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Abstract The purposes of this study were to investigate
the eVects of strenuous exercise on apoptosis of the gastroc-
nemius and soleus muscle Wbers and clarify the role of oxi-
dative metabolism in the strenuous exercise-induced
apoptosis. The experiment was designed with 49 (n = 49)
male, 24-week-old, L. Wistar albino rats. Strenuous exercise
model was applied to 42 (n = 42) rats and seven (n = 7) rats
served as rested controls. All rats were randomly assigned to
one of the following groups (n = 7): rested control (C),
immediately after exercise (0 h) and 3, 6, 12, 24, and 48 h
after exercise. Apoptotic nuclei were shown by single
stranded DNA (ssDNA) determination. Oxidative damage
in mitochondrial fractions of the muscle tissues was evalu-
ated by malondialdehyde (MDA) levels and reduced/oxi-
dized glutathione (GSH/GSSG) ratios. Caspase-9, -8 and -3
activities and the level of cytochrome c (Cyt c) were mea-
sured in the cytosolic fractions of muscle tissues to follow
mitochondrial-dependent (intrinsic) or ligand-mediated

death receptor (extrinsic) pathways of apoptosis. Plasma
interleukin-6 (IL-6) and tumor necrosis factor-� (TNF-�)
levels were also determined. Based on our results, apoptosis
is signiWcantly triggered in muscle Wbers by strenuous exer-
cise (P < 0.05). Apoptosis in the soleus muscle tissues
mostly depends on the intrinsic pathway and may be trig-
gered by increased oxidative stress. In contrast, extrinsic
pathway of apoptosis was predominant in the gastrocnemius
muscle and increases of TNF-� and IL-6 may play a signiW-
cant role.
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Introduction

Apoptosis, programmed cell death, is characterized by sev-
eral speciWc biochemical and molecular events. In mature
animals, apoptosis balances cell division, maintaining the
constancy of tissue mass. Removal of cells injured by
genetic defects, aging, disease or exposure to noxious
agents is made possible by apoptosis (Duke et al. 1996;
Sastre et al. 2000). Recently, apoptosis has gained interest
among exercise researchers due to evidence suggesting that
exercise, especially strenuous exercise, can lead to apopto-
tic cell death in addition to necrotic cell death (Sandri et al.
1997; Podhorska-Okolow et al. 1998, 1999; Sharon and
Leeuwenburg 2001; Phaneuf and Leewenburgh 2001;
Primeau et al. 2002).

Strenuous exercise modulates several factors that may
alter apoptosis. For instance, glucocorticoids, reactive oxy-
gen species (ROS), a rise in intracellular Ca2+ levels, and
TNF-� are some signals that can induce apoptosis (Ji 1995;
Bejma et al. 1999; Carraro et al. 1997; Leeuwenburg et al.
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1999; Kannan et al. 2000; Fumarola et al. 2004; Pistilli
et al. 2006). Some of these factors originate from the extra-
cellular milieu (glucocorticoids, TNF-�) and will interact
with intracellular or extracellular proteins that may trigger
cell death.

Several apoptotic pathways have been shown to be
involved in the apoptotic cascades, depending on the stimu-
lus. These include intrinsic (Green and Reed 1998; Phaneuf
and Leeuwenburgh 2002; Kroemer 2003; Garrido et al.
2006; Van Gurp et al. 2003), extrinsic (Li et al. 1998), and
an endoplasmic reticulum stress-induced pathway (Nakag-
awa et al. 2000). A family of protease proteins called
caspase (cysteine-dependent aspartate protease) is crucial
in executing apoptosis. SpeciWc initiator caspases (e.g.,
caspase-8, -9, and -12) are activated when the cell is
exposed to the corresponding apoptotic stimuli. For exam-
ple, TNF-� or FasL can initiate apoptosis through the
extrinsic pathway by activating caspase-8 (Li et al. 1998;
Sun et al. 1999). In addition, caspase-9 has been shown to
mediate the intrinsic apoptosis through the interaction of
procaspase-9 with apoptotic protease activating factor-1
(Apaf-1), dATP, and mitochondrial-released cytochrome c
(Phaneuf and Leeuwenburgh 2001, 2002). Although, diVer-
ent initiator caspases are recruited in diVerent apoptotic
pathways, it appears that the apoptotic signals Wnally con-
verge on the activation of the common eVector caspases
(e.g., caspase-3, -6, and -7), which cause eventual destruc-
tion of the cell.

Although, it remains unclear as to how and why apopto-
sis is induced in adult skeletal muscle after exercise, there
are many plausible hypotheses that warrant further investi-
gation. One of the leading hypotheses is that during exer-
cise, muscle metabolism is increased, which leads to an
increased production of ROS (Bejma et. al. 1999; Cooper
et al. 2002; Vasilaki et al. 2006). SigniWcant amounts of
ROS can produce oxidative damage and thereby induce
apoptosis via the intrinsic pathway (Di Meo et al. 2001; Pri-
meau et al. 2002; Phaneuf and Leeuwenburg 2001). The
other hypothesis is based on the observation that the stress
of the exercise increases catecholamine levels, which pro-
mote the induction of apoptosis (Stevenson et al. 2001;
Shephard 2003). The local inXammatory response in skele-
tal muscle to strenuous exercise is followed by an inXux of
leukocytes and a systemic acute-phase response (Pedersen
et. al. 2000; Suzuki et al. 2000; Peake et al. 2005a). The
various elements of acute-phase response are mediated by
cytokines, including TNF-� and IL-6 (Suzuki et al. 1999;
Pedersen et al. 2001; Dalla et al. 2001; Peake et al. 2005b).
Studies have shown that bounding of these cytokines to the
receptors found on the plasma membrane leads to activa-
tion of apoptosis via an extrinsic pathway (Fumarola et al.
2004; Pistilli et al. 2006). However, no consensus has been
achieved regarding the extent and mechanisms of apoptosis

in skeletal muscle. Whether, in strenuous exercise an apop-
totic mechanism (intrinsic/extrinsic) is predominant or
whether there is any diVerence in the apoptotic response
between gastrocnemius and soleus muscle Wbers, has not
been explained yet with suYcient clarity.

Therefore, the purposes of this study were to address the
diVerence between diVerent muscle groups in terms of
apoptotic response to the strenuous exercise and to clarify
the signiWcance of the muscular capacity for oxidative
metabolism in apoptotic response following strenuous exer-
cise. All experiments were carried out in rat gastrocnemius
and soleus muscle Wbers. The muscle Wbers were separately
analyzed due to diVerences in their oxidative metabolism
rates (Amstrong et al. 1984). The existence and mechanism
of apoptosis were evaluated by determination of single
stranded DNA (ssDNA), cytosolic caspase-8, -9 and -3
activities and cytochrome c (Cyt c) levels. Oxidative stress
levels of mitochondrial fractions of muscle Wbers were
evaluated by MDA levels, a lipid peroxidation marker, and
GSH/GSSG status. Plasma IL-6 and TNF-� levels were
used as markers and ligands of inXammation causing
extrinsic triggering of apoptosis.

Methods

Animal care

The experiments were carried out with 49 male L. Wistar
albino rats, with 87.5% homogeneity, and with a mean
body weight of 204 § 23 g and age of 24 weeks. All ani-
mals were fed with a standard pelleted diet for rodents sup-
plemented with microelements and vitamins. Wistar rats
were obtained from the Experimental Animal Laboratory
of the Dokuz Eylül University, School of Medicine. All
experiments were performed in accordance with the guide-
lines provided by the Experimental Animal Laboratory
and approved by the Animal Care and Use Committee of
the Dokuz Eylül University, School of Medicine. The ani-
mals were housed in individual cages in a temperature-
controlled room (22°C) with a 12 h reverse light–dark
cycle. After a week of acclimation period, all rats were
randomly assigned to one of the following seven groups
and each group was formed of seven rats (n = 7): control-
rested group, immediately after exercise (0 h) and 3, 6, 12,
24, and 48 h after exercise. All rats were placed back in
their cages with free access to food and water after exer-
cise program.

Exercise protocol

Running exercises were performed on three small animal
treadmills. All procedures were carried out between 9:00
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a.m. and 12:00 a.m. They were run on a treadmill for
10 min/session at a speed of 10 m/min and a slope of 5°,
once a day for 1 week to adapt them to running before the
experiment. Control animals were run on a treadmill for
10 min/session at a speed of 10 m/min and a slope of 5°,
once a day for 1 week in order to stress them. Electric
shocks were used sparingly to motivate the animals to run.
Two days after the last familiarization run, except for the
control group, the rats were forced to run at a speed of
25 m/min and a slope of 5° until exhaustion, which is deW-
ned as the animal touching the electriWed grid at the rear of
the treadmill Wve times in 2 min, and the time to exhaustion
was recorded (Liu et al. 2000). Animals were run until they
failed to respond to the electrical grid, and the exhaustion
time was recorded. Average exhaustion time of the rats in
exercised groups was 52.2 § 3.0 min and did not diVer
from each other in exercise groups (Willis et al. 1988).

Blood and tissue sampling and isolation of mitochondrial/
cytosolic fractions

Under light ether anesthesia, the chest was opened and
blood samples were obtained from the heart of rats with a
syringe anticoagulated with sodium heparin. Blood samples
were centrifuged at 3,500 rpm for 5 min. and plasma sam-
ples were stored at ¡80°C until cytokine analysis was
achieved. After collecting the blood samples, the animals
were killed by cervical dislocation, immediately as 0, 3, 6,
12, 24, and 48 h after the exercise programme. Control ani-
mals were sacriWced without performing the running exer-
cise. Their gastrocnemius and soleus muscle tissues were
quickly removed from both legs. A piece of tissue was dis-
sected for pathological analysis from the middle sections of
every gastrocnemius and soleus muscles. The rest of the
fresh tissues were used immediately for isolation of cyto-
solic and mitochondrial fractions and obtained fractions
were frozen at ¡80°C until analysis.

Cytosolic and mitochondrial fractions were prepared as
described by Leeuwenburg et al. (1999). BrieXy, all tissues
were washed in ice-cold antioxidant buVer at Wrst (100 �M
diethylene triamine pentaacetic acid (DTPA), 1 mM butyl-
ated hydoxytoluene (BHT), 1% (v/v) ethanol, 10 mM
3-aminotriazole, 50 mM NaHPO4, pH 7.4). This step helps to
remove the blood from tissues and inhibits oxidation reac-
tions ex vivo. Subsequent procedures were carried out at
4°C. Tissues were minced in 10 volumes of isolation buVer
A (0.225 M mannitol, 75 mM sucrose, 0.2% fatty acid free
albumine, 13 U/ml collagenase, 10 �M BHT, 100 �M
DTPA, pH 7.4). Tissues were homogenized with motor-
driven Potter–Elveljem glass homogenizer at 0–4°C at low
speed and centrifuged for 7 min at 480g. The resulting
supernatant was stored on ice, the pellet was resuspended
by homogenization in 0.5 ml of isolation buVer A, and the

suspension was centrifuged for 7 min at 480g. The com-
bined supernatants were centrifuged at 7,700g for 7 min.
An aliquot of the resulting supernatant was used for analy-
sis of the cytosolic protein fraction. The mitochondrial pel-
let was washed once with 10 ml of buVer B (0.225 M
mannitol, 75 mM sucrose, 1 mM ethyleneglycoltetraacetic-
acid (EGTA), 10 �M BHT, 100 �M DTPA, pH 7.4) and
centrifuged at 7,700g for 7 min. The Wnal mitochondrial
pellet was resuspended in 0.5 ml of buVer C (0.25 M
sucrose, 2 mM ethylenediaminotetraaceticacid (EDTA),
1 mM BHT, 100 �M DTPA, pH 7.4). Preparation period of
cytosolic and mitochondrial fractions was nearly 55 min
after the animals’ death. Protein levels in mitochondrial and
cytoplasmic fractions were determined by a modiWcation of
the Lowry procedure as described by Markwell et al.
(1978).

Determination of apoptotic nuclei

Apoptotic nuclei were determined by using anti-ssDNA
monoclonal antibody (Chemicon©). Muscular tissues were
Wxed in 10% neutral buVered formalin at 4°C for 24 h and
embedded in paraYn. The paraYn blocks were cut to 4 �m
sections and heated in an oven at 60°C for 1 h. After depar-
aVinization sequentially in xylene, 100, 95, and 70% etha-
nol, the sections were treated at room temperature with
0.1 mg/ml saponin for 20 min and 20 �g/ml proteinase K
for 20 min. The slides were incubated in a coplin jar con-
taining 50 ml of 50% formamide (preheated to 60°C) for
20 min in a water bath. After treatment with 3% H2O2 in
methanol for 5 min and 3% non-fat dry milk for 15 min,
100 �l of monoclonal antibody F7-26 (dilution 1:10) were
applied to the slides. Further incubation with peroxidase-
conjugated anti-mouse IgM (dilution 1:100) was performed
for 15 min. The sections were stained with diaminobenzi-
dine solution for 10 min at room temperature and then
counterstained with hematoxylin. Positive nuclei were
counted among at least 400 nuclei and expressed as per-
centage of apoptotic nuclei. To assess muscle necrosis, the
sections were also stained with hematoxylin and eosin
(H&E).

Determination of lipid peroxidation and glutathione status

To assess mitochondrial lipid peroxidation, the concentra-
tion of malondialdehyde, dithiobarbituric acid (TBA)
adducts, were measured in mitochondrial fractions of mus-
cle tissues. Mitochondrial fractions were processed with
TBA and the levels of mitochondrial thiobarbituric acid-
reactive substances (TBARS) were determined on a HPLC
system consisting Xuorescence detector (Lykkesfeldt
2001). Calibration curves were constructed using tetrameth-
oxypropane for mitochondrial fractions. Measurements
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were performed in duplicate and quantiWcation was carried
out by comparing peak areas to the area of standard curves
obtained with tetramethoxypropane solutions.

Reduced glutathione (GSH) and total glutathione (GSHt)
were determined by HPLC (Cereser 2001). BrieXy, samples
were treated with ortho-phthalaldehyde (OPA) for pre-
column derivatization. OPA derivatives were separated on a
reversed-phase HPLC column (Shimadzu C-18 ODS-2 silica
column 250 £ 4.6 mm, 5 �m particle size) with acetoni-
trile–sodium acetate gradient system and detected
Xuorimetrically. All measurements were performed in dupli-
cate and quantiWcation was carried out by comparing peak
areas to the area of standard curves obtained with the diVer-
ent concentrations of GSH solutions. Total glutathione is
determined after reduction of disulWde groups with dithio-
threitol; oxidized glutathione (GSSG) concentration was
calculated by subtraction of GSH level from the GSHt level.

Determination of cytosolic markers of apoptosis 

Caspase-3, caspase-8 and caspase-9 activities and the level
of Cyt c were used to follow apoptosis in the isolated cyto-
solic fractions. Activities of caspase-3, caspase-8 and
caspase-9 in the cytosolic fractions were measured by col-
orimetric assay kit of MBL©. Caspase-3, caspase-8 and
caspase-9 assays were based on spectrophotometric detec-
tion of the chromophore p-nitroanilide (pNA) after cleav-
age from the labeled substrates of caspases DEVD-pNA,
IETD-pNA, and LEHD-pNA, respectively. The light emis-
sion of pNA was quantiWed using a microtiter plate reader
at 405 nm. Caspase activities in the samples were calcu-
lated from the standard curves. Standard curves were pre-
pared for each enzyme between known amounts (unit, U) of
active caspase-3 (Biovision©), caspase-8 (Alexis©) and
caspase-9 (Alexis©) and the obtained pNA absorbance.
Obtained results from the curves were divided by the pro-
tein values of each sample to reach the speciWc activity per
microgram protein (SA/�g protein).

Cyt c levels of cytosolic fractions were measured by
using one-step solid phase sandwich enzyme-linked immu-
nosorbent assay (ELISA) system (MBL©). Microwell strips
of ELISA, coated with anti-cytochrome c polyclonal anti-
body that is speciWc for human beings, mouse and rat,
respectively, were used to perform the assay. All measure-
ments were performed in duplicate according to the manu-
facturers’ instructions.

Determination of plasma TNF-� and IL-6 concentrations

For assay of IL-6 and TNF-� plasma levels, ELISA was per-
formed with commercially available kits according to the
manufacturers’ instructions. The rat interleukin-6 (rail-6) and
rat tumor necrosis factor-alpha (raTNF-�) concentrations

were measured using ELISA kits developed by BioSource
International (Camarillo, CA). The absorbance was measured
spectrophotometrically using a microplate reader (BioTek
Instruments©, US) and the concentration of each cytokine
was calculated by comparison with its calibration curve.

Statistical analysis

All results are presented as mean § standard deviation
(mean § SD). The diVerences among all groups’ were eval-
uated by one-way Kruskal–Wallis variance analysis. For
the comparison of the soleus and the gastrocnemius groups
between themselves and with the control group, Mann–
Whitney U test was performed. The statistical analysis was
performed with the SPSS software statistical program.
DiVerences between groups were considered statistically
signiWcant for P < 0.05.

Results

Apoptotic nuclei

No apoptotic nuclei of muscle Wbers were detected in the
control group (Fig. 1a, b). The percentage of apoptotic
nuclei of the soleus muscle Wbers showed increases rapidly
after exercise compared to the control group whereas, in the
gastrocnemius muscle Wbers, the percentages showed
increases gradually in a time dependent manner (Fig. 2).
The highest percentage was found at 0 h in the soleus mus-
cle and at 6 h in the gastrocnemius muscle Wbers (Figs. 1c,
d, and 2). All data in the gastrocnemius and soleus muscle
Wbers were signiWcantly diVerent from that of the control
group (P < 0.01) (Fig. 2). The percentage of apoptotic
nuclei in endothelial cells of the soleus muscle tissue was
found at a signiWcantly high level compared to the control
group (P < 0.01) (Figs. 3a, b, and 4). Interestingly, the per-
centage of apoptosis of endothelial cells in the soleus mus-
cle tissue was found at a signiWcantly higher level
compared to the control group and the gastrocnemius mus-
cle tissue (P < 0.01) and apoptotic percentages tended to
rise after exercise in a time dependent manner (Fig. 4).
There was no evidence of muscle necrosis in H&E sections.

Lipid peroxidation and glutathione status

Mitochondrial MDA, as a lipid peroxidation marker, was
found to be signiWcantly diVerent from that in the control
group (P < 0.05) in all the groups except for the groups of
48 h (P > 0.05) (Fig. 5). Mitochondrial MDA levels were
found signiWcantly higher in the soleus muscle than in the
gastrocnemius muscle Wbers between all the groups
(P < 0.05). Compared to the control group, the highest
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values were found at 0 h of the soleus muscle Wbers and at
3 h of the gastrocnemius muscle Wbers (P < 0.01) (Fig. 5).
Glutathione is the major intracellular thiol compound in
muscle and dropping total/oxidized ratio of it does provide
indirect measures of the oxidative stress in the cell (Meister

and Anderson 1983). Mitochondrial GSH/GSSG ratios
were found to be signiWcantly diVerent from that in the con-
trol group, in all of the groups of soleus muscle (P < 0.05),
except for the groups of 48 h (P > 0.05) (Fig. 6). Lower
ratios were found at 3 h (P < 0.01) and 6 h (P < 0.01) after
exercise. In the groups of gastrocnemius muscle, GSH/
GSSG ratios were found to be signiWcantly diVerent from
the control group only at 6 h (P < 0.01) and at 12 h
(P < 0.05) after exercise. All values of GSH/GSSG in the
soleus muscle were found to be lower than in the groups of
gastrocnemius muscle after exercise but more signiWcant
diVerences between the two groups were obtained at 0 h
(P < 0.01), 3 h (P < 0.01), and 6 h (P < 0.05) (Fig. 6).

The level of cytochrome c and activities of caspase-9, -8 
and -3

Cytosolic Cyt c levels were found to diVer signiWcantly
from that in the control group at all points in time
(P < 0.05) but the highest value was found at 6 h in the
soleus and gastrocnemius muscle tissues after exercise
(Fig. 7). All Cyt c values were higher in the groups of
soleus than the groups of gastrocnemius but a signiWcant
diVerence between the two types of muscle Wbers was
determined only at 6 h (P < 0.01) (Fig. 7). Caspase

Fig. 1 Photomicrograph sections of the soleus and gastrocnemius
muscles from each experimental group determined by anti-ssDNA
monoclonal antibody. Photomicrographs representative of the soleus
and gastrocnemius muscle Wbers in control (a, b) and exercised groups

(c, d) respectively. The nuclei stained dark indicate apoptotic myonu-
clei in the soleus muscle section at 0 h (c) and in the gastrocnemius
muscle section at 6 h (d) after exercise

Fig. 2 The percentage of apoptotic nuclei (%) in the soleus, and
gastrocnemius muscle tissues. C control (without exercise) and muscle
tissues removed after exercise programme: 0, 3, 6, 12, 24, and 48 h.
Each bar represents the percentage of apoptotic nuclei. * P < 0.01 indi-
cates signiWcant diVerence between exercised and the control group
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activities of the soleus muscle indicate that the increase of
caspase-9, activated by releasing of Cyt c from the mito-
chondria, was signiWcantly diVerent from the control group
(P < 0.05) at all the time points (Fig. 8). While activation of
caspase-8 was found at 3 h after exercise, Wrst signiWcant
activation for caspase-9 and caspase-3 were found at 0 h
(P < 0.01). The highest values for all of the caspases in the
all time points were determined at 3 h after exercise
(Fig. 8). However, in gastrocnemius muscle, signiWcant
activations of caspase-8, activated by extrinsic pathway,
were found at 3 and 6 h after exercise (P < 0.01) (Fig. 9).
Caspase-3 activation, activated by eVects of both caspase-9
and caspase-8, were found signiWcantly diVerent from the
control group in all time points in gastrocnemius muscle
tissue (Fig. 9). Comparing all the caspase activities in two
kinds of muscle Wbers, no remarkable diVerences were
obtained for caspase-8 and -3, (P > 0.05) but signiWcant
diVerences (P < 0.01) were found for caspase-9. In soleus
muscle tissues, higher values of caspase-9 were determined
at the early time points (0, 3 h) (Fig. 8); however, in gas-
trocnemius muscle tissues, its activation appeared at the
later time points (6, 12 h) (Fig. 9).

Fig. 3 Photomicrographs of the 
soleus muscle Wbers in control 
(a) and at 48 h after exercise (b). 
e indicates apoptotic nuclei of 
endothelial cells

Fig. 4 The percentage of apoptotic nuclei (%) in endothelial cells of
the soleus and gastrocnemius muscles. C control and muscle tissues,
removed after exercise programme: 0, 3, 6, 12, 24, and 48 h. Each bar
represents the percentage of apoptotic nuclei. * P < 0.01 indicates sig-
niWcant diVerence between exercised and the control group
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Fig. 5 MDA levels (�mol/l) in mitochondrial fractions of the soleus
and gastrocnemius muscles. C control (without exercise) and at speci-
Wed times after strenuous exercise. MDA levels are presented
(means § SD, n = 7 animals) as a bar for each time point. * P < 0.05
indicates signiWcant diVerence between exercised group (for the sole-
us/gastrocnemius muscle) and the control group; cross P < 0.05 indi-
cates signiWcant diVerence between the soleus and gastrocnemius
muscle
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Fig. 6 GSH/GSSG levels (�mol/mg protein) in mitochondrial frac-
tions of the soleus and gastrocnemius muscles. C control (without exer-
cise) and at speciWed times after strenuous exercise. GSH/GSSG ratios
are presented (means § SD, n = 7 animals) as bar for each time point.
* P < 0.05 indicates signiWcant diVerence between exercised group
(for the soleus/gastrocnemius muscle) and the control group;
cross P < 0.05 indicates signiWcant diVerence between the soleus and
gastrocnemius muscle
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Plasma TNF-� and IL-6 concentrations

Plasma concentrations of TNF-�, a marker of inXammation
and IL-6, a marker of muscle contraction, tend to rise
immediately after exercise but the highest level was found
at 3 h (P < 0.01) (Fig. 10). Plasma concentrations of IL-6
increased at 0 and 3 h after exercise and then gradually
decreased with time. Higher levels of TNF-� were found at
3 and 6 h after exercise (P < 0.01).

Discussion

The principle aim of this study was to address the diVerence
between diVerent muscle groups in terms of apoptotic
response to the strenuous exercise. We also examined the
relation between oxidative metabolism and strenuous exer-
cise-induced apoptosis. The soleus muscle is composed of
predominantly type I Wbers and has a larger volume of
mitochondria, whereas the gastrocnemius is composed pri-
marily of type II Wbers and has a lower volume of mito-
chondria. Therefore, these muscles represent two major
muscle Wber types with diVerent mitochondria volumes and
approximately a 3- to 4-fold diVerence in the capacity for
oxidative metabolism (Amstrong et al. 1984; Powers et al.
1994).

In the present study, we conWrm that muscle apoptosis is
triggered by strenuous exercise as shown in recent studies
(Podhorska et al. 1998; Sandri et al. 1997). In addition, to
our knowledge, this is the Wrst study both addressing the
apoptotic diVerence between the gastrocnemius and soleus
muscles against strenuous exercise, and showing the exis-
tence of apoptotic nuclei by using anti-ssDNA monoclonal
antibody which is a powerful and speciWc marker of

Fig. 9 Cytosolic caspase activities (SA/�g protein, speciWc activity
per �g protein) in the gastrocnemius muscle. C control (without exer-
cise) and at speciWed times after strenuous exercise. Caspase activities
are presented (means § SD, n = 7 animals) as bar for each time point.
* P < 0.05 indicates signiWcant diVerence between control group and at
speciWed times after strenuous exercise
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Fig. 7 Cytosolic Cyt c levels (ng/mg protein) in the soleus and gas-
trocnemius muscles. C control (without exercise) and at speciWed times
after strenuous exercise. Cyt c levels are presented (means § SD, n = 7
animals) as solid bar for each time point. * P < 0.05 indicates signiW-
cant diVerence between exercised group (for the soleus/gastrocnemius
muscle) and the control group; cross P < 0.05 indicates signiWcant
diVerence between the soleus and gastrocnemius muscle
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Fig. 8 Cytosolic caspase activities (SA/�g protein, speciWc activity
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apoptotic nuclei. We showed that soleus muscle nuclei
were more prone to apoptosis than the myonuclei of gas-
trocnemius muscle. On the other hand, apoptotic nuclei
were also seen in the endothelial cells of intramuscular cap-
illaries immediately after exercise and apoptosis was
enhanced in a time dependent manner. Exercise-induced
muscle damage is a process, which usually starts with a
mechanical overload of the myoWbers; however, in fact, it
is a consequence of a complex reaction implicating myoW-
bers, basal lamina and intramuscular vessels. Its persistence
may be mediated by inXammatory and non-inXammatory
events, like oxidative stress related to ischemia/reperfusion
or sustained hyperemia after exercise. The free radical burst
may be one of the mechanisms that triggers the apoptosis. It
is well known that such events induce apoptosis (Kannan
et al. 2000; McArdle et al. 2001). Our evidence of endothe-
lial cell apoptosis close to the capillary wall, increase of
MDA levels and reduction of GSH/GSSG ratios after the
strenuous exercise, strongly support this hypothesis.
Although, the precise mechanism by which oxidative stress
can promote endothelial cell apoptosis cannot be elucidated
in this study, evidence from in vitro systems suggest that
changes in mitochondrial integrity may mediate ROS-
induced apoptosis endothelial cells (Kadenbach et al. 2004;
Hermann et al. 1997; Rossig et al. 2000).

It has also been hypothesized that the important source
and target of ROS during exercise is mitochondria (Golden-
thal and Garcia 2004; Di Meo and Venditti 2001). Since
mitochondria consume more than 90% of the cellular oxy-
gen, a critical by-end product of mitochondrial bioenergetic
activity is the generation of ROS. Exercise-induced ROS
generation may cause elevated lipid peroxidation and
reduce redox status of the mitochondrial matrix as shown
by decreased ratio of GSH/GSSG (Rajguru et al. 1994;
McLennan and Degli Esposti 2000; Goldenthal and Garcia
2004; Cooper et al. 2002). Li et al. (1999) reported that
exercise decreased membrane Xuidity and increased lipid
peroxidation in rat skeletal muscle mitochondria. McArdle
et al. (2004) also suggested that skeletal muscle has addi-
tional sources of generation of superoxide. Our results sup-
port that the strenuous exercise causes increase of MDA
level and reduction of GSH/GSSG ratio in the mitochon-
dria. In addition, our results also indicate that increase in
lipid peroxidation and decrease in redox status occur earlier
and predominantly in mitochondrial fractions of the soleus
muscle (e.g., at 0 h). These results imply that the diVerent
oxidative response to strenuous exercise may be related to
diVerence in the capacity for oxidative metabolism of the
muscles.

The eVect of strenuous exercise on apoptosis in the
soleus and gastrocnemius muscles still remains unknown
and few data exist to evaluate apoptosis in these muscle
Wbers separately. It has been shown that increased oxidative

stress is related to the activation of apoptosis (Buttke et al.
1994; Pollack and Leeuwenburgh 2001; Yuan et al. 2003).
The present study provides evidence that the soleus and
gastrocnemius muscles have diVerent apoptotic response to
the strenuous exercise. Our results emphasize the impor-
tance of oxidative damage on release of Cyt c in the strenu-
ous exercise. Higher levels of Cyt c in the cytoplasmic
fractions suggest that the mitochondria play a signiWcant
role in apoptotic signaling in the soleus muscle in contrast
to the gastrocnemius muscle. On the other hand, caspase
activities are evaluated in a time dependent manner; the
highest activity of caspase-9 was found earlier (at 3 h) in
the soleus muscle, whereas the highest activity of caspase-8
was demonstrated earlier (at 3 h) in the gastrocnemius mus-
cle. Earlier caspase-9 activation implies that apoptosis in
soleus muscle Wbers depends primarily on the intrinsic
mechanism, but the extrinsic mechanism, activated by
caspase-8, supports all the apoptotic eVects afterwards.
Taken together, these results imply the priority of the
intrinsic pathway of apoptosis for the soleus muscle in con-
trast to the extrinsic pathway for gastrocnemius muscle.
Although, the mechanism of exercise-induced apoptosis in
the muscle Wbers still remains unexplained, our Cyt c and
caspase activity results show that classical apoptotic path-
ways, as observed in the mononucleated cells, may not be
eVective in the muscle Wbers because, we showed that
release of Cyt c occurs later (at 6 h) than the activation of
caspase-9 and -3 (at 3 h). However, our results may adjust
to the hypothesis of biphasic kinetics of Cyt c. This model
of biphasic Cyt c release has been Wrst proposed by Scorr-
ano et al. (2002). Recently, Garrido et al. (2006) suggested
that vast panels of distinct proapoptotic stimuli (ROS, pro-
apoptotic proteins, cardiolipin oxidation, caspase activities
and Ca) converge on mitochondria to induce mitochondrial
outer membrane permeabilization (MOMP) and Cyt c
release. At the Wrst level, an incomplete MOMP is induced
and only a small fraction of Cyt c exits in the cytosol.
Thereafter, a total, irreversible MOMP may take place,
leading to sustained Cyt c release and eventually, apoptosis.
The initial release of Cyt c induces the activation of casp-
ases that, in turn, may be implicated in the second wave of
MOMP. Moreover, during the Wrst stages, a slight increase
in ROS results in the peroxidation of cardiolipin (CL),
which is a necessary phospholipid for the insertion of Cyt c
into mitochondrial membrane. Oxidized CL, together with
the structural alterations of the mitochondrial cristae in
which most Cyt c is sequestered, allows for the complete
release of Cyt c from mitochondria. These hypotheses may
support the early activation of caspases and late elevation
of Cyt c in our study. Furthermore, it is worth noting that
the muscle samples examined in the present study were
obtained after the exhaustion time (52.2 § 3.0 min); there-
fore, ROS formed in this period may cause the initial
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release of Cyt c and activation of caspase-9 and caspase-3
at earlier times.

Contracting skeletal muscle has the capacity to express
catabolic cytokines like TNF-� and IL-6. Recent studies
show that TNF-� and IL-6 can be detected in plasma during
and after strenuous exercise and increase of their levels can
be explained by the intensity of exercise (Ostrowski et al.
1998; Pedersen et al. 2000, 2001). On the other hand, it has
been shown that TNF-� and IL-6 increases in plasma may
mediate apoptosis by activating caspase-3 directly via
extrinsic pathway (Reid and Li 2001; Steward et al. 2004;
Dirks and Leeuwenburgh 2006). These studies suggest that
the resultant rise in circulating TNF-� levels leads to
increased ligand binding to TNF-� receptor on the skeletal
muscle sarcolemma and its receptor activation also stimu-
lates intracellular production of mitochondrial ROS and
induces apoptosis by extrinsic pathway. In the present
study, the plasma TNF-� and IL-6 levels showed the same
time pattern with the activations of caspase-8 and -3 in the
gastrocnemius muscle. The increases of TNF-� and IL-6
levels at 3 h indicate that exercise causes an inXammatory
response and auto-oxidation, which may also lead to the
production of free radicals. All these eVects may cause the
activation of caspase-8 and caspase-3 via an extrinsic path-
way. Furthermore, the other potential relation between oxi-
dative stress and apoptosis is the control of caspase-3
activity. The control of caspase-3 activity is a complex pro-
cess and involves several interconnected signaling path-
ways. It has been shown that caspase-3 is activated by
activation of caspase-12 via calcium release pathway (Nak-
agawa et al. 2000) or by activation of caspase-9 in the case
of disuse-induced muscle atrophy (Primeau et al. 2002) and
increase of TNF-� in the serum (Dirks and Leeuwenburgh
2006). A key interaction among these caspase-3 activation
pathways is that all of these corridors can be activated by
ROS (Pistilli et al. 2006).

In conclusion, our study aimed to compare the apoptotic
response of the gastrocnemius and soleus muscle groups.
Our results show that these two types of muscle Wbers react
diVerently to the strenuous exercise. Triggering of apopto-
sis in the soleus muscle tissue primarily depends on the
intrinsic pathway and is activated by oxidative stress,
whereas in the gastrocnemius muscle tissue, an extrinsic
pathway and cytokine increases are more likely to cause
augmentation of apoptotic eVect. We also suggest that gen-
eration of ROS in the muscle tissues may depend on the
oxidative metabolism of the Wbers and release of TNF-�
and IL-6 after exercise improves the apoptotic eVect in a
time dependent manner. We conclude that strenuous exer-
cise may cause increased oxidative stress and release of
TNF-� and IL-6 in soleus and gastrocnemius muscles.
However, apoptotic response of the gastrocnemius and
soleus muscle Wbers or priority of the mechanisms of

apoptosis (intrinsic/extrinsic) show diVerences related to
the muscle types or their capacity for oxidative metabolism.
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