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Creatine is the most popular supplement proposed
to be an ergogenic aid. There is some evidence in the
literature that creatine supplementation increases
lean body mass, muscular strength, and sprint power.
However, the efficacy of creatine has not been consis-
tent, and the potential mechanisms are unresolved.
While limited evidence that suggests that creatine
could possess an antioxidant effect this has not been
tested directly. Because oxidants such as free radicals
can affect muscle fatigue and protein turnover, it is
important to know whether creatine can neutralize
free radicals and other reactive oxygen species. We
tested the hypothesis that creatine would remove su-
peroxide anions (O;7), peroxynitrite (OONO™), hydro-
gen peroxide, and lipid peroxides (t-butyl hydroperox-
ide). We also determined whether creatine displayed a
significant antioxidant scavenging capacity (ASC) us-
ing 2,2'-azino-bis(3-ethylbenzothiazolamine-6-sulfonic
acid) (ABTS") quenching as a marker. Creatine did not
significantly reduce levels of hydrogen peroxide or
lipid peroxidation. In contrast, creatine displayed a
significant ability to remove ABTS™, O;~, and OONO"
when compared with controls. Creatine quenching of
ABTS* was less than physiological levels of reduced
glutathione (0.375 mM). To our knowledge, this is the
first evidence that creatine has the potential to act as
a direct antioxidant against aqueous radical and reac-
tive species ions. © 2002 Elsevier Science
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Creatine is the most widely used supplement advo-
cated as an ergogenic aid (20). Claims for increased
lean body mass, skeletal muscle strength, muscle
power, and muscle endurance are scattered throughout
the literature. However, direct supporting evidence for
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ergogenic claims has been inconsistent at best (5, 34),
and many of studies have not focused critically on
potential biochemical mechanisms that could effect fa-
tigue or muscle protein turnover. Demant and Rhodes
(7) proposed that people might be categorized as “re-
sponders” or “non-responders” to a wide variation of
creatine dosage, formula, and frequency of administra-
tion (34). It is also possible that alterations in negative
feedback systems such as downregulation of the crea-
tine transporter (4) or mitochondrial respiration could
confound the efficacy of creatine supplementation.

Creatine supplementation does appear to increase
creatine levels in muscle cells as determined by bio-
chemical and magnetic resonance imaging (MRI) tech-
niques, although loading is not consistent (11, 21, 27).
Creatine supplementation can cause weight gain
through an increase in lean body mass with no effect on
fat mass (36). Muscle mass gain could be a product of
increased water content via elevated intracellular os-
molality, increased myofibrillar content, or both (7, 16,
17, 31). If enhanced muscle protein and myofibrillar
protein occur with creatine supplementation, the
mechanisms are uncertain (17). Recently, Dangott et
al. (6) demonstrated increased satellite cell mitotic ac-
tivity with creatine supplementation, as determined
through thymidine analog (5-bromo-2’'-deoxyuridine)
labeling, during compensatory hypertrophy following
synergistic muscle ablation.

Creatine is a downstream product of the amino acids
glycine and arginine producing guanidinoacetate and
also ornithine, which feeds back into the urea cycle.
Arginine is also a substrate for the nitric oxide syn-
thase family and can increase production of nitric ox-
ide, a free radical that modulates metabolism, contrac-
tility and glucose uptake in skeletal muscle (25, 30). A
number of amino acids such as histidine, methionine,
and cysteine are especially susceptible to free radical
oxidation (10). Indeed, cysteine’s sulfhydryl groups are
redox modulators for the turnover and function of
many proteins, able to protect protein sulfhydryls, and
may increase muscular performance (22, 30). It is pos-
sible that creatine promotes antioxidant function as
well. For example, Vergnani et al. (35) demonstrated a
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protective role for the creatine precursor arginine
against oxidative stress imposed by oxidized LDL in
endothelial cells. Additional data indicate that argi-
nine may be able to quench free radicals such as su-
peroxide anions (O3;) (38). Matthews et al. (26) pro-
posed that creatine supplementation provides direct or
indirect antioxidant protection against metabolic dam-
age with Huntington’s disease. It is possible that cre-
atine supplementation may blunt increased hypoxan-
thine efflux from muscle observed with repeated bouts
of high intensity exercise (2, 13) and increased flux
through xanthine oxidase (12), an enzyme that gener-
ates O;  and hydrogen peroxide.

Since oxidants such as free radicals can affect muscle
fatigue, protein turnover, atrophy, and growth (30), it
is important to know whether creatine has the ability
to neutralize free radicals and reactive oxygen species
(ROS). Previously, in vitro and in vivo models demon-
strated a contribution of reactive oxygen species to
skeletal muscle fatigue and protection of antioxidants
against fatigue (23, 30, 31). To our knowledge, no re-
search articles exist which test the hypothesis that
creatine acts directly as an antioxidant. To test this
important hypothesis, we designed a series of experi-
ments to determine the effect of creatine on five ROS
systems: xanthine oxidase for superoxide anions (O3 "),
hydrogen peroxide, peroxynitrite (OONO") lipid per-
oxidation, and removal of ABTS™ (2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) cation radical.
We chose to use a highly controlled paradigm to ensure
that any antioxidant effect was directly due to creatine.

METHODS

All reagents were of the highest purity available. Creatine, cyto-
chrome c, xylenol orange, superoxide dismutase (Cu,Zn isoform), and
catalase were purchased from Sigma Chemical. Reduced glutathione
and other reagents were purchased from ICN. We chose a creatine
range (20—-60 mM wet) that represents typical maximum levels of
creatine found within muscle cells with and without creatine sup-
plementation (27). Creatine had no effect on the pH of any of the
assay systems.

To determine the direct creatine antioxidant ability, we tested the
ability of creatine to quench 4 oxidant systems: 3 charged free rad-
icals and reactive species (05, peroxynitrite, and ABTS") and un-
charged, non-radical ROS (H,0, and t-butyl hydroperoxide). This
allowed our assessment of a broad range of radicals and ROS with
emphasis on 4 physiological ROS systems: superoxide generation
(via xanthine oxidase), hydrogen peroxide, peroxynitrite (via
3-morpholinosydnonimine known as SIN-1) and lipid peroxidation
(t-butyl hydroperoxide) as well as a marker of antioxidant scaveng-
ing capacity that has proved to be sensitive across a broad array of
biochemicals (28).

For comparative purposes, we also tested the antioxidant scaveng-
ing capacity of (a) physiological levels of reduced glutathione (0.375
mM) for skeletal muscle as well as (b) whole muscle homogenates.
Gastrocnemius muscles (n = 7) were extracted from young adult-
Fischer (4 month old) following anesthesia with 100 mg - kg™ Na
pentobarbital. Use of animals had been approved by the University
Laboratory Animal Care Committee. Muscle samples were homoge-
nized in 100 mM K™ phosphate buffer (pH 7.4) prior to chemical
assays (24).
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Antioxidant assays. The antioxidant scavenging capacity (ASC)
was determined using our modification of the technique of Pelligrini
et al. (28). The principle involves the decolorization of the blue/green
free radical chromophore ABTS" by a compound with antioxidant
scavenging properties. Briefly, 660 pg/ml of potassium persulfate
was added to 7 mM ABTS stock producing the stable radical cation
ABTS". ABTS™ was diluted to 91 uM and 600 ul was added to each
cuvette. Then 600 pul of creatine (final [ ] = 0, 20, 40, or 60 mM),
distilled water, or Trolox standard was added to the cuvettes. Ab-
sorbance was determined at 734 nm and recorded for 4 min. ASC was
calculated and equated against a Trolox standard curve (0, 0.1, 0.22,
0.3, and 0.4 mM). This assay is sensitive to either singular or com-
plex antioxidant systems (28). In a follow-up set of experiments, the
ability of 40 mM creatine to remove ABTS" was compared to 0.375
mM reduced glutathione (GSH) and whole gastrocnemius homoge-
nates.

Superoxide anion quenching ability was determined using xan-
thine oxidase and xanthine as substrate as a superoxide generator.
We modified a procedure outlined by Ysebaert-Vanneste and Van-
neste (40) using cytochrome c was used as an electron acceptor. 500
wl of solution containing 16 mM xanthine and 160 uM cytochrome ¢
were added to a 1.5 ml cuvette. 500 ul of creatine solution (final [ ]
= 40 mM), distilled water, or standard were then added. The reac-
tion commenced with the addition of xanthine oxidase (final [ ] = 1
U - ml™"). Cytochrome ¢ reduction was followed spectrophotometri-
cally at 540 nm. The ability of an antioxidant to quench O; was
quantified as the percentage inhibition of cytochrome c reduction. A
standard curve was also established by comparing the ability of
creatine to remove O3 with superoxide dismutase (0.2,0.5,1,2,5U -
mil).

The ability to remove hydrogen peroxide was tested directly. We
used a modification of the procedure described by Aebi (1) for cata-
lase determination. 500 uM of hydrogen peroxide (final [ ] = 12 mM)
was added to a quartz cuvette. 500 ul of creatine solution (final [ ] =
40 mM), distilled water, or standard was then added and incubated
for 5 min. Hydrogen peroxide concentrations were followed directly
using a spectrophotometer set at a wavelength of 240 nm for 90 s. A
rate constant was calculated as a function of the log ratio between in
final and initial absorbance readings at 240 nm. A standard curve
was established via the ability of catalase (0.1, 0.2,0.5,1 U -ml ) to
remove hydrogen peroxide

The ability to quench lipid hydroperoxides was performed using a
modification of the technique of Hermes-Lima et al. (14). Final con-
centrations for t-butyl hydroperoxide ofl, 2, 5, 10, and 20 uM were
used as lipid peroxidation donors. Xylenol orange forms a complex
with a Fe(lll) iron source (FeSO,) in a sulfuric acid environment
when exposed to hydroperoxide products. Thus this reaction was
used as a marker of reaction with lipid peroxides. Oxidation of
xylenol orange results in a purple chromophore with the absorbance
detected at 580 nm. An antioxidant compound that competes or
quenches hydroperoxides would reduce the oxidation of xylenol or-
ange and consequently absorbance. Solutions were added in the
following order: 300 wl of 1.2 mM FeSO,, 100 ul of 0.25 M H,SO,, 100
wl of 1. mM xylenol orange, and 300 nl of creatine (final [ ] = 40 mM),
or distilled H,0. Then 200 nl of t-butyl hydroperoxide solution was
added in concentrations described above to initiate the reaction. The
samples were incubated at 23°C for 1 h and the absorbance read at
580 nm.

Peroxynitrite (OONO™) quenching was measured directly as
adapted from Beckman et al. (1994). Briefly, we used 200 uM of
SIN-1 as a OONO ™ generator. 100 ul of creatine solution of controls
were placed in a cuvette and 1000 wl of SIN-1 solution added. After
2 min of equilibration, changes in absorbance were followed for 5 min
in a spectrophotometer at a wavelength of 302 nm. Peroxynitrite
removal was determined by subtracting A, differences from con-
trols and multiplying by the extinction coefficient.

Statistics. Analysis of variance was used to determine if creatine
exhibited antioxidant properties for our four markers: superoxide
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FIG. 1. (A) Effect of 0, 20, 40, and 60 mM creatine vs control
buffer in total antioxidant scavenging capacity (ASC) using ABTS™
as an oxidizing agent. Values are expressed per pmole Trolox
equivalents/g.w.w. (*) indicates significantly higher than controls. (a)
Indicates significantly higher than 20 mM. (b) Indicates significantly
higher that 40 mM. (B) Effect of 40 mM creatine vs control buffer to
quench superoxide anions using cytochrome c as an electron accep-
tor. Values are expressed as a function of superoxide dismutase
equivalents. (*) indicates significantly higher than controls.

anion quenching, hydrogen peroxide removal, hydroperoxide
quenching, and ASC. Pearson moment correlation coefficients be-
tween creatine concentration and ASC in Trolox equivalents were
also conducted.

RESULTS

We found a direct dose-response relationship be-
tween creatine concentration and ASC as determined
from ABTS" removal (Fig. 1A). Mean = SEM values
were 3.46 + 0.78, 11.47 + 2.96, 17.79 * 1.49, and
26.69 £ 2.41 umol of Trolox equivalents for the 0, 20,
40, and 60 mM creatine groups, respectively. A signif-
icant, direct correlation (r = 0.88) was calculated be-
tween increasing creatine concentration and ASC.
Thus, creatine displayed a direct ability to reduce
ABTS" cation in the ASC test.

Results of the experiments designed to determine if
creatine (40 mM) would quench O;  are included in
Fig. 1B. Creatine resulted in a significantly greater
difference in the rate of cytochrome c reduction, as
detected via change in absorbance, when compared
with controls. Mean = SEM values were 68.0 = 32.5
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and 4 £ 9 superoxide dismutase equivalents for crea-
tine and control groups, respectively. To our knowl-
edge, this is the first direct testing and evidence that
creatine can quench a biological radical.

Results of experiments testing the ability of 40 mM
creatine to quench 10 mM hydrogen peroxide are pre-
sented in Fig. 2A. While H,0, decomposition trended
higher with creatine, there were no significant differ-
ences when compared to controls. The influence of cre-
atine on lipid peroxidation is summarized in Fig. 2B.
The reaction of t-butyl hydroperoxide with Fe®" was
not significantly slowed by 40 mM creatine in relation
to control buffer. In fact, the lipid peroxidation mea-
sured via oxidation of xylenol orange as a marker
tended to increase with creatine treatment. This is
inconsistent with creatine possessing a significant an-
tioxidant capacity for lipid peroxidation.

The ability of 20, 40, and 60 mM creatine to quench
OONO™ generated by SIN-1 are presented in Fig. 3.
Thus creatine displayed a significant, modest ability to
quench OONO . The highest creatine concentrations
(60 mM) was most effective in removing OONO . This
is consistent with an ability of creatine to act as an
antioxidant agent against charged reactive species.
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FIG. 2. (A) Effect of 40 mM creatine vs control buffer to quench

hydrogen peroxide. Values are expressed as a function of catalase
equivalents. (B) Ability of 40 mM creatine to quench lipid peroxida-
tion as detected by absorbance of a xylenol orange—Fe(l11) complex.
Lipid peroxidation was expressed as a curve for t-butyl hydroperox-
ide (t-b-H) equivalents.
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FIG. 3. Effect of 0, 20, 40, and 60 mM creatine to quench per-
oxynitrite produced by 100 uM SIN-1 (3-morpholinosydnonimine).
(*) Indicates significantly different than controls. (a) Indicates sig-
nificantly different from 20 mM.

We compared the antioxidant scavenging capacity of
40 mM creatine with 0.375 mM reduced glutathione,
typical for skeletal muscle, and gastrocnemius homog-
enates. Results are found in Fig. 4. While creatine
again displayed a significant antioxidant scavenging
capacity, creatine ASC was significantly less than for
reduced glutathione or gastrocnemius homogenates.
We also conducted additional experiment to determine
if creatine and 0.375 mM GSH acted in a synergistic
manner. Results from that experiment indicated a sim-
ple additive effect between creatine and GSH (data not
shown).

DISCUSSION

Our results demonstrated that creatine displays
novel, direct antioxidant properties. Creatine showed
an ability to remove ABTS", O, and OONO". To our
knowledge, this is novel data that identify the potential
of creatine to act as a direct antioxidant against radical
and reactive species that are aqueous ions. In contrast,
creatine was unable to significantly quench the non-
radical oxidant sources for hydrogen peroxide and
t-butyl hydroperoxide. Thus creatine did not demon-
strate a significant antioxidant capacity against non-
charged, non-radical hydroperoxides. These data dem-
onstrate that the antioxidant properties of creatine are
clearly selective. Finally, the ability of creatine to act
as an antioxidant scavenger for ABTS™ was signifi-
cantly less than for physiological levels of reduced glu-
tathione and acted in an additive manner with GSH.
As many ionic radicals are highly reactive, our data are
consistent with a supportive role of creatine against
oxidative stress.

While the hypothesis that creatine may possess an-
tioxidant properties has never been directly tested un-
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til now, it is not completely surprising that creatine
does display some ability to remove or reduce radical
and reactive species ions. All essential amino acids are
oxidized via metabolism and many are also particu-
larly sensitive to free radicals and reactive oxygen spe-
cies. For example, arginine, a substrate for creatine
formation can scavenge O; generated via xanthine
oxidase, impede copper-induced lipoprotein oxidation,
and slow O; release by endothelial cells and aortic
rings (37, 38). Wu and Meininger (38) proposed that
the antioxidant effect of arginine might protect against
heart disease. The preceding findings are consistent
with the potential function of creatine as a superoxide
anion quencher and antioxidant since creatine is pro-
duced from arginine and glycine.

Our data indicate that the ability of creatine to act as
a direct antioxidant may be limited to radicals and/or
charged reactive species. As ABTS", O; , OONO  are
different in structure, it raises the possibility that this
is a broad effect that could quench a wide range of
radical or reactive species ions. Since creatine dis-
played a significantly lower antioxidant scavenging ca-
pacity than reduced glutathione and an additive effect
with GSH, it would seem probable that creatine plays
a supportive, rather than a primary antioxidant role.
As creatine in solution is widely dispersed throughout
the sarcoplasm, creatine may be readily accessible to
radicals and reactive oxygen and nitrogen species gen-
erated during exercise and could play an important
supportive role.

Any support of cellular antioxidant systems could
have pathophysiological relevance by reducing fatigue
as well as excess protein oxidation and degradation.
Both in vivo and in vitro models have associated reac-
tive oxygen species with increasing fatigue (23, 30).
Indeed, pharmacological antioxidants have reduced
muscle fatigue in vitro and in vivo (30). Oxidative
stress, due to excess oxidant production and/or insuf-
ficient antioxidant capacity, increases protein degrada-
tion (30). For example, the ubiquitin proteolysis sys-
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FIG. 4. Comparison of 40 mM creatine, 0.375 mM reduced glu-
tathione, and gastrocnemius muscle homogenate to quench ABTS™.
(*) Indicates significantly different that reduced glutathione and
muscle homogenates.
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tem, now believed to be critical in degradation of
myofibrillar proteins, is sensitive to oxidative stress (8,
30, 33).

Health status may be a critical factor in the efficacy
of creatine. For example, it has been postulated that
patients with neuromuscular disease, often character-
ized by increased oxidative stress (29) might benefit to
a greater extent from creatine supplementation than
healthy subjects (31). Creatine supplementation may
alleviate symptoms of Huntington’s Disease (26). Cre-
atine supplementation has been shown potential to be
efficacious in treatment of oxidative stress and damage
with pathologies that result in muscle wasting includ-
ing amyotrophic lateral sclerosis (ALS) (33) and motor
neuron disease in Wobbler mice (15).

It is also possible that creatine may act indirectly to
promote antioxidant function. For example, if creatine
levels in muscle cells were increased, then less argi-
nine would be required for energy metabolism and
more available for nitric oxide production by nitric
oxide synthase. Creatine supplementation may also
increase intracellular levels of arginine, which also can
act as an antioxidant (36, 37). It is also possible that
increased cellular creatine might have indirect antiox-
idant effects if ATP and phosphocreatine levels are
better maintained with rigorous exercise resulting in
more effective maintenance of Ca®" homeostasis. Re-
cently, reactive oxygen and nitrogen species have been
shown to inhibit creatine kinase (19, 39). The antioxi-
dant effects of creatine and arginine following creatine
supplementation might be beneficial in ameliorating
cardiovascular disease (38). However, these hypothe-
ses are untested in a rigorous manner and should be
addressed in future studies.

In conclusion, creatine displayed a significant ability
to act as an antioxidant scavenger primarily against
radical ions. These data are novel as it is the first
demonstration of a direct antioxidant property for cre-
atine. The direct antioxidant effect for creatine was
lower than physiological levels of reduced glutathione,
but was additive with reduced glutathione. Thus, there
is potential for creatine to exert a protective effect
against neuromuscular diseases that cause muscle
wasting and cardiovascular disease.
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