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Abstract The aim of our study was to investigate the
eVect of a single high intensity session of muscle contrac-
tions on the activity and expression of citrate synthase
(CS) and of the following major antioxidant enzymes: Mn-
superoxide dismutase (Mn-SOD), Cu,Zn-superoxide dis-
mutase (Cu,Zn-SOD), catalase (CAT), and glutathione
peroxidase (GPX). To accomplish this, soleus muscles of
male Wistar rats were subjected to contractions using a
intense electrical stimulation (ES) protocol. Soleus mus-
cles were isolated either immediately or 1 h after the con-
tractions and utilized for enzyme activity determination,
and for analysis of gene expression by quantitative PCR. A
signiWcant increase in maximal activity (63%) and expres-
sion (80%) of CS was observed in stimulated soleus mus-
cles, isolated 1 h after ES as compared to controls.
However, this eVect was not observed in muscles isolated
immediately after ES. By using macroarray and Real Time
RT-PCR analysis, an increase in expression of Mn-SOD,
Cu,Zn-SOD, CAT, and GPX was also found. Interestingly,
of these enzymes, only CAT activity was signiWcantly
increased (44%) 1 h after ES in soleus muscle. These
results indicate that acute ES up-regulates activity and
expression of CS and CAT in soleus muscles. This increase
in expression of CAT may play an important role in
counteracting the potential deleterious eVects of elevated

oxidative stress induced by a high oxidative demand in
skeletal muscles subjected to exercise training.
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Introduction

It is well established that endurance training causes an
increase in the activity of oxidative enzymes (Fernstrom
et al. 2004; Holloszy et al. 1970; Ji et al. 1988). One of
these enzymes is citrate synthase (CS), which is localized
on the inner mitochondrial membrane and promotes the
condensation of acetyl-CoA and oxaloacetate, generating
citrate in the Krebs cycle (Wiegand and Remington 1986).
The increase in CS activity with physical training has been
associated with increments in mitochondrial protein content
(Booth and Thomason 1991; Holloszy and Booth 1976).
However, although 6-7 days of exercise training increases
CS activity (Green et al. 1999; Spina et al. 1996), no evi-
dence has been provided that mitochondrial number and/or
size are also increased after this short training period. In
fact, CS activity increases in skeletal muscles after acute
exercise (single session) in humans (Fernstrom et al. 2004;
Jacobs et al. 1987; Leek et al. 2001; RoepstorV et al. 2005;
Tonkonogi et al. 1997) and in rats (Siu et al. 2003), which
is compatible with the increase in CS activity observed in
short periods of exercise training.

The increase in CS activity after an acute exercise bout
indicates that there is a higher metabolic demand toward
the oxidative pathway, which may also lead to an increase
in the production of reactive oxygen species (ROS). ROS
production during exercise has been associated with
an increase in the activity of antioxidant enzymes such as
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Mn-superoxide dismutase (Mn-SOD) (Oh-ishi et al. 1997;
Ortenblad et al. 1997), Cu,Zn-superoxide dismutase
(Cu,Zn-SOD) (Navarro-Arevalo et al. 1999; Oh-ishi et al.
1997), catalase (CAT) (Leeuwenburgh et al. 1994), and
glutathione peroxidase (GPX) (Leeuwenburgh et al. 1994)
in skeletal muscle. However, the studies that investigated
the eVect of acute exercise on the expression of antioxidant
enzymes in skeletal muscle have reported conXicting
results (Hollander et al. 2001; Itoh et al. 2004; Oh-ishi
et al. 1997; Ohishi et al. 1998). Furthermore, the eVect of a
high intensity acute exercise on the expression and activity
of antioxidant enzymes and CS have not been investigated.
In order to address this issue, in this study, we investigated
the eVect of exercise on the activity and expression of CS
and antioxidant enzymes in rat skeletal muscle. We used a
high frequency electrical stimulation (ES) protocol that
resembles high intensity resistance exercise. ES was cho-
sen due to several reasons: (1) it allows a pattern of motor
units recruitment that cannot be obtained by voluntary
exercise where maximal contraction is prevented by neural
mechanisms and motivation (Hainaut and Duchateau
1992); (2) it allows direct stimulation of only one limb pre-
venting circulatory limitations potentially imposed by car-
diovascular adjustments induced by exercise, and (3)
because it imposes a strenuous challenge to the muscle and
potently increases O2 consumption by the active muscle.
Importantly, most studies that used low/moderate intensity
exercise have not found increase of activity of CS in ani-
mals. And, there is evidence that the increase in the
expression of antioxidant enzymes is related to oxygen
consumption. In this context, we hypothesize that a high
intensity muscle contraction could have eVect in these
variables.

Materials and methods

Reagents

The following reagents were used: sodium pentobarbital
(Cristalia, Itapira, SP, Brazil); Tris–HCl (Inlab, São Paulo,
SP, Brazil); Tris/aminomethane, Trizol, Sybr Green, Ran-
dom Primers, PCR buVer, Taq DNA polymerase, dCTP,
dGTP, dTTP, dATP, MgCl2, DNAse buVer, DNAse (Invit-
rogen, Carlsbad, CA, USA); 5,5�-dithiobis (2-nitrobenzoic
acid) (DTNB), EDTA, acetyl-CoA, Triton X-100, oxaloa-
cetic acid, cytochrome c, xanthine, xanthine oxidase,
NADPH, glutathione reductase, reduced glutathione, t-
butyl hydroperoxide (Sigma, St. Louis, MO, USA); sodium
phosphate, potassium cyanide (Merck, Darmstadt, Ger-
many); primers for glyceraldehyde 3-phosphate dehydroge-
nase (G3PDH), CS, Mn-SOD, Cu,Zn-SOD, CAT e GPX
(IDT, Coralville, IA, USA); express hyb solution, termination

mix (Clontech Laboratories, Mountain View, CA, USA);
reverse transcriptase Revertaid™ M-MuLV (MBI Fermen-
tas, Burlington, ON, Canada) and 33P-labeled ATP (GE
Healthcare, Waukesha, WI, USA).

Animals

Male adult (9 weeks of age) albino rats (Wistar strain) from
the Institute of Biomedical Sciences of the University of
São Paulo were used. The experimental protocol used was
approved by the Ethics Committee of the Institute of Bio-
medical Sciences of the University of São Paulo. The rats
were housed 5 per cage at 20–23°C in a reversed 12 : 12 h
light-dark cycle, and had ad libitum access to rat chow
(Nuvilab CR1, Nuvital Nutrientes, Curitiba, PR, Brazil)
and water.

Electrical stimulation

Rats (n = 7) were anaesthetized with sodium pentobarbital
(75 mg kg¡1 b.w.) and had their right sciatic nerve exposed
through a lateral section on the thigh where a platinum elec-
trode was connected. Afterwards, the rats were fastened on
an acrylic platform with a metallic bar crossing the right
knee to Wx the limb. Another metallic bar was Wxed at the
Achilles tendon, connecting the hind-foot to a force trans-
ducer (Myograph F-2000, Narco Bio-Systems, Austin, TX,
USA) that indicated the generated tension by using a poly-
graph (Narco Bio-Systems). The contralateral limb was fas-
tened to the platform by using an adhesive tape. Rats were
kept under external warming to maintain core temperature
during the entire procedure.

Rats were subjected to an intense ES protocol as previ-
ously described (Wojtaszewski et al. 1996; Silveira et al.
2007). BrieXy, the stimulus consisted of 200 ms trains
(24 § 3 V) of 100 Hz with 0.1 ms pulses, delivered each
second for 1 h. In order to reach maximum force output, the
muscle rest length and the stimulation voltage were
adjusted in the beginning of each experiment. When the
force output assessed by the polygraph could not be
increased, even with further adjustments of voltage and
muscle length, it was considered as maximum.

Subsequently, soleus muscles were removed either
immediately after ES or 1 h later. Control rats were sub-
jected to the same conditions as the experimental group but
with no ES. The tissues were extracted and immediately
frozen in liquid nitrogen and kept at ¡70°C for the assays.
Rats were killed by cervical dislocation.

Enzyme activity assays

In order to determine the maximal activities of CS, Mn-
SOD, Cu,Zn-SOD, CAT, and GPX, soleus muscles were
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homogenized for 20 s on ice, using a tissue homogenizer
(Ultra-Turrax T8, Ika-Werke, Staufen, Germany) in the
respective extraction solutions, depending on the enzyme
assay.

Citrate synthase activity of soleus muscle was deter-
mined under the following conditions: (1) immediately
after ES, and (2) 1 h after ES. The extraction buVer con-
tained 0.5 mM Tris–HCl and 1.0 mM EDTA, pH 7.4, and
the assay buVer contained Tris/aminomethane (100 mM),
DTNB (0.2 mM), acetyl-CoA (0.1 mM), and Triton X-100
(0.1% v/v), pH 8.1. The reaction was initiated by the addi-
tion of 10 �l of the tissue extract and 50 �l of oxaloacetic
acid (10 mM Wnal concentration). Absorbance at 412 nm
(25°C) was spectrophotometrically measured during 5 min
as described (Srere et al. 1963).

The activities of Mn-SOD, Cu,Zn-SOD, CAT, and GPX
were measured as previously described (Aebi 1984; Flohe
and Otting 1984; Wendel 1981). The extraction buVer for
Mn-SOD, Cu,Zn-SOD, CAT, and GPX assays contained
0.1 M sodium phosphate, pH 7.0. Mn-SOD and Cu,Zn-
SOD activities were determined according to the method of
Flohe and Otting (1984) by measuring, at 25°C, the
decrease in the rate of cytochrome c reduction in a xan-
thine–xanthine oxidase superoxide generating system con-
sisting of 10 �M cytochrome c, 100 �M xanthine, 50 mM
sodium phosphate buVer (pH 10.0), and the necessary
quantity of xanthine oxidase units to yield a variation of
0.025 absorbance per min at 550 nm. Mn-SOD activity was
determined by the addition of 1 mM KCN to the assay of
total SOD activity. This drug suppresses the activity of
CuZn-SOD (Flohe and Otting 1984). CAT activity was
determined by measuring the breakdown of hydrogen per-
oxide at 230 nm (Aebi 1984). GPX activity was determined
as described by Wendel (1981), following the rate of
NADPH oxidation, at 340 nm, 37°C, in an assay medium
containing 50 mM phosphate buVer (pH 7.0), 0.3 mM
NADPH, glutathione reductase (0.25 U ml¡1) and 5 mM
reduced glutathione. The reaction was initiated by the addi-
tion of t-butyl hydroperoxide (1.5 mM). Activities of all
enzymes are expressed on the basis of mg protein.

Real time RT-PCR analysis

Total RNA was extracted from soleus muscles as previ-
ously described (Sambrook et al. 2001). BrieXy, 60–70 mg
of soleus muscle was lysed using 1 ml Trizol reagent. After
5 min incubation at room temperature, 200 �l of chloro-
form were added to the tubes and centrifuged at 12,000£g.
The aqueous phase was transferred to another tube and the
RNA was pelleted by centrifugation (12,000£g) with cold
ethanol and dried in air. RNA pellets were eluted in RNase-
free water and treated with DNase I. The RNA preparation
was then stored at ¡70°C. The RNA content was measured
in duplicate at 260 nm. The purity of the RNA preparation
was assessed by the 260/280 nm ratio and on a 1% agarose
gel stained with ethidium bromide at 5 �g ml¡1.

Total RNA (4 �g) was reverse transcribed to cDNA
using reverse transcriptase Revertaid™ M-MuLV. Expres-
sion of G3PDH, CS, Cu,Zn-SOD, Mn-SOD, CAT, and
GPX was determined by real-time PCR (Higuchi et al.
1992) with a Rotor Gene-3000 equipment (Corbett
Research, Mortlake, VIC, Australia), using Sybr Green as
the Xuorescent dye. The sequences of the utilized primers
are described in Table 1.

QuantiWcation of expression was performed by the com-
parative cycle threshold method, using G3PDH expression
as inner control (Livak and Schmittgen 2001). EYciency of
the ampliWcation reaction was calculated by using the Lin-
RegPCR Analysis of Real Time PCR Data software Ver-
sion 7.5 (Ramakers et al. 2003).

Analysis of gene expression by macroarray

Synthesis of cDNA probes

A pool of total RNA from three soleus muscles of each
group (control and stimulated, isolated 1 h after ES) was
prepared using 10 �g of RNA from each muscle, as above
described. The cDNA probes were synthesized using the
pure total RNA labeling system Atlas Kit™ according to
the manufacturer’s recommendations (Clontech Laboratories).

Table 1 Sense and antisense sequences of the primers and respective amplicons’ sizes used in the real time RT-PCR assays

G3PDH glyceraldehyde 3-phosphate dehydrogenase, CS citrate synthase, Cu,Zn-SOD Cu,Zn-superoxide dismutase, Mn-SOD Mn-superoxide dis-
mutase, CAT catalase, GPX glutathione peroxidase

Gene Sense Antisense Size (bp)

G3PDH 5�TGCCATCACTGCCACTC3� 5�CTGCTTCACCACCTTCTTG3� 256

CS 5�CGGTTCTTGATCCTGATGAGGG3� 5�ACTGTTGAGGGCTGTGATGGC3� 284

Cu,Zn-SOD 5�CCAGCGGATGAAGAGAGG3� 5�CCAATCACACCACAAGCC3� 230

Mn-SOD 5�GACCTGCCTTACGACTATG3� 5�TACTTCTCCTCGGTGACG3� 119

CAT 5�ATTGCCGTCCGATTCTCC3� 5�CCAGTTACCATCTTCAGTGTAG3� 105

GPX 5�GTTCGGACATCAGGAGAATGG3� 5�GGGTTCGATGTCGATGGTGC3� 331
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BrieXy, 15 �g of total RNA pool from soleus muscles of
each group and 2 �l of primer mix (a mixture of primers
relative to the genes spotted in the macroarray membrane)
were heated at 70°C for 5 min in a Techne-Genius Thermal
cycler (Oxford, UK). The temperature was decreased to
50°C and 13.5 �l of the mix of the following reagents were
added: 4 �l reaction buVer 5£, 0.5 �l 100 mM DTT, 2 �l
10£ dNTP mix (dCTP, dGTP, dTTP, and dATP), 5 �l [�-
33P] ATP (at 10 �Ci �l¡1) and 2 �l of reverse transcriptase
enzyme. The mixture was incubated for 25 min at 50°C and
stopped by adding 2 �l of Termination Mix. The 33P-
labeled probe was puriWed from unincorporated nucleotides
by passing the reaction mixture through a push column
(NucleoSpin Extraction Spin Column, Clontech Laborato-
ries).

Macroarray hybridization

The Rat Toxicology Array II (PT3567-3, Clontech Labora-
tories) was used. A list of the 464 genes in the macroarray
membranes is available at the Clontech website
(www.clontech.com/clontech/atlas/genelists/). The mem-
brane was pre-hybridized for 30 min at 68°C in Express
Hyb containing 50 �g of freshly denaturated salmon sperm
DNA. Subsequently, the membrane was hybridized during
18 h at 68°C with 33P-labeled denaturated probe
(2 £ 106 cpm ml¡1). The membrane was washed four times
at 68°C with 1£ SSC, 0.1% SDS; followed by one washing
in 1£ SSC, 1% SDS and then exposed to phosphor screen
for 48 h and scanned in the Storm 840 (Molecular Dynam-
ics, Sunnyvale, CA, USA).

Analysis of macroarray results

Changes in expression from electrical stimulated soleus
muscles were analyzed by comparison with the results of
expression observed in the soleus muscle from control rats
using the software Array-Pro™ Analyzer, Version 4
(Media Cybernetics, Silver Spring, MD, USA). The results
were presented as mean of the normalizations performed by
using the housekeeping genes G3PDH and �-tubulin, pres-
ent in the membrane. Triplicate hybridizations using sepa-
rate sets of nylon membranes were performed for all
conditions. Only signals that diVered from the control by at
least twofold in the three independent experiments were
considered as signiWcantly regulated. A similar procedure
was used in previous studies (Verlengia et al. 2004; Yama-
zaki et al. 2002).

Protein determination

Total tissue protein was determined by the method of Brad-
ford (1976) using bovine serum albumin as standard.

Statistical analysis

The diVerences between groups were assessed by using
Student’s t-test or one-way ANOVA with Tukey’s post hoc
test. For the assays of mRNA content of the antioxidant
enzymes, Welch’s correction was used since the data did
not present a Gaussian distribution. SigniWcance was set at
P < 0.05. Results are presented as mean § SEM. Analysis
were performed by using GraphPad Prism Version 4.00 for
Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com).

Results

There was no change of CS activity in the stimulated soleus
muscle isolated immediately after ES as compared to con-
trol. However, an increase of 63% in CS activity was
observed in the stimulated soleus muscle 1 h after ES
(Fig. 1).

The values of CS mRNA levels were normalized by the
respective controls of each experiment. CS mRNA levels
were determined in rat soleus muscles immediately after ES
and 1 h afterwards. An increase of 80% in CS mRNA levels
was observed 1 h after ES as compared with controls
(Fig. 2).

The analysis by macroarray revealed an increase in
expression of several genes 1 h after ES (data not shown).
Among these genes, expression of Mn-SOD (SOD-2),
Cu,Zn-SOD (SOD-1), CAT, and GPX were increased by
31.8-, 23.9-, 14-, and 6.2-fold, respectively (Table 2).

Real time RT-PCR was performed for antioxidant
enzymes in soleus muscle isolated 1 h after ES. A marked
increase of mRNA levels of Mn-SOD, Cu,Zn-SOD, CAT,
and GPX by 43-, 3-, 21-, and 0.6-fold, as compared to the
control values, respectively, was observed (Fig. 3).

Fig. 1 Citrate synthase activity from soleus muscles control and stim-
ulated isolated immediately after the electrical stimulation and 1 h af-
ter. *DiVerent from control (P = 0.005; n = 7 in each group)
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Catalase activity in soleus muscles was increased by
44% 1 h after ES (Fig. 4). However, there was no alteration
in the activities of Mn-SOD, Cu,Zn-SOD, and GPX.

Discussion

Skeletal muscle has a remarkable capacity to adapt to
diVerent stimulus imposed by contraction (Atherton et al.
2005; Neufer and Dohm 1993). Endurance training is
highly associated with elevated muscle oxidative capacity,
activity of mitochondria enzymes and increased muscle
oxygen uptake (Atherton et al. 2005; Nader and Esser
2001). In contrast, resistance training is associated with
increased muscle mass, Wber hypertrophy, and gain in
strength (Nader and Esser 2001).

Several reports have shown that acute muscle contrac-
tion induces marked increase in CS activity in both humans
and rats (Tonkonogi et al. 1997; Leek et al. 2001;

Fernstrom et al. 2004; Jacobs et al. 1987), an eVect similar
to that observed in chronic endurance training. Most of
these studies were performed using moderate intensity
exercise, which is closely related to endurance exercise
adaptation (Booth and Thomason 1991; Holloszy and
Booth 1976). In our study, we did not Wnd any eVect of an
acute moderate-intensity muscle contraction induced by ES
on CS activity (data not shown). In contrast, a single ses-
sion of high-intensity muscle contraction caused a marked
increase in CS activity.

The mechanisms behind this phenomenon still remain
unclear. DiVerent hypotheses have been raised to explain
the increase in CS activity after acute exercise as the exis-
tence of an alternative CS isoform which is transcriptionally

Fig. 2 Citrate synthase mRNA levels in soleus muscle obtained from
rats immediately after the electrical stimulation and 1 h after. Data are
presented as the ratio of respective controls, which received an arbi-
trary value of 1 in each experiment. *DiVerent from controls
(P = 0.0088; n = 6 in each group)
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Table 2 Increase in expression of the antioxidant enzymes in stimu-
lated soleus muscle isolated 1 h after electrical stimulation

Gene expression was increased in stimulated soleus muscle (S) as com-
pared to control from unstimulated muscle (C). In S/C column, the val-
ues are expressed as times of increase in comparison to control. The
results were presented as mean of the normalizations performed by us-
ing the housekeeping genes G3PDH and �-tubulin, present in the mem-
brane

Access number Gene name S/C

X56600 Superoxide dismutase 2 31.8

Y00404 Superoxide dismutase 1 23.9

M11670 Catalase 14.0

X12367 Glutathione peroxidase 1 6.2

Fig. 3 mRNA levels of Mn-superoxide dismutase (SOD), Cu,Zn-
SOD, catalase (CAT) and glutathione peroxidase (GPX) in control
(white bars) and stimulated (black bars) soleus muscles, 1 h after elec-
trical stimulation. *DiVerent from respective controls, P = 0.018,
0.034, 0.002, and 0.017 for Mn-SOD, Cu,Zn-SOD, CAT, and GPX,
respectively (n = 6 in each group)
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Fig. 4 Catalase activity from soleus muscle control and 1 h after elec-
trical stimulation. *DiVerent from control, P = 0.020 (n = 6 in each
group)
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regulated, or an enzyme covalent modiWcation (Leek et al.
2001; RoepstorV et al. 2005; Siu et al. 2003). However,
none of these hypotheses has been conWrmed. In addition to
the mechanisms mentioned above, a decrease in allosteric
inhibition by citrate has been proposed (Leek et al. 2001).
The eVect of oxaloacetate to enhance acetyl-CoA binding
to the catalytic site of CS and to inhibit the eVect of citrate
on this enzyme is well described in in vitro assays (Beeck-
mans 1984). However, in our experiments, the activity of
CS was assayed in a reaction medium containing saturated
concentrations of substrates (Srere et al. 1963). Therefore,
changes in intramuscular concentrations of oxaloacetate,
acetyl-CoA, and citrate during contractions cannot be
accounted for the results obtained.

The absence of alteration in CS activity immediately
after ES is suggestive that the exercise-induced increase in
the activity of this enzyme depends on transcriptional regu-
lation. This was conWrmed by our Wndings showing a
marked increase in CS expression 1 h after induction of
muscle contraction, but not immediately afterwards.
Although the length of time from the beginning of muscle
contraction to the point of removal of the muscle was rela-
tively short (2 h), we observed that exercise induced a sig-
niWcant increase in CS expression.

Other studies (Neufer and Dohm 1993; Vissing et al.
2005) found that acute exercise increases CS expression in
skeletal muscle but the activity of this enzyme was not
measured. In rats, only Siu et al. (2003) found an increase
in activity and expression of this enzyme in rat soleus mus-
cle 1 h after one session of treadmill exercise. However,
diVerently from our study, the rats submitted to acute exer-
cise were previously trained and they were compared to a
sedentary group. This is critical because the increase of
both CS activity and expression induced by acute exercise
could not be distinguished from the adaptations potentially
promoted by chronic training.

Atherton et al. (2005) proposed that high intensity mus-
cle contraction as obtained by resistance exercise results in
activation of the PKB-TSC2-mTOR pathway leading to
muscle hypertrophy. On the other hand, oxidative exercise
results in activation of speciWc intracellular signaling steps
mediated by the AMPK/PGC-1� pathway, which promotes
oxidation in skeletal muscle. The experimental protocol
used in the present study has been demonstrated to cause a
marked reduction in the content of ATP, phosphocreatine
(Wojtaszewski et al. 1996) in soleus and gastrocnemius
(glycolytic type II) muscles. In our experiments, the high
intensity stimulus promoted by ES led to a decrease of
almost 60% force output after the Wrst minute of contrac-
tion followed by additional reductions in force production
as time of exercise progressed. In fact, after 4 min of con-
traction, force output corresponded to only 30% of maxi-
mum and remained at this level afterwards (data not

shown). This is in agreement with previous observations
that fatiguing muscle contractions caused elevated meta-
bolic stress and signiWcant reductions in force production
during resistance exercise in humans (Sahlin and Ren
1989).

Increases in activities of oxidative enzymes, such as CS
and �-hydroxyacyl CoA dehydrogenase, have been shown
to occur after resistance training in human vastus lateralis
muscle (Tang et al. 2006; Braith et al. 2005), indicating that
high-intensity training might induce alterations in oxidative
metabolism in skeletal muscle. Unfortunately, the lack of a
speciWc antibody against CS prevented us from determining
whether the increase in the expression of CS also led to and
increase in the content of this protein in the muscles sub-
jected to ES.

Analysis by Real Time RT-PCR revealed a marked
increase in the expression of Mn-SOD, Cu,Zn-SOD, CAT,
and GPX 1 h after ES protocol. These Wndings conWrm our
observations obtained by macroarray analysis showing
increases in expression of these genes. Only few studies
have investigated the eVect of acute exercise on expression
of antioxidant enzymes in rat skeletal muscle (Hollander
et al. 2001; Itoh et al. 2004; Oh-ishi et al. 1997; Ohishi
et al. 1998). With respect to CAT and GPX, it has been
reported that no alterations in the expression of these
enzymes occurred in rat diaphragm muscle after 1 h of
treadmill exercise (Itoh et al. 2004). Inconclusive results
have been presented regarding the responses of Mn-SOD
and Cu,Zn-SOD expression after acute exercise. There are
data reporting increase (Itoh et al. 2004), decrease (Oh-ishi
et al. 1997; Ohishi et al. 1998), or no alteration (Hollander
et al. 2001) in the expression of these enzymes in skeletal
muscle after an acute treadmill exercise.

The marked increase in expression of the antioxidant
enzymes in soleus muscle was probably due to the high
metabolic demand induced by ES. The elevation in Mn-
SOD expression has been associated with activation of NF-
�B and AP-1, which is induced by ROS produced during
muscle contraction (Hollander et al. 2001). NF-�B and AP-
1 bind to the promoter region of the Mn-SOD gene leading
to an increase in expression of this enzyme. Although we
have not assessed these parameters, it is expected that the
high metabolic demand induced by ES causes an increase
in ROS production, which, in turn, could lead to expression
of the antioxidant enzymes.

Most of the studies that investigated the eVect of acute
exercise on skeletal muscle have shown no alteration in
activities of Mn-SOD, Cu,Zn-SOD or total SOD (Cooper
et al. 1986; Hollander et al. 2001; Itoh et al. 2004; Ji et al.
1990, 1992; Lawler et al. 1993; Ohishi et al. 1998). CAT
activity seems not to be changed by acute exercise (Itoh
et al. 2004; Ji et al. 1988, 1990, 1992; Ohishi et al. 1998),
except for two studies (Ji and Fu 1992; Oh-ishi et al. 1997)
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where this enzyme activity was increased. Most studies
have found an increase of GPX activity in skeletal muscle
after a single session of exercise (Itoh et al. 2004; Ji et al.
1998, 1990, 1992; Ji and Fu 1992; Lawler et al. 1993, 1994;
Oh-ishi et al. 1997). Interestingly, in the studies of Itoh
et al. (2004) and Oh-ishi et al. (1997) where there were
increases in GPX and Cu,Zn-SOD activities, respectively,
these alterations were not associated to elevations in
mRNA levels. This suggests a non-transcriptional mecha-
nism for the increase in the activities of these enzymes,
such as reduction of protein degradation. On the other hand,
Khassaf et al. (2001) observed an increase of total SOD
activity, up to 3 days after acute intense aerobic exercise in
vastus lateralis muscle as compared to basal. This Wnding
suggests that up-regulation of gene expression is an impor-
tant mechanism for the increased activities of antioxidant
enzymes induced by exercise. In the present study,
although the expression of the four antioxidant enzymes
was increased, only CAT activity was signiWcantly raised
1 h after ES. In fact, according to our results and from the
others (Hollander et al. 2001; Itoh et al. 2004), the
increased expression of the antioxidant enzymes not always
result in a concomitant augment of their activities. There-
fore, it is possible that a longer period of time is necessary
to have protein translation and so elevation of the activities
of Mn-, Cu,Zn-SOD, and GPX.

In summary, evidence is provided herein that high-inten-
sity muscle contraction promoted an increase of activity
and expression of CS. This protocol also increased the
expression of the antioxidant enzymes (Mn-SOD, Cu,Zn-
SOD, CAT, and GPX). The increase in CS and CAT activi-
ties may be associated to high expression of these proteins
in stimulated soleus muscle but other mechanisms for stim-
ulation of enzymes cannot be ruled out. The increase in
expression of CAT may play an important role in counter-
acting the potential deleterious eVects of elevated oxidative
stress induced by a high oxidative demand in skeletal mus-
cles subjected to intense contraction. Taken together these
Wndings point out that a high-intensity muscle contraction
session modulates expression of important enzymes of cell
metabolism.
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