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Abstract

The use of nutritional supplements in sport is widespread, and few serious athletes do not,
at some stage in their career succumb to the temptation to experiment with one or more nu-
tritional supplements. Supplementation is particularly prevalent among strength and power
athletes, where an increase in muscle mass can benefit performance. Protein supplements
have not been shown to be effective except in those rare cases where the dietary protein in-
take is inadequate. Individual amino acids, especially ornithine, arginine and glutamine are
also commonly used, but thisis not supported by documented evidence. A variety of min-
eral supplements, including chromium, boron and vanadium, as well as more exotic cont
pounds such as hydroxymethylbutyrate (HMB) are also used by strength athletes, but again
there are no well controlled studies to provide evidence of a beneficial effect. Creatine is
perhaps the most widely used supplement in sport at the moment. Supplementation can in-
crease muscle creatine phosphate levels, and, although not all published studies show posi-
tive results, there is much evidence that strength can be improved and muscle mass increa-

sed by supplementation.
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A very wide range of supplements are currently on
sale to athletes, and a large fraction of the total number
are promoted as having beneficial effects on muscle
growth and repair. Although there is some experimental
evidence to support the use of some of these products,
the claims made for others are not supported by experi-
mental evidence. Food supplements are not subject to
regulation in the same way as drugs, and the consumer
is often confused. This review will briefly discuss some
of the evidence relating to nutritional interventions that
may influence the growth and development of skeletal
muscle.

In sports that require strength and power a high lean
body mass, and especially a high muscle mass, confers a
definite advantage. Supplement use is widespread
among athletes in strength sports, and a wide variety of
supplements are used. A few of the supplements that are
more commonly used by athletes are described briefly
below, but thislist is by no means comprehensive.

Protein and Amino Acids

The ideathat athletes need a high protein diet is intui-
tively attractive, and indeed there is evidence that the
requirement for protein isincreased by physical activity,
[18]. Muscles consist largely of protein, and their in-
volvement is fundamental to performance in all sports.
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It is also readily apparent that regular exercise has a
number of highly specific effects on the body’s protein
metabolism. Strength training results in increases in
muscle mass, indicating an increased formation of actin
and myosin, and it is tempting to assume that this proc-
ess is dependent on protein availability. Endurance
training has little effect on muscle mass, but does n-
crease the muscle content of mitochondrial proteins, es-
pecially those involved in oxidative metabolism. Hard
exercise also results in an increased level of muscle
damage, usually at the microscopic level, and there is
clearly arole for protein in the repair and recovery pro-
CESSES.

The changes that comprise that adaptive response are
selective, and are specific to the training stimulus: they
are also dependent on the availability of an adequate
intake of protein in the diet. The case for a high protein
diet for athletes thus seems to be well founded and is
widely believed to be true. In a survey of American
college athletes, 98% believed that a high protein diet
would improve performance. There is, however, com-
pelling evidence that protein supplementation is not
necessary for the athlete. The dietary protein require-
ments of the general population have been the subject of
extensive investigation. It is now generally accepted that
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a daily requirement of about 0.6 grams of protein per
kilogram body weight per day will meet the needs of
most of the population, provided that a variety of differ-
ent protein sources make up the diet, and provided also
that the energy intake of the diet is adegquate to meet the
energy expenditure [17]. To alow for individual vari-
ability and variations in the quality of ingested proteins,
the Recommended Daily Allowance for protein is set at
about 0.8 g/kg in most countries.

The contribution of protein oxidation to energy pro-
duction during exercise decreases to about 5% of the
total energy requirement, compared with about 10-15%
(i.e. the normal fraction of protein in the diet) at rest, but
the absolute rate of protein degradation is increased
during exercise because of the high energy turnover [4].
This leads to an increase in the minimum daily protein
requirement, but this will be met if a normal mixed diet
adequate to meet the increased energy expenditure is
consumed. Deficienciesin protein intake are more likely
in the sedentary individual, especially when energy in-
takeisrestricted in order to control body weight, than in
the athlete training hard who consumes sufficient e-
ergy to meet the demand. In spite of this clear relation-
ship between total energy intake and the adequacy of
dietary protein intake, however, many athletes ingest
large quantities of protein-containing foods and expen-
sive protein supplements. Daily protein intakes of up to
400 grams are not unknown in some sports, and in the
diet of body builders, protein typically accounts for
more than 20% of total energy intake, and occasionally
as much as 40% [1]. Disposal of the excess nitrogen is
theoretically a problem if renal function is compro-
mised, but there does not appear to be any evidence that
excessive protein intake among athletes is in any way
damaging to health [17].

Although the recommended protein intake for athletes
has been set at about 1.2-1.7 g/kg/d, [17] protein may
account for alower than normal percentage of total en-
ergy intake on account of the increased total energy in-
take. In endurance athletes, and especially in marathon
runners, it is not uncommon to find that protein ac-
counts for less that 10%, and sometimes even less than
8%, of total energy intake. Even lower values - perhaps
even less than 5% of total energy intake - may be able to
provide sufficient protein when the total intake is very
high. It seems clear, therefore, that supplementation
with protein is not necessary for athletes, except perhaps
in the rare situations where energy intake is restricted.
Even then, restriction of energy intake will severely
limit the duration and intensity of exercise that can be
performed and thereis unlikely to be aneed for a higher
intake of protein than will be supplied by the diet.

Sales of whole protein powders account for a major
part of the nutritional supplement sales to athletes, but a
number of individual amino acids are also popular. Ar-
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ginine and ornithine are reported to stimulate growth
hormone release and to promote growth of lean tissue
when taken during a period of strength training (see [3]
for areview of these studies). There is some published
evidence to support this, but any increase in growth
hormone secretion is small compared with that which
results from about of high intensity exercise. A number
of other amino acids (including histidine, lysine,
methionine and phenyalanine), are sold as anabolic
agents, but [3] concluded after a review of the literature
that there is little reason to believe that amino-acid sup-
plements will promote gainsin muscle mass.

Not with standing the lack of experimental data to
support their beliefs, most strength trained athletes be-
lieve that a high protein diet can improve the rate of
gain of muscle mass. Science ignores this accumulated
wisdom at its peril, and it is possible that there may be
effects that remain to be identified. It is clear that a
prolonged period of training will cause substantial
changes in the structural and functional characteristics
of skeletal muscle and other tissues. Although major
changes in muscle function are not apparent in response
to single exercise bouts, small cumulative changes must
take place between training sessions. Thereis good evi-
dence of adaptive changes in muscle structure and func-
tion taking place in response to only afew exercise ses-
sions [10]. These changes are different from those that
are commonly observed to occur after a single exercise
about, when the observed responses are largely cata-
bolic in nature and evidence themselves as muscle dam-
age and soreness [2]. Nonetheless, there must be adap-
tive changes involving synthesis of new proteins in re-
sponse to each training stimulus. It is likely that the
methods currently available are simply inadequate to
measure these changes with any degree of reliability.

In the recovery period, muscle glycogen synthesisis a
priority, but synthesis of new proteins should perhaps be
seen as being of equal or even greater importance. Be-
cause little attention has been paid to this area, it is not
at present apparent what factors may be manipulated to
influence these processes. The hormonal environment is
one obvious factor that may be important, and nutri-
tional status can influence the circulating concentration
of a number of hormones that have anabolic properties,
the most obvious example being insulin. It is, however,
increasingly recognised that cell volume is an important
regulator of metabolic processes [31, 16] and there may
be opportunities to manipulate this to promote tissue
synthesis. During and after exercise there may be large
changes in cell volume, secondary to osmotic pressure
changes caused by metabolic activity, hydrostatic pres-
sure changes, or by sweat |0ss.

Alterations in cell volume induced by changes in os-
molality are well known to alter the rate of glycogen
synthesis in skeletal muscle [19]. Amino acid transport
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into muscles is also affected by changes in cell volume
induced by manipulation of the trans-membrane osmotic
gradient: skeletal muscle uptake of glutamine is stimu-
lated by cell swelling and inhibited by cell shrinkage
[20]. The intracellular glutamine concentration appears
to play an important role in a number of processes, in-
cluding protein and glycogen synthesis [28], but the &f-
fect of ingestion of glutamine on these aspects of post-
exerciserecovery isnot known at thistime.

The full significance of these findings for the post-
exercise recovery process and the roles they play in ad-
aptation to atraining program remain to be established.
Manipulation of fluid and electrolyte balance and the
ingestion of a variety of osmotically active substances
or their precursors offers potential for optimising the
effectiveness of atraining regimen.

Creatine

Creatine has been used by many successful athletes,
particularly in track and field athletics, but also now in
many, if not most, other sports. Some indication of the
extent of its use is gained from the fact that the esti-
mated sales of creatine to athletes in the United States
aone in 1997 amounted to over 300,000 kg. This repre-
sents a remarkable growth, as its use first became
popular in sport after the 1992 Olympic Games in Bar-
celona. What distinguishes creatine from other ergo-
genic aids is that it seems to be effective in improving
performance. More significantly, perhaps, its use is not
prohibited by the governing bodies of sport, and there
appear to be no harmful side effects even when very
large doses are taken, at least in the quantities that are
necessary to produce an ergogenic effect.

Creatine is an amino acid (methylguanidine-acetic
acid) which occurs naturally in the diet, being present in
meat: 1 kg of fresh steak contains about 5 g of creatine.
The normal daily intake is less than 1 gram [14], but the
estimated daily requirement for the average individual is
about 2 grams [32]. The body has a limited capacity to
synthesise creatine in the liver, kidney and pancreas and
in other tissues, but the primary site of synthesisin man
is the kidney. This supplies the amount required in ex-
cess of the dietary intake, and is also the only way in
which vegetarians can meet their requirement. Synthesis
occurs from amino acid precursors (arginine and gly-
cine), but the synthetic pathway is suppressed when the
dietary creatine intake is high.

Studies of resting human skeletal muscle have shown
the CP concentration to be about 75 mmol/kg dry
weight and the free creatine concentration to be about
50 mmol/kg [13]. There is, however, quite a large range
of values reported in the literature, and it seems clear
that there is considerable inter-individual variability. A
number of factors may account for this, including dif-
ferences in the composition of the preceding diet. The
muscle fibre composition may also be of some impor-
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tance: the CP content is higher in ST fibres than in FT
fibresin women, although in men the difference was not
statistically significant [27]. There is some evidence that
the muscle total creatine content is higher in women
than in men.

Thefirst study to systematically investigate the effects
of supplementation of large amounts of creatine was
that of Harris et a [12]. In a comprehensive study, they
showed that ingestion of small amounts of creatine (I g
or less) had a negligible effect on the circulating creat-
ine concentration, whereas feeding higher doses (5 Q)
resulted in an approximately 15-fold increase. Repeated
feeding of 5 g doses every 2 h maintained the plasma
concentration at about 1 mmol/l over an 8 hour period.
Repeated feeding of creatine (5 g four times per day)
over a period of 4-5 days resulted in a marked increase
in the total creatine content of the quadriceps femoris
muscle. An increase in muscle creatine content was gp-
parent within two days of starting this regimen, and the
increase was greatest in those with alow initial level: in
some cases an increase of 50% was observed. Approxi-
mately 20% of the increase in total muscle creatine
content is accounted for by creatine phosphate.

It seems clear that there is an upper limit to the creat-
ine and CP levels that can be achieved in muscle, and
thisis not unexpected. There was some evidence, from a
model where one leg was exercised during a period of
creatine supplementation while the other leg was rested,
that exercise enhanced the effect of creatine supple-
mentation on the muscle creatine content. There was no
effect of creatine supplementation on the ATP content
of the muscle, and no adverse side effects were noted,
even when 30 g/day were taken for 7 days. In contrast to
these reported effects of creatine supplementation on
muscle creatine and CP content of human skeletal mus-
cle, there seems to be little effect in the rat [25], and
care may be necessary in the translation of data from
animal models to the human situation.

Creatine and Muscle Strength

Although there have been numerous investigations
into the effects of creatine supplementation on the abil-
ity to generate high levels of muscle power, few studies
have looked for possible effects on muscle strength.
This seems surprising in view of the importance of a
high force generating capacity for the development of
power. In an early study, subjects performed 5 sets of 30
maximal voluntary isokinetic contractions before and
after supplementation with creatine or placebo [11]. No
effect was seen in the placebo group, and an increase in
muscle peak torgue production was seen in the creatine
group only in the later stages of some of the sets. No
effect of creatine supplementation on peak torque was
seen, but this experimental model might not allow sub-
jects to generate maximum forces because of the large
number of contractions to be performed.
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More recently, five days of creatine supplementation
was shown to be effective in increasing maximum vol-
untary isometric strength of the knee extensor muscles
in individuals engaged in a strength training pro-
gram[21]. This gain was maintained in a subsequent test
after a period during which a placebo was administered.
In a second group of subjects, the treatment order was
reversed: no gain in strength was seen after the first pe-
riod of placebo administration, but an increased was ob-
served in the third test, after the creatine supplementa-
tion period. Isometric endurance capacity at various
fractions of MV C was also increased after creatine sup-
plementation but was not affected by the placebo treat-
ment.

In a group of previously untrained young women, the
effects of a 10 week program of strength training were
enhanced by daily supplementation with creatine rela-
tive to the effects observed with placebo treatment [29].
Similarly, it was found that a 7-day supplementation pe-
riod increased performance in strength related tasks in
young men undertaking a strength training program[30].

More information is clearly required as none of these
studies was able to provide a mechanism for the do-
served effects, though all three studies reported an in-
crease in body mass with creatine supplementation. It
does, however, appear that short term supplementation
with creatine can increase the force generating capacity
of skeletal muscle.

Creatine and Body Mass

Many studies and much anecdotal report support the
suggestion that acute supplementation with creatine is
associated with a prompt gain in body mass. This typi-
cally seems to amount to about 1-2 kg over a supple-
mentation period of 4-5 days, but may be more than
this. In reviewing those studies where changes in body
mass were reported: 11 studies where body mass n-
creases occurred and 3 where no change in mass were
found [3].

Because of the rapid increases in body mass, it must
be assumed that this is mostly accounted for by water
retention. Increasing the creatine content of muscle by
80-100 mmol/kg will increase intracellular osmolality,
leading to water retention. A reduction in urinary output
during supplementation was found, tending to confirm
this suggestion [15]. The increased intramuscular cs-
molality due to creatine itself, however is not likely to
be sufficient to account for all of this water retention. It
has been suggested that co-ingestion of creatine and
carbohydrate, which results in high circulating insulin
levels [8, 9], may stimulate glycogen synthesis, which
will further increase the water content of muscle, Evi-
dence from an animal model, however, does not show
an effect of creatine on glycogen resynthesis in muscle
or liver after exercise-induced glycogen depletion [26].
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There is some preliminary evidence for a stimulation
of protein synthesis in response to creatine supplemen-
tation [34], but further experimentation is required. It
seems unlikely that major effects on muscle protein
content can be achieved within 4-5 days. It must be
conceded, however, that the reported gains in muscle
strength within the same time scale are difficult to ex
plain.

b-Hydroxy b-Methyl Butyrate (HM B)

b-hydroxy b-methylbutryrate is a metabolite of leucine,
and is also present in small amounts in some foods.
There appears to be only one study published in a peer-
reviewed journal in which the effects of HMB admini-
stration to humans has been investigated [24]. This pa-
per presented the results of two supplementation studies
which showed that subjectsingesting 1.5 or 3 g of HMB
per day for 3-7 weeks experienced greater gains in
strength and in lean body mass compared with control
groups. Although it is not easy to find any fault with this
study, it would be premature to conclude on the basis of
this report that there is an advantage to be gained from
HMB supplementation. Nonetheless, it is sold in large
amounts in sports nutrition stores.

Chromium Picolinate

Chromium is an essential trace element which has a
number of functions in the body, and has been reported
to potentiate the effects of insulin [22]. Because of the
anabolic effects of insulin, it might be expected that
amino acid incorporation into muscle protein would be
stimulated, enhancing the adaptive response to training.
There is also some evidence to suggest an increased uri-
nary chromium loss after exercise, further supporting
the idea that athletes in training may have higher e-
quirements than sedentary individuals. Chromium is
widely used as a supplement by strength athletes, and is
usually sold as a conjugate of picolinic acid: thisformis
reported to enhance chromium uptake [5].

Supplementation of the diet with chromium picolinate
was reported to enhance the adaptive response to a
strength training program, with an increase in lean body
mass [5]. No direct measures of muscle mass were
made, however, and the results of this study must be
viewed with caution. A number of subsequent studies,
mostly using more appropriate methodology, have
failed to reproduce these results, with no effect on lean
tissue accretion or on muscle performance being seen
[3, 33]. Nonetheless, chromium supplementation re-
mains popular.

Vanadium

Vanadium is also sold as a promoter of the action of
insulin, and there is a limited amount of data from ani-
mal studies to support this. There has been little attempt
to investigate possible anabolic actions in humans, but
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one study has looked at the effects of oral supplementa-
tion with vanadyl sulphate on body composition and
strength in weight-trained subjects [6]. There was no
effect of a |2 week supplementation period at a daily
dose of 0.5 mg/kg on any of the measured variables. It
has to be concluded on the basis of the available infor-
mation that an anabolic effect for vanadium supple-
mentation has not been established.

Boron

Boron has been claimed to increase circulating testos-
terone levels [23], and this has clear potential for pro-
moting growth. The experimental evidence, however, is
not strong, and is derived from a single study on post-
menopausal women. More recent studies have not
shown evidence of a positive effect of boron supple-
mentation in amounts of 2.5 mg/day over a 7-week pe-
riod in male bodybuilders engaged in a strenuous train-
ing program [7]. Boron supplementation had no effect
on the gain in lean body mass or in strength that ac-
curred during the study period, and also had no effect on
the circulating testosterone level. The balance of avail-
able evidence, therefore, does not support a role for bo-
ron supplements in promoting muscle hypertrophy.

No mention has been made of supplements such as
iron or calcium or of the varied vitamin preparations
which are widely used by the general public. The evi-
dence suggests that the use of these supplementsis per-
haps more prevalent in athletes than in the general
population, but the perceived benefits are similar. Iron,
of course, is important to the athlete because of the im
portance of haemoglobin in oxygen transport, and while
anaemia is not more prevaent in athletes than in the
general population the consequences may be more g-
parent. Nonetheless, the same principles apply, and sup-
plementation is not warranted unless a specific defi-
ciency isknown to exist.
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