.5 5000 5000 (2600) 4500 15000 5000

Vitamin D
(IU)

400 3200 400 400 400 400 400 400 400 400

Vitamin E
(IU)

30 60 200 15 15 (51) 151 300 30

Vitamin K
(mcg)

80 10 500 40

Ascorbate
(mg)

60 120 300 60 500 (169) 550 500 60

Thiamin
(mg)

1.5 3.0 79 1.5 1.5 (54) 75 3 1.5

Riboflavin
(mg)

1.7 3.0 100 1.7 1.7 (25) 25 3.4 1.7

Niacin Equiv.
(mg)

20 36 100 20 20 100 100 9 40 20

Vitamin B

 

6

 

(mg)
2.0 10 82 2.0 152 (135) 100 10 2

Vitamin B

 

12

 

 
(mcg)

6.0 10 100 12 112 (48) 100 1.3 30 6

Folate
(mcg)

400 400 400 2400 (288) 200 600 400

 (  Continued  )
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TABLE 1.2 (

 

Continued

 

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

 

Author DV

 

a

 

Dragan
1991

 

c

 

Dragan
1991

 

c

 

Colgan
1991

Colgan
1991

Singh
1992

 

d

 

Telford 
1992

 

e

 

Savino 
1999

Roberts
2001

Cavas
2004

 

Pantothenate 
(mg)

10 100 (62) 100 3 30 40

Biotin (mcg) 300 100 (400) 100 300 10
Potassium
(mg)

99 33

Phosphorus
(mg)

1000 100

Calcium
(mg)

1000 121 (57) 115 500 100

Magnesium
(mg)

400 40 (57) 7 250 20

Iron (mg) 18 2.5 18 48 1 3 18
Zinc (mg) 15 7.5 15 60 (14.6) 3 15
Copper (mg) 2.0 0.3 2 2
Manganese
(mg)

2.0 15 0.01 3.6

Iodine (mg) 0.15 0.224 0.15 0.15 0.075 0.15
Selenium 
(mg)

0.07 0.01 0.05 0.1
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Chromium
(mg)

0.12 0.04 0.2 0.01 0.2

Molybdenum 
(mg)

0.075 0.1 0.075

Choline (mg) 37 75
Other 
Nutrients

Polivitaminizant 
S

Cantamega 
2000:

Betaine 
hydrochloride, 
bioflavonoids, 
glutamic acid, 
inositol, 
lecithin, 
PABA, rutin, 
soya protein

Perque 2
Aspartate, citrate, 
fumarate, malate, 
PABA, quercetin, 
succinate, 
trimethylglycine, 
vanadium, 
vanilla

Betaine HCL, 
Bioflavonoids, 
Glutamic acid, 
Inositol, Kelp, 
Lecithin, 
PABA

400 kcal 
carbohydrates, 
citrate, 
fluoride, 
pollen, rose 
hips, 

LifePak®
Alpha-
carotene, 
boron, 
broccoli, 
cabbage, 
citrus 
bioflavonoids, 
curcumin, 
grape seed 
extract, lipoic 
acid, lutein, 
lycopene, 
quercetin, 
silicon, soy 
isoflavones, 
vanadium

One A Day 
Junior

 

(

 

Continued

 

)
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TABLE 1.2 (

 

Continued

 

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

 

Author DV

 

a

 

Dragan
1991

 

c

 

Dragan
1991

 

c

 

Colgan
1991

Colgan
1991

Singh
1992

 

d

 

Telford 
1992

 

e

 

Savino 
1999

Roberts
2001

Cavas
2004

 

Results No changes in 
status or 
biomarkers of 
recovery

Improved 
mineral status 
(calcium, iron, 
magnesium), 
fatigue 
ratings after 
training and 
biomarkers 
of recovery 
(urine 
mucoproteins, 
serum total 
protein)

DV amounts 
had no effect 
on status or 
performance

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

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

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

Vitamin status 
improved, but 
no effect on 
body mass or 
strength

VO

 

2

 

max 
unchanged

Biomarkers 
of cardiac 
and 
muscle 
damage 
reduced

 

a

 

DV = Daily Value for essential vitamins and minerals from 1989 Guidelines

 

8

 

 (this is the DV most commonly used on labels of dietary supplements). DV has been known formerly as DRI,
RDA and RDI.

 

b

 

Reported as unpublished work in van der Beek, 1991.

 

30

c

 

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.

 

d

 

Nutrients 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.
eAmounts for minerals were calculated based on percentage of elemental mineral for each compound described.
fNR = Not Reported.
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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.61 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.46 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.47–50 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.51 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.52 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.54,55 Van der Beek reported results from an unpublished study
performed ten years earlier, with the usual lack of experimental details.30

The study by Telford and others contained errors in reporting of micronutrient units, confusing
micrograms and milligrams for several nutrients.57 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 1.2.45,46,56 The multiple vitamin-mineral formula used by Singh56 (and effectively, Telford57)
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
• Multiple dose ranges per study to explore dose–response relationships
• Subject compliance
• Verification of micronutrient content of dietary supplements
• 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.45,46,48–50,52–58 Six studies found
improvements in various measurements of physical performance: 

1. Improved reaction times in fencers48,49

2. Improved speed in cross-country skiers50

3. Improved times in time trials or increased poundage lifted52 
4. Increased time to exhaustion in cycle ergometry55 
5. Increased jumping ability of female basketball players57 

Seven studies did not find improvements in various performance measurements:

1. 15-km run times or treadmill speed53,55

2. Treadmill run to exhaustion, peak torque, total work or power56

3. Jumping ability of male basketball players, swimmers, gymnasts57 
4. Race times, sprint times, vertical jump or cycle ergometer tests45,46,57 
5. Strength58 

Five studies in Table 1.2 did not report actual physical performance measures.30,47,53, 59,60

3. Physiological Parameters during Exercise

One study found improved work efficiency47 and two others found decreased indicators of muscle
damage,54,60 but other studies did not find changes in physiological measurements during different
types of exercise.30,51,53,56,57,59 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.53–55 These studies also found no significant effect from multiple vitamin-mineral supple-
mentation on physiological or performance parameters, and two54,55 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.54,55 B vitamin status was improved in three other
studies, but status of fat-soluble vitamins and minerals were unchanged.53,56,57,62,63

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 (B1, B2 or B6), but usually not ascorbate or fat-soluble vitamins, unless deficiencies
were previously documented.18,23,64–70 Status usually took six weeks to show an improvement,
suggesting studies lasting less than this interval may have missed an effect.36,38,39,41,51,58–60

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.71

Similarly, 14 studies on mental performance parameters using ginseng-multiple-vitamin-mineral
combinations were reported in adults, but not athletes.71 The products contained a standardized
ginseng extract, itself studied extensively for mental and performance effects in athletes,71 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.71

A study by Ushakov72 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.73–76 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 VO2max 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:

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

• 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

3022_C001.fm  Page 17  Tuesday, August 23, 2005  5:04 AM

© 2006 by Taylor & Francis Group, LLC



18
Sp

o
rts N

u
tritio

n
: V

itam
in

s an
d

 Trace Elem
en

ts

TABLE 1.3
Effects of Combinations of Essential Vitamin and Trace Mineral Antioxidant Combinations on Physical Performance

Author Reference Daily Dosage Subjects & Duration Performance parameters Results

Kankaanpaa, et al., 1994 73 Beta carotene — 45 mg (75000 IU)
Vitamin C — 600 mg
Vitamin E — 300 mg
Selenium — 150 mcg

20 total male 
recreational soccer 
players for 4 weeks

Three 30 sec maximal 
isokinetic knee flexion-
extension tests

Peak torque, work, thigh 
surface EMG unaffected 
by supplementation

Grievink, et al., 1998 74 Beta carotene — 15 mg (25000 IU0
Vitamin C — 650 mg
Vitamin E — 75 mg

26 total heavily 
exercising amateur 
cyclists (16–41 
years) for 10 weeks

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

Acute effects of ozone on 
lung function after 
exercise reversed

Bryant, et al., 2003 75 Vitamin C — 1000 mg
Vitamin E — 200 IU

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

Cycle ergometry @ 70% 
VO2 max for 60 min, then 
30 min performance ride

Total work during 
performance ride not 
different between groups

Bloomer, et al., 2004 76 Vitamin C — 1000 mg
Vitamin E — 268 mg (400 IU)
Selenium — 90 mcg

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

Eccentric elbow flexion Maximal isometric force 
not different between 
groups for 96 hours after 
exercise
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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,37,44,48,49 and less fatigue in two studies.52,54 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. IMMUNITY

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.77–92 While the exact mechanisms are under
investigation, inadequate status of essential vitamins and trace minerals is one suspected culprit.77–92

Effects of supplementation with single essential vitamins and trace minerals has been the subject
of recent reviews and elsewhere in this volume.77–92 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.52,93–97 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.98 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.98 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.52 Animal and human data suggest that
provision of large doses of thiamin and pantothenate to healing tissues may accelerate connective
tissue repair.98 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.

3022_C001.fm  Page 19  Tuesday, August 23, 2005  5:04 AM

© 2006 by Taylor & Francis Group, LLC



20
Sp

o
rts N

u
tritio

n
: V

itam
in

s an
d

 Trace Elem
en

ts

TABLE 1.4
Effects of Combinations of Essential Vitamin and Trace Mineral Combinations on Immune Function in Exercising Persons

Author Reference Daily Dosage
Subjects and 

Duration Results

Ismail, et al., 1983 93 Vitamin C — 500 mg 
Vitamin E — 400 mg

Fit and sedentary 
persons for 6 months

Lymphocytes responses improved more in fit persons than in sedentary 
persons

Colgan, 1986 52 See Table 1.2 8 total American 
marathon runners 

81% fewer infections reported compared to unsupplemented periods

Peters et al., 1996 94 Beta-carotene — 18 mg (30000 IU)
Vitamin C — 300 mg
Vitamin E — 270 mg (400 IU)

total marathon 
runners, starting 
after run for 2 weeks

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

Petersen et al., 2001 95 Vitamin C — 500 mg
Vitamin E — 400 mg

20 total male 
recreational runners 
for 21 days

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

Plasma vitamin concentrations increased after supplementation
Tauler et al., 2002 96 Beta-carotene — 50000 IU

Vitamin C — 1000 mg (last 15 d only)
Vitamin E — 500 mg

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

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

Robson et al., 2003 97 Baseline supplementation with 
multiple vitamin-mineral product 
plus extra antioxidants:

Beta-carotene — 18 mg (30000 IU)
Vitamin C — 900 mg
Vitamin E — 90 mg

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

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.

• 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.

• 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.

• 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 supplements17 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.

 

1–5

 

 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. H

 

ISTORY

 

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.

 

1,4

 

There are reports from the British Navy of the late 1700s concerning sailors with scurvy (vitamin C
deficiency).

 

4

 

 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.

 

4 

 

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.

 

4

 

 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.
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B. G

 

ENERAL

 

 P

 

ROPERTIES

 

 

 

AND

 

 S

 

TRUCTURE

 

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.

 

6–10

 

 
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.

 

6–10

 

C. F

 

UNCTIONS

 

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.

 

6–10

 

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
proline 

 

→

 

 hydroxyproline
Needed for normal collagen 
(cartilage, connective tissue, 
ligaments, tendons)

2) lysine 

 

→

 

 carnitine 
(liver, kidney)

Necessary for normal fat 
oxidation in muscle cell 
mitochondria

3) phenylalanine 

 

→

 

 dopamine,
norepinephrine, epinephrine

Needed for normal 
neurotransmitter formation

4) ascorbic acid 

 

↔ 

 

dehydroascorbic acid normal antioxidant function
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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. D

 

EFICIENCY

 

 

 

AND

 

 P

 

HYSICAL

 

 P

 

ERFORMANCE

 

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

 

11

 

 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.

 

12

 

 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

 

13

 

 reported that VO

 

2

 

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

 

2

 

max stopped when plasma C concentrations were normalized. Van der
Beek et al.

 

14,15 

 

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

 

15

 

, 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.

 

14 

 

More recently, Johnston et al.

 

16

 

 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. R

 

ECOMMENDED

 

 I

 

NTAKES

 

 

 

AND

 

 F

 

OOD

 

 S

 

OURCES

 

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.

 

10 

 

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.

 

TABLE 2.2 
Vitamin C Deficiency Symptoms and Physical Performance

 

Deficiency Symptom Effect on Performance

 

Poor connective tissue development, poor 
injury healing, swelling, bleeding in joints

Strains, sprains may increase, heal poorly.
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
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Various forms of physiological stress are known to increase the need for vitamin C. These
include infections,

 

6

 

 cigarette smoking,

 

17,18

 

 extreme environmental temperature

 

19,20

 

 and altitude,

 

20

 

among others. Strenuous or prolonged exercise is a form of physiological stress

 

21

 

 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.

 

8

 

 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.

 

II. 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. D

 

IRECT

 

 E

 

FFECTS

 

: B

 

ODY

 

 T

 

ISSUES

 

, B

 

LOOD

 

/P

 

LASMA

 

, W

 

HITE

 

 B

 

LOOD

 

 C

 

ELLS

 

, U

 

RINE

 

 

 

Several animal studies

 

22–27

 

 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

 

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 (1/2 C) 46 Potato (1 med) 26
Watermelon (1 slice) 46 Okra (8 pods) 14

Tomatoes (1 med) 22

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

 

3022_C002.fm  Page 32  Tuesday, August 9, 2005  5:21 PM

© 2006 by Taylor & Francis Group, LLC



 

Ascorbic Acid

 

33

 

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

 

28

 

 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

 

29

 

 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.

 

30

 

 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 

 

µ

 

mol/L) falling below the minimum acceptable concentration.
However, several other studies

 

31–39

 

 have reported normal mean vitamin C concentrations in the
plasma of athletes and physically active individuals; although at least one study

 

37

 

 reported 12% of
its subjects with low plasma vitamin C concentrations, while another

 

33

 

 had mean ascorbic acid
concentrations for its subjects at the low end of normal range. Plasma vitamin C concentrations
above 23 

 

µ

 

mol/L are often considered adequate.

 

5,40

 

 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 

 

µ

 

mol/L. One
study with female ballet dancers reported a plasma vitamin C concentration of 46 

 

µ

 

mol/L.

 

34 

 

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.

 

31–33,41

 

 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 (

 

µ

 

mol/L) 
in Various Athletic Groups

 

Athletic group No. of Subjects Ascorbic Acid Value Reference

 

Various athletes 50 M, 36 F 56 37
Runners 4 M 79 31
Runners 7 M 35 33
Runners 9 M 53 32
Runners 30 M 58 35
Various athletes 55 M 74 36
Ballet dancers 10 M, 12 F 59 M, 46 F 34
Trained runners 6 M, 6 F  72 38
Ultramarathoners 15 M 83 39

Normal plasma ascorbic acid concentration range 

 

=

 

 23–114.0 

 

µ

 

mol/L

 

5,40
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Several studies

 

42–45

 

 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.

 

42

 

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.

 

43

 

 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

 

44,45 

 

do not support an increased vitamin C requirement in athletes based on leukocyte evidence.
Robertson et al.

 

44

 

 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.

 

45

 

 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.

 

29,46 

 

Bacinskij

 

46

 

 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

 

29

 

 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

 

31,47

 

 reported no significant differences in urine
excretion of vitamin C between runners and male athletes and their sedentary controls.

 

B. I

 

NDIRECT

 

 E

 

FFECTS

 

: H

 

EAT

 

 A

 

CCLIMATION
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R
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, C
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Several papers have examined the relationships among exercise, vitamin C needs and adaptation
to heat stress in humans.

 

48–52 

 

An early study

 

48

 

 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.

 

49–52

 

Strydom et al.

 

51

 

 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.

 

52

 

 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.

 

51

 

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

 

53–56

 

 outlined below have reported on vitamin C and muscle soreness or damage.
Two of the papers

 

53,54

 

 reported that vitamin C had no effects on muscle soreness. However, two
other studies55,56 did find that vitamin C supplementation above RDA levels improved muscle
soreness or damage markers.
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An early study by Staton53 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.54 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 Maxwell55 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.56 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.38,57 This compromised immune system may then allow for an increased incidence
of infections, particularly upper respiratory tract infections (URTI), in athletes. Several studies58–61

have investigated the relationship between ascorbic acid and URTI.
Peters et al.58 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.59 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.58

concluded that vitamin C supplementation may enhance resistance to post-race URTI. Other
studies60 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.61 did not find a significant difference in URTI between vitamin C-treated and placebo marathon
runners. In this study,61 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.5,62

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. Peake5 has reviewed the relationships between ascorbic acid and cortisol metabolism.
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Five recent studies38,57–59,63 have attempted to elucidate the relationship among cortisol, exercise
and ascorbic acid. Nieman et al.57 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%
VO2max 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.38 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% VO2max. In contrast
to the findings by Robson et al.38 and Nieman et al.,57 three other studies58,59,63 have reported
decreases in plasma cortisol concentrations following exercise in vitamin C-supplemented groups.
Nieman et al.,63 in a second study, reported that supplemental vitamin C reduced post-race cortisol
concentrations in a group of ultramarathoners. In addition, Peters et al.58,59 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.

III. 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 animal65–68

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.69–73 
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Several studies performed since 1960 also have reported positive performance changes in
subjects given additional ascorbic acid. Hoogerwerf and Hoitink74 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. Margolis75 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.76 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.77 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.78 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
VO2max and work efficiency in the Harvard step test.79 

B. STUDIES SHOWING NO EFFECT

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 1960,80–85 as well as a number of newer studies, found no
effect of vitamin C on performance. Rasch86 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.87 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 VO2max as compared with control conditions.
Snigur88 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 investigator89 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.90 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 studies91,92 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,93 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 Zenisek94 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 Epstein95 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
VO2max or anaerobic performance. Keith and Merrill96 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 Driskell97 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 Herbert98 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.33,36,99–125 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 McKinney118 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.,101 12–20% of football players below 2/3 RDA.
• Guilland et al.,36 25% with low intakes.
• Cohen et al.,34 10% of dancers below the RDA.
• DeBolt et al.112 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.102 reported mean intakes of a group of basketball players to be below the
RDA.

• Hickson et al.115 found 13–22% of basketball players and gymnasts to be below 2/3 RDA.
• Keith et al.116 showed that 25% of the cyclists in their study consumed less than 2/3 RDA.
• Loosli et al.119 found 10% of gymnasts to be below 2/3 RDA.
• Cohen et al.34 and Benson et al.117 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.

 

1

 

 In addition, thiamin is known to affect neural
function, nerve conduction, and neurotransmitters.

 

2

 

 Thus, thiamin is necessary for the normal
functioning of the nervous system and skeletal and cardiac musculature.

 

3

 

 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.

 

4,5

 

 This
marginal deficiency might result from exercise-induced increases in thiamin-dependent amino acid
catabolism.

 

6,7

 

 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. C

 

HEMICAL

 

 S

 

TRUCTURE

 

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).

 

8

 

 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.

 

9

 

 
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.

 

10

 

 Thiamin is necessary as a cofactor for the carbohydrate metabolic enzyme
pyruvate dehydrogenase and 

 

α

 

-ketoglutarate dehydrogenase in the citric acid cycle (CAC), which
catalyzes reactions as well as the transketolase catalyzes reactions of the pentose phosphate pathway.

 

11

 

 
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.

 

2

 

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.

 

12,13

 

B. S

 

EPARATION

 

, D

 

ETERMINATION

 

 

 

AND

 

 P

 

URIFICATION

 

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.

 

14

 

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

 

15–17 

 

are more
rapid and have been used to assess thiamin deficiency.

 

18

 

 The procedure of thiamin determination
differs depending on the sample whether it is food,

 

15

 

 pharmaceutical preparation

 

16

 

 or a clinical
specimen.

 

17

 

 In general, the first step of thiamin determination is extraction, and this step requires

 

FIGURE 3.1

 

Structure of thiamin.
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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,

 

15

 

 or UV detector with Fourier-transform
infrared detection.

 

19

 

 Liu et al.

 

20

 

 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. S

 

YNTHESIS

 

 

 

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.

 

21

 

 However, chemical methods are more convenient than enzymatic methods, but the low
yield is considered a problematic issue.

 

21,22

 

 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.

 

22

 

 
While humans cannot synthesize thiamin,

 

23

 

 microorganisms provide a rich environment for
thiamin enzymatic biosynthesis which is, to some extent, well established.

 

24–29

 

 Melnick et al.

 

29

 

reported that 71% of TPP could be enzymatically synthesized in 

 

Escherichia coli

 

 via thiazol kinase,
pyrimidine kinase, thiamin phosphate synthase, and thiamin phosphate kinase. 

 

III. 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.

 

30

 

Therefore, thiamin must be consumed on a regular basis. Thus, the digestion and absorption of the
thiamin are important processes in thiamin metabolism.

 

A. D

 

IGESTION

 

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. A

 

BSORPTION

 

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.

 

8,31,32

 

 Active sodium transport occurs at low concentra-
tions of thiamin, and simple diffusion occurs at higher thiamin concentrations.

 

33

 

 With transportation
of free thiamin through the intestine, some phosphorylation of thiamin occurs in everted jejunal

 

FIGURE 3.2

 

Thiochrome, the detectable form of thiamin, after alkali oxidation.

H3C

N N

�iamin �iochrome

N S
N S

NN

N

Alkali oxidation
K3Fe(CN)6

NH2

CH2

H3C

CH2 CH3CH3

CH2CH2OH
CH2CH2OH

+
+

 

3022_C003.fm  Page 49  Tuesday, August 23, 2005  5:07 AM

© 2006 by Taylor & Francis Group, LLC



 

50

 

Sports Nutrition: Vitamins and Trace Elements

 

sacs and in isolated enterocytes.

 

8,34,35

 

 Following absorption, the free and phosphorylated forms
travel to the liver with a protein carrier via the portal vein, where further metabolism occurs.

 

36

 

Excretion of absorbed thiamin occurs in both the urine and feces, and small amounts in sweat.

 

30

 

The excretion in sweat may increase thiamin requirements in athletes.

 

C. P

 

HOSPHORYLATION

 

 

 

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.

 

36,37

 

 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.

 

36,38

 

D. T

 

HIAMIN

 

 

 

IN

 

 

 

THE

 

 C

 

ITRIC

 

 A

 

CID

 

 C

 

YCLE

 

The CAC extracts energy nutrients throughout a chain of cyclic reactions. Thiamin pyrophosphate
is the key coenzyme for 

 

α

 

-ketoacid dehydrogenases, which catalyzes two reactions of CAC,
the oxidative decarboxylation of pyruvate to acetyl CoA and the oxidative decarboxylation of

 

α

 

-ketoglutarate to succinyl CoA. These reactions lead to the reduction of nicotinamide adenine
dinucleotide (NAD+) to NADH and production of a molecule of CO

 

2

 

 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 

 

α

 

–ketoglutarate and branched-chain 

 

α

 

-keto acids. This reaction has a
similar metabolic pathway to that of pyruvate.

 

37

 

 Alpha-ketoglutarate is decarboxylated and the
product is transferred to CoA to give succinyl CoA by action of TPP dependent 

 

α

 

-ketoglutarate
dehydrogenase. Also, in BCAA catabolism, TPP is required as a coenzyme for branched-chain
keto-acid dehydrogenase for the oxidative decarboxylation of 

 

α

 

-ketoglutarate and branched chains
derived from certain amino acids (valine, luecine, isoluecine).

 

38

 

E. T

 

HIAMIN

 

 

 

IN

 

 

 

THE

 

 P

 

ENTOSE

 

 P

 

HOSPHATE

 

 P

 

ATHWAY

 

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.

 

36,39

 

 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),

 

37,39

 

 which has the primary
function of TK is to transfer a 2-carbon unit from an 

 

α

 

-ketose to an aldose. 

 

IV. PHYSIOLOGICAL FUNCTION OF THIAMIN

 

Thiamin, as TPP, serves as a coenzyme in carbohydrate and BCAA metabolism.

 

1,38,40

 

 A magnesium
ion along with TPP are essential for 

 

α

 

-ketols formation. Thiamin is needed for the oxidation of 

 

α

 

-keto
acids pyruvate, 

 

α

 

-ketoglutarate, and branched-chain 

 

α

 

-keto acids by dehydrogenase complex
enzymes in CAC.

 

36,39

 

 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.

 

39

 

 
Thiamin also has an independent non-cofactor role in electrical generative cells such as nerves,

brain and muscles, particularly glial cells.

 

38,39,41,42

 

 It is believed that TTP has a role in chloride
channel regulation and trophic effects on neuronal cells.

 

42

 

 This has been confirmed by a study on
rat brain incubated with TPP.

 

43

 

 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.

 

43

 

 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.

 

44

 

 Acetyl-
choline stimulation of nerves results in the release of TMP and free thiamin with a concomitant
decrease of intracellular TPP and TTP.

 

42,45

 

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.

 

1,44

 

 Also, breastfed infants of low socio-economic families,

 

46

 

 alcoholics,

 

36,47

 

 and total
parental nutrition patients may present with thiamin deficiency.

 

48,49

 

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.

 

1,50,51

 

 Hence, two metabolic syndromes (beriberi and Wernicke-
Korsakoff syndrome) are the typical consequence of thiamin deficiency.

 

1,44

 

A. B

 

ERIBERI

 

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.

 

51–53

 

 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

 

54

 

 and Cuba

 

55

 

 where
refined rice is a staple diet, and these regions have inadequate thiamin-enrichment programs.

 

 

 

B. W

 

ERNICKE

 

-K

 

ORSAKOFF

 

 S

 

YNDROME

 

Wernicke-Korsakoff syndrome, or Wernicke’s encephalopathy, the acute thiamin-deficient disease
that occurs most often in Western developed countries, is linked to alcoholism.

 

39,56

 

 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,

 

57

 

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.

 

39,58

 

 Wernicke-Korsakoff syndrome symptoms are similar to those of wet beriberi, being
characterized by defects in motor, sensory and cognitive systems.

 

36,59

 

 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.

 

60

 

 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
TPP

 

30,61

 

 and, to a lesser extent, blood pyruvate and lactate levels.

 

30,62

 

 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.

 

60

 

 However, this method does not
necessary reflect the thiamin status as much as it reflects recent thiamin intake.

 

60

 

 The ETK activity
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assay is an indirect method that reflects TPP levels in blood, which represents the most abundant
form of thiamin.

 

63

 

 This assay derives an activity coefficient based on basal TPP stimulation.

 

64

 

 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.

 

65 
Baines and Davies61 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.64 Talwar et al.64 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.64,65 Sgouros et al.30 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 <20µg of thiamin or its derivatives.60

VII. THIAMIN IN PHYSICAL ACTIVITY AND EXERCISE

Thiamin is important for physically active individuals, given its critical role in carbohydrate and
amino acid metabolism. Manore67 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.68 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.69–72

Others have also studied the effects of thiamin supplementation on physical performance.73,74 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 Baer75 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.75

Similar findings of thiamin intake have been reported by Fogelholm et al.76 However, Elmafda et al.77

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.71 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.78 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.79 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.80,81 Nutter et al.82 compared the seasonal
changes of dietary intake between athletes and non-athletes and showed no differences between
groups for energy or thiamin intake.82 Also, following prolonged exercise (a 100-km race walk) no
differences in thiamin status were observed relative to pre-exercise values.83

 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 Itokawa84 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.84 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.85 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.73 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, Webster86 investigated the effects of derivatives of
thiamin (allithiamin) and pantothenic acid (pantethine) on 2,000m time trial performance in trained
cyclists (VO2max=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 VO2max 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.70 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 study68 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.68

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 Subjects (n) Intervention Thiamin/Exercise Assessment Thiamin Intake

Frank et al.83 Leisure athletes (42) 100–km race (walk) Total blood thiamin
Initial = 16.2 ± 8.8nmol/l
After finish = 23.1 ± 9.4nmol/l
ETK = 3.58 ± 0.66ukat/l

ND*

Ziegler et al.80 Elite figure skaters (41) Descriptive ND 1.6 ± 1.4 mg/day

Rokitzki et al.78 Trained athletes (various sports) (62) Descriptive Total blood thiamin = 151–308nmol/l
ETK = 1.09–1.21
Urine = 0.99–1.42 umol/g Cr.

1.3–1.9 mg/day

Fogelholm81 Fitness exercised females (21)
Controls (18)

Descriptive ETK–AC
Exercised = 1.16 
Control = 1.14

Exercised = 1.3 mg
Control = 1.3 mg

Berning et al.72 Swimmers(43) Descriptive ND 2.5 ± 0.09 mg

Rankinen et al.79 Elite ski jumpers (21)
Controls (20)

Descriptive No difference in hematological 
differences between groups

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

Fogelholm et al.70 Healthy college students
Supplemented (n = 22)
Placebo (n = 20)

Supplementation
15 mg/d

Supplementation Decreased EKT ND

Doyle et al.73 Allithiamin (1 g/d) (15)
Placebo (15)

Supplementation
(5 days) 1g/d

No differences in isokinetic exercise 
performance

ND

Webster et al.74 Thiamin tetrahydrofurfuryl Disulfide 
(1 g/d) (14) Placebo (14)

Supplementation
(4 days)

No difference in performance 
outcomes

ND

Webster86 Allithiamin + Pantethine (n = 6)
(1 g allithiamine + 1.8 g 
pantethine/pantothenic acid)

Placebo (n = 6)

Supplementation
(7 days)

No difference in 2,000m time trial 
performance

ND

* Not determined
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VIII. THIAMIN RECOMMENDATION

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.77 

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 3.2
Recommended Dietary Allowance of Thiamin

Life Stage Age Males (mg/day) Females (mg/day) 

Infants 0–6 months 0.2 (AI)* 0.2 (AI) 
7–12 months 0.3 (AI) 0.3 (AI) 

Children 1–3 years 0.5 0.5
4–8 years 0.6 0.6
9–13 years 0.9 0.9 

Adolescents 14–18 years 1.2 1.0 
Adults 19 years and older 1.2 1.1 
Pregnancy  — 1.4 
Lactating — 1.4

*AI = Adequate Intake

TABLE 3.3
Some Food Sources of Thiamin

Food Serving Thiamin (mg)

Worthington Food, Morningstar Farm 
“Burger” crumbles

1 cup (240 ml) 9.92

Cereals ready-to-eat
General Mills, whole Grain Total

3/4 cup (180 ml) 2.11

Fortified breakfast cereal (different types) 1 cup (240 ml) 0.5–2.0 
Pork, lean (cooked) 3 ounces (90 g) 0.98
Oat bran (cooked) 1 cup (240 ml) 0.35
Peas (cooked) 1/2 cup (120 ml) 0.21
Long-grain white rice, enriched   (cooked) 1 cup (240 ml) 0.44
Long-grain white rice (cooked) 1 cup (240 ml) 0.26
Pecans 1 ounce (30 g) 0.13 
White bread, enriched 1 slice (30 g) 0.12 
Orange 1 fruit 0.11 
Whole wheat bread 1 slice (30 g) 0.10
Milk 1 cup (240 ml) 0.10 
Spinach (cooked) 1/2 cup (120) 0.09 
Egg (cooked) 1 large 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.87 

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.62 

3. Drug–nutrient interaction: low blood levels of thiamin have been reported in patients
taking anticonvulsant medication.88 Additionally, 5-Fluorouracil, a drug used in cancer
therapy, inhibits the phosphorylation of thiamin to thiamin pyrophosphate (TPP).89 

4. As stated previously, high consumption of alcohol interferes with absorption of thiamin;90

likewise, diuretics, especially furosemide, may increase the risk of thiamin deficiency in
individuals with marginal thiamin intake due to increased urinary excretion of thiamin.91,92

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.84

XII. 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.65 

XIII. 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.

 

II. CHEMICAL STRUCTURE AND METABOLIC ROLES

 

Riboflavin, or vitamin B

 

2

 

, 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).

 

1

 

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.

 

1,2

 

 Specifically, FMN and FAD are critical coenzymes
involved in glycolysis, tricarboxylic acid cycle (TCA) and 

 

β

 

-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

 

2

 

, FADH

 

2

 

)
acceptors or donors.

 

1

 

 Additionally, riboflavin is involved in the conversion of vitamin B

 

6

 

 into its
functional coenzyme.

 

3–6
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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.

 

7

 

 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.

 

8

 

 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.

 

9

 

 In the rare instance when riboflavin may be in excess, it is excreted in the urine as
riboflavin, 7-hydroxymethylriboflavin (7-

 

α

 

-hydroxyriboflavin), or luminflavin.

 

10

 

 

 

III. 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.

 

1,3 

 

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.

 

11

 

 

 

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.

 

12–14

 

 Feeding studies, in which clinical signs and symptoms of
riboflavin deficiency were observed, were used to determine the recommended dietary allowance
(RDA).

 

15

 

 The 1989 RDA for riboflavin was determined on the basis of energy and protein intake
(0.6 mg/1000 kcal).

 

3 

 

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.

 

4

 

 

 

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.

 

16

 

 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.

 

17,18

 

 Specifically, riboflavin status is obtained by determining the erythrocyte riboflavin
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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.

 

2

 

 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.

 

19

 

 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.

 

20

 

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.

 

21

 

 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.

 

22

 

 These studies reinforce the notion that athletes consuming a well balanced
diet do not require vitamin and mineral supplements.

 

23–25

 

TABLE 4.1
Biochemical Measures and Values Considered Inadequate 
of Riboflavin Status 

 

Biochemical Measure Inadequate Value

 

Plasma riboflavin < 0.24 

 

µ

 

mol/L
Erythrocyte riboflavin < 270 nmol/L
Erythrocyte glutathione reductase
activity coefficient

> 1.25

Urinary riboflavin

 

< 30 µ

 

g/g creatinine
Urinary riboflavin

 

< 40 µ

 

g/d

 

Source:

 

 Adapted from Fischbach

 

26

 

 and Gibson.

 

27

 

TABLE 4.2
Frequently Used Cutoff Values for EGRAC Indicating Riboflavin Deficiency

 

Deficiency Status Value

 

Adequate <1.2
Low 1.2–1.4
Deficient >1.4

 

Source:

 

 Adapted from McCormick, D.B. and Institute of Medicine.

 

1,4
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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.

 

1,2,28

 

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.

 

2,28–32

 

 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.

 

2, 33–36

 

In particular, Suboticanec et al. found that 19% of 12–14 y boys enrolled in the study had poor
riboflavin status.

 

33

 

 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.

 

37

 

 
A series of well documented studies conducted by Belko et al. examined exercise as an

influence on riboflavin requirements.

 

28, 30, 38

 

 To achieve EGRAC values under the 1.2 cutoff,
researchers found that women needed to take in 0.96 

 

µ

 

g/kcal and 1.16 

 

µ

 

g/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 

 

µ

 

g/kcal) was given, no improvement in aerobic
capacity was observed.

 

38

 

 
Winters et al.

 

32

 

 repeated one of the first studies conducted by Belko et al.

 

30

 

 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.

 

28,32

 

 
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.

 

32

 

 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.

 

32

 

 
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
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extra demands placed upon the body by exercise.

 

39,40 

 

Thus, riboflavin supplementation will most
likely not improve athletic performance unless initial status is severely compromised prior to
supplementation.

 

34

 

 
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.

 

30,39,40

 

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.

 

28,30–38

 

The hypothesis that athletes may have compromised riboflavin status seems plausible because
many studies have indicated that exercise alters biochemical indices of riboflavin status.

 

2,28,30–38

 

Researchers have begun to examined riboflavin status to evaluate if, indeed, trained athletes are at
higher risk for riboflavin deficiency.

 

37,41–44

 

 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.

 

1–3

 

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.

 

1,4

 

 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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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.

 

II. 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.

 

3,5

 

 

 

III. 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).

 

5–7

 

 

 

IV. METABOLIC FUNCTIONS

 

More than 200 enzymes are dependent on the coenzymes NAD and NADP in metabolic processes.

 

1

 

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 ß-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, 

 

α

 

-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).

 

1–4

 

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.)
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FIGURE 5.2

 

Glycolysis. (From Berdanier, C.D., 

 

Advanced Nutrition: Macronutrients,

 

 CRC Press, Boca
Raton, FL, 1995.)
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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,

 

8,9 

 

to treat schizophrenia,

 

10

 

 to treat pellagra,

 

5

 

 to
examine the effects on bouts of exercise,

 

11–21 

 

to reduce plasma FFA levels,

 

22,23 

 

and most commonly
as an agent to improve cholesterol profile.

 

24–36

 

 The amount of the nicotinic acid dose and the time
for treatment varies considerably for the purposes mentioned above. As a possible ergogenic aid,

 

FIGURE 5.3

 

Tricarboxylic acid cycle. (From Berdanier, C.D., 

 

Advanced Nutrition: Macronutrients,

 

 CRC
Press, Boca Raton, FL, 1995.)

 

FIGURE 5.4

 

Electron Transport System. (From Berdanier, C.D., 

 

Advanced Nutrition: Macronutrients,

 

 CRC
Press, Boca Raton, FL, 1995.)

Site l
Respiratory chain

NADH++ NADH

NAD+

NAD+

FADH++

FAD+

Succinate

Succinyl CoA

Succinyl CoA synthase
GTP

GDP
Pi

CO2

CO2

CO2

CoASH

CoASH (oxalosuccinate)

Isocitrate
dehydrogenase

Isocitrate

(cis-aconitate)

HOH

HOH

HOH

Oxalacetate

Fatty
acids

CytosolCitrate

Acetyl CoA

Pyruvate dehydrogenase complex

CoASH

CoASH

Citrate synthase

NAD+

NADH++

Isocitrate
dehydrogenase

Site I
respiratory

chain

Aconitase

α-ketoglutarate

HOH

FumarateSite II
respiratory

chain

Fumarase

Malate
Malate

dehydrogenase

Succinate dehydrogenase

Pyruvate
carboxylase

Pyruvate

NADH+H+

NAD+

<rebs cycle

Fatty acid

ADP, Pi

F1F0 ATPase F1F0 ATPase F1F0 ATPase

Cytochrome
C

Cytochrome
C1

Cytochrome
aa3

Site I

ATP

Site II

FAD
FMN

FADH+H+

FADH++

FMNH CoQ

Cytochrome b

Fe+++ Fe++ Fe++ Fe++

Fe+++ Fe+++Fe++

HOH

1/2 O2

Fe++

2H+

ADP, Pl

CoQH

ATP ATP

2

2

 

3022_C005.fm  Page 72  Tuesday, August 9, 2005  5:28 PM

© 2006 by Taylor & Francis Group, LLC



 

Niacin

 

73

 

Hilsendager and Karpovich

 

9

 

 used two 75-mg nicotinic acid doses and Frankau

 

8

 

 used 3 days of a
40–50-mg dose of nicotinamide. Osmond and Hoffer

 

10

 

 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.

 

1

 

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

 

12

 

 and 1.6 g (1 g
intravenous and 600 mg orally) of nicotinic acid given in a 2 h period prior to exercise.

 

11

 

 Two other
studies reported significant decreases in plasma FFA levels with ingestion of 200 mg of nicotinic
acid 10 min prior to testing

 

22

 

 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.

 

23

 

 Other exercise studies to report on the amount
of nicotinic acid administered were Jenkins

 

16

 

 with 200 mg at the start and 100 mg after 1 h, and
Lassers et al.

 

18

 

 with a 200-mg IV bolus and continuous intravenous of 3.8 mg/min. Both Heath et al.

 

14,15

 

studies used 1 g 1 h prior to exercise, Norris et al.

 

19

 

 used 2 g and Pernow and Saltin

 

21

 

 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

 

29

 

 to 4 g/day,

 

29

 

 with the most common dose being 3 g/day.

 

26,28,30,31 

 

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

 

30

 

 and another group took 6 months
to increase from 1 g/day to 3 g/day.

 

26

 

 The doses of the new formulation, extended-release niacin,
used in the more recent studies ranged from 1–3 g/d.

 

27,34

 

A. T

 

OLERANCE

 

 

 

OF

 

 N

 

ICOTINIC

 

 A

 

CID

 

Large doses of nicotinic acid have been used to bring about changes in cholesterol levels for more
than 50 years,

 

32

 

 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.

 

33,34 

 

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.

 

35

 

 

 

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.

 

35

 

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.

 

27,35

 

 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.

 

34,36
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VII. NICOTINIC ACID AND SUBSTRATE 
AVAILABILITY/PERFORMANCE

A. N

 

ICOTINIC

 

 A

 

CID

 

 E

 

FFECTS

 

 

 

ON

 

 F

 

UEL

 

 U

 

TILIZATION

 

 

 

AT

 

 R

 

EST

 

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

 

37

 

 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 12–15 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.

 

22

 

 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

 

23

 

 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

 

38

 

 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-Møller

 

39

 

 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. N

 

ICOTINIC

 

 A

 

CID

 

 E

 

FFECTS
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 F

 

UEL

 

 U

 

TILIZATION

 

 D

 

URING

 

 B

 

OUTS

 

 

 

OF

 

 E

 

XERCISE

 

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.

 

40

 

 The common findings of these studies was
that nicotinic acid decreased fat utilization in a variety of exercise conditions.

 

11–21
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Carlson and co-workers

 

12

 

 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

 

16

 

 followed the work of Carlson et al.

 

12

 

 to determine the metabolic response after
nicotinic acid ingestion on a treadmill at 3.5 mph and 10% grade for either 1.5 h (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

 

12

 

 study, Jenkins

 

16

 

 reported an increase with blood glucose after the nicotinic acid
ingestion, which he speculated was caused indirectly by the drop in FFA.

Bergström et al.

 

11

 

 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

 

2

 

 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

 

21

 

 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.

 

20

 

 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.

 

13

 

 reported a decrease
in running time to exhaustion with prior ingestion of nicotinic acid. Seven participants ran at 60%
of VO

 

2

 

 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

 

15

 

 published abstract showed
significantly decreased time to exhaustion cycling at 68% of VO

 

2

 

 peak but not at 86% of VO

 

2

 

 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

 

2

 

 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

 

2

 

 peak (101.6 

 

±

 

 40.2 vs. 142.3

 

±

 

 51.0 min), while there was no effect for the 86% VO

 

2

 

 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 VO2 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.41 Murray and co-workers19 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% VO2 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.42 To investigate the possibility of an adaptation to the decreased fat
utilization during single bouts of exercise, Heath et al.14 assessed fuel utilization during 3 weeks of
nicotinic acid administration. Eight trained male runners performed four 30-min submaximal treadmill
runs at 60% of VO2 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 ± 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.18 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.17

investigated changes in VO2 max following glycogen supercompensation accomplished by exhaus-
tive exercise and followed by low- and high-carbohydrate diets. VO2 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 VO2 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. Frankau8 used 40–50-mg doses of nicotinamide
and reported improved performance in an agility test. Hilsendager and Karpovich9 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.15,21

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 B

 

6

 

 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 B

 

6

 

 status and athletic performance. Because there are many excellent reviews
available,

 

1–3

 

 this chapter will provide only a brief discussion of vitamin B

 

6

 

 metabolism, function,
food sources and recommended intakes and status assessment. 

 

II. VITAMIN B

 

6

 

 CHEMISTRY AND METABOLISM

A. F

 

ORMS

 

 

 

AND

 

 I

 

NTERCONVERSIONS

 

 

 

Vitamin B

 

6

 

 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

 

6

 

 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.

 

4

 

B. F

 

UNCTIONS

 

The primary biologically active form of vitamin B

 

6

 

 is PLP, which functions as a coenzyme for more
than 100 mammalian enzymes. Pyridoxal phosphate reacts with the 

 

ε

 

-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.

 

2

 

 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.

 

3

 

 Of
particular interest to athletes are the roles vitamin B

 

6

 

 plays in the breakdown of amino acids for
energy, the conversion of alanine to glucose in the liver and the utilization of muscle glycogen. 

 

III. DIETARY SOURCES AND RECOMMENDED INTAKES

 

Vitamin B

 

6

 

 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.

 

3

 

 In the United
States, the food group that contributes the largest percentage of daily vitamin B

 

6

 

 intake is fortified,
ready-to-eat cereals.

 

5

 

The current recommended dietary allowance (RDA) for vitamin B

 

6

 

 is 1.3 mg/day for adults 50
years old and younger.

 

5

 

 Because vitamin B

 

6

 

 is required by many enzymes in protein metabolism,
high dietary protein intakes may increase vitamin B

 

6

 

 requirements.

 

6,7

 

 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,

 

8

 

 some athletes have reported protein intakes of as
high as 4.3 g/kg body weight. The required ratio of dietary vitamin B

 

6

 

 to protein has been estimated
to be 0.015–0.020 mg/g.

 

9,10

 

 For an individual consuming 136 g of protein (2.0 g/kg body weight
for a 150 lb person), 2.7 mg of vitamin B

 

6

 

 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 B

 

6

 

.
Although no adverse effects of high intakes of vitamin B

 

6

 

 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 B

 

6

 

 has been set at 100 mg/d.

 

5

 

 

 

IV. VITAMIN B

 

6

 

 STATUS ASSESSMENT

 

A variety of measures are used to assess vitamin B

 

6

 

 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.

 

11

 

A. D

 

IRECT

 

 M

 

ETHODS

 

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

 

6

 

 status is plasma PLP
concentration, which has been demonstrated to correlate with dietary intake.

 

12

 

 Plasma PLP
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concentrations greater than 30 nmol/L have been suggested to indicate adequate vitamin B

 

6

 

 status.

 

13

 

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.

 

5

 

 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.

 

14

 

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

 

6

 

 concentration (sum of all vitamers) of 40 nmol/L has been suggested to indicate
adequate status.

 

13

 

Urinary excretion of 4-PA is also used regularly in vitamin B

 

6

 

 status assessment. Urinary 4-PA
responds rapidly to changes in vitamin B

 

6

 

 intake and is considered a good short-term indicator of
status. Excretion greater than 3.0 µmol/day has been suggested to indicate adequate vitamin B

 

6

 

status. Total urinary vitamin B

 

6

 

 has also been used to assess status, but it is relatively insensitive
to changes in intake.

 

11

 

B. I

 

NDIRECT

 

 M

 

ETHODS

 

Indirect measures of vitamin B

 

6

 

 status involve measurement of metabolic products of vitamin B

 

6

 

-
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

 

6

 

 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 B

 

6

 

 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 µmol/day of xanthurenic acid indicates adequate vitamin B

 

6

 

 status, or after a 3 g
methionine load, excretion of less than 350 µmol/day of cystathionine.

 

13

 

 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 B

 

6

 

 status would include at least one direct measure, an indirect measure and evaluation of
dietary vitamin B

 

6

 

 and protein intakes.

 

15

 

V. VITAMIN B

 

6

 

 IN SPORTS AND EXERCISE

 

Vitamin B

 

6

 

 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 B

 

6

 

. 
This section will review the current literature examining whether physical activity increases

the need for vitamin B

 

6

 

 due to training-induced changes in metabolism that require the vitamin.
First, the exercise-related metabolic functions of vitamin B

 

6

 

 will be reviewed. Then the impact of
vitamin B

 

6

 

 inadequacy or marginal vitamin status on exercise performance and work will be
discussed. Next, we will review the vitamin B

 

6

 

 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

 

6

 

 supplementation in active individuals will be reviewed. 
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A. E

 

XERCISE

 

-R

 

ELATED

 

 M

 

ETABOLIC

 

 F

 

UNCTIONS

 

 

 

As mentioned above, vitamin B

 

6

 

 (pyridoxine) has a number of functions related to energy metab-
olism and, thus, to exercise.

 

16–20

 

 First, vitamin B

 

6

 

 is required for the metabolism of proteins and
amino acids. Pyridoxal 5

 

′

 

 phosphate, the most biologically active form of vitamin B

 

6

 

, is a cofactor
for transaminases, decarboxylases and other enzymes used in the metabolic transformations of
amino acids and nitrogen-containing compounds.

 

21 

 

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

 

6

 

 requirements is especially important for athletes, because
active individuals typically have a higher protein requirement than sedentary individuals

 

8,22 

 

 and
higher protein intakes, due in part to their higher energy intakes. Another primary function of
vitamin B

 

6

 

 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

 

6

 

 to assure that the energy stored in glycogen can be quickly
released when it is needed for energy during exercise.

 

B. V

 

ITAMIN

 

 B

 

6

 

 I

 

NADEQUACY

 

 

 

AND

 

 E

 

XERCISE

 

Do individuals who engage in physical activity have higher vitamin B

 

6

 

 needs? Researchers have
attempted to answer this question in a number of ways. First, researchers have identified individuals
with poor vitamin B

 

6

 

 status, or have fed diets low in vitamin B

 

6

 

 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 B

 

6

 

 to determine
whether trained individuals had higher B

 

6

 

 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

 

6

 

 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

 

6

 

 Status

 

Because of the role vitamin B

 

6

 

 plays in energy production during exercise, it is generally assumed
that individuals with poor vitamin B

 

6

 

 status will have a reduced ability to perform physical activity.
This hypothesis has been supported in studies examining the effect of vitamin B

 

6

 

 deficiency on
work performance.

 

23–25

 

 For example, van der Beek et al.

 

25 

 

depleted 24 healthy men of thiamin,
riboflavin and vitamin B

 

6

 

 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 B

 

6

 

 alone on exercise performance, but does
support an earlier study by Suboticanec et al.,

 

23

 

 who measured the vitamin B

 

6

 

 status of 124 boys aged
12–14 y. They found that 24% had poor vitamin B6 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 B6 (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 B6 status improved (i.e., EAST-AC values decreased), work capacity improved.
These data suggest that subclinical deficiencies of vitamin B6 can negatively affect the aerobic
capacity of young boys and that correction of the vitamin deficiency improves work capacity. As
expected, supplementation with vitamin B6 significantly improved status (p = 0.001). In summary,
these studies indicate that a deficiency of vitamin B6 due to poor dietary intakes may decrease the
ability to do work, especially maximal work and exercise.
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2. Vitamin B6 Metabolic Studies in Active Individuals 

Metabolic studies done with active or sedentary individuals consuming known amounts of vitamin
B6 indicate that ~1.5–2.3 mg/d of vitamin B6 are required to maintain plasma PLP concentrations
above the cutoff value of 30 nmol/L.7,13,26,27 As mentioned earlier, the 1989 RDA for vitamin B6

was 1.6 mg/d for women and 2.0 mg/d for men,28 while the 1998 RDA is 1.3 mg/d for both men
and women (19–50 y of age).5 Thus, studies report different adequacy levels for vitamin B6

depending on when the study was done. A metabolic study by Dreon and Butterfield29 examined
vitamin B6 status in men consuming 4.2 mg/d of vitamin B6 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 B6 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 B6 (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 B6 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.,30 three groups of women (recreationally active
young, sedentary young, sedentary old) were fed known amounts of vitamin B6 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 B6. 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,31–33 with only Leonard and Leklem34 documenting a decrease in PLP with exercise. This
study was unique in that it was the first to assess change in vitamin B6 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.16,30–34 

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.31 Thus, exercise can increase the turnover and loss of vitamin B6. Indeed, researchers
have documented higher 4-PA losses in active individuals compared with sedentary controls or
during non-exercise periods,30,35 and after a strenuous exercise bout.31 In addition, Leonard and
Leklem34 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.36 recently calculated that
marathon runners lost approximately 1 mg of vitamin B6 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 B6 due to exercise is small and
could easily be replaced by eating one to two servings of a high-vitamin-B6 food. 

3. Vitamin B6 Status of Active Individuals 

If exercise increases the need for vitamin B6, then active individuals theoretically should have poor
status while consuming the RDA for vitamin B6. 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 B6.
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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 B6. The
number of active individuals with poor B6 status ranged from 0–60%, with the highest percentage
reported by Telford et al.37 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 B6 status before any
supplementation occurred. Fogelholm et al.38 also examined vitamin B6 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 B6 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 B6 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.25,39,40,41 This point was
demonstrated by van der Beek et al.,24,25 where they produced marginal vitamin B6 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
B6 in active individuals. If active individuals consume adequate energy to maintain body weight

TABLE 6.1
Incidence of Low or Marginal Vitamin B-6 Status in Studies of Nonsupplemented 
Active Individuals

Study Assessment Indices n
Type of 
Subjects

Low status
(%)

Vitamin B-6 
(mg/d)a

Fogelholm et al.54 EAST-ACb (>2.00)
EAST basal

42 Active subjectsc 43 —

Guilland et al.39 EAST-AC
Plasma PLPb

55 Male athletes 35
17

1.5 ± 0.1

Leonard and Leklem34 Plasma PLP 
Plasma 4-PA
Total B-6

11 50-km runnersc 0 —

Manore et al.30 Plasma PLP
Urine 4-PA

5 Active females 0 —

Telford et al.37 EAST-AC 86 60 —
Rokitzki et al.63 EAST-AC (>1.50)

Urine 4-PAb (<2.73 umol/g
creatinine)

Whole blood

57 Athletesc 5
18

1.36−5.40d

Weight et al.64 Plasma PLP 30 Female athletes 0 1.7 ± 0.6

a Mean ± Standard Deviation 
b EAST-AC = Erythrocyte aspartic aminotransferase (EAST) activity coefficient (AC); 4-PA = 4-Pyridoxic acid;
PLP = pyridoxal 5′-phosphate. 
c Included both males and females. 

d Researchers used 7-d weighed food records. Values reported are a range of intakes for various male and female
athletes.
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and cover exercise energy expenditure, then dietary intakes of vitamin B6 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 B6 intakes will increase simultaneously. However, if active individuals restrict energy intake
or eliminate food groups, then intake of vitamin B6 will probably be low.

C. VITAMIN B6 INTAKES OF ACTIVE INDIVIDUALS

Research examining the dietary vitamin B6 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 B6 in active men.42–47 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.42 Only Paschoal et al.46 reported one male swimmer
consuming a mean intake of 0.89 mg B6/d using a 4-d diet record. However, an earlier study by
Guilland et al.39 reported low mean intakes of vitamin B6 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
B6:protein ratio of 0.013. As expected, the dietary intakes of vitamin B6 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).40,44,47–51 Those studies reporting lower
dietary intakes of vitamin B6 typically also report energy intakes less than 1900 kcal/d.48,52,53 This
point was demonstrated by Leydon and Wall,53 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 B6 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 B6 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 B6. Fogelhom
et al.54 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 B6

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.55 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 B6 status of overweight lactating women (Body
Mass Index [BMI] Π25 and Σ30 kg/m2). All women were consuming a 4-mg/d vitamin B6 from diet
and supplements. Results showed that this level of vitamin B6 intake maintained vitamin B6 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 B6 intakes were similar. In summary, there is limited research on changes in vitamin B6

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 B6 SUPPLEMENTATION IN ACTIVE INDIVIDUALS 

Although marginal vitamin B6 status appears to negatively impact exercise performance and the ability
to do work, no data support that supplementation with vitamin B6, above that necessary to produce
good status, improves exercise performance.58,59 Virk et al.59 fed two different metabolic diets varying
in vitamin B6 content — either 2.3 mg/d or 22 mg/d — for 9 days to trained males who exercised to
exhaustion on each diet. Vitamin B6 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).60–62 These types of supplements typically include
vitamin B6 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.61 and
Froiland et al.60 used single vitamin B6 supplements, but Morrison et al.62 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.47 Thus, active individuals,
especially competitive athletes, appear to use supplements on a regular basis.

VI. SUMMARY AND CONCLUSIONS

Research examining the vitamin B6 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 B6 through
urinary 4-PA excretion; however, the amount of additional vitamin B6 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 B6 status.
If individuals are restricting energy intake for weight loss or making poor dietary choices, dietary
intakes of vitamin B6 will probably be low. Finally, no data are available on the effect of exercise
or dieting plus exercise on vitamin B6 status of individuals with chronic health problems that may
increase the need for vitamin B6, 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. B

 

RIEF

 

 H

 

ISTORY

 

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.

 

1

 

 In 1935, Day, Langston and Shukers reported on an anemia that was produced
in monkeys fed a refined diet.

 

2 

 

In 1938, Langston et al.

 

 

 

proposed that the substance missing in the
refined diet was vitamin M.

 

3 

 

In 1940, Snell and Peterson isolated a factor in liver and in yeast that
enabled 

 

Lactobacillus casei

 

 to grow.

 

4

 

 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

 

c

 

.

 

5

 

 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.

 

6

 

 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.

 

8

 

 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.

 

9

 

B. C

 

HEMICAL

 

 S

 

TRUCTURE

 

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

 

10

 

)

 

 

 

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.

 

11 

 

The chemical formula is C

 

19

 

H

 

19

 

N

 

7

 

O

 

6

 

 (Figure 7.1). 

 

C. G

 

ENERAL

 

 P

 

ROPERTIES

 

 

 

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.

 

12

 

 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.

 

13

 

 
THFA is important in one-carbon transfer reactions, particularly those involved with amino acid

metabolism and nucleotide bases for DNA and RNA biosynthesis.

 

12

 

 Normal metabolism produces

 

FIGURE 7.1
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several one-carbon fragments, such as methyl (–CH

 

3

 

), methylene (–CH

 

2

 

–), methenyl (

 

=

 

CH–), formyl
(O

 

=

 

CH–),

 

14

 

 or formimino (–CHNH).

 

15

 

 The one-carbon group that is being transferred is bonded to
the N

 

5

 

 or to the N

 

10

 

 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.

 

15

 

 Two basic
methods are used to measure folate in blood: microbiological assays and radiometric techniques.

 

13

 

D. M

 

ETABOLIC

 

 F

 

UNCTIONS

 

The role of folate in anemia is well established. Anemia was the first deficiency symptom associated
with the vitamin.

 

1–3

 

 Folate deficiency is characterized by the inability of erythrocytes to replicate
normally,

 

16

 

 resulting in a megaloblastic anemia.

 

17

 

 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.

 

18–21

 

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 B

 

6

 

and B

 

12

 

, 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.

 

22

 

 Both reactions increase plasma homocysteine.
The methylation of guanidinoacetate to produce creatine requires more methyl groups than all other
methylation reactions combined.

 

23

 

 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,

 

24

 

 particularly with
diabetics.

 

25

 

 Elevated homocysteine has now emerged as a major player in atherosclerosis

 

26–28

 

 and Alzhe-
imer’s.

 

29–32

 

 It may have a causative role in some cancers,

 

33–36 

 

and possibly increases susceptibility to
osteoporotic fractures.

 

37,38

 

 It may cause chromosome damage,

 

42

 

 and is elevated in stroke patients,

 

39

 

patients with depression,

 

40

 

 dementia,

 

29 

 

and those having Parkinson’s disease who are taking L-DOPA.

 

22,41

 

 
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.

 

43,44

 

 Hyperhomocysteinemia has been correlated with decreased levels of either B

 

12

 

 or folate.

 

25,45

 

Several studies have reported that folate treatments significantly reduced elevated homocysteine in
chronic renal insufficiency and hemodialysis patients,

 

46

 

 while others reported a beneficial effect
from high daily doses of folate and B

 

6

 

,

 

47

 

 or with high daily dosing of folate, B

 

6

 

 and B

 

12

 

.

 

48

 

 Research
completed in the Netherlands found the combined supplementation of folate, B

 

6 

 

and B

 

12

 

 to reduce
homocysteine by 30% compared with a placebo.

 

49

 

 
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.

 

50

 

 The U.S. Nurses’ Health Study suggested that an
increase in dietary folate and vitamin B

 

6

 

 above the normal requirements may be a primary preventive
measure against coronary heart disease

 

51

 

 and the Kuopio Ischemic Heart Disease Risk Factor Study
found a significant inverse relationship between folate intakes and acute coronary events in men.

 

52

 

Clark and co-workers believe hyperhomocysteinemia to be a weak risk factor for asymptomatic
extracranial carotid atherosclerosis.

 

53

 

 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.

 

54

 

Moustapha et al. believe their research confirms that patients with elevated plasma homocysteine
levels have a greater likelihood of developing thrombotic or atherosclerotic complications.

 

55

 

 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 

 

µ

 

mol/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.

 

56

 

 
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.

 

26

 

 Others also
consider hyperhomocysteinemia to be an independent risk factor for coronary disease.

 

27,28

 

 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.

 

57 

 

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

 

6

 

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.

 

58

 

 Moat and others observed
that folic acid supplementation could reverse endothelial dysfunction observed in patients with
cardiovascular disease, also independent of homocysteine levels.

 

59

 

 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.

 

60

 

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

 

12

 

.

 

61

 

 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.

 

62

 

 A Dutch study did
not find a significant effect on plasma homocysteine concentration due to exercise

 

63

 

 while another
study suggests that proper diet and exercise may lower homocysteine levels.

 

64

 

Research at Tufts University indicated that the elderly are susceptible to metabolic and phys-
iological changes that affect B

 

12

 

, B

 

6

 

 and folate status. Low gastric pH enhances the absorption of
B

 

12

 

 and folate, and many of the elderly have decreased production of gastric acid.

 

65

 

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.

 

66

 

E. N

 

UTRIENT

 

 S

 

TATUS

 

 A

 

SSESSMENT

 

Clinical manifestations of folate deficiency occur only after severe depletion of the vitamin on the
tissue level.

 

9

 

 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

 

13
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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.

 

67

 

 Hemoglobin
is still in the normal range, but could be decreased enough to affect oxygen availability to cells,
particularly with intense exercise.

 

68

 

 In the final stage, frank folate deficiency is manifested by
megaloblastic anemia and decreased hemoglobin.

 

67

 

 
Clinical symptoms of folate deficiency include glossitis, diarrhea, weight loss, nervous insta-

bility,

 

9

 

 and dementia.

 

9,29,69

 

 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.

 

13

 

 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.

 

70

 

A deficiency of either folic acid or B

 

12

 

 can cause a megaloblastic anemia. If a deficiency of
B

 

12

 

 is not corrected, nerve damage can occur because B

 

12

 

 deficiency can cause demyelination of
nerves. Folic acid does not correct demyelination, but it can correct a megaloblastic anemia from
B

 

12

 

 deficiency.

 

11

 

 Therefore, it has been suggested that folic acid supplementation should not exceed
1,000 

 

µ

 

g per day so as not to mask a B

 

12

 

 deficiency.

 

71

 

 Other researchers emphasize that the masking
of B

 

12

 

 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

 

12

 

 should also be recommended.

 

72

 

 
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.

 

23

 

 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

 

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
µmol/L

 Normal  Normal  High  High

Erythrocytes  Normal  Normal  Normal Macrocytic 
MCV  Normal  Normal  Normal  Elevated
Hgb g/dl  >12  >12  >12  <12
Clinical or Subclinical
Evidence

Early negative
balance

Folate
depletion

Folate
deficiency 

Folate
deficiency and
anemia evident

Effects on exercise
performance 

Folate requiring 
enzymes inhibition 
may be occurring, 
but probably no 
measurable effect 
seen.

Folate requiring 
enzymes inhibition 
may be occurring, 
but probably not 
much of a 
measurable effect 
seen.

RBC production 
inhibited and O2 
availability to cells is 
reduced; performance 
inhibited, particularly 
high intensity.

RBCs enlarged; 
O2 availability 
is reduced; 
endurance is 
decreased.

* 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, 9th ed. 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. 
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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 FOLATE 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 µg 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.75

Food supplementation of less than 300 µg per day of folic acid lowered plasma homocysteine in
one study, but the authors suggest that it may take more than 300 µg per day to substantially lower
plasma homocysteine.76 In a study completed on 41 Caucasian men (≥ 58 years of age) who were
taking in more than 400 µg of folate, supplementary  intake of folic acid from fortified cereals did
not have an additional lowering effect on homocysteine.77 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 folate1,2

Serving size Item
µg of
Folate Serving size Item

µg of 
folate

3.5 oz (99g) Cooked chicken liver 770 1/2c (99g) Lentils 179
3.5 oz (99g) Cooked beef liver 220 1/2c (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 (28g) Peanuts, dry roasted 40.6
3.0 oz (85g) Beef, ground 6.0 1/2c (90g) Spinach, boiled 131.4
4.0 oz (113g) Chicken, light meat, raw 4.5 2 oz (57g) Plain pasta 100.3
4.0 oz (113g) Chicken, dark meat, raw 7.9 1/2c (93g) White rice, enriched,

cooked
54.9

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

1 Includes supplemented folate in processed grains
2 Taken from Nutrients in Food by E.S. Hands73

+ 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. TOXICITY 

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.79 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 µg (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.80 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 B12 deficiency and allowing for neurological damage; (2) possible interference
with zinc function and (3) interference with certain medications.81 Large doses of folic acid have
been known to interfere with anticonvulsant drugs, particularly Dilantin.82

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.67 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 µg can affect zinc function, while no harmful
effects were noted with 4 mg per day.81 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.67 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.12 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.67 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).13 Normal folate values for serum is 3.0–17.0 ng/ml.
RBC folate is 280–903 ng/ml.70

II. 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.83 

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 µg per day.
Those consuming 267 µg were in a group less than 6 years of age and excluded nursing infants
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and children. Those who consumed 435 µg 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 µg per day. Those
consuming 243 µg were in a group less than 6 years of age and excluded nursing infants and
children. Those that consumed 335 µg 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.84

B. ATHLETES

Generally speaking, a regular increase in exercise intensity will cause an increase in the need for
additional nutrients, including vitamins and minerals.85 Also, generally speaking, those who are
more active are usually more health conscious and consume the recommended amount of vitamins
and minerals.16 Beitz et al., when using the German reference values, found moderately active
adults to consume more nutrients than sedentary adults in Germany.86 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.16 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.87 

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

1. What change in needs occurs with age?
2. What change in needs occurs with exercise?
3. Are there any chronic illnesses or diseases?
4. Is the subject exercising for fitness, recreation, or competition?88

A decrease in stomach acid can cause a decrease in folate absorption.65 High doses of folate
may interfere with zinc metabolism.89 Research has documented that, even with adequate energy
intake, some older athletes have an insufficient micronutrient intake.90 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.91 

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).92

III. 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 µg 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).93 

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.94

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.95 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.96 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.96

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.

• Herrmann et al. studied the effects of 3 weeks of strenuous swimming on blood homocys-
teine, B12, B6, 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.97

• 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 B12. 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 B12 levels.98

• 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 B12 and erythrocyte folate were determined
to remain stable in both treatments.99

• Tapola and co-workers investigated the effects of mineral water fortified with folic acid
and other vitamins and minerals that included B6 and B12. 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 µg/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).100

• 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 B12 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 B12 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.61 

• 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.101

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.62
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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.102 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.103 

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.104

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 (AIs) and tolerable upper intake levels (ULs). The AIs
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.71 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.106

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:  µg of DEF provided = [µg of food folate + (1.7 × µg 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: 

• 1 µg of DEF = 1 µg of food folate
• 1 µg of food folate = 0.5 µg of folic acid taken on an empty stomach
• 0.5 µg of folic acid on an empty stomach = 0.6 µg of folic acid with meals107 
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The FAO/WHO expert group agrees with the findings of the Food and Nutrition Board of the National
Academy of Sciences.106 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.12

The retention of folate in cooked food is variable and highly dependent on the type of food and the
method of preparation.108 Vitamin C may help prevent folate degradation during cooking.109 

B. SPECIFIC 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 acid87 and that an additional intake of folic acid beyond the requirement did not increase
performance.16,103,105 The effects of exercise on homocysteine is a new area of concern.61 Because

TABLE 7.3

Life Stage Group RDA/AI* of Folate in µg/d ULa in µg/d

Infants
0–6 months
7–12 months

65*
80*

NDb

ND
Children
1–3 years
4–8 years

150
200

 300
 400

Males and Females
9 > 13 years
14–18 years
19 > 70 years
Pregnancy
≤ 18 years
19–50 years
Lactation
≤ 18 years
19–50 years

300
400
400

600
600

500
500

 600
 800
1000

800
1000

800
1000

* Represents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs)
in ordinary type followed by an asterisk (*). RDAs and AIs 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 AI is the mean intake. The AI 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. 

a 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. 

b 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 B6, Folate, Vitamin
B12, Pantothenic Acid, Biotin and Choline. 1998. The Food and Nutrition and Board, the National
Academy of Sciences.71
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folate can have a positive effect on lowering homocysteine,43,44 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

 

12

 

 (cobalamin) in sport and exercise is poorly defined today. Vitamin B

 

12

 

 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

 

12

 

. 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. C

 

HEMISTRY

 

Vitamin B

 

12

 

 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.

 

1

 

 In addition to the cobalamins, human plasma often contains cobalamin analogues,
which are generally inactive as coenzymes.

 

1

 

B. M

 

ETABOLIC

 

 F

 

UNCTIONS

 

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

 

12

 

 is linked with the folate system.

 

2

 

 In the absence
of B

 

12

 

, 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

 

12

 

 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.

 

3

 

 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

 

12

 

’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

 

12

 

 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

 

12

 

, 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

 

4

 

 or of physical exertion.

 

5

 

 Because high levels
of homocysteine are linked with an increased risk of cardiovascular disease,

 

3

 

 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

 

12

 

 levels or a dysfunction in B

 

12

 

 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.

 

6

 

C. A

 

BSORPTION

 

, D

 

ISTRIBUTION

 

 

 

AND

 

 E

 

LIMINATION

 

The absorption of B

 

12

 

 is a highly regulated process and defects in it are the primary cause of
deficiency.

 

7

 

 Dietary B

 

12

 

 is cleaved from dietary and salivary proteins by acid in the stomach and
by pancreatic proteases. B

 

12

 

 is then bound to intrinsic factor, a glycoprotein secreted by the gastric
parietal cells.

 

7

 

 Binding to intrinsic factor protects B

 

12

 

 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.

 

1

 

 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

 

12
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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

 

12

 

 can be mediated by a separate diffusion-type mechanism.

 

1

 

 
Vitamin B

 

12

 

 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.

 

1

 

 Haptocorrin-
bound B

 

12

 

, comprising the majority of B

 

12

 

 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 

 

µ

 

g. 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

 

12

 

 can explain why deficiency takes years to develop even
in cases of strict vegetarians, who consume almost no B

 

12

 

.

 

8

 

D. I

 

NDICATORS

 

 

 

OF

 

 S

 

TATUS

 

Vitamin B

 

12

 

 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.

 

9

 

 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

 

12

 

 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

 

12

 

 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

 

12

 

 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,

 

10

 

The most common biochemical indicator of B

 

12

 

 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.

 

8

 

 Serum B

 

12

 

 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,

 

7

 

 leading to erroneous
interpretations. For example, B

 

12

 

 that is bound to haptocorrin is not available for cellular uptake,
so subjects can have “normal” serum B

 

12

 

 levels and still be deficient in available B

 

12

 

 when there
is an abnormally high level of B

 

12

 

 bound to haptocorrin.
A specific indicator of diminished vitamin B

 

12

 

 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.

 

11

 

 Although these tests are not yet widely available, methylmalonate determinations
are currently accepted as a prime indicator of functional B

 

12

 

 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

 

12

 

 deficiency.

 

12

 

Holo-TC is the complex of vitamin B

 

12

 

 and transcobalamin II in the plasma. Since holo-TC is
the active form of B

 

12

 

 (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

 

12

 

 levels.

 

13

 

 Holo-TC is a minor component
of circulating B

 

12

 

 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

 

12

 

deficiency with greater specificity than the total plasma B

 

12

 

 determination.
There is no evidence that exercise has any direct effects on the biochemical or clinical indicators

of vitamin B

 

12

 

 status per se. Nevertheless, exercise could change the optimal vitamin status by a
decrease in availability or an increase in requirement. Availability of B

 

12

 

 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

 

12

 

 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

 

12

 

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

 

12

 

 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

 

12

 

 deficiency can be pro-
duced by chronic exposure (24 hours) to high levels of the anesthetic gas nitrous oxide.

 

14

 

 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

 

12

 

. However, malabsorption
of vitamin B

 

12

 

 increases in frequency with age, so that master athletes are more likely to have an
increased requirement for B

 

12

 

.

 

E. C

 

ONTENTS

 

 

 

OF

 

 F

 

OODS

 

Vitamin B

 

12

 

 is not biosynthesized by mammals, so must be ingested in order to achieve functional
levels in the body. The ultimate sources of vitamin B

 

12

 

 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

 

12

 

 is the consumption of animal products such as meat, eggs and milk containing B

 

12

 

.
Small amounts of B

 

12

 

 are available from legumes, due to contamination with soil bacteria. Hence,
because the daily requirement is only 2–3 

 

µ

 

g, strict vegetarians often have marginal B

 

12

 

 status (see
below). Also, infants breast-fed by strictly vegetarian mothers are susceptible to B

 

12

 

 deficiency
because of the very low concentration of cobalamin in milk of mothers with diminished B

 

12

 

 intake.

 

15

 

II. INTAKE

A. G

 

ENERAL

 

 P

 

OPULATION

 

Vitamin B

 

12

 

 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

 

12

 

. People at most
risk for B

 

12

 

 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

 

8

 

) suggest that vitamin B

 

12

 

 intakes range from 3–15 

 

µ

 

g/d. A
recent study of the Framingham Heart Study cohort of elderly subjects (

 

>

 

67 yr old) showed B

 

12

 

intakes averaging 5–6 

 

µ

 

g/d.

 

16

 

 A study of the vitamin B

 

12

 

 status of a group of 132 Thai vegetarians
(ingesting no animal products except milk) and a control group reported B

 

12

 

 intakes of 0.4 

 

µ

 

g/d in
the vegetarians, confirming the reduced levels of B

 

12

 

 in vegetarian diets.

 

17

 

 As expected, the vege-
tarian group was relatively B

 

12

 

 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.

 

18

 

 studied the long-term effects
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of diet on total serum B

 

12

 

 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

 

12

 

 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

 

12

 

 levels (

 

<

 

127 pmol/L).

 

B. A

 

THLETES

 

Total B

 

12

 

 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.

 

19

 

 surveyed the reported intakes of 108 international-
(I) 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 

 

µg of
B12/d (much higher than the existing RDA of 3 µg, probably due to a high meat consumption), while
I-and C-class females consumed 3 and 6 µg/d, respectively. About 50% of both groups of athletes
were active consumers of some type of vitamin supplement. Singh et al.20 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 µg of B12/d (compared with the existing RDA of 2 µg). Because 70% of
this population used vitamin supplements, the total daily intakes were estimated at 50–55 µg B12,
well above the RDA. In a separate study of the effects of vitamin supplements on physically active
men, Singh et al.21 using baseline 4-d diet records (no subjects on supplements for 3 wk prior to
baseline data), reported B12 intakes were about 5.5 µg/d. Worme et al.22 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 B12 intakes for both genders were about 5 µg/d. About 40% of
the population consumed vitamin supplements on a regular basis, and the total B12 intakes for males
increased to 10 µg/d, but that for females remained the same as for food alone. The RDA cited at the
time of this study was 3 µg/d for B12. 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 B12 intake of strict
vegetarians can be very low (0.4 µg/d,17 compared with the current RDA of 2.4 µg/d) and long-
term consumption of vegetarian diets may lead to reduced serum B12 levels.18 However, other studies
suggest that vitamin B12 intake by vegetarian athletes may be sufficient to maintain normal B12

status. Eisenger et al.23 combined a study of the effects of exercise on B12 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 B12, although
this intake was still about twice the RDA. Analysis of serum B12 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 B12,
but apparently the intake is sufficient to maintain normal serum B12 levels.
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An additional concern would be the athletic elderly. Because the high frequency of atrophic
gastritis in elderly populations can diminish B12 absorption, high amounts of B12 may need to be
ingested by the exercising elderly to maintain functional B12 status. Recommendations are to
increase intake of B12 to 2.8 µg/d24.

III. BIOCHEMICAL STATUS IN ATHLETES

Several studies have examined the vitamin B12 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 B12 or folate. While several studies have examined the effects of
exercise on plasma homocysteine, only those that have also assessed the effects on vitamin B12

will be discussed here.
Studies that have simply screened B12 status show little difference between athletes and non-

athletes. Brotherhood et al.25 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 B12 levels. Matter et al.,26 in a study of 85 female marathoners, reported normal vitamin
B12 levels. The biochemical status of 17 of the I-class athletes, characterized by Barry et al.,19 included
serum B12 and folate levels in the normal range for all athletes. None of these athletes was an active
consumer of vitamin supplements. Hermann et al.,27 in a study of the effects of intense endurance
exercise (running or bicycling) on homocysteine levels, measured the pre-race serum levels of
vitamin B12 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 B12 level, suggesting
that a substantial number of highly trained athletes are susceptible to a functional B12 deficiency.
Vitamin B12 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.20 reported on a group of ultramarathoners whose total B12 intake from foods
and supplements was found to be significantly above the RDA. Their B12 levels averaged 226 pmol/L,
in the middle of the reference range. Singh et al.21 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 µg B12) for 12 wk. Blood B12 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 B12 levels can readily
be explained by the fact that the B12 content in the supplements was orders of magnitude greater
than the RDA. Weight et al.28 conducted a similar double-blind, placebo-controlled trial of multi-
vitamin and mineral supplementation (60 µg B12) in a group of male runners who averaged more
than 40 miles per wk. Background (pre-supplementation) B12 status was normal in these endurance
athletes — serum B12 was 340 pmol/L, in the middle of the normal range. Supplementation for up
to 3 mo did not affect B12 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 B12 status has also been measured in controlled studies of exercise in endurance athletes.
As noted above, Eisenger et al.23 studied the effects of a 1000-km run over 20 d on serum B12

levels in 55 athletes consuming controlled diets, either regular western diets or LOV diets. In both
groups, intake of B12 was well above the RDA, and there was no change in serum B12 levels in
either group at the end of the 20 d. Konig et al.29 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 B12 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.6 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 B12 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
B12 deficiency, while in an earlier study of runners and bicyclists, nearly one in four had a low
serum B12 level prior to training.

These studies of populations of heavy-endurance exercisers show that B12 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 B12 status. Supplements, if they
contain an elevated B12 content, may actually raise B12 levels to above normal status. In general,
highly trained endurance athletes do not appear to be deficient in vitamin B12. Short-term, but
rigorous exercise has no effect of plasma B12 levels in previously well-trained athletes.

Even in marginally healthy people, exercise does not appear to greatly alter B12 status. De Jong
et al.30 conducted an intervention trial in 217 elderly (>70 yr) subjects over a 17-wk period including
enriched foods or light exercise (45 min, 2 × wk). They found no changes in plasma vitamin B12,
total plasma homocysteine or serum methylmalonate levels between the exercise and control groups,
suggesting that light exercise has no effect on B12 status in the elderly. Bailey et al.31 examined 32
young healthy male subjects who underwent a moderate cycling exercise program (30 min, 3 × wk)
for 4 wk, during which they consumed their normal diets. Vitamin B12 levels were unchanged after
4 wk. Randeva et al.32 studied 12 overweight young women with polycystic ovary syndrome who
followed a light exercise program (brisk walking for 20–60 min, 3 × wk for 6 wk, then 5 × wk up
to 6 mo). The plasma B12 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 B12 status or consumption of excess B12 with changes in exercise
performance have been conducted in animals.

B. HUMAN

Numerous studies have examined the effects of vitamin B12 on exercise performance. Most of these
have been conducted in conjunction with intake of other vitamins, especially other B vitamins
(reviewed by Van der Beek33). Such studies are complicated in their interpretation as to the effects
of B12 per se. None of the studies of these vitamins individually have shown significant effects of
B12 on exercise performance, with the exception of a study34 in which the subjects were already
anemic, i.e., they were already suffering from deficiency symptoms.

Tin-May-Tan et al.35 studied the effects of parenteral vitamin B12 supplementation (1 mg, 3/wk
for 6 wk) on physical performance in a double-blind placebo-controlled study in male students.
B12 supplementation had no effect on resting heart rate, on recovery heart rate after maximal
exercise, on oxygen uptake (VO2max) nor on measures of strength and coordination. Rodger et al.36

reported on a mass screening study of a university population in which serum folate and B12 levels
in 300 subjects were compared with an assessment of exercise habits by questionnaire. The authors
observed no significant relation between B12 levels and levels of exercise in hr/wk in either men
or women. Read and McGuffin37 reported a double-blind placebo-controlled study of B vitamin
supplementation in age-matched male college students. Subjects received 0.5 µg B12 per day for 6 wk
in a multivitamin complex containing near or above RDA levels of B1, B2, B6, 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 Nickel38 studied the effects of megadoses of B12

in combination with B1 (thiamine) and B6 (pyridoxine) on performance by experienced marksman. In two
studies, one of open design with 120 µg B12/d for 8 wk and one as double blind design with 600 µg/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 1989.39,40 

B. SPECIFIC RECOMMENDATIONS FOR ATHLETES

The popular or lay recommendation for intake of vitamin B12 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 B12 Recommendations (µg/d)

Age/Gender B12

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 2.4**

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, 1998.40

*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 B12 absorption problems in those older
than 50 yr, it is advised that these individuals reach their RDA by consuming
foods fortified with B12 or supplements containing B12.
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in mental status that occurs when a person with the neurologic symptoms of B12 deficiency is injected
with B12. Hence, it is “logically” derived that if B12 works in such a situation, then B12 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 B12 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.19–21 Such
consumption brings the B12 status of these populations up to or above the recommended normal.
In particular, B12 levels are often elevated, since supplements are often super-fortified in B12. 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 B12 offer little if
any improvement in endurance or athletic ability. Hence, there appears to be no need to recommend
a different requirement of B12 intake for athletes as compared with the general population. However,
because of the increasing frequency of vitamin B12 malabsorption with age and of the low level of
B12 in vegetarian diets, elderly athletes and athletes who are strict vegetarians should increase their
B12 intake above the current RDA, to 2.8 µg/d, or should consider supplementation.24

VI. SUMMARY

Vitamin B12 is primarily needed to maintain proper growth and development of cells through DNA
synthesis. Deficiency of vitamin B12 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 B12 in diets or supplements will have marked effects, including increasing endurance and
athletic performance. In the athlete with normal or marginal B12 status, with no accompanying
signs of deficiency, there is no scientific evidence that increased amounts of B12 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 B12. Supplements should
be added to a vegetarian diet to ensure that the person does not suffer some of the subtle effects
of marginal B12 status, but there is no reason to recommend consumption of added amounts of B12

to increase one’s ability to exercise or perform athletically. Although vitamin B12 is often given to
patients complaining of tiredness, there is no evidence from controlled studies that B12 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; 4

 

∋

 

-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. 

 

FIGURE 9.1

 

Chemical structures of pantothenic acid, 4

 

∋

 

-phosphopantetheine, 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.

 

1

 

 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.

 

2

 

II. METABOLISM

A. P

 

ANTOTHENIC

 

 A

 

CID

 

1. Digestion

 

The majority of pantothenic acid in foodstuffs is present as CoA or 4

 

∋

 

-phosphopantetheine; both these
compounds are hydrolyzed by pyrophosphatase and phosphatase in the intestinal lumen to release
pantetheine.

 

3

 

 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).

 

4

 

 This transporter has similar affinity for pantothenic acid, biotin and lipoic acid.

 

4–6

 

At high intestinal concentrations of pantothenic acid, absorption by passive diffusion is quantitatively
more important than active transport.

 

7

 

 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.

 

8

 

 If supraphysiological doses
of synthetic pantothenic acid (10–100 mg/day) are ingested orally, about 60% are excreted
into urine.

 

9

 

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; 4

 

∋

 

-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.

 

10

 

 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.

 

11

 

 Acetyl-CoA also participates in a number of acetylation reactions,
including the formation of acetylcholine, melatonin, N-acetylglucosamine, N-acetylgalactosamine
and N-acetylneuraminic acid.

 

12

 

 Finally, acetyl-CoA is a substrate in the acetylation of histones
(DNA-binding proteins), regulating transcriptional activity of chromatin.

 

13

 

 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 4

 

∋

 

-phosphopantetheine as a prosthetic
group in fatty acids synthesis.

 

12
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4. Cellular Uptake of Pantothenic Acid

 

The cellular uptake of pantothenic acid is mediated by SMVT.

 

14

 

 Activation of protein kinase C is
associated with decreased SMVT activity.

 

15

 

 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.

 

16

 

 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.

 

16

 

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.

 

17

 

 The urinary excretion of pantothenic acid correlates with its dietary intake.

 

17

 

FIGURE 9.2

 

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

 

IOTIN

 

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 

 

ε

 

-amino groups in lysines.

 

18

 

 Several gastrointestinal enzymes
hydrolyze biotin-containing proteins to generate biotinyl peptides.

 

19

 

 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.

 

19

 

 Biotinidase activities are similar in mucosa from duodenum, jejunum
and ileum.

 

19

 

 

 

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.

 

20

 

 At biotin concentrations less than 5 µM, biotin
absorption proceeds largely by the saturable process, whereas at concentrations above 25 µM, non-
saturable uptake predominates.

 

20

 

 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).

 

4,5

 

 Biotin is absorbed nearly completely
in humans, even if pharmacological doses are ingested.

 

21

 

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.

 

22

 

 In addition, albumin, 

 

α

 

-globulin and 

 

⇓

 

-globulin have affinity
for biotin and may play a role in biotin transport in plasma.

 

23

 

 Evidence has been provided that 81%
of the biotin in human plasma is free, 12% is covalently bound and 7% is reversibly bound.

 

24

 

 A
biotin-binding glycoprotein (mol. wt. 66,000) is present in serum from pregnant female rats 

 

25

 

 but
not in serum from male rats.

 

23

 

 

 

4. Cellular Biotin Uptake

 

Biotin uptake into mammalian cells is mediated by SMVT.

 

5,6,26

 

 In addition, monocarboxylate
transporter 1 mediates biotin uptake into human lymphoid cells and, perhaps, other tissues.

 

27

 

 An
inborn error of biotin transport has been described in humans.

 

28

 

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 

 

⇓

 

-methylcrotonyl-CoA carboxylase (E.C. 6.4.1.4).

 

29,30

 

 The attachment
of biotin to specific 

 

ε

 

-amino groups of lysines in carboxylases is catalyzed by holocarboxylase
synthetase (E.C. 6.3.4.10).

 

23

 

For acetyl-CoA carboxylase, a cytosolic (denoted acetyl-CoA carboxylase “

 

α

 

”) and a mito-
chondrial (denoted acetyl-CoA carboxylase “

 

⇓

 

”) form have been identified.

 

31

 

 Both acetyl-CoA
carboxylase 

 

α

 

 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 

 

α

 

 and 

 

⇓

 

 have distinct roles in
intermediary metabolism due to their subcellular localization. Acetyl-CoA carboxylase 

 

α

 

 controls
fatty acid synthesis in the cytoplasm by generating malonyl-CoA. In contrast, acetyl-CoA carbox-
ylase 

 

⇓

 

 controls fatty acid oxidation in mitochondria. This effect of acetyl-CoA carboxylase 

 

⇓

 

 is
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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.

 

32

 

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. 

 

⇓

 

-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 

 

α

 

) nor the mitochondrial pyruvate carboxylase, propi-
onyl-CoA carboxylase, or 

 

⇓

 

-methylcrotonyl-CoA carboxylase are quantitatively important biotin
reservoirs.

 

32

 

 A significant percentage of ingested biotin accumulates in the liver.

 

33

 

 

 

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.

 

19

 

FIGURE 9.3

 

Biotin-dependent steps in intermediary metabolism. ACC, acetyl-CoA carboxylase; PC, pyruvate
carboxylase; PCC propionyl-CoA carboxylase; MCC, 

 

⇓

 

-methylcrotonyl-CoA carboxylase.
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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.

 

34

 

 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.

 

13,34–37

 

 These modifications of histones
regulate processes such as gene expression, replication and DNA repair.

 

34

 

 All five classes of histones
are also modified by covalent attachment of biotin.

 

38–40

 

 Biotinylation of histones is mediated by
biotinidase 

 

38

 

 and holocarboxylase synthetase.

 

41

 

 Evidence has been provided that biotinylation of
histones might play a role in gene silencing and in the cellular response to DNA damage.

 

40–43

 

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.

 

44

 

 

1. Activation of soluble guanylate cyclase by biotinyl-AMP. Biotinyl-AMP activates soluble
guanylate cyclase, increasing the generation of cyclic guanosine monophosphate.

 

45

 

 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-

 

κ

 

B and Sp1/Sp3. Biotin deficiency is
associated with increased nuclear translocation of nuclear factor 

 

κ

 

B (NF-

 

κ

 

B), mediating
activation of NF-

 

κ

 

B-dependent genes.

 

46

 

 Biotin supplementation is associated with
increased nuclear abundance of Sp1 and Sp3;

 

47

 

 these ubiquitous proteins may act as
transcriptional activators or repressors, depending on the context.

 

48,49

 

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) 

 

β

 

-oxidation of the valeric
acid side chain,

 

50–54

 

 leading to the formation of bisnorbiotin, tetranorbiotin and related metabolites
that are known to result from 

 

β

 

-oxidation of fatty acids. (2) Sulfur oxidation in the heterocyclic
ring, leading to the formation of biotin-

 

l

 

-sulfoxide, biotin-

 

d

 

-sulfoxide and biotin sulfone.

 

50,51

 

 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.

 

52,53,55

 

 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.

 

55

 

Biotin accounts for approximately half of the total urinary biotin; the catabolites bisnorbiotin,
biotin-

 

d,l

 

-sulfoxides, bisnorbiotin methyl ketone, biotin sulfone and tetranorbiotin-

 

l

 

-sulfoxide
account for most of the balance.

 

53,55

 

 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.56 Apparent Km and Vmax values of this biotin transporter are 31 µM and
82 nmol biotin µg protein–1 • 30 • sec–1, respectively.
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The biliary excretion of biotin and catabolites is quantitatively minor. Less than 2% of an
intravenous dose of [14C]biotin was recovered in rat bile but more than 60% of the dose was excreted
in urine.57 

III. 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.58 The AI is
5 mg/day of pantothenic acid for adults of both genders. The AI of pantothenic acid in pregnant
and lactating women is 6 mg/day and 7 mg/day, respectively.17,58

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 4∋-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.12,59

FIGURE 9.4 Biotin catabolism.
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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.60

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.58 

2. Biotin

a. Adequate Intakes
The Food and Nutrition Board of the National Research Council has released recommendations
for AI of biotin.58 The AI is 30 g/day of biotin for adults of both genders; the AI of biotin in
lactating women is 35 g/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.18 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.18 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 g/d.18 Infants who ingest 800 ml of mature breast milk per day receive
approximately 6 g of biotin.61

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.62,63 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,64 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 individuals64
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and in patients on biotin-free total parenteral nutrition 65 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 -methylcrotonyl-CoA carboxylase. The use of an activation index of car-
boxylases in lymphocytes has been proposed to assess biotin status.65 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 -methylcrotonyl-CoA carboxylase causes a metabolic block in leucine
catabolism (Figure 9.3). As a consequence, -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.64 In contrast, pathways that depend on propionyl-
CoA carboxylase are not sensitive indicators of biotin status,66,67 and pathways depending on acetyl-
CoA carboxylase and pyruvate carboxylase have not been extensively tested in this regard.

C. TOXICITY

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 AI of pantothenic acid by
1,000 times.17

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;68 and test subjects treated with acute oral and intravenous doses of biotin that
exceeded the dietary biotin intake by up to 600-fold.21

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.69,70

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
1B1,71 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 ACID

Biotin, lipoic acid and pantothenic acid share the same transport system for cellular uptake.26,72,73

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;74 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.75,76 Long-term therapy with anticonvulsants increases the urinary excretion of biotin catabolites
and 3-hydroxyisovaleric acid.77,78 Phenobarbital, phenytoin and carbamazepine displace biotin from
biotinidase, conceivably affecting plasma transport, renal handling or cellular uptake of biotin.22

During anticonvulsant therapy, the plasma concentration of biotin may be decreased.79,80 Adminis-
tration of carbamazepine is associated with decreased abundance and activity of pyruvate carbox-
ylase in rats.81,82

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 -methylcrotonyl-CoA carboxylase in rat liver to 64%
to 72% of controls.74

3. Egg White

Raw egg white contains the protein avidin, which has great affinity for biotin.83 Binding of biotin
to avidin renders biotin unavailable for absorption,67,83 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 ACID

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.63 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,84–87 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.

 

1–3

 

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.

 

4

 

 Despite its
identification, it was not until the 1930s that choline became recognized as an important dietary con-
stituent.

 

5

 

 The term “lipotropic” was used in association with choline based on the finding that it prevented
the accumulation of lipids in the liver.

 

6

 

 In 1977 Wurtman et al.

 

7

 

 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.

 

8

 

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.

 

1–3,8

 

 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.

 

1–3

 

 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. C

 

HOLINE

 

 S

 

TRUCTURES

 

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

CHOLINE

−O C

O

CH2N+(CH3)3

ACETYLCHOLINE
CH3 C

O

O CH2CH2N+(CH3)3

PHOSPHATIDYLCHOLINE
R2 C

O

O CH

SPHINGOMYELIN RCHOH

Ceramide Phosphorylcholine

CHCH2

NHOCRi

OPO3CH2CH2N+(CH3)3

LYSOPHOSPHATIDYLCHOLINE
HO CH

CH2 OPO3

CH2 OOCRI

HOCH2CH2N+(CH3)3

CH2CH2N+(CH3)3

α-GLYCEROPHOS
PHORYLCHOLINE HO CH

CH2 OPO3

CH2 OH

CH2 O C R1

CH2CH2N+(CH3)3

CH2 OPO3 CH2CH2N+(CH3)3
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trimethylammonium hydroxide, but choline as a simple compound has several common names,
depending on the particular form.

 

1–3

 

 Some of these names/forms include choline chloride, choline
citrate, choline bitartrate, Intrachol™, Lipotropic Factor and methylated phosphatidylcholine.

 

9

 

 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. C

 

HOLINE

 

 

 

IN

 

 

 

THE

 

 H

 

UMAN

 

 B

 

ODY

 

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.

 

2,10,11

 

 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.

 

12

 

 Within the brain, choline is transported across
the blood-brain barrier by a specific carrier mechanism where the majority is converted to ACh.

 

13,14

 

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.

 

3,14

 

 Choline acetyltransferase (ChAT), the enzyme that catalyzes the synthesis
of ACh,

 

15,16

 

 is also found in brain, skeletal muscle, spleen and placental tissue.

 

1–3

 

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 µM, with a range from
about 5.0 to 20 µM.

 

17

 

 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).

 

18

 

 The phospholipid composition of plasma HDL is approximately 81%
phosphatidylcholine and 13% sphingomyelin, with an average phosphatidylcholine concentration

 

FIGURE 10.1

 

Synthetic Pathways of Choline. Adapted from Canty and Zeisel.
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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.

 

19

 

 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 µM, but has been shown to range from 10 to more than 200 µM.

 

20,21

 

 Finally, human breast milk
also contains choline, which is very important for brain development in infants.

 

22

 

 Total choline
concentrations in breast milk between 7 and 22 days after birth average 1.28 mM.

 

22

 

 

 

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.

 

 23–25

 

 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.

 

23,26

 

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.

 

25

 

 In contrast, only 26% of choline, when ingested as lecithin, is trans-
formed into trimethylamine.

 

25

 

 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.

 

25

 

 Overall, it appears these studies indicate that choline from lecithin is more effectively
absorbed than choline alone and would be a preferred delivery form.

 

7,25

 

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.

 

18

 

 The first pathway begins with the decarboxylation
of the amino acid serine to ethanolamine, followed by methylation of ethanolamine to form
choline.

 

1,2,11,27

 

 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.

 

5,28

 

 Because amino acids can contribute to the
biosynthesis of choline, the amount of protein in the diet may affect dietary choline requirements.

 

1–3

 

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.

 

3

 

 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.

 

1

 

C. M

 

ETABOLISM

 

 

 

AND

 

 M

 

ECHANISMS

 

 

 

OF

 

 A

 

CTION

 

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.

 

29

 

 These
include phosphatidylcholine (lecithin) in the phospholipid bilayer of cell membranes; sphingomyelin,
a critical component of the myelin sheath that surrounds nerve fibers;

 

17

 

 choline plasmalogens, which
make up 35 to 41% of the phospholipids in human cardiac tissue;

 

10

 

 and lysophosphatidylcholine.

 

30

 

 
Second, choline serves as a methyl donor.

 

31

 

 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.

 

5,28

 

 Once
betaine is formed, it in turn donates methyl groups to homocysteine to form or regenerate methionine
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in the liver. The betaine pathway also provides methionine for protein synthesis.

 

32

 

 Third, choline is
a precursor for compounds that serve critical cell signaling functions, including phosphorylcholine;

 

33

 

platelet-activating factor, (PAF), a choline plasmalogens; and sphingophosphorylcholine.

 

34

 

 In addi-
tion, the choline-containing phospholipids, phosphatidylcholine and sphingomyelin, are precursors
for two other molecules that serve as intracellular messengers: diacylglycerol and ceramide.

 

2,11,33,34

 

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.

 

35

 

 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.

 

35,36

 

 Yao et al.

 

35

 

 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.

 

36

 

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.

 

37–39

 

 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.

 

38,40

 

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.

 

41

 

 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.

 

41

 

 For example, the concentration of lysophosphatidylcholine in plasma from
healthy adults is approximately 130–150 µM as compared with 1.7 mM in patients with hyperlip-
idemia.

 

30,41

 

 Although the mechanism is uncertain, Murugesan et al.

 

30

 

 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

 

.

 

41

 

 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.

 

41

 

FIGURE 10.2

 

Metabolic Pathways of Choline. Adapted from Blusztajn.

 

27
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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.

 

1,3,29

 

 After ACh is
released, it is hydrolyzed into choline and acetate by acetylcholinesterase.

 

 1,3,29

 

 Although ACh
appears to regulate its own synthesis by feedback inhibition of ChAT and might be the rate-limiting
step for ACh synthesis,

 

16

 

 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.

 

16,42

 

 

 

D. C

 

HOLINE

 

 T

 

RANSPORT

 

 S

 

YSTEMS

 

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.

 

11,36

 

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.

 

42

 

 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.

 

16

 

 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.

 

16

 

 Instead of being stored within the cells as choline, the choline is immediately
converted to and released as ACh.

 

16

 

III. CHOLINE REQUIREMENTS AND CHOLINE STATUS

 

The recognition that humans have a dietary requirement for choline was long in coming.

 

8

 

 As early
as 1941, Du Vigneaud

 

43

 

 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.

 

8

 

The FNB estimated an AI 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 AI values put
forward by the FNB. As indicated in Table 10.2, the AIs 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

 

11,22,44–47

 

 and an adequate dietary intake of choline

 

TABLE 10.2
Adequate Intake Values for Choline by Age and Gender

 

Life Stage Age
Males 

(mg/day)
Females
(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.

 

8
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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 AI for pregnancy.

 

48

 

 With
respect to lactation, Holmes et al.

 

22

 

 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.

 

2,31

 

 Based
on human choline deficiency studies, it appears that plasma choline and phosphatidylcholine are
good markers of choline status.

 

1–3,49

 

 Fasting plasma choline concentrations typically range from 5
to 20 µM, with 10 µM being the more common value

 

17

 

 and do not appear to change as a function
of circadian rhythm.

 

18

 

 In addition, concentrations appear to remain stable between 8 am and 4 pm,
unless foods containing choline are consumed.

 

18

 

 Jope et al.

 

21

 

 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.

 

17,49

 

 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.

 

50

 

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 µM vs. 8.0 µM) and fed (11.9 µM vs 10.5 µM) 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.

 

20,21

 

 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.

 

20,21

 

 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.

 

51

 

 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.

 

51

 

 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.

 

32

 

 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.

 

52

 

Based on the available data, the major dietary sources of choline are eggs, meats, vegetables,
soy and dairy products.

 

52

 

 Eggs, liver and soybeans contain choline in the form of lecithin, whereas
vegetables such as cauliflower and lettuce provide free choline.

 

37

 

 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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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.

 

32

 

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.

 

53 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,53 is a better
choice than choline salts, because choline from lecithin appears to be more bioavailable.7 Wurtman
et al.7 showed that plasma choline levels increased by 265% after ingestion of lecithin as compared

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).
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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 1998.54 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.54 Citicoline is hydrolyzed in the small intestine and
absorbed as choline and uridine55 because most of the cytidine is deaminated by cytidine deaminase
in the gastrointestinal tract and liver.56 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.55

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.57 It has
been suggested, based on the work of Kim et al.,40 that taking Alpha-GPC with caffeine, a
phosphodiesterase inhibitor, would prevent hydrolysis and allow Alpha-GPC to be absorbed directly.
Kim et al.40 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%

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
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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.58 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.7,11,16,17 It 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,16 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.59 Failure of neuromuscular transmission
might be one explanation for exercise-induced fatigue, and a depletion of ACh could account for
such a failure.16 

Athough it is rare for physiologic or pharmacologic manipulations to produce large changes
in steady-state levels of ACh,16 Conlay et al.18 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.59 Other investigators have demonstrated similar declines in plasma choline with exer-
cise.31,60,61 Buchman et al.61 showed that both plasma-free and phospholipid-bound choline concen-
trations decreased significantly after a marathon. In addition, Sandage et al.60 noted significant
decreases in plasma choline after only 20 miles. Von Allwörden et al.31 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.37

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.18 Another explanation may simply
be a transient move in the choline pool as a result of fluid compartment redistribution during exercise.37

It is important to note that not all investigators have observed reductions in plasma choline
with long-term exercise.31,62,63 For example, Deuster et al.62 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 Allwörden et al.,31 Deuster et al.62 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.63 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 Allwörden et al.31 found no reduction in plasma choline
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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 Allwörden et al.31 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.13,21 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.,62

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,64 and this would be expected to yield
higher total plasma choline values.65 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.5 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.28 Moreover, methylation of tissue creatine in rats was relatively
independent of dietary choline.5 Although these early data would discount any choline, creatine

TABLE 10.5
Plasma Concentrations (Mean ± SD) of Choline ( M) before and after Exercise 
and Percent Change with and without Choline Supplementation 

Lead Author Supplementation Pre–Exercise Post–Exercise %Change

Conlay 59 None 10.1 ± 0.4 µM 6.2 ± 1.2 µM –39%
Conlay 18 None 14.1 ± 1.2 µM 8.4 ± 0.6 µM –40%
Buchman 61 Placebo 9.6 ± 3.6 µM 7.0 ± 3.6 µM –27%
Deuster 62 Placebo 7.9 ± 2.6 µM 7.1 ± 1.7 µM –10.4%
von Allwörden 31 Placebo: Triathletes 12.1 ± 1.5 µM 10.0 ± 2.1 µM –17%
von Allwörden 31 Placebo: Runners 14.5 ± 2.8 µM 14.9 ± 1.7 µM +3%
Spector 63 Placebo ∼8.8 µM ∼10.0 µM ∼ +12%
Warber 73 Placebo 8.1 ± 1.8 µM 7.9 ± 1.0 µM –2%

Buchman 61 2.2 g of choline from lecithin 8.0 ± 1.2 µM 11.7 ± 3.6 µM +45.8%
Deuster 62 0.050 g/kg as choline citrate 8.8 ± 3.9 µM 12.2 ± 4.4 µM +41.9%
von Allwörden 31 Triathletes: 

0.2 g/kg of lecithin
10.8 ± 0.6 µM 11.1 ± 0.6 µM +10%

von Allwörden 31 Runners:
0.2 g/kg of lecithin

13.9 ± 2.1 µM 16.3 ± 2.8 µM +18%

Spector 63 2.43 g as choline bitartrate ∼9.3 µM ∼16.5 µM +44%
Warber 73 6.0 g as choline citrate 7.7 ± 1.3 µM 17.5 ± 3.9 µM +128%
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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.51 However, this is an unexplored area.

Finally, another area where choline and exercise may interact relates to lipid metabolism.66,67

Choline is a well established lipotropic agent17 and is known to interact with carnitine, a nutrient
essential for the translocation of fatty acids into the mitochondria of skeletal muscle cells.17,68

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 Goldberg16 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.69 Wurtman et al.55 demonstrated that choline administrated
increased both ACh synthesis and release in peripheral neurons. Further work by Ulus et al.,70 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.70 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.70 This was interpreted as evidence that choline from
membrane lipids could be liberated when the need for choline was high.70

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.71 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.16,71,72 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 Allwörden
et al.,31 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.31 They concluded that changes in plasma choline levels
with exercise were dependent upon exercise duration and intensity.31 

Although Von Allwörden et al.31 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.63 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.63 

In a study by Deuster et al.,62 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.62 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 µM) 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.73 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.,62 that

3022_C010.fm  Page 151  Tuesday, August 23, 2005  5:14 AM

© 2006 by Taylor & Francis Group, LLC



152 Sports Nutrition: Vitamins and Trace Elements

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.61 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.60

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.73 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.60 This suggests that duration, intensity and possibly mode
of exercise may determine changes in plasma choline levels with exercise. When plasma choline

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.62)
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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.2,74 Moreover, provision of choline reversed
the reduction.2 Subsequent to those studies, several investigators demonstrated that choline supple-
mentation brought about a noticeable conservation of urinary carnitine in animals and humans 67,68,75

as well as carnitine accretion in the skeletal muscle of guinea pigs.67 Rein et al.68 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.67,69 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.67 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.66

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 oxidation66 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.69,76 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.76 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.69

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.69

Sachan et al.76 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.76 In addition, biochemical markers supported enhancement of fatty acid oxidation
by the supplement combination.76 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.76 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. COGNITIVE 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.14,24,77 A series of studies looked at the effects of choline supple-
mentation on brain development during gestation and postnatally.24,27,37,44–47,77,78 Overall, supple-
menting choline during fetal development improved spatial memory, timing and temporal memory,
problem solving and attention in rats.27,37,44–47,78 Conversely, a lack of choline led to impairments
in attention and certain memory tasks.27 A molecular basis for these findings was provided by Li
et al.45 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.7,13,14,41,62,78,79 Such studies were initiated based on the discovery that administration of choline
would increase brain, as well as plasma, choline concentrations.7,13 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.62 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.78 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.78 

In contrast to the negative results, Ladd et al.79 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.79 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.79 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.13 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.80 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.80

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.81 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.81 Providing exogenous choline in
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supplemental forms improved the observed deficits. Crespo et al.82 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.83 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.24,77,84 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.54 As would be expected, some, but not all, results are positive.29,54,84

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.29,54,84,85 Recent reviews29,54,84,85 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.29,54 Clearly, more research is needed.

Alpha-GPC is also of great interest and may have multiple uses. Parnetti et al.39 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.39 In addition, Moreno86 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.86 Fewer studies have
been published regarding stroke, but the results suggest that Alpha-GPC may assist in the functional
recovery of patients.39 Further work will be required to determine the efficacy.39

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.9

First, choline supplementation appears to be effective for treating TPN-associated hepatic
steatosis.49,87 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.88,89 However, the preferred
dosage for this application has not been determined.88,89 

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. SAFETY 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.58 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.9 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 B6 and B12, methionine and folate.1–3 The compounds that actively exchange and provide
methyl groups for the SAM cycle depend on folic acid, which accepts methyl groups from other
molecules.1–3 As noted earlier, Jacob et al.90 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.90 

Another choline–nutrient interaction that needs further investigation is choline and carnitine.
Several studies have reported conservation of carnitine in guinea pigs and humans,67,68,75,91 and
carnitine accretion in skeletal muscle of guinea pigs91 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.58 Interestingly, choline supplementation seems to reverse the fatty liver caused by
methotrexate administration in rats.92
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G. ADVERSE 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.9

In addition, high doses of choline bitartrate have been associated with depression or symptoms of
depression in some instances.58 

The fishy body odor associated with high intakes of choline reflects excessive production and
excretion of trimethylamine, a metabolite of choline.1–3 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.93

Trimethylaminuria may be inherited as an autosomal dominant genetic trait or acquired as a result
of treatment with large doses of L-carnitine.93 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.93 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.21

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,51 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

 

40

 

). To possess
provitamin A activity, the carotenoids must have at least one cyclical structure of the 

 

β

 

-ionone ring
on either end. 

 

β

 

-Carotene, the orange-red pigment of carrots, theoretically may yield two molecules
of vitamin A aldehyde (retinal)

 

1

 

 by central cleavage (Figure 11.1). The resulting 20-carbon structure
contains one 

 

β

 

-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.

 

2 

 

II. 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

 

3

 

 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 

 

β

 

-carotene, 

 

α

 

-carotene and 

 

β

 

-cryptoxanthin.

 

4 

 

β

 

-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 

 

α

 

-carotene, while 

 

β

 

-cryptoxanthin is found mainly in tangerines, orange juice, red peppers
and persimmons.

 

5

 

 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.

 

6

 

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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dietary provitamin A carotenoids are converted to retinol in humans.

 

7

 

 Therefore, retinol equivalent
(1 

 

µ

 

g RE 

 

=

 

 1 

 

µ

 

g retinol) was defined as 6 

 

µ

 

g 

 

β

 

-carotene or 12 

 

µ

 

g 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.

 

8

 

 Pureed carrots yielded only 1 

 

µ

 

g
of retinol from 15 

 

µ

 

g of 

 

β

 

-carotene, and spinach was even less productive (1 

 

µ

 

g of retinol from 21 

 

µ

 

g
of 

 

β

 

-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.

 

9

 

 In
2001, a new term, retinol activity equivalent (1 

 

µ

 

g RAE 

 

=

 

 1 

 

µ

 

g retinol), was introduced by the U.S.
Institute of Medicine.

 

4

 

 It reduced the vitamin A activity of provitamin A carotenoids in plant-derived
foods to half of their former value (1 RAE 

 

=

 

 12 

 

µ

 

g 

 

β

 

-carotene or 24 

 

µ

 

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 

 

µ

 

g retinol or 0.6 

 

µ

 

g 

 

β

 

-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

 

-

 

β

 

-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 

 

β

 

-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)

 

FIGURE 11.1

 

Structures of 

 

β−

 

carotene and vitamin A compounds.
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for women,

 

4

 

 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 

 

µ

 

g retinol), and cod liver oil can be purchased as a liquid delivering 4000 IU
(1200 

 

µ

 

g retinol) per teaspoon. Single supplements of 

 

β

 

-carotene usually contain 15 mg of this
carotenoid, which is equivalent to 7500 

 

µ

 

g RAE, because supplemental 

 

β

 

-carotene is more bioavailable
than dietary 

 

β

 

-carotene from plant food (1 RAE 

 

=

 

 2 

 

µ

 

g of supplemental all-

 

trans

 

-

 

β

 

-carotene).

 

4

 

 

 

III. 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.

 

10

 

 Processing of fruits and vegetables
(cooking and mashing)

 

11 

 

and addition of oily dressing to salads

 

12

 

 greatly improves carotenoids
bioavailability. 

 

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

 

Vegetables

 

Margarine-like spread 729
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

 

Meat and Poultry Products 

 

Spinach, canned 439
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).
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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,

 

13 

 

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.

 

14,15

 

 These enzymes may be also expressed
in other tissues (liver, kidney, testes), possibly producing limited amounts of vitamin A from locally
stored carotenoids.

 

16

 

 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.

 

2

 

 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,

 

17

 

 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).

 

18

 

 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.

 

19

 

Vitamin A deficiency symptoms are rare in the United States, but may include impaired dark
adaptation, follicular hyperkeratosis and dryness of skin,

 

20

 

 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.

 

4

 

 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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intake level (UL) for adolescent boys and girls (14–18 y) is set at 2,800 

 

µ

 

g retinol per day, and
for adults at 3000 

 

µ

 

g/day. Routine consumption of higher doses from animal products or retinol
supplements may lead to chronic hypervitaminosis A. The long-term intakes above 1500 

 

µ

 

g
retinol/day have been associated with decreased bone mineral density and increased risk of hip
fractures in older men and women.

 

21–23

 

 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 

 

µ

 

g retinol/day were at greater risk to deliver a child with a  cleft lip or palate than
those consuming less than 1500 

 

µ

 

g/day.

 

24

 

 Chronic toxicity, usually associated with doses greater
than 30,000 

 

µ

 

g/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.

 

25

 

 Unfortunately, many athletes greatly exceed RDA by
supplementation. Body builders take 18,000 

 

µ

 

g retinol/day over a period of 4–6 weeks before a
competition.

 

26

 

 An adolescent soccer player experienced a strong leg pain after consuming at least
30,000 

 

µ

 

g/day for 2 months.

 

27 

 

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.

 

28,29

 

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 

 

β

 

-carotene are not
recommended, especially among smokers and alcohol drinkers, because they may increase risk of
cancer.

 

30–32

 

 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.

 

33

 

 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

 

4

 

 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.

 

34 

 

However, individual variations can be quite large. Two elite U.S. male cyclists

 

TABLE 11.2
Vitamin A Requirements and Recommendations (

 

µ

 

g 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, 2001

 

4

 

.
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participating in an endurance ride (10 days, 2050 miles, 3300 km) had very different intake levels35 —
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 York36 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.37

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.38 Male cross-country runners had an average intake of twice the RDA.39

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,40 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 β-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,41 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,42

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.43 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).44 The elite
rhythmic gymnasts of the same age group (n = 20) had even higher total vitamin A diet (1027 ±
569 RE).45 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).46 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,47 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,21–23 Among the U.S. high school students, greater knowledge about supplements was
associated with less use.48 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. 

VI. 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)49 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.50 

Plasma retinol concentration below 0.7 µmol/L (20 µg/dL) indicates a deficient vitamin A status,
while the levels between 0.7 and 1.05 µmol/L (20–30 µg/dL) are marginal and predict low liver
stores.51 The normal range of plasma retinol in adults appears to be highly regulated within the range
of 1.1–2.8 µmol/L (30–80 µg/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 µmol/L according to
NHANES III (1988–1994) with only 5% below 1.1 µmol/L, but close to 10% above 2.8 µmol/L.52 

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 µmol/L), and some could
be considered above the recommended limit.26 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 µmol/L,
P < 0.05).53 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 µmol/L, respectively, after 4 months of regular training
and competition.54 Physically active older women in the Netherlands (n = 25, 60–80y) had an
average of 3.0 ± 0.4 µmol/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.55

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.56 Serum concentrations of retinol were 2.3 + 0.8 µmol/L,
nearly the same as in sedentary controls, although their intake of β-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.57 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.58 However, the subjects consumed a daily supplement of
22,500 µg 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.59 Similar results were found in another study of 14 males
performing a step-up test.60 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).61 Another
investigation of amateur and professional cyclists62 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 µmol/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,63 resulting in an average loss of 5 kg body
weight. Retinol levels decreased from 1.7 to 1.4 µmol/L (P < 0.005) in the control group (n = 19)
and from 1.7 to 1.6 µmol/L in the treatment group (n = 21) receiving antioxidant supplements, which
included 24 mg β-carotene/day, vitamins C and E, selenium, catechin, but not preformed vitamin A. 

Because the liver contains 90% of body vitamin A,64 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 A2 (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.65

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 significantly lower concentration of retinol in plasma of animals subjected to training
exercise (40 min/d, 5 d/week for 8 weeks at 70% of their VO2max) compared with sedentary
animals.66 The mitochondrial membranes from liver and skeletal muscle of exercised animals
contained significantly more vitamin A than those of sedentary rats. The differences were more
pronounced in animals exercised to exhaustion just before sacrifice, and the effect was not cancelled
by 30 min rest after the acute exercise session. A study of trained sled dogs67 found a very significant
rise in serum retinyl esters after a 7.5-km race (18–28 min), suggesting their mobilization from
liver and adipose tissue. Dogs and many other carnivores have high levels of plasma retinyl esters,
even while fasting, because of unspecific transport in plasma lipoprotein fraction.

The equivocal results of the described human and animal intervention studies stem from
differences in physiology and methodology. The researchers used different tests, different intensities
and varying duration of exercise, but nevertheless the outcomes indicate that sustained physical
labor may increase mobilization and utilization of vitamin A.

VII. SUMMARY

Because of its role in cellular differentiation, optimal intake of vitamin A is crucial for general
health, athletic performance and the recovery from strenuous exercise. Recent recommendations
limit the optimal intake to 900 µg RAE for males and 700 µg RAE for women of any age above
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14 years. The tolerable upper intake level should not exceed 2800 µg retinol for adolescents
(14–18 years) and 3000 µg retinol for all adults. High levels of vitamin A supplementation will not
improve athletic condition, and may cause direct toxicity symptoms, including bone pain, headaches
or peeling of skin (desquamation). Even a relatively mild oversupply of vitamin A might induce
teratogenic effects in fetal development and increase the risk of osteoporosis in older men and women.
Estimates of vitamin A dietary intake among athletes in developed countries indicate adequate
nutrition, but suffer from methodological problems of inaccurate reporting by subjects, changing and
confusing rules of vitamin A activity conversion for carotenoids in plant based foods and the habit
of reporting vitamin A from all sources together, without specifying the proportion from animal
sources, fortified foods and supplements on one side, and provitamin A carotenoids on the other. The
dietary interview is not sufficient to determine vitamin A status, which should be confirmed by serum
analysis, measuring retinol, retinyl esters and individual carotenoids. If serum retinol values are found
to be below 1.05 µmol/L (30 µg/dL), it is helpful to perform a noninvasive test of liver stores of
vitamin A using the relative dose response procedure or the dark adaptation test. 

In general, to avoid possible toxicity, no supplements of preformed vitamin A should be used
by athletes. However, an intake of 900 µg preformed vitamin A daily from animal or fortified food
products should probably be recommended to all strenuously exercising athletes, since it is uncertain
how much (if any) vitamin A is produced by conversion from carotenoids. The current recommen-
dation of 2.5 cups of vegetables and 2 cups of fruits, preferably red, orange and dark green, for a
reference 2000 kcal daily intake68 should be followed to provide carotenoids and other healthful
phytochemicals but not as a means of obtaining necessary vitamin A.

The review points to the great need of more accurate assessment of dietary intake and con-
comitant physiological vitamin A status of athletes, together with measurements of their athletic
performance. However, to help athletes to select the best diet and preserve their health, the best
available research methodology and recent nutrition guidelines68 should be universally accepted
and used to produce more precise data.
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Vitamin D

 

I. INTRODUCTION 

 

Vitamin D was classified by scientists as any substance that possessed an anti-rickets property almost
100 years ago. As this was first stated in the 20th century, we have since learned that vitamin D has
many functions in the body. For the most part, vitamin D is associated with deficiency states and
is not viewed as a true ergogenic substance. 

Vitamin D occurs in many different forms within the body. Its active form is 1,25(OH)

 

2

 

D

 

3

 

,
otherwise known as calcitriol. Calcitriol is a steroid hormone, thus vitamin D can be considered a
prohormone.

 

1–3 

 

Calcitriol is a hormone that is released by the kidney and taken up by other organs
throughout the body. It acts upon the heart, brain, stomach, intestines, bones and within the kidneys.
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Calcitriol is transported throughout the body in the blood via an alpha-2-globulin, known as a
vitamin D-binding protein.

 

II. METABOLISM

 

Vitamin D is a fat-soluble vitamin that is primarily absorbed through the intestinal tract (small
intestine) via the inclusion of chylomicrons from transport through the lymphatic system.

 

4

 

 Calcitriol,
an active steroid hormone, is created when stimulation of parathyroid hormone (PTH) occurs. The
stimulated PTH will cause a downstream effect of stimulating 1-hydroxylase activity in the kidney
so that the vitamin D precursor 25 hydroxyvitamin D

 

3

 

 (25-OH D

 

3

 

) is produced. The 25-OH D

 

3 

 

is
converted into active calcitriol.

1,25(OH)

 

2

 

D

 

3

 

 can be formed from compounds in the skin (via exposure to sunlight). Seven-
dehydrocholesterol (7-dehydrocholesterol) is formed in the liver and stored in the skin, where it is
converted by “previtamin D

 

3

 

” via the ultraviolet rays of the sun or other UV light source. The
vitamin D

 

3

 

 ultimately is converted into 1,25(OH)

 

2

 

D

 

3

 

 through hydroxylation reactions in the kidneys
and liver as the dietary vitamin D

 

3

 

 form is hydroxylated.

 

III. FUNCTION

 

The primary role of vitamin D is to maintain homeostasis of calcium and phosphorus to maintain
bone formation and maintenance, neuromuscular function and other cellular processes. 

The primary site of calcitriol’s action is within the intestinal tract. Specifically, calcitriol acts
upon target tissue to spur the uptake of calcium and phosphorus.

 

2

 

 Calcitriol will interact with
receptors within the enterocyte, where it is carried to the nucleus interacting with specific genes
that encode the proteins that are specifically involved in calcium transport.

 

5

 

 Calcium is extracted
from the enterocyte via plasma transport, where it helps to maintain serum calcium concentrations.
Calcitriol also affects the activity of alkaline phosphatase so that a greater hydrolyzation of phosphate-
ester bonds occurs, allowing for greater phosphorus absorption.

Calcitriol directly affects the mobilization of both calcium and phosphorus from the bone to the
bloodstream. Osteoclast activity is enhanced, while also affecting osteocalcin, a protein found in bone
that also positively affects bone formation. It is also now thought that calcitriol initiates the differentiation
of stem cells to osteoclasts, which aid in bone resorption and release of calcium into the bloodstream.

Besides calcitriol’s interactions with calcium and phosphorus, there are also vitamin–vitamin
and vitamin–mineral interactions with vitamin K and iron. Iron deficiency will also cause a con-
comitant decrease in vitamin D absorption. 

A recent study evaluated the chemoequivalaence of vitamins D

 

2

 

 and D

 

3

 

. Twenty healthy male
volunteers were given 50,000 international units (IUs) of each of the respective calciferols over a
period of 28 days. The objective was to evaluate the relative potencies of vitamins D

 

2

 

 and D

 

3

 

. The
two calciferols produced similar rises in serum concentration of the respective vitamins, indicating
a probable equivalent absorption. However, when examining the time-course changes and differences
between the two forms of vitamin D, it became apparent that by day 14, the serum concentration
of D

 

2

 

, but not D

 

3

 

 peaked (started to fall, while D

 

3

 

 remained elevated). In fact, when examining the
pharmacokinetic data, it appears that vitamin D

 

3

 

 has a far greater therapeutic value (about a 9.5 : 1
ratio) than vitamin D

 

2

 

. The conclusion has meaning for those who deal with the therapeutic treatment
of vitamin deficiencies (or malnutrition). Vitamin D

 

2

 

 has a shorter duration of activity and is of
lower potency than an equidose of vitamin D

 

3

 

.

 

6

 

 
As it is essential that calcium be present in the sarcoplasmic reticulum for the muscle to contract,

it may be possible that 1,25 (OH)

 

2

 

D

 

3

 

 can affect the uptake of calcium through enhancing uptake
in high-voltage calcium channels. Theoretically, if one can enhance calcium uptake via a stimulated
sarcoplasmic reticulum, it may be possible that strength or muscle contractions can be enhanced.
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IV. EXERCISE RELATED RESEARCH—ANIMALS

 

No current published studies are specific for examining the effect of vitamin D on performance,
recovery, muscle strength or frailty.

 

V. EXERCISE RELATED RESEARCH—HUMANS

 

There has not been much interest in vitamin D within the sports nutrition or exercise physiology
community. Early studies examining the effects of vitamin D supplementation of physical working
capacity were conducted in young children. The study utilized a range of doses of the vitamin,
with none demonstrating any ergogenic effect.

 

7

 

 
As humans age, there is a concurrent lost of muscle mass. This loss of muscle mass (sarcopenia)

may be mitigated to a great degree if the aging individual engages in resistance training. However, it
is not known whether receptors that are located within muscle tissue also decrease with age. Bischoff-
Ferrari et al. examined intracellular 1,25-dihydroxyvitamin D receptor expression (VDR). In fact, in
this study, where older women had biopsies of their gluteus medius or transversospinalis taken, it was
found that all were receptor positive for vitamin D. However, increased age was associated with
decreased VDR expression.

 

8

 

 The importance of this finding of decreased vitamin D receptor expression
becomes apparent when examining the effects of genetics of muscle strength. Grundberg and Berven
from Sweden examined genetic variation in human vitamin D receptor and its association with vital
markers of health in Swedish women. This study of 175 healthy women examined the genetic variation
in VDR and its association with muscle strength, fat mass and body weight. Utilizing polymer chain
reaction (PCR) to identify polymorphic regions in the VDR gene, these scientists were able to provide
us with some interesting findings. VDR polymorphisms also appear to lead to osteoporosis. Reduced
serum 25-hydroxyvitamin D at levels below 30 nmol/l is associated with decreased muscle strength.

 

9

 

Namely, that there is a strong genetic component of muscular strength, fat mass and body weight and
that these anthropometric markers are associated with the vitamin D receptor.

 

10

 

 
The cost of healthcare for individuals appears to increase with age. In fact, the use of medical

services, including allied health care, may be higher for people above 60 years of age as compared
with their younger counterparts. Possibly, if older adults were to experience greater lower body
strength and function, they would have a reduced number of falls and broken bones. Thus, since
there are specific vitamin D receptors in muscle tissue, there might be an association between
vitamin D concentrations and lower-extremity function. In a population-based survey study, 4100
people were enrolled and tested for vitamin D concentrations along with a specific walking and
sit-stand test. The researchers stratified the results by using the serum vitamin D levels. The results
strongly indicated that older adults who have blood levels of vitamin D in the range of 40 to
94 nmol/L are associated with better musculoskeletal function than those with levels < 40nmol/L.

 

11

 

While there are no intervention trials with vitamin D in the athletic population, the evidence is
mounting that supplementation with this vitamin (and the calcitriol metabolite) can reduce the
number of falls in the elderly by 30–40%.

 

12

 

 The exact mechanism of action still needs elucidation.
There are no current studies in the athletic population, including both the aerobic and anaerobic

trained or untrained athlete.

 

VI. DEFICIENCY

 

Adequate exposure to sunlight and ingestion of dietary sources of vitamin D are typically sufficient
to avoid a deficiency. Rickets, the failure of the bone to properly mineralize, is one type of vitamin D
deficiency. The physical symptoms in infants and children include bow-shaped legs, knock knees,
abnormal curvature of the spine and deformed thoracic and pelvic regions. In adults, the deficiency
results in impaired calcium status. Phosphorus metabolism may also be impaired.

 

2

 

 Calcium interacts
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with PTH and if calcium is deficient, mineral metabolism can be affected. Elevated PTH in the
presence of vitamin D deficiency can lead to a normal bone matrix turnover, leading to poor
mineralization. This condition manifests itself as bone pain and osteomalacia.

Impaired vitamin D metabolism may occur with tropical sprue, or Crohn’s disease, as well as
parathyroid, liver and kidney disease. Anticonvulsant medications and aging can also negatively
affect vitamin D status. 

The Vitamin D Council believes that deficiency of this micronutrient may have importance in
most major illnesses. Heart disease, hypertension, arthritis, chronic pain, depression, hypertension,
inflammatory bowel disease, obesity, premenstrual syndrome, muscle weakness, fibromyalgia,
Crohn’s disease, multiple sclerosis and various other autoimmune are also implicated by recent
research (www.vitamindcouncil.com). 

 

VII. TOXICITY

 

The risk of vitamin D toxicity is related to the underlying potential cause. Excessive sunlight does
not lead to vitamin D toxicity (however, skin cancer is a real risk from exposure to the sun). Overin-
dulging in oral sources (dietary supplements) of vitamin D in infants can lead to anorexia, nausea,
renal insufficiency and failure to thrive. In adults, excessive vitamin D intake can lead to hyper-
calcemia and possible calcification of soft tissue.

 

13 

 

Certain people who live in areas where they are not exposed to more than a minimal amount
of sun or who are agoraphobic may benefit from dietary supplementation with vitamin D. Vitamin D
is found in fatty fish, meats, liver, butter and fortified foods. The recommended daily intake for men
and women is 5 

 

µ

 

g/d. The upper limit for safe intake is 50 

 

µ

 

g/d.

 

14

 

 Currently, there appears to be no
benefit, no ergogenic effect of vitamin D deficiency. Toxicity appears to occur at doses 

 

>

 

 40,000 IU
(http://www.cholecalciferol-council.com/toxicity.pdf). 

 

VIII. SALES

 

While there is no direct evidence or publication of the financial value or impact of vitamin D, one
can note that the sales of various vitamin classes also encompass vitamin D. In fact, in 2003, the
category of multivitamins resulted in $1.2 billion in sales.

 

14

 

 Many calcium supplements also
include vitamin D; the calcium category in 2003 resulted in $451 million in sales. Thus, we can see
that vitamin D is often part of various vitamin or mineral completes that generate millions of dollars
in sales each year.

 

IX. AN OVERVIEW OF ATHLETIC USES (REAL AND POTENTIAL)

 

Currently, there appears to be no benefit, no ergogenic effect of vitamin D deficiency. There
also appears to be insufficient data to make any speculation or conclusions regarding optimal
levels of vitamin D intake (from all sources) and its effect on exercise performance or body
composition.

 

X. RECOMMENDATIONS AND FUTURE RESEARCH DIRECTIONS

 

Scientists should possibly evaluate whether there is a synergistic effect of supplemental vitamin D
and calcium on muscular strength or performance in the athletic population. Geriatricians may
want to do similar studies in the elderly. Research is also needed in the athletic populations that
consume low-calorie diets (i.e., dancers, gymnasts, wrestlers) to determine whether these athletes
consume adequate vitamin D.
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XI. SUMMARY

 

Vitamin D is a steroid hormone. It is obtained via exposure to the sunlight and from select dietary
sources. Supplemental intake might have benefit for those over 60 years of age, but there is no
current support for use in the athletic population.

 

Vitamin K

 

XII. INTRODUCTION

 

Vitamin K, discovered in 1929, is made up of many compounds that all contain a 2-methyl-1, 4-
napthoquinone ring. The three biologically active sources of vitamin K are phylloquinone,
menaquinone and menadione.

 

15

 

 Phylloquinone is found in the diet, menaquinone is synthesized by
the intestinal flora and menadione is synthetic and, when administered to man, is metabolized into
phylloquinone.

 

XIII. METABOLISM

 

Vitamin K is a fat-soluble vitamin that is absorbed through the small intestine. It is incorporated
in chylomicrons for lymphatic transport, and is transported via 

 

β

 

-lipoproteins in the liver (entero-
hepatic circulation).

 

IX. FUNCTION

 

Vitamin K is best known for its role in the clotting of blood. Specifically, vitamin K is necessary
for the post-translational carboxylation of specific glutamic acid residues to form 

 

γ

 

-carboxyglutarate
for normal coagulation of the blood. The clotting factors II, VII, IX and X need vitamin K for
the ultimate formation of thrombin, which plays a role in blood clotting via enhancing or
facilitating the conversion of fibrinogen to soluble fibrin. Prothrombin activity is dependent upon
vitamin K.

Other vitamin K-dependent proteins exist. These include osteocalcin, which is used in the
formation of bone. These proteins (those found within osteocalcin) are also found in cartilage,
dentin and bone. These proteins are partially dependent on vitamin D. Thus, vitamin D and vitamin K
have vitamin–vitamin interactions that are important for bone health and blood clot formation.
Young athletes who are still in the formative years or peak years for bone density may be of prime
concern to a sports nutritionist for their dietary intake of both vitamins D and K.

Vitamin K interacts with other fat-soluble vitamins. Both vitamins A and E are antagonistic to
vitamin K. Vitamin E is thought to block the formation of vitamin K from its reduced state
(regeneration). Since both vitamin D and K interact with calcium, it is thought that an interrela-
tionship exists, especially at the level of the kidney, however, this has yet to be elucidated.

 

16

 

 

 

XV. EXERCISE RELATED RESEARCH—ANIMALS AND HUMANS

 

As the primary use of vitamin K in medicine is for the treatment of elevated clotting times
(PTT/APTT) or as a treatment for overt vitamin K deficiency, there appears to be no reason to
believe that this vitamin would have an ergogenic benefit for the athlete. No current published
studies exist examining vitamin K as an ergogenic aid in any model that is of athletic origin. 
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XVI. DEFICIENCY

 

A deficiency of this vitamin is unlikely. Those at greatest risk for a deficiency include newborn
infants, individuals with renal insufficiency and those who are treated with long-term antibiotics.
Case reports exist documenting vitamin K deficiency in patients who have been on long-term home
parenteral nutrition (intravenous feeding). Fat malabsorption disorders, biliary fistulas, obstructive
jaundice, steatorrhea, chronic diarrhea, intestinal bypass surgery, pancreatitis and liver disease all
increase the risk of a vitamin K deficiency.

Symptoms of a vitamin K deficiency include bruising and hemorrhaging.

 

17

 

 No human studies
demonstrate that a vitamin K deficiency affects bone mineralization.

 

XVII. TOXICITY

 

Natural vitamin K (phylloquinine) has not been associated with toxicity (no UL for safety). The
synthetic vitamin K (menadione) in high doses has been associated with hemolytic anemia, hyper-
bilirubinemia and jaundice.

 

18

 

 

 

XVIII. SALES

 

There is no information on the sales of natural or synthetic vitamin K. Thus, the financial impact
of this vitamin cannot be estimated at this time.

 

XIX. AN OVERVIEW OF ATHLETIC USES (REAL AND POTENTIAL)

 

No studies have been conducted in any semblance of an athletic population with this vitamin. There
does not seem to be a reason to study its potential to have an ergogenic benefit in the athletic or
active populace. There is a basis for evaluating the supplemental use of this vitamin in the healing
of bone fractures, but there is also no evidence that the deficiency of this vitamin negatively impacts
bone formation.

 

XX. RECOMMENDATIONS AND FUTURE RESEARCH DIRECTIONS

 

At this time, there appears to be no reason to study the effects of this vitamin in an interventional-
type study in the athletic population. There is no real or theoretical basis to believe that vitamin K
would have any ergogenic value.

 

XXI. SUMMARY

 

Vitamin K exists in three forms. It can be synthesized by the gastrointestinal tract by bacteria and
is found in spinach, broccoli, kale, Brussels sprouts, cabbage and various lettuces. Dark green leafy
vegetables are considered the best dietary source of vitamin K. The recommended daily intake is
80 

 

µ

 

g/day for males and 65 

 

µ

 

g/day for females. An intake of 1 

 

µ

 

g/kg for adults and 0.15 

 

µ

 

g/kg
body weight for children is recommended to maintain optimal clotting time.

No evidence exists for an ergogenic effect of this vitamin.
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I. INTRODUCTION

 

Despite the many known health benefits of exercise, including cardiovascular fitness, blood glucose
control, maintenance of lean body mass and positive effects on the lipid profile,

 

1

 

 there is a wide
body of evidence suggesting that exercise results in oxidative damage. This phenomenon is often
referred to as the “paradox of exercise.” At rest, the body continuously produces reactive oxygen
species (ROS) and in healthy individuals at rest, these ROS are produced at levels well within the
capacity of the body’s antioxidant defense system. Exercise elicits oxidative stress as production
of ROS outpaces antioxidant defenses.

 

2

 

 Hypothetically, supplementation with vitamin E, a potent
lipid-soluble antioxidant, could alleviate exercise-induced oxidative stress. This chapter will
describe vitamin E structures, functions and interactions with other antioxidants, as these factors
relate to exercise and vitamin E status.

 

II. CHEMICAL STRUCTURE AND ISOMERS 

 

The term “vitamin E” refers to the group of eight molecules having antioxidant activity,
including four tocopherols, 

 

α

 

, 

 

β

 

, 

 

γ

 

, 

 

δ

 

; and four tocotrienols, 

 

α

 

, 

 

β

 

, 

 

γ

 

, 

 

δ

 

 (Figure 13.1).

 

3

 

 The four
tocopherols share a common saturated phytyl tail, but differ in the number of methyl groups
on the chromanol ring. The tocotrienols differ from the tocopherols in that they have an
unsaturated tail. Of these eight naturally occurring forms, 

 

α

 

-tocopherol has the greatest anti-
oxidant activity and is the most prevalent form found in the body.

 

3

 

 Synthetic vitamin E consists of
eight 

 

α

 

-tocopherol stereoisomers that are distinct due to differences at the three chiral centers
of the phytyl tail.

 

4

 

 

 

III. FUNCTION 

A. A

 

NTIOXIDANT

 

 A

 

CTIVITY

 

 

 

OF

 

 

 

α

 

-T

 

OCOPHEROL

 

Vitamin E (

 

α

 

-tocopherol) is a potent peroxyl scavenger that acts to protect polyunsaturated fatty
acids (PUFAs) against lipid peroxidation.

 

5

 

 

 

α

 

-Tocopherol can quench peroxyl radicals (ROO

 

•

 

), these

 

FIGURE 13.1

 

Structures of tocopherols and tocotrienols. There are eight naturally occurring forms of
vitamin E. 

 

RRR

 

-

 

α

 

-tocopherol is the naturally occurring form, but when vitamin E is chemically synthe-
sized, the three chiral centers (each shown with a circle) give rise to eight different stereoisomers because
each can be R or S in the racemic mixture (

 

all rac

 

-

 

α

 

-tocopherol). These are: 

 

RRR

 

-, 

 

RRS-, RSR-, RSS-,
SRR-, SSR-, SRS-, SSS

 

-

 

α

 

-tocopherols. The dramatic structural difference where the tail and rings are joined
(the 2 position) explains why only 2

 

R

 

-

 

α

 

-tocopherols, not 2

 

S

 

-

 

α

 

-tocopherols meet the human vitamin E
requirement.
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react 1000 times faster with vitamin E (Vit E-OH) than with PUFA (RH).

 

6

 

 The hydroxyl group of
tocopherol reacts with the peroxyl radical to form a hydroperoxide (ROOH) and the tocopheroxyl
radical (Vit E-O.):

In the presence of vitamin E: ROO

 

•

 

 + Vit E-OH 

 

→

 

 ROOH 

 

+

 

 Vit E-O

 

•

 

In the absence of vitamin E: ROO

 

•

 

 + RH 

 

→

 

 ROOH + R

 

•

 

R

 

•

 

 + O

 

2

 

 

 

→

 

ROO

 

•

 

 

This reaction, however, does not terminate the chain reaction because Vit E-O

 

•

 

 is formed in this process.
Although Vit E-O

 

•

 

 is less reactive than the peroxyl radical,

 

7

 

 it still can potentially cause damage.
Possible fates of Vit E-O

 

•

 

 include:

• The radical can be further oxidized to a quinone (two electron oxidation).
• The radical can react with a PUFA to form a peroxyl radical (pro-oxidant activity).
• The radical can react with another radical to form an adduct.
• Two 

 

α

 

-tocopheroxyl radicals can react with each other to form an inactive dimer.

The radical can be reduced back to its active form by another antioxidant, such as ascorbate. 

 

B. N

 

ON

 

-A

 

NTIOXIDATIVE

 

 F

 

UNCTIONS

 

In addition to its antioxidant function, 

 

α

 

-tocopherol is believed to have anti-atherogenic and anti-
inflammatory effects through its modulation of some molecular signaling pathways.

 

8

 

 Specifically,

 

α

 

-tocopherol modulates cellular proliferation and differentiation through inhibition of protein kinase
C activity.

 

8

 

 Enhanced expression of phospholipase A2 and cyclooxygenase-1 by 

 

α

 

-tocopherol
increases vasodilation and inhibits platelet aggregation in humans.

 

6

 

 Furthermore, 

 

α

 

-tocopherol has
been demonstrated to counter the pro-inflammatory activity of monocytes and improve endothelial
function.

 

9

 

 However, these functions have largely been demonstrated 

 

in vitro

 

. Non-antioxidant

 

α

 

-tocopherol-functions are an active area of research in the vitamin E field.

 

IV. BIOAVAILABILITY

A. A

 

BSORPTION

 

 

 

AND

 

 L

 

IPOPROTEIN

 

 T

 

RANSPORT

 

 

 

Vitamin E is fat-soluble and as such, its absorption is dependent on the digestion and absorption
of dietary fat. Vitamin E is absorbed into intestinal cells and incorporated by the cells into
chylomicrons, which transport dietary fat into the circulation. Some vitamin E is then delivered
along with fats to peripheral tissues, but most of the dietary vitamin E is taken up into the liver as
part of the chylomicron remnants.

 

10

 

The liver is the site of vitamin E regulation. In the liver, only 

 

α

 

-tocopherol of the dietary vitamin
E forms absorbed is repackaged into lipoproteins by the 

 

α

 

-tocopherol transfer protein (

 

α

 

-TTP).

 

5

 

While 

 

RRR

 

-

 

α

 

-tocopherol and 

 

all-rac

 

-

 

α

 

-tocopherol are absorbed at the intestine and carried to the
liver via chylomicrons in a non-discriminate manner, 

 

RRR

 

-

 

α

 

-tocopherol has twice the biological
activity of the synthetic form

 

6

 

 due to the preferential incorporation of 

 

RRR

 

-

 

α

 

-tocopherol into very
low-density lipoproteins (VLDL) by 

 

α

 

-TTP.

 

4,11

 

 Consequently, double the proportion of 

 

RRR

 

-

 

α

 

-
tocopherol as compared to 

 

all

 

 

 

rac

 

 is delivered to peripheral tissues by lipoproteins.

 

4

 

B. E

 

XCRETION

 

 

 

AND

 

 M

 

ETABOLISM

 

In the liver, excess vitamin E can be excreted in the bile.

 

5

 

 Alternatively, it can be metabolized to form
the water-soluble compounds (a- or gz-tetramethyl- carboxyethyl-hydroxychromans (CEHCs)) that are
then excreted in bile or urine. Production of CEHCs increases with supplementation.

 

12

 

 The regulation
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of vitamin E metabolism is a very active area of study. It is of interest because unlike other fat-
soluble vitamins, vitamin E does not accumulate to toxic levels in the body.

 

V. DIETARY AND SUPPLEMENTAL SOURCES

 

Sources of vitamin E in the diet include: vegetable oils, especially wheat germ, safflower, sunflower,
olive, soybean and corn oils; as well as almonds and other nuts, sunflower seeds and whole grains.

 

5,6,8

 

Although the Recommended Dietary Allowance for vitamin E for normal healthy adults is 15 mg/day,

 

6

 

no specific recommendations were made for athletes.
Larger doses of vitamin E are popular in the U.S. in the form of dietary supplements.

 

5

 

 The
Food and Nutrition Board in its latest dietary reference intakes for vitamin E set tolerable upper
intake level (UL) for adults at 1000 mg, which is equivalent to 1500 IU of natural or 1100 IU of
synthetic vitamin E.

 

6

 

 Supplemental doses in exercise studies have varied considerably, from 13.5

 

13

 

to 1200 mg per day.

 

14

 

 Studies evaluating vitamin E in chronic disease resulted in conflicting
outcomes: beneficial effects,

 

15–17

 

 limited effects,

 

18

 

 no benefit

 

19

 

 and possible harm.

 

20–22

 

 The latest
meta-analysis of 19 intervention studies with vitamin E suggested that high doses of vitamin E
might increase the risk of all-cause mortality.

 

23

 

 However, the causes of death were not reported
and the plethora of data on the safety of vitamin E makes it difficult to speculate on a mechanism
for the observation. In general, the meta-analysis included studies that gave vitamin E doses well
above the UL. It is therefore recommended that the athlete consider that 400 IU vitamin E (300 mg

 

RRR

 

-

 

α

 

-tocopherol) has been shown to decrease markers of lipid peroxidation in athletes replete
with vitamin C.

 

24

 

 Therefore, it is unlikely that higher doses would have additional benefit; moreover
intakes should always be below the UL.

Supplements can contain the naturally occurring single stereoisomeric form, 

 

RRR

 

-

 

α-tocopherol
(d-α-tocopherol), or synthetic all-rac-α-tocopherol (dl-α-tocopherol), which contains eight differ-
ent stereoisomers. Supplements are typically sold as either acetate or succinate esters4 because
esterification prevents oxidation, thus extending shelf life.6 α-Tocopheryl esters are hydrolyzed and
absorbed in the gut with similar efficiencies.5 

According to the U.S. Pharmacopoeia (USP), 1 international unit (IU) of vitamin E equals 1 mg
all rac -α-tocopheryl acetate, 0.67 mg RRR-α-tocopherol, or 0.74 mg RRR-α-tocopheryl acetate.25

These conversions are based on the relative “biologic activities” in the rat fetal resorption assay
for vitamin E deficiency. IUs are currently used in labeling vitamin E supplements. It should be
noted that the current RDA does not use vitamin E USP units, but rather the recommendation for
adults is set at 15 mg of RRR-α-tocopherol or 2R-α-tocopherols. To convert 1 IU of RRR-α-
tocopherol to mg multiply by 0.67 and to convert 1 IU of all rac-α-tocopherol multiply by 0.45
to obtain mg 2R-α-tocopherol.

VI. EXERCISE-MEDIATED CHANGES IN VITAMIN E STATUS 

A. PLASMA VITAMIN E RESPONSE TO EXERCISE 

Most,26–30 but not all,13,31–33 of the studies investigating the response of plasma vitamin E to exercise
reported increases in plasma α-tocopherol concentration post-exercise, regardless of treatment
(supplemented vs. non-supplemented). However, some studies have reported decreased plasma
α-tocopherol concentrations post-exercise.34,35 Whether increased α-tocopherol concentrations can
be attributed to increased rates of lipoprotein secretion during exercise remains under investigation.
An increase in total plasma α-tocopherol in response to endurance exercise may be due to increased
output of α-tocopherol from the liver, perhaps as a result of increased VLDL production, but might
also be an oxidative stress-dependent response. With some exception,13 plasma α-tocopherol
consistently increases post-exercise in response to ultra-endurance exercise,27–30 whereas plasma
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α-tocopherol levels do not appear to increase in response to shorter-duration exercise,31–35 again
with some exception.26

A lack of reporting of plasma α-tocopherol responses to supplementation is a major limitation
of studies investigating the efficacy of vitamin E supplementation to influence performance and
exercise-induced damage, inflammation and oxidative stress. Studies that fail to measure or report
plasma α-tocopherol concentrations following supplementation leave doubt as to the effectiveness of
the supplementation protocol; therefore, findings from these studies should be interpreted with caution. 

B. PLASMA VITAMIN E KINETICS

Studies using deuterium-labeled tocopherols have demonstrated that the various forms of vitamin E
are absorbed and secreted similarly in the gut, but that RRR-α-tocopherol is preferentially secreted
in the liver as a result of the activity of the α-TTP.4,11 Mastaloudis et al.30 applied deuterium-labeled
tocopherols to study α-tocopherol utilization during exercise. By calculating the fractional rate of
deuterium-labeled α-tocopherol disappearance during exercise compared with a sedentary period
in the same individuals, it was demonstrated that vitamin E utilization is increased during endurance
exercise,30 indicating that runners may have a larger requirement for vitamin E than sedentary
individuals.

VII. OXIDATIVE STRESS AND DAMAGE

In response to endurance exercise, oxygen (O2) consumption increases 10- to 20-fold systemically
and as much as 100- to 200-fold at the level of the skeletal muscle, resulting in substantially
increased mitochondrial electron flux.36 Vigorous exercise results in increased lipid peroxidation,30

DNA damage37 and protein oxidation.38

Leakage of electrons from the mitochondrial electron transport chain is considered a main
source of ROS during exercise.2 Other potential ROS sources include enhanced purine oxidation,
damage to iron-containing proteins, disruption of Ca2+ homeostasis39 and neutrophil activation.40 

A. PROTEIN OXIDATION

The effects of vitamin E supplementation on exercise-induced protein oxidation have not been well
studied and remain an important area for future research. 

B. DNA DAMAGE

Several studies have demonstrated exercise-induced DNA damage in individuals of all training
levels: sedentary,41 recreationally active14,42,43 and trained athletes,41,44,45 with some evidence that
sedentary individuals experience greater damage than trained subjects.41 Furthermore, exercise of
varying intensity and duration has been demonstrated to cause similar amounts of damage.14,41–45

Due to the potential involvement of oxidative DNA damage in cancer development and age-related
degenerative diseases,46 the ability of antioxidant vitamins like vitamin E to prevent such damage
has been investigated.

To test whether vitamin E supplementation could inhibit exercise-induced DNA damage, Hartmann
et al.14 studied five men in response to a total of four consecutive maximal exercise bouts (average
run time 15 min: maximum running time 18.4 min). The four trials included: 

1. No supplement (test I)
2. A multivitamin supplement (test II)
3. 800 mg vitamin E 2 h before and 22 h following exercise
4. 1200 mg vitamin E for 14 days prior to the exercise bout (test IV) 
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The three supplement regimens inhibited DNA damage, but the protocol providing 1200 mg
vitamin E for 14 days prior to the exercise bout (test IV) had the greatest effect, suggesting that
vitamin E can prevent exercise-induced DNA damage. In contrast, Mastaloudis et al. 37 reported
that in trained subjects, prior supplementation with vitamins E and C (300 mg vitamin E and 1000 mg
vitamin C for 6 weeks) did not attenuate the increase in DNA damage following an ultramarathon
run, although there was an indication of an increased recovery rate in the women runners taking
antioxidants. Likely, the training status of the subjects, the exercise duration and the amount of
vitamin E all were factors that influenced study outcomes.

C. LIPID PEROXIDATION

Results from studies investigating supplementation with vitamin E alone or in combination with
other antioxidants in the protection against exercise-induced lipid peroxidation have been generally
inconclusive, with results varying from reduced lipid peroxidation13,24,35,47–52 to no effect.27,28,53,54

Phospholipids, which are integral components of cell membranes, are essential for membrane
fluidity and transport. They generally contain multiple PUFAs (fatty acids containing two or
more double bonds), which are most susceptible to lipid peroxidation because of their chemical
structure, which includes bis-allylic hydrogens. These hydrogens are located on a carbon that has
double bonds on either side, e.g. −CH=CH−CH2−CH=CH−, making the bonds weaker and thus more
susceptible to abstraction. Oxidizability of PUFAs increases proportionally with increases in the
number of double bonds.55 

Lipid peroxidation is a chain reaction initiated by abstraction of a hydrogen from a carbon
forming a carbon-centered radical (R•). The R• undergoes a conformational change to form the
more stable conjugated diene structure.2 In an aerobic environment, the most likely fate of R• is
reaction with molecular oxygen to form an ROO•.2 ROO• can readily abstract a bis-allylic
hydrogen of a PUFA, creating both a lipid hydroperoxide (R-OO-H) and an R•, thus perpetuating
a chain reaction. Termination may occur when two radicals react with one another,7 forming an
inactive dimer: R• + R• = R – R; non-radical antioxidants, such as α-tocopherol, may limit the
chain reaction. 

Damaging effects of lipid peroxidation include impairment of membrane fluidity, disruption of
membrane-bound proteins and disruption of active transport of molecules and ions across cell
membranes.56 Additionally, lipid peroxidation products may initiate gene transcription or apoptosis,
stimulate the immune response, cause inflammation, initiate fibrosis or inactivate enzymes.57

VIII. ASSESSMENT OF LIPID PEROXIDATION 
IN ENDURANCE EXERCISE

A. MALONDIALDEHYDE

Malondialdehyde (MDA), a PUFA oxidation product, has been the most commonly used marker
for lipid peroxidation in human exercise trials and is often measured indirectly by the thiobarbituric
acid reactive species (TBARS) assay.58 MDA, formed during lipid peroxidation, can be measured in
the plasma using a simple colorimetric assay where MDA is combined with thiobarbituric acid (TBA)
under acidic conditions to form a pink substance that absorbs UV light at ~532 nm.2 Despite its broad
use, there are a number of problems with the TBARs assay. Unfortunately, most TBARs are generated
during the assay and results differ depending on the assay conditions.2 Another problem with the
assay that leads to artifact is that a number of non-TBARs products absorb at or near 532 nm.2 Finally,
the assay is non-specific in that thiobarbituric acid reacts with compounds other than MDA.2

More recently, researchers have begun combining the TBARS assay with high pressure liquid
chromatography (HPLC) separation in an effort to increase sensitivity of the assay.2 First,
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TBA-MDA conjugates are separated from non-specific TBA forms by HPLC, followed by detection
of TBA-MDA conjugates.2 However, this method does not release any MDA bound to proteins,
leading to an underestimation of MDA.2 HPLC separation has been used in an effort to reduce
artifact, but due to the non-specific nature of the assay, it remains an unreliable tool for measuring
lipid peroxidation in complex mixtures such as body fluids and tissues.2

B. BREATH PENTANE 

Breath pentane is another marker of lipid peroxidation but it has been used infrequently in exercise
studies. This assay is based on the concept that hydrocarbon gases formed during lipid peroxidation
can be measured as they are exhaled in the breath.2 Unfortunately, this assay is also susceptible to
artifact, hydrocarbons are only a minor end-product of lipid peroxidation, their formation can be
influenced by diet and thus breath pentane is not considered a reliable marker.2

C. CONJUGATED DIENES 

Conjugated dienes, another PUFA oxidation product, have been used to assess oxidative stress
resulting from exercise. The assay utilizes the unique characteristic of these structures to absorb
ultraviolet light (UV).2 The sensitivity and reliability of this assay can be increased if a separation
technique is utilized to remove other interfering substances.2 A more useful conjugated dienes assay
is to assess the susceptibility of low-density lipoproteins (LDL) to oxidation in vitro,58 but results
must be interpreted with caution, as LDL are susceptible to oxidation during the long centrifugation
time required for isolation.58 

D. F2-ISOPROSTANES 

F2-Isoprostanes (F2-IsoPs) are unique, chemically stable, prostaglandin-like compounds that are
specific end-products of the cyclooxygenase independent free-radical catalyzed oxidation of arachi-
donic acid (20:4 n-6), a long chain PUFA.59 F2-IsoPs are a sensitive and reliable measure of in vivo
lipid peroxidation.60 Additional advantages of this biomarker are that they remain stable frozen at
–70° C for up to 6 months, have a lower limit of detection in the picogram range and physiological
levels are not affected by dietary lipid levels.61,62 F2-IsoPs have demonstrated pro-atherogenic biolog-
ical activity, including vasoconstriction, opposition to nitric oxide and activation of platelet aggrega-
tion,61–63 and they are known to recruit pro-atherogenic monocytes and induce monocyte adhesion.

IX. VITAMIN E SUPPLEMENTATION IN EXERCISE

A. VITAMIN E AND LIPID PEROXIDATION 

In a number of studies, vitamin E supplementation has been demonstrated to reduce steady state
concentrations of lipid peroxidation markers without affecting exercise-induced increases in oxidative
stress.47,49,54,64 Compared with pre-supplementation, resting concentrations of breath pentane and
plasma MDA were significantly reduced by 6 weeks’ supplementation with 600 mg α-tocopherol,
1000 mg ascorbic acid and 30 mg β-carotene at rest, prior to and during a 30 min run.54 In trained
cyclists, 400 IU vitamin E for 3 weeks reduced resting MDA levels by nearly half, but did not
attenuate the increase in MDA caused by 90 min of cycling.64 Schroder et al.47 reported that
supplementation with 600 mg vitamin E, 1000 mg vitamin C and 32 mg β-carotene for 31 days
of a regular competition basketball season resulted in significant decreases in resting plasma
lipoperoxide levels compared with the placebo group, suggesting that an antioxidant mixture might
be helpful in preventing accumulation of oxidative stress during habitual exercise training.
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In a sedentary elderly population (70–85 yrs), supplementation with 800 IU vitamin E for 16
weeks reduced resting plasma lipid hydroperoxide levels and blood pressure whether or not subjects
participated in an exercise training program.49 Subjects taking placebos who participated in the
exercise training program demonstrated similar improvements in oxidative stress markers and blood
pressure.49 Somewhat surprisingly, sedentary subjects taking 800 IU vitamin E gained improvements
in oxidative stress markers and blood pressure that were similar to subjects participating in an
exercise program.49

Taken together, studies examining the effects of vitamin E supplementation on exercise-induced
lipid peroxidation demonstrate a trend for protection by vitamin E.35,48,50–52 However, Meydani et al.65

reported that 7 weeks of supplementation with 800 IU dl-α-tocopherol had no effect on urinary
TBARS in the 72 h following a 45 min downhill run in subjects with sedentary lifestyles. Itoh et al.,50

on the other hand, reported that in moderately trained subjects 4 weeks of supplementation with
1200 IU α-tocopherol attenuated the increase in plasma TBARS following 6 consecutive days of
running (~50 min/day) compared with the placebo group. Importantly, supplementation with vita-
min E attenuated increases in markers of exercise-induced muscle damage (CK and lactate dehy-
drogenase).50 Using an alternative marker of lipid peroxidation, Sacheck et al.66 reported differential
effects of supplementation with 1000 IU RRR-α-tocopherol for 12 weeks prior to a 45 min downhill
run in young and elderly men. Vitamin E attenuated the increase in plasma F2-IsoPs in the elderly
men at 24 h post-exercise, but not at 72 h post exercise. In the young men, supplementation prevented
any increases in plasma F2-IsoPs, but the group initially had higher levels at baseline than the
placebo group, making interpretation of the results difficult. Furthermore, MDA levels were atten-
uated at 72 h post-exercise with supplementation in the young men, but they were actually increased
24 and 72 h post-exercise in the elderly men supplemented with vitamin E.66 Since F2-IsoPs were
not measured immediately post-exercise, comparison with other studies in which F2-IsoPs peaked
at post-exercise,24,30 is not possible. 

With regard to cycling, Sumida et al.48 reported that 4 weeks of supplementation with 300 mg
d-α-tocopherol inhibited serum MDA formation after a cycle ergometer test to volitional exhaustion
and supplementation with vitamin E for 20 weeks attenuated the MDA response in trained cyclists.51

Similarly, 3 weeks daily supplementation with 300 IU dl-α-tocopherol reduced LDL susceptibility
to oxidation following 1 hour of cycling at 70%VO2max.35 

Vitamin E supplementation has also been demonstrated to be protective during exercise at
altitude. Supplementation with 400 mg/day vitamin E during a 10-week expedition at 8000–9000
m altitude helped prevent increases in breath pentane observed in the placebo group.52

The effects of vitamin E supplementation on resistance (strength) training have not been
thoroughly studied. Three weeks’ supplementation with 1200 IU vitamin E in untrained men was
ineffective in preventing increases in MDA following repeated bouts of resistance training.53

Because resistance training is primarily anaerobic, it is not surprising that the exercise-induced
increases in lipid peroxidation were not dramatic and that vitamin E had no apparent effect.53

Overall, vitamin E supplementation appears to be effective in attenuating lipid peroxidation
induced by aerobic/endurance type exercise, but not strength training.

B. CO-SUPPLEMENTATION WITH VITAMINS E
AND OTHER ANTIOXIDANTS

Studies examining the effects of antioxidant combinations on exercise-induced oxidative stress have
yielded inconsistent results: protection,13,24 no effect 27 or mixed results.67–69 Studies at high altitude
especially have produced mixed results. Pfeiffer et al.67 supplemented military recruits with 300 mg
α-tocopherol, 500 mg ascorbic acid, 20,000 IU β−carotene, 100 µg selenium and 30 mg zinc during
14 days of winter high altitude training. They reported no effect of supplementation on exercise-induced
increases in urinary markers of oxidative stress: TBARS, 8-OHdG (8-hydroxy-2′-deoxyguanosine) or
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HNE (4-hydroxy-2-nonenal), but plasma lipid hydroperoxides increased only in the placebo group,
suggestive of protection in the supplemented group.67 Chao et al.,68 in a similar study of military
recruits, reported that supplementation with 440 α-tocopherol equivalents (α-TE), 500 mg ascorbic
acid, 2000 retinol equivalents (RE) β−carotene, 100 µg selenium and 30 mg zinc during 14 days
prior to 28 days of winter altitude training attenuated increases in breath pentane observed in the
placebo group, but had no effect on plasma TBARS. In a follow-up study, investigators studied the
effects of a phytochemical antioxidant supplement containing 650 IU α-, β-, γ- and δ-tocopherols,
330 mg ascorbic acid, 20,050 IU β−carotene, 167 µg selenium, 13.2 mg catechins, 500 µg lutein
and 100 µg lycopene, 181 mg N-acetyl 1-cysteine and 5 mg pomegranate extract, in addition to
100 mg of a vegetable blend concentrate (lutein, zeaxanthin, β-carotene and lycopene) during 24
days of winter altitude training.69 The phytochemical antioxidant mixture had no apparent effect on
serum lipid hydroperoxides or urinary MDA69 after 24 days of field training. Of note, subjects with
initially low plasma antioxidant levels did appear to benefit from the supplementation by exhibiting
reduced oxidative stress levels compared with baseline.69 These studies highlight the differing results
obtained by using oxidative stress markers that lack sensitivity or are prone to artifact.

Studies carried out at sea level have also shown conflicting results. Kaikkonen et al.13 demon-
strated that LDL from subjects supplemented with only 13.5 mg/day d-α-tocopherol and 90 mg
coenzyme Q10 for 3 weeks had a 17% lower susceptibility to oxidation following a marathon run
than LDL from the placebo group. In contrast, supplementation with 294 mg vitamin E, 1000 mg
vitamin C and 60 mg coenzyme Q10 daily for 4 weeks had no effect on the exercise-induced
increases in conjugated dienes following a 31 km run in trained endurance athletes.27 Mastaloudis
et al.24 supplemented runners with placebos or 300 mg vitamin E and 500 mg vitamin C twice a
day (total of 1000 mg) (Figure 13.2). Lipid peroxidation as assessed by F2-IsoPs increased
dramatically in the placebo group following the 50 km ultramarathon, but the increase was

FIGURE 13.2 Antioxidant supplementation (300 mg vitamin E and 1000 mg vitamin C for 6 weeks) prevented
increases in plasma F2-Isoprostane concentrations following a 50 km ultramarathon. There were no statistically
significant differences detected between sexes or treatment groups in F2-Isoprostane concentrations (mean ±
SE) at baseline or following 6 weeks daily supplementation with vitamin E and vitamin C (AO) or placebos
(PL).24 At post-race, F2- Isoprostane concentrations were elevated in the PL group (compared with pre-race,
p < 0.001), but not in the AO group and were significantly higher in the PL group compared with the AO
treatment group (p < 0.01; ∗ = compared with pre-race; # = AO vs. PL group). (A) In women, F2- Isoprostane
concentrations were elevated in the PL group compared with the AO group at post-race (p < 0.01). (B) In
men, F2- Isoprostane concentrations were higher in the PL group compared with the AO group at post-, 2h
post- and 1, 2, 3, 4 and 6 days post-race (these latter time points are not shown, p < 0.03). 
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completely prevented in the supplementation group,24 indicating that the antioxidant supplementa-
tion protocol conferred protection against lipid peroxidation in these runners. 

X. ERGOGENIC EFFECTS OF VITAMIN E

A. PERFORMANCE

Although many researchers have examined the effects of vitamin E supplementation on athletic
performance, there is little evidence of an ergogenic effect. Aerobic capacity as measured by
maximal oxygen consumption (VO2max) increases in response to training, but not in response to
vitamin E supplementation.34,48–50 Similarly, vitamin E supplementation does not appear to improve
cycling work capacity35,64 or marathon run time.28,29 Finally, there is no evidence that vitamin E
supplementation improves strength training parameters including maximal strength, explosive
power and muscular endurance.53 

B. MUSCLE DAMAGE, FATIGUE AND RECOVERY

Exercise can cause damage to active muscles. Damage has been demonstrated by visualization of
the ultrastructural disruption of the sarcomere,70 increased release of muscular enzymes into the
plasma70 and substantial impairment in maximal torque production.71 The practical implications of
this damage have been reviewed72 and include decreased joint range of motion, increased fatigability,
decreased shortening velocity and prolonged strength loss. A 20–30% loss in torque production of
the knee extensors has been reported following endurance running.71,73 

While exercise-induced damage could be the result of ultrastructural damage, impaired
excitation–contraction uncoupling72 or central fatigue,71 evidence that oxidative damage by ROS
mediates skeletal muscle damage is accumulating.70,74 Damage to skeletal muscle cell membranes by
ROS, specifically lipid peroxidation, can impair cell viability, leading to necrosis and an acute-phase
inflammatory response.74,75 ROS may play a central role in the etiology of skeletal muscle damage
via oxidation of ion transport systems, leading to disruption Ca2+ homeostasis, impaired mitochon-
drial respiratory control, distortions in signal transduction pathways and ultimately cell dysfunc-
tion.76 Therefore, protection from ROS by antioxidants such as vitamin E could abrogate muscle
damage caused by exercise.

However, the decrease in torque production following endurance exercise may be more a result of
central fatigue than damage at the level of the skeletal muscle. Millet et al.73 reported that the 30%
decrease in isometric maximal voluntary contractior (MVC) of the knee extensors following a 65 km
ultramarathon was due primarily to a decrease in maximal voluntary activation. It is unknown whether
ROS are involved in central fatigue. 

Vitamin E was reported to have no protective effect against muscle damage in a moderate exercise
protocol, 60 min of box-stepping exercise.77 One week of prior supplementation with 400 mg vitamin
E had no effect on recovery of maximal voluntary contraction (MVC) torque deficit.77 Notably, plasma
vitamin E was not substantially increased in the short supplementation period (3 weeks prior to
and 1 week post-exercise).77 When vitamin E was supplemented for a longer time period at a higher
dose (1200 IU for 3 weeks) and plasma vitamin E levels were more than doubled, supplementation
still had no effect on exercise-induced concentric torque deficits following a short anaerobic muscle-
damaging exercise protocol.78 Similarly, supplementation with 1200 IU/day vitamin E for 3 weeks was
ineffective in preventing losses in maximal strength, explosive power and muscular endurance following
repeated bouts of resistance exercise.53 More recently, Mastaloudis et al.79 reported that the combination
of vitamins E and C for 6 weeks had no protective effect against the loss of torque and power generating
capacity following endurance running. Taken together, it appears that vitamin E is ineffective in
protecting against exercise-induced muscle force deficit in either trained77,79 or untrained53,78 individuals. 
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Explanations for the lack of vitamin E efficacy include the possibility that supplementation
was too short for vitamin E to effectively increase in the tissue where muscle damage is occurring,
that the damage is so extensive as to overwhelm the protective capability of vitamin E or that ROS
are not the cause of the impairment in muscle performance and therefore vitamin E should not be
expected to be beneficial.

Creatine kinase (CK) is an intramuscular enzyme that is markedly increased in the plasma
following damaging exercise including both prolonged and eccentric activity.80 Due to the invasive
nature of muscle biopsies, CK serves as an effective indirect marker of muscle damage.81 Increased
plasma CK levels are the result of muscle damage, including disruption of muscle cell membrane,
causing increased cellular permeability.81 A major role of vitamin E is to stabilize cellular mem-
branes; therefore it has been proposed that vitamin E may attenuate CK efflux into the plasma and
thus play a protective role against muscle damage. The majority of studies investigating the CK
responses have reported no protective effect of supplementation with vitamin E alone70,77,82 or in
combination with other antioxidants.13,29,31,79 There are, however, a number of exceptions. For
example, 2-week α-tocopherol supplementation (1200 IU/day) attenuated the CK increase in trained
subjects performing resistance exercise compared with those in the placebo group.83 Furthermore,
vitamin E appeared to enhance the rate of recovery as CK returned to baseline levels by 48 h in the
treatment group, but not in the placebo group. Beaton et al.78 also reported an attenuation of the CK
increase response to resistance exercise with 3-week α-tocopherol supplementation (1200 IU/day);
however, muscle biopsies revealed that ultrastructural muscle damage was similar between groups.
These results indicate that CK may be more representative of muscle membrane disruption than
damage to the ultrastructure. With regard to endurance exercise, Itoh et al.50 observed that 4-week
α-tocopherol supplementation (1200 IU/day) attenuated CK increases following 6 successive days
of running, whereas Kaikkonen et al.13 reported no positive effect on the plasma CK response when
they supplemented with only 13.5 mg/day for 3 weeks prior to a marathon. Rokitzki et al.28 reported
that 4.5-week supplementation with 400 IU vitamin E and 200 mg vitamin C attenuated CK increases
following a 90 km ultramarathon. Finally, supplementation with vitamin E for 20 weeks attenuated
the CK response in trained cyclists.51 In contrast, combined supplementation with 300 mg vitamin E
and 1000 mg vitamin C for 6 weeks had no effect on increases in CK following a 50 km run.79

The efficacy of vitamin E supplementation to attenuate exercise-induced impairment in muscle
function or increases in muscle damage markers remains unclear due to conflicting results from
various studies. Results appear to be influenced by amount and duration of dose and the type of
antioxidant supplemented, as well as intensity, duration and type of exercise; clearly, further research
is needed in this area. 

C. INFLAMMATION

Endurance or damaging exercise elicits a stress response analogous to the acute phase immune
response.75 A local response to a stressor such as tissue injury or ROS stimulates production of a
group of low molecular weight regulatory proteins, called cytokines, which regulate the inflamma-
tory cascade.75,84,85 In parallel with the local response, a systemic inflammatory response charac-
terized by fever, leukocytosis, production of acute phase proteins and transfer of extracellular iron
to intracellular stores occurs.75

It has been postulated that ROS may stimulate cytokine production at the level of the skeletal
muscle in response to exercise and that vitamin E supplementation may attenuate this stress
response.86 The few studies examining the effects of vitamin E supplementation on exercise-
stimulated cytokine production have generated mixed results. Singh et al.87 reported that vitamin E
supplementation (400 IU for 4 days) had no effect on the cytokine response to 1.5 h of treadmill
running. Similarly, two weeks of supplementation with antioxidants (400 mg vitamin E and 500 mg
vitamin C) had no apparent effect on exercise-induced inflammation following a 1.5 h run.31 While
both of these studies were carried out in trained subjects, in a group of untrained subjects, Niess
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et al.82 reported that vitamin E supplementation (500 IU for 8 days) had no effect on the cytokine
response to 30 min of exhaustive treadmill running.

It may be that a longer period of vitamin E administration is required to influence the inflam-
matory response. Cannon et al.88 reported an attenuation of the increase in the cytokine IL-1β
following 48 days vitamin E supplementation (400 IU/day) and Vassilakopoulos et al.86 reported
that increases in cytokines were prevented with an antioxidant cocktail that included vitamins E,
A and C (200 mg, 50,000 IU and 1000 mg, respectively) for 60 days; both studies involved untrained
subjects and a 45-min moderate-intensity running protocol. In a follow-up study, Cannon et al.89

demonstrated that 48 days vitamin E supplementation (800 IU/day) attenuated IL-1β and IL-6
secretion, but not TNF-α following a 45-min run. These results reveal that vitamin E supplemen-
tation may influence individual cytokines differently, and this should be considered when selecting
a limited group of cytokines to represent the inflammatory response.

Most recently, Mastaloudis et al.24 reported that in trained subjects, vitamins E and C (300 mg
vitamin E and 1000 mg vitamin C for 6 weeks) had no apparent effect on inflammatory markers
(IL-1β, IL-6, TNF-α and C-reactive protein) following a 50 km (7 h) ultramarathon run. Therefore,
the effectiveness of vitamin E to prevent exercise-induced oxidative stress appears to be influenced
by the duration of supplementation, the training status of the individual and the duration of the
exercise protocol. 

XI. CONSIDERATIONS AND FUTURE RECOMMENDATIONS

There are a number of explanations for the inconsistent findings with regard to antioxidant protection
in exercise. In addition to differences in the modes, duration and intensity of exercise, there were
large discrepancies in the types and amounts of antioxidant supplements provided and in the duration
of supplementation. Probably the most important explanation for the inconsistent results in the
oxidative stress studies, especially in those with similar protocols, is the different assays used to
assess lipid peroxidation. As discussed previously, assays such as TBARS (MDA), breath pentane and
conjugated dienes are susceptible to artifact and are often not specific enough to accurately assess
lipid peroxidation in complex mixtures such as plasma.2 F2-IsoPs, on the other hand, are chemically
stable, specific end-products of free-radical catalyzed lipid peroxidation.59 When handled appro-
priately (samples flash frozen in liquid nitrogen immediately and stored at –70° C) F2-IsoPs are a
sensitive and reliable measure of in vivo lipid peroxidation.60

Regarding the study of exercise-induced inflammation, vitamin E supplementation may influ-
ence individual cytokines differently and this should be considered when selecting a limited group
of cytokines to represent the inflammatory response.89 As training status also impacts the inflam-
matory response, this too should be taken into consideration when designing studies examining the
efficacy of vitamin E and other antioxidants to prevent inflammation. 

The effect of vitamin E supplementation on exercise-induced protein oxidation has not been
well studied and remains an important area for future research.

CK response may not be the best marker for evaluation of muscle damage because, in many
cases, CK has not been well correlated with the extent of muscle damage assessed using histological
techniques.90 Therefore, the use of muscle biopsy techniques in addition to plasma markers may
offer a more comprehensive picture of the exercise-induced muscle damage response directly at
the level of the skeletal muscle. 

XII. RECOMMENDATIONS

While vitamin E has no apparent effect on exercise performance, it has been demonstrated that its
utilization increases during endurance exercise;30 therefore, endurance athletes may have a higher
requirement for vitamin E. There is also evidence that those participating in repeated bouts of
exercise on the same day or consecutive days may benefit from vitamin E supplementation by
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reducing resting concentrations of oxidative stress markers.47,50 Persons participating in physical
activity, especially those adhering to a low-fat, high-carbohydrate diet, are specifically at risk for
consuming inadequate amounts of vitamin E and therefore might consider supplementation. Elderly
subjects may also benefit from supplementation, not only by reducing resting concentrations of
oxidative stress markers, but also by reducing blood pressure.49 There is a good indication that
vitamin E supplementation prevents, or at least alleviates, exercise-induced increases in lipid
peroxidation in those participating in aerobic exercise,24,35,48,50,51 but not necessarily weight train-
ing.53 However, the long-term health benefits of lowering oxidative stress levels related to exercise
have not been well elucidated and remain an important area for future research. 

XIII. SUMMARY AND CONCLUSIONS

Despite the apparent increased requirement for vitamin E during endurance exercise,30 there is little
evidence for an ergogenic effect of vitamin E. Supplementation has no apparent effect on VO2

max,34,48–50 cycling work capacity35,64 or marathon run time.28,29 There is also little support for
vitamin E supplementation on strength training parameters including maximal strength, explosive
power and muscular endurance.53 

Vitamin E also has no demonstrated effect on functional parameters of muscle damage such
as MVC and muscle soreness in either trained77,79 or untrained53,78 individuals. However, there is
some evidence that supplementation decreases leakage of CK into the plasma,28,50,51,78,83 likely due
to the ability of vitamin E to stabilize the muscle cell membrane. Nonetheless, the efficacy of
vitamin E supplementation to attenuate exercise-induced impairment in muscle function or increases
in muscle damage markers remains unclear, due to conflicting results from various studies.

Chronic vitamin E supplementation appears to attenuate the inflammatory response in untrained
subjects participating in moderate intensity exercise.82,86,88 Supplementation appears to be less effective
in trained subjects participating in endurance exercise,24,31,87 possibly due to an enhanced ability to
modulate the inflammatory response following training that is independent of supplementation.

Very few studies have tested whether vitamin E supplementation could inhibit exercise-induced
DNA damage.14,37 Results to date suggest that vitamin E may prevent exercise-induced DNA
damage14 or at least increase the rate of recovery in some individuals;37 obviously, more research
is needed to substantiate these results.

While supplementation with vitamin E alone appears to be effective in attenuating lipid peroxidation
induced by aerobic/endurance type exercise,35,48–52 its effects on strength training seem to be limited.53

The effects of vitamin E in combination with other antioxidants on exercise-induced oxidative
stress are less conclusive. A primary influence on results of these studies has been differences in
the assays used to assess lipid peroxidation. Using the most reliable lipid peroxidation marker
available, F2-IsoPs, supplementation with vitamins E and C clearly prevented increases in lipid
peroxidation observed in the placebo group following a 50 km ultramarathon.24 On the other hand,
studies using LDL susceptibility to oxidation as a marker of oxidative stress have yielded con-
flicting results: protection13 or no effect.27 Studies at high altitude have involved more complex
antioxidant cocktails and have yielded mixed results due to the use of multiple lipid peroxidation
assays of varying sensitivity and reliability within each study.67–69 The use of antioxidant combi-
nations to prevent exercise-induced oxidative stress has not been well studied and more research
is needed in this area to determine whether these nutrient cocktails are protective, ineffective or
even detrimental.
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I. INTRODUCTION

 

Iron is the trace mineral found in the greatest amount in the body, about 3–5 grams in adults. Most
of this iron is found inside hemoglobin molecules, where it plays a critical role in transporting
oxygen from the lungs to the cells. Because very little oxygen dissolves in the plasma, most oxygen
molecules must bind to the iron atoms in hemoglobin molecules for transport in the blood. Other
iron-containing proteins play important roles in aerobic metabolism, including the cytochromes of
the electron transport system and myoglobin, the oxygen-binding protein found in muscles. Iron
deficiency anemia, the most common nutritional deficiency in the world, reduces the amount of
oxygen available for aerobic metabolism and limits a person’s endurance. Thus, iron is an important
nutrient in sports that require endurance for success. 
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II. IRON METABOLISM

A. I

 

RON

 

 

 

IN

 

 

 

THE

 

 H

 

UMAN

 

 B

 

ODY

 

Almost all of the iron found in the body is bound to proteins. These include heme proteins
(e.g., hemoglobin, myoglobin, cytochromes), storage and transport proteins (e.g., ferritin, hemosiderin,
transferrin), iron-sulfur enzymes (e.g, flavoproteins) and other enzymes (nonheme enzymes).
Because iron exists in both the ferric (

 

+

 

3) and ferrous (

 

+

 

2) oxidation states, it can serve as a catalyst
for Haber-Weiss reactions by receiving and donating electrons when it is in an unbound state.

 

1

 

 
Iron is stored in the body primarily in the red bone marrow, the liver and the spleen. In the

liver, iron is stored in hepatocytes and reticuloendothelial cells, while in the spleen and bone marrow,
iron stores are in reticuloendothelial cells. Most of the iron is stored as the iron-containing proteins
ferritin and hemosiderin. Men normally have greater iron stores (1000 mg) than women (300 mg).

 

2

 

 
Two thirds of the body’s iron is incorporated in the heme group of the hemoglobin molecules

found inside erythrocytes. Each hemoglobin molecule contains four heme groups with an iron atom
in its center. The number of hemoglobin molecules found in each erythrocyte is about 250,000.
One oxygen molecule can reversibly bind to each iron atom. Therefore, each erythrocyte may carry
up to 1 million oxygen molecules in the arterial blood. Because the average man has a greater
hemoglobin concentration (144–154 g per liter of blood) than the average woman (132–135 g/L),

 

1

 

men have a greater capacity to carry oxygen in the blood than women. 
Small amounts of iron are found inside all cells in the cytochrome proteins and in muscle fibers

as part of the myoglobin protein. Myoglobin assists the transfer of oxygen through muscle cells
to the mitochondria, while the cytochromes are involved in the transfer of electrons in the electron
transport system. The end result of this electron transport, called oxidative phosphorylation, is the
resynthesis of ATP molecules and the formation of water. 

Included among the many iron containing enzymes are aconitase, NADH dehydrogenase and
succinate dehydrogenase found in the mitochondria and the heme-containing enzymes lecithin
cholesterol acyl transferase, catalase and peroxidase that protect against peroxidation. Enzymes
containing iron make up approximately 3% of the total body iron.

 

B. I

 

RON

 

 H

 

OMEOSTASIS

 

1. Absorption

 

Absorption of iron occurs in the upper part of the small intestine. Two forms of iron are found in foods,
heme iron and non-heme iron. Heme iron is found in meat, fish and poultry and nonheme iron is found
in plants and dairy products. More than 80% of the dietary iron in the American diet is nonheme iron.
Before absorption can occur, nonheme iron must be converted from the ferric to the ferrous state.
Nonheme iron appears to be transported across the duodenal cell membrane by a divalent metal trans-
porter protein (DMT1). Synthesis of DMT1 is inversely proportional to the mucosal cell iron content.

 

1

 

 
Heme iron absorption is two to three times greater than nonheme iron. However, less than 15%

of the dietary iron is heme iron. At present, a specific transporter protein through the duodenal cell
membrane has not been identified for heme iron in humans

 

2. Transport

 

Iron is transported in the blood bound to transferrin, a plasma transport protein. Transferrin binding
sites located on the surface of the protein can bind to two iron atoms. Iron absorbed through the
gastrointestinal tract and stored in the liver and spleen is transported via transferrin to the red bone
marrow and other cells that are forming iron-containing proteins. The percentage of iron bound to
transferrin, known as the transferrin saturation, is used clinically in the diagnosis of iron deficiency.

Transferrin receptors (TfR) located on the plasma membrane of cells will bind to transferrin-iron
complex that will be taken up by the cell via endocytosis. When cells are iron deficient or have a high
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requirement for iron, the number of TfR on the cell surface increases. Conversely, when iron stores
are filled, the number of TfR on the cell surface decreases. Serum TfR concentration correlates highly
with the cell membrane transferrin receptor number and is used as an indicator of tissue iron deficiency.

 

3

 

3. Excretion

 

Excretion of iron occurs through four main avenues: the gastrointestinal tract, urinary tract, dermal
cell desquamation and sweating, and menstrual blood loss in females. In adults, the average daily
iron loss from the gastrointestinal tract including mucosal cell desquamation and hemoglobin is
0.51 mg/d.

 

4

 

 Most (74%) of the fecal iron is due to blood loss in the gastrointestinal tract. Mucosal
iron loss averages 0.14 mg/d.

 

4

 

Urinary iron loss averages approximately 0.1 mg per day.

 

4

 

 Dermal cell iron loss calculated from
the uptake of radioactive iron (Fe

 

55

 

) by the skin from the plasma averaged 0.24 mg/day.

 

4

 

 Additional
iron is lost in the sweat. Whole-body sweat loss measurements for 24 hours in men averaged 0.33 mg
of iron/d.

 

5

 

 It is likely that the whole-body sweat contained desquamated skin cells as well as sweat.
Blood loss in the menses is a major source of iron loss in females between menarche and

menopause. Average iron loss in the menses is 0.6 mg/d.

 

6

 

 However, about 10% of women lose more
than 1.4 mg of iron per day in the menses.

 

6

 

 Total iron loss in menstruating females averages 1.4 mg/d.
It is estimated that the mean iron loss in men and in women who are postmenopausal is 0.9 mg/d.

 

1

 

III. ASSESSMENT OF IRON STATUS

 

Iron status of an individual can be assessed using several biomarkers in blood. Three stages of iron
deficiency are defined: iron depletion, iron-deficient erythropoiesis, and iron deficiency anemia.
The amount of iron stored is proportional to the serum ferritin concentration. When the stores are
depleted, serum ferritin concentrations will be 

 

<

 

12 

 

µ

 

g/l.

 

2,7

 

 Bone marrow biopsies with only traces
or no iron also indicate depletion of the bone marrow iron stores. 

Once the bone marrow iron stores are depleted, the iron needed for hemoglobin formation must
be provided from the absorbed dietary iron and iron recycled by the reticuloendothelial cells. Iron
absorption increases when iron stores are depleted, but may not meet the need for hemoglobin
formation. When hemoglobin formation decreases, the protoporphyrin used in heme formation will
be released into the blood. The increase in this free erythrocyte protoporphyrin (FEP) is one indicator
of iron deficient erythropoiesis. Transferrin, the plasma protein that transports iron, will increase in
concentration; however, the percentage of iron bound to transferrin will decrease. As the iron content
in cells decreases, the number of transferrin receptors on the cells increases. The concentration of
serum transferrin receptors (sTfR) will increase proportionally. Criteria used to diagnose iron deficient
erythropoiesis are transferrin saturation 

 

<

 

16%, FEP 

 

>

 

70 

 

µ

 

g/dL erythrocytes, and sTfR 

 

>

 

8.5 mg/L.

 

1,2

 

Iron deficiency anemia occurs when the hemoglobin concentration falls below normal. Hemo-
globin concentrations below 120 g/l in women and 130 g/l in men are defined as anemia. In pregnant
women, anemia is defined as a hemoglobin concentration less than 110 g/l. Iron deficiency anemia
is characterized by low ferritin concentration and transferrin saturation, and elevated FEP and serum
transferrin concentration. Erythrocytes will be smaller than normal (microcytic) and low in iron
concentration (hypochromic).

 

IV. IRON STATUS OF PHYSICALLY ACTIVE INDIVIDUALS

A. I

 

RON

 

 S

 

TATUS

 

 

 

OF

 

 A

 

THLETES

 

Numerous studies have examined the iron status of female and male athletes. Low ferritin concen-
trations have been reported in many female athletes engaged in endurance training (Table 14.1).
Compared with age-matched control subjects, some studies found no significant differences in
serum ferritin concentrations between female runners and controls.

 

8,9

 

 The percentage of women
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runners who were iron depleted ranged from 20–35%,

 

10,11

 

 women cross-country skies averaged
20%,

 

12,13

 

 men runners ranged from 3.5–8%,

 

8,14,15

 

 and men cross-country skiers averaged 12%.

 

12,13

 

Somewhat higher percentages of adolescent female runners and swimmers were reported to be iron
depleted.

 

16–18

 

 Other investigators have used higher ferritin concentrations (

 

<

 

20 

 

µ

 

g/l) as their criteria
for iron depletion.

 

10

 

 The prevalence of serum ferritin 

 

<

 

12 

 

µ

 

g/l in women ages 18–44 yr in the U.S.
is 21.3%.

 

19

 

 Fogelholm

 

20

 

 concluded from his review of studies measuring serum ferritin that female
athletes had lower serum ferritin concentrations than male athletes and a higher prevalence of iron
depletion (37%) compared with age-matched female controls (23%).

Anemia is much less common in athletes than iron depletion. Several investigators reported
5–7% of their female athletes had iron deficiency anemia,

 

8,12,17,21

 

 while others reported anemia in
less than 3% of female athletes.

 

9,14,22

 

 The prevalence of anemia in adolescent girls and women in
the U.S. is 5.9% and 5.8–7.5%, respectively.

 

19,23

 

 Few studies have reported anemia in male runners
(1.2–5.7%) and adolescent swimmers (6.7%).

 

8,14,18

 

 Prevalence of anemia in men and adolescent
boys in the U.S. is 2.9% and 2.6%, respectively.

 

23

 

Eichner

 

24

 

 suggests that low hemoglobin and serum ferritin concentrations in athletes may be
due to expansion of plasma volume during training. Plasma volume increases during the first few
weeks of training by 15%.

 

25

 

 Dilution of hemoglobin or serum ferritin concentrations by 15% could
be due to plasma volume changes. Several studies found significant decreases in ferritin concen-
tration with training,

 

26–20

 

 while others found no significant change.

 

12,31–33

 

 
Several recent studies have examined the effects of resistance training on iron status. Two

studies reported significant decreases in serum ferritin in young men and another found ferritin
decreased in men with normal ferritin levels, but not in women or men with low ferritin levels after
resistance training.

 

34–36

 

 Decreased hemoglobin concentrations that might have been due to intravascular

 

TABLE 14.1
Hematologic and Iron Status of Male and Female Athletes

 

Sport Gender Low Ferritin (%) Iron Deficiency (%) Anemia (%) Reference

 

Runners Women 25 — 5.4 8
Men 8 — 5.7

Runners Women 28 — 0 14
Men 3.5 — 1.2

Runners Women 35 — — 11
Runners Women 30 9 0 9
Runners Women 20 — 2.8 10
Runners Men 8 8 0 15
Runners Girls — 34 5.7 17

Boys — 8 —
Skiers Women 21 — 7 12

Men 13 0
Skiers Women 20 20 0 13

Men 11 0 0
Swimmers Girls 47 — 0 18

Boys 0 — 0
Variety Women 31 18 7 21
Track Girls 44 — 12.5 16
U.S. Population Girls 24.5 14.2 5.9 2,19,23

Women 21.3 9.6 5.8
Boys 11.9 0.1 2.6
Men 1.7 0.6 2.9
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hemolysis

 

34

 

 or plasma volume expansion during training were found in men and women following
12 weeks of resistance training.

 

36

 

 
Following prolonged distance races (e.g., marathons, triathlons) serum ferritin concentrations

were increased and serum iron was decreased for 2–3 days.

 

31,37

 

 Taylor and colleagues

 

37

 

 suggest the
changes in ferritin and serum iron were due to an acute phase response during inflammation. Acute
phase responses to infection and inflammation are accompanied by a sequestering of serum iron
and an increase in acute phase proteins like ferritin. Decreases in serum iron during intense training
may also be due to an acute phase response.

 

32

 

 Depletion of iron stores during sports training occurs because of negative iron balance — iron
is removed from storage at a faster rate than it is replaced. Negative iron balance could be due to
increased iron excretion during exercise or inadequate iron intake — or a combination of both. 

 

B. I

 

RON

 

 E

 

XCRETION

 

1. Gastrointestinal Bleeding

 

Iron losses in athletes may be greater than that of the average man (0.8 mg/d) and woman (1.4 mg/d).
Several studies have examined gastrointestinal bleeding in runners and reported the prevalence
varied from 8% to 83%.

 

38–42

 

 Two of the studies used quantitative techniques to measure the amount
of fecal hemoglobin. Following running, fecal hemoglobin increased from 1 to 2.25 mg/g of stool

 

42

 

and from 1 to 1.51 mg/g of stool in runners who did not take analgesic drugs.

 

41

 

 Estimated fecal iron
loss is 0.75 mg for runners who did not take drugs and 0.9 mg for runners using analgesic drugs.
Iron loss through the gastrointestinal tract would be 50–80% greater than the estimated 0.5 mg/d
for the average person. 

Possible reasons for the increased bleeding during running include use of analgesic drugs,

 

41

 

failure of mechanisms to protect the mucosa from gastric acid

 

43

 

 and vasoconstriction of splanchnic
blood vessels during higher-intensity exercise. Blood flow is shunted away from the gastrointestinal
tract at higher intensities, leading to ischemia of the intestinal lining. After the runner stops running,
reperfusion of damaged gut vessels could be responsible for the blood loss. Both Robertson

 

41

 

 and
McMahon

 

40

 

 found bleeding in higher-intensity running.

 

2. Sweat Iron

 

Iron loss through sweating is another possible avenue of increased iron loss during exercise.
Estimates of the iron content of whole-body cell-rich sweat in resting individuals have ranged from
0.12–0.41 mg/l of sweat.

 

44,45

 

 Lower iron concentrations (0.02–0.30 mg/l) were found in the cell-
free sweat. Brune and colleagues

 

44

 

 found sweat iron concentration decreased with repeated heat
exposures and suggested that much of the iron lost in the early sweat may be due to cellular debris
in the sweat pores and contamination from the external environment. 

Use of whole-body techniques for measuring sweat iron during exercise is less practical because
of the need to prevent environmental contamination of the samples. Both Consolazio et al.

 

46

 

 and
Wheeler et al.

 

47

 

 included exercise bouts of 30 min and 2 hours, respectively, in more prolonged
sweat collection periods. Cell-free sweat iron was 0.33 mg/l from the arm

 

46

 

 and 0.16 mg/l from
the whole body.

 

47

 

 Paulev et al.

 

48

 

 took serial sweat samples from the back during 30 min of running
and found sweat iron concentration decreased from 0.20 mg/l–0.13 mg/l. 

Recent studies found cell-free sweat iron concentration continues to decrease over the first
60–90 min of exercise. Waller and Haymes

 

49

 

 found significantly lower arm sweat iron concentrations
at 60 min compared with 30 min. Also, sweat iron concentrations were lower in the heat (35

 

°

 

C)
compared with a neutral environment (25

 

°

 

C), but the total amount of sweat iron lost was the same
in both environments.. DeRuisseau et al.

 

50

 

 found sweat iron concentration from the arm plateaus
during the second hour of exercise. Sweat iron loss during the first hour of exercise (0.06 mg/m

 

2

 

/h)
was significantly higher than the second hour (0.04 mg/m

 

2

 

/h).
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3. Urinary Iron Loss

 

Few studies have reported urinary iron loss in athletes. Magnusson and colleagues

 

51

 

 found mean
urinary iron was 0.18 mg/d in male distance runners. No difference in urinary iron loss was found
between runners who were iron deficient and those with normal iron status. Hematuria has been
found in many runners following distance races (e.g., marathons).

 

52,53

 

Hemoglobin may be present in urine due to intravascular hemolysis. Erythrocytes can be
damaged mechanically during running.

 

54 

 

When damaged cells release hemoglobin into the plasma,
haptoglobin forms a complex with the hemoglobin and is removed by the liver. Significant decreases
in serum haptogloin concentrations have been found following running.

 

54–56

 

 If excessive hemoglobin
is released due to hemolysis, the hemoglobin concentration in plasma will increase. Increased
plasma hemoglobin concentrations have been observed following both cycling and running, but
the increase was much greater after running.

 

56

 

 

 

4. Menstrual Blood Loss

 

Mean blood loss in menstruating women is 30 ml/cycle (0.6 mg iron/d), however, 25% of men-
struating women lose more than 52 ml/cycle (

 

>

 

0.9 mg iron/d).

 

57

 

 Excessive blood loss in the menses
can deplete body iron stores. It is possible that some female athletes are iron depleted because of
excessive iron loss through the menses. 

Deuster and colleagues

 

58

 

 compared serum ferritin concentrations between amenorrheic and
eumenorrheic distance runners. Although no difference in serum ferritin was found between the
two groups, a higher percentage of amenorrheic runners (46%) were iron depleted than the eumen-
orrheic runners (31%). Serum ferritin was significantly correlated with the amenorrheic runner’s
iron intake but not the eumenorrheic runner’s intake of iron. The results suggest low dietary iron
intake was a probable cause of the amenorrheic runners iron depletion.

 

C. D

 

IETARY

 

 I

 

RON

 

 I

 

NTAKE

 

Low dietary iron intake is a likely cause of depleted iron stores in some athletes, particularly
females. The 2001 recommended dietary allowance (RDA) for iron for women 19–50 yr is 18 mg/d
and for older adolescent girls, 14–18 yr, is 15 mg/d.

 

1

 

 Corresponding RDA for men, 

 

>

 

18 yr, is 8 mg/d
and for older adolescent boys is 11 mg/d. Many studies have examined iron intakes of female
and male athletes and almost all have reported male athletes consume adequate amounts of iron
in their diets.

In contrast, few studies of adult female athlete have reported mean iron intakes that meet or
exceed the current RDA. Elite women marathon runners reported mean iron intakes of 41.9 mg/d

 

11

 

and elite women cross-country skiers had mean iron intakes of 19.2 mg/d.

 

59

 

 Other studies of
women distance runners found mean iron intakes were less than 16 mg/d.

 

9,10,60

 

 Many female
college athletes participating in team sports, including basketball, field hockey, lacrosse, swim-
ming and volleyball, also do not meet RDA for iron.

 

26,61,62

 

 Other women athletes reported to
have lower iron intakes than the RDA include ballet dancers,

 

63

 

 body builders,

 

64

 

 field athletes

 

65

 

and karate and team handball athletes.

 

66

 

 
Among adolescent female athletes, low iron intakes (

 

<

 

15 mg/d) have been reported for ballet
dancers, gymnasts, and runners.

 

67–69 Only elite adolescent female swimmers had mean iron intakes
(18.3 mg/d) that exceeded the RDA.70

Because dietary iron absorption is greater for heme iron than nonheme iron, several studies
have examined the bioavailability of the dietary iron intake in female athletes. Snyder and colleagues71

found that women runners who had meat in their diets had higher serum ferritin concentrations
than runners consuming vegetarian diets. Pate and colleagues10 also found that women distance
runners who had low ferritin concentrations consumed less meat (7.4 servings/week) than sedentary
women (12.3 servings/wk). Women distance runners who had lower serum ferritin levels consumed

3022_C014.fm  Page 208  Tuesday, August 23, 2005  5:20 AM

© 2006 by Taylor & Francis Group, LLC



Iron 209

significantly less heme iron than their teammates who were sprinters and had higher ferritin
concentrations.9 These studies suggest that low intake of foods containing heme iron may be a
contributing factor to depletion of iron stores.

V. IRON SUPPLEMENTATION

A. IMPROVING IRON STORES

Iron supplements are routinely used to treat iron deficiency anemia. The amount of iron in the
supplement prescribed by physicians is usually large (e.g., 325 mg of ferrous sulfate)24 and con-
sumed until normal hemoglobin status is restored. Approximately 24% of women and 16% of men
18–44 yr in the U.S. routinely take supplements that contain iron.1 The amount of iron contained
in these supplements can vary widely from 10–50 mg. Iron supplements also are widely used by
athletes. Several studies have examined the effectiveness of iron supplements in improving iron
status of athletes (Table 14.2).

Most iron supplementation studies of athletes have used subjects who were iron depleted but
not necessarily anemic. Significant increases in serum ferritin were observed if the subjects had
low ferritin levels prior to supplementation.72–84 However, very few of these studies found significant
increases in hemoglobin concentration following iron supplementation. If the subjects were mildly
anemic (<130 g Hb/l) prior to supplementation, significant increases in hemoglobin concentration
were observed.75,77,81

Several recent studies have examined the effects of iron supplementation on the serum trans-
ferrin receptor (sTfR). Zhu and Haas85 found 45 mg iron taken three times per day for 8 weeks
significantly reduced sTfR (pre 6.40 ± 1.93 mg/l, post 4.51 ± 1.50 mg/l) in non-anemic, iron
depleted, physically active women compared with the placebo group (pre 6.04 ± 3.51 mg/l, post

TABLE 14.2
Effects of Iron Supplementation on Hemoglobin and Ferritin 
Concentrations

Study
Fe Supplement

(mg/d) Hemoglobin Increase Ferritin Increase

Haymes13   18 No No
Hinton84   20 No Yes
Matter72   50 No Yes
Nickerson73   60 Yes Yes
Yoshida74   60 No Yes
Lamanca75 100 Yes Yes
Newhouse76 100 No Yes
Klingshirn79 100 No Yes
Fogelholm78 100 No Yes
Clement77 100 No Yes
Zhu83 135 No Yes
Pattini80 160 Yes* Yes
Clement77 200 Yes Yes
Schoene81 270 Yes Yes
Rowland82 300 No Yes

*Significant increases in supplement and control groups
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5.83 ± 2.95 mg/l). Brownlie and colleagues86 used a smaller amount of iron, 10 mg iron two times
per day for 6 weeks, and found no significant change in sTfR in the iron (pre 7.92 ± 0.87 mg/l,
post 6.78 ± 0.42 mg/l) or placebo groups (pre 7.94 ± 0.73 mg/l, post 7.93 ± 0.77 mg/l). 

B. PERFORMANCE ENHANCEMENT EFFECTS

The effects of iron deficiency anemia on aerobic endurance are well documented.87–89 Reductions
in maximal oxygen intake (VO2max), physical work capacity, and exercise endurance are found in
anemic individuals due to the reduction in oxygen transported in the blood to the tissues. Iron
supplementation in anemic individuals significantly increases hemoglobin concentration and oxygen
transport and reduces heart rate and blood lactate.90,91 Celsing and colleagues89 examined the effects
of repeated phlebotomies until subjects became anemic on VO2max and endurance. Both were
significantly decreased and blood lactate concentration during exercise was significantly increased.
When the subjects’ own erythrocytes were retransfused, the hemoglobin concentrations were restored
to normal levels and VO2max, endurance, and blood lactate returned to the pre-phlebotomy levels. 

Many studies have examined the effects of iron supplementation on exercise performance
and most did not find significant improvements in endurance among non-anemic iron-depleted
women.72,75.76,78,79,81 However, Rowland and colleagues82 found increased endurance in adolescent
female runners after iron supplementation for 4 weeks. Yoshida and colleagues74 found faster
3,000 m time trial times among women distance runners and Hinton et al.84 found faster 15 km
cycling time trial times following iron supplementation accompanied by lower blood lactate. 

Schoene et al.81 found significant reductions in maximal blood lactate but no significant change
in VO2max after 2 weeks of iron supplements, while LaManca and Haymes75 found a significantly
increased VO2max and decreased blood lactate during submaximal exercise after 8 weeks. The women
athletes in both of these studies were mildly anemic prior to supplementation, and hemoglobin also
increased. Zhu and Haas83 found time to complete a 15 km cycling time trial and blood lactate
were negatively correlated to hemoglobin concentration following 8 weeks of iron supplements.
More recently, Brownlie and collegues86 found improved 15 km time trial performance in women
with elevated sTfR (>8.0 mg/l) after iron supplementation but not in women with lower sTfR (<8.0
mg/l). Greater improvements in VO2max were found following training in women who received
iron supplements compared with the placebo group.92 In the placebo group subjects with elevated
sTfR, no improvement in VO2max was observed after training.

C. RISK OF IRON OVERLOAD

In the 2001 dietary reference intake for iron, a tolerable upper intake level (UL) for adults was set
at 45 mg/d.1 This is the highest daily “intake that is likely to pose no risk of adverse health effects
for almost all individuals.” Elevated iron intake, especially from supplements, can have adverse effects
including reduced zinc absorption, constipation and other gastrointestinal complaints. Because
excretion of iron is limited, an excessive amount of it can be stored. Several epidemiological studies
have reported an association between elevated serum ferritin concentrations and increased risk of
myocardial infarction in men93,04 but other studies did not find an increased risk.95,96 

Hereditary hemochromatosis affects between two and five persons per 1000 in the U.S., with
a higher prevalence in white than black populations.97 In hemochromatosis, iron absorption is
elevated, leading to abnormally high iron stores that can damage the liver. Elevated transferrin
saturation (>60%) is used to initially screen individuals for hemochromatosis.98 Periodic phlebot-
omy is used to treat patients with hemochromatosis. 

Aruoma and colleagues99 found untreated hemochroatosis patients have elevated free (unbound)
iron in the plasma. Because iron is a transition metal, unbound iron can serve as a catalyst for lipid
peroxidation. Transferrin acts as an antioxidant when it binds unbound iron. Following phlebotomy
treatments, unbound iron decreased significantly in direct proportion to the decline in plasma ferritin.99 
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Iron can be toxic if taken in large amounts such as an overdose of iron supplements. Among
young children in the U.S., iron poisoning is a leading cause of death.1 Early symptoms of iron
toxicity are diarrhea and vomiting. As more iron accumulates in the body, organ damage occurs,
leading to metabolic acidosis, shock, and defects in blood coagulation.3

VI. DIETARY IRON

A. FOOD SOURCES

The richest food sources of iron are meat, fish and poultry, because they contain both heme and
nonheme iron. Cereals, breads and grain products are very good sources of nonheme iron. Iron is
added to flour and grain products in the enrichment process. Some cereals are fortified with
additional iron. Other good sources of nonheme iron are legumes and vegetables, especially green
leafy vegetables.

Approximately one third of dietary iron intake in the U.S. diet is from meat, fish, and poultry
and one third is from cereals and grain products. Vegetables and fruits provide about 15% of the
dietary iron intake, with lesser amounts from eggs and legumes, fats, sweets, drinks and milk and
dairy products.100

B. IRON BIOAVAILABILITY

The bioavailability of heme iron is 2–3 times greater than that of nonheme iron. Average heme
iron absorption is 23%. Heme iron absorption is affected by the amount of stored iron and is greatest
when iron stores are depleted. Not all of the iron in meat, poultry and fish is heme iron. Liver,
pork and fish iron will be approximately 30–40% heme iron and chicken, beef and lamb are about
50–60% heme iron.101 The remaining iron in meat, poultry and fish is nonheme iron.

Nonheme iron bioavailability is much lower and quite variable, ranging from 2–8% of the food
iron. It is enhanced by factors found in meat, fish and poultry that are present in the same meal
with the nonheme iron. For example, the presence of ascorbic acid in the same meal will enhance
the bioavailability of nonheme iron. Absorption of nonheme iron will be greatest when iron stores
are depleted and decreases as the body iron stores increase. 

Several inhibitors of iron absorption reduce the bioavailability of food iron. Phytic acid, found
in whole grains and legumes, reduces the absorption of iron from these sources. When flour is
milled, the iron and phytate contents are reduced and the bioavailability of iron increased.1 Tannic
acid, found in tea and coffee, in a meal reduces nonheme iron absorption by up to 60%.102

Absorption of iron also is inhibited by the presence of calcium in the same meal. The larger the
dose of calcium, especially in supplements, the greater the reduction of both heme and nonheme
iron absorption.1

C. RECOMMENDATIONS

Male athletes appear to have little trouble meeting the RDA of 8 mg/d for iron, and the prevalence
of iron depletion and iron deficiency anemia is very low among men. Because iron status tends
to be low and many women athletes do not meet the RDA for iron of 18 mg/d, some women
athletes may benefit from taking a small iron supplement (18 mg/d) on a regular basis. Women
athletes should be encouraged to include foods containing heme iron in their daily food intake.
Athletes at greatest risk of becoming iron depleted are those following a vegetarian diet and
those who restrict their energy intake to maintain a lower body weight. Iron supplements that
exceed the upper limit for iron (>45 mg) should be used only when an athlete has been diagnosed
as iron depleted, iron deficient without anemia, or iron deficiency anemia. Such athletes should
be monitored on a regular basis and supplementation discontinued when hemoglobin or iron
stores reach the normal range.
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Future research should examine the effects of iron supplementation on serum transferrin recep-
tor concentration in endurance athletes. Improvement in performance may be linked to low tissue
iron status. Changes in sTfR following iron supplements may explain why some nonanemic athletes
increase in endurance. Inclusion of sTfR measurements during training studies with athletes should
provide further insight about depletion of iron stores and tissue iron deficiency.

VII. SUMMARY 

The prevalence of low ferritin levels corresponding to depleted iron stores (<12 µg/l) is slightly
higher in female endurance athletes than in the U.S. population. However, the prevalence of iron
deficiency anemia is no greater than found in the general population. Low intake of dietary iron
along with low heme iron intake appears to be the most likely reason for low iron stores. Other
potential causes of depleted iron stores are gastrointestinal bleeding and, in women, elevated
menstrual blood loss.

Most studies of iron supplementation among athletes with low iron stores have found significant
increases in serum ferritin following supplementation. If the female athletes had marginal hemo-
globin concentrations (<130 g/l), iron supplements increased hemoglobin concentration as well.
Several studies also found significant improvements in exercise performance or reduced blood
lactate concentrations after supplementation. While increased hemoglobin may be responsible for
the improvement, change in tissue iron status may be involved. Future studies should include sTfR
to examine changes in tissue iron status in athletes during training and during iron supplementation.
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I. INTRODUCTION

 

The growing awareness of the synergy between diet and physical activity to promote health and boost
performance fuels an expanding interest in the role that micronutrients can play in attaining one’s genetic
potential. Although the public press emphasizes the value of certain foods and nutritional products for
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health and fitness enhancement, the findings from valid scientific studies to support these claims are
limited. Information about the

 

 

 

needs of mineral elements, particularly zinc (Zn), for physically active
individuals is accumulating.

 

1

 

 Data from epidemiological surveys reveal that many adults and children
may not consume adequate dietary Zn, with the mean Zn intake of the U.S. population less than one half
of the recommended amount.

 

2

 

 Furthermore, low Zn intake is common among individuals who regularly
participate in aerobic activities,

 

3,4

 

 including those recommended to promote health and well-being.

 

5

 

 
As a transition element, Zn has the ability to form stable complexes with side chains of proteins

and nucleotides, with a specific affinity for thiol and hydroxyl groups and for ligands containing
nitrogen; Zn generally forms complexes with a tetrahedral arrangement of ligands around the metal.
Thus, the Zn ion acts as a good electron acceptor, but does not participate in direct oxidation-
reduction reactions. These characteristics serve to explain the principal biological function of Zn,
that is, its varied roles in regulation of body metabolism.

Zn is essential for the function of more than 200 enzymes in various species.

 

6

 

 At least one Zn-
containing enzyme is found in each of the six major categories of enzymes designated by the
International Union of Biochemistry Commission on Enzyme Nomenclature.

 

6,7

 

Zn has several recognized functions in Zn-metalloenzymes, including catalytic, structural and
regulatory roles.

 

7

 

 Catalytic function specifies that Zn participates directly in facilitating the action
of the enzyme. If the Zn is removed by chelates or other agents, the enzyme becomes inactive.
Carbonic anhydrase is an enzyme in which Zn plays a catalytic role.

 

8

 

In a structural role, Zn atoms are required to stabilize the quaternary structure of the enzyme
protein and to maintain the integrity of the complex enzyme molecules, but not impact enzyme
activity. Zn plays a structural role in the enzymes superoxide dismutase and protein kinase c.

 

6

 

The importance of Zn in biological systems is reflected by the numerous functions and activities
on which Zn exerts a regulatory role.

 

9

 

 Zn is involved extensively in macronutrient metabolism. It is
required for nucleic acid and protein metabolism and, hence, the fundamental processes of cell differ-
entiation, particularly replication. Similarly, Zn is needed for glucose utilization and the secretion of
insulin. Because of this role in glucose homeostasis, Zn also affects lipid metabolism; Zn-deficient
animals display decreased 

 

de novo 

 

lipid synthesis.

 

10

 

 Thus, Zn status impacts energy substrate utilization.
Zn exerts regulatory actions in various aspects of hormone metabolisms.

 

9

 

 Zn is required for
the production, storage and secretion of individual hormones, including growth and thyroid hor-
mones, gonadotrophins and sex hormones, prolactin and corticosteroids. Zn status also regulates
the effectiveness of the interaction of some hormones at receptor sites and end-organ responsiveness.

Integrated biological systems also require Zn for optimal function.

 

11

 

 Adequate dietary Zn is
necessary for proper taste perception, reproduction, immuno-competence, skin integrity, wound
healing, skeletal development, brain development, behavior, vision and gastrointestinal function in
humans. It is apparent, therefore, that Zn is a nutrient that regulates many physiological and
psychological functions and is required to promote human health and well-being.

 

II. ZINC METABOLISM

A. Z

 

INC

 

 

 

IN

 

 

 

THE

 

 H

 

UMAN

 

 B

 

ODY

 

Zn is present in all organs, tissues, fluids and secretions of the body. More than 95% of Zn in the
body is found within cells. Zn is associated with all organelles of the cell but only 60 to 80% of
cellular Zn is localized in the cytosol; the remainder has been shown to be specifically bound to
membranes that may be important in defining the effects of Zn deficiency on cellular function.

 

12

 

The concentration of Zn in extracellular fluids is very low; plasma Zn concentration is approximately
0.65 µmol/l. If the body plasma concentration is 45 ml/kg body weight,

 

13

 

 then a 70-kg man has
about 3 l of plasma, which contains only 3 mg of Zn, or about 0.1% of the body Zn content.

The Zn concentration in various organs and tissues of the body is variable (Table 15.1). Although
the concentration of Zn in skeletal muscle is not large, the substantial mass of skeletal muscle
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makes it the principal reservoir of Zn in the body. Bone and skeletal muscle account for almost
90% of the body

 

’

 

s Zn content.
The Zn concentrationin muscles varies with their metabolic functions. The highest Zn concen-

trations are found in skeletal muscles, which are highly oxidative, with a large proportion of slow-
twitch fibers.

 

14

 

 The rat soleus muscle, composed of 63% slow-twitch fibers, contains about 300 

 

µ

 

g
Zn per gram dry weight. Conversely, the extensor digitorum longus, which is primarily a fast-twitch
glycolytic muscle, has only 100 

 

µ

 

g

 

 

 

Zn per gram dry weight.

 

15

 

 The Zn concentration of skeletal
muscles generally is not reduced with restricted dietary Zn, except for small decreases (~5%) in
the soleus. The size and number of various types of muscle fibers, however, may be reduced and
their relative distribution altered, with a characteristic decrease of the slow-twitch oxidative and an
increase in the fast-twitch glycolytic fibers.

 

14,15

 

 Thus, skeletal muscle is relatively unresponsive to
changes in dietary Zn.

Because the concentration of Zn in bone is quite large relative to other body tissues and organs,
and the amount of bone is very substantial, the skeleton is the major depot of Zn (Table 15.1).
Bone Zn is impacted adversely by dietary Zn restriction, particularly in growing animals. The
decline in bone Zn is more responsive to dietary Zn intake than that of other tissues and may better
reflect the gradual decline in overall Zn status of the body than plasma Zn concentration. Studies
in growing rats fed Zn-deficient diets found a 50% reduction in bone Zn; short-term Zn supple-
mentation of Zn-deficient rats significantly increased bone Zn.

 

16

 

 In adult male rats, however, bone
Zn responded only to a minor degree to dietary Zn.

 

9

 

B. Z

 

INC

 

 H

 

OMEOSTASIS

 

1. Absorption

 

The amount of Zn in the body represents a dynamic balance between the Zn intake and losses
(Figure 15.1). Zn is absorbed principally along the small intestine, with only negligible amounts
absorbed in the stomach and the large intestine. The quantity of Zn in the intestines is a combination
of dietary Zn and Zn-containing endogenous secretions that aid in digestion. Pancreatic secretions
are a major source of endogenous Zn. Other sources include biliary and gastro-duodenal secretions,
transepithelial flux of Zn from mucosal cells into the small intestine and mucosal cells sloughed

 

TABLE 15.1
Approximate Zinc Concentration and Content of Some Organs 
and Tissues in a Healthy Adult Man (70/kg)

 

Zinc Concentration

 

Total Zinc Content Percentage of 
Tissue or Organ (µmol/g)

 

a

 

(

 

µ

 

g/g)

 

a

 

(nmol) (g) Body Zinc

 

Skeletal muscle 0.78 51 24 1.53 57.0
Bone 1.54 100 12 0.77 29.0
Skin 0.49 32 2 0.16 6.0
Liver 0.89 58 2 0.13 0
Brain 0.17 11 0.6 0.04 1.5
Kidneys 0.85 55 0.3 0.02 0.7
Heart 0.35 23 0.15 0.01 0.4
Hair 2.30 150 <0.15 <0.01 0.1
Plasma 0.02 1 <0.15 <0.01 0.1

 

Source

 

: Adapted from International Commission on Radiological Protection, Report on
the Task Group of Reference Man.

 

9

 

 

 

a

 

Wet weight
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into the gut.

 

9

 

 Thus, the amount of Zn in the lumen of the small intestine after a meal exceeds the
quantity of Zn from the meal because of endogenous secretions.

During digestion, secreted enzymes release Zn from the food and endogenous Zn from various
ligands. The free Zn can form coordination complexes with various exogenous and endogenous
ligands such as amino acids, organic acids and phosphates.

 

17

 

 The amino acids, histidine and cysteine,
are preferred amino acid ligands. It has been shown that Zn-histidine complexes are very efficiently
absorbed, more so than Zn sulfate.

 

18

 

 Other compounds such as iron and phytate, found in the
intestinal milieu, can compete with Zn for mucosal binding sites or form insoluble complexes that
inhibit Zn absorption.

 

19

 

Zn enters mucosal cells by a mechanism that is not well understood.

 

20

 

 It is thought that Zn
enters the mucosal cell by a carrier-mediated process, saturable at higher luminal Zn concentrations
and by diffusion. Within the mucosal cell, Zn is released at the serosal surface and into the blood,
where it binds with albumin then is transported by the portal blood to the liver.

Functional evidence reveals that at least 24 specific transporters are responsible for either Zn
influx or efflux in mammalian cells. These transporters are designated as two gene families: the
ZnT proteins and the Zip family.

 

21

 

 ZnT transporters reduce intracellular Zn availability by promoting
Zn efflux from cells, whereas Zip transporters increase intracellular Zn availability by promoting
extracellular uptake of Zn. Information about the actions of these transporters in muscle or other
tissues in response to physical activity is lacking.

The total body content of Zn is partially controlled by the regulation of the efficiency of intestinal
absorption of Zn. Numerous studies in animals and humans have reported an inverse relationship
between Zn intake and absorption.

 

22

 

 Thus, the regulation of Zn absorption by the mucosal cell
provides a general control of total body Zn.

 

2. Excretion

 

Control of Zn excretion in feces represents another regulatory mechanism for maintenance of body
Zn. In normal dietary circumstances, the feces are the major route of Zn excretion. In healthy
humans with an average intake of 10 to 14 mg of Zn per day, more than 90% of dietary Zn is
excreted in the feces.

 

9

 

 Some of the Zn in the feces is from endogenous secretions. Studies indicate
that 2.5 to 5 mg of Zn are secreted into the duodenum after a meal.

 

19

 

 Much of the Zn secreted

 

FIGURE 15.1

 

Components of human zinc metabolism.
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into the lumen of the gut is absorbed and returned to the body. The amount of Zn secreted into the
gut varies with the Zn content of the meal. Endogenous fecal Zn excretion is directly related to
dietary Zn intake.

 

22

 

 In humans, endogenous fecal Zn losses may range from 1 mg/d with very low
Zn intakes to more than 5 mg/d with extremely large Zn intakes.

 

23,24

 

 In contrast to absorption,
endogenous fecal Zn excretion represents a sensitive control to balance Zn retention to metabolic needs.

Other routes of Zn excretion are present in humans (Figure 15.1). About 0.4 to 0.5 mg of Zn are
excreted daily in the urine

 

.

 

9

 

 Urinary Zn originates from the ultrafilterable portion of plasma Zn and
represents a fraction of previously absorbed dietary Zn. Dietary Zn affects urinary Zn losses only
under conditions of extreme intakes and results in corresponding changes in Zn output in the urine.

 

9

 

Zn also is lost from the skin and in various secretions. Surface losses, which include sloughing
of the skin, sweat and hair, contribute up to 1 mg of Zn loss daily. Surface losses range from
0.3–0.4 to 0.4–0.5 and 0.7–0.8 mg at intakes of 3–4, 8–9 and 33–34 mg/d, respectively.

 

26

 

 A marked
change in Zn intake results in parallel changes in surface Zn loss.

 

25

 

 Other sources of Zn loss include
seminal and menstrual secretions. An ejaculum of semen includes about 1 mg of Zn.

 

23

 

 Total
menstrual losses of Zn may reach 0.5 mg per menstrual period.

 

27

 

The elimination of absorbed Zn from the body has been modeled with a two-component model.

 

9

 

In humans, an initial or rapid phase has a half-life of 12.5 d and a slower turnover phase of about
300 d. The initial rapid phase represents liver uptake of circulating Zn and its quick release into
the circulation. The slower turnover rate reflects the different rates of turnover in various organs,
excluding the liver. The most rapid rates of Zn uptake and turnover are found in the pancreas, liver,
kidney and spleen, with slower rates in erythrocytes and muscle. Zn turnover is slowest in bone
and the central nervous system.

Manipulation of dietary Zn impacts zinc turnover. In rats, dietary Zn restrictions promote
retention of Zn in soft tissues and organs but not in bone.

 

28

 

 In humans, the turnover of the slow
Zn pool is increased by ingestion of pharmacologic amounts (100 mg) of Zn.

 

29

 

 These homeostatic
actions maintain soft tissue Zn concentrations despite variations in dietary Zn.

 

3. Transport

 

Distribution of absorbed Zn to the extrahepatic tissues occurs primarily in the plasma, which
contains approximately 3 mg of Zn or about 0.1% of total body Zn.

 

30

 

 Zn is partitioned among

 

α

 

2

 

-macroglobulin (40%), albumin (57%) and amino acids (3%) in plasma. Zn is bound loosely to
albumin and amino acids; these fractions are responsible for transport of Zn from the liver to tissues.
The amino acid-bound Zn constitutes the ultrafilterable fraction that is filtered at the kidneys and
excreted in the urine. Because the total amount of Zn present in tissue is far greater than the Zn
in the plasma, relatively small changes in tissue Zn content, such as in the liver, can have striking
effects on the plasma Zn concentration. Importantly, because all absorbed Zn is transported from
the plasma to tissues, the exchange of Zn from plasma into tissues is very rapid to maintain relatively
constant plasma Zn concentrations (Figure 15.1).

 

III. ASSESSMENT OF HUMAN ZINC NUTRITIONAL STATUS

 

A deficiency of Zn progresses in a pattern that is different from that for most nutrients.

 

31

 

 In general,
an insufficient intake of a nutrient initially induces a mobilization of body stores or functional
reserves. As depletion persists, tissue nutrient concentrations decrease, which results in deterioration
in one or more nutrient-dependent metabolic functions. Therefore, growth reduction is a late
manifestation of the nutritional deficiency. In contrast, when dietary Zn is decreased, the initial
response is a reduction in growth by children and a decrease in endogenous losses of Zn as a means
to conserve tissue Zn. If the dietary deficiency is mild, homeostasis may be reestablished after
adjusting growth and Zn excretion, with no further impairment of function or biochemical changes.
When dietary Zn is severely restricted, however, the body cannot restore homeostasis by adjusting
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endogenous losses and growth, consequently generalized impairment of organ and tissue function
develops quickly.

Although severe dietary Zn deficiency can be induced in animals, it is rarely present in humans,
with the exception of infants and children with acrodermatitis enteropathica, patients fed total
parenteral nutrition solutions lacking Zn and experimental human Zn depletion. Evidence of
moderate or mild Zn deficiency is difficult to demonstrate because of the lack of a sensitive and
specific indicator of human Zn nutriture.

 

32

 

Two general approaches have been used to assess human Zn status. One strategy has been to
measure static indices, including concentrations of Zn in tissues or body fluids or measurements
of biochemical surrogates for Zn nutriture in the form of Zn-containing enzymes and proteins.
Another approach involves the measurement of dynamic indices that reflect the biological perfor-
mance of Zn-dependent physiological or psychological functions.

Although frequently measured, plasma and serum Zn concentrations have been shown to be
relatively insensitive to modest changes in dietary and body Zn.

 

33

 

 Because whole-body Zn content
is conserved in Zn deficiency, plasma and serum Zn are not reliable indicators of human Zn status.
Further, plasma Zn is unresponsive to changes in dietary Zn unless the Zn intake is low and
homeostasis cannot be reestablished. It is more realistic to describe plasma Zn as a component of
a labile, nutritionally available pool of total body Zn.

 

33

 

 Any decrease in plasma Zn concentration,
therefore, should be interpreted as a decrease in the size of the labile Zn pool. Use of this concept
is limited, however, by the findings that metabolic factors also influence the labile Zn pool. Infection,
food intake, stress, brief-duration fasting and hormonal status can alter the distribution of Zn among
the tissues and thus influence the amount of Zn in the plasma.

 

30 

 

Other static indices of human Zn status have failed to be useful. Red blood cell (RBC) Zn
concentration is relatively unresponsive to mild or moderate Zn deficiency.

 

32

 

 The Zn concentration
in various populations of leukocytes also is not sensitive to changes in Zn status.

 

34

 

 Timed urinary
Zn excretion rates are decreased in severe Zn deficiency but are not responsive to more moderate
changes in dietary Zn.

 

33

 

 Therefore, current biochemical methods of assessment of human Zn status
remain a limitation for routine clinical evaluation of Zn nutritional status.

 

IV. ZINC NUTRITURE OF PHYSICALLY ACTIVE ADULTS

 

Attempts to evaluate the Zn status of physically active individuals have been complicated by the
use of different experimental designs and reliance on indirect indices of Zn nutritional status. The
lack of an integrated assessment of factors affecting Zn homeostasis contributes to the deficit of
knowledge about Zn requirements during periods of increased physical activity.

 

A. P

 

LASMA

 

 Z

 

INC

 

 C

 

ONCENTRATION

 

Awareness of potentially adverse effects of physical activity on human Zn nutritional status began
with the observation that some endurance runners had significantly decreased serum Zn concentrations
as compared with non-training men.

 

4

 

 About 25% of 76 competitive male runners had serum Zn
concentrations less than 11 µmol/l, the lower limit designated for the range of normal values.
Importantly, serum Zn concentration was inversely related to weekly training distance. The inves-
tigators speculated that dietary habits, including avoidance of animal products and consumption of
carbohydrate-rich foods, which are low in Zn, and possible increased losses of Zn in sweat, may
have predisposed the runners to hypozincemia.

Similar findings of reduced plasma Zn concentrations have been reported for some, but not all,
groups of highly trained athletes. In a survey of elite German athletes,

 

35

 

 there was no difference
between mean serum Zn concentrations of athletes and sex-matched non-athletes. Hypozincemia,
defined as serum Zn concentration less than 11 µmol/l, was observed in about 25% of the athletes.
Among female marathon runners, plasma Zn values were clustered at the low end of the range of
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normal values, with 22% of the values less than 11 

 

µ

 

mol/l.

 

36,37

 

 In contrast, no differences in plasma
Zn concentrations were found in comparisons of male and female collegiate athletes with age-
matched non-training students.

 

38,39

 

 One explanation for these divergent results is that Zn intake may
have been inadequate in the athletes with decreased circulating Zn concentrations.

 

B. D

 

IETARY

 

 Z

 

INC

 

Based on self-reported food and beverage consumption (Table 15.2), athletes generally consume
Zn in amounts exceeding the estimated average requirement (EAR)

 

40

 

 of 9.4 and 6.8 mg/d for men
and women, respectively. However, a significant proportion of participants in some activities,
including long-distance running and gymnastics, may consume less than 10 mg of Zn daily.
Marginal intake is more widespread among female, as compared with male, athletes who restrict
food intake. This behavior is characteristic among groups of athletes who participate in activities
in which physical appearance is a component of performance evaluation.

 

41-43

 

A general relationship between dietary Zn and plasma Zn in athletes is evident. On the average,
athletes who consume at least the EAR for Zn have plasma Zn concentrations within the range of
normal values (Table 15.2). This observation is independent of sex and sporting activity. Thus, if
an individual consumes adequate dietary Zn, regardless of activity status, plasma Zn is within
normal values.

 

44

 

 Conversely, if dietary Zn is marginal, then plasma Zn concentration declines;

 

36,41

 

the apparent threshold for plasma Zn to decline is 4 mg of Zn/d.

 

45,46

 

 Thus, low dietary Zn is
associated with a reduced labile pool of Zn in the plasma and reflects impaired Zn status.

 

C. Z

 

INC

 

 

 

LOSSES

 

1. Surface Loss

 

Exercise is a stressor that can perturb body Zn homeostasis because it increases Zn loss. Estimates
of whole-body Zn loss in sweat in men consuming controlled dietary Zn at 12.7 mg/d and not
involved in vigorous activity were variable at 0.8 

 

±

 

 0.2 (mean 

 

±

 

 SE) mg/d and represented about

 

TABLE 15.2
Zinc Intake and Plasma Zinc Concentrations of Athletes and Control Subjects

 

Study Activity Sex
Dietary Zinc

(mg/d)
Plasma Zinc

(µmol/l)

 

Lukaski et al.

 

38

 

Football, basketball, 
hockey, track & field

Male 16.3 

 

±

 

 1.5

 

a

 

13.3 

 

±

 

 1.1

Untrained Male 13.7 

 

±

 

 1.7 13.1 

 

±

 

 1.2
Deuster et al.

 

41

 

Running Female 10.3 

 

±

 

 0.7 10.1 

 

±

 

 0.4
Untrained Female 10.0 

 

±

 

 0.7 11.1 

 

±

 

 0.4
Lukaski et al.

 

39

 

Swimming Female 12.4 

 

±

 

 0.8 12.6 

 

±

 

 0.5
Untrained Female 9.8 

 

±

 

 0.9 12.8 

 

±

 

 0.4
Swimming Male 17.9 

 

±

 

 1.0 14.3 

 

±

 

 0.5
Untrained Male 15.2 

 

±

 

 1.0 12.8 

 

±

 

 0.5
Fogelholm et al.

 

96

 

Endurance Male 17.7

 

b 13.6b

Untrained Male 14.1b 13.8b

Fogelholm et al.44 Skiing Female 15.8b 12.7b

Untrained Female 10.5b 12.6b

Skiing Male 21 .9b 14.1b

Untrained Male 14.1b 14.3b

a Mean ± SE
b Mean
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5% of daily Zn intake.47 When acute bouts of submaximal exercise (30 min/d) were coupled with
daily heat exposure (7.5 h at 37.8°C) for 18 d, Zn loss estimated from measurements of arm sweat
of three men decreased appreciably after the first 4 days of acclimatization from 13.7 to 2.2 mg/d,
which represented about 18% of the daily Zn intake of 12.5 mg.48 

The concentration of Zn in sweat depends on the location from which sweat is collected during
exercise and the ambient temperature. Zn concentration in sweat collected from 12 men during
30–40 min of strenuous ergocycle work ranged from 12.7 µmol/l at the abdomen as compared
with about 7 µmol/l at the arm, chest and back.49 Variation in sweat Zn concentration by site was
considerable, ranging from 50 to 100% among the participants. Arm sweat Zn concentration after
1 h of low-intensity ergocycle work was lower at 35°C than at 25°C (0.8 vs. 1.3 µmol/l) but sweat
Zn losses were similar (1.15 vs. 1.06 µg/min) in male and female athletes during submaximal
ergocycle exercise, indicating that differences in rate of sweating tend to normalize surface Zn
losses.50 Exercise intensity and duration, therefore, contribute to differences in estimates of Zn
loss in sweat. Furthermore, the large variability in estimates of surface loss of Zn suggests
contamination of samples may be a problem when evaluating the reported magnitude of Zn lost
during exercise.

Increased excretion of Zn in sweat during exercise coincides with moderate reductions in
circulating Zn. Men and women exposed to heat for 1 week have decreased serum Zn concentra-
tions.51 Similarly, men participating in a 20-d marathon road race demonstrated a tendency toward
a decrease in serum Zn concentration.52 It is unclear whether the slight reductions in serum Zn
reflect differences in dietary Zn or a modest expansion of plasma volume as an adaptation to chronic
exposure to a stressor.

2. Urinary Excretion

Increased Zn excretion in the urine with exercise also has been reported. Studies of untrained men
participating in short-duration activity (10 min of stair climbing to exhaustion) or trained men
participating in a 10-mi road race observed a 50–60% increase in urinary Zn loss during the first
hour after exercise as compared with a similar period of time before the exercise.53 Similarly,
Anderson et al.54 reported a 50% increase in urinary Zn excretion on the day of exercise as compared
with the day before in men performing a 6-mi run. In contrast, another study55 found no differences
in urinary Zn output when trained and untrained men performed high-intensity (90% peak work
capacity), brief-duration bouts of treadmill running (30 s run followed by 30 s rest). Urinary Zn
excretion, however, returns to pre-exercise values on the day following the exercise bouts.54 Thus,
acute increases in urinary Zn excretion are homeostatically regulated, with commensurate reductions
in urinary Zn on the day following the exercise bout. 

D. ZINC REDISTRIBUTION DURING EXERCISE

Exercise is a potent stressor that influences circulating Zn concentrations in the blood. In general,
short-duration, high-intensity activities induce an immediate increase in plasma and serum Zn
concentrations.45,53,56 Longer-duration activities, such as distance runs or skiing, tend to have no
immediate effect on plasma or serum Zn, but decreases have been observed in the hours after the
activity.53,54 These changes in circulating Zn have been interpreted as evidence of redistribution of
Zn in the body despite no reports of Zn intake.

Limited data support the hypothesis that exercise induces Zn redistribution. Plasma Zn con-
centrations, determined before and immediately after progressive peak ergocycle work-capacity
tests, changed in response to dietary Zn.45 Although pre-exercise plasma Zn concentration values
(15 µmol/l) were within the range of normal values, they decreased significantly (10.2 µmol/l)
when dietary Zn was reduced and increased significantly (16.3 µmol/l) when dietary Zn was
increased. Post-exercise plasma Zn concentrations increased significantly after exercise; they
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responded similarly to the pre-exercise values to changes in dietary Zn. As compared with the
control period, when dietary Zn was adequate, the change in plasma Zn concentration in response
to exercise was significantly smaller (8%) when dietary Zn was restricted and significantly larger
(19%) when dietary Zn was increased. To correct for the effects of hemoconcentration, plasma Zn
concentrations were adjusted for changes in hematocrit and hemoglobin to yield values of change
in plasma Zn content. The adjusted values, which were positive (+1%) when dietary Zn was adequate
and negative (−8%) when Zn intake was low, have been interpreted to indicate altered Zn mobili-
zation, presumably a release of Zn from muscle Zn stores in association with exercise-induced
catabolism when dietary Zn was inadequate.45 This postulated explanation is consistent with data
from animal studies in which slow-twitch muscle Zn was reduced in response to restricted Zn
intake.15

Alternatively, exercise-induced changes in plasma Zn may be explained by release of Zn from
erythrocytes. Ohno et al.56 found that red blood cell Zn concentration decreased immediately
after short-duration, high-intensity ergocycle exercise and returned to pre-exercise values within
1 h. A significant correlation was reported between erythrocyte Zn and α2-macroglobulin Zn in
plasma after exercise. Thus, brief physical exercise apparently induces the movement of Zn into
the plasma.

Although it is clear that a transient redistribution of Zn occurs during exercise, the mechanism
is unclear. Immune factors, such as cytokines, have been shown to change circulating Zn concen-
trations of rats.57 Acute exercise induces metallothionein expression in liver and exerts small but
significant increases in hepatic Zn with concomitant decreases in plasma Zn.58 

V. ZINC SUPPLEMENTATION

Zn supplements are used by some athletes to improve performance. Singh et al.37 found that 21%
of elite female runners, despite consuming diet adequate in Zn, consumed Zn supplements to
enhance their performance. Although there is evidence that Zn is needed for optimal muscle
function,59 the effects of supplemental Zn on performance are equivocal.

A. PERFORMANCE-ENHANCING EFFECTS

Ex vivo studies of frog skeletal muscle found that Zn added to the media increased muscle strength.60

This ergogenic effect was associated with increased tension without tetanus and prolonged con-
traction and relaxation periods of the muscle twitch. The effects of supplemental Zn on muscle
function were examined in adult male rats fed a chow-based diet and supplemented with Zn (2 or
4 mg/d) dissolved in water for 30 days.61 Rats supplemented with 4, as compared with 2 mg Zn,
had a greater time to fatigue (19.8 ± 1.0 vs. 16.2 ± 0.8 s). These findings should be viewed with
caution because there is no indication that the observed change in performance resulted from an
improvement in Zn status or increased activity of Zn-dependent enzymes.

There is limited information about the effects of Zn supplementation on human muscle strength
and endurance. Sixteen middle-aged women received a Zn supplement (30 mg/d) and a placebo in
a double-blind cross-over design study for 14-d periods.62 Muscle strength and endurance were
measured with an isokinetic one-leg exercise test using a standardized dynamometer before and
after each treatment. As compared with placebo, Zn supplementation significantly increased
dynamic isokinetic strength and isometric endurance. Because these types of muscular strength
and endurance require recruitment of fast-twitch glycolytic muscle fibers, it can be hypothesized
that Zn supplementation enhanced activity of the Zn-containing enzyme lactate dehydrogenase.
Neither dietary Zn nor Zn status was determined. Thus, it is unclear that Zn supplementation had
a physiological or pharmacological effect on the measured indices of performance.

The effects of graded dietary Zn on physical performance also have been evaluated. In untrained
men fed diets containing variable Zn contents (3.6, 8.6 and 33.6 mg Zn daily), Zn status indicators
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and peak oxygen uptake were not affected.45 Rats fed diets containing 5 compared with 50 mg
Zn/kg of diet for 3 wk had significantly reduced serum Zn concentrations (10 vs 19 µmol/l) but
no decrease in time to exhaustion during treadmill running at a constant speed and elevation.63 The
lack of an effect on physical performance may be explained by the some limitations in experimental
design. The brief duration of the experiment might have impacted only circulating but not tissue
Zn, particularly the activities of Zn-containing enzymes. The conditions of the endurance test could
have favored the rats fed the lower Zn diet if they had significantly reduced body weight, because
the intensity of the exercise would have been reduced, thus enabling longer duration of exercise
before exhaustion.

In contrast, recent research shows that low Zn status was associated with decrements in physical
performance. Men fed a formula-based diet severely low compared with adequate in zinc content
(1 vs. 12 mg/d) had significantly decreased serum zinc associated with significant decreases in
knee and shoulder extensor and flexor muscle strength.64 Also, men fed whole-food diets low in
zinc (3–4 mg/d) that were consistent with zinc intakes of endurance athletes,65 demonstrated
significantly increased ventilation rates and decreased oxygen uptake, carbon dioxide output and
respiratory exchange ratio during prolonged submaximal ergocycle exercise.46 The low-Zn diet was
associated with significantly decreased serum Zn concentration and decreased Zn retention. RBC
Zn concentration and the activity of carbonic anhydrase, a Zn-dependent enzyme, decreased sig-
nificantly when the low-Zn diet was consumed. The attenuated oxygen uptake and carbon dioxide
elimination, as well as the decreased respiratory exchange ratio, are consistent with previous
findings in Zn-deficient men.66 Thus, Zn deficiency, evidenced by decreased concentrations of blood
biochemical measures of Zn nutritional status, adversely affects muscle strength and cardiorespi-
ratory function. 

B. ANTIOXIDANT EFFECTS

Recent studies support the hypothesis that Zn possesses antioxidant properties.67 Results from some
human studies indicate that Zn supplementation may benefit only individuals with impaired Zn
status. Insulin-dependent diabetic patients with low plasma Zn concentrations supplemented with
30 mg Zn (as Zn gluconate) daily for 3 months had significant increases in plasma Zn and selenium-
dependent glutathione peroxidase, and reductions in plasma thiobarbituric acid reactants and plasma
copper.68 In contrast, Zn supplementation (50 mg/d as Zn sulfate for 28 d) of healthy men with
normal serum Zn concentrations increased serum Zn with no measurable changes on in vitro low-
density lipoprotein oxidation.69 Beneficial effects of Zn supplementation on physiological function
are manifest, therefore, only when Zn status is reduced.

C. ADVERSE EFFECTS OF ZINC SUPPLEMENTATION

Zn supplements are consumed by 20–25% of athletes,70 which is similar to the estimate of the rate
of use by the general population.40,71 There is concern that Zn supplements should be used with
caution and under the guidance of a physician or a registered dietitian. Copper absorption is impaired
by Zn supplements providing 22.5 mg/d,72 even when the supplement is taken independently of
meals.73 RBC superoxide dismutase activity, an index of copper status, is decreased within 12 days
of ingesting 50 mg of supplemental Zn daily.74 Larger doses of Zn supplements, 160 mg/d, taken
for 16 weeks, reduce high-density lipoprotein (HDL) concentrations.66 It has been suggested that
use of Zn supplements ranging from 17 to 50 mg/d is sufficient to prevent an exercise-induced
increase in HDL concentration.75 

Recent evidence shows that Zn supplementation at a pharmacological dose (80 mg Zn as Zn
oxide) with copper (Cu; 2 mg) for 5 yr to prevent macular degeneration had no adverse effect on
hematocrit, Cu or lipids.76 This level of supplementation was accompanied by dietary Zn intakes
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of 10 mg/d, which is similar to the general population.40,71 Thus, the adverse effects of high-dose
Zn supplementation on hematology and lipids is offset with adequate Cu intake.

D. SUPPLEMENTATION AND PERFORMANCE TRIALS

Generalized trials of the effects of vitamin and mineral supplementation on human physical per-
formance have reported negligible results. A group of 30 male, trained long-distance runners
participated in a 9-month cross-over design experiment in which supplements or placebos were
consumed for 3 months, followed by a 3-month period in which no experimental treatment was
given; then the treatments were reversed for the final 3 months.77,78 On the basis of laboratory and
field performance tests, there was no measurable ergogenic effect of multiple vitamin and mineral
supplementation. Analyses of self-reported dietary records indicated that nutrient intakes, exclusive
of supplements, were adequate based on recommended dietary intake values. Blood biochemical
measurements of nutritional status were within ranges of normal values.

Similar results were reported in other studies79,80 of 86 competitive Australian athletes (50 men and
36 women) training in basketball, gymnastics, swimming and rowing, and receiving either a placebo or
a commercially prepared vitamin and mineral supplement designed for athletes. During the 7–8-month
experimental period there was no significant change in serum Zn concentration in either the supplemented
or the placebo group (17.1 and 17.8 µmol/l, respectively). Dietary Zn, exclusive of supplementation, was
consistent with recommended dietary intake for Australians. Performance, as assessed with a battery of
general and sport-specific tests, was not impacted by the supplementation. Therefore, the results of these
well-controlled and extensive trials77-80 clearly indicate that general supplementation of individuals with
adequate dietary intake of Zn provides no measurable improvement of Zn status or physical performance.

VI. DIETARY ZINC

A. ZINC IN FOODS

Zn content is a major determinant of the adequacy of various foods as sources of Zn for an individual
planning a healthful diet.81,82 Commonly consumed foods in the U.S. have a highly variable content
of Zn (Table 15.3). Animal products (meat, fish and poultry) have the greatest concentration of Zn
and provide the principal source of Zn in the U.S. diet.83 Oysters are the richest source of Zn. Meat
from fish has a smaller concentration of Zn than most animal muscle meats. Milk and milk products
are important sources of Zn, particularly for infants and children and contribute 19% of the daily
Zn intake. Importantly, adipose tissue or fat in animal and dairy products has negligible Zn content.
The content of Zn consequently is high in cheese and low in butter and cream.

Cereals represent significant sources of energy and Zn in many areas throughout the world. Large
differences in the Zn content, depending on the cereal type and including the variety, class and location
of production have been reported. For example, the Zn content of wheat has been found to range
from 15–102 mg/kg depending on the strain and from 219–61 mg/kg for the same variety of wheat
grown in different locations and different years.84 Cereal and grain products provide about 13% of
the dietary Zn in the U.S.83 Data for the Zn content of legumes consumed by humans are limited. As
with cereals, factors such as variety, strain and growing location impact the Zn content of legumes.

Fruits and vegetables have modest contents of Zn (1–8 mg/kg) because of the high water content
of the produce. Because these products provide limited energy intake, their contribution to total
daily Zn intake is minimal.
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TABLE 15.3
Content and Estimated Contribution to Meeting the Zn Needs of an 
Individual [%RDA of Zn] in Selected Foods

 % RDAd 

Foods Serving Sizea Zinc (mg)b,c Men Women

Meats and fish
Chuck blade roast, braised 3 oz (85 g) 8.7 79 108
Beef, ground lean, broiled 3 oz (85 g) 5.3 48 66
Steak, T-bone 3 oz (85 g) 4.6 42 58
Beef, eye of round, roasted 3 oz (85 g) 4.0 36 50
Pork shoulder blade, broiled 3 oz (85 g) 4.3 39 53
Pork loin chop, broiled 3 oz (85 g) 1.9 17 24
Chicken, drumstick, fried 3 oz (85 g) 2.7 25 33
Chicken, dark meat, fried 3 oz (85 g) 1.8 16 23
Chicken, breast meat, fried 3 oz (85 g) 0.9 8 11
Turkey, dark meat, roasted 3 oz (85 g) 3.8 35 47
Turkey, light meat, roasted 3 oz (85 g) 1.7 15 21
Tuna, canned in oil 3 oz (85 g) 0.8 7 10
Haddock, breaded, fried 3 oz (85 g) 0.5 4 6
Lobster, cooked moist heat 3 oz (85 g) 2.5 23 31
Shrimp, boiled 3 oz (85 g) 1.3 12 16

Dairy products
Yogurt, nonfat/fruit flavored 6 oz (170 g) 1.3 12 16
Milk, lowfat, 2% 1 cup (244 g) 0.9 8 11
Cottage cheese lowfat, 2% 1/2 cup (113 g) 0.5 4 6

Cereals
Raisin bran 3/4 cup (38 g) 1.1 10 14
Corn flakes 1 cup (25 g) 0.1 1 1

Grains
Bagel, whole wheat 3 in (55 g) 1.3 12 16
Whole wheat bread 1 slice (28 g) 0.5 4 6
Macaroni, boiled 1/2 cup (70 g) 0.4 4 5

Fruits
Banana 8 3/4 in (114 g) 0.2 2 3
Orange, raw medium (131 g) 0.1 1 1

Vegetables
Spinach, boiled, drained 1/2 cup (90 g) 0.7 6 9
Potato, white, baked w/skin 2–3 in (122 g) 0.4 4 5
Broccoli, chopped, raw 1/2 cup (44 g) 0.2 2 3
Carrots, raw 7.5 in (72 g) 0.2 2 3
Tomato 2 in (76 g) 0.1 1 1

Beans and Legumes
Pork and beans 1/2 cup (126 g) 7.4 67 93
Kidney beans 1/2 cup (86 g) 1.0 9 13
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B. PROCESSING AND PREPARATION OF FOODS

The amount of Zn present in foods is affected by how the fresh product is processed and prepared.
Unfortunately, knowledge of nutrient losses during food processing and preparation is limited and
generally restricted to vitamins.

The food process that has a major impact on Zn intake is refinement of cereals and grains. Because
Zn is located in the outer layers, the germ and bran of grain and cereal kernels, large losses of Zn
occur during milling and extraction. For example, about 80% of Zn in wheat is lost during the milling
process.85 Similar losses occur during the polishing of rice and in the refining of sugar.

Other pretreatments of foods before cooking or consumption, and cooking procedures them-
selves, can influence the Zn content of a meal. Use of galvanized cookware and storage of foods
in Zn oxide-lined cans adds Zn to foods.86 Zn losses into the storage media may be significant
(20%) from foods prepared in water and from foods stored in cans.87

C. ZINC BIOAVAILABAILITY

The quantity of dietary Zn that is absorbed by a human is a function of the Zn status of the
individual, the amount of Zn ingested and the bioavailability of the Zn from the meal. Bioavailability
refers to the combined effects of various promoters and inhibitors of Zn absorption in the foods
present in a meal.17 Various nutrients and food components impact human Zn bioavailability.

The amount and type of protein affects human Zn absorption, which is positively related to the
amount of protein in a meal, and Zn bioavailability is generally better from foods of animal than
plant origin.22 Factors that impact Zn bioavailability from plant foods are fiber and phytic acid.

Fiber in the form of bran has been found to reduce Zn absorption88,89 or to have no effect.90

Differences in particle size of the bran has been suggested to be a factor in these conflicting results.90

In humans, Zn absorption from whole-meal bread was less than half (17%) of that from white
bread (38%), but the Zn content of the whole-meal bread was three times greater than that of the
white bread, so the total Zn absorbed was greater from the whole-meal bread.91

Phytic acid also has been shown to interfere with human Zn absorption. Stable isotope studies in
humans showed a 50% reduction in Zn absorption when 3 g/d of sodium phytate was added to the diet.92

Zn absorption is inhibited in humans by the presence of excesses of certain minerals. When
inorganic salts of iron and Zn are given, Zn absorption is decreased.93 Zn absorption from food
was not affected by large amounts of heme iron.94,95

TABLE 15.3 (Continued)
Content and Estimated Contribution to Meeting the Zn Needs of an 
Individual [%RDA of Zn] in Selected Foods

 % RDAd 

Foods Serving Sizea Zinc (mg)b,c Men Women

Mixed dishes
Beef cheeseburger, bun 4 oz (95 g) 6.8 62 85
Chile con carne 1 cup (253 g) 3.6 33 45
Lasagna 1 cup (250 g) 3.3 30 41
Spaghetti, meatball and tomato sauce 1 cup (248 g) 2.6 24 33
Macaroni and cheese, prepared from box 3/4 cup (147 g) 1.3 12 16

a English units with metric units in parentheses.
b,c Values estimated by using data provided by U.S. Department of Agriculture81,82

d RDA for ages 19–70 y; men = 11mg, women = 8 mg40
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VII. RESEARCH NEEDS

Specific aspects of the interaction between Zn nutrition and physical activity merit additional study.
Because low Zn intakes are common among children and adolescents, and low Zn status is
associated with impaired growth and development, future research should focus on determination
of relationships among Zn status (intake and blood markers) and physical and mental function.
Surveys and Zn supplementation trials of children and adolescents are needed to establish appropriate
Zn intakes for optimal physiological and psychological function, and thus contribute to development
of a recommendation for Zn in this segment of the population. 

 Previous studies examining the effect of increasing physical activity on Zn status markers are
hampered by reliance on static measures of Zn status (e.g., plasma or serum Zn). There is a need
to evaluate the specificity and sensitivity of newer biochemical indicators in this model. For example,
studies of responsiveness of Zn-containing enzymes, including carbonic anhydrase and lactate
dehydrogenase, are needed, particularly in association with determinations of metabolites affected
by these enzymes.

The need to determine the interaction between dietary Zn and metabolic pools of Zn in response
to increasing and decreasing physical activity is obvious. Although limited evidence suggests that the
metabolizeable Zn pool is affected by dietary Zn restriction, it is unknown whether this pool is impacted
by increasing physical activity or different types of exercise (e.g., aerobic vs. strength training).

These proposed investigations are needed to clearly determine whether current dietary recom-
mendations for Zn are appropriate for the growing segment of the population thath is initiating and
continuing physical activity to promote health and well-being. In addition, fundamental studies to
determine whether excretory losses of Zn (sweat, surface, urine and feces) are affected by physical
activity are needed.

VIII. CONCLUSIONS

Zn has biological roles in protein, carbohydrate and lipid metabolism and, hence, is needed for health
and optimal performance. Experimental evidence describing the interaction of dietary Zn and physical
activity in humans is limited. Recent evidence indicates that restricted Zn intake reduces Zn status
indicators (serum and RBC Zn and Zn retention), decreases muscle strength and endurance and impairs
cardiorespiratory function. Athletes who consume adequate amounts of dietary Zn have plasma or
serum Zn concentrations that are within the range of normal values. Conversely, athletes who restrict
food intake and concomitantly dietary Zn, have low concentrations of Zn in the circulation. As
compared with nonexercise conditions, exercise induces increased losses of Zn in the sweat and urine
that represent a small and perhaps significant percentage of daily Zn intake. Because the body tends
to maintain the Zn content by selectively adjusting absorption and endogenous excretion of Zn, and
an adaptation in urinary Zn output occurs on the day following a bout of exercise, the losses of Zn
associated with heavy exercise probably are compensated. Proper selection of a variety of foods with
varied Zn content, including animal products, unprocessed grains and cereals, will ensure an adequate
Zn intake. Unequivocal evidence of beneficial effects of Zn supplementation on physical performance
of humans is lacking if Zn intake meets population recommendations.

Consumption of Zn supplements by individuals with adequate Zn status might cause harm by
inducing copper deficiency. Without biochemical or physical evidence of altered Zn status, indi-
viduals should avoid the use of Zn supplements in amounts exceeding 15 mg/d. Consumption of
supplemental Zn in amounts of 50–150 mg/d can lead to impaired copper absorption and decreased
HDL cholesterol, unless Cu supplements are consumed concomitantly. Because Zn impacts many
diverse biological functions, physically active people should attempt to consume a balanced diet
to ensure an adequate Zn intake and thus optimize health and physical performance.
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I. INTRODUCTION

 

Over the past few years, a sustained interest has developed in trace element nutrition and metabolism
as it relates to athletic performance. The current beliefs are that athletes require more minerals than a
more sedentary individual, that athletes do not eat a balanced diet and that low consumption of some
trace elements will worsen performance. Whether these beliefs have substance in fact is an ongoing
debate. Of all the minerals covered in this volume concerned with athletic conditioning and performance,
copper (Cu) may be one of the most important. It serves as an essential component of oxygen utilization
and the antioxidant system, but at the same time, it can be toxic by initiating free-radical generation.

Cu is a transition metal that has valence states of +1 and +2. It is highly reactive in oxidation-
reduction reactions and, because of this property, nature has devised means to assure that very little
free Cu is present in living tissues. Most of the Cu is bound to organic ligands such as proteins,
peptides and amino acids. Ninety-three percent of Cu in plasma is bound to the ceruloplasmin (Cp)
protein. Cu can interact with other metals near it in the periodic table, which include iron, zinc and
cadmium. These interactions often involve the substitution of the other metal in the active site of the
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Cu enzyme, or in a metal transport site normally reserved for Cu, and inhibit the function of Cu at
that site. Sometimes the reverse occurs, where Cu interferes with the metabolism of the other metals.

Cu is involved in many chemical reactions in the body that may be more prominently involved
with oxygen consumption and stress —conditions that become exaggerated during participation in
vigorous exercise. For example, Cu is essential for maximal activity of cytochrome c oxidase, the
enzyme in a chain of reactions that transfer electrons from cytochrome c to oxygen during metab-
olism, which leads to the production of high-energy phosphate bonds (ATP) and water. Cu is an
active component of Cu, Zn-superoxide dismutase (SOD1), an enzyme involved in free-radical
quenching and elimination, thus lessening free-radical damage in tissues. Cu is required for iron
(Fe) absorption, and blood cell and hemoglobin formation, which prevents anemia. Cu plays a
major role in the acute phase response to stress situations.

Cu also is involved in cardiovascular and neuronal development and function. Cu is an active
component of enzymes that cross-link collagen and elastin in the vascular system, lungs and other
organs. Cu deficiency in young animals causes lung damage, with clinical signs similar to emphy-
sema. The trace element is intimately involved in enzyme systems that generate brain and somatic
neurotransmitters where, in young animals, a Cu deficiency produces a Parkinson-like syndrome.

On the other hand, Cu can be toxic. Free Cu can participate in the superoxide-driven Fenton
reaction to produce the free radical HO

 

•

 

 from hydrogen peroxide. This radical is strongly reactive
at the site of formation. Cu is more reactive than iron in causing DNA damage, which suggests
that the free Cu concentrations in the body should be carefully controlled.

The preceding describes the broad involvement of Cu in metabolism and the following review
will go into more detail about how Cu is obtained from the diet, how it is absorbed into the body,
how much is in the body, how Cu functions biochemically and physiologically, and what are the
dietary requirements for Cu. This chapter attempts to relate each point to athletic training and
performance where applicable. For in-depth reviews of the biochemistry of Cu and its metabolism,
please refer to Mason

 

1

 

, O’Dell

 

2

 

, Linder

 

3

 

 and the DRI manual.

 

4

 

 

 

II. COPPER IN FOOD AND ITS DIETARY REQUIREMENT

 

Of all the minerals known to have a physiological function in the body, Cu was at one time considered
one of the most limiting in the human diet. In 1980, the Food and Nutrition Board (FNB) of the
National Research Council (NRC) of the U.S. National Academy of Sciences

 

5

 

 could not agree on a
recommended dietary allowance (RDA) for Cu. Instead, a value called “the estimated safe and adequate
daily dietary intake” (ESADDI) was established for Cu that ranged from 2.0 to 3.0 mg/day for
individuals over the age of 11. In 1989, the FNB again could not agree on an RDA for Cu, even though
much more data had accumulated over the ensuing 9 years. The board instead lowered the ESADDI
to 1.5 to 3 mg/day.

 

6

 

 In the meantime, the Canadian estimate for an adequate intake of Cu was held at
1.0 to 2.0 mg/day.

 

7

 

 During the most recent deliberations of the Institute of Medicine of the FNB, it
was finally agreed to set the recommended Cu intake at 0.9 mg/day for individuals of age 19 and over.

 

4

 

 
Before the FNB established the RDA for Cu, the normal intake was relatively low when compared

with the ESADDI. Klevay et al.

 

8

 

 chemically analyzed Cu in 849 individual western-type diets consisting
of foods from Belgium, Canada, the U.K. and the U.S. They found that the mean intake of Cu per day
was 1.48 mg, with 95% of the values falling between 0.46 and 3.64, and 32% of the diets providing
less than 1.01 mg of Cu per day. Pang et al.

 

9

 

 measured daily Cu intakes of 68 individuals in a single
geographic area of the U.S. in a 1-year period and found that about 65% consumed near or below the
RDA for Cu. However, the Third National Health and Nutrition Examination Survey (NHANES III,
1988–1994) estimated Cu intakes based on dietary recall and found that only 25% of the population
sampled fell near or below the RDA for Cu.

 

10

 

 Johnson et al.

 

11

 

 reported intakes of 1.3 mg of Cu/day for
men and 0.95 mg/day for women between the ages of 19 and 40 who consumed self-selected diets.
However, when intakes were expressed on a caloric density basis, women consumed about 15% more
Cu than men. Depending on which standard is used for assessing adequate intakes of Cu, a large portion
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of the population might experience low Cu status. Selecting a diet with less than the RDA for Cu could
be easy for an individual in the Western world if the diets are not balanced with a variety of foods. 

Staple foods including breads, rice, vegetables, fruits or even meats do not contain a large
amount of Cu (Table 16.1). Lawler and Klevay

 

12

 

 suggest that foods containing more than 2 mg of

 

TABLE 16.1
Content and Estimated Percent of the RDA for Cu in 
Selected Foods by Serving Size

 

Serving size Cu (mg)

 

a

 

% RDA

 

b

 

Meats and fish

 

Liver, cooked 3 oz.(85 g) 3.842 427
Oysters, Pacific, cooked 3 oz.(85 g) 2.279 253
Oysters, Atlantic, cooked 3 oz.(85 g) 1.220 136
Trout, broiled 3 oz.(85 g) 0.204 23
Duck, roasted w/skin 3 oz.(85 g) 0.193 21
Beef, sirloin roast 3 oz.(85 g) 0.105 12
Whitefish, broiled 3 oz.(85 g) 0.078 9
Salmon, Coho, broiled 3 oz.(85 g) 0.076 8
Pork loin, roasted 3 oz.(85 g) 0.069 8
Chicken, roasted 3 oz.(85 g) 0.068 8

 

Fruits and vegetables

 

Potato, white, baked, w/skins 1 med (173 g) 0.616 68
White beans, boiled 1 cup (179 g) 0.514 57
Lentils, boiled 1 cup (198 g) 0.497 55
Avocado, raw 1 med (201 g) 0.460 51
Kidney beans, boiled 1 cup (177 g) 0.428 48
Asparagus tips, steamed 1 cup (90 g) 0.308 34
Potato, white, boiled, wo/skins 1 med (167 g) 0.261 29
Sweet potato, baked 1 sml (60 g) 0.237 26
Mushrooms, raw 1/2 cup (48 g) 0.172 19
Green beans, snap, boiled 1 cup (125 g) 0.070 8

 

Nuts, grains and seeds

 

Sunflower kernels, dry roasted 2 oz.(57 g) 1.037 115
Walnuts, fresh 2 oz.(57 g) 0.787 87
Almonds, dry roasted 2 oz.(57 g) 0.694 77
Wheat germ 1/2 cup (58 g) 0.458 51
Peanuts, dry roasted 2 oz.(56.7 g) 0.381 42
Wild rice, cooked 1 cup (164 g) 0.200 22
Brown rice, cooked 1 cup (195 g) 0.195 22
Whole wheat bread 2 slices (56 g) 0.172 19
Barley, cooked 1 cup (157 g) 0.165 18
Oatmeal, cooked 1 cup (234 g) 0.129 14
White bread 2 slices (50 g) 0.126 14
White rice, cooked 1 cup (158 g) 0.108 12
Milk, 1% fat 1 cup (240 mL) 0.025 3
Brewer’s yeast 1/2 oz.(14.2 g) 0.700 78
Molasses, brown 1 fl.oz.(32 mL) 0.225 25

 

a 

 

Values were generated from nutrition data set, version SR17 provided by the
U.S.Department of Agriculture, which can be accessed through the website:
http://www.nal.usda.gov/fnic/foodcomp/Data/SR17/sr17.html

 

b 

 

Based on the RDA of 0.9 mg Cu /day

 

4
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Cu/kg of edible portions are good sources of dietary Cu. Table 16.1 lists some common foods and
their Cu concentrations.

 

13

 

 Some fruits and vegetables have moderate quantities of Cu, with potatoes
and beans having the highest amount. Nuts and seeds have high amounts of Cu compared with
other foods, and seeds such as sunflower kernels are excellent sources of Cu. However, these foods
also contain high concentration of polyunsaturated fats, up to 40%. 

The foods containing the highest amount of Cu are liver and Pacific oysters. A person could
obtain more than 100% of the RDA with a 1-oz. (28.4 g) serving of liver or a 1.5-oz. (42.5 g)
serving of oysters. In contrast, other meats and fish have low concentrations of Cu. It seems an
unfortunate quirk of nature to have the highest amount of Cu in foods that are the most expensive
(oysters), that contain high fat (nuts and seed) or are disliked by most of the U.S. and Canadian
public (liver). However, clever disguises of the latter or substitutions of these foods for others in
combination dishes would not only improve one’s nutritional Cu status but would provide a host
of other required nutrients as well. Wheat flour is low in Cu; however, wild rice, if eaten regularly,
could provide a moderate amount of Cu in the diet.

 

III. COPPER INTAKES IN ATHLETES

 

Nutritionist are often concerned that persons undergoing strenuous exercise or prolonged training
and sports competition are not consuming enough of the required nutrients to sustain nutritional
status, thus jeopardizing performance. The Australian Institute of Sports undertook a study to
determine whether vitamin/mineral supplementation of a normal diet would affect the vitamin and
mineral status of athletes.

 

14

 

 There were 86 athletes, men and women, who participated in various
sports activities for 8 months. One half of the group consumed a supplement that contained 13
known essential vitamins and 8 essential minerals (Cu was not included). After eight months of
training and participation, none of the mineral supplements changed the overall mineral status of
the athletes when measured as a change in blood concentration and compared with those not
receiving the supplements. Of the vitamins supplemented, only thiamine, B6 and B12 in blood
were elevated. Before sports activities began, only 7% of the participants were considered below
the laboratory acceptable range for blood Cu concentration. However, at the end of the sports
activities, no participant was below normal whether he or she took the supplements or did not.
Throughout the study, personal and group dietary counseling sessions were carried out to ensure
that each athlete maintained a well-balanced diet. Therefore, one could interpret the results of this
study to mean that if athletes maintain a well-balanced diet of a variety of foods, they do not require
extra supplementation with vitamins and minerals. In addition, a corresponding study using the
same subjects showed that the vitamin and mineral supplementation had no significant effects on
performance.

 

14

 

Another study observed dietary patterns and assessed the nutritional knowledge of recreational
triathletes.

 

15

 

 They found that, over an 11-week training period, women consumed an average 

 

±

 

 SD
of 1.5 

 

±

 

 0.5 mg of Cu/day and men 1.8 

 

±

 

 0.7 mg/day. These values represent 167 and 200% of
the current RDA, respectively. Therefore, it is unlikely that any of these athletes suffered from low
or marginal Cu status.

In a well-controlled study, Lukaski et al.

 

16

 

 found no correlation between Cu intakes of men
and women swimmers and control non-swimmers and Cu status indicators measured before and
after extensive training. The daily intakes of Cu averaged 1.15 

 

±

 

 0.36 mg/day for women non-
swimmers and 1.35 

 

±

 

 0.40 for women swimmers. Men averaged about 1.7 

 

±

 

 0.54 mg Cu/day for
both swimmers and non-swimmers; this was significantly higher than for women. However, when
intakes were calculated on the basis of caloric intake, there were no significant differences in intake
between men and women. Plasma concentrations of Cu ranged from 13.8 

 

±

 

 3.2 to 15.9 

 

±

 

 5.2 µmol/L
for women and 13.2 

 

±

 

 1.6 to 14.3 

 

±

 

 2.0 for men, whether they were swimmers or not. In another
study by Lukaski et al.,

 

17

 

 collegiate men and women free-style swimmers reported intakes of Cu of
1.8 

 

±

 

 0.2 and 1.3 

 

±

 

 0.2 mg/day, respectively. Serum Cu concentrations were 13.9 

 

±

 

 1.3 µmol/L for
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men and 15.9 

 

±

 

 2.5 for women. Based on these studies reported 6 years apart, it seems that Cu
intakes and serum Cu concentrations are very consistently controlled among young athletes.

Rigorously controlled studies at the Grand Forks Human Nutrition Research Center were
performed on non-athletic women volunteers ages 18 to 36.

 

18

 

 Half of the group consumed natural-
ingredient diets with as little as 0.65 

 

±

 

 0.05 mg Cu/day while the other half consumed similar diets
with 1.45 mg Cu/day for 7 weeks. Those consuming the low Cu diets had plasma Cu concentrations and
Cp activities that were 9 and 19% lower than the control volunteers, respectively. The volunteers
fed the low Cu diets also were in negative balance with respect to Cu. When supplemented with
2.65 mg Cu/day for 5.5 weeks, they came back into Cu balance. These data suggest that the basal
Cu requirement for non-athletic women is higher than 0.65 mg/day, but lower than 1.5 mg/day.
Studies from this laboratory in the 1980s suggested that the requirement for adult human males is
about 1.6 mg/day when body surface losses of Cu are considered.

 

19

 

 Please note that this value is
nearly 1.5 times higher than the current RDA. However, the concentration of dietary Cu at which
signs of low status might develop would depend on the length of time volunteers were consuming
a particular amount of Cu. Therefore, in studies such as these, the experimental periods may be
too short to find an indication of low status.

 

IV. COPPER BIOAVAILABILITY

 

The bioavailability of a nutrient is defined as that amount absorbed from the diet and how well it
is utilized in metabolic processes; however, in many studies, this term may refer only to absorption.
In humans as well as other mammals, the amount of Cu absorbed from the gut varies with the
amount of Cu in the diet. On a percentage basis, there is an inverse relationship between dietary
Cu concentration and absorption. However, the net amount of Cu absorbed actually increases as
dietary Cu increases, up to a point. With data referred to by Turnlund et al.,

 

20,21

 

 it can be predicted
by using a hyperbolic curve fit analysis of Cu absorbed vs. Cu intakes over a range of 0.4 to 7.5
mg/day that the maximal rate of Cu absorbed will be approximately 1.2 mg/day, with the half
maximal rate at 1.0 mg Cu intake/day. This suggests that a person consuming the RDA of 0.9 mg
would absorb only about 0.5 mg of Cu.

Although some foods may contain moderate amounts of Cu, the availability of the Cu for
absorption and utilization may not be realized because of other factors in the food. Some of the
inhibiting factors include fructose, ascorbic acid, iron and zinc. Phytate, a common component of
most plant foods, is an enhancing factor. For the most part, the RDA accounts for the effects of
other dietary components on Cu absorption.

 

A. E

 

FFECT

 

 

 

OF

 

 D

 

IETARY

 

 C

 

ARBOHYDRATES

 

 

 

ON

 

 C

 

OPPER

 

 A

 

BSORPTION

 

It has been known for years that dietary sucrose or fructose intensifies the effects of low dietary
Cu intakes in laboratory animals such as the rat.

 

22–24

 

 Some evidence suggests that dietary fructose
reduces the absorption of Cu from the gut of rats by lowering the solubility of Cu in the gut
lumen.

 

25–27

 

 Fructose is a reducing agent, and other reducing factors such as ascorbic acid have been
found to lower Cu absorption as well.

 

28

 

 The detrimental effects of fructose on Cu metabolism have
not been successfully demonstrated for other species including the pig or human.

 

29–31

 

 Nonetheless,
with the ever-increasing use of high-fructose syrups in foods, including some sports beverages,
there may be some concern in the future about the effects of long-term use of this carbohydrate
on Cu metabolism in athletes.

 

B. E

 

FFECT

 

 

 

OF

 

 D

 

IETARY

 

 R

 

EDUCING

 

 A

 

GENTS

 

 

 

ON

 

 C

 

OPPER

 

 A

 

BSORPTION

 

Van Campen and Gross

 

32

 

 were the first to show that dietary ascorbic acid (vitamin C) attenuates
the absorption of Cu from the gut of mammals. The mechanism is probably related to the chemical
reduction of Cu from +2 to +1 oxidation state by the acid, which is a strong reducing agent.
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However, recent studies suggest that Cu

 

+1

 

 is the form favored by the specific Cu transporter, Ctr1,
in the duodenal enterocyte.

 

33,34

 

 Van den Berg’s group

 

28

 

 did extensive work on the effects of ascorbic
acid on Cu absorption and showed that the acid lowered the amount of soluble Cu in the small
intestine of rats, which subsequently impaired Cu absorption. Finley and Cerklewski

 

35

 

 found that
young men fed 500 mg of ascorbic acid three times/day showed a gradual decrease in plasma Cu
and Cp activity over 64 days of treatment. When the ascorbic acid supplement was removed, both
parameters rebounded within 20 days. Milne et al.

 

36

 

 demonstrated a negative effect of dietary
ascorbic acid on Cu status of non-human primates, but did not find an effect on Cu status when
adult women were given 1500 mg of ascorbic acid and only 0.6 mg of Cu/day for 42 days. Another
study showed that feeding 1500 mg of ascorbic acid and 0.67 mg Cu/day to women for 135 days
had no effect on Cu balance; however, Cp activity was lower.

 

18

 

 Based on these studies, it seems
likely that short-term consumption of high amounts of ascorbic acid will have little effect on Cu
status if the consumption of Cu is normal; however, information is not available to state conclusively
that long-term consumption of the vitamin would not have a negative effect on Cu absorption,
especially if dietary Cu intakes were low.

 

C. E

 

FFECT

 

 

 

OF

 

 D

 

IETARY

 

 M

 

INERALS

 

 

 

ON

 

 C

 

OPPER

 

 A

 

BSORPTION

 

The mineral components of the diet affect Cu availability. Mineral elements with similar electronic
structures are likely to be antagonistic; for example, both Zn and Cu are 

 

d

 

10

 

 elements and are
antagonistic. Van Campen and Scaife

 

37

 

 were the first to demonstrate that high dietary Zn reduces
the absorption of Cu from the gut of rats. Since then, many studies with laboratory animals and
cultured cells have shown this effect of Zn.

 

38–41

 

 Although not studied as extensively as in animals,
there is ample evidence that Zn is antagonistic to Cu in humans as well. Patterson et al.

 

42

 

 demon-
strated sideroblastic anemia and low Cu status in a patient who had consumed as much as 450 mg
Zn/day for 2 years. Others have shown similar effects.

 

43,44

 

 In addition, high oral Zn therapy has
been used successfully to treat Wilson’s disease patients who, because of a genetic defect in Cu
metabolism, accumulate toxic amounts of Cu. Cu status also can be affected by more normal
concentrations of dietary Zn.

 

45,46

 

 Studies have suggested that a dietary Zn:Cu molar ratio of greater
than 16:1 may have a negative effect on physiological parameters associated with Cu metabolism.
Dietary intakes of Zn as low as 25 and 50 mg/day for up to 10 weeks have produced small changes
in Cu status in both men and women.

 

47–51

 

 Balance studies have shown that the amount of dietary
Cu required to maintain Cu equilibrium is directly proportional to the amount of Zn in the diet.

 

52

 

It is not recommended that supplementations of Zn much greater than the RDA (8–11 mg/day) be
taken unless the Cu intake is relatively high, also.

 

V. COPPER CONCENTRATIONS IN BLOOD 
AND BODY ORGANS

 

The human body contains about 1.6 mg of Cu/kg of body weight with variable distributions in
various organs and blood. Examples of Cu concentrations in various tissues include kidney, 12
mg/kg; liver, 6 mg/kg; brain, 5 mg/kg; heart, 5 mg/kg; bone, 4 mg/kg; and muscle 0.9 mg/kg. Bone
contains 40% of body Cu, the highest percentage of any other organ; muscle is second at about
23%. These organs also make up the greatest percentages of the body mass. Blood contains about
6% of total body Cu. The Cu concentration of RBC is approximately 16.1

 

±

 

2.0 µmol/L of packed
cells and plasma has an average concentration of 16.5

 

±

 

2.5 µmol/L for men and 18.3

 

±

 

2.5 µmol/L
for women. The normal range of red blood cell (RBC) Cu for both men and women is 12.5 to
23.6 µmol/L, whereas the normal range for plasma Cu is 8.8 to 17.5 µmol/L for men and 10.8 to
26.6 µmol/L for women. However, plasma values consistently as low as 8.8 µmol/L might be
considered a sign of low Cu status.
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About 93% of Cu in plasma is covalently bound to Cp, while the remainder is in ionic
arrangement with amino acids and albumin. Cp is synthesized in the liver and released into the
blood, where its amine oxidase activity in plasma is proportional to the amount of Cu present. The
activity of this enzyme is often used as an indicator of Cu status; however, pinpointing this as a
specific indicator is difficult because certain stress and inflammatory conditions cause plasma Cp
activity to increase, which could result in a false indication of Cu status.

Reports show that Cu concentrations and Cp activity in serum, and Cu concentrations in blood
and plasma change when a person engages in various types of vigorous exercise and sports activities.
Haralambie

 

53

 

 was the first to report that serum Cp activity was elevated in human volunteers after
they engaged in physical training. However, Dowdy and Burt

 

54

 

 reported that Cp activity declined
after 8 weeks of training and remained constant for the remainder of the study. Lukaski et al.

 

55

 

found that plasma Cu concentrations were 11% higher in trained male collegiate athletes compared
with non-athletes in the same age group. Studies with laboratory animals also have shown an
elevation in serum or plasma Cu when the animals were exercised to exhaustion.

 

56,57

 

 This led to
speculation that intensive exercise or physical training might alter Cu status. 

Other studies have shown variable results. Resina et al.

 

58

 

 found that male runners who trained
for 6 weeks had 35% lower serum Cu concentrations than control subjects who did not train.
However, the change in serum Cu did not affect Cp activity. On the other hand, Marrella et al.

 

59

 

found a small increase in plasma Cu of runners after a marathon when compared with values from
the same subjects before the race. A total blood cell (TBC) Cu concentration, most of which was
from red cells, was 30% lower in pre-marathon runners than in non-runner controls. TBC Cu did
not change in runners immediately after the race; however, at 24 and 72 hours after the race, the
Cu values were reduced and significantly different from values found immediately afterward. Cu
concentrations were elevated in moderately trained and untrained volunteers immediately following
acute exercise to exhaustion.

 

60

 

 Lukaski

 

61

 

 showed that the Cu concentration and Cp activity of young
women swimmers were unchanged during a competitive swimming season. In addition, no differ-
ences were found between swimmers and controls who were non-swimmers. 

The inconsistencies among different studies are confusing and may be caused partly by the
different types of exercise or training, duration and intensity of the exercise, nutritional status of
the subjects at the beginning of the program and the age and sex of the volunteers. Nevertheless,
the change in serum Cu concentrations shown in some athletes does not necessarily mean that they
have an altered Cu status. It could mean that the changes observed are nothing more than normal
adaptive responses to strenuous exercise that result in a redistribution of Cu among various tissues
and organs, with no detrimental effects on the athlete.

 

VI. COPPER METABOLISM

A. R

 

OLE

 

 

 

OF

 

 C

 

OPPER

 

 

 

IN

 

 I

 

RON

 

 A

 

BSORPTION

 

 

 

AND

 

 U

 

TILIZATION

 

The metal iron (Fe) is a required nutrient in the diet of all mammals including humans, and Fe
deficiency anemia is one of the world’s most prominent health problems. For the most part, the
deficiency is caused by a low intake or low bioavailability of dietary Fe. However, other factors
may be involved. For example, there is a direct link between the Cu status of individuals and
their ability to absorb and utilize dietary Fe.

 

62

 

 It was known as early as the mid 19th century
that Cu was associated with the cure of certain types of Fe-resistant anemia. In the early and
mid 20th century, it was found through animal studies that dietary Fe or Fe injections would
not prevent Cu deficiency-induced anemia in the rat model.

 

63–65

 

 It was then discovered that a
Cu-dependent ferroxidase, Cp, was required to move Fe out of cells. However, not until the age
of molecular biology, in the late 1990s and early 2000s, was it discovered that a Cu-dependent
ferroxidase, hephaestin, similar to Cp resides in the enterocytes of the small intestine, aided the
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absorption of Fe from the diet.66–69 Thus, Cu affects Fe metabolism, and low Cu status can reduce
Fe absorption and hamper Fe utilization in the body. Although most of the research so far has
been done with animal models, it is likely that similar results will be found in humans. Because
of these discoveries, it is recommended that no studies on iron requirements be attempted
without first assuring that the Cu status of the study population is adequate. Individuals presenting
with anemia that is unresponsive to iron therapy probably should have a Cu status assessment
performed. Athletes are especially sensitive to the effects of anemia, because exercise perfor-
mance depends on maximal efficiency of oxygen carrying capacity and oxygen utilization in the
active muscles. As discussed later in this chapter, Cu along with Fe is closely involved in oxygen
utilization. 

B. ROLE OF COPPER IN BLOOD CELL FORMATION AND FUNCTION

Although knowledge of the exact role of Cu in blood cell formation is limited, observations in Cu-
deficient animals and humans show prominent connections between Cu status and blood cell
production, survivability and function. These functions could be compromised during strenuous
exercise. In both animals and humans, Cu deficiency presents with a reduced population of RBCs
that are smaller than normal and with a reduced hemoglobin concentration. Although the signs
mimic Fe deficiency, supplemental Fe by diet or injections will not reverse them. Neutropenia also
is a key sign of Cu deficiency in humans,70,71 and in severe cases, the bone marrow will show
morphologic characteristics typical of myelodysplastic syndrome with ringed sideroblasts.72 All of
these Cu deficiency signs can be reversed by supplementing the diet with Cu. 

Although the neutropenia associated with copper deficiency is well characterized from a cellular
viewpoint, the underlying causative mechanism is unknown. Several reports show that patients
receiving total parenteral nutrition develop anemia and neutropenia as a result of copper deficiency
when the parenteral solutions do not contain copper.70,72–78 Morphologic findings from bone marrow
assessment of these patients show several general characteristics including myeloid and erythroid
precursors with cytoplasmic vacuoles, increased numbers of ringed sideroblasts, reduced numbers
of mature granulocytes and increased numbers of promyelocytes. 

The increase in the ratio of immature cells to mature granulocytes in the bone marrow of
copper-deficient patients suggests that copper deficiency arrests the differentiation of neutrophils.
Neutrophils and all other blood cells arise from a common parent cell, the pluripotent hematopoietic
stem cell, in the bone marrow. The pluripotent stem cell differentiates into a myeloid progenitor
cell called the colony forming unit-GEMM (CFU-GEMM) that further differentiates into colony
forming units for erythrocytes (CFU-E), platelets (CFU-MEG), granulocytes (CFU-GM) and mono-
cytes (CFU-M). The CFU-GM gives rise to the myeloblast that further differentiates into the
promyelocyte, which becomes either the neutrophilic myelocyte, the eosinophilic myelocyte, or
the basophilic myelocyte. Neutrophilic myelocytes differentiate through a pathway that has several
stages that give rise to the metamyelocyte, the banded neutrophil and the segmented neutrophil.
Presently, there are only a few reports showing that copper deficiency perturbs this pathway for
neutrophil differentiation. 

In one study, examination by using a granulocyte colony formation assay in bone marrow from
a copper-deficient subject showed that neutrophil differentiation was abnormal.73 In this study, the
subject’s bone marrow cells produced fewer granulocyte colonies when they were cultured in the
subject’s copper-deficient serum than when they were cultured in normocupric serum. However,
bone marrow cells from a normal subject produced a normal number of granulocyte colonies when
they were cultured in serum from the copper-deficient subject. These findings indicate that progen-
itor cells from the bone marrow of the copper-deficient subject were impaired in their ability to
differentiate into mature granulocytes. In another study, researchers found that the bone marrow
of a copper-deficient subject had a normal number of colony-forming units but a low number of
mature neutrophils.79 When the progenitor cells from the subject’s marrow were stimulated to
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differentiate with the colony-stimulating factor or erythropoietin, they produced a normal number
of colony-forming units. It was concluded from this study that the copper-deficient patient had a
sufficient number of progenitor cells for neutrophil differentiation, but for some reason neutrophil
maturation was arrested in the bone marrow. Collectively, these studies indicate that copper is
essential for normal neutrophil differentiation in the bone marrow

A role for copper in neutrophil differentiation is also supported by a cell culture model using
HL-60 cells, which are promyelocytic leukemia cells that can be induced to differentiate along the
neutrophil lineage. It was reported that copper supplementation of HL-60 cells induced to differ-
entiate with retinoic acid increased the number of cells that differentiated into banded and segmented
neutrophils.80 Even in the absence of retinoic acid, copper supplementation of the HL-60 cells
resulted in fewer cells at the promyelocyte stage and more at the myelocyte stage. Results from
this study strongly suggest that copper can promote the differentiation of progenitor cells into
neutrophils.

Several factors may contribute to the biochemical mechanisms for neutropenia caused by
copper deficiency. It was found that SOD1 activity was significantly reduced in the erythrocytes of
a copper-deficient subject with anemia and neutropenia.70 Furthermore, the half-life of the
subject’s erythrocytes was only 19 days compared with a normal half-life of 28–40 days. This suggests
that the low level of SOD1 activity promoted oxidative damage to the erythrocytes that
shortened their circulating life span and contributed to the subject’s anemia. SOD1 activity was
not measured in the neutrophils, but if the activity was sufficiently reduced, then oxidative damage
may have contributed to the subject’s neutropenia by shortening the lifetime of the neutrophils in
the bone marrow or in the circulation. A recent study shows that copper-deficient HL-60 cells are
more susceptible to cell death when presented with an oxidant challenge.81 HL-60 cells are a
promyelocytic cell line, and the finding that oxidative stress caused by copper deficiency can
increase their susceptibility to cell death suggests that copper deficiency may arrest neutrophil
maturation in bone marrow by increasing the susceptibility of promyelocytes, or more differentiated
progenitor cells, to cell death triggered by oxidative stress. Another study showed that patients with
severe or moderate nutritional copper deficiency produce anti-neutrophil antibodies, a condition
that could be partially responsible for neutropenia.82,83 Thus, several factors are capable of contrib-
uting to neutropenia induced by copper deficiency and further research is needed to clarify the
biochemical mechanisms through which copper deficiency impairs the process of blood cell
maturation in the bone marrow, and the viability of blood cells in the bone marrow and in the
circulation. 

The primary function of erythrocytes is to transport oxygen from the lungs to other tissues.
Physiological oxygen deficit associated with physical endurance exercise leads to increased expres-
sion of the hematopoietic hormone, erythropoietin that results in elevated erythropoiesis and
oxygen capacity of the blood. However, the formation of erythrocytes depends on the maturation
of colony-forming units in the bone marrow. Copper clearly has a role in the maturation of blood
cells in bone marrow and low dietary copper intakes may impair the formation of erythrocytes in
response to the oxygen deficit created by endurance exercise. Although dietary copper requirements
for optimal physical performance have not been thoroughly investigated, intakes at the RDA for
copper are recommended to assure proper erythrocyte maturation in the bone marrow in response
to exercise training. 

C. ANTIOXIDANT FUNCTIONS OF COPPER

Reductions in SOD1 by low dietary Cu intake may significantly compromise the body’s defense
against damage caused by reactive oxygen species (ROS). Lipids, proteins and DNA are intracellular
targets for attack by ROS and several lines of evidence indicate that these biomolecules are
oxidatively modified when dietary Cu intakes are low. It has been shown in laboratory animals that
consuming Cu-deficient diets increases the lipid hydroperoxide content of hepatic microsomes and

3022_C016.fm  Page 243  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



244 Sports Nutrition: Vitamins and Trace Elements

mitochondria,84 increases the production of breath ethane85 and increases the susceptibility of tissues
to lipid peroxidation.86,87 Lipid hydroperoxides and ethane are byproducts of lipid oxidation and
the results of these studies indicate that lipids in membranous cellular components are subject to
increased oxidation during Cu deficiency. Cu deficiency also increases the carbonyl content of the
alpha and beta subunits of spectrin in erythrocyte membranes in rats88 and proteins with molecular
weights of 90 kDa and 100 kDa in mitochondria of HL-60 cells grown in culture.89 Oxidation of
proteins converts some of their amino acid side chains to carbonyl derivatives, and the presence of
carbonyls is a marker of ROS-induced protein oxidation.90 Thus, the increase in protein carbonyl
content is evidence that Cu deficiency increases the susceptibility of intracellular proteins to
oxidative modifications by ROS. Low dietary Cu intake in rats has also been shown to increase
the activity of hepatic nuclear DNA repair enzymes,91 suggesting that Cu deficiency increases DNA
damage. Direct assessment of DNA damage by the Comet assay has shown that Cu deficiency
increases DNA damage in cattle92 and that DNA in Cu-deficient Jurkat T-lymphocytes is more
susceptible to oxidative damage by hydrogen peroxide.93 These studies indicate that Cu deficiency
leads to nuclear DNA damage and imply that the damage is caused by ROS. Collectively, these
studies demonstrate that Cu deficiency weakens the antioxidant defenses and leads to oxidative
damage to cellular lipids, proteins and nuclear DNA. They also emphasize the importance of Cu
as an antioxidant nutrient.

D. ROLE OF COPPER IN CARDIOVASCULAR AND NEUROLOGIC FUNCTIONS 

Adequate Cu intake during pregnancy and the postpartum period is very important for proper brain
development and maturation in neonates. When low Cu concentrations occur in the developing
brain of laboratory animals before terminal differentiation occurs, the concentration tends to remain
persistently low in several regions of the brain even after Cu deficiency is corrected by supplying
adequate Cu in the diet.94 The persistence of low Cu content in the brain may have long-term
consequences on physical performance, as indicated by a recent study showing that Cu deficiency
during brain development has persistent consequences on motor function in rats after 6 months of
Cu repletion.95 

Results from a diet survey indicate that young women may be at particular risk for low Cu
intakes. It has been estimated that the Cu intakes for 14–16-year-old women and 25–30-year-old
women are 0.76 mg/day and 0.94 mg/day, respectively.96 These Cu intakes are below the RDA of
1.0 mg/day for pregnant women and the RDA of 1.3 mg/day for lactating women in these age groups.
Although marginal to low Cu intakes may occur in a substantial number of young women, it is not
known whether the low intakes have effects on brain development that lead to permanent impairment
of motor function in their offspring. However, judging by the results from the animal studies
described above, it is prudent for pregnant and lactating women to consume at least 1.5 mg Cu/day
to ensure normal development of the central nervous system and motor functions of their children.

E. COPPER AND MITOCHONDRIAL OXIDATIVE STRESS

Four oligomeric enzymes, NADH:ubiquinone oxidoreductase (complex I), succinate:ubiquinone
oxidoreductase (complex II), ubiquinol:cytochrome c oxidoreductase (complex III) and ferrocyto-
chrome c:oxygen oxidoreductase (complex IV), compose the mitochondrial electron transport chain
located in the inner mitochondrial membrane. Electrochemical energy derived from the transfer of
electrons between these enzymes to molecular oxygen drives the vectorial translocation of protons
across the inner mitochondrial membrane that provides the energy required for ATP synthesis.
Although electron transport accounts for about 85–90% of the oxygen utilized by cells, not all of
the oxygen consumed by the electron transport chain is converted to water; about 1–5% is converted
to superoxide.97–99 Thus, a 70-kg adult who uses about 14.7 moles of O2 /day would produce about
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0.15–0.74 moles of mitochondria-generated superoxide on a daily basis. Much of the superoxide
(O2

•_) formed is converted to hydrogen peroxide (H2O2) by a manganese-dependent form of super-
oxide dismutase (MnSOD) located in the mitochondrial matrix. However, a portion of superoxide
generated by the electron transport chain escapes conversion by MnSOD and is available to react
with H2O2 to form hydroxyl radicals (HO_) by the Haber-Weiss reaction catalyzed by mitochondrial
iron (equation 1). H2O2 can also react with mitochondrial iron to produce hydroxyl radicals by the
Fenton reaction (equation 2). 

(1) O2
•_ + H2O2 → HO• + HO–

(2) H2O2 + Fe2+ → HO•  + HO– + Fe3+

Several lines of evidence indicate that exercise increases the production of ROS. Studies
employing electron spin resonance spectroscopy have shown that acute exercise increases free-
radical production in skeletal muscle of mice, rats and humans99 and accumulation in serum of
humans.97 Acute exercise has also been shown to increase ROS production in skeletal muscle of
young and old rats in a study where ROS production was monitored by measuring the oxidation
of the intracellular probe dichloroflourescin.98 Another study employing an in situ model showed
that hydroxyl radical is produced in contracting feline triceps muscle.100 While these studies provide
convincing evidence that exercise increases ROS production in muscle, the sources of ROS pro-
duction are less clear.

Mitochondria may be a major source of the ROS that become elevated in muscle during exercise.
As discussed above, mitochondria convert about 1–5% of the oxygen consumed by the electron
transport chain to superoxide. During exercise, oxygen consumption by muscle cells increases
substantially, and if the percentage of oxygen that is converted to superoxide remains the same,
mitochondrial superoxide generation will increase. However, the experimental evidence for
increased mitochondrial ROS production during exercise is problematic. No significant increases
in the rate of ROS production were detected in mitochondria isolated from the deep vastus lateralis
muscle in rats following acute exercise when dichloroflourescin oxidation was measured under
conditions promoting state 4 respiration.98 Also, H2O2 production in intermyofibrillar mitochondria
and subsarcolemmal mitochondria isolated from oxidative muscle of rats was not affected by
voluntary wheel running.101 However, the stress of exercise on oxygen consumption by the electron
transport chain was no longer present because these data were obtained by using isolated mito-
chondria. As a result, this finding does not necessarily provide definitive evidence that exercise
does not enhance mitochondrial ROS production. In contrast, the hypothesis that mitochondria are
a major site of ROS production during exercise is supported by indirect evidence of mitochondrial
oxidative damage. After a single bout of treadmill running, oxidative enzymes were inactivated and
the protein thiol content was lowered in rat skeletal muscle mitochondria.102 It has also been reported
that ortho-tyrosine, meta-tyrosine and o,o’-dityrosine are increased in mitochondrial proteins of
heart muscle after acute exercise,103 indicating that oxidation of mitochondrial proteins by hydroxyl
radical was increased during exercise. Several studies have shown that MnSOD is induced in heart
and skeletal muscle after acute or short-term exercise training.104–106 The expression of MnSOD, a
mitochondrial matrix enzyme whose genes are encoded in nuclear DNA, is increased by hydrogen
peroxide and other oxidants.107 Due to the proximity of MnSOD to the mitochondrial electron
transport chain, its induction during exercise may be directly related to an increase in mitochondria-
generated ROS. Collectively, these studies indicate that mitochondrial production of ROS is
increased sufficiently during acute and short-term exercise to cause oxidative damage to mitochon-
drial proteins and induce MnSOD.

While it is likely that mitochondrial generation of ROS contributes to increased production of
muscle ROS during exercise, dietary Cu intake may affect the magnitude of the mitochondrial ROS
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contribution. Cytochrome c oxidase is the terminal complex (complex IV) of the electron transport
chain and catalyzes the formation of water through the reduction of molecular oxygen.
Cytochrome c oxidase is a cuproenzyme whose activity is reduced in hearts of Cu-deficient rats
and mice108,109 and in muscles of mouse mutants who become Cu-deficient because of a genetic
abnormality that impairs Cu homeostasis.110,111 Mitochondrial ROS production, which is highly
dependent on the redox state of the respiratory complexes, is greatest when the complexes are in
a highly reduced state.112 Blockage of electron transport near the terminus of the electron transport
chain increases the reducing potential of the respiratory complexes upstream from the blockage
and facilitates the formation of superoxide by single electron transfer to molecular oxygen at these
upstream sites. This principle has been demonstrated using mitochondria of housefly flight muscle in
which partial inhibition of cytochrome c oxidase activity caused a significant increase in the rate
of H2O2 production.113 Theoretically, Cu deficiency, by inhibiting cytochrome c oxidase, should
increase mitochondrial production of superoxide and related ROS. At present, a single report shows
that Cu deficiency in rats increases H2O2 production by hepatic mitochondria.114 However, the
hypothesis that Cu deficiency increases mitochondrial ROS production is indirectly supported by
the observation that oxidation of mitochondrial proteins and induction of mitochondrial MnSOD
are increased in Cu-deficient HL-60 cells.89 These limited findings suggest that reductions in
cytochrome c oxidase activity caused by Cu deficiency could increase ROS production by mito-
chondria in heart and muscle. Whether low Cu intakes can inhibit cytochrome c oxidase sufficiently
to further increase the ROS burden in heart and muscle during exercise remains to be clarified. 

VII. COPPER REQUIRMENTS OF ATHLETES

The FNB defines the dietary reference intakes (DRI) as “reference values that are quantitative
estimates of nutrient intakes to be used for planning and assessing diets for apparently healthy
people. They include not only RDAs but also three other types of reference values.”4 These reference
values include the adequate intake (AI), the recommended average daily intake based on experi-
mental determinations or estimates of nutrient intakes by groups of healthy people; the tolerable
upper intake level (UL), the highest average daily nutrient intake that is likely to pose no health
risk; and the estimated average requirement (EAR), the average daily nutrient intake estimated to
meet the requirement of half the healthy individuals in a particular life stage and gender group.
Most of these criteria are based on the best estimates gleaned from information gathered from both
human and animal experimentation. But generally, the experts do not always agree on the criteria
for determining the physiological requirements for nutrients.

What criteria do we use to determine Cu requirements in humans? Because of ethical consid-
erations, only a few methods can be used. In the past, metabolic balance studies have been used
to estimate the RDAs for Cu; however, this method is flawed because the rate of Cu absorption
varies with intake. This could cause misinterpretation of requirements. In addition, individuals
might adapt to a particular intake and begin to regulate the output of Cu so that zero balance is
obtained even in the face of possible long-term dietary shortages of the mineral. 

Other possible criteria for determining requirement include changes in the Cu concentration
or changes in activities of Cu-dependent enzymes in blood. These methods, however, have not
been too successful because the values tend to be affected by a variety of conditions not related
to the function of Cu. Likewise, accurate assessment of Cu requirements may be hampered because
of limitations on the number of invasive and noninvasive tests allowed in studies with human
volunteers.

One of the main drawbacks to determining the requirements for any nutrient, including Cu, in
humans is the enormous cost involved in conducting controlled experiments. Most human studies
in the past have not been of sufficient length to overcome the adaptation responses to low intakes
of Cu, or to be able to observe changes in Cu concentrations in blood or in enzyme activities.
Longer experimental periods may help solve some of these problems, but may present the additional
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problem of volunteer compliance. This in turn demands an increase in the number of volunteers,
and the cost spirals. Moreover, extending the experimental period to the point of observing frank
signs of Cu deficiency might be considered unethical, and the protocol would not meet the
requirements of the human studies review boards of most research institutions in the U.S.

Because of these difficulties, the FNB could not assemble sufficient data to establish an RDA
for Cu in 1989.6 Instead, they recommended an ESADDI of 1.5 to 3 mg/day for both men and
women over the age of 11. In 1995, a workshop was sponsored by the FNB and the U.S. Department
of Agriculture, Agricultural Research Service, to consider new approaches, endpoints and paradigms
for the assessment of mineral requirements for humans.115 Evidence was presented to suggest that
the requirement for Cu might be lower than the 1989 ESADDI. Indeed, in the 2001 deliberation
of the FNB, the RDA for Cu was set at 0.9 mg/day.4 This is more in line with the values of 1–2
mg/day set by the Canadian Department of Health and Welfare.7 The RDA is based on the needs
of the general population, but to date, there is no strong evidence to suggest that the Cu requirement
for athletes is any different.

VIII. CONCLUSIONS

Cu is a required dietary nutrient. Without an adequate intake of this nutrient, health and physio-
logical function cannot be maintained. There is a need for Cu in enzyme systems that regulate
mitochondrial oxygen utilization, cardiovascular function and neurological function. The safe and
adequate range of intakes of Cu for the general adult population is 1.5 to 3.0 mg/day; however,
the dietary requirement is at least 0.9 mg/day. There are indications that athletes may have con-
centrations of blood Cu outside the range of normal values and increased losses of Cu in sweat
and urine during exercise. Dietary surveys of athletes also indicate that, like the general population,
some may consume less than the recommended amount of Cu, especially if the diet is not balanced
with a variety of foods. However, there is no convincing evidence that low Cu status exists in
athletes who consume a well-balanced diet of a variety of foods. It is highly recommended,
therefore, that athletes obtain the required amount of Cu by eating a variety of foods, including
those with moderate to high amounts of Cu. They should not rely upon dietary supplementations
of Cu or any other nutrient unless they are found to be lacking in the nutrient by clinically recognized
tests conducted under the supervision of a qualified nutritionist or physician.

For future work, more comprehensive studies should be performed to determine if indeed the
new lower RDA for Cu is adequate with regard to demands on Cu-dependent antioxidant enzyme
during very stressful sports activities and exercise that increase oxygen consumption and utilization.
With the rediscovery of the close Cu/Fe connection, would the athlete with a higher level of Cu
status utilize Fe more efficiently? In addition, recent research has discovered several proteins that
serve as chaperones to deliver Cu to enzymes that catalyze important metabolic reactions. Future
research needs to be directed toward understanding whether polymorphisms in genes encoding
these chaperone proteins can affect dietary Cu requirements for optimal metabolism and perfor-
mance in athletes by improving or impairing delivery of Cu to these key metabolic enzymes.

ACKNOWLEDGMENTS AND ASSURANCES

The assembly of this review was supported by the U.S. Department of Agriculture CRIS Project
Nos. 5450-51000-035-00D and 5450-51000-033-00D. Mention of trade names or commercial
products in this article is solely to provide specific information and does not imply recommendation
or endorsement by the U.S. Department of Agriculture. In addition, dietary or procedural changes
recommended by the authors do not imply that these represent the policies of the U.S. Department
of Agriculture. 

3022_C016.fm  Page 247  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



248 Sports Nutrition: Vitamins and Trace Elements

REFERENCES

1. Mason, K.E., A conspectus of research on copper metabolism and requirements of man, J. Nutr., 109,
1979, 1979.

2. O’Dell, B.L., Copper, Present Knowledge in Nutrition, Brown, M.L., Ed., Washington, D.C., Inter-
national Life Sciences Institute, Nutrition Foundation, 1990, p.261.

3. Linder, M.C., Biochemistry of Copper, Plenum Press, New York, 1991.
4. Panel on Micronutrients, Copper, Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron,

Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium and Zinc,
National Research Council, Eds., National Academy Press, Washington, D.C., 2001, p.224.

5. National Research Council, Trace Elements, Recommended Dietary Allowances, National Academy
Press, Washington, D.C., 1980, p.151.

6. National Research Council, Trace elements, Recommended Dietary Allowances, National Academy
Press, Washington, D.C., 1989, p.224.

7. Health and Welfare Canada, Recommended Nutrient Intakes for Canadians, Department of Health
and Welfare, Ottawa, ON, 1983.

8. Klevay, L.M., Buchet, J.-P., Bunker, V.W., Clayton, B.E., Medeiros, D.M., Moser-Veillon, P.B.,
Patterson, K.Y., Taper, L.J. and Wolf, W.R., Copper in the Western diet (Belgium, Canada, U.K. and
USA), Trace Elements in Man and Animals — TEMA 8, Anke, M., Meissner, D. and Mills, C.F., Eds.,
Verlag Media Touristik, Gersdorf, Germany, 1993, p.207.

9. Pang, Y., MacIntosh, D.L. and Ryan, P.B., A longitudinal investigation of aggregate oral intake of
copper, J. Nutr., 131, 2171, 2001.

10. Panel on Micronutrients, Appendix C, Table C-15, Dietary Reference Intakes for Vitamin A, Vitamin
K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon,
Vanadium and Zinc, National Research Council, Eds., National Academy Press, Washington, D.C.,
2001, p.622.

11. Johnson, P.E., Milne, D.B. and Lykken, G.I., Effects of age and sex on copper absorption, biological
half-life and status in humans, Am. J. Clin. Nutr., 56, 917, 1992.

12. Lawler, M.R. and Klevay, L.M., Copper and zinc in selected foods, J. Am. Diet Assoc., 84, 1028, 1984.
13. USDA Food Database, http://www.nal.usda.gov/fnic/foodcomp/search, 2004.
14. Telford, R.D., Catchpole, E.A., Deakin, V., McLeay, A.C. and Plank, A.W., The effect of 7 to 8 months

of vitamin/mineral supplementation on the vitamin and mineral status of athletes, Int. J. Sport Nutr.,
2, 123, 1992.

15. Worme, J.D., Doubt, T.J., Singh, A., Ryan, C.J., Moses, F.M. and Deuster, P.A., Dietary patterns,
gastrointestinal complaints and nutrition knowledge of recreational triathletes, Am. J. Clin. Nutr., 51,
690, 1990.

16. Lukaski, H.C., Hoverson, B.B., Gallagher, S.K. and Bolonchuk, W.W., Physical training and copper,
iron and zinc status of swimmers, Am. J. Clin. Nutr., 51, 1093, 1990.

17. Lukaski, H.C., Siders, W.A., Hoverson, B.B. and Gallagher, S.K., Iron, copper, magnesium and zinc
status as predictors of swimming performance, Int. J. Sports Med., 17, 535, 1996.

18. Milne, D.B., Klevay, L.M. and Hunt, J.R., Effects of ascorbic acid supplements and a diet marginal
in copper on indices of copper nutriture in women, Nutr. Res., 8, 865, 1988.

19. Klevay, L.M., Reck, S.J., Jacob, R.A., Logan, G.M., Jr., Munoz, J.M. and Sandstead, H.H., The human
requirement for copper. I. Healthy men fed conventional American diets, Am. J. Clin. Nutr., 33, 45,
1980.

20. Turnlund, J.R., Keyes, W.R. Anderson, H.L. and Acord, L.L., Copper absorption and retention in
young men at three levels of dietary copper by use of the stable isotope 65Cu, Am. J. Clin. Nutr., 49,
870, 1989.

21. Turnlund, J.R., Keyes, W.R., Peiffer, G.L. and Scott, K.C., Copper absorption, excretion and retention
by young men consuming low dietary copper determined by using the stable isotope 65Cu, Am. J.
Clin. Nutr., 67, 1219, 1998.

22. Fields, M., Ferretti, R.J., Smith, J.C. and Reiser, S., The interaction of type of dietary carbohydrates
with copper deficiency, Am. J. Clin. Nutr., 39, 289, 1984.

23. Koh, E.T., Comparison of copper status in rats when dietary fructose is replaced by either cornstarch
or glucose, Proc. Soc. Exp. Biol. Med., 194, 108, 1990.

3022_C016.fm  Page 248  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC

http://www.nal.usda.gov


Copper 249

24. Reiser, S., Ferretti, R.J., Fields, M. and Smith, J.C., Jr., Role of dietary fructose in the enhancement
of mortality and biochemical changes associated with copper deficiency in rats, Am. J. Clin. Nutr.,
38, 222, 1983.

25. Johnson, M.A., Interaction of dietary carbohydrate, ascorbic acid and copper with the development
of copper deficiency in rats, J. Nutr., 116, 802, 1986.

26. O’Dell, B.L., Fructose and mineral metabolism, Am. J. Clin. Nutr., 58 Suppl., 771S, 1993.
27. Van den Berg, G.J., Yu, S., Van der Heijden, A., Lemmens, A.G. and Beynen, A.C., Dietary fructose

vs. glucose lowers copper solubility in the digesta in the small intestine of rats, Biol. Trace Elem.
Res., 38, 107, 1993.

28. Van den Berg, G.J., Yu, S., Lemmens, A.G. and Beynen, A.C., Dietary ascorbic acid lowers the
concentration of soluble copper in the small intestinal lumen of rats, Br. J. Nutr., 71, 701, 1994.

29. Schoenemann, H.M., Failla, M.L. and Fields, M., Consequences of copper deficiency are not differ-
entially influenced by carbohydrate source in young pigs fed a dried skim milk-based diet, Biol. Trace
Elem. Res., 25, 21, 1990.

30. Holbrook, J.T., Smith, J.C. and Reiser, S., Dietary fructose or starch: Effects on copper, zinc, iron,
manganese, calcium and magnesium balances in humans, Am. J. Clin. Nutr., 49, 1290, 2004.

31. Reiser, S., Smith, J.C., Jr., Mertz, W.E., Holbrook, J.T., Scholfield, D.J., Powell, A.S., Canfield, W.K.
and Canary, J.J., Indices of copper status in humans consuming a typical American diet containing
either fructose or starch, Am. J. Clin. Nutr., 42, 242, 1985.

32. Van Campen, D. and Gross, E., Influence of ascorbic acid on the absorption of copper by rats, J.
Nutr., 95, 617, 1968.

33. Lee, J., Marjorette, M., Peña, O., Nose, Y. and Thiele, D.J., Biochemical characterization of the human
copper transporter Ctr1, J. Biol. Chem., 277, 4380, 2002.

34. Sharp, P.A., Ctr1 and its role in body copper homeostasis, Inter. J. Biochem. Cell Biol., 35, 288, 2003.
35. Finley, E.B. and Cerklewski, F.L., Influence of ascorbic acid supplementation on copper status in

young adult men, Am. J. Clin. Nutr., 37, 553, 1983.
36. Milne, D.B., Omaye, S.T. and Amos, W.H., Jr., Effect of ascorbic acid on copper and cholesterol in

adult cynomolgus monkeys fed a diet marginal in copper, Am. J. Clin. Nutr., 34, 2389, 1981.
37. Van Campen, D.R. and Scaife, P.U., Zinc interference with copper absorption in rats, J. Nutr., 91,

473, 1967.
38. Oestreicher, P. and Cousins, R.J., Copper and zinc absorption in the rat: Mechanism of mutual

antagonism, J. Nutr., 115, 159, 1985.
39. Ogiso, T., Mariyama, K., Sasaki, S., Ishimura, Y. and Minato, A., Inhibitory effect of high dietary

zinc on copper absorption in rats, Chem. Pharm. Bull., 22, 55, 1974.
40. Ogiso, T., Ogawa, N. and Miura, T., Inhibitory effect of high dietary zinc on copper absorption in

rats. II. Binding of copper and zinc to cytosol proteins in the intestinal mucosa, Chem. Pharm. Bull.,
27, 515, 1979.

41. Reeves, P.G., Briske-Anderson, M. and Newman, S.M., Jr., High zinc concentrations in culture media
affect copper uptake and transport in differentiated human colon adenocarcinoma cells, J. Nutr., 126,
1701, 1996.

42. Patterson, W.P., Winkelmann, M. and Perry, M.C., Zinc-induced copper deficiency: megamineral
sideroblastic anemia, Ann. Intern. Med., 103, 385, 1985.

43. Fiske, D.N., McCoy, H.E., III and Kitchens, C.S., Zinc-induced sideroblastic anemia: Report of a
case, review of the literature and description of the hematologic syndrome, Am. J. Hematol., 46, 147,
1994.

44. Simon, S.R., Branda, R.F. and Tindle, B.F., Copper deficiency and sideroblastic anemia associated
with zinc ingestion, Am. J. Hematol., 28, 181, 1988.

45. Hill, G.M., Brewer, G.J., Prasad, A.S., Hydrick, C.R. and Hartmenn, D.E., Treatment of Wilson’s
disease with zinc: I. Oral zinc therapy regimens, Hepatology, 7, 522, 1987.

46. Brewer, G.J., Yuzbasiyan-Gurkan, V. and Lee, D.Y., Use of zinc-copper metabolic interaction in the
treatment of Wilson’s disease, J. Am. Coll. Nutr., 9, 487, 1990.

47. Festa, M.D. anderson, H.L., Dowdy, R.P. and Ellerseick, M.R., Effect of zinc intake on copper
excretion and retention in man, Am. J. Clin. Nutr., 41, 285, 1985.

48. Fischer, P.W.F., Giroux, A. and L’Abbe, M.R., Effect of zinc supplementation on copper status in
adult man, Am. J. Clin. Nutr., 40, 743, 1984.

3022_C016.fm  Page 249  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



250 Sports Nutrition: Vitamins and Trace Elements

49. Greger, J.L., Zaikis, S.C., Abernathy, R.P., Bennett, O.A. and Huffman, J., Zinc, nitrogen, copper,
iron and manganese balance in adolescent females fed two levels of zinc, J. Nutr., 108, 1449, 1978.

50. Taper, W., Hinners, M.L. and Ritchey, S.J., Effects of zinc intake on copper balance in adult females,
Am. J. Clin. Nutr., 33, 1077, 1980.

51. Yadrick, M.K., Kenney, M.A. and Winterfeldt, E.A., Iron, copper and zinc status: response to sup-
plementation with zinc or zinc and iron in adult females, Am. J. Clin. Nutr., 49, 145, 1989.

52. Sandstead, H.H., Interactions that influence bioavailability of essential metals to humans, Metal
Speciation: Theory, Analysis and Application, Kramer, J.R. and Allen, H.E., Eds., Lewis Publications,
Chelsea, MI, 1995, p.315.

53. Haralambie, G., Changes in electrolytes and trace minerals during long-lasting exercise, Metabolic
Adaptation to Prolonged Physical Exercise, Howald, H. and Poortmans, J.R., Eds., Birkhauser Verlag,
Basel, 1975, p.340.

54. Dowdy, R.P. and Burt, J., Effect of intensive, long-term training on copper and iron nutriture in men,
Fed. Proc., 39, A786, 1980.

55. Lukaski, H.C., Bolonchuk, W.W., Klevay, L.M., Milne, D.B. and Sandstead, H.H., Maximal
oxygen consumption as related to magnesium, copper and zinc nutriture, Am. J. Clin. Nutr., 37,
407, 1983.

56. Cordova, A., Gimenez, M. and Escanero, J.F., Changes of plasma zinc and copper at various times
of swimming until exhaustion, in the rat, J. Trace Elem. Electrolytes Health Dis., 4, 189, 1990.

57. Cordova, A., Gimenez, M. and Escanero, J.F., Effect of swimming to exhaustion, at low temperatures,
on serum Zn, Cu, Mg and Ca in rats, Physiol. Behav., 48, 595, 1990.

58. Resina, A., Fedi, S., Gatteschi, L., Rubenni, M.G., Giamberardino, M.A., Trabassi, E. and Imreh, F.,
Comparison of some serum copper parameters in trained runners and control subjects, Int. J. Sports
Med., 11, 58, 1990.

59. Marrella, M., Guerrini, F., Solero, P.L., Tregnaghi, P.L., Schena, F. and Velo, G.P., Blood copper and
zinc changes in runners after a marathon, J. Trace Elem. Electrolytes Health Dis., 7, 248, 1993.

60. Anderson, R.A., Bryden, N.A., Polansky, M.M. and Deuster, P.A., Acute exercise effects on urinary
losses and serum concentrations of copper and zinc of moderately trained and untrained men con-
suming a controlled diet, Analyst, 120, 867, 1995.

61. Lukaski, H.C., Effects of exercise training on human copper and zinc nutriture, Adv. Exp. Med. Biol.,
258, 163, 1989.

62. Fox, P.L., The copper-iron chronicles: The story of an intimate relationship, BioMetals, 16, 9, 2003.
63. Hart, E.B., Steenbock, H., Waddell, J. and Elvehjem, C.A., Iron in Nutrition. VII. Copper as a

supplement to iron for hemoglobin building in the rat, J. Biol. Chem., 77, 797, 1928.
64. McHargue, J.S., Healy, D.J. and Hill, E.S., The relation of copper to the hemoglobin content of rat

blood, J. Biol. Chem., 78, 637, 1928.
65. Josephs, H.W., Studies on iron metabolism and the influence of copper, J. Biol. Chem., 96, 559, 1932.
66. Vulpe, C.D., Kuo, Y.M., Murphy, T.L., Cowley, L., Askwith, C., Libina, N., Gitschier, J. and Anderson,

G.J., Hephaestin, a ceruloplasmin homologue implicated in intestinal iron transport, is defective in
the sla mouse, Nat. Genet., 21, 195, 1999.

67. Eisenstein, R.S., Discovery of the ceruloplasmin homologue Hephaestin: new insight into the copper/
iron connection, Nutr. Rev., 58, 22, 2000.

68. Anderson, G.J., Frazer, D.M., McKie, A.T. and Vulpe, C.D., The ceruloplasmin homolog hephaestin
and the control of intestinal iron absorption, Blood Cells Mol. Dis., 29, 367, 2002.

69. Reeves, P.G., DeMars, L.C.S., Johnson, W.T. and Lukaski, H.C., Dietary copper deficiency reduces
iron absorption and duodenal enterocyte Hephaestin protein in male and female rats, J. Nut, 135, In
Press, 2005.

70. Hirase, N., Abe, Y., Sadamura, S., Yufu, Y., Muta, K., Umemura, T., Nishimura, J., Nawata, H. and
Ideguchi, H., Anemia and neutropenia in a case of copper deficiency: Role of copper in normal
hematopoiesis, Acta Haematol., 87, 195, 1992.

71. Percival, S.S., Neutropenia caused by copper deficiency: Possible mechanisms of action, Nutr. Rev.,
53, 59, 1995.

72. Gregg, X.T., Reddy, V. and Prchal, J.T., Copper deficiency masquerading as myelodysplastic syn-
drome, Blood, 100, 1493, 2002.

73. Zidar, B.L., Shadduck, R.K., Zeigler, Z. and Winkelstein, A., Observations on the anemia and neu-
tropenia of human copper deficiency, Am. J. Hematol., 3, 177, 1977.

3022_C016.fm  Page 250  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



Copper 251

74. Sriram, K., O’Gara, J.A., Strunk, J.R. and Peterson, J.K., Neutropenia due to copper deficiency in
total parenteral nutriton, J. Parenter. Enteral Nutr., 10, 530, 1986.

75. Fujita, M., Itakura, T. and Okada, A., Copper deficiency during total parenteral nutrition: Clinical
analysis of three cases, J. Parenter. Enteral Nutr., 13, 421, 1989.

76. Tamura, H., Hirose, S., Watanabe, O., Arai, K., Murakawa, M., Matsumura, O. and Isoda, K.,
Anemia and neutropenia due to copper deficiency in enteral nutrition, J. Parenter. Enteral Nutr.,
18, 185, 1994.

77. Spiegel, J.E. and Willenbucher, R.F., Rapid development of severe copper deficiency in a patient with
Crohn’s disease receiving parenteral nutrition, J. Parenter. Enteral Nutr., 23, 169, 1999.

78. Fuhrman, M.P., Herrmann, V., Masidonski, P. and Eby, C., Pancytopenia after removal of copper from
total parenteral nutrition, J. Parenter. Enteral Nutr., 24, 361, 2000.

79. Dunlap, W.M., James, G.W., III and Hume, D.M., Anemia and neutropenia caused by copper defi-
ciency, Ann. Int. Med., 80, 470, 1974.

80. Bae, B. and Percival, S.S., Retinoic acid-induced HL-60 cell differentiation is augmented by copper
supplementation, J. Nutr., 123, 997, 1993.

81. Raymond, L.J. and Johnson, W.T., Supplemental ascorbate or α-tocoperol induces cell death in Cu
deficient HL-60 cells, Exp. Biol. Med., 229, 885, 2004.

82. Higuchi, S., Higashi, A., Nakamura, T., Yanabe, Y. and Matsuda, I., Anti-neutrophil antibodies in
patients with nutritional copper deficiency, Eur. J. Pediatr., 150, 327, 1991.

83. Higuchi, S., Hirashima, M., Nunoi, H., Higashi, A., Naoe, H. and Matsuda, I., Characterization of
antineutrophil antibodies in patients with neutropenia associated with nutritional copper deficiency,
Acta Haematol., 94, 192, 1995.

84. Balevska, P.S., Russanov, E.M. and Kassa, T.A., Studies on lipid peroxidation in rat liver by copper
deficiency, Int. J. Biochem., 13, 489, 1981.

85. Saari, J.T., Dickerson, F.B. and Habib, M.P., Ethane production in copper-deficient rats, Proc. Soc.
Exp. Biol. Med., 195, 30, 1990.

86. Rayssiguier, Y., Gueux, E., Bussiere, L. and Mazur, A., Copper deficiency increases the susceptibility
of lipoproteins and tissues to peroxidation in rats, J. Nutr., 123, 1343, 1993.

87. Fields, M., Ferretti, R.J., Smith, J.C., Jr. and Reiser, S., Interaction between dietary carbohydrate and
copper nutriture on lipid peroxidation in rat tissues, Biol. Trace Elem. Res., 6, 379, 1984.

88. Sukalski, K.A., LaBerge, T.P. and Johnson, W.T., In vivo oxidative modification of erythrocyte
membrane proteins in copper deficiency, Free Radic. Biol. Med., 22, 835, 1997.

89. Johnson, W.T. and Thomas, A.C., Copper deprivation potentiates oxidative stress in HL-60 cell
mitochondria, Proc. Soc. Exp. Biol. Med., 221, 147, 1999.

90. Berlett, B.S. and Stadtman, E.R., Protein oxidation, aging, disease and oxidative stress, J. Biol. Chem.,
272, 20313, 1997.

91. Webster, R.P. and Gawde, M.D., Modulation by dietary copper of aflatoxin B1-induced activity of
DNA repair enzymes poly(ADP-ribose) polymerase, DNA polymerase beta and DNA ligase, In Vitro,
10, 533, 1996.

92. Picco, S.J., DeLuca, J.C., Mattioli, G. and Dulout, F.N., DNA damage induced by copper deficiency
in cattle assessed by the Comet assay, Mutat. Res., 498, 1, 2001.

93. Pan, Y.J. and Loo, G., Effect of copper deficiency on oxidative DNA damage in Jukat T-lymphocytes,
Free Radic. Biol. Med., 28, 824, 2000.

94. Prohaska, J.R. and Hoffman, R.G., Auditory startle response is diminished in rats after recovery from
perinatal copper deficiency, J. Nutr., 126, 618, 1996.

95. Penland, J.G. and Prohaska, J.R., Abnormal motor function persists following recovery from perinatal
copper deficiency in rats, J. Nutr., 134, 1984, 2004.

96. Pennington, J.A. and Young, B.E., Total diet study: Nutritional elements, 1982–1989, J. Am. Diet.
Assoc., 91, 179, 1991.

97. Ashton, T., Rowlands, C.C., Jones, E., Young, I.S., Jackson, S.K., Davies, B. and Peters, J.R., Electron
spin resonance spectroscopic detection of oxygen-centered radicals in human serum following exhaus-
tive exercise, Eur. J. Appl. Physiol. Occup. Physiol., 77, 498, 1998.

98. Bejma, J. and Ji, L.L., Aging and acute exercise enhance free radical generation in rat skeletal muscle,
J. Appl. Physiol., 87, 465, 1999.

99. Jackson, M.J., Edwards, R.H. and Symons, M.C., Electron spin resonance studies of intact mammalian
skeletal muscle, Biochim. Biophys. Acta, 847, 185, 1985.

3022_C016.fm  Page 251  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



252 Sports Nutrition: Vitamins and Trace Elements

100. O’Neill, C.A., Stebbins, C.L., Bonigut, S., Halliwell, B. and Longhurst, J.C., Production of hydroxyl
radicals in contracting muscle of cats, J. Appl. Physiol., 81, 1197, 1996.

101. Servais, S., Couturier, K., Koubi, H., Rouanet, J.L., Desplanches, D., Sornay-Mayet, M.H., Sempore,
B., Lavoie, J.M. and Favier, R., Effect of voluntary exercise on H2O2 release by subsarcolemmal and
intermyofibrillar mitochondria, Free Radic. Biol. Med., 35, 24, 2003.

102. Ji, L.L., Stadtman, F.W. and Lardy, H.A., Enzymatic down regulation with exercise in rat skeletal
muscle, Arch. Biochem. Biophys., 263, 137, 1988.

103. Leeuwenburgh, C., Hansen, P.A., Holloszy, J.O. and Heinecke, J.W., Hydroxyl radical generation
during exercise increases mitochondrial protein oxidation and levels of urinary dityrosine, Free Radic.
Biol. Med., 27, 186, 1999.

104. Navarro-Arévalo, A., Cañavate, C. and Sánchez-del Pino, M.J., Myocardial and skeletal muscle aging
and changes in oxidative stress in relationship to rigorous exercise training, Mech. Ageing Dev., 108,
207, 1999.

105. Somani, S.M., Frank, S. and Rybak, L.P., Responses of antioxidant systems to acute and trained
exercise in rat subcellular fractions, Pharmacol. Biochem. Behav., 51, 627, 1995.

106. Hamilton, K.L., Powers, S.K., Sugiura, T., Kim, S., Lennin, S., Tumer, N. and Hehta, J.L., Short-term
exercise training can improve myocardial tolerance to I/R without elevation of heat shock proteins,
Am. J. Physiol. Heart Circ. Physiol., 281, H1346, 2001.

107. Warner, B.B., Stuart, L., Gebb, S. and Wispé, J.R., Redox regulation of manganese superoxide
dismutase, Am. J. Physiol., 271, L150, 1996.

108. Prohaska, J.R., Changes in tissue growth, concentrations of copper, iron, cytochrome oxidase and
superoxide dismutase subsequent to dietary or genetic copper deficiency in mice, J. Nutr., 113, 2048,
1983.

109. Prohaska, J.R., Changes in Cu,Zn-superoxide dismutase, cytochrome c oxidase, glutathione peroxidase
and glutathione transferase activities in copper-deficient mice and rats, J. Nutr., 121, 355, 1991.

110. Phillips, M., Camakaris, J. and Danks, D.M., Comparisons of copper deficiency states in the murine
mutants blotchy and brindled. Changes in copper-dependent enzyme activity in 13-day-old mice,
Biochem. J., 238, 177, 1986.

111. Kuznetsov, A.V., Clark, J.F., Winkler, K. and Kunz, W.S., Increase of flux control of cytochrome c
oxidase in copper-deficient mottled brindled mice, J. Biol. Chem., 271, 283, 1996.

112. Freeman, B.A. and Crapo, J.D., Biology of disease: Free radicals and tissue injury, Lab. Invest., 47,
412, 1982.

113. Sohal, R.S., Aging, cytochrome c oxidase activity and hydrogen peroxide release by mitochondria,
Free Radic. Biol. Med., 14, 583, 1993.

114. Johnson, W.T. and DeMars, L.C.S., Increased heme oxygenase-1 expression during copper deficiency
in rats results from increased mitochondrial generation of hydrogen peroxide, J. Nutr., 134, 1328, 2004.

115. Klevay, L.M. and Medeiros, D.M., Deliberations and evaluations of the approaches, endpoints and
paradigms for dietary recommendations about copper, J. Nutr., 126, 2419S, 1996.

3022_C016.fm  Page 252  Tuesday, August 23, 2005  5:38 AM

© 2006 by Taylor & Francis Group, LLC



 

253

 

17

 

Iodine

 

Christine D. Thomson

 

CONTENTS

 

I. Introduction ........................................................................................................................253
II. Functions of Iodine ............................................................................................................253

III. Deficiency of Iodine...........................................................................................................254
IV. Metabolism of Iodine.........................................................................................................255

A. Effect of Exercise on Iodine Metabolism ..................................................................255
B. Effect of Exercise on Thyroid Function.....................................................................256

V. Interactions of Iodine with Drugs and Other Nutrients ....................................................257
VI. Assessment of Iodine Status ..............................................................................................257

A. Urinary Iodine Excretion ............................................................................................258
B. Thyroid Hormones ......................................................................................................258
C. Assessment of Thyroid Size and Goiter Rate ............................................................258
D. Radioactive Iodine Uptake..........................................................................................258
E. Assessment of Iodine Deficiency in a Population .....................................................258

VII. Requirement and Recommended Dietary Intakes .............................................................259
VIII. Toxicity...............................................................................................................................259

IX. Dietary and Supplemental Sources....................................................................................260
X. Effect of Deficiency or Excess on Physical Performance ................................................260

XI. Conclusions and Opportunities for Future Research ........................................................261
References ......................................................................................................................................262

 

I. INTRODUCTION

 

Iodine was one of the earliest trace elements to be identified as essential. By 2700 BC, the Chinese
treated goiter by feeding seaweed, marine animal preparations and burnt sponge (rich in iodine).

 

1

 

In the first half of the 19th century, the incidence of goiter was linked with low iodine content of
food and drinking water. By the late 19th century, the geographic distribution of endemic goiter
and cretinism was recognized to extend around the world.

 

2

 

 In the 1920s, iodine was shown to be
an integral component of the thyroid hormone thyroxine, required for normal growth and metab-
olism, and later in 1952 of triiodothyronine.

 

II. FUNCTIONS OF IODINE

 

Iodine functions as an integral part of the thyroid hormones, the pro-hormone thyroxine (T

 

4

 

), and
the more potent active form 3,5,3’-triiodothyronine (T

 

3

 

) which is the key regulator of important
cell processes.

 

3

 

 Selenium is essential for normal thyroid hormone metabolism as a component of
the iodothyronine 5’-deiodinases that control the synthesis and degradation of the biologically
active hormone, T

 

3

 

.

 

4
 

 

The thyroid hormones are required for normal growth and development of
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individual tissues such as the central nervous system and maturation of the whole body, and also for
energy production and oxygen consumption in cells, thereby maintaining the body’s metabolic rate.

The regulation of thyroid hormone synthesis, release and action is a complex process involving
the thyroid, the pituitary, the brain and peripheral tissues.

 

5

 

 The hypothalamus regulates the plasma
concentrations of the thyroid hormones by controlling the release from the pituitary of the thyroid-
stimulating hormone (TSH) through a feedback mechanism related to the level of T

 

4

 

 in the blood.
If blood T

 

4

 

 falls, the secretion of TSH is increased, which enhances both thyroid activities and the
output of T

 

4

 

 into the circulation. This fine control of T

 

4

 

 secretion is essential, because either an
excess or a deficit in the hormone will be detrimental to normal function. If the level of circulating
T

 

4 

 

hormone is not maintained because of severe iodine deficiency, TSH remains elevated. Both of
these measures are therefore useful in diagnosing hypothyroidism due to iodine deficiency. If thyroid
hormone secretion is inadequate, the basal metabolic rate (BMR) is reduced and the general level
of activity of the individual is decreased (hypothyroidism), and normal growth and development
will be impaired.

 

III. DEFICIENCY OF IODINE

 

Iodine deficiency is recognized as a major international public health problem because of the large
number of populations living in iodine-deficient environments, characterized primarily by iodine-
deficient soils. The term iodine deficiency disorders (IDD) refers to the wide spectrum of effects
of iodine deficiency on growth and development.

 

6

 

 Goiter, a swelling of the thyroid gland, is the
most obvious and familiar feature of iodine deficiency.

 

6

 

 The swelling reflects an attempt by the
thyroid to adapt to the increased need to produce hormones. Hyperplasia of the thyroid cells occurs
and the thyroid gland increases in size.

 

5

 

 Other effects are seen at all stages of development of
iodine deficiency, but especially during fetal and neonatal periods.

The most damaging consequences of iodine deficiency are on fetal and infant development.

 

7,8

 

Thyroid hormones and, therefore, iodine are essential for normal development of the brain, and
insufficient levels may result in permanent mental retardation of the fetus or newborn child. Iodine
deficiency is the world’s greatest single cause of preventable brain damage and mental retardation.
The World Health Organization (WHO) estimates that 1.6 billion people are at risk of iodine
deficiency, with at least 20 million suffering from mental defects that are preventable by correction
of iodine deficiency.

 

9,10

 

 The most severe effect of fetal iodine deficiency is endemic cretinism,

 

11

 

which affects up to 10% of populations living in severely iodine-deficient areas of the world. In
general, cretins are mentally defective, with other physical abnormalities. Clinical manifestations
may differ with geographical location, and two quite distinct syndromes have been observed. In
myxedematous cretinism, hypothyroidism is present during fetal and early post-natal development
and results in stunted growth and mental deficiency.

 

11,12

 

 In the nervous or neurological type of
cretinism, which appears to result from iodine deficiency of the mother during fetal development,
mental retardation is present as well as hearing and speech defects and characteristic disorders of
stance and gait, while hypothyroidism is absent.

 

11,12

 

 
There are also less obvious detrimental effects of iodine deficiency on mental performance of

schoolchildren, which may have considerable social consequences to national development.

 

13

 

 A
meta-analysis of 18 studies in which comparisons were made between iodine-deficient populations
and a control population revealed that mean IQ scores for the iodine and non-iodine deficient groups
were 13.5 points apart,

 

14

 

 indicating the effect of iodine deficiency on neuro-psychological devel-
opment.

 

7

 

 The effects of mild iodine deficiency are less clear.

 

15

 

 
The major cause of IDD is inadequate dietary intake of iodine from foods grown in soils that

are poor in plant-available iodine.

 

16

 

 Goiter is usually seen in areas where intakes are less than 50 

 

µ

 

g/day,
and cretinism where intakes of the mothers are less than 30 

 

µ

 

g/day.

 

12

 

 However, thyroid function
may also be impaired after exposure in foods and drugs to anti-thyroid compounds called goitrogens,
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which prevent the uptake of iodine into the thyroid gland.

 

6,11

 

 The etiology of myxedematous and
nervous cretinism may be influenced by the simultaneous occurrence of selenium deficiency along
with iodine deficiency in some areas,

 

17

 

 because of the role of selenium in thyroid hormone
metabolism.

 

18

 

 
Iodization of salt has been the major method for combating iodine deficiency since the 1920s,

when it was first used successfully in Switzerland.

 

19

 

 The success of iodization, however, depends
on the extent to which all salt used is iodized. Acceptability of iodized salt is a problem in some
countries.

 

5

 

 In some Asian countries with poorly developed infrastructure, there are major diffi-
culties in producing, monitoring and distributing iodized salt. Iodized oil by injection has been
used in the prevention of endemic goiter in China as well as in South America and Zaire.

 

16

 

 A
single intramuscular injection of iodized oil given to girls and young women can correct severe
iodine deficiency for a period of more than 4 years. Because of hazards associated with injection,
oral administration of iodized oil has been implemented with evidence of successful prevention
of IDD.

 

5

 

IV. METABOLISM OF IODINE

 

Iodine occurs in the tissues in both inorganic (iodide) and organically bound forms. The adult
human body usually contains 15–50 mg iodine, of which 70–80% is in the thyroid gland, which
has a remarkable concentrating power for iodine. The remainder is mainly in the circulating blood.

 

3

 

The metabolism of iodine is closely linked to thyroid function, and the only known function
for iodine is in the synthesis of thyroid hormones. Iodine is an anionic trace element that is rapidly
absorbed from the gastrointestinal tract

 

1

 

 in the form of iodide and taken up immediately by the
thyroid gland, which needs to trap around 60 

 

µ

 

g per day to maintain an adequate supply of T

 

4

 

.

 

5

 

Iodide is converted to iodine in the thyroid gland, and bound to tyrosine residues from which the
hormones T

 

3

 

 and T

 

4

 

 are formed.

 

20

 

 Excess iodine in the inorganic form is readily excreted in the urine,
with smaller amounts in feces and sweat.

 

11

 

 Since fecal output and losses from the skin are normally
small, 24-hour urinary excretion of iodine reflects the dietary intake and hence may be used for
estimating the intake. Normally, urine contains more than 90% of all ingested iodine.

 

21

 

A. E

 

FFECT

 

 

 

OF

 

 E

 

XERCISE

 

 

 

ON

 

 I

 

ODINE

 

 M

 

ETABOLISM

 

 

 

There has been very little study of the effects of exercise on iodine metabolism. Just two studies

 

22–24

 

have investigated the iodine in sweat and urine of athletes. In a study of 10 Japanese rowing club
students in 1985, the iodine concentration in sweat was close to 37 

 

µ

 

g/l regardless of urinary iodine
excretion, which was 50–393 (mean 149) 

 

µ

 

g/day during 6 consecutive days of a summer training
camp, similar to that of 40–441 (mean 153) 

 

µ

 

g/day in five sedentary students,

 

22

 

 In a subsequent
Chinese study of 13 soccer-team players and 100 sedentary students,

 

23,24

 

 sweat iodine concentration
of the 13 physically active male athletes was 37 

 

±

 

 6.6(SE) 

 

µ

 

g/l. There was no difference in iodine
concentrations in sweat samples collected before and after intake of food high in iodine, nor between
those collected before and after 1 hour of strenuous exercise, indicating that iodine concentration
in sweat is more stable than that of urine.

 

23

 

 The sweat lost in 1 hour was estimated at 52 

 

±

 

 24
(12–100) 

 

µ

 

g, which may be 50% or more of the total daily intake.

 

24

 

 Urinary iodine concentration
was 59 

 

±

 

 28 

 

µ

 

g/l and the total daily excretion was estimated at 86 

 

±

 

 42 

 

µ

 

g. Thirty-eight percent
of the athletes, but only 2% of the sedentary students, had urinary iodine values that were less than
50 

 

µ

 

g/g creatinine, which is indicative of moderate iodine deficiency and risk of goiter (see below).
In addition, 46% of the athletes had grade 1 goiter, compared with only 1% of sedentary students. 

The results of both these studies indicate that profuse sweating in hot climates may result in a
substantial loss of iodine, and open up the possibility that exercise may contribute to iodine
deficiency.
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B. E

 

FFECT

 

 

 

OF

 

 E

 

XERCISE

 

 

 

ON

 

 T

 

HYROID

 

 F

 

UNCTION

 

 

 

Exercise appears to enhance the rate of utilization or disposal of T

 

4

 

.

 

25

 

 Evidence for an increase in
T

 

4

 

 metabolism induced by physical activity comes from research, using the radioactive T

 

4

 

 turnover
technique in which the loss of a single injection of T

 

4

 

 

 

125

 

I from the plasma was determined as a
function of time, in horses

 

26

 

 and rats,

 

27,28

 

 as well as in athletes.

 

29

 

 In athletes, exercise resulted in
the degradation of circulating T

 

4

 

 by 17% per day compared with 10% in the control group.

 

29

 

 This
increased rate of T

 

4

 

 turnover was quantitatively similar to that found in hyperthyroid individuals,
and would require approximately a 75% increase in T

 

4

 

 secretion rate from the thyroid gland to
keep circulating levels unchanged. 

There are two possible mechanisms for increased rate of turnover of T

 

4

 

. First, an increase in
serum-free T

 

4

 

 (fT

 

4

 

) would result in increased availability of circulating T

 

4

 

 for uptake by peripheral
tissues, and could be the stimulus for greater T

 

4

 

 degradation in athletes. In support of this, Terjung and
Tipton

 

30

 

 observed an increase in fT

 

4 

 

in human subjects following exercise on a bicycle ergometer and
in exercising animals, and Irvine

 

29

 

 also noted that fT

 

4

 

 was higher in exercising athletes than non-
athletes. On the other hand, De Nayer and colleagues

 

31

 

 observed a decrease in fT

 

4

 

 in 11 male athletes
following very strenuous exercise, while Simsch et al.

 

32

 

 observed no change in highly trained rowers. 
Second, an increase in T

 

4

 

 deiodinating activity of peripheral tissues that would result in
increased deiodination, thereby facilitating net rate of disposal of T

 

4

 

, could be the stimulus. Irvine

 

29

 

observed an increased urinary excretion of T

 

4

 

-derived iodide in both humans and rats, although no
changes in T

 

4

 

 deiodinating activities were observed in liver, kidney or muscle enzymes of rats,
which would indicate increased deiodination

 

28

 

. Therefore, an increased rate of turnover of T

 

4

 

 is
more likely to be due to increases in fT

 

4

 

 levels in blood than to the induction of deiodinating
enzymes in peripheral tissues, although, at least in some circumstances, both mechanisms might
be simultaneously involved.

Increased T

 

4

 

 turnover is consistent with studies showing approximately half as much iodine in
the thyroid glands of exercising rats as in those of non-exercising rats.

 

33

 

 There was no significant
difference in the rate of renewal of thyroidal iodine between these groups, resulting in less storage
of iodine in the exercising rats. Endurance training is associated with lower uptake of radio-iodine
by the thyroid of humans. Hooper and colleagues

 

34

 

 observed that human volunteers who ran at
least 10 miles per week had lower mean 24-hour thyroid radio-iodine uptake (8 

 

±

 

 3%) than non-
exercising subjects (14 

 

±

 

 5%). In spite of the reduced uptake in these subjects, other thyroid function
tests, such as T

 

3

 

, T

 

4

 

 and TSH, did not differ significantly, nor did urinary iodine excretion.

 

34

 

 Khoral

 

35

 

also found that the percent uptake of a dose of 

 

131

 

I into thyroids of 16 athletes immediately after
exercise was lower than resting values 2 hours later, while Wilson

 

36

 

 observed 24-hour uptake in
17 men to fall from 30% before exercise conditioning to 24% (not significant) after, and to increase
again to 28% 2 weeks after cessation of training. Again, urinary iodine excretion did not differ
between the two groups.

Others have investigated the effects of exercise on serum levels of thyroid hormones in human
subjects, and most studies indicate a small increase in circulating TSH

 

32,37,38

 

 or response of TSH to
thyroliberin (TRH) stimulation

 

39,40

 

 during endurance training, which could possibly explain the
increase in thyroid hormone secretion rate.

 

37

 

 Exceptions are the observation of Simsch et al.

 

32

 

 of a
decrease in TSH during resistance training by rowers, that of Pakarinen et al.

 

41

 

 of a slight decrease
in TSH during very strenuous exercise and that of Hooper et al.

 

34 of no change. Galbo and colleagues37

reported that serum concentrations of TSH increased with increasing workload in men during graded
and prolonged exhaustive treadmill running, along with plasma catecholamine levels, which increased
progressively with intensity and duration of exercise. The effects of exercise on T3 and T4 are even
more variable with either no change,25,29,34,37,38,42 or small decreases in concentrations.38, 39,40,41,43 

Taken together, these changes in thyroid hormones are indicative of mild thyroidal impairment
during physical training, and may be associated with changes in BMR that occur with physical
training, and increases in catecholamines associated with the stress of exercise. Loucks and Heath44
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observed that in untrained women exercising at 70% of aerobic capacity for 4 days, reductions in
T3 and fT3 occurred when energy intake fell below 25 lean kcal/kg body mass (LBM)/day, indicating
that inadequate energy availability may be a factor in impaired thyroid function during exercise.

There does, however, appear to be many inconsistencies in the results of studies on exercise
and thyroid hormones. Much of the research was carried out several decades ago and may have
suffered from less sensitive methodologies than those currently available. It is likely that factors
not taken into account in earlier studies, such as type, duration and intensity of exercise or training
regime (acute vs. chronic; endurance vs. resistance) and level of physical fitness of subjects may
be involved. Notably, too, the superimposed effect of stress was not taken into account in early
studies. Furthermore, Baylor and Hackney45 observed that 20 weeks of exercise training resulted
in two distinct categories of responses among a group of college athletes, with responders (n = 10)
showing a decrease in fT3 and non-responders (n = 7) showing no change. Such factors may account
for the apparent inconsistencies in results, especially of earlier studies. 

Even though there is an increased turnover of T4 in athletes to a level seen in hyperthyroid
patients, no reports indicate that athletes are functionally hyperthyroid, since there are no significant
changes in plasma TSH concentrations.30,36 The physiological significance of this elevated T4

degradation, with no clinical manifestation of hyperthyroidism, is not known and requires further
investigation. It is possible that the change in T4 metabolism may simply represent a passive disposal
phenomenon introduced by exercise, a passive and transient change associated with hormonal
responses to stress, or a response to energy deficit or weight loss. On the other hand, the thyroid
hormones may play an important role in some physiological and biochemical responses to exercise,
such as in carbohydrate and lipid metabolism. Thyroid hormones are involved in the reduction in
cholesterol observed with exercise training, and T4 is known to increase fatty acid mobilization
from adipose tissue and thus may be needed for normal release of fatty acids during exercise.25

Kudelska and colleagues46 investigated the rate of glycogen metabolism in different muscle types
of rats treated with T3 and concluded that T3 markedly affects exercise-induced metabolism of
glycogen, suggesting the possible role of thyroid hormones in glycogen metabolism.

Thyroid hormones do not appear to be involved in the increase in mitochondria content in muscle
in response to endurance training, nor in other training-induced changes.47,48 The concentration of T4

in muscle is not influenced by exercise; rather, the liver appears to be the major site for the increased
uptake of T4 from the blood.25 Rone et al.,49 however, observed a positive correlation between aerobic
capacity and T3 metabolism in healthy euthyroid men, which suggested a link between muscle
physiology and T3 activity and a possible physiological role for thyroid in physical conditioning

V. INTERACTIONS OF IODINE WITH DRUGS
AND OTHER NUTRIENTS

The utilization of absorbed iodine is influenced by goitrogens, which interfere with the biosynthesis
of the hormones.50 Goitrogens are found in vegetables of the genus brassica (cabbage, turnip,
Brussels sprouts and broccoli) and in some staple foods such as cassava, corn and lima beans used
in poorer countries. Goitrogens can become a problem where people whose iodine intake is only
marginal eat these staple foods, particularly if they are not well cooked. Therefore, where the diet
is proportionally high in these foods, the dietary requirement for iodine is likely to be higher.50

Most goitrogens are inactivated by heat, though those in milk are not affected by pasteurization.51

Because selenium has an essential role in thyroid hormone metabolism, it has the potential to
play a major part in the outcome of iodine deficiency4 through two aspects of its biological function.
First, the selenium-containing deiodinases regulate the synthesis and degradation of T3. Second,
seleno-peroxidases and possibly thioredoxin reductase protect the thyroid gland from hydrogen
peroxide produced during the synthesis of thyroid hormones. Thus, selenium deficiency may
exacerbate the hypothyroidism due to iodine deficiency.4
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VI. ASSESSMENT OF IODINE STATUS

A. URINARY IODINE EXCRETION

The most widely used method of assessing iodine status is to determine urinary iodide excretion
in a 24-hour urine specimen, as daily urinary excretion closely reflects iodine intake.12,52 Approxi-
mately 90% of iodine intake is excreted in the urine. Twenty-four-hour urine collections are preferable,
but are not very practical for large field surveys in developing countries where iodine deficiency is
being assessed. Non-fasting casual urine specimens are usually obtained in these situations. As there
are large day-to-day variations in urinary iodide excretion, more than one urinary analysis should be
made for assessment of an individual’s iodine status. In populations with adequate general nutrition,
urinary iodide concentration correlates well with the iodine/creatinine ratio, so urinary iodide excretion
relative to creatinine may be determined on the assumption that creatinine excretion is constant over
time. However, the iodine/creatinine ratio may not be suitable in all situations, as creatinine excretion
increases with age and physical training due to increases in muscle mass and creatinine production;53

it is also influenced by malnutrition, strenuous exercise, fever and trauma.52

B. THYROID HORMONES 

The level of serum T4 or TSH provides an indirect measure of iodine nutritional status. When
supplies of iodine in the diet are limited, stimulation of the thyroid gland by increased plasma TSH
may be enough to maintain circulating T4 and T3 concentrations. Therefore, plasma TSH concen-
trations are often elevated when T4 and T3 concentrations are within the normal range.54 In more
severe iodine deficiency (moderate deficiency), T4 concentrations begin to decrease, and only in
the severest of iodine deficiency, when median urinary iodine excretion is less than 20 µg/l, do
plasma T3 concentrations decline. TSH is not a particularly useful parameter to determine iodine
status in adults, as it does not reflect recent dietary iodine intake and is not particularly sensitive
to borderline deficiencies.6,12 However, neonates exhibit elevated serum TSH more frequently than
adults, and therefore appear to be hypersensitive to the effects of iodine deficiency.54 Another
hormone, serum thyroglobulin, changes inversely to iodine intake at all ages and is very sensitive
to iodine status. It might be a more sensitive indicator of mild iodine deficiency in children and
adults, as levels are elevated in subjects with low iodine excretion while TSH and T4 levels remain
within the normal range.55–57

C. ASSESSMENT OF THYROID SIZE AND GOITER RATE

In contrast to urinary iodide, the prevalence of goiter reflects a population’s history of iodine
nutrition but does not properly reflect its present iodine status.10 Goiter assessment is made by
inspection, palpation or more recently, by ultrasonography. Normative values proposed by the WHO
and the International Council for the Control of Iodine Deficiency Disorders (ICCIDD) for thyroid
volume by ultrasonography are based on data obtained from a large sample of iodine-replete school-
age children.58 

D. RADIOACTIVE IODINE UPTAKE

Radioactive 131I uptake by the thyroid gland is used as a test of thyroid function in clinical settings.52

The thyroid gland concentrates more radioactive iodine in iodine deficiency and less in iodine excess.
Thus, in areas of iodine deficiency, the thyroidal uptake of 131I is much faster and approaches 100%.

E. ASSESSMENT OF IODINE DEFICIENCY IN A POPULATION 

The epidemiological assessment of nutritional status of iodine is important in relation to a population
or group living in an area or region that is suspected to be iodine deficient. In surveys for assessing
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iodine deficiency of a population, iodine concentration in casual urine samples from about 40
people is usually adequate.59 The most important information comes from measurement of the
urinary iodide and blood TSH concentrations in neonates and pregnant women. The results of these
two measures indicate the severity of the problem, and can also be used to assess the effectiveness
of remedial measures.60

VII. REQUIREMENT AND RECOMMENDED DIETARY INTAKES

Goiter occurs when iodine intakes are less than about 50 µg/day, and cretinism when intakes of
mothers are 30 µg/day or less.12 Minimum requirements to prevent goiter are based on the urinary
excretion associated with a high incidence of goiter in a population, estimated at 50 µg/g creatinine,
and the observation that a minimum intake of 70 µg/day appears to be necessary to avoid signs of
goiter. Therefore, the minimum requirement for prevention of goiter is approximately one µg/kg
body weight/day.61 However, recommended dietary intakes are based on physiological requirements,
which are in turn based on a number of indicators, including thyroidal radio-iodine accumulation
and turnover, iodine balance studies, urinary iodide excretion, thyroid hormones measures and
thyroid volume. Physiological requirement is at least equal to the daily amount of hormonal iodine
degraded in the peripheral tissues and not recovered by the thyroid. There is an obligatory loss of
iodine from the body via urine, feces, and sweat. Fecal iodine loss is relatively constant and is
likely to be significant only when iodine intake is very low. Sweat has generally not been considered
an important avenue for iodine loss,62 however, losses may be appreciable in hot climates. Urine,
the major excretion pathway for iodine, is related to dietary intake. Individuals over a period of
time adapt well to low or high iodine intakes, although the length of this adaptation time is
uncertain.63 The consensus of reviewed studies would appear to be that iodine balance is achievable
at intakes over 100 µg/day and not achievable below 40 µg/day.64 From this physiological require-
ment of around 100 µg/day, a rather large safety margin is added to give a recommended dietary
intake, which for most countries is 150 µg/day.65 This level is adequate to maintain normal thyroid
function, which is essential for growth and development. Requirements may increase if the diets
contain goitrogens. 

At present, there are no recommendations for iodine intake for athletes. However, reports of
high sweat losses during strenuous activity22–24 in the heat suggest that further investigation of
requirements for active individuals should be made.

VIII. TOXICITY

Most people can tolerate up to 1000 µg iodine daily without adverse effects, but daily intakes of
up to 2000 µg are regarded as excessive and potentially harmful.5 Such intakes are unlikely to be
obtained from normal diets of natural foods except where they are exceptionally high in marine
fish or seaweed, or where foods are contaminated with iodine from iodine-containing medications
or other adventitious sources. The effects of high iodine intake on thyroid function are variable
and depend on the health of the thyroid gland. Dietary intakes of up 1000 µg/day have few long-
term effects when the thyroid is healthy. Adverse effects include hypothyroidism and elevated TSH,
goiter and increased incidence of autoimmune thyroid disease.66 People who have underlying
autoimmune disease such as Grave’s Disease or Hashimoto’s thyroiditis, or who have previously
been iodine deficient, may be more sensitive to iodine.8 Iodine-induced thyrotoxicosis (Jod-Base-
dow) has been described following the iodization programs, particularly in women over 40 years
of age who had always been living in a low-iodine environment. Some individuals have thyroid
nodules that can start making too much thyroid hormone when dietary iodine increases, which
produces a condition called iodine-induced hyperthyroidism. Excess iodine can also cause hypothy-
roidism because large amounts of iodine block the thyroid’s ability to produce hormones.
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Iodine overload may occur in vegans when seaweed and iodine-containing dietary supplements
are consumed.67 The use of kelp supplements is not recommended as these can contain very high
but variable amounts of iodine.

There might also be a danger from consumption of thyroid preparations. Scally et al.68 reported
case studies of two physically fit adults who supplemented with tiratricol, an over-the-counter
thyroid preparation marketed as a metabolic accelerator and fat loss aid. They presented with
lethargy, loss of appetite and muscle weakness, symptoms that were accompanied by low serum
TSH and profoundly elevated T3 concentrations. These cases illustrate the danger of consumption
of substances marketed as “nutritional” supplements, but which may have pharmacological effects
capable of inducing thyroid abnormalities when consumed inappropriately. 

IX. DIETARY AND SUPPLEMENTAL SOURCES

Adequate dietary iodine intakes are around 100–150 µg/day. Foods of marine origin such as sea
fish and shell fish, seameal (custard made of ground seaweed) and seaweeds are rich in iodine,
reflecting the greater iodine concentration of sea water compared with fresh water.69 The iodine
content of plants and animals depends on the environment in which they grow. Vegetables, fruit
and cereals grown in soils with low iodine content are poor sources of iodine.

Because the mammary gland concentrates iodine, dairy products are usually a good source,
but only if the cows get enough iodine. In recent years, iodine contamination in dairy products and
bread has made a major contribution to the daily intake in some countries. The use of iodophors
as sanitizers in the dairy industry has resulted in variable but considerable amounts of residual
iodine in milk, cheese and other milk products.70 The use of these compounds, however, is declining
in many countries. Tasmania, Australia, adopted the addition of iodate as a bread improver as an
iodine supplement.71 Other adventitious sources of iodine include kelp tablets and drugs or foods,
and beverages containing the iodine-containing coloring erythrosine.

Iodized salt, another source of iodine, has been one of the most efficient means of improving
iodine nutrition. The amount added varies widely in different regions. In Canada and the U.S., salt is
iodized to a concentration of 77 ppm iodine as potassium iodide so that the daily recommended intake
might be obtained from 2 g salt.8 Most other countries add 10–40 ppm iodide to salt. However, in some
countries, both iodized and non-iodized salts are available. In developed countries, much of the
salt intake now comes from processed foods; whether such foods contain iodized salt depends on
local commercial practice.8

Iodine from foods is readily absorbed, as is iodine in supplements. The bioavailability of iodine
is assumed to be high,72 however, the utilization can be influenced by goitrogens, which interfere
with the biosynthesis of thyroid hormones.

Iodine intakes vary considerably depending on geographical location, dietary habits and salt
iodization. Intakes are usually assessed from urinary excretion rather than direct measurement of
food iodine, because of lack of good food composition data in many countries. Only one study has
reported the dietary iodine intakes of athletes; intakes of 41 U.S. figure skaters aged 11–18 years
were 131 ± 159 (mean ± SD) µg/day in females and 139 ± 138 in males.73 This study is discussed
further in Section X. 

X. EFFECT OF DEFICIENCY OR EXCESS
ON PHYSICAL PERFORMANCE

Lack of evidence of a significant increase in urinary iodine excretion during exercise suggests that
the changes in thyroid hormone metabolism are perhaps transitory and compensated for by feedback
mechanisms in the body. Current opinion is that there is no evidence to suggest a greater requirement
in physically active individuals, and that iodine intake in athletes is adequate or excessive.74,75
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This is probably due to, and may be also a reason for, the complete lack of research on the role
of iodine in physical performance. The assumption that iodine intakes are adequate may be erro-
neous, as recent studies indicate less than adequate intake of iodine in a number of countries as a
result of changes in dietary patterns, reduction in use of iodized salt and other dietary sources.76 

The only reported study of iodine intakes of athletes was that of Ziegler et al.73 who found mean
(± SD) iodine intakes of 41 U.S. figure skaters aged 11–18 years of 131 ± 159 and 139 ± 138 µg/day
for females and males, respectively, which they reported as being below the adult recommended
dietary intake (RDA)66 of 150 µg/day. However, the mean intake was well above the estimated
average requirement (EAR) of 95 µg/day66 and within the normal range of adequate intakes.
Furthermore, many of these athletes may have been aged between 11 and 13 years, for whom the
EAR is 73 µg/day and the RDA 120 µg/day. There was no comparison with intakes of non-athletes.
However, two studies have reported significant losses of iodine in sweat, losses that could be
substantial for endurance athletes exercising in the heat,22–24 suggesting that current recommended
dietary intakes may not be appropriate for athletes. There have been no studies to date of the effect
of iodine supplementation on physical performance. 

A small number of studies have investigated the effects of thyroid hormones on physical
performance, but unfortunately, investigation of iodine metabolism was not included in any of these
studies. Reed et al.77 investigated the effect of supplementation with L-thyroxine in 12 subjects
working in Antarctica and observed that 4 months of T4 supplementation attenuated the decline in
cognition and mood, but did not prevent decrements in submaximal exercise performance, body
temperature or serum T3 observed during Antarctic residence. L-thyroxine has been shown to
improve cardiac and exercise performance in patients with chronic heart failure.78,79 

Zarzeczny and colleagues80 studied the effects of thyroid hormone deficit and T3 treatment
on exercise performance, blood concentrations and lactate threshold in trained and untrained rats
and showed that both T3 deficiency and excess reduced maximal exercise performance and shifted
blood lactate threshold to lower workloads. Endurance training or administration of T3 to
hypothyroid rats markedly improved their exercise performance. This observation might be associated
with the finding of increased mobilization of muscle glycogen during exhaustive exercise in rats
treated with T3.46 

XI. CONCLUSIONS AND OPPORTUNITIES
FOR FUTURE RESEARCH

Although there is little research on the involvement of iodine in exercise performance or recovery
from exercise, iodine is essential for the maintenance of normal metabolism and for normal growth
and development and, therefore, is likely to take part in various processes of importance to exercising
individuals. Given iodine’s key functions, it is surprising that more research has not been done in this
area. Clearly, there are many questions to be answered. Strenuous activity and endurance training
cause some changes in thyroid metabolism, but it is not clear whether these changes are temporary
or permanent or whether they have any biological significance. In spite of the increased turnover
of T4, it appears that serum levels of T4 and T3 do not change substantially, which leaves a major
discrepancy in the reported observations. It is not clear how exercise can cause both decreased
iodine uptake and increased thyroid turnover while serum hormone levels remain unaltered.34

Preliminary research indicates the involvement of thyroid hormones in metabolism of carbohydrates
and lipids, although to what extent inadequate or excess iodine affects these processes is not known.
Considering the involvement of iodine and thyroid hormones in maintaining BMR, substantial
further investigation of the relationship between thyroid metabolism and the observed increase in
post-exercise metabolism and in the possible increase in BMR as a result of training is warranted.

The conflicting observations of changes in thyroid hormones during exercise training may result
from varying methods and study designs, such as the type and intensity of exercise and timing of
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observations. Well designed trials and with more sensitive analytical methods are required to answer
specific questions and to clarify the confusion. In much of the research on thyroid hormones and
exercise, there has been little or no discussion of the role of iodine. Inclusion of assessment of
iodine status and metabolism in future studies is highly desirable.

Significant losses of iodine may occur in sweat and these can be substantial in extended exercise
in hot conditions.22–24 Preliminary evidence suggests that sweat losses may be significant enough
to cause iodine deficiency and induce clinical changes such as increased thyroid volume.24 This
issue needs further investigation. Athletes may require increased intakes of iodine, especially in
light of the inadequate iodine intakes in many developing countries and the decreasing iodine
intakes in several developed countries.76
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I. INTRODUCTION

A. C

 

HEMICAL

 

 S

 

TRUCTURE

 

Chromium (Cr), whose atomic number of 24, is known as a transitional element. Cr can exist in
a number of oxidative states such as Cr

 

+

 

6

 

 bound to oxygen, however, in an acidic environment, like
the stomach, Cr

 

+

 

6

 

 is reduced to trivalent Cr (Cr

 

+

 

3

 

), the most stable form of Cr.

 

1

 

Cr has been used as a tool for diagnosis and research in hematology, as a label for red blood
cells and as a fecal marker.

 

2

 

 In general, Cr

 

+

 

3

 

 complexes are relatively inert, which suggests that it
is unlikely to have a function in enzyme systems;

 

1,3

 

 however, it may play a role in stabilizing or
maintaining the structure of proteins and nucleic acids.

 

4

 

 It seems that Cr’s primary function of
potentiating the effects of insulin in carbohydrate, fat and protein metabolism acts through a
constituent of the glucose tolerance factor (GTF).

 

3

 

 GTF (Cr in combination with nicotinic acid and
glutathione)

 

5

 

 plays a role in helping to move glucose into the cell by binding to and potentiating
the action of insulin.

 

3

 

B. P

 

ROPOSED

 

 F

 

UNCTIONS

 

Cr has been thought to be important for increasing muscle mass and reducing body fat relative to
body composition and for increasing phosphate stores relative to improved sport performance.

 

3

 

 It is
interesting to note that the supplemental form of Cr, Cr picolinate [Cr(pic)

 

3

 

], is better absorbed than
dietary Cr, and most research has focused on this supplement in relation to possible ergogenic effects.

 

6

 

3022_C018.fm  Page 267  Tuesday, August 23, 2005  5:42 AM

© 2006 by Taylor & Francis Group, LLC



 

268

 

Sports Nutrition: Vitamins and Trace Elements

 

It seems that most research fails to substantiate Cr as an effective supplement

 

3

 

 and, in fact,
recent animal studies suggest that [Cr(pic)

 

3

 

] may actually generate oxidative damage of DNA and
lipids and may be mutagenic,

 

6,7

 

 which may suggest that Cr taken in the form of Cr chloride may
be less likely to pose a health risk.

 

6

 

 However, in a response to an article by Stearns et al.,

 

7 

 

McCarty
suggests that these studies were seriously flawed, which may limit their credibility.

 

8

 

 Cr has also
been suggested to be involved in anabolic protein metabolism by stimulating RNA synthesis and
amino acid incorporation in protein.

 

9

 

Davis and Vincent

 

10

 

 have demonstrated a functional link between Cr and insulin action through
a low molecular weight Cr-binding substance, referred to as LMWCr, that activates a phosphoty-
rosine phosphatase in adipose tissue. Davis et al.

 

11

 

 suggest that the biological function of LMWCr
is as an insulin-signaling amplification mechanism by stimulating insulin receptor protein tyrosine
kinase activity after the receptor is activated by insulin binding.

It should be noted that Stearns

 

12

 

 suggests that there has yet to be a Cr-containing glucose
tolerance factor characterized, that the presence of a low molecular weight Cr-binding protein is
questionable and that there has been no direct interaction between Cr and insulin that has been
found. She bases these opinions on the premise that Cr

 

+

 

3

 

 should not be considered a trace essential
metal, because it does not satisfy the criterion that essential elements play a role in enzymes and
cofactors.

 

C. E

 

STIMATED

 

 R

 

EQUIREMENTS

 

Cr is a naturally occurring trace mineral element found in a balanced diet.

 

13

 

 It appears that the
body stores around 5 mg of Cr and that approximately 0.5% of the inorganic form (Cr

 

+

 

3

 

) and 1%
of the form of GTF is absorbed from the small intestines. Absorption can be enhanced when Cr is
consumed with vitamin C

 

14

 

, although the mechanism of Cr absorption is not completely understood. 
Foods such as mushrooms, nuts, whole grains and processed meats, as well as wine and beer,

are good sources of Cr. On the other hand, foods high in simple sugars such as fructose are low
in Cr content and actually promote Cr losses.

 

15

 

 In 1989, the National Research Council recom-
mended that the estimated safe and adequate daily dietary intake (ESADDI) for Cr to be between
50 and 200 

 

µ

 

g per day.

 

16

 

 In 2001, the U.S. Food and Nutrition Board of the National Academy of
Sciences redefined the daily adequate intake of Cr to 35 

 

µ

 

g per day for adult males and 25 

 

µ

 

g per
day for adult females.

 

17,18

 

 These guidelines are supported by various research. Anderson and
Kozlovsky

 

18

 

 analyzed the self-selected diets of free-living American adults and determined an
average daily intake of Cr of 33 

 

µ

 

g for males and 25 

 

µ

 

g for females. Additional research by the
same researchers

 

18

 

 reports adults living in the United Kingdom, Canada, Finland and New Zealand
also fail to meet the ESADDI minimum requirement of 50 

 

µ

 

g of Cr per day. Offenbacher et al.

 

19

 

determined healthy adults consuming 35 

 

µ

 

g of dietary Cr daily were Cr sufficient. This may suggest
that the original recommendation of Cr intake between 50–200 

 

µ

 

g/day as being unrealistic and
not necessary. It has been suggested that adults consuming a normal diet are not likely to be Cr
deficient and as such should receive little if any benefit from Cr supplementation. However, there is
little information available on Cr status in athletes and the general recommendation is that athletes
consume sufficient Cr to compensate for possible exercise-induced increases in Cr excretion.

 

13

 

Generally, Cr supplements like [Cr(pic)

 

3

 

], provide about 200 to 600 

 

µ

 

g per day. The supplement
form is also better absorbed (2–5%) so that individuals taking this supplement would be ingesting
about 100 times the amounts of Cr compared with individuals on normal diets. It has been estimated
that more than 10 million Americans take Cr supplements, which contributes to a 500 million dollar
market per year and is the largest selling supplement next to calcium.

 

6,20,21

 

 However, there appears
to be an inverse relationship between dietary intake of Cr and absorption in healthy adults. Research
has shown adults consuming 10 

 

µ

 

g daily had Cr absorption of 2%,

 

22

 

 while adults consuming 40

 

µ

 

g/day had only 0.5% absorption.

 

18

 

 With a dietary intake of 40–240 

 

µ

 

g/day, Cr absorption is
relatively constant with a range of 0.4–2.0% of daily intake.

 

23
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Excretion of Cr

 

+

 

3

 

 occurs primarily through the kidney, with small amounts lost in hair, sweat
and bile.

 

1

 

 It appears that Cr excretion can be increased by acute bouts of exercise

 

24

 

 that mobilize
Cr stores into the blood in order to facilitate insulin function, but then cannot be re-absorbed, so
it is excreted in the urine. Other factors that can enhance the loss of Cr is lactation, diets that are
high in simple sugars,

 

15,25

 

 glucose loading, infection and trauma.

 

26,27

 

II. NUTRITIONAL ASSESSMENT

A. S

 

UPPLEMENTAL

 

 S

 

OURCES

 

Supplemental Cr has been touted as an ergogenic aid and as a means to increase daily Cr intake.
Typically, supplemental Cr is presented as [Cr(pic)

 

3

 

]. Picolinate a derivative of the amino acid
tryptophan that may increase Cr absorption in the body.

 

28

 

 Supplement companies market [Cr(pic)

 

3

 

]
as a weight-loss agent, muscle builder and even an alternative to anabolic steroids.

 

29

 

1. Effects on Body Composition

 

Early research supported the notion of [Cr(pic)

 

3

 

] as an effective weight-loss supplement. Studies
by Evans

 

28

 

 using college-aged males suggested an increase in lean body mass (LBM) when using
[Cr(pic)

 

3

 

] in conjunction with a weekly exercise program. Both studies randomly assigned subjects
to either a supplement group (200 

 

µ

 

g of [Cr(pic)

 

3

 

]/day) or a placebo group. All subjects participated
in a supervised weight training program. Anthropometric measures (skinfold thickness and limb
circumference) were used to determine changes in body composition. Following the experimental
procedures, the [Cr(pic)

 

3

 

] group experienced greater increases in LBM and a decrease in percent
body fat during the second study, when compared with the placebo group. 

These results were published in a review on the potential benefits of Cr supplementation and
were, as such, peer reviewed. Moreover, the measures of body composition used in these studies
are not considered extremely accurate or sensitive to acute changes in LBM and at best are estimates
of LBM. 

The results of the Evans studies have been challenged using more stringent supplementation
protocols and sensitive measures of body composition. The vast majority of scientific evidence
suggests that [Cr(pic)

 

3

 

] is not an essential part of a weight-loss program.

 

30

 

 Numerous studies
involving both males and females have shown no change in body composition following supple-
mentation of [Cr(pic)

 

3

 

].

 

31–37

 

 Many of these studies used hydrostatic weighing to assess changes in
body composition,

 

32–34,37

 

 with several others utilizing dual energy x-ray absorptiometry.

 

31,35,36

 

 Dos-
ages of [Cr(pic)

 

3

 

] ranging from 200–1000 

 

µ

 

g per day for experimental periods of 6–12 weeks

 

31–37

 

have consistently demonstrated no change in body composition. When combined with exercise,
supplemental [Cr(pic)

 

3

 

] offers no additional improvement in body composition when compared
with exercise alone.

 

30

 

 As presented in Lukaski,

 

1

 

 in 1997 the U.S. Federal Trace Commission
concluded no basis for claims of [Cr(pic)

 

3

 

] as a weight or fat loss agent in humans.

 

2. Effects on Physical Performance

 

The majority of [Cr(pic)

 

3

 

] studies use resistance exercise as an intervention along with the supple-
mentation. Various measures of muscle size and function have been assessed with [Cr(pic)

 

3

 

]
supplementation. Hallmark et al.

 

38 

 

determined no effect on muscle strength in untrained males
following 12 weeks of resistance exercise and 200 

 

µ

 

g of [Cr(pic)

 

3

 

]/day. Walker et al.

 

29

 

 found no
additional effect of 200 

 

µ

 

g of [Cr(pic)

 

3

 

]/day on neuromuscular performance, including muscle
strength and peak power, in national-level collegiate wrestlers during 14 weeks of preseason strength
and conditioning training. These results have also been confirmed by Livolsi et al.

 

39

 

 in collegiate
female athletes.
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Similar results were found by Campbell et al.

 

32,40

 

 when examining muscle size and function of
older adults (54–71 years of age) following [Cr(pic)

 

3

 

] supplementation and resistance exercise. In
two separate studies, 18 older males and 17 older females were given 924 

 

µ

 

g of [Cr(pic)

 

3

 

]/day or
a placebo, while participating in 12 weeks of high-intensity resistance exercise. Following the
experimental procedures, it was determined that [Cr(pic)

 

3

 

] had no significant effect on muscle size,
strength or power.

In theory, the use of supplemental Cr may benefit endurance performance by improving
carbohydrate metabolism by increasing insulin sensitivity during exercise.

 

15

 

 However, limited
studies have been performed examining the effects of Cr on exhaustive aerobic exercise. Davis et al.

 

41

 

looked at the effects of [Cr(pic)

 

3

 

] and 6% carbohydrate solution (CHO) on time to fatigue in eight
active males. Subjects were given CHO alone, CHO 

 

+

 

 [Cr(pic)

 

3

 

] or a placebo in a random repeated
measure design, and time to fatigue was measured during a shuttle run at 55–95% of VO

 

2

 

max.
There was no difference in performance results in the CHO 

 

+

 

 [Cr(pic)

 

3

 

] group when compared
with the CHO alone group. However, both treatment groups did perform better than the control. 

In summary, the use of supplemental Cr appears to have no effect on measures of physical
performance when used in association with an exercise program.

 

3. Effects on Glucose/Insulin and Lipid Metabolism

 

Early studies that examined animals fed with Cr-depleted diets reported that these animals, most
often rats, had impaired glucose tolerance, and that if Cr was added to their diets, glucose tolerance
was restored to normal levels.

 

21,31,42

 

 Improved glucose tolerance in human was also reported with
long-term administration of Cr.

 

43

 

Having mentioned this, Hellerstein

 

21

 

 points out that, 40 years after these early studies, little
progress has been made relative to the possible mechanistic actions of Cr.

Early studies involving humans seemed to indicate improved glucose tolerance following Cr
supplementation

 

43–45 

 

but numerous methodological problems existed, like the lack of control or
placebo groups, no blinding of the procedures and inconsistent findings. There were two early
placebo-controlled, double-blinded studies

 

46,47 

 

in Type 2 diabetics; however, both failed to demon-
strate an effect on glucose tolerance or body weight and had only mixed results regarding an effect
on lipid levels. Uusitupa et al.

 

46

 

 reported no change in serum total cholesterol and triglycerides and
in high-density, low-density and very-low-density lipoprotein subfractions, whereas Abraham et al.

 

47

 

reported increases in high-density lipoprotein levels and decreases in very-low-density lipoprotein
cholesterol levels.

Perhaps the first placebo-controlled study with a fairly large Type 2 diabetic sample that was
published was that of Anderson et al.

 

48

 

 One hundred and eighty Type 2 diabetics were randomized
into one of three treatment groups for 4 months — (1) placebo,(2) low-dose Cr (200 

 

µ

 

g/day
[Cr(pic)

 

3

 

]) or (3) high-dose Cr (1000 

 

µ

 

g/day [Cr(pic)

 

3

 

]). The researchers reported that Cr supple-
mentation had a pronounced effect on glucose and insulin variables and that the effects were larger
and more consistent with the high-dose Cr regimen.

It is interesting to note that a recent meta-analysis

 

49

 

 of 20 randomized clinical trials of Cr
supplementation on glucose and insulin responses indicated that the combined data showed no
effect of Cr on glucose or insulin concentrations in non-diabetic subjects, and that the data on
diabetics still remain inconclusive and variable.

The data are also conflicting and contradictory when examining the effects of Cr on lipid
fractions. A few studies report elevated high-density lipoprotein cholesterol levels and significant
decreases for low-density lipoprotein cholesterol and apolipoprotein B (principal protein of the
low-density lipoprotein fraction) following supplementation with [Cr(pic)

 

3

 

],

 

50

 

 while others report
significant improvements in high-density lipoprotein levels — but only for those with insulin
resistance but normal glucose tolerance.51 There is also a sufficient body of literature that reports
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that Cr supplementation has no effect on lipid levels,44 or at best shows some mixed results52 with
no change in high-density lipoprotein levels or triglyceride levels but a decreased total cholesterol.

III. TOXICITY

The hexavalent form of Cr (Cr6+), used for industrial purposes such as dyes, leather tanning and
chrome plating, is toxic, and exposure to this form has caused short-term effects such as asthma
or bronchitis, or long-term carcinogenic effects.53 Cr6+ passes through the cell membrane where it
reacts with DNA in the process of being converted to its trivalent form, with the potential for
genotoxic effects.54 One tissue culture study reported that high concentrations of [Cr(pic)3] caused
chromosome breakdown; however, the evidence pointed to picolinate rather than Cr as the likely
cause of the damage.54 Iron metabolism may be negatively affected by Cr, as iron deficiency and
anemia have been documented in rats treated with Cr and [Cr(pic)3] supplementation in men
undergoing a resistance training program resulted in a 30% decrease in transferrin saturation.1

Cr toxicity has been investigated in a number of randomized clinical trials, with doses ranging
from 175–1000 µg/day for durations of 6–64 weeks with no documented evidence of toxic effects.54

Also, animal experiments have shown that the trivalent form of Cr is safe at very high doses, i.e.,
several thousand fold greater than the ESADDI.55 However, there have been safety concerns raised
about the use of [Cr(pic)3].6

Negative effects of over-the-counter (OTC) picolinate use such as renal failure,56,57 liver failure,56

hemolysis,56 rhabdomyolysis58 and allergic contact dermatitis59 have been reported in case studies.
A frequently cited case report by Cerulli et al.56 described Cr toxicity in a woman who had taken
1200–2400 µg/day of [Cr(pic)3] for 4–5 months. The patient had anemia (hematocrit of 15%) and
blood Cr concentrations twice the normal range; she was diagnosed with hemolysis and acute liver
and renal failure secondary to Cr toxicity. She was hospitalized for 26 days, requiring blood-product
transfusions and hemodialysis. Her laboratory values were within normal limits when re-evaluated
1 year later, indicating a complete recovery. In another case study involving a 24-year-old woman
body builder,58 short-term ingestion (48 hours) of high doses (1200 µg) of [Cr(pic)3] supplements
was the suspected cause of rhabdomyolysis, a condition where muscle cells are damaged, causing
symptoms of myalgia and elevated creatine kinase laboratory results. These case reports point out
the potential for serious side effects associated with high doses of OTC [Cr(pic)3] supplements.

IV. RECOMMENDATIONS

A. GENERAL POPULATION

The overwhelming majority of the well controlled research studies estimate that  no additional Cr
is needed for adults consuming a balanced diet and that caution should be used with taking OTC
[Cr(pic)3] supplements because of potential for serious side effects.

B. EXERCISE AND SPORT PERFORMANCE 

Adults participating in strenuous exercise or competitive sports may be candidates for decreased
Cr levels. Researchers have determined that Cr loss is associated with stress, including exercise in
humans,1 and have concluded that strenuous exercise (90% of VO2max) may lead to increased
urinary excretion of Cr.27 Lefavi60 has theorized that an increase in exercise intensity and duration
may increase Cr excretion. Coupled with the fact that adults participating in exercise or sports may
be on a restrictive diet, the risk of becoming Cr deficient does exist. Adults participating in strenuous
exercise or competitive sport should be aware of the potential threat and consume a balanced diet
high in meats, whole grains and vegetables.13 However, at this time, it appears the need for additional
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supplemental Cr is not warranted. More research is needed to evaluate the Cr status of athletes as
well as on the potential deleterious effects of [Cr(pic)3].

V. SUMMARY

It appears as though [Cr(pic)3] supplementation has no effect on body composition, physical
performance and glucose or insulin concentrations in healthy individuals. There may be some
benefit for those with Type 2 diabetes with impaired glucose homeostasis, but more research is
needed in this area.

The money spent on [Cr(pic)3] supplementation by just those in the United States suggests that
there is an enormous market and demand for this supplement. However, individuals should be
aware of the potential deleterious effects of this non-regulated nutritional supplement.
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I. INTRODUCTION

 

The trace element selenium (Se) is an essential nutrient, but is toxic when consumed in excessive
quantities. Selenosis or selenium toxicity signs in animals were described by Marco Polo in 1295
during his travels to China. It was 1934 before Franke

 

1

 

 identified Se as a toxic agent found in some
plant foods. About 20 years later, Schwarz and Foltz

 

2

 

 demonstrated that, for the rat, Se was an
essential dietary element that prevented liver necrosis. Subsequently, Se deficiency syndromes have
been identified in animals and humans. Cardiomyopathy, muscle pain and osteoarthropathy are key
features of Se deficiency in humans.

 

3

 

In 1973, Rotruck and co-workers

 

4

 

 discovered that Se, in a selenocysteine residue, was a
constituent of the enzyme glutathione peroxidase (GSHPx), an enzyme that converts hydrogen
peroxide to water. Most of the research in the area of Se and exercise has centered around the role
of Se in this antioxidant enzyme. Strenuous exercise dramatically increases oxygen uptake and
production of reactive oxygen species (ROS) including superoxide (O

 

2
•–

 

)hydroxyl radical (•OH)
and hydrogen peroxide (H

 

2

 

0

 

2

 

) that may be responsible for biochemical and physiologic changes
indicative of oxidative stress induced by exercise.

 

5,6

 

 Peroxidative injury to tissues is also found in
severe Se deficiency due to the depletion of GSHPx activity. It would also seem obvious that in
the rare cases of severe Se deficiency that result in arthritis, cardiomyopathy or Se toxicity with
nerve damage, athletic ability would be impaired. Research in the area of Se status or supplemen-
tation and exercise performance is sparse and results of studies are often contradictory.
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II. CHEMICAL STRUCTURES OF SOME SELENIUM-CONTAINING 
COMPOUNDS

 

Some common forms of Se in foods and supplements include sodium selenite (Na

 

2

 

–SeO

 

4

 

), sodium
selenate (Na

 

2

 

–SeO

 

3

 

), L-selenomethionine (CH

 

3

 

–Se–CH

 

2

 

–CH(NH

 

2

 

)–COOH) and L-Se- methylse-
lenocysteine (CH

 

3

 

–Se–CH

 

2

 

–CH

 

2

 

–CH(NH

 

2

 

)–COOH).

 

7

 

 Other selenocompounds identified in plants
include selenocystine, selenohomocysteine, 

 

γ

 

-glutamyl-selenocystathionine, selenomethionine sele-
noxide, selenocyseineselenic acid, Se-proponylselenocysteine, selenoxide, Se-methylselenome-
thionine selenocystathionine, dimethyl diselenide, selenosinigrin, selenopeptide, selenowax and
elemental selenium.

 

7

 

Inorganic forms of Se are generally more toxic than organic forms.

 

8

 

 Organic forms include
selenomethionine, the major form in food and most selenium yeast supplements, and Se-methylse-
lenocysteine, the major Se form in broccoli and garlic grown under high soil selenium conditions.

 

9

 

III. GENERAL PROPERTIES OF SELENIUM

 

Selenium is a metalloid that can occur in multiple oxidation states, 0, 

 

+

 

6, 

 

+

 

4 and 

 

−

 

2.

 

3,7

 

 In many
ways, it behaves like its sister element sulfur, although it is found in soils and foods to a much
lesser extent. Unlike plants, which do not knowingly require Se, Se is required by all other life
forms from bacteria all the way through the phylogenic tree to humans. Here, Se replaces the
sulfur in amino acids in plants forming the major selenoamino acids, selenomethionine, seleno-
cysteine and Se-methylselenocysteine. Higher animals and humans make only selenocysteine and
encode it into proteins from an m-RNA UGA codon. From the human genome sequence, 25
selenoproteins are recognized, with about half of these proteins having been isolated and studied.
Most selenoproteins studied are enzymes involved in the various redox pathways for the elimi-
nation of the oxidation products of lipids and H

 

2

 

0

 

2

 

. The facile catalytic ability of selenium, rather
than sulfur, accounts for selenocysteine’s inclusion into enzymes such as glutathione peroxidase,
phospholipidhydroperoxide glutathione peroxidase, thioredoxin reductase and the deiiodinases.
This catalytic property of selenium extends also to the simpler organic forms of selenium and,
when in the selenide state, 

 

−

 

2, they themselves are catalytic, accounting for toxicity when
overingested.

 

IV. METABOLIC FUNCTIONS OF SELENIUM

 

Since the discovery of cytosolic GSHPx, other selenoproteins including additional antioxidant
enzymes have been identified in mammals. A distinct, glycosylated GSHPx has been found in the
plasma and a membrane-associated enzyme, phospholipid hydroperoxide GSHPx (PLGSHPx) has
been reported to be widely distributed in tissues.

 

10,11 

 

While an exact function is not totally clear,
selenoprotein-P is found in plasma and tissues and appears to have some antioxidant or selenium
transport properties.

 

10,12

 

 An additional enzyme that contains Se is Type I iodothyronine 5–deiodinase,
which is the enzyme that catalyzes the removal of iodine from thyroxine (T

 

4

 

), converting it to
3,3,5–triiodothyronine (T

 

3

 

).

 

10

 

The primary task of the Se-containing antioxidant enzymes is to protect cellular components
from peroxidation by controlling the H

 

2

 

0

 

2

 

 and organic peroxide levels in aerobic cells.

 

10

 

 According
to Ursini and Bindoli,

 

13

 

 both glutathione peroxidase enzymes will reduce peroxidic substrates
such as H

 

2

 

0

 

2

 

, linoleic acid hydroperoxide, tert-butyl hydroperoxide and cumene hydroperoxide.
Cholesteryl hydroperoxides, some prostaglandin peroxides and peroxidized DNA are also sub-
strates for GSHPx. Additional substrates for PLGSHPx include peroxidized phosphatidyl choline,
phosphatidyl ethanolamine and phosphatidyl serine; cardiolipin, phosphatidic acid and peroxi-
dized membranes. An adequate intercellular concentration of reduced glutathione (GSH) is needed
as a cofactor for both

 

14 

 

enzymes. The riboflavin-containing enzyme, glutathione reductase (GR) with
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flavin adenine dinucleotide (FAD) as its coenzyme and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) are the reducing agents that converts oxidized glutathione (GSSG) back
to GSH.

 

A. T

 

ISSUE

 

 D

 

ISTRIBUTION

 

 

 

OF

 

 G

 

LUTATHIONE

 

 P

 

EROXIDASES

 

 

 

AND

 

 E

 

FFECT

 

 

 

OF

 

 S

 

ELENIUM

 

 

 

ON

 

 T

 

ISSUE

 

 E

 

NZYME

 

 A

 

CTIVITY

 

 L

 

EVELS

 

Se and GSHPx activity are both widely distributed in animal tissues. Behne and Wolters

 

15

 

 analyzed
the Se content and GSHPx activity in tissues of female rats. The largest percentage of Se was found
in muscle (39.8%) and liver (31.7%), with other tissues each containing less than 10% of the
remaining Se. The GSHPx activity was greatest in the liver (65.6%), followed by erythrocytes
(21.2%) and muscle (6.1%), with other tissues containing 2.1% or less of the remaining GSHPx
activity.

 Se deficiency results in a decrease in both GSHPx and PLGSHPx activity in tissue

 

16

 

 as well
as an increase in tissue peroxide and signs of peroxidative injury to tissues.

 

17,18

 

 Results of a study
by Weitzel et al.

 

16

 

 indicated that the two GSHPxs have individual depletion kinetics, as GSHPx
activity in liver samples from mice fed a Se-deficient diet decreased by 90% of the control mice,
whereas PLGSHPx was depleted by only 45% of control activity. In Se-deficient animals or
humans, Se supplementation will induce production of GSHPx. In general, there is a correlation
between the dietary Se intake and tissue GSHPx activity in both rats and humans.

 

19

 

 Over a 20-week
period, in rats fed a torula yeast basal diet with no added Se or a diet with 5.0 mg Se/kg, erythrocyte
GSHPx steadily increased as Se intake increased. However, when mice were fed a diet containing
1.0 mg Se per kg of diet, liver GSHPx activity levels were lower than for mice fed an adequate
0.2 mg/kg Se diet, although still much higher than the value for mice fed a Se-deficient diet.

 

20

 

In humans who have a hereditary lack of GSHPx in erythrocytes, the ability of the erythrocytes
to withstand stress induced by oxidizing agents is impaired and results in a hemolytic crisis.

 

21

 

Glutathione peroxidase and PLGSHPx are major enzyme systems responsible for detoxification of
H

 

2

 

0

 

2

 

 and lipid hydroperoxides. Lack of sufficient quantities of these enzymes from a Se deficiency,
as well as from genetic defects or the inability to incorporate dietary Se into GSHPx, leads to signs
and symptoms associated with peroxidative tissue damage.

 

B. S

 

ELENIUM

 

 D

 

EFICIENCY

 

-R

 

ELATED

 

 S

 

YNDROMES

 

Evidence that the endemic cardiomyopathy in China called Keshan disease was linked to poor Se
status, and was prevented by selenium supplementation, provided support for the nutritional
essentiality of Se in humans.

 

22

 

 Se was recognized as an essential nutrient and was assigned a
Recommended Dietary Allowance (RDA) in 1989.

 

23

 

 The RDA for Se was set at 55 

 

µ

 

g/day for
women and 70 

 

µ

 

g /day for men. The current RDI (2000) is 55 

 

µ

 

g/day for adult men and women.

 

24

 

Dietary Se intake in areas of China affected by Keshan disease averages about 7 to 11

 

µ

 

g/day of
Se, with estimated minimum daily requirements of Se for adult men and women of 19 and 13 

 

µ

 

g,
respectively.

 

22

 

 Se deficiency has been identified as a factor in two human diseases in China — Keshan disease
and Kaschin-Beck disease.

 

22 

 

Keshan disease is a cardiomyopathy that is characterized by multifocal
necrosis in the myocardium.

 

22

 

 Signs and symptoms of Keshan disease include nausea, vomiting,
chest discomfort, chills, dyspnea and palpitations on exertion, cardiogenic shock followed by
congestive heart failure and arrhythmias. Individuals with Keshan disease have been reported to
have significantly lower levels of blood Se and GSHPx activity than normal subjects living in the
same area in China.

 

25

 

 While Se deficiency appears to be a major factor, the etiology of Keshan
disease has not been totally elucidated and other factors may be contributing to the disease.

 

26 

 

Se
may have a protective and stabilizing effect on membranes

 

27,28

 

 due to PLGSHPx, which may lessen
membrane susceptibility to environmental pathogenic agents. 
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Other factors associated with Keshan disease are a Coxsackie virus,

 

29,30

 

 pathogenic factors
from endemic grains,

 

31 

 

vitamin E deficiency

 

32

 

 and methionine deficiency.

 

22

 

 When inoculated
with a Coxsackie virus CB-21 isolated from the blood of a Keshan disease patient, mice that
had been fed a Se-deficient diet developed significantly more myocardial lesions than mice of
normal Se status.

 

29 

 

Beck et al.

 

30

 

 reported that Se-deficient mice developed more severe myocardial
lesions after infection with Coxsackie B3 virus than did mice with normal Se status, and when
the virus was replicated in Se-deficient mice it underwent changes associated with an increased
virulence.

In regard to cardiovascular disease other than Keshan disease, there is some epidemiologic
evidence associating low blood or dietary Se with increased risk of cardiovascular disease.

 

33

 

 Pucheu
and co-workers

 

34 

 

reported that plasma Se values of patients with coronary artery disease or myo-
cardial infarction were 80% of the values found in healthy control subjects. Other studies have
found no relationship between Se and cardiovascular disease.

 

35,36

 

 Possible mechanisms by which
low selenium status with below normal GSHPx levels could be related to cardiovascular disease
include alterations in arachidonic acid metabolites and blood-clotting mechanisms.

 

37,38

 

Kaschin-Beck’s disease is an endemic osteoarthropathy characterized by chondronecrosis,
which is prevalent in the areas of China and Russia classified as Se-deficient zones.

 

22,39,40

 

 Signs
and symptoms include endochondral ossification, hyaline cartilage necrosis, joint pain and defor-
mity, limited flexion of fingers and elbows and muscular atrophy. 

 

19 

 

Pain in the weight-bearing
joints is described as stabbing and is intensified by exposure to cold or exercise. Adjuvant arthritis
is more pronounced in Se-deficient rats and their macrophages have lower GSHPx activity and
produce higher levels of H

 

2

 

0

 

2

 

 when compared with control rats.

 

41

 

 These factors may lead to
peroxidative cell injury and the worsening of arthritis. Se deficiency has also been noted in
conjunction with protein energy malnutrition, acquired immunodeficiency syndrome, short bowel
syndrome, long-term total parenteral nutrition without Se, alcoholism and the use of formulas for
inborn errors of metabolism that had no added Se.

 

26,42–46

 

 In these conditions, problems related to
Se deficiency may include muscle pain, nail changes, cardiomyopathy, fatty liver, poor growth and
immunosuppression.

 It would appear that severe Se deficiency would have detrimental effects on exercise perfor-
mance as the cardiovascular system and joints are damaged. Cardiac abnormalities and arthritis are
generally not conducive to optimal athletic performance.

 

V. BODY RESERVES OF SELENIUM

 

There is a limited body pool of Se in tissue GSHPx and selenomethionine. Using plasma GSHPx
as an index of Se status, Yang et al.

 

22

 

 evaluated the effect of graded doses of Se in the form of
selenomethionine on Chinese men with an initial low Se status. After 5 months, plasma GSHPx
levels were found to reach a stationary level in groups given 30 

 

µ

 

g or more of the Se supplement
per day in addition to the approximate 10 

 

µ

 

g /day from their diets. As Se needs are related to
body weight and Americans tend to be taller and heavier than people from China, and using a
safety factor of 1.3 (1.3 

 

×

 

 the Chinese dietary intake), the requirement for Se is about 0.87 

 

µ

 

g /kg body
weight.

 

23

 

In children from a Se-deficient area of China, the plasma Se concentration (mean 

 

+

 

/

 

−

 

 SD) was
0.16

 

+

 

/

 

−

 

0.03 µmol/L.

 

47

 

 Supplementation for 8 weeks with selenite and Se-yeast increased plasma
Se to plateau values of 1.0

 

+

 

/

 

−

 

0.2 and 1.3

 

+

 

/

 

−

 

0.2 µmol/L, respectively. Se-yeast increased the red
blood cell Se level sixfold and selenite threefold as compared with placebo. In regard to the relative
bioavailability of Se-yeast and selenite as reflected by plasma, red blood cells and GSHPx activity,
GSHPx activity reached maximal levels in plasma and platelets of 300% and 200%, respectively,
compared with the placebo group. Red blood cell selenium levels continued to rise for 16 weeks.
The authors concluded that either form of Se was effective in raising GSHPx activity, but Se-yeast
supplementation resulted in a increased body pool of Se. Waschulewski and Sunde

 

48

 

 reported that,
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in the rat, there was an inability of stored selenomethionine to provide Se for GSHPx synthesis
over a prolonged period of time and they suggested that selenomethionine may not be an optimal
form of Se for supplements.

 

VI. DIETARY AND SUPPLEMENTAL SOURCES OF SELENIUM

 

Selenium in food varies with the Se content of the soil in which it was grown.

 

7 

 

The Se content of
grains grown in high-Se soils may contain up to 30 

 

µg Se per gram while those grown in low-Se
soils may be less than 0.1 µg per gram. Foods that are generally good sources of selenium include
Brazil nuts, tuna, beef, turkey and cereal grains. The major form of Se in plant and animal foods
grown under normal conditions is selenomethionine, but there are also small amounts of many
other Se compounds. Plants like garlic and broccoli grown under high-Se conditions contain larger
amounts of Se-methylselenocysteine. 9

 Selenium in nutritional supplements includes organic forms such as selenomethionine and Se-
methylselenocysteine and inorganic forms such as sodium selenite and sodium selenate. Another
Se supplement is high-Se broccoli, which contains primarily Se-methylselenocysteine. Selenium-
yeast is also used frequently as a Se supplement and the selenocompounds in this product have
been reported to vary widely with a selenomethionine content ranging from 16.0–62.6%. There
have been efforts to have a standard of 85% of the Se as selenomethionine by some companies.7

All of the supplements are useful in correcting selenium GSHPx deficiency, but selenomethionine
is incorporated in a nonspecific manner into tissue proteins in place of methionine, as methionine-
tRNA does not distinguish between the two amino acids.7 Thus, less Se may be available for cancer
chemoprevention or other functions when the Se in supplements is provided predominantly as
selenomethionine.

Of these supplement forms, sodium selenite is most toxic.8 If selenite is in a product containing
ascorbic acid, it can be converted to an elemental selenium form with poor bioavailability.3 Many
fortified waters and sports beverages unfortunately contain both ascorbic acid and selenite.

VII. SELENIUM STATUS ASSESSMENTS

Selenium status can be assessed using a variety of methods including measurement of Se in blood,
plasma, serum, urine, red blood cells, platelets, hair and nails.49 Status may also be assessed using a
functional test such as blood, plasma, or red blood cell glutathione peroxidases or selenoprotein-P.
There are currently no uniformly accepted normal ranges for any selenium status indicators. Each
assessment tool has advantages and disadvantages. Plasma or serum Se reflects short-term status
while red blood cells, platelets, hair and nails are better indicators of longer-term status. Hair samples
may be contaminated by Se-containing shampoos or henna products that contain Se, which would
render hair Se levels inaccurate and not reflective of status. According to Thomson,49 plasma or serum
values are considered to be the favored tool for comparing Se status among countries. Selenium-
containing proteins or enzymes will rise during supplementation in those with deficiency, but will
reach a maximal level. This makes these tests poor indicators of exposure to higher levels of selenium.

VIII. SELENIUM TOXICITY

The Food and Nutrition Board (FNB) has set the tolerable upper level (TUL) for selenium at
400 µg/day for adults.24 Se toxicity or selenosis occurs in areas of China where dietary intake of Se
is about 5 mg/day.22 A few cases of Se toxicity have also been reported due to consumption of Se
supplements such as sodium selenite, with most of the cases occurring in individuals who were taking
a supplement which, by the manufacturer s error, contained about 23 mg of Se in each tablet.50

However, some symptoms of Se toxicity were noted in subjects who consumed only 1 mg/day of Se
from sodium selenite for 2 years.22 Se toxicity causes dry, brittle, easily broken hair that is depigmented
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and lackluster; thick, brittle deformed finger and toenails; skin that is red, swollen, blistered and
itchy; nausea, vomiting and abdominal pain; fatigue; a breath garlic odor and neurological abnor-
malities including peripheral paresthesia, paralysis, hemiplegia, motor disturbances, extremity pain
and convulsions.22,50 

The molecular mechanism that causes Se toxicity appears to be related to reactions between
Se and GSH in which oxygen radicals are produced. Se compounds that form selenide (RSe-)
anions can oxidize GSH and other cellular thiols, and produce superoxide that in turn initiates a
cascade of ROS production.51–54

IX. INTERACTION OF SELENIUM WITH OTHER NUTRIENTS

Vitamin E and Se function as synergistic antioxidants, and many of the signs and symptoms of a
double deficiency of these two nutrients can be prevented or will be improved by supplementation
with either nutrient.22 Beck et al.32 reported that vitamin E deficiency increased the cardiac pathology
associated with Coxsackie B3 infection in mice, especially in mice fed diets high in menhaden oil
as opposed to lard, for dietary fat. Work by Beck et al.30,32 on the effects of both Se and vitamin E
deficiency on myocardial injury from the Coxsackie B3 virus supports the possibility that both
nutrients influence the development of Keshan disease.

Selenium also works synergistically with ascorbic acid as an antioxidant. Selenium-dependent
thioredoxin reductase helps protect the cell from oxidants and catalyzes the regeneration of ascorbic
acid from dehydroascorbic acid. 56 However, in regard to selenium absorption, Robinson et al.
reported that when sodium selenite was taken orally, a light meal had little effect on Se absorption;
200 mL of orange juice slightly improved absorption, but the availability of selenite was reduced
almost to zero when it was taken with 1 g ascorbic acid.

 The effects of iodine deficiency may be exacerbated by selenium deficiency due to selenium’s
role in iodothyronin deiodinases which convert thyroxine to the active triiodothyronine. Systemic
utilization of iodine is impaired in subjects who are deficient in selenium. 57

 Riboflavin as flavin adenine dinucleotide (FAD) is necessary to ensure adequate levels of
reduced glutathione for the GSHPx cycle and riboflavin deficient rats have compromised antioxidant
defenses.58 In pigs, a riboflavin supplement caused kidney, muscle, heart and brain GSHPx activity
to increase when the pigs were given sodium selenite but not when they were given selenomethionine.59

 Both selenium and folate may influence one carbon metabolism and cancer risk.60 In rats fed
diets supplemented with selenium (2 mg selenite/kg diet) and deficient in folate, precancerous
lesions, plasma homocysteine and liver S-adenosylhomocysteine were higher and plasma folate,
liver S-adenosylmethionine and the activity of liver methionine synthase were lower than in control
rats or rats with either deficient diet alone. Selenium deficiency was found to decrease some of the
effects of folate deficiency and it was speculated that there was a shunting of the accumulation of
homocysteine due to folate deficiency to cysteine and glutathione.

X. EFFECTS OF SELENIUM ON ATHLETIC PERFORMANCE

Most research in the area of Se and exercise has focused on the role of Se in the antioxidant enzyme
GSHPx which, using GSH, converts H2O2 to water. Whole-body and especially muscle oxygen
uptake increases sharply during intense physical exercise leading to increased oxidative stress.61

This oxidative stress may be related to production of ROS such as superoxide in the mitochondria
during exercise. Superoxide, when acted on by superoxide dismutase (SOD), produces H2O2, which
can then be converted to water by GSHPx or catalase. In tissues that experience ischemia during
exercise, reperfusion and reoxygenation contribute to a burst of ROS production. When biomem-
brane polyunsaturated fatty acids are acted on by ROS under aerobic conditions, a peroxidative
chain reaction occurs leading to increased excretion of ethane and pentane in expired air and
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increased levels of malondialdehyde (MDA), conjugated dienes and thiobarbituric acid reactive
substances (TBARS) in tissues.5,62,63 

Only limited animal and very limited human research has been conducted regarding Se and
exercise. Types, duration and intensity of exercise and dietary Se levels fed to animals are varied,
which may account in part for the lack of continuity in results of acute exercise and training effects
on activity levels of GSHPx and indicators of oxidative damage to tissues. One consistent finding
is that animals fed a Se-deficient diet have lower tissue levels of GSHPx when compared with
values from animals fed adequate selenium.64–68 Lower Se status is also associated with decreased
levels of GSHPx activity in human subjects. 

The only human study in which subjects were in less than optimal Se status was conducted by
Edwards et al.69 Subjects also had intermittent claudication in addition to altered Se status. Edwards
and co-workers69 evaluated the effects of treadmill exercise on patients with intermittent claudication
due to peripheral vascular disease, and normal controls. Subjects with intermittent claudication
were found to have significantly lower plasma Se and GSHPx activity levels than in the 19 control
subjects. A group of 11 patients with intermittent claudication and seven controls participated in a
treadmill exercise test. Neutrophils were noted to be significantly higher in patients with claudication
and these were further elevated by the exercise. Plasma thromboxane, an indicator of platelet
activation, and Von Willebrand’s factor, a marker of endothelial injury, were also higher in patients
with claudication than in controls and both were increased 15 min after exercise in claudicants and
controls (p < 0.05). Edwards and co-workers69 speculated that reduced GSHPx activity levels in
patients with claudication may contribute to unopposed action of oxygen radicals, resulting in
increased damage to the endothelium. No attempt was made to evaluate the effects of a Se
supplement in these patients and other antioxidant enzymes were not evaluated in the study. It does
appear that in intermittent-claudication patients, lower plasma GSHPx values may be one factor
contributing to lack of protection from the oxidative stress of exercise.

In rats that are subjected to acute exercise and fed Se-deficient diets, Brady et al.68 found no
significant effect of exercise on liver, blood or muscle GSHPx activity levels. Lang and co-workers67

reported decreased GSHPx, increased GSH, decreased vitamin E and increased ubiquinone levels
in tissues of Se-deficient rats. Exercise did not cause a significant rise in liver GSHPx in either
control or Se-deficient animals. Plasma total GSH and oxidized glutathione were both significantly
higher in animals after exercise to exhaustion, with levels in rats fed Se-deficient diets about twice
the values found in control rats. While not a significant difference, the Se-deficient rats had a 16%
higher mean running time to exhaustion than control rats. Adequate dietary vitamin E levels, residual
GSHPx and activation of other antioxidant pathways were suggested as mechanisms that preserved
the exercise capacity in the rats fed Se-deficient diets. Ji et al.65 did find increased levels of catalase
and cytosolic SOD in livers of Se-deficient rats after acute exercise and significant increases in
manganese SOD in liver and Se-independent GSHPx in muscle after training. Manganese SOD
activity was 24% higher in heart mitochondria from Se-deficient rats as compared with controls.65

Exercised rats fed a Se-deficient diet were reported by Soares et al. 70 to have lower levels of
delta-aminolevulenic acid in liver, kidney and muscle than control mice. These thiol enzymes were
noted to decrease during exposure to oxidizing agents.

In trained athletes participating in a half marathon, Duthie et al.71 found no significant differ-
ences in erythrocyte GSHPx activity pre-race and up to 120 hr post-race. They also noted no
significant change in erythrocyte catalase or SOD, but total GSH and GSH values were significantly
lower than pre-race values at 5 min post-race. While plasma creatinine kinase, an index of damage
to muscles, was elevated in plasma post-race, conjugated dienes and TBARS, indexes of oxidative
damage, were not elevated by the exercise. Erythrocytes were more susceptible to hydrogen
peroxide-induced peroxidation after the half marathon, however. Using a cross-over design, Dragan
and co-workers72 evaluated the effect of a 150 µg Se supplement or placebo given before a 2-hour
endurance training session on 33 swimmers. No significant differences were noted in alondialdehyde
in serum. Also, in another cross-over design experiment, they administered 100 µg Se or placebo
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for 14 days to swimmers, and in this trial, Se treatment did result in a significantly lower serum
level of malondialdehyde.

Acute exercise also results in an increase in exhaled pentane, which is a derivative of omega-
6 fatty acid hydroperoxides in expired air.62 Pentane in expired air is also increased by Se
deficiency.73 Pentane excretion can be reduced in Se-deficient rats by providing them with
adequate amounts of vitamin E. Muscle mitochondrial MDA levels are also elevated in untrained
rats subjected to acute exercise and in rats with a dietary Se deficiency. 66 So both Se deficiency
and acute exercise increase levels of substances that may be considered indicative of oxidative
damage to tissues. In a double-blind, placebo-controlled study, Tessier et al.74 evaluated the
effect of Se supplementation (240 µg of an organic Se capsule containing 70% selenomethionine)
or placebo on response to acute exercise and training in 24 healthy non-smoking males. The
Se-supplemented group had a significant elevation in plasma Se levels, with the supplemented
group’s mean values 182% of the mean value of the control group. Neither Se supplementation
nor training resulted in an elevation of vastus lateralis muscle GSHPx activity levels. Margaritis
et al. 75 reported that muscle GSHPx at rest was not altered by an endurance training program
or a Se supplement (180 µg selenomethionine) in 24 male subjects. The intensity level of the
training was higher in the animal studies, which, in addition to species differences, may account
for the contradictory results regarding GSHPx inducement by training in humans vs. animals.
In rats, training has been reported to result in an increase in GSHPx in muscle tissue.76–78 Before
training and following a run to exhaustion, muscle GSHPx activity levels were lower than
resting levels.62 After training, the placebo group muscle GSHPx activity declined, but not to
as great a degree as in the pre-training exercise test. In the Se-supplemented group, post-training
muscle GSHPx activity was increased 64 to 79% after the max aerobic capacity test. In light
of the finding by Storz et al.79 that oxygen radicals induced transcription of messenger RNA
that codes for antioxidant enzymes including peroxidases in prokaryotic cells, Tessier et al.74

speculated that production of oxygen radicals during exercise may be a stimulus to induce
higher GSHPx activity in muscle tissues after Se supplementation. In the same group of subjects,
Tessier et al.80 found no effect of the selenium supplement on GSHPx activity levels in resting
muscle, but an increase in the muscle GSHPx in the Se supplement group after a bout of acute
exercise.

XI. RECOMMENDATION FOR SELENIUM SUPPLEMENTATION

More research is needed before any recommendations for athletes can be made for any deviation
from the RDA intake levels for Se. As Se is a toxic mineral when taken in excess, any Se supplement
should be used with great caution. If supplements are taken, it would seem best to take one of the
less toxic organic forms of Se and definitely do not exceed the TUL. 

XII. FUTURE RESEARCH

Many areas regarding selenium and athletic performance are yet to be explored. Most studies in
this area have had only a small number of subjects and were short-term studies. There has been
virtually no research comparing the various forms of Se in any kind of athletic or exercise scenarios.
Most of the current research has not explored effects of varying dosages of Se. There are no long-
term studies of the effects of exercise on Se balance.

 In some areas, such as the possible effect of training on elevation of muscle GSHPx, a conflict
exists between results of animal and human studies. The studies have been of short duration; so
while they were sufficiently long to cause a major decline in tissue activity levels of GSHPx, the
activity of PLGSHPx, which depletes much more slowly than GSHPx, could have remained very
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well preserved. No studies reviewed evaluated the effects of any aspect of exercise on tissue activity
of PLGSHPx.

XIII. CONCLUSIONS

Data in the area of Se status as a factor in athletic performance are scarce. It does appear that in
Se deficiency, compensatory use of many of the body’s other antioxidant defense mechanisms come
into play to protect the body from ROS stress induced by exercise. However, more research is
needed before routine use of Se supplements by athletes can be recommended.
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I. INTRODUCTION

 

Elements assigned to this chapter are those whose nutritional importance is apparently limited, has
not been definitively established, or is speculative. If the lack of an element cannot be shown to
cause death or interrupt the life cycle (interfere with growth, development, or maturation such that
procreation is prevented), many scientists do not consider that element to be essential unless it has
a defined biochemical function. On this basis, of the elements assigned to this chapter, only
manganese and molybdenum are unquestionably accepted as essential; they are known enzyme
cofactors. Boron probably should also be considered essential because its dietary lack has been
shown to interrupt the life cycle of some vertebrates. Substantial circumstantial evidence indicates
that nickel, silicon and vanadium may be essential. This evidence includes: 

• The element fills a need at physiological concentrations for a known 

 

in vivo

 

 biochemical
action to proceed

 

 in vitro.

 

• The element is a component of known biologically important molecules in some life form.
• The element is essential for some lower form of life (i.e., plants, microorganisms and

invertebrates).
• A dietary deprivation of the element in some animal model consistently results in a

changed biological function, body structure, or tissue composition that is preventable or
reversible by an intake of an apparent physiological amount of the element. 
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Based on this evidence, if nickel, silicon and vanadium are not categorized as essential, they should
be at least considered bioactive elements that may be nutritionally important and categorized as
nutritionally beneficial, or beneficially bioactive, elements. 

Although the elements in this chapter receive minimal attention in human nutrition because
dietary deficiencies have not been identified in the general population, they have received some
attention from individuals pursuing optimal performance and health in athletic endeavors. This
attention usually has come about through the promotion of the element by the nutritional supplement
industry. This promotion usually is based on some promising physiological or clinical finding, most
often in an animal model or a special human situation. Too often, the findings are overstated or
excessively extrapolated regarding what the element will do for the normal healthy sports enthusiast.
The consumption of a diet containing all food groups most likely will provide the amounts of
boron, manganese, molybdenum, nickel, silicon and vanadium needed for optimal performance of
the functions that are the bases for these elements’ being of sports nutrition interest. These functions
include anabolic actions through facilitating the activity of hormones such as anabolic steroids
(boron) and insulin (boron, manganese and vanadium); improving bone strength and joint health
(silicon, boron, manganese, nickel and vanadium); and overcoming oxidant stress induced by
vigorous exercise (boron, manganese and molybdenum). 

 

II. BORON

A. G

 

ENERAL

 

 P

 

ROPERTIES

 

 

 

AND

 

 P

 

OSSIBLE

 

 M

 

ETABOLIC

 

 F

 

UNCTIONS

 

 

 

Boron is widely distributed in nature and always bound to oxygen. Boron biochemistry is essentially
that of boric acid. Dilute aqueous boric acid solutions comprise B(OH)

 

3

 

 and B(OH)

 

4
–

 

 at the pH of
blood (7.4); because the pK

 

a

 

 of boric acid is 9.15, the abundance of these two species at pH 7.4 is
98.4% and 1.6%, respectively.

 

1

 

 Boric acid forms ester complexes with hydroxyl groups of organic
compounds, preferably when the hydroxyl groups are adjacent and cis.

 

2

 

 Among the many substances
of biological interest with which boron forms complexes are diadenosine polyphosphates,
S-adenosylmethionine, pyridoxine, riboflavin, dehydroascorbic acid and pyridine nucleotides. Forma-
tion of these complexes may be biologically important because some may modulate or regulate some
function or reaction. To date, several naturally occurring organoboron compounds have been identified;
all of these are boroesters. These compounds include antibiotics produced by microorganisms,

 

3–5

 

 the
plant cell wall component, rhamnogalacturonan-II,

 

6,7

 

 and a bacterial extracellular signaling molecule.

 

8

 

 
A defined metabolic function has not been identified for boron. However, findings from boron-

deprivation experiments focused on establishing essentiality provide some idea of the probable
metabolic function of boron. Boron-deprivation (0.6 B 

 

µ

 

g/kg diet instead of the usual 310 mg B/kg
and placed in culture water containing 0.6 

 

µ

 

g B/L instead of the usual 100 

 

µ

 

g B/L) in the African
clawed frog (

 

Xenopus laevis)

 

 results in necrotic eggs and a high frequency of abnormal gastrulation
in the embryo. Abnormal gastrulation was characterized by bleeding yolk and exogastrulation,
which suggested abnormal cell membrane structure or function.

 

9 

 

Boron deprivation of zebra fish
resulted in a high rate of death during the zygote and cleavage periods before the formation of a
blastula.

 

10

 

 Pathological changes in the embryo before death included extensive blebbing and the
extrusion of cytoplasm, which suggested membrane alterations. 

Experiments with mammals, unlike with the frog and zebrafish, have not shown that the life cycle
can be interrupted. However, substantial evidence exists for boron’s being a bioactive food component
that is beneficial, if not required, for bone growth and maintenance, energy and reactive oxygen
metabolism and optimal response to steroid hormones and insulin. Evidence that boron affects these
processes in humans has come mainly from two studies

 

11 

 

in which men over the age of 45 years,
postmenopausal women and postmenopausal women on estrogen were fed a diet low in boron (about
0.25 mg/2000 kcal) for 63 days and then were fed the same diet supplemented with 3 mg of boron/day
for 49 days. These dietary intakes were near the low and high values in the range of dietary boron
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intakes (0.5 to 3.1mg/day) that have been found in a limited number of surveys.

 

12

 

 Some of the effects
of boron supplementation after 63 days of boron depletion that were found in these two experiments
are listed in Table 20.1. In one experiment, copper was marginal and magnesium was inadequate; in
the other experiment, both elements were adequate. The intakes of copper and magnesium apparently
affected the response to the changes in dietary boron, as indicated by the footnotes in Table 20.1.
Processes affected by dietary boron in humans have been shown to also be affected in animal models. 

Two hypotheses have been advanced for the biochemical function of boron in higher animals. These
hypotheses accommodate a large and varied response to boron deprivation and the known biochemistry
of boron. One hypothesis is that boron has a role in cell membrane function or stability such that it
influences the cell response to hormones, transmembrane signaling, or transmembrane movement of
regulatory cations or anions.

 

11 

 

The hypothesis is supported by the recent identification of a bacterial
quorum-sensing signal molecule that is a furanosyl borate diester.

 

8

 

 Quorum sensing is the cell-to-cell
communication in bacteria that is accomplished through the exchange of extracellular signaling mol-
ecules called autoinducers. The boron autoinducer (AI-2) has been proposed to be a universal signal
for inter-species communication among bacteria. AI-2 is synthesized from adenosylmethionine, which
supplies the 2

 

′

 

-3

 

′

 

-

 

cis

 

-diol of a ribose moiety that binds boron well. Another group of biomolecules that
contain ribose moieties, the diadenosine phosphates, have been characterized as novel boron binders.

 

13

 

Diadenosine phosphates function as signal nucleotides. Another study supporting the membrane role
for boron was that determining the effect of boron on frog egg development. Culturing stage 1 and
stage 2 oocytes from boron-adequate frogs in medium containing progesterone resulted in successful
maturation to stage 5 or 6 oocytes. In contrast, oocytes from boron-deprived frogs did not respond to
progesterone and did not mature 

 

in vitro

 

. Further study of the maturation process

 

14 

 

revealed that the
boron-deprived oocytes were capable of producing progesterone and the maturation-promoting factor
(involved in binding progesterone to its receptor on the plasma membrane) and responding to this
factor. It was hypothesized that the impaired maturation process was caused by progesterone’s not being
bound efficiently to the membrane receptor because of changes in its structural homology. 

 

TABLE 20.1
Responses of Boron-Deprived Subjects to a 3-mg B/Day Supplement 
for 49 Days*

 

Metabolism Affected Evidence for Effect

 

Macro mineral Increased serum 25-hydroxyvitamin D
Decreased serum calcitonin†

Energy Decreased serum glucose†
Increased serum triacylglycerols‡

Nitrogen Decreased blood urea nitrogen
Decreased serum creatinine

Oxidative Increased erythrocyte superoxide dismutase
Increased serum ceruloplasmin

Erythropoiesis/hematopoiesis Increased blood hemoglobin‡
Increased mean corpuscular hemoglobin 
content‡

Decreased hematocrit‡
Decreased platelet number‡
Decreased red cell number‡

*After deprivation at an intake of 0.25 mg B/2000 kcal for 63 days. Subjects included men over the age
of 45 years, postmenopausal women and postmenopausal women on estrogen therapy.
†Found when dietary copper and magnesium were inadequate.
‡Found when dietary copper and magnesium were adequate.
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The second hypothesized function of boron is based on the knowledge that two classes of
enzymes (oxidoreductases and hydrolases) are competitively inhibited 

 

in vitro

 

 by borate or its
derivatives, and upon findings showing that dietary boron can alter the 

 

in vivo

 

 activity of many of
these enzymes. Thus, it has been hypothesized that boron is a metabolic regulator; that is, boron
controls a number of metabolic pathways by competitively inhibiting some key enzyme reactions.

 

2

 

For example, reactions inhibited may include oxidoreductases that require the boron-binding 

 

cis

 

-
hydroxyl-containing pyridine of flavin nucleotides as a cofactor. 

 

B. B

 

ASIS

 

 

 

FOR

 

 S

 

PORTS

 

 N

 

UTRITION

 

 I

 

NTEREST

 

 

 

1. Anabolic Hormone Action Enhancement

 

Dietary boron may affect testosterone metabolism. A boron supplement of 3 mg/day given to
postmenopausal women who had consumed a diet providing only about 0.25 mg B/day for 119
days significantly increased serum testosterone concentrations.

 

15 

 

In another study, free-living male
subjects supplemented with 10 mg B/day for 4 weeks showed significantly increased plasma estradiol
concentrations and a trend toward increased plasma testosterone concentrations.

 

16

 

 Rats fed a diet
containing 10 mg B/kg dosed with 2 mg B/day in the drinking water showed significantly increased
plasma testosterone concentrations that were diminished by doses of 12.5 and 25 mg B/day.

 

17,18

 

Boron also may affect insulin production or activity. Boron deprivation increased plasma insulin
concentrations in rats.

 

19

 

 Also, peak insulin secretion was higher from the pancreas isolated from
boron-deprived than-supplemented chicks.

 

18

 

 These findings suggest that boron deficiency may
decrease insulin sensitivity.

 

2. Energy Metabolism Modification 

 

Boron status apparently has an impact on energy metabolism during exercise training. Sedentary
rats responded differently to changes in dietary boron than rats exercised on a powered running
wheel.

 

20,21

 

 Exercise-trained rats, but not sedentary rats, had higher body weights, serum lactate
dehydrogenase activity and serum creatinine concentrations when fed supplemental boron (2.0 mg
B/kg diet) than when fed a low-boron diet (0.2 mg B/kg). In humans not involved in exercise
training, blood urea nitrogen and creatinine concentrations were higher during boron depletion than
during boron repletion.

 

22 

 

Boron deprivation increased serum glucose and decreased serum triglyc-
eride concentrations.

 

22 

 

Dietary boron may affect glycolysis. In chicks, boron deprivation decreased
the hepatic concentrations of fructose-1,6-biphosphate, glycerate-2-phosphate and dihydroxyace-
tone phosphate

 

23 

 

and exacerbated the cholecalciferol deficiency-induced elevation in plasma glucose
and decrease in serum triglycerides.

 

23,24

 

 These findings suggest that the utilization of energy from
carbohydrate for exercise and the body’s intermediary metabolism response to exercise training are
changed by boron deprivation. 

 

3. Anti-Oxidant and Anti-Inflammatory Activity

 

Among the findings indicating that boron is involved in the inflammatory process or immune
function in higher animals is that dietary boron affects the response to an antigen injected to induce
arthritis in rats.

 

25

 

 Boron-supplemented (2.0 mg/kg diet) rats had less swelling of the paws, lower
circulating neutrophil concentrations and higher circulating concentrations of natural killer cells
and CD8a

 

+

 

/CD4

 

–

 

cells than did boron-deficient rats (0.1 mg/kg diet). In pigs, low dietary boron
increased inflammation caused by the intradermal injection of phytohemagglutinin.

 

26

 

 
Boron may be important in the oxidative metabolite scavenging process. Boron supplementation

after boron deprivation for 119 days increased erythrocyte superoxide dismutase concentrations in
men and postmenopausal women.

 

22

 

 In rats, boron deprivation increased red blood cell catalase
acitivity.

 

21 

 

These enzymes increase during increased oxidative metabolism. Evidence that boron
deprivation may result in increased oxidative stress is that plasma 8-iso-prostaglandin F

 

2– 

 

(an indicator
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of lipid oxidation) was found to be increased in boron-deprived rats.

 

27

 

 Perhaps boron regulates the
inflammatory process by dampening the activity of NADP-requiring oxidoreductase, which is
involved in the generation of reactive oxygen species during the respiratory burst in cells.

 

28

 

 Boron
supplementation of rats attenuated hepatic pathology of rats treated with thioacetamide.

 

29

 

 Reactive
oxygen metabolism is thought to be involved in the pathogenesis caused by thioacetamide. 

 

4. Bone and Joint Health Promotion

 

Much evidence exists to support the contention that boron has beneficial effects on bone. The
effects of boron often are most marked in the presence of suboptimal status of another nutrient
important in bone formation or remodeling. One of the first studies suggesting that boron is essential
found that boron improved bone calcification in chicks fed a diet deficient but not completely
lacking in vitamin D.

 

30 

 

At the microscopic level, boron deprivation (0.465 mg/kg diet) exacerbated
the distortion of marrow sprouts (location of calcified scaffold erosion and new bone formation)
and the delay in initiation of cartilage calcification in bones during marginal vitamin D deficiency.

 

24

 

Boron deprivation also decreased chondrocyte density in the zone of proliferation of the bone
growth plate. It should be noted that vitamin D-deficient chicks fed low dietary boron (about 0.3
mg/kg), compared with chicks fed diets containing 1.4 mg B/kg, had decreased plasma 25-hydrox-
ycholecalciferol.

 

31

 

 In humans, estrogen therapy to maintain bones increases serum 17

 

β

 

-estradiol;
this increase is depressed when dietary boron intake is low (0.25–0.35 mg/day).

 

22

 

 In rats, boron
enhanced the beneficial effects of 17

 

β

 

-estradiol on trabecular bone volume and plate density in
tibias of ovariectomized rats.

 

32

 

 Although neither boron or estradiol supplementation alone affected
calcium, phosphorus or magnesium balance, a combined boron and estradiol supplementation
improved the apparent absorption (based on the analysis of food, urine and feces) of calcium,
magnesium and phosphorus and retention and serum concentrations of calcium and magnesium in
ovariectomized rats.

 

33

 

 Boron deprivation also can exacerbate the increase in serum calcitonin caused
by low dietary copper and magnesium in humans.

 

22

 

 Boron deprivation without modification by
other nutrients affects bone strength. Low dietary boron (0.98 mg boron/kg compared with 5 mg
boron/kg) decreased the bone strength variable bending moment in pigs

 

34

 

 and induced abnormal
limb development in frogs (boron low conditions described in section A).

 

9

 

 In rats, boron deprivation
decreased femur strength measured by the breaking variables bending moment and stress.

 

35

 

 
Supra nutritional or pharmacologic doses of boron also may be beneficial to bone mechanical

properties. A boron supplement of 5 mg/kg to a diet containing 9.4 mg B/kg increased bone strength
in chicks.

 

36 

 

Also, chicks fed a diet containing 14.7 mg B/kg and supplemented with 50 or 100 mg
B/kg for 16 weeks after hatching had increased bone strength as indicated by increased shear force
of the tibia and femur, shear stress of the tibia and shear energy of the femur.

 

37

 

 When the boron
supplements were started at 32 weeks of age and fed for 40 weeks, the shear fracture energy of
both the tibia and radius was increased in egg producing chickens and the shear force, stress and
fracture energy of both the tibia and radius were increased in non-egg-producing chickens.

 

38

 

Supplementing a standard diet with 35 (and up to 1575) mg B/kg as boric acid increased vertebral
resistance to a crushing force by approximately 10% in rats.

 

39

 

 
In rats exposed to strenuous treadmill exercise, femur and vertebra bone mineral content and

density were decreased and trabecular separation was increased. A boron supplement of 50 mg/kg
as sodium borate increased bone mineral content and density, trabecular bone volume and trabecular
thickness in the exercised rats.

 

40 

 

It was concluded that boron preserves bone mass in rats that have
been exposed to intense exercise. 

 

C. M

 

ETABOLISM

 

Because there is no usable radioisotope of boron, the study of its metabolism has been difficult. It
is likely, however, that most ingested boron is converted into boric acid, the normal hydrolysis end
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product of most boron compounds and the dominant inorganic species at the pH of the gastrointes-
tinal tract. About 85% of ingested boron is absorbed and then efficiently excreted via the urine
mainly as boric acid.

 

41–43 

 

During transport in the body, boric acid most likely is weakly attached
to organic molecules containing 

 

cis

 

-hydroxyl groups.

 

D. D

 

IETARY

 

 

 

AND

 

 S

 

UPPLEMENTAL

 

 S

 

OURCES

 

The richest sources of boron are fruits, vegetables, pulses, legumes and nuts.

 

44–48

 

 Wine, cider and
beer are also high in boron. Dairy products, fish, meats and most grains are poor sources of boron,
although milk is the primary source of boron for infants, toddlers and adolescents because of the
large quantities consumed. A typical daily intake of boron through diet ranges between 0.75 and
1.35 mg. However, consumption of specific foods with a high boron content will increase boron
intake significantly; for example, one serving of wine or avocado provides 0.4 and 1.11 mg.,
respectively.

 

E. S

 

UPPLEMENTATION

 

 

 

Within 3 months of the first report describing findings from nutritional experiments with humans,

 

15

 

boron supplements were being marketed. Shortly thereafter, numerous health claims for boron
began to appear in tabloids, magazines, advertisements and other popular media. The claims
included boron’s preventing or curing osteoporosis, being an ergogenic aid, preventing or curing
arthritis, stopping memory loss and keeping motor skills sharp. 

No reports show that boron supplementation of athletes has significant beneficial effects on
performance. One report described findings from a study in which athletic and sedentary women
consuming self-selected Western diets were supplemented with 3 mg of boron for 10 months.

 

48

 

This report did not indicate that boron affected physical work capacity, but did present some findings
suggesting that exercise modifies the effect of boron supplementation on mineral status. The boron
supplementation decreased serum phosphorus concentrations; this effect was diminished by exercise
training. Also, boron supplementation increased serum magnesium concentrations in sedentary
women but not in athletes. In another study, 10 male bodybuilders consumed a daily 2.5-mg boron
supplement while nine bodybuilders consumed a placebo daily for 49 days.

 

49

 

 Seven weeks of
bodybuilding increased total testosterone, lean body mass and strength in lesser-trained bodybuild-
ers; these effects were not significantly altered by the boron supplementation. 

Boron is not very toxic when orally ingested.

 

50

 

 Evidence for this low toxicity includes the use
of boric acid and borates as food preservatives and in oral medicinal products in the late 19th and
early 20th centuries. Toxicity signs in animals generally occur only after dietary boron exceeds
100 mg/kg diet. In humans, the signs of acute toxicity include nausea, vomiting, diarrhea, dermatitis
and lethargy. The signs of chronic toxicity, based mainly on animal findings, include poor appetite,
weight loss and decreased sexual activity, seminal volume and sperm count and motility. 

 

F. D

 

IETARY

 

 R

 

ECOMMENDATIONS

 

In the human studies described above, the subjects responded to boron supplementation (3 mg/day)
after consuming a diet supplying only about 0.25 mg of boron/2000 kcal for 63 days. Thus, humans
apparently receive benefit from a boron intake above 0.25 mg per day or have a dietary boron
requirement above this amount. A World Health Organization Expert Consultation on Trace Ele-
ments in Human Nutrition suggested that an acceptable safe range of population mean intakes for
boron for adults could be 1 to 13 mg per day.

 

11 

 

The U.S. FNB (FNB) chose not to establish
recommendations for daily boron intake because of the lack of a clear biological function for boron
in humans and the limited evidence on which to base a recommendation. The FNB did, however,
set tolerable upper intake levels (UL) for different age groups for boron.

 

51 

 

The ULs are based largely
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on adverse reproductive and developmental effects in animals as the critical endpoint. The UL for
adults is 20 mg/day.

 

G. F

 

UTURE

 

 R

 

ESEARCH

 

 D

 

IRECTIONS

 

 

 

OR

 

 N

 

EEDS

 

 

 

Numerous findings suggest that boron status could affect body processes of interest in sports
nutrition. However, the possibility that boron status can affect athletic performance has not been
adequately investigated. Studies are needed to determine whether boron supplementation can
improve performance of athletes regularly consuming low amounts of boron (

 

<

 

1.0 mg/day). These
studies would be helped by the establishment of a defined biochemical function and a reliable status
indicator for boron. Also, studies are needed to determine whether supra nutritional intakes, but
below the UL guideline of 20 mg B/day, provide benefits to athletes. Until such studies are done,
no firm conclusions can be made about the value of increased boron intakes in sports nutrition. 

 

III. MANGANESE

A. G

 

ENERAL PROPERTIES AND METABOLIC FUNCTIONS

The essentiality of manganese for animals has been known for more than 50 years; its deficiency
has been induced in many animal species.52 Deficiency causes depressed growth, testicular degen-
eration (rats), slipped tendons or perosis (chicks), osteodystrophy, severe glucose intolerance
(guinea pigs), ataxia (mice, mink), depigmentation of hair, and seizures (rats). Manganese deficiency
also caused defects in lipid and carbohydrate metabolism.

Signs of manganese deficiency in humans have not been firmly established. Most reports of
human manganese deficiency have shortcomings. In one study,52 men were fed a purified diet
supplying only 0.11 mg Mn/day for 39 days. The men developed a finely scaling, minimally
erythematous rash, decreased serum cholesterol concentrations and increased serum alkaline phos-
phatase activity. Short-term (10 days) manganese supplementation, however, did not reverse these
changes. In another study, 14 young women were fed a conventional Western-type diet providing
about 1.0 mg Mn/day for 39 days and then compared with when the diet was supplemented with
manganese to provide about 5.6 mg/day.53 The low manganese intake resulted in slightly increased
plasma glucose concentrations during an intravenous glucose tolerance test and increased menstrual
losses of manganese, calcium, iron and total hemoglobin. These findings need to be confirmed
because the women did not exhibit negative manganese balance during the low manganese period,
nor were the changes very marked. The most convincing case of manganese deficiency is that of
a child on long-term parenteral nutrition who exhibited diffuse bone demineralization and poor
growth that were corrected by manganese supplementation.54,55 

Manganese deficiency may contribute to disease processes. Low dietary manganese or low
blood and tissue manganese has been associated with osteoporosis, diabetes, epilepsy, atheroscle-
rosis, impaired wound healing and cataracts.56 

Because manganese deficiency has been so difficult to induce or identify in humans, it generally
is considered not of nutritional concern. Nonetheless, manganese is considered an essential nutrient
for humans because it is known to function as an enzyme activator and to be a constituent of several
metalloenzymes.57 The numerous enzymes that can be activated by manganese include oxidoreduc-
tases, lyases, ligases, hydrolases, kinases, decarboxylases and transferases. Most enzymes activated
by manganese in higher animals and humans can also be activated by other metals, especially
magnesium; exceptions are the manganese-specific activation of glycosyltransferases, glutamine
synthetase, farnesyl pyrophosphate synthetase and phosphoenolpyruvate carboxykinase.57 The few
manganese metalloenzymes include arginase, pyruvate carboxylase and manganese superoxide
dismutase in higher animals.57
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B. BASIS FOR SPORTS NUTRITION INTEREST 

1. Energy Metabolism Modification

Pyruvate carboxylase and phosphoenolpyruvate carboxykinase are important enzymes in the glu-
coneogenic pathway. Because pyruvate carboxylase is a manganese metalloenzyme and phospho-
enolpyruvate carboxykinase is a manganese-activated enzyme, it can be predicted that manganese
deficiency affects carbohydrate metabolism through changing the activity of these enzymes in liver.
However, even in severely manganese-deficient animals, pyruvate carboxylase activity is not
affected.58 Manganese deficiency inconsistently affects phosphoenolpyruvate carboxykinase activity.59 

Manganese apparently affects carbohydrate metabolism through an effect on insulin production,
secretion or degradation. Offspring of manganese-deficient guinea pig dams that were weaned to
manganese-deficient diets exhibited impaired glucose tolerance and glucose utilization.60 Insulin
release from isolated perfused pancreas from manganese-deficient rats is less than that found with
manganese adequacy.61 Increased insulin degradation was also found in rats.62 In both the guinea
pig and rat, manganese deficiency causes pancreatic pathology characterized by hypoplasia of all
cellular components.63 Decreased preproinsulin mRNA may be contributing to decreased insulino-
genesis in the manganese-deficient rat.64 Manganese deficiency also apparently causes a defect in
the response to insulin in peripheral tissues because adipocytes isolated from manganese-deficient
rats had decreased in vitro insulin-stimulated glucose transport, oxidation and conversion to fatty
acids.65 The biochemical bases for the changes in insulin metabolism and action induced by
manganese deficiency have not been clearly defined. 

2. Anti-Oxidant Activity

Manganese superoxide dismutase is the major antioxidant in mitochondria. The importance of this
enzyme was demonstrated by the finding that the deletion mutation of the manganese superoxide
dismutase gene in mice resulted in death within 5–21 days of birth.66 Severe mitochondrial damage
occurred in these rats that was attributed to the increased presence of reactive oxygen species.
The importance of this enzyme for protection against oxidant stress has also been demonstrated
by studies with animals or cells that overexpress manganese superoxide dismutase. For example,
this overexpression has been shown to prevent alcohol-induced liver injury in rats,67 attenuate
myocardial injury following ischemia and reperfusion,68 protect lung epithelial cells against oxidant
injury69 and protect against apoptotic cell death.70 In addition, high dietary manganese protected
against heart lipid peroxidation in rats fed high amounts of polyunsaturated fatty acids.71 Physio-
logical stress, including exercise, increases the activity of manganese superoxide dismutase in the
myocardium and thus apparently protects against ischemia-perfusion-induced arrhythmias, myo-
cardial stunning and infarction.72–75 These findings indicate that manganese is important for protec-
tion against oxidant damage induced by high-intensity training and promotes recovery from training. 

3. Bone and Joint Health Promotion

When imposed in utero or in young growing animals, manganese deficiency has marked adverse
effects on the skeleton; these effects include shortening of the limbs, enlargement of the joints,
twisting of legs, stiffness and lameness.57 These skeletal abnormalities have been largely ascribed
to a reduction in proteoglycan synthesis secondary to a reduction in the activities of manganese-
dependent glycosyl transferases.57 However, manganese deficiency also has been found to impair
osteoblast and osteoclast activities. This impairment may lead to altered bone growth and remodeling
that contribute to bone deformities.76 Also, manganese deficiency decreases circulating insulin-like
growth factor, which has osteotrophic actions.77 This may be the reason that manganese deficiency
decreased bone density and calcium in rats.78 The preceding findings suggest that manganese may
be important in maintaining strong bones and healthy joints in physically active people. 
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C. METABOLISM

For the adult human, absorption of manganese from the diet has often been stated to be no higher
than 5%. This estimate is complicated by the fact that endogenous manganese is almost totally
excreted through biliary, pancreatic and intestinal secretions into the gut. If manganese status is
adequate, endogenous excretion of absorbed manganese into the gut is so rapid that it is difficult
to determine the portion of fecal manganese not absorbed from the diet and the portion endogenously
excreted. With this in mind, true absorption of manganese has been estimated to be 8% in young
rats.79 Manganese absorption declines as dietary intake increases80 and increases with low manga-
nese status.81 Endogenous excretion of manganese apparently is not markedly influenced by dietary
intake or status.81 Thus, variable absorption apparently is a significant factor in the regulation of
manganese homeostasis, with excretion contributing. 

Absorption of manganese apparently occurs equally well throughout the small intestine. There
are indications that manganese is absorbed through a rapidly saturable, active transport mechanism
that involves a high-affinity, low-capacity system.82 Diffusion also has been implicated in manganese
absorption.83 Perhaps both processes are involved in manganese movement across the gut. This
suggestion is supported by the finding that apical to basolateral manganese uptake and transport
by Caco-2 cultures were strictly concentration-dependent, but basolateral to apical uptake and
transport were saturable.84 Manganese may be absorbed by a 2-step mechanism with the initial
uptake from the lumen followed by transfer across mucosal cells. Iron competes with manganese
for common binding sites in both processes. Thus, one of these metals, if present in high amounts,
can exert an inhibitory effect on the absorption of the other. 

Both Mn2+ bound to plasma α-2-macroglobulin57 and Mn2+ bound to albumin81 have been
suggested to be the form of manganese entering the portal blood from the gastrointestinal tract.
Regardless of form, manganese is rapidly removed from the blood by the liver. A fraction is oxidized
to Mn3+ and is transported in plasma bound to transferrin63 or possibly to a specific transmanganin
protein. Transferrin-bound manganese is taken up by extrahepatic tissue. 

Within cells, manganese is found predominantly in mitochondria, and thus, liver, kidney and
pancreas have relatively high manganese concentrations. In contrast, manganese is present in
extremely low concentrations in plasma and urine of humans.

D. DIETARY AND SUPPLEMENTAL SOURCES

Most reported daily mean intakes of manganese throughout the world fall between 0.52 and 10.8 mg.85

Unrefined cereals, nuts, leafy vegetables and tea are rich in manganese. These foods contributed
almost 75% of the manganese consumed by the average adult human male in the Total Diet Study.86

Refined grains, meats and dairy products are low in manganese. 

E. SUPPLEMENTATION

Apparently because manganese deficiency is difficult to induce or identify in humans, there is a
paucity of studies determining the effect of manganese supplementation on healthy adults. Women
consuming diets averaging between 1.4 and 2.0 mg/day had only increased lymphocyte manganese
superoxide dismutase activity and serum manganese concentrations after receiving a supplemental
15 mg Mn/day for 124 days.87 In another study, healthy young women were fed for 8 weeks each,
in a crossover design, diets that provided 0.8 or 20 mg Mn/day.88 The manganese intakes did not
affect any clinical or neurological measures and only minimally affected psychological variables.
Based on these findings it was concluded that dietary intakes of manganese from 0.8 to 20 mg/day
for 8 weeks are not likely to result in either manganese deficiency or toxicity signs in healthy adults.

In the past, manganese was considered to be one of the least toxic of the essential mineral
elements. Very high amounts of manganese (2,000–7,000 mg/kg diet) were required to induce the
most commonly reported signs (depressed growth and iron status and hematological changes) of
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manganese toxicity in animals.49 Recently, however, magnetic resonance imaging has shown that
signals for manganese in the brain are strongly associated with neurological symptoms (e.g., sleep
disturbances) exhibited by patients with chronic liver disease.89 Findings such as this have resulted
in the suggestion that high intakes of manganese are ill-advised because of potential neurotoxico-
logical effects,90 especially in people with compromised homeostatic mechanisms or infants whose
homeostatic control of manganese is not fully developed. 

High intakes of manganese may be of concern for people not consuming adequate amounts of
magnesium. Pigs fed diets providing inadequate magnesium (about 25% the dietary recommendation)
died suddenly and showed heart changes when the diet was made rich in manganese (52 mg/kg).91 

Neurotoxicity was the adverse effect used by the FNB to set the UL for manganese.51 The UL
(mg/day) for children was set at 2 for ages 1–3 years, 3 for 4–8 years, 6 for 9–13 years and 9 for
14–18 years. Above the age of 19 years, the UL set was 11 mg/d.

F. DIETARY RECOMMENDATIONS

The FNB51 has set Adequate Intakes (AIs) for manganese (in mg/day) as follows: infants 0–6 months,
0,003; infants 7–12 months, 0.6; children 1–3 years, 1.2; children 4–8 years, 1.5; boys 9–13 years, 1.9;
boys 14–18 years, 2.2; girls 9–18 years, 1.6; adult men, 2.3; adult women, 1.8; pregnant women, 2; and
lactating women, 2.6. These values seem quite liberal considering the difficulty in inducing or identifying
manganese deficiency in humans. Intensive exercise may increase the need for manganese because a
30-km cross-country run has been found to increase intestinal excretion and induce negative balance.92

G. FUTURE RESEARCH DIRECTIONS OR NEEDS 

Findings described above suggest that exercise may increase the need for manganese superoxide
dismutase to protect against oxidative stress, and suggest that exercise may increase manganese
loss. Also, low dietary manganese or low blood and tissue manganese has been associated with
disturbances in carbohydrate metabolism (e.g., impaired insulin production or response to glucose,
and perhaps impaired gluconeogenesis) and bone loss. Thus, there is a need to ascertain whether
manganese supplementation of individuals consuming diets low in manganese and performing
intensive exercise would benefit from an increased intake of manganese.

IV. MOLYBDENUM

A. GENERAL PROPERTIES AND METABOLIC FUNCTIONS 

The signs of molybdenum deficiency in animals have been reviewed.93 In rats and chickens,
molybdenum deficiency aggravated by excessive dietary tungsten results in the depression of
molybdenum enzymes, disturbances in uric acid metabolism and increased susceptibility to sulfite
toxicity. In goats, deficiency uncomplicated by high dietary tungsten or copper resulted in depressed
food consumption and growth, and impaired reproduction characterized by infertility and elevated
mortality in both mothers and offspring. 

Knowledge of the signs and symptoms of human molybdenum deficiency have come from a
patient receiving prolonged total parenteral nutrition. This patient developed hypermethioninemia,
hypouricemia, hyperoxypurinemia, hypouricosuria and very low sulfate excretion; these changes
were exacerbated by methionine administration.94 The findings indicated defects in the oxidation
of sulfite to sulfate and in uric acid production. Supplementation of the patient with ammonium
molybdate improved the clinical condition, reversed the sulfur-handling defect and normalized uric
acid production. Molybdenum deficiency has not been unequivocally identified in humans other
than in this individual. Thus, molybdenum generally is considered to be of no practical nutritional
concern for humans. Consequently, relatively little effort has been devoted to the study of the human
nutritional and metabolic aspects of molybdenum. 
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Although molybdenum nutrition receives relatively little attention, it is considered an essential
nutrient for all forms of life because it is a known cofactor for some enzymes. In humans, three
molybdoenzymes have been identified: aldehyde oxidase, which oxidizes and detoxifies various
pyrimidines, purines, pteridines and related compounds; xanthine oxidase/dehydrogenase, which
catalyzes the transformation of hypoxanthine to xanthine and of xanthine to uric acid; and sulfite
oxidase, 0000 which catalyzes the transformation of sulfite to sulfate. In these enzymes, molybde-
num is present at the active site in a small nonprotein cofactor containing a pterin nucleus.95 

B. BASIS FOR SPORTS NUTRITION INTEREST 

There is relatively little reason for molybdenum to be of interest to physically active people.
Molybdenum is a transition element that readily changes its oxidation state and can thus act as an
electron transfer agent in oxidation-reduction reactions in which it cycles from Mo6+ to reduced
states. This is the basis for molybdoenzymes’ catalyzing the hydroxylation of various substrates
using oxygen from water. Molybdenum hydroxylases may be important in metabolizing drugs and
foreign compounds that enter the body.96 Thus, low dietary molybdenum might be detrimental to
an athlete’s health through an inability to effectively detoxify some xenobiotic compounds.

There is some limited evidence that molybdenum may have insulin mimetic effects. Feeding
high amounts of molybdenum (0.5–1.0 g/L in water plus 1.5–2.0 g/kg diet) prevented fructose-
induced hyperglycemia, hyperinsulinemia and hypertension and partially prevented increased plasma
triglyceride concentrations in rats.97 Treating rats with sodium molybdate (100 mg/kg body weight
per day) significantly reversed changes in carbohydrate metabolizing (both oxidation and storage)
enzymes, and regulated blood sugar concentrations in rats with alloxan-induced diabetes.98 The doses
of molybdenum used in these two studies were extremely high. The estimated dietary requirement
of the rat is 150 µg Mo/kg, and 100-mg Mo/kg diet not high in sulfur apparently is toxic because
it reduced growth.99 Thus, it would be irresponsible to suggest that ingesting supra nutritional intakes
of molybdenum would result in insulin-like actions that could help athletic performance. 

C. METABOLISM

Molybdenum in foods and in the form of soluble complexes is readily absorbed. Humans absorbed
88–93% of the molybdenum fed as ammonium molybdate in a liquid formula component of a
diet.100 In another study, about 57% of intrinsically labeled molybdenum in soy and about 88% in
kale was absorbed.101 Molybdenum absorption occurs rapidly in the stomach and throughout the
small intestine, with the rate of absorption being higher in the proximal than in the distal parts.
Molybdate may be transported across the gastrointestinal tract by both diffusion and active transport,
but at high concentrations the relative contribution of active transport to molybdenum flux is
small.102 The absorption and retention of molybdenum are influenced strongly by interactions
between molybdenum and various dietary forms of sulfur.93 

Molybdate is transported loosely attached to erythrocytes in blood where it tends to bind
specifically to α-2-macroglobulin.103 Organs that retain the highest amounts of molybdenum are
liver and kidney.93,103 The molybdenum in liver is entirely present in macromolecular association,
partly as known molybdoenzymes and the remainder as the molybdenum cofactor.95

After absorption, most molybdenum is turned over rapidly and eliminated as molybdate through
the kidney;100 this elimination is increased as dietary intake is increased. Thus, excretion rather
than regulated absorption is the major homeostatic mechanism for molybdenum.

D. DIETARY AND SUPPLEMENTAL SOURCES

Plant foods are the major sources of molybdenum in the diet and their molybdenum content depends
on the content of the soil in which they are grown. Good food sources of molybdenum include
legumes, grain products and nuts. Milk and milk products and organ meats (liver and kidney) also
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are rich sources of molybdenum. Poor sources of molybdenum include nonleguminous vegetables,
fruits, oils, fats and fish.102 Two studies of molybdenum intakes in the United States yielded average
intakes ranging from 76–240 µg/day for adults.104,105 These intakes indicate that almost all diets
should meet the recommended dietary allowance (RDA) of 45 µg/day for molybdenum.51

E. SUPPLEMENTATION

Because molybdenum deficiency has not been unequivocally identified in humans other than the afore-
mentioned  individual on total parenteral nutrition, molybdenum generally is considered to be of no
practical nutritional concern for humans. Consequently, relatively little effort has been expended toward
studying the effect of molybdenum supplementation on health and well-being. Turnland et al100 fed four
young men five amounts of molybdenum, ranging from 22–1490 µg/day, for a period of 24 days each.
No adverse effects were observed at any of the intakes. Urinary excretion of uric acid was decreased
and urinary xanthine excretion was increased in response to a load dose of adenosine monophosphate
when the men were adapted to the lowest molybdenum intake (22 µg/day); these findings indicate that
xanthine oxidase activity was decreased by the low-molybdenum regime. In a separate study, the low-
molybdate diet was fed for 102 days; no biochemical signs of deficiency were observed.106 

Molybdenum has relatively low toxicity. Based on detrimental effects of molybdenum on
reproduction and fetal development in animals, the FNB set the following ULs for molybdenum
(µg/day): age 1–3 years, 300; age 4–8 years, 600; age 9–13 years, 1100; age 14–18 years, 1700;
and over age 18 years, 2000.51

F. DIETARY RECOMMENDATIONS

The FNB set the following RDAs for molybdenum (µg/day): children 1–3 years, 17; 4–8 years, 22;
9–13 years, 34; and 14–18 years, 43. The RDA for men and women ages >19 years was set at 45
µg/day, except for 50 µg/day during pregnancy and lactation.51

G. FUTURE RESEARCH DIRECTIONS OR NEEDS

A study of male intercollegiate runners and female high-school basketball players found that a
marked decrease in blood molybdenum occurred with strenuous exercise.107 It was suggested that
molybdenum deficiency was caused by strenuous exercise, but no indication of decreased performance
or recovery from oxidative stress was reported with this decrease in blood molybdenum. Further
studies are needed to ascertain whether athletes performing strenuous physical activity and con-
suming low dietary molybdenum respond to molybdenum supplementation. 

V. NICKEL

A. GENERAL PROPERTIES AND POSSIBLE METABOLIC FUNCTIONS

Nickel is essential for some lower forms of life where it participates in hydrolysis and redox
reactions, regulates gene expression and stabilizes certain structures. In these roles, nickel forms
ligands with sulfur, nitrogen and oxygen, and exists in oxidation states 3+, 2+ and 1+. In lower forms
of life, nickel has been identified as an essential component of six different enzymes: urease,
hydrogenase, carbon monoxide dehydrogenase, methyl-coenzyme M reductase, Ni-superoxide dis-
mutase and glyoxalase I.108 Interestingly, the substrates or products for all these enzymes are
dissolved gases: hydrogen, carbon monoxide, carbon dioxide, methane, oxygen and ammonia. 

Nickel is generally not accepted as an essential nutrient for higher animals and humans, apparently
because of the lack of a clearly defined specific biochemical function. However, nickel deprivation
studies show that it has beneficial, if not essential, functions in several experimental models. Nickel
deprivation detrimentally affects vision, sperm production and motility, blood pressure, iron metabolism
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and sodium homeostasis in animals.109,110 Biochemical changes induced by nickel deprivation in
chicks, goats, pigs and rats include altered metabolism of carbohydrates, amino acids and lipids and
distribution of calcium, iron and zinc.111–113 Nickel might have a function that is associated with
vitamin B12 because the lack of this element inhibits the response to nickel supplementation when
dietary nickel is low,114 and nickel can alleviate vitamin B12 deficiency in higher animals.115 

B. BASIS FOR SPORTS NUTRITION INTEREST 

1. Energy Metabolism Modification

There is considerable evidence that dietary nickel influences carbohydrate and lipid metabolism in
experimental animals. Some of the first studies suggesting that nickel may be essential showed that
rats fed a 0.015-mg Ni/kg diet compared with those fed a 20-mg Ni/kg diet had depressed activities
of enzymes that degrade glucose to pyruvate and enzymes that produce energy through the citric acid
cycle; these enzymes included glucose-6-phosphate dehydrogenase, isocitrate dehydrogenase and
malate dehydrogenase.116 Also, glucose, glycogen and triglycerides were reduced in the liver, and ATP
and glucose were reduced in serum of rats fed low dietary nickel.116 The amount of nickel fed to the
supplemented controls was quite high relative to the suggested nickel requirement of rats of 0.15–0.2
mg/kg diet.117 Because this high dietary concentration of nickel can affect iron metabolism in an
apparent pharmacologic manner,118 uncertainty existed about whether the changes in carbohydrate
and lipid metabolism variables were caused by a nickel deprivation or pharmacologic action. Later
studies using more nutritionally balanced diets and a lower amount of nickel supplementation showed
that some of the differences were probably caused by nickel deprivation. Compared with animals
fed a diet supplemented with 1 mg Ni/kg, rats fed 0.013 mg Ni/kg had decreased liver activities of
the lipogenic enzymes glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase,
malic enzyme and fatty acid synthase.119 Nickel deprivation also caused increased concentrations of
triacylglycerol concentrations in liver and serum. Other studies have indicated that about 0.03-mg
compared with 1-mg Ni/kg diet resulted in increased plasma lipids.120 Because the enzymes affected
by nickel deprivation are not nickel enzymes, the mechanism through which nickel affects glucose
and lipid metabolism is not clear. However, because nickel apparently can affect iron metabolism
through both physiologic and pharmacologic mechanisms,118,119 and iron status can affect energy
metabolism, some of the changes induced by nickel deprivation may have been caused by a depressed
iron status or utilization. Also, the effects of nickel deprivation might have been partly caused by a
change in thyroid hormone metabolism because nickel deprivation has been shown to decrease the
concentrations of circulating thyroxine, triiodothyronine and free thyroxine.121 The mechanism
through which nickel affects thyroid hormone metabolism is also unknown. 

Nickel supplemented in high amounts may affect glucose and lipid metabolism through affect-
ing the action of insulin. In 1926, it was reported that nickel intensified and prolonged the hypogly-
cemic action of insulin administered to dogs and rabbits.122,123 About 40 years later, it was found
that nickel enhanced glucose uptake, its oxidation to carbon dioxide and incorporation into fat-pad
lipids in vitro, thus simulating the action of insulin.124 Nickel chloride (10 mg/kg body weight)
injected before streptozotocin prevented streptozotocin-induced hyperglycemia in rats.125 Long-
term high nickel ingestion (200 mg/L as NiCl2 in drinking water) by rats was found to increase
insulin binding by their epididymal adipocytes.126 Additionally, a decreased sensitivity to the anti-
lipolytic response to insulin was found in adipocytes from the rats fed high nickel. This latter effect
may explain why nickel-supplemented controls fed a high 20-mg Ni/kg diet had higher, while those
fed a moderate 1 mg Ni/kg had lower liver triglycerides compared with rats fed about 0.015-mg
Ni/kg diet (see above). That is, the high effect was pharmacologic and the moderate effect was
nutritional. 

The findings described above suggest that low dietary nickel impairs the activity of glucose-
degrading and lipogenic enzymes and high dietary nickel can affect enhance glucose degradation
and lipid concentrations through affecting insulin action. These contrasting effects of nickel at
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apparent deficient and pharmacologic intakes may explain some of the divergent results found with
indicators of glucose and lipid metabolism in early nickel-deprivation studies; in these studies,
supplemented controls were fed a 3- to 20-mg Ni/kg diet. Nonetheless, the findings indicate that
nickel can affect energy metabolism. 

2. Bone and Joint Health Promotion

There is evidence that nickel has beneficial effects on bone. Early findings suggesting such an
effect include nickel deprivation increasing liver alkaline phosphatase acitivity in rats,127 decreasing
femur calcium and phosphorus content in rats,128 and decreasing the calcium concentration in ribs,
carpal bones and skeleton in miniature pigs.129 Subsequently, it was found that high dietary nickel
(25-mg/kg diet) improved bone-breaking variables in male broilers.130 Nickel increased the shear
fracture energy of the tibia and the shear force, stress and fracture energy of the radius. Nickel
deprivation was found to decrease the bone-breaking variables maximum force and moment of
inertia in rats.131 In contrast to earlier studies in which supplemented controls were fed high dietary
nickel (10–20-mg/kg diet), this study (supplemented controls fed 1-mg Ni/kg diet) did not find
decreased calcium and phosphorus concentrations in the tibia. The mechanisms through which
nickel affects bone strength and composition have not been defined. Nickel deprivation most likely
has an effect on the organic matrix of bone because nickel was incorporated mostly in the organic
phase of mouse calvaria in vitro,132 and nickel can bind to cartilage oligomeric matrix protein and
bring about the binding of this protein with collagen I/II and procollagen I/II.133 In high amounts,
nickel may be affecting bone composition through activating the osteoclast calcium “receptor,”
which results in an increase in intracellular Ca2+.134 This increase is a signal for the osteoclasts to
resorb less bone. 

C. METABOLISM

It is generally accepted that less than 10% of nickel ingested with food by humans or animals is
absorbed.135,136 When soluble nickel in water is ingested after an overnight fast, as much as 50%,
but usually closer to 20–25% of the dose is absorbed.136–138 Nickel absorption is heightened by iron
deficiency,139 pregnancy140 and lactation.141 The mechanisms involved in the transport of nickel
through the gut are not conclusively established, but both active and passive processes are thought
to be involved.142,143 It has been suggested that some nickel is transported through an iron-transport
system,139 and cobalt can compete with these elements for transport.144 Nickel homeostasis may be
partially regulated by absorption from the gut. The rate of nickel transfer was greater in everted
jejunal sacs from nickel-deprived than nickel-adequate rats.145

Nickel is transported in blood principally bound to serum albumin. Small amounts of nickel
in serum are associated with the amino acids histidine and aspartic acid and with α-2-macroglobulin
(nickeloplasmin).146,147 Uptake of soluble nickel from serum into tissues is believed to be governed
by ligand exchange reactions.148 It has been suggested that histidine removes nickel from serum
albumin and mediates its entry into cells. The transfer of nickel across plasma membranes apparently
involves both active and diffusion mechanisms, which have not been defined. Soluble nickel may
share a common transport system with magnesium or iron (e.g., transported into the cell bound to
transferrin) and some soluble nickel probably enters cells via calcium channels.148 Insoluble nickel
compounds enter the cell via phagocytosis.148 

Although fecal nickel excretion (mostly unabsorbed nickel) is 10–100 times as great as urinary
excretion, most of the small fraction of absorbed nickel is rapidly and efficiently excreted through
the kidney as urinary low-molecular-weight complexes.149 In healthy humans, urinary nickel con-
centrations generally range from 0.1–13.3 µg/L.148 The nickel content of sweat of humans is high
(about 70 µg/L), which points to active secretion of nickel by the sweat glands.150 Based on isotopic
studies in which nickel was administered intravenously, excretion of exogenous nickel through the
bile or gut is insignificant.151,152 
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D. DIETARY AND SUPPLEMENTAL SOURCES

Rich sources of nickel include chocolate, nuts, dried beans, peas and grains. Nickel concentrations
are low in meats, milk and milk products. Typical daily dietary intakes for nickel are 70–260 µg.153 

E. SUPPLEMENTATION

Because nickel has not been established as an essential element, and indicators of nickel status
have not been identified, there has been no stimulus to determine the effect of nickel supplementation
on healthy adults. 

Except for the possibility that individuals with a nickel allergy may be sensitive to intakes of
soluble nickel after fasting, there is no evidence that associates exposure to nickel through con-
sumption of a normal diet with adverse effects on humans. The FNB,51 however, did set an UL of
0.017 mg Ni/kg body weight/day; this translates into about 1.0 mg/day of soluble nickel salts for
adolescents aged 14–18 years and adults. The UL (mg/day) set for children 1–3 years was 0.2, 4–8
years was 0.3 and 9–13 years was 0.6. The basis for the UL was a NOAEL of 5 mg/kg body
weight/day for rats and an uncertainty factor of 300.

F. DIETARY RECOMMENDATIONS

The FNB set no RDA for nickel.51 However, based on animal studies, if a dietary requirement is
found for humans, it most likely will be less than 100 µg/day.153 Exercising individuals may have
a higher nickel need than sedentary individuals because aerobic exercise increases the urinary
excretion of nickel.154 

G. FUTURE RESEARCH DIRECTIONS OR NEEDS 

Before any dietary or supplement recommendations can be made for physically active people, much
needs to be learned about nickel. Foremost is the need to establish the biochemical functions or
the mechanisms through which nickel is beneficial to carbohydrate, lipid and bone metabolism.
Knowledge of these functions or mechanisms would permit the assessment of the effects of low
and supra nutritional dietary intakes of nickel in humans. Further studies are needed to confirm
that supra nutritional or pharmacologic intakes of nickel can affect carbohydrate, lipid and bone
metabolism differently from physiological intakes that prevent changes caused by nickel deprivation. 

VI. SILICON

A. GENERAL PROPERTIES AND POSSIBLE METABOLIC FUNCTIONS

Silicon has long been suspected to be a beneficial bioactive, if not essential, element for humans.
According to a review by Becker et al.,155 Louis Pasteur predicted that silicon would be found to
be an important therapeutic substance for many diseases. At the beginning of the 20th century,
French and German reports suggested that Pasteur’s prediction would become fact. These reports
described therapeutic successes in treating numerous diseases, including atherosclerosis, hyperten-
sion and dermatitis with sodium silicate, simple organic silicon compounds or tea made from the
silicon-rich horsetail plant.155,156 Also, there was some thought that silicon was essential because,
according to the review by Schwarz,156 an article in 1930 stated that silicic acid was recognized as
a normal constituent of the human organism, primarily of connective tissue, and the opinion was
stated that “silicic acid is for connective tissue approximately of the same importance as iron for
red blood cells, namely that it is simultaneously a stimulant for its formation as well as a building
material for this tissue.” However, by 1935, silicon in medicine and the concept of silicon’s
essentiality faded into obscurity as a consequence of some therapeutic failures and inadequate
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evidence for silicon’s being biologically active. For the next 40 years, silicon as consumed in the
diet was generally considered a biologically inert, harmless, nonessential element for living organ-
isms except for some lower forms of life (silicate bacteria, diatoms, radiolarians and sponges). 

In 1970, silicon once again began to receive attention as possibly being essential. That is when
Carlisle157 reported that silicon is uniquely localized in active growth areas in young bone of mice
and rats. Using electron microprobe techniques, Carlisle found that the silicon concentration in
bone was related to its maturity or degree of mineralization. In the early stages of bone development
in bone growth areas, both silicon and calcium concentrations were very low. As osteoid tissue
progressed toward mineralization, silicon and calcium concentrations rose congruently. However,
when mineralization had progressed so that calcium was present in amounts found in bone apatite,
silicon was just detectable. Carlisle suggested that silicon was involved in the initiation of calcifi-
cation through some effect on the preosseous organic matrix. Subsequent studies by Carlisle158

indicated that silicon had an essential function that influenced bone formation by affecting cartilage
composition, particularly collagen and glycosaminoglycan content. 

Although apparent deficiency signs have been found for silicon, it generally is not accepted as
an essential nutrient for higher animals and humans because it lacks a clearly defined specific
biochemical function. In 1978, Schwarz156 described the difficulty in defining a biochemical function
for silicon. Schwarz159 first suggested that silicon as an ether- or ester-like derivative of silicic acid
had a cross-linking role in connective tissue. In the 1978 report, based on improved silicon analyses
of connective tissue, Schwarz156 indicated that his suggestion needed to be redefined. His subsequent
suggestion, because of the stability of the O-Si-O bond, was that silicon is involved in binding
structures such as cell surfaces or macromolecules to each other. Recently many extracellular matrix
proteins have been identified that provide a connection between cells and their surrounding matrix.
This connection allows cells to monitor the composition and properties of the matrix and to respond
to matrix alterations. Nielsen160 has suggested that silicon may be necessary for the interaction
between one or more of these macromolecules and osteotrophic cells, resulting in effects on cartilage
composition and ultimately cartilage calcification. 

Birchall and Espie161 have suggested that the role of silicon in higher animals is to interact
(as silicic acid) with aluminum species (e.g., Al(OH)2+) to form an alumnosilicate that prevents
aluminum from competing for iron binding sites (e.g., in prolyl hydroxylase), which results in
decreased function. Thus, in the absence of silicon (or in the presence of excess aluminum) collagen
synthesis and structure are adversely affected, which would be the basis for the observed effects
of apparent silicon deficiency (e.g., bone organic matrix changes, impaired wound healing). Exper-
imental and epidemiological findings indicate that some of the beneficial actions of high intakes
of silicon may be occurring through this mechanism.162–165 In addition to alleviating the toxicity of
aluminum, high intakes of silicon apparently can be beneficial through facilitating the absorption
or utilization of some essential minerals including copper,166–168 magnesium169 and zinc.170 

B. BASIS FOR SPORTS NUTRITION INTEREST

Maintaining bone and joint health is the major sports nutrition interest in silicon. Shortly after her
discovery of the silicon changes during events leading to calcification in bone, Carlisle158 reported
that silicon was required for normal development of bones in chicks. Leg bones of apparent silicon-
deficient chicks (less than 3-mg/kg diet) compared with silicon-supplemented chicks (100 mg Si/kg
diet as sodium metasilicate) were shorter and had smaller circumferences and thinner cortexes.
Femurs and tibias fractured more easily under pressure and the cranial bones appeared somewhat
flatter. About the same time, Schwarz and Milne171 reported that compared with rats fed a 500-mg
Si/kg diet (as sodium metasilicate), those fed a diet containing less than 5 mg Si/kg had impaired
incisor pigmentation and skulls that were shorter with distorted bone structure around the eye
socket. In both of these reports, the experimental animals were not growing optimally. In a follow-
up report, Carlisle172 reported that chicks treated the same as in the 1972 study showed that silicon
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deficiency decreased articular cartilage and water in long bones and decreased the hexosamine
content of articular cartilage. Although these studies suggested that silicon is essential for higher
animals, the suboptimal growth of the experimental animals and the high silicon supplementation
could be interpreted as that the responses to silicon were possibly pharmacologic and thus were
overcoming a dietary shortcoming of something other than a silicon deficiency. Nonetheless, the studies
showed that a relatively high intake of silicon in the form of relatively soluble metasilicate had beneficial
effects and no apparent toxic effects in young growing animals apparently in a suboptimal nutritional
state. Living organisms generally are more sensitive to toxicity during growth and when under
stress. 

In 1980, Carlisle173,174 reported that bone and cartilage abnormalities still occurred in chicks that
were fed improved diets resulting in near optimal growth. When compared with chicks fed a 250-
mg Si/kg diet as sodium metasilicate, chicks fed diets containing 1 mg Si/kg had tibias with a lower
percentage and total amount of hexosamine, a lower percentage of collagen and a smaller prolifer-
ation zone in the epiphyseal cartilage. The skulls of silicon-deficient chicks had stunted parietal,
occipital and temporal bone areas and the bone matrix lacked the normal striated trabecular pattern.
The nodular pattern of the bone arrangement in silicon-deficient skulls indicated a more primitive
type of bone. Carlisle175 also reported that silicon affected the bone matrix components of skulls
from 14-day-old chick embryos grown in culture. Collagen was decreased and non-collagenous
protein was increased in bones grown in silicon-deficient culture; these bones also had decreased
prolylhydroxylase activity. Recently, it was found that orthosilicic acid at physiological concentra-
tions stimulates collagen type I synthesis in human osteoblast-like cells and enhances osteoblastic
differentiation in culture.176 

Because the studies of both Schwarz and Carlisle were clouded by the use of high, possibly
pharmacological, amounts of fairly soluble silicon for supplemental controls, the effects of silicon
deprivation in rats were reexamined by Seaborn and Nielsen.177–179 In these studies, supplemented
controls were fed a diet containing only 4.5–35 mg Si/kg as sodium metasilicate and compared
with rats fed diets containing ≤ 2 mg Si/kg. These studies confirmed that silicon deprivation affects
bone, hexosamine and collagen metabolism. Silicon deprivation decreased femur acid and alkaline
phosphatase, and humerus hydroxyproline and plasma ornithine aminotransferase (a key enzyme
in collagen synthesis). A recent study180 found that silicon deprivation decreased plasma osteopontin
concentration, increased plasma sialic acid concentration and increased urinary helical peptide
(bone collagen breakdown product) excretion. Also, the response of bone metabolism indicators
to ovariectomy in young growing rats was generally lower in silicon-deprived than silicon-
supplemented rats. It was concluded that the findings support the hypothesis that silicon has a
biochemical function that affects bone growth processes before bone crystal formation, and this
occurs by affecting bone collagen turnover and sialic acid-containing extracellular matrix proteins
such as osteopontin.

Whether it is by affecting the formation and structure of collagen, the binding of macromole-
cules to cell receptor sites, or the utilization or absorption of some mineral affecting bone formation,
there is evidence that increased silicon consumption is beneficial to bone health. Jugdaohsingh et al.181

reported that in a cross-sectional, population-based study (2847 participants), dietary silicon cor-
related positively and significantly with bone mineral density at all hip sites in men and premeno-
pausal women, which suggests that increased silicon intake is associated with increased cortical
bone mineral density in these populations. 

C. METABOLISM

The mechanisms involved in the intestinal absorption and blood transport of silicon are unknown. A
study with guinea pigs indicated that silicon is absorbed mainly as monomeric silicic acid.182 In humans,
monosilicic acid in foods and beverages is readily absorbed, penetrates all body fluids and tissues at
concentrations less than its solubility (0.01%) and is excreted in urine.183 Some of the absorbed
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monosilicic acid can come from food polymeric silica, which can be partly dissolved by fluids of the
gastrointestinal tract. Silicon absorption in rats has been found to be affected by age, sex and the activity
of various endocrine glands.184 Silicon is not protein-bound in plasma, where it is believed to exist
almost entirely as undissociated monomeric silicic acid.185 Silicon entering the blood stream apparently
is transferred rapidly to tissues and urine because the silicon concentration in blood remains relatively
constant in the presence of divergent intakes.186 Recent analyses indicate that human serum contains
11–25 µg/dL.187,188 Connective tissues, including aorta, bone, skin, tendon and trachea, contain much
of the silicon that is retained in the body.175,189 Absorbed silicon is mainly eliminated via the urine,
where it probably exists as orthosilicic acid or magnesium orthosilicate.175,185 The upper limits of urinary
excretion apparently are set by the rate and extent of silicon absorption and not by the excretory ability
of the kidney because peritoneal injection of silicon can elevate urinary excretion above the upper limit
achieved by dietary intake.182 This suggests that silicon homeostasis is controlled by absorption mech-
anisms in addition to excretory mechanisms. This suggestion is supported by the finding that in rats,
guinea pigs, cattle and sheep, the urinary excretion of silicon increases with an increasing intake of
siliceous substances, but reaches a maximum that is not exceeded by increasing the intake.190 

Within 2 hours of ingestion of a trace dose of 32silicon, uptake was complete in a healthy
male.191 Within 48 hours, 36% of the dose was excreted in the urine and the elimination was nearly
complete. Elimination occurred by two simultaneous first-order processes with half-lives of 2.7
and 11.3 hours, representing about 90% and 10%, respectively, of the total output. It was suggested
that the rapidly eliminated silicon was probably retained in the extracellular fluid volume, while
the slower component may have represented intracellular uptake and release. In another study of
silicon kinetics,192 silicon peaked in blood about 1 hour after an intake of 27–55 mg orthosilicic
acid/L of water in eight healthy adults. Renal clearance was 82–90 mL/min, which is similar to
that found earlier.185 These clearances suggest a high renal filtration.

D. DIETARY AND SUPPLEMENTAL SOURCES

The form of dietary silicon has a major influence on its absorption. For example, humans absorbed
about 1% of a large dose of an aluminosilicate compound but absorbed >70% of a single dose of
methylsilanetriol, a drug developed for the treatment of circulatory ischemia.193 Silicon was found
to be absorbed better from stabilized orthosilicic acid than from herbal silica (Equisetum arvense
extract) or colloidal silicic acid.188 

Early balance studies with animals indicated that almost all ingested silicon is unabsorbed. The
finding of low absorption probably resulted from the intake of highly unavailable silicon and the
intake of silicon that exceeded the amount needed to achieve maximal absorption. Thus, these studies
may be misleading about the bioavailabilty of silicon when consumed in low or mg quantities in
various foods. Recently, it was found that an average of 41% of dietary silicon was excreted in the
urine (an indicator of absorption).194 Silicon in grains and grain products was readily absorbed, as
indicated by a mean urinary excretion of 49 ± 34% of intake. In several of the grain products,
silicon was as available as it was from fluids. For example, urinary silicon excretion was 41–86%
from corn flakes, white rice and brown rice and 50–86% from mineral waters. Silicon in fruits and
vegetables, except green beans and raisins, was readily absorbed, with a mean urinary excretion
of 21 ± 29% of intake. Some forms of dietary fiber may affect silicon bioavailability because in
humans, a diet high in fiber from fruits and vegetables significantly depressed silicon balance.195 

The average daily intakes of silicon apparently range from 20–50 mg/day.196 The richest sources
of silicon are unrefined grains of high fiber content, and cereal products, including beer. Meat, fish
and dairy products are poor sources of silicon. A source of oral silicon is additives to prepared
foods, confections and pharmaceuticals. Amorphous silicates are considered safe additions to foods.
Their use as anti-caking agents, for example, is permitted up to 2% by weight. A generally
recognized as safe (GRAS) committee concluded that silicates added to foods to enhance physical
properties are relatively inert and thus not bioavailable. 
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E. SUPPLEMENTATION 

Silicon is another element for which there has been very little recent effort to ascertain whether
supplementation would have beneficial effects in humans, apparently because of the lack of a
defined biochemical function and indicators of silicon status. 

Ingested silicon has a relatively low order of toxicity. About the only pathological condition that
may occur with a high intake of silicon is urolithiasis. Most silicon compounds, especially silicon
dioxide compounds, are essentially nontoxic to humans when taken orally. Magnesium trisilicate, an
over-the-counter antacid, has been used by humans for more than 40 years with only minimal apparent
deleterious effects reported. In addition to urolithiasis, a high intake of silicon may interfere with the
absorption or utilization of some essential nutrient, particularly zinc. An antagonism between zinc
and silicon results in high dietary silicon’s decreasing the zinc concentrations in plasma and tissues
of rats.166,167 The amount of dietary silicon used to show the antagonism was extremely high in one
study;167 the rats were fed 400 mg Si/kg body weight as sodium metasilicate in drinking water for
the last 6 weeks of an 18-week experiment. In the other study,166 the effect of a 270-mg Si/kg diet as
tetraethylorthosilicate on decreasing plasma zinc was significant only in zinc-deficient rats.

Because of the inadequacy of available data, the FNB51 established no UL for silicon. In the
United Kingdom, a safe upper level of 12 mg/kg body weight/day has been suggested for humans.
This level was based on an animal study in which a no-observed-adverse-effect-level (NOAEL) of
a 50,000-mg/kg diet of supplemental dietary silica, equivalent to 2500 mg/kg body weight/day in
rats and 7500 mg/kg body weight/day in mice was found.197 This seems to be a conservative value,
considering the NOAEL and that intakes of 35–45 mg Si/kg body weight/day has been found
beneficial for bone and brain health in experimental animals. Based on the latter finding, a safe
silicon intake for a 70-kg man probably is greater than 2 g/day. 

F. DIETARY RECOMMENDATIONS

The FNB set no dietary reference intakes (DRI) for silicon.51 On the basis of weak balance data,
a recommended silicon intake of 30–35 mg/day was suggested for athletes; this was 5–10 mg
higher than for non-athletes.198 Based on extrapolations from animal data, Seaborn and Nielsen199

speculated that a recommended intake may be between 5 and 10 mg/day. Others have suggested
that a daily minimum requirement may be near 10–25 mg based on the amount excreted in urine
in 24 hours.188,200 

G. FUTURE RESEARCH DIRECTIONS OR NEEDS

Before any dietary or supplement recommendations can be made for physically active people, much
needs to be learned about silicon. Foremost is the need to establish a biochemical function or
mechanism through which silicon is beneficial to bone. Knowledge of the function or mechanism
would facilitate the development of silicon status indicators and the assessment of the effects of
low and supra nutritional dietary silicon intakes in humans. Silicon status indicators are needed to
determine whether a low silicon status that responds to increased silicon intakes is a significant
sports nutritional concern.

VII. VANADIUM

A. GENERAL PROPERTIES AND POSSIBLE METABOLIC FUNCTIONS

Since the turn of the 19th century, when some French physicians suggested vanadium was a panacea
for human disorders, vanadium has been proposed numerous times to be of pharmacological or
nutritional importance.201 The hypothesis that vanadium has a physiological or essential role in higher
animals and humans has gone through periods where it has received much credence then followed
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by much skepticism.201 At present, vanadium is generally not accepted as an essential nutrient because
a specific biochemical function has not been defined for vanadium at physiological intakes. 

There is no question that vanadium is a bioactive element. Its ability to selectively inhibit
protein tyrosine phosphatases at submicromolar concentrations probably explains the broad range
of effects that high intakes causing elevated tissue vanadium concentrations have on cellular
regulatory cascades.202 Protein tyrosine phosphatase inhibition is thought to be the basis for vana-
dium’s having insulin-like actions at the cellular level and stimulating cellular proliferation and
differentiation. The insulin-mimetic action of vanadium has resulted in an effort to develop vanadium
compounds that could be therapeutic agents for diabetes.203 In addition to having effects at phar-
macological intakes, vanadium may affect phosphorylation/dephosphorylation at physiological or
nutritional intakes such that a regulatory cascade is altered. This may be the basis for observations
that vanadium deprivation altered thyroid hormone metabolism,201,204 impaired reproduction205 and
altered bone morphology.205,206 

Vanadium is essential for some lower forms of life where it is required for some enzymes.207

Vanadium-dependent bromoperoxidases have been found in a number of marine brown algae,
marine red algae and a terrestrial lichen. Vanadium-dependent iodoperoxidases have been detected
in brown seaweeds, and a vanadium-dependent chloroperoxidase has been identified in the fungus
Curvularia inaequalis. These haloperoxidases catalyze the oxidation of halide ions by hydrogen
peroxide, thus facilitating the formation of a carbon–halogen bond. The enzymatic roles for
vanadium in lower forms of life suggest the possibility that vanadium has a similar role in higher
forms of life. 

B. BASIS FOR SPORTS NUTRITION INTEREST 

1. Insulinomimetic Actions

The insulin-like actions of vanadium have been well reviewed.203,208 According to these reviews,
the anti-diabetic effect of vanadium was first reported more than 100 years ago, but its potential
as an orally active insulin-mimetic agent was stimulated by reports beginning in 1985. Since then,
studies with animal models of type 1 diabetes showed that chronic treatment with vanadium salts
lowered plasma glucose concentration, increased peripheral glucose utilization and normalized
hepatic glucose output, but had no effect on plasma insulin concentration. One of the reviews203

noted that the vanadium supplementation had no or minor effects on plasma glucose and insulin
concentrations in normal control animals. Treatment of human patients with type 1 diabetes reduced
insulin requirements. Several organic vanadium compounds have been developed and, in addition
to inorganic vanadium compounds, have been examined as potential therapeutic agents for type 2
diabetes. The vanadium compounds significantly decreased plasma insulin concentrations and
improved insulin sensitivity in several animal models of insulin resistance and type 2 diabetes. Oral
treatment of type 2 diabetic humans with vanadium reduced fasting plasma glucose concentrations,
suppressed hepatic glucose production and improved insulin sensitivity in skeletal muscle. Treat-
ment with vanadyl sulfate had no effect on insulin sensitivity and fasting plasma glucose and insulin
concentrations in healthy adults; an observation made for several animal models. The mechanisms
through which vanadium has insulin-mimetic actions are not completely understood. Suggested
mechanisms include inhibition of key gluconeogenic enzymes and the inhibition of protein tyrosine
phospatases. Vanadium inhibition of protein dephosphorylation would indirectly enhance insulin
receptor or insulin receptor substrate phosphorylation and thus its action. 

The amounts of vanadium used in animals to show insulin-mimetic actions were extremely
high relative to normal intakes. In some cases, the intakes were toxic and caused poor growth and
diarrhea. The vanadium doses in human experiments were about 100-fold lower than those used
for most studies of diabetic animal models. Still, the doses used (e.g., 100 mg vanadyl sulfate or
125 mg sodium metavanadate per day209–212) were an order of magnitude greater than possible
nutritional needs (described below). 
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Insulin has an anabolic effect on skeletal muscle and other tissues through promoting amino
acid uptake and protein synthesis while retarding protein degradation. Thus, reports that vanadium
has efficacy in some animal models of both type 1 and type 2 diabetes was quickly extrapolated
by supplement marketers as evidence that vanadium has anabolic effects and thus can be used to
enhance muscle building, strength and performance. This thought persists now, although it has been
shown that not all effects of insulin are mimicked by vanadium; the exceptions include that of
vanadium’s not affecting amino acid uptake and protein synthesis.203 Also, the promotion of vana-
dium supplements ignores the finding that vanadium has no marked insulin-like effect on healthy
animals and humans. 

2. Bone and Joint Health Promotion

One of the first vanadium-deprivation signs reported for chicks was adverse effects on bone devel-
opment.206 Histological examination of the tibias from vanadium-deprived chicks revealed severe
disorganization of the cells of the epiphysis. The cells appeared compressed and their nuclei flattened.
These abnormalities apparently were the reason that vanadium-deprived chicks had a shortened,
thickened leg structure. Bone abnormalities were also found in vanadium-deprived goats.205 Com-
pared with goats fed a 0.5–2-mg V/kg diet, goats fed less than 10 µg/kg diet exhibited pain in the
extremities, swollen forefoot tarsal joints and skeletal deformations in the forelegs. These changes
in bone suggest that vanadium may have a role that affects bone or connective tissue metabolism.
This suggestion is supported by the finding that vanadium stimulated the mineralization of bones
and teeth213 and the repair of bones.214 Orthovanadate stimulates bone cell proliferation and collagen
synthesis in vitro.215,216 Also, orthovanadate increased phosphotyrosine levels and inhibited collage-
nase production by chondrocytes in vitro.217 Recent studies suggest that the mechanism through
which vanadium affects bone metabolism is through modifying phosphorylation/ dephosphory-
lation reactions that affect growth factor action. Vanadium supplementation reverses many of the
symptoms of osteoporosis caused by high-dose glucocorticoids in adult rats.202 Osteoblasts are
mitogenically repressed by high-dose glucocorticoids and this correlates with decreased extracellular
signal-regulated kinase (ERK) activation in response to growth factors. Vanadate restores sensitivity
to growth factors at the levels of both ERK activation and cell proliferation.202

In the experiments showing that vanadium had a beneficial effect on bone, the amounts of
vanadium used in supplemented animals and cells were high relative to those that may be needed
nutritionally. For example, in the chick and goat deprivation studies, the supplemented controls
were fed diets containing 0.5–3.0 mg V/kg; apparent nutritional deficiency signs required feeding
diets containing less than 25 µg/kg diet.218 The diets used may have been unbalanced in some
nutrients.216 Thus, one cannot dismiss the possibility that the high vanadium supplementation was
acting pharmacologically to overcome bone changes induced by something other than a simple
vanadium deficiency. Such a possibility is supported by the finding that a  0.5-mg V/kg diet increased
plasma cortisol in guinea pigs, which indicates that vanadium was a stressor, or acting in a non-
nutritional manner.219 These guinea pigs also exhibited increased bone calcium and magnesium
concentrations. Further study is required to establish whether low dietary vanadium intakes increase
the susceptibility to bone loss and whether supra nutritional intakes of vanadium can help prevent
bone loss in conditions where phosphatase activity is excessive. 

C. METABOLISM 

Most ingested vanadium is unabsorbed and is excreted in the feces.220,221 Because very low con-
centrations of vanadium, generally <0.8 µg/L, are found in urine, compared with estimated daily
intakes of 12–30 µg and the fecal content of vanadium, apparently <5% of vanadium ingested
normally is absorbed.220 Animal studies generally support the concept that vanadium is poorly
absorbed. However, some results from rats indicate that vanadium absorption can exceed 10%
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under some conditions, a finding that suggests caution in assuming that ingested vanadium is always
poorly absorbed from the gastrointestinal tract.221 

Most vanadium that is absorbed is probably transformed in the stomach to the vanadyl ion and
remains in this form as it passes into the duodenum.222 The mechanisms involved in the absorption
of vanadium in the cationic or vanadyl (VO2+) form are unknown. In vitro studies suggest that
vanadium in the anionic or vanadate (HVO4

2−) form can enter cells through phosphate or other
anion transport systems.223 Vanadate is absorbed three to five times more effectively than vanadyl.224

Apparently the different absorbability rates for vanadate and vanadyl, the effect of other dietary
components on the binding and forms of vanadium in the stomach and the rate at which vanadate
is transformed into vanadyl markedly affect the percentage of ingested vanadium absorbed. Other
dietary substances that apparently affect the binding and forms of vanadium in the stomach include
chromium, protein, ferrous ion, chloride and aluminum hydroxide.220 

When vanadate appears in the blood, it is quickly converted into the vanadyl cation.225 However,
as a result of oxygen tension, vanadate still exists in blood. Vanadyl, the most prevalent form of
vanadium in blood, is bound and transported by transferrin and albumin.225 Vanadate is transported
by transferrin only.226 Vanadyl also complexes with ferritin in plasma and body fluids.227,228 It
remains to be determined whether vanadyl-transferrin can transfer vanadium into cells through the
transferrin receptor or whether ferritin is a storage vehicle for vanadium. Vanadium is rapidly
removed from plasma and is generally retained in tissues under normal conditions at concentrations
less than 10 ng/g fresh weight.220 Bone apparently is a major sink for excessive retained vanadium. 

Excretion patterns after parenteral administration229,230 indicate that urine is the major excretory
route for absorbed vanadium. However, a significant portion of absorbed vanadium may be excreted
through the bile.229 

D. DIETARY AND SUPPLEMENTAL SOURCES

Typical human diets generally supply <30 µg V/day.220 Foods rich in vanadium (>40 ng/g) include
shellfish, mushrooms, parsley, black pepper and some prepared foods. Cereals, liver and fish tend
to have intermediate amounts of vanadium (5–40 ng/g). Beverages, fats and oils, fresh fruits and
fresh vegetables generally contain <5 ng/g and often <1 ng/g.220

Upon the erroneous extrapolation of insulin-mimetic effects of vanadium to having anabolic
effects on skeletal muscle, a proliferation of powders, beverages, formulas and supplements con-
taining alarming amounts of vanadium appeared in the market. These supplements contained
quantities of vanadium that could result in some individuals’ consuming more than the 1.8 mg/day
UL set by the FNB,51 and sometimes approaching the 14–20 mg/day that was found to have toxic
effects in humans.220

E. SUPPLEMENTATION

Although there have been several studies examining the response of diabetic subjects to vanadium
supplementation (see above), only a few have examined the effect of vanadium supplementation
on strength, performance and bone and heart health indices of healthy adults. Fawcett et al.231

determined the effect of supplemental 0.5 mg vanadyl sulfate/kg body weight/day on body com-
position and performance in a study involving 40 individuals using weight training as part of their
fitness program; 31 completed the 12-week, double-blind, placebo-controlled study. It was
concluded that the vanadium supplement was ineffective in changing body composition in weight-
training athletes. There was a significant vanadium effect in one performance variable (leg exten-
sion), but this finding was compromised by the fact that the vanadium-supplemented group started
at a lower baseline than the placebo group. Thus, this modest performance-enhancing effect requires
confirmation. About 20% of the subjects taking the vanadium supplement reported the side effect
of fatigue.
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Compared with elements such as silicon and manganese, vanadium is a relatively toxic element
for humans. As indicated in the following, the threshold level for toxicity through ingestion
apparently is between 10–20 mg/day. Schroeder et al.232 fed 15 subjects 4.5 and 9 mg V/day as
diammonium oxytartratovanadate for 6–16 months without apparent detrimental effect. Curran et al.233

fed five subjects 13.5 mg/day in three divided doses as diammonium oxytartratovanadate for
6 weeks; no sign of intolerance or toxicity was found. In contrast, Sommerville and Davis234

supplemented 12 subjects 13.5 mg/day for 2 weeks and then 22.5 mg V/day for 5 months as
diammonium vanadotartrate; five patients exhibited persistent upper abdominal pain, anorexia,
nausea and weight loss. Dimond et al.235 supplemented ammonium vanadyl tartrate orally to six
subjects for 6–10 weeks in amounts ranging from 4.5–18 mg V/day; green tongue, cramps and
diarrhea were observed at the larger doses. Based on renal effects in experimental animals, the
FNB51 set an UL of 1.8 mg/day for adults ≥ 19 years of age.

F. DIETARY RECOMMENDATIONS

The FNB set no RDA for vanadium.51 However, based on animal studies, any human requirement
to prevent deficiency pathology for vanadium would be small. A daily dietary intake of 10–15 µg
probably would meet any postulated requirement. 

G. FUTURE RESEARCH DIRECTIONS OR NEEDS

Research is needed to determine the validity of having supplements containing high amounts of
vanadium in the marketplace. This research should definitively establish the toxicity threshold for
vanadium and determine whether long-term high consumption of vanadium could lead to patho-
logical disorders such as hypertension.236,237 Studies are needed to determine whether supra nutri-
tional, but non-toxic, intakes of vanadium enhance athletic performance or bone health. Definition
of a biochemical function for vanadium at physiological intakes is needed before this element can
be considered essential. Definition of an essential function would help differentiate between nutri-
tional and pharmacological actions of vanadium and could be used to determine whether low dietary
intakes of vanadium are of practical nutrition concern for the general public in addition to athletes.
It is obvious that it is premature to recommend vanadium supplements for enhancing strength,
muscle mass and athletic performance. 

VIII. SUMMARY

Although boron, manganese, molybdenum, nickel, silicon and vanadium are not considered sig-
nificant nutritional minerals, they have received some attention in the sports nutrition field because
of findings suggesting that they could enhance strength, performance or endurance in athletic
activities. Most of these findings have come from experimental animals and have not been sub-
stantiated by carefully controlled human studies. At present, there is inadequate evidence to suggest
that increasing the intake or consuming supra nutritional amounts of any of these six minerals
would be of benefit for athletic performance or increasing muscle mass. However, findings from
animal experiments and limited clinical studies suggest that further study is needed to determine
whether increased intakes of one or more of these elements would be of benefit for the physically
active person. Some of the more intriguing possible studies based on these findings would be those
determining whether a safe (non-toxic) supra nutritional intake of boron enhances bone strength,
energy utilization, or endurance; manganese enhances energy utilization or endurance; nickel enhances
energy utilization or bone strength, silicon enhances bone strength; or vanadium enhances energy
utilization or bone strength. Also of interest would be the determination of whether low intakes of
any of these elements result in an impairment in athletic performance, bone strength or endurance
that could be overcome by diets providing nutritionally adequate amounts of the element. 

3022_C020.fm  Page 310  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



Boron, Manganese, Molybdenum, Nickel, Silicon and Vanadium 311

REFERENCES

1. Woods, W.G., An introduction to boron: History, sources, uses and chemistry, Environ. Health Per-
spect., 102 (Suppl. 7), 5, 1994.

2. Hunt, C.D., Regulation of enzymatic activity. One possible role of dietary boron in higher animals
and humans, Biol. Trace Elem. Res., 205, 1998.

3. Dunitz, J.D., Hawley, D.M., Miklos, D., White, D.N.J., Berlin, Y., Marusic, R. and Prelog, V., Structure
of boromycin, Helv. Chim. Acta 54, 1709, 1971.

4. Sato, K., Okazaki, T., Maeda, K. and Okami, Y., New antibiotics, aplasmomycins B and C, J. Antibiot.
(Tokyo) 31, 632, 1978.

5. Schummer, D., Irschik, H., Reichenbach, H. and Hofle, G., Antibiotics from gliding bacteria. LVII.
Tartrolons: New boron-containing macrodiolides from Sorangium cellulosum, Liebigs Ann.
Chem.1994, 283, 1994.

6. O’Neill, M.A., Warrenfeltz, D., Kates, K., Pellerin, P., Doco, T., Darvill, A.G. and Albersheim, P.,
Rhamnogalacturonan II, a pectic polysaccharide in the wall of growing plant cells, forms a dimer that
is covalently cross-linked by a borate ester. In vitro conditions for the formation and hydrolysis of
the dimer, J. Biol. Chem., 271, 22923, 1996.

7. Matoh, T., Boron in plant cell walls, Plant Soil 193, 59, 1997.
8. Chen, X., Schauder, S., Potier, N., Van Dorsselaer, A., Pelczer, I., Bassier, B.L. and Hughson, F.M.,

Structural identification of a bacterial quorum-sensing signal containing boron. Nature (London), 415,
545, 2002.

9. Fort, D.J., Rogers, R.L., McLaughlin, D.W., Sellers, C.M. and Schlekat, C.L., Impact of boron
deficiency on Xenopus laevis. A summary of biological effects and potential biochemical roles. Biol.
Trace Elem. Res., 77, 173, 2002.

10. Eckhert, C.D. and Rowe, R.I., Embryonic dysplasia and adult retinal dystrophy in boron-deficient
zebrafish, J. Trace Elem. Exp. Med., 12, 213, 1999. 

11. Nielsen, F.H., Biochemical and physiologic consequences of boron deprivation in humans, Environ.
Health Perspect., 102 (Suppl. 7), 59, 1994.

12. World Health Organization, Boron, in Trace Elements in Human Nutrition and Health, World Health
Organization, Geneva, 175, 1996.

13. Ralston, N.V.C. and Hunt, C.D., Diadenosine phosphates and S-adenosylmethionine: novel boron
binding biomolecules detected by capillary electrophoresis, Biochim. Biophys. Acta, 1527. 20, 2001.

14. Fort, D.J. and Stover, E.J., Boron deficiency disables Xenopus laevis oocyte maturation events, FASEB
J., 14, A478, 2000.

15. Nielsen, F.H., Hunt, C.D., Mullen, L.M. and Hunt, J.R., Effect of dietary boron on mineral, estrogen
and testosterone metabolism in postmenopausal women, FASEB J., 1, 394, 1987.

16. Samman, S., Naghii, M.R., Lyons Wall, P.M. and Verus, A.P., The nutritional and metabolic effects
of boron in humans and animals, Biol. Trace Elem. Res., 66, 227, 1998.

17. Naghii, M.R. and Samman, S., The effect of boron supplementation on the distribution of boron in
selected tissues and on testosterone synthesis in rats, J. Nutr. Biochem., 7, 507, 1996.

18. Naghii, M.R. and Samman, S., The effect of boron on plasma testosterone and plasma lipids in rats,
Nutr. Res.17, 523, 1997.

19. Bakken, N.A. and Hunt, C.D., Dietary boron decreases peak pancreatic in situ insulin release in chicks
and plasma insulin concentrations in rats regardless of vitamin D or magnesium status, J., Nutr., 133,
3577, 2003.

20. Hunt, C.D. and Herbel, J.L., Dietary boron modifies the effects of exercise training on energy
metabolism in the rat, FASEB J., 6, A1946, 1992.

21. Hunt, C.D., Herbel, J.L. and Idso, J.P., Dietary boron modifies the effects of exercise training on bone
and energy substrate metabolism in the rat, FASEB J., 7, A204, 1993. 

22. Nielsen, F.H., Evidence for the nutritional essentiality of boron, J. Trace Elem. Exp. Med., 9, 215, 1996.
23. Hunt, C.D., The biochemical effects of physiologic amounts of dietary boron in animal nutrition

models, Environ. Health Perspect., 102 (Suppl. 7), 35, 1994.
24. Hunt, C.D., Biochemical effects of physiological amounts of dietary boron, J. Trace Elem. Exp. Med.,

9, 185, 1996.
25. Hunt, C.D. and Idso, J.P., Dietary boron as a physiological regulator of the normal inflammatory

response: a review and current research progress, J. Trace Elem. Exp. Med., 12, 221, 1999.

3022_C020.fm  Page 311  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



312 Sports Nutrition: Vitamins and Trace Elements

26. Armstrong, T.A., Spears, J.W. and Lloyd, K.E., Inflammatory response, growth and thyroid hormone
concentrations are affected by long-term boron supplementation in gilts, J. Anim. Sci., 79, 1549,
2001.

27. Nielsen, F.H. and Poellot, R., Boron status affects differences in blood immune cell populations in
rat fed diets containing fish oil or safflower oil, in Macro and Trace Elements (Mengen- und Spurenele-
ment), vol. 2, Anke, M., Flachowsky, G., Kisters, K., Müller, R., Schäfer, U., Schenkel, H., Seifert,
M. and Stoeppler, M., Eds., Schubert-Verlag, Leipzig, 2004, 959.

28. Hunt, C.D., Dietary boron: An overview of the evidence for its role in immune function, J. Trace
Elem. Exp. Med., 16, 291, 2003.

29. Ali, S., Diwakar, G., Pawa, S., Siddiqui, M.R., Jain, S.K. and Abdulla, M., Attenuation by boron
supplementation of the biochemical changes associated with thioacetamide-induced hepatic lesions,
J. Trace Elem. Exp. Med., 15, 47, 2002.

30. Hunt, C.D. and Nielsen, F.H., Interaction between boron and cholecalciferol in the chick, in Trace
Element Metabolism in Man and Animals (TEMA-4), Howell, J.McC., Gawthorne, J.M. and White,
C.L., Eds., Australian Academy of Science, Canberra, 1981, 597.

31. Bai, Y. and Hunt, C.D., Dietary boron enhances efficacy of cholecalciferol in broiler chicks, J. Trace
Elem. Exp. Med., 9, 117, 1996.

32. Sheng, M.H.-C., Taper, L.J., Veit, H., Qian, H., Ritchey, S.J. and Lau, K.-H.W., Dietary boron
supplementation enhanced the action of estrogen, but not that of parathyroid hormone, to improve
trabecular bone quality in ovariectomized rats, Biol. Trace Elem. Res., 82, 109, 2001.

33. Sheng, M.H.-C., Taper, L.J., Veit, H., Thomas, E.A., Ritchey, S.J. and Lau, K.-H.W., Dietary boron
supplementation enhances the effects of estrogen on bone mineral balance in ovariectomized rats,
Biol. Trace Elem. Res., 81, 29, 2001.

34. Armstrong, T.A., Spears, J.W., Crenshaw, T.D. and Nielsen, F.H., Boron supplementation of a semi-
purified diet for weanling pigs improves feed efficiency and bone strength characteristics and alters
plasma lipid metabolites, J. Nutr., 139, 2575, 2000.

35. Nielsen, F.H., Dietary fat composition modifies the effect of boron on bone characteristics and plasma
lipids in rats, Biofactors, 20, 161, 2004.

36. Rossi, A.F., Miles, R.D., Damron, B.L. and Flunker, L.K., Effects of dietary boron supplementation
on broilers, Poult. Sci., 72, 2124, 1993.

37. Wilson, J.H. and Ruszler, P.L., Effects of boron on growing pullets, Biol. Trace Elem. Res., 56, 287, 1997.
38. Wilson, J.H. and Ruszler, P.L., Long term effects of boron on layer bone strength and production

parameters, Brit. Poult. Sci., 39, 11, 1998.
39. Chapin, R.E., Ku, W.W., Kenney, M.A. and McCoy, H., The effects of dietary boric acid on bone

strength in rats, Biol. Trace Elem. Res., 66, 395, 1998.
40. Rico, H., Crespo, E., Hernandez, E.R., Seco, C. and Crespo, R., Influence of boron supplementation

on vertebral and femoral bone mass in rats on strenuous treadmill exercise: A morphometric, densi-
tometric and histomorphometric study, J. Clin. Densitometry, 5, 187, 2002.

41. Nielsen, F.H. and Penland, J.G., Boron supplementation of perimenopausal women affects boron
metabolism and indices associated with macromineral metabolism, hormonal status and immune
function, J. Trace Elem. Exp. Med., 12, 251, 1999.

42. Sutherland, B. Woodhouse, L.R., Strong, P. and King, J.C., Boron balance in humans, J. Trace Elem.
Exp. Med., 12, 271, 1999.

43. Hunt, C.D., Herbel, J.L. and Nielsen, F.H., Metabolic responses of postmenopausal women to sup-
plemental dietary boron and aluminum during usual and low magnesium intake: Boron, calcium and
magnesium absorption and retention and blood mineral concentrations, Am. J. Clin. Nutr., 803, 1997.

44. Hunt, C.D., Shuler, T.R. and Mullen, L.M., Concentration of boron and other elements in human
foods and personal-care products, J. Am. Diet. Assoc., 91, 558, 1991.

45. Anderson, D.L., Cunningham, W.C. and Lindstrom, T.R., Concentrations and intakes of H, B, S, K,
Na, Cl and NaCl in foods, J. Food Comp. Anal. 7, 59, 1994. 

46. Rainey, C.J., Nyquist, L.A., Christensen, R.E., Strong, P.L., Culver, B.D. and Coughlin, J.R., Daily
boron intake from the American diet, J. Am. Diet. Assoc., 99, 335, 1999.

47. Hunt, C.D. and Meacham, S.L., Aluminum, boron, calcium, copper, iron, magnesium, manganese,
molybdenum, phosphorus, potassium, sodium and zinc: concentrations in common Western foods and
estimated daily intakes by infants, toddlers, and male and female adolescents, adults and seniors in
the United States, J. Am. Diet. Assoc., 101, 1058, 2001.

3022_C020.fm  Page 312  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



Boron, Manganese, Molybdenum, Nickel, Silicon and Vanadium 313

48. Meacham, S.L., Taper, L.J. and Volpe, S.L., Effect of boron supplementation on blood and urinary
calcium, magnesium and phosphorus and urinary boron in athletic and sedentary women, Am. J. Clin.
Nutr., 61, 341, 1995.

49. Green, N.R. and Ferrando, A.A., Plasma boron and the effects of boron supplementation in males,
Environ. Health Perspect. 102 (Suppl. 7), 73, 1994.

50. National Research Council, Mineral Tolerance of Domestic Animals, National Academy of Sciences,
Washington, D.C., In press.

51. FNB, Institute of Medicine, Dietary Reference Intakes. Vitamin A, Vitamin K, Arsenic, Boron,
Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium and Zinc,
National Academy Press, Washington, D.C., 2001. 

52. Freeland-Graves, J. and Llanes, C., Models to study manganese deficiency, in Manganese in Health
and Disease, Klimis-Tavantzis, D.J., Ed., CRC Press, Boca Raton, FL, 59, 1994.

53. Johnson, P.E. and Lykken, G.I., Manganese and calcium absorption and balance in young women fed
diets with varying amounts of manganese and calcium, J. Trace Elem. Exp. Med., 4, 19, 1991.

54. Norose, N. and Arai, K., Manganese deficiency due to long-term total parenteral nutrition in an infant,
Jap. J. Parent Ent. Nutr., 9, 978, 1987.

55. Norose, N., Manganese deficiency in a child with very short bowel syndrome receiving long-term
parenteral nutrition, J. Trace Elem. Exp. Med., 4, 100, 1992.

56. Klimis-Tavantzis, D.J., Ed., Manganese in Health and Disease, CRC Press, Boca Raton, FL, 1994.
57. Leach, R.M., Jr. and Harris, E.D., Manganese, in Handbook of Nutritionally Essential Minerals,

O’Dell, B.L. and Sunde, R.A., Eds., Marcel Dekker, New York, 335, 1997.
58. Baly, D.L., Keen, C.L. and Hurley, L.S., Pyruvate carboxylase and phosphoenolpyruvate carboxyki-

nase activity in developing rats: Effect of manganese deficiency, J. Nutr., 115, 872, 1985.
59. Baly, D.L., Keen, C.L. and Hurley, L.S., Effects of manganese deficiency on pyruvate carboxylase

and phosphoenolpyruvate carboxykinase activity and carbohydrate homeostasis in adult rats, Biol.
Trace Elem. Res., 11, 201, 1986.

60. Everson, G.J. and Shrader, R.E., Abnormal glucose tolerance in manganese-deficient guinea pigs, J.
Nutr., 94, 89, 1968.

61. Baly, D., Curry, D.L., Keen, C.L. and Hurley, L.S., Effect of manganese deficiency on insulin secretion
and carbohydrate homeostasis in rats, J. Nutr., 114, 1438, 1984. 

62. Baly, D., Curry, D.L., Keen, C.L. and Hurley, L.S., Dynamics of insulin and glucagon release in rats:
influence of dietary manganese, Endocrinology, 116, 1734, 1985.

63. Keen, C.L., Zidenberg-Cherr, S. and Lönnerdal, B., Nutritional and toxicological aspects of manganese
intake; and overview, in Risk Assessment of Essential Elements, Mertz, W., Abernathy, C.O. and Olin,
S.S., Eds., ILSI Press, Washington, D.C., 221, 1994.

64. Baly, D.L., Lee, I. and Doshi, R., Mechanism of decreased insulinogenesis in manganese-deficient
rats: Decreased insulin mRNA levels, Fed. Eur. Biochem. Soc., 239, 55, 1988.

65. Baly, D.L., Schneiderman, J.S. and Garcia-Welsh, A.L., Effect of manganese deficiency on insulin
binding, glucose transport and metabolism in rat adipocytes, J. Nutr., 120, 1075, 1990.

66. Li, Y., Huang, T.-T., Carlson, E.J., Melov, S., Ursell, P.C., Olson, J.L., Noble, L.J., Yoshimura, M.P.,
Berger, C., Chan, P.H., Wallace, D.L. and Epstein, C.J., Dilated cardiomyopathy and neonatal lethality
in mutant mice lacking manganese superoxide dismutase, Nature Genetics, 11, 376, 1995.

67. Wheeler, M.D., Nakagami, M., Bradford, B.U., Uesugi, T., Mason, R.P., Connor, H.D., Dikalova, A.,
Kadiiska, M. and Thurman, R.G., Overexpression of manganese superoxide dismutase prevents
alcohol-induced liver injury in the rat, J. Biol. Chem., 276, 36664, 2001.

68. Jones, S.P., Hoffmeyer, M.R., Sharp, B.R., Ho, Y.-S. and Lefer, D.J., Overexpression of manganese
but not copper/zinc superoxide dismutase (SOD) attenuates myocardial injury following ischemia and
reperfusion, FASEB J., A464, 2001.

69. Ilizarov, A.M., Koo, H.-C., Kazzaz, J.A., Mantell, L.L., Li, Y., Bhapat, R., Pollack, S., Horowitz, S.
and Davis, J.M., Overexpression of manganese superoxide dismutase protects lung epithelial cells
against oxidant injury, Am. J. Respir. Cell Mol. Biol., 24, 436, 2001.

70. Kiningham, K.K., Oberley, T.D., Lin, S., Mattingly, C.A. and St. Clair, D.K., Overexpression of
manganese superoxide dismutase protects against mitochondrial-initiated poly(ADP-ribose)
polymerase-mediated cell death, FASEB J., 13, 1601, 1999.

71. Malecki, E.A. and Greger, J.L., Manganese protects against heart mitochondrial lipid peroxidation in
rats fed high levels of polyunsaturated fatty acids, J. Nutr., 126, 27, 1996.

3022_C020.fm  Page 313  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



314 Sports Nutrition: Vitamins and Trace Elements

72. Kuzuya, T., Nishida, M., Hoshida, S., Yamashita, N., Hori, M. and Tada, M., Manganese superoxide
dismutase induced by extracellular stress enhances myocardial tolerance to ischemia-reperfusion, in
The Ischemic Heart, Mochizuki, S., Takeda, N., Nagano, M. and Dhalla, N., Eds., Kluwer Academic
Publishers, Boston, 379, 1998.

73. Hamilton, K.L., Powers, S.K., Sugiura, T., Kim, S., Lennon, S. Turner, N. and Mehta, J.L., Short-
term exercise training can improve myocardial tolerance to I/R without elevation in heat shock proteins,
Am. J. Physiol. Heart Circulatory Physiol., 281, 350, 2001.

74. Hoshida, S., Yamashita, N., Otsu, K. and Hori, M., Repeated physiologic stresses provide persistent
cardioprotection against ischemia-reperfusion injury in rats, J. Amer. Coll. Cardiol., 40, 826, 2002.

75. Hamilton, K.L., Quindry, J.C., French, J.P., Staib, J., Hughes, J., Mehta, J.L. and Powers, S.K., MnSOD
antisense treatment and exercise-induced protection against arrhythmias, Free Radical Biol. Med., 37,
1360, 2004.

76. Strause, L., Saltman, P. and Glowacke, H., The effect of deficiencies of manganese and copper on
osteoinduction and on resorption of bone particles in rats, Calcif. Tissue Int., 41, 145, 1987.

77. Clegg, M.S., Donovan, S.M., Monaco, M.H., Baly, D.L., Ensunsa, J.L. and Keen, C.L., The influence
of manganese deficiency on serum IGF-1 and IGF binding proteins in the male rat, Proc. Soc. Exp.
Biol. Med., 219, 41, 1998.

78. Strause, L.G., Hegenauer, J., Saltman, P., Cone, R. and Resnick, D., Effects of long-term dietary
manganese and copper deficiency on rat skeleton, J. Nutr., 116, 135, 1986.

79. Davis, C.D., Zech, L. and Greger, J.L., Manganese metabolism in rats: An improved methodology
for assessing gut endogenous losses, Proc. Soc. Exp. Biol. Med., 202, 103, 1993.

80. Wiegand, E., Kirchgessner, M. and Helbig, U., True absorption and endogenous fecal excretion of
manganese in relation to its dietary supply in growing rats, Biol. Trace Elem. Res., 10, 265, 1986.

81. Davis, C.D., Wolf, T.L. and Greger, J.L., Varying levels of manganese and iron affect absorption and
gut endogenous losses of manganese by rats, J. Nutr., 122, 1300, 1992.

82. Garcia-Aranda, J.A., Wapnir, R.A. and Lifshitz, F., In vivo intestinal absorption of manganese in the
rat, J. Nutr., 113, 2601, 1983.

83. Bell, J.G., Keen, C.L. and Lönnerdal, B., Higher retention of manganese in suckling than in adult
rats is not due to maturational differences in manganese uptake by rat small intestines, J. Toxicol.,
Environ. Health, 26, 387, 1989.

84. Finley, J.W. and Monroe, P., Mn absorption: The use of Caco-2 cells as a model of the intestinal
epithelium, Nutr. Biochem., 8, 92, 1997.

85. Freeland-Graves, J., Derivation of manganese estimated safe and adequate daily dietary intakes, in
Risk Assessment of Essential Elements, Mertz, W., Abernathy, C.O. and Olin, S.S., Eds., ILSI Press,
Washington, D.C., 237, 1994.

86. Pennington, J.A.T. and Young, B.E., Total diet study nutritional elements 1982–1989, J. Am. Diet.
Assoc., 71, 179, 1991.

87. Davis, C.D. and Greger, J.L., Longitudinal changes of manganese-dependent superoxide dismutase
and other indexes of manganese and iron status in women, Am. J. Clin. Nutr., 55, 747, 1992.

88. Finley, J.W., Penland, J.G., Pettit, R.E. and Davis, C.D., Dietary manganese intake and type of lipid
do not affect clinical or neuropsychological measures in healthy young women, J. Nutr., 133, 2849,
2003.

89. Lucchini, R., Albini, E., Cortesi, I., Placidi, D., Bergamaschi, E., Traversa, F. and Alessio, L., Brain
magnetic resonance imaging and manganese exposure, NeuroToxicol. 21, 769, 2000.

90. Aschner, M., Manganese neurotoxicity and oxidative damage, in Metals and Oxidative Damage in
Neurological Disorders, Connor, J.R., Ed., Plenum Press, New York, 77, 1997.

91. Miller, K.B., Caton, J.S., Schafer, D.M., Finley, J.W. and Smith, D.J., High dietary manganese lowers
heart magnesium in pigs fed a low-magnesium diet, J. Nutr., 130, 2032, 2000.

92. Nasolodin, V.V., Gladkikh, I.P. and Meshcheriakov, S.I., Providing athletes with trace elements during
intensive exercise (in Russian), Gig. Sanit. 1, 54, 2001.

93. Mills, C.F. and Davis, G.K., Molybdenum, in Trace Elements in Human and Animal Nutrition,
Vol. 1, Mertz, W., Ed., Academic Press, San Diego, 429, 1987.

94. Abumrad, N.N., Schneider, A.J., Steel, D. and Rogers, L.S., Amino acid intolerance during prolonged
total parenteral nutrition reversed by molybdate therapy, Am. J. Clin. Nutr., 34, 2551, 1981.

95. Johnson, J.L., Molybdenum, in Handbook of Nutritionally Essential Mineral Elements, O’Dell, B.L.
and Sunde, R.A., Eds., Marcel Dekker, New York, 413, 1997.

3022_C020.fm  Page 314  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



Boron, Manganese, Molybdenum, Nickel, Silicon and Vanadium 315

96. Beedham, C., Molybdenum hydroxylases as drug-metabolizing enzymes, Drug Metab. Rev., 16, 119,
1985.

97. Güner, S., Tay, A., Altan, V.M. and Özçelikay, A.T., Effect of sodium molybdate on fructose-induced
hyperinsulinemia and hypertension in rats, Trace Elem. Electrolytes, 18, 39, 2001.

98. Panneerselvam, R.S. and Govindaswamy, S., Effect of sodium molybdate on carbohydrate metabo-
lizing enzymes in alloxan-induced diabetic rats, J. Nutr. Biochem., 13, 21, 2002.

99. National Research Council, Nutrient requirements of the laboratory rat, in Nutrient Requirements of
Laboratory Animals, Fourth Revised Edition, National Academy Press, Washington, D.C., 11, 1995.

100. Turnland, J.R., Keyes, W.R., Peiffer, G.L., Molybdenum absorption, excretion and retention studied with
stable isotopes in young men at five intakes of dietary molybdenum, Am. J. Clin. Nutr., 62, 70, 1995.

101. Turnland, J.R., Weaver, C.M., Kim, S.K., Keyes, W.R., Gizaw, Y., Thompson, K.H. and Peiffer, G.L.,
Molybdenum absorption and utilization in humans from soy and kale intrinsically labeled with stable
isotopes of molybdenum, Am. J. Clin. Nutr., 69, 1217, 1999.

102. Nielsen, F.H., Other trace elements, in Present Knowledge in Nutrition, 7th ed., Ziegler, E.E. and
Filer, L.J., Jr., Eds., ILSI Press, Washington, D.C., 353, 1996.

103. Lener, J. and Bibr, B., Effects of molybdenum on the organism (a review), J. Hyg. Epidemiol.
Microbiol. Immunol., 28, 405, 1984.

104. Tsongas, T.A., Meglen, R.R., Walravens, P.A. and Chappell, W.R., Molybdenum in the diet: an estimate
of average daily intake in the United States, Am. J. Clin. Nutr., 33, 1103, 1980.

105. Pennington, J.A.T. and Jones, J.W., Molybdenum, nickel, cobalt, vanadium and strontium in total
diets, J. Am. Diet. Assoc., 87, 1644, 1987.

106. Turnland, J.R., Keyes, W.R., Peiffer, G.L. and Chiang, G., Molybdenum absorption, excretion and
retention studied with stable isotopes in young men during depletion and repletion, Am. J. Clin. Nutr.,
61, 1102, 1995.

107. Kondo, M., Sasaki, Y., Miyamoto, H. and Ohmichi, M., Decrease in blood molybdenum (Mo)
concentration as a result of competitive sports activities, Biomed. Res. Trace Elem., 14, 316, 2003.

108. Watt, R.K. and Ludden, P.W., Nickel-binding proteins, Cell Mol. Life, 56, 604, 1999.
109. Nielsen, F.H., Yokoi, K. and Uthus, E.O., The essential role of nickel affects physiological functions

regulated by the cyclic-GMP signal transduction system, in Metal Ions in Biology and Medicine,
Vol. 7, Khassanova, L., Collery, P., Maymard, I., Khassanova, Z. and Etienne, J.-C. Eds., John Libbey
Eurotext, Paris, 29, 2002.

110. Yokoi, K., Uthus, E.O. and Nielsen, F.H., Nickel deficiency diminishes sperm quantity and movement
in rats, Biol. Trace Elem. Res., 93, 141, 2003.

111. Anke, M., Groppel, B. and Hennig, A., Nickel, an essential trace-element, in Mengen- und Spurenelemente,
Vol. 2, Anke, M., Brückner, Gürtler, H. and Grün, M., Eds., Karl-Marx-Universität, Leipzig, 404, 1984.

112. Stangl, G.I. and Kirchgessner, M., Effect of nickel deficiency on fatty acid composition of total lipids
and individual phospholipids in brain and erythrocytes of rats, Nutr. Res., 17, 137, 1997.

113. Nielsen, F.H., The emergence of boron, nickel, silicon, vanadium and arsenic as elements of nutritional
relevance, in Trace Elements in Nutrition, Health and Disease, Antoniades, N., Schrauzer, G.N.,
Renard, N. and Wozniak, J., Eds., Institut-Rosell-The Americas, Montreal, 93, 2001.

114. Nielsen, F.H., Zimmerman, T.J., Shuler, T.R., Brossart, B. and Uthus, E.O., Evidence for a cooperative
metabolic relationship between nickel and vitamin B12 in rats, J. Trace Elem. Exp. Med., 2, 21, 1989.

115. Stangl, G.I., Roth-Maier, D.A. and Kirchgessner, M., Vitamin B-12 deficiency and hyperhomocys-
teinemia are partly ameliorated by cobalt and nickel supplementation in pigs, J. Nutr., 130, 3038, 2000.

116. Kirchgessner, M. and Schnegg, A., Biochemical and physiological effects of nickel deficiency, in
Nickel in the Environment, Nriagu, J.O., Ed., John Wiley & Sons, New York, 635, 1980.

117. Nielsen, F.H., The ultratrace elements, in Trace Minerals in Foods, Smith, K.T., Ed., Marcel Dekker,
New York, 357, 1988.

118. Nielsen, F.H., Shuler, T.R., McLeod, T.G. and Zimmerman, T.J., Nickel influences iron metabolism
through physiologic, pharmacologic and toxicologic mechanisms in the rat, J. Nutr., 114, 1280, 1984.

119. Stangl, G.I. and Kirchgessner, M., Nickel deficiency alters liver lipid metabolism in rats, J. Nutr., 126,
2466, 1996.

120. Nielsen, F.H., Yokoi, K. and Uthus, E.O., Marginal dietary pyridoxine and supplemental dietary
homocystine and methionine affect the response of the rat to nickel deprivation, in Metal Ions in
Biology and Medicine, Vol. 6, Centeno, J.A., Collery, P., Vernet, G., Finkelman, R.B., Gibb, H. and
Etienne, J.-C., Eds., John Libbey Eurotext, Paris, 524, 2000.

3022_C020.fm  Page 315  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



316 Sports Nutrition: Vitamins and Trace Elements

121. Stangl, G.I. and Kirchgessner, M., Comparative effects of nickel and iron depletion on circulating
thyroid hormone concentrations in rats, J. Anim. Physiol. Anim. Nutr. 79, 18, 1998.

122. Bertrand, G. and Mâchebœuf, M., Influence du nickel et du cobalt sur l’action exercée par l’insuline,
chez le lapin, Comptes Rendus, 182, 1504, 1926.

123. Bertrand, G. and Mâchebœuf, M., Influence du nickel et du cobalt sur l’action exercée par l’insuline
chez le chien, Comptes Rendus, 183, 5, 1926.

124. Dixit, P.K. and Lazarow, A., Effects of metal ions and sulfhydryl inhibitors on glucose metabolism
by adipose tissue, Am. J. Physiol., 213, 849, 1967.

125. Novelli, E.L.B., Rodrigues, N.L. and Ribas, B.O., Effect of nickel chloride on streptozotocin-induced
diabetes in rats, Can. J. Physiol. Pharmacol., 66, 663, 1988.

126. Mayor, P., Cabrera, R., Ribas, B. and Calle, C., Effect of long-term nickel ingestion on insulin binding
and antilipolytic response in rat adipocytes, Biol. Trace Elem. Res., 22, 63, 1989.

127. Schnegg, A. and Kirchgessner, M., Alkalische und Saure Phosphatase-Aktivität in Leber und Serum
bei Ni-bsz. Fe-Mangel, Internat. Z. Vit. Ern. Forschung, 47, 274, 1977.

128. Kirchgessner, M., Perth, J. and Schnegg, A., Mangelnde Ni-Versorgung und Ca-, Mg- und P-Gehalte
im Knochen wachsender Ratten, Arch. Tierernährung, 30, 805, 1980.

129. Anke, M., Grün, M., Dittrich, G., Groppel, B. and Henning, A., Low nickel rations for growth and
reproduction in pigs, in Trace Element Metabolism in Animals-2, Hoekstra, W.G., Suttie, J.W., Ganther,
H.E. and Mertz, W., Eds., University Park Press, Baltimore, 715, 1974.

130. Wilson, J.H., Wilson, E.J. and Ruszler, P.L., Dietary nickel improves male broiler (Gallus domesticus)
bone strength, Biol. Trace Elem. Res., 83, 239, 2001.

131. Nielsen, F.H., The effect of nickel deprivation on bone strength and shape and urinary phosphorus
excretion is not enhanced by a mild magnesium deprivation in rats, in Macro and Trace Elements,
Mengen- und Spurenelemente, Vol. 2, Anke, M., Flachowsky, M., Kisters, K., Müller, R., Schäfer, U.,
Schenkel, H., Seifert, M. and Stoeppler, M., Eds., Schubert-Verlag, Leipzig, 965, 2004.

132. Jacobsen, N. and Jonsen, J., Strontium, lead and nickel incorporation into mouse calvaria in vitro,
Path. Europ., 10, 115, 1975.

133. Rosenberg, K., Olsson, H., Morgelin, M. and Heinegard, D., Cartilage oligomeric matrix protein shows
high affinity zinc-dependent interaction with triple helical collagen, J. Biol. Chem., 273, 20397, 1998.

134. Shankar, V., Bax, C.M.R., Bax, B.E., Towhidul Alam, A.S.M., Moonga, B.S., Simon, B., Pazianas,
M., Huang, C.L.-H. and Zaidi, M., Activation of the Ca2+ “receptor” on the osteoclast by Ni2+ elicits
cytosolic Ca2+ signals: Evidence for receptor activation and inactivation, intracellular Ca2+ redistribu-
tion and divalent cation modulation, J. Cell. Physiol., 155, 120, 1993.

135. Niebor, E., Tom, R.T. and Sanford, W.E., Nickel metabolism in man and animals, in Metal Ions in
Biological Systems, Vol. 23, Nickel and Its Role in Biology, Sigel, H. and Sigel, A., Eds., Marcel
Dekker, New York, 91, 1988.

136. Arnich, N., Cunat, L., Lanhers, M.-C. and Burnel, D., Comparative in situ study of the intestinal
absorption of aluminum, manganese, nickel and lead in rats, Biol. Trace Elem. Res., 99, 157, 2004.

137. Solomons, N.W., Viteri, F., Shuler, T.R. and Nielsen, F.H., Bioavailability of nickel in man. Effects
of foods and chemically-defined dietary constituents on the absorption of inorganic nickel, J. Nutr.,
112, 39, 1982.

138. Sunderman, F.W., Jr., Hopfer, S.M., Swift, T., Ziebka, L., Marcus, A.H., Most, B.M. and Creason, J.,
Nickel absorption and elimination in human volunteers, in Trace Elements in Man and Animals 6,
Hurley, L.S., Keen, C.L., Lönnerdal, B. and Rucker, R.B., Eds., Plenum Press, New York, 427, 1988.

139. Tallkvist, J. and Tjälve, H., Effect of iron-deficiency on the disposition of nickel in rats, Toxicol. Lett.,
92, 131, 1997.

140. Kirchgessner, M., Spörl, R. and Roth-Maier, D.A., Exkretion im Kot und scheinbare Absorption von
Kupfer, Zink, Nickel und Mangan bei nichtgraviden und graviden Sauen mit unterschiedlicher
Spurenelementversorgung, Z. Tierphysiol. Tierernhr. Futtermittelkd., 44, 98, 1980.

141. Kirchgessner, M., Roth-Maier, D.A. and Spörl, R., Spurenelementbilanzen (Cu, Zn, Ni, und Mn)
laktierender Sauen, Z. Tierphysiol. Tierernhr. Futtermittelkd., 50, 230, 1983.

142. Foulkes, E.C. and McMullen, D.M., On the mechanism of nickel absorption in the rat jejunum,
Toxicol., 38, 35, 1986.

143. Tallkvist, J. and Tjälve, H., Transport of nickel across monolayers of human intestinal Caco-2 cells,
Toxicol. Appl. Pharmacol., 151, 117, 1998.

3022_C020.fm  Page 316  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



Boron, Manganese, Molybdenum, Nickel, Silicon and Vanadium 317

144. Eidelsburger, U., Stangl, G.I. and Kirchgessner, M., The effect of nickel, iron and cobalt on nickel
absorption in nickel-deficient and nickel-control rats using everted intestinal segments, Trace Elem.
Electrol., 13, 182, 1996.

145. Stangl, G.I., Eidelsburger, U. and Kirchgessner, M., Nickel deficiency alters nickel flux in rat everted
intestinal sacs, Biol. Trace Elem. Res., 61, 253, 1998.

146. Tabata, M. and Sarkar, B., Specific nickel(II)-transfer process between the native sequence peptide
representing the nickel(II)-transport site of human albumin and L-histidine, J. Inorg. Biochem., 45,
93, 1992.

147. Nomoto, S. and Sunderman, F.W., Jr., Presence of nickel in alpha-2-macroglobulin isolated from
human serum by high performance liquid chromatography, Ann. Clin. Lab. Sci., 18, 78, 1988.

148. Sutherland, J.E. and Costa, M., Nickel, in Heavy Metals in the Environment, Sarkar, B., Ed., Marcel
Dekker, New York, 349, 2002.

149. Predki, P.F., Whitfield, D.M. and Sarkar, B., Characterization and cellular distribution of acidic peptide
and oligosaccharide metal-binding compounds from kidneys, Biochem. J., 281, 835, 1992.

150. Omokhodion, F.O. and Howard, J.M., Trace elements in the sweat of acclimatized persons, Clin.
Chem. Acta, 231, 23, 1994.

151. Marzouk, A. and Sunderman, F.W., Jr., Biliary excretion of nickel in rats, Toxicol. Lett., 27, 65, 1985.
152. Patriarca, M., Lyon, T.D.B. and Fell, G.S., Nickel metabolism in humans investigated with an oral

stable isotope, Am. J. Clin. Nutr., 66, 616, 1997. 
153. Nielsen, F.H., Ultratrace elements in nutrition: Current knowledge and speculation, J. Trace Elem.

Exp. Med., 11, 251, 1998.
154. Gatteschi, L., Bavazzano, P., Locatelli, F., Rosendahl, K., Resina, A. and Rubenni, M.G., Effects of

aerobic exercise on urinary excretion of chromium and nickel, in Trace Elements in Man and Animals
– TEMA 8, Anke, M., Meissner, D. and Mills, C.F., Eds., Verlag Media Touristik, Gersdorf, 394, 1993. 

155. Becker, C.-H., Matthias, D., Wooßmann, H., Schwartz, A. and Engler, E., Investigations on a possible
medical importance of silicon, in 4. Spurenelement-Symposium, Anke, M., Baumann, W., Bräunlich,
H. and Brückner, Eds., Friedrich-Schiller-Universität, Jena, 142, 1983.

156. Schwarz, K., Significance and functions of silicon in warm-blooded animals. Review and outlook, in
Biochemistry of Silicon and Related Problems, Bendz, G. and Lindquist, I., Eds., Plenum Press, New
York, 207, 1978.

157. Carlisle, E. M., Silicon: A possible factor in bone calcification, Science, 167, 279, 1970.
158. Carlisle, E.M., Silicon: An essential element for the chick, Science, 178, 619, 1972.
159. Schwarz, K., A bound form of silicon in glycosaminoglycans and polyuronides, Proc. Nat. Acad. Sci.

USA, 70, 1608, 1973.
160. Nielsen, F.H., Nutritional requirements for boron, silicon, vanadium, nickel and arsenic: current

knowledge and speculation, FASEB J., 5, 2661, 1991.
161. Birchall, J.D. and Espie, A.W., Biological implications of the interaction (via silanol groups) of silicon

with metal ions, in Silicon Biochemistry, Ciba Foundation Symposium 121, Evered, D. and O’Connor,
M., Eds., John Wiley & Sons, Chichester, 140, 1986.

162. Carlisle, E.M. and Curran, M.J., Effect of dietary silicon and aluminum on silicon and aluminum
levels in rat brain, Alzheimer Dis. Assoc. Disorders, 1, 83, 1987.

163. Bellés, M., Sánchez, D.J., Gómez, M., Corbella, J. and Domingo, J.L., Silicon reduces aluminum
accumulation in rats: relevance to the aluminum hypothesis of Alzheimer Disease, Alzheimer Dis.
Assoc. Disorders, 12, 83, 1998.

164. Jacqmin-Gadda, H., Commenges, D., Letenneur, L. and Dartigues, J.-F., Silica and aluminum in
drinking water and cognitive impairment in the elderly, Epidemiology, 7, 281, 1996.

165. Forbes, W.F., Agwani, N. and Lachmaniuk, P., Geochemical risk factors for mental functioning, based
on the Ontario Longitudinal Study of Aging (LSA) IV. The role of silicon-containing compounds,
Can. J. Aging, 14, 630, 1995.

166. Emerick, R. and Kayongo-Male, H., Silicon facilitation of copper utilization in the rat, J. Nutr.
Biochem., 1, 487, 1990.

167. Najda, J., Gmin′ski, J., Drózdz, M. and Danch, A., Silicon metabolism. The interrelations of inorganic
silicon (Si) with systemic hypersilicemia, Biol. Trace Elem. Res., 34, 185, 1992.

168. Kayongo-Male, H. and Palmer, I.S., Copper-silicon interaction studies in young, rapidly growing
turkeys fed semipurified starter diets, Biol. Trace Elem. Res., 63, 195, 1998.

3022_C020.fm  Page 317  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



318 Sports Nutrition: Vitamins and Trace Elements

169. Kikunaga, S., Kitano, T., Kikukawa, T. and Takahashi, M., Effects of fluoride and silicon on distribution
of minerals in the magnesium-deficient rat, Maguneshumu (Kyoto), 10, 181, 1991.

170. Evenson, D.P., Emerick, R.J., Jost, L.K., Kayongo-Male, H. and Stewart, S.R., Zinc-silicon interactions
influencing sperm chromatin integrity and testicular cell development in the rat as measured by flow
cytometry, J. Anim. Sci., 71, 955, 1993.

171. Schwarz, K. and Milne, D.B., Growth-promoting effects of silicon in rats, Nature, 239, 333, 1972. 
172. Carlisle, E.M., In vivo requirement for silicon in articular cartilage and connective tissue formation

in the chick, J. Nutr., 106, 478, 1976.
173. Carlisle, E.M., A silicon requirement for normal skull formation in chicks, J. Nutr., 110, 352, 1980.
174. Carlisle, E.M., Biochemical and morphological changes associated with long bone abnormalities in

silicon deficiency, J. Nutr., 110, 1046, 1980.
175. Carlisle, E.M., Silicon, in Handbook of Nutritionally Essential Mineral Elements, O’Dell, B.L. and

Sunde, R.A., Eds., Marcel Dekker, New York, 603, 1997.
176. Reffitt, D.M., Ogston, N., Jugdaohsingh, R., Cheung, H.F.J., Evans, B.F.J., Thompson, R.P.H.,

Powell, J.J. and Hampson, G.N., Orthosilicic acid stimulates collagen type I synthesis and osteo-
blastic differentiation in human osteoblast-like cells in vitro, Bone, 32, 127, 2003.

177. Seaborn, C.D. and Nielsen, F.H., Dietary silicon affects acid and alkaline phosphatase and 45calcium
uptake in bone of rats, J. Trace Elem. Exp. Med., 7, 11, 1994.

178. Seaborn, C.D. and Nielsen, F.H., Silicon deprivation and arginine and cystine supplementation affect
bone collagen and bone and plasma trace mineral concentrations in rats, J. Trace Elem. Exp. Med.,
15, 113, 2002.

179. Seaborn, C.D. and Nielsen, F.H., Silicon deprivation decreases collagen formation in wounds and
bone and ornithine transaminase enzyme activity in liver, Biol. Trace Elem. Res., 89, 251, 2002.

180. Nielsen, F.H. and Poellot, R., Dietary silicon affects bone turnover differently in ovariectomized and
sham-operated growing rats, J. Trace Elem. Exp. Med., 17, 137, 2004.

181. Jugdaohsingh, R., Tucker, K.L., Qiao, N., Cupples, L.A., Kiel, D.P. and Powell, J.J., Dietary silicon
intake is positively associated with bone mineral density in men and premenopausal women of the
Framingham offspring cohort, J. Bone Min. Res., 19, 297, 2004.

182. Sauer, F., Laughland, D.H. and Davidson, W.M., Silica metabolism in guinea pigs, Can. J. Biochem.
Physiol., 37, 183, 1959.

183. Baumann, H., Verhatten der Kieselsaure im menschlichen Blut und Harn, Hoppe-Seyler’s Z. Physiol.
Chem., 320, 1960.

184. Charnot, Y. and Pérès, G., Contribution à l’étude de la regulation endocrinienne du métabolisme
silicique, Ann. Endocrinol., 32, 397, 1971.

185. Berlyne, G.M., Adler, A.J., Ferran, N., Bennett, S. and Holt, J., Silicon metabolism. I. Some aspects
of renal silicon handling in normal man, Nephron, 43, 5, 1986.

186. Dobbie, J.W. and Smith, M.J.B., Urinary and serum silicon in normal and uraemic individuals, in
Silicon Biochemistry, Ciba Foundation Symposium 121, Evered, D. and O’Connor, M., Eds., John
Wiley & Sons, Chichester, 194, 1986.

187. Van Dyck, K., Robberecht, H., Van Cauwenbergh, R., Van Vlaslaer, V. and Deelstra, H., Indication
of silicon essentiality in humans. Serum concentrations in Belgian children and adults, including
pregnant women, Biol. Trace Elem. Res., 77, 25, 2000.

188. Calomme, M.R., Cos, P., D’Haese, P.C., Vingerhoets, R., Lamberts, L.V., De Broe, M.E., Van Hoorebeke, C.
and Vanden Berghe, D.A., Absorption of silicon in healthy subjects, in Metal Ions in Biology and
Medicine, Vol. 5, Collery, Ph., Brätter, P., Negretti de Brätter, V., Khassanova, L., Etienne, J.C., Eds.,
John Libbey Eurotext, Paris, 228, 1998.

189. Adler, A.J., Etzion, Z. and Berlyne, G.M., Uptake, distribution and excretion of 31silicon in normal
rats, Am. J. Physiol., 251, E670, 1986.

190. Bailey, C.B., Silica metabolism and silica urolithiasis in ruminants: A review, Can. J. Anim. Sci., 61,
219, 1981.

191. Popplewell, J.F., King, S.J., Day, J.P., Ackrill, P., Fifield, L.K., Cresswell, R.G., di Tada, M.L. and
Liu, K., Kinetics of uptake and elimination of silicic acid by a human subject: a novel application of
32Si and accelerator mass spectrometry, J. Inorg. Biochem., 69, 177, 1998.

192. Reffitt, D.M., Jugdaohsingh, R., Thompson, R.P. and Powell, J.J., Silicic acid: Its gastrointestinal uptake
and urinary excretion in man and effects on aluminum excretion, J. Inorg. Biochem. 76, 141, 1999.

3022_C020.fm  Page 318  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



Boron, Manganese, Molybdenum, Nickel, Silicon and Vanadium 319

193. Allain, P., Cailleux, A., Mauras, Y. and Renier, J.C., Etude de l’absorption digestive du silicium après
administration unique chez l’homme sous forme de salicylate de methyl silane triol, Therapie, 38,
171, 1983.

194. Jugdaohsingh, R., Anderson, S.H.C., Tucker, K.L., Elliott, H., Kiel, D.P., Thompson, R.P.H. and
Powell, J.J., Dietary silicon intake and absorption, Am. J. Clin. Nutr., 75, 887, 2002.

195. Kelsay, J.L., Behall, K.M. and Prather, E.S., Effect of fiber from fruits and vegetables on metabolic
responses of human subjects. II. Calcium, magnesium, iron and silicon balances, Am. J. Clin. Nutr.,
32, 1876, 1979.

196. Pennington, J.A.T., Silicon in foods and diets, Food Add. Contam., 8, 97, 1991. 
197. Takizawa, Y., Hirasawa, F., Noritomo, E., Aida, M., Tsunoda, H. and Uesugi, S., Oral ingestion of

syloid to mice and rats and its chronic toxicity and carcinogenicity, Acta Med. Biol., 36, 27, 1988.
198. Nasolodin, V.V., Rusin, V.Y. and Vorob’ev, V.A., Zinc and silicon metabolism in highly trained athletes

under hard physical stress (in Russian), Vopr. Pitan., 4, 37, 1987.
199. Seaborn, C.D. and Nielsen, F.H., Silicon: A nutritional beneficence for bones, brains and blood

vessels?, Nutr. Today, 28, 13, 1993.
200. Carlisle, E.M., Silicon as an essential trace element in animal nutrition, in Silicon Biochemistry, Ciba

Foundation Symposium 121, Evered, D. and O’Connor, M., Eds., John Wiley & Sons, Chichester,
123, 1986. 

201. Nielsen, F.H., The nutritional essentiality and physiological metabolism of vanadium in higher animals,
in Vanadium Compounds. Chemistry, Biochemistry and Therapeutic Applications, ACS Symposium Series
711, Tracey, A.S. and Crans, D.C., Eds., American Chemical Society, Washington, D.C., 297, 1998.

202. Hulley, P. and Davison, A., Regulation of tyrosine phosphorylation cascades by phosphatases: What
the actions of vanadium teach us, J. Trace Elem. Exp. Med., 16, 281, 2003.

203. Marzban, L. and McNeill, J.H., Insulin-like actions of vanadium: Potential as a therapeutic agent, J.
Trace Elem. Exp. Med., 16, 253, 2003.

204. Uthus, E.O. and Nielsen, F.H., Effect of vanadium, iodine and their interaction on growth, blood
variables, liver trace elements and thyroid status indices in rats, Magnesium Trace Elem., 9, 219, 1990.

205. Anke, M., Groppel, B., Arnhold, W., Langer, M. and Krause, U., The influence of the ultra trace
element deficiency (Mo, Ni, As, Cd, V) on growth, reproduction performance and life expectancy, in
Trace Elements in Clinical Medicine, Tomita, H., Ed., Springer-Verlag, Tokyo, 361, 1990.

206. Nielsen, F.H. and Sandstead, H.H., Are nickel, vanadium, silicon, fluorine and tin essential for man?,
Am. J. Clin. Nutr., 27, 515, 1974.

207. Wever, R. and Krenn, B.E., Vanadium haloperoxidases, in Vanadium in Biological Systems, Chasteen,
N.D., Ed., Kluwer Academic, Dordrecht, 81, 1990.

208. Sakurai, H. and Tsuji, A., Antidiabetic action of vanadium complexes in animals: Blood glucose
normalizing effect, organ distribution of vanadium and mechanism for insulin-mimetic action, in
Vanadium in the Environment, Part 2: Health Effects, Nriagu, J.O., Ed., John Wiley & Sons, New
York, 297, 1998.

209. Cohen, N., Halbertstam, M., Shlimovich, P., Chang, C.J., Shamoon, H. and Rossetti, L., Oral vanadyl
sulfate improves hepatic and peripheral insulin sensitivity in patients with non-insulin-dependent
diabetes mellitus, J. Clin. Invest., 95, 2501, 1995.

210. Goldfine, A.B., Simonson, D.C., Folli, F., Patti, M.-E. and Kahn, R., Metabolic effects of sodium
metavanadate in humans with insulin-dependent and noninsulin-dependent diabetes mellitus in vivo
and in vitro studies, J. Clin. Endocrinol. Metab., 80, 3311, 1995.

211. Halbertstam, M., Cohen, N., Shlimovich, P., Rossetti, L. and Shamoon, H., Oral vanadyl sulfate
improves insulin sensitivity in NIDDM but not in obese nondiabetic subjects, Diabetes, 45, 659, 1996.

212. Boden, G., Chen, X., Ruiz, J., van Rossum, G.D.V. and Turco, S., Effects of vanadyl sulfate on
carbohydrate and lipid metabolism in patients with non-insulin-dependent diabetes mellitus, Metab-
olism, 45, 1130, 1996.

213. Rygh, O., Recherches sur les oligo-éléments. II. De l’importance du thallium et du vanadium, du
silicum et du fluor, Bull. Soc. Chim. Biol., 31, 1403 and 1408, 1949.

214. Nemsadze, O.D., Effect of the trace element vanadium on reparative regeneration of bone tissue in
the mandible (in Russian), Stomatologiya (Moscow), 56, 1, 1977.

215. Lau, K.-H.W., Tanimoto, H. and Baylink, D.J., Vanadate stimulates bone cell proliferation and bone
collagen synthesis in vitro, Endocrinology, 123, 2858, 1988.

3022_C020.fm  Page 319  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



320 Sports Nutrition: Vitamins and Trace Elements

216. Canalis, E., Effect of sodium vanadate on deoxyribonucleic acid and protein syntheses in cultured rat
calvariae, Endocrinology, 116, 855, 1985.

217. Cruz, T., Mills, G., Pritzker, K.P.H. and Kandel, R.A., Inverse correlation between tyrosine phospho-
rylation and collagenase production in chondrocytes, Biochem. J., 269, 717., 1990.

218. Nielsen, F.H. and Uthus, E.O., III. The essentiality and metabolism of vanadium, in Vanadium in
Biological Systems, Chasteen, N.D., Ed., Kluwer Academic Publishers, Dordrecht, 51, 1990.

219. Seaborn, C.D., Mitchell, E.D. and Stoecker, B.J., Vanadium and ascorbate effects on 3-hydroxy-3-
methylglutaryl coenzyme A reductase, cholesterol and tissue minerals in guinea pigs fed low-
chromium diets, Magnesium Trace Elem., 10, 327, 1991–1992.

220. Nielsen, F.H., Vanadium in mammalian physiology and nutrition, in Metal Ions in Biological Systems,
Vol. 31. Vanadium and Its Role in Life, Sigel, H. and Sigel, A., Eds., Marcel Dekker, New York, 543,
1995.

221. Setyawati, I.A., Thompson, K.H., Yuen, V.G., Sun, Y., Battell, M., Lyster, D.M., Vo, C., Ruth, T.J.,
Zeisler, S., McNeill, J.H. and Orvig, C., Kinetic analysis and comparison of uptake, distribution and
excretion of 48V-labeled compounds in rats, J. Appl. Physiol., 84, 569, 1998.

222. Chasteen, N.D., Lord, E.M. and Thompson, H.J., Vanadium metabolism. Vanadyl (IV) electron
paramagnetic resonance spectroscopy of selected tissues in the rat, in Frontiers in Bioinorganic
Chemistry, Xavier, A.V., Ed., VCH Verlagsgesellschaft, Weinheim, 133, 1986.

223. Cantley, L.C., Jr., Resh, M.D. and Guidotti, G., Vanadate inhibits the red cell (Na+, K+) ATPase from
the cytoplasmic side, Nature, 272, 552, 1978.

224. Parker, R.D.R. and Sharma, R.P., Accumulation and depletion of vanadium in selected tissues of rats
treated with vanadyl sulfate and sodium orthovanadate, J. Environ. Pathol. Toxicol., 2, 235, 1978.

225. Macara, I.G., Kustin, K. and Cantley, L.C., Jr., Glutathione reduces cytoplasmic vanadate. Mechanism
and physiological implications, Biochim. Biophys. Acta, 629, 95, 1980.

226. Chasteen, N.D., Grady, J.K. and Holloway, C.E., Characterization of the binding, kinetics and redox
stability of vanadium (IV) and vanadium (V) protein complexes in serum, Inorg. Chem., 25, 2754,
1986.

227. Chasteen, N.D., Lord, E.M., Thompson, H.J. and Grady, J.K., Vanadium complexes of transferrin and
ferritin in the rat, Biochim. Biophys. Acta, 884, 84, 1986.

228. Sabbioni, E. and Marafante, E., Progress in research on newer trace elements: the metabolism of
vanadium as investigated by nuclear and radiochemical techniques, in Trace Element Metabolism in
Man and Animals (TEMA 4), Howell, J. McC., Gawthorne, J.M. and White, C.L., Eds., Australian
Academy of Science, Canberra, 629, 1981.

229. Hopkins, L.L., Jr. and Tilton, B.E., Metabolism of trace amounts of vanadium 48 in rat organs and
liver subcellular particles, Am. J. Physiol., 211, 169, 1966.

230. Sabbioni, E. and Marafante, E., Metabolic patterns of vanadium in the rat, Bioinorg. Chem., 9, 389,
1978.

231. Fawcett, J.P., Farquhar, S.J., Walker, R.J., Thou, T., Lowe, G. and Goulding, A., The effect of oral
vanadyl sulfate on body composition and performance in weight-training athletes, Int. J. Sport Nutr.,
6, 382, 1996.

232. Schroeder, H.A., Balassa, J.J. and Tipton, I.H., Abnormal trace metals in man — vanadium, J. Chron.
Dis., 16, 1047, 1963.

233. Somerville, J. and Davies, B., Effect of vanadium on serum cholesterol, Am. Heart J., 64, 54, 1962.
234. Curran, G.L. and Burch, R.E., Biological and health effects of vanadium, Trace Substances Environ.

Health, 1, 96, 1968.
235. Dimond, E.G., Caravaca, J. and Benchimol, A., Vanadium. Excretion, toxicity, lipid effect in man,

Am. J. Clin. Nutr., 12, 49, 1963.
236. Corrigan, F.M., Ijomah, G., Holliday, J., Horrobin, D.F., Skinner, E.R. and Ward, N.I., Plasma and

red cell cadmium, vanadium and tin in treated hypertensives, Trace Elem. Med., 9, 90, 1992.
237. Boscolo, P., Carmignani, M., Sabbioni, E., Volpe, A.R., Giuliano, G. and Preziosi, P., Vanadium and

hypertension: mechanisms of toxicity of low levels of exposure in rats, Int. J. Toxicol. Occup. Environ.
Health, 2, 21, 1993.

3022_C020.fm  Page 320  Tuesday, August 23, 2005  5:48 AM

© 2006 by Taylor & Francis Group, LLC



 

Section Four

 

Summary

 

3022_C021.fm  Page 321  Tuesday, August 23, 2005  5:50 AM

© 2006 by Taylor & Francis Group, LLC



 

323

 

21

 

Summary — Vitamins and Trace 
Elements in Sports Nutrition

 

Judy A. Driskell and Ira Wolinsky

 

CONTENTS

 

I. Introduction .........................................................................................................................  323
II. Water-Soluble Vitamins and Choline ..................................................................................  326

III. Fat-Soluble Vitamins ...........................................................................................................  327
IV. Trace Elements ....................................................................................................................  328
V. Conclusions and Implications .............................................................................................  330

References .....................................................................................................................................330

 

I. INTRODUCTION

 

Vitamins and trace elements play many roles with regard to physical activity, including sports and
exercise. All of the nutrients that function in energy metabolism, either directly or indirectly, also
function in physical performance. Deficiencies of many of the nutrients are known to adversely
affect exercise performance. In many early studies, the initial status of subjects with regard to the
vitamin or mineral under investigation was not determined prior to initiation of supplementation.
In most cases, the effects of supplementation are different in individuals deficient in the nutrient
from those with adequate status. Some well controlled studies have been published that relate
vitamin or trace mineral nutrition, including supplementation, to physical performance. The pres-
ence of nutrients in optimal quantities in the body maximizes exercise performance. Overall health,
as well as physical and psychological well-being of all individuals, are affected by their nutrient
intakes.

The Institute of Medicine has established recommended dietary allowances (RDA) or adequate
intakes (AI) for the various vitamins and trace minerals that healthy individuals should consume.
This group sets nutrient intake recommendations for Americans (U.S.) and Canadians. Adequate
intakes for nutrients were set when sufficient scientific evidence was not available to estimate an
average requirement, from which the RDA is calculated.

 

1

 

 This group has made a few recommen-
dations with regard to suggested intakes of some of these vitamins and trace minerals for physically
active adults. The RDAs/Als of adults, 19 y of age and above, for the vitamins and trace minerals
discussed in this book are given in Table 21.1. The U.S. Food and Drug Administration has
established daily values (DV) for many nutrients that are used on food and supplement labels. The
DVs for individuals 4 years of age and older for the vitamins and trace minerals

 

2

 

 discussed in this
volume are also given in Table 20.1. Because many of the nutrients can be toxic, the Institute of
Medicine also set tolerable upper intake levels (ULs) for these nutrients. The UL is the maximum
intake by an individual that is unlikely to pose risks of adverse health effects in almost all (97–98%)
individuals in a specified life-stage group,

 

1

 

 and is sometimes referred to as the “upper safe level.”
For most nutrients, the UL refers to total intakes from food, fortified food and nutrient supplements.
The ULs of adults, 19 y of age and above, for the vitamins and trace minerals discussed in this
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book are given in Table 21.1. Nutritionists, dietitians and other health professionals generally
recommend that individuals have nutrient intakes somewhere between the RDAs/AIs and the ULs.
These are recommendations for healthy individuals and do not relate to physician-prescribed
nutrient supplements. A separate set of RDAs/AIs for athletes does not exist, however, some
recommendations have been made specifically for athletes with regard to some of the nutrients.

 

TABLE 21.1 
Recommended Dietary Allowances/Adequate Intakes

 

a

 

, Daily Values

 

b

 

 and Tolerable 
Upper Intake Levels of Adults,

 

 a

 

 19

 

+

 

 y of age, for Vitamins and Trace Minerals

 

RDA/AI

 

DV

 

UL

Nutrient Men Women 4

 

+

 

 y-old Men and Women

 

Ascorbic Acid (mg/d) 90 75 60 2,000
Thiamin (mg/d) 1.2 1.1 1.5 ND

 

c

 

Riboflavin (mg/d) 1.3 1.1 1.7 ND 
Niacin (mg/d) 16 14 20 35
Vitamin B

 

6

 

 (mg/d) 1.3/1.7

 

d

 

1.3/1.5 2.0 100
Folate (

 

µ

 

g/d) 400 400

 

e

 

400 1,000
Vitamin B

 

12

 

 (

 

µ

 

g/d) 2.4

 

f

 

2.4

 

f

 

6.0 ND
Pantothenic Acid (mg/d5) 5 5 10 ND
Biotin (

 

µ

 

g/d) 30 30 300 ND
Choline (mg/d) 550 425 ND 3,500
Vitamin A (

 

µ

 

g/d) 900 700 5000 IU

 

g

 

3,000
Vitamin D (

 

µ

 

g/d) 5/10

 

d

 

5/10

 

d

 

400 IU

 

h

 

50
Vitamin K (

 

µ

 

g/d) 120 90 80 ND
Vitamin E (mg 

 

α

 

-tocopherol/d) 15 15 30 IU

 

i

 

1,000
Iron (mg/d) 8 18/8

 

c

 

18 45
Zinc (mg/d) 11 8 15 40
Copper (

 

µ

 

g/d) 900 900 2000 10,000
Iodine (

 

µ

 

g/d) 150 150 150 1,100
Chromium (

 

µ

 

g/d) 35/30

 

d

 

25/20

 

d

 

120 ND
Selenium (

 

µ

 

g/d) 55 55 70 400
Boron (mg/d) ND ND ND 20
Manganese (mg/d) 2.3 1.8 2.0 11

 

j

 

Molybdenum (

 

µ

 

g/d) 45 45 75 2,000
Nickel (mg/d) ND ND ND 1.0
Silicon (mg/d) ND ND ND ND
Vanadium (mg/d) ND ND ND 1.8

 

a 

 

Values are from references 1, 7, 9 and 10.

 

b 

 

DVs are used on food and supplement labels; the DVs given above are for individuals 4 y of age and older.
Values are from reference 12.

 

c 

 

ND 

 

=

 

 Not determinable.

 

d 

 

Recommendations for 19–50 y/51

 

+

 

 y.

 

e 

 

All women capable of becoming pregnant should consume 400 

 

µ

 

g from supplements or fortified foods in addition
to intake from a varied diet.

 

f 

 

It is advisable for those 51

 

+

 

 y to meet their RDA mainly from fortified foods or supplements.

 

g 

 

See Chapter 11 for conversion factors.

 

h 

 

1 

 

µ

 

g 

 

=

 

 40 IU.

 

i 

 

See Chapter 13 for conversion factors.

 

j 

 

Represents intake from pharmacological agents only and does not include intake from food and water.
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Dietary supplements containing vitamins and trace minerals are frequently taken by individuals
of all ages, including the athletic population. Around one third to one half of adults in the U.S.
take some form of vitamin-mineral supplement.

 

3

 

 The Dietary Supplement Barometer Survey, a
national poll of 1027 U.S. adults in summer 2001, commissioned by the Dietary Supplement
Education Alliance, a coalition of industry stakeholders,

 

 

 

found that 27% of those polled reported
taking a multivitamin-multimineral daily and 21% took a single vitamin daily.

 

4 

 

The leading sup-
plements taken by the participants of the third National Health and Nutrition Survey (NHANES III)
were: multivitamin-multimineral, multivitamins plus vitamin C, vitamin C as a single vitamin and
vitamin E as a single vitamin.

 

5

 

 Varsity athletes at the University of Nebraska were surveyed as to
their usage of vitamin-mineral supplements.

 

6

 

 Over half (56.7%) of the subjects reported taking
vitamin-mineral supplements. The prevalence of taking supplements was higher, though non-
significantly, for women (59.3%) than men (55.3%). The percentages of subjects reporting taking
supplements ranged from 30.8 to 80.0% for women’s varsity sports and 20.0 to 83.3 for men’s
(Table 21.2). The two most common reasons these varsity athletes gave for taking the vitamin-
mineral supplements were that they were recommended by family members or friends and to
improve athletic performance. Many athletes apparently believe that supplementation with some
of the vitamins and minerals is beneficial to them, particularly with regard to their physical
performance. Evidence suggests that the taking of a multivitamin-multimineral supplement makes
people feel better; hence, psychologically and perhaps, then, physiologically, vitamin and mineral
supplementation may be beneficial to athletes. Unfortunately, the effect of vitamin-trace element
supplementation on the athletes’ sense of well-being is seldom reported. 

Vitamins and essential trace elements are needed by all the cells of the human body. Deficiencies
of most, if not all, vitamins and trace elements can decrease physical performance. Athletes who
are most at risk of deficiencies of vitamins and trace elements are those who do not consume
sufficient foods and who ingest mostly refined carbohydrates, overtrain and exercise in extreme
manners or conditions. In the majority of individuals who do not have preexisting nutrient defi-
ciencies, the consumption of multiple vitamin-mineral products containing more than the DVs of
these nutrients does not enhance physical performance, at least those measures of physical perfor-
mance that have been studied. However, individuals taking these supplements frequently have

 

TABLE 21.2 
Prevalence of Vitamin-Mineral Supplement Usage by University Athletes
by Varsity Sport

 

Female Sport  n 
% Taking

Supplements Male Sport  n
% Taking

Supplements

 

Cross-country 7 86 Tennis 6 83
Gymnastics 11 80 Gymnastics 16 81
Tennis 5 80 Track & field 21 71
Swimming/Diving 23 78 Baseball 28 64
Golf 11 64 Swimming/Diving 18 67
Soccer 17 59 Cross-country 12 58
Volleyball 9 56 Football 126 51
Yell squad/Dance team 10 50 Yell squad/Dance team 11 45
Track & field 25 48 Wrestling 7 27
Softball 14 43 Golf 11 27
Basketball 13 31 Basketball 10 20

 

Source:

 

 adapted from Krumbach, C.J., Ellis, D.R. and Driskell, J.A., A report of vitamin and mineral
supplement use among university athletes in a Division I institution. 

 

Int. J. Sport Nutr

 

., 9, 416–425,
1999.
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perceived that the supplements were beneficial to them — these supplements may thus have indirect
effects on mental fitness, immune system function and prevention or recuperation from injury.
Toxicity from multiple vitamin-mineral products is uncommon; however, ULs of safety exist for
many of the individual vitamins and trace minerals. 

Vitamins are classified as being water-soluble or fat-soluble. The water-soluble vitamins
include ascorbic acid, the B-complex vitamins (thiamin, riboflavin, niacin, vitamin B

 

6

 

, folate,
vitamin B

 

12

 

, pantothenic acid and biotin) and perhaps choline. The fat-soluble vitamins include
vitamin A, vitamin D, vitamin E and vitamin K. The essential trace elements/minerals are iron, zinc,
copper, iodine, chromium, selenium, molybdenum and manganese. Evidence exists that the trace
elements/ minerals boron, nickel, silicon and vanadium have beneficial roles in some species, though
evidence of such roles in humans is limited.

 

II. WATER-SOLUBLE VITAMINS AND CHOLINE

 

Numerous researchers have investigated the ergogenic effects of ascorbic acid (vitamin C) and the
results of these studies are mixed. Vitamin C deficiency or even marginal vitamin C status is known to
adversely influence physical performance. Reports exist that up to 25% of athletes consumed less than
the RDA for vitamin C. Several studies indicate that strenuous or prolonged exercise increases the
need for vitamin C. For subjects having adequate vitamin C status prior to supplementation, research
data do not appear to support a clear or consistent ergogenic effect of the vitamin. Most of the
research has been done with runners; research is needed on other types of athletes, particularly of
the strength-power variety. Keith, the author of Chapter 2 in this volume, suggests that athletes
engaged in strenuous prolonged physical activity consume 100 to 1000 mg of vitamin C daily. The
UL for vitamin C for adults is 2000 mg/day.

 

1

 

 
Thiamin (vitamin B

 

1

 

) as a component of the coenzyme thiamin pyrophosphate (TPP), is
important in energy metabolism. Thiamin is also needed for optimal neuromuscular functioning.
Reportedly some athletes are marginally thiamin deficient. The need for thiamin is generally
proportional to the caloric intake, especially when the diet is high in carbohydrates. Athletes may
require more thiamin than sedentary individuals. Additional research is needed on the thiamin needs
of physically active individuals. No UL exists for thiamin.

 

7

 

Riboflavin (vitamin B

 

2

 

), as a component of the coenzymes flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), participates in many oxidation-reduction reactions in the body,
particularly glycolysis, the tricarboxylic acid cycle and 

 

β

 

-oxidation. Though physical activity may
deplete riboflavin status, the riboflavin status of well-nourished athletes is similar to that of well-
nourished nonathletic controls. There appears to be no advantage of riboflavin supplementation of
athletes unless these individuals are deficient in the vitamin. No UL exists for riboflavin.

 

7

 

Niacin, as a component of the coenzymes nicotinamide adenine dinucleotide (NAD) and
nicotinamide adenine dinucleotide phosphate (NADP), is needed for adenosine triphosphate (ATP)
production from all the energy-yielding nutrients. Niacin deficiency impairs glycolysis and respi-
ratory metabolism. Compromised niacin status in the athletic or general population does not seem
to influence aerobic exercise performance. Supplementation with nicotinic acid reduces the avail-
ability of free fatty acids and potentiates the use of carbohydrates as sources of energy. The UL
for niacin (as nicotinic acid) for adults is 35 mg/day.

 

7

 

 Large doses of nicotinic acid are sometimes
used to treat hyperlipidemia and more research on the athletic performance of individuals taking
these doses would be interesting. 

Vitamin B

 

6

 

, primarily as pyridoxal phosphate (PLP), functions in several metabolic pathways
including some involving all the energy-yielding nutrients, but especially protein, during exercise.
Vitamin B

 

6

 

 deficiency may alter physical performance. Vitamin B

 

6

 

 is involved in the protective
effect of exercise on cardiovascular disease. The current thinking is that vitamin B

 

6

 

 supplementation
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of individuals with adequate status of the vitamin has no beneficial effect on physical performance
measurements. The UL of vitamin B

 

6

 

 for adults is 100 mg/day.

 

7

 

Folate functions in nucleic acid synthesis and is a component of several enzymes involved in
amino acid metabolism. Folate deficiency is primarily manifested as megaloblastic anemia. Any
type of anemia can influence physical performance, particularly in endurance athletes. No measur-
able increase in athletic performance has been observed in athletes who consumed amounts of
folate higher than that recommended for the general population. Folate can lower plasma homocysteine
concentrations. Research is needed on the relationships between exercise and hyperhomocysteine-
mia, if any. The UL for folate for adults is 1000 

 

µ

 

g/day from fortified foods or supplements, but
not other foods.

 

7

 

 
Vitamin B

 

12

 

, cobalamin, is crucial for the synthesis of DNA and is needed for erythrocyte
synthesis. Hematopoietic defects, especially megaloblastic anemia and neurological damage, are
seen in vitamin B

 

12

 

 deficiency. The most common cause of vitamin B

 

12

 

 deficiency is an inadequacy
of intrinsic factor secretion. In the athlete with normal or marginal B

 

12

 

 status, with no accompanying
signs of deficiency, no evidence exists that increased quantities of the vitamin will enhance athletic
performance. No UL exists for vitamin B

 

12

 

.

 

7

 

Pantothenic acid functions in cells as a component of coenzyme A, which plays a central
role in intermediary metabolism. Biotin functions as a coenzyme for carboxylases as well as
having a role in chromatin structure and cell signaling. These two B-vitamins are ubiquitous in
human diets and deficiencies are rare. Pharmacologic doses of pantothenic acid appear not to
enhance physical performance. Studies on biotin and physical performance have not been pub-
lished. No UL exists for either pantothenic acid or biotin.

 

7

 

 Uncertainities exist with regard to
the safety of pharmacological doses of either pantothenic acid or biotin and gene expression and
cell signaling. 

Choline was classified as an essential nutrient by the Institute of Medicine, National Academy
of Sciences in 1998 and AIs were established for this nutrient.

 

7

 

 Choline, a lipotropic agent, functions
in the maintenance of membrane integrity, neurotransmission, as a precursor for compounds serving
in cell signaling and as a methyl donor. Only recently has a listing of the choline concentrations
in common foods been developed. Decreased plasma choline concentrations have been reported in
marathon runners and cyclists. Deuster and Cooper, the authors of Chapter 10 in this volume, listed
the following possible roles for choline in physical activity: a component of acetylcholine, a
neurotransmitter having neuromuscular functions, the hemoconcentration of choline, a lipo-
tropic agent, a substance playing a role in creatine synthesis. The UL of choline for adults is
3500 mg/day.

 

7

 

III. FAT-SOLUBLE VITAMINS

 

Vitamin A in the body can come from preformed vitamin A or from provitamin A carotenoids, the
most abundant of which are 

 

β

 

-carotene, 

 

α

 

-carotene and 

 

β

 

-cryptoxanthin. An optimal intake of
vitamin A is needed for general health, physical performance and recovery from strenuous exercise.
Athletes in developed countries reportedly have adequate vitamin A status. Many studies that have
estimated vitamin A intakes have methodological problems — inaccurate reporting by subjects,
the changing vitamin A activity conversion factors for carotenoids in plant foods and the habit of
reporting vitamin A from all sources together without specifying the proportion from animal
sources, vitamin A-fortified foods and vitamin A supplements vs. the various provitamin A caro-
tenoids. The functioning of carotenoids in physical activity has been recently reviewed.

 

8

 

 Some
athletes take too much vitamin A, which can be harmful and potentially toxic. The UL for vitamin
A for adults is 3000 

 

µ

 

g/day.

 

9

 

3022_C021.fm  Page 327  Tuesday, August 23, 2005  5:50 AM

© 2006 by Taylor & Francis Group, LLC



 

328

 

Sports Nutrition: Vitamins and Trace Elements

 

Individuals can obtain vitamin D from the diet (including vitamin D-fortified foods), vitamin D
supplements or exposure to sunlight. A few studies have been conducted with regard to vitamin D
and physical performance. Vitamin D does not appear to be involved in athletic performance, though
blood levels of the vitamin have been associated with musculoskeletal function in the elderly.
Individuals sometimes take too much vitamin D, which can be harmful and potentially toxic. The
UL for vitamin D for adults is 50 

 

µ

 

g/day.

 

10

 

Vitamin K may come from dietary sources and synthesis by the intestinal microflora. Vitamin K
is needed for proper blood clotting. Osteocalcin, a vitamin K-dependent protein, functions in bone
formation. Low intakes of vitamin K, along with antibiotic therapy, may produce deficiency
symptoms. To date, no evidence indicates that vitamin K has an ergogenic effect. There is not a
UL for vitamin K.

 

9

 

Evidence indicates that exercise results in oxidative damage. Quoting Mastaloudis and Traber,
the authors of Chapter 13, “Vitamin E supplementation appears to be effective in attenuating lipid
peroxidation induced by aerobic/endurance type exercise, but not strength training.” The findings of
various researchers on this topic seem to be influenced by the amount and duration of vitamin E or
antioxidant mixture supplementation, the type, intensity and duration of the exercise, as well as how
oxidative damage and athletic performance were measured. Additional well designed research is
needed. Maras et al.

 

11

 

 estimated the vitamin E intakes of U.S. adults in the 1994–96 Continuing
Survey of Food Intakes by Individuals (CSFII) using 

 

α

 

-tocopherol content values from Release 15
of U.S. Department of Agriculture’s National Nutrient Database for Standard Reference and found
that the vast majority of the adults included in the CSFII consumed less than the current RDA of
vitamin E. Endurance athletes, as well as elderly individuals not on coumarin drugs, may benefit from
taking vitamin E supplements. Vitamin E has an adverse effect on the functioning of the coumarin
drugs. The UL for vitamin E for adults is 1,000 mg/d of any form of supplementary 

 

α

 

-tocopherol.

 

1

 

IV. TRACE ELEMENTS

 

Iron deficiency, the most prevalent single nutrient deficiency worldwide, reduces the amount of
oxygen available for aerobic metabolism, thus limiting an individual’s endurance. In anemia, caused
by iron deficiency among other nutrient deficiencies and pathological conditions, the amount of
oxygen transported by hemoglobin in blood is low. In the deficiency, a decrease in myoglobin is
also observed that contributes to decreased muscular aerobic capacity. Lower concentrations of
cytochromes and other iron-containing enzymes are also evident in the deficiency. Iron supplements
given to individuals who are deficient or marginally deficient in iron has been shown to be beneficial
with regard to aerobic work performance measurements. 

Athletes at the greatest risk of developing altered body iron status are female athletes, distance
runners and vegetarian athletes. Iron deficiency without anemia is observed with high prevalence in
female athletes and it may also be a problem in other athletic populations. Body iron may be
redistributed in athletes. Iron supplements are widely used by athletes. Women athletes frequently
do not meet their RDA of 18 mg/day and they may benefit from taking supplements containing iron.
Male athletes generally easily meet their RDA of 8 mg/day. Several studies have been conducted
on women athletes with adequate iron status who were given iron supplements. The majority of
these studies found no improved performance with regard to various exercise measurements.
However, a few studies have reported that the supplementation seemed to positively influence blood
lactic acid concentrations after heavy exercise. Many studies have not indicated whether their
subjects had adequate iron status prior to iron supplementation, a factor that would certainly
influence their research findings. Iron at high doses can be toxic and people have overdosed on
iron supplements. The UL of iron for adults is 45 mg/day.

 

9

 

 
Zinc plays many roles in carbohydrate, lipid and protein metabolism and thus is needed for

optimal performance. Exercise induces increased excretion of zinc as compared with non-exercise
conditions. However, the body tends to adapt by selectively adjusting absorption and endogenous
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excretion of the zinc, and generally the losses of zinc due to strenuous exercise are compensated.
Recent evidence indicates that restricted zinc intake decreases muscle strength and endurance and
impairs cardiorespiratory function. Data from the third National Health and Nutrition Survey
(NHANES III), 1988–1994, indicate that the mean zinc intake of the U.S. population is less than
half the recommended amount.

 

12

 

 Evidence that zinc supplementation of individuals with adequate
zinc status is beneficial with regard to physical performance is lacking. Excessive intakes of zinc
may induce copper deficiency. The UL of zinc for adults is 40 mg/day.

 

9

 

Copper functions as a component of the body’s antioxidant system, yet it can be toxic by
causing the generation of free radicals. Copper is involved with oxygen consumption and stress.
Evidence exists that athletes may have blood copper concentrations outside the normal range and
increased losses of copper in urine and sweat during exercise. Surveys indicate that athletes, like
others, frequently consume less than recommended intakes of copper. There is no evidence that
the copper requirement for athletes is different from that of the general population. The UL of
copper for adults is 10,000 

 

µ

 

g/day.

 

9

 

Iodine is a component of the thyroid hormones that function in normal growth and metabolism,
including metabolic energy production. Iodine deficiency, the most common cause of goiter, is
prevalent in many developing countries. Little research has been published on the relationship
between iodine and physical performance. Strenuous exercise does result in some changes in thyroid
metabolism, though it is unclear whether these changes are temporary or permanent or even of
biological significance. Iodine is present in sweat, and iodine losses can be substantial in extended
exercise under hot conditions; this issue needs to be further investigated. Excessive intakes of iodine
are potentially harmful. The UL of iodine for adults is 1,100 

 

µ

 

g/day.

 

9

 

Chromium functions in the maintenance of blood glucose levels by potentiating the activity of
insulin. Chromium excretion is influenced by the stress of exercise as well as diets high in mono-
and disaccharides. Athletes should consume enough chromium in their diets to meet recommen-
dations. Early reports suggested that chromium picolinate supplementation would favorably increase
the loss of body fat. However, these studies had flaws. Subsequent well controlled studies indicated
that no basis exists for claims of chromium picolinate as a weight- or fat-loss agent in humans.
Excessive intakes of chromium picolinate can have deleterious effects. No UL exists for chromium,
as toxicity for that present in foods has not been observed.

 

9

 

Selenium, a constituent of glutathione peroxidase, functions as an antioxidant and may protect
tissues from the oxidative stress induced by exercise. Selenium and vitamin E function as synergistic
antioxidants; the same is true for selenium and ascorbic acid. No differences in pre- and 120-h
post-race glutathione peroxidase activities were observed in trained athletes; however, erythrocytes
were more susceptible to hydrogen peroxide-induced peroxidation after the race than before.
Athletes given 100 to 240 

 

µ

 

g selenium daily had decreased oxidative damage after exercise according
to several studies; however, another study indicated that time to exhaustion on a treadmill was not
influenced by the supplementation. Virtually no research has been conducted comparing the effects
of the various forms of selenium on exercise measurements; some of the forms of selenium are
less toxic than others. Selenium supplementation is not recommended at levels much above the
RDAs because of the toxicities that have been observed at relatively low intake levels. The UL of
selenium for adults is 400 

 

µ

 

g/day.

 

1

 

RDAs exist for molybdenum and AIs for manganese. There is evidence that boron, nickel,
silicon and vanadium have beneficial roles in some physiological processes in some species, though
the evidence of such a role in humans is limited. Large intakes of these trace elements, possibly
excluding silicon, can be toxic.

 

9

 

 Suggestions have been made that several of these trace elements
may be of benefit to individuals performing physical activity: boron may facilitate anabolic steroid
activity; manganese, boron, silicon, nickel and vanadium may enhance bone strength and joint
health; manganese, boron, nickel and vanadium may enhance energy utilization and endurance; and
boron, manganese and molybdenum may help overcome the oxidative stress induced by vigorous
exercise. Consumption of diets containing all the food groups likely provides sufficient amounts of
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these trace elements for optimal athletic performance. The ULs of adults for molybdenum is 2,000

 

µ

 

g/day; for manganese, 11 mg/day (represents intake from pharmacological agents only and does
not include intake from food and water); boron, 20 mg/day; nickel, 1.0 mg/day; and vandanium,
1.8 mg/day.

 

9

 

 A UL does not exist for silicon.

 

8

 

V. CONCLUSIONS AND IMPLICATIONS

 

Generally, existing data do not suggest an effect of vitamins and trace elements on physical activity,
exercise and sport as long as individuals are consuming adequate amounts of these nutrients, but
the data are skimpy. Additional well designed research is needed on vitamins and trace minerals
in relation to exercise and sport performance. Few double-blind, crossover, placebo-controlled
studies have been conducted on humans and even fewer of these have been long-term. The initial
vitamin or trace mineral status of the subjects has to be ascertained and only subjects having
adequate status should be used in supplementation studies. Individuals having higher than normal
status indices of the vitamin or trace mineral also should not be used as subjects in supplementation
studies, because these individuals probably have previously taken rather large doses of the nutrient
under study for several months. Initial baseline exercise parameter measurements of subjects should
be determined prior to supplementation, as much individual variation exists among persons of all
ages with regard to the values for the various exercise parameters. Exercise may affect the form
of the vitamin in the plasma and in the body as a whole. Exercise may affect the distributions of
the vitamins and trace minerals in the various body tissues. Vitamins and trace minerals may be
effective at some dosage levels but not others. Studies should be of sufficient duration for effects,
if any, to be observed. Some gender and age differences might exist. The efficacy of supplementation
with the various vitamins and trace minerals may vary with regard to different forms of physical
activity and different performance measurements. Does supplementation affect the performance
variables on a short-term or long-term basis? How well do subjects adapt to supplementation and
training? Are there mood changes that could affect performance? Large or excessive intakes of
some of the vitamins and trace minerals may be detrimental to health. 

Many, but not all, of the nutrients are better utilized by the body if they are consumed as a
component of food. Unfortunately, many people do not consume nutritionally adequate diets and
these individuals would benefit from taking vitamin-mineral supplements. It appears prudent for
all adults to take vitamin supplements, according to a scientific review and clinical applications paper
published in 2002 in the 

 

Journal of the American Medical Association

 

.

 

13

 

 Athletes are encouraged to
consume a nutritionally adequate diet and should consider, based on their dietary intakes and general
state of health, whether they should take a multivitamin-multimineral supplement. Some evidence,
though not conclusive, exists that the needs of athletes for antioxidant vitamins may be higher than
of the typical population.
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