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Low-Intensity Swimming Training Does not Protect the 
Skeletal Muscle Against Exhaustive Exercise-Induced 
Injuries in Rats
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ABSTRACT
While regular aerobic exercise promotes beneficial adaptations to the skeletal muscle, acute 

exhaustive exercise causes structural damage to the skeletal muscle cells. The aim of this study was 
to verify whether a low-intensity swimming program protects the skeletal muscles against dam-
age induced by exhaustive exercise. Male Wistar rats (weight: 376.50 ± 4.36g; age: 90 days) were 
randomly divided into four groups: control sedentary (CS, N=8); sedentary submitted to exhaustive 
test (ES, N=7); swimming trained (ST, N=7); swimming trained submitted to exhaustive test (STE, 
N=7). Animals of TN and TNE groups were submitted to a swimming regimen without overload for 
90 min/day, 5 days/wk, during 17 weeks. Forty-eight hours after the last training session, animals 
from SE and TNE groups were submitted to an exhaustive exercise protocol. At sacrifice, fragments 
of soleus and rectus femoris muscles were collected and submitted to histological analysis and heat 
shock protein (HSP70) expression measurement. The results showed that the time until exhaustion 
was greater in the STE than in SE group (125.0 6.00 vs. 90.0 8.48 min, respectively, P<0.05). The 
levels of blood lactate during exhaustive exercise were lower in animals from TNE than SE (5.31 ± 
0.22 vs. 8.76 ± 0.59 mmol/L, respectively, P<0.05)The frequency of damaged fibers in the muscles 
was greater in SE (soleus: 34.86±0.04; rectus femoris: 37.57 ± 0.07) and STE (soleus: 41.57±0.08; 
rectus femoris: 39.57 ± 0.05), compared to groups SC (soleus: 13.88±0.81; rectus femoris: 16.75 ± 
0.79) and ST (soleus: 24.14±0.06; rectus femoris: 24.0 ± 0.05), respectively, (P<0.05). There was no 
significant difference in the HSP70 levels of the analyzed muscles among the four groups (P>0.05). 
In conclusion, although a low-intensity swimming training increased the animals’ performance in 
the exhaustive exercise test, it did not protect their skeletal muscles against damage induced by 
exhaustive exercise. 
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INTRODUCTION
Exhaustive exercise can induce to lesions in the muscle 

fibers(1,2). Among the factors proposed as responsible for 
lesions are mechanical stress, disturb in the intracellular 
calcium homeostasis, pH and body temperature alteration, and 
inflammatory response(3,4). Mechanical and oxidative factors 
trigger the lesion and some inflammatory mediators exacerbate 
this situation in the days subsequent to the exercise(5). Injured 
fibers present cytoplasmic vacuolization, dislocation of the 
cellular nuclei from the fiber periphery to the center, onset of 
pyknotic nuclei, segmental necrosis and phagocytes invasion(1,2). 

The stress caused by exhaustive exercise may determine 
cellular death in skeletal muscles by two distinct mechanisms: 
necrosis and apoptosis(6). In necrosis, there is increase in the to-
tal volume of the cell and the organelles, followed by autolysis, 
which involves dissolution of its subproducts, which stimulate 
the exudative inflammation(7). In the apoptosis process, there is 
a variety of intra and extracelular signs which regulate the ex-
pression of specific genes which will be able to express proteins 
which trigger apoptosis (eg.: Bax, Fas, p53) and proteins which 

inhibit apoptosis (eg.: Bcl2, Bcl-XL)(8), as well as protein protease 
(eg.: caspases)(9). 

However, multicellular organisms are provided with a group 
of highly conserved proteins, the so called heat shock proteins 
(HSPs), which help in the maintenance of the functions and in 
the cells survival facing different types of stress, including pH 
and temperature alterations, and oxidative stress(10). The HSPs 
families with molecular weight of 70kDa (HSP 70) are found in 
the cytoplasm and nucleus and share the function of interacting 
with other proteins during their maturation and keep them in 
the cytoplasm, stabilizing and/or preventing hence premature 
folding until their subsequent importation by the appropriate 
organelles(11). There is evidence that the HSP70 may inhibit the 
cellular death both by the caspases-dependent way and by the 
caspases-independent way(12). 

Regular moderate physical activity, on the other hand, is able 
to increase the antioxidant defense capacity of the body(13), as 
well as to increase the Hsp72 expression, the inducible HSP70 
form(14,15). Thus, physical training has been associated with 
the organism’s protection against stressing events(16-18) and 
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attenuation of cellular death in cardiac and skeletal muscles(19,20). 
The aim of this study was to verify whether a swimming program 
with low intensity is able to protect the skeletal muscles against 
lesions induced by exhaustive exercise. 

METHODS
Animals – Adult male Wistar rats (Rattus norvegicus, albinus), 

aged 90 days were used. The animals were placed in collective 
cages (four animals per cage), receiving water and food ad libi-
tum and were kept in environment with mean temperature of 
24oC and luminosity regimen of 12 hours dark by 12 hours light. 

The animals were randomly divided into eight groups with 
eight animals each: control sedentary (CS); sedentary submitted 
to exhaustion test (ES); swimming trained (ST); swimming trained  
submitted to exhaustion test (STE). The SE, ST and STE lost one 
animal each by drowning. 

All procedures were performed according to the Ethical 
Principles in Animal Experimentation designed by the Brazilian 
College of Animal Experimentation (COBEA), follow the specific 
resolutions (Law number 6,638, from May 8 ,1979; and decree 
number 24,645 from July 10, 1934) and were approved by the 
ethics in animal experimentation committee of the Federal Uni-
versity of Viçosa.

Swimming program – swimming was performed in a brick 
tank (width: 65cm, length: 75cm, height: 85cm), water level at 
45cm. Water temperature was kept at 30°C ± 1°C. Eight animals 
swam simultaneously in each tank. The training program was 
adapted from Bolter and Gordon(21). The training sessions started 
with duration of 10 minutes, being increased 10 minutes each 
day, ending up in 90 minutes at day nine, and was kept this way 
until the end of the experiment. The program was composed of 
a daily session, five days per week, with duration of 17 weeks. The 
animals swam freely, with no addition of overload. This model 
is characterized as an aerobic exercise of low intensity since the 
animals exercise below the lactate threshold (22). The animals from 
group ES were placed in the swimming tank for 10 minutes once 
a week for water familiarization. 

Exhaustion test – Forty-eight hours after the last training 
session, the animals from groups ES and STE were submitted to 
a swimming exhaustion test. The animals swam until exhaus-
tion, bearing load of 4% of their body weight attached to their 
bodies(23). Exhaustion was defined as the point at which the rat 
remained 10 seconds under water(24) and the exhaustion time 
was timed. 

At the exhaustion test, blood samples (one drop) were col-
lected from the tail tip of the animals in three moments: before 
the test (rest) and after 15 minutes of exertion. In order to avoid 
dilution in water, the animals were quickly dried with a towel for 
blood collection. Lactate concentration was determined using 
the automatic blood lactate analyzer Accutrend Check (Accus-
port, Roche). 

Samples collection – Forty-eight hours after the last training 
session, for groups CS and ST, and 48 hours after the exhaus-
tion test for groups ES and STE, the animals suffered euthanasia 
(CO2). One muscle of slow contraction (soleus) and one of fast 
contraction (rectus femoris, white portion) of the right and left 

limbs of each animal were removed and stored for histological 
analysis and of HSP70. Histological analysis was performed with 
the samples being placed in paraformaldehyde at 4% in phos-
phate buffer 0.1M, pH 7.2-7.4. HSP70 analysis was performed with 
the samples being involved in aluminum foil, frozen in liquid 
nitrogen and stored at – 80°C.

Morphometric analysis – After dehydration, the muscles 
were included in hydroxyethyl methacrylate (Historesin® Lei-
ca) and sectioned with 4µm thickness in rotative microtome 
(Reichert-Jung 2045 Multicut, Germany). The sections obtained 
were stained with toluidine blue-pironine and assessed in op-
tical microscope (Olympus BX-50). Morphometric analysis was 
performed using the image analysis program (Image Pro Plus, 
version 4.5 for Windows 98). The frequency of the injured fibers 
was determined where for each parameter 10 images of each 
animal were taken, using the SPOT program, version 3.5.9, and 
objective with 20x increase and zoom of 1.25 xs.

HSP70 analysis – The samples were removed from the freez-
er and after having been weighed, they were crushed for acquisi-
tion of a tissue extract to which the respective buffer was added 
(composition: 15mM Tris HCL; 600mM of NaCl; 1mM PMSF, pH 
7.5). In 60mg of extract 1,200µl of extraction buffer were added 
(1:20 ratio). Subsequently, the samples were added to Eppen-
dorfs, which were identified and kept in ice for approximately five 
minutes. After this incubation period, the cellular leftovers were 
discarded by centrifuging at 14,000g, at 4ºC, during 20 minutes 
and the supernatant was stored at –20° C. The total proteins 
extracts were quantified according to the Bradford method(25), 
using the three recommended replicas. 

Polyacrylamide gels electrophoresis (PAGE) containing sodi-
um dodecyl sulfate detergent (SDS) was essentially performed 
according to Laemmli(26). The protein extract was incubated for 
five minutes, at 100°C, in sample buffer [glycerol 10% (v/v), SDS 
2.3%, bromophenol blue 0.25%, 2-mercaptoetanol 5% (v/v) and 
Tris-HCl 0.0625mol/L, pH 6.8] before being applied in the gel. The 
electrophoresis was conducted for approximately 16 hours, at 
48V, in the running buffer (Tris-HCl 0.025mol/L, glycine 0.2mol/L, 
EDTA 1mmol/L and SDS 3.5mmol/L). This procedure was per-
formed for acquisition of three gels. One of these was stained 
with staining solution [methanol 40% (v/v), CH3COOH 7.5% (v/v) 
and Coomassie Brilliant Blue R-250 0.01%], for approximately 12 
hours, and unstained in unstaining solution [methanol 10% (v/v) 
and acetic acid 7.5% (v/v)]. The other two gels were submitted 
to the immunoblotting technique in order to verify if the Mono-
clonal Anti-Heat Shock Protein 70 antibody against HSP70 of rats 
was able to recognize the protein under interest.

The proteins were transferred to a nitrocellulose membrane, 
using the transference system by Biorad (USA), according to the 
manufacturer’s instructions. After the transference (in approxi-
mately one hour at 0.70 steady amperes), the nitrocellulose mem-
brane was immersed in blocking solution (casein – Non-fat Dry 
Milk, Biorad) for one hour. Subsequently, they were washed four 
times for 15 minutes each time, at room temperature, with TBS-T 
[Tris-HCl 0.01mol/L, NaCl 1.5mmol/L, Tween-20 0.1% (v/v), pH 7.6]. 
The membrane was incubated with the Monoclonal Anti-Heat 
Shock Protein 70 antibody (Sigma), in 1:5.000 dilution for three 
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Figure 1. Microphotographs representative of fibers of the soleus muscle 
of Wistar rats, in transversal cut, stained with toluidine blue-pironine. A: 
Control sedentary; B: sedentary submitted to exhaustion test; C: swimming 
trained; D: swimming trained submitted to exhaustion test. Asterisk: infiltra-
ted inflammatory; Arrow: nuclei dislocated to the center of the muscle fiber; 
Star: muscle fibers with cytoplasmic vacuolization; Arrow head: perimysium; 
Dotted arrow: endomysium. Bar: 20µm.
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Figure 2. Microphotographs representative of muscle fibers of the soleus 
muscle of Wistar rats, in transversal cut, stained with toluidine blue-pironine. 
A: control sedentary; B: sedentary submitted to exhaustion test; C: swimming 
trained; D: swimming trained submitted to exhaustion test. Asterisk: infiltra-
ted inflammatory; Arrow: nuclei dislocated to the center of the muscle fiber; 
Star: muscle fibers with cytoplasmic vacuolization; Arrow head: perimysium; 
Dotted arrow: endomysium. Bar: 20µm.
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hours under agitation. After the incubation period, the mem-
brane was washed with TBS-T four times, for 15 minutes each 
and later incubated with the Anti-Mouse IgG antibody (alkaline 
phosphatase – Sigma), in 1:10.000 dilution, for approximately two 
hours. The membrane was extensively washed with TBS-T, again 
for four times of 15 minutes each and subsequently incubated 
with enzyme buffer (Tris-HCl 0.1mol/L, pH 9.8, NaCl 0.1mol/L, 
MgCl2 0.5mol/L) for 10 minutes. The alkaline phosphatase activ-
ity was detected using the NBT (nitro-blue tetrazolium, Gibco/
Brl) and BCIP (5-bromo-4-chloro-3-indolium-phosphate, Gibco/
Brl) substrates. The immunoblotting bands were quantified 
by computer densitometry using the Personal Densitometer 
equipped with the Image Quant program, version 5.2 (Molecu-
lar Dynamics –USA). 

Statistical analysis – The means concerning the values of 
the variables were compared between groups through analysis 
of variance (ANOVA), followed by the Duncan’s test. The software 
Statistica for Windows 3.11 was used , and significance level was 
up to 5% (P < 0.05). 

RESULTS
The results showed that the trained animals remained ex-

ercising for a longer time until exhaustion than the sedentary 
animals (table 1). The blood lactate concentration was not dif-
ferent between the sedentary and trained animals at rest, but 
at 15 minutes the one from trained animals was lower than the 
one from sedentary animals. We highlight that during the ex-
periments three rats died, one of each group (ES, ST and STE).

DISCUSSION
This study investigated whether a swimming training pro-

gram with low intensity, below the lactate threshold, is able to 
protect the skeletal muscles against lesions induced by exhaus-
tive exercise in rats. We observed that the applied training pro-
gram improved performance of the animals, but did not promote 
protection to the skeletal muscles against lesions induced by 
exhaustive exercise. 

The muscles analysed of the animals from group CS pre-
sented predominance of fibers with preserved morphology, of 
polygonal aspect in transversal cut, involved by the endomysium 
and organized in fascicles involved by the perimysium (figure 
1A, figure 2A). However, in the other groups the lesions may be 
visualized in figure 1 B, C, and D and figure 1 B, C and D.

The frequency of lesions in the soleus and rectus femoris 
muscles of the animals from the control groups (CS and ST) were 
not statistically different (table 2). Nevertheless, the frequency of 
injured fibers after the exhaustion test in group ES was statistically 
higher than in group CS in both analysed muscles. Likewise, in 
group STE the frequency of  lesions was higher than in group 
ST. There was a rare presence of inflammatory infiltrates, but the 
frequency was not different between groups (data not shown). 

Figure 3 shows the build-up of HSP70 in the soleus and 
rectus femoris muscles. The animals from groups ES and STE 
presented tendency (P = 0.09) of higher build-up of HSP70 
(soleus:12.52 and 17.66%; rectus femoris: 23.45 and 19.26%, re-
spectively), compared to their controls (CS and ST, respectively), 
however, the differences have not reached statistical significance .

Table 1. Time until exhaustion and blood lactate concentration of the animals 
from the experimental groups. 

Group
Lactate at rest

(mmol/L)
Lactate at 15min.

(mmol/L)
Exhaustion time

(min)

ES (n = 7) 2.86 ± 0.08 8.76 ± 0.59 90.0 ± 8.48

STE (n = 7) 2.90 ± 0.04 5.31 ± 0.22* 125.0 ± 6.00#

Data are presented as means ± S.E.M. *, P<0.05 vs. ES, in the same column. ES, sedentary submitted to 
exhaustion. n, number of animals.

Table 2. Frequency of animal injured fibers of the experimental groups. 

Groups Rectus femoris Soleus

CS (n = 8) 16.75 ± 3.79 13.88 ± 3.81

ES (n = 7) 37.57 ± 0.07* 34.86 ± 0.04*

ST (n = 7) 24.0 ± 0.05 24.14 ± 0.06

STE (n = 7) 39.57 ± 0.05# 41.57 ± 0.08#

Data are presented as means ± S.E.M. *, P<0.05 vs. CS in the same column. ≠, P<0.05 vs. ST, in the same 
column. CS, control sedentary. ES, sedentary submitted to exhaustion test.   ST, swimming trained. STE, 
swimming trained submitted to exhaustion test. n, number of animals.
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We demonstrated that the swimming program applied was 
efficient in causing adaptations to the animals’ organisms since 
the trained animals swam for a longer period of time until ex-
haustion, if compared to the sedentary animals. Moreover, these 
animals performed exertion with less lactate build-up than the 
sedentary controls(27). These data indicate that the animals from 
groups ST and STE were trained.

However, after the exhaustion test the muscles assessed 
presented lesions in response to the exertion performed. The 
main lesions observed in this study were: cytoplasmic vacuoliza-
tion; light interstial inflammatory reactions and onset of nuclei 
with more volume and dislocated to the central position of the
fiber (2). These results show that the exhaustion test was sufficient 
to cause muscular lesions. 

In the sedentary animals, both in soleus – muscle of oxida-
tive features – and in the white portion of the rectus femo-
ris – muscle of glycolytic features –, the frequency of injured 
fibers was higher in the animals submitted to exhaustion than 
in the control ones (soleus: 151%; rectus femoris: 126%). Dur-
ing intense physical exercise there is increase of 10 to 20 times 
in the total oxygen consumption of the body and increase of 
100 to 200 times in the oxygen uptake by the muscle tissue(1). 
This kind of exercise may trigger different ways of formation of 
oxygen reactive species as well as muscle injuries such as the 
ones observed in this study(3).

In the same way, in the trained animals the frequency of 
injured fibers was higher in the animals submitted to exhaustion 
(STE) than in the control ones, group ST (soleus: 64.00%; rectus 
femoris: 155.00%). These data show that the training adaptations 

did not protect the muscles against injuries induced by exhaus-
tive exercise. One of the adaptations to physical training which 
could play the protective role is the increase of HSP70 expres-
sion by its antiapoptotic function(19). The increase of HSP in the 
skeletal muscle after exercise  is able to restore the homeostasis, 
promote cellular remodeling and protect against the recurrent 
cellular insult occurred during physical activity(28). 

Our findings show that the HSP70 levels, despite being higher 
in the trained animals than in the control ones after exhaus-
tion test, were not statistically different. The Hsp72 is exclusively 
expressed by stress events(11), being highly induced by physical 
exercise in skeletal and cardiac muscles(16), while the Hsp73 is 
constitutive(29). Thus, the higher values HSP70 values found in 
the trained animals when compared to the control animals (CS), 
despite of not being statistically different, reflect the induction of 
the Hsp72 expression in the assessed muscles (figure 3).

In agreement with the results of the present study, Smolka 
et al.(4), reported that exercise until exhaustion did not result 
in the HSP70 induction or decrease in activity of antioxidant 
enzymes in trained rats. According to the authors, exhaustion 
was less stressing to the trained animals due to the high activity 
of the pre-existing antioxidant enzymes in the soleus muscle of 
these animals. It is possible that reactive oxygen species attack 
muscle proteins of the sedentary rats and signal to the induc-
tion of HSP70 expression after exhaustion. On the other hand, 
if the pre-existing antioxidant enzymatic system is sufficient 
to avoid or minimize the attack of the reactive oxygen species, 
the induction of the HSP 70 expression may not be initiated 
or slightly initiated.

Another possibility is that the training intensity applied 
in the present study has not been sufficient to increase the 
HSP70 expression in the skeletal muscles of these animals. The 
mechanisms responsible for the induction of the HSP70 synthesis, 
in response to chronic exercise, involve many physiological 
alterations and factors such as increase of inner and muscle 
temperature, increase of the lactate concentration, increase 
of catecholamine activity, decrease of pH, glycogen and ATP, 
increase of free radicals and alterations in the cytosolic calcium. 
Such alterations could, independently or collectively, explain the 
consequent increase of HSP70. However, these factors are present 
in a differentiated manner, if we consider volume, intensity and 
level of stress caused by the exercise model(14,29). Some studies 
have given credit to the high levels of HSP70 expression in 
response to exercise to its intensity(14,30). 

In conclusion, although the swimming program with low 
intensity increases performance of the animals in the exhaustion 
test, it did not promote protection to the skeletal muscles studied 
against lesions induced by exhaustive exercise. 
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Figure 3. Build-up of heat shock protein (HSP70) in the soleus and rectus 
femoris muscles of Wistar rats. The same amounts of proteins of the muscles 
were separated by SDS-PAGE and the immunoblotting was done with the 
monoclonal antibody HSP70. A: control sedentary;  B: sedentary submitted 
to exhaustion test; C: swimming trained; D: swimming trained submitted 
to exhaustion test. 
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