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Summary 
Exercise can improve the cardiovascular health. However, the 
mechanism contributing to its beneficial effect on elderly patients 
with myocardial infarction is obscure. 20-month-old male 
Sprague-Dawley rats were used to establish myocardial infarction 
(MI) model by permanent ligation of the left anterior descending 
coronary artery (LAD) of the heart, followed by 4-week interval 
exercise training on a motor-driven rodent treadmill. The cardiac 
function, myocardial fibrosis, apoptosis, oxidative stress, and 
inflammatory responses were determined by using pressure 
transducer catheter, polygraph physiological data acquisition 
system, Masson's trichrome staining, and ELISA to evaluate the 
impact of post-MI exercise training on MI. Western blot were 
performed to detect the activation of AMPK/SIRT1/PGC-1α 
signaling in the hearts of aged rats. Exercise training significantly 
improved cardiac function and reduced the cardiac fibrosis. In 
infarcted heart, the apoptosis, oxidative stress, and inflammation 
were significantly reduced after 4-week exercise training. 
Mechanistically, AMPK/SIRT1/PGC-1α pathway was activated in 
the myocardial infarction area after exercise training, which 
might participate in the protection of cardiac function. Exercise 
training improves cardiac function in MI rats through reduction of 
apoptosis, oxidative stress, and inflammation, which may 
mediate by the activation of AMPK/SIRT1/PGC-1α signaling 
pathway. 
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Introduction 
 

Myocardial infarction (MI) is one of the highest 
morbidity and mortality cardiovascular diseases, and its 
incidence increases sharply with age in the world [1]. In 
the past decades, MI cases have increased dramatically, 
for example, there were 16 million new cases occurred in 
2015 alone [2,3]. With the growth of aged population 
globally, the importance of prevention and treatment of 
MI will further increase. The prevalence of myocardial 
infarction in the elderly is much higher than that in the 
young, and effective interventions are urgently needed for 
adjuvant therapy [4]. There is a growing clinical 
consensus that exercise training may help to change 
myocardial remodeling and improve cardiac function 
after myocardial infarction [5-7], but the related 
mechanism is still controversial, and there are gaps in 
research on the elderly. 

Myocardial ischemia is the major cause of MI, 
which promotes the overexpression of reactive oxygen 
species (ROS) in the injured myocardium [8]. 
ROS overproduction after MI increase the oxidative 
stress responses and the production of inflammatory 
cytokines, and then disrupt the membranes of 
myocardium, which cause serious necrosis and apoptosis 
of infarcted heart [9]. Both myocardium injury and cell 
death lead to the inflammatory responses and cardiac 
remodeling, such as hypertrophy of cardiomyocyte of the 
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surrounding myocardium and cardiac fibrosis [10,11]. 
These remodeling of cardiomyocytes result in 
deterioration of cardiac function and eventually lead to 
cardiac dysfunction and heart failure [12]. Large number 
of signal pathways altered during the above pathological 
processes, including PTEN/PI3K/Akt, Akt3/mTOR,  
NF-κB, and AMPK/SIRT1/PGC-1α signaling pathways 
[13-16]. Zeng et al. reported that enhancing AMPK-
dependent autophagy can improve MI injury in rat model 
[16]. Quercetin administrations improve I/R-induced 
cardiomyocyte apoptosis through activating the 
SIRT1/PGC-1α signaling pathway in vitro and in vivo [17]. 

As a non-pharmacological intervention, 
appropriate exercise training has been reported to have 
benefits for improving cardiovascular functions in 
healthy population and cardiovascular patients [18,19]. 
Post-MI exercise training can change the MI-induced 
myocardial remodeling and improve the cardiac function 
[20]. Moreover, exercise training also promotes the 
production of antioxidant and improve the 
cardiorespiratory capacity in heart failure patients [21]. 
Although studies have shown that exercise can improve 
the cardiovascular health, the impact of exercise on 
elderly patients with myocardial infarction is currently 
unclear. In current study, the elderly MI rats were used as 
the research object to explore the impact of exercise 
on MI. We found that the heart function, myocardial 
fibrosis, apoptosis, inflammation, oxidative stress of the 
elderly MI rats in the exercise group were improved. 
AMPK/SIRT1/PGC-1α pathway is activated in the 
myocardial infarction area, which participates in the 
protection of cardiac function. Therefore, moderate 
exercise may become a new intervention method for the 
elderly patients with myocardial infarction. 
 
Materials and Methods 
 
Animals 

Aged Sprague-Dawley male rats (20-month-old) 
were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. (Beijing, China). Rats were 
housed under the 12/12 light/dark cycles and 22-24 ℃ 
conditions with free access for food and water. All animal 
experiments were performed according to the protocol 
established by the University Committee on Use and Care 
of Animals at the Affiliated Wuxi No. 2 People’s 
Hospital of Nanjing Medical University. 
 
Myocardial infarction model 

The rat MI surgery was carried out by permanent 

ligation of the left anterior descending coronary artery, 
flowing the protocols published previously [22,23]. 
During the acute phase of MI, 4 rats died and 2 rats 
without ST segment elevation were excluded in this 
study. A successful operation of surgery was confirmed 
by sign of MI, and electrocardiogram was used to 
confirm the regional myocardial ischemia. The Sham and 
MI rats were divided into four groups: Sham, 
Sham+exercise (Sham+Ex), MI, MI+Ex, with 10 rats for 
each group. 
 
Post-MI exercise training 

Both Sham+Ex and MI+Ex groups were 
subjected to interval exercise training on the motor-driven 
rodent treadmill (Harvard Apparatus, Holliston, USA). 
The first week after MI, rats were allowed to recover. 
One week after MI, the rats received adaptive exercise 
training for one week (10 m/min for 30 min), and then 
daily exercise. From the second week, rats performed 
daily interval exercise training at treadmill speeds of 
10 m/min (10 min), then 25 m/min (7 min), and 15 m/min 
(3 min). This daily exercise training was carried out 
5 days/week for four weeks. 
 
Cardiac function analysis 

At the end of the experiment, rats were 
anesthetized using 30 mg/kg pentobarbital. The pressure 
transducer catheter (Utah Medical Products, Inc., 
Midvale, USA) and Powerlab ML 870 polygraph 
physiological data acquisition system (AD Instruments, 
Sydney, Australia) were used to quantify the left ventricle 
end diastolic pressure (LVEDP), left ventricle systolic 
pressure (LVSP), and maximal positive and minimal 
negative first derivative of LV pressure  
(±dp/dt maximum). Rats were euthanized after the 
measurement and left ventricle of peri-infarcted zone was 
used for molecular biological and histological analyses. 
 
Masson's trichrome staining 

Collagen volume fraction (CVF) was quantified 
with the infarct ratio after Masson's trichrome staining by 
using the ImageJ software (NIH, Bethesda, USA). 
Briefly, heart tissues were fixed by 4 % PFA for 2 days 
and embedded into paraffin blocks, and then cut into 
sections with 7 µm thickness. Sections were performed 
Masson's trichrome staining, and cardiac fibrosis status of 
myocardium infarction in aged rat was evaluated by the 
collagen volume fraction, which defines as the sum fall 
the connective tissue areas of the entire section, following 
the previous protocol [24]. 



2023  Exercise Improves Cardiac Function    29  
 

Western blot 
Left ventricle samples of peri-infarcted zone 

were homogenized and lysed by using the Cole-Parmer 
LabGEN 125 Homogenizer (Cole-Parmer, Vernon Hills, 
USA) and Beyotime RIPA lysis buffer (Shanghai, 
China). Total protein concentration was determined by 
BCA protein assay (Thermo Fisher Scientific, Waltham, 
USA). Target protein levels were analyzed by Western 
blot as described previously [25]. The primary antibodies 
of Bax (#14796, 1:1000 dilution), Bcl-2 (#2764, 1:1000 
dilution), SirT1 (#8469, 1:1500 dilution), and PGC-1α 
(#2178, 1:1000 dilution) were ordered from Cell 
Signaling Technology, Inc. (Danvers, USA); primary 
antibodies of p-AMPK (T172, ab133448, 1:1000 
dilution), AMPK (ab110036, 1:1500 dilution), and 
GAPDH (ab9485, 1:2000 dilution) were purchased from 
Abcam plc. (Cambridge, United Kingdom). Each group 
had 3 samples, and the protein levels were quantified by 
using Image J software (NIH, Bethesda, USA). 
 
ELISA 

The protein levels of oxidative stress makers and 
inflammatory cytokines released by heart tissues were 
determined by using the commercial ELISA kits. 
Superoxide dismutases (SOD) and Glutathione (GSH) 
were determined by Beyotime Superoxide Assay Kit 
(S0060) and Total Glutathione Assay Kit (S0052), 
respectively. Thiobarbituric Acid Reactive Substances 
(TBARS) was measured by the TBARS Parameter™ Kit 
(R&D Systems (Montgomery, USA). The concentration 
of IL-1β, IL-6, and TNF-α were determined by 
commercial kits ordered from Thermo Fisher Scientific 
(Waltham, USA). 
 
Statistical analysis 

All statistical analyses in this study were 
performed by using the Prism 8.0 software. One-way 
ANOVA analysis with a post hoc test was used to 
analyze the differences between groups. All data were 
represented as mean ± standard deviation (SD). It was 
considered statistically significant when p value was less 
than 0.05. 
 
Results 
 
Exercise alleviates MI-induced cardiac dysfunction 

Twenty-month-old Sprague-Dawley rats were 
used to establish MI model; male rats were used in this 
study to avoid that hormone level changes in elderly 

female rats influence the results. To investigate the 
benefits of post-exercise training on MI-induced heart 
damage, we performed cardiac function analysis at the 
end of training. As shown in Figure 1a, MI significantly 
reduced the LVSP of rats compared to that in Sham 
group. Post-exercise training improved LVSP of Sham 
rats, interestingly, exercise also significantly restored the 
MI-induced LVSP reduction. Similar ameliorative result 
of post-exercise training on MI was observed on LVEDP 
(Fig. 1b). Moreover, the maximum time derivatives of the 
pressure change during left ventricular contraction 
(+dp/dt) and relaxation (-dp/dt) were significantly 
improved after 4 weeks of exercise training in both Sham 
and MI rats (Fig. 1c, 1d). We also recorded the body 
weight and heart rate of treated rats at the beginning and 
end of the experiment, interestingly, exercise could 
significantly increase body weight (Fig. S1a) and reduce 
heart rate (Fig. S1b) of Sham and MI tarts. All these data 
suggested that exercise alleviates MI-induced cardiac 
dysfunction. 
 
Exercise reduces MI-induced cardiac fibrosis 

Cardiac fibrosis is one of the important 
indicators of heart function [26,27], hence, we measured 
the cardiac fibrosis analysis of myocardium infarction in 
treated rats. Although there was no change of 
CVF between exercise and non-exercise rats in Sham 
groups, post-exercise training decreased the CVF in 
MI rats significantly (Fig. 2). 
 
Exercise improves apoptosis in myocardium of MI rats 

To explore the underlying mechanism of 
exercise on MI amelioration, we performed Western blot 
to detect the apoptotic markers in myocardium. In 
comparison with non-exercise Sham rats, apoptosis 
regulator Bax protein level was decreased after exercise 
and increased in MI heart; however, post-exercise 
training significantly reduced the MI-induced 
Bax elevation (Fig. 3a, 3b). In contract, Bcl-2 protein 
level was decreased in the myocardium of MI rats, which 
was restored by post-exercise training (Fig. 3a, 3c). The 
above data indicated that post-exercise training 
suppresses MI-induced apoptosis in myocardium of rats. 
 
Exercise suppresses oxidative stress responses and 
inflammatory cytokines release in heart tissues of MI rats 

Next, oxidative stress and inflammatory 
responses, two major risk factors of myocardium [28,29], 
were detected by ELISA. The concentration of 
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antioxidants, SOD and GSH, was decreased in MI rats 
and restored in MI+Ex rats significantly (Fig. 4a, 4b). In 
contract, oxidative stress marker TBARS increased in MI 
heart and reduced after exercise training (Fig. 4c).  
The release of inflammatory cytokines, IL-1β, IL-6, and 
TNF-α, increased in MI heart significantly; upon 4 weeks 
of exercise training, their releases had dropped 
significantly (Fig. 5a-c). 
 
Exercise activates AMPK/SIRT1/PGC-1α signaling 
pathway in MI heart 

To further reveal the molecular regulation of 
exercise on MI damage, we detected the activation of 

AMPK/SIRT1/PGC-1α signaling in control and MI heart. 
MI surgery significantly decreased the phosphorylation 
level of AMPK in myocardium, 4 weeks of exercise 
training was able to restore the activation of 
AMPK signaling (Fig. 6a and 6b). Similar rescue effect 
of post-exercise training on MI damage was observed on 
the expression of SIRT1 and PGC-1α (Fig. 6a, 6c,  
and 6d). Interestingly, the activation of AMPK/SIRT1/ 
PGC-1α signaling only happened in MI heart instead of 
Sham heart. These results suggested that post-exercise 
training improves cardiac function might through 
activation of AMPK/SIRT1/PGC-1α signaling pathway. 
 

 
 

 
 

 
 
Fig. 1. The effects of exercise 
training on the cardiac functions. 
LVSP (a), LVEDP (b), +dp/dt ma-
ximum (c) and -dp/dt maximum 
(d) were measured. Data were 
expressed as mean ± SD. n=10 
for each group. * p<0.05, 
** p<0.01, *** p<0.001 com-
pared with sham group; 
# p<0.05, ## p<0.01 compared 
with MI group. LVSP, left 
ventricular systolic pressure; 
LVEDP, left ventricular end-
diastolic pressure; ±dp/dt maxi-
mum, maximal rate of rise or 
decline of left ventricular 
pressure. 
 
 
 

 

 
 
 

 

 
Fig. 2. Cardiac fibrosis analysis of heart from indicated groups. 
Cardiac fibrosis analysis of myocardium infarction in aged rat by 
evaluating the collagen volume fraction (CVF). Data were 
expressed as mean ± SD. n=10 for each group. ** p<0.01 
compared with sham group; # p<0.05 compared with MI group. 
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Fig. 3. The effects of exercise on Bax and Bcl-2 in myocardium of aged rat. Protein expression of Bax and Bcl-2 were analyzed by 
western blot (a) and relative expression levels of Bax (b) and Bcl-2 (c) were quantified. Data were expressed as mean ± SD. n=3 for 
each group. * p<0.05 compared with sham group; # p<0.05 compared with MI group. 
 
 

 
 
Fig. 4. Exercise suppressed oxidative stress induced by MI. SOD (a), GSH (b) and TBARS (c) activities were analyzed. Data were 
expressed as mean ± SD. n=10 for each group. * p<0.05, ** p<0.01 compared with sham group; # p<0.05 compared with MI group. 
 
 

 
 
Fig. 5. Exercise suppressed inflammatory cytokines release in heart tissues following MI in aged rats. IL-1β (a), IL-6 (b) and TNF-α (c) 
levels were detected by ELISA. Data were expressed as mean ± SD. n=10 for each group. ** p<0.01, *** p<0.001 compared with 
sham group; # p<0.05, ## p<0.01 compared with MI group. 
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Fig. 6. Exercise training activates AMPK/SIRT1/ PGC-1α signaling pathway. The effects of exercise on p-AMPK, AMPK, SIRT1 and  
PGC-1α were analyzed by western blot (a) and relative expression levels of p-AMPK/AMPK (b), SIRT1 (c) and PGC-1α (d) were 
quantified. Data were expressed as mean ± SD. n=3 for each group. * p<0.05 compared with sham group; # p<0.05 compared with 
MI group. 
 
 
Discussion 
 

Myocardial infarction is a cardiovascular disease 
with the highest morbidity and mortality, and its 
incidence increases sharply with age in the world [1]. 
Studies have shown that exercise can improve the 
cardiovascular health of both healthy individuals and 
cardiovascular patients [30-32]. However, the mechanism 
contributing to its beneficial effect on elderly MI patients 
is still unclear. Here, we investigated the protective effect 
of post-MI exercise training on infarcted heart using the 
20-week-old elderly MI rat model. We found that 
exercise training improved the MI-induced heart 
dysfunction and myocardial fibrosis significantly. The 
apoptosis, oxidative stress and inflammatory responses in 
the infarcted heart were decreased after four weeks of 
exercise. Mechanistically, AMPK/SIRT1/PGC-1α 

pathway was activated in the myocardial infarction area 
after exercise training, which might participate in the 
protection of cardiac function. Therefore, moderate 
exercise may become a new intervention method for the 
elderly patients with myocardial infarction. 

Previous studies reported that MI result in 
pathological cardiac remodeling and cardiac 
dysfunctions, including the accumulation of cardiac 
fibrosis, decrease of LVSP and time derivatives of 
contraction (+dp/dt) and relaxation (-dp/dt), and increase 
of LVEDP [33-35]. In current study, MI surgery 
significantly reduced the value of LVSP and time 
derivatives of contraction/relaxation, and increased the 
LVEDP and cardiac fibrosis remarkably, which are in 
line with the previous findings observed in patients and 
animal models. With 4 weeks of post-MI exercise 
training, all the above pathological parameters were 
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significantly improved. Interestingly, cardiac function is 
improved not only in MI rats but also in Sham rats. In 
consideration of rats used in this study are elderly  
(20-month-old), our findings suggested that exercise 
training has significant benefits for both MI-injured and 
aged heart. 

MI is usually caused by myocardial ischemia 
that leads to cell death and cardiac remodeling, and then 
trigger and aggravate the oxidative stress and 
inflammatory responses in the injured and peri-infarcted 
areas. Hori et al. demonstrated that the ischemic 
myocardium generated ROS injure the cell membrane 
and lead to apoptosis directly, in addition, ROS release 
also trigger multiple signal transduction to promote the 
overproduction of inflammatory cytokines, such as  
TNF-α, IL-1β, and IL-6 [9]. Bezerra et al. reported that 
suppression of the oxidative stress and inflammation via 
cholinergic stimulation can improve MI in rat model [36]. 
With post-MI exercise training, apoptosis markers, 
oxidative stress and inflammatory responses were 
reduced in MI heart significantly, which indicated that 
exercise improves MI-induced cardiac dysfunction 
through inhibition of oxidative stress and inflammation in 
heart. 

Recent studies demonstrated that exercise 
increase SIRT1 expression and activate its downstream 
target PGC-1α, and then suppress myocardial apoptosis 
and fibrosis, eventually improve cardiac function in 
elderly rat hearts [37,38]. SIRT1/PGC-1α pathway plays 

important role in oxidative stress and inflammation 
modulation [39]. However, its function in infarcted heart, 
especially in exercise mediated post-MI heart recovery, is 
still unclear. Here, we reported for the first time that post-
MI exercise training significantly improve MI-induced 
cardiac dysfunction, and AMPK/SIRT1/PGC-1α 
signaling might be one of molecular pathways involved 
in this pathophysiological alteration. The underlying 
molecular regulation and upstream factors of 
AMPK/SIRT1/PGC-1α signaling pathway in exercise 
mediated cardiac function improvement need to be 
addressed in the future studies. It’s worth to note that the 
results of this study are based on animal data, elderly 
patients after MI do not have healthy coronary artery 
which may be the difference with respect to the outcomes 
of exercise intervention. 
 
Conclusions 
 

Post-MI exercise training improves cardiac 
function in the aged drat model through suppression of 
apoptosis, oxidative stress, inflammatory responses, and 
activation of AMPK/SIRT1/ PGC-1α signaling pathway. 
Our findings may shed lights in MI treatment via the non-
pharmacological intervention, such as exercise training. 
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