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Abstract

The aim of this study was to investigate the effect of aerobic exercise training on activities and mRNA levels of catalase (CAT), glutathione
peroxidase (GPX), Cu,Zn- and Mn-superoxide dismutases (SOD), TBARS content, and xanthine oxidase (XO) activity, in soleus muscle from
young and aged rats. The antioxidant enzyme activities and mRNA levels were markedly increased in soleus muscle with aging. TBARS content of
soleus muscle from the aged group was 8.3-fold higher as compared with that of young rats. In young rats, exercise training induced an increase of
all antioxidant enzyme activities, except for Cu,Zn-SOD. XO also did not change. The TBARS content was also increased (2.9-fold) due to exercise
training in soleus muscle from young rats. In aged rats, the activities of CAT, GPX and Cu,Zn-SOD in the soleus muscle did not change with the
exercise training, whereas the activities of Mn-SOD (40%) and XO (27%) were decreased. The mRNA levels of Mn-SOD and CAT were decreased
by 42% and 24%, respectively, in the trained group. Exercise training induced a significant decrease of TBARS content (81%) in the soleus muscle
from aged rats. These findings support the proposition that exercise training presents an antioxidant stress effect on skeletal muscle from both

young and aged rats.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Morphological and physiological changes occur in cardi-
ovascular, nervous, digestive, urinary, endocrine, reproductive,
bone and muscular systems during the aging process. The
changes that occur in skeletal muscle markedly affect the
quality of life of aged people. The loss of muscle mass
(sarcopenia) causes difficulties to perform daily tasks and
increases the risk of falls, being the main cause of accidents of
elderly subjects (Morley et al., 2001; McArdle et al., 2002;
Fitts, 2003).

The association of reactive oxygen species (ROS) with the
aging process was firstly proposed by Harman (1956) (free
radicals theory of aging), and later by Linnane et al. (1989),
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who postulated the mitochondria participation in this process
(mitochondrial theory of aging). ROS play a very important role
in the changes induced by aging in various tissues (Fulle et al.,
2004). In fact, ROS accumulation and the subsequent oxidative
damage to cells are prevented by antioxidant enzymes such as
Cu,Zn- and Mn-superoxide dismutases (SOD), catalase (CAT),
glutathione peroxidase (GPX), and glutathione reductase (GR)
(Halliwell and Gutteridge, 1999; Wei and Lee, 2002; Rodriguez
et al., 2004). The aging process causes an unbalance between
ROS production and antioxidant capacity of the tissues leading
to cell damage (Wei and Lee, 2002).

Physical activity promotes various metabolic and functional
adaptations in the skeletal muscle. Resistance exercise is
recommended for the treatment and prevention of sarcopenia
(Trappe et al., 2000), providing significant improvement in the
function of skeletal muscle in aged patients such as the speed of
walking and the ability to perform daily tasks (Frontera et al.,
2000). Despite the improvements obtained in skeletal muscle
with the practice of resistance exercise, some researchers
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believe that aerobic exercise is an ideal exertion for aged
subjects due to the benefits for cardiovascular function.

The sites of ROS production in muscles are: xanthine
oxidase system in the cytosol, NADPH oxidase complex in
plasma membrane (Lagranha et al., 2005), and the electron
transport chain in the mitochondria (Bejma and Ji, 1999;
Banerjee et al., 2003). During aerobic contractions, skeletal
muscle produces significant amounts of superoxide anion
(0,°7) due to its increase in oxygen uptake that reaches up to 90
times the values obtained at rest (Ji, 1995; Ji et al., 1998; Sen,
2001; Khassaf et al., 2003; Mastaloudis et al., 2004). The
skeletal muscle of aged subjects becomes more susceptible to
oxidative damage, mainly during exercise, due to physiologi-
cal, morphological and biochemical changes such as mito-
chondria dysfunction that leads to a still higher ROS production
rate (Bejma and Ji, 1999; Fulle et al., 2004).

Xanthine oxidase (XO) activity is low in skeletal muscles
(Borges et al., 2002). However, the increase in oxidative stress
and ADP accumulation observed in aging, due to the decrease
in skeletal muscle oxidative capacity (Baker et al., 2006), lead
to an increase of XO activity, contributing for the high anion
superoxide (O,°") production. To our knowledge this enzyme
activity has not been measured after exercise training in aged
rats.

In spite of the information above, the effect of exercise and
its association with ROS in the aging process of skeletal muscle
still remains to be fully established. Some studies have shown
increases in SOD, GPX and CAT activities after aerobic
exercise training in young rats (Meydani et al., 1992; Jenkins,
1993; Powers et al., 1994; Leeuwenburgh et al., 1997;
Hollander et al., 2000). However, similar experiment was
rarely performed in aged rats (Parise et al., 2005).

Some studies examined the effect of exercise training on the
heart (Kakarla et al., 2005; Quindry et al., 2005; Gul et al.,
2006; Rinaldi et al., 2006) and testis (Aksoy et al., 2006) of
aged rats. Concerning the skeletal muscles, Lawler et al.
(1994), determined the activities of GPX and SOD in
diaphragm of female rats after an acute exercise, Lawler
et al. (1993), examined the activity of GPX in leg muscles of
female rats after a single session of exercise, Gunduz et al.
(2004), measured the activities of CAT, GPX and SOD after
swimming and Navarro-Arevalo and Sanchez-del-Pino (1998),
evaluated the activity of SOD in soleus muscle of male rats. In
these studies, the authors investigated the activities of the
antioxidant enzymes only. There is only one study that
examined both activity and mRNA levels of the antioxidant
enzymes in the lung of aged rats after an acute exercise (Hatao
et al., 2006). Therefore, a systematic study on the effect of an
aerobic exercise training on activity and expression of the
antioxidant enzymes in skeletal muscle from aged rats remains
to be carried out.

In addition to the loss of muscle mass, aging leads to a shift
of type II to type I fibers (Balagopal et al., 2001). Muscles
presenting high percentage of type I fibers are less affected by
aging, avoiding large differences between aged and young
animals. According to Adams et al. (1994), rat soleus muscle
presents about 97% of myosin heavy chain I (MHC I) and only

3% of MHC Ila. Therefore, soleus muscle has a very
homogenous fiber composition and so it is an ideal model to
investigate physiological changes induced by exercise training
in aged and young rats.

The information above led us to investigate the effect of an
aerobic exercise training on activities and mRNA levels of CAT,
GPX, Cu,Zn- and Mn-SOD, and XO, and thiobarbituric acid
reactive substances (TBARS) content, as a qualitative index of
lipid peroxidation and oxidative stress, in soleus muscle from
young and aged rats.

2. Methods
2.1. Animals

Male 2 (young) and 21 (aged) months of age Wistar-Kyoto (WKY) rats,
weighing 220-280 g and 320-370 g, respectively, at the beginning of the
experiment, were obtained from the Institute of Biomedical Sciences (Uni-
versity of Sao Paulo, Sdo Paulo, Brazil). The lifespan of the Wistar-Kyoto rats is
of approximately 32 months (Linz et al., 1997). The rats were maintained at
23 °C under a light/dark cycle of 12 h/12 h. The Animal Care Committee of the
Institute of Biomedical Sciences approved the experimental procedure of this
study. The rats had free access to food composed of 63.4% carbohydrate, 25.6%
protein, and 11% lipid (NUVILAB CR1, NUVITAL Nutrientes LTDA, Cur-
itiba, PR) and received water ad libitum. The rats were divided into four groups:
young untrained, young trained, aged untrained, and aged trained.

2.2. Exercise training protocol

Young and aged rats were pre-selected by their ability to run on a treadmill
(Inbramed, KT-300); four to five sessions at 0.3 km/h up to 0.5 km/h, 0%
grade, 10 min/day. The pre-selected animals were then randomly assigned to
trained or untrained groups. Low-intensity exercise training protocol was
performed 5 days per week, 1 h per day, over 13 weeks, as previously described
(Dufloth et al., 1997). The exercise training intensity was progressively
increased by a combination of time and speed, attaining 1 h per day by week
3 and maximal velocity on week 7. These values were maintained thereon. The
training protocol corresponded to 50-60% of maximal exercise capacity, as
measured in both young and aged rats by means of a maximal exercise test.
This test consisted of graded exercise on a treadmill, with increments of
0.3 km/h for young rats, and 0.2 km/h for aged rats, every 3 min, starting with
0.3 km/h up to the maximal intensity attained for each rat. Tests were
performed for each rat at the beginning of the training protocol and by week
6 to establish the training intensity. The test was repeated at week 12 to
compare the efficacy of the training protocol. Untrained rats were handled
every day and submitted once a week to a short period of mild exercise
(5-10 min, 0.4-0.8 km/h, 0% grade). This procedure allowed untrained rats to
adapt themselves to the experimental conditions. The animals were killed 2
days after the last session of exercise. Untrained rats were killed under similar
conditions.

After 48 h of the last session of exercise training, soleus muscle was
removed for determination of the antioxidant enzyme activities and mRNA
levels and TBARS content.

2.3. Enzyme activity assays

The extraction buffer for the measurement of CAT, GPX, Cu,Zn- and Mn-
SOD, and XO activities contained 0.1 M sodium phosphate, pH 7.0. CAT
activity was determined by measuring the breakdown of hydrogen peroxide at
230 nm (Aebi, 1984). GPX activity was determined as described by Wendel
(1981), and Mannervik (1985), following the rate of NADPH oxidation, at
340 nm, and 37 °C, in an assay medium containing 50 mM phosphate buffer
(pH 7.0), 0.3 mM NADPH, glutathione reductase (0.25 U/mL) and 5 mM
reduced glutathione. The reaction was initiated by the addition of r-butyl
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hydroperoxide (1.5 mM). Cu,Zn- and Mn-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 xanthine—xanthine
oxidase superoxide generating system consisting of 10 uM cytochrome c,
100 uM xanthine, 50 mM sodium phosphate buffer (pH 10.0), and the neces-
sary quantity of xanthine oxidase to yield a variation of 0.025 absorbance per
min at 550 nm. Mn-SOD activity was determined by the addition of | mM KCN
to the assay of total SOD activity. This drug suppresses the activity of Cu,Zn-
SOD (Higuchi et al., 1985). Citrate synthase activity was measured as pre-
viously described by Srere et al. (1963), and Pithon-Curi et al. (2004). XO
activity was determined by formation of uric acid from xanthine through the
increase in absorbance at 293 nm according to Prajda and Weber (1975).

2.4. Real time PCR

The expression of the antioxidant enzymes was evaluated by real time PCR
(Higuchi et al., 1992) using a ROTOR GENE 3000 equipment (Corbett
Research, Mortlake, Australia). Total RNA was obtained from 50 to 100 g
of soleus muscle using Trizol reagent™™ (Invitrogen Life Technologies, Rock-
ville, MD, USA), as previously described (Chomczynski and Sacchi, 1987).
Briefly, soleus muscle was lysed using 1 mL Trizol reagent and then, after 5 min
incubation at room temperature, 200 wL chloroform were added to the tubes
and centrifuged at 12,000 x g. The aqueous phase was transferred to another
tube and the RNA was pelleted by centrifugation (12,000 x g) with isopropyl
alcohol. RNA pellets were washed with 75% ethanol by centrifugation at
7500 x g for 5 min and dried in air. RNA pellets were than eluated in RNase-
free water and treated with DNase I. Afterwards, RNA was stored at —70 °C
until to the reverse transcription reaction being performed. RNA was quantified
by measuring absorbance at 260 nm. The purity of the RNA preparations was
assessed by the 260/280 nm ratio and on a 1% agarose gel electrophoresis
stained with ethidium bromide at 5 pg/mL (Sambrook and Russel, 2001).

cDNA probes were synthesized using 4 g of total RNA and a mix of the
following reagents: 146 ng of “random primers”, 200 U of reverse transcriptase
(Invitrogen Life Technologies, Rockville, MD, USA), reaction buffer 5x
(50 mM Tris-HCl, pH 8.0, 75mM KCI, 3mM MgCl,), 5SmM DTT,
500 uM dNTP in a final volume of 20 pL. The reaction was incubated for
2 min, at 25 °C, assembling the oligonucleotides and RNA hybridization,
followed by heating at 42 °C for 50 min. cDNA was stored at —20 °C prior
to the real time PCR assay.

To perform the real time PCR reaction, 1 wL of cDNA was used in a final
volume of 25 pL, containing 100 uM of dNTPs, reaction buffer 10x (10 mM
Tris—HCI, 50 mM KCI, 2 mM MgCl,), 1 U of Taqg DNA polymerase (Invitrogen
Life Technologies, Rockville, MD, USA), 0.1 wM of each primer (sense and
antisense), and SYBR GREEN (1000x diluted) (Invitrogen Life Technologies,
Rockville, MD, USA) as fluorescent dye. The sequences of the primers were
designed using information contained in the public database in the GeneBank of
the National Center for Biotechnology Information (NCBI). The sequences of
the utilized primers were: 5’ ATTGCCGTCCGATTCTCC3' and 5'CCAGTT-
ACCATCTTCAGTGTAG3' for sense and antisense primers of the CAT gene,
respectively;  5'GTCCACCGTGTATGCCTTC3’ and 5'CTCTTCATTCT-
TGCCATTCTCC3' for sense and antisense primers of the GPX gene, respec-
tively; 5GACCTGCCTTACGACTATG3' and 5'TACTTCTCCTCGGTGA-
CG3' for sense and antisense of the Mn-SOD gene, respectively; 5'CCA-
GCGGATGAAGAGAGG3' and 5'CCAATCACACCACAAGCC3 for sense
and antisense primers of the Cu,Zn-SOD gene, respectively; and 5'ACC-
ACAGTCCATGCCATCAC3' and 5TCCACCACCCTGTTGCTGTA3' for
sense and antisense of the G3PDH gene, respectively.

Table 1

Quantification of gene expression was carried out by the method described
by Liu and Saint (2002), using G3PDH gene as inner control, which is the most
stable gene for real time RT-PCR measurements in skeletal muscle (Jemiolo and
Trappe, 2004; Mahoney et al., 2004). Amplification efficiency of each sample
was calculated as described by Ramakers et al. (2003).

2.5. Determination of TBARS content

TBARS were measured as described by Winterbourn et al. (1985), in the
same extraction medium as that for the antioxidant enzyme assays. Muscles
were homogenized in saline buffer and the precipitated proteins were removed
by centrifugation at 12,000 x g 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 samples were then heated in a boiling water bath for 10 min
and, after cooling, TBARS were extracted with 1.5 mL of butanol. The mixture
was centrifuged at 12,000 x g for 10 min and the absorbance of the supernatant
was determined at 532 nm. Thiobarbituric acid reacts with products of lipid
peroxidation, mainly malondialdehyde, producing a colored compound.

2.6. Protein determination

Tissue protein was measured by the Bradford method (Bradford, 1976),
using bovine serum albumin as standard.

2.7. Statistical analysis

Statistical analyses of the results were performed by using the two-way
analysis of variance (ANOVA) and Bonferroni’s post hoc test (GraphPad Prism
4, Graph Pad Software, Inc., San Diego, CA, USA). Results were considered
statistically significant for P < 0.05.

3. Results
3.1. Effects of the aging process

As a consequence of aging the maximal running speed
reached by the aged rats in the treadmill was approximately
60% lower than that of young animals (Table 1).

The antioxidant enzyme activities were markedly increased
in soleus muscle from aged rats as compared to young animals;
CAT (43%), total SOD (86%), Mn-SOD (3.4-fold) (Fig. 1A-D,
respectively). The activities of GPX and of Cu,Zn-SOD were
not markedly different between young and aged rats (Fig. 1B
and E, respectively). The activity of XO was increased by 35%
due to aging (Fig. 1F).

The mRNA levels of the antioxidant enzymes were also
increased in soleus muscle from aged rats. Aging caused a
marked increase in mRNA levels of CAT (4.7-fold), GPX (17-
fold), Mn-SOD (2.8-fold), and Cu,Zn-SOD (3.9-fold) (Fig. 2A—
D, respectively). The TBARS content of soleus muscle from the
aged group was 8.3-fold higher as compared with that of young
rats (Fig. 3).

Maximal running speed reached in the last treadmill test and citrate synthase activity in the soleus muscle from young and aged rats

Trainability indicators Young rats

Aged rats

Untrained group

Trained group Untrained group Trained group

1.4 £0.08
427 £ 15.5

Maximal running speed reached (km/h)
Citrate synthase activity (nmol/(min mg protein))

1.04 +0.05"
564 +33.1"

0.7 £0.03"
4452 +21.9

214017
584 + 343"

The values are presented as mean + S.E.M. of young and aged rats. "P < 0.05; “"P < 0.01; *P < 0.001 when compared to young untrained group.
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Fig. 1. Effects of exercise training on catalase, glutathione peroxidase, total SOD, Mn-SOD, Cu,Zn-SOD and xanthine oxidase activities of soleus muscle from young
and aged rats. The values are presented as mean £+ S.E.M. Two-way ANOVA with Bonferroni’s post hoc test was used for comparison between groups.

3.2. Effects of exercise training on young rats

The effectiveness of the exercise training protocol was
determined by the maximal speed reached in the treadmill and
the results of citrate synthase activity measured in the soleus
muscle. The maximal speed reached was 56% higher after 13
weeks of training when compared to the speed observed in the
first test (Table 1). Citrate synthase activity of the soleus muscle

was increased by 37% due to the exercise protocol (Table 1).
The maximal oxygen uptake (VO,, mL/(kg min)) (data not
shown) also confirmed the effectiveness of the exercise training
protocol used presenting an increase of 40% (43.16 + 1.17 to
60.59 + 1.33) (P < 0.0001).

Exercise training induced an increase of all antioxidant
enzyme activities except for Cu,Zn-SOD that did not change
significantly (Fig. 1E). The activities of CAT (Fig. 1A) and
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Fig. 2. Effects of exercise training on catalase, glutathione peroxidase, Mn- and Cu,Zn-SOD mRNA levels of soleus muscle from young and aged rats. The values are
presented as mean £ S.E.M. Two-way ANOVA with Bonferroni’s post hoc test was used for comparison between groups.

GPX (Fig. 1B) were increased by 26%, and of total SOD
(Fig. 1C) by 16% due to exercise training, whereas the activity
of Mn-SOD was raised by 2.3-fold (Fig. 1D), and of XO
remained unchanged (Fig. 1F).

Concerning mRNA levels of the enzymes, the exercise
training induced a slight increase of all enzymes being
significant for Mn-SOD only. The TBARS content was also
increased (2.9-fold) due to exercise training in young rats
(Fig. 3).

3.3. Effects of exercise training on aged rats

The effectiveness of the exercise training protocol for aged
rats was also determined by the maximal running speed in the
treadmill and citrate synthase activity in the soleus muscle. The
maximal speed reached was 38% higher after 13 weeks of
training when compared to the speed observed in the first test
(Table 1). Citrate synthase activity of the soleus muscle was
increased by 27% due to exercise training (Table 1). The
maximal distance reached and maximal period of time in the
test was measured (data not shown) and showed an increase of

73% and 38%, respectively, also confirming the effectiveness of
the exercise training protocol used for aged rats.

The activities of CAT, GPX and Cu,Zn-SOD in the soleus
muscle of aged rats were not increased by the exercise training
(Fig. 1A, B and E, respectively). Activities of total SOD
(Fig. 1C), Mn-SOD (Fig. 1D) and XO (Fig. 1F) were decreased
by 30%, 40%, and 27%, respectively, due to exercise training.
The mRNA levels of GPX (Fig. 2B) and Cu,Zn-SOD (Fig. 2D)
were not altered by the exercise training. Mn-SOD (Fig. 2C)
and CAT (Fig. 2A) mRNA levels were decreased by 42% and
24%, respectively, in the trained group when compared to
untrained rats. Exercise training caused significant decrease of
TBARS content (81%) (Fig. 3).

4. Discussion

Sarcopenia is a process that often occurs with aging, being
characterized by loss of skeletal muscle mass and function
(Greenlund and Nair, 2003). This loss is more pronounced in
muscles that contain a high percentage of type II fibers, as
shown in several studies that found a significant decrease of
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Fig. 3. Effects of exercise training on TBARS content in soleus muscle from
young and aged rats. The values are presented as mean = S.E.M. Two-way
ANOVA with Bonferroni’s post hoc test was used for comparison between groups.

MHC II mRNA, and a maintenance or even an increase of MHC
I mRNA with aging (Locke et al., 1994; Lexell, 1995;
Balagopal et al., 2001). The aim of this study was to investigate
the changes in the enzymatic antioxidant system in soleus
muscle during aging and due to exercise training. As previously
mentioned, soleus muscle was chosen because it is one of the
most recruited muscles during the exercise training protocol
used presenting a large proportion of type I fibers (Adams et al.,
1994; Delp and Duan, 1996) that is less affected by aging and
also has high activities of CAT, GPX and SOD compared to
muscle with a large percentage of type II fibers (Powers et al.,
1994).

Some studies have found a decrease in skeletal muscle
antioxidant enzyme activities with aging. Pansarasa et al.
(1999, 2000), showed a decrease in total SOD activity in
skeletal muscle from aged individuals, when compared to
young subjects, and Fano et al. (2001), found a decrease of CAT
activity in the vastus lateralis muscle with aging. However,
Luhtala et al. (1994), Leeuwenburgh et al. (1994) and Gianni
et al. (2004), observed an increase of the activities of CAT, total
SOD and GPX activities in skeletal muscles from humans and
rodents. Ji et al. (1998), observed that the aging process leads to
an increase of ROS production and antioxidant enzyme
activities in skeletal muscle. These divergences observed in
the literature are mainly due to differences in the type of animal,
age and/or skeletal muscle used. In the present study, a
significant increase of CAT and Mn-SOD activities was
observed in soleus muscle with age. The changes in these
enzyme activities probably occurred partially due to an increase
in mRNA levels. Taking into consideration that Mn-SOD is a
mitochondrial enzyme, and this organelle is the main site for
ROS production during exercise (Banerjee et al., 2003), and
also due to the increase of the mRNA levels in response to
exercise training, an increase of this enzyme activity was
expected.

ROS may modulate the antioxidant enzyme activities by
regulating the mRNA levels through activation of signaling
pathways (Fulle et al., 2004). According to Franco et al. (1999),
the induction of antioxidant enzyme mRNA levels coincide
with increases in oxidative damage of proteins, supporting the
postulated relationship between oxidative stress and antiox-
idant enzyme mRNA expression. In fact, ROS play a very
important role to regulate several cell functions, acting as
second messengers, and activating specific redox-sensitive
transcription factors, such as AP-1 and NF-kB (Dalton et al.,
1999; Zhou et al., 2001; Khassaf et al., 2003). AP-1 and NF-kB
response elements are present in the promoter regions of genes
encoding CAT, GPX, Mn-SOD and Cu,Zn-SOD (Zhou et al.,
2001). Combinations of AP-1 and NF-«kB with other redox-
sensitive transcription factors may determine which antioxidant
enzyme is going to be induced and to what extend.

AP-1 is a dimeric transcription factor composed of activating
(c-Fos and c-Jun) and inhibitory (Fra-1 and Fra-2) subunits,
which can generate different heterodimers and so modulating
expression of target genes. NF-«kB also acts as a dimeric factor,
which is maintained in the cytosol in an inactive status by binding
to the I-kB inhibitory subunits (Catani et al., 2004). In muscle
cells, ROS can induce degradation of the inhibitory I-kB protein
subunits bound to NF-«kB subunits (p65, p50 and RelB), leading
to a rapid translocation of NF-kB to the nucleus activating the
transcription of specific genes (Muller et al., 1997). AP-1 is also
activated by ROS. Oxidative stress induces the binding of AP-1
complex proteins (c-Jun and c-Fos) to DNA (Gomez del Arco
et al., 1997). Zhou et al. (2001) showed that the use of specific
NF-kB inhibitors blocked the oxidant-induced expression of
CAT and GPX, confirming the hypothesis that ROS can modulate
antioxidant enzyme mRNA levels by activating redox-sensitive
transcription factors, such as NF-kB and AP-1. In fact, the
modulation of these transcription factors induced by exercise in
skeletal muscle was also observed by others (Hollander et al.,
2001; Aoi et al., 2004).

In the present work, mRNA levels of CAT and GPX in soleus
muscle showed a large increase with aging. This may be due to
the high oxidative stress observed in aging. In fact, Franco et al.
(1999) reported that muscle exposed to oxidative stress presented
a marked increase of CAT and GPX mRNA levels. However,
there was no increase of GPX activity in soleus muscle with
aging. Cu,Zn-SOD activity also did not change. In fact, others
have also observed similar results in response to different stimuli.
No change of these enzyme activities was observed in
lymphocytes (Joksic et al., 2000; Pajovic et al., 2000; Khassaf
et al., 2003), and in diaphragm, soleus and gastrocnemius
muscles (Higuchi et al., 1985; Pereira et al., 1994; Caillaud et al.,
1999; Vincent et al., 1999; Gregorevic et al., 2001; Gunduz et al.,
2004). In addition, these studies pointed out that Mn-SOD is
probably the major inducible SOD isoform. An increase of GPX
activity by aging was expected due to the great increase of its
mRNA expression, however this did not happen.

According to Franco et al. (1999), the response of
antioxidant enzyme activities in muscle exposed to oxidative
stress is less pronounced than the increases in their mRNA
levels. This process may occur due to a decrease in translational
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efficiency in cells under oxidative stress (Ho et al., 1996).
Therefore, post-transcriptional inhibition of GPX was possibly
induced by aging. In fact, the rates of whole body protein
turnover and of total muscle protein synthesis decline with
normal aging (Short et al., 2004). According to Schoneich
(2006), more than 200 different post-translational modifica-
tions are induced by enzymatic and non-enzymatic processes,
and modifications of specific proteins accompany the biological
aging process.

In spite of the maintenance of GPX and Cu,Zn-SOD activities
an increase of cytosolic ROS production has been observed in
skeletal muscles with aging. The cytosolic sites for ROS
production are: NADPH oxidase complex and XO system
(Banerjee et al.,, 2003). Few studies have shown an aging
associated increase of XO activity in rat kidney (Chung et al.,
1999) and liver (Kim et al., 2005), and of NADPH oxidase
activity in mitochondria of rat skeletal muscle (Bejma and Ji,
1999). Superoxide production by XO system is favoured by an
accumulation of intracellular ADP (Ji, 1999). A depression of
mitochondrial function observed in aging (Papa, 1996; Conley
etal.,2000; Hepple et al., 2003; Mansouri et al., 2006) leads to an
unbalance of ATP/ADP ratio in the cytosol and an associated
increase of XO activity. The increase of XO activity in the soleus
muscle during aging observed in this study probably leads to an
increase in cytosol superoxide production contributing to the
observed lipid peroxidation (Kang and Hamasaki, 2003), as
indicated by the increase in TBARS content, a qualitative
indicator of lipid peroxidation and oxidative stress.

The exercise training imposed promoted important changes
in the activities of the antioxidant enzymes in the soleus
muscle. In young rats, an increase of all antioxidant enzyme
activities was observed, except for Cu,Zn-SOD activity that
remained unchanged. In aged rats, the exercise training did not
increase the antioxidant enzyme activities and their mRNA
levels as also observed by others (Ji, 1995; Banerjee et al.,
2003; Khassaf et al., 2003). However, TBARS content and XO
activity of soleus muscle from aged rats showed a significant
decrease by the exercise training, reaching the values observed
in young rats. The marked decrease in lipid peroxidation and
XO activity with no increase in antioxidant enzyme activities
suggests a low production of ROS by soleus muscle of aged rats
induced by the exercise training protocol.

In conclusion, the exercise training induced marked changes
in the oxidative state of soleus muscle from both young and
aged rats. In young rats, exercise training raised the activities of
CAT, GPX, and Mn-SOD. In aged rats, exercise training did not
increase the activities of these enzymes but decreased TBARS
content and XO activity. The findings obtained in this study
show that exercise training induces a significant decrease of
oxidative stress in skeletal muscle from aged rats supporting the
recommendation of aerobic exercise for prevention of
sarcopenia and to improve the life quality of aged people.
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