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Abstract -Creatine is a dietary supplement pur- and stabilizing biological membranes. Evidence from 
ported to improve exercise performance and increase the exercise literature has shown athletes benefit 
fat-free mass. Recent research on creatine has demon- from supplementation by increasing muscular force 
strated positive therapeutic results in various clinical 
applications. The purpose of this review is to focus on 

and power, reducing fatigue in repeated bout activi- 
ties, and increasing muscle mass. These benefits have 

the clinical pharmacology and therapeutic applica- 
tion of creatine supplementation. Creatine is a natu- 

been applied to disease models of Huntington’s, Par- 

rally occurring compound obtained in humans from 
kinson’s, Duchenne muscular dystrophy, and applied 

endogenous production and consumption through the 
clinically in patients with gyrate atrophy, various neu- 

diet. When supplemented with exogenous creatine, iu- 
romuscular disorders, McArdle’s disease, and conges- 
tive heart failure. This review covers the basics of 

tramuscular and cerebral stores of creatine and its 
phosphorylated form, phosphocreatine, become ele- 

creatine synthesis and transport, proposed mecha- 

vated. The increase of these stores can offer therapeu- 
nisms of action, pharmacokinetics of exogenous crea- 

tic benefits by preventing ATP depletion, stimulating 
tine administration, creatine use in disease models, 

protein synthesis or reducing protein degradation, 
side effects associated with use, and issues on product 
quality. 

I. Introduction 

In 1994, the Food and Drug Administration passed 
the Dietary Supplement Health Education Act. This act 
defines a dietary supplement as 

1. a product (other than tobacco) intended to supple- 
ment the diet that bears or contains one or more of 
the following dietary ingredients: a vitamin, min- 
eral, amino acid, herb or other botanical; or 
a dietary substance for use to supplement the diet 
by increasing the total dietary intake; or 
a concentrate, metabolite, constituent, extract, or 
combination of any ingredient described previ- 
ously. 

2. 

3. 

In addition, the act states that these products do not 
represent a conventional food or a sole item of a meal or 
the diet. Over the past 10 to 15 years, the field of dietary 
supplements has grown from $3.3 billion business in 
1990 to an estimated $14 billion in the year 2000 (Zeisel, 
19991. About $200 million of this industry is spent on 
creatine monohydrate (Schnirring, 1998). 

In the 199Os, creatine (Cr3) supplementation became 
a popular ergogenic aid to increase exercise perfor- 
mance. The benefits of Cr supplementation on exercise 
performance have been extended as a possible therapeu- 
tic agent in the treatment of disease conditions. Previous 
reviews have focused primarily on the improvements in 
exercise performance seen in human subjects ingesting 
Cr (Balsam et al., 1994; Mujika and Padilla, 1997; Volek 
and Kracmer, 1997; Juhn and Tarnopolsky, 1998a; Dc- 
mant and Rhodes, 1999; Graham and Hatton, 1999; 
Jacobs, 1999; Kraemer and Volek, 1999; Benzi, 2000). 

s Abbreviations: Cr, creatine; PCr, phosphocreatine; tCr, total 
creatine; AGAT, arginine:glycine amidinu-transferase; GAMT, S-ad- 
enesylmethionine:guanidinoacetate IV-methyltransferase; CE%lT, 
creatine transporter; DM, dry muscle: TGF-1, insulin-like grcnvth 
farlor-1; G&X, glomerular filtration rate; ALE, area under the curve; 
GA, gyrate atrophy; MELAS, myopathy, enccpimlopathy. lactic aci- 
dosis, and stroke-like episodes; 3-N’, 3-nitropropionic acid; ADO, 
apparent. diffusion coefficient; r,,,,, time of mnximal concentration; 
c ml,l. cflnccntration at T,,,,,; IMFTP. l-mrtl~yl-4-phct~yl-1.2,3,6-tctra- 
hydropyridinc, &PI” , l-nlc?thyl3-phcllylp~-rirliniu18. 

The purpose of this review is to focus on the clinical 
applications of Cr supplementation through the under- 
standing of the physiological role of Cr, the benefits of Cr 
supplementation under healthy and diseased conditions, 
and on the limited information on the pharmacokinetics 
of exogenous Cr. 

II. Creatine Synthesis and Transport 

Comprehending the synthesis and transport has be- 
come an important basis for the understanding of cer- 
tain diseases of Cr metabolism (e.g., gyrate atrophy) and 
the effect of supplementation on regulation of these pro- 
cesses. Wyss and Kaddurah-Daouk (2000) and Walker 
(1979) have previously reviewed the systemic metabo- 
lism of Cr. 

A. Synthesis 
Creatine (cu.methyl guandino-acetic acid) is distrib- 

uted throughout the body with 95% of Cr found in skel- 
etal muscle (Walker, 1979). The remaining 5% of the 
creatine pool is located in the brain, liver, kidney, and 
testes (Walker, 1979). Cr is obtained through the diet 
(-1 g/day for an omnivorous diet) and synthesized in the 
liver, kidney, and pancreas (-1 g/day). The majority of 
synthesis in humans occurs in the liver and kidney 
(Walker, 1979; Wyss and Kaddurah-Daouk, 2000). The 
dietary intake and endogenous production of Cr matches 
the spontaneous degradation of phosphocreatine (PCr) 
and Cr to creatinine at a rate of 2.6% and 1.1% per day, 
respectively (Walker, 19791. Therefore, creatinine pro- 
duction from Cr and PCr sums to 2 g/day or O.O17/day of 
total body Cr (Cr 4 PCr) based on a 70.kg human and a 
total Cr (tCr1 pool of 120 g (Walker, 1979). Once creati- 
nine is formed it enters circulation by diffusion and is 
eliminated from the body through glomerular filtration. 
Supplementation of Cr has been shown to reduce endog- 
enous production in humans; however, normal rates re- 
turn upon termination of supplementation (Walker, 
1979). Circulating levels of creatinine also increase with 
supplementation (Kamhcr et al., 1999; Schedel et al,, 
1999; Volck cl al.. 2000). 
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Cr is derived from glycine and arginine by the forma- 
tion of guanidinoacetate and ornithine in a reaction cat- 
alyzed by arginine:glycine amidino-transferase (AGAT) 
(Walker, 1979; Wyss and Kaddurah-Daouk, 2000). It is 
theorized that guanidinoacetate is formed in the kidney 
and transferred via the blood to the liver !Wyss and 
Kaddurah-Daouk, 2000). In the liver, the methyl group 
from methionine, found as S-adenosyhnethionine, is do- 
nated to guanidinoacetate by S-adenosylmethionine: 
guanidinoacetate N-methyltransferase (GAMT) (Walk- 
er, 1979; Wyss and Kaddurah-Daouk, 2000). The rate- 
limiting step in Cr synthesis is the formation of 
guanidinoacetate by AGAT (Walker, 1979; Wyss and 
Kaddurah-Daouk, 2000). Cr is capable of feedback inhi- 
bition of AGAT possibly by inhibiting steps before trans- 
lation of AGAT mRNA (Walker, 1979; Wyss and Kad- 
durah-Daouk, 2000). Other factors that have been 
shown to regulate Cr synthesis include thyroid hormone, 
growth hormone, testosterone, ornithine, and dietary 
deficiencies (e.g., fasting, vitamin E) (Walker, 1979; 
Wyss and Kaddurah-Daouk, 2000). Figure 1 is a simplis- 
tic representation of Cr synthesis and degradation. 

B. Transporters 
In the body, there is little Cr found at the site of 

production, and therefore Cr must be transported from 
areas of synthesis to areas of storage and utilization. 
Typically, organs that contain the highest levels of 
AGAT and/or GAMT have the lowest levels of creatine 
kinase, the enzyme responsible for the phosphorylation 
of Cr to PCr (Walker, 1979). Since Cr is only produced in 
certain organs and utilized in others, it must enter the 
blood to reach other tissue systems such as skeletal 
muscle. The cellular uptake of Cr by organs is critical 
due to the potential down-regulation of these systems 
with chronic exposure to Cr (Guerrero-Ontiveros and 
Wallimann, 1998). 

Once in the blood, Cr is transported into tissues 
against a concentration gradient through a sodium- and 
chloride-dependent transporter (CreaT), CreaT is simi- 
lar to the transporters for dopamine, guanidino y-ami- 
nobutyric acid, and taurine (Guerrero-Ontiveros and 
Wallimann, 1998). The location of expression of these 
transporters matches that of creatine kinase expression 
because the mRNA for CreaT has been found in kidney, 
heart, skeletal muscle, brain, testis, and colon, but not in 
the liver, pancreas, and intestine (Guimbal and Kili- 
mann, 1993; Nash et al., 1994; Sara et al., 1994). The&,, 
for CreaT ranges from 20 to 160 PM depending on spe- 
cies and location of transporter (i.e., red blood cell, mac- 
rophage, muscle fiber type) (Ku and Passow, 1980; Loike 
et al., 1986; Moller and Hamprecht, 1989; Guimbal and 
Kilimann, 1993; Schloss et al., 1994; Sara et al., 1994; 
Willott et al., 1999). Blood levels of Cr vary between 
species with rat > mouse > rabbit > human (Marescau 
et al., 1986). Table 1 summarizes the blood levels and& 
of Cr transporters in various species. 

The content of tCr is dependent on the skeletal muscle 
fiber type. Type 2 fibers have higher levels of Cr and PCr 
(Meyer et al., 1985; Kushmerick et al., 1992; Casey et al., 
1996). Rodent Type 2a and 2b fibers contain -32 mM 
PCr and 7 mM Cr and the EDL, a Type 2 fiber-rich 
muscle, has a higher K, (160 JLM) and higher V,,, (100 
nmol h- 1 g wet weight) compared with the Type 1 fiber- 
rich soleus. Type 1 fibers in rodents have -16 mM PCr 
and 7 mM Cr and the Type 1 fiber-rich soleus has a K,,= 
73 PM and a V,, = 77 nmol h-i g wet weight (Kush- 
merick et al., 1992; Willott et al., 1999). Therefore, Cr 
uptake is muscle fiber-type dependent. In humans, in- 
tramuscular levels of Cr have been found to be -125 
mmol kg--’ dry muscle (DM) with -60% of tCr in the 
form of PCr (Harris et al., 1992; Balsam et al., 1995; 
Casey et al., 1996; Hultman et al., 1996). For example, 
Hultman et al. found tCr levels in humans of 123 mmol 
kg-’ DM of which 80.36 mmol kg-’ DM was PCr (-65%) 
and 43.01 mmol kg-i DM was Cr (-35%). In general, 
human muscle tCr levels can range from 110 to 160 
mmol kg- i DM (Harris et al., 1974). 

Catecholamines, insulin-like growth factor 1 (IGF-l), 
insulin, and exercise can influence the net uptake of Cr 
into skeletal muscle. Odoom et al. (1996) used a G8 
mouse skeletal muscle cell line to study the effects of a- 
and P-agonists, IGF-1, and insulin on Cr uptake. Thy- 
roid hormone (T,) increased tCr content up to 3-fold 
relative to controls, and IGF-1 increased tCr content by 
40 to 60% relative to controls. Insulin at 3 nM stimu- 
lated tCr accumulation by 2.3-fold relative to control. 
Other studies have shown that both insulin and carbo- 
hydrate increase tCr accumulation in both humans and 
rodents (Haugland and Chang, 1975; Green et al., 
1996a,b; Steenge et al., 1998,200O). In the G8 cell line, 
the nonspecific P-agonist isoproterenol increased tCr 
content 40 to 60% which is similar to that of the non- 
specific cr-$-agonist norepinephrine. The a,-agonist me- 
thoxamine decreased tCr content by 30% whereas the 
&-agonist clenbuterol increased tCr content by 30%. 
The P-antagonists (i.e., atenolol, butoxaminc, and pro- 
pranolol) caused a slight reduction (-<lo%) in tCr con- 
tent. 

Exercise has also shown stimulatory efrects on Cr 
uptake (Harris et al., 1992; Robinson et al., 1999). Har- 
ris supplemented human subjects with Cr (4 x 5 g for 
3-5 days) followed by one-legged cycle ergometry (Harris 
et al., 1992). The tCr in the exercised leg increased from 
118.1 mmol kg-’ DM to 162.2 mmol kg 1 DM (-37% 
increase) with 103.1 mmol kg-’ DM as PCr. The control 
leg increased from 118.1 mmol kg-’ DM to 148.5 mmol 
kg -’ DM (-25% increase) with 93.8 mmol kg-’ DM of 
PCr. It was hypothesized that increased uptake resulted 
from enhanced blood flow, but changes in transport ki- 
netics were not ruled out. It is possible the exercise may 
increase the translocation of CrcaT to the muscle mem- 
brane similar to effects seen between exercise and 
GLUT-4 translocation (Thorell et al., 1999). 
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III. Mechanisms of Action A. Energy Metuholism 

Cr exerts various effects upon entering the muscle. It Adenosinc triphosphate (ATI?) concentrations main- 
is these effects that elicit improvements in exercise per- tain physiological processes and protect tissue from hy- 
formance and may be responsible for the improvements pox&induced damage. Cr is involved in ATP production 
of muscle function and energy metabolism seen under through its involvement in PCr energy system. This 
certain disease conditions. Several mechanisms have system can serve as a temporal and spatial energy buffer 
been proposed to explain the increased exercise perfor- as well as a pH buffer. As a spatial energy buffer, Cr and 
mance seen after acute and chronic Cr intake. PCr are involved in the shuttling of ATP from the inner 
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mitochondria into the cytosol (Meyer et al., 1984; Bess- 
man and Carpenter, 1985). In the reversible reaction 
catalyzed by creatine kinase, Cr and ATP form PCr and 
adenosine diphosphate (ADP) (Fig. 2). It is this reaction 
that can serve as both a temporal energy buffer and pH 
buffer. The formation of the polar PCr “locks” Cr in the 
muscle and maintains the retention of Cr because the 
charge prevents partitioning through biological mem- 
branes (Greenhaff, 1997) (Fig. 2). At times during low 
pH (viz., during exercise when lactic acid accumulates), 
the reaction will favor the generation of ATP. Con- 
versely, during recovery periods (e.g., periods of rest 
between exercise sets) where ATP is being generated 
aerobically, the reaction will proceed toward the right 
and increase PCr levels. This energy and pH buffer is 

NW 

ATP 

ADP 

PG. 2. Phoephorylotion of’ Cr by ATP to form PCr and ADP. Large 
negative charges on phoephocreetme prevent diffusion across biological 
membrianes thue locking phosphocreatmc in the muscle cell. 

one mechanism by which Cr works to increase exercise 
performance. 

Finally, Cr is also involved in regulating glycolysis. 
When humans and animals are depleted of tissue Cr, 
they adapt by increasing oxidative enzymes such as 
mitochondrial creatine kinase (O’Gorman et al., 19961, 
succinate dehydrogenase (Ren et al., 1993; O’Gorman et 
al., 1996), citrate synthase (Ren et al., 19931, and 
GLUT-4 glucose transporters (Ren et al., 1993). All of 
these proteins are involved in aerobic metabolism and 
can offset the lack of anaerobic energy supplied by the 
PCr system. Little information is available on whether 
enzyme activities are affected by increasing intracellu- 
lar Cr stores. One study by Brannon et al. (1997) found 
citrate synthase activity increased in the soleus but not 
the plantaris in rodents supplemented with 3.3 mg of Cr 
per gram of diet. PCr and inorganic phosphate may also 
regulate energy processes by inhibiting the enzymes 
glycogen phosphorylase a, phosphofructokinase, pyru- 
vate kinase, and lactate dehydrogenase (Wyss and Kad- 
durah-Daouk, 2000). However, the control of PCr on 
these enzymes has come under debate since the PC!r 
used in these studies contained impurities like inorganic 
pyrophosphate (Wyss and Kaddurah-Daouk, 2000). 

B. Protein Synthesis 
One beneficial effect of Cr supplementation in young, 

healthy males is enhanced muscle fiber size and in- 
creased lean body mass. Typically, Cr loading of 20 g/day 
for 4 to 28 days in humans increases total body mass 
from 1 to 2 kg (Balsam et al., 1993; Greenhaff et al., 
1994; Earnest et al., 1995; Green et al., 1996a; Vanden- 
berghe et al., 1997; Kreider et al., 1998; Maganaris and 
Maughan, 1998; McNaughton et al., 1998; Snow et al., 
1998) with increases coming from fat-free mass (Van- 
denberghe et al., 199’7; Kreider et al., 1998; Volek et al., 
1999; Becque et al., 2000; Mihic et al., 2000). Volek et al. 
(1999) found after 12 weeks of resistance training in 
men, Cr supplementation increased muscle fiber diam- 
eter in both Type 1 and Type 2 muscle fibers by 35% 
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(Fig. 3). Resistance-trained subjects not supplemented 
with Cr had fiber-type increases of 6 to 15%. Subjects 
both trained and supplemented had fat-free mass in- 
creases of 1.5 kg after 1 week and 4.3 kg after 12 WC& 
compared with the trained-only group that had a fat-free 
mass increase of 2.1 kg after 12 weeks. Sipila et al. 
(1981) found a 42% increase in Type 2 muscle fibers 
after 1 year of supplementation of 1.5 g/day in patients 
with gyrate atrophy without resistance training. 

The increases in muscle mass may result from in- 
creased protein synthesis or reduced protein catabolism. 
Studies using cell culture by Ingwall and colleagues 
(Ingwall et al., 1972, 1974, 1975; Ingwall, 1976; Ingwall 
and Wildenthal, 1976) support the theory that exoge- 
nous Cr can increase protein synthesis both in vitro and 
in viva. It was hypothesized by the authors that Cr, an 
end-product of contraction, may serve as a stimulus of 
protein synthesis and muscle hypertrophy. They found 
the rate of myosin and actin synthesis in chick embryo 
myoblasts increased in the presence of Cr, but the deg- 
radation rate of the muscle proteins remained un- 
changed. However, using a similar model to Ingwall, Fry 
and Morales (1980) did not find an effect of Cr on protein 
synthesis in cell culture. Recently, Tarnopolsky’s group 
(Parise et al., 2000) reported measuring protein synthe- 
sis using whole body leucine kinetics and mixed muscle 
fractional protein synthetic rates during Cr supplemen- 
tation in humans. They found no increase in protein 
synthesis, but a possible decrease in protein catabolism. 
The results from cell culture and the human study offer 
conflicting results as far as the role of Cr and regulation 
of protein metabolism. The equivocal results from cell 
culture may be the result of small changes in culture 
conditions or the method by which protein synthetic 
rates were determined. Future research should focus on 
humans especially with respect to changes in myosin 
and actin metabolism in Type 2 muscle fibers. 

lsoo 5 I-- 
I I 

m  P 

1 IIA IIB 
FIG 3. Effect of weight-tmming and creatine supplementation on 

changes in cross-sectional area for different muscle fiber Woes. Human I_ 
subjects were supplemented with 5 x 5 g/day for 7 days and maintenance 
was 5 g/day for 11 wc+ks. Reprinted with permission from Volek et al. 
(1999). 

The regulation of protein metabolism by an osmotic 
agent like Cr is supported by studies investigating the 
effect of cell swelling on protein synthesis. When Cr 
accumulates in cells, water drag occurs and increases 
cell hydration. Hyperhydration can act as an anabolic 
signal stimulating protein synthesis (Haussinger et al., 
1994) or the hype-osmolality can act as a protein-sparing 
signal and reduce protein degradation (Berneis et al., 
1999). This theory of Cr-induced hydration affecting pro- 
tein synthesis is still under debate because it has not 
been directly investigated. 

Another mechanism by which Cr may increase muscle 
mass is Cr may be involved in satellite cell activity (Dan- 
gott et al., 2000). Dangott and colleagues examined the 
effect of Gr on compensatory hypertrophy in the rodent. 
There was no difference between supplemented and un- 
supplemented groups with regard to muscle mass and 
fiber diameter for muscles that underwent compensatory 
hypertrophy. The combination of Cr and increased func- 
tional loading did increase satellite cell mitotic activity. 

C. Membrane Stabilization 
Cr can potentially prevent tissue damage by two pos- 

sible mechanisms. The first mechanism involves stabi- 
lization of cellular membranes and the second involves 
maintenance of ATP. Cr, more specifically PCr, may 
stabilize membranes due to the zwitterion nature of PCr 
with negatively charged phosphate and positively charged 
guanidino groups. PCr binds to the phospholipid head 
groups and thus decreases membrane fluidity and de- 
creases loss of cytoplasmic contents such as intracellular 
enzymes (e.g., creatine kinase). Sharov et al. (1987) admin- 
istered PCr to attenuate ischemic damage to cardiomyo- 
cytes of rabbit. They found that PCr decreased the eleva- 
tion in inulin diffisable space seen in untreated 
cardiomyocytes indicating maintenance of membrane in- 
tegrity and reduced necrotic zone size (Fig. 4). 

Control B/f + During 30 min Post 

FIG. 4. Effwt of phosphocreatine on myocardial infarct size. Newotic 
zones were determined after coronary artery ligation of rabbit hearts. 
Phowhocreatine was administered either before and duriru (B/f t dur- 
ing) ligation lbolus 20 mg kg-.‘, i.v. infusion of 20 mg mg 1 To; 2 h) or 30 
min after (30 min post) ligation in the same doses as befom. Reprinted 
with permission from Sharon et al. (1957). 
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Recently studies have examined whether Cr supple- 
mentation would reduce exercise-induced muscle dam- 
age. No difference was found in the indirect indicators of 
muscle damage in a double-blind placebo study in males 
between the Cr supplement groups and unsupplemented 
control (Rawson et al., 2001). However, oxidative dam- 
age markers were not measured, and it may be possible 
that Cr attenuated oxidative stress by maintaining mi- 
tochondrial energy homeostasis. 

The second mechanism of protection relates to ATP pro- 
duction. In cases of transient ischemia, the ability to gen- 
erate ATP through oxidative pathways is reduced result- 
ing in cell damage. Since Cr supplementation increases 
PCr, there is a higher reserve of ATP, thus providing the 
energy until eupoxic conditions are re-established. 

IV. Pharmacokinotics 

Research on Cr has predominately focused on the 
pharmacological properties of Cr; there have been few 
studies investigating the pharmacokinetics of Cr. Al- 
though some studies have shown plasma Cr versus time 
relationship (Fitch and Sinton, 1964; Harris et al., 1992; 
Green et al., 1996b; Schedel et al., 1999; Steenge et al., 
1998,200O; Vanakoski et al., 19981, the majority of stud- 
ies have not reported any estimated or calculated phar- 
macokinetic parameters (i.e., volume of distribution, 
clearance, bioavailability, mean residence time, absorp- 
tion rate, and half-life). If Cr is ever to be used clinically, 
then the pharmacokinetic profile is needed to establish 
optimal dosing. Figure 5 is the authors’ proposed phys- 
iological model for Cr pharmacokinetics based on cur- 
rent literature. 

A. Dosing 
Currently, manufacturer’s instructions and athletes’ 

use of Cr follows a dosing regimen of a “loading” phase of 
20 g/day 14 X 5 gl for 5 days and a maintenance dose of 
3 to 5 g/day. Investigators have found that intramuscu- 
lar tCr levels increase from 17 to >20% with a dosing 
regimen of 20 to 30 g for 2 or more days (Harris et al., 
1992; Greenhaff et al., 1994; Balsom et al., 1995; Feb- 
braio et al., 1995; Gordon et al., 1995; Hultman et al., 
19961. It has also been reported that up to 20% of this 
increase is due to PCr (Harris et al., 1992; Gordon et al., 
1995; Casey et al., 1996; Hultman et al., 1996; Vanden- 
berghe et al., 1997,1999). However, there does appear to 
be an upper limit of intramuscular tCr content at --160 
mm01 kg-’ of DM (Harris et al., 1992; Casey et al., 
19961. Similar intramuscular PCr levels from this dos- 
ing regiment can be accomplished by taking 3 g/day over 
30 days (Hultman et al., 1996). After --2 days of loading, 
maximal accumulation of intramuscular Cr occurs and 
therefore amounts of >20 g/day are unnecessary (Ter- 
jung et al., 2000). The maximal accumulation of intra- 
muscular tCr in humans is reflected in the progressive 
increase in urinary Cr with continuous Cr ingestion 
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Fw. 5. Schematic of physiological model for cmatine pharmacokinet- 
its. Creatine enters the system through diet (first order rata constant K. 
or Michaelis-Menten KWll and V,,,,,, I or zero-order hepatic production 
t&J. f&r ami Vuwc, represent Michaelis-Menten kinetics for saturable 
uptake of creatine by the creatine transporter. KMaTAe is the first order 
rate constant for the conversion of creatine to creatinine. K? is elimina- 
tion rate constant for creatinine. Solid lines indicate the creatme pathway 
and dotted lines indicate the creatinine pathway. Values for rate con- 
stants: K. or K,,,LcIymaxG, none available; Kp = 1 g/day; KmTm = 0.017 
days; K,&V,,,nxc,, see Table 1; and K, = GFR. 

(Harris et al., 1992; Vandenberghe et al., 1997; Bermon 
et al., 1998; Maganaris and Maughan, 19981. Cr levels in 
humans can remain elevated for up to 1 month post- 
supplementation (Febbraio et al., 1995; Hultman et al., 
1996). 

Clinical studies have used different dosing regimens 
than those previously mentioned in the exercise litera- 
ture. Table 2 describes some dosing regimens used in the 
literature in human subjects for exercise and treatment 
of disease. These differences in dosing amount and du- 
ration need to be addressed to better understand the 
regulation of cndogenous synthesis of Cr and regulation 
of transporters. 

B. Absorption and Distribution 
Cr is administered orally either as a solution or solid 

dosage form. Oral absorption of Cr is determined by 
physicochemical properties of the molecule as well as 
splanchnic blood flow. Drugs and nutrients can pass 
through the gastrointestinal tract epithelia into the 
blood by diffusion, active transport, facilitated trans- 
port? or through paracellular pathways. Because Cr is 
structurally similar to basic amino acids (e.g., arginine, 
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Andrew? et ill. (19981 4 x 5 g/day (20 g/day, 5 days Congestive heart failure 
Dechent et al. (1999) 4 x  -5 g/day 4 week? Inweaw! bra111 c!I 
Hfigenfeldt et al. (19941 a x 5 q/day 110 g/dsy 2 weeks MlcIAs 

2 X 2 &day mainisnancc 
Heinanan et al it9991 1 5  2  g/dav a- 15 years Gyrste atrophv 
Hultman et al I 1996 i 3 g/day :a:40 day. Exercise perf inmnnce 
Kecreat1011n1 use 4 ,, 5  g/day W  g/day, 0.3 g kg ‘I 4-6 days lh2rme performance 

3-5 g/day mamtenanee Vanes 
Tamopolsky et al. (19971 2 < 5  g/day (10 g/day) 2 weeks M~tochondrial cytopathles 

2 X 2 g/day (4 g/day) maintcnnncc 1 week 
Tarnopolsky et al. (19991 10 g/day 5 days Kewomuscular Il isease 

5 g/day maintenance 5-7 days 
Vannazi-Sulonen et al. (1985) 3 x 0.5 g/day (1.5 &day) (adults) 5 years Gyrate atrophy 

3 x 0.25 g/day (0.75 g/clay) (children) 
V&k et al. (1999) 5 x 5 &day (25 gklay) 7 days Exercise performance 

5 dday maintenance 11 we&s 
Vorgerd et al. (2000) 150 mg  kg- ’ C-10 g/day) 1 week Myophosphorylaxe deficiency 

60 mg  kg-’ (-3 g/day) maintenance 4 weeks 
Walter et al. (2000) 10 g/day (adults) 8 weeks Various muscular dystrophies 

5 g/day ichildren) 
Wilier et al. (20001 20 g/day 5 days Rheumatoid arthritis 

2 g/&y maintenance 16 days - __---~-_-_-_- ___ _--_. -__--- -~___----_-_________- 

lysine), Cr may enter systemic circulation through the 
amino acid transporter, peptide transporters, or special- 
ized transporters (i.e., taurine). 

Cr may also enter systemic circulation through the 
paracellular pathway. Creatinine has a molecular 
weight of 113, a net positive charge at intestinal pH, and 
a partition coefficient of -1.8, which allows it to move 
paracellularly through Caco-2 monolayers and diffuse 
through biological membranes Marlsson et al., 1999). Cr 
has a molecular weight of 131, a net positive charge, and 
an estimated partition coefficient of -2.7 and therefore 
should also cross through via the paracellular pathway. 
However, in a preliminary investigation, Cr was found 
to have very poor movement through the Caco-2 mono- 
layer (Dash et al., 1999). This lack of movement could be 
caused by a lack of amino acid transporters specific for 
Cr or may indicate a lack of importance of paracellular 
transport in Cr absorption. 

Oral administration of low doses of Cr in humans 
(l-10 g) show a time of maximal plasma concentration 
Cl’,,) of <2 h (Harris et al., 1992; Green et al., 1996b; 
Schedel et al., 1999). At doses above 10 g, Z’,,,, increases 
to >3 h (Schedel et al., 1999). Once in the vasculature, 
Cr distributes into red blood cells, white blood cells, 
skeletal muscle, brain, cardiac muscle, spermatozoa, 
and the retina (Wyss and Kaddurah-Daouk, 2000). Be- 
cause of low aqueous solubility (- 13 mg ml‘ 1 water) and 
a low partition coefficient, the apparent volume of dis- 
tribution should probably not exceed total body water. 
Protein and tissue binding also determine the volume of 
distribution; however, there currently is no data on the 
extent of protein binding. 

C. Clea?*ance 

Cr can be eliminated from the blood via two parallel 
pathways. The first pathway is a saturable uptake into 

various organs and cells. The second pathway is renal 
elimination, As mentioned earlier, insulin, catecholamines, 
exercise, and IGF-1 can affect Cr uptake by the Na+-Cl-- 
dependent transporter. Therefore, clearance of Cr from the 
blood is dependent on intramuscular tCr levels, hormone 
levels, muscle mass, and kidney function [glomerular fil- 
tration rate (GFRII. Ritts (1934) found that Cr is excreted 
at rates equivalent to that of xylose in humans, indicating 
renal elimination of Cr may be equivalent to GFR. How- 
ever, Sims and Seldin (1949) found that Cr is reabsorbed in 
the kidney, which may explain the lack of Cr found in urine 
under healthy, unsupplemented conditions. This finding 
supports evidence that CreaT is found in the kidney and 
may serve to reabsorb Cr from the urine (Wyss and Kad- 
durah-Daouk, 2000). 

D. Pharmacokinetic Studies 
To date, much of the work on Cr has focused on the 

pharmacological effects rather than on characterizing 
the pharmacokinetics. Of the studies that examined the 
behavior of Cr in blood, none have truly characterized 
the pharmacokinetics except for C,, and T,, thus 
leaving a gap in the research. Despite the lack of phar- 
macokinetic interpretation, these studies can serve as a 
basis for future work on Cr pharmacokinetics. 

To truly understand the pharmacokinetics of Cr, data 
are needed after an intravenous bolus dose. Although 
some studies have administered Cr as an intravenous 
infusion in humans (Grim et al., 1976) there is only one 
available intravenous bolus study from Fitch and Sinton 
(1964). Small amounts of ‘“C-Cr (2-60 &i or 0.1-3 mg) 
were given as an intravenous bolus to five patients with 
various muscular disorders and followed over time. The 
half-life of ‘“C-Cr in plasma was calculated to bo 20 to 70 
min. It appears the Cr follows a one-compartment body 
model. However, two of the five patients exhibited a 



slight distribution phase of less than 40 min. Unfor- 
tunately, there is insufficient data at early time points 
to fully understand the profile after intravenous bolus 
administration. Clinically, the two patients that had a 
distribution phase were two of the oldest patients in 
the study (43 and ‘77 years of age) and also had two of 
the heavier body weights (63 and 100 kg). It is un- 
known how age or body weight would influence Cr 
pharmacokinetics. 

Harris et al. (1992) investigated blood concentrations 
over time after oral administration of Cr monohydrate in 
young and middle-aged humans (ages 28-62 years). 
After a single 5-g dose, plasma Cr reached a mean C,,, 
of approximately 100 mg l-.l at a Z’,,, of 1 h. In another 
human study, Green et al. (1996b) investigated the ef- 
fect of carbohydrate ingestion on plasma Cr levels at day 
1 and day 3 of a a-day, 20 g/day regimen. Following a 5-g 
dose on day 1, plasma Cr reached a C,,, of 170 mg 1-l 
at a T,, of 50 min. When 5 g of Cr was ingested with 
500 ml of an 18.5% w/v glucose simple sugar solution, 
the Cm, for plasma Cr was 80 mg l--’ and the T,, was 
90 min. The addition of carbohydrate during adminis- 
tration on day 1 caused over a 3-fold reduction in the 
AUC of plasma Cr. This reduction has been attributed to 
enhanced removal of Cr from blood caused by the stim- 
ulatory effect of insulin on Cr uptake by skeletal muscle. 
On day 3 after a 5-g dose, plasma Cr had a C,, of 234 
mg 1-l at a TmR, of 50 min, a nonsignificant 37% in- 
crease in emax. Interestingly, Green found a nonsignifi- 
cant -7% difference in AUC between day 1 and day 3 in 
the Cr without carbohydrate group. This lack of differ- 
ence was probably caused by incomplete elimination of 
Cr from the blood on day 3. On day 1, plasma Cr reached 
near baseline by 270 min; however, at day 3, plasma Cr 
was 7 times higher than baseline at 270 min. These data 
suggest reduced volume of distribution after 2 days of 20 
g/day Cr administration. Steenge et al. (1998) also tested 
the effects of insulin on plasma Cr in humans. In their 
study, 100 mM Cr was administered as an enteral infu- 
sion at 2.5 ml min -I with an intravenous insulin infu- 
sion at varying rates. Peak Cr levels were reached 1 to 
1.5 h after start of infusion. A decrease of 20% in plasma 
Cr AUC was shown to be dependent on insulin infusion 
rate. 

Based on the work of Odoom et al. (1996) on the 
stimulatory effects of P-agonists on Cr uptake, Vanako- 
ski et al. (1998) investigated the pharmacokinetics of Cr 
with and without caffeine ingestion. Following 3 days of 
3 X 100 mg kg-’ (-15 g/day) Cr ingestion, a single dose 
of 100 mg kg--’ (6-7 g) was administered for pharmaco- 
kinetic analysis. Cr had a C,,, of 160 mg l--’ at a T,,, 
of 92 min and a terminal half-life of 172 min. The con- 
comitant administration of caffeine had no statistically 
significant effect on Cr pharmacokinotics. Because the 
pharmacokinetics were calculated after 3 days of load- 
ing, this profile may be more indicative of steady-state 
rather than single-dose pharmacokinetics. Additionally. 

this was a double-blind, placebo-controlled crossover de- 
sign study with 1 week washout between treatments. 
This would further conflict the pharmacokinetic data 
because elevated muscle tCr levels can last up to 28 
days, and as such, accumulation could confound results 
by changing volume of distribution. 

Recently, Schedel et al. (1999) administered increas- 
ing doses and measured plasma Cr over time. They 
found larger doses lead to longer absorption times, as a 
single 20-g dose demonstrated an absorption phase even 
after 4 h. Dr. E. S. Rawson (personal communication) 
recently compared blood levels of Cr after a 5-g dose in 
young healthy males and elderly healthy males. They 
found no differcncc in pharmacokinctic parameters be- 
tween groups but found that intramuscular PCr levels in 
elderly males did not increase with supplementation. 
The lack of an increase in intramuscular PCr levels seen 
in this study supports this group’s work with supple- 
mentation in the elderly in that exercise performance in 
the elderly does not increase with Cr supplementation. 

It is very difficult to compare/contrast studies of Cr 
pharmacokinetics due to differences in the study design 
(dose, single versus after multiple doses or infusion), Cr 
products, and method of analysis (photometric, enzyme, 
high performance liquid chromatography). It is difficult 
to determine whether Cr pharmacokinetics is dose-de- 
pendent; however, the data by Schedel et al. (1999) 
indicate this possibility. The dose dependence can be 
caused by transporter-based uptake into muscle or 
transporter-based uptake from the gastrointestinal 
tract. As mentioned earlier, the reported studies are 
incomplete in the pharmacokinetic analysis, and further 
research is needed to establish standard pharmacoki- 
netic parameters. 

V. Therapeutic Usage 

Although the majority of studies on Cr have been on 
exercise performance in healthy subjects, recent evi- 
dence indicates Cr may be useful in the treatment of 
certain diseases. Patients with diseases that result in 
atrophy or muscle fatigue secondary to impaired energy 
production may benefit from Cr supplementation. The 
true mechanisms by which Cr can be effective in these 
diseases are unclear but the theorized mechanisms of 
increased energy in the form of PCr, increased muscle 
accretion, and stabilization of membranes may be influ- 
ential as discussed previously. 

Research has recently focused on the clinical applica- 
tion of Cr in rodents and humans, and therefore there is 
a limited amount of information available on the rela- 
tionship between the rodent studies and human studies. 
Although studies involving rodents offer credence in the 
therapeutic use of Cr, the results may not fully explain 
the usefulness in humans. Kodents typically have a 
higher blood Cr level than humans (Marescau et al., 
1986) and do not respond to supplementation in the 
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same manner that humans respond. For example, rats 
fed a 3% Cr diet for 40 days showed little increase in 
skeletal muscle tCr levels with large increases in tCr in 
liver and kidney (Horn et al., 1998). Therefore, the dis- 
tribution processes in the rodent may differ from hu- 
mans and may cause some differences in Cr application. 

A. Exercise Performance 
The initial studies on Cr supplementation in the 

1990s in humans focused on exercise performance, 
which served as a basis for subsequent clinical research 
and applications. As mentioned earlier, supplementa- 
tion increases intramuscular tCr content. The increase 
in Cr in young healthy males has been shown to enhance 
anaerobic exercise performance by increasing power out- 
put (Earnest et al., 1995), muscular strength and work 
(Casey et al., 1996; Vandenberghe et al., 1997; Volek et 
al., 19991, and muscle fiber size (Volek et al., 1999). 
Studies have also been performed on young bealtby fe- 
males, middle-aged males (30-60 years of age), and the 
elderly (>60 years of age). Both females (Vandenberghe 
et al., 1997) and middle-aged males (Smith et al., 1998) 
benefited from Cr supplementation, but the elderly did 
not show an exercise performance enhancement (Ber- 
mon et al., 1998; Rawson et al., 1999; Rawson and Clark- 
son, 2000). The lack of an effect in the elderly may be 
explained by changes in transporter density associated 
with aging and decreased Cr uptake. 

The American College of Sports Medicine recently had 
a roundtable discussion on the physiological and health 
effects of Cr supplementation (Terjung et al., 2000). 
Performance has been enhanced in swimming, all-out 
cycling, sprinting, repeated jumping, and resistance 
training (Juhn and Tarnopolsky, 1998a). The greatest 
improvements in performance have been found in series, 
high-power output exercises and the latter exercise 
bouts of a series (Terjung et al., 2000). Those activities 
that are repetitive in nature and those of high-energy 
output, which would stress the PCr system, would likely 
benefit from Cr supplementation (Terjung et al., 2000). 

B. Gyrate Atrophy 
1. Human Studies. Gyrate atrophy (GA) is an auto- 

somal recessive error that causes hyperornithinaemia 
and leads to chorioretinal degeneration and atrophy of 
Type 2 muscle fibers (Heinanen et al., 1999b). GA pa- 
tients have lower levels of skeletal muscle PCr since 
ornithine inhibits the rate-limiting step of Cr biosynthe- 
sis (Heinanen et al., 1999b). Current therapy for GA can 
include diet modification to reduce plasma ornithine 
(Sipila et al., 1981). Sipila et al. (1981) supplemented 
seven patients with 1.5 g of creatine daily for 1 year. The 
diameters of Type 2 muscle fibers increased from 34.1 to 
49.9 ~~111 (-- 45%) without a significant increase in the 
diameters of Type 1 fibers. Examination of the eyes 
revealed a slowing of impairment at an age normally 
associated with rapid progression of the disease. An- 

other prospective study followed 13 GA patients for 5 
years who were treated with 0.75 to 1.5 g (depending on 
age) of Cr per day (Vnnnas-Sulonen et al., 1985). The 
pro&Tession of the disease was unaffected by Cr but 
abnormalities in skeletal muscle such as tubular aggre- 
gates and Type 2 fiber atrophy disappeared. Discontin- 
uation of Cr therapy in these patients caused reappear- 
ance of tubular aggregates. Patients supplemented with 
Cr (1.5-2.0 g/day) for 8 to 15 years were found to have a 
greater than 1.5fold increase in PC’&‘, ratio than pa- 
tients receiving no Cr (Heinanen et al., 1999a). The 
supplemented group had nearly equivalent PCr/Pi levels 
compared with healthy age- and sex-matched controls. 
The PCr/ATP ratio of Cr-treated patients was also sim- 
ilar to healthy controls. Additionally, patients supple- 
mented with Cr precursors guanidinoacetate and methi- 
onine had increased muscle PCr although not as high as 
normal controls (Heinanen et al., 1999a). 

C. Diseases Affecting Mitochondria 
Because Cr is involved in energy production and acts 

as a shuttle of ATP from the inner mitochondria to the 
cytosol, Cr was theorized to be useful in diseases of 
mitochondria where energy production is altered. Cr 
supplementation has been shown to be beneficial in dis- 
eases in which there is mitochondrial dysfunction such 
as Parkinson’s, Huntington’s, and myopathy, encepha- 
lopathy, lactic acidosis, and stroke-like episodes 
(MELAS). 

1. Parkinson’s Disease. 
a. Animal Studies. Parkinson’s disease is an idio- 

pathic neurodegenerative disease characterized by de- 
pletion of dopamine levels in the brain. The loss of do- 
paminergic neurons may be caused by energy impairment 
resulting in cell death. MF’TP neurotoxicity is used as a 
model for Parkinson’s. MPTP is converted to MpP+, which 
inhibits complex I of the electron transport chain and im- 
pairs oxidative phosphorylation and subsequent ATP pm- 
duction. The administration of MPTP alone results in 70% 
depletion in brain dopamine levels in rodents (Matthews et 
al., 1999). Matthews et al. (1999) used this model and 
found that rats fed a 1% Cr diet (w/w diet) for 2 weeks 
showed less than a 10% brain dopamine loss when com- 
pared with nonsupplemented animals after exposure to 
MPTP/MPP+. There was a dose dependence from 0.25 to 
1% Cr diet; however, this protection disappeared at 2 and 
3% Cr diet. Interestingly, the Cr analog cyclocreatine was 
also neuroprotective at concentrations of 0.25 to 1% w/w 
diet. Histologically, there was no significant loss of nigral 
neurons in the Cr-treated group. There was no explanation 
for the inverted U-shaped response curve in dopamine 
protection or whether higher doses eli&ed additional ben- 
eficial or toxicological effects. Reasons for the inverted U- 
shape may be the result of changes in CreaT density, 
changes in intracellular osmotic pressure, or dysfunction 
in energy metabolism. Additionally, no intracellular Cr, 
tCr, PCr, or ATP levels were measured in this study. 
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2. IIuntingtonk Disease. 
a. Animal Studies. Huntington’s disease results in 

the formation of lesions in the brain from an alteration 
in energy production. Matthews et al. (1998) used 3-ni- 
tropropionic acid (3-NP) to mimic changes in energy 
metabolism seen in Huntington’s. 3-NP irreversibly in- 
hibits complex II of the electron transport system and 
produces lesions caused by energy depletion. They re- 
ported that 1% Cr (w/w diet) after 2 weeks showed an 
83% reduction in lesion volume as compared with un- 
treated animals. Animals treated with the Cr analog 
cyclocreatine showed no protection and appeared to have 
exacerbated toxicity. Malonate can also be used to in- 
duce Huntington’s-likc lesions. In the same study, Mat- 
thews et al. found similar protection against malonate- 
induced toxicity with a U-shaped dose-response curve 
using a 1 and 2% Cr w/w diet demonstrating the most 
protection. In these studies, Cr-fed animals had higher 
striatal levels of PCr than control animals and Cr- 
treated animals exposed to 3-NP had higher levels of Cr, 
PCr, AMP, GDP, NAD, ATP, and lower levels of lactate 
than cont:rol animals treated with 3-NP. These changes 
would correlate with improved energy production. Cr- 
fed animals also showed reduced markers of oxidative 
damage caused by malonate or 3-N-P. Again, no reason 
was given for the U-shaped response curve of Cr against 
lesion size. 

Ferrante et al. (2000) used the transgenic R6/2 mouse 
model for Huntington’s disease to examine the effect of 
Cr. There was a U-shaped dose-dependent increase of 
9.4%, 17.4% for survival in mice fed a 1 and 2%, respec- 
tively. However, only a 4.4% increase in survival was 
found for a 3% w/w diet of Cr. Mice supplemented with 
Cr also showed increased rotarod performance when fed 
1 and 2% Cr but not a 3% diet. Additionally, Cr main- 
tained brain weight. reduced striatal atrophy, reduced 
striatal aggregates, and delayed the onset of diabetes. A 
recent study by Shear et al. (2000) supports the previous 
studies that Cr can attenuate anatomical abnormalities 
induced b,y 3-NP as well as improve motor performance 
variables. 

3. Other Mitochondrial Pathologies. 
a. Animal Studies. Other mitochondrial-related dis- 

eases can be affected by Cr supplementation. In a model 
for amyotrophic lateral sclerosis, GP3A transgenic mice 
(SOD1 mutation) had a life-span increased by 13 and 26 
days when fed 1% or 2% Cr (w/w diet), respectively 
(Klivenyi et al., 1999). These animals also had no in- 
crease in 3-nitrotyrosine and other indicators of oxida- 
tive damage and showed increased motor performance, 
and Cr protected against loss of motor neurons and 
substantia nigra neurons. However, no levels of cellular 
tCr, Cr, PCr, ATP, or ADP were assessed in this study. 

b. Human Studies. In a large study of 81 patients, 
Tarnopolsky and Martin (1999) investigated Cr sup- 
plcmentat,ion in various neuromuscular diseases in- 
cluding mitochondrial cytopathiea. neuropathic disor- 

den, dystrophies, congenital myopathies, and 
inflammatory myopathies. They found increases in 
high-intensity strength measurements such as iso- 
metric dorsiflexion, handgrip strength, and isokinetic 
and isometric knee strength in these patients follow- 
ing supplementation of 10 g/day for 5 days with 5 
g/day for 5 to 7 clays of maintenance. These patients 
also showed small but significant increases in body 
weight with supplementation. In the same investiga- 
tion, 21 patients were supplemented in a single-blind 
placebo-controlled study and found results similar to 
that of the 8l-patient study. Tarnopolsky’s group also 
performed a short-term, randomized, crossover trial of 
Cr supplementation in patients with mitochondrial 
cytopathics (MELAS) (Tarnopolsky ct al., 19971. Pa- 
tients treated with Cr (2 x 5 g/day for 2 weeks with 
2 x 2 g/day for 1 week of maintenance) showed a 19% 
increase in hand-grip strength and a reduction in 
post-exercise cycle ergometry blood lactate. There 
were no differences in body composition, maximal vol- 
untary contraction, resting energy expenditure, oxy- 
gen consumption, or rating of perceived exertion. It 
was concluded that Cr increased strength and high- 
intensity anaerobic and aerobic activities with no ef- 
fect in lower intensity aerobic activity. Most of the 
patients in this study were already taking vitamin E 
and C and coenzyme Qio for treatment of their mito- 
chondrial cytopathy. 

D. Other Brain Pathologies 

1. Animal Studies. Hypoxia and energy-related 
brain pathologies (e.g., stroke) might benefit from Cr 
supplementation. Cr has been shown to protect the 
brainstem and hippocampus from hypoxia and that this 
protection may be attributable to the prevention of ATP 
depletion (Balestrino et al., 1999; Dechent et al., 1999; 
Wilken et al., 2000). Rodents supplemented with Cr (-2 
g kg-- ’ of body weight per day) showed increased brain 
Cr:choline levels with a slight decrease in apparent dif- 
fusion coefficient (ADCl during an acute ischemic chal- 
lenge (wick et al., 1999). ADC is associated with cyto- 
toxic cellular swelling, and therefore a reduction in ADC 
may offer protection. Michaelis et al. (19991 found that 
Cr supplementation (e-2 g kg-’ of body weight per day) 
showed no differences in metabolic responses after 
global cerebral ischemia despite increased brain tCr. 
Due to increases in glucose and slight reductions in 
lactate found in the Cr-fed group, the authors concluded 
that neuroprotection may occur with more focal isch- 
emia rather than global ischemia. 

Cr has been found to be neuroprotective against N- 
methyl-D-aspartate and malonate excitotoxicity follow- 
ing a 1% (w/w) diet for 1 week in rats (Malcon et al., 
2000). These investigators did not find protection 
against cw-amino-3-hydroxy-5-methyl-4-isoxazolepropi- 
onic acid or kainic toxicity. In either case, no dosc-re- 
sponsc relationship was established. Cr has been shown 



to protect hippocampal neurons from glutamate toxicity 
and partially proted embryonic neurons from p-amyloid 
toxicity (Brewer and Wallimann, 2000). This protection 
against p-amyloid was also seen in adult and aged ncu- 
rons and therefore may attenuate the formation of senile 
plaques seen in Alzheimer’s disease. In both cases, in- 
tracellular Cr and PCr were elevated when compared 
with toxin-treated neurons not supplemented with Cr. 

2. Human Studies. There are few clinical data on the 
effect of Cr in the human brain. Stockier et al. (1994, 
19961 report a treatable inborn error in Cr metabolism 
that causes tCr depletion in the brain and results in 
extrapyramidal movement disorders. Treatment with 
Cr in these patients restores Cr levels and improves 
neurologic symptoms. Other studies have found supple- 
mentation (4 X 5 g/day) for 4 weeks in human volunteers 
caused an 8.7% increase in brain tCr. The largest in- 
creases were seen in gray matter (4.7%), white matter 
(11.5%), cerebellum (5.40/c), and thalamus (14.6%). Al- 
though no human studies have been done on Cr supple- 
mentation and resistance to brain injury, the increase in 
brain Cr may be relevant in ischemic injury similar to 
that seen in the rodent models. 

E. Muscular Disease 
1. Animal Studies. Since 95% of Cr in the body is 

found in skeletal muscle, supplementation may be use- 
ful in treating myopathies. Duchenne’s muscular dystro- 
phy is a degenerative disease that causes mechanical 
instability of the sarcolemma leading to increased cal- 
cium leakage during periods of stress. Using mdx mice 
as a model for Duchenne’s muscular dystrophy, Pulido et 
al. (1998) prepared a primary cell culture from hind-limb 
muscles. During myotube formation, cells were incu- 
bated with 20 mM Cr. After 12 to 14 days, cells were 
exposed to hypo-osmotic shock. Cells treated with Cr 
showed significantly lower intracellular calcium levels 
that were nearly equivalent to baseline calcium levels of 
control myotubes. This effect of Cr could be due to de- 
creased sarcolemmal leakage or enhanced uptake by the 
sarcoplasmic reticulum. Further evidence from the Pu- 
lido study supported more of an effect on calcium uptake 
by sarcoplasmic reticulum Ca2+ ATPase. Intracellular 
PCr increased in both mdx and control myotubes with 
the former having a more pronounced increase. 

2. Human Studies. In a double-blind crossover clin- 
ical study, Felber et al. (2000) examined Cr supplemen- 
tation (10 g/day for adults and 5 g/day for children) for 8 
weeks in 32 patients with various muscular dystrophies. 
At the end of the treatment period, the Cr group had a 
SC/o increase in strength and a 10Y~ increase in neuro- 
muscular symptom score. There were no differences in 
clinical chemistries between groups. The authors con- 
cluded that long-term Cr supplementation in this popu- 
lation is needed. 

In other studies related to muscle, patients with rheu- 
matoid arthritis had strength improvements after sup- 

plementation with 20 g of Q/day for 5 days and then 2 
g/day for the remaining 16 days but no change in phys- 
ical functional ability or disease activity (Willer et al., 
2000). This was an open study examining arthritis pre- 
and post-supplementation, but after supplementation 
there was a small increase in muscle Cr (-7%) and a 
decrease in both PCr (-24%) and tCr (-14.3%X The lack 
of change in muscle tCr may reflect the lack of change in 
functional ability and raises a more important question 
of why these patients did show the more typical increase 
of 20% seen in young healthy males. Patients with myo- 
phosphorylase deficiency (McArdle’s disease) showed 
mild improvements from supplementation of 150 mg 
kg- i for 1 week with maintenance doses of 60 mg kg-’ 
day i in a placebo-controlled crossover trial (Vorgerd et 
al., 2000). These improvements consisted of lower self- 
reported severity and lower frequency of muscle pain 
and increased exerdse performance including increased 
strength. Cr-treated patients showed increase in muscle 
PCr and increases in exercise performance during isch- 
cmia. This was the first study to examine the effects of 
Cr supplementation in McArdle’s disease. 

F. Heart Disease 
1. Animal Studies. The effects of Cr on cardiac tissue 

have been investigated. A study by Sharov et al. (1987) 
showed a protective effect of PCr on cardiac tissue fol- 
lowing ischemia. Using rabbit hearts, PCr was admin- 
istered intravenously either before and during cardiac 
artery ligation or 30 min post-ligation. These investiga- 
tors found a reduction in necrotic zone under both PCr 
treatments compared with controls (Fig. 4). Ruda et al. 
(1988) found that PCr administration reduced ventricu- 
lar arrhythmia after acute myocardial infarctions, but 
the effects of Cr on cardiac tissue are still unclear. Other 
studies have also shown PCr to possess anti-arrhythmic 
activities (Rosenshtraukh et al., 19881. Feeding Cr to 
healthy rats or rats after a myocardial infarction failed 
to increase intramuscular Cr (Horn et al., 19981. The 
P-blocker bispropolol has been shown to increase total 
cardiac Cr up to 40% (Laser et al., 1996). The ability to 
increase Cr and related energetics in heart tissue may 
be one benetXa1 mechanism of the action of P-blocker 
therapy (Laser et al., 1996). Ingwall et al. (1985) have 
also shown that diseased myocardium has lower Cr con- 
tent. Supplementation with Cr has also provided protec- 
tion to cardiac tissue from metabolic stress (Constantin- 
Teodosiu et al., 1995) 

2. Human Studies. Gordon et al. (1995) investigated 
the effect on ingestion of Cr in patients with congestive 
heart failure in a double-blind, placebo-controlled study 
(20 g/day for 10 days). Ejection fraction at rest and at 
work did not change but increased exercise performance 
in regard to both strength and endurance. Another study 
in patients with congestive heart failure showed that Cr 
supplementation improved skeletal muscle metabolism 
with reductions in ammonia and lactate accumulation 



CLTKICAI, PEIARMA(!OT.O(:Y OF CREATIN’E 173 

(Andrews et al., 1.998). Recently, Neubauer et al. (19991 
showed that hearts with dilated cardiomyopathy bad 
50% less tCr compared with healthy hearts as well as 
30% less CreaT. Cr supplementation also has been 
shown to lower total plasma cholesterol and triglycer- 
ides (Earnest et al., 1996). These results were similar in 
humans and rodents and may suggest a therapeutic 
benefit of Cr supplementation. 

G. Use of’ Crentine Analogs 
Analogs of Cr were used initially to study Cr metab- 

olism and uptake. These analogs are currently being 
investigated as a treatment for Huntington’s disease, 
anti-tumor agents, and as antiviral agents. The most 
commonly used analogs are /3-guanidinopropionic acid 
and cyclocreatine. This class of compounds has been 
shown to inhibit replication of several viruses including 
human and simian cytomegaloviruses and varicella zos- 
ter virus (Lillie et al., 1994), to protect neurons from 
3-NP toxicity disease (Matthews et al., 1998), and reduce 
tumor size (Bergnes et al., 1996). A recent article by 
Wyss and. Kaddurah-Daouk (2000) reviews the use and 
potential use of Cr analogs. 

VI. Side Effects 

Side effects from Cr supplementation have been re- 
ported both anecdotally and in the scientific literature. 
Possible side effects of Cr supplementation have been 
previously reviewed by Juhn and Tarnopolsky (199813). 
Briefly, Cr supplementation has been documented as 
being associated with weight gain, gastrointestinal dis- 
tress, and renal dysfunction and anecdotally reported to 
cause muscle cramps and hepatic dysfunction. 

Typically weight gain is between 1 and 2 kg and is 
initially brought on by water retention, but may be 
maintained by changes in amount of lean body mass. 
Athletes generally desire this effect. Gastrointestinal 
distress has been reported anecdotally but little to no 
studies have documented nausea, vomiting, or diarrhea. 
This may be a function of single large doses of Cr or 
subsequent ingestion of large amounts of carbohydrates. 
Muscle cramps have been reported anecdotally, but pub- 
lished studies have yet to find muscle cramps associated 
with supplementation. 

In a double-blind, crossover study, subjects were sup- 
plemented with Cr at 20 g/day (4 x 5 g/day) for 5 days 
with a 28-day washout between treatments (Kamber et 
al., 1999). Supplementation had no effect on hepatic 
function as indicated by no changes in blood liver en- 
zymes (i.e., creatine kinase, urea, aspartate aminotrans- 
ferase, alanine aminotransferase, y-glutamyl trans- 
ferase, lact.ate dehydrogenase). This study indicates that 
short-term supplementation may be safe, but the effect 
of long-term supplementation is still unknown. Cardio- 
vascular function as assessed by changes in systolic and 
diastolic blood pressure was unaffected by Cr (Mihic et 

al., 20001. Finally, Cr has been implicated in renal dys- 
function. In two isolated cases, one patient presented 
with interstitial nephritis that improved upon termina- 
tion of Cr use (Koshy et al.. 1999), and another patient 
with focal glomerular sclerosis showed a reduction in 
GFR with Cr supplementation that returned upon ter- 
mination of supplementation (Pritchard and Kalra, 
1998 ). Before the diagnosis of focal glomerular sclerosis, 
the patient had relapsing steroid-responsive nephrotic 
syndrome and was currently on cyclosporin. It was re- 
cently found that cyclosporin inhibits Cr uptake in vitro 
and may explain the nephropathy brought on by Cr 
(Tran et al., 2000). Although these pathologies are seri- 
ous, these were isolated incidences including one patient 
that had a history of kidney disease. Studies have shown 
that renal function and glomerular filtration are not 
effected by supplementation despite slight increases in 
plasma creatinine (Poortmans et al,, 1997; Poortmans 
and Francaux, 19991. In one of these studies (Poortmans 
et al., 1997), subjects were self-supplementing with 2 to 
30 g of Cr for 10 months to 5 years, and no changes in 
renal responses to creatinine, urea, or albumin were 
observed. 

It was recently hypothesized that Cr supplementation 
could be cytotoxic (Yu and Deng, 2000). Cr can be ulti- 
mately converted to formaldehyde and hydrogen perox- 
ide by the reaction illustrated in Fig. 1. Formaldehyde 
has the potential to cross-link proteins and DNA leading 
to cytotoxicity. The investigators did find increased 
urine formaldehyde after Cr administration; however, 
they did not measure markers of protein or DNA cross- 
linking or indicators of oxidative stress. 

VII. Products 

Cr products may be purchased from supermarkets, 
nutrition stores, and via the Internet. Because Cr falls 
under the Dietary Supplement Health Education Act of 
1994, the Food and Drug Administration does not regu- 
late the quality of dietary supplements but does regulate 
structure/function claims. Therefore, there is some con- 
cern of the quality of products available. A recent review 
by Benzi (20001 discusses some product quality issues, 
some of which are discussed briefly here. Commercial Cr 
is produced from the reaction of sarcosine and cyana- 
mide. This process can yield several possible contami- 
nants such as crcatinine, dicyandamide, dihydrotrian- 
zincs, and ions such as arsenic. The ion contaminants as 
well as dicyandamide could be a potential health hazard. 
Therefore, good manufacturing practices need to be em- 
ployed to protect the consumer. The ultimate goal for 
product quality research is to establish a monograph for 
the United States Pharmacopoeia (IJSP). 

VIII. Conclusion 

It has been nearly 170 years since the discovery of Cr, 
but it. was not until the 1990s that athletes began to 
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supplement themselves to enhance exercise perfor- 
mance and muscle mass. Research has corroborated the 
reports from athletes that Cr can increase exercise per- 
formance and muscle mass especially in conjunction 
with resistance t.raining. Since then, the use of Cr has 
been extended to the medical field for the treatment of 
energy-related and neuromuscular-related diseases. Re- 
cent advances in molecular biology has allowed the lo- 
cation and cloning of the creatine transporter, which can 
further our understanding of Cr physiology and possibly 
allow a target for pharmacological intervention. 

As research explores further applications for the ther- 
apeutic use of Cr or Cr analogs, it will be necessary to 
establish pharmacokinetic information for purposes of 
dosing and the possible prediction of physiological ef- 
fects via pharmacokinetic/pharmacodynamic modeling. 
It will also be necessary to establish good manufacturing 
practices to ensure product quality to the users. Other 
concerns need to be addressed regarding long-term Cr 
use, the identification of side effects, and populations to 
exclude from supplementation. 

Acknow~dgtnents. This work supported by National Institute on 
Alcohol Abuse and Alcoholism Grant T32 AA07561. We thank Dr. 
Eric S. Rawson and Dr. Guenther Hochhnus for their suggestions 
during the preparation of this manuscript. 

REFERENCES 

Andrew R. Gmonhaff P, Curtis S. Perry A  end Ccwley AT (19%) The effect of 
dietary creetine supplcmentaticn on akolctel muscle metabcitgm in wngostive 
heat failure. Eur Heart J lV:617-622. 

Bde~trino M. Reboudc R and Lunardi G (1999) Excgencuv crealino delays encxic 
depclerizaticn end prctecti from hypcxw damege: Dcee-effect relationship Brain 
Res 816:124-130 

Balsam PD. Herridge SD. S5derlund K, Sj&iin B  and Ekblom B  (1993) Creatine 
supplementutmn per se does not enhence endurance exeroiee perfcrmnnce. Acta 
Physic! Bcand 149:621-52.3 

Bnlaom PD. Scderlund K  and Ekblcm B  (1994) Croatine in humans with special 
reference to creatino aupplomcnlaticn. Sporta Med t&268-280. 

Belscm PD. Sc)derlund K, Sji idin B  end Ekblcm B  (1995) Skelctel nmscle mctebcbsm 
during short duration high-mtensity exercise. Influence of cmatrne supplomcntn- 
ticn. Ada Physiol Scami 154:303-310. 

Recquc MD. Lcchmann JD end Melrose I)R 12000) Efforti of or01 crcetino supple- 
mentation an muscuhr strength end body compcsition. &fed Sri Sports Ezwc 
38:654-658. 

Benzi G (20001 Is there a retnmele fur the use of creetinu cither es nutrihoncl 
aupplementetmn or drug edministrnticn in humcnx pertiapating in II sport? 
Pharmacd Res 41:256-264. 

Bergnes G, Yuen W, Khandeker VS, O’Keefe -MM. Marlin KJ, Teicher BA  and 
Kaddumh-Decuk R (lYV6) Creahne and phcsphocreatine analogs: Anticancer 
aotivity and enzymatic anolys~s Onccl Res 8~121-130. 

Bermon S, Venembre P, Sachet C, Velour S  and Dolii i C  (1998) Effects cf creatinc 
mcnchydrntc ingestion in eedentnry and weight- treined older ndults. &a Pl+c/ 
.&and 164~147-165. 

Bern&s K  Xinnis R, Hnussinger D and Keller U (19993 Effwts of hypcr- and 
hypccsmclelity cn whcle bcdy protein and glucose kinctice in humans. A m  J 
Phyaiol278:E188-Kl9.5. 

Besvman SP and Cnrpentor CL (1985) The oreotine-creatino phosphate energy 
shuttle. Annu Reo Bmchcm 5~831-862. 

Brenncn TA, Adams CR, Ccnniff CL and Baldwin K M  (1997) Effects of crcetine 
loading and treinmg on running perfcrmnnw snd bnxhem~eal prcperties of rat 
skeletal muscle. &fed Sci Spcris Exwc 29:489-496. 

Brewer C and Wcll imnnn T (2000) Protective effect cf the energy precursor crentine 
agninxt twicity ofglutamate and beta-cmylcid m  rat hippocnmpnl neurans. JNw- 
rcchem 74:X%X-197% 

Ccsey A, Constentm-Tccdcsiu Jl, Hcwoll S, Hultwm E  and Greenhaff PI. (IV961 
Crentine ingrstron fwornhly nftect.s ptlrf&wmce end muscles metnholism during 
maximal exercisr 1x1 humans. A m  .J Physinl271:E31-E37. 

Ccnstantin-Tecdosiu D, Groonhaff 1%. Cardiner SM, Randall Ml), March JE and 
Sennett T (1995) Attonuaticn by crcntinc of myocardial mctabchc stress in 
Brnttleborc rats mused by chronic mhnlnticn ufnitric cxide synthasc. tlr J Phar- 
mz.d 110:3288Z?92. 

Crini MI, Cellcway I) and Margen S  11976) Creatme meti~bclirm m  nwn Creabne 
pool nizr and turnover UI relatm~ to ereatme mtoke J Nut,- LOli:371-381. 

Dsl>$ctl B  Sohultz E  rind Moalziok I’E  (2000! Dietary crratine monohydrate sup- 

plomentntinn ineroascs satellile cell nutotie nctivity during compensatory hyper- 
Lrophy. Int d Sports Med 21:13-16. 

Dash A, M&x II). Huci-Yen H. Ccmazzc J and Stoutd (19V91 Ewhmticn ofcreetine 
monchydrato permenhility wing Caca-2 monolayers cs an in vitrc model for 
intestinal absorption (Abstract ). PlsermScr 1:4222 

Dechent P, Pouacls PJ, Wilken B. Hcnefeld P  and Frahm J i 1999) Incrcazc of total 
croatinc in human brain after oral supplenwntatmn of crcotino-monohydrate. 
A m  J Phy~iot 277:R698-R704. 

Demnnt TI‘Y’nnd Rhodes EC (1999) Effects of weatine aupplementahcn on exercise 
performnew+. Spurts Med S&49-60. 

Dodd JR, Zheng T end Christie DL (1999) Creelme acnunuloticn and exchange by 
HEK293 cella stably expressing lngh levelv of e creetine transporter. Bwchrm 
Buqhys Acta 1472:128-136 

Earnest Cl”, Abnnda AL and .Mltehell TL !1996l High:h-perfcrmence capillary electrc- 
phcresis-pure creatme umnchydrete reduces bleed lipids in men end women. Clin 
Scr !Culchl 91:113-118. 

Earnest CP, Snell PG, Rcdnguen R, Almada AL and Mitchell TL (1995) The effect of 
creatina monchydrete mngeahon on oneertilne powrr mndicoe, muwulcr strength 
and body ccmpcaltnm. Arln PhysmZ Stand 1.63~207-209. 

Febbrnm ?dA, Flanagan TR. Snow RJ, Zboc S  end Carry MF (1996) Effect ofcreatine 
srrpplernontctum ou intrnmuscular TCr. metnhohsm and perfcrmancxa durmg in- 
rwnuttcmt. suprnmaximnl werczse in humans Actn Physic1 Stand 15.5:387-395. 

Felber S. Sklndal D, Wyxs M, Kremser C, Kcllor A  and Spcrl W  12000) Ore1 creatine 
supplementation in I~uchcnne muxular dystrophy: A  clinicul end 311’ magnetic 
roecnanea spcctrcrccpy study. Newel Hes 22:145-1:iO. 

Forrento RJ, Andrearson OA, .Jrr&ms SC, I~odecglu A, Kunmmerle S. Kubilua JK. 
Kaddurnh-Beouk R, Hersch S M  end Be01 MF (20001 Neurcpmtectlve effecta of 
crcatine in a trcnsgonic mcueo model of Huntmgton’s disease. J Ncurwci 20: 
43389-4397. 

Fitch C end Sintcn D (19643 A  study of ereetine met&diem is dicoasee causing 
muscle wxsting. J CIm Inurvt U&4-452. 

Fitch CD and Shields RP(lV66) Creatme metabclism in skeletal muscle 1. Creetine 
movement acmes muscle membranes. J Bid Chcm 24lz3611-3614. 

Fitch CD, Shields RP, Payne W F  end Dams JM (1968) Creatine metabolism in 
skeletal muscle. 3. Specificity of the creatine entry prcoeas. J Biof Chem 243:2024- 
2027 

Fry D M  end Mcreles MF (19801 A  reexeminatmn of the effecta cf creetine on muscle 
protein synthesis in tinsue culture. J Cell Bicl84:294-297. 

Gcrdcn A, Hultman E, Keijecr L, Kristjanescn S, Rclf CJ, Nyquist 0 end Sylven C 
(1995) Crentino supplomontcticn in chronic heart failure inoronsee skeletal mcncle 
creatine phosphate and muscle perfcrmcncc (see commentsl. Cardiovnse Rea SO: 
413-418. 

Gmham AS end Hntton RC (1999) Crcetinc: A  review of efiicacy end safety. JAm 
Pharm A~.scc nvaShl3Vz803-810, quiz 075-877. 

Green AL, Hultmen E, Llccdcnnld IA, Scwoll DA end Greenhcff PL (1996s) Garbo- 
hydrcto ingestion events skelctnl muscle creatine a-uloticn during crent- 
ins sunolementaticn in humans. A m  J P/n&l 27l:E821-E826. 

Green &, Simpson &I. Littlewccd JJ, M&meld IA end Greenhaff PL (19V6bt 
Carbchydrete mgestmn augments creatine retenticn during creatine feeding in 
humans. Acta Phy&l &and 1583195-202. 

GreenhoffP (1997) The nutritional bicohemistry of rrentine. Nr&r B&hem 8:610- 
Cl52 
.1_1. 

Greenhcff PL, Bcdin K, Sdderlund K  end H&men E  (19V4w, Effect of cm1 cresttie 
supplementation on skolefal muscle phcsphocreatine resynthesb. A m  J Ph.y+sl 
266:E726-E730. 

Guerrom-Gntiveros ML and Well imann ‘I’ (1998) Crectmc supplementation m  
health and disease. Effects of chronic creotine ingestion in vivc: Down-regulnticn 
of the expression of creatine tnnaportcr ieofcrms in skeletal musxle. Mel  Cell 
Blochem 184z427-431. 

Gwmbsl C and Ki l imann M W  11VV3) A  Nn(i j-dependent creetine transpcrter in 
rubbit brain, muwls, heart, and kidney. cDNA clonicg end fundicnnl expreasicn. 
Jllwl Chem 268:8418-8421. 

Hagenfeldt L: vcn D&In U, Solders G and Ka~~ser L i1994) Creatme treatment in 
MELrlS netteri. ?&&racle Nerw 17~1236-1237 

Harris R end Lcwe J (1995) Absorption cf creetine from meat or other dietary .wurces 
hy deg. Vet Record 137595. 

Harris RC, Hultman E  and NOI-~~SJO LO (19i4) Glyccgen, glycolytic intermedmtes 
nnd high-ener8y phosphates determined in bicpsy samples of mueculus quadricope 
fcmcris of men et rest. Methods and veriencc of values. Smnd J Clin Lab lnue~r 
31:109-120. 

Harris KC, Sbderlund K  and Hultman E  (1992) Elevation of oroatine in msting end 
exercised muado of ncnnnl subjects by cre&ne eupplemenhtion. Clin Sci (C&hi 
83:367-374. 

liauglcnd RB end Chnng DT (1975) insulin effect cn weetine trenspcrt in skeletal 
muscle. Pmc See Exp .&col Med 14&l-4. 

Hausdngcr D, LengF and Gerck W  (1994) Regulation of cell funuticn by the celluler 
hydration state. A m  ?J Physiol 267:E343-E355. 

Hcinanen K  Nanto-Salonen K, Kclnu M, Erkintalc M, Alanen A, Heinonen OJ, 
Pulkki K. Nikoskeleinen E, Sipdc I and Slmell  0 (199%) Creatme ccrrecLs muscle 
31P spechxm in gyrate atrophy wtb hyperornithinaemia. Eur J CIirr Inwet 
29:1060-1065. 

Hainnnrn K. Nentc&&xwn K, Kcmu M, Erkintalc M, Heinonen 0.1, Pulkki K, 
Vnltonon M. Nikcskclcinon E, N;tl lm A  end Simoll  0 11999bl Muscle creatino 
phcrphnto in gyrate atrophy of the chcroid rind retina with hypcrcmithinaemin- 
cluor; tc pnthcgenesa. Ew J CIm Intwt 2!%426-431 

Horn M. Frantz 9. Rcmkev 11, Laser A. IJrbon 8, Mcttn~leltcr k Schnackerc K  and 
Soubauer S  (1998) EKtwty of chronic diotury creatine foe&g on cerdioc energy 
metebclif im end on creatme content LIL he&, skoletel nmaclo, bmm, liwr, and 
kidney. .I &fc1 Gel! Cardacl 30:277-281. 

Hultman E, Scderlund II, Tunmons JA, C!ederblad G nnrl Greenbaff I’L :lVV6) 
bluzxla creutrne loadmg in men. .I &pi Pbwieri 81:232-237 



Ingwall J Kramer M, Fifer M, Low11 R, Shemin R, Grownon W  and Aben P ilQRTr 1 
The creatine kmnse system in normal and d~sonsed human myocurd~um N Encl 
J Meed 313:1050-1054. 

Ingwnll dS (1976) Creatine and tho control of muscle-specific protem synthesis in 
cardiac aud skeletal muscle. Gin: Res 38:1115-I128 

Inpw~ll dS, Morales ME’ and Stockdale FE (19721 Creatme and the control of myosin 
synthesis in differentiating skeletal muscle. Proc Natl AC& Sci USX 69:2250- 
2253. 

lngwall JS. Morales MF, Stuckdale FE and Wddenthal K (1975) Creatine: A possible 
stimulus skeletal cardiac muscle hypertrophy Recent Adv Stud c’ard Strucl hfetab 
8:467-481. 

Ingwnll JS, Weiner CD, Morales MF. Davis E snd Stockdale FR (IQ741 Specificity of 
creatme in the control of muscle protein synthesis. J Ce:ell &cl 62~145-151. 

Ingwall JS and Wildenthal K (18763 Role d creatine in the regulation of cardinc 
protein synthesis J Ccl/ BioZ68:159-163. 

Jacobs I (1999) Dietury crentine monohydrate supplementation. Gun JAppl Plryslol 
24r50‘3-514. 

.Juhn MS nnd Tarnopolsky M  (1998aI Ore1 creatine supplementation end athletm 
performance. A critual review. Clin J Sport ,&fed 6~286-297 

Juhn MS and Tarnopnlsky M  (1998b3 Potential side effects of oral creotine supple- 
mentation: A crihcal revrev+. C&n J Spurt &fed 8:296304. 

Kernher M. Koster M, Krms R. Walker G. Boesch C and Hoppoler H (lQQ91 Crentuw 
supplementation-port I. Performance. cbnmal chemistry, and muscle volume. 
.&fed Sci Sports &err 31:1763-1769. 

Korlsson J. Ungell A, Grnsjo J and Artursson P I19991 Paracellular drug transport 
across intestinal epithclis: Influence of chsrge ond induced water flux. Eur 
J Phama Sci 9:47-56. 

Khvenyi P, Ferrante RJ, Matthews RT. Rogdnnov MB, Klein AM, Andreassen GA, 
Mueller G, Wenmx M, Kadduruh-Daouk R end Reel MF (19991 Neurupretective 
eBe& of creatine in a transgenic animal model of amyotmphic lalernl sclerosis. 
Nat Med WM7-350. 

Koshy KM, Griswold E rind Schneeberger EE (IQ991 Intcrstitlnl nephritis in e 
patirnt teking crmtine i-lettrd. N Engl J Med 34&614-615. 

Kraemer WJ and Volek JS (IQ991 Creatine rupplementation. Its role in human 
performance. Clin Sporti Med 16:651-666. 

Kreider RR, Frrreira M, Wilson M, Gnndstalf P. Pbsk S. Reinardy J, Cantler E and 
Almeda AL (lQ98) Rife&s of treetine supplementetmn on body composition. 
strength, end sprint performance. Afed Scr Spnrts Exert 36:73-M 

Ku CP and Passow H G980, Crestinc nnd creatmme transport m  old and young 
human red blood cells. Biochim Bi+h~.~ Axto 600:212-227. 

Rushmerick MJ, Moerland TS and Wiseman RW (19921 Mammalian skelatel muscle 
fibers ditinbwished by contents of phosphocreatme. ATP, and Pt. Pmc Nat1 Acad 
Sci USA 69:7521-7525 

Laser A Neubauer S. Tian R. Hu If, Gaudron I’, Ingwall JS aud Ertl G  (19961 
Louy-term beta-blocker treatment prevents chronic creatino kinase und lactete 
dehydrogenose system changes in rat hearts after myocardial infarmion J Am 
Call Cbdiol27:487- 493. 

Lillie JW. Smee DF, HuBman JH, Hansen U. Sidwell RW and Kaddurah-Daouk R 
(lQ941 Cyclocxeatine (l-carbexpnethyl-2.iminoimidasolidinel mhihits the rephcs- 
tion of human herpes viruses. Anfirim! Res 23:203-216. 

Loike JD. Somes M and Silverstein SC (19861 Creatine uptnke, metebolism, and 
eiBux in human monocytes and macrophages. Asr JPhysioI 261:C128-C135. 

Lowe J, Murphy M  and Nash V !lQQRl Changes in plasma and muscle creatinn 
~~n~+~~tration aRer mweases in supplementary dtetary creatine in dogs. J Nutr 
128:2691S-26935. 

Magannris CN and Maughan RJ t19981 Creetine supplementation enhances muxi- 
mum voluntary isometric force and endurance cnpacity in msrstanco trsinod men. 
Acta Phyaiol Sand 163:279-267. 

hG&rm C. Kaddurah~Daouk R and Ben1 M  (20001 Neuropmtmtive effects of creetine 
administration against NMDA and mdonate toxicity. Brain Res 86&195-lQ8. 

Marescau B, De Deyn P, Wiechefi P, Van Gorp L and Lowcuthal A (19861 Compar- 
atrve study ofguanidmo compounds in serum and brain of mouse, rat, rabbit, und 
I”R”. J Neumchchem 46:717-720. 

Matthews RT, Ferrante It], Khvenyi P, Yang L, Klein AM, blueller G, Kaddurah- 
Daouk R and Beal MF (19991 Creatine and cyclocreatine attenuate JfPTP neuro- 
toxiaty. Exp Neuml 167X42-149. 

Matthews RT, Yang L, Jenkins BG, Ferrante RI, Rosen BR, Kaddurah-Daouk R and 
Real MF i lQQ81 Neuroprotoctivc effects of creatine and cyclocreutine iu animal 
models of Huntingten’s disease. J Neumscr l&166-163. 

McNaughton LR. Dalton B and Tarr J (lSY8l The effects of croatme supplementation 
on high-intensity exercise performance in elite performers. Esr .I Appl Ph,yscol 
78:236-240. 

Meyer RA Brown TK and Kushmenck MJ (IQ851 Phosphorus nuclear magnetic 
resonance of fast- and slow-twitch muscle. Am J Phyniol 346:C27Q-C287. 

Meyer RA, Sweeney HL and Kushmerick MJ (1981; A simple nnalysw of the ‘phos- 
phocreatine shuttle”. Am J Physic1 246%%65-C377. 

Michaelis T, Wick M, Fqimem H, Mawuuura A and Frahm J (lQX0 Proten WRS of 
oral creative ~upplemen~attron in rats. Cerebral metabolite conrentratmns und 
mchemic challeuge N&C2 Bionzci I2:309-;<14. 

Mihm 9, blacDonald JR, McKenzie S and Tarnopolsky hfA (2000) Acute creatme 
loading increases fat-free mess. hut does not olfect blood pressure, plasma weat- 
inine, or CK octwity m  men and women. Afeed Scr Sportv &xc 32:291-296. 

Moller A and Hamnreeht B !lQ891 Crentine transuort in cultured cells of rnt and 
mouse brzun. ,I ~&urochem~62:&i4-550. 

Mqika I and Pad& S (1897) Creative supplementation os en ergogenic acid for 
sports perfommnce m  highly tmmed athletes: A critical mview Zru d Snotis &fed 
18~491-496. 

Nash SR. Giros B. Kingsmore SF, Rochelle JM, Suter ST, Gregor P. Yeldin MF und 
Comn MC (19941 Cloning, pharmucologicel churactenzation, end genomic locul- 
rzatmn of the human creatine tranqorter Receptors Channels 2:165-174 

Nenbauer S, Remkes II, Spindler M, Horn M, Wiesmann F. Prestle J. Walzel B, Ertl 

G, Hewnfurs C and Wall imnnn T i1flQQj Downregulntion of the Na(-!-creatine 
rotransporter in foiliug humon myocardium and m  experimental heart fadure 
Circrr!stion 100:1847- 1850 

Cdoom JR, Kemp GJ and Kadda GK (HI98 i The ro&ttmn of total creature content 
in a mvoblast cell lie. Mel Cell B&hem 158:179- 188. 

G’Gormsn E, Beutner C, Wall imenn T aud Rrdmska D (19961 Differential effects of 
crcatine depletion on the regulation ot enzyme activities and on croatine- 
stimulated mitochondrml respiration in skeletal muscle, heart, and brsin flaochim 
BiophysActa 1276:161-170. 

Par&e G, Mihic S, MwLellan D. Yarashwkr K and Tamopolsky M  (20061 Creotine 
monohydrate supplemantation does no increase whole body or mixed muscle 
fractional protein synthetic mtes m  males and females (Abstract) hfed Sci Sport 
Ewr 3F?ZGQ. .I 

Pitts RF (IQ341 The clearsnce of creatine in dog and man Am J Physad 109:532-541. 
Poortmans JR, Auquier H, Kenaut V, Durussrl A, Saugy M  and Briason GR (1997) 

Effect of short-term creatine supplementation on renal responses in men. Eur 
JAppl Physrol 76:5GG-567 

Poortmnns JR and Francsux M  (1999) Long-term oral creutine supplrmentution does 
not nnpair renal function in healthy athletes isee commentsl. Med Sci Sports Exevr 
31:1108-1110. 

Pritchard NR and K&a PA (19981 Renal dysfunction accompanying ornl creetiuo 
supplements lletrerl Isee commcntsl. Lam-et 351:1252-1253. 

P&do SAM. Passnquin AC, LeijendokkerW.J, Challet C, Wall imann Tand Ruegg UT 
(19981 Creatinr supplententntion improves intrncellular Ca2+ handling and sur- 
vival in mdx skeletal muscle cells. FEBS L&t 43QLl57-362. 

Rnwson E. Gun” R and Clarkson P ~2001)The effects cfcreatinc supplementstion on 
cxermse-induced muscle damage. J Strength Cond Reu, in press. 

Rawson ES and Clarkson PM (20001 Acute creatme supplementation in older men. 
lnt J Sports Med 21:71-75. 

Rawson ES, Wehnert ML and Clarkson PM (1999) Effects of 30 days of creatine 
rngesticm in older men. Eur JAppl Phywl80:139-144. 

Ren JM. Semenkovich CF and Holloszy JO (lQQ31 Adaptation of muscle to creatine 
depletion: Effect on GLUT-4 glucose transporter expression. Am J Physcol 364: 
C146-Cl50. 

Robinson TM, Sewell DA, Hultmun E and Greenhaff PL (19991 Role of submaximal 
exercise m  promoting crentine and glyrogen nccumulntion in human skeletal 
muscle. drIppi f’hysml 67:59H-604. 

Roxenshtraukh LV Aqwkhovskv EP. Beloshnpko C&. Undrovinas AI. Fleiderrish 
IA, Paju AY and Glukhovtscv EV (1988) Some mechanisms of nonspecific antjar- 
rhythmic u&ion of phnsphocrentme in acute mywrdud ischemm. Bnxhem itfed 
Metetnb Hd 40:226-236 

Ruds M, Samarenko MB, Afonsksya NI and Saks VA{19881 Reduction ofventricular 
arrhythmias by phosphocreatine (Neotonl in patients with acute myocardial in- 
farction. Am Hcnrt J 116:393-397. 

Schedel JM. Tauakn II, Kiyouaga h Shmdo bl und &huts Y (19991 Acute creatine 
ingestion in human: Consequences on serum aeatine and creatinine concentra- 
tions. L#. Sci 65:2463-2470. 

Schloss P, Mayser W  andBeteH (1994)The putative rat choline transporter CHOTl 
transports creatine and is highly expressed in neural and nu~scle-rich tissues. 
Biochem Biophys Rcs Commun 198:637-645. 

Schnirriug L (19981 Creatine supplements face scrutiny: Will users pay later? Phys 
Sportwed 26:15-23. 

Shamv W. Saks VA, Kupriyanuv W, Lakomkin VI.+ Kapelko VI, Steinschneider A 
and Javadov SA (19871 Protection of ischemic myocardium by exogenous phospho- 
creatine. I. Morphologic and phosphorus 31-nuclear magnetic tesouance studies, 
J Thomc Caniiosn~ Swg 94:749-761. 

Shear DA, Haik KL and Dunbar GL (20001 Creetine redums 3nitropropionic-ncid- 
induced cognitive and motor abnormalities in rats. ;Veuroreporf 11:1833-1837. 

Sims E and S&din 11 (19491 Reabsorption of croatino and guanidoacetir acid by the 
ren.sl tubules. Am J Phywl 157:14-20. 

Sipila I, Kapols J, Simell 0 and Vannas A (1981) Supplementary we&w as a 
treatment for gyrate atrophy of the choroid and retina. N Eagl J Mel 304&W- 
870. 

Smith Sh, Montein SJ, Matott RP, Zlentara GP, Jolese FA and Fielding BA ilQ98) 
Creatine supplementntion and age influence muscle metabolism during exercise. 
JAppl Physwl85:1349-1356. 

Snow RJ, McKeuna MJ, Selig SE. Kemp J, Stathrs CG and Zhao S ilQQ8) Effect of 
crestine supplementetion on sprint exercise performance and muscle metabolism. 
J Appl PhysiolM:1667-1673. 

Sara I, Richmnn J, Snntoro G, Wei H, Wang Y, Vonderah T, Horvath R, Nguyen M, 
Waite S, Roe&e WFl, et al. (19941 The cloning and expression of a human creatine 
transporter. Biochenr Biophy$ Rex Commvn 204:419-427 

Steenge GR, Lm~hurne ,I. Casev A, .M:rcdonald IA and GreenhsfIPL (19981 Stim- 
&tory efIect of insulin on cre&ne accumulation in human skeletal muscle. Am J 
J’lnsrol 275:):974-ICY79 

Steengr GR. Simpson E,J anri Greenhoff 14. UOOOi Protein- and carbohydrate- 
induced augment&ion of whole body erenlme retentxm in humans J Anpl Phvstol - 
89:1165-1171 

Stockier S, Hanefeld F end Frahm J (IQQtil Creatine replncwuent therapy in gua- 
mdinoacetate methyltrnnsfernse deficiency, a novel mborn error OF metnholism. 
Luncet 348:789-790. 

Stockier S, Holsbuch I!. Hanofeld F, Marquardt I, Helms G, Requart M, Hanickc W  
ond Frahm J (19841 Creature deficiencv in the brain: A new. trentohle inborn error 
of metabolism. Pedtatr Hen 36:409-4i3. 

Tamopolsky &I and Xurtin J ClQSQj Cientine monehydrete inweasos strength in 
patients with neuromuscular disease Isee commental. Neumlogy 62~854-857. 

Tanropolsky MA Roy BD aud ~MacDonald JR (19971 A randomized, controlled trial 
of creatinc monohydrute in patients with mitochondrlal qtopathies lace com- 
ments] Muscle Nww 20:1502-1509. 

Tejung HL, Clarkson I’. Rmlurer RR, Greenhaff PL, Hespel PJ. Israel KG. Kraemer 
WJ, Meyer RA Sprrat LL, Tarnopolsky MA, Wsaenmakers AJ and Will iams MII 



PERSKY AP;D I3RAZEAIJ 

(20001 Amcrirnn CoIlego of Sports Medtcmr roundtahle. Tbe phyvmiogir.1 ond 
health ~flccts of ora crentine supplcment,ntton. .&d Scr S~xots Erwc 32:706-717 

ThoroIl r\ Hashmnn MP. Nygren ,J. Jorfeldt L, Wojtowmvsln JF, Uufrssnt? SD. 
Horton ES. Llungqvist 0 and Goodyear 1-J (1999) Excrc~re and insulin cause 
GLUT-4 trnnslocation in humnn skeletal muscle. Am JPhysiol277:E733-E741. 

Tmn TI’, Dni W  and Snrkar HK (2000) Cyclosporin A inhibits weamo uptake by 
altering surface expressxon of the creatine tr:moportsr. J B~ol Chmn 276:35708- 
35714. 

Vonakoski J, Kovunen V> Merirmne Y and Seppalo ‘I’ (19YB) Creatmo and mffeine in 
anaerobic and aembw exercise. Effects on physical performance and phmmacoki- 
netic considerations. Inl J C/m Phurmucof Tkw 36968-262 

Vandenberghe K, Gorip M, Van IIeckn P. Vnn Ixemputte hl. Vao~erwn L and 
Hespel P (1997) L+ng-term cre~tmt) intake !s bennf’,ai?l to mosclo (ir~rfi~rmo,,,,,~ 
during rearstrmcr training. JAppl Physrol S&2066-2063 

Vandenberghe K, Van He&e P, Van Leemputte M. Vanrtapel F nnd Hrspel P tlYBYJ 
Phosphocrentme resynthesla 1s not affected by ereatine loading. Med Scr Sports 
it’mm X:276-242 

Vonnas-Solonsn K, Sipila I. Vannns A, Sirnell and Rnpnh J 11986) Gyruk atrophy 
of the ehoroid ond retina. A t&-year follow-up of rre;itine euppIement:aum. 
Ophtlurlmulngy 92:1719-1727. 

Volek J und Kraemer W  (19973 Creatinc supplementation: Its effect o~i human 
muscular porformmce and body mmpositiod.J Sfrengtla Corrd Rrs 10:200-210. 

V&k JS, Duncan ND. Mars&i SA. Put&on M. Comez AL and Kraemer WJ I2000) 
No e&t of heavy resistance &in&g and &eatine supplementation on blood 
lipids. bf J Sport Nutr Exert Nmzb l&144-156. 

Volek .JS, Duncan ND, Mazzetti SA, Staron RS, Put&ion M. Cmmez AL. Pearson 
DR, Fink WJ and Krnemer WJ (1999) Performance and muscle fiber adaptations 
to creatmc supplementation ond heavy resistance training. Ned Sm Spmia Exert 
31:1147-1166 

Vo’orgcrd M, Gmhl T, Jngcr MI. ~~iu!ler K. Freitn:: G, Pdzold T, Rruns N, Fabian K, 
Tegrntkoff M. Mortx?r W. I,uttmonn A, Zanp J and Mnlin JP (20001 Creatine 
t,horapy m  myophosphorylnso deficiency CvIcArdle disease: a plawbo-controlled 
crossover td. Arch Nam~l 57:956-963. 

Walker J i1979i Crourinc: Hmsvnthcsis. rcgulataon, and function. Adu &uym 50: 

dopietlon m  nnonatnl mica hromstem IS prevcntod by weatino ~upplomeniahon 
Arch L)is Chdd Fetal A’mmntnl Ed R!W224-F227 

Wdler H, Stuclu C, Hoppelor H, Hruhhnann I’ and Krahenbuhl S t2000) Effects of 
ereatmo nupplemontation on muscle wcakncsr m  potient.. with rheumatoid arthri- 
tis. Rheumatology 39~293-298. 

Willott CA, Young ME, Leighton B, Kemp Cnl, Uoehm EA. Radda GK and Clarke K 
il999) Creatine uptake in isolated soleus muscle: Kinetics and dependonce on 
sodmn~, but not on insulin Actu Phyxol Scmd 188:99-104. 

Wyss M  and Kaddurah-Daouk H (20001 Creatine and crcatmme mctsbolism. Php+oZ 
f&u 80~1107-1213. 

Yu PI1 and Deng Y (2000) Potential cylotoxx effect of chronic ndministratron of 
cwatine, a nutrition suppleonent to augment x#.hletic performunee. &fed Hypothe- 
ses 54:726-728. 

Zeisel SH (1999) Regulation of “nutraceuticals” Lseo cornme&. Scrrncr Wash DC) 
285:1853-18.56. 


