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Short-term creatine supplementation decreases reactive oxygen
species content with no changes in expression and activity
of antioxidant enzymes in skeletal muscle
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Abstract The effect of short-term creatine (Cr) supple-
mentation upon content of skeletal muscle-derived-reactive
oxygen species (ROS) was investigated. Wistar rats were
supplemented with Cr (5 g/kg BW) or vehicle, by gavage,
for 6 days. Soleus and extensor digitorum longus (EDL)
muscles were removed and incubated for evaluation of
ROS content using Amplex-UltraRed reagent. The analysis
of expression and activity of antioxidant enzymes (super-
oxide dismutase 1 and 2, catalase and glutathione peroxi-
dase) were performed. Direct scavenger action of Cr on
superoxide radical and hydrogen peroxide was also inves-
tigated. Short-term Cr supplementation attenuated ROS
content in both soleus and EDL muscles (by 41 and 33.7%,
respectively). Cr supplementation did not change expres-
sion and activity of antioxidant enzymes. Basal TBARS
content was not altered by Cr supplementation. In cell-free
experiments, Cr showed a scavenger effect on superoxide
radical in concentrations of 20 and 40 mM, but not on
hydrogen peroxide. These results indicate that Cr
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supplementation decreases ROS content in skeletal muscle
possibly due to a direct action of Cr molecule on super-
oxide radical.
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Introduction

Creatine (Cr) is synthesized in the kidney, pancreas and
liver (especially in the later) from glycine, arginine and
methionine (Persky et al. 2003). Its biosynthesis involves
the action of two enzymes: arginine/glycine amidino-
transferase (AGAT) and guanidinoacetate methyltransfer-
ase (GAMT). Daily, about 2 g of Cr are converted, through
non-enzymatic reaction, in creatinine that freely cross cell
membrane and is subsequently excreted by kidneys
(Greenhaff 1997; Wyss and Kaddurah-Daouk 2000). The
replenishment of Cr pool occurs both by endogenous
synthesis as by food intake in a typical omnivorous diet.
Cr has important role in metabolism and contractile
function in skeletal muscle. Total intracellular Cr content
(both free and phosphorylated forms) is about 120-125
mmol/kg dry weight and 95 % of this amount is founded in
skeletal muscle (Persky et al. 2003). Phosphocreatine (PCr)
acts as an intracellular energy buffer, restoring ATP pool
and also to buffer hydrogen ions associated with lactate
production in fatiguing skeletal muscle (Stricker 1998;
Feldman 1999). This energy buffer system is predomi-
nantly used at the beginning of muscle work, as well in
efforts of very short duration and high intensity, when a
faster ATP regeneration is required. Cr—PCr system is
important to the strength production and relaxation
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capacity of skeletal muscle. The Cr depletion by f-guani-
dino-propionic acid (f-GPA) administration impairs con-
tractile function in rat skeletal muscle (Petrofsky and Fitch
1980).

Apart from the use in sports, Cr supplementation has
shown positive clinical effects in the treatment of some
chronic diseases such as arthritis, congestive heart failure,
muscular dystrophy, McArdle disease, mitochondrial dis-
eases and neurological disorders (Persky et al. 2003).
Most of these clinical disorders involve a dramatic
increase in content of reactive oxygen species (ROS),
such as superoxide anion radical (O3 ), hydrogen peroxide
(H,O,) and hydroxyl radical (OH:). Matthews et al.
(1998) showed by the first time that oral Cr supplemen-
tation attenuates the generation of both hydroxyl radical
and peroxynitrite in rats submitted to chronic adminis-
tration of nitropropionic acid, an animal model of Hun-
tington’s disease. This effect was similar to that observed
when N-acetylcysteine (NAC), a potent unspecific anti-
oxidant, was used in this model (Fontaine et al. 2000).
The authors, however, did not attribute this protective
effect to neither a direct ROS scavenger nor augmentation
of antioxidant capacity in cells. Later, Lawler et al.
(2002) utilizing non-cellular systems provided evidence
that Cr acts as a radical scavenger, quenching diverse
aqueous radical and reactive species. Moreover, Sestili
et al. (2006) utilizing various cell lineages demonstrated
similar results. However, the in vivo antioxidant effects of
Cr supplementation in skeletal muscle tissue were not
demonstrated yet.

The aim of this study was to evaluate the effects of
short-term oral Cr supplementation on content of skeletal
muscle-derived ROS as well in gene expression and
activity of some antioxidant enzymes. This data help to
explain in vivo effects of Cr supplementation, in terms of
antioxidant potential, as well direct Cr effects upon ROS,
in cell-free experiments. This data could contribute to
explain in vivo effects of Cr supplementation, in terms of
antioxidant potential, as well direct Cr effects upon ROS,
in acellular systems.

Methods
Animals

Male Wistar rats (6—-8 weeks and weighing 200-250 g)
were obtained from the Institute of Biomedical Sciences of
the University of Sao Paulo. The animals were maintained
in groups of five with water and food ad libitum in a room
with 12/12 h light—dark cycle at 22 °C. All experimental
procedures were carried out in agreement with the Guide
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for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of Sci-
ences, Washington, DC). The experimental protocol was
approved by the Ethical Committee for Animal Research
(CEEA) of the Institute of Biomedical Sciences/University
of Sao Paulo.

Creatine supplementation protocol

Creatine monohydrate supplementation (Sigma-Aldrich
Corporation, St. Louis, MO, USA) was carried out by
gavage, at the dose of 5 g/kg body weight/day, divided in 3
daily doses, for 6 days (creatine group). The control group
received the same volume of vehicle (tap water) by the
same route. This dose was chosen because it was capable of
significantly increasing intracellular Cr pool (Op ’t Eijnde
et al. 2001; Aoki et al. 2004) and induces functional effects
on rat skeletal muscle (Bassit et al. 2010). According to Op
't Eijnde et al. (2001) an increase in free Cr (30 %),
phosphocreatine (15 %) and total Cr (20 %) content are
observed after 5 days of supplementation. These effects
were similar to the dose commonly used in humans (Casey
et al. 1996; Greenhaff et al. 1994).

Measurement of muscle-derived ROS

The rats were supplemented with Cr to evaluate the effects
on content of muscle-derived ROS.

The content of muscle-derived ROS was evaluated in
incubated soleus and extensor digitorum longus (EDL)
muscles. The measurement of ROS content during organ
incubation was used to evaluate the impact of Cr supple-
mentation on antioxidant capacity of skeletal muscle.
Under anesthesia, muscles were quickly removed and
immediately incubated in oxygenated (95 % O,-5 % CO,)
Krebs solution in the presence of 50 pM Amplex® Ultr-
aRed reagent (Molecular Probes®, Eugene, OR, USA) and
0.1 U/mL horseradish (HRP) for 60 min. Amplex® dye has
been used to measurement ROS in skeletal muscle prepa-
rations (Pinheiro et al. 2010, 2012). In the presence of
peroxidase, the Amplex® reagent reacts with H,O, in a 1:1
stoichiometry to produce the red-fluorescent oxidized
product, resorufin (Zhou et al. 1997). HRP also catalyzes
the decomposition of H,0, to the hydroxyl radical, which
is then reduced to water as a result of irreversible chemical
oxidation of Amplex Red. Thus, this probe is specific for
H,O, detection. Amplex Red reagent is a highly sensitive
and stable substrate for HRP with selectivity for H,O,.
Resorufin is also stable and its long-wave spectrum results
in reduced interference from autofluorescence in most
biological samples. Amplex Red is widely used for the
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measurement of low levels of H,O, in various biological
samples and another advantage of this assay is that HRP is
active over a wide pH range (Rhee et al. 2010). The fluo-
rescence of resorufin was determined in 530 nm wave-
length (excitation) and 590 nm wavelength (emission).
Measurements of ROS were calibrated using a known dose
of exogenous H,O, (10 uM, positive control) in the pres-
ence or absence of CAT (300 U/mL), GPX (5 U/mL) and
GSH (0.5 mM). All measurements were conducted in
Krebs solution (1 mL), pH 7.4, at 37 °C. The content of
H,0, was calculated from the standard curve and the
results were normalized in relation to muscle weight and
expressed as percentage of control as described (Pinheiro
et al. 2012).

Total mRNA extraction and real-time PCR

Total RNA was extracted from soleus and EDL muscles as
previously described (Gerlinger-Romero et al. 2011). Two
micrograms of total RNA were used to synthesize the first
strand complementary DNA (cDNA) using oligo-dT
primers and the M-MLV reverse transcriptase kit (Invit-
rogen Corp., Carlsbad, CA), according to the manufac-
turer’s recommendations. Reverse transcription reaction
was performed at 70 °C for 10 min, followed by 37 °C for
60 min, and 10 min at 95 °C. Real-time quantitative
polymerase chain reaction (PCR) amplification was per-
formed using the SYBR® Green PCR master mix kit
(Invitrogen Corp., Carlsbad, CA) and the primers for
superoxide dismutase (Cu/Zn-SOD; forward: 5'-AAGCCT
ACAAAGTCAGCTCG-3, reverse: 5-GGTCTTGTTTCC
TGCACTT-3’), mitochondrial manganese superoxide dis-
mutase (Mn-SOD; forward: 5-GGATTCATGTGCCAGG
GTGG-3, reverse: 5-CACATGCTTGCCATCCAGCC-3'),
catalase (Forward: 5-GGATTCATGTGCCAGGGTGG-3,
reverse: 5'-CACATGCTTGCCATCCAGCC-3'), and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH; forward:
5'-GGATTCATGTGCCAGGGTGG-3/, reverse: 5'-CAC
ATGCTTGCCATCCAGCC-3') as internal control. The
reaction conditions consisted of two steps at 50 °C for
2 min and 95 °C for 10 min, followed by 45 cycles of three
steps: 20 s denaturation at 95 °C, 60 s annealing at 58 °C
and 20 s at 72 °C, as described (Lawler et al. 2002). SYBR
Green-based real-time PCR analysis was carried out with
the Rotor-gene Q detector (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. RNA aliquots
are routinely sham reverse transcribed (i.e., reverse trans-
criptase omitted) to ensure the absence of products other
than those from the reverse transcribed mRNAs. The rel-
ative abundance of Cu/Zn-SOD, Mn-SOD, catalase and
GAPDH mRNAs was calculated, using the 2—AACt
method (Livak and Schmittgen 2001), and the results were
expressed in arbitrary units (AU).

Analysis of antioxidant enzyme activities

The activities of catalase and glutathione peroxidase (GPX)
were measured as previously described (Aebi 1984; Flohé
and Giinzler 1984). Soleus and EDL muscles were
homogenized in 10 mM potassium phosphate buffer, pH
7.0, with a Polytron PT-3100 (Kinematica AG, Littau,
Switzerland). The samples were centrifuged for 20 min at
13,000 rpm, 4 °C, and the supernatant were used for
activity assays of both enzymes. Catalase activity was
determined on spectrophotometer by measuring the
breakdown of hydrogen peroxide at 30 °C and 240 nm
(Aebi 1984). GPX activity was determined as described by
Flohé and Giinzler (1984), following the rate of NADPH
oxidation, at 340 nm, 37 °C, in an assay medium con-
taining 50 mM potassium phosphate buffer (pH 7.0),
0.15 mM NADPH, glutathione reductase (0.24 U/mL) and
1 mM reduced glutathione. The reaction was initiated by
the addition of #-butyl hydroperoxide (1.2 mM).

Measurement of ROS scavenger action of Cr

The cell-free experiment consisted in analysis of quenching
on H,O, added to solution and superoxide generated by
electrolysis of oxygenated Krebs solution. In these exper-
iments, we evaluated the scavenger properties of Cr with
no incubated organ producing ROS.

To evaluate the effects of Cr on H,0,, Amplex® Ultr-
ared and HRP were utilized as describe above. Fluores-
cence was obtained in 4 conditions, in triplicates:
(a) Amplex® + HRP (blank condition); (b) H,O, (500
nM) + Amplex® + HRP (control condition); (c) creatine
(10, 20 and 40 mM) + Amplex® + HRP (condition
without H,O,); and creatine (10, 20 and 40 mM) + H,0,
(500 nM) + Amplex® + HRP. Results were expressed in
absorbance (550 nm) normalized to blank condition. We
use a Cr range (1040 mM) that represents physiological
levels of total Cr found within muscle cells (Kushmerick
et al. 1992; McKenna et al. 1999; Lawler et al. 2002).

The effect of Cr on electrolysis-induced superoxide
production was also evaluated. Krebs solution was previ-
ously oxygenated using 95 % O,-5 % CO, gas mixture
prior to electrical stimulation using 50 Hz of frequency,
0.5 ms pulse duration and 50 V for 10 min using silver
electrodes in the presence of ferricytochrome ¢ (Sigma-
Aldrich Corporation, St. Louis, MO, USA). This condition
leads to formation of ROS due to electrolysis, predomi-
nantly the hydroxyl radical and the superoxide anion rad-
ical at the side of the anode and cathode (Lecour et al.
1998). Superoxide production was monitored by ferricy-
tochrome c¢ reduction followed by sample read in a spec-
trophotometer at 550 nm using Krebs solution with no
electrical stimulation as blank (Azzi et al. 1975).

@ Springer



3908

Eur J Appl Physiol (2012) 112:3905-3911

Determination of muscle TBARS content

Thiobarbituric acid-reactive substances (TBARS) were
measured as previously described (Winterbourn et al.
1985). Muscles were homogenized using scissor in saline
buffer and the precipitated proteins were removed by
centrifugation at 12,000g for 10 min. The supernatant
(500 pL) was mixed with 500 pL thiobarbituric acid (1 %
in 50 mM NaOH) and 500 pL of HCI at 25 %. The sam-
ples were then heated in a boiling water bath for 10 min
and, after cooling, TBARS were extracted with 1.5 mL of
n-butanol. The mixture was centrifuged at 12,000g for
10 min and the absorbance of the supernatant was deter-
mined at 532 nm. Thiobarbituric acid reacts with products
of lipid peroxidation, mainly malondialdehyde, producing
a colored compound. The results were expressed as
micromoles of TBARS content relative to milligram of the
total protein determined using Bradford’s method (Brad-
ford 1976).

Statistical analysis

All data were expressed as mean == SEM and the signifi-
cance level was set at 5 % (P = 0.05) with 8-10 animals
per group (n = 8-10). The statistical analysis was per-
formed using an unpaired Student’s ¢ test and one-way
analysis of variance (ANOVA), when appropriate (Prism
GraphPad, Version: 5.0; GraphPad Software Inc., San
Diego, CA).

Results

Oral Cr supplementation during 6 days did not change
muscle morphology: body weight and soleus and EDL wet
weights/body weight (Table 1).

The hydrogen peroxide production by skeletal muscles
was significantly lower in Cr-supplemented animals. This
production was 59 and 76.3 % of the control values in
soleus and EDL muscles, respectively (Fig. 1). In spite of
this effect, supplementation did not change the levels of the

Table 1 Morphometrical parameter in control and Cr-supplemented
groups

Morphometric parameter Control group Creatine P value
group
Body weight (g) 292.6 £ 531 2902 4+£929 0.83
Soleus wet weight/body  0.036 4 0.001 0.039 4+ 0.001 0.15
weight (%)
EDL wet weight/body 0.042 4+ 0.001 0.043 &+ 0.001 0.25

weight (%)
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antioxidant enzymes mRNA (Cu/Zn-SOD, Mn-SOD, and
catalase) in either soleus or EDL muscles (Fig. 2), as well
GPX and catalase activities (Table 2).

TBARS content was not affected by Cr supplementation
in soleus (control: 0.95 £ 0.33; Cr: 0.90 & 0.15 MDA
eq.mg of protein~') and EDL (control: 1.05 & 0.24; Cr:
0.91 £ 0.28 MDA eq.mg of protein™') muscles.

In cell-free experiments, Cr exerted a direct scavenger
effect on superoxide radical in concentrations of 20 and
40 mM (Fig. 3a). This effect, however, was not verified on
hydrogen peroxide in any concentration of Cr (Fig. 3b).

Discussion

Although the antioxidant properties of Cr have been
previously demonstrated, in either cell-free or in vitro
experiments, we reported herein that short-term Cr sup-
plementation decreased ROS content in slow and fast-
twitch skeletal muscles. It is the first demonstration of
direct in vivo effects of Cr upon muscle redox state. The
antioxidant effects of Cr could be due to modulation of
expression and/or activities of antioxidant enzymes; a
direct scavenger effect on ROS; or a modulation of ROS
production in specific sites. We demonstrated herein that
Cr supplementation did not change expression and activi-
ties of antioxidant enzymes. However, a direct scavenger
effect of Cr on superoxide radical but not in hydrogen
peroxide was observed.

The decline of ROS content in skeletal muscles after Cr
supplementation may be explained by: a direct ROS
scavenger action by Cr molecule; a stimulation of antiox-
idant enzymes expression and/or activities; or an effect
upon ROS production through mitochondria or NADPH
oxidase. Lawler et al. (2002) demonstrated that Cr mole-
cule exerts a scavenger action on diverse radical and
reactive species (superoxide anions and peroxynitrite, but
not on hydrogen peroxide). These authors utilized cell-free
systems and found a direct dose-response relationship
between Cr concentration and antioxidant scavenger
activity. Later, Sestili et al. (20006) tested the effects of Cr
on the cytotoxicity caused by exogenous oxidants in human
and murine myotubes. In spite of no alterations in the
activities of catalase and GPX, Cr attenuated the cytotoxic
effects of H,0,, butylhydroperoxide and peroxynitrite
upon these cells corroborating with the results reported in
the present study. This work provided information on the
role of Cr as an antioxidant, indicating that the mechanism
is dependent on a direct scavenging effect on free radicals.
Our results also confirm this mechanism of Cr antioxidant
action in skeletal muscle.

Skeletal muscles with predominance of oxidative fibers
exhibit higher activities of antioxidant enzymes compared to
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Fig. 2 Gene expression of antioxidants enzymes SOD1, SOD2 and catalase in soleus (a, b and ¢) and EDL (d, e and f) after 6 days of oral Cr

supplementation. Data are expressed as mean = SEM

Table 2 Activity of antioxidant enzymes GPX and catalase in soleus
and EDL muscles after 6 days of oral Cr supplementation

Activity of antioxidant Control Creatine P value
enzymes group group

(umol min~" mg of

protein™")

GPX in soleus 1,052 +32.34 9823 £ 30.15 0.16
GPX in EDL 302.8 & 6440 367.7 £ 34.87 0.37
Catalase in soleus 19.93 £ 2.07 17.15 £ 1.38 0.35
Catalase in EDL 8.71 £ 1.38 952+ 142  0.69

glycolytic fibers (Oh-Ishi et al. 1995). Our results support
these findings. Muscle fibers with higher oxidative capacity,
such as predominantly in soleus, also have higher ROS
production and this is an important stimulus to expression of
antioxidant enzymes (see Droge 2002 for review). Despite
differences among oxidative and glycolytic skeletal muscles

neither the soleus nor the EDL exhibits altered expression
and activities of antioxidant enzymes in response to Cr
supplementation, indicating that its redox action may occur
by other mechanism. In the presence of Cr, the content of
reduced cytochrome ¢ was low indicating a direct scavenger
effect of Cr on superoxide radical. Low content of super-
oxide results in low content of its ROS derivatives such as
H,O, (Droge 2002). This effect of Cr on superoxide radical
supports the proposition that the decrease of ROS content in
skeletal muscles from supplemented animals may be due to
an increase in intracellular Cr content.

Previous works of our group have demonstrated that Cr
supplementation promotes significant attenuation of acute
muscle fatigue similar to that observed when the antioxidant
NAC was administered to adult rats prior to intense con-
tractile activity (Bassit et al. 2010; Pinheiro et al. 2012). In
both, the intervention decreased the markers of contraction-
induced muscle injury. These results point to a possible

@ Springer



3910

Eur J Appl Physiol (2012) 112:3905-3911

Fig. 3 Scavenger effects of A B
creatine on reactive oxygen —
species. Effect of creatine upon - g 0.15 1
electrolysis-induced superoxide S 2 —_ —|_ 400 7
production in oxygenated Krebs Ew -
solution (a); and lack of S ® 0.101 * S § 300 1
scavenger effect of creatine on 3 § T ok 1&; g
hydrogen peroxide (500 nM) X © o % 200 4
(b). *P < 0.05; **P < 0.01 £ 0057 36

N 3
versus control. Data are g- 2 T & 100 4
expressed as mean £+ SEM n g

< 0.00 T T T 0
Control  10mM  20mM  40mM Contol 10mM  20mM 40 mM
Creatine

antioxidant action of Cr in skeletal muscle tissue in addition
to the metabolic and/or hormonal alterations already dem-
onstrated (Greenhaff et al. 1994; Deldicque et al. 2005;
Olsen et al. 2006). The decrease in ROS production was not
enough to reduce the TBARS content. We believed that in a
specific condition where TBARS is substantially elevated
characterizing a chronic oxidative stress, Cr supplementa-
tion may exert an effect in this parameter.

Conclusion

We reported herein in vivo effect of short-term Cr sup-
plementation on ROS content in skeletal muscle. In spite of
no alterations in expression and activities of antioxidant
enzymes, Cr appears to act directly as an ROS scavenger.
These results support the proposition that Cr has antioxi-
dant properties in skeletal muscle. ROS production has an
important role in muscle wasting and contractile dysfunc-
tion observed in chronic diseases as diabetes, muscular
dystrophy, chronic heart failure and obstructive pulmonary
disease (for review see Moylan and Reid 2007). Thus, the
decrease in ROS content in skeletal muscle in response to
Cr supplementation suggests a possible therapeutic appli-
cation in neuromuscular chronic diseases and stimulates
further investigations focusing this issue.
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