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Introduction
Physical activity and exercise is associated with a reduced 
risk of cardiovascular disease in epidemiologic studies[1].  
Appropriate exercise has been demonstrated to improve car-
diovascular structure and function as well as maintain glucose 
and lipid homeostasis[2–4].  However, high-intensity exercise 
can result in increased autophagy in skeletal muscle[1, 5].  We 
have previously shown that long-term overload-exercise (OE) 
in rats led to heart dysfunction by increasing cardiomyocyte 
apoptosis[6, 7].  Later, we found that short-term OE in rats also 
induced cardiac injury through the induction of autophagy 
and apoptosis[6, 7].  However, whether the inhibition of 

autophagy can alleviate OE-induced cardiac injury remains 
unknown.  

Autophagy is a conserved intracellular degradation pro-
cess that delivers cytoplasmic constituents to the lysosome to 
provide a protective mechanism for maintaining the function 
of organ and tissue.  Increasing evidence has demonstrated 
that autophagy contributes to various diseases, such as can-
cer and heart diseases[8, 9].  Massive and persistent activation 
of autophagy may contribute to excessive cell proliferation 
and pathological alterations[10].  Pharmacological inhibition of 
autophagy after viral insults has protective effects on acute 
lung injury[11, 12].  Autophagy occurs at a low rate in the heart 
under physiological conditions[13, 14].  However, it has been 
shown to be upregulated in cardiovascular diseases, such as 
ischemia-reperfusion and heart failure[9, 15–17].  Thus, it is inter-
esting and important to explore whether inhibition of autoph-
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agy could be beneficial in OE-induced cardiac injury.
The interactions between autophagy and apoptosis have 

been investigated with different results regarding autophagy 
in preventing or inducing apoptosis[18, 19].  Elevated autophagy 
was reported to promote apoptosis in a hypoxic condition[15].  
The B-cell lymphoma 2 (Bcl-2) family of proteins includes anti-
apoptotic member Bcl-2 and pro-apoptotic member Bax.  Pre-
vious studies have demonstrated that Bcl-2 can inhibit apopto-
sis and autophagy through binding to Bax and beclin-1, which 
is a key component involved in the initiation of autophago-
somes formation[20–23].  However, whether autophagy inhibi-
tion can reduce different intensities of OE-induced cardiomyo-
cyte apoptosis remains unknown.  

In the present study, we investigated the effect of autophagy 
inhibition on different intensities of OE-induced cardiomyo-
cyte injury.

Materials and methods
Animals
A total of 60 healthy male Sprague-Dawley (SD) rats (age: 
2-months old; weight: 200±20 g) were purchased from Hubei 
Research Center of Experimental Animals (Hubei, China) and 
used for the study.  All animals were maintained on a 12-h 
light/dark cycle and provided access to food and water ad libi-
tum.  

All experimental protocols were approved by the Ani-
mal Care and Use Committee of Wuhan Sports University, 
which is in compliance with the National Institutes of Health 
Guidelines.  All experiments were dedicatedly designed and 
performed according to the ethical guidelines for the use of 
experimental pain-conscious animals[24].

Experimental protocol of OE in rats 
The swimming exercise protocol was described in our pre-
vious study with a slight modification[6].  All rats were pre-
trained to swim in the absence of a load for one week.  For for-
mal OE procedures, all rats were randomly divided into two 
groups (n=30/group): the saline-treatment group was intrave-
nously injected with 500 μL sterile saline by using 261/2 gauge 
needle via tail vein; the 3-MA-treatment group was intrave-
nously injected with 3-MA at a dose of 15 mg/kg of body 
weight in a volume of 500 μL by using a 261/2 gauge needle via 
the tail vein.  Then, rats in each group were randomly divided 
into five subgroups (n=6/subgroup) and subjected to one 
single bout of swimming training: saline+Con & 3-MA+Con: 
control group (no swim); saline+MIE & 3-MA+MIE: no over-
load, swim for 2 h (mild-intensity exercise; MIE); saline+MOE 
& 3-MA+MOE: with a load of 2.5% of the body weight on 
the tail, swim for 2 h (moderate-overload exercise; MOE); 
saline+IOE & 3-MA+IOE: with a load of 5% of the body 
weight on the tail, swim for 2 h (intensive-overload exercise; 
IOE); saline+EOE & 3-MA+EOE: with a load of 2.5% of the 
body weight on the tail, swim till the rats became exhausted 
(unable to float up within 10 s; exhausting-overload exercise; 
EOE).  The load was composed of paper clips that were bound 
with a rope and tied to the tail base.  

Histological analysis
After OE, three hearts from each group were harvested, and 
the left ventricles were isolated and treated as we described 
previously[6, 19].  In brief, all left ventricles were fixed with 10% 
neutral formalin in phosphate buffer overnight, soaked with 
water, dehydrated through an alcohol series in a tissue pro-
cessing machine (Tissue-tek, USA), and embedded in paraffin.  
The longitudinal sections (5-µm thickness) of heart tissue were 
prepared by using a microtome (Leica RM 2255, Germany) 
and stained with hematoxylin-eosin (H&E, Sigma, Louis, 
MO, USA) solution according to the manufacturer’s instruc-
tions.  All sections were examined using a light microscope 
(Leica, Germany) at 400×, and the width of cardiomyocytes 
was quantified as previously reported[25].  Briefly, the data of 
cardiomyocyte width were collected from ten representative 
cardiomyocytes per field, five random fields in each slide.  The 
data from six slides were averaged for one rat.  Distortion and 
disruption of myocardial fibers were grossly evaluated by 
visual observation.

Transmission electron microscopy (TEM)
For transmission electron microscopy (TEM) analysis, the 
harvested hearts from different groups were fixed with 2% 
glutaraldehyde and post-fixed with 1% osmium (all were 
purchased from Electron Microscopy Science, Hatfield, PA), 
then embedded with Epon 812 (Sigma, St Louis, MO, USA) 
and baked at 60 °C according to our previously described pro-
tocol[6, 19].  Ultrathin sections (60–80 nm) were prepared with 
MT7000, mounted on 300-mesh copper grids, and stained with 
uranyl acetate and lead citrate.  All samples were examined 
with a transmission electron microscope (H-7000FA, Japan) 
at an accelerating voltage of 70 kV.  The quantification of 
autophagosomes was analyzed as previously described[10].  
The autophagosomes on each slide were counted under five 
random fields, and the numbers of six slides were averaged 
for one rat.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling 
assay
In situ apoptosis was performed by using the terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL) assay 
kit (Roche Diagnostics, Indianapolis, IN, USA) according to 
our previous report[6, 19].  Briefly, heart slices (5 µm-thickness) 
were adhered to gelatin-coated slides, dewaxed, rehydrated in 
gradient concentration ethanol, and washed with PBS.  Then, 
the slides were incubated with Proteinase K solution in PBS, 
blocked and incubated with TUNEL reaction mixture (45 
µL Equilibration buffer, 1 µL biotin-11-dUTP and 4 µL TdT, 
freshly prepared) for 60 min at 37 °C.  Labeled nuclei were 
visualized with peroxidase-conjugated anti-digoxygenin anti-
body with diaminobenzidine as the chromogen.  All heart tis-
sue samples were examined under a light microscope (Leica, 
German).  TUNEL-positive cells had brown or yellowish-
brown granules in the nucleus, with the characteristic mor-
phology of apoptosis.  Apoptotic cells were counted at ten 
arbitrarily selected microscopic fields.  The apoptotic rate of 
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cardiomyocytes was calculated with the following formula: 
apoptotic rate (%)=(number of TUNEL-positive cells/total 
number of cells)×100.

Western blot analysis
Proteins from the hearts harvested from each group were 
extracted with tissue lysis buffer (Thermo scientific, Grand 
Island, NY, USA) supplemented with complete mini protease 
inhibitor tablet (Roche Diagnostics, Indianapolis, IN, USA).  
Protein lysates were electrophoresed on an SDS-PAGE gel 
and transferred to PVDF membranes.  The membranes were 
blocked with 5% non-fat milk for 1 h and incubated with pri-
mary antibodies against Beclin-1 (1:500, Abcam, Cambridge, 
MA, USA), LC-3B (1:1000, Abcam, Cambridge, MA, USA), 
Bcl-2 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
Bax (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
and β-actin (1:10 000; Cell Signaling Technologies, Danvers, 
MA, USA) at 4 °C overnight.  After washing, the membranes 
were incubated with horseradish peroxidase-conjugated IgG 
(Jackson Immuno Research Lab, West Grove, PA, USA) for 
1 h at RT.  The blots were developed with enhanced chemilu-
minescence developing solutions and quantified with ImageJ 
software.  

Statistical analysis
Experimental data were expressed as the mean±SD.  Multiple 
comparisons were performed by one- or two-way ANOVA 
followed by post hoc test.  SAS 6.12 software was used.  For all 
tests, a value of P<0.05 was considered statistically significant.  

Results
OE-induced heart injury model in rats 
The myocardial structure was assessed by H&E staining.  As 
shown in Figure 1, in the saline+Con and saline+MIE groups, 
the cardiomyocytes of the left ventricles maintained normal 
morphological structures, such as neatly arranged cardiomyo-
cytes and intact myocardial fibers with clearly visible stripes.  
In the saline+MOE group, the myocardium displayed fiber 
distortion.  In the saline+IOE group, we found that cardio-
myocytes became swollen and distorted.  Moreover, in the 
saline+EOE group, the cardiomyocytes became more swollen 
and some fibers were disrupted.  The data demonstrate the 
success of the rat model of OE-induced heart injury.

3-MA reduced cardiac morphology changes in OE rats
When compared to saline+MIE group, 3-MA+MIE did not 
affect the morphology of cardiomyocytes, such as fiber 
arrangement and the width of cardiomyocytes.  In the 
3-MA+MOE group, 3-MA treatment decreased the distor-
tion of myocardium fibers when compared to those in saline-
treated rats.  In the 3-MA+IOE group, 3-MA treatment 
remarkably reduced the distortion of fibers.  Moreover, in the 
EOE group, 3-MA treatment partially reduced the fiber distor-
tion and significantly decreased the width of cardiomyocytes 
(P<0.05, vs saline+EOE; Figure 1).  

Figure 1.  3-MA reduced OE-induced heart injury in rats.  (A) Represen-
tative histologic images showing the morphology of cardiomyocytes in the 
left ventricle of the heart in various OE groups treated with/without 3-MA.  
(B) Quantitative data of the cardiomyocyte width.  *P<0.05 vs saline+Con, 
saline+MIE or saline+MOE.  #P<0.05 vs 3-MA+Con or 3-MA+MIE.  $P<0.05 
vs saline+IOE or saline+EOE.  The data are expressed as the mean±SD.  
n=3/group.  Magnification: ×400, Scale bar: 40 μm.  3-MA: 3-methyl-
adenine; MIE: mild-intensity exercise; MOE: moderate-overload exercise; 
IOE: intensive-overload exercise; EOE: exhausting-overload exercise.
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3-MA decreased autophagosome formation and down-regulated 
the ratio of LC-3 II/I in the hearts of in OE rats
Autophagosome formation is an important morphological 
feature of autophagy.  As shown in Figure 2, a rare autopha-

gosome was found in the myocardium of control or MIE 
or MOE rats.  More autophagosomes were observed in the 
myocardium of saline-treated IOE and EOE rats (P<0.05, vs 
saline+Con or saline+MIE).  3-MA treatment remarkably 

Figure 2.  3-MA reduced OE-induced autophagosome formation in the left ventricle.  (A) Representative TEM plots showing the formation of 
autophagosomes (white arrow) in the left ventricle of the heart in various OE groups treated with/without 3-MA.  a1 is the enlarged view of box a; b1 is 
the enlarged view of box b.  Scale bar: 2 μm.  (B) Quantification of autophagosomes.  *P<0.05 vs saline+Con, saline+MIE or saline+MOE.  #P<0.05 vs 
3-MA+Con, 3-MA+MIE or 3-MA+MOE.  $P<0.05 vs saline+IOE or saline+EOE.  The data are expressed as the mean±SD.  n=3/group.  N: nucleus.  3-MA: 
3-methyladenine; MIE: mild-intensity exercise; MOE: moderate-overload exercise; IOE: intensive-overload exercise; EOE: exhausting-overload exercise. 

Figure 3.  3-MA prevented OE-induced elevated ratio of LC-3 II/I and increased expression of beclin-1 in the left ventricle.  (A) Representative Western 
blot bands and summarized data of LC3-I and LC3-II.  (B) Representative bands and summarized data of beclin-1.  *P<0.05 vs saline+Con.  #P<0.05 vs 
3-MA+Con.  $P<0.05, vs saline+MIE or 3-MA+MIE.  &P<0.05 vs saline+MOE, saline+IOE or saline+EOE. The data are expressed as the mean±SD. n=3/
group.  3-methyladenine; MIE: mild-intensity exercise; MOE: moderate-overload exercise; IOE: intensive-overload exercise; EOE: exhausting-overload 
exercise.
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reduced autophagosome formation in the myocardium of IOE 
and EOE rats (P<0.05, vs saline+IOE or saline+EOE).

To further assess the autophagy activity, we measured 
the levels of autophagy-related proteins, LC3-II/I and 
Beclin-1.  Our western blot results (Figure 3) revealed that OE 
elevated the ratio of LC-3 II/I in saline-treated rats (P<0.05 
vs saline+Con).  Further, this increase was paralleled by the 
increasing of the intensity of OE (EOE>IOE>MOE).  3-MA 
treatment did not significantly change the ratio of LC-3 II/I in 
MIE rats (P<0.05 vs 3-MA+Con), whereas 3-MA significantly 
decreased MOE-, IOE- and EOE-induced elevated ratios of 
LC-3 II/I, compared to those of saline-treated rats (P<0.05, vs 
saline+MOE, or saline+IOE, or saline+EOE).  Similarly, we 
found that the expression of Beclin-1, another autophagy-
related protein, was upregulated in the saline-treated MIE, 
MOE, IOE and EOE rats (P<0.05, vs saline+Con), paralleled by 
the intensity of OE (EOE>IOE>MOE).  3-MA decreased MOE-
induced upregulation of beclin-1(P<0.05, vs saline+MOE).  
IOE- or EOE- induced elevated expression of Beclin-1 was 
also largely reduced by 3-MA (P<0.05, vs saline+IOE or 
saline+EOE).  Taken together, these data are in agreement 
with the findings in autophagosome formation as well as in 
histological changes.
 
3-MA decreased cell apoptosis in the left ventricle of OE rats
As shown in Figure 4, the cell apoptosis in the left ventricle 
was analyzed by TUNEL staining.  In the saline-treated rats, 

there was a significant increase of cell apoptosis in those com-
pleted MOE, IOE and EOE compared to that of the control and 
MIE rats (P<0.05, vs saline+Con or saline+MIE).  More cells 
underwent apoptosis as the intensity of OE (EOE>IOE>MOE) 
increased.  3-MA did not display an anti-apoptotic effect in 
MIE rats (P>0.05, vs saline+MIE).  However, it significantly 
decreased MOE-induced apoptosis and largely reduced IOE-, 
and EOE- induced apoptosis (P<0.05, vs saline+ MOE, or 
saline+IOE, or saline+EOE.

3-MA prevented the reduction of Bcl-2/Bax in the left ventricle of 
OE rats 
To further explore the mechanism of 3-MA, we measured the 
expression of Bcl-2 and Bax in the proteins extracted from the 
left ventricle.  As shown in Figure 5, MIE did not significantly 
change the levels of Bcl-2 and Bax, or the ratio of Bcl-2/Bax, 
in both saline and 3-MA treated rats (P>0.05, vs saline+Con or 
3-MA+Con).  MOE, IOE and EOE significantly decreased the 
ratio of Bcl-2/Bax in saline-treated rats (P<0.05, vs saline+Con).  
3-MA treatment significantly increased the ratio of Bcl-2/Bax, 
which was associated with down-regulated expression of Bax 
and elevated expression of Bcl-2 (P<0.05, vs saline+MOE, or 
saline+IOE, or saline+EOE).  These data help to interpret the 
findings on cell apoptosis in MOE, IOE and EOE rats.

Discussion
In this study, we showed a rat model of short-term OE-

Figure 4.  3-MA decreased OE-induced cell apoptosis in rats.  (A) Representative images showing the TUNEL positive cells which were labeled in brown 
(arrows).  Scale bar: 100 μm. (B) Summarized data. *P<0.05 vs saline+Con or saline+MIE; #P<0.05 vs 3-MA+Con or 3-MA+MIE.  $P<0.05 vs saline+MOE 
or 3-MA+MOE.  &P<0.05 vs saline+MOE, saline+IOE or saline+EOE. The data are expressed as the mean±SD.  n=3/group. 3-MA: 3-methyladenine; MIE: 
mild-intensity exercise; MOE: moderate-overload exercise; IOE: intensive-overload exercise; EOE: exhausting-overload exercise.  
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induced heart injury characterized by histological changes and 
alterations in gene expression.  Moreover, we revealed that 
3-MA, an autophagy inhibitor, effectively attenuated the heart 
injury in this OE model through modulating autophagy and 
apoptosis.

It is well known that regular physical exercise can help 
maintain heart health[26].  Swimming exercise training can 
induce a physiological left ventricular hypertrophy for the 
hemodynamic overload of the heart[27].  Nevertheless, vigor-
ous exercise causes pathological cardiac hypertrophy, triggers 
sudden cardiac cell death, and even acute myocardial infarc-
tio[28, 29].  The changes of cardiac morphology have been shown 
to be associated with poor prognosis in patients with heart 
failure and correlate with adverse cardiac remodeling[30].  We 
have previously demonstrated that short-term OE can induce 
cardiac injury, as evidenced by the disorganization of myo-
cardial fibers and increased collagen volume fraction in the 
left ventricle.  Such injury mainly was through OE-induced 
activation of autophagy and apoptosis[19].  Interestingly, in that 
study, we found that transcutaneous electrical acupoint stimu-
lation, a novel noninvasive and low-risk alternative to elec-
troacupuncture, could counteract the short-term OE-induced 
cardiac injury[19].  In this study, we found that OE induced an 
irregular arrangement of cardiomyocytes, an increase of the 
width of cardiomyocytes, and an increase of cardiomyocyte 
autophagy and apoptosis, which paralleled the intensity of 
OE (EOE>IOE>MOE).  This made it possible to investigate the 
effects of different intensities of OE on the heart.

 Autophagy has been characterized as an essential cellular 
process in the heart.  In general, cells exhibit a low rate of 

autophagy at basal levels, however, it can increase in response 
to stress conditions[31].  Though autophagy is documented as 
a cell survival mechanism, excess autophagy might be detri-
mental and cause cell death[13].  Autophagy has been reported 
in myocardial ischemia/reperfusion, cardiac oxidative stress 
and heart failure[32, 33].  To investigate whether inhibition of 
autophagy can affect OE-induced acute detrimental effects in 
the heart, we pre-treated rats with autophagy inhibitor 3-MA.  
Our EM data showed that 3-MA largely alleviated MOE-, IOE- 
and EOE- induced autophagosome formation in the myocar-
dium, indicating that OE-induced excess autophagy can be 
inhibited by 3-MA.  In addition, our results showed that 3-MA 
treatment remarkably decreased the MOE-induced irregular 
arrangement of cardiomyocytes and partially reduced IOE- 
or EOE-induced swelling of cardiomyocytes and myocar-
dium fiber distortion, suggesting the therapeutic potential of 
3-MA on OE-induced cardiac injury.  In our study, we did not 
observe any acute deaths of animals.  However, whether 3-MA 
could induce later detrimental effects or even a considerable 
rate of mortality awaits further investigation.  In addition, we 
will further investigate whether other autophagy inhibitors 
such as wortmannin[34] have anti-autophagic effects on OE-
induced acute cardiac injury rat model.

To elucidate the relationship of autophagy and OE-induced 
cardiac injury, we determined the autophagy-related gene 
expression in the myocardium in rats.  It is well known 
that the conversion of LC-3 I to LC-3 II is an autophagic 
marker[35, 36].  The ratio of LC-3 II/I has traditionally been used 
to evaluate the extent of autophagy.  In our study, 3-MA treat-
ment decreased the ratio of LC-3 II/I in MOE, IOE and EOE 
rats, suggesting that 3-MA can alleviate excessive autophagy 
and prevent myocardium damage.  We also measured 
beclin-1, which is another key protein shown to be involved in 
the regulation of autophagy[13].  Consistently, our data showed 
that 3-MA treatment reduced the OE-induced upregulation of 
beclin-1 in the heart.  Taken together, 3-MA can decrease the 
ratio of LC-3 II/I and the level of beclin-1, as well as alleviate 
OE-induced histological injury of the heart, although we did 
not perform a heart function assessment.  These findings dem-
onstrate the anti-autophagy effect of 3-MA in the heart of rats.  
Meanwhile, our result is supported by a previous study show-
ing that 3-MA has an anti-autophagy effect in the isolated rat 
atria subjected to ischemia/reperfusion injury[37].  However, 
we did not determine whether 3-MA could promote autoph-
agy flux, which can be blocked by using autophagy-lysosome 
fusion inhibitors or lysosomal hydrolases inhibitors[34].  

Apoptotic cell death has been demonstrated to be a contrib-
uting factor to the progression of heart disease[38].  Whether 
autophagy functions as a pro-death or pro-survival program 
during the pathogenesis of heart disease has not been com-
pletely understood.  A previous study showed that the apop-
totic rate of cardiomyocytes was considerably increased in 
mice experiencing long-term moderate-intensity and exhaust-
ing exercise[32].  Yan et al reported that autophagy triggered by 
ischemia could be a homeostatic mechanism by which apop-
tosis is inhibited[39].  In this study, we found that 3-MA as an 

Figure 5.  3-MA prevented OE-induced reduction of Bcl-2/Bax in the left 
ventricle.  Top panels: Representative Western blot bands.  The histogram 
shows the summarized data of Bcl-2/Bax.  *P<0.05 vs saline+Con or 
saline+MIE.  #P<0.05 vs 3-MA+Con or 3-MA+MIE.  $P<0.05 vs 3-MA+MOE.  
&P<0.05 vs saline+MOE, saline+IOE or saline+EOE.  The data are 
expressed as the mean±SD.  n=3/group.  3-MA: 3-methyladenine; MIE: 
mild-intensity exercise; MOE: moderate-overload exercise; IOE: intensive-
overload exercise; EOE: exhausting-overload exercise.
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autophagy inhibitor decreased MOE-, IOE-, and EOE- induced 
cell apoptosis in the left ventricle.  To further explore the path-
way mechanism, we investigated the effect of 3-MA on the 
ratio of Bcl-2/Bax.  We found that 3-MA significantly coun-
teracted the reduction of Bcl-2/Bax induced by MOE, or IOE 
or EOE.  These data are consistent with the TUNEL staining 
assay showing the decreased apoptotic rate of cardiomyocytes 
of the MOE, IOE and EOE rats.  These findings are supported 
by an in vitro study showing that 3-MA can inhibit autophagy 
and apoptosis in palmitate-treated osteoblasts[18], and an in 
vivo study demonstrating that intracerebroventricular injec-
tion of 3-MA elicited an inhibitory effect on traumatic brain 
injury[40].  

In conclusion, the inhibition of autophagy can attenuate 
short-term OE-induced cardiac injury in rats with the mecha-
nism of autophagy/apoptosis inhibition.  The findings provide 
insights on developing pharmacological strategies for prevent-
ing OE-induced cardiac injury.
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