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Objective: Creatine and phosphocreatine (PCr) are impor-
tant compounds in the normal energy metabolism of muscle.
Recently, it has been shown that dietary creatine (5 to 20 g/day)
can increase muscle creatine and PCr, with enhancement in
anaerobic exercise performance after two weeks of adminis-
tration caused by an increase in anaerobic capacity.
Data Sources: MEDLINE was searched from 1983 to 1996

using key word "creatine" along with "humans," "muscle,"
"exercise," and "transport." Also, APStracts, the American
Physiology Society search engine for abstracts, was searched
from 1994 to 1996.
Data Synthesis: Creatine is transported into the muscle cell

by a specific transporter, resulting in increased intracellular
creatine and PCr. The PCr is capable of acting as an energy

R ecently there has been a great deal of interest in the use

of creatine and, to a lesser extent, phosphocreatine
(PCr) in sports medicine and athletic training. Various

published works claim exercise enhancement and specific
benefits with the administration of creatine and PCr to ath-
letes,1-13 but their utility and possible side effects still need to
be examined in greater detail. There are, however, various
reports in the literature in which creatine administration is used
for therapeutic purposes 14,15 or in which the absence or

depletion of creatine is detrimental.16 This review is an attempt
to summarize the current knowledge regarding the application
of creatine and/or PCr with a focus on sports medicine and
muscle physiology.
The creatine/PCr system plays an essential role in the normal

energy metabolism of muscle because it acts as a buffer for the
adenosine triphosphate (ATP) concentration.17'18 It can also
prevent a rise in the adenosine diphosphate (ADP) concentra-
tion, which can slow cross-bridge cycling. In muscle, creatine
is reversibly phosphorylated by the enzyme creatine kinase
(CK) in the following reaction:

CK

ATP + creatine <=======> PCr + ADP + HW. (1)

The H+ produced in this reaction also means that the CK
reaction is capable of buffering the pH of exercising muscle.
Though important, the pH buffering by CK will not be
addressed in this paper. There are two isoenzymes of creatine
kinase found in skeletal muscle and both are required for
normal muscle function. There is a cytosolic form of creatine
kinase and a mitochondrial form, and they function simulta-

buffer, protecting the adenosine triphosphate (ATP) concentra-
tion. Maintaining muscle nucleotides therefore enhances exer-
cise performance and recovery. There have been reports that
PCr protects the cells from ischemic damage and decreases
the loss of nucleotides by stabilizing cell membranes. Indeed,
intravenous PCr (2-4 g/day) has been administered to cyclists,
resulting in a faster recovery time between training sessions.
Conclusions/Recommendations: It is becoming evident

that oral creatine supplementation may yield certain benefits to
enhance the athlete's performance during maximal anaerobic
exercise and interval training.
Key Words: ATP, ADP, muscle, energy metabolism, creatine

kinase, anaerobic exercise

neously to form a rapid interconversion of PCr and ATP, which
maintains an equilibrium in the muscle. This reaction is readily
reversible and may be used to buffer the ATP concentration by
rephosphorylating ADP from the energy contained within the
PCr molecule. The other significant effect of the reaction is to
keep the ADP concentration relatively low in the muscle
(which, if elevated, will slow cross-bridge cycling). 19 As much
as 70% of the immediate high-energy stores contained within
skeletal muscle are in the form of PCr.20.21 The total creatine
concentration (PCr + creatine) in striated muscle is about 30
,imoUg muscle, which represents 4 grams of creatine per

kilogram of Type I muscle fibers. For this reason, creatine can

be described as an extract of muscle solids. The cellular
concentration of creatine is determined by specific transporters
that transport creatine into the cell with sodium (Na+) against
its concentration gradient.222 25 The concentration of PCr is
determined by the equilibrium constant of the CK reaction.19
Therefore, the concentration of PCr in muscle is dependent
upon the ATP and total creatine concentrations.

CREATINE SYNTHESIS

Creatine is synthesized in the liver and kidney and released
into the blood stream26 to be actively taken up by the muscle
cells via specific transport protein(s). The liver plays an

important role in the control of creatine content in the body
because it methylates guanidinoacetate to produce creatine15
for release into the blood stream. This methylation reaction
utilizes the amino acid methionine. Guanidinoacetate is pro-
duced from the amino acids glycine and arginine in the

following reaction:

glycine + arginine ======>

guanidinoacetate + ornithine. (2)
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Fig 1. The chemical structures of the creatine molecule (top) and its
phosphorylated counterpart phosphocreatine (bottom).

The ornithine is used in the urea cycle and the guanidinoacetate
is methylated to form creatine (Fig 1; creatine molecule).
Therefore the synthesis of creatine requires three amino acids:
glycine, arginine, and methionine. The net synthesis of creatine
in the body is 1 to 2 g/day.

e04 Time

Fig 2. A schematic representation of the relative concentration
changes that occur in muscle during two bouts of exercise. The
PCr concentration at the start of the anaerobic exercise is greater
in the muscle with creatine supplementation compared to control.
The PCr concentration falls rapidly in both groups as the PCr
molecule is used to buffer the ATP concentration. When exercise
stops and the muscle is allowed to recover, the rate of PCr
recovery is faster in the muscles with creatine supplementation
(this is explained in Fig 3). Furthermore, when the anaerobic
exercise is prolonged in the second bout of exercise, the ATP
concentration is better maintained with creatine supplementation.
The ATP buffering capacity of the muscle is enhanced due to the
increased PCr concentration in the muscle. Note: the rates of
concentration changes during exercise are dependent upon inten-
sity of the exercise. For maximal anaerobic exercise, such as a
sprint, the entire right hand box of this figure would take about 15
seconds.

CREATINE SUPPLEMENTATION

Harris et al21'27 have shown that feeding creatine at 2 to 5
g/day increases intracellular creatine and PCr in human mus-

cle.3 Greenhaff and colleagues have extended these observa-
tions using 5 to 20 g/day creatine.9 28'29 They fed volunteers 5 g
of creatine four times a day with a daily total of 20 g. This is
considered the loading dose and is decreased to 2 to 5 g/day
(maintenance dose) after 6 to 14 days, which is continued
throughout the period of training. If athletes are given lower
doses (2-3 g/day), without the loading dose, there is still
increased muscle creatine but with a slower rate of accumula-
tion. The current evidence is that the best loading of muscle
creatine occurs during normal training and occurs concomitant
with a low-fat, high-carbohydrate diet.29

In the intestine, creatine is absorbed unchanged from the
lumen and passes directly into the blood stream. Following oral
creatine administration serum creatine rises, and the amount of
creatine taken into the cells increases, leading to higher
intracellular PCr levels" 2 (See Fig 2). This extra PCr enhances
anaerobic output and muscle peak torque production28 (as
measured using a Cybex II isokinetic dynamometer; Lumex,
Inc., Ronkonkoma, NY) in the working skeletal muscle. This
was seen in athletes fed 24 g/day for 5 days, and the exercise
protocol was five sets of quadriceps contractions, with 30
repetitions in each set. Part of the reason for the increase in
muscle peak torque production was attributed to the acceler-
ated rate of PCr resynthesis. Greenhaff et all' pointed out,
however, that the dietary supplementation with creatine did not
increase total muscle creatine in all athletes. It appears that

about 70% of the people studied had an increase in total muscle
creatine and exercise enhancement.20 This was attributed to the
fact that some of the athletes (30%) had creatine levels near the
physiological maximum. Another study showed that increased
PCr does not change the maximal force of contraction.27
Increases in maximal force may occur if there is an anabolic
action of creatine or PCr, but these observations have not been
fully evaluated.14'30

Active uptake of creatine has been found in all muscle cells
studied, including skeletal, heart, and smooth muscles.19'25'3'
Creatine has been shown to have an anabolic effect on muscle
tissues'4'30 because it caused an increase in protein synthesis.30
Elevation of PCr in the muscle cell is also capable of
stimulating protein synthesis in the cell organelles. Interest-
ingly, Bessman and Mohan30 likened the PCr stimulation of
protein synthesis to that of exercise or insulin-stimulated
growth. Even in humans there was a 46% increase in the size
of Type II muscle fibers in gyrate atrophy patients fed 1.5
g/day of creatine for one year.'4 Conversely, inhibition of
normal creatine metabolism prevents normal muscle growth as

well as decreases protein and lipid synthesis.'6'32 Oral admin-
istration of creatine monohydrate to men and women has been
found to lower plasma total cholesterol (6%), triacylglycerols
(22%), and very-low-density lipoprotein-C (23%) after 56 days
of administration (5 g/day).33

CREATINE TRANSPORT

Creatine is actively taken up into the cell via a specific
transport protein using the energy contained in the Na+
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gradient.28 3435 This transport protein has a high affinity for
creatine and concentrates it within the cell.25 Once in the cell,
very little creatine is lost (3 percent per day).26'35 The concen-

tration of creatine where the transport rate is half of its
maximum (Kin) is about 30 ,umol/L, which is in the range of

24,2634circulating plasma creatine concentration. Therefore at
physiological levels of creatine, the activity of the creatine
transport protein(s) is operating at about half maximal. The
result is that small increases in plasma creatine, which can

occur with oral creatine supplementation, cause an increase in
creatine transport with a concomitant increase in intracellular
creatine concentration.

In isolated cell and tissue preparations, Joseph F. Clark et al
(unpublished observations) and Joseph Odoom et al (unpub-
lished observations) have found that incubation of isolated
vascular smooth muscle or cultured striated muscle both
actively concentrate creatine. Odoom increased total creatine
in cultured muscle cells and clearly demonstrated that its
uptake was Na+ dependent and cyclic adenosine monophos-
phate (cAMP) mediated.34 Similar experiments using isolated
vascular smooth muscle showed a striking two- to fourfold
increase in intracellular creatine concentration and increased
PCr when tissue was incubated with 20 mmol/L creatine for 24
hours.36 From these studies it is apparent that creatine is taken
up by living tissue and that increasing intracellular creatine
increases PCr and anaerobic capacity (Fig 2).

There appears to be an optimum or maximum total intracel-
lular creatine concentration of about 160 nmol/lkg dry mass

where normal is about 120 nmol/kg dry mass.2' This has been
seen in human studies where all subjects approached the same

relative creatine content in the muscle.30 In subjects who had
relatively low levels of muscle creatine, supplementation
caused a striking increase in muscle creatine content. However,
if the subjects started with elevated levels of creatine in their
muscle, the increase with oral creatine administration was

diminished. Subjects started with a range of creatine concen-

trations between 110 and 140 nmollkg dry mass.2' In experi-
ments on isolated muscle tissue a similar maximum is seen,

and the tissue tends to maintain that level (Claire Willott and
Joseph F. Clark, unpublished observations). These data
strongly indicate that there are definite limits to the benefits
possible from creatine supplementation and that, once muscle
creatine levels have plateaued, there will be no further increase.

CREATINE SUPPLEMENTATION AND
WATER/URINE HOMEOSTASIS

During the early phase of oral creatine supplementation
there is a decrease in water excretion with concomitant water
retention.29 The cause of the water retention in these athletes
has not yet been determined, although it is likely that there is
water associated with the creatine during cotransport with
sodium ion.34 This water retention may be related to the
unpublished reports of muscle cramps and heat intolerance
seen during creatine supplementation. From a metabolic per-
spective, these may be reasonable suggestions, and, therefore,
anyone involved with creatine supplementation should
strongly recommend that their athletes be properly hydrated

and avoid strenuous exercise (of the double-session type)
during the initial days of creatine supplementation. It has not
yet been reported if there is a correlation between the loading
dose regime and muscle cramps or heat intolerance, and,
therefore, more research must be performed regarding the
indications and contraindications of creatine supplementation
and water homeostasis.

Creatine is converted spontaneously and nonenzymatically
to creatinine in all tissues with PCr. The creatinine cannot be
reconverted to creatine and is not used by the muscle so it must
be excreted in the urine. When athletes were given 20 grams of
creatine per day their urinary excretion of creatinine (as well as

serum creatinine) was increased.29 Urinary creatinine levels
quickly return to normal as the creatine intake is decreased.
There were no other alterations in urinary metabolism reported
due to creatine supplementation.33 The loss of free creatine in
cultured skeletal muscle cells is less than 3% per day.23'35 This
is close to the amount of creatinine produced nonenzymatically
by living human muscle 19,26,31, The major way in which
creatine is lost from the body is via the irreversible conversion
to creatinine.3435 The excretion of creatinine in the urine is
constant at about 2 g/day. Therefore, creatine efflux from the
cell is considered to be negligible, and the advantages of
creatine administration are not prone to being lost with
exercise.23'26

CREATINE'S CONTROL OF OXIDATIVE
METABOLISM

The rapid resynthesis of PCr seen with creatine supplemen-
tation is likely to be oxidative in origin'9'37'38 as the increased
creatine stimulates oxidative phosphorylation (Fig 3).6,18.19,38
This is due to mitochondrial creatine kinase (Mi-CK) bound to

OMM IMM

Mitochondrial
Matrix

PCr

Cr
Fig 3. Creatine is able to stimulate the mitochondria through its
action on mitochondrial creatine kinase (CK). The result is that
ADP is produced "in" the mitochondria and the ADP enters the
mitochondrial matrix to be resynthesized. The result is that creat-
ine, when it arrives at the mitochondria from the muscle, gets
phosphorylated to PCr and therefore has the same stimulatory
effect as ADP because it causes the production of one ADP
molecule. Creatine stimulates the mitochondria by amplifying the
ADP signal at the mitochondria. ANT, adenine nucleotide translo-
case or the protein that transports ADP into the mitochondrial
matrix and ATP out; OMM, outer mitochondrial membrane; IMM,
inner mitochondrial membrane; IMS, intermembrane space; H+,
the protons used to synthesize ATP from ADP; 02 H20, oxidative

part of oxidative phosphorylation that is consuming oxygen.
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the outer surface of the inner mitochondrial membrane.'9'38
Mi-CK is functionally coupled to oxidative phosphorylation
and can therefore stimulate respiration because of enzymatic
amplification ofADP at or near the ADP transport protein. The
result is that instead of 30 ,umol/L ADP needed for half
maximal stimulation of oxidative phosphorylation, only 10
,tmol/L is needed.'9'38 Therefore, creatine administration in-
creases anaerobic capacity (as seen in Fig 2) and also increases
aerobic recovery by stimulating the mitochondria and oxidative
phosphorylation'6"19'38(Fig 3).

CREATINE AND MUSCLE BIOENERGETICS

Greenhaff et al20'28 found that following oral creatine
supplementation there was a greater peak torque production in
the final few contractions in a series. These athletes were able
to perform more anaerobic work after oral administration of
creatine.220 Oral creatine did not influence plasma lactate
levels, but Greenhaff et a128 did find that PCr was better able
to maintain muscle ATP concentrations. Creatine supplemen-
tation produced a significant decrease in plasma ammonia
during exercise. Plasma ammonia is generally due to a loss of
muscle adenine nucleotide stores (originating from ATP). This
lost ATP is slowly resynthesized, but the decrease in ammonia
may reflect the increased ATP that is staying in the muscle.
Therefore the augmented PCr in muscle protects the total
nucleotide concentration.
The mechanism by which PCr decreases nucleotide loss is

due to its ability to rapidly phosphorylate ADP and not due to
effects on AMP deaminase or myokinase. Therefore, ADP
levels are not elevated. Elevated ADP would have two detri-
mental consequences in muscle. One is to slow cross-bridge
cycling, and the other is to activate the myokinase reaction.
The myokinase reaction is:

myokinase

2ADP <============> ATP+ AMP. (3)

The ATP produced in this reaction can be used by the muscle
for energy, but the AMP may be de-aminated and/or dephos-
phorylated, resulting in ammonia and a loss of one nucleotide
molecule. PCr, therefore, prevents ADP from being elevated
by rephosphorylating it via the CK reaction. The mitochondria
are also stimulated at relatively lower ADP because of creatine
(as discussed above regarding Mi-CK). We can conclude that
increasing PCr with creatine supplementation aids in maintain-
ing muscle phosphorylation potential and in this way also
maintains maximal anaerobic performance.

After administration of creatine, and the concomitant in-
crease in muscle PCr, there is an increase in the rate of PCr
resynthesis.'0'20'28 To the athlete this is seen as a shorter
recovery time after intense exercise (Fig 2). In athletes being
tested with 30 quadriceps contractions and a 1-minute rest
between sets, the creatine supplementation group (24 g/day)
was able to develop greater peak torque production compared
with placebo controls.28 The rapid resynthesis of PCr is
essential for repeated bouts of exercise, and, coupled with this

information, it is important to realize that creatine is not lost
from the cell23'35 (discussed above).

PHOSPHOCREATINE

Because creatine and phosphocreatine are in rapid exchange
via the reversible transphosphorylation reaction catalyzed by
creatine kinase, they must both be discussed in a paper such as

this. As discussed above, PCr is required for normal cellular
metabolism, and increased PCr concentrations can enhance
anaerobic exercise. In the cell, PCr is used in no other
pathways known because it is not involved in any other
reactions and is acted upon only by CK. PCr does, however,
have another use that does not involve enzymes and is due to
its amphipathic (or ionic) nature.9'38-40 The ionic characteris-
tics of PCr enable it to bind to the polar phospholipid heads of
membranes39(Fig 1). This binding to the phospholipid heads
effectively stabilizes the membrane phospholipid bilayer by
decreasing fluidity.39 The more fluid-like a membrane, the
more leaky it is. Stabilizing the membrane prevents some of
the damage caused by transient ischemia and hypoxia (which
can occur during exercise) and thus prevents loss of essential
cellular substances (such as nucleotides).37'39
Membrane stabilization by PCr has been shown in striated

muscle using electron spin resonance and functional studies on
blood cells, as well as cardiac and skeletal muscle.37 39'40 PCr
has been given to patients by intravenous (IV) injection as part
of the treatment for ischemia and myocardial infarction.40 In
cardiac muscle it improves the energetic status (phosphoryla-
tion potential) and decreases electrical anomalies that some-

times lead to lethal arrhythmias. It is even used as a cardiople-
gic cardioprotective agent during heart surgery.37'38 There is
also a preserving effect upon the intracellular concentration of
soluble enzymes and nucleotides, which may be due to less
cytoplasmic leakage.39

Other trials have reported favorable actions of PCr on

skeletal muscle function and performance. PCr augmentation
in the muscle improves maximum anaerobic power,24 increas-
ing the ability of the muscle to produce maximum burst output
compared to placebo.33 During conditions of maximal exercise
such as "cronoscalata" (timed uphill cycling), enhanced per-

formance has been shown in amateur cyclists given intrave-
nous PCr (2 g twice a day).'2 In three controlled studies using
an isokinetic dynamometer, PCr increased the rate of recovery

after intense exercise."'1 Shorter rests were needed between
competitions in these athletes as well as increased muscle fiber
recruitment in athletes given 0.5 g/day PCr.' Another study
was also performed on patients with hypotonotrophy (resulting
from knee pathology) and demonstrated promising therapeutic
effects for this pathology by preserving muscle mass.'1,41 The
authors, however, did not speculate on the application to
healthy individuals. Notwithstanding, these studies all support
exercise enhancement by IV administration of PCr.

Intravenous PCr (2g/day) has been given to athletes during
strenuous endurance training (Valdure A. Saks, unpublished
observations). The athletes given PCr were able to train longer
and reported less muscular discomfort. They also had a striking
reduction in morning muscle stiffness. It was postulated that
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the decreased stiffness and myalgia seen was due to less
muscle damage occurring during training. The decreased mus-

cle damage may be an effect of the membrane stabilization of
PCr and/or possible improvement in the metabolism of the
tissue.7"' This result is consistent with the observation of
cardioprotection in which PCr stabilizes membranes and pos-

sibly protects the muscle from damage during strenuous
aerobic exercise.

One drawback of PCr administration is that it must be given
intramuscularly or intravenously because it is readily broken
down in the intestinal tract. After intramuscular or intravenous
administration its pharmacodynamic effects last for 2 to 5
hours, as demonstrated by the increased concentrations of ATP
in human red blood cells42 and rat cardiac cells,43 as well as the
observations of antiarrhythmic effects." Nonetheless, IV PCr
has beneficial effects that creatine alone does not have. Most of
these effects are attributed to the membrane-stabilizing action,
but, when PCr is hydrolyzed, it forms inorganic phosphate (Pi)
and creatine. As discussed earlier, creatine is readily and
actively taken into the cells and used to supplement the energy

metabolism of muscle. Therefore, PCr has the same benefits as

oral creatine administration in addition to the membrane
effects.

PHOSPHOCREATINE ENERGY SHUTTLE

PCr is intimately involved in the energy metabolism of
muscle.'7'34'45 It is synthesized at sites of energy production
via localized creatine kinases such as Mi-CK and MM-CK (the
muscle form of creatine kinase). Mi-CK is found in the
mitochondria and synthesizes PCr in a reaction that is func-
tionally coupled to oxidative metabolism (Figs 3 and 4).19,38
Creatine kinase has been described as an integral protein of the
contractile apparatus19 and is capable of regenerating ATP for
contraction. Rephosphorylation of ATP in this way produces
creatine that diffuses back to the mitochondria to stimulate
respiration further and gets rephosphorylated back to PCr. This
cycling of PCr to creatine and back is referred to as the
phosphocreatine shuttle mechanism'9'30'37'38 and is essential in
normal function of muscle, especially during periods of high
activity such as exercise (Figs 2 and 4). Therefore, PCr is an

important metabolite in the normal function of the muscle
because it can buffer the ATP concentration (Fig 2), prevent
elevation of ADP, and function in the muscle's energy shuttle.
These roles may indeed be enhanced by supplementation, as

discussed above, and thus may partially explain some of the
benefits of supplementing creatine and/or PCr. Much more

information on the phosphocreatine shuttle and its relative
importance in cellular function can be obtained in the review of
Wallimann et al.'9

CONCLUSION

This paper has discussed some of the actions of creatine and
PCr on muscle metabolism and performance. Twenty grams
per day of creatine can be added to the athlete's diet for 1 to 2
weeks and reduced to 5 g/day for the remainder of the sports
season. The result is that this creatine supplementation in-

Mitochondria I
Mi-OK

ATP ADP

Cytosol PCr Cr
ATP

Contractile ATTase
Proteins CK

Fig 4. Schematic representation of the energy metabolites being
shuttled between the contractile proteins and the mitochondria in
muscle. During exercise and recovery there is a shuttling of
energy-rich molecules (such as ATP and PCr) from the mitochon-
dria to the contractile proteins. The contractile proteins utilize the
energy within these molecules to perform work and produce
creatine and ADP. (Note: ATP is absolutely required for muscle
work, but PCr is used to maintain ATP.) In the cell the creatine
resulting from this cycle is rephosphorylated to PCr in the mito-
chondria. Interestingly creatine has the ability to stimulate mito-
chondria and therefore helps accelerate or amplify the communi-
cation between the mitochondria and the contractile proteins.
Therefore, ADP and creatine can signal the mitochondria to in-
crease oxidative ATP production. ATPase, myosin ATPase used to
perform muscle work; CK, creatine kinase at or near the contrac-
tile proteins used to rephosphorylate ADP to ATP; Mi-CK, creatine
kinase specifically found in the mitochondria and used to resyn-
thesize PCr.

creases muscle creatine and muscle PCr for the duration of the
sports season. Because of the apparent maximum for muscle
creatine, higher doses have negligible additional effects. The
increased creatine and PCr are able to enhance anaerobic
capacity as well as stimulate protein synthesis. Along with
buffering ATP, PCr has the ability to stabilize membranes and
protect cells from damage. When PCr is degraded via CK,
ADP is converted to ATP and there is an improvement in the
muscle bioenergetics. The drawback of PCr applications in the
sports medicine field is that it must be administered intrave-
nously or intramuscularly, whereas creatine can be taken
orally.

There are several unexplored areas of research and investi-
gation regarding creatine and PCr supplementation and admin-
istration. Controlled double-blind studies examining water/
urine homeostasis and their relationship to muscle cramps,

stiffness, and heat intolerance have yet to be reported. Differ-
ential benefits to athletes in the same sport have not been
examined and there appear to be gender differences that have
not been explained.20'29'33 Also, the importance of creatine
supplementation in athletes with low or no meat intake
(vegetarians) needs to be examined.
The use of any dietary supplement is highly variable and

always has limits. This review has discussed some of the
apparent strengths and weaknesses of these two closely related
compounds. What role they may play in the fields of applied
physiology or exercise physiology remains to be determined.
One may speculate, however, that because of the central
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importance of the creatine/PCr system in normal muscular
function, an enhancement of this system may be beneficial to
muscle metabolism within certain expressed limits.
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