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Preface

The Dietary Supplement Industry is a booming $21.3 billion dollar
industry in the United States alone. This industry includes vitamins,
minerals, herbs, specialty supplements, meal replacement powders and
bars, as well as sports nutrition and weight loss supplements. There
is perhaps no single ingredient in the history of dietary supplements
that has been studies more thoroughly than creatine monohydrate. In
a nutshell, creatine works and is safe. A PubMed search of “creatine
monohydrate” alone brings up 234 research articles, and there are cer-
tainly many more peer-reviewed publications on creatine that do not
appear on the NLLM and NIH databases.

With all of the misinformation regarding the effects of creatine
supplementation on health and sports performance, Essentials of
Creatine in Sports and Health brings together the information on how
creatine affecs body composition, exercise performance, and health.
Supported by the International Society of Sports Nutrition, this book
is timely and vital for all professionals in the field of sports nutrition.
Proper supplementation with creatine can improve performance in both
endurance and strength-power sports (see chapters by Drs. Willoughby
and Cramer). As far as safety, perhaps no other single supplement has
been shown to be extraordinarily safe while still being effective. Dr.
Poortmans’ chapter edifies the reader on the safety and health data
regarding creatine.

This text will bring the student, academic scientist, clinician, and
sports nutritionist up to date on the latest science of creatine, as well
as dispel the common myths that have pervaded the mainstream press
regarding this truly remarkable ergogenic aid.

Jeffrey R. Stout, pip
Jose Antonio, puip
Douglas Kalman, php, RD
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1 Overview of Creatine Metabolism

Jeff'S. Volek, rbD, RD,
Kevin D. Ballard, mS, and
Cassandra E. Forsythe, MS

1. INTRODUCTION

Creatine (Cr) was first discovered as an organic constituent of meat
some time in the early 1800s. Later in the 1800s, Cr was consistently
detected in muscle tissue extracted from various mammals. It was
noted that foxes killed in a hunt immediately after running, contained
significantly more Cr than normal, providing the first indication that
muscular contraction results in an accumulation of Cr. Around the
same time, a substance called creatinine (Crn) was detected in the
urine and later determined to be a breakdown product of Cr.
Phosphocreatine (PCr) was first isolated from muscle tissue in 1927
and found to play an important role in the transfer of energy. Around
the same time, two researchers who consumed large quantities of Cr
noted that a percentage of the Cr ingested could not be accounted for
by excretion in the urine {I). This study was one of the first fo indicate
that “Cr loading” in muscle is possible when large amounts of Cr are
consumed. A great deal of research has been done since this early
work to further define the importance of Cr in humans, and the impact
of Cr supplementation. In this chapter, the basic metabolism and function
of Cr in humans will be overviewed. To what extent and what factors
influence blood- and muscle-Cr levels in response to Cr supplementa-
tion will be discussed. Also some of the proposed mechanisms that
account for the ergogenic effects from Cr usage observed in many
studies will be explored.

Fromy: Essentials of Creatine in Sporis and Health
Edited by: J. R. Stout, J. Antonio and D. Kalman © Humana Press Inc., Totowa, NJ
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Fig. 1. Structure of Cr.

2. LITERATURE REVIEW

Cr (Fig. 1), also known as methylguanidino acelic acid, is a term
derived from the Greek work kreas, meaning flesh. Indeed, the highest
quantities (~94%) of Cr are in muscular tissues, such as skeletal mus-
cle and heart (2). Cr is an example of a physiologically important nitroge-
nous compound synthesized from amino acids. However, becausc rates
of Cr biosynthesis are sufficient to maintain normal Cr levels, Cr is not
considered an essential dietary nutrient. Cr is also pot considered a pro-
tein, even though it contains nitrogen and is made from amino acids.
Unlike proteins, Cr synthesis does not involve formation of peptide
bonds and its degradation does not involve deamination (removal of
nitrogen) when it is excreted by the kidney. Thus, the concern that Cr
poses a threat to renal function because it represents a nitrogen load on
the kidney is unlikely and has not been substantiated (for more infor-
mation, see Chapter 5).

2.1. Endogenous Cr Synthesis

In all mammals, muscle tissues do not have the ability to synthesize
Cr, so the compound must be taken up from the blood originating from
endogenous biosynthesis or dietary sources. Synthesis of Cr in humans
occurs primarily in the liver, from the conditionally essential amino acid
arginine, the nonessential amino acid glycine, and the potent methyl
donor, S-adenosyl-methionine (SAM) (2). The first step in Cr biosynthe-
sis involves transfer of the amidino group of arginine to glycine, forming
r-ornithine and guanidinoacetic acid. This reaction is catalyzed by the
enzyme L-arginine:glycine amidinotransferase (AGAT). In the next step,
guanidinoacetic acid is methylated by SAM through the action. of the
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enzyme S-adenosyl-L-methioning:N-guanidinoacetate methyliransferase
(GAMT) to produce Cr (Fig. 2).

The formation of guanidinoacetate (GAA), through the AGAT reaction,
is considered the rate-limiting step in Cr synthesis (2). AGAT is reciprocally
repressed by the final end product of the pathway, Cr. This is a classic
example of a negative feedback mechanism whereby the product of a
reaction inhibits the main enzyme in the biosynthetic pathway. In the case
of Cr, this has likely evolved as a way to conserve the dietary essential
amino acids, arginine and methionine, during times of dietary insufficiency
or stress (including trauma, sepsis, and burns). Through this negative
feedback, an increase in the serum concentration of Cr, either because
of endogenous synthesis or dictary ingestion, results in a decrease in
the mRNA content, enzyme level, and enzymatic activity of AGAT (3).
AGAT can also be modulated by hormonal and dietary factors (3).
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Growth hormone and thyroid hormone deficiency decrease AGAT
activity, whereas conditions of dietary deficiency that increase serum
concentrations of Cr (fasting, protein-frec diets, and vitamin E defi-
ciency), downregulate AGAT expression (3). Finally, AGAT may be
controlled by sex hormones, with estrogens decreasing and testosterone
increasing AGAT levels, For example, oral administration of methyl
testosterone to healthy humans stimulates AGAT expression and thus,
Cr biosynthesis (4). Overall, the rate of Cr biosynthesis is on the order
of 1-2 g/d.

In humans, inborn errors in Cr biosynthesis are rare. Two defects
have been discovered including one in AGAT identified in 2001 and
one in GAMT identified in 1997 (5). In AGAT deficiency, decreased
circulating concentrations of Cr and GAA are found. Affected patients
show mental and motor retardation and severe delay in speech develop-
ment. In individuals with GAMT deficiency, there is a wide range of
clinical symptoms ranging from developmental delay with absence of
active speech, to severe cases of epilepsy. Diagnosis of GAMT defi-
ciency can be made by detection of GAA in plasma or urine (5).

From the liver, Cr can be exported and transported throughout the
bloodstream and taken up by Cr-requiring tissues, such as skeletal mus-
cle, heart, and brain (2). Limitations in Cr synthesis might exist during
conditions of folic acid and/or vitamin B , deficiency (6,7), and other
physiological and pathological conditions in which synthesis of SAM
is impaired (2). SAM is necessary to donate a methyl group to the
newly formed Cr molecule, and is formed through reactions involving
the essential amino acid methionine and the aforementioned B-vitamins.
Without SAM, Cr could not be synthesized, which underscores the
importance of adequate protein and B-vitamin intake. There are species
differences in Cr synthesis, as both the kidney and pancreas have been
shown to play a role in production of Cr in various mammals. Tn this
regard, the detailed contribution of different bodily organs to Cr synthesis
is still rather unclear (2).

2.2. Dietary/Exogenous Cr

Food products such as red meat and fish provide the human body
with an exogenous source of Cr (Table 1). In general, animal flesh
products are the highest dietary sources. Red meat for example, con-
tains approx 2-5 g of Cr/kg. Cooking time, temperature, and acid
increase the breakdown of Cr to its metabolic byproducts; thus, well-
cooked meats have a lower Cr content than rare meats. Average intake
of Cr in people who eat meat is about 1 g/d (8). Another way to obtain
dietary Cr is through supplements, such as Cr monchydrate.
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Table 1

Food Sources of Cr

Food Cr content (g/kg)
Beef 4.5
Cod 3
Cranberries 0.02
Herring 6.5-10
Milk 0.1
Pork 5
Salmon 4.5
Shrimp Trace
Tuna 4

2.3. Absorption, Transport, and Uptake

Dietary Cr has a very high bioavailability, passing through the diges-
tive tract intact for transport directly into the bloodstream. Normal
plasma levels of Cr are about 50 mmol/L., and increase sharply after
supplementation with Cr or ingestion of meat. Research with food and
supplement sources of Cr has shown that consuming 2 g of Cr in solu-
tion resulted in a peak plasma concentration of nearly 400 mmol/L at
30-60 min, whereas consuming a similar amount of Cr from steak
resulted in a slightly lower peak plasma concentration that was elevated
for a longer period of time following ingestion (9). Supplementation
with a 5 g dose of Cr results in peak plasma values approaching 1 mmol/L.,
and higher doses result in even greater plasma concentrations of Cr.
Once absorbed into the bloodstream, Cr {(from both endogenous and
dietary sources) is either cleared by the kidneys or taken up at the tis-
sue level, primarily skeletal muscle, to be used.

With respect to dietary Cr, not all of the ingested Cr can be retained
in the body once absorbed, especially when high doses of supplements are
taken. A high proportion of Cr is usually retained in the initial days of Cr
supplementation, but urinary Cr excretion progressively increases with
continned ingestion {10-12). An explanation for the decrease in Cr
retention with high-dose supplementation may be owing to the obser-
vation that, Cr supplementation can result in downregulation of the Cr
transporter (Creal) isoform expression in skeletal muscle (/3). In other
words, there are less CreaT receptors in muscle after supplementing
with Cr. This effect on CreaT receptors is probably one reason why
there appears to be a limit or maximal amount of Cr that can be stored
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in skeletal muscle no matter how much Cr is consumed in the diet or
how high blood Ievels of Cr are ¢levated. However, this effect on CreaT
appears to be reversible once Cr supplementation is discontinued.

Cr is actively transported into tissues against a strong concentration
gradient by way of a sodium- and chloride-dependent CreaT protein that
spans the tissue membrane (2,5), thereby keeping plasma levels rela-
tively low compared with that inside the muscle. It has been shown that
more than 90% of the cellular uptake of Cr occurs through these CreaT
receptor proteins (14,15). The CreaT receptor is partially regulated by
the extracellular Cr concentration in a typical negative feedback manner.
A genetic defect in the CreaT has been found with the gene encoding
CreaT located on the X-chromosome (5). Affected male patients show
mild-to-severe mental retardation, with absence of speech, whereas
affected (heterozygote) females have milder symptoms. Some carriers
of the defect are without symptoms, whereas others have learning
disabilities to various extents.

2.4, Muscle-Cr Concentrations

Skeletal muscle is the primary tissue in which Cr is stored. It is
been estimated that 60% of muscle-Cr content is stored in the form
of PCr (12,16,17). The average total-Cr content in human-skeletal
muscle is approx 120 mmol/kg dry mass, with a range ol approx
90-160 mmol/kg dry mass. Normal variability in muscle-Cr may be
resulting from a variety of factors such as meat intake, muscle-fiber
type, training status, age, gender, and other unknown factors. Skeletal
muscle-fiber type possibly affecis the content of total-Cr within mus-
cle, as type !I fibers has higher levels of Cr and PCr than type I fibers
(17-19).

Vegetarians, because of their low consumption of animal products,
represent a unique group who rely exclusively on endogenous Cr pro-
duction to maintain Cr homeostasis. Although plasma Cr levels may be
considerably lower in vegetarians compared with omnivores, muscle-Cr
concentrations are usually within the normal range, albeit on the low end
of the distribution (20-22). One study examined Cr content in meat
eaters after consuming a vegetarian diet for 3 wk and found that total-Cr
content was 13% lower compared with that before the diet (23). This
suggests that synthesis of Cr in the body is adequate to maintain mus-
cle-Cr levels in individuals on a Cr-free diet (i.e., vegetarians), but it will
not mainiain levels as high as omnivores. Because individuals with
lower muscle-Cr concentrations exhibit the greatest accumulation in
response to supplementation, vegetarians have been singled out as being
a group that should respond most favorably to Cr supplementation.
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2.5. Degradation and Elimination of Cr

The breakdown of Cr and PCr occurs nonenzymatically in the liver
to produce the product Cm (Fig. 3). This reaction degrades the muscle-
Cr pool at a rate of about 1.6%/d. Assuming that a 70 kg man has
approx 120 g of total body Cr, roughly 2 g/d are degraded to Crn and
this must be replaced by dietary or endogenous Cr souices (24). As 2 g
of Cr is a relatively small amount, and can be replaced easily by the
body or diet, muscle-Cr concentrations remain relatively stable and are
not significantly influenced by infense exercise or other stressors.
Normal muscle-Cr homeostasis is therefore maintained by a balance
between dietary intake, biosynthesis, and degradation (Fig. 4).

Once Cr is degraded to Crn, it constantly diffuses out of sites of syn-
thesis into the blood and is excreted in the urine by the kidneys. The
reason that Crn is not retained in the cell but is instead lost in the urine,
has to do with several factors, including the fact that Crn is membrane
permeable (2). Twenty-four hour urinary Crn excretion is frequently
used as a rough measure of total muscle mass because the rate of Cm
formation from Cr is nearly constant each day, and because more than
90% of total body Cr is found within muscle tissue {25).

2.6. Cr Kinase Reaction

Once inside the cell, a portion of the total body Cr is phosphorylated
(i.e., has a phosphate group attached) and is referred to as PCr or Cr
phosphate, and is stored within tissues. Phosphorylation of Cr is cat-
alyzed by the enzyme Cr kinase (CK), and is known as the CK reaction
(Fig. 5). Several distinct isoforms of CK are known to exist, depending
on the species of animal and its developmental stage, and all catalyze

|
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Insulin

Dietary CR

(" Blood Cr (50-100 pmoi/L) ) [ Creatinine )

3

1gid 213 PCr _

Cr synthesis

2g/d
.

Fig. 4. Normal dietary intake and endogenous biosynthesis of Cr contribute to a
muscle uptake of about 2 g Cr/d, which is equal to the amount degraded to Cr and
eliminated in the urine.

Rx no. 1 (exercise): ATP ~-(ATPase)--> ADP + Pi
Rx no. 2 {exercise): PCr + ADP + H + - (CK)—->Cr + ATP
Bx no. 3 (recovery) PCr + ADP + H + <-—-(CK)---Cr + ATP

Fig. 5. CK reaction during exercise and recovery.

the reversible transfer of the y-phosphate group of ATP to the guanidino
group of Cr to yield PCr and ADP (2). During intense exercise, the rate
of ATP hydrolysis in the muscle fiber is extrernely high, driving the
ATP reaction (Rx no. 1) to the right. Consequently, during intense cxer-
cise, ADP and inorganic phosphate (Pi) accumulate within cells, but
must be removed. To prevent overaccumulation of ADP and Pi and
prevent depletion of ATP, PCr serves as an energy buffer through the
CK reaction (Rx no. 2). This results in preservation of ATP levels at the
expense of depletion in PCr and a stociometric increase in free-Cr.




Overview of Cr Metabolism 9

During recovery from exercise, the CK reaction is reversed and PCr is
replenished (Rx no. 3).

PCr resynthesis is rapid with a half-life of about 30 s and about 95%
of PCr is resynthesized after only 3-4 min. The advantage of using PCr
as an energy buffer in the CK reaction is that PCr is a very high-power
energy system (i.e., it produces a large amount of ATP per unit time).
However, the storage capacity of PCr is relatively small, meaning that
PCr is depleted very quickly during maximal activity (i.e., 10-20 s).
Thus, optimizing Cr stores to enhance PCr stores and delay depletion
will Iikely enhance exercise performance.

2.7. Role of Cr and Cr Phosphate

As discussed earlier, Cr, in the form of PCr, is essential for replenish-
ing ATP stores that are used immediately during high-intensity exercise.
When PCr is readily available for ATP regeneration, glycolysis is induced
with a delay of a few seconds, and stimulation of mitechondrial oxidative
phosphorylation is delayed even further. Despite the almost instanta-
neous availability of PCr for energy production, the PCr stores in muscle
are limited, and during high-intensity exercise, PCr is depleted very
quickly. However, without this limited supply of PCr, ATP concentrations
would diminish rapidly and resynthesis of ATP would be greatly delayed.
Improving the status of skeletal muscle-PCr stores through Cr ingestion
can help delay PCr depletion (/7), and rapidly refresh stores of ATP to
prevent the occurrence of fatigue during short-term muscular effort (26).
Despite simply improving ATP stores, other roles for increased PCr
availabikity include:

* Diminished reliance on anaerobic glycolysis for energy production
and reduction in the associated lactate formation (27).

* Facilitation of muscle relaxation and recovery during repeated bouts
of intense, short duration effort through increased rate of ATP and PCr
resynthesis, thus allowing for continued high power outputs (28).

Another role of PCr is to serve as an intramuscular high-energy
phosphate shuttle between the mitochondria (site of production) and
myosin cross-bridge sites that initiate muscular contraction (site of uti-
lization) (29). This mechanism has been termed the PCr energy shuttle,
and was first proposed by Bessman in 1954 (30). Muscular contraction
occurs when two sets of muscle filaments slide past each other: thick
filaments contain the protein myosin and the high-energy molecule
ATP, and thin filaments primarily contain the protein actin. The relative
sliding of thick and thin filaments is brought about by “cross bridges,”
parts of the myosin molecnies which stick out from the myosin filaments

e
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and interact cyclically with the thin filaments, transporting them by a
kind of “rowing” action. The energy required for this process io occur
is provided by the hydrolysis of ATP catalyzed by myosin ATPase,
producing force, ADP, and Pi.

To prevent accumulation of ADP which can potentially reduce muscle
contractility, it is rephosphorylated to ATP through the CK reaction, using
PCr as a substrate (37). Specific CK isoenzymes are located at the periph-
eral terminus of the myosin heads, which rephosphorylate the ADP pro-
duced during the cross-bridge cycle. Free-Cr is then liberated and diffuses
into the intervening space of the muscle fiber, traveling in the opposite
direction as PCr, where it finally arrives at the energy-generating terminus
of the mitochondria. In the mitochondria, the free-Cr interacts with CK,
and PCr is formed from mitochondrial ATP. The PCr is then shuitled back
to the sites of utilization (i.e., the myosin head) and the process continues
(32). Thus, the PCr energy shuitle connects sites of energy production
with sites of utilization by carrying energy through PCr.

2.8. Cr Supplementation: Effects on Muscle-Cr

Evidence that the intramuscular stores of Cr could be increased by
ingesting Cr in greater than normal amounts dates back to at least 1926
(1). Several studies had noted that when dietary Cr was increased, there
was retention of a significant portion of the ingested Cr in the body, as
calculated by excretion of Cr in the urine. The standard method o
measure muscle-Cr levels is to obtain a small amount of muscle tissue
with a biopsy needle and analyze the Cr content using standard enzy-
matic assays. Using this technique, several more recent studics have
confirmed that supplementation with Cr over a period of several days
results in accumulation of Cr in skeletal muscle. Increasing muscle-Cr
stores is a major aim of the supplementation regimen, and the extent of
muscle-Cr accumulation is related to the magnitude of improvement in
exercise performance.

The most common methods used to increase muscle-Cr involves tak-
ing multiple 5 g doses every 3—4 h/d for 3-7 d. These doses of Cr are
much higher than the amount obtained in a normal diet and therefore,
this method is often called “Cr loading” Using this regimen, the major-
ity of Cr accumulation occurs during the first few days of loading, and
tapers off so that almost all of the ingested dose can be recovered in the
urine after about 5-7 d. Because the majority of Cr in the human body
is stored within skeletal muscle, arguments have been made that Cr
should be consumed relative to body weight or fat-free mass. A com-
mon recommendation is to ingest 0.3 g Cr/kg body wt. This dose was
derived from studies that measured muscle-Cr stores in subjects weighing
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Fig. 6. Muscle-Cr levels in subjects supplemented with varying doses of Cr over a
4-wk period. Data from ref. 27.

approx 80 kg and supplemented with a dose of 20 g/d (20 g Cr/Ad
divided by 80 kg = 0.3 g Cr/kg). Although valid in theory, studies have
not been performed to confirm whether 0.3 g Cr/kg is effective in indi-
viduals with a body weight significantly less than or greater than 80 kg,

A loading regimen may not be necessary to increase muscle-Cr levels
even though “Cr loading” is a popular dosing method. Ingestion of 3 g
of Cr/d for 28 d results in a similar increase in muscle-Cr concentrations
(~20%) compared with that obtained during a standard loading proto-
col followed by a lower maintenance dose (21). Thus, muscle-Cr stores
can be increased rapidly by consuming 20 g/d for 6 d or slowly by con-
suming 3 g/d for 4 wk (Fig. 6). Consuming less than 3 g/d may not
result in increased muscle-Cr uptake. For example, ingestion of 3 g of
Cr/d for 6 wk failed to alter muscle PCr levels at rest, during exercise,
and recovery from exercise in athletic women (33). However, some
studies have shown positive performance effects because of small doses of
Cr. If supplementation is discontinued after the loading phase, the eleva-
tion in muscle-Cr decreases at a slow rate. Even 4 wk after a Cr-loading
period, muscle-Cr remains slightly more than presupplementation levels.
However, by 4-6 wk any accumulation in muscle-Cr has been washed out.
Therefore, a low “maintenance” dose is necessary to maintain elevated
muscle-Cr levels.

There remains some uncertainty about the appropriate Cr dose
necessary to retain elevated muscle-Cr stores after a loading phase.

L_
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It appears 2-3 g/d, the amount normally degraded to Crn, might be
sufficient to maintain increased muscle-Cr stores. In one study, a daily
5 g Cr dose following an initial loading dose was sufficient to main-
tain elevated muscle-PCr stores in untrained women who participated
in a 10-wk resistance training program (70). A 5 g maintenance dose fol-
lowing an initial Ioading dose resulted in a small decline in muscle-Cr
in moderately trained men during 12 wk of intense resistance training
(34). As was the case for loading doses of Cr, a maintenance dose has
also been recommended relative to body weight, Because 2 g/d was
adequate to maintain elevated muscle-Cr stores in individuals weigh-
ing approx 80 kg, a maintenance dose of 0.03 g Cr/kg body wt might
be appropriate (2 g Cr/d divided by 80 kg = 0.03 g Cr/kg/d). Once
again, this maintenance dose has not been validated in athletes of dif-
ferent body sizes performing different training programs. Other factors
might affect the maintenance dose such as variation in diet compeosi-
tion and habitual Cr intake, muscle fiber type distribution, gender, age,
and initial total muscle-Cr concentrations. There is a great deal of vari-
ability in the magnitude of increase in muscle-Cr stores associated
with Cr supplementation between individoals. Individuals with lower
levels of total-Cr generally experience larger increases in muscle-Cr
stores compared with individuals with higher starting concenirations
(17,27). The increase in muscle-Cr stores is also positively associated
with improvements in exercise performance (17,27). Several other fac-
tors have been shown to influence the extent to which muscle-Cr
stores respond to supplementation.

2.9. Influences on Cr Uptake
2.9.1. CARBOHYDRATE AND INSULIN

Studies have addressed the influence of insulin on muscle-Cr uptake
in humans by measuring muscle- and urine-Cr during Cr supplementa-
tion with infused insulin, carbohydrate ingestion, or combined protein
and carbohydrate ingestion. In two separate studies Green and col-
leagues demonstrated reduced urine-Cr losses and increased muscle-Cr
accumulation in subjects ingesting Cr concurrently with high dose of
carbohydrate (90 g Cr, four times per day) (20,35). More recent studics
have examined the effects of carbohydrate/protein combinations (36) or
carbohydrate alone (37) on muscle-Cr uptake. For instance, Steenge et
al. (36) reported that the ingestion of Cr with 50 g of protein and 50g
of carbohydrate results in similar muscle-Cr increases as ingesting Cr
with 100 g of carbohydrate. Preen et al. (37) established that Cr supple-
mentation combined with 1 g glucosefkg body mass twice per day
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increased muscle total-Cr by 9% more than Cr supplementation alone.
Thus, Cr accumulation might be increased slightly by ingesting insulin-
stimulating nutrients such as carbohydrate.

2.9.2, EXERCISE

Cr uptake has been shown to be stimulated fellowing submaximal
exercise bouts (12,38). This increase in Cr uptake following exercise
has been demonstrated to only oceur in skeletal muscles involved in the
exercise. For example, when subjects performed 1 h of strenuous exer-
cise per day with only one leg, Cr supplementation increased the mean
muscle-Cr conient from 118 to 149 mmol/kg dry mass in the control
leg, but to 162 mmol/kg dry mass in the exercised leg (12). It has been
hypothesized that increased Cr uptake with exercise is a result of
increased blood flow to the working musculature (12). Other possible
explanations for the enhancement of Cr uptake into skeletal muscle
with exercise has been suggested to be resulting from activation of
CreaT proteins, the synthesis of new transporters, or changes in the
forces driving Cr transport (38).

2.9.3. TRAINING

Conflicting reports of changes in skeletal muscle total-Cr concentra-
tions after various types of training (endurance, sprint, and resistance)
make it difficult to determine the effects of regular training on Cr mus-
cle uptake. One study found that sports students demonstrated an
increased muscle PCr:ATP ratio compared with sedentary subjects
following Cr supplementation indicating that individuals involved in
regular training may demonstrate a greater ability to accumulate Cr
stores (39). The findings that acute exercise stimulates Cr uptake by
skeletal muscle, as mentioned in the previous section would suggest
that regular training would only further enhance Cr uptake, but more
tesearch must be done to validate this hypothesis,

2,94, MuscLE FiBerR TYPE

Type TI (fast-twitch) muscle fibers have higher levels of Cr and PCr

(=12%) compared with type I (slow-twitch) fibers (24). However, lim-

ited research in humans has been conducted to determine if a difference

exists between muscle-fiber types in regards to Cr uptake. Casey et al.

{17) found that the PCr content in type I and type II muscle fibers of

the quadriceps femoris muscle increased to a similar extent (=15%)

; following Cr supplementation. This finding indicates that uptake may

; not differ between fiber types even though initial-Cr content may be
| unequal.
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2.9.5, GENDER

Several studies have demonstrated that skeletal muscle total-Cr con-
tent is similar between men and women (40,41). These results are con-
sistent in that the magnitude of skeletal muscle-Cr loading following
supplementation (12,4]) and that CreaT-mRNA expression in skeletal
muscle is similar between genders (40). Therefore, women and men
should benefit to the same extent from dietary-Cr intake.

2.10. Mechanisms of Action

When Cr accumulates in human-skeletal muscle it produces various
effects, which may result in the positive improvements that are seen in
exercise performance following Cr supplementation. These positive
improvements are most likely because of an enlargement of the phos-
phagen pool in skeletal muscle, which is used to fuel high-power activ-
ities. Recently, several other mechanisms have been put forth to
possibly explain improvements in exercise performance and are dis-
cussed within this section.

2.10.1. ENERGETIC THEORY

The most widely accepted theory explaining the beneficial effects of
Cr supplementation on muscular performance is the energetic theory:
4 muscle-Cr —» 1 {raining intensity - 1 training stimulus - 1 physi-
ological adaptations to training (i.c., 1 muscle fiber hypertrophy, muscle
mass, and strength). Thus, increased Cr stores might allow for an athlete
to train at a higher intensity, thereby increasing the stimulus placed
on the muscle and increasing the physiological adaptations to that
exercise bout,

2.10.2. PH BurrER

During periods of low pIH, such as when hydrogen ions from lactic
acid production and ATP hydrolysis accumulate during intense exer-
cise, the CK reaction favors the regeneration of ATP (see Rx no. 1).
Thus, rapid increases in hydrogen ions with intense exercise are
buffered by PCr and might help to prevent fatigue. This pH buffer is
one mechanism in which Cr maintains optimal exercise performance,
as it helps prevent acidification of cells and maintains a normal pi
(42). A decreased pH has numerous effects on the intra- and extracel-
lular environments of all cells, and has been associated with contribut-
ing to the onset of fatigue by various mechanisms.

2.10.3. MEMBRANE STABILIZATION

Cr might be useful for preventing tissne damage by stabilizing cell
membranes. Cr, in the form of PCr, may decrease membrane fluidity as
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well as the loss of intracellular enzymes like CK from the cytoplasm
(42}. This suggests that increased levels of PCr in human-skeletal mus-
cle may provide protection to muscle cellular membranes from the
stress of strenuous exercise. Rawson et al. (43) recently examined
whether exercise-induced muscle damage would be reduced by Cr sup-
plementation in young male individuals. The results of this study
demonstrated that 5 d of Cr supplementation did not decrease muscle
damage or improve recovery from strenuous exercise (i.e., eccentric
contractions) compared with a placebo group. The authors of this study
suggested that long-term Cr supplementation should be investigated to
determine its effects on muscle damage and recovery rates in athletes
undergoing strenuous eccentric exercise programs.

2.10.4. MuscLE RELAXATION TIME

Cr might improve exercise performance by decreasing muscle relax-
ation time following a contraction. van Leemputte et al. (28} deter-
mined that 5 d of Cr supplementation in healthy men resulted in no
significant change in maximal isometric force but the time needed (o
relax was significantly decreased. These results demonstrate that Cr
might decrease muscle relaxation time in some individuals and that the
decrease in muscle relaxation time is greater in those individuals who
took longer to relax before supplementation.

2.10.5. GLYCOGEN STORAGE

There is reason to specnlate that Cr supplementation might influ-
ence muscle-glycogen levels owing to findings demonstrating that
Cr increases intracellular water (44) and that cellular water affects
glycogen levels in rat-skeletal muscle (45). The majority of studies
examining human-skeletal muscle glycogen levels following Cr sup-
plementation have shown positive results (38,46—-49). The ergogenic
effects of increasing muscle glycogen levels with Cr supplementa-
tion are unclear but it may suggest that enhanced glycogen levels
could possibly result in training-induced improvements given that
improved glycogen stores positively affect high-intensity exercise

" (50,51), including resistance training (52,53).

2.10.6. ImPrOVED LEAN BODY MASS

A common explanation for increased exercise performance with Cr
supplementation in combination with strength training is enhanced
muscle-fiber size and increased lean body mass (LBM) (36,54). Several
Fluman studies have shown that Cr doses of 20 g/d for 4-28 d results in
Increases in total body mass of 1-2 kg, with these increases resulting
from augmented LBM (42). Resistance training in conjunction with Cr
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supplementation has been found to result in significant increases in
body mass and LBM, as well as types L, Ila, and IIb muscle fiber cross-
sectional areas (CSA) in healthy, young males (34). In the study by
Volek et al. (34), subjects participated in a 12-wk heavy resistance
training program with or without Cr supplementation. Those subjects
that supplemented with Cr had greater increases in both type I and type
11 muscle fiber CSA compared with those who only trained ( 34).

The increases in LBM seen with Cr supplementation have been sug-
gested to occur owing to several different mechanisms. First, Cr sup-
plementation may increase protein synthesis or reduce protein
breakdown (42). A study by Parise et al. (41) found that acute Cr sup-
plementation did not result in an increase in muscle fractional synthetic
rate but that it may result in a decrease in muscle protein catabolism.
Second, several studies have suggested that Cr supplementation along
with resistance training improves the expression of myogenic regulatory
factors that might possibly enhance the expression of skeletal-muscle
myosin heavy chain and CK activity (55-57). Third, accumulation of
muscle-Cr levels have been reported to increase intracellular water refen-
tion, which is believed to promote an anabolic effect through a positive
nitrogen balance and protein synthesis. However, owing to the lack of
studies that have examined the influence of intracellular water on skeletal-
muscle protein synthesis, this hypothesis must be viewed with care.

2.10.7. SATELLITE CELL ACTIVITY

In adult humans, the cells responsible for skeletal-muscle hypertro-
phy are satellite cells (SC). These cells are so named because instead of
being located inside the muscle fiber, they lie along the muscle-fiber
membrane under the basal lamina (58). The role of SC is to provide
myonuclei to enlarging muscle fibers when muscle growth is stimu-
lated, When SC are activated with exercise, they proliferate and differ-
entiate to assist in the formation of new muscle fibers. In human
studies, resistance training has been shown to increase the number of
SC and myonuclei in the trained muscle, indicating that SC play an
important role during hypertrophy. The importance of SC for adding
myonuclei to growing muscle has also become apparent when S5C are
inactivated, such as they can be in studies with mice and rats; in these
states, muscle fibers only have a limited capacity for growth (59,60).

The ability of Cr to augment muscle hypertrophy has been shown to
be in part because of its effects on SC. In rat-skeletal muscle, Cr sup-
plementation during increased functional loading and compensatory
muscle hypertrophy caused an increase in SC activity as indicated by a
higher number of myonuclei compared with muscle fibers of rats without
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supplementary Cr (67). Furthermore, the effects of Cr monohydrate on
SC were demonstrated in vivo {62}, When Cr monohydrate was added
to myogenic cell cultures, it significantly increased SC differentiation
compared with no Cr or other ergogenic agenis, such as l-glutamine. In
2006, Olsen et al. (63) demonstrated the effects of Cr monohydrate sup-
plementation on number of SC and myonulclei in human-skeletal mus-
cle during 16 wk of strength training. Thirty two males were given 6 g
of Cr monohydrate a day and resistance irained three times a week. The
supplement was compared with a protein and carbohydrate supple-
ment, a carbohydrate only supplement, and no fraining or supplement.
Muscle biopsies were taken at week 4, 8, and 16 for analysis, and max-
imal isometric muscle strength (i.c., maximal voluntary contraction
[MVC]) of the right quadriceps femoris was measured after the 16-wk
training period. Although all training groups increased SC and myonuclei
number, Cr monohydrate supplementation significantly augmented the
training-induced increase in SC and myonuclei compared with the other
supplementary groups throughout the entire training period

Furthermore, Cr significantly increased muscle-fiber CSA compared
with the other groups, which was shown to be positively correlated to the
increase in number of myonulcei. Cr also resulted in the highest MVC
after the training period. The accelerated and superior gains in number of
SC and myonuclei with Cr monohydrate supplementation combined with
4 mo of resistance training suggest that Cr monochydrate increases the
contribution of SC-derived myonuclei to the muscle fibers, which is
expected to increase the rate of muscle hypertrophy. Indeed, increased
muscle-fiber area was found, which was accompanied by a correspon-
ding greater increase in maximal isometric muscle strength (i.e., MVC).
The muscle hypertrophy effects of Cr seem to be linked to the activity of
exercise training, as Cr supplementation without training does not seem
to lead to increases in SC activity (67) or muscle-fiber area. In con-
clusion, Cr monohydrate affects the cellular processes involved with
muscle-fiber growth in response to exercise. By accelerating the adapia-
tion of SC to resistance training, Cr can result in increased muscle
hypertrophy and possibly, increased muscular strength,

3. PRACTICAL APPLICATIONS

The majority of athletes, both recreational and competitive, consid-
eting Cr monohydrate supplementation have very limited knowledge of
the mechanisms responsible for its positive benefits toward perform-
ance. Most information about Cr is obtained through word of mouth,
sales associates, or the popular press; and may not be entirely accurate.
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Misunderstandings and anecdotes, both positive and negative, of Cr are
plentiful. The idea that Cr induces significant water retention, cramp-
ing, and may even cause heat intolerance is one common anecdote that
has failed to be substantiated in a number of studies. Also, the muscle-
building effects of Cr are commonly thought to be a fallacy, and the
increase in weight after Cr supplementation is attributed only to
increased fluid retention. Because of these common rumors surround-
ing Cr usage, many individuals may be cautious of supplementing with
Cr and might convince others to avoid this supplement all together.
However, certain athletes, particularly those who regularly participate
in activities or sports involving high-intensity, short-duration move-
ments (e.g., soccer, basketball, and resistance training) would likely
benefit greatly from the use of Cr monohydrate as an ergogenic tool.

For a sports nutritionist to provide accurate information of Cr to ath-
letes of all ability levels, and dispel the plethora of myths surrounding
Cr supplementation, they must understand first the fundamental basics
of Cr metabolism. The information provided in this chapter can provide
sports nutritionists with the proper tools to educate athletes who come
to them with questions and interests about Cr mongohydrate supplemen-
tation. Also, with accurate information supported by research provided
in this chapter, the athlete would be able to make an informed decision
regarding their usage or nonusage of Cr.

4, CONCLUSION

The increased usage of the supplement Cr monohydrate over the past
decade has warranted the need for further research exploring the mecha-
nisms of Cr transport, uptake, and storage and how these factors are
influenced by diet and exercise. Recent research has supported the safety
and efficacy of Cr supplementation for improving exercise performance
in various populations. There is also a better understanding of the mech-
anisms responsible for these positive performance outcomes. It would be
fair to state that Cr supplementation represents ope of the most studied
dietary supplements, and in particular one repeatedly shown to have
ergogenic effects. This does not mean that all athletes will benefit signif-
jcantly from Cr supplementation only that, in controlled studies subjects
supplemented with Cr often outperform and experience improved adap-
tations to resistance training compared with placebo controls.

4.1. Side Bar No. 1

The media and lay population alike are quick to vilify virtually
every dietary supplement as ineffective and dangerous. Although this
perspective may prove true in the case of many supplements, it does a
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serious disservice to Cr, which is undoubtedly the most researched
supplement in history. Numerous studies have verified Cr’s short-term
safety. Although the long-term effects of Cr supplementation have not
yet been explored, given that athletes have been utilizing the supple-
ment for almost a decade without noteworthy incident, there appears
to be little cause for concern in this regard. The fact that Cr is a natu-
rally occurring substance in our body and the foods we eat further val-
idates this perspective. Neither the National Collegiate Athletic
Association nor the International Olympic Committee—both very
strict organizations when it comes to regulating supplement use—
prohibits Cr supplementation.

The principal benefits of Cr supplementation to athletes include
increases in strength, speed, and muscle mass—eftects that occur sec-
ondary to the athlete’s ability to train longer and at a higher intensity
and recover quicker because of enhanced cellular energy provisions.
More recently, Cr has shown promise in improving general health.
There is research to support a role for Cr supplementation in the treat-
ment of muscular dystrophy and Lou Gehrig’s disease. Cr supplemen-
tation decreases the level of homocysteine—a contributing factor to
cardiovascular disease—in the blood, and the supplement might also
possess anti-inflammatory and antioxidant properties. Cr is best taken
postexercise with carbohydrates, and contrary to popular belief, it is
unnecessary to “load” Cr. A smaller daily dose (3-5 g) over several
weeks is equally effective in increasing muscle-Cr stores with a
decreased likelihood of gastrointestinal problems (the most common
side effect) as stated by Eric Cressey, MLA., C.S.C.S.

4.2. Side Bar No. 2
4.2.1. CARBOHYDRATE AND CR LOADING

The concept of nonresponders and responders to Cr supplementation
might be eliminated if large doses of carbohydrate are ingested with
large doses of Cr for an initial 5-d “loading phase.” There have been a
few investigations that have shown how ingestion of a large amount of
glucose along with Cr supplementation during the loading phase
reduced variability in muscle-Cr uptake and enhanced Cr accumula-
tion. The enhancement of Cr accumulation in muscle when combined
with the simple carbohydrate glucose is thought to be a result of carbo-
hydrate-mediated insulin release. Insulin has been shown to stimulate
muscle-Cr transport through the membrane transport protein, CreaT.
However, the investigations that suggest large doses of carbohydrate
are required to enhance Cr uptake have used very-high doses of
carbohydrate, such as 370 g/d, which adds an extra 1500 kcals to the

._
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total-energy intake. For athletes and recreational exercisers looking to
enhance their performance with Cr, taking such a high dose of pure glu-
cose may not be advisable or even palatable. It also might compromise
health and body composition. Other researchers have shown that lower
doses of carbohydrate taken with Cr, such as 1 g of both carbohydrate
and Cr per kg bodyweight taken twice per day can also improve Cr
uptake, relative to taking Cr alone. However, this is still a large dose of
carbohydrate (~100 g) and may not be desirable or economical for any
person to ingest. As an alternative, people may still enhance their Cr
stores by eliminating the large carbohydrate and Cr dose required in the
loading phase, but waiting longer for the ergogenic effects to be
noticed, Therefore, if one wishes to enhance their muscle-Cr stores
without consuming a large dose of carbohydrate, they could supple-
ment slowly, avoiding the loading phase, and consume a small dose of
carbohydrate to slightly increase insulin and enhance Cr uptake.
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2 Creatine Supplementation
in Strength-Power Sports

Darryn S. Willoughby, PhD

1. INTRODUCTION

The exogenous ingestion of creatine (Cr) is typically vsed as a per-
formance enhancing (ergogenic) supplement because it is known to
improve performance in muscular strength and power activities,
enhance short bursts of muscular endurance, and allow for greater mus-
cular overload in order to improve training effectiveness. Creatine has
become one of the most popular ingested nutritional supplements due to
its potential enhancement of athletic performance. Creatine is primarily
located in skeletal muscle and plays a pivotal role in cellular bioenerget-
ics, specifically towards the reformation of a molecule essential for mus-
cular contraction, adenosine friphosphate (ATP). The vast majority of
research indicates that high-intensity, short duration, and repeated exer-
cise bouts are the most effective modes of exercise that can be enhanced
by creatine supplementation. Oral creatine supplementation has been
shown to provide numerous benefits, including increases in lean muscle
mass, muscular strength, and enhanced performance in various athletic
capacities. The creatine transporter is a protein that mediates the entry
of creatine from the circulation into the muscle cell.

2. CREATINE’S ROLE IN MUSCULAR STRENGTH
AND POWER

Numerous research studies have demonsirated that supplemental
creatine (Cr) monohydrate is an effective nutritional compound in
increasing short-term (1-3 wk) and long-term (4-12 wk) muscle
performance, as indicated by an increase in strength and power. In addition,
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supplemental Cr appears to also be a beneficial catalyst in increasing mus-
cle hypertrophy and total body mass when combined with resistance train-
ing. Based on the overwhelming number of studies conducted in the
last 10 yr that have demonstrated that Cr supplementation improves
exercise performance and/or training adaptations, Cr has quickly
become one of the most popular ergogenic sport supplements used
today. Most of the studies with Cr supplementation have used male par-
ticipants. However, about one-third of the studies have evaluated women
and/or mixed cohorts of men and women and have demonstrated women
to undergo ergogenic benefits following Cr supplementation. Although,
gains in body mass, fai-free mass, and muscle strength and power are
generally not as rapid as men, these studies do suggest that women do
henefit from Cr supplementation.

However, one must consider that the impact of Cr’s effectiveness in
increasing muscle strength and power is predicated on the duration and
dosage of Cr supplementation, as well as the muscle-Cr transport and
uptake capacity. Cr is typically ingested at an approximate dosage of
20 g/d (0.3 g/kg body mass/d) for 5-7 d during a loading phase and
then around 5 g/d for several weeks during a maintenance phase. The
majority of Cr uptake during a loading phase typically occurs during
the first 2-3 d of the loading period, and rescarch has shown that the
most rapid way to increase muscle-Cr stores is to use a loading method.
However, there are studies that have reported that 5-6 g/d of Cr supple-
mentation for 10-12 wk promoted greater gains in strength and muscle
mass during training when compared with placebo. Tn addition, a 4-wk
study that did not use a loading phase, but rather provided a mainte-
nance dose of 3 g/d for the duration of the study, still showed signifi-
cant Cr-induced performance benefits. However, in light of this, using a
loading phase and then using a maintenance dose of 5-6 g/d (0.07 g/kg
body mass/d) appears to be necessary to maintain Cr stores in most
individuals owing to the fact that larger individuals are likely to retain
2-4 g/d of Cr after loading periods, if adequate Cr is ingested during
the mainienance phase.

Evidence suggests that Cr supplementation is more likely suited to
improve performance in the sports/activities that require more of an
anaerobic performance component (1) such as weight lifting, sprinting,
football, and ice hockey. Cr enhances short-term, anaerobic endurance
through its inherent ability to enhance muscle bioenergetics. In addition,
Cr indirectly promotes muscle anabolism (growth) through long-term
supplementation coupled with resistance training by extending exercise
output, again through enhanced muscle bioenergetics. As a result, muscles
then compensate for the increased mechanical load through the production
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Fig. 1. Tustration of the process of intramuscular-Cr uptake and creatinine clearance,
in addition to the bicenergetic mechanism in which Cr provides energy substrate.

of new muscle proteins. These newly added proteins promote hypertrophy,
thereby allowing muscles to generate greater amounts of force and
power.

However, for sports requiring mainly aerobic performance there is
less evidence that Cr supplementation is helpful. So, for endurance
athietes such as runners, cyclists, and long-distance swimmers, many
unknowns still exist, Nevertheless, a few studies have shown some
improvement in performance. For example, a study found that Cr supple-
ments delayed the onset of muscle fatigue in endurance athletes by
boosting their lactate thresholds (2).

3. BIOENERGETIC MECHANISMS FOR STRENGTH/
POWER INCREASES WITH CR SUPPLEMENTATION

Cr, or methyl guanidine-acetic acid, is a naturally occurring com-
pound endogenously synthesized from arginine, glycine, and methion-
ine. To meet the demands of a high-intensity exercise, such as a sprint,
muscles derive their energy from a series of reactions involving ATP,
phosphocreatine (PCr), ADP, and Cr. Once in the bloodstream, Cr is
then taken up by muscle fibers predominately by way of a sodium chlo-
ride (Na*/Cl-)-dependent Cr transporter (CRT). The major rationale of Cr
supplementation is to maximize the intracellular pool of total-Cr (Cr -+
PCr). Ingestion of Cr monchydrate at a rate of 20 g/d for 5-6 d
increases total-Cr concentration by approx 30% as PCr (3) (Fig. 1).
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PCr as substrate and the ability of the ADP produced from Cr phosphorylation to
be used to resynthesize ATP by way of the enzymatic activation of myokinase.

Figure 2 illustrates data demonstrating that 5 d of Cr supplementation
at a dose of 20 g/d increased the content of free-Cr, PCr, and total-Cr
by 30, 17, and 20%, respectively (4).

Through the depletion of intracellular-PCr stores, the intraceflular
concentration of ATP, a vital molecule necessary for muscle contrac-
tion, is maintained and replenished. This occurs through a freely
reversible reaction in which PCr phosphorylates ADP to replenish ATP
stores, catalyzed through the enzyme Cr kinase (CK). As illustrated in
Fig. 3, ATP is regenerated when PCr donates a phosphate molecule that
combines with ADP. Stored PCr can fuel the first 4-5 s of a sprint, but
another fuel source must provide the energy to sustain the activity, such
as the ATP synthesized by way of the enzymatic activation of adenylate
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kinase (myokinase) utilizing ADP as substrate (see Fig. 4). However,
Cr supplements increase the storage of PCr, thus making more ATP
available to fuel the working muscles and enable them to work harder
before becoming fatigued.

PCr levels within the muscle are almost three to four times more
abundant than intramuscular-ATP stores. Although, PCr is more copious
than ATP, the rate in which ATP is utilized is likely to exceed the over-
all energy substraie regeneration necessary at activities of high intensity.
However, the PCr supply is sufficient in providing a temporary ATP
Source until other bioenergetic systems reach maximal rates. Further-
more, there is much evidence indicating that Cr supplementation can
improve athletic performance and myocellular bioenergetics. This is
important because the intracellular concentration of PCr plays a signifi-
cant role during the immediate bioenergetic system, which is most
active during exercise at high intensity, short duration, and repeated
bouts of physical activity.

Increasing intramuscular levels of Cr and PCr can affect muscle
Strength and power by increasing the availability of PCr, thereby enhanc-
Ing the availability of energy substrate during high-intensity exercise like
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sprinting and intense weightlifting. For instance, forearm muscles of
males were examined during a 10-s maximal dynamic handgrip exercise
before and after ingestion of 30 g/d of Cr monohydrate for 14 d. An
increase in total anaerobic ATP synthesis after Cr supplementation pos-
itively correlated with the increase in ATP synthesis through PCr
hydrolysis. Cr supplementation produced an increase in the mean
power output. The results suggest that the improvement in performance
was associated with the increased PCr availability for the synthesis of
ATP resulting from Cr supplementation (5).

Cr supplemented at 25 g/d for 5 d was shown to increase muscle-PCr
levels by 16% and was shown to improve performance during rapid and
dynamic intermittent muscle contractions; however, Cr loading did not
facilitate muscle-PCr resynthesis during intermittent isometric muscle
contractions (6}. Furthermore, elevated levels of PCr are likely to help
improve recovery time between sprints and/or bouts of intense exercise.
In summary, atthough all energy systems, both aerobic and anaerobic,
will at least partially utilize the phosphagen system, high-intensity,
short-duration, and repeated exercise bouts have been repeatedly
ohserved in the literature to he the most effective mode of exercise that
can be enhanced through Cr supplementation (7).

4. ROLE OF THE CRT IN REGULATING
MUSCLE-CR UPTAKE

As a resplt of the varicus mechanisms in which Cr appears to be
involved, the regulation of iotal-Cr metabolism within the muscle is still
poorly understood. Whole-body Cr retention is dependent primarily on
rates of Cr uptake and intramuscular-Cr content, and to a lesser extent,
the slow degradation of Cr into creatinine. Cr uptake into the muscle is
dependent on the CRT, a membrane-spanning protein that transfers Cr
from the blood info the muscle fibers. It is likely that regulation of the
CRT protein is important in controlling intramuscular-Cr levels (8). This
becomes apparent in certain Cr-deficient pathologies in which the CRT
might be defective or absent, such that supplementation is unable to
restore Cr to ordinary levels {9). Strangely, chronic Cr supplementation
has been demonstrated to cause a reduction of the CRT protein in rats,
whereas chronic supplementation of -guanidinoproprionic acid, a Cr
analog that competitively inhibits the CRT, resulted in an increase in
CRT protein (10). This suggests that intramuscular-Cr content might
regulate the amount of CRT protein present in muscle. More recently, Cr
transport has been identified in the mitochondria (77}, which suggests that
Crmay not only exist in the sarcoplasm of the muscle fibers, but that there
might be an intermitochondrial pool of Cr as well.
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All plasma membranes are impermeable to the diffusion of Cr and PCr.
More than 90% of intramuscular Cr is shuttled across the sarcolemma
against a concentration gradient by the CRT. Approximately 65% of the
Cr that enters skeletal muscle will be actively transphosphorylated by
CK to produce PCr, such that it is readily available to react to ATP
depletion (/2). PCr cannot be transported by CRT, and as such, CK
renders a portion of the intracellular-Cr pool to be confined in the cytosol.

Recently, a new and possibly unique CRT activity in the mitochon-
dria has been discovered, which suggests that there are likely two separate
pools of intracellular Cr, regulated by different CRT activities (13). It is
possible that these separate CRTs are entirely different proteins, with
variations in structure and subject to different degrees of regulation. It
is carrently uncertain what purpose a mitochondrial pool of Cr may
have, although it might simply serve as a buffer, should plasma-Cr levels
drop appreciably, such that cytosolic-Cr levels might remain elevated
during high-contractile activity. Acute regulation (within hours) of CRT
activity might be directly influenced by fluctuations in plasma-Cr concen-
trations. This may involve alterations in the flux of sodium across the
sarcolemma ({4).

Similarly, there may be factors that might directly stimutate or inhibit
the CRT protein, and chronic adaptations (days to weeks) might involve
altering the number of CRT proteins available at the membrane, or by
altering the number of CRT proteins expressed by the cell (15). It
seems that Cr uptake is actually inhibited with prolonged exposure to
high plasma-Cr levels, which might be because of decreased activity of
CRT. This suggests that Cr uptake is actually dependent on intracellular-
Cr concentrations, and not extracellular-Cr concentrations. It appears
that elevated plasma-Cr levels promote an initial rise in Cr uptake and
resultant intracellular-Cr concentration, which may by iiself begin to
inhibit uptake by negative feedback. This downregulation of Cr uptake
with chronic elevated plasma-Cr levels may be a result of an inhibitory
protein and suggests that high-intracellular concentrations may induce
the expression of a protein that might either directly inhibjt the CRT
protein, or somehow reduce the number of transporter proteins available
at the membrane.

5. TRANSPORT OF ENERGY IN MUSCLE: THE CR
SHUTTLE

Exercise results in the production of Cr in contracting muscle fibers.
This might not be entirely dependent on the sacroplasmic activity of
CK, and serves to impart oxidative/respiratory control on the muscle
mitochondria. Because of this functional comparimentalization of CK



32 Willoughby

on the mitochondrion, it is clear that the actual form of energy transport
in the muscle fiber is PCr. The finding of an isoenzyme of CK attached
to the M-line region of the myofibril revealed that the peripheral
receptor for PCr generated within the mitochondria is the molecular
basis for a Cr phosphate shuttle for energy transport in skeletal muscle,
and thereby demonstrates a direct relation between muscle activity and
the concentrations of intramuscular ATP and ADP levels (/0). The
adenine nucleotide charge regulates both activity of glycolysis and the
tricarboxylic acid cycle, and is inherently linked to the sacroplasmic
activity of CK, and the subsequent levels of PCr vs Cr {see Fig. 1). As
a result, the ratio between ADP and ATP has the ability to stimulate and
inhibit oxidative phosphorylation. During exercise, an increase in ADP
occurs relative to ATP and is associated with an increase in whole-body
oxygen consumption. However, when exercise stops, the intracellnlar
oxidative mechanisms soon re-establish normal levels of ATP, ADP,
and adenosine monophosphate.

Consequently, whole-body oxygen consumption rapidly declines
toward resting levels after exercise. The Cr phosphate shuttle is the
mechanism in which ATPase activity of the contractile machinery is
buffered by saicoplasmic PCr, with the ultimate result being phospho-
rylation of mitochondrial ADP to ATP and appears to be a significant
oxidative mechanism which supports sustained, endurance exercise.
Therefore, the Cr phosphate shuttle may not be a significant factor
involved in the bioenergetic processes in which short-term Cr supple-
mentation can effectively increase muscle strength and power during
high-intensity muscular efforts. As a result, it certainly becomes more
an issue with the increase in muscle strength, hypertrophy, or
endurance capacity during long-term Cr supplementation associated
with resistance-training or other forms of sport-specific training.

6. HYPERTROPHIC MECHANISMS FOR STRENGTH/
POWER INCREASES WITH CR SUPPLEMENTATION

Early Cr supplementation research primarily documented increases
in short-term muscle strength and power, and these improvements were
likened to Cr’s ability to enhance iniramuscular-phosphagen levels and
bioenergetic coupling of ATP resynthesis. When incorporated into a long-
term resistance training program this might allow an athlete to do more
work over a series of sprints and/or sets of exercise, and over time may
subsequently lead to greater gains in strength, muscle mass, and perform-
ance. Although, enhanced myocellular bioenergetics associated with Cr
supplementation appear to be the primary mechanisms for increasing
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short-term strength and power, they cannot completely account for
increases in muscle strength and power over the course of a long-term
resistance training program that appear to also occur by way of hyper-
trophic mechanisms.

By and large, there has been considerably more research done regard-
ing the short-term effects of Cr supplementation on muscle strength and
power. However, this is typically not how many athletes utilize Cr in
their training regimens and it became quite evident that data was needed
highlighting any performance benefits with long-term Cr supplementa-
tion. Therefore, as studies began to occur, long-term resistance training
programs combined with Cr supplementation began to document
increases in muscle strength and total body mass and speculated that Cr
supplementation had a positive effect on muscle hypertrophy.

In one of the first long-term studies, no loading phase was used but
rather 5 g of Cr was ingested daily for 10 wk, along with resistance
training 4 d/wk. Cr supplementation was shown to preferentially
increase indices of muscle strength and power, whereas increasing total
body mass without any concomitant increases in fat mass. As promising
as this study was in suggesting a possible increase in muscle hypertrophy,
no direct measurements of muscle hypertrophy was performed (/6).

In a classic study, Cr’s ability to increase muscle strength and total body
mass primarily as the result of a hypertrophic mechanism was illustraied.
During this study, a 1-wk Cr-loading phase at 20 g/d was followed by
11 wk of 5 g/d in conjunction with resistance training performed on an
average of thrice weekly. Results showed that Cr preferentially increased
muscle strength, fat-free mass, and types 1, Lla, and ITab muscle fibers (7).

However, the first study to actually demonstrate a direct hypertrophic
link to Cr supplementation through molecular mechanisins linked to both
muscle-specific gene and protein expression was published in 2001 (78).
This study involved 12 wk of resistance training, thrice weekly, combined
with the daily ingestion of 6 g/d of Cr monohydrate (without a loading
phase), and found that Cr preferentially increased muscle strength, fat-free
mass, thigh mass, and types I and Ila myosin heavy chain isoform mRNA
and protein expression, and myofibrillar protein content, and suggests that
the enhancements in muscle mass and performance from Cr occur by way
of a molecular, hypertrophic mechanism.

In an attempt to determine a possible pre- or post-translational
hypertrophic mechanism to help explain Cr’s presumable hypertrophic
role, a follow-up study demonstrated that resistance training increased
the mRNA and protein expression of the myogenic regulatory factor,
Myo-D, whereas Cr preferentially increased the mRNA and protein
expression of the myogenic regulatory factors myogenin and myogenic
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Fig. 5. Based on previous studies, an illustration of the theoretical mechanism in
which resistance training combined with Cr supplementation might interact with
the myogenic regulatory factors MRF-4 and myogenin, thereby resulting in a pref-
erential increase in muscle-specific gene expression and subsequently increasing
muscle protein expression, hypertrophy, and muscle strength (18-20).

regulatory factor (MRF)-4, DNA-binding proteins that serve as transcrip-
tion factors in upregulating the expression of muscle-specific genes.
Additionally, myogenin and MRF-4 expression was directly correlated
to the mRNA expression of the skeletal muscle isozyme of CK. This
study indicates Cr to operate as a possible transcripiional cofactor,
working in concert with the myogenic regulatory factors Myo-D, MRF-4,
and myogenin in regulating the expression of selected muscle-specific
genes (19) (Fig. 5).

Also, research has shown that Cr increases the activity of myogenic
cells. These cells, sometimes called satellite cells, are myogenic stem
cells that are involved in hypertrophy of adult skeletal muscle, Satellite
cells reside in a quiescent state within the sarcolemma until various
stressors such as resistance exercise and/or muscle injury upregulates
their activity, Following proliferation and subsequent differentiation,
these satellite cells will fuse with one another or with the adjacent dam-
aged muscle fiber, thereby increasing myonuclei numbers necessary for
fiber growth and repair.
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Fig. 6. Based on previous studies, an illustration of the theoretical mechanism in
which resistance training combined with Cr supplementation might interact with
the myogenic regulatory factors MRF-4 and myogenin, thereby resulting in satel-
lite cell proliferation and differentiiation and subsequently increasing satellite cell
number and myonuclei content {20,27).

A study was conducted showing that alter 2 wk of immobilization
followed by 10 wk of Cr supplementation (20 g/d for 1 wk followed by
5 g/d for 9 wk) and resistance training thrice weekly increased muscle
fiber diameter and MRF-4 protein expression, and that the increase in
MRF-4 expression was correlated with the increase in muscle fiber
diameter, These data suggest that Cr increased the number of myonu-
clei donated from satellite cells, and that this increase in myonuclei
probably stems from Cr’s ability to increase levels of the myogenic
transcription factor MRF-4 {20}. A more recent study has shown that
three weekly resistance training sessions for 15 wk combined with the
daily ingestion of 6 g/d of Cr showed increases in muscle strength,
muscle fiber size, satellite cell number, and muscle myonuclei content.
Additionally, the increase in muscle-fiber size was associated with the
myonuclei content (27 ). This study is the first to indicate that long-term
Cr supplementation combined with resistance training produces
increases in muscle strength hypertrophy, primarily because of an
increase in satellite cell activation. However, the mechanism in which
Cr apparently preferentially activated satellite cells is presently
unknown (Fig. 6).
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7. EFFECT OF CR SUPPLEMENTATION ON MUSCLE
STRENGTH AND POWER

Of the hundreds of studies examining Cr supplementation, more
than 80% prove statistically significant toward short- and/or long-term
performance enhancement. Most of these studies have been performed
in untrained participants; however, some have been conducted in compet-
itive athletes. Even then, several well-controlled studies have demon-
strated Cr supplementation not to have a positive effect on muscular
performance. Although many Cr studies differ in regard to the duration
and dosage of Cr supplementation, the specific Cr formulation, the age,
gender, and training status of the participants, methods of performance
assessment, and other differences in experimental design, one should
be also aware of the fact that all individuals are not likely to have sim-
ilar responses to Cr supplementation,

7.1. Short-Term Performance Effects

Shori-term Cr supplementation appears to work best during high-
intensity exercise like repetitive sprinting and weightlifting. Most
studies indicate that Cr supplementation increases body mass by about
1-2 kg in the first week of loading. However, Cr is an osmotically
active compound, such that increases in total body Cr retention caused
by oral Cr supplementation should result in concomitant increases in
water retention. This in part, might explain how increases in total body
mass are seen after only a loading supplementation of 20-25 g/d for
57 d (22). In particular, it would be expected that increases in infra-
muscular Cr, which accounts for approx 95% of total body Cr, would
particularly augment intramuscular water volume. However, it has been
shown that a loading phase of 25 g/d for 7 d followed by a maintenance
phase of 5 g/d for 21 d resulted in increases in intramuscular Cr and
total body water, without altering proportional fluid distribution (23).
Interestingly, increases in cell volume appear to be a proliferative,
anabolic signal that may enhance protein synthesis (24), which suggests
a method by which extended Cr supplementation might promote
muscular hypertrophy with long-term Cr supplementation.

In individuals confined to laboratory settings involving exercises
such as bicycling or resistance exercise rather than sport training, Cr’s
role in increasing short-term muscle performance has been documented.
The effect of short-term Cr supplementation on high-intensity exercise
performance in males and females was determined by providing 5 g/d of
Cr monohydrate for 4 d. Cr significantly increased peak and relative peak
anaerobic cycling power and maximal strength with no gender-specific
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responses, suggesting that short-term Cr supplementation can increase
indices of high-intensity exercise performance for both males and
females {25). In addition, the effect of Cr supplementation on muscle
power during repeated bouts of supramaximal bicycling exercise was
performed five times with 2-min intervals. Male subjects ingested 5 g/d
of Cr monohydrate for 6 d. Cr increased both mean and total power out-
put; this suggests that Cr supplementation enhances total power output
during the repeated bouts of supramaximal exercise separated by short
resting intervals (26). The effects of Cr supplementation on force gen-
eration during an isometric bench-press in resistance-trained men was
determined by having subjects perform an isometric bench-press test
involving five maximal isomeiric contractions before and after 5 d of
Cr ingestion at 20 g/d. Five days of Cr supplementation increased total
body mass and fat-free hody mass, and peak and total force during a
repeated maximal isometric bench-press test (27).

Even when provided in lower doses for 3 wk, Cr supplementation can
enhance short-duration, high-intensity activities evidenced by the fact that
Cr ingested at a dosage of approx 7 g/d combined with resistance training
restlted in subjects performing more total work until fatigue, experienc-
ing significantly greater improvements in peak force and peak power, and
maintaining elevated mean peak power for a longer period of time. These
results indicate that Cr supplementation can significantly improve factors
associated with short-duration, high-intensity activity (25).

7.2. Long-Term Performance Effects

Long-term Cr supplementation appears to enhance the quality of
training generally leading to 5-15% greater gains in strength and
performance. In training studies, subjects taking Cr typically gain twice
as much total body mass and/or fat-free mass (an extra 1-2 kg of mus-
cle mass during 4—12 wk of training) than subjects taking a placebo.
Most long-term Cr studies have typically involved male participants
and observed them to gain approx 4-6 kg of total body mass during
8-12 wk of resistance training.

Rather than use trained athletes, most long-term Cr supplementa-
tion studies have involved untrained; therefore, one must use caution
when making implications for trained athletes as the physiological
responses may likely differ. To identify the effects of 10 wk of Cr
supplementation combined with resistance training on muscle perform-
ance and muscle morphometric, contractile and molecular character-
istics, a study was performed in which untrained male participants
received 20 g/d of Cr for the first week of training and 5 g/d for the
femaining 9 wk. Cr supplementation resulted in a significant increase

L




38 Willoughby

in types I and II fiber, a significant increase in calcim sensifivity,
and an increase in muscle strength, suggesting that the increase in
muscle strength and fiber size to be a result of an increase in calcium
influx (29,30).

Cr loading and prolonged supplementation results in increases in
muscle-Cr content, body composition, muscle and whole-body oxida-
tive capacity, and substrate utilization during submaximal exercise. A
study was conducted to investigate this by using repeated supramaxi-
mal bicycle sprints, as well as endurance-type time-trial performance
on a cycle ergometer. Participants ingested Cr during a 5-d loading
period (20 g/d) after which supplementation was continued for up to
6 wk (2 g/d). Cr loading increased muscle free-Cr, PCr, and total-Cr
content; however, the subsequent use of 2 g/d as a maintenance dose
resulied in a decline in both the elevated PCr and total-Cr content and
maintenance of the free Cr concentration. Both short- and long-term Cr
supplementation improved performance during repeated supramaximal
sprints on a cycle ergometer. However, whole-body and muscle oxida-
tive capacity, substrate utilization, and time-trial performance were not
affected. The increase in body mass following Cr loading was main-
tained after 6 wk of continued supplementation and accounted for by a
corresponding increase in fat-free mass, This study provides definite
evidence that prolonged Cr supplementation in humans does not
increase muscle or whole-body oxidative capacity and, as such, does
not influence substrate utilization or performance during endurance
cycling exercise. However, the findings do suggest that prolonged Cr
ingestion induces an increase in fat-free mass (37).

Using only a 4-wk protocol, the effects of Cr supplementation was
determined on muscle strength in conjunction with resistance training
(3 d/wk) in nonresistance-trained males while ingesting 20 g of Cr and
140 g of dexftrose each day for the first week, followed by 5 g of Cr
and 35 g of dextrose for the remaining 3 wk. Cr supplementation
resulted in increases in muscle-Cr uptake, total body mass, and isokinetic
and isometric muscle force production, and indicated that 4 wk of Cr
supplementation and resistance training can increase total body mass
and muscle strength (32).

The effect of 6 wk of Cr supplementation during a periodized program
of arm flexor strength training was performed in an effort to determine
arm flexor strength, upper arm muscle area, and body composition. Cr
monohydrate (20 g/d) were ingested for 5 d, after which Cr supplemen-
tation was reduced to 2 g/d for the remainder of the study. Cr supple-
mentation resulied in increases in upper-arm strength and muscle area,
total body mass, and fat-free mass, suggesting that Cr supplementation
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during arm flexor strength training leads to greater increases in arm
flexor muscular strength, upper arm muscle area, and fat-free mass than
strength training alone (33).

Although most long-term Cr studies have been conducted in males,
the effects of oral Cr supplementation on muscle-PCr concentration,
muscle strength, and body composition were investigated in young
females during 10 wk of resistance training conducted thrice weekly.
Four days of Cr ingested at a dosage of 20 g/d increased muscle-PCr
concentration by 6%. Thereafter, this increase was maintained during
10 wk of fraining combined with Cr ingested at a dosage of 5 g/d. Cr
supplementation increased maximal muscle strength and fat-free mass
and suggested long-term Cr supplementation to enhance the progress of
muscle strength during resistance training in females (34).

7.3. Short- and Long-Term Performance Effects
in Compelitive Athletes

Many studies involving Cr supplementation have used untrained or
moderately trained participanis who were not trained, competitive
athletes. Therefore, because of the inherent differences in muscle
metabolism, the responses to Cr supplementation may not be similar
to that otherwise observed. The value of short-term Cr supplementa-
tion in athletes while involved in training has been documented in a
study of male handball players on maximal muscle strength and
power production during repetitive high-power-output exercise bouts,
repeated running sprints, and endurance; the study was evaluated
after ingesting 20 g/d of Cr for 5 d. Cr supplementation significantly
increased body mass, number of repetitions performed to fatigue, and
total average power output values during the bench press and squat,
as well as the vertical jump and running times during sprinting,
thereby suggesting that Cr supplementation leads to significant improve-
ments in maximal strength and power (35).

In addition, the effect of oral Cr supplementation on aerobic and
anaerobic performance was investigated in elite male rowers during 7 d
of endurance training during which time all subjects ingested 20 g of Cr
monohydrate for 5 d. Maximal power output did not significantly differ
after Cr ingestion; however, the mean lactate threshold rose signifi-
cantly, In regards to anaerobic endurance capacity, Cr supplementa-
tion increased rowing capacity. The results indicate that in elite rowers,
Cr supplementation improves endurance and anaerobic performance,
independent of the effect of intensive endurance training (36). The effects
of Cr loading on the onset of neuromuscular fatigue in fernale rowers was
performed by having subjects ingest 20 g of Cr monohydrate and 80 g of
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glucose each day for five consecutive days. Results demonstrated that Cr
loading was effective in increasing the physical work capacity and sug-
gested that Cr loading may delay the onset of neuromuscular fatigue (37),
likely because of augmented levels of PCr in the exercised muscles.

A number of studies have been conducted in competitive athletes. The
effects of 4 wk of Cr supplementation during resistance/agility training
on body composition, strength, and sprint performance were evaluated in
National Coliegiate Athletic Association (NCAA) division LA football
players. Subjects ingested approx 16 g/d of Cr monohydrate for the entire
28 d. Cr supplementation increase total body mass and fat-free mass,
along with gains in bench press lifting volume, the sum of bench press,
squat, and power clean lifting volume, and total work performed during
6-s sprints, and suggests Cr supplementation to promote gains in fat-free
mass, isotonic lifting volume, and sprint performance during intense
resistance/agility training (38).

In another study, NCAA division I football athletes were subjected
to 9 wk of Cr monohydrate supplementation coupled with resistance
training on body composition and neuromuscular performance.
Participants received 20 g/d of Cr for the first 5 d in four 5-g doses
followed by 5 g/d for the remainder of the study and resistance trained
for 4 d/wk. Cr supplementation was shown to increase total body
mass, fat-free mass, intracellular hydration, muscle strength, and
anaerobic power capacity, indicating that Cr, supplemented concur-
rently with resistance and anaerobic training, might positively affect
cell hydration status and enhance performance variables compared with
resistance training alone (39). In addition, the effect of 50 d of Cr sup-
plementation was determined on collegiate football players during
which the subjects continued their normal training schedules. Cr sup-
plemeniation significantly increased total body mass, fat-free mass, and
maximum muscle strength and power (40).

Male and female frack and field athletes were provided with 0.3.g
Cr/kg body mass/d for 1 wk, followed by 0.03 g Cr/kg body mass/d for
7 wk, and participated in a periodized strength and conditioning program
during preseason training. Eight weeks of Cr supplementation resulted
in greater increases in total body mass and fat-free mass compared with
placebo. Additionally, Cr resulted in significantly greater improvement
in initial rate of power production (47).

Sprint cycle and skating performance in ice-hockey players was
determined by having participants ingest 20 g/d of Cr monohydrate,
after which a maintenance dose of 5 g/d was ingested for 10 wk. Cr sup-
plementation was shown to increase mean power output in addition to
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on-ice sprint performance thereby demonstrating that Cr supplementa-
tion has an ergogenic effect in elite ice-hockey players (42).

8. CONCLUSION

Supplemental Cr monohydrate is an effective nutritional compound
in increasing short-term (1-3 wk) and long-term (4-12 wk) muscle
performance, as indicated by increase in strength and power. In addition,
supplemental Cr appears to also be a beneficial catalyst in increasing
muscle hypertrophy and total body mass when combined with resist-
ance training. Cr is typically ingested at an approximate dosage of 20 g/d
(0.3 g/kg body mass/d) for 5-7 d during a loading phase and then
around 5 g/d (0.07 g/kg body mass/d) for several weeks during a main-
tenance phase. Evidence suggests that Cr supplementation is more
likely suited to improve performance in the sports/activities that require
more of an anaerobic performance component in activities such as
weight lifting, sprinting, football, and ice hockey. Cr enhances short-
term, anacrobic endurance through its ability to enhance muscle bioen-
ergetics. In addition, Cr indirectly promotes muscle growth through
long-term supplementation coupled with resistance training by extending
exercise output. As a result, muscles then compensate for the increased
mechanical load through the production of new muscle proteins. These
newly added proteins promote hypertrophy, thereby allowing muscles
to generate greater amounts of force and power.
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3 Creatine Supplementation
in Endurance Sports

Joel T Cramer, PhD

1. INTRODUCTION

Creatine {Cr) is a compound that is synthesized endogenously in the
kidneys, liver, and pancreas by the transamidination and subsequent
transmethylation of three constituent amino acids: glycine, agrinine,
and methionine (/). As a result of its amino acid origin, Cr can also be
manufactured and consumed as a nutritional supplement. Consequently,
Cr is currently regarded as a true ergogenic aid, owing to many well-
controlled clinical frials that have demonstrated increases in muscle
strength, power output, and muscle mass in response to exogenous Cr
consumption (/-6). In fact, aside from the potential ergogenic benefits
of caffeine, Cr is the most widely marketed nutritional supplement in
the world.

Cr was first discovered as an organic constituent of meat by a French
scientis{, Chevreul, in 1835, Later, Cr was characterized as an essential
intermediate in skeletal muscle metabolism in the early 20th century
(7). However, because the majority of scientific literature on Cr supple-
mentation as an ergogenic aid has been published since 1992, the ben-
eficial effects of Cr on human performance are relatively new. The
paper by Harris et al, {8) is perhaps regarded as a [andmark study, as it
was the first to demonstrate that 20 g/d of oral Cr supplementation for
three or more days increased total muscle-Cr stores, which was further
augmented by exercise. Since then, a plethora of studies have examined
the effects of Cr supplementation on exercise performance tasks that
rely heavily on the Cr phosphate (CrP) energy system (5).

From: Essentials of Creatine in Sports and Health
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It is well known that short-duration (10-20 s) high-intensity
(90-100%} exercise reties on ATP resynthesis through the Cr kinase
(CK) reaction:

CrP+ ADP + H* ¢ Cfeatinkinase , \rp 0

The CK reaction resynthesizes ATP from ADP very rapidly, but is
limited in capacity, owing to the exhaustible stores of CrP in the mus-
cle. This concept is supported by the findings of Tesch et al. {9) who
reported that fast-twitch fibers have greater CrP stores than slow-twitch
fibers. In addition, fast-twitch fibers had lower CrP concentrations
following 30 s of maximal exercise than slow-twitch fibers, which
suggested that fast-twitch fibers rely heavily on CrP-mediated ATP
resynthesis (9). However, with 5 d of Cr supplementation, Greenhaff
and colleagues (10) have demonstrated 20-25% increases in total muscle-
Cr stores, 20% of which is available as CrP, Therefore, it is not Surpris-
ing that Cr supplementation augments short-duration high-intensity
exercise, which is driven largely by CrP energy system favored by fast-
twitch muscle fibers (/7). Why, then, would Cr supplementation
improve endurance performance, which is most often associated with
slow-twitch muscle fibers and their oxidative capacity? The answer to
this question may lie in the mechanisms of action of Cr and CrP.

Four primary mechanisms have been suggested to explain the
ergogenic benefits of Cr supplementation (6):

1. Increases in total muscle-Cr concentrations will provide more CrP
for the CK reaction (Eqg. I). Energy is released by the hydrolysis of
ATP to facilitate muscle contraction as a result of the following
reaction:

ATP + H,0ATP8€  Anp i p 4 energy 2)
During high-intensity exercise, the rapid hydrolysis of ATP will
increase the concentration of ADP, which will drive the CK reaction to
the right, because of the Law of Mass Action. The law of mass action
or the mass action effect is a property of near-equilibrium, reversible
reactions that will drive the direction of the reaction based on the con-
‘centration of the reactants (72). For example, when the concentration
of ADP increases, the CK reaction will proceed to the right to yield
more ATP and free-Cr. This is beneficial when a rapid supply of ATP
is needed during anaerobic, short-duration high-intensity muscle con-
tractions. Therefore, the higher the concentration of CrP in the muscle,
the longer the CK reaction can resynthesize ATP, which translates info
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an increase in resistance to fatigue and better performance for tasks
that rely on the CrP energy system.

2. Not only is the concentration of CrP important, but the free-Cr avail-
ability in muscle might also serve an important role in stimulating
mitochondrial respiration—a process which has been termed the phos-
phorylcreatine (PCr) shuttle. Originally proposed by Bessman and
Geiger ({3), the PCr shuttle conceptually involves three sites: (1) the
site of energy utilization (i.e., the myosin heads), (2) the site of energy
production (i.c., the mitochendria), and (3) the space between the sites
of utilization and production (i.e., sarcoplasm). Specifically, CrP resyn-
thesizes ATP at the myosin heads through the CK reaction. The result-
ant free-Cr travels to the mitochondrial membrane where it is
rephosphorylated through the CK reaction (proceeding to the left) by the
addition of an ATP molecule synthesized from within the mitochondria.
The rephosphorylated CrP then travels back io the myosin heads
where it can be used to phosphorylate ADP.

There are several potential reasons why the PCr shuttle is impor-
tant for CrP-mediated ATP synthesis (74). First, the PCr shuttle stabi-
lizes the CrP pool in the sarcoplasm, which improves ATP and CrP
supply. Second, the constant “shuttling” of phosphates by free-Cr lim-
its the metabolic transformation of Cr to creatinine. Creatinine leaves
the muscle cell and is eliminated in the urine by the kidneys. Third, the
rephosphorylation of free-Cr at the mitochondria reduces the concen-
tration of free-Cr (particularly during recovery), which maintains a
favorable concentration gradient across the muscle cell membrane and
facilitates the uptake of Cr from the blood. This might be further
enhanced when concentrations of Cr in the bleod are elevated during
periods of Cr supplementation.

3. The rephosphorylation of ADP through the CK reaction may also act
as a proton buffer (6). As depicted in Eq. 1, when the CK reaction pro-
ceeds to the right a hydrogen cation (proton, H*) is utilized, which
maintains infracellular pH and helps to prolong fatigune (13}
‘Therefore, in theory, greater concentrations of total Cr might augment
this buffering ability. However, studies using *'P magnetic resonance
spectroscopy, have demonstrated that Cr supplementation does not
alter or maintain higher pH levels during fatiguing contractions in the
quadriceps femoris (16) or the triceps surae (17).

4. It has also been suggested that CrP can allosterically inhibit the phos-
phofructokinase (PFK) enzyme, which is the primary rate limiting
enzyme of anacrobic glycolysis (6). When CrP concentrations are
high, PFK turnover is suppressed. However, as CrP concentrations
decrease during high-intensity exercise, PFK may become less inhibited,
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which might promote the glycolytic metabolic pathways. With Cr sup-
plementation, CrP concentrations may remain elevated for a longer
duration, which may spare the initiation of glycolysis. When ATP
demand supersedes ATP supply, there is a muscle energy imbalance.
Therefore, supplementing the diet with Cr may suppress the extent of
muscle energy imbalance, which has been demonstrated by limited
accuomulations of inosing monophosphate, ammonia (NH,), and
hypoxanthine during exercise with Cr supplementation (18,19).
However, the study by McConnell et al. (/9) reported no Cr-related
alterations in muscle glycogen or lactate concentrations, which
should provide insight regarding the relative contributions of the CrP
and anaerobic glycolysis energy systems.

1.1, How Can Cr Supplementation Enhance Endurance
Performance?

Based on the four proposed mechanisms of action for Cr supplemen-
tation above, perhaps the most intriguing are the roles of Cr and CrP in
the PCr shuttle for enhancing endurance performance. Indeed, studies
have demonstrated that adding Cr to skeletal or cardiac muscle in vitro
increases the rate of oxidative phosphorylation {73,20,21), and the
turnover rate of mitochondrial CK is directly proportional to the rate of
aerobic respiration (22). In addition, it has been suggested that the
increased rate of oxidative phosphorylation that occurs when adding Cr
to myocytes in vitro is a result of an increased sensitivity of respiration
to ADP (23). That is, an increase in ADP concentration is a potent stim-
ulator of cellular respiration and oxidative phosphorylation. The other
product of ATP hydrolysis (Eq. 2), inorganic phosphate (P,), also stim-
ulates the rate of mitochondrial ATP synthesis (24,25). Thus, indirectly,
the ratio of CrP to Cr is an important determinant of the concentration
of ADP and P,, such that as the CrP:Cr ratio decreases, ADP and P, con-
centrations increase (see Egs. 1 and 2). Therefore, as Cr supplementa-
tion decreases the CrP:Cr ratio, because of the disproportionate
increase in free-Cr compared with CrP (8), it is possible that Cr load-
ing might stimulate oxidative phosphorylation (26).

In addition, slow-twitch muscle fibers might be more sensitive to Cr-
related increases in respiration rates (23) than fast-twitch fibers (27). In
Tact, Tonkonogi et al. {28) have demonstrated that the number of slow-
twitch fibers is directly related to the rate of aerobic respiration when Cr
is added to a culture of human skeletal muscle fibers. This snggested that
individuals with a greater proportion of slow-twitch fibers, such as
endurance athletes, might experience greater levels of oxidative phospho-
rylation after Cr supplementation. An alternative hypothesis is that
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increases in intramuscular CrP might allow calcium adenosine triphos-
phatase (an enzyme that catalyzes the hydrolysis of ATP to pump calcium
back into the sarcoplasmic reticulum during muscle relaxation) to oper-
ate at a higher thermodynamic efficiency and thereby decrease the energy
cost of muscle relaxation (29,30). However, these mechanistic hypothe-
ses are largely based on basic, physiological, in vitro experiments. To fully
understand how Cr supplementation may or may not impact endurance
exercise performance, measures of endurance must be assessed with and
without Cr supplementation and these findings must be synthesized and
evaluated objectively. Therefore, this chapter reviews the evidence on
whether Cr supplementation affects endurance performance.

2, METHODS

With the push toward evidence-based recommendations, many prac-
titioners in coaching, strength and conditioning, personal training,
dietetics, rehabilitation, and athletic training are now focusing on
whether Cr is “significantly” (traditionally defined as a type I error rate
of 5% or less; p <0.05) superior to a placebo (PI) or control group, based
on only one or two studies. As an alternative, there are many narrative
literature reviews that provide interpretations of several representative
articles { /—4), but these types of reviews can be subjective. As few prac-
titioners have the time or resources to conduct an exhaustive review of
the literature, Systematic reviews or meta-analyses (5) have become
important tools that practitioners can use to make evidence-based rec-
ommendations. Because the purpose of this chapter is to provide an
objective literature review, this section will outline the methods that
were used to choose the articles to be reviewed and how the aggregate
data from these articles were compared with formulate conclusions.

PubMed (www.pubmed.gov, a service of the United States National
Library of Medicine and the National Institutes of Health) was
searched for all articles related to Cr supplementation and endurance
performance. The primary search terms were creatine and supplemen-
tation and endurance and performance, and the search was delimited to
studies conducted on humans and articles written in the English lan-
guage. The types of studies included in the search based on the PubMed
search limitations included clinical trials; randomized control trials;
classical articles; clinical trial phases I, II, 1II, or IV; and controlled
clinical trials. The search conducted in August of 2006 with the afore-
mentioned delimitations yielded 43 articles. Each article was scanned
for content, and the primary qualifications for inclusion were that the
study examined some measure of muscle or whole-body endurance and
Cr supplementation by itself was a unique condition. As a result, 18 of
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the 43 articles were reviewed from the PubMed search. In addition, all
pertinent articles from the bibliographies of these studies were
included, which brought the total number of articles reviewed to 35.
The results in Table 1 were presented as they were in the original arti-
cles. To compare results across studies in separate figures, the relafive
effects (RE) were calculated for each study similar to the methods of
Shrier (3/). The mean values for each study were either reported in the
text, tables, or graphs. When reported in graphical format, the values
were extrapolated with a ruler to the y-axis and estimated by position.
For mixed factorial designs, the RE were calculated with the follow-
ing equation, which was a modified version of Shrier’s (37) equation to
account for the time- (pre vs post) and group-dependent (Cr vs Pl)

changes:
Foste 5100
PIE Cr
RE= —P x100
[ oty )x 100
Pre,,
where Pre.. is the pretesting measure of endurance for the Cr group,
Post,., is the posttesting measure of endurance for the Cr group, Prep, is
the pretesting measure of endurance for the P1 group, and Post;, is the
post-testing measure of endurance for the Pl group. This equation was
used to account for the changes from pre- to post-testing in the Cr and
Pl groups, which was the most common research design. For simple

between-group comparisons, the RE was calculated with the following
equation (31):

3

_ (Enclurr:mce:Cr

x100

Endumance, J @)
where endurance ., is the measure of endurance for the Cr group, and
endurance, is the endurance measurement for the Pl group. For simple
repeated measures designs, the RE was calculated with the following
equation (37):

Post
RE = —= %100
(Pm J (3

Cr

It should be noted that all RE estimates were calculated with mean
values reported in the articles, which is not equivalent to the true RE
(i.e., the RE should be calculated for each individual, and then the mean
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should be taken). When interpreting the RE values in this review, RE
less than 100 indicated that Cr supplementation decreased the endurance
performance variable, RE equals to 100 means that Cr supplementation
had no RE on the endurance performance variable, and RE more than
100 indicated that Cr supplementation increased the endurance perform-
ance variable. For instance, if the RE value was 120, Cr supplementa-
ton resulted in a 20% increase in that particular measurement of
endurance performance compared with the Pl, control, or pretesting
condition. Because it was not possible to calculate the confidence inter-
vals without the raw data, the figures display only the point estimates.

2.1. Study Delimitations

¢ Of the 35 studies that were reviewed, 24 were randomized, seven were
nomwrandomized, and four were unable to be classified.

* Thirty-one were Pl-controlled, whereas [owr studies had no Pl condition,

¢ Twenty-five of thirty five were a mixed {actorial design (two or more
groups tested at two or more times), eight were a crossover design (all
subjects experienced all conditions with a washout period), and two
were repeated measures designs (testing occurred before and after
supplementation without a control or Pl group).

* Twenty-six were double-blinded (neither the subjects nor the investi-
gators were awarc of supplement groups), seven were nonblinded
{everyone knew whai was being consumed), and two were single-
blinded (the subjects did not know whether they were consuming a Pl
or Cr, but the investigators knew).

* Thirty-two of thirty five studies included subjects between the ages of 18
and 37 yr, two studies involved older adults between the ages of 55 and
80 yr, and one study was on young athletes with an average age of 17 yr.

* Twenty-one studies only examined men, nine studies examined both
genders, four studies looked at women only, and one was unclassified,

* All studies were published between 1993 and 2006.

3. MEASURES OF ENDURANCE PERFORMANCE

From the 35 studies reviewed, five variables were chosen to repre-
sent measures of endurance performance: (a) oxygen consumption, (b}
lactate concentrations, (¢) time-to-exhaustion (TTE), (d) anaerobic
thresholds, and () average work and peak power output accomplished,

3.1. Oxygen Consumption

Oxygen (O,) consumption rate or VO, is the body’s ability to extract
O, from the air and use it to synthesize ATP for energy during a process
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known as oxidative phosphorylation. VO, can be measured during max-
imal and submaximal exercise intensities. Maximal oxygen consuinp-
tion rate (VO, . or VO, .} is typically measured during an
incremental aerobic exercise (i.e., treadmill, cycle ergometer, or rowing
ergometer), wherein the exercise starts at a low intensity and is gradu-
ally increased in stages until volitional exhaustion. VO, is assessed by
analyzing the gases expired from the lungs for O, and CQO, content.
VO, _ . 1s a direct indicator of zerobic power or aerobic capacity, and it
is a common laboratory measurement to assess cardiorespiratory fitness
(32). Tt is well known that VO, is strongly and directly correlated
with endurance exercise performance (72). In contrast, submaximal VO2
measurements can provide an index of exercise efficiency. That is, as
one adapts to an aerobic exercise training program, less O, is consumed
at the same absolute level of exercise intensity indicating that less
energy was required to perform the same task. In addition, when VO, is
recorded during the transition from rest to steady-state exercise, there is a
3—4 min delay in O, uptake when VO, increases rapidly, but not fast
enough to account for the energy needed during the first 3 or 4 min of
exercise. The amount of energy expended during this transitionary
period of exercise is termed the O, deficit. During the O, deficit, the
metabolic demands of the exercise are met by the PCr and anaerobic
glycolysis energy systems (33,34). Therefore, it has been hypothesized
that increasing total muscle-Cr stores as a result of Cr supplementation
may delay the reliance on aecrobic metabolism, which might increase the
0, deficit and reduce submaximal VO, (26,35). This hypothesis is also
consistent with the mechanism of the PCr shuttle. That is, if the
ATP:ADP ratio is maintained for longer durations after Cr supplemen-
tation, then the accumulation of ADP would not be sufficient to stimu-
late the ADP-sensitive mitachondrial oxidative phosphorylation,

Of the 35 studies reviewed, nine studies measured the effects of Cr
supplementation on VO,  (35-43) during exercise durations lasting
hetween 30 s (36) and 28 min (4/), whereas six studies measured the
effects of Cr supplementation on submaximal VO, (14,19,26,33,44,45)
during exercise intensities ranging from approx 20% (35) to 90% (44) of
the estimated maximal intensity. Tronically, only one study (33) reported
both maximal and submaximal VO, values. Figure 1 displays the RE of
Cr supplementation on VO, , where the y-axis represents the exercise
duration in minutes. Figure 2 shows the RE of Cr supplementation on
submaximal VO,, where the y-axis represents exercise intensity.

Based on the RE values plotted in Fig. 1, only two studies (36,40)
demonstrated a positive effect of Cr supplementation on VO, (0.2
and 1.5% increase), whereas the other point estimates indicated a
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Fig. 1. RE of Cr supplementation on maximal oxygen coensumption rate (VO,
or VO, ]mk) plotted as a function of exercisc duration {min). The number nearest
the point estimate of RE is the reference number for the study it represents. The
vertical dashed line represents the line of equality, where Cr supplementation had
no affect on VO, . RE greater than 100 indicared increases in VO, , whereas
RE less than 100 indicated decreases as a result of Cr supplementation compared
with the Pl or control condition.

0.5-7% decrease in VO, with Cr. The average RE value across al
the point estimates was 97.1. Given the margin of error associated with
the calculation of the RE point estimates used in this review, these find-
ings indicated that Cr supplementation has [ittle to no effect on VO,
with a possibility that VO, ___ might actually be slightly reduced with
Cr intake. It has been suggested that the lack of change or slight
decreases in aerobic capacity may be because of the increases in body
mass that are often observed with Cr supplementation ({,/4,36,41);
however, this hypothesis has not been confirmed. In addition, there
appears to be no relationship between the effects of Cr on VO, and
the duration of exercise used to assess VO, .- These lndings are not
surprising when considering that factors such as cardiac output, muscle
blood flow and oxygenation (46), and O, carrying capacity of the blood
(12) are the primary determinants of VO, _ ., rather than Cr or CrP
Stores and related energy systems.

The RE values plotted in Fig. 2 indicated that two studies reported
increases (3.5-13.6%) (44,45}, two studies reported decreases
(8.6-20%) (35,44), and five studies reported equivocal findings (4.1%
decrease — 0.5% increase) (14,19,26,44,45) in submaximal VO, with Cr
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Fig. 2. RE of Cr supplementation on submaximal oxygen consumption rate (VO,)
plotted as a function of exercise intensity (% max). The number nearest the point
estimate of RE is the reference number for the study it represents. The vertical
dashed line represents the line of equality, where Cr supplementation had no affect
on the submaximal VO,. RE greater than 100 indicated increases in submaximal
VO,, whereas RE less than 100 indicated decreases as a result of Cr supplementa-
tion compared with the P1 or control condition.

supplementation. Interestingly, the two highest RE values calculated
from Rico-Sanz and Marco (44) occurred during active recovery inter-
vals (30% of max) between 10-s high-intensity cycling bouts. The four
lowest RE values were calculated from submaximal VO, responses
during a graded exercise test (35). The unique findings of Rico-Sanz
and Marco (44) were compared with the similar increases observed in
vitro after Cr supplementation (20-22). However, these findings have
not been replicated. In contrast, the results of two well-controlled stud-
ies (26,35} have demonstrated decreases in submaximal VO, after Cr
supplementation. These findings are consistent with the hypothesis that
increases in intramuscular Cr and CrP may delay oxidative phosphory-
lation by prolonging the rise in ADP concentrations. Nelson et al. {35)
and Jones et al. {26) have both suggested that Cr might improve exer-
cise efficiency, which aligned with the findings of other studies that
have demonstrated increases in the anaerobic working capacity (AWC)
(40,47-49) and the physical working capacity at the neuromuscular
fatigue threshold (50,51). Overall, the evidence suggested that Cr sup-
plementation tends to reduce submaximal oxygen uptake at a given
workload, which further suggested that Cr might increase submaximal
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exercise efficiency. However, the effects of Cr supplementation on sub-
maximal VO, are somewhat inconclusive, as other studies have demon-
strated no appreciable changes (/4,19,26,44,45). In addition, there
appears to be no visual evidence based on the spread of RE point esti-
mates in Fig. 2 that the Cr-related changes in submaximal VO, are
related to exercise intensity.

3.2, Lactate Concentrations

In skeletal muscle, lactate molecules are formed in the sarcoplasm
by the reduction of pyruvate, a reaction that is catalyzed by the enzyme
lactate dehvdrogenase (52). Pyruvate is commonly regarded as the
product of the first phase of glycolysis, where a six-carbon chain sugar
(i.e., glucose, fructose, and so on) is catabolized into two three-carbon
chain pyruvate molecules (52). There are several potential “fates” of
pyruvate (/7); however, the two most common during skeletal muscle
metabolism are (a) pyruvate being shuttled into the mitochondria to be
further catabolized in the Krebs cycle or (b) pyruvate being converted
to lactate (/2). During exercise, these two fates of pyruvate are largely
determined by the intensity of the exercise. In light to moderate exer-
cise, enough O2 is available to favor the catabolism of pyruvate in the
mitochondria, and lactate concentrations remain low and stable.
However, during strenuous exercise, when the energy demands exceed
the supply of O, as well as the immediate supply of ATP, CrP concen-
trations decrease in order to rapidly rephosphorylate ADP through the
CK reaction (Eq. 1), which also triggers a dramatic increase in the rate
of glycolysis to increase ATP availability. Therefore, pyruvate accumu-
lates faster than it can be shuttled into the mitochondria, and it is con-
sequently reduced to lactate. Therefore, lactate concentrations in the
muscie or blood are indicators of anaerobic energy production.

CrP may be a strong allosteric inhibitor of the PFK enzyme that reg-
ulates glycolysis (53). Therefore, when CrP concentrations decrease
_cluring intense exercise, PFK may become less inhibited, which would
Increase the rate of glycolysis and lactate production (6). However,
with Cr supplementation it has been suggested that increases in Cr and
CrP concentrations in the muscle may delay the reduction in CrP con-
Centrations during intense exercise, consequently reducing the rate of
lactate formation {6,54). This has also been described as a decrease in
the reliance on glycolysis to provide ATP, which may improve perform-
ance output of the working muscles (26,54); however, the evidence to
Support this hypothesis is inconclusive (55).

Of the 35 articles reviewed, 15 studies included measures of blood
Or plasma lactate in response to Cr supplementation either at rest,



84 Cramer

during exercise, and/or in recovery from exercise. Based on the RE
values calculated from these 15 studies (Fig. 3), blood lactate concen-
trations have been reported to increase (10,36,45,55-58), decrease
(18,26,44,54), or remain unchanged (14,19,37,54,59,60) as a resuit of
Cr supplementation compared with the P! or control condition. At rest,
the average RE value for blood lactate was 101.8 (range = 83.3-118.8),
the average RE value for blood lactate concentrations during exercise
was 100.5 (range = 65.6-128.9), and the average RE value for blood
lactate recovery from exercise was 105 (range = 86.2—138.4). The aver-
age RE values were near 100, initially suggesting that Cr supplementa-
tion had no affect on lactate concentrations; however, the ranges were
quite large. Therefore, these findings suggested that the effects of Cr
supplementation on blood lactate concentrations are not consistent
across studies. Prevost et al. (54) suggested that the decreases in blood
lactate following Cr supplementation may have reduced the reliance on
anaerobic glycolysis, which in turn, blunted the drop in pH that allowed
an extended TTE during intermittent cycling. Jones et al. (26) also
demonstrated decreases in blood lactate with Cr supplementation and
associated this with an increase in cycling efficiency, which may have
been possible because cycling performance is independent of body
mass. However, with running and other whole-body exercises like
kayaking and rowing, increases in body mass that are typical with Cr
loading may increase the energy costs of exercise, which may negate
any improvements in efficiency (20). Indeed, the decreases in blood
lactate concentrations were observed during cycling exercises
(15,26,44,54), whereas the increases in blood lactate were primarily
observed during running (36,45,57), rowing (56), or kayaking (55},
which supported the hypothesis of Jones et al. (26) that increases in
body mass may adversely impact efficiency (as assessed by blood lac-
tate concentrations) for modes of exercise that involve the propulsion
of the body. This hypothesis was supported by Branch (5) who indi-
cated that “Bicycle ergometry was the only mode of acrobic exercise
for which a significant ES (effect size) was observed” (p. 216). Based
on the evidence in the present review, measures of blood lactate may
not be stable enough to consistently demonstrate any beneficial effects
of Cr supplementation; however, with modes of exercise that are inde-
pendent of body mass (i.e., cycling), Cr may improve efficiency by
reducing the reliance on anaerobic glycolysis.

3.3. Time-to-Exhaustion

Perhaps the most simple and obvious measure of endurance perform-
ance is the TTE. TTE is measured as the time to volitional exhaustion
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during either a constant work rate or incremental exercise test. The
longer the TTE, the greater the resistance to fatigue, which allows for
improvements in endurance performance. it has been suggested (54)
that Cr supplementation may increase the TTE by increasing intramus-
cular Cr and CrP that prolong energy synthesis through the CK reaction
(Eq. 1). However, because the CrP energy system contributes most dur-
ing anacrobic high-intensity exercise, it is possible that Cr supplemen-
tation may have a greater effect on TTE for short-durations, rather than
lower intensity submaximal workloads that allow longer TTE.

Twenty (16--19,35,36,41,43,44,54,56,57,60-67) of the thirty five
studies reviewed included some measurement of TTE. The RE point
estimates in Fig. 4 showed that as the duration of the TTE decreased,
the effects of Cr supplementation on TTE increased. The average RE
value for the 0.4-3.6 min durations was 129.4. For the medium dura-
tions (4.6-11.8 min), the average RE value was 106.4, whereas for the
longer durations (13.7-36.3 min) the average RE was 97. The trend
indicated that Cr supplementation was most effective for increasing TTE
during short-duration high-intensity exercise lasting up to 3 or 4 min
(17,36,54,56,60,62,65), less effective for durations lasting 5-12 min
(16,17,63,65-67), but ineffective for exhaustive exercise durations
greater than 12 min (78,19,35,36,41,43,44,57,61). This is perhaps not
surprising, because the CrP energy system seems to contribute most
during high-intensity, anacrobic exercise. In fact, a recent meta-analysis
{5} used classifications of exercise durations <30 s, >30 to <150 s,
and >150 s, as representations of the CrP energy system, anaerobic gly-
colysis, and oxidative phosphorylation, respectively. Branch (5) con-
cluded that “...the ergogenic potential of Cr supplementation
diminishes with increasing duration of activity” (p. 216). Indeed the
evidence in the present review supported the findings of Branch (5) and
indicated that Cr supplementation may be most beneficial for exhaus-
tive exercise efforts lasting up to 3 or 4 min, with some positive effects
for exercise durations between 5 and 12 min. However, as the duration
of the endurance event increased above 12 min, Cr supplementation
had no relative affect on the TTE.

3.4. Anaerobic Thresholds

The effects of Cr supplementation have been examined using several
types of anaerobic thresholds, including the ventilatory threshold (VT)
(35,38,39,43), the physical working capacity at fatigue threshold
(PWCgp) (50,51), the lactate threshold (LT) (43,56), critical power
(CP) (40,65), and the AWC (40,47—49,65). The VT is typically deter-
mined as the point of nonlineatity or breaking point in the relationship
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between ventilation and VO, (68}. The VT represents the point at which
ventilation begins (o mc1ea§e dlsplopomonate]y with VO, during an
incremental exercise test, which is the result of an Inble‘lbe in anaero-
bic metaholism (/2). It Cr supplementation can delay the contributions
of anaerobic metabolism by maintaining the ATP;ADP and/or CrP:Cr
ratios, then the VT may increase (33).

The PWC,. represents the power output during cycle ergometry that
can be maintained without an increase in muscle activation (i.e., elec-
tromyographic amplitude) (69-74). In theory, progressive increases in
workioad result in the recrnitment of higher-threshold fast-twitch
motor units that eventnally leads to newromuscular fatigne. However,
steady-state workloads that do not increase muscle activation could be
maintained continuously without neuromuscular fatigue (70). It is
likely that the motor units that are recruited at workloads just above the
PWC, probably have both glycolytic and oxidative properties (i.e.,
type Iia fibers). Therefore, increases in muscle-Cr and -CrP that occur
with Cr supplementation may be able to prolong the fatigue of type Ila
fibers by delaying the accumulation of Cr, ADP, and P, that are potent
activators of anacrobic glycolysis. Consequently, Cr supplementation
may improve the PWCp. In addition, because the PWC,, is deter-
mined during cycle ergomeny (70), increases in body mass may not
have any adverse influences on exercise efficiency, which may allow
the PWC. to act as a valid, reliable, and sensitive indicator of the
ergogenic benefits of Cr supplementation.

As discussed earlier in Section 3.2., lactate concentrations stay low
and stable during low- to moderate-intensity exercise (up to ~50% of
the VO, ). As the workload is increased, there is a disproportionate
increase in lactate concentrations that represents a greater contribution
of anaerobic metabolism in a similar fashion to ventilation and the VT.
However, when the point of lactate accumulation is determined, the
resultant threshold is termed the LT (75). The VT and LT are similar in
many respects, because ventilation will increase in order to “blow off”
the CO, that forms as a result of lactate buffered by sodium bicarbon-
ate (12). Thus, the VT can be considered a less direct measure of anaer-
obic metabolism than the LT, as the LT involves calculations directly
from lactate concentrations. The conclusions drawn from the evidence
in Sections 3.2. and 3.3. indicated that the effects of Cr supplementa-
tion on VO, (derived from ventilation and expired gases) and lactate
concentrations were somewhat inconclusive and quite variable; there-
fore, it is unclear how Cr supplementation may affect the VT and LT,
because both thresholds are at least partially based on either VO, or
lactate measures.
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The relationship between work rate and TTE has traditionally been
characterized as a curvilinear, hyperbolic function (76). Previous stud-
ies have used various mathematical models to predict and describe the
parameters of this relationship (77,78). Perhaps the simplest model is
the linear equation (65):

W

im — WCP (T) +W (6)
where W), s the total amount of work performed during an exercise
bout, W, is the slope, 1 is the TTE, and W’ is the y-intercept.
Consequently, the slope (W) has been termed CP and has been
described as the workload that can be sustained indefinitely without
fatigne (76) as well as an inherent representation of the aerobic, oxida-
tive encrgy systems (79). In contrast, the y-intercept of this relationship
(W) has been called the AWC, which is said to reflect the anaerobic
energy rescrve of the muscle (76,80). Therefore, as the CP is closely
associated with aerobic energy synthesis, whereas the AWC is reflec-
tive of anaerobic metabolism, it is not surprising that Cr supplementa-
tion may improve the AWC, but not the CP (40,65). Furthermore, ¢ is
often determined for workloads that elicit volitional exhaustion within
6 (40), 10 (47—4%9), or 12 (65) min. The conclusion from Section 3.3.
was that Cr supplementation may slightly improve the TTE when the
resultant durations are 5-12 min, but has profound effects when the
intensity is high enough to cause exhaustion within 4 min. Thus, Cr
may not affect the slope of the linear relationship between work rate
and TTE (i.e., CP), but it may shift the entire relationship upward,
which would increase the y-intercept (i.e., AWC).

Twelve (35,38-40,43,47-51,56,65) of the thirty five studies included
at least one of the anaerobic thresholds (VT, PWC, LT, CP, or AWC).
Based on the evidence in Fig. 5, the PWC., (50,5/) and AWC
(40,47-49,65) thresholds benefited most from Cr supplementation,
whereas the VT (35,38,39,43}, LT (43,56), and CP (40,65) were rela-
tively unaffected. The VT and LT values were calculated based on
relationships between ventilation vs VO, and lactate vs workload,
espectively. Based on the evidence presenfed in Sections 3.1. and 3.2.,
it is not surprising that these thresholds were not substantially affected
by Cr supplementation, simply because VO, and lactate concentrations
Were also not consistently affected by Cr supplementation. One could
argue that Cr supplementation may have improved the VT in the study
by Nelson et al. (35), however, the other four estimates of VT were
Unaltered. Tt is also possible that Cr supplementation may have slightly
nproved the LT, because both RE values in Fig. 5 (105.4 and 108)
Were determined with a cycle ergometer (43,56). This finding was
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consistent with the previous hypothesis that cycle ergometry exercise
may be able to exploit the benefits of Cr supplementation, because the
workload is independent of body mass. Because CP predominantly rep-
resents the coniributions of the aerobic energy systems to exercise, it is
not surprising that this slope value does not appreciably change with Cr
supplementation. However, the Cr-induced upward shift of the relation-
ship between work rate and TTE does seem to improve the y-intercept
(i.e., AWC). Overall, from the evidence in Fig. 5, it appears that the
ergogenic benefits of Cr supplementation are most noticeable in the
PWC.., AWC, and possibly the L' when calculated from lactate con-
centrations acquired during cycle ergometry. Interestingly, each of
these “thresholds” {PWCy., AWC, and LT) were determined during
cycle ergometry, which is a nonweight bearing mode of exercise that
may not be confounded by the potential increases in body mass that are
typically observed with Cr supplementation.
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3.5. Average Work and Peak Power Output Accomplished

Additional simplistic measurements of endurance performance
include the average work and peak power output accomplished during
an exercise bout, which are similar to the TTE measurement. The peak
power output can be quantified during a maximal test to exhaustion
{38,56) or during a fixed interval time trial (42,53,58). Most often, the
average work accomplished is measured during a time trial (42,55,58).
In these studies, the average work performed or maximal power output
achieved is quantified after the participant is asked to “work as hard as
possible” Tt should be noted that a T'TE test by definition is a maximal
test that requires the participant to reach failure, whereas, a time trial
implies a pacing strategy that may not necessarily elicit complete
exhaustion. That said, the peak power outputs reported by Canete et al.
(38) and Chwalbinska-Moneta (56) were the results of incremental
exercise tests to exhaustion. The average work and peak power outputs
reported by McNaughton et al. (55}, Reardon et al. (42), and van Loon
et al. (58) were recorded during time (rials. In one study (58), the time
trials were reported to have “...a much smaller variation...” (p. 155)
than the open-ended trials to exhaustion.

The relationship between work and power is defined by the follow-
ing equations {1/}:

Waork
Power = — (7)
me
Work = Force % Distance (&)

In Eq. 8, Force is the strength or force applied to the ergometer,
whereas Distance is the distance traveled as a result of the force
applied. In Eq. 7, Time is the duration of time over which the Work was
quaantified. The units used to measure work and power in the studies
reviewed were kilojoules (kJ) and watts (W), respectively. Based on
Eqgs. 7 and 8, onc would assume that if work and power were quantified
during a time trial, and the time remained the same, that both work and
Power would respond the same to a Cr supplementation intervention,
Indeed this would be true; however, peak power output is recorded as
the highest power output achieved somewhere during the time trial,
Whereas the average work is typically calculated across the entire time
trial. Therefore, when asked to perform as hard and fast as possihle,
Peak power output is usually near the beginning of the time trial and is
dependent on the force applied, the cadence, and a discrete time inter-
val, whereas average work is a representation of the entire work bout.
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The average work or peak power output accomplished during a time
trial is perhaps the most practically applied measurement of perform-
ance for athletic competition, as most sport events include a fixed dis-
tance. That is, if an increase in average work or peak power output can
be demonstrated as a result of Cr supplementation, this could be
directly translated to sports performance. On the other hand, few (if
any) sports are determined by open-ended competitions where the last
person to fail wins, such as the case with tests for TTE.

Five of the thirty five studies reported some measurement of average
work (42,55,58) or peak power output (38,42,55,56,58). Figure 6
shows the point estimates for RE for average work (filled circles) and
peak power output (open circles). The studies by Reardon et al. (42)
and van Loon et al. (58) showed slight improvements in both average
work and peak power output during the 15- and 20-min cycling time
trials, respectively. Interestingly, both work and power measurements
responded similarly (42,58). McNaughton et al. (55) reported markedly
better average work than peak power during kayaking on an ergometer
as a result of Cr supplementation. In fact, much like the results of
Section 3.3., there was an inverse relationship between the duration of
the time trial and the RE of Cr supplementation. For the short-duration
(i.e., 90-s) time trials, Cr resulted in a substantial improvement in aver-
age work, whereas the RE of Cr supplementation decreased as the dura-
tion of the time trial increased (i.e., 150 and 300 s). However, at the
same time, McNaughton et al. (55) showed only marginal improve-
menis in peak power. Peak power was greater after Cr supplementation
in the Canete et al. {38) study; however, this effect was not reported as
statistically significant. There was no appreciable effect of Cr on peak
power in the study by Chwalbinska-Moneta (56). Overall, it may be -
important to recognize that all RE estimates were greater than 100 in
Fig. 6, which suggested that Cr supplementation can improve average
work and peak power output. Improvements in peak power output were
only marginal, whereas average work may have been more affected by
Cr supplementation.

4. CONCLUSION

From an applied perspective, this review sought to determine
whether Cr supplementation improves endurance performance. Based
on the collective evidence presented, Cr may improve endurance, but
the magnitude of improvement seems to be dependent on two key
issues: (a) the duration of the endurance event, which in most cases is
dictated by the intensity of exercise and (b) the mode of exercise. From




Cr Supplementation in Endurance Sports 93

1400 :
1200 i -

! 58

o 1000 U ass

= | @

] v

5 800 ;

3 '

e '

2 600 |

[ '

[ ,

] i

400 :
' 038
. b50 55
200 & peak power output U oss 55e
@ Average work '055 ®55
0 ; i ; .
80 90 100 110 120
RE

Fig. 6. RE of Cr supplementation on average work and peak power output piotted
as a function of exercise duration {s). The number ncarest the point estimate of RE
is the reference number {or the study it represents. The vertical dashed line repre-
sents lhe line ol equality, where Cr supplementation had no affect on average work
or peak power output. RE greater than 100 indicated increases in performance,
whereas RE less than 100 indicated decreases as a resull of Cr supplementation
compared with the Pl or control condition.

the measures of TTE and average work accomplished (Sections 3.3.
and 3.5., respectively), the RE of Cr supplementation arc greatest for
short-duration, high-intensity endurance events that last up to approx
3—4 min. The relative ergogenic benefits of Cr seem to diminish as the
duration increases (Figs. 4 and 6), such that endurance events much
greater than 12 min seem Lo exhibit no beneficial effects from Cr sup-
plementation. These findings are notl necessarily surprising given the
anaerobic nature ol the CrP energy system. Indeed, Cr supplementation
may increase muscle-Cr and -CrP stores, which likely maintains the
ratios of CrP:Cr and ATP:ADP that prolong the contributions of anaer-
obic glycolysis, decrecases in pH, lactate accumulation, and subsequent
fatigue. In addition, the mede of exercisc may also dictate the potential
ergogenic benefits of Cr. For example, the performance of exercises
such as running, kayaking, and rowing that involve the propulsion of
the body may be adversely alfected by the gains in body mass that are
typically observed with Cr supplementation. Increases in body mass
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may wash out the beneficial effects of Cr by increasing the energy cost
of exercise during weight-bearing activities. However, exercises that
are nonweight bearing, such as cycling or swimming, may allow for Cr-
induced increases in exercise efficiency.

From a more basic perspective, the variables used to assess the RE of
Cr supplementation on endurance performance seem to be important,
For example, Cr supplementation had no appreciable affecis (or even
elicited decreases) on VO, . or CP (Figs. 1 and 5). VO, .. is a com-
mon and highly-regarded assessment of acrobic capacity and endurance
performance, and CP is a sensitive index of aerobic oxidative energy
contributions to exercise; thercfore, these variables would not be recom-
mended for assessing the impact of Cr supplementation on endurance
performance. Variables such as LT and peak power output were only
marginally improved by Cr supplementation (Figs. 5 and 6), and as
such, should be interpreted with caution when determining the impact of
Cr supplementation on endurance performance. Lactate concentrations
and VT exhibited a wide range of responses after Cr supplementation
(Figs. 3 and 5}, which might be interpreted as inconclusive. Again, how-
ever, the effects of Cr on lactate concentrations may be dependent on the
mode of exercise, with decreases in lactate being most noticeable during
cycle ergometry. The variables most profoundly influenced by Cr sup-
plementation included TTE (Fig. 4), the PWC. ., AWC (Fig. 5), average
work (Fig. 6), and to some extent, submaximal VO, (Fig. 2). The RE of
Cr supplementation on TTE was inversely propoitional to the duration
(and subsequent intensity) of the endurance task. Therefore, when
choosing a Cr-sensitive TTE index, an intensity sufficient for eliciting
exhaustion within 3 or 4 min is recommended. The PWC,,, average
work, and submaximal VO, variables all seem to reflect improvements
in exercise efficiency and delayed fatigue responses that are expected
with Cr supplementation, whereas the AWC reflects the anaerobic
energy reserve. However, it should be noted that cycle ergometry seems
to be the most effective mode of exercise for assessing the RE of Cr.
Therefore, TTE, PWCFT, AWC, average work, or submaximal VO,
(with careful considerations of exercise duration and mode) are recom--
mended as sensitive indexes to exploit the ergogenic benefits of Cr sup-
plementation for endurance performance.
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4 Creatine Supplementation
and Women Athletes

Joan Eckerson, PhD

1. INTRODUCTION

The effect of oral creatine (Cr) supplementation on performance has
received & considerable amount of attention in recent years, and has been
shown to be effective for enhancing both aerobic and anacrcbic exercise per-
formance. The majority of Cr research has used men as subjects; therefore,
findings reported for men may not necessarily be generalized to women, and
there has heen some controversy regarding the cffectiveness of Cr supplemen-
tation for improving high intensity exercise performance in women. For exam-
ple, Forsherg et al. (/) reported that women have an approx 10% higher total
muscle-Cr (TCr) content compared with men, suggesting that they may have a
lower potential to Cr load and, therefore, may not experience improvements in
performance similar to those observed for men. However, more recently, a
number of studies have reported that there are no gender differences in the
magnitude of change in phosphocreatine (PCr) and/or TCr content following
Cr loading (2,3), and that short-term supplementation is equally effective
between genders for increasing indices of high intensity exercise performance
{4). The purpose of (his chapter was to examine the morphological poteniial for
women (o respond to Cr supplementation, and its effects on exercise perform-
ance and body composition. Based on the findings, practical applications and
recommendations for future study are discussed.

2. PHYSIOLOGICAL PROFILES OF CR RESPONDERS

Not all studies have found positive results on performance follow-
ing Cr supplementation (5-71). Conflicting findings between studies
may be explained, in part, by methodological issucs; however, some of
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the disparity may also be explained by apparent differences in the
physiological profiles of responders and nonresponders. Greenhaff et al.
(12) have reported that approx 20-30% of individuals are nonresponders
to Cr supplementation, which they defined as less than a 10 mmol/kg dry
mass (dm) increase in resting TCr following 5 d of Cr loading (20 g/d),
and suggested that it may be necessary to increase resting TCr stores by
at least 20 mmol/kg dm to experience significant improvements in per-
farmance. Based on these guidelines (72), Syrotuik and Bell (13) recenily
reported that responders to Cr supplementation (>20 mmol/kg dm in TCr)
had lower mitial levels of intramuscular free-Cr and -PCr, a greater per-
centage of type Il muscle fibers, greater fiber type cross-sectional area,
and a larger amount of fat-free mass (FFM) at preload when compared
with nonresponders (<10 mmol/kg dm in TCr). In their study (13), the
loading dose was (1.3 g/d for 5 d and included 11 young men as subjects
(mean age = 22.7 yr).

Although these findings may not be directly extrapolated to
women, studies which have compared muscle morphology
between genders {{4—16) have shown that there are no significant
differences in fiber type distribution (types I, ITa, and ITb}, and that
the differences in strength between men and women are largely
because of the greater cross-sectional area of these fibers in men.
Given that the distribution of fiber types is similar in men and
women, it seems reasonable to suggest that women exhibiting the
same physiological characteristics as the responders in the study
by Syrotuik and Bell {/3) would also be considered to be the best
candidates for Cr supplementation. Further research is necessary
to not only replicate the findings of Syrotuik and Bell (13} using a
larger number of subjects, but to also directly compare the results
with women.

3. CHANGES IN MUSCLE TCR AND PCR FOLLOWING
CR LOADING

Reported increases in muscle-TCr content following Cr loading
range from 9.5 to 27.6% (2,3,17-20) with most studies reporting an
increase of approx 18-20% (2,3, /7—19), whereas increases in PCr have
been reported to range from 6 to 17.8% (3,17-19,21,22). A number of
studies that have examined the effect of Cr loading on TCr and/or PCr
content have used women as subjects (2,3,2/-23). In a study using 19 col-
lege-age women (19-22 yr), Vandenberghe et al. (22) reporied that 4 d of
Cr loading {20 g/d) increased (p < 0.05) muscle-PCr content by 6%
compared with placebo (P1), whereas Smith et al. (2]) reported a 15%
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increase in resting PCr content in five women and three men following
5 d of loading. In addition, Harris et al. (2) and McKenna et al. (3)
reported mean increases in muscle-TCr of 17.2 and 18%, respectively,
in pooled samples of men and women. In the study by McKenna et al.
(3), the authors reported that the muscle-TCr content before loading was
not significanily (p > 0.05) different between men and women (7 = 8,
120.9 £ 1.7 mmol/kg dm; n =6, 125.3 £4.9 mmol/kg dm, respectively),
and that there were no gender differences in the magnitude of change in
TCr content following 5 d of Cr loading (men = 26 + 6.6 mmol/kg dm
[21.5% increasc| and women = 23.8 + 4.4 mmol/kg dm [19% increase],
respectively). Harris et al. (2) also reported that there were no apparent
effects of age or gender (n = five women and 12 men; age range =
20-62 yr) on muscle-TCr content following supplementation (TCr
range =140-160 mmol/kg dm for all subjects). Thesc results are in con-
trast to those of Forsberg et al. (1} who reported that women have an
approx 10% higher muscle-TCr content compared with men. The study
by McKenna et al. (3) was one of the first to directly examine potential
gender differences as a result of Cr loading. More recently, Parise et al.
(23} and Tarnopolsky and MacLennan (4) have also reported that men
and women respond similarly to Cr loading.

Interesiingly, the study by Parise et al. (23} did report a difference
between genders for leucine kinetics following Cr supplementation. The
specific purpose of the study was to examine the effect of Cr (20 g/d x
5d — 5 g/d x 3-4 d) on indexes of protein metabolism in men (n = 13)
and women (n = 14) to help determine the mechanism of action by
which Cr induces increases in strength and FFM. As indicated above,
supplementation resulted in similar increases in TCr (~13%) and PCr
(~9%) for both genders, and there were no changes in body weight
(BW) or FEM (FFM change = ~1 kg in men and 0.5 kg women, respec-
tively) regardiess of treatment. In addition, Cr was found to have no
effect on protein synthesis. However, Cr did significantly (p < 0.05)
reduce the plasma leucine rate of appearance (—=7.5%; marker of protein
breakdown} and lcucine oxidation (—19.6%) in men, but not in women.
These findings suggest that Cr does not increase protein synthesis but,
rather, may have an anticatabolic effect in men.

Parise et al. (23) were unclear about cxactly why the same results did
not occur in women, as both men and women exhibited similar increase
in TCr and PCr, but stated that the gender differences in leucine kinetics
suggest that either the tissues responding to Cr are gender specific or the
downstream signaling responses to a given Cr load was gender specific.
Therefore, Parise et al. (23} recommended that more research be
conducied to determine the mechanisms responsible for the altcrations
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in protein metabolism following Cr supplementation in men, as well as
the observed gender differences.

4. EFFECTS OF CR SUPPLEMENTATION ON
STRENGTH PERFORMANCE

Because men and women respond similarly to Cr supplementation, it
is also reasonable to assume that women would demonstrate similar
gains in strength and muscular performance following supplementation
to those demonstrated by men. Although research that has examined the
effects of Cr on muscle strength using women is limited, supplementa-
tion appears to significantly enhance strength performance beyond
training alone.

Vandenberghe et al. (22) were among the first to extensively investigate
the effect of long-term Cr supplementation and resistance training on
muscle performance in women. Subjects included 19 healthy, untrained
women who ranged in age from 19 to 22 yr. Using a double-blind design,
the subjects were matched for arm flexor strength and BW and assigned
to either a Cr group (n = 10) or P1 group (n = 9). The Cr group was given
a 20 g/d loading dose for 4 d (two, 2.5 g Cr tablets ingested four times
daily, Novartis Nutrition, Berne, Switzerland), which was followed by a
10 wk maintenance phase in which they ingested one, 2.5 g tablet twice
per day (5 g/d). The PI group received maltodextrin tablets and followed
the identical supplementation protocol as that of the Cr group.

During the 10 wk maintenance phase, all subjects performed vari-
able resistance exercise (five sets, 12 repetitions at 70% RM for leg
press, shoulder press, squat, leg extension, leg curl, and bench press) for
1 h three times per week, The one-repetition maximum (1IRM) for each
exercise was determined at the onset of the training program and at 5 wk
and 10 wk, *'P-nuclear magnetic resonance (NMR) spectroscopy of the
right gastrocnemius muscle was used to determine muscle [PCr] before
and after the loading dose, and at 5 and 10 wk of the resistance training
program. Immediately following the NMR measurements, each subject
completed an intermittent exercise test using their right arm on an iso-
kinetic dynamometer to determine arm-flexor torque. After a 5-min
warm-up, subjects performed five bouts of 30 dynamic maximal con-
tractions of the arm flexors at 180°/s separated by 2-min rest. The aver-
age torque oufput generated across all five bouts was wvsed as the
representative torque value for statistical purposes. Body composition
(through underwater weighing) was also determined at the onset of the
study before the loading phase, and at 5 wk and 10 wk of the resistance
training program.
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At the end of the 10-wk training period, a subgroup of subjects (n = 13)
continued for an additional 10 wk in which they did not train, but did
ingest their respective supplement (Cr; n = 7 and Pl; # = 6). This was
followed by a 4-wk period in which subjects stopped taking their sup-
plements and continued to detrain. Muscle [PCr] through NMR of the
gastrocnemius and isokinetic testing of the arm flexors was repeated
after 3 and 10 wk of the detraining period, and at 1 and 4 wk following
cessation of supplementation.

The results for {PCr] showed that the Cr group experienced a 6%
increase (p < 0.05) in muscle [PCr] following the 4-d toading period
compared with no change in the PI group; and the increase after 5 wk and
10 wk of training was 7 and 10% of the baseline concentrations (< 0.05),
respectively. During the 10-wk detraining and supplementation period,
muscle [PCr} was maintained at a higher level (p < 0.05) in the Cr group
compared with the Pl group, and when supplementation ceased, [PCrj
was still significantly greater (p < 0.03) in the Cr group at 1 wk; however,
at 4 wk there were no significant differences between groups, which
suggests that a 4-wk washout period was sufficient to return [PCr] to
baseline levels.

There were no significant differences in arm flexor torgue between
groups following the loading phase; however, the Cr group exhibited
significantly greater (p < 0.05) torque values at all other time-points until
the end of the study at 24 wk when supplementation had ceased for 4 wk,
Results for the resistance training program showed that both groups
experienced significant increases in 1RM for each of the six exercises;
however, the |RM increases for leg press, leg extension, and squat
following the 10-wk training prograim were 20-25% greater (p < 0.03) in
the Cr group compared with Pl.

The results for body composition showed that the change in FEM was
greater (p < 0.05) in the Cr group after both 5 wk (2 kg) and 10 wk (2.6 kg)
of resistance training compared with P1 (1.1 kg and 1.6 kg, respectively).
Although there was a trend for an increase in BW (p = 0.12) and a
decrease in fat percent (fat [%]) (p = 0.14) for the Cr group, there werc
ne significant differences between groups for either variable.

These findings indicated that long-term Cr supplementation was effec-
tive for increasing muscle strength and FFM above and beyond training
alone in sedentary women, and that supplementation attenuated the
decreases in strength hat occurred during detraining. Vandenberghe et al.
(22) speculated that Cr provided a greater stimulus for training, but what
18 of particular inferest and is in contrast to several similar studies that
Used men as subjects (24-27) was that Cr supplementation markedly
mcreased strength without significantly affecting BW or fat (%). This
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finding has also been reported by several others (8,28,29,3/-33), and
suggests that women may benefit from the performance enhancing
effects of Cr without experiencing considerable changes in BW.

In a related study, Brenner et al. (28) examined the effect of 5 wk of
Cr supplementation on strength and body composition using 16
NCAA division I female lacrosse players (age range = 18-22 yr) dur-
ing their preseason conditioning program. Using a double-blind ran-
domized design, the athletes were assigned to either a Cr (n =7) or Pl
(n=9) group. The Cr group received a loading dose of 20 g/d (4 x 5
g/d) in capsule form (SportPharma Inc., Concord, CA) for 7 d, fol-
lowed by a maintenance dose of 2 g/d for the remainder of the study
(24 d). The P1 group followed a similar dosing protocol, but ingested
capsules filled with sucrose that were identical in appearance to those
used for the Cr group. As part of their preseason conditioning pro-
gram, all subjects completed a resistance training program three times
per week that included free-weight bench press and leg extension
using a Nautilus system. Body composition (through underwater
weighing), 1RM for the bench press and leg extension, and a muscle
endurance test (five sets of 30 repetitions of unilateral isokinetic knee
extension at 180°/s separated by 1-min rest) were measured pre- and
postsupplementation.

"The results showed that the Cr group demonstrated a significantly
greater (p < 0.05) increase in 1RM bench press compared with Pl
(6.2 =2 kg vs 2.8 + 1.8 kg, respectively); however, there were no
significant differences between groups for FFM or fat (%), and both
groups demonstrated a 0.05 kg increase (p < 0.05) in BW. These
findings indicate that Cr supplementation for approx 1 mo increased
upper body strength in trained athletes when compared with train-
ing alone. In agreement with Vandenberghe et al. (22), the authors
suggested that Cr may have provided a greater stimulus for training
and, thereby, increased upper body strength,

Larson-Meyer et al. (34) examined the effect of Cr on strength and
body composition following 13 wk of training in 14 female NCAA
division I soccer players. In a double-blind manner, the athletes were
randomly assigned to receive either Cr (2 x 7.5 gld x5d — 5 g/d x
12 wk; n = 7, Sandco International, Tuscaloosa, AL) or a Pl (n =7)
dissolved in PowerAde® using identical dosing protocols. All subjects
participated in the same progressive resistance training program for 13
wk. The subjects were tested for IRM squat and bench press, vertical
jump (V1), and body composition (through dual energy X-ray absorp-
tiometry [DEXALD) at baseline, 5 wk, and 13 wk.
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The results showed that the Cr group experienced greater gains in
IRM strengih compared with the Pl group for both the bench press
(18% vs 9%, respectively) and the squat (24% vs 12%, respectively)
following the 13 wk conditioning program. There were no significant
differences between groups for VJ or body composition, and no signif-
icant changes in fat mass in either group. However, both groups demon-
strated significant increases in BW (Cr =2.5 kg, P1 =3.6 kg) and FFM
(Cr = 1.65 kg; Pl = +1.02 kg FFM) over the 13-wk training period,
which indicates that the training was responsible for any observed
increases in body composition.

Short-term Cr supplementation also appears to enhance strength
perfermance in women with minimal effects on body composition.
Kambis and Pizzedaz (35) examined the effect of 5 d of Cr loading
(0.5 g/kg FFM divided into four equal does for 5 d) using 22 healthy,
college-aged women (X + SEM age =203+ 0.2 yr; BW =61.3+0.5
kg; fat (%) = 22.1 £ 0.9%; FFM = 47.6 + 1.1 kg) on isokinetic
strength of the preferred quadriceps group, thigh circumference, and
BW. The women were matched for diet and exercise habits, phase of
the menstrual cycle, and FFM. Subjects were assigned in a double-
blind manner (o receive either Cr (n = 11; phosphagen, EAS Inc.,
Golden, CO) or Pl (n = 11; white powder cornstarch) and were
instructed to avoid resistance training and monitoring their BW dur-
ing the study.

The results showed that time to peak torque for leg extension signif-
icantly decreased (p < 0.05), and that average power in leg extension
and flexion significantly increased in the Cr group compared with PL
However, there were no significant differences between groups for
changes in BW, FEM, fat (%), midquadriceps circumference, or skin-
fold thickness of the measured thigh. Therefore, Cr significantly
improved muscle performance without concomitant changes in BW or
muscle volume.

The studies described earlier suggest that both long- and short-
term Cr supplementation tead 1o increases in strength in both trained
and untrained women without significantly affecting BW or far (%).
The findings for body composition are in contrast to those for men, as
many studies report a 1-2% increase in BW following Cr loading
(36). In addition, a number of other studies that used pooled samples
of men and women to examine the effects of Cr on anaerobic exercise
performance (30,37,37) and substrate utilization (23) also reported
that the effect of Cr on FFM and BW is less pronounced in women as
Compared with men.



108 Eckerson

5. EFFECT OF CR ON ANAEROBIC
EXERCISE PERFORMANCE

A number of studies using women as subjects have examined the
effects of Cr supplementation on other anaerobic indices of perform-
ance including anaerobic working capacity (AWC) (29,30,38), VI (39),
and repeated bouts of anaerobic cycling (4,39,40), with the majority of
studies showing favorable results. For example, Kirksey et al. (39)
reported that 6 wk of Cr supplementation (0.30 g/kg/d) improved VT,
power output, and work capacity (through cycle ergometery testing),
and FFM in a pooled sample of men and women collegiate track and
field athletes (sprinters, jumpers, throwers) compared with P1. In agree-
ment, Tarnopolsky and MacLennan (4} showed that Cr (5 g, four times
per day x 4 d; International Supplement Association, Hamilton, Ontario)
increased peak and relative peak anaercbic cycling performance (3.7%),
maximal voluntary contraction of the dorsiflexors (6.6%), and lactate
(20.8%) with no gender-specific responses using a sample of 24 recre-
ationally active men and women. The authors used a double-blind, P1-
controlled, crossover design, and it was concluded that both physically
active men and women can increase indices of high-intensity excrcise
performance following short-term Cr supplementation.

In a related study, Eckersan et al. (29) examined the effect of 2 d and
5 d of Cr loading (20 g/d; Cr Edge Effervescent, FSI Nutrition Fortress
Systems, LLC., Omaha, NE) on AWC and BW in 10 physically active
women (mean age £ SD = 22 + 5 yr) using a double-blind, crossover
design. The authors reported that 5 d of supplementation resulted in 2 22%
increase in AWC (p < 0.05), whereas the Pl tiial resulted in a 5% decline
in performance (p > 0.05). The increase in AWC was comparable with
values reported for men (47,42), as well as combined samples of men
and women (10-15%) (38,43,44). Although there was a significant main
effect for BW in the study by Eckerson et al. (29), it was not because of
Cr supplementation. The individual changes in BW from baseline to 5 d
ranged from ~0.45 kg to 0.91 kg and —0.45 kg to 1.36 kg for the P1 and
Cr trials, respectively, and likely reflected daily fluctuations in BW. '

In a follow-up study by Eckerson et al. (30) that compared the
effects of 2 d and 5 d of supplementation with either Cr or Cr + phos-
phate salts on AWC in men and women, there were significant gender
effects for AWC expressed both in absolute values (kJ) and relative fo
BW (kl/kg); however, the women demonstrated no significant interac-
tions for AWC or BW. The results for the men showed that Cr + phos-
phate significantly (p < 0.05) increased AWC following 2 d (23.8%)
and 6 d (49.8%) of supplementation compared with P1. Although the
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changes in AWC following 6 d of Cr or Cr + phosphate salts was not sta-
tistically significant for the women, AWC was increased by 13 and
10.8%, respectively, whereas the Pl group demonstrated a 1.1% decline.
Therefore, these results may have some practical significance from
a performance standpoint.

Ziegentuss et al. (40) found that only 3 d of Cr supplementation
(0.35 g/kg FFM) increased sprint cycle performance in NCAA division
I athletes, and that the effect was greater in women (treatment groups
pocled) as the sprints were repeated. The subjects included 10 men
(eight wrestlers and two hockey players) and 10 women (three gym-
nasts, two basketball players, two field hockey players, two softball
players, and onc track athlete) who were matched for sex and 10-s cycle
sprint scores, and paired by rank before being randomly assigned in a
double-blind manner to receive either Cr (n = 10; American Biorganics,
Aurora, OH) or P1 (n = 10; maltodexirin). Before and after supplemen-
tation, the subjects performed six, 10-s cycle sprints with 1 min recov-
ery between bouts. In this study, the authors (40) chose a significance
level of p < 0.10, as their opinion was that the relative risk of making a
type Il ervor was greater than that of making a type I error given the sub-
ject population {i.e., highly trained athletes). Therefore, the interpretation
of the results is left to the discretion of the rcader. Statistically signifi-
cant increases were observed in the Cr group for BW {0.9 kg + 0.1 kg;
p < 0.03), total work during the first sprint (p < 0.04), and peak power
during sprints 2-6 (p < 0.10)} compared with the Pl groap. Significant
gender X sprint interactions revealed that during sprints 1 and 2, peak
power and {otal work values were higher in the males {7 < .02); but the
reverse was true for the women during sprints 4-6 {(p < 0.01). 1t is impor-
tant to note that these results reflect the finding that women, in general,
outperform men during fatiguing tasks (45) and did not account for
any treatment effect of Cr per se. However, the results of this study
are intriguing as it showed that highly trained athletes might cxperi-
ence increases in anaerobic exercise performance after only 3 d of
supplementation.

6. THE EFFECT OF CR ON SPORTS PERFORMANCE

Although there is mounting evidence that indicates that women can
increase strength and other various indices of anaerobic exercise perform-
ance as a result of Cr supplementation, fewer studies have taken the next
Slep to dircetly determine how Cr may influence win—loss records and the
execution of skills during competition. For example, because Cr may
provide a greater stimulus for training by improving the recovery time
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between successive bouts of training, it seems reasonable to assume that
this will carry-over to competition and allow athletes to recover faster and
perform better during sporting events that may occur on the same day (i.e.,
softball double-header, tennis matches, swim competition, and track and
field events) or on successive days of competition (i.e., conference basket-
ball, soccer, and volleyball tournaments). However, few studies have
bridged this gap, which makes the area ripe for research.

Cox et al. (46) investigated the effects of short-term Cr supplementa-
tion (4 x 5 g/d X 6 d) on performance during a field test simulating soccer
match play using elite female soccer players from the Australian National
Team and found that the Cr group (n = 6) experienced significant
increases (p < 0.05) in BW (0.8 kg) and significantly improved repeated
sprint performance and some agility tasks that mimicked soccer play com-
pared with the P1 group (BW gain = 0.3 kg). However, Cr had no effect
on shooting accuracy. These findings are in agreement with Ziegenfuss
et al. (40) who also reported that elite athletes can benefit from short-term
Cr supplementation; however, the subjects in that study did not perform
exercise tasks that mimicked their respective sport.

One sport that does allow investigators to easily mimic competition
is swimming. Several studies (10,11,32,47-49) using a wide range of
highly trained swimmers have generally found that Cr is ineffective for
increasing swim sprint performance. The athletes used in these studies
included junior swimmers (~16 yr) (47,48), collegiate swim teams
(11,32), as well as national and international caliber athietes (70 ). Most
of the studies used pooled samples of men and women (10,32,47,48) and
used distances ranging from 25 (10) to 400 m ({1), with 50 and 100 m
being used most frequently (10,11,32,47—49).

With the exception of one study by Grindstaff et al. (48), most
research has shown that Cr supplementation is ineffective for improv-
ing single sprint swim performance (10,11,32,47,49). However, when
the athletes were required to perform repeated swim sprints, some studies
(48,49) have reported improvements in the time to complete the series,
as well as reported increases in work and power output (48). Perhaps
the lack of improvement in the majority of studies that used single
swim sprints is because of the fact that these performance tests did not
require recovery between several bouts of exercise and, therefore, did
not accurately represent the potential efficacy of Cr supplementation.
One of the benefits of increasing Cr stores is that it may reduce neuro-
muscular fatigue and delay the onset of lactate accumulation during
high-intensity exercise. Therefore, in the studies in which the athletes
performed a single, short-duration sprint before and afier supplementa-
tion, fatigue was not a major issue; whereas in the studies that required
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repeated sprints, the subjects may have more fully realized the benefits
of Cr on fatigue resistance (50) and, as a result, the decline in perform-
ance over time was attenuated. Although it is difficult to control for the
various biological and environmental factors that affect performance on
any given day and during competition, future research is warranted to
more fully explain how Cr supplementation directly affects outcomes
on the playing field.

7. CR AND AEROBIC EXERCISE

Although Cr is best suited for athletes involved in activities that require
repeated bouts of high-intensity exercise, there is some evidence to
suggest that Cr might enhance oxygen uptake and recovery from aerobic
exercise. Studies using females only are sparse; however, in a study by
Aoki et al. (51) the authors reported that women who supplemented with
Cr for 12 d were able to complete more repetitions of leg-press at 80%
IRM following a 20 min run compared with control subjects. The spe-
cific aim of the study was to determine how Cr would effect resistance
exercise performance (1RM and three sets to fatigue at 80% 1RM) fol-
lowing a 20-min run in which subjects were instructed to run as far as
they could during the allotted time. There were no significant differences
between the two groups for the distance covered during the 20 min run or
1RM testing following the run; however, there was a significant decline in
the number of maximal repetitions performed during the last two sets in
the P1 group vs Cr group. The authors (57) suggested that Cr may have
enhanced recovery, which allowed subjects to perform better during the
resistance exercise following the run.

Nelson et al. {52) found that Cr allowed subjects to perform submaxi-
mal workloads at a lower oxygen cost (VO,), and reduced the work per-
formed by the cardiovascular system in a study which determined the
effects of Cr on cardiorespiratory responses during a graded excrcise
test (GXT). The subjects werc 36 trained men (2 = 2() and women
(n = 16) (age range = 21-27 yr} who were randomly placed into either a
Cr group (n = 13 men, six women; 20 g/d x 7 d) or a Pl group (7 = seven
men, 10 women) and performed a GXT using a Monark cycie ergometer
pre- and post-treatment. The results showed that Cr significantly
increased (p < 0.05) total test time (20.3 + 4 min to 21.5 + 3.5 min) com-
pared with P1 (17.3 £ 3 min to 17.4 min + 3 min), and that VO, and
heart rate at the end of first five GXT stages were significantly lower for
Cr vs no change for PJ. In addition, the ventilatory threshold increased sig-
nificantly from pre- to post-testing for the Cr group (66 to 78% peak VO,,
respectively), whereas the Pl group demonstrated no change (70 to 68%



112 Eckerson

peak VO,, respectively). The authors (52} speculated that the decreases in
submaximal VO, and heart rate were because of increased stores of PCr
in the muscle, which may have delayed the decrease in the ATP/ADP ratio
and, in turn, delayed mitochondrial respiration and lowered VO,.

In a related study that nsed fermnale NCAA division I athleies (19 42 yr),
Stout et al. {33) examined the effect of Cr loading (4 x 5 g/d x 5 d; Cr
Edge Effervescent) on the onset of the neuromuscular fatigue threshold
by monitoring electromyographic fatigue curves from the vastus later-
alis muscle using the physical working capacity at the fatigue thresh-
old (PWC,.) test. The PWC.. represents the highest power output that
results in a nonsignificant (p > 0.05) increase in the electrical activity
of the thigh muscles over time. The results showed that the postsup-
plementation PWC_. value for the Cr group (n =7; X = 186 W) was
significantly higher than that of the Pl group {(n = 8; X = 155 W). The
authors (33) suggested that the delay in neuromuscular fatigue may
have been due to the effect of increased muscle-PCr content on the
transition from aerobic to anaerobic metabolism and, therefore, Cr
may have reduced the reliance on anaerobic metabolism and attenu-
ated the accumulation of lactate and ammonia in the working muscles
and blood.

Although more research is warranted to better understand the effects
of Cr supplementation on aerobic forms of exercise, as well as recovery
following aerobic exercise, the results of the studies mentioned above
(33,51,52) tend to suggest that female (and male) endurance athletes
may benefit from Cr supplementation by decreasing the work on the cai-
diovascular system during training at submaximal intensities and buffer-
ing the lactate response to exercise, which may allow for enhanced
recovery during successive days of training. Refer to Chapter 3 for more
in depth review on the effect of Cr on endurance performance.

8. PREVALENCE OF CR USE BY WOMEN ATHLETES

Although there is a preponderance of evidence to indicate that women
athletes have the potential to enhance their performance beyond training
alone without experiencing considerable increases in BW and fat (%), Cr
is not a widely used dietary supplement by this population. Labotz and
Smith (53} examined the prevalence and pattern of Cr use among 749
NCAA division I varsity and junior varsity athletes at the University of
North Carolina through an anonymous survey. The results showed that
85% of the men had heard of Cr and that 48% had reported using the sup-
plement. In contrast, only 4% of women athletes reported using Cr, with
38% reporting that they had at least heard of the supplement. When
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athletes were asked to describe their loading and maintenance dosages,
more than 42% left the question unanswered or responded that they did
not know. The most common method of quantifying their dosage amount
was by reporting the number of “scoops” of Cr consumed.

In a related study, Greenwood et al. (54) determined the patterns
of dietary Cr use in NCAA division | athletes (n = 63 women; n =
156 men) at a midsouth university, and also assessed their percep-
tions regarding Cr dosages and supplementation schedules. The
results of the questionnaire showed that 88 male athletes reported
using Cr as a dietary supplement, which represented 56% of the sample,
whereas only two women (3%), a tennis player and a track and field
athlete, reported using Cr. Reasons cited by the women athletes for
not using Cr included their uncertainty of its safety and associated
side effects. The Cr users reporting positive effects (n = 80) were typi-
caily at or below recommended dosages for the loading phase (X + SD =
0.30 £ 0.24 g/kg ingested for 6.6 + 10.2 d), but were ingesting more
than the recommended dosage during the maintenance phase (0.15 +
0.14 g/kg ingested for 101 + 195 d), and that those who reported no
effects (n = 10} ingested loading dosages that were below the recom-
mended amount, but above the dosage recommended for the mainte-
nance phase. These findings (54), as well as those of Labotz and
Smith (53) indicate that there is a need for education among college
athletes regarding Cr supplementation dosing and scheduling, partic-
ularly among women athietes.

It is likely that women avoid Cr because of a concern about undesir-
able side effects such as weight gain, bloating, cramping, and diarrhea.
However, short-term side effects are widely exaggerated and gastroin-
testinal problems are typically associated with dosing or improper mixing
{55). In fact, Mihic et al. (37} examined the effect of acute Cr supplemen-
tation (20 g/d x 5 d) on FFM and potential side effects in physically
active men (r = 15) and women (n = 15) and found no effects of Cr on
blood pressure, creatinine clearance, or plasma Cr-kinase activity.
However, there was a significant gender effect for Cr-induced increases
in BW and a nonsignificant trend (p = 0.052) for increases in FFM. The
average increase in BW and FI'M for the men was 1.6 kg and 1.4 kg,
tespectively, whereas the women experienced negligible increases (BW =
(.45 kg and FFM = 0.44 kg) that were not significantly different from the
Women in the Pl group. These findings are in agreement with several
others (8,28-33) and bears repeating that Cr appears to have a greater
¢ffect on BW and FFM in men than women. Therefore, the concern by
Some women athletes that their BW and/for fat (%) will increase as a
result of Cr supplementation is largely unwarranted.
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Ms. Jennifer Yee, M.A., CSCS, NSCA-CPT, Assistant Strength Coach,
Creighton University 2002 — 2006, Personal Trainer

Q: What is the prevalence of Cr use by NCAA division 1 female
athletes with whom you have worked with?

A: Cris not used by a majority of our athletes, and I can recall only
two female athletes that have asked about it, a soccer player and a
basketball player. The soccer player was genetically inclined to build
muscle and was interested in increasing her muscle mass through
training and supplementation because her coach suggested that she
move from a forward position to a defender position. Over a summer,
she increased her training and took Cr and gained approx 8-10 lbs of
muscle and decreased her body fat by 1-2%. She claimed that she
recovered faster between her summer workouts and that she was able
to lift more weight than she ever had before by the end of the summer.
She also felt that she had a much easier time maintaining the added
muscle mass over the season. The basketball player was very lean and
skinny and her coach suggested that she try Cr to add some mass.
Although most women don’t experience dramatic increases in muscle
mass as a result of Cr use, she was not interested in taking a supple-
ment that she perceived would lead to weight gain, even if it was
muscle. As I mentioned before, my soccer player had the genetics to
put on muscle, therefore, I believe her results were the exception and
not the norm.

Q: Why don’t many women athletes even consider experimenting
with Cr?

A: 1 think that since a lot of athletes use Cr to help gain muscle and
weight, women stay away from it. Even though most female athletes arc
too thin, they still believe that thinner is better! Also, a lot of athletes
(both men and women) don’t want to spend money on Cr. If we could
give it to them for free, like we used to be able o do before the NCAA
rules changed, T think the use would be more prevalent. As it stands now,
men are more likely fo spend money on supplements, but not women.

Q: Are you allowed by the NCAA to monitor the athlete’s Cr use,
even though you can’t distribute the supplement?

A: Yes, we can monitor their use by helping them with doses and
measurements, but we can’t give it to them. In fact, it doesn’t make
much sense to me that we can suggest that they use Cr and can tell them
where to buy it, but we can’t provide it to them ourselves.

Q: Would you recommend Cr to your female athletes and, if so, what
would be the circumstances with which you would recommend it?
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A: Yes, I would recommend it based on the research that T have read,
but first I would examine their cwrrent dietary habits to determine if there
are any deficiencies that need to be addressed. If they are eating well and
staying hydrated, I feel comfortable recommending Cr to my athletes who
are trying to increase muscle mass and recover faster between workouts
(i.e., two-a-days, lifting hard four to six times per week, and so on).

9. EFFECTS OF THE MENSTRUAL CYCLE

No studies have directly examined the effect of Cr uptake into the
muscle during different phases of the menstrual cycle, or whether men-
strual dysfunction as a result of energy restriction (amenorrhea, oligomen-
orrhea, delayed menarche, and so on) effects Cr uptake. What is, perhaps,
a bigger concern at the present time is the question of whether or not there
is a need to control for the menstrual cycle during intervention trials using
Cr, because this may be considered a confounding factor regarding the
changes in BW and performance. Tarnopolsky (56) recommends testing
women during the follicular phase to conirol for hormonal imbalances that
may affect BW and other menstrual symptoms; however, female athletes
must compete and train during all phases of their menstrual cycle and
several studies suggest that the phases of the ovarian cycle have no effect
on high intensity, anaerobic exercise performance.

Giacomoni et al. (57) examined the effect of the menstrual cycle
phase and menstrual symptoms on maximal anaerobic performance in
seven eumenorrheic women and 10 women using oral contraceptives
{mean + SD age = 23 + 3 yr). The subjects performed three anaerobic
tests to determine maximal cycling power, jump power, and jump
height during menses (days 1-4), the midfollicular phase (days 7-9),
and the midluteal phase (days 19-21) of the ovarian cycle. The results
showed that the menstrual cycle phase had no effect (p > 0.05) on
maximal anaercbic jumping and cycling performance, and this was
true for both the eumenorrheic subjects, as well as the subjects using
oral contraceptives. These findings are in agreement with others who
have reported no effect of menstrual cycle phase on anaerobic exercise
(58-60), as well as cycling time at trial performance (67).

Wehnert-Roti and Clarkson (62) examined the effect of Cr supplemen-
tation on BW during the Iuteal and follicular phases of the menstrual cycle
in nine eumenorrheic women (X £ SE age=26.7 + 1.7 yr) using a repeated
measures design and reported no significant (p > 0.05) differences in BW
gain between the two phases (luteal phase = +0.25 kg and follicular
phase = +0.40 kg}. However, they did report that there was considerable
intersubject variability in the response, and that some subjects maintained
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or lost weight during the two phases. An interesting finding in their study
{62) showed that women who ate more protein (15-59%) as part of their
daily caloric intake demonstrated no change or decreases in BW, whereas
subjects who ate less protein daily (11-13% of total intake) gained weight.
The correlation between percent dietary protein intake and the change in
BW was significant (r=—0.57, p < 0.05), which prompted the authors to
suggest that the increases in BW demonstrated by some subjects follow-
ing Cr supplementation may be influenced by the composition of the diet.

Research testing during the follicular phase may control for the poten-
tial adverse effects of premenstrual syndrome (bloating, weight gain, and
cramping) that some athletes experience; however, for the coach or health
practitioner, it seems reasonable to suggest that athletes could begin Cr
supplementation during any part of their menstrual cycle. Further
research may be warranted to determine the effects, if any, of Cr uptake
into the muscle during different phases of the menstrual ¢ycle.

10. CONCLUSION

A considerable number of studies (Table 1) are showing mounting
evidence thal women appear to have the same potential to benefit from Cr
supplementation as men. Interestingly, however, very few female athletes
report using Cr as a dietary supplement to enhance their performance.,
Although there may be a large amount of variability in the response to Cr
by individual female athletes, based on the available research, it has been
shown to be a safe and effective ergogenic aid that does not markedly
affect BW, FEM, or fat (%) in women. Therefore, the refuctance among
some women athletes to experiment with Cr because of a fear of weight
gain or other adverse side effects may be unfounded. Furthermore, many
adverse events reported anecdotally by individuals that use Cr do not tend
to be substantiated in controlled research studies and, therefore, are likely
because of improper mixing and/or dosing. Survey research does, indeed,
indicate that athletes need to be educated about Cr dosing and scheduling,
and should be monitored closely by their coaches.

11. PRACTICAL APPLICATIONS
A summary of the information presented earlier indicates that:

« The changes in [TCr] and [PCr] in women following Cr supplementa-
tion are similar to those observed for men.

» Crresults in increases in strength that are similar in magnitude (o the
changes demonstrated by men, and that these increases have been
demonstrated in both trained and untrained women.
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» Crincreases anaerobic performance and may especially benefit women
athletes involved in sports that require repeated short bursts of high-
intensity exercise (i.e., basketball, volleyball, sprinters and throwers,
soccer, field hockey, and tennis).

» Women exhibit smaller increases in BW and FFM vs men following
short- and long-term Cr supplementation. Therefore, women athletes
may be able to enhance their performance without the “adverse” side
effect of a significant increase in BW,

» Crmight enhance acrobic metabolism and improve recovery between
successive days of training.

+ Cris nor an anabolic steroid—it enhances performance by reducing
fatigue, which allows for a greater stimulus of training.

s (Cris safe and effective when taken in recommended doses (but would
be contraindicated in individuals with known kidney or liver problems).

« Cr does not appear to exacerbate premenstrual symptoms.

12. DOSING STRATEGIES FOR WOMEN

It is important to keep in mind that there may be wide variability in
the individual response of women athletes to Cr supplementation. It is
also reasonable to suggest that women athletes who exhibit the same
physiological characteristics as the responders identified in the study
by Syrotuik and Bell (/3) would also be considered to be the best can-
didates for Cr supplementation.

Although it is typically recommended that individuals Cr load for
4-7 d, Harris et al. (2) reported that Cr uptake into muscle is greatest
during the first 2 d of loading (6 x 5 g/d x 7 d), with approx 20% of the
Cr taken up as PCr. Hultman et al. (19) have also reported that a dose
of 3 g/d for 28 d is as effective as Cr loading for increasing muscle-TCr.
Therefore, “slowly loading” the muscle with Cr may result in significant
increases in performance and alleviate any real or perceived side effects
that are sometimes associated with 5-7 d of loading. Based on this
nformation, the following represents two dosing strategies recommended
for women athletes:

12.1. Protocol I—(Jeff Stout, Ph.D.; personal communication
June 2007)
+ 3-6 g/d for 6-8 wk.
= Ingest within 20-30 min postcxercise with CHO (50 g or 1 g/kg).
» If taken with CHO and protein, use a 2:1 or 3:1 ratio of CHO fo protein.
» Cr Monohydrate most commenly studied.
+ 5-6 wk washout.
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Example for a 140 1b (63.5 kg) female athlete using a 2:1 ratio of
CHO:protein.

Ingest 0.8 g/kg CHO + (0.4 g/kg PRO + 5 g Cr within 20-30 min pos-
texercise = 51 g CHO+ 25 g PRO+5 g Cr.

12.2. Protocol IHI—Recommended by Mesa et al. (36)

» Day 1: 4 x5 g Cr with 500 mL containing 90-100 g simple CHO.

« Day 2: 4 x5 g Cr with 47 g simple CHO and 50 g protein.

» Day 3: start maintenance phase; 3-5 g/d with simple CHQ.

+ Ingest three to four times per week vs daily to maintain TCr and pro-
long washout effecis.

» Ingest the CHO 30 min after Cr ingestion to produce peak Cr and
insulin concentrations at similar time-points.

It is imperative that women athletes and their coaches keep in mind
that Cr is a dietary supplement and, therefore, is not a substitute for a
sound nutrition and fraining program. Female athletes, in particular,
should first be encouraged to consume an adequate number of total
keais, including good quality protein, before considering Cr supple-
mentation, Al Ball State University, Pearson (63) reported four com-
mon threads that surfaced when the diets of university athletes were
examined: (1) they did not consume enough total kcals, (2) they
skipped breakfast, (3) did not consume enough protewn, and (4) con-
sumed high amounts of caffeine. Although this was not a scientifically
based study, it most likely rings true for a large number of athletes.
Therefore, when an athlete inquires about Cr supplementation, whether
male or female, it is recommended that coaches and team sports nutri-
tionists first determine that they are already eating well, training hard,
getting enough sleep, and staying hydrated. If Cr supplementation is
advised, it is also imperative that the dosing strategy used is closely
monitored, because many athletes are unfamiliar with appropriate dos-
ing protocols and often rely on untrustworthy sources of information
regarding Cr dosing strategies.

REFERENCES

1. Forsberg AM, Nilsson E, Werneman J, Bergstrom J, Hultman E. Muscle composi-
tion in relation to age and sex. Clin Sci 1991; 81:249-256.

2. Harris RC, Soderlund K, Hultman E. Elevation of creatine in resting an exercised
muscle of normal subjects by creatine supplementation. Clin Sci 1992
83:367-374.

3. McKenna MJ, Morton J, Selig SE, Snow RI. Creatine supplementation increases
muscle total creatine but not maximal intermittent exercise performance. J Appl
Physiol 1999; 87(6):2244-2252.




Cr Supplementation and Women Achletes i23

11.

12.

i3,

5.

16.

19.

20.

21,

. Tarnopolsky MA, MaclLennan DP. Creatine monohydrate supplementation

enhances high-intensity exercise performance in males and females. Intt J Sport
MNutr Exerc Metab 2000; 10:452-463.

. Biwer CI, Jensen RL, Schmidt WD, Watts PB. The effect of creatine on treadmill

running with high-intensity intervals. I Strength Cond Res 2003; 17(3)%:439-445.

. Febbraio MA, Flanagan TR, Snow RJ, Zhao S, Carey MF. Effect of creatine sup-

plementation on intramuscular TCr, metabolism and performance during intermit-
tent, supramaximal exercise in humans. Acta Physiol Scand 1995; 155:387-305.

. Finn JP, Ebert TR, Withers RT, et al. Effect of creatine supplementation on meltab-

olism and performance in humans during intermittent sprint cycling. Eur J Appl
Physiol 2001; 84:238-243.

. Leenders N, Sherman WM, Lamb DR, Nelson TE. Creatine supplementation and

swimming perlormance. Int I Sport Nutr 1999; 9:251-262.

. Misic M, Kelley GA. The impact of creatine supplementation on anacrohic per-

formance: A meta-analysis. Am ] Med Sports 2002; 4:116-124.

. Mujika I, Chatard JC, Lacoste L, Barate F, Geyssant A. Creatine supplementation

does nol improve sprint perlormance in competitive swimmers. Med Sci Sports
Exerc 1996; 28(11):1435-1441.

Thompson CH, Kemp G, Sanderson AL, et al. Effect of creatine on aerobic and
anacrobic metabolism in skeletal muscle in swimmers. Br J Sports Med 1996;
30:222-225.

Greenhaff PL, Bodin K, Soderlund K, Hultman E. Effcct of oral creatine supple-
mentation on skeletal muscle phosphocreatine resynthesis. Am J Physiol 1994,
260:E725-E730.

Syrotuik DG, Belt GI. Acute creatine monohydrate supplementation: a descriptive
physiological profile of responders vs. nonresponders, J Strength Cond Res 2004,
18(3):610-617.

. Miller AEI, MacDougall JD, Tarnopolsky MA, Sale DG. Gender differences in

strength and muscle fiber characteristics. Eur F Appl Physiol 1993, 66:254-262.
Staron RS, Hagerman FC, Hikida RS, et al. Fiber type composition of the vastus
lateralis muscle of young men and women. J Histochem Cytochem 2000
48(5):623-629.

Toft I, Lindal S, Bonaa KH, Jenssen T. Quantitative measurement of muscle fiber
compasition in a normal population. Muscle Nerve 2003; 28:101-108.

. Balsom PD, Soderlund K, Sjodin B, Ekblom B. Skeletal muscle metabolism dur-

ing short duration high-intensity exercise: inflnence of creatine supplementation.
Acta Physiol Scand 1995, 154:303-310.

. Casey A, Constantin-Teodosiu D, Howell S, Hultman E, Greenhaff PL. Creatine

ingestion favorably affects performance and muscle metabolism during maximal
exercise in humans. Am J Physiol 1996; 271:E31-E37.

Hultman E, Soderlund K, Tinunons JA, Cederblad G, Greenhall P. Muscle creatine
loading in men. J Appl Physiol 1996; 81:232-237.

Nelson AG, Armall DA, Kokkonen I, Day R, Evans J. Muscle glycogen supercom-
pensation is enhanced by prior creatine supplementation, Med Sci Sports Exerc
2001; 33(7):1096-1100.

Smith 5, Montain 8], Matott RP, Zienlara GP, Jolesz FA, Fielding RA. Effects of
creaiinc supplementation on the energy cost of muscle coniraction: a Y'P-MRS
study. J Appl Physiol 1999, 87(1}:116-123.



124 Eckerson

22, Vandenberghe K, Goris M, Van Hecke P, Van Leemputte M, Vangerven L., Hespel P,
Long-term creatine intake is beneficial to muscle performance during resistance
training. I Appl Physiol 1997; 83(6):2055-2063.

23. Parise G, Mihic S, MacLennan D, Yarasheski KE, Tamopolsky MA. Effects of
acute creatine monchydrate supplementation on leucine kinetics and mixed mus-
cle protein synthesis. J Appl Physiol 2001; 91:1041-1047.

24. Beeque MD, Lochmann JD, Melrose DR. Effects of oral creatine supplementation
on muscular strengih and body composition. Med Sci Sporls Exerc 2000;
32(3):654-658.

25, Maganaris CN, Maughan RI. Creatine supplementation enhances maximum vol-
untary isometric force and endurance capacity in resistance trained men. Acta
Physiol Scand 1998; 163:279-287.

26. Peelers BM, Lantz CD, Mayhew JL. Effect of oral crecatine monohydrate and cre-
atine phosphate supplemenatation on maximal strength indices, body composition,
and blood pressure. J Strength Cond Res 1999 13(1):3-9.

27. Volek IS, Duncan ND, Mazzetti SA, et al. Performance and muscle fiber adapla-
tions to creating supplementation and heavy resistance training. Med Sci Sports
Exerc 1999; 31(8):1147-1156.

28. Brenner M, Walberg-Rankin J, Sebolt D. The effect of creatine supplementation
during resistance Iraining in women. I Strength Cond Res 2000; 14(23:207-213.

29, Eckerson IM, Stout JR, Moore GA, Stone NI, Nishimura K, Tamura K. Effect of
two and five days of creatine loading in anaerobic working capacity in women,
J. Streogth Cond Res 2004; 18(1):168-173.

30. Eckerson IM, Stout JR, Moore GA, et al. Effect of creatine phosphate supplemen-
tation on anaercbic working capacity and body weight after two and six days of
toading in men and women. J Strength Cond Res 2003; 19(4):756-763.

31. Lehmiuhl M, Malone M, Justice B, ¢t al. The effects of 8 weeks of creatine mono-
hydrate and glutamine supplementation on body composition and performance
measures. J Strength Cond Res 2003; 17(3):425-438.

32. Selsby JT, Beckett KD, Kern M, Devor ST. Swim performance following creatine
supplementation in Division OT athletes. J Strength Cond Res 2003; 17(3):421-423,

33. Stout ], Eckerson J, Ebersole K, et al. Effect of creatine loading on neuromuscufar
fatigue threshold. J Appl Physiol 2000; 88:109—112.

34. Larson-Mcyer DE, Hunter GR, Trowbridge CA, et al. The effect of creatine sup-
plementation on muscle strength and body composition during off-season training
in female soccer players. | Strength Cond Res 2000; 14(4).434—442.

35. Kambis KW, Pizzedaz SK. Short-term creatine supplementation improves maximum
quadriceps contraction in wormnen. Int ] Sport Nutr Exerc Metab 2003; 13:87-96.

36. Mcsa JLM, Ruiz IR, Gonzalez-Gross MM, Gutierrez Sainz A, Castillo Garzon MJ.
Oral creatine supplementation and skeletal muscle metabolism in physical exer-
cise. Sports Med 2002; 32(14):903-944,

37. Mihic 8, MacDonald JR, McKenzie S, Tarnopolsky MA. Acute creatine loading
increases fat-free mass, but does not atfect hlood pressure, and plasma creatinine,
or CK activity in men and women, Med Sci Sports Execr 2000; 32(2):291-296.

38. Smith IC, Stephens DP, Hall EL, Jackson AW, Earnest CP. Effect of oral creatine
ingestion on parameters of the work rate-time relationship and time to exhausiton
in high iniensity cycling. Eur J Appl Physiol 1998; 77:360-365.




Cr Supplementation and Women Athletes 125

39.

40.

41.

44,

45.

46.

47.

48.

49,

30.

51,

52,

Kirksey B, Stone MH, Warren BJ, et al. The effects of creatine monchydrate sup-
plementation on performance measures and body composition in collegiate track
and field athletes. J Strength Cond Res 1999; 13(2):148-156.

Ziegenfuss TN, Rogers M, Lowery L, et al. Effect of creatine loading on anaero-
bic performance and skeletal muscle volume in NCAA Division [ athletes.
Nutrition 2002; 18:397-402.

Miura A, Fumiko K, Kajitani S, Sato H, Fukuba Y. The effcct of oral creatine sup-
plementation on the curvature constant patameter of the power-duration curve for
cycle ergometry in humans. Jpn J Physiol 1999; 49:169-174.

. Stout JR, Eckerson JM, Housh TI, Ebersole KT. The effccts of creatine supplemen-

tation on anaerobic working capacity. J Strength Cond Res 1999; 13(2):135-138.

. Earnest CP, Stephens DP, Smith JC. Creatine ingestion effects time to exhaustion

during estimation of the work rate-time relationship [Abstract]. Med Sci Sports
Exerc 1997; 29:5285.

Hall EL, Smith JC, Stephens DP, Sncll PG, Earnest CP. Effect of oral ingestion of
creatine monohydrate on paramelers of the work rate-time relationship [Abstract].
Med Sci Sports Exerc 1995; 27:515.

Hicks AL, Kent-Braun J, Ditor DS. Sex differences in human skeletal muscle
[atiguc. Exerc Sports Sci Rev 2001; 29(3):109-112,

Cox G, Mujika 1, Tumilty D, Burke L. Acute creatine supplementation and per-
formance during a field test simulating match play in elite female soccer players.
Int J Sport Nutr Exerc Metab 2002; 12:33-46,

Dawson B, Vladich T, Blanksby BA. Effects of 4 weeks of creatine supplementa-
tion in junior swimmers on freestyle spring and swim bench performance. J Strength
Cond Res 2002; 16(4):485-490.

Grindstatf PD, Kreider R, Bishop R, et al. Effects of creatine supplementation on
repetitive sprint performance and body composition in competitive swimmers. Int
F Sport Nutr 1997; 7:330-340.

Peyrebrune MC, Nevill ME, Donatdson FJ, Coslord DJ. The cffects of oral crea-
tine supplemeniation on performance in single and repeated sprint swimming. J Sport
Sci 1998; 16:271-279.

Hoffman IR, Stout JR, Falvo MJ, Kang J, Ratamass NA., Effect of low-dose, short-
duration creatine supplementation on anaerobic exercise performance. J Strength
Cond Res 2005; 19(2):260-264.

Aoki MS, Gomes RV, Raso V. Creatine supplementation attenuates the adverse
effect of endurance exercise on subsequent resistance exercise performance
fAbstract]. Med Sci Sports Exerc 2004; 36(5):8334.

Nelson AG, Day R, Glickman-Weiss F1., Hegsled M, Kokkenen J, Sampson B.
Creatine supplementalion alters the response to a graded cycle ergometer test, Eur
I Appl Physiol 2000; 83:89-94.

. Labotz M, Smith BW. Creatine supplement use in an NCAA Division I athletic

program. Clin J Sport Med 1999, 9:167-169.

. Greenwood M, Farris J, Kreider R, Greenwood L, Byars A. Creatine supplemen-

tation patterns and perceived effects in select Division I collegiate athletes. Chin |
Sport Med 2000; 10:191-194.

. Bemben MG, Lamont HS. Creatine supplementation and exercise performance:

Recent findings. Sports Med 2005; 35(2):107-125.



126 Eckerson

36. Tarnopolsky MA. Gender differences in metabolism: Nutrition and supplements.
J Sci Med Sport 2000; 3(3):287-208.

57. Giacomoni M, Bernard T, Gavarry O, Altare S, Falgairette G. Influence of the
menstrual cycle phase and menstrual symptoms on maximal anaerobic perform-
ance. Med Sci Sports Exere 2000; 32(2):486-492,

58. Doolittle TL, Engebretsen J. Performance variations during the mensirual eycle.
J Sports Med 1972, 12:54-38.

59. DeBruyn-Prevost P, Masset C, Sturbois X. Physiological response from 18-25
years wormen to aerobic and anaerobic physical fitness tests at different periods
during the menstrual cycle. J Sports Med 1984; 24:144-148.

60. Lebrun CM. Effect of different phases of the menstrual cycle and oral contracep-
tives on athletic performance. Sports Med 1993; 16:400-430,

61. Oosthuyse T, Bosch AN, Jackson S. Cycling time trial performance during differ-
ent phases of the menstrual cycle. EJAP 2005; 94(3):268-276.

62. Wehnert-Roti ML, Clarkson PM. Effects of creatine supplemeniatlion in women
during the Iuteal and follicular phases of the menstrual cycle [Abstract]. Med Sci
Sports Exerc 2000; 32(5):8355.

63. Pearson D. Feed first — supplement second, Strength Cond J 1999; 21(6):67.




Pei AR parp T i g

5 Creatine Consumption in Health

Jacques R. Poortmans, PhD
and Marc Francaux, PhD

1. INTRODUCTION

Concerns about the deleterious consequences of oral creatine (Cr)
supplementation were initiated in Spring 1998. Two British nephrolo-
gists published a paper in “The Lancet” suggesting that there is “strong
circumstantial evidence that Cr was respoensible for the deterioration in
renal function” (/) (details given in Section 3.3.2). Three days after this
publication a French sport newspaper “L’Equipe” (28th April 1998)
stressed that Cr is dangerous for the kidneys, in any condition. This
news was handed over to several European newspapers. Cr became the
champion’s viagra with eventual death! Indeed, Pritchard and Kalra
commented on the case of three American college wrestlers who died (7).
This later turned out to be false and the Food and Prug Administration
(FDA) ruled out Cr supplementation as a primary cause of the deaths of
these young athletes (2).

A website of the “TFood and Drug Administration™ (http:/vm.cfsan.
fda.gov/~dms/aems.htmi) gives regularly reported complaints from
voluntary consumers or healthcare professionals. The search of 20th
October 1998 revealed 32 matches for Cr. They specify: dyspnea,
fatigue, grand mal seizure, intracerebral haemorrhage, vomiting, diar-
thoea, nervousness and anxiety, polymyositis, myopathy, rabdomyolysis,
severe stomach cramps, deep vein thromboses, atrial fibrillation, cardiac
arthythmia, chest pain, and death! Potential adverse effects of oral Cr sup-
plementation was also critically reviewed by Juhn and Tarnopolsky who
concluded in 1998 that futore studies should include large randomized
controlled trials evaluating the short- and long-term etfects on the renal
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and hepatic systems, as well as the many other organ systems in which
Cr plays a metabolic role {3). Furthermore, the FDA asks the reader
to keep in mind “there is no certainty that a reported adverse event can
be attributed to a particular product or ingredient. The available infor-
mation may not be complete enough to make this determination.” In
other words there is no scientific evidence to correlate oral Cr manohy-
drate supplements with any of these reported adverse effects,
Nevertheless, the FDA, the “Association of Professional Team
Physicians,” and the “American College of Sports Medicine” (4} con-
cluded that, although short-term studies look positive for oral Cr sup-
plementation, much more long-term research needs to be done before
one can issue a verdict on its health status. In its consensus statement,
the “American College of Sports Medicine” said that “the fact that Cr is
a naturafly occurring compound does not make supplementation safe, as
numerous compounds are good, even essential in moderation, but detri-
mental in excess. The lack of adverse effects does not equal safety,
since unending research must be performed to eliminate the possibility
of all potential complications™ (4). In doubt anyone should be left to its
free choice and interpretation. In 2004, & Scientific Panel of the
“European Food Safety Agency” concluded that *the safety and
bioavailability of Cr, Cr monchydrate, in food for particular nutri-
tional uses, is not a matter of concern provided there is adequate con-
trol of purity of this source of Cr” (5). However, that same year, a report
of the “Agence Francaise de Sécurité Sanitaire et Alimentaire (AFSSA)
claimed that “one should not encourage publicity of Cr in order to
protect sport participants to any potential pathological consequences”
(6). Eventually, a world expert on Cr metabolism, M. Wyss, came to the
conclusion that there are still many open questions related to Cr metab-
olism, which are worth being analyzed in detail (7).

As will be observed later in this chapter, there are still several reports
or reviews pointing out the uncertainties related to health hazard of Cr
utilization in sport events or training. Moreover, commercials are adding
ahead many positive allegations without any defmite or formal evidences.

2. MODIFICATIONS INDUCED BY CR
SUPPLEMENTATION WITHIN
HEALTHY CONDITIONS

2.1, Total Body Mass

One of the purported effects of oral Cr supplementation regularly men-
tioned by the consumers is the increase in total body mass (BM) with spe-
cial attention to muscle mass. On scientific grounds, the situation is less
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clear. Indeed the average increase in BM reparted in the literature amounts
to J-2 kg or 1-2.3% of total BM (Table 1). However, one has to explore
the effects of short-term (<10 d), and medium-term (>10 d) on BM. In
fact, the short-term supplementations are based on a mean 20 g/d whereas
most of the medium-term supplements are consumed as 2-10 g/d.
Table 1 emphasizes that the difference between short-term and medium
long-term is not so important. The reported literature indicates 75% and
71%, respectively. Thus, despite the reduced daily charge of Cr supple-
ments, most of the reports stressed the increase in BM. Nevertheless about
30% of published papers do not report any change in BM either after
short-term or medium medium-term oral Cr supplementation.

Tentative explanations may be put forward to explain this observa-
tion on BM: the characieristics of the subjects and the supplementation
protocol. Sedentary people, physically active individuals, and recre-
ational athletes seem to respond equally to oral Cr supplementation.
Thus, individuals need not be physically active to increase BM to oral
Cr supplementation despite different daily energy intake. It cannot be
concluded from specific studies on female vs male subjects. Moreover,
none of these few studies conirolled the mensirual cycle of the female
subjects. Presently, it is difficult to postulate a sex dependence as there
is no scientific evidence to support those differences. Eventually, not all
studies have been made using a control group {no training session) in
addition to a placebo and Cr supplementation groups.

Also it will be investigated if the increase in total BM could be attrib-
uted to the effect of training itself (see Table 1}. Apparently, no statisti-
cal differences were found in BM in inactive control subjects followed
during 9 wk as compared with active people involved in resistance train-
ing for the same period of time (8). Thus, even during endurance train-
ing, the increase in BM was clearly related to Cr supplementation.

2,2, Free-Faf Mass

Of course, the increase in total BM should be in favor of a more
specific characteristic for the athlete; namely free-fat mass (FFM). A
dozen studies did investigate the modifications of FFM after Cr supple-
mentation (Table 2). As expected, 11 out of 12 studies reported a higher
increase of FFM, as compared with total BM. The increase may even
reach 6% after sustained Cr load.

The increase in FFM could be attributed to carbohydrale supplements
added to Cr ingestion in several studies. Indeed, water binding to muscle
and liver glycogen occurs after glucose loading. Green et al. (9) and
Robinson (10) observed that whole body- and muscle-Cr retention was
increased when large amounts of simple carbohydratcs were ingested in
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Table 1
Cr Supplements and BM Changes
Effect on
Dose Duration BM(%
Gender  Population (g/d) () change}  References
Short-term (<10 d)
M Active 24 od +1.5 140
M Trained 20 6d +1.2 141
M Active 20 5d +1 142
M Active 20 5d +1.3 143
M Active 20 6d +1.4 144
M Active 20 5d +1 145
M Sedentary 20 5d +1.1 g
M, F Swimmers 20 5d +1.1 146
EF Active 0.5/kg 6d Stable 147
body wt
M Weight 20 5d +2.3 148
lifters
M,F Cyclists 20 5d Stable 149
M,F Swimmers 21 9d Stable 150
F Active 25 7d Stable 1517
M, F Active 18.8 5d Stable 152
M Football 21 5d Stable 153
F Runners 20 5d Stable 154
F Active 20 4d Stable 51
M Runners 0.35/kg 3d +2 i4
body wt
M,F Active 20 5d Stable o0
M Active 11.4 5d +2.3 97
M Karatekas 20 5d +1.3 155
M Active 30 5d +1.3 156
M Active 20 5d +1.4 10
M Trained 25 7d +2.1 157
M Westlers 20 54d +1.3 158
M Active 20 54d +1 159
M Active 20 5d +1.8 58
M Active 5 5d +2.3 160
M Weight 20 5d +0.9 166}
lifters
M Active 20 5d +1.9 161

{Continued)
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Table 1 (Continued)
Effect on
Dose Duration BM(%

Gender  Population (g/d) {d) change) References
F - — - +0.6 —
M Soccer 20 6d +0.8 83
M Senior 20 5d +0.5 17
M Active 20 5d Stable 162
M Active 21 7d +1.4 163
M Rowers 20 6d +].9 164
M Football 20 5d +3.4 15
M Active 20 6d Stable 165
M Triathletes 20 5d +1.1 166
M Active 20 4d +1.5 87
M Active 20 5d +0.8 167
M Active 20 7d +0.2 168
M, F Runners 0.35/kg 3d +1.1 169

body wi
M Active 20 5d +1.4 170
M Weight 20 4d +2.2 81

lifters

M Handbali 20 5d +3.4 &2
M Active 20 5d +1.2 94
M Active 20 5d +1.8 171
M Active 0.25/kg 7d +2.7 16

body wt
M Swimmers 20 8d +2 172
M Active 20 5d +1.6 127
M, F Active 20 7d +2.4 173
M Active 21 5d Stable 174
M Swimmers 20 5d Stable 175
Medinm and long-term (>10 d)
M Weight lifters 20 14d +1.9 176
F Swimmers 2 42.d Stable 177
M Football 3 14 d +0.8 178
M, F Active 0.3/kg 42.d +2 179

body wt
F Active 10.5 5id Stable 153
F Active 5 60 d Stable 51
M Active 3 47d +1.8 180

(Continued)
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Table 1 (Continued)

Effect on
Dase Duration BM(%
Gender  Papulation {g/d) {d) change)  References
M, F Active 3 47d Stable 90
M Football 16 28 d +1 50
M Active 3 63 d +2.9 8
M, F Swimmers 10 14 d Stable 181
M Football 8 35d +1.4 182
M Active 7 77d +6.3 157
M Senior 20 30d +0.6 183
M Active 21 14 d Stable 184
M Active 0.1/kg 21d +2.4 185
body wt
M Active 0.03/kg 365d +10.6 64
body wt
M Active 0.1/kg 42 d +0.9 92
body wt
M Senior 0.3/kg 84 d +3.4 186
body wt
M Weight 10 56d +5.4 72
lifters
M Active 6 34 d +5.8 43
M, F Active 5 14d - 187
M Senior 5 180 d Stable 188
M Senior 3 93d +1.2 187
F — — - +1.7 -
M Active 5 30d +1.3 189 :
M Active 0.2/kg 42d +4 190 :
body wt
F - - - Stable -
M Active 0.3/kg 28d +2.9 191
body wt '

conjunction with Cr. However, the conclusions of the two studies are not
similar. Green reported that Cr loading (20 g daily during 5 d) increased
total BM by 0.6 kg but when 370 g of glucose was added over the course
of the day the subjects gained an additional 1.5 kg (9). On the contrary,
Robinson did not observe significant total BM change after 5 d of 277 g
glucose supplements but did report a 1.4% increase (1 kg) postsupple-
mentation with Cr + carbohydrate (70).
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Table 2
Cr Supplements and FFM in Humans
Effect on
Gender Daose  Duration FEM (%
(ND) Population  (g/d) (d) increase)  References
F (20) Active 5 70 +5.7 51
M (10) Active 5 5 +3.9 160
M (1) Active 20 5 +2.2 160
M (24) Active 0.1/kg 21 +2.8 185
body wt
M (7) Active 2 42 Stable 61
E(8) - 20 5 Stabie -
M (9) Active 20 5 +3.7 i5
M (16) Senior 0.3/kg 84 +06.1 186
body wi
M (6) Active 6 84 +4.4 43
MAD Active 10 56 +6.4 72
M0 Active 20 4 +3 81
M@23 Active 5 180 +1.5 188
5 365 +1.9
M (5) Active 5 98 +2.5 192
F(5) - - - +5.9 -
M (% Active 0.3/kg 28 +3.4 191
body wi

It has been demonstrated that supraphysiological circulating concen-
trations of insulin, as induced by glucose ingestion, are required to aug-
ment muscle-Cr accumulation in humans (7). Consistent with this
observation, Willott et al. (/2) reported that the highly insulin-sensitive
rat soleus muscle had higher rates of Cruptake than the relatively less
insulin-sensitive extensor digitorum longus muscle. However the same
authors pointed out that insulin had no direct effect on '“C-labeled Cr
Uptake rates at concentrations in which effects are seen on glucose
Uptake, glycogen synthesis, and glycolysis. Moreover, using a compet-
ttive inhibitor ([-guanidoproprionic acid) and low-extracellular Na*
Concentrations to study the rate of *C-labeled Cr uptake in isolated rat
Muscle, Willott et al. suggested that the rate of Cr uptake is strongly
dependent on the extracellular Na* concentration, insulin playing only
U minor role in the regulation in Cr transfer (12).
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2.3, Skeletal Muscle Mass

The increase in FEM could be attributed more specifically to muscle
mass volume changes. There are a few recent reports that investigate
muscle volume changes using either anthropometric dual energy X-ray
absorptiometer (DEXA), electrical bioimpedance, or magnetic reso-
nance imaging techniques after Cr supplementation (Table 3). Local
nmuscle groups were measured after resistance training under Cr load,
In most cases, the direct effect on muscle volume was observed with
a mean increase of 12% when supplementation and training were main-
tained for several weeks, Thus, one may conclude that oral Cr supple-
mentation has a direct effect on muscle mass volume. However, this
increase may be because of water retention in the muscle and/or to real
accretion of muscle protein.

2.3.1. WATER DISTRIBUTION IN MUscLE TiSSUE

The increase in muscle mass by Cr may be because of water retention
in the intracellular compartment or to an increase in dry mass. Huliman
et al. (13) suggested that the increase in BM during acute Cr feeding is
likely to be attributable to body water retention as they observed a 0.6-L
decline i vrinary volume after ingestion of 20 g of Cr for 6 d.

Multifrequency bioimpedance technique can distinguish between,
and assess changes in the body fluid compariments of human subjects
(Table 4). Ziegenfuss (74) reported 6.6% in tight skeletal muscle volume
and a 2-3% increase in total body and intracellular water volume in
aerobic and cross-trained men after 3 d oral Cr feeding. In 1999, the
incorporation of infra- and exiracellular water (by multifrequence
bioimpedance) in subjects under Cr supplementation over a period of
9 wk was measured {8). The observed increase in BM (2 kg) could be
attributed partially (55%) to an increase in the body water content and
more spectfically to an increase in the volume of the intracellular
compartment (+4.9%). A few more studies repeated these short-term
Cr loadings (75-18). All studies but one reported a stable proportion
of extracellular water and a 3-8.9% increase of intracellular water. The
mechanisms by which Cr supplementation increases intracellular
water remains unclear. It is known that Cr transfer into muscle sar-
coplasm is governed by a Na'-dependent, saturable transporter
included in the plasma membrane (/9). It remains also possible that an
osmotic draw of fluid into the intracellular compartment would
explain the increase in muscle mass volume. But it may also be sug-
gested that the gain in muscle BM should not be attributed only to
water retention, but probably to dry matter growth accompanied with
a normal water volume.
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Table 4
Cr Supplements and Body Water Distribution Medification

Toral body

Dose Duration water EC water 1C water

{g/d) () {% change) (% change) (% change) References

0.35/kg 3 Stable Stable +3 18
body wt

3 63 Stable Stable +4.9 8

20 5 Stable Stable Stable 17

0.3/kg 7 +0.8 - - 88
body wt

20 5 +5.3 Stable +8.9 i5

0.25/kg 7 +4.5 +4 +4.9 i6
body wt

EC, exiracellular; 1C, intracellular.

2.3.2. PROTEIN MUSCLE MASS

Most, if not all, commercial allegations argued on the basic conse-
quences of sustained creatine supplementation: the increase in skeletal
muscle protein mass. Several scientific publications also emphasize the
higher content of muscle proteins by indirect implications of the BM or
FFM increases. Do we have enough experimental arguments to support
this important allegation?

One has to avoid inaccurate mismatch of publications mixing animal
studies with human experiments, embryonic and growing models with sta-
ble adult situations. Thus, experimental information shall be separated and
conclusions refrained to specific models.

2.3.2.1. Animal Studies. The hypothesis of a dry mass increase
under Cr supplementation has been already introduced in 1972 by
Ingwall et al. {20) from in vitro experiments on mononucleated cells
and from breast muscle from 12-d chick embryos. Their experiment
demonstrated that skeletal muscle cells synthesize myosin heavy-chain
faster when supplied with Cr in vitro. The response was apparent within
4 h after addition of Cr to the culture medium and was concentration-
dependent over the range of 10-100 pmol (1.3-13 mg/L). Two years
later Ingwall et al. showed that Cr stimulated selectively in cultures of
differentiating skeletal muscle the rate of synthesis, and not the rate of
degradation, of the two contractile proteins, actin and myosin heavy
chain (21). The same group extended their previous research on isolated
hearts from 17 to 21-d fetal mice maintained in organ culture (22}.
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Using C2C12 cells, Louis et al. (23) were able to confirm that when 5
mmol Cr monohydrate were added to the differentiation medium this
supplementation promoted myotube growth whereas guanidopropionic
acid depressed it (Francaux, unpublished). This observation postulates
that myotube growth could be controlled by the energy status of the cell.
Ovine (24) and rat (25) myogenic satellite cells also appeared to have an
effect on growing myofibrils. Both papers suggested that Cr monohydrate
supplementation induces differentiation of myogenic satellite cells.

Flisinska-Bojanowska conducted an experiment on rats supple-
mented with Cr (10 mg/100 g body wit/d) (26). She electrostimulated
(50 Hz, 10 min daily for 14 d) the gastrocnemius muscle, and frag-
ments of the while and red portions of the muscle were analyzed for
soluble and myofibrillar proteins. The Cr supplemented rats had a 16%
increase in myofibrillar proteins, specifically in the white portion of the
gastrocnemius when compared with the control group (no Cr, no stimu-
lation). However, it appears that when rats were electrostimulated with-
out Cr supplementation the increase in myofibrillar proteins amounts
50% in the white portion and 37% in the red portion of the muscle. Cr
supplementation alone did not change the content of the white muscle
but increased the myofibrillar proteins by 18%. So far, these results do
not establish a clear-cut on the beneficial effect of a Cr supplements on
muscle proteins.

Two further studies do support the conclusion of Ingwall and
Flisinska-Bojanowska. Brannon et al. (27) investigated the combined
effects of Cr supplementation (3.3 mg Ci/g of chow dief) and high inten-
Sity run training on the performance capacity and biochemical proper-
ties of rodent skeletal muscle. There were no significant changes in
either phosphorylcreatine kinase (PCK) activity or myosin heavy-chain
isoform distribution following training or supplementation. However,
these authors did not give any data on the synthesis of myosin. Fry et al.
(28) re-examined the effects of Cr supplementation on muscle protein
synthesis in tissue culture. They could not support the observation of
Ingwall (20-22) and Flisinska-Bojanwoska (26). On the contrary, it
seems that when adult rats are depleted for Cr through administration
of the analog B-guanidopropionic acid, there was a reduction of muscle
myofibrillar proteins and atrophy of fiber I (29,30). Adam et al.
(31,32) investigated the running performance and myosin isomers
after 3-guanidopropionic acid treatment. This specific drug did not
mduce any change in running performance but the myosin isomers
appear to be reoriented toward the type I phenotype. The interpretation
of results obtained in rodents regarding Cr supplementation must be
taken with caution, Indeed, although it is generally well accepted that
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Cr supplementation increases total muscle-Cr content by about 20% 1
humans {/3), such changes are systematically observed in rodents
{33). Moreover, protocols of Cr depletion by B-guanidopropionic acid
treatiment may not be interpreted as inducing opposite cffects of Cr sup-
plementation. Indeed B-guanidopropionic acid can impair ATP level
whereas Cr supplementation did not modify muscle-ATP concentration.

Moreover, Murphy et al. (34) analyzed the effect of Cr on contractile
force and calcium sensitivity in mechanically skinned single fibers from
24- to 28-wk old rat skeletal muscles. They added Cr to the contracting
solution in combination with an appropriate volume of water to
maintain osmolarity constant and they observed that this solution had
beneficial effects on performance of contractile apparatus. This finding
suggests that the initial improvement in performance observed with Cr
supplementation could be because of a decrease in ionic strength induced
by water retention rather than to an energetic effect provoked by higher
muscle phophorylereatine content.

To conclude, there is indirect evidence that Cr supplementation
induces muscle protein in vitro and in growing cells and animals.

2.3.2.2. Human Experiments. Already in 1990, Bessman et al.
{35) suggested that Cr could induce muscle hypertrophy in adult
subjects. They founded their hypothesis on the increased uptake of
amino acids by the muscle and thereafter an enhanced biosynthesis of
myofibrillar proteins. However, they stated that the concentration of Cr
per se might not be responsible for the stimulation of protein synthesis
seen in physiological active muscle. It might well be the increased
transport of phosphorylcreatine in the intervening space during contrac-
tion that makes more energy available for the ribosomes. Along the
same line, it has been shown that cell swelling act as an anabolic signal
stimulating protein synthesis and net protein deposition (36,37).

The effect of acute Cr monohydrate supplementation on leucine
kinetics and mixed-muscle protein synthesis has been studied more
directly in adult human subjects by Parise et al. {35). Young healthy
men and women were allocated to Cr (20 g/d for 5 d followed by 5 g/d
for 4 d) and tested before and after the supplementation period under
rigorous dietary and exercise controls. Intravenous infusion of 1-[1-13C]-
leucine and mass spectrometry were used to measure mixed-muoscle
protein fractional synthetic rate and indexes of whole body leucine metab-
olism. These authors conclude that there was no increase of whole body
or mixed-muscle protein synthesis under Cr supplementation. Healthy
men were tested before and after oral Cr supplementation {21 g/d during
5 d), myofibrillar protein synthesis in the vastus lateralis and muscle pro-
tein breakdown using intravenous infusion of L-[1-13C]-leucine and
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L- [QHS]-phenylalam'ne, without and with maltodextrin and protein feed-
ing (39). Feeding led to a doubling of myofibrillar protein synthesis and
a 40% depression of muscle protein breakdown, but no effect of Cr
monchydrate was found on these parameters either in the fed or fast
states. Furthermore, the possible stimulatory effect of Cr loading (21
g/d for 5 d) was examined in conjunction with acute resistance exeicise
on an isokinetic dynamometer (20 x 10 repetitions of leg extension-
flexion at 75% of one repetition maximum one leg, betore and after Cr
intake) (40). Muscle biopsies and arterio-venous differences, under L-
[1-HC]-leucine and L-[*HJ-phenylalanine venous infusion, were
used to measure synthetic rates of myofibrillar and sarcoplasmic pro-
teins or muscle protein breakdewn. Exercise increased the synthetic
rates of myofibrillar and sarcoplasmic proteins by two- to threefold and
leg phenylalanine balance became more positive, but Cr loading was
without any anabolic effect. Clearly, both exercise in itself and food arc
much more stronger stimuli for protein synthesis than Cr intake in
healthy adult individuals (47,42).

However, a few studies have recently utilized different technical tool
of molecular biology to investigate the membrane Cr transporier, muscle-
specific gene expression, and some regulatory signals of protein synthe-
sis. Willoughby and Rosene investigated the effect of oral Cr on myosin
heavy chain expression in adult male subjects after resistance training
(43}. Their results on 12 wk Cr supplementation suggested that the
expression of myosin heavy chain mRNA are reflected in the observed
increase in myofibrillar protein content. Additionally, Deldicque et al.
(44) investigated the effect of Cr supplementation on insulin-like growth
factor (IGF-1 and -IT) mRNA expression, including the PI3K-Akt/PKB-
mTOR signaling pathway, in adult hwman skeletal muscle. IGF-T and -11
MRNA were slightly, but significantly, increased after Cr supplementa-
tion (5 d, 21 g/d). IGFs stimulate the PI3K-Akt/PKB-mTOR signaling
pathway, which is involved in the regulation of skeletal muscle fiber size
and in the stimulation of translation initiation by activating mTOR and
two of its downstream effectors, namely p705% and 4E-BP1 (eukaryotic
initiation factor-4E binding protein-1). The subjects were submitted to
i resistance exercise session consisting in a one-leg knee extension and
muscle biopsies were taken before and after the exercise test. Although
tesistance exercise was shown to increase both IGE-T and -TT mRNA, Cr
did not potentiate this effect. Three hours after stopping the exercise, Cr
supplementation did not induce any change in p70°% or 4E-BP1 expres-
sion, as compared with placebo experiment. However, the phosphory-
lation of the 4E-BPI factor displayed a slight increase at the 24 h
Postexercise under the Cr supplementation condition. These conclusions
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on Cr transporter mRNA in young and elderly healthy humans are also
reported by Tarnopolsky et al. {45). However, Willoughby and Rosene
reported a positive effect of oral Cr and resistance training on some
myogenic regulatory factor (MRE) expression (46). Their study suggested
that 12 wk of Cr supplementation, in conjunction with heavy resistance
training, increase the mRNA expression of muscle-Cr kinase by way of
pretranslational mechanism, likely owing to the concomitant increases in
the expression of myogenin and MRFA4,

A recent publication by Olsen investigated the inflaence of Cr mono-
hydrate (6-24 g/d) or protein (20 g/d) supplementation on satellite cell
frequency and myonuclei number in healthy adult men during 16 wk of
heavy resistance training (47). The results of this study showed that,
after 16-wk training, muscle mean fiber area increased by 17% or 8%
under Cr or protein supplementation respectively, as compared with 4%
in a placebo group. The author concluded that Cr supplementation in
combination with strength training amplifies training-induced increase
in satellite cell number and myonuclei concentration in adult human
skeletal fibers, thereby allowing an enhanced muscle fiber growth in
response to strength training.

Eventually, under induced immobilization in adults, Cr supplemen-
tation may lead to the expression of muscle myogenic factors as shown
by a few papers {48,49). Immabilization of the leg by cast during 2 wk
decreased the cross-sectional area by about 10% and maximal knee-
extension power by nearly 25%. Oral Cr supplementation stimulated
muscle hypertrophy during rehabilitation strength training. This effect
appears to be mediated by MRI'4 and myogenin expression.

2.4. Muscle Cramp Incidences

Anecdotal reports from athletes have claimed that Cr supplementation
may induce muscle cramps (see the FAO website). In a recent unpub-
lished study, 12 young healthy males were fed with Cr 3 g/d over a period
of 28 d. The subjects were physically active. Five subjects present at ieast
one cramp during sport activities over the supplementation period.
Nevertheless, there is no proof to certify that these cramps are directly
related to the Cr supplementation. The prevalent hypothesis to explain
this potential side was an imbalance in muscle electrolytes. However,
Kreider investigated athletes involved in heavy resistance training (5 H/d)
for 28 d (50). They were supplemented daily with 15.75 g of Cr mono-
hydrate. There was no evidence of muscular cramping during resistance
training sessions or during performance trials. Along the same line,
Vandenberghe et al. {57) pursued a study on sedentary female subjects
who were involved in a 10-wk resistance training with Cr supplementation
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(20 g/d for 4 d, then 5 g/d up to 10 wk). No spontaneous side effects were
reported during the entire duration of the study. Nevertheless, Juhn et al.
(52) reported muscle cramping in 25% of 52 baseball and football play-
ers who were supplemented with 6-8 g/d during 5 and 3 mo, respectively.
A few later stndies on 96 young healthy subjects trained during 3 yr (53)
or on 10 older men {54) involved in resistance training did not report
. cramping incidences owing to Cr supplementation.

The anecdotal reports of muscle cramping might be owing to the
intensity of exercise rather than Cr supplementation. Staying well-
hydrated could reduce this risk. Moreover, psychological stimulation
could foster an individual to exercise over his/her optimal intensity.
Meanwhile, further epidemiological studies should be performed to
evaluate this potential side effect.

2.5. Gastrointestinal Complaints

Even if rumors sometimes evoke gastrointestinal distress (stomach
upset, vomiting, and diarrhoea) among consumers of oral Cr, these
assertions are not supporied by real evidences. The scientific literature
lacks precise information on this matter. Nevertheless, one report from
Vandenberghe et al, {57) stated that one-third of their subjects (3/9) had
minor gastrointestinal distress during 3 d of Cr (40 g/d) and caffeine
(400 mg/d) supplementation. As well, Juhn et al. (52) reported diarrhoea
in 31% of their baseball and football players who were supplemented
with 6-8 g of Cr monohydrate during 5 (baseball) and 3 (football) mo,
respectively. They suggested that this side effect may be the result of the
unusually high osmotic load imposed on the digestive tract of some sub-
jects. On the contrary, Kreider et al. (50} did not observe any disturbances
among their subjects. Greenhaff supported this observation with his pop-
ulation ingesting 20 g Cr/d (55). However, he mentioned that some dis-
comfort can occur if Cr is incompletely dissolved before ingestion.

In conclusion, there is no reason to believe that oral Cr supplementa-
tion had any detrimental effect on the gastrointestinal tract.

3. EVALUATION OF POTENTIAL DETRIMENTAL
EFFECTS OF CR SUPPLEMENTATION

3.1, Liver Dysfunctions

Despite the allegations published in sports newspapers and periodi-
cals there are seldom information on liver metabolism changes induced
by oral Cr supplementation. Some publications have reported data on
liver function while consuming Cr supplements (50,56-64). These
results are summarized in Table 5.
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Table 5
Cr Supplements and Liver Enzymes in Human Plasma (Mean £ SD)
Enzymes Dose  Duration
(/L) Base line Cr (g/d) (wk) References
ASP 275+2.1 32+2.1 20 5 58
42.84+22.6 357 +10.7 3 4 62
213+14 22+12 10 12 56
196437 19.1+1.6 3 9 62
23.1+86 269+ 13 15.75 8 50
25+ 17 32+13 13.7 216 64
264 +129 209186 13.9 150 60
34+24 32122 5-10 76 S50
272+72 207102 5 300 193
ALT 122+1.2 127+£1.1 20 1 58
27+8 307 20 0 03
203+154 21+88 3 4 62
65.8+39 7W0.7+£37 10 12 50
21.6+27 18.7+£2.9 3 9 62
24.1 £47 28.1£6.8 1575 8 50
24 +13 20115 13.7 216 64
145+£52 14163 13.9 150 60
21+ 11 27+ 14 5-10 76 50
21.016.1 21+ 89 5 300 193
GGT 174+£24 164+24 20 5 38
2717 27+9 20 9 03 i
195+5 19.8 +7 3 4 62 )
247428 20,1+ 1.8 10 12 56 r
2474132 252+158 15.75 8 50 '
27+ 14 2119 139 150 60
31.4+89 284+ 6.7 5 14 192
165+62 15.3+53 5 300 193
ALP 72+9 72+0 20 G 63
81.3+18.3 79+ 16.7 3 4 62
74 £ 13 81119 13.7 216 64
6521153 65+ 17 13.9 150 60
91 £ 29 93 + 17 5-10 76 50
237 +£57 200 + 37 5 300 193
ASP, aspartate-oxaloacetate aminotransferase; ALT, alanine-pyruvate aminotransferase;
GQGT, -glutamyl aminotransferase; ALF, alkaline phosphatase.
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Indeed, the same group investigated serum enzymes levels, which
are of interest for liver origin (56). No changes in enzyme levels were
observed during the 8 wk supplementation. Additional information was
obtained after oral Cr supplementation in trained subjects (Table 5). No
statistical differences were observed throughout the study as far as
alkaline phosphatase, aspartate transaminase, alanine transaminase,
and y-glutamy! transpeptidase are concerned. Thus, there is no reason
to believe that oral Cr supplementation would induce changes in liver
function in human healthy subjects.

However, a report by Duarte et al. (65) reported that mice supple-
mented with oral Cr (0.3 g/body wt) for 6 d had a liver protein content
increased by 23%. Among the measured liver enzymes, the authors
mentioned that the aspartate transaminase decreased and that the ala-
nine transaminase tended to increase. Moreover, Keys et al. (66)
reported that mice assigned to 0L05 g Cr monohydrate/kg body wt sup-
plementation for 8 wk underwent chronic hepatitis. Thus, at least in
mice, there might be some concern regarding the potential for Cr toxi-
city. Therefore, Tarnopolsky et al. (67) initiated a study to characterize
pathological changes of intermediate- and long-term Cr monohydrate
supplementation in mice and in rats. They supplemented the animals
with 2% (wt/wt) Cr during 1 yr. Histological assessment (20 organs/tis-
sues) was performed on healthy and transgenic (SOD1) mice and in
normal rats before and after Cr supplementation. The administration of
Cr monohydrate to mice resulted in histological evidence of hepatitis
with no evidence of pathology in a variety of other tissues and organs
(67). Cr administration to rats did not result in any pathology of all
organs/tissues examined. These results clearly show a species- and
tissue-specific responses to Cr administration. The authors also insisted
that the Cr supplementation were made for one-third to one-half of the
life-span of the animals at doses that are those habitually consumed by
humans (67}.

In addition, several studies on humans (57,68-72) did not show any
significant increase in plasma urea throughout the duration of Cr supple-
mentation (20 g daily for 5 d or up to 10 g daily for 5 yr) (Table 6).
Meanwhile, Earnest pointed out that Cr supplementation did increase
by 17% serum urea in females (57). However, the urea levels remain
within the range of a normal population. Earnest et al. (57) suggested
that chronic high dose of Cr supplementation elicited minimal
changes in the markers of hepatic function that were evaluated,
Looking at their data and knowing that serum urea is not an accurate
representative of liver function the authors of this chapter do not share
their conclusion.
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Table 7
Effect of Oral Cr Supplementation on Plasma PCK Activity (Mean + SD)

Activity (TU/L)

Dosage (g/d) Duration (d) Baseline Cr References
10 84 823 +10.2 978178 56
10 56 118.8 + 18.6 181.3 +23.67 36
20 5 - No change 61
20 5 - No change 73
15.75 28 239+ 106 609 + 366¢ 50
20 5 - No change 74
5 98 5331236 107.4 +76.4¢ 187
20 5 48311273 322+ 164 75
5 300 398 + 253 405 £ 255 193

“p < 0.05 (Cr vs baseline).

3.2. Muscle Mariers

PCK is commonly used in clinical pathology as a marker of muscle
enzyme efflux and thus muscle dysfunction. Contradictory results were
recorded under Cr supplementation (Table 7). Five publications did not
report changes in total plasma PCK after 5-84 d of 5-20 g Cr/d supple-
lentation (56,67,73-75). Some studies even followed the incrcase of
plasma PCK under either maxilla isometric contractions or endurance
30-km race with control groups without Cr loading. Apparently, even
with exercise-induced muscle damage and muscle soreness, there was
no modification of indirect muscle markers under Cr supplementation.
Moreover, one study investigated also on two other plasma markers of
inflammatory muscle markers {prostaglandin B2 and twmnor necrosis
factor-o). The results indicated that Cr supplementation reduced cell
damage and inflammation after the exhaustive 30-km running.

On the confrary, Kreider et al. (50) reported a mild elevation in PCK
after 28 d of 15.75 g/d. Nevertheless, it is difficult 1o get a clear situation
about these mild changes in PCK levels because the athletes were prac-
ticing heavy training, which might induce muscle enzymes efflux per se.
Moreover, the plasma PCK exists in different isoforms, (M {or muscle,
B for brain) namely MM for skeletal muscle, MB for hearl, and BB for
brain, Today there is no specific report available on the enzyme isoforms
that are released from the tissues. Most probably, the slight increase
observed in a few reports could be attributed to the skeletal muscle
isoform but precise information is needed to confirm this hypothesis.
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3.3. Kidney Impairments

Already in 1926, Chanutin investigated the tate of Cr when adminis-
tered to lwo subjects during 29 and 44 d with a daily intake of 10-20 g
(76). The absorption of Cr appcared to be complete. He found an
increased creatinine (Crn) excretion as well as significant positive nitro-
gen balance. Unfortunately, the excretion was measured for only 1 or 2 d
after stopping the administration of Cr. Thus, the carry-over effects on
Crn excretion were not determined. Two years later, Rose et al. (77)
reported that after 49 d of feeding 1 g/d, one man and one woman had a
22-25% increase in the Crm excretion. Hyde (78) extended the study of
Rose et al. looking at 14 subjects of varying age who were fed 1 g Cr
daily for 4-10 wk. Eight of their subjects had increased Crn excretion
whereas six individuals did not increase Crn excretion when fed with Cr.
Subsequently, Crim et al. (79) fed healthy young men with Cr 0.23 g
daily for 9 d and 10 g daily for 10 d, consecutively. The subjects were
trained on a treadmill (5 d/wk) during the 9-d low-Cr feeding. Crn excre-
tion increased by 10-30% during Cr feeding. There was no significant
increase in fecal nitrogen during the Cr-feeding period. Moreover, using
oral [1"N] Cr feeding in humans, Hoberman et al. (80) observed that urine
1s the only major excretatory route of Cr and Crn. Additionally, sweat
loss of Cr collected after exercise was insignificant (79).

More recently, there has been several publications on plasma levels of
urea and Crn under Cr supplementation (Table 6). None of the seven
reports on plasma urea did observe any modification of urea handling by
the kidney. On the contrary, 44% of the publications on plasma Crn level
did show a mean 15% increase after Cr supplementation. However,
there does not seem to be any relaiionship between the daily load, the
duration of supplementation, and the observed slight plasma increase,
which mostly remains with the normal range of a healthy population.

Several publications investigated the modifications of the excretion of
urea and Crn after Cr supplementation. Some showed an increase in Crn
excretion when individuals were fed with Cr (73,57,81-85). However,
several authors did not observe any statistical changes in Cm excretion
after short-term (68,86-89), medium-term (77,72), or long-term (69,70)
oral Cr supplementation in trained individuals (Table 8). The urine output
was also measured after Cr supplements in some publications and the
results are contradictory, either an increase (90), a stable output {71,91),
or a decline in urinary volume (73). Hultinan et al. (13) suggested that the
increase in BM during acute Cr loading is likely to be attributable to body
water retention. This explanation does not follow from the other studies.

Urea output was also taken into consideration in a few studies. No
modification in 24 h urea was observed after 47 d (57,68,81,86),
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Table 9

Cr Supplement Excreted vs Oral Doses

Dose (g/d) Duration (d) Excreted (%) References
10 10 73 70
20 10 67 93
20 5 67 i3
0.25/kg body wt 5 57 85
21 5 60 86
10 5 44 91
9 5 33 84
25 5 72 98
20 1 67 97
0.1/kg 7 46 92
20 5 55 94
20 5 47 96
21 14 77 a5

9-10 wk (71,72), or 10 mo-5 yr (69,70) of oral Cr supplementation
(Table 8). Therefore, it seems reasonable to say that the liver does not
seem to be overproducing urea production when healthy subjects ingest
Cr in excess.

As mentioned earlier, Cr load (from 2 to 20 g/d) seems to be totally
absorbed by the intestinal tract. However, skeletal muscle cannot take up
all this excess Cr and Cr must be excreted in the urine
(13,71,76,84-86,91-98). The excreted Cr represents 40-72% of the
original load (Table 9).

An early report from Earnest et al. (57) stated that Cr supplementation
had minimal changes in the markers of renal function. Unfortunately, they
used plasma urea, which does not represent a valuable marker when taken
without any urine determination to assess renal function. More trouble-
some, their data did not show any differences in plasma urea for male
subjects and a modest increase (17%) for female consumers.

The first investigations on renal functions in healthy individuals who
consumed oral Cr sopplementation was published 7-9 yr ago
{70,71,86). Renal clearances of Crn, urea, and albumin were com-
pared in three different groups of active subjects who consumed Cr dur-
ing 5d, 9 wk, and up to 5 yr as compared with control groups.
Statistical differences were not observed between the control groups
and the Cr consumers (Table 10). Lately, several other investigations
supported the authors’ primary results on glomerular filtration rate
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(GFR). From these experimental protocols it can be stated that GFR
and the tubular reabsorption process were not affected by oral Cr supple-
mentation using the usual daily amount (20 g/d for 5 d, less than 10 g/d
thereafter). However, the use of Crn clearance to assess GFR in healthy
athletes who consume oral Cr monohydrate has been criticized by
Kuehl et al. (99). In a recent communication at the annual meeting
American College of Sports Medicine these authors investigated athletes
consuming oral Cr supplements (10 gfd during 56 d) looking at their
GFR using the Crn and the ichexol clearances (700). There was a 0.99
correlation between the two methods and all values tracked the same
pattern. The authors are thus confident to vse the Crn clearance,
which is less invasive and more practical to assess impairment of the
filtration process at the renal side. A large survey (100 subjects)
made by Richard B. Kreider on regular users of Cr who consumed
the supplement during 1 yr reached the same conclusion (707,702)
(and Kreider 2000, personal communication).

Furthermore, the specific immunochemical techniques did not
observe any medification induced by Cr loading on urine albumin
excretion rate, which remained within the physiological range for
healthy subjects (70,71,86,95).

Microalbuminuria is a well-known predictor of kidney impairment
(103). The excretion rate of plasma albumin in urine has been widely used
to assess increased glomerular membrane permeability in many patho-
logical conditions (/04—106). A subclinical increase in urinary albumin
excretion rate is a powerful predictor of the later development of persist-
ent proteinuria and renal failure. The upper level of albumin excretion in
a healthy population under resting condition is 20 pg/min. Figure 1
shows the values obtained under different conditions of oral Cr supple-
mentation in healthy subjects. None of the 352 subjects show any
increase of albumin excretion when compared with a placebo investiga-
tion or a control population (70,77,86,95). Thus, it may be stated that the
glomerular membrane permeability is not affected by these different
loads of Cr monohydrate supplementation in healthy subjects.

Anecdotally, a recent publication of Groeneveld et al. (/07) on the long-
term (310 d) Cr supplementation (10 g/d) in 57 patients with the neuro-
degenerative disease amyotrophic lateral sclerosis may also be reported.
Long-term Cr supplementation did not lead to an increase of plasma urea
levels or to a higher prevalence of microalbuminurea (<20 pig/min).

3.3.1. ANIMAL STUDIES

Because Cr supplementation raised concern regarding its effect on
the kidney, Edmunds et al. (/08) decided to use an animal model to
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Fig. 1. Urine atbumin excrelion rate, before and after Cr supplementation (70,77,
86,95,139).

investigate the renal disease progression in Han:SPRD-cy male and
female rats. The Han:Sprague-Dawley Renal Disease-cy rat is a well-
documented and accepted animal model of inherited renal cystic dis-
ease that resembles human autosomal dominant polycystic kidney
disease. The authors reasoned that if Cr supplementation alfects the
kidney in any way, these alterations would be more detected in an ani-
mal model that has shorter life-span than humans. Four-week old rats
were supplemented daily with 0.4 g Cr/kg bedy wt during 5 wk.
Edmunds et al. (/08) recorded that Cr supplementation resulted in
increased disease progression and worsened renal function in the animal
model of kidney disease. They concluded that Cr should be used with
particular caution in humans with or at risks for renal disease.

These results on inherited renal cystic disease in rats were not con-
firmed by another team of nephrologists who investigated normal adult
rats submitted to Cr monohydrate (2% wt/wt) during 4 wk (109}. Rats
were allocated to four experimental groups:

. Sham-operated, normal diet;

2. Sham-operated, Cr diet;

3. Renal failure (two-thirds nephrectomized), normal diet;
4. Renal failure (lwo-thirds nephrectomized), Cr diet.

The authors measured serum Crn and urea, 24-h urinary albumin
excretion, and GFR. Their study could not demonstrate any deleterious
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effect of Cr supplementation on kidney function in normal rats or in the
animal model with pre-existing moderate renal dysfunction.

Recently, Ferreira et al. (710) investigated the effect of Cr supplemen-
tation (2 g/d/kg body wt during 10 wk) on renal function in endurance
trained rats {treadmill at 12 m/min during 1 h/d). They observed a 40%
reduction in resting renal blood flow and GFR with Cr vs control and no
madification for the 24-h urinary protein excretion. The treadmill exercise
itself had no effect on these kidney parameters but the additional Cr load
enhanced them by 15%, without modification on protein excretion. The
authors concluded that Cr alone induced an important and significant
reduction of both renal plasma flow and GFR. Their results contrast with
those of Taes et al. (109) who used three different method of GEFR in addi-
tion to albumin excretion rate. More surprisingly, Ferreira et al. did not
find any modification of either renal blood flow or GFR induced by exer-
cise itself. Again, as said by Tarnopolsky (67) and Kreider (5%), because
healthy mice nor rats experienced renal or other tissue pathological
changes after long-term Cr supplementation, there is no specific reason to
believe that Cr adversely affect renal function or health outcomes.

3.3.2. HUMAN NEPHROPATHIES

In 1998, Pritchard and Kalra introduced the first case of kidney dam-
age induced after Cr supplementation (/). The 25-yr-old man mentioned
in this study presented a focal segmental glomerulosclerosis, 8 yr ago,
with frequently relapsing steroid-response nephrotic syndrome. He had
required treatment with cyclosporin, a certified nephrotoxic drug, for the
last 5 yr to minimize nephrotic relapses. As a soccer-trained individual
this man started loading himself in mid-August 1997 with 5 g Cr mono-
hydrate three times per day for 1 wk and then a maintenance dose of
2 g/d that he had been taking for 7 wk. His GFR dropped by 50%. The
GFR evidenced a kidney impairment, which was gradually restored to
normal value 1 mo after stopping the Cr supplements.

Another case report of interstitial nephritis was published by Koshy
etal. ({11)in a patient having absorbed 20 g of Cr/d for 4 wk. This pre-
viously healthy man presented a 4-d history of nausea, vomiting, and
bilateral flank pain. The patient was hospitalized with a serum Crn con-
centration of 2.3 mg/100 ml. (normal upper range limit: 1.5 mg) and a
arine protein excretion of 472 mg/d (normal upper range limit: 150 mg).
A renal biopsy revealed acute focal interstitial nephritis and acute tubu-
lar injury. After stopping the Cr supplements his renal function subse-
quently became normal. This is an anecdotal case out of thousands of
regular Cr consumers. Nevertheless, it emphasizes the recommendation
to be tested regularly for urinalysis (see Heading 4).
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Table 11
Renal Dysfunction and Cr Supplements in Humans
Dose,
Hime
Age (&/d,
Gender (yr) Sport  Original wk, mo) Consequences References
Man 25 Soccer Nephritic 15, Focal i
syndrome 1 wk segmental
glomerulo-
sclerosis
Man 20  Active  Healthy 20, Interstitial 111

) 4 wk nephritis
Man 27  Active  Healthy 7,7 Acute renal 194
faflure
Man 27 Active  Healthy 7,7 Acute renal -
failure
Man 28 Active  Healthy 7,7 Acute renal -
failure
Man 20 Weight Healthy 2, Focal 195
lifting 7 mo segmental
glomerulo-
sclerosis
Man 28 Baseball Healthy 7,30d Medullary 196
sponge
kidney

d, day; wk, week; mo, month.

Five more anecdotal cases (abstract reports) were introduced in the
recent literature (Table 11). However, being modestly critical, these
teports are dubious despite the diagnosis of acute renal failure. Either,
the individual doses and duration are not reported for three individuals
or the remaining two individuals might have consumed additional other
unknown substances (steroids?).

Thus, the absence of controlled values does not allow o sel‘iqUSIY con-
clude that Cr supplementation is an inducer of kidney impairment in
healthy subjects. o

Eventually, Cr supplementation has been administered in dialyzed
patients by Kirschbaum (2000, personal communication) without any side
effects on blood chemistry.
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3.4. Mutagenicity and Carcinogenicity Risks
of Excess Cr Supplementation

3.4.1. METHYLAMINE AND FORMALDEHYDE PRODUCTION

Based on the excellent and extended review by Wyss and Kaddurah-
Daouk on Cr and Crn metabolism (//2), the French Food Agency
(AFSSA) claimed unequivocally that excess consumption of Cr and Crn
might induce derived carcinogenic and mutagenic compounds, which
could put athletes and consumers of exogenous Cr at risk (evaluation of
risks induced by Cr consumer and truth on allegations related to sport
performance or increase in muscle mass. http://www.afssa.fr).

Indeed, the excess conversion of Cr to sarcosine may result in cytotoxic
agents such as methylamine {7/2). The latter has been found to be deam-
inated by semicarbazide-sensitive amine oxidase (SSAQO, EC 1.4.3.6) to
produce formaldehyde and hydrogen peroxide (773} (Fig. 2). Under
special conditions, methylamine and formaldehyde are two well-known
cytotoxic agents, the presence of which can be revealed by urine analyses
{113-116). Formaldehyde has the potential to cross-link proteins and
IDNA, leading to cytotoxicity and carcinogenic effects in cells (177, 718).
The toxic aldehyde is related to different pathological conditions such as
vascular damage, diabetic complications, and nephropathies.

In 2000, Yu and Deng (779) administrated a single dose of Cr
(50 mg/kg) to mice, which did not seem to alter the urinary methy-
lamine excretion. However, indirect selective inhibition of SSAO activity
dramatically induced a fivefold increase in methylamine excretion. The
authors concluded that chronic administration of a large quantity of Cr
can increase the production of formaldehyde, which might potentially
cause serious unwanted side effects on healthy athletes. This conclu-
sion was amplified by the AFSS A, which led the French government to
ban any official buying of Cr.

An old German publication showed that exercise practice (one man
after a strenuous ski racing) induced a 2.5-fold increase in the urinary
excretion of methylamine (/20). The authors argued that all conditions
associated with creatinuria (such under supplementation during muscular
exertion) implicate an increased excretion of methylamine. Of course, in
these old days, scientists were not aware of the eventual potential risks of
aldehyde formation in human tissues. However, looking at the original
publication it was pointed out that the anthors used an aliquot of urine
obtained after exertion, without any information on the urine output.

Thus, recently 20 male young healthy subjects who were daily sup-
plemented with 21 g Cr monohydrate during 14 d were investigated.
Before and after Cr supplementation 24-h urine was collected and Cr,
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i Cr > crn
| Spontaneous
Crealinase
M Sarcosine reductase
Sarcosine > Methylamine
Sarcosine oxidase
02 +H 20
SSAQ
+ H202
Formaldehyde
¥ 4
Glycing NHgy
Formate

Fig, 2. Schematic pathways of Cr and Crn degradation in the human body. All
products and metabolic steps are not shown, Compounds that are framed have
been assayed in urine before and after Cr supplementation. SSAQ, semicar-
bazide amine oxidase (95).

_Cm, methylamine, formate, and formaldehyde was determined. Table 12
Includes the modifications of urine excretion of formaldehyde, formate,
and methylamine before and after Cr supplementation. Twenty-four
hour urine output of methylamine and formaldehyde increased 9.2- and
4.5-fold, respectively (p < 0.001), after Cr feeding with no increase in
formate excretion. After Cr feeding, there was no corretation between
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Table 12
Mean Values (+ SEM) of Urine Contents Before and After Cr
Supplementation, 21 g/d During 14 d*

Before Cr After Cr
Methylamine (mg/24 h) 0.69 £ 0.06 6.41 £ 1.45b
Formaldehyde (ug/24 h) 64.78 £ 16.28 290.4 -+ 66.3¢
Formate (mg/24 h) 1246 + 1.04 1416 £ 1.84
Albumin (mg/24 h) 978 £1.93 697 1.15

4 From ref. 95.
bp < 0.001 between values before and after Cr supplementation.

plasma Cr and urine methylamine (v = 0.025, P = NS) or formalde-
hyde (2 = 0.017, £ = NS).

The results from the investigation indicate that short-term oral Cr
feeding in healthy subjects enhances the mechanisms leading to the con-
version of Cr to sarcosine and then to methylamine, the latter one giving
rise to formaldehyde. The conversion of formaldehyde to formate should
be rather rapid in celils, the latter one representing indirectly the produc-
tion of the former substrate (121). Using rat and mice models, Yu and
Deng (114,119) demonstrated that in vivo deamination of methylamine
produces formaldehyde and hydrogen peroxide, which are both recog-
nized as cytotoxic substances. Consequently, these authors hypothesized
that chronic administration of large quantities of Cr as an ergogenic sup-
plement would increase the production of methylamine and subsequently
formaldehyde, both being potentially cytotoxic in renal glomerula
(114,119). The results support this hypothesis in humans.

Despite the 9.2-fold increase in methylamine urine excretion
induced by Cr ingestion, this level did not reach the normal upper limit
values from healthy humans, up to 35 mg/d (mean + 3 SD) (775). After
Cr supplementation, urine formate excretion remains below the upper
range (14-20 mg/d) reported in healthy subjects (722—124). However,
under Cr supplementation, the urine excretion of formaldehyde has
been increased 4.5-fold of the basal rate.

Because Cr is transformed to sarcosine by microbial enzymatic reac-
tions (712), it is likely that methylamine is formed in the intestine and is
therefore potentially damageable for the integrity of the intestinal epithe-
lium. Methylamine is toxic to human endothelial cells and forms patch-
like lesions ({25) and even kidney damage (/13). In mammals, SSAO
activity has been found in various tissues associated to vascular system
(126,127). Therefore, it is likely that the deamination of methylamine
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occurs in circulation. It could also be speculated that this flooding of
methylamine in blood, together with SSAQO, might produce formalde-
hyde, which favors microangiopathy in the renal glomeruli (7/6,7127).

The subjects consumed a total amount of 280 g of Cr menohydrate
over 14 d without any modification of glomerular membrane perme-
ability as assessed by their albumin urine excretion rate (9.78 + 1.93
mg/24 h before Cr; 0.97 £ 1.15 mg/24 h after Cr). The upper limit of
healthy humans is 25 mg/24 h. Albuminuria has long been known to be
associated with specific renal abnormality, and is now recognized as an
early test for vascular endothelial damage (/28). Despite the fact that
formaldehyde and methylamine excretion rates were increased respec-
tively to 4.5- and 9.2-fold after Cr supplementation in the subjects,
there was no deteciible consequence of glomerulonephropathy (Table
I1). In this context, it has been shown, at least in rats, that formaide-
hyde administration in drinking water supplied ad libitum during 2 yr
can produce specific carcinogenic effects on various organs and Lissues
(7129). This raises the question of the duration of the supplementation.
In a previous study, no adverse effect was observed of a long-term (up
to 5 yr) Cr supplementation in humans (70) (Fig. 1).

Even if systematic deleterious effect could not be observed, 1t can-
not not exclude that a systematic preduction of low extra doses of cyto-
toxic agents never induce any nephropathy incidences. Clearly,
epidemiological data are required to evaluate potential risks over a
larger cohort of individuals. But in terms of results of the present inves-
tigation, caution should be applied. Kidney function of the patients and
healthy subjects supplemented with Cr on a regular basis should be sys-
tematically monitored throughout the ingestion period.

To conclude, the investigation shows that short-term, heavy load oral
Cr supplementation stimulates the production of an excess of methy-
lamine and formaldehyde in urine of healthy humans. Even though the
production of cytotoxic agents has no apparent effect on the kidney
function of volunteers in this study, long-term and epidemiological data
are essential to assess whether Cr supplementation is harmless in all
healthy individuals under all conditions.

3.4.2. INDUCTION OF CARCINOGENIC AND MUTAGENIC
AMINO-IMIDAZO-AZAARENE FORMATION

The review of Wyss and Kaddurah-Daouk (/12) reported that the pro-
cessing of [oods, in particular frying and broiling of meat, is associated
with the generation of mutagenic and carcinogenic subsiances, namely
the amino-imidazo-azaarenes products that shall be named the “hetero-
cyclic amines (HCA)” for simplicity. These substances, which arc
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Fig. 3. Urinary excretion of Cr and Crn, expressed as the ration of Cr (mg) to
Cm (g) in a urine sample by control individuais and study participants who
ingested 3 or 21 g Cr monohydrate per day. The horitontal bars represent the
geometric means of each population. A clear separation is observed between
nonconsumers and consumers (62).

numerous and classified into five groups (see ref. 112 for details), are
formed during cooking in the presence of sugar and amino acid, depend-
ing on the cooking time and temperature (>250°C) (130,131). Maximal
mutagen yield is achieved by mixing Cr or Cmn with amino acid and
sugar with a molar ratio of 1:1:0.5 (172,132). Crn rather than Cr is likely
to be the actual precursor of the HCA mutagens (172). Among the HCA
compounds, imidazo-quinoxaline, 8-methyl-imidazo-quinoxaline, 4,8-
dimethyl-imidazo-quinoxaline, and imidazo-pyridine are the most impor-
tant mutagens and together contribute to about 80% of the mutagenicity.
HCA are formed at high temperature, during frying or broiling of meat
{(barbecue effect!) and then at low concentration, so low that it is ques-
tionable whether they represent any significant cancer risk. Moreover,
at 37°C, HCA formation from Cr or Crn most likely does not occur.
Therefore, it would seem very unlikely at present to attribute any can-
cer risk to oral Cr supplementation (1/2).

The negative opinion on eral Cr supplementation scem to be pur-
ported carcinogenic effect of Cr. Based on current knowledge, the prob-
ability that nitrosation products of Cr are formed in the stomach to any
significant extent is close to zero (733). A very recent short publication
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by Derave et al. (/34) supports this conclusion. These authors investi-
gated in a double-blind, placebo-controlled study the urinary excretion
of N-nitrososarcosine after 1-wk high dose (20 g/d) and 20-wk low-
dose (5 g/d) Cr supplementation in healthy humans. They concluded
that Cr ingestion does not increase the urinary excretion of the carcino-
gen N-nitrososarcosine.

The identification of HCA in human urine is not an easy procedure,
The analytical methoeds involved solid-phase extraction and quantifi-
cation by combined liquid chromatography-tandem mass spectrome-
iry to identify the major HCA in urine (135-738). Nevertheless, one
will have to quantify this potential hypothetic risk to definitively
exclude unproved allegation still present in nonscientific publications
or media.

4, PRACTICAL CONCLUSIONS

The purpose of the present review was to present data and conclusions
on the potential side effects of oral Cr supplementation in healthy indi-
viduals. Despite papers and editorials published in sports media, there are
no real incidents of muscle cramps, gastrointestinal discomfort, or liver
impairment after regular load of oral Cr.

There is neither apparent kidney dysfunction when healthy individu-
als consume oral Cr monohydrate with the usual daily amounts (20 g for
3 d, <10 g afterwards). The few renal incident remain anecdotal. Even if
there are no health risks induced by oral Cr supplementation it sounds
safe to remain cautious when this substance is administrated on a
chronic basis. The excess Cr ingestion is still a burden to be elimninated
mostly by the-kidney. Regular checkups should be the elementary tactic
to follow the potential dysfunction, which could appear with some indi-
viduals less prone to compensate any homeostasis imbalance. Blood
chemistry for liver enzymes, urea, Crn should be investigated regularly
{once a year). The analysis of urinary albumin excretion rate (<20 ug/min})
appears to be the most simple, inexpensive, accurate test to assess any
carly incident of kidney impairment. Should this happen under resting
condition, i.e., after 20 h of physical activity, further investigations need to
be done by & nephrologist (/39).

It is quite easy to determine the Cr consumers when locking at the
Cr/Crn ratio from a sample of urine (Fig. 3). This ratio is always less
than 40 (mg Cr/g Crn) in nonconsumers and higher than 150 for indi-
viduals consuming at least 2 g of Cr/d. Thus, it is believed that healthy
subjects are not confronted with health risks when consuming reason-
able amounts of oral Cr monohydrate.
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Nevertheless, it is advised that Cr supplementation should not be used
by a person with pre-existing renal disease or those with a potential risk
for renal dysfunction (diabetes, hypertension, and reduced GFR).

Great care should also be taken as far as the purity of exogenous Cr
supplements is concerned. Analytical tests must prove their unique
nutraceutical composition as safety is not assured in most preparations.

5. CONCLUSION

Doubtful allegations and adverse effects of Cr supplementation have
been released from either press media or scientific publications. The
present chapter has tried to separate the wheat from the chaff by look-
ing for experimental evidences, One of the purported effects of oral Cr
supplementation is to increase muscle mass to improve performance.,
A review of literature reveals a 1-2.3% increase in total BM after short-
term (<10 d) or medium-term (>10 d), respectively. This increase is
more focussed to FFM, which might gain a mean 3.3% after several
weeks of exogenous Cr load. This increase in FFM is more specifically
attributed to skeletal muscle mass changes with a mean 6.2% increase
after Cr supplementation. Bioimpedance techniques showed that this
increase in muscle mass by Cr is partially because of some water reten-
tion in the intracellular compartment (mean + 4.3%) whereas the remain-
ing increase was supposed to be dry mass, such as protein. There is
indirect evidence that Cr supplementation induces skeletal muscle pro-
tein increase in vitro and in growing cells and animal models. However,
experimental investigation in healthy subjects failed to demonstrate any
modification of muscle protein synthesis and breakdown under Cr sup-
plementation. Clearly, exercise and amino acid intake are much stronger
stimuli for protein synthesis measured over a period of a few hours,

Anecdotal reports from athletes have been released on muscle cramp
incidences and gastrointestinal complaints during Cr supplementation,
but these few incidences remain rare and not necessarily linked to Cr
itself. Despite several allegations from scientific and press media, liver
(enzymes, urea) and kidneys (glomerular filtration and albumin excre-
tion rates) are keeping their functionality in healthy subjects supple-
mented with Cr, even during several months, However, it is advised that
Cr supplementation should not be used by a person with pre-existing
renal disease or those with a potential risk for renal dysfunction (dia-
betes, hypertension, and reduced GFR).

Mutagenicity and carcinogenicity potential effects (production of
HCA) induced by Cr supplementation have been claimed by a French
sanitary agency (AFSSA), which might put consumers at risk. Even if
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there is a slight increase (within the normal range) of urinary methylamine
and formaldehyde excretion after a heavy load of Cr (20 g/d), without any
incidence on kidney function, the search for the HCA excretion remains a
future task to definitively exclude the unproved AFSSA allegation.
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| 6 Clinical Applications

Joseph P Weir, PhD

L. INTRODUCTION

i Although creatine supplementation (CS) is typically considered in
the context of sports supplementation, a continually expanding body of
research literature is examining the potential clinical and therapeutic
potential of CS. Aspects of clinical use seem obvious, to enhance muscle
performance in conditions of sarcopenia, for muscular rehabilitation
following injury, and for inborn errors of metabolism. In addition, the
effects of CS have been examined in a variety of neurological and muscu-
far disorders. Although most of the creatine (Cr) stored in the body is
found in skeletal muscle, Cr is also found in tissues such as the brain,
myocardial tissue, retina, and testes. Clinical application of CS targets
these tissues as well as skeletal muscle.

2. GENERAL EFFECTS OF THE CR/CR PHOSPHATE/CR
KINASE SYSTEM

2.1. Temporal Energy Buffer

The most straightforward clinical effect of CS would be its ability to
enhance intracetlular Cr and Cr phosphate (CrP) stores. The elevated
CiP can then provide more substrate for the Cr kinase (CK) reaction,
which would serve to help maintain ATP levels during periods of ener-
gefic siress, such as in ischemia or hypoxia. For example, Wilken et al.
{{) have shown that Cr treatment attenuates the decline of ATP in
mouse-brainstem slices exposed to hypoxia. The Cr/CrP/CK system
serves to rapidly rephosphorylate ADP to ATP by donating a phosphate
group to ADP. This is sometimes referred to as a temporal energy buffer
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in the cell because over periods of several seconds of high level of
energy consumption, the ADP and ATP concentrations remain fairly
constant (2,3). It is this temporal energy buffer function that is typically
targeted in the use of CS as a sport supplement. The use of CS can
increase intramnscular Cr and CrP, thus increasing the energy buffer
capacity of the cell in a manner somewhat like charging a battery. The
battery analogy may have clinical implications, especially with respect
to the amelioration of ischemic damage.

However, the simple temporal energy buffer does not appear to
explain the beneficial effects of Cr under all conditions. For example,
Berger et al. (4} found the Cr treatment protected brain tissue in animal
models of hypoxic injury, but the effects were independent of preserva-
tion of ATP levels. Further, CS has been shown to affect the levels of
transcription factors that atfect muscle growth (5), suggesting that Cr
may facilitate muscle growth throngh mechanisms beyond enhanced
* work capacity owing to augmented energy charge.

A variety of other effects of the Cr/CrP/CK system have clinical
implications in this regard. Perhaps most importantly, Cr and CrP are
intimately involved in the function of the mitochondria. Neurological
diseases such as amyotrophic lateral sclerosis (ALS, Lou Gehrig’s
disease) and Huntington’s discase, in which neuronal cell death occurs,
appear to be influenced by mitochondrial dysfunction (6). In addition,
the pathophysiology of acute brain insults such as stroke and traumatic
brain injury (TBT) are tied to mitochondrial dysfunction (7).

2.2. Antioxidant

The mitochondria are the source of oxidative ATP production. The
mitochondria are also a major source of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) (8,9) and are involved in Ca?*
homeostasis (10). Tn addition, they play a central role in pathways of
cell death. The relationships between mitochondria, the Cr/CrP/CK
system, and cell death through apoptosis and necrosis will be examined
in more detail in Section 3.

With respect to ROS and RNS, Lawler et al. (17} were the first to
show that Cr has direct antioxidant properties. Their cell-free in vitro
analysis showed that Cr acted as an “antioxidant scavenger” against
radical ions such as peroxynitrite and superoxide anions. In contrast, Cr
had no effect on hydrogen peroxide and lipid peroxidation. It was spec-
ulated that Cr may have other more indirect antioxidant effects such as
increasing intracellular levels of arginine, also an antioxidant (/7).
Because neuromuscular diseases such as ALS and Huntington’s disease
have been associated with oxidative stress, a potential neuroprotective
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benefit of CS might be its antioxidant properties. More recently, Sestili
et al. ({2} have shown that Cr has direct cellular antioxidant properties.
Three different cell lines were challenged with three oxidants, including
hydrogen peroxide. Cr treatment increased cell survival, in a dose-
dependent manner, in all cell lines with all three oxidants. The anti-
oxidant effects were likely independent of the effect of CS on cellular
energy charge because one cell line contained virtually no CK, so that
CS bad virtually no effect on CrP, yet antioxidant activity and cell
survival were still enhanced with Cr.

2.3. Spatial Energy Buffer

The C#/CrP/CK system appears to serve as an energy shuttle
between the mitochondria and the sites of energy (ATP) consumption
(2,3.9). Different isoforms of the CK enzyme are present in different
tissues (e.g., brain vs muscle) and in different compartments (e.g.,
mitochondria vs cytosol). In addition, the organization of CK mole-
cules differs belween compartmenis: cytoselic CK exists as a dimer,
whereas mitochondrial CK (mtCK) functions as an octomer (9). Recall
that mitochondria have an inner and outer membrane, and that the
process of oxidative phosphorylation occurs across the inner mitochon-
drial membrane. The sites of ATP consumption, for example, myosin
ATPase for muscle contraction, occur outside the mitochondria. In the
CrP-shuttle hypothesis, the transport of ATP from the mitochondria to
the ATPase enzymes does not exclusively occur by simple diffusion of
ATP. Rather, the miCK isoform, located in the space between the inner
and outer mitochondrial membranes, catalyzes the reaction whereby
ATP donates the terminal phosphate group to Cr; the resulting CrP can
then diffuse to the sites of energy consumption (CrP diffuses somewhat
more easily across the outer mitochondrial membrane than ATF [9])
where the cytosolic CK isoform catalyzes the transfer of phosphate to
ADP, thus generating ATP at the site of consumption (13). Free-Cr can
then diffuse bhack to the mitochondria 1o repeat the process.

The mtCK isoform favors the reaction whereby ATP and Cr react to
form CrP and ADP. As noted in the previous paragraph CrP can then
diffuse to the sites of extramitochondrial ATP consumption (e.g.,
myosin ATPase). In addition, production of ADP through this reaction
in the mitochondria serves as a stimulator of mitochondrial respiration
(14). Smith et al. ({5) have shown in humans that indices of mitochondrial
respiration following exercise are correlated with the concentrations of
CrP and Cr at the end of the exercise bout, providing in vivo evidence,
albeit correlational, that mitochondrial respiratory rates are influenced
by CrP and Cr.
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Table 1
Cellular Effects of Cr

Temporal cnergy buffer (CK reaction)

Antioxidant

Spatial cnergy buffer (cnergy shuttle from mitochondria to cytosol)
Stimulation of mitochondrial respiration

pH buffer

Membrane stabilization

2.4. pH Buffer

The Cr/CrP/CK system serves as a pH buifer. Under conditions of
high ATP demand, as in high-intensity exercise, the CK reaction favors
ATP production. This reaction consumes a proton, thus decreasing
acidity. During recovery, the reaction favors rephosphorylation of Cr to
CrP, releasing a proton and decreasing pH (76).

2.5, Membrane Stabilization

CrP has areas of both positive (phosphate group) and negative charge;
i.e., it is a zwitterion. CrP can then bind to the heads of phospholipids in
biological membranes. This acts to stabilize these membranes by
decreasing membrane fluidity, which increases membrane integrity and
decreases leaking of intramembranous contents to the outside of the
membrane (76) (Table 1).

3. CELL DEATH

There are two general processes of cell death, necrosis and apoptosis.
Necrosis occurs directly as a result of cell injury such as severe ischemia
(e-g., as in a stroke). In necrosis, the “abrupt biochemical collapse. ..
[eads to the generation of free-radicals and excitotoxins (e.g., glutamate,
cytotoxic cylokines, and caleium)” (/7). Ultimately, nuclear and cyto-
plasmic membranes rupture, and enzymatic degradation of DNA occurs
{17). Apoptosis, or programmed cell death (sometimes referred to as cell
suicide), is a process of cell death in which a trigger(s) initiates a cascade
of biochemical events, centered around activation of a family of proteins
referred to as the caspases. So called “upstream” caspases respond to
triggers and ultimately activate “downsteam” caspases that finally kill the
cell by degrading DNA (/7).
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“Necrosis is a passive process, characterized by cell and organelle
swelling with release of the intracellular contents into the extracellu-
lar space. This usually results in inflammatory reactions, vascular
dameage, edema, and injury to the surrounding tissue. Apoptosis is con-
nected with cell shrinkage, organelie relocation and compacrion, chro-
matin condensation, and DNA cleavage into large fragments” (18).

3.1. Mitochondrial Permeability Transition Pore

Mitochondria are a key feature in processes of cell death. Both apop-
tosis and necrosis can be mediated by loss of mitochondrial integrity.
Mitochondrial integrily is facilitated by “contact sites” between the
inner and outer mitochondrial membranes {9). These contact sites consist
of complexes of various individual structures that span either the inner or
outer mitochondrial membranes. For example, the adenine translocator
structure, which crosscs the inner mitochondrial membrane, and volt-
age-dependent anion channels, which cross the ouler mitochondrial
membrane, can interact with other structures, like mtCK, to form a con-
tact site. Collectively, this system is referred to as the mitochondrial
permeability transition (MPT) pore (see Fig. 1).

Apoptosis can be initiated by the permeabilization of the outer mito-
chondrial membrane, which causes the release of proteins that are nor-
mally sequestered in the space between the inner and outer
mitochondrial membranes {/9}. These proteins, such as cytochrome-c¢
(a component of the electron transport chain which generates ATP
through oxidative phosphorylation), then trigger the apoptotic cascade
when released into the cytosol {e.g., activation of caspase 3). The inner
mitochondrial membrane can be permeabilized by activation of the
MPT, which is inlluenced by Ca** and ROS (9). Activation of the MPT
then interferes with oxidative ATP production, among other effects,
which contributes to cell death by necrosis {79). Tn addition, MPT acti-
vation can lead to apoptosis (9) (see Fig. 2). With respect to Ca®*, the
mitochondria play an important role in intracellular Ca%* regulation and
can store large quantities of Ca®* in the mitochondrial matrix (20,21).
During periods of ischemia and oxidative stress, Ca*" accumulates in
the cytosol and ultimately in the mitochondrial matrix. The Ca®t over-
load under these conditions can trigger the MPT opening (22).

The activity of mtCK has been shown to inhibit activation of the MPT,
thus inhibiting cell death (9). This appears to be due to the action of mtCK
in maintaining elevated levels of ADP in the mitochondrial matrix, as
matrix ADP inhibits the MPT (9). Furthermore, O’ Gorman et al. (23) have
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Fig. 1. Schematic representation of some components of the MPT pore. Under
conditions ol mitochondrial dysfunction, the interactions between the adenine
translocator structure (ANT), mtCK, and voltage-dependent anion channels
(VDAC) can be altered such that the MPT is opened, causing protein leak, dimin-
ished oxidative ATP production, and production of ROS. These effects can contribute
1o cell death by necrosis and apoptosis,

indicated that Cr helps stabilize mtCK in the octomeric form, which helps
prevent activation of the MPT.

However, some recent studies have indicated that CS provides neuro-
protection without evidence of effects on the MPT. Klivenyi el al. (24)
showed that CS provided comparable nenroprotection against 1-methyl-4-
phenyl-1-2-3-6-tetrahydropyridine (MPTP, a neurotoxin) administration in
wild-type mice vs a transgenic mouse model that fails to express mtCK.
Klivenyi et al. (24) argued that if the nearoprotection of CS is because of
Cr interaction with the mtCK to inhibit opening of the MPT, then CS should
not be neuroprotective in these transgenic mice. As CS did provide neuro-
protection in both types of mice, their results suggest that the neuroprotec-
tive effects of CS are not because of effects on the MPT. Similarly,
Brustovetsky et al. (25) reported that isolated mitochondria from Cr-fed rats
(2% diet) did not exhibit a reduction in mitochondrial swelling in response
to a Ca?* challenge (a marker of MPT opening) relative to controls, suggest-
ing that CS did not prevent Ca®*-induced opening of the MPT.
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Fig. 2. Schematic representation of the role of milochondria in ccll death by necrosis
and apoptosis emphasizing the role of the MPT pore.

As noted previously, the mitochondria produce ROS. CK is “extremely
susceptible” to damage from ROS (9). ROS and RNS can directly inhibit
the enzymatic activity of CK. In addition, ROS stimulates the MPT and
MPT in turn stimalates ROS formation. During conditions of ischemia-
repurfusion injury (e.g., stroke), oxidative stress and Ca?* contribute to the
cellular damage. Interestingly, the damage primarily occurs during reper-
fusion when oxygen supply is resumed (27}.

3.2. Anoxic Depolarization

Balestrino et al. (26) suggest that neuronal cell death is tied to ATP, and
therefore Cr, through the process of anoxic depolarization. In this madel,
when neurons experience anoxia, the membrane potential of the cell is
matntained for a short period of time, during which ATP becomes depleted.
As ATP levels fall, the Na*/K'-ATPase pumps fail, and loss of ionic gradi-
ents occurs. Specifically, Na*, CI7, and probably most importantly Ca2*
enter the cell from the extracellular fluid, and K* is lost to the extracellular
environment, The net change in ion concentrations resulls in cell mem-
brane depolarization. Although short duration anoxic depolarization is
reversible with reoxygenation, their work suggests that long-term anoxic
depolarization is irreversible. However, high-dose Cr administration to
slices of rat hippocampus undergoing anoxia markedly delayed anoxic
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Table 2
Mitochondria and Cell Death

Decreased ATP synthesis
Apoptosis

ROS formation

Laoss of Ca** homeostasis

depolarization (26). The authors speculate that sufficiently hi gh doscs of Cr
could be acutely administered to humans through parenteral injection.

3.3. Glutamate Excitotoxicity

Another key player in neurodegeneration is the process of glutamate
excitotoxicity (27). Glutamate is an amino acid that is also used as an
excitatory neurotransmitter. Excess stimulation of glutamate receptors has
been implicated in the pathophysiology of neurodegenerative diseases
such as ALS and Huntington’s disease, and in acute damage to the ceniral
nervous system such as in stroke and TBI (78). Specifically, glutamate
binds to the N-methyl-n-aspartate receptor (NMDA), which stimulates the
movement of ions such as Ca?* and Na* from the extracellular to intracell-
ular space (27,28). Excess glutamate stimulation {excitotoxicity) can lead
to loss of Ca?* homeostasis, leading to mitochondrial dysfunction, ROS
farmation, and stimulation of Ca?t-activated proteases. Further, both Nat
and Ca®" dysregulation can lead to loss of membrane potential, asmoti-
cally mediated cell swelling, and cell lysis (see Fig. 3). The process of
glutamate excitotoxicity can be due to decreased glutamate uptake by
astroglial cells from the extracellular space (e.g., during ischemia), or in
periods of compromised cellular energy, the neurons may be more sensi-
tive to glutamate stimulation (78).

Several studies have shown that Cr treatment appears protective against
glutamate excitotoxicity. Xu et al. (29) have shown that CrP stimulates
glutamate uptake, which might indicate that CS, and associated elevations
in CrP, would help reduce exiracellular glutamate. However, Cr also has a
direct effect on cell death when cells are experimentally challenged with
glutamate (25,30-32). For example, Brewer and Wallimann (3/) showed
that Cr treatment protected embryonic rat neurons (from the hippocam-
pus) that were challenged with glutamate. The authors attributed the pro-
tective effects of Cr, at least in part, to maintenance of CrP levels “which
decline in the presence of glutamate without Cr” (31). Other studies have
also shown that Cr treatment increased survival of rat neurons challenged
with glutamate (25,30). Further, Malcon et al. (32) showed similar results
in sections of brain tissue that were challenged with direct stimulation of
NMDA receptors from rats fed a 1% Cr diet (Table 2).
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Fig. 3. Schemalic representation of glutamate (Glu) excitotoxicity in cell death.
The direct cffect of glutamate on NMDA receptors is to increase ion flux across
the cell membrane. In particular, loss of Ca?" homeostasis can trigger a varicty of
cellular events that lead to ccll death. In particular, Ca** accumulation in the
mitochondria leads to mitochondrial dysfunction. This can directly coniribute to
cell death as described previously, and also feed back to further exacerbate the
effect of glutamale.

“Levels of ATF, the primary energy sowrce within cells, are carefully
regulated in newrons. Impaired energy production results in the acti-
vation of excitatory amino acid receptors, increased intracellular
Ca**, and the generation of free-radicals, which are events that are
directly involved in necrosis and apoptosis. The key to maintaining
the correct levels of ATP in the brain is the interaction between phos-
phocreatine and the enzyme CK” (33).

3.4. Variability in Response to Cr

However, to further complicate matters, recent studies suggest that CS
may act in ways not directly tied to cellular energy charge and/or mitochon-
drial function. Pena-Altamira et al. (34) examined the effects of CS in wild-
type rats and a transgenic mouse model of ALS. Wild-type rats were
administered a neurotoxin in different brain regions. The benefits of CS (2%
of diet) varied depending on brain regjon. The authors noted that “in addi-



182 Weir

tion to a general role of metabolic type, CS may have differential effects
related to the nature, the brain topography, and the connectivity of different
neuron types” {34). They further argue that the typical hypotheses for the
neuroprotective effects of CS (e.g., enhanced celiular energy charge, mito-
chondrial stability, and antioxidant effects) are difficult to reconcile with their
resulis showing that, “different types of excitotoxic insults are ameliorated
or not by Cr administration and why different neuronal populations respond
or not to the dietary supplementation” (34).

4. NEUROLOGICAL DISEASES

As a broad classification, neurodegenerative diseases can be considered
acute or chronic diseases. Many acute (e.g., stroke, TBI, and spinal cord
injury) and chronic neurodegenerative diseases (e.g., Parkinson’s disease,
Huntington’s disease, and ALS) share the characteristic of neuronal cell
death. In addition, the mechanisms of cell death, for example, apoptosis
and necrosis are common between the diseases, even though the tnggers
for cell death may differ. In the following sections, a variety of studies, pre-
dominately in animal models, indicate that CS has potential as a thera-
peutic agent in acute neurological and neurodegenerative diseases.

4.1. Does CS Increase Brain-Cr Content?

A primary consideration regarding the utility of CS in neurological
disorders is whether or not CS can increase brain-Cr content. Because
Cr is a highly polar molecule, it does not readily cross the blood-brain
barrier (26), which potentially limits the usefulness of CS in treating
injuries and diseases of the brain. Wilkinson et al. (35) did not find that
short-term oral CS (5 g x four times per day x 5 d) increased white
matter Cr content (magnetic resonance spectroscopy) in young male
athletes. However, other studies have found that CS can increase brain-
Cr content. Dechent ¢t al. (36) have shown, using magnetic resonance
spectroscopy, that oral CS (5 g/d x four times per day x 4 wk} in
healthy volunteers can increase total-Cr content of human brain tissue,
with the greatest effects shown in the white matter (increased 11.5%)
and thalamus (14.6%), and more modest effects in gray matter (4.7%),
and cerebellum (5.4%). These results have since been supported by
Lyoo et al. (37). Other data suggests that brain-Cr content can be
modified in patients. Several case reports have been published showing
that Cr deficiency in the brain can be corrected with CS (38-41).
Beyond case reports, Hersch et al. (42) found that 8 g/d x 16 wk of CS5
in individuals with Huntington’s disease increased brain-Cr content by
13% in the occipital cortex and 75% in the frontal cortex (magnetic
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resonance spectroscopy). In situations wherein oral CS may not provide
a sufficiently rapid response, Balestrino et al. (26) have suggested that
parenteral injection of high doses of Cr might be useful to acutely
increase brain-Cr content, for example, during periods of ischemia
(e.g., stroke), although this has yet to be studied in detail.

4.2. Traumatic Brain Injury

Approximately I.4 million Americans experience a TBI every year as
a result of such events as automobile crashes (43). Sports injuries account
for approx 300,000 TBTs annually (44). The effects of TBT can be catego-
rized into primary and secondary factors. Primary factors are the direct
mechanical result of the trauma to the brain at the time of injury.
Secondary factors, which occur after the initial trauma, may result at least
in part due to mitochondrial associated loss of Ca®* homeostasis (33).

Sullivan et al. (33) have shown, in an experimental model of TBI in
mice and rats, that CS markedly reduced cortical lesion volume vs control
animals. In addition, indices of mitochondrial function were higher in CS-
treated animals. Specifically, the neuronal mitochondrial membrane
potential was higher, ROS were lower, ATP concentration was higher, and
Ca®* concentration in the mitochondria was lower in CS-treated animals.
In addition, Ca**-induced mitochondrial swelling, an index of activation
of the MPT, was suppressed in CS-freated animals, but was elevated in
contrel animals with TBI. The authors note that their results indicated that
“...the neuroprotection afforded by Cr may involve preservation of
normal levels of mitochondrial ATP, membrane potential, and calcium,
conceivably through inhibition of the (MPT pore).” A subsequent study
from the same group again showed that Cr-treated rats had smaller corti-
cal lesions following experimentalty induced TBI (45). The TBI induced
increases in cortical and hippocampal levels of free-fatty acids and lactate.
Elevated free-falty acids and lactate are markers of secondary brain injury;
free-fatty acids reflect damage to the cell membrane (phospholipid break-
down—this can further lead to cellular damage through effects on blood
flow, integrity of the blood-brain barrier, and free-radical formation)
whereas lactate reflects altered cellular bioenergetics (and likely
a decrease in pH). In addition to smatller lesion size, animals fed Cr had
lower levels of free-fatty acids and lactate from the sites of mjury (45).

4.3. Stroke

In stroke, cell death by both necrosis and apoplosis occur. During a
stroke, there is an “ischemic core”™ that consists of cells that were most
acutely impacted by the decrease in blood supply; these cells die primarily
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by necrosis (17). Surrounding the ischemic core is the “ischemic penum-
bra,” which consists of cells that are less severely affected by the initial
ischemia, Tn the penumbra, collateral circulation lessens the severity of the
hypoxia and only cells that “reach a critical threshold of injury” will
undergo apoptosis (/7). As cells that die in the penumbra are most likely
to have been killed by apoptosis (17), interventions that might lessen the
apoptotic process aire under study. In theory, CS might lessen the neuronal
cell death in both the ischemic core and the penumbra through the ATP
buifer function of the Cr/CrP/CK system.

Recent animal studies indicate that CS may indeed offer neuropro-
tection in stroke. Zhu et al. (46) examined the effect of CS in a mouse
model of stroke. Mice fed Cr supplemented chow for 4 wk before
cxperimental induction of cerebral ischemia (occlusion of middle
cerebral artery for 2 h followed by 24 h of reperfusion) had smaller
infarcts and experienced fewer motor nenrological deficits than control
mice. The Cr and ATP content in the brain on the side of ischemia
were higher in the Cr-fed mice than controls. In addition, Cr-fed mice
showed reduced levels of markers of apoptosis (cytochrome-c release
and caspase-3 activation). Prass et al. (47) also showed that Cr feed-
ing decreased infarct volume in a mouse model of stroke. However,
their results showed that the Cr feeding had no effect on brain levels
of Cr, CrP, ATP, or CK. Tnstead, the Cr treatment appeared to act by
increasing vascular reactivity. For example, the middic cerebral artery
from Cr-fed mice had a larger dilatory response to K+ and acidosis
than control animals. In addition, cerebral blood flow during recovery
following hrain ischemia was enhanced in Cr-fed animals, Thus, it
appears that CS may minimize brain damage that occurs with TBI and
stroke, although no direct human data yet exist, The exact mechanisms
of protection in animal models are as yet unclear.

4.4. Amyotrophic Lateral Sclerosis

ALS (also known as Lou Gehrig’s disease) is a neuromuscular discase
that results in the degeneration and death of both upper- and lower-motor
neurons, resulting in muscle weakness, respiratory failure, and death
typically within 5 yr after diagnosis (48,49). Most cases of ALS have an
unknown.-etiology, but a small percentage can be linked with a defect in
the gene that codes for copper-zine superoxide dismutase (SODI), an
enzyme that eliminates superoxide free-radicals. Thus, oxidative stress is
implicated in the pathophysiclogy. In addition glutamate toxicity and
mitochondrial abnormalities appear to contribute. There is no cure, but
the drug riluzone, a glutamate antagonist, appears to have a small effect
on survival (49).
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Several lines of evidence from animal models indicate that CS might
have potential clinical utility in treating ALS. For example, Klivenyi et al.
(50) have shown in a transgenic mouse model of ALS (“G93A” mice
overexpress a mutant version of the SOD1 gene that results in symptoms
of familial ALS) that Cr feeding increased survival time (1% Cr diet
increase life-span by ~13 d relative to unireated controls; 2% increased
life-span by ~26 d; in comparison riluzole increased life-span by ~13 d).
Sirnilarly, Andreassen et al, (51) found that Cr-treated G93A mice had
improved survival, motor performance, and body weight compared with
untreated animals (2% Cr diet had better results than either 1% or 3% Cr
diets). Furthermore, ALS mice had elevated levels of brain glutamate,
whereas CS reduced glutamate relative to untreated mice. The mecha-
nism whereby CS can atlenuate extracellular glutamate is unclear, but
because glutamale uptake from the synapse is energetically demanding,
the improved cellular energy charge might facilitate glutamate uptake.
Snow et al. {52) also showed that CS increased survival time and delayed
symptoms in transgenic mice (SOD/ gene); however, the effects of Cr
alone and riluzone alone were comparable with combined CS plus rilu-
zone treatment {all groups delayed death by ~12 d relative to controls).
‘The lack of additive effects of the combined therapy over single therapy
suggested that both CS and riluzone may act through the same mecha-
nism; possibly by inhibiting glutamate toxicity. Motor netron survival
was also significantly improved relative to control animals. Zhang et al.
(53) examined the effects of CS and minocycline (an antibiotic found to
inhibit MPT-mediated release of cytochrome-c from mitochondria to the
cytosol, thus interfering with apoptosis) in a mouse model of ALS. They
found that both CS and minocycline delayed ALS onset and mortality vs
untreated mice. In addition, they found that combined treatment with Cr
plus minocycline further delayed disease onset and mortality over either
individual treatment. Although CS has been shown to significantly affect
neuronal function in SOD1 mutant mice, it appears to have little to no
effect on skeletal muscle function in this model (54).

Unfortunately, trials in humans with ALS have been disappointing.
Shefner et al. (55) conducted a clinical trial of CS in 104 subjects with
ALS (51 subjects received CS of 20 g/d for 5 d followed by 5 g/d for
6 mo). There were no significant differences in the placebo and CS
groups for any dependent variables, including muscle strength, motor
unit number estimates, pulmonary function, and survival. Urinary Cr
measures suggested that some of the placebo subjects acquired Cr out-
side the study protocol. Similarly, Groeneveld et al. (56) found no posi-
tive effect of CS (5 g twice daily) in patients with ALS (n = 88) relative
to controls ( = 87) over a 16-mo trial. However, it has heen suggested



186 Weir

that these studies lacked sufficient statistical power and larger trials are
needed (57). Mazzini et al. {58) did show increases in isometric strength
and muscle fatigue resistance after 7 d of CS (20 g/d); however, the lack
of control/placebo group in the study dees not allow one to be confident
that this effect was not simply because of testing/practice effects. Despite
the disappointing results in human trials, it has been suggested that larger
doses that more closely approximate the amimal studies are warranted (34).

4.5. Spinal Cord Injury

Damage to the spinal cord in spinal cord injury inciudes both the
initial mechanical trauma at the time of the event, but also secondary
damage that occurs over time. This secondary damage includes the
effects from edema, inflammation, and hypoxia. Hausmann ct at. (59)
have shown that Cr feeding 4 wk before and 4 d immediately following
induction of traumatic spinal cord injury in rats resulted in a reduction
it scar tissue formation and enhanced motor performance rclative to
control rats. These results suggest that CS might decrease the second-
ary damage associated with spinal cord injury. In contrast, Rabchevsky
et al. (60) showed that the effect of CS in rat models of spinal cord
injury did not affect motor performance, and the neurological cffects
depended on the nature of the injury. Specifically, more focal injuries
appeared to respond better to CS than more diffuse injuries, and that in
the focal injuries the beneficial cffects were primarily located in the
gray matier of the cord, as opposed to the white matter.

To daie, three studies have examined CS in humans with spinal cord
injury. These studies examined the muscular effects rather than the
secondary effects on spinal cord tissue. Jacobs et al. (67) were the first
to study CS in humans with spinal cord injury. They showed that in
individuals with complete cervical spinal cord injuries at C5-C7, short-
term CS (20 g/d for 7 d) improved maximal oxygen consumption
during arm ergometery by approx 18% relative to placebo (double-
blind placebo-controlled crossover design; washout period = 21 d,
1 = 16 males). However, two studies did not show a beneficial effect of
CS. Kendall et al. (62) found that about 2 wk of oral CS (20 g/d for
6 d, 5 g/d thereafter) did not improve wrist extensor strength or
endurance relative to placebo (randomized crossover design; 5-wk
washout period) in nine individuals (one subject did not complete the trial
because of loose stools) with incomplete tetraplegia (all subjects were at
least [-yr postinjury). Similarly, short-term CS (20 g/d for 6 d) did not
improve performance on an 800 m wheelchair time trial relaiive to
placebo (double-blind placebo crossover study; washout period = 28 d) in
six trained wheelchair athletes (four with spinal cord injury). The duration
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of the time trial (~100 s) is such that glycolytic metabolism is the domi-
nant energy system (blood lactate concentrations averaged 67 mM),
which may have minimized the usefulness of CS for this task. Given
the differences in exercise protocols and subject characteristics
between these studies, generalizations on the effectiveness of CS in
spinal cord injury are problematic. Nonetheless, given the data of
Jacobs et al. (67), which used a strong research design, the use of CS
in spinal cord injury is worthy of further research.

4.6. Parkinson’s Disease

Parkinson’s disease stems from a decrease in dopamine production
owing to loss of dopaminergic neurens in the brain, primarily in the
basal ganglia. Motor symptoms in Parkinson’s disease include tremor,
rigidity, and bradykinesia. The pathophysiology appears, in part, to be
tied to dysfunction of oxidative phosphorylation in mitochondria of at
risk neurons (63).

Parkinson’s disease can be modeled in animals by administration of
MPTP, which results in dysfunction of mitochondria (inhibited oxidative
phosphorylation) in dopaminergic neurons. Specifically, a metabolite
of MPTP called 1-methyl-4-phenylpyridinium (MPP+) is taken into
dopaminergic cells by a dopamine transposter, where it accumulates in
the mitochondria and inhibits oxidative phosphorylation (64). Two stud-
ies have used this model to test the efficacy of CS. Matthews et al. (65)
studied mice that were fed a Cr supplemented diet, a diet supplemented
with a Cr analog {cyclocreatine), or placebo. The animals were then poi-
soned with MPTP. Cr treatment increased brain-Cr levels, decreased ihe
MPTP-induced decline in dopamine and two dopamine metabolites, and
minimized damage to dopaminergic neurons in the substantia nigra. Tests
of motor {unction were not reported (65). Similar results were found by
Klivenyi et al. (64).

To date, the only human data regarding CS and Parkinson’s disease
comes from a “futility trial” that examined CS (10 g/d), minocycline
(an antimicrebial agent with anti-inflammatory cffects), and placebo on
the unified Parkinson’s disease rating scale over 12 mo. A futility trial
is performed as a screening study to eliminate agents that do not show
promise lor further study in subsequent large-scale {phase 111} clinical
trials. That is, agents are examined to determine if they are {utile; futile
agents are then unlikely to receive further consideration for inclusion in
clinical trials. The results showed that Cr (and minocyceline) “could not
be rejected as futile...and therefore meet the criteria for consideration
for further clinical testing (63). Tt seems likely that a large-scale clini-
cal trial for CS in Parkinson’s disease wilt be forthcoming.
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4.7, Huntington’s Disease

Huntington’s disease is a genetic (autosomal dominant) neurodegener-
ative disease that involves alterations in the protein called huntingtin,
Specifically, the mutated version of huntingtin exhibits an exaggerated
polyglutamine repeat. The length of the repeat varies and is correlated
with rate of disease progression. The mutated protein undergocs proteo-
Iytic cleavage that results in peptide fragments, which can aggregate with
other fragments as well as other proteins, resulting in large aggregates vis-
ible under microscopic examination of affected neurons. A primary site of
neuronal damage is in the caudate and putamen of the basal ganglia, result-
ing in movement disorders such as chorea (jerky, involuntary movements)
(57). In addition, significant cognitive and behavioral symptoms occur,
As the disease progresses, behavioral and cognitive symptoms worsen,
and ultimately death ensues. Although the mechanistic link between huni-
ingtin fragmentation and cell death is unclear, as with other neurodegen-
erative diseases, mitochondrial dysfunction appears to play a central role
(66). Indeed, a variety of studies have shown that energy metabolism is
altered in brain and skeletal muscle, for example, elevated lactate concen-
tration in the brain (67) and decreased ratio of CrP to inorganic phosphate
(Pi) in skeletal muscle (68}. Furthermore, a transgenic mouse model of
Huntington’s disease has shown that both Cr and ATP concentrations are
lower than in control animals (66). Human data from magnetic resonance
spectroscopy also shows decreased Cr levels in the basal ganglia in both
asymptomatic individuals with the mutation, as well as in those with
more advanced stages of the discase (69). The magnitude of Cr deficit
was correlated with the length of the polyglutamate repeat and with
a clinical rating scale. Collectively, these studies indicate that
Huntington’s disease is tied to defects in cellular energy homeostasis,
and suggest that Cr treatment may have clinical utility.

Studies of CS in animal models of Huntington’s disease have been
encouraging. There are two general animal medels for Huntington’s
disease: (1) 3-nitropropionic acid (3-NP) administration, and (2) trans-
genic animals. With respect to 3-NP, this toxin inhibits the mitochondrial
enzyme succinate dehydrogenase. The resulting energetic abnormality
(ATP depletion, lactate accumulation) results in brain lesions and symp-
toms consistent with Huntington’s disease. Matthews et al. (70) and Shear
et al, (71) have both shown that Cr treatment decreases brain lesion size
induced by 3-NP. In addition, Cr treatment minimized the effects of 3-NP
on decreases in brain energetic substrates such as CrP, and ATF, and atten-
mated the increase in brain-lactate levels (70). Furthermore, Cr-treated
animals had smaller 3-NP-induced cognitive and motor deficits ( 71).
Similar results have been shown in 3-NP exposed mouse-brain slices 72).
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Ferrante et al, (73) used a transgenic mouse model (R6/2 model} of
Huntington’s disease and found that CS, started before the develop-
ment of symptoms, delayed death, slowed brain atrophy, helped main-
tain body mass, and delayed deterioration of motor performance. A
subsequent study by the same group showed that CS-delayed death,
preserved motor performance, and maintained body mass relative to
untreated controls, even when CS was delayed until after the develop-
ment of symptoms (as might be the case in human therapy) (66).
However, better resulis were obtained the earlier the treatment was
started. Similar results have been reported in another transgenic mouse
model (N171-82Q) of Huntington’s disease (57).

As with ALS, the clinical trials in humans have been disappointing
given the efficacy of CS in animal models. Verhessem et al. (74) studied
the effects of CS on strength, cardiorespiratory endurance, and general
motor function in 41 subjects with Huntington’s disease (n = 26 with CS,
n = 15 with placebo). One year of CS (5 g/d) failed to elicit any differ-
ences between those taking Cr vs those with placebo. Tabrizi et al. (75,76)
performed an open label tral of CS (10 g/d) in a small group of individu-
als (n = 13) with Huntington’s diseasc over the course of 2 yt. Because of
the lack of control/placebo group, it is impossible to determine if CS was
effective in slowing the progression of symptorus, but their results did
show that the CS was well tolerated and magnetic resonance spectroscopy
analyses showed that CS increased Cr levels in brain and muscle tissue.
Bender et al. (77) have shown that 810 wk of oral CS (5 d at 20 g/d, then
6 g/d) in 20 individuals with Huntington’s disease resulted in approx 20%
reduction in Glx, a marker of glutamate and glutamine levels in the brain
(magnetic resonance spectroscopy). Glutamate is an excitatory neuro-
transmitter and excess levels are neurotoxic and glutamate excitotoxicity
is believed to play a role in the pathophysiology of Huntington’s disease.
Despite the apparent effect of CS on glutamate levels, there were no
changes in brain-Cr levels or symptoms. Hersch et al. (42) reported that
16 wk of CS increased brain-Cr content and decreased levels of serum
80H2'dG, a marker of DNA oxidative damage. The CS was well toler-
ated (no more adverse events than placebo). However, there were no dif-
ferences in scores on the united Huntington's disease rating scale. A
ranclomized placebo-controlled trial of CS in Huntington's disease
(CREST-HD trial; http://c]imcaltria[s.gov/ct/show/NCTOOOZﬁ()SS) con-
cluded data collection as of June, 2006; the results of this study have not
been published as of this writing.

Thus, although animal survival and human biochemical responses
suggest CS may be helpful in Huntington’s disease, to date there is no
evidence of clinical efficacy in humans. That said, Ryu et al. (57) have
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suggested that the human trials did not have enough statistical power
“to be informative about whether or not Cr slows the clinical progres-
sion of HD:” however, they do attest to its safety and tolerability and
favorable effects on serum and brain levels of Cr and on biomarkers of
HD pathology.” In addition, differences in dosage between animal and
human studies should be noted. Verbessem et al. ( 74) have noted that
typical animal studies (e.g., 2% Cr diet) result in doses approx 1.5 g/kg
of body mass, whereas their human trial with a dosc of 5 g/d resulted
in a Cr load of approx 0.07 g/kg of body mass.

4.8. Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune neurological disease in
which destruction of the myelin sheath in CNS neurons occurs.
Individuals with MS experience a variety of signs and symptoms includ-
ing fatigue, tremor, weakness, heat sensitivity, visual impairment, and
poor balance and coordination. In addition, exercise capacity is compro-
mised in MS and rephosphorylation of CiP is slowed ( 78). To date, only
one study has examined the effects of CS in MS. Lambert et al. (79)
performed a double-blind placebo-conirolled trial of CS (S g Cr mono-
hydrate x four times per day x 5 d) in 16 individuals (eight received CS,
eight received placebo) with MS. CS had no significant effect on muscle
performance (isokinetic fatigue of the thigh muscles at 180°/s). Muscle
biopsies showed that the CS failed to significantly increase intramuscular
concentrations of ATP, Cr, or CrP. Given the lack of CS effect on muscle-
Cr Tevels, the failure of CS to increase exercise performance is not surpris-
ing. Future work should examine the mechanism(s) whereby a CS
protocol shown to be effective in increasing Cr levels in healthy subjects
£4ils to do so in those with MS. The authors speculated that Cr transporter
levels might be compromised in MS, but there is no data in this regard.

4.9. Myasthenia Gravis

To date, no controlled studies have examined the effects of CS in
myasthenia gravis. Stouat ct al. (80) have reported a case study of a male
patient (age = 26 yr) with myasthenia gravis who engaged in a 15-wk
program of resistance exercise and CS (5 g/d). The program resulted in
marked increases in body mass (6.8%), fat-free mass (4.3%), and
strength (12.5-37%). These increases occurred despite therapeutic use
of prednisone (60 mg/d). In addition, the individual had previously
engaged in resistance exercise after diagnosis, but had been unable to
increase strength or body mass. The results of this case study suggest
that a clinical trial examining the effects of Cr in conjunction with
resistance exercise is warranted.
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5. METABOLIC AND MUSCULAR DISEASES

5.1. Cr Deficiency Syndromes

Genetic discases of Cr deficiency are thankfully rare, as the symp-
toms are severe (e.g., developmental delays, mental retardation, and
seizures). However, several case reports have been published docu-
menting Cr deficiency in the brain {38-47}. The first was published by
Stockler et al. {39}, who reported a case of brain deficiency of Cr in a
young child (22 mo). The child had diminished muscle tone, could not
sit or roll over, and had difficulty swallowing. CS increased brain-Cr
content (magnetic resonance spectroscopy) and improved symptoms
(40). One cause of Cr deficiency is a defect in the enzyme guanidino-
acelate methyltransterase, which is the last step in the pathway of Cr
biosysnthesis, and most case reports have identified this defect as the
cause of the Cr deficiency. However, Cr deficiency in the brain may
also be a result of dysfunction in Cr transport into the brain (4/).
Regardless, all reports to date indicate that CS can increase brain-Cr
levels and lessen symptoms (38—41).

5.2, Mitochondrial Cytopathies

Mitochondrial cytopathies are a group of genetic diseases in which
the mitochondria do not function properly. Most of these involve muta-
tions in the mitochondrial DNA, but in some instances nuclear DNA can
be involved (81). If the dysfunction is primarily limited to skeletal mus-
cle, the condition is termed a mitochondrial myopathy (87). A compen-
satory adaptation to mitochondrial dysfunction is mitochondrial
proliferation, which in skeletal muscle gives rise to the “ragged red
fiber” when muscle samples are examined microscopically (82). In
addition, mitochondria also can exhibit paracrystalline inclusions,
which are made of crystalized mtCK enzymes (82). These inclusions,
also known as mitochondrial inclusion bodies (MIBs) (9) are believed to
reflect the upregulation of mtCK in an attempt to compensale for the
effects of stress associated with the mitochondrial dysfunction (9). The
mtCK in MIBs does not appear to function properly (9). Individuals
with mitochondrial myopathies exhibit poor exercise tolerance, low
VO,, ..» and decreased peripheral O, extraction (@-VO,,.5) (82).

Given the central role of the mitochondria in ATP production, mito-
chondrial cytopathies are prime targets for CS. To daie relatively few
studies have formally examined CS in mitochondrial cytopathies. A recent
case report showed that CS eliminated paracrystalline inclusions in
muscle biopsy samples from an endurance athlete with a mutation in
the gene that codes for cytochrome-b (83). Tarnopolsky et al. (84)
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conducted a double-blind, placebo-conirolled crossover study in seven
individuals with mitochondrial cytopathies (primarily variants of
MELAS: mitochondrial encephalopathy, lactic acidodis, and stroke-
like episodes). Three weeks of CS (5 g Cr monohydrate two times per
day for 2 wk, 2 g Cr monoliydrate two times per day for | wk) resulted
in significant increases in isometric handgrip and decreased dorsiflexor
fatigue, but did not unprove scores o1l activities of daily living, cycle
ergometery, and the 2-min walk test. Postexercise lactate concentrations
were higher with CS vs placebo. Borchert et al. (85) reported four cases
(three were children} wherein patients with various mitochondrial
cylopathies were treated using Cr at relatively high doses (0.1-0.2 g/Kg
of body mass; about two to four fimes the dose used by Tarnopolsky et al.
[84]) for 3 mo. They found improvements in maximal cycle ergometry
power and submaximal cycling endurance. In contrast, Klopstock et al.
(86) found no heneficial effects of CS in a double-blind, placebo-
controlled crossover study with 16 individuals with mitochondrial dys-
function: 13 with chronic progressive external opthalmoplegia (CPEO)
and three with mitochondrial myopathy. CPEO is a disease of mitochon-
drial DNA; because of the high levels of mitochondria in the extraocular
muscle, symptoms of mitochondrial dysfunction can often present in
these muscles. Differences in CS responses may be because of differ-
ences in the pathophysiology of MELAS vs CPEQ. For example, resting
CyP concentration in CPEO s not lower than in controls.

5.3. Muscular Dystrophy

Muscular dystrophy is a blanket term thal describes several different
specific genefic muscular diseases. All muscular dystrophies arc charac-
terized by progressive muscle wasting, weakness, and disability. Most of
the muscular dystrophies are linked to defects in the dystrophin molecule
in skeletal muscle. Dystrophin is a filamentous cytoskeletal protein that
links the contractile protein actin to the basement membrane through the
dystrophjn—glycoprotein complex. The dystrophin—glycoprotein com-
plex has both structural and cell signaling functions. Duchenne muscu-
Jar dystrophy is the most comimon form of muscular dystrophy, and the
most severe. [ndividuals with Duchenne muscular dystrophy lack the
dystrophin protein, and intense muscle contractions, especially eccentric
contractions, lead to excess muscle damage, and net muscle degenera-
tion oceurs over time. Much of the muscle damage is linked to loss of
Ca?* homeostasis, specifically increased Ca® concentration in the sar-
coplasim, owing to greater Ca2* “leak” resulting from instability in the
sarcolemma (87}, The loss of Ca?* homeostasis leads o mitochondrial
dysfunction, activation of Ca*-activated proteases, and further
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decreases the ability of dystrophic muscle cells to process Ca®*, Muscle
damage leads to elevated levels of CK in the blood, as the protein leaks
out of the muscle cells owing to loss of sarcolemmal integrity (88). In
addition, muscie levels of Cr and CrP are depressed (88,89). There is
ne cure, and death usually occurs in the teenage years. The primary
cause of death is respiratory failure because of weakness of the respi-
ratory muscles. The only drug therapy known to slow progression of
Duchenne muscular dystrophy is corticosteroid therapy; however, the
side effects are significant. Becker muscular dystrophy is less common
and less severe, as the dystrophin molecule is expressed, but an error in
the dystrophin gene makes the dystrophin protein less effective,
Individuals with Becker muscular dystrophy often survive to middle
age. Other types of muscular dystrophy include fascioscapulohumeral,
limb girdle, and oculopharyngeal muscular dystrophy.

A (ransgenic mouse model of Duchenne muscular dystrophy, the
mdx mouse, has been developed. In the mdx mouse, dystrophin is not
expressed because of a single point mutation in the dystrophin gene.
Pulido et al. (87) examined the effects of Cr treatment in myotubes
derived from mdx mice on the Ca?* response Lo stressors known to
increase Ca®*-concentration. Cr treatment attenuated the increase in
Ca®* concentration in mdx myotuabes relative to controls. In addition,
the mdx myotubes had lower levels of CiP than control myotubes and
Cr treatment increased myotube-CrP concentration. Finally, the Cr
treatment also increased mdx cell survival, Based on these resulls, the
authors stated that “Cr is a substance with potential therapcutic proper-
ties which should be investigated as a possible adjuvant to established
therapies” (87). Passaquin et al. ( 90) examined Cr treatment in mdx
pups. Animals were Cr treated through supplementation of their moth-
ers” diets either at birth or 4 wk after birth. Because mdx mice experi-
ence a cycle of degeneration and regeneration at about 14-28 d of age,
the treatments intervened before this first cycle. Both feeding protocols
resulted in significant attenuation of necrosis relative to untreated mdx
mice (>60% reduction in necrosis). However, these effects were limited
to the primarily fast-twitch extensor digitorum longus, as the effects
were not present in the primarily slow twitch soleus. In addition,
indices of mitochondrial respiration were improved. Louis et al. (89)
reported that Cr feeding in older (~3-mo old; “after the first wave of
degeneration had occurred”) mdx micc increased muscle-Cr content,
had a small, although not statistically significant (~9%, p = 0.08) effect
on isometric force, but did not affect other indices of muscle function
such as responses to eccentric contractions (mdx muscle lost foree
during stretching contractions ~10 times faster than control muscle),
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skeletal muscle Ca?* content, and centralization of nuclei (a marker of
degeneration and subsequent regeneration). Thus, in these animal studies,
the timing of Cr treatment might be important.

Human triais of CS in muscular dystrophy have been somewhat
encouraging. Walter et al. (9/) found that 8 wk of CS provided modest
strength benelits in a study of subjects with a variety of different types
of muscular dystrophy. Their double-blind, placebo-controlled
crossover design showed that 10 g/d in adults, or 5 g/d in children,
resulted in about 3% improvement in strength and ~10% improvement
in a scale assessing activities of daily living. Similarly, Louis et al. (92)
found that CS (3 g/d for 3 mo) markedly increased muscle strength
(15%) and muscle endurance (approx two times) relative to placebo
(double-blind crossover design with 2-mo washout period). In addition,
bone mineral density and joint stiffness were improved. Interestingly,
these increases occurred without concomitant increases in muscle
CrP/ATP ratio, suggesting that “Cr supplementation may act through a
mechanism other than energetic status of the cell” (92). Tarnopolsky et
al. (93) studied the effect of CS in 30 boys (mean age ~10 yr) with
Duchenne muscular dystrophy. This double-blind, placebo-controlled
crossover design (4 mo of CS or placebo, 6 wk of washout, then 4 mo
ol CS or placebo) showed that CS (2-5 g/d based on body size; dose
~0.1 g/kg/d) resulted in improved handgrip strength and increased fat-
free mass relative to placebo; however, there were no significant Cr
effects on pulmonary function or functional tests (e.g., walking time).
Escolar et al. (94) did not find significant effects for CS (5 g/d, n = 15)
relative to placebo (n= 16) or an alternative therapy (ghutamine, 7 = 19)
on strength, functional activities, or pulmonary function in boys (mean
age ~6.5 yr) with Duchenne muscular dystrophy; however, (hey note that
the trial lacked sufficient statistical power to detect the effects.

Another variant of muscular dystrophy is myotonic dystrophy. There
are variants of myotonic dystrophy, but all have widespread effects
beyond skeletal muscle. The genetic aspects differ from Duchenne and
Becker muscular dystrophies as the coding errors occur in genes other
than the dystrophin gene. For example, the most common variant of
myotonic dystrophy, myotonic dystrophy type 1 {DMI; the most common
adult genetic muscle disease), involves the gene dystrophia myotonica-
protein kinase (95). Symptoms include muscle atrophy, weakness, and
excess muscle rigidity/spasms (96). Two trials have examined the
effects of CS on DM (97,98). Both studies failed to show a statistically
significant benefit of CS on measures of strength and function, although
the paper by Walter et al. (98) appears to be underpowered given their
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statistical approach. Furthermore, the lack of response to CS may have
been because of the inability of CS to increase muscle-Cr levels, as the
magnetic spectroscopy data of Tarnopolsky showed no change in CrP/ATP
ratio following CS.

Although the results in buman studies of CS in muscular dystrophy are
mixed, collectively the studies suggest that CS might be an effective adju-
vant therapy to slow the deleterious effects of Duchenne and Becker mus-
cular dystrophy. Given that pulmonary failure resulting from weakness of
the respiratory muscles is one of the most common causes of death in
Duchene muscular dystrophy (99), treatments that delay the decline in
respiratory muscle performance might increase longevity. To date, the trials
of CS in muscular dystrophy do not show effects on pulmonary function;
benefits in performance of other skeletal muscles indicate long-term
clinical trials with larger sample sizes scem warranted.

5.4. McArdle’s Disease

McArdle’s disease is a genetic discase of muscular energy metabo-
lism in which mutations in the gene that codes for the enzyme glycogen
phosphorylase-b occur. The result is that individuals with McArdle’s
disease cannot engage in muscle glycogen breakdown, and therefore
glycolytic metabolism is effectively blocked. During activity, individuals
with McArdle’s disease experience pronounced muscle fatigue, pain, and
cramping (/00). In addition, they fail to generate lactate or develop acido-
sis during exercise (82). Vorgerg et al. (/0/) found that CS (150 mg/kg/d
for 1 wk followed by 60 mg/kg/d for the following 4 wk) produced modest
changes in some measures of muscle performance (e.g., improvements in
the force-time integral and spectral changes in the surface electromyo-
graphic signal during ischemic isometric exercise) but did not signifi-
cantly improve performance in cycling or nonischemic isometric exercise.
Interestingly, CS did not appear to increase muscle-CrP content {(also
recently shown by Zange et al. [702]) but did increase CrP depletion
and accumulation of Pi, which suggests that “the beneficial effect was
not due to an increase in energy availability but instead to an effect that
somehow permitted exercise to continue to a level of greater energy
depletion” (100). 1t should also be noted that the small sample size
(total n = 9) limited statistical power. A subsequent study by Vorserd
et al. (703}, using a comparable design, showed that higher dosages of
Cr (150 mg/kg/d) actually worsened the symptoms of exercise intolerance,
In addition, this study also showed that CS failed to increase CrP content,
but unlike the data from CS at a lower dosage, there were no differences
in CrP depletion and Pi accumulation. Tarnopolsky (82} have suggested

|
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that these studies collectively “...suggest that lower dosages (~4-5 g/d)
may be of some benefit, whereas higher dosages (>10 g/d) may actu-
ally be deleterious to these patients.” The inability of CS to increase
CrP in McArdle’s disease requires further study, as methods to facili-
tate Cr uptake in McArdle’s disease may enhance the clinical utility
of CS.

5.5. Gyrate Atrophy

Gyrate atrophy of the choroid and retina was the first disease to be
treated with CS (704). Gyrate atrophy is a genetic disease clinically
expressed as progressive vision loss (diminished visval field, night
blindness, cataract formation, myopia, and ultimately blindness). In
addition, type 1T skeletal muscle fibers exhibit tubular aggregation and
atrophy. Exercise intolerance is not typically reported in the literature
with gyrate atrophy, but to date no rigorous studies evaluating exercise
performance have been performed,

The biochemical defect involves the primary enzyme in ornithine
catabolism, which results in high ornithine concentrations. Qrnithine
inhibits L-arginine-glycine amidinotransferase, which is the rate limit-
ing step in Cr synthesis (/04—106). Individuals with gyrate atrophy also
have diminished levels of Cr in the urine, muscle, and brain. Early
papers examining gyrate atrophy had no control groups, so the results
reflect weak evidence. In addition, the Cr dose of 1.5 g/d is well below
the typical dose used in other studies of CS. Nonetheless, the data sug-
gested little benefit for the visual symptoms, but muscle biopsy data
indicated that CS helped reverse type II fiber atrophy (/04,107). More
recently, it was shown that individuals with gyrate atrophy who
engaged in long-term CS (1.5-2 g/d for >8 yr) had muscle-CrP/ATP
ratios similar to those without gyrate atrophy, whereas individuals with
untreated gyrate atrophy had values approx 70% of those taking Cr
(105). A study of brain-Cr levels in the same data set showed lowered
Crlevels in individuals with gyrate atrophy that was partially corrected
with long-term CS (/06). In addition, evidence of similar levels of
brain atrophy was present in CS and nonCS subjects relative to those
without gyrate atrophy.

Collectively, the available evidence suggests that CS can correct Cr
levels in muscle, and to lesser extent in the brain, in those with gyrate
atrophy. Although to date there is no evidence that the CS affects the
visual symptoms, the studies are weakened by low doses of Cr.
Future studies need to incorporaie randomized controlled design, and
use higher dosages to more fully evaluate the effect of CS on vision
in gyrate atrophy.
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6. CARDIOPULMONARY DISEASES

6.1. Heart Failure

Heart failure is characterized in large part by exercise intolerance
(108). The exercise intolerance is owing to both the dysfunction of the
myocardium (maximal cardiac output ~50% vs controls) as well as
decreased peripheral blood flow (diminished peripheral vasodilatory
capacity) and skeletal muscle performance (especially reduced oxida-
tive capacity and increased reliance on glycolytic metabolism) (108).

Individuals with heart failure have also been shown to have
decreased concentrations of Cr in both myocardial cells (~50%)
(109-111) and skeletal muscle cells (/12). The severity of heart failure
has been shown to be more severe in those with lower myocardial-Cr
levels (110,111). For example, the amount of Cr in myocardial cells of
individuals with heart failure is correlated with left ventricular gjection
fraction, indicating the severity of heart failure is related to the degree
of Cr depletion (113). Furthermore, the amount of Cr depletion is
more severe in dilated cardiomyopathy than in hypertrophic cardiomy-
opathy (713). Because Cr is not synthesized in myocardial cells, Cr
confent is determined by Cr transport from the blood. Neubauer et al.
({0%) have shown that the amount of Cr transporter in myocardial cells
is reduced approx 30% in failing hearts from transplant recipients rela-
tive to the transplanted hearts. Tn addition to decreased Cr and Cr-
transporter levels, the amount of ATP production in myecardial cells
through the CK system is significantly compromised in heart failure
such that the reduction in ATP synthesis by CK will likely “contribute
to the pathophysiology of heart failure™ (712).

Gordon et al. (774) were the first to examine the effects of CS on
cardiac and muscle performance in heart failure. Tn a double-blind
placebo-controlled design, subjects with heart failure received either
placebo {1 =8} or CS (1 =9; 20 g Ci/d) for 10 d. The CS significantly
increased muscle concentrations (muscle biopsy) of Cr, CrP, and
total-Cr. The CS had no significant effect on cardiac performance (rest-
ing ejection fraction), but significantly improved muscle exercise pe-
formance relative to placebo (one and two-legged cycle ergometery,
isokinetic strength). Andrews et al. (775) also found that short term
CS (5 g x four times per day for 5 d) improved skeletal muscle
endurance performance (isometric forearm contractions at 75% of
maximal voluntary contraction) in individuals with heart failure.
Cardiac performance was not assessed. Given the effects of heart fail-
ure on skeletal muscle characteristics (//6) and the importance of
muscle fatigue on exercise capacity in heart failure, these results suggest
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that CS be a useful component in the treatment of exercise limitations
in heart failure.

Tn contrast, Kuethe et al. (/77) did not find a positive effect of CS in
cardiac or endurance excrcise performance (peak VO,, ventilatory thresh-
old, ejection fraction, and 6-min walk test) in 20 individuals with heart
failure (1 = 13 completed the double-blind, placebo-controlled, crossover
trial; CS = 5 g x four times per day x 6 wk). However, both body weight
(~2%) and forearm flexor muscle strength (~27%) were increased.

6.2. Chronic Obstructive Pulimonary Disease

Chronic obstructive pulmonary discase (COPD)is a relatively common
and often debilitating pulmonary disease. Besides the pulmonary cftects,
COPD is also associated with muscle wasting and weakness. In addition,
skeletal muscle from untrained individuals with COPD has been shown to
exhibit altered cellular bioenergetics {e.g., higher Pi/CrP ratio, lower rest-
ing pH) (118). Therefore, CS might benefit individuals with COPD inde-
pendent of direct pulmonary effects. To date, only one study has examined
CS in COPD (1/9). Short-term CS (~15 g/d for 2 wk} increased muscle
strength, muscle endurance, and fat-free mass relative to placebo.
Subsequent long-term CS (5 g/d for 10 wk) in conjunction with a pul-
monary rehabilitation program (including both endurance exercise and
circuit weight training) showed further gains in strength and fat-free mass
than placebo. Measures of quality of life were also increased with CS rel-
ative to placcbo. Nejther short- nor long-term CS improved measures of
whole body endurance (walking tests, cycle ergometery) or pulmonary
function. These limited results are encouraging with respect {0 manage-
ment of COPD. Long-term studies are warranted.

7. REHABILITATION

Restoration and/or preservation of muscle mass and strength is central
to rehabilitation following injury or disuse. In young healthy subjects,
a variety of studies have shown that CS facilitates the development of
muscle mass and strength when combined with progressive resistance
exercise (for review see ref. 120). It is logical then to examine the poien-
tial benefits of CS in dealing with the loss of strength and muscle mass
in the rehabilitation process following injury.

Tyler et al. (121} found that CS (5 g/d) had no beneficial effect on
the rehabilitation process (12 wk) following anterior cruciate ligament
reconstruction surgery. However, the details of the strength training and
rehabifitation process were limited, so it is somewhat difficult to
directly compare these results with those of other studies. In contrast,
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Hespel et al. {5) studied the effects of CS on recovery from muscle atro-
phy after forced immobilization. Healthy volunteers had their right
thigh and leg placed in a cast for 2 wk. Half of the subjects were given
Cr (20 g/d during 2 wk of immobilization, 15 g/d for 3 wk, then 5 g/d for
7 wk) whereas the other half received placebo. All subjects were given a
strength {raining protocol for rehabilitation after the immobilization.
Tmmobilization decreased muscle size and performance similarly in both
groups. However, the Cr-treated subjects had a faster rate of recovery of
muscle cross-sectional arca and muscle power than placebo. [sometric
strength changes were comparable between groups. Muscle biopsy data
indicated that CS affected the expression of two niyogenic transcription
factors (these regulate muscle-specific gene expression) differently than
placebo; specifically, levels of myogenin were lower after 10 wk of reha-
bilitation with CS, whereas levels of MRF4 were higher. Furthermore,
the changes in muscle fiber area during rehabilitation were positively
correlated with the levels of MRF4 (5 = 0.73).

With respect to myogenic transcription factors, Willoughby et al.
({22) have also shown that CS combined with resistance training
affects levels of myogenic transcription factors relative to placebo,
although in contrast to the data of Hespel et al. (5), they showed CS
increased levels of myogenin. These data suggest that CS facilitates
muscle hyperirophy during rehabilitation and resistance training, and
that some of this effect might be because of differences in regulation
of gene expression. However, the influence of various myogenic tran-
scription factors on muscle hypertrophy and atrophy, and the influence
of Cr, requires further study.

8. AGING

A variety of studies have examined the short-term effects of CS in older
adults (123-125). In general, responses in older adults appear to be less
robust than in younger subjects (723,125). For example, CS was shown to
result in smaller increases in muscle CrP in older (mean age ~70 yr) than
younger (mean age ~20 yr) subjects (/24). However, a well-controlled
study (3-wk familiarization period to control for learning effects of test-
ing) by Gotshalk et al. (126) did show that 1 wk of CS (0.3 g/kg/d) signif-
icantly improved both upper and lower body muscular performance.

Given the importance of counteracting sarcopenia in older adults,
herein the focus will be on long-term studics examining the combined
effect of CS with resistance training. As with the rehabilitation data,
studies examining the efficacy of CS in aging are mixed, with some
studies showing a beneficial effect (/27,7/28) and others showing no
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benefit (729,130). Chrusch et al. (128) found that, in older adults (mean
age ~70 yr), 12 wk of CS (~26 g/d for 5 d, then ~6 g/d thercafter;
dosage was based on body size; n = 16) combined with resistance train-
ing resulied in significantly greater gains in lower body strength, lower
body endurance, and fat-free mass than resistance training with a placebo
(n = 14). Later analysis of bone mineral content data from this study
showed that bone mineral content of the arms (but not the legs), was
also increased in the Cr-treated subjects relative to placebo. The
changes in arm bone mineral content were correlated with changes in
lean tissue mass, which the authors interpreted to indicate that ©...bone
mineral content may be related to increases in muscles mass, which
would inctease muscle pull and strain on bone, providing stimulus for
bone formation™ (731). A subsequent study showed that gains in
strength and alterations in body composition in response to strength
training (three times per week for 14 wk; load ~80% of the one-repetition
maximum) in older adults (age >65 yr) were enhanced with CS (5 g/d)
relative to placebo (727). Increases in muscle total-Cr (~26%) were
confirmed by muscle biopsy.

In contrast, Bermon et al. (130) reported that CS (20 g/d for 5d, 5 g/d
thereafter) for 8 wk, in conjunction with resistance exercise (three
times per week; ~80% of one repetition maximum}) failed to augment
strength gains above those seen with placebo + resistance training in
older adults (6780 yr; both males and females; n = 8 per group). In
a much longer-term study, Eijnde et al. (129) found that C5 (5 g/d; up
to 1 yr of supplementation), in conjunction with a combined cardiovas-
cular and resistance training exercise program, had no beneficial effect
on strength or cardiovascular endurance vs placebo in older men
(55-75 yr). With respect to the strength data, it is important to note that
the level of resistance was quite low (reps = 20-30/set). In addition,
levels of muscle Cr, CrP, and ATP before the supplementation were
higher than is typically reported for younger males, suggesling that CS
had a limited potential to augment Cr stores.

Although it is problematic to make definitive conclusions regarding
the differences between studies, two methodological aspects of the two
negative trials deserve discussion. First, for the trial by Berman et al.
(130), the training protocol was of a short duration (8 wk) and the
sample size was limited (n = 8 per group). In contrast, the positive trials
by Chrusch et al. (/28) and Brose et al. (/27) were of 12 and 14 wk,
respectively, and had sample sizes of 14-16 per group. Second, the low
resistance used in the trial by Eijnde et al. (/29) may have limited the
utility of CS, as the duration of each set of 20-30 repetitions would
likely minimize the importance of the phosphagen system. In contrast,
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the positive trials reported earlier had loads that limited repetitions to
10-12 per set. Finally, there is large interindividual variability in
responses 10 Cr, which is tied in part to the Cr stores of the individual
before supplementation. For example, it has been shown that those with
lower levels of stored Cr before CS tend to respond better to CS than
those with higher Cr levels before CS, for example, vegetarians tend to
respond better to CS than meat eaters hecause the vegetarian diet is rela-
tively low in Cr, which results in lower resting levels muscle total-Cr
({32). Sources of variability in the data (c.g., presupplement Cr levels)
such as these add “noise” to the data and can mask the effects of CS.

9. SAFETY

A central issue with the use of CS is safety. There have been anecdotal
reports in the press of safety concerns regarding muscle cramping and
heat intolerance. In addition, Cr undergoes nonenzymatic conversion to
creatinine, which is expelled in the urine. Therefore, an elevated urinary
creatinine level is common with CS. Because winary creatinine is used as
a clinical marker of renal function, elevated urinary creatinine mhight be
misinterpreted as evidence of renal damage. However, all of the studies
cited earlier have failed to report any serious side effects. The most
comrnon complaints appear to concern gastrointestinal distress and loose
stools. Moreover, Shao and Hathcock (733) have recently examined safety
and dosing data from nearly 70 trials using CS. They stated that “...none
of the clinical trials found a clear adverse effect related to Cr administra-
tion..” (/33). In addition, using standard procedures for assessing dosage
levels from the literature, they determined that data “Irom well-designed
randomized, controlled human trials indicates that the upper level for
supplements for Cris 5 g/d” (133).

10. SUMMARY AND CONCLUSIONS

Although most of the attention on CS has focused on its use as a Sports
supplement, it is clear that there is potential for the use of Cr as a
clinical agent. The clinical effects of Cr appear tied to mitochondyial
function, including but not limited to enhancing cellular energy charge.
There are two general clinical uses of Cr. First CS can aid skeletal
muscle performance in a manner that is entirely analogous to its use as
a sports supplement. For example, Cr might aid resistance training
programs in the elderly. Second, Cr can affect neurological tissue to help
prevent cell degeneration and cell death. Unfortunately, animal studies
exhibit better efficacy than do human trials (although this pattern is not
unique to Cr), and in some cases no clinical trials have yet been perforined

L.




202 Weir

(e.g., stroke, TBI). To date, all the available literature indicates that use
of Cr is safe, and only minor side effects are noted. [t is also important to
note that Cr use does not “cure” any disease. Rather, it may at best serve
as an adjunct to standard clinical treatment.

11. PRACTICAL APPLICATTIONS

Despite the volume of literature cited in this chapter, the clinical vtility
of CS is still open to more questions than answers. Therapists and nutri-
tionists working with clinical populations may need to answer uestions
of clients concerning the use of CS, so a thorough understanding of the
biology of Cr and the particular ¢linical condition is critical, as is staying
current regarding the ontcome of trials of CS. To date, human trials of CS
in acute neurological injury such as TBI, stroke, and spinal cord injury are
lacking. However, there is at least some evidence that CS may facilitate
the rehabilitation process in spinal cord injury. In addition, although there
are no data in this regard, it seems reasonable to hypothesize that CS
might decrease the damage from brain injuries that might occur during
sporting events. In contrast, human data in neurodegenerative clinical
conditions is not particularly encouraging. Nonetheless, the lack of seri-
ous side effects reported to date suggests that there is no reason (o specif-
ically discourage CS by patients with neurodegenerative diseases, unless
prohibited by their physician {e.g., owing to renal disease).

Modestly encouraging results are available in the literature for CS in
muscle and metabolic diseases. At best though, CS will provide sympto-
matic benefits (e.g., McArdle's disease) and may delay disease progres-
sion, but CS is neither a panacea nor a cure. The most encouraging results
appear to be in situations of combining CS with rehabilitative exercise
(e.g., heart failure, COPD, and aging) where the primary target is skeletal
muscle as opposed to neurological tissue, and CS is an adjunct to the exer-
cise program. It is recommended that physician approval be granted before
patients’ implementing a CS program. Finally, based on the recommenda-
tions of Shao and Hathcock (733}, clients should be encouraged to keep the
daily Cr dosage to <5 g/d.
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7 Creatine Overview

Facts, Fallacies, and Future

Mike Greenwood, PhD

1. INTRODUCTION

Without question, since its over the counter availability to consumers
in 1992, creatine has become one of the most popular nutritional sup-
plements among exercise and sport populations. In addition to its pop-
ularity, creatine has become one of the most extensively studied and
research validated products that have been experimentally dissected in
a multitude of ways. Specifically, investigators have evaluated topics
such as muscle-creatine content and phosphocreatine resynthesis,
short- and long-term ergogenic effects of creatine ingestion, gender
issues associated with creatine ingestion, age-specific issues related to
creatine ingestion, ethical considerations of creatine ingestion, viable
clinical and medical applications of creatine ingestion, health and
safety concerns regarding creatine ingestion, and more recently rele-
vant biochemical mechanisms regarding the creatine transport system.
Although each of these research approaches have greatly contributed to
the body of creatine literature, it is first imperative to grasp various
foundational aspects associated with understanding this controversial
uufritional supplement. With these considerations in mind, the purpose
of this chapter is to set the stage for a creatine overview regarding the
following information: (1) creatine facts, fallacies, and safety (2) crea-
tine quality, purity, and formulations, (3} creatine dosage protocols, (4)
creatine nutritional supplement combinations, {3} foundational creatine
ergogenic efficacy, (6) future creatine research options, and (7) com-
mon creatine practical applications.

From: Essentials of Creatine in Sports and Health
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2. REVIEW OF LITERATURE

2.1. Creatine Facts, Fallacies, and Safety:
Anecdotol Misconceptions Vs Science

Although creatine has been closely evaluated for over a decade
(>1000 published studies at the time of this writing), many questions
and concerns continue to surface primarily revolving around the issue
of safety. Although the current valid and qualily science surrounding
creatine supplementation speaks for itself, it is amazing to this author
the amount of misinformation that still continues to surface on the
topic. Unfortunately, along with the quality of creatine rcsearch that
does exist, this popular natritional aid has been anecdotally dissected
and misinterpreted. One major cause of this anecdotal misinformation
plaguc has been popular media venues (i.e., television, radio, newspa-
pers, and lay journals} disseminating information that is not education-
ally and/or scientifically based. In a perfect world, this author wishes
that individuals consumed with this topic would perform their home-
work through the plethora of science-based reading material and/or
contacting knowledgeable professionals to attain accurate information
on the subject. Before diving head first into a variety of common anec-
dotal misconceptions that exist on this topic, the readership must be
informed and fully understand that the only clinically significant
reported side effect associated with creatine ingestion to date has been
weight gain (1-3).

Numerous anecdotal side eifects have been reported in the popular
literature and media venues that have created a variety of misconceptions
and confusion surrounding creatine supplementation. Some of the more
ridiculous fallacies that have surfaced include creatine ingestion causing
the following: lower limb amputations, kidney stones, cancer, soft soles
of the feet, dry skeletal muscle, and my favorite myth, creatine the ana-
bolic steroid. Although there is no science behind these specific anec-
dotal claims, a host of other more rationale physiological safety questions
have been raised and denounced as problematic issucs associated with
creatine ingestion. For instance, concerns have surfaced over the med-
ical/health safety issues of creatine supplementation regarding select
populations even though extensive research has not divalged any nega-
tive side effects in the areas of endogenous creatine synthesis (4,5), renal
and hver function (3,6-74), muscle and liver enzyme efflux (3,6,8), blood
volume (15-19), electrolyte status (3,19,20), blood pressure (27,22),
and/or general markers of medical safety (6,8,12,16,18,22-24). It should
also be noted that select researchers have claimed that creatine ingestion
increases the risk of anterior compartment pressure in the lower limbs
thereby increasing the probability of developing anterior compartment
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syndrome complications (25-28). For over a decade, numerous scientif-
ically based double-blind placebo-controlted studies have assessed the
medical safety of creatine supplementation and none of these studies
have supported the previously mentioned anecdotal problems or con-
cerns associated with the likelthood of developing anterior compartment
syndrome compHcations (6,8,72-76,29-32}. In fact, investigators have
revealed time and time again that the incidence of negative safety and
injury occwrrences in creatine users does not appear to be greater than
subjects who ingest placebos and in select cases have actually reported
fewer complications (/6,29,30,33).

Specifically, there have been a variety of anecdotal reports that creatine
supplementation during intense training in hot/humid environments may
predispose athietes to increase incidence of muscle cramping, dehydra-
tion, and/or musculoskeletal injuries such as muscle strains (77,28,34 ).
Fortunately, these unsubstantiated ancedotal concerns revolving around
creatine supplementation and athletic injuries have generated time and
labor intensive field research in this area. Specifically, researchers evalu-
ated the effects of creatine supplementation on the incidence of injury
observed during 3-yr of National Collegiate Athletic Association (NCAA)
division IA college football training and competition (33). One-hundred
athletes participating in the 1998-2000 football seasons ingested creatine
following workouts and practices (15.75 g of creatine for 5 d followed by
ingesting an average of 5 g/d, thereafter administered in 5-10 g doses).
These athletes practiced or played in environmental conditions ranging
from 8 to 40°C (mean 24.7 + 5°C) and 19-98% relative humidity (49.3 +
17%}. It was found that creatine users had fewer incidence of cramping
(37 incidence by creatine users to 96 incidence by nonusers, 39%).
heat/dehydration (8:28, 36%), muscle tightness (18:42, 43%), muscle
pulls/strains (25:51, 49%), noncontact joint injuries (44:32, 33%), contact
injuries (39:104, 44%), illness (12:27, 44%), number of missed practices
owing to injury (19:41, 46%), players lost for the season {3:8, 38%), and
total injuries/missed practices (205:529, 39%). Tt was concluded that
creatine supplementation does not increase the incidence of injury or
cramping in division TA college football players. In conjunction with (his
study, investigators also evaluated the Jong-term safety of creatine supple-
mentation over a 21-mo time frame (76). The results indicated that S g/d
administered in 5-10 g/d doses does not adversely affect health status
markers in athletes undergoing intense training compared with athletes
who were not taking creatine. This health status evaluation included fast-
ing blood and 24-h urine samples (Table 1).

In a similar study investigators examined the effects of creatine
supplementation on cramping and injury occurrence in 38 division IA
football players over a single competitive season (29). These athletes
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Table 1
Observed Injury Rates For Creatine Vs Noncreatine Users:
Division IA Football Team (z = 98)

Treated injuries Number of injuries Percentage-creatine users
n=54/44 {usersmmonusers) with injuries (%}
Cramping 37/96 39
Heat/dehydration 8/28 36
Muscle tightness 18/42 43
Muscle pulls/strains 25/51 49
Noncontact injuries 447132 33
Contact injuries 39/104 44

Illness 12/27 44

Missed practices 19/41 46
Players lost season 3/8 38

Total injuries 205/529 39

trained, practiced, or played in environmental conditions ranging
from 15 to 37°C {mean 27.26 + 10.93°C) and 46-91% relative humidity
(54.17 £ 9.71%) and ingested 0.3 g/kg/d of creatine for 5 d followed
by consuming an average of 0.03 g/kg/d thereafter following workouts,
practices, and games. The findings in this study revealed that the incidence
of cramping, dehydration, muscle tightness, muscle strains, and total
injuries among creatine users were significantly less than the nonusers.
Moreover, the incidence of noncontact injuries, contact injuries, illness,
missed practices, and players lost with a season ending injury observed
in the creatine users were similar or lower than the nonusers. Once
again, these findings support that creatine supplementation does not
increase the incidence of injury or cramping in division IA college
football players (Table 2),

Finally, in a recent investigation, researchers examined the effects of
creatine supplementation on cramping and injury of 21 division T colle-
giate baseball players during 6 mo of training and/or competition (30).
. These athletes ingested 15-25 g/d of creatine for 5 d followed by 5 g/d
of creatine after practices or games. Environmental conditions for these
athletes during training and competition ranged from 27 to 35°C (mean
30.4 £ 0.6°C) and 59-91% relative humidity (77.1 + 2.53%). Although
no heat/dehydration events were reported for either group, the creatine-
users had significantly fewer total injuries than the noncreatine users. In
addition, there were no significant differences between groups regarding
cramping, muscle tightness, nmuscle strains, noncontact joint injuries,
contact injuries, illness, missed practices owing to injury, and players
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Table 2
Observed Injury Rates For Creatine Users Vs Noncreatine Users:
Division IA Football Team {# = 72)

Treated injuries Number of injuries Percentage-creatine users
n=38/34 (usersmonusers} with injuries (%)
Cramping 19/47 40
Heat/dehydration 4/13 3
Muscle tightness 9/2% 3%
_ Muscle pulls/strains 28/62 45
Noncontact injuries 22/60 37
Contact injuries 8O/176 51
| Tliness 29/69 42
‘l Missed practices 52/138 38
‘ Players lost season 12 50
Total injuries 253/595 43

lost for the season. Based on the findings in this investigation, creatine
supplementation during collegiate baseball training and competition did
not increase the incidence of injury or cramping. Although additional
research is warranied 10 evaluate the effect of creatine supplementation
on athletes training in hot/humid climates, research to date consistently
indicates that crealine is medically safe and does not increase the inci-
dence of cramping or injury (Table 3).

Therefore, the current research findings surrounding creatine supple-
mentation and athletic injuries may help professionals involved in the
training and/or medical supervision of athletes (i.e., athletic coaches,
certified athletic trainers, researchers, certified strength and conditioning
specialists, nutritional consultants, administrators, and athletic governing
bodies) to better examine the methods used to train and/or manage
athletes (i.e., consecutive two-a-day training bouts in extreme ambient
climates, exhaustive conditioning drills, hydration strategies, and so on).
In this regard, it appears that the type of activities and conditions that
athlctes are asked to train and/or compete in mighl place them at a greater
risk of dehydration, cramping and/or injury than anecdotally associating
these problems with creatine supplementation.

Finally, it is also imperative to address a commonly asked question
regarding creatine supplementation. Specifically, are the long-term side
effects of creatine ingestion safe? Before creatine was available to the gen-
eral public in the 1990s, athletes across the world were utilizing creatine
as an effective ergogenic aid even in the 1960s. Even though there have
been no clinically significant negative side effects directly attributed to
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Table 3
Observed Injury Rates For Creatine Users Vs Noncreatine Users:
Division IA Baseball Players {n = 39)

Treated injuries Number of injuries Percentage-creatine users
n=21/18 {users/monusers) with injuries (%)
Cramping 4/8 50
Heat/dehydration 0/0 0

Muscle tightness 7/11 64

Muscle pulls/strains 6/10 60
Noncontact injuries 517 71

Contact injuries 4/8 50

Tllness 8/8 1

creatine supplementation to date, some question the long-term safety out-
comes of this popular product. Consequently, researchers approached this
concern (o help scientifically address this important medical query. At the
time of this writing, no long-term negative side effects have been observed
in athletic populations lasting up to 5 yr, infants with creatine synthesis
deficiency lasting up to 3 yr, or in patient populations lasting up to 5 yr
(2,6,8,12,16). In two very valuable time and labor intensive studies,
patients ingesting 1.5-3 g of creatine per day have been safely monitored
over a 25-yr period (1981) reporting no significant side effects (35,36). In
addition, researchers have demonstrated a variety of potentially helpful
clinical uses of creatine for: infants/patients limited with creatine syn-
thesis deficiencies; patients suffering from various orthopedic injuries;
patients with a variety of neuromuscular afflictions as well as patients with
sclect heart conditions. Consequently, ali available evidence suggests that
long-term creatine supplementation appears to be safe and has been
shown fo be effective as a therapeutic aid with select clinical populations.
In this author’s opinion, the medical profession’s use of creatine as a
potential therapeutic aid has helped banish as well as educate many of the
anticreatine critics but the educational process is dynamic.

2.2. Creatine Quality, Purity, and Formulation

One important common sense scientific investigative approach pro-
moted in the authors’ laboratory research is to determine the safety and
efficacy of any nutritional supplement evaluated. It is the philosophical
stand that the public has a right to know the truth regarding these two
important concepts and any validated information attained after that is
icing on the cake. Before starting any study it is considered imperative
to test every product by determining if ingredient formulations and
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amounts noted on the dietary label are indeed accurate. It is impossible
to make any valid inferential scientific claims of research outcomes
without answering these factors first. The consumer and/or sport nutri-
tion specialist should attempt to establish educationally informed strate-
gies for evaluating dietary supplement labels, which often help develop
key dictary supplement knowledge. Utilizing this approach will also
assist the individual in making informed decisions regarding reputable
sport supplement compames/products/sources. If general consumers do
not have direct access to effectively determine these strategics,
researchers from reputable sport nutrition laboratories and/or certified
sport nutritionists can be valuable resources to effectively accomplish
this process. At the time of this writing, the top two manufacturing
sources of raw creatine monohydrate are the United States and
Germany. Wide spread distribution of creatine monohydrate can also be
found in China but various impurities (i.e., creatinine, dicyandiamide,
and/or dihydrotriazine) have been detected by some investigators
(37.38). Hence, extreme caution should be used when buying creatine
monohydrate in an attempt to locate the highest quality formulations
possible. In addition, it is advisable to purchase ones’ supplements from
inspected facilities that produce and maintain good Tood and Drug
Administration (FDA) manufacturing practice standards (2).

As specific safety issues surrounding creatine ingestion have been pre-
viously addressed, the quality, purity, and formulations of this popular
supplement are next on the agenda. Specifically, the vast majority of
studies conducted with creatine products have utilized powered formula-
tions of pharmacological grade creatine monohydrate as well as more
expensive formulations of oral or intravenous phosphocreatine primarily
used in various medical circumstances. In an effort to make the ingestion
of creatine products more accessible to target audiences, the supplement
industry has developed a variety of product formulations of creatine to
entice the consumer to purchase products based on variety, convenience,
and in some instances individual palatability. Although a plethora of
creatine supplements can be purchased in the forms of candy, gom,
tablets, capsules, bars, effervescent, citrate, ethyl ester, and serum/liquid,
there is no supporting data that reveals that these alternatives are any
more effective than a quality processed creatine monohydrate. These spe-
cially marketed products are also more expensive than a quality creatine
monohydrate. Often, this conglomerate of creatine formulations are
touted as more effective for increasing exercise capacity as well as better
creatine uptake to the muscle. Again, this is why anecdotal claims need
to be replaced with quality research outcomes. For example, in a study
conducted by Kreider and colleagues, a type of serum creatine was found
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to have no effect on muscle-creatine uptake even with dosages far above
the suggested amount (39). Furthermore, other published investigations
have compared the cfficacy of crealine candy, gum, and effervescent,
with creatine monohydrate, as the ergogenic values of ingesting these
products were no different (19,39-42). Tt should also be noted that there
is no scientific support that ingesting higher or lower dosage amounts of
these unique creatine products will accomplish the same or better out-
comes than consuming creating monohydrate relative to lower degrada-
tion in the stomach, better intestinal absorption, faster absorption in the
blood, and/or greater muscle uptake.

2.2.1. CREATINE DOSAGE PROTOCOLS

For nearly 15 yr investigators have evaluated specific creatine
dosage protocols in an effort to determine viable ingestion uptake
methods. Although it has been established that the quality, purity, and
formulation of the creatine monchydrate is a critical component in this
process, the optimal dosage protocols during the loading and mainte-
nance phases are also a critical consideration. The amount of creatine
ingestion becomes critical as some professionals indicate ponsignificant
research findings have been primarily atiributed to inadequate ingestion
protocols such as poor guality/purity, improper dosage amounts/durations
of ingestion, low statistical power, no incorporation of experimental
controls, and failure to irmplement testin g/training of the phosphocreatine
energy system into the research design (/).

To date, the most reported method cited in the scientific litcrature {0
elevate muscle-creatine stores is by consuming 0.3 g/ke/d of creatine
monohydrate for 5-7 d in the “joading phase,” which for many individu-
als equates to 5 g ingested four times per day (£,2). Although responses to
creatine uptake levels are ‘ndividualized, this creatine dosage method has
been shown to effectively increase muscle creatine and phosphocreatine
ranging from 10 to 409 (I1). Furthenmnore, once muscle-creatine stores
have reached optimal saturation levels, ingesting 3-5 g (0.03 glkg/d—
maintenance phase) of creatine monochydrate daily can effectively help
maintain elevated creatine stores (1,2). Scientific findings such as these
have led researchers to ponder and investigate whether different creatine
dosage protocols might have similar significant scientific effects. For
example, some researchers recommend that an effective supplementation
protocol is to ingest 3 g/d of creatine monohydrate for 28-d thereby
eliminating the common “loading phase” (43). In a recent study by
Willoughby and colleagues, ingesting 6 g/d of creatine over 12 wk of
resistance training revealed improvements regarding strength and muscle
mass (44). Although this approach has been shown to be scientifically
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beneficial, it is evident more time is required for optimal creatine satura-
tion levels to be attained. Thus, if one desires the benefits of creatine
uptake more rapidly, utilizing the loading phasc still has benefits, but if
time is not of the essence, a lower maintenance dosage accomplishes
similar results across longer time-periods.

The excitement and passion affiliated with conducting quality creatine
research has led investigators to other valuable contributions regarding
creative creatine ingestion sirategies. Specifically, although the majority
of creatine research has centered around creatine dosages based on total
body weight, Burke and associates investigated creatine dosages related to
lean body mass (43). Compared with typical creatine ingestion stratcgics,
Burke’s rescarch group promoted a loading dose of 0.25 g/kg Ibm/d for
7 d and maintenance dosages of 0.0625 g/kg lbm/d to control creatine
stores there after. In this study, fruit juice was also administered to
enhance intramuscular concentrations of creatine and phosphocreatine
accumulations. In utilizing this dosing approach, it should be noted that
lean body mass only included soft tissue analysis thereby excluding bone
mineral content as a viable dependent variable. Although additional
research is certainly warranted with respect to this creatine dosing strat-
egy, the author is at liberty to state that there are a series of creatine inves-
tigations scheduled in the Exercise Biochemistry and Nutriticn
Laboratory this year related to this and other creatine-related issues.

To conchude this section, it is important to present relevant informa-
tion related to other commonly asked questions surrounding creatine
supplementation. Specifically, what are the best nutritional ingestion
timing methods to follow regarding creating supplementation? As
intense exercise increases anabolic hormone release, many professionals
promote the ingestion of carbohydrates, proleins, and/or essential
amino acids as soon as possible after the training bout in an elfort to
elevate glycogen resynthesis while also enhancing protein synthesis
(46-50). This scientific mechanism is attributed to increased insulin
levels promoted by the ingestion of carbohydrate and protein with
creatine thereby further igniting protein synthesis through essential
amino acid mechanisms, Again, because insulin levels enhance creatine
uptake, ingestion of creatine after exercise with a carbohydrate and/or
protein supplement is considered a viable method to promote and/or
maintain intracetlular muscle-creatine levels and stores. Various creating
supplement companies promote this method of creatine with carbohy-
drate/protein ingestion 1-2 h before and after exercise regarding the
rationale noted earlier with the understanding that this concept, like any
other nutritional supplement, requires verifiable research outcomes
behind it to warrant its effective infusion into the exercise/training
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regime. If an individual is concerned about body weight management
outcomes (losing or gaining excess body weight), caution should be
utilized when establishing creatine/carbohydrate/protein strategies as
strength to mass ratios can be negatively altered. The topic of creafine
ingestion combined with other nutritional supplements is addressed in
detail within the next section of this chapter.

Another typical question that surfaces on a regular basis relates fo
creatine cycling sirategies. Specifically, from a scientific perspective,
should T follow cycling protocols when taking creatine supplementation?
To date, there is no research to support that cycling on and off creatine
supplementation is any more or less beneficial than following established
loading/maintenance strategies, Various professionals promote cycling off
creatine when training intensities are reduced to accommodate specific
aspects of the periodization cycles. Often, this approach is based on an
athletic or strength training coach’s personal philosophy toward creatine
supplementation. Thus, the prominent gains associated with this creatine
supplementation approach would be enhancing various exercise/athletic
populations to attain optimal activity and health specific potentials during
heavy training cycles (16,57).

At times inquiries arise related to the scientific rationale for ingesting
creatine four different times during the loading phase. Although this
issue is not a frequently asked question, it is unique to the creatine craze
and has scientific merit behind it. Common sense dictates this approach,
as the consumption of 20-25 g of any product would not sit well with
the digestive system. In addition, for those unaccustomed to ingesting
creatine, consuming an over abundance of this popular ergogenic may
take additional adjustinent time. This statement would hold true regard-
ing a variety of nutritional supplements, which is another valid reason to
follow the prescribed protocols noted on the label which is hopefully
research based. Another common sense explanation for ingesting creatine
four times a day at 4-h time intervals equates to better absorption time
to allow for a viable uptake of creatine stores. Dispersing and ingesting
this endogenous product according to this protocol helps regulate and
accomplish this physiological process more effectively than consuming
20-25 g of creatine in a single dosage. Scientific evidence suggests,
after ingesting 5 g of creatine monohydrate the plasma-creatine levels
elevate up to 10 times the normal level within 1 h. This process increases
the blood muscle concentration gradient thereby transporting and stor-
ing more blood borne intracellular muscle creatine (52). Considering
blood creatine has a relatively limited half-life of approx 1.5 h, it becomes
imperative to follow a closely timed ingestion regimen to bolster
this process (53). Implementing this approach in the loading phase,
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Table 4

Creatine Ingestion Strategies

Prompt loading and maintenance strategies
= 20/25 g/d divided into 4/5 equal doses (5-7 d)
= 0.3 g/kgfd (15-30 g/d for 50-100 kg individuals) (57 d)
+ 0.25 g/kg lean body mass/d (5-7 d) 0.625 g/kg lean body
mass/d after load/maintenance
= 3-5 g/d (0.03 g/kg/d) after load/maintenance training phase

Gradual low dose strategy
* 3-6 g/d maintenance phase no urgent foad ingestion

Cycle on and off strategy
* Loading and maintenance dosage based on person’s
training intensity, body weight, or lbm while refraining
during nontraining segments

considering one agrees with the loading method, will place emphasis
on consistent plasma creatine levels concentrations, which will be etfec-
tively stored in the muscle throughout the course of the day. Once crea-
tine stores are saturated, the individual may advance to the typical
maintenance phase. Hypothetically, as elevated creatine stores return to
baseline within 4-6 wk, a maintenance protocol of creatine (3-3 g) is
effective in increasing and retaining elevated creatine stores over time
especially when consumed with carbohydrate and/or protein combina-
tions {54) (Table 4},

Finally, questions often surface regarding creatine supplementation
as a potential and effective therapeutic option for various clinical pop-
ulations. For example, creatine synthesis deficiencies, gyrate atrophy,
neurornuscular diseases, various heart conditions, brain and spinal cord
injuries, arthritis, diabetes, and high cholesterol and triglyceride levels
(1,2). In addition, cmphasis is often placed en excessive amounts of
creatine supplement related to ergogenic benefits. 1t should be noted
that much higher creatine dosages have been prescribed in the medical
profession to treat clinical patients suffering from various afflictions
whercas no negative issues regarding safety in these instances have
been shown (2). Details surrounding the therapeutic values of creatine
ingestion with various medical conditions are covered in another chapter
of this textbook.

2.2.1.1. Creatine Nuiritional Supplement Combinations. There has
been tremendous interest in determining effective strategies to enhance
muscle uptake of creatine. Combining various macronutrients, primarily
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carbohydrate and protein, with creatine, has been a major source of
interest in the last few years in an effort to determine the most effective
methods of enhancing transport systems that optimize creatine storage
through greater intestinal and/or intracellular muscle uptake. Various
combinations and timing mechanisms have been implemented to deter-
mine optimal combinations to promote creatine efficacy. Numerous
studies have shown that adding macronutrients to creatine has promoted
better muscular retention of creatine. Specifically, Greenwood and col-
leagues (55) reported that dextrose added to creatine resulted in better
retention than creatine monohydrate alone, whereas other research
teams reported that adding carbohydrate and protein to creatine is more
effective for promoting muscle retention of creatine (56). Green and
associates also reported that adding carbohydrate to creatine supple-
mentation increased total muscle creatine by 60% (57).

The previously mentioned studies make an interesting contrast to the
recent literature that exists concerning adding macronutrients to creatine
and the improvement of strength and lean body mass. Burke and col-
leagues reporied that whey protein plus creatine monohydrate increased
lean body mass and bench press strength to a greater extent than whey
protein alone, but no comparison was made with creatine monohydrate
(58). Tamopolsky and associates reported that postexercise protein and
carbohydrate supplementation was as effective as a creatine/carbohydrate
combination in improving lean body mass and strength (59). Researchers
have also reported that a postexercise whey protein, amino acids, creatine,
and carbohydrate was no more effective at promoting muscle strength
and endurance, but a trend toward increasing lean body mass was
seen (60). In another study, no performance advantage was gained by
adding carbohydrate to a creatine supplement over the course of 4 wk
with competitive swimmers (61). Finally, it has also been reported that a
creatine plus protein supplement had no significant effect on improving
isokinetic muscle function in middle-aged and older men (62). These
results seem to indicate that the addition of protein and/or carbohydrate
to creatine may not be superior to using monohydrate alone.

Many questions are yet unanswered on the various formulations of
creatine and their usefulness. At this point the exact mechanisms by
which maximal exercise performance is enhanced by creatine are not
fully understood, but it 1s likely that the insulin response is not the sole
regulating mechanism. Previous research runs a vast spectrum, as it 1)
has reported that creatine uptake is regulated by sodium and not
insulin (6.3), and 2) that the insulin response is important for creatine
accumulation in the muscle, and that adding carbohydrate and protein
best potentiates this response (56). It is possible that multiple transporter
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mechanisms are involved in creatine uptake, and further research on
these mechanisms is needed to best delineate if any other forms of
creatine might prove more effective at promoting strength and lean
body mass than monohydrate. The timing of ingestion of various com-
binations may also play a key role in their effectiveness of the creatine
combination on strength and lean body mass. An investigation of protein
and carbohydrate creatine combinations and various ingestion times
seems pertinent. In addition, it could be that there is a threshold of muscle
creatine retention that is reached, over which no significant changes in
strength and lean body mass occur, that is traditionaily obtained by
creatine monohydrate supplementation alone.

One of the more popular ergogenic aids used in combination with
creating, as well as in isolation, is f-hydroxy-B-methylbutyrate (IMB).
HMB is a metabolite of the amino acid leucine that has been shown (o
increase lean body mass and strength when combined with resistance
training (64,65) as well as reported to produce no adverse health effects
when combined with creatine (66). When used in combination with
creatine, two studies have shown differing effects. Investigators reported
that the HMB/creatine combination produced gredter increases in lean
body mass and strength than either supplement did alone (67). This
group theorized that HMB and creatine are able to work synergistically
because they work by different mechanisms; i.e., HMB works by slow-
ing muscle-protein breakdown, whereas creatine increases lean body
mass by increasing cellular water content. However, other nvestigators
reported no significant difference from the control group in elevating
aerobic or anaerobic capacity in an HMB/creatine supplementation
group following 6 wk of taking the supplement (68).

Recently, interest has developed in the use of B-alanine in conjunction
with creatine. B-alanine is a derivative of the cytoplasmic dipeptide
carnosine. Carnosine plays a major role in pH buffering in muscle, and is
found in greater amounts in type II muscle fibers. Harris and associates
reported a 64% increase in carnosine levels with 15 d of B-alanine. Of the
two precursors to carnosine, B-alanine and free histadine, P-alanine
seems to be the limiting factor in carosine synthesis (69). Therefore, it
has been theorized that supplementing creatine with B-alanine will have
an improved effect on delaying muscle fatigue owing to decreases in pH.
Although vnpublished in manuscript form to date, two recent abstract
presentations have investigated the effects of creatine and B-alanine. Hill
and associates reported significantly greater cycling work completed
with creatine alone, 3-alanine alone, and in combination than placebo,
but no additive effects were noted (70). Hoffman and colleagues reported
significant differences from placebo in creatine and creatine plus
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p-alanine groups (71). However, creatine plus B-alanine did produce
significantly greater changes in both lean mass and percentage of
body fat than placebo or creatine ajone.

Another recent supplement added to creatine is that of cinnamon. As
discussed earlier, this formulation approach has been marketed and
combined with creatine ethyl ester. Claims have been made that an aque-
ous form of cinnamon called CinnulinPF® (concentrated water-soluble
cinnamon extract that stimulates glucose uptake and glycogen synthase)
that is added to numerous supplement products will help to drive creatine
into the muscle. No research to date has been conducted on the safety and
efficacy of cinnamon in improving muscle retention of creatine.
Cinnamon has been shown to improve glucose uptake by enhancing the
insulin signaling pathway (72,73). Although these findings have been
initially applied to insulin-resistant diabetics, no research has supported
the claims that creatine retention is enhanced by using the product.
Furthermore, the combination of creatine with cinnulin may exacerbate
(note: what does the author mean by exacerbate muscle creatine uptake??)
muscle creatine uptake by stimulating skeletal-muscle-mediated glucose
uptake and concomitant upregulation in the creatine transporter.

Again, to date, although there are several published studies on the
effects of cinnulin extract, there are no training studies combining cinnulin
with creatine in attempt to increase muscle creatine. in fact, even though
the scientific jury is still out, various crealine research leaders are skepti-
cal about the postulated transporter mechanisms of cinnulin combined
with creatine ethyl ester, which openly refutes the current scientific
knowledge regarding the creatine transport mechanistic process. Creatine
ethyl ester is a new formulation that combines creatine monohydrate with
an ester, Esters are organic compounds that are formed by esterification,
the reaction of carboxylic acid and alcohols. Creatine ethyl ester is sup-
posedly a membrane permeable form of creatine that theoretically can
enter the cells without having to use the creatine transporter molecules.
There seems to be a limit for muscle creatine uptake when the transport
system is downregulated below a concentration of 150 mmol/L.. Whether
the muscle creatine uptake resulting from creatine ethyl ester is any higher
than those achievable with creatine monohydrate based on a 30-d period
of supplementation (at 5 g/d) is virtually unknown owing to the absence
of published research.

Typically, when taken alone, creatine has been administered in the form
of creatine monohydrate dissolved in some form of a liquid. Other forms
have been investigated including serums and effervescents. Effervescent
forms of creatine, including dicreatine citrate, have been investigated
because of better solubility and enhanced palatability in comparison
with creatine monohydrate { 74}. Investigators have concluded that the
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effervescent form of creatine used showed no significant difference to
creatine monohydrate in terms of muscle retention, but was not as effec-
tive as a creatine + dexirose group (55). In a study with similar findings,
investigators reported that an effervescent creatine, ribose, and glutamine
supplement did not enhance muscular strength or endurance when com-
pared with placebo over the course of 8 wk of training (75). Two investi-
gations on serun creatine formulations have reporied that serum is not
effective in increasing muscle-free creatine {39), and that within the
serum, 98% of the active creatine was converted to creatinine (76).

Many other miscellaneous forms of creatine have been tried that have
not proved better than creatine monohydrate, including Mg”*creatine
chelate (77), creatine phosphate (23), ¢creatine and glutamine (78), and
creatine combined with sodium bicarbonate (79). In the former study,
6 d of creatine loading followed by sodium bicarbonate supplementation
on the seventh day was found to be more effective at improving swim
times than placebo. However, no comparison was made with monohy-
drate alone. Other miscellaneous additives have been tried, but none of
these combinations have proved more effective than traditional ¢creatine
monohydrate in promoting gains in Ibm or strength. In addition, o-lipoic
acid, which enhances the function of insulin and therefore should
enhance the amino acid deposition within the muscle, has been cvalu-
ated in combination with creatine in pigs. Muscle quality was examined
and was found to be superior in the creatine monohydrate group than the
creatine-o-lipoic acid group (80).

The proposed mechanisms for each of these combinations seem to
be logical, but as of yet have not been validated as effective,
Glutamine is an amino acid that has been reported to enhance protein
synthesis in humans {8/). Tt also appears that the nnirient may also
increase cell volume and osmotic pressure (63). Investigators have
also hypothesized that: “Glutamine may promote cellular volume and
osmolarity as a result of an insulin-dependent, soditm-dependent
transport sysiem (77).” Therefore creatine and glutamine might result
in increased cellular swelling leading to enhanced muscle mass.
However, their investigation revealed no significant differences
between creatine and creatine + glutamine groups.

Mg?*creatine chelate has been proposed as an alternative method of
getting creatine into the cell by making it a chelate containing a cation.
It was thought that the creatine would then be able to enter the cell
through a ligand-gated channel that only allows cations to travel
through. However, this method proved no better at improving perform-
ance than creatine monohydrate in the Selshy investigation {75).

Bicarbonate is one of the primary hydrogen ion buffers in the body
that helps (o prevent change in pH within a cell. Because a change in pH

»
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is one of the leading contributors to muscle fatigue, it is rationale to
hypothesize that bicarbonate supplementation could increase work per-
formance. McNaughton and associates reported that sodium hicarbonate
increased maximal work and power output capabilities in women (82}.
It is possible that if the sodium transport mechanism is in fact highly
jmportant to creatine uptake, that adding sodium bicarbonate could be
beneficial and allow the two to work synergistically. However, another
investigation reported no significant advantage fo this supplementation
over monohydrate {78).

Phosphate is important in the body in combination with creatine;
these two join to form phosphocreatine, the storage form of high-energy
phosphate within the body. Phosphocreatine is used within skeletal mus-
cle to generate adenosine triphosphate to provide energy for the cells.
Creatine phosphate is formed by adding phosphate salis to creatine
through the chelaion process. While researchers have shown creatine
phosphate to be as effective as creatine monohydrate at increasing
strength and lean body mass, if it is more difficult and more expensive
fo produce which favors creatine monohydrate as a economical but still
an effective ergogenic option (76). In addition, other investigators have
combined glucose, sodinm and taurine in an effort to enbhance creatine
uptake in the muscle cell (83).

It appears that an optimal nutritional supplement aimed at promoting
gains in strength and lean body mass, such as a quality creatine combina-
tion, should have several distinct properties. First, it needs to be absorbed
intact through the intestine into the blood optimizing creatine transport
properties, including chemical and enzymatic stability, solubility, and low
clearance by the liver or kidney, permeation across biological membranes,
potency, and safety ( 84). Second, whereas more research is warranted, it
should exhibit properties that enhance muscle function such as: buffering
hydrogen ions and preventing pH decline, increasing cell volume, acting
on the proper transport mechanisms for optimal uptake and be sodium
dependent mediated by countless insulin options (85-90). Consequently,
it is recommended that creatine ingestion occur with a high carbohydrate
drink and/or with a combined carbohydrate/protein supplement in order to
elevate insulin and promote creatine uptake (39,40,56,57,91). Finally,
although not related to efficacy, in practical terms creatine combination
practices should be consumer friendly with additional attribuies such as
palatability and affordability.

2.3. Foundational Creatine Ergogenic Efficacy

As creatine is one of the most popular nutritional supplemenis fo
appear in the consumer market, plethora of research has been conducted
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|
l to substantiate the ergogenic efficacy of this product. Although other pro-
fessionals in this text will cover this premise in detail, only a brief gen-
eral scenario will be provided herein regarding creatine’s ergogenic
efficacy to date. Specifically, there are approx 700 peer-viewed manu-
l scripts that have investigated the effects of creatine supplementation on a
variety of exercise and/or training activities with significant ergogenic
outcomes (92). In the majority of these studies to date, there is an over-
all increase of 10-15% related to a variety of performance outcomes.
\ The foltowing factors have been reported to improved specific perform-
' ance outcomes related to short-termn creatine supplementation: (1) maxi-
mal power/strength ranging from increases of 5-15%, (2} work
performed during sets of maximat effort muscle contractions at increases
\ of 5-15%, (3) single-effort sprint performance increases from 1 to 5%,
and (4) increased work performed during repetitive sprint performance
ranging from 5 (o 15% (1,92). When evaluating the ergogenic outcomes
of long-term creatine ingestion the findings are comparable with that of
‘ short-term ingestion. Typically, the overall enhancement of training has
been reported to promote improved gains in strength and performance
from 5 to 15% (1,92). When evaluating research related to body mass, the
peer reviewed findings are consistent indicating a 1-2 kg improvement
within the first 7 d of creatine supplementation in the majority of studies.
Furthermore, individuals ingesting creatine during long-term training
studies normally increase body mass and/or lean muscle mass up to twice
as much as individuals ingesting placebos over a 4-12-wk period.
Tronically, no training study to date has demonstrated decrements in
exercise capacity because of the ingestion of creatine supplementation.
Although a vast number of studies support these outcomes it should also
be noted that some individuals respond better to creatine supplementa-
tion than a group often referred to as nonresponders (93,94). Although a
small majority of investigators report no significant ergogenic outcomes,
there is overwhelming scientific based evidence promoting creatine as a
safe and effective nutritional supplement for a multitude of training
activities and populations (1,92).

2.4. Future Creatine Research Options

Without question the quality and amount of scientific based creatine
research has established a vital foundation regarding a very popular but
often misunderstood nutritional supplement. However, although many
viable questions have been answered to date, the rescarch regarding the
effects of creatine supplementation is far from over and in some
instances just beginning. Specifically, one of the most extensively stud-
ied topics has focused on short-term ergogenic performance benefits of

o
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creatine ingestion. However, in a closely related arca, limited research
has been conducted relative to cycling on and off creatine to evaluate the
ergogenic performance effects regarding long-term creatine ingestion.
Additionally, time- and labor-intensive research involving long-ferm
creatine ingestion and its effects on markers of overtraining and injury
outcomes is limited and warrants extensive investigation. Although var-
ious anaerobic athletic/exercise populations have been examined regard-
ing creatine supplementation, some experts contend there is ergogenic
value investigating endurance athletes (i.e., runners and cyclists)
involved in intense interval training bouts. The contention herein is that
athletes can improve their anaerobic threshold and thus aerobic capacity
by incorporating creatine supplementation with intense interval training
thereby elevating stores of the initial energy system, phosphocreatine. In
addition, creatine ingestion with carbohydrate loading helps maximize
glycogen retention and therefore optimizing interval training and aerobic
performance outcomes. A major challenge associated with conducting
creatine research with collegiate athletes surfaced when the NCAA
(August 1, 2000) mandated that creatine products could no longer be
disseminated to athletes by any school representative (strength coaches,
athletic trainers, athletic coaches, researchers, and so on). Specifically,
only nonmuscle-building nutritional supplements can be provided io
student-athletes for the sole purpose of providing additional calories
and/or electrolytes, provided the supplements are not classified as
NCAA banned substances. Nonmuscle-building nufritional supple-
ments were categorized as: (1) vitamins and minerals, (2) energy bars,
(3) calorie-replacement drinks, and (4) electrolyte-replacement drinks.
A troubling aspect of this mandate was that it did not revolve around
safety related concerns but in fact equality in competition as some ath-
letic conferencesfinstitutions could not afford to supply their athletes
with creatine and/or other muscle-building products. Another unfortu-
nate outcome of this stipulation was the monitoring limitations placed
on qualified professionals regarding the athletes’ consumption of
creatine products in this environment. Who would be better suited to
educate and monitor these athletes than the qualified professionals
they work closely with on a daily basis? Whercas athletes can legally
purchase and ingest creatine on their own, this policy has hindered
investigators focused on conducting much needed quality controlled
research by monitoring pertinent extraneous variables (i.¢., creatine
quality, dosage protocols, timing of ingestion, and formulations). This
NCAA mandate has stifled the amount and quality of long-term
safety/performance creatine research with collegiate athletes that
demands time, labor, and financial intensive commitment.
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The potential therapeutic values of creatine have elevated its safety
and efficacy primarily because of the medical profession utilizing it with
various clinical and/or special populations previously noted. However,
many creatine experts believe that research in this arca has not come
close to the tip of the iceberg. Specifically, much of the work with neu-
romuscular diseases and muscle wasting should extend the focus to
varying stages of specific long-term afflictions (i.e., multiple sclerosis,
muscular dystrophy, amyotrophic lateral sclerosis, and HIV) in effort to
slow the debilitating process of these conditions thereby enhancing a
person’s functional quality of life. Another area of creatine research that
is limited includes muscle tissue recovery after surgery and/or soft tissue
injuries from various traumatic events. It is possible that some of the
more comimon muscular injuries (muscle strains/sprains, and so on) that
occur in athletic and/or exercise environments would benefit with faster
recoveries owing to viable creatine supplementation ingestion strategies.
Another very interesting approach could consider using creatine in
weight loss studies to reduce body fat while simultaneously attempling
to enhance and/or maintain lean muscle mass. A very unique approach
to creatine ingestion, as research designs typically promote this supple-
ment as an effective weight gaining option for select populations, related
to increases in total body weight not solely body composition reductions
as a viable weight loss technique.

Two final future interdependent creatine research suggestions include
the elusive journey to discover the most viable supplement ingredients
to promote muscle-creatine uptake and the biochemical mechanisms
that enhance this process. Although creatine combinations have already
been addressed in this chapter, investigators continue to search for
rational scientific explanations and mechanisms to improve the upregu-
lation of creatine levels even though some experts believe saturation
levels are limited thereby dictating everyone’s uptake capabilities. Even
with the existing creatine uptake research to date, investigators should
attempt to explore safe and effective scientific methods to progressively
increase creatine saturation levels to not only enhance athletic/exercise
performance outcomes but more importantly a vast array of clinical
based health conditions. Dr. Darryn Willoughby, Professor of Exercise
Biochemistry and Molecular Biology and a leading expert regarding the
mechanisiic aspects of creatine supplementation provides the following
details related to existing and future research in this challenging area:

The quest for different formulations of creatine that will enhance
muscle creatine uptake and provide performance improvements are
ongoing; however, most of these new formulations have little or no
scientific data to support the claims made by most of the companies who
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sell these products. In this light, what cannot be overlooked is that whole
body creatine retention is dependent primarily on rates of creatine uptake
and intramuscular creatine content, and to a lesser extent, the slow
degradation of creatine into creatinine. Creatine uptake into the muscle
is dependent on the creatine transporter, a membrane-spanning profein
that transfers creatine from the blood into the muscle fibers. The regula-
tion of the creatine (ransporter protein appears to be of paramount
importance in controlling intramuscular creatine levels. It seems that
creatinge uptake is actuwally inhibited with prolonged exposure to high
plasma creatine levels, which may be owing to decreased activity of
creatine transporter. This suggests that creatine uptake is actually
dependent on intracellular creatine concentrations, and not extracellular
creatine concentrations. Elevated plasma creatine levels promote
increases in muscle creatine uptake. However, there may be a point in
which the resultant intramuscular creatine concentraiions may play a
role in inhibiting creatine transport regardless of plasma creatine levels.

The other aspect to consider with various creatine formulations is a
way 1o exacerbate the mechanisms in which longer-term creatine sup-
plementation stimulates skeletal muscle hypertrophy. Creatine enhances
short-terin, anaerobic endurance through its inherent ability to enhance
muscle bioenergetics. In addition, creatine indirectly promotes mus-
cle anabolism with longer-term supplementation coupled with resist-
ance training by extending exercise output, again through enhanced
muscle bioenergetics. As a result, muscles then compensate for the
increased mechanical load through the production of new muscle pro-
teins, These newly added proteins promote hypertrophy, thereby allow-
ing muscles to generate greater amounts of force and power. Long-term
(1015 wk) siudies have been done showing 5-6 g/d of creatine com-
bined with heavy resistance training is preferentially more effective than
placebo/control at increased muscle strength, muscle mass, and types I,
ITa, and Hab muscle fibers (95), Types 1 and fla myosin heavy chain
isoform mRNA and protein expression, myofibrillar protein content
{44), and satellite cell number and muscle myonuclei content (96).
Additionally, it has been shown that creatine preferentially increased the
mRNA and protein expression of the myogenic regulatory factors
(MRF4) and myogenin, and DNA-binding proteins that serve as tran-
scription factors in upregulating the expression of muscle-specific genes.
Additionally, myogenin and MRF4 expression was directly correlated to
the mRNA expression of the skeletal muscle isozyme of creatine kinase (97).
These studies have been the first to actually demonstrate a direct hyper-
trophic link to creatine supplementation through molecular mechanisms




Creatine Qverview 231

linked to muscle hypertrophy through both muscle-specific gene and
protein expression and increases in satellite cell activation.

2.5, Conclusion

Creatine products have become one of the most popular nutritional
supplements available today despite various anecdotal misconceptions
that misrepresent the scientific safety and efficacy data available in the
current research. Quality creatine supplementation research outcomes
have supported aspects such endogenous safcty, augmented muscle-
creatine uptake, enhanced short/long-term exercise and training per-
formance ountcomes, as well as therapeutic benefits associated with
various clinical populations. Although foundational creatine research
options have advanced over the past 15 yr, the stage has been set to con-
tinue replicating/supporting these specific areas in hope of igniting new
investigative directions. Persistent researchers should sirive to further
maximize safe strategies to upregulate muscle creatine, which could
have monumental positive clinical and ergogenic implications. Key
creatine factors that will help accomplish this challenge include but are
not limited to the following aspects: (1) quality, purity, formulation, (2)
innovative/precise dosage strategies, and (3) combination ingredients.
Although creatine products have tasted the scientific test of time to
date, the evolving research cycle seems promising as well as exciting
regarding this very safe and effective nutritional supplement,

2.6. Common Creatine Practical Applications

1. Creatine and other nutritional supplements are not a complete substitute
for a well balanced nutrient dense diet. However, nutritional supplemen-
lation strategies, in addition to a nuirient dense diet, are vital in assisting
the athlete in replacing the necessary caloric requiremenis lost through
high-intensity energy expenditure. A valuable rule to implement is that
a supplement is indeed a supplement io cnhance caloric intake, not a
complete replacement for a nutrient dense diet.

2. In addition to a quality nutrient dense diet combined with creatine
ingestion, athletes/exercisers should take a multivitamin daily (with
iron for female athletes).

3. 'To load or not to toad? If the goal is to saturate muscle-creatine levels
rapidly, the loading cycle is effective in accomplishing this goal (i.e.,
20-25 g/d every 4 h). However, if crealine muscle uptake is not urgent,
ingesting creatine (5 g/d) over the course of 28-30 d can accomplish
similar outcomes.
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Research indicates that creatine loading combined with carbohydrate/
protein loading helps maximize glycogen retention and thereby suc-
cessful creatine muscle saturation.

Nutritional timing is imperative for any dietary strategy. Therefore, after
proper nutrient dense caloric intake has occurred, it is recommended to
ingest creatine 1 h before training/competition (saturate uptake levels)
and within 1 h after the exercise bout to replenish creation stores. In
addition to creatine supplementation, maintaining energy balance to
reduce catabolic states, athletes are encouraged to consume 50--100 g of
carbohydrate and 30-40 g of protein 30-60 min before exercise.
Furthermore, because some individuals lose their appetites after intense
training, a carbohydrate/protein supplement snack is recomsmended
within 30 min after the exercise bout followed by a nutrient dense meal
within the critical 2 h ealoric recovery window.

Because it is difficult to consume large quantities of food in one setting
and difficult to maintain quality energy balance, athletes are encouraged
to eat four to six meals per day with a quality creatine supplement.
Ingesting creatine carbohydrate/protein snacks between meals can help
offset extreme energy expenditure levels derived from intense duration
training.

The most relevant and beneficial ergogenic effects from creatine supple-
mentation are derived from intermittent activities that require short
intense —powerful—explosive—repetitive movements that utilize the
phosphocreatine energy system. Therefore, any training and/or competi-
tive exercise performance bouts demanding these factors will benefit
from creatine ingestion (i.e., 60-200 m running/cycling sprints, football,
basketball, volleyball, soccer, swimming, and baseball). A significant
body of research indicates that creatine supplementation during training
helps increase high-intensity intermittent work output, and promote
greater gains in strength and muscle mass.

Endurance athletes implementing interval workouts in their training
and interested in maximizing glycogen availability before competitive
events can derive indirect benefits from creatine supplementation.
Available research indicates that short/long-term creatine supplementa-
tion is safe and helps lessen the incidence of injury in athletes whereas
more research is needed to investigate creatine to enhance recovery from
injuries.

Creatine supplementation has been shown (o provide therapeutic benefits
for a number of clinical populations but additional research is warranted.
When working with clinical populations it is highly recommended 0
consult ones’ physician before implementing any creatine supplemental
strategies.
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Although gains in body mass and lean muscle mass do not occur as rap-
idly as men, recent well-controlled research has shown that women attain
short and long-term ergogenic benefits from creatine supplementation
(98). Therefore, women ingesting creatine products can accomplish
strength and muscle mass benefits from training over a greater duration
of time.

According to current research, children and young adolescents (tcenagers)
can derive ergogenic benefits from creatine supplementation whereas
also providing a safe alternative to experimenting with anabolic
steroids. Although no research to date indicates that creatine ingestion
is harmful to children or adolescents, there are less scientific based stud-
ies conducted with these populations. Consequently, creatine researchers
suggest that parents and adolescents consider this supplement method
only if the following stipulations are met first: (a) parental permission
is given after potential benefits and side effects are presented and com-
prehended, (b) after puberty and when participating in intense training,
(c) supplementation ingestion is supervised/monitored by qualified
professionals (athletic trainers, strength training specialists, physicians,
athletic coaches, and so on), (d) quality creatine is used based on rec-
ommended dosages, and {¢) in conjunction with well-balanced nutrient
dense diet (99).

Various creatine formulations combined with other nuiritional supple-
ment ingredients do not meet NCAA requirements. Therefore, athletes
should consult a nufrition specialist, certified athletic trainer, certified
strength and conditioning specialist, and/or other qualified professionals
to ensure the creatine-based combination supplement(s) are not banned
by the NCAA.

Anecdotally, creatine ingestion has been unjustifiably linked to prob-
lems associated with varicus aspects of heat illness (i.e., dehydra-
tion, heat illness, and muscle cramping}. Although current research
has not supported these contentions, the truth of the matter is many
individuals are in dehydrated state because of inadequate fluid
consumption. Whether one takes creatine or not, ingesting at least
64 ounces of water/d {more during intense training in hot/humid
climates) helps reduce dehydration concerns. The following hydra-
tion strategies are recommended: four to six cups of water/glucose
electrolyte solution (GES) before training begins, six to eight cups of
water/GES every 5-15 min during training, and replenish lost fluid
amounts after training. The athlete’s weight should be monitored
closely throughout the training period in effort to reduce heat illness.
The hydration standard is to drink three cups of water/GES for every
pound lost.
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Endurance performance enhancement
creatine supplementation, 48—49
anaerobic thresholds, 86-90
average work and peak power,
91-92
cyclists, 62t, 76t
delimitations, 79
kayak, 63t
measures, 79-92
rowers, 54t-55t, 721, 75t
running, 55t
skis, 63t
soccer, 60t
studies, 51t—78¢
surf, 63t
swimmers, 75t
time-to-exhaustion, 84-86
triathletes, 58t, 62t
weight lifting, 61t
Endurance sports
creating supplementation, 45-94
Energetic theory, 14
Energy

Ergogenic benefits
creatine supplementation, 46—47
Estrogen
AGAT, 4
Exercise
anaerobic, 117t
CK, 8f
Cr supplementation, 117t-120t
muscle-Cr, 13
Exogencus creatine, 4
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Female athletes. See also Women
athletes
Cr supplementation, 114
lacrosse players, 106
soccer players, 106
FEM. See Free-fat mass (FFM)
Field hockey players, 109
Food and Drug Administration
website, 127
Food sources, 5t
Tootball, 40-41, 130t. 141, 1444,
149t, 213-214, 214t. 215t, 232
creatine supplementation, 26, 40
injury rates, 214t, 215¢, 216t
Formaldehyde production
creatine supplementation, 154-157
Foundational creatine ergogenic
efficacy
literature review, 226-227
Free-fat mass (EFM), 128-129, 133t
Fruit juice, 219

G

GAA. See Guanidinoacetate (GAA)
GAMT. See Guanidinoacetate
methyltransferase (GAMT)
Gender
muscle-Cr, 14
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GES. See Glucose electrolyte
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Glomerular filtration rate {(GFR), 160
creatine supplementation,

148150, 149t
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233

Glutamate, 180
cell deaih, 181f

Glutamate excitotoxicity
cell death, 180181

Glutamine, 225

Glycogen storage
muscle-Cr, 15

Graded exercise test (GXT),
111112

Growth hormone
AGAT, 4

Guanidinoacetate (GAA), 3

Guanidinoacetate methyltransferase
{(GAMT), 3, 191

GXT. See Graded exercise test (GXT)

Gyrate atrophy, 196

H

HCA. See Heterocyclic amines (HCA)

Heart failure, 197-198

Heterocyclic amines (HCA), 157159

HIV. See Human immunodeticiency
virus (HIV)

HMB. See Hydroxy-beta-methylbu-
tyrate (HMB)

Human immunodeficiency virus
(HIV), 229

Human nephropathies
creatine supplementation, 152-153

Huntington's disease, 174-175, 180,
188-190
ATP, 188

Hydroxy-beta-methylbuiyrate
(HMB), 223

Hypertension, 160

Hypertrophic cardiomyopathy, 197
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Ice hockey
creatine supplementation, 26,
40-41

Inborn errors of biosynthesis, 4
Inorganic phosphate (Pi), 8
Huntington's disease, 188
Insulin
muscle-Cr, 12-13
International Society of Sport
Nutrition (ISSN), 234
Interstitial nephritis, 152
Intramuscular adenosine triphos-
phate synthesis, 28f
Intramuscular Cr uptake, 271, 29f
ISSN. See International Society of
Sport Nutrition {ISSN)
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Kayaking, 63t
Kidney impairments, 146-147

L

Lacrosse players, 106
Lactate concentration
creatine supplementation, 83-94
L-arginine:glycine amidinotransferase,
2-4
deficiency, 4
Law of mass action, 46
Lean body mass (LBM), 15-16
Lean muscle mass, 233
Liver
dysfunction, 141-142
enzymes, 142t
Long-term creatine supplementation
arm flexor strength training, 38-39
muscle-Cr content, 38
Long-term performance effects
creatine supplementation, 37-39

M

Mass action effect, 46
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McArdle's disease, 195-196
Membrane siabilization, 1415
Menstrual cycle, 115-116
Men vs. women
TCr, 101
Meta-analyses, 49
Metabolic diseases, 191-196
Metabolic role, 9
Methylamine, 156-157
Methylamine production
creatine supplementation, 154157
Methylguanidino acetic acid. see
Creatine (Cr)
Methyl-4-phenyl-1-2-3-6-tetrahy-
dropyridine (MPTP), 178
Parkinson's disease, 187
MIB. See Mitochondrial inclusion
bodies (MIB)
Microalbuminuria, 150
Mitochondria
cell death, 180t
Mitochondrial creatine kinase
(mtCK)}, 175
MPT, 177-178
Mitochondrial cytopathies, 191-192
Mitochondrial inclusion bodies
(MIB), 191
Mitochondrial permeability transition
pore (MPT)
ATP, 177-178
cell death, 177-179
components, 178f
Parkinson's disease, 187
pore, 178f, 179f
MPT. See Mitochondrial permeability
transition pore (MPT)
MPTP. See Methyl-4-phenyl-1-2-3-
6-tetrahydropyridine (MPTF)
MRF. See Myogenic regulatory
factor (MRT)-4
mtCK. See Mitochondrial creatine
kinase (mtCK)

Multiple sclerosis, 229
Muscle
concentrations, 6—7
fatigue, 226
fiber type, 13
relaxation time, 15
strength and power, 25-27
Muscle creatine
carbohydrate, 12-13
gender, 14
insulin, 12-13
LBM, 15-16
mechanisms of action, 14
muscle relaxation time, 15
supplementation, 10-12, 11f
training, 13
Muscular diseases, 191-196
Muscular dystrophy, 192-195, 220
Mutagenic amino-imidazo-azaarene
formation induction, 157-159
MVC. See Maximal voluntary
contraction (MVC)
Myasthenia gravis, 190
Myogenic regulatory factor (MRF)-
4, 34f, 230
Myosin heavy chain isoform mRNA,
230
Myotonic dystrophy type 1 (DM1),
194
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National Collegiate Athletic
Association (NCAA), 114, 228,
See also specific sport
banned substances, 228
division 1 athletes, 109, 112-114,

236
division IA football players, 40,
213
division I athletes, 125, 170
division I female athletes, 106,
114
division IIT swimmers, 119
lacrosse players, 106
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requirements, 233
soccer players, 106
Necrosis, 176-177, 1791
Neurological diseases, 182190
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N-methyl-D-aspartate receptor
(NMDA), 180, 181f
Nuclear magnetic resonance (NMR)
spectroscopy, 104-106

O

One-repetition maximom (1RM),
104106
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P

Parkinson's disease, 187
PCK. Sce Phosphocreatine kinase
(PCK)
PCr. See Phosphocreatine (PCr)
Peak power, 91-92
Performance enhancement. See
Endurance performance
ephancement
PFK. See Phosphofructokinase (PFK)
pH buifer
muscle-Cr, 14
Phosphate, 226
Phosphocreatine (PCr), 1, 226
degradation and elimination, 7
energy shuttle, 9
metabolic role, 9
muscle fiber type, 13
shuttle, 47
sprinting, 27
Phosphocreatine kinase (PCK}, 137
Cr supplementation, 145t
Phosphofructokinase (PFK), 47-48
Physical working capacity at fatigue
threshold (PWCFT) test, 112
Pi. See Inorganic phosphate {Pi)
31P-nuclear magnetic resonance
spectroscopy, 104-106

Protein muscle mass, 136-140

Protein supplements, 232

PubMed, 49-50

PWCFT. See Physical working
capacity af fatigue threshold
(PWCET) test
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RE. See Relative effects (RE)
Reactive nitrogen species (RNS}),
174-175
Reactive oxygen species (ROS),
174-175
Rehabilitation, 198-199
Relative effects (RE), 50
Resistance training
creatine supplementation, 40
MREF-4, 34f, 35¢
myogenin, 34f, 35f
shori-term, 36
Riluzone, 184
RM. See One-repetition maximum
(1IRM)
RNS. See Reactive nitrogen species
(RNS)
ROS. See Reactive oxygen species
(ROS)
Rowers
creatine supplementation, 3940
endurance performance enhance-
ment studies, 691, 72t, 75t
Running
endurance performance
enhancement studies, 55t

S

S-adenosyl-methionine (SAM), 2
Safety, 201, 211-213, 216-217
Cr supplementation, [8-19, 113,
128, 160, 221, 229
SAM. See S-adenosyl-methionine
(SAM)
Sarcosine, 156
Satellite cells (SC), 16-17
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Short-term Cr supplementation, 36
Short-term performance effects
creatine supplementation, 36-37
Skating
creatine supplementation, 4041
Skeletal muscles
Cr, 6
PCr, 6
Skiing
endurance performance
enhancement studies, 63t
Soccer, 232
creatine supplementation, 110, 114
endurance performance
enhancement studies, 66t
women exercise performance,
115t
NCAA, 106
SOD1. See Superoxide dismutase
(SOD1)
Sodium bicarbonate, 225226
Softball, 109-110
Spinal cord injury, 186187
Sprinting, 30, 36, 39, 59t, 232
creatine supplementation, 26,
40-41, 109
short-term Cr supplementation, 36
Strength-power sports
creatine supplementation, 2541
Strength training
arm flexor, 38-39
long-term Cr supplementation, 38-3%
Stroke, 180, 183184
Superoxide dismutase (SODI), 184
Surfing
endurance performance
enhancement studies, 63t
Swimmers, 232
creatine supplementation, 110
endurance performance
enhancement studies, 75t
women exercise performance
and body composition,
119120t

NCAA, 119
Systematic reviews, 49

T

TBI. See Traumatic brain injury (TBI)
TCr, See Total muscle creatine (TCr)
Tennis, 121
Cr supplementation, 110, 113
Testosterone, 4
Thyroid hormone, 4
Time-to-exhaustion, 84-86
Timing, 232
Total muscle creatine (TCr)
women vs, men, 101
Track and field athletes
creatine supplementation, 40,
109, 110, 113
TFraining, 13
Transport, 5-6
Traumatic brain injury (TBI}), 183
Triathletes
endurance performance enhance-
ment studies, 58i, 62t

U

Uptake creatine, 3—-6
Urine albumin excretion rate, 151¢
Urine measurements
creatine supplementation,
147, 156t

v

VDAC. See Voltage-dependent anion
channels (VDAC)

Vegetarians, 6

Volleyball, 232
Cr supplementation, 110

Voltage-dependent anion channels
(VDAC), 178f

w

Water, 233
Weight lifting, 41
creatine supplementation, 26
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endurance performance

enhancement studies, 61t
Women athletes
creatine supplementation, 101-122

aercobic exercise, 111-112

anaerobic exercise
performance, 108-109

dosing strategies, 121-122

loading muscle TCr and PCr,
102-104

menstrual cycle, 115-116

practical applications, [16-121

prevalence, 112-115

responders physiological
profiles, 101-102

strength performance,
104-107
Women exercise performance and
body composition
Cr supplementation,
117120t
Women vs. men
TCr, 101
Work
endurance performance
enhancement, 41-92
Wrestlers, 109

Z

Zine superoxide dismutase, 184
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