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Background: Exercise training has been regarded as an effective mean of prevention and 
treatment of cardiovascular diseases (CVD), and exercise can improve the antioxidant 
capacity of the myocardial. While SIRT1 has been proved to protects the heart from 
myocardial ischemia/reperfusion (MI/R) injury and apoptosis, less is known about the 
association between exercise-induced cardioprotection and SIRT1.
Methods and Results: MI/R injury model was constructed after swimming training in mice. 
Significantly reduced myocardial infarct size, decreased apoptosis ratio and upregulated SIRT1 
protein expression in heart were found in swam mice by 2,3,5-triphenyltetrazolium chloride (TTC) 
staining of heart sections, TUNEL staining of frozen sections and Western blotting. The results of 
TUNEL staining and Western blotting suggested activation of SIRT1 using resveratrol (RSV) or 
inhibition of SIRT1 using EX527 in vitro blocked or accelerated cardiomyocytes apoptosis which 
induced by hypoxia/reoxygenation (H/R) respectively and regulated the expression of antioxidants 
in vitro. PGC-1α has been identified as one of the downstream genes of SIRT1 modulating oxidative 
stress and apoptosis. Importantly, the data of TTC staining, TUNEL staining, Western blotting, 
echocardiography and histopathological staining revealed that mice with inducible cardiac SIRT1- 
knockout blocked the protective effects of exercise preconditioning on myocardial infarct size, 
myocardial apoptosis, adverse ventricular remodeling, cardiac fibrosis and cardiac dysfunction after 
MI/R injury, simultaneously exercise-induced expression of myocardial antioxidant stress factors 
was hindered which was detected by immunohistochemical analysis.
Conclusion: SIRT1 protects against oxidative stress after MI/R injury by activating down-
stream PGC-1α and promoting the production of antioxidant enzymes. SIRT1 is required for 
exercise to protect against myocardial apoptosis and maladaptive ventricular remodelling 
induced by myocardial ischemia/reperfusion injury.
Keywords: exercise, myocardial ischemia/reperfusion injury, oxidative stress, SIRT1

Introduction
Cardiovascular diseases (CVD) are the main diseases that seriously endanger the health of 
human beings worldwide.1 The burden of CVD will increase with an aging population.2 

As one of the most common CVD, myocardial infarction (MI) leads to acute and 
persistent myocardial ischemia resulting in massive cardiomyocyte death due to necrosis 
and apoptosis which appear to be crucial for cardiac dysfunction.3–5 Early reperfusion 
therapy will inevitably lead to reperfusion injury to a certain extent when it resists 
myocardial ischemia,6 it has become a critical factor affecting the therapeutic effect of 
MI. Thus, exploring the pathways and mechanisms that alleviate myocardial ischemia 
reperfusion injury could be of great significance to fundamental research and clinical 
treatment implications.
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Previous studies have shown that myocardial ischemia 
reperfusion (MI/R) injury is mainly associated with 
increased oxidative stress levels.7–9 The accelerated pro-
duction of excessive oxygen free radicals and reactive 
oxygen species (ROS) induced by reperfusion is widely 
accepted to be one of the key pathophysiological mechan-
isms in the mitochondrial oxidative stress injury and myo-
cardial apoptosis.10,11 In addition, dysregulated expression 
of endogenous antioxidant key regulators also accelerate 
the apoptosis of cardiomyocytes.12–14 These studies sug-
gested that it is essential to finding effective means or 
agents that alleviate oxidative stress and suppress excess 
ROS may represent as a practicable therapy for ischemia 
reperfusion injury.

Exercise training has been regarded as an effective 
mean of prevention and treatment of CVD.15,16 The find-
ings of the previous study proved that exercise protects 
against MI/R injury-induced apoptosis and ventricular 
remodeling by regulating physiological cardiac growth.17 

Meanwhile, exercise training has been proved to improve 
the antioxidant capacity of the heart.18 For instance, recent 
research has confirmed that exercise might exert a positive 
effect on myocardial antioxidant capacity by phosphoryla-
tion and activation of eNOS.19 And there is an inevitable 
relationship between the up-regulated Nrf2 as an adaptive 
response to exercise and the high expression of cardiac 
antioxidants.20,21 In addition, exercise can also exert heart 
protective benefits by inducing minimal cardiomyocyte 
proliferation,22 suppressing inflammation23,24 and promot-
ing mitochondria energy metabolism.25,26

Silent information regulator 2 homolog 1 (SIRT1) is 
a nicotinamide adenine dinucleotide (NAD+) dependent 
histone deacetylase.27 The results of Alcendor et al 
showed that SIRT1 can delay the pace of cardiac aging 
and protect against cardiac oxidative stress.28 What is even 
more refreshing is the activation of SIRT1 can protect the 
heart from ischemia/reperfusion injury and cardiomyocyte 
apoptosis.29 In keeping with these observations, prior work 
from our group revealed that cardiomyocyte-specific dele-
tion of SIRT1 gene sensitizes myocardium to ischaemia 
and reperfusion injury in mice.30 However, little is known 
about whether there is an association between exercise- 
induced cardioprotection and SIRT1.

In the present study, we sought to investigate the role 
of SIRT1 in exercise-induced beneficial effects against 
myocardial ischemia-reperfusion injury. Reduced expres-
sion of SIRT1 protein was observed in a mice model of 
MI/R injury, however, swimming exercise was found to 

reverse the downregulation of SIRT1. All these results 
suggest that SIRT1 may not only be involved in MI/R 
injury but also its protein expression level is closely 
related to exercise. Since the current research status 
shows that SIRT1 can participate in the regulation of 
cardiac oxidative stress, we attempted to explore whether 
the exercise can regulate oxidative stress injury induced by 
MI/R injury through SIRT1. Our present experimental 
results suggest that activation of SIRT1 blocked cardio-
myocytes apoptosis induced by H/R and regulated the 
expression of antioxidants in vitro by activating down-
stream PGC-1α. Moreover, mice with icSIRT1 KO 
blocked the resistance of exercise to MI/R injury, simulta-
neously hindered exercise-induced expression of myocar-
dial antioxidant stress factors. These data indicate 
a potential correlation between SIRT1 and exercise- 
induced beneficial effects on myocardial ischemia/reperfu-
sion injury.

Materials and Methods
Mice Exercise Models
All animal experiments were performed according to the 
approved protocols of the Animal Care and Use 
Committee at Jilin University. And this experiment study 
was approved by the Ethics Committee of Jilin University 
(ethical approval number: 20200063). SIRT1flox/flox mice 
and CreERT2 mice were purchased from Jackson. 8-week- 
old male C57BL/6 mice were purchased from Viton Lihua. 
According to the methods given in the references, 8-week- 
old male C57BL/6 mice and transgenic mice swam in 
water pool (50 cm in diameter), starting with 10 minutes 
and increase by 10 minutes a day to 90 minutes, twice 
a day, approximately 6 h apart.3,31 MI/R surgery was 
performed on mice at the end of 21 days swimming train-
ing. At the endpoint of each experiment, mice ventricular 
tissues were harvested and frozen or for frozen section 
preparation for subsequent analysis.

Heart MI/R Injury Models and Analyses
Mice were anesthetized with isoflurane (2%) via inhalation 
and kept ventilated during surgeries. Mice heart IRI models 
were induced by ligation of the left anterior descending artery 
(LAD) with an 8–0 nylon suture for 45 minutes, followed by 
cardiac reperfusion for 24 h or 3 weeks, the sham operation 
does not involve ligation. The detailed process were 
described in our previous report.30 After 24 h of reperfusion, 
mice were sacrificed by cervical dislocation under 2% 
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isoflurane anesthesia. Then, myocardial infarct size was 
assessed. Briefly speaking, the heart sections were stained 
with 2,3,5-triphenyltetrazolium (TTC) and Evans blue to 
analyse the area at risk (AAR/LV) and infarct size (INF/ 
AAR).32 In addition, hearts from another group of mice 
sacrificed after 24 h of reperfusion were frozen in OCT and 
cut in 10 mm sections. On the other hand, to detect long-term 
ventricular remodelling after ischemia/reperfusion injury, 
echocardiography was performed on conscious mice by 
Vevo2100 (VisualSonics, Ontario, Canada) to measure 
heart function in mice after 3 weeks of reperfusion. Briefly, 
parameters were measured from M-mode images of para-
sternal short-axis view at papillary muscle level: ejection 
fraction (EF). The measurements performed in triplicate 
and took the average of three measurements as the final 
data for each mouse.3

Primary Cardiomyocytes Isolation, 
Culture, and Treatment
Primary neonatal rat cardiomyocytes (NRCMs) were 
isolated from neonatal rat (1–3 day old Sprague- 
Dawley) ventricular and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 4.5 g/L glu-
cose supplemented with 5% fetal bovine serum. The 
hypoxia/reoxygenation (H/R) model was established 
according to Song et al description.33 Briefly, cardio-
myocytes were treated with 4 h of hypoxia (1% O2, 5% 
CO2 and 94% N2) and then followed by 3 h of reox-
ygenation (21% O2, 5% CO2 and 74% N2) in an air- 
tight chamber at 37 °C. To explore the effect of SIRT1 
in regulating cardiomyocytes apoptosis, NRCMs were 
treated with 10 μM SIRT1 inhibitor (EX527, Sigma- 
Aldrich, USA), or 15 μM SIRT1 activator (Resveratrol, 
RSV, Sigma-Aldrich, USA) for 24 h, respectively. 
Next, the treated NRCMs were used to construct the 
H/R model. To investigate the effect of inhibition of 
PGC1-α on the anti-apoptotic effect of RSV, NRCMs 
were first incubated with RSV for 24 h, then siRNAs 
for PGC1-α (50 nM, 48h) (GenePharma, China)34 were 
transfected to cardiomyocytes for 48 h using lipofecta-
mine 2000 as recommended by the manufacturer to 
silence PGC1-α expression. Next, the treated NRCMs 
were used to construct the H/R model. In all in vitro 
experiments, the H/R-induced apoptosis (4 h hypoxia/3 
h reoxygenation) was conducted in the last 7 h of cell 
treatment.

Immunofluorescent and TUNEL Staining
Terminal deoxynucleotidyl transferase-mediated dUTP- 
biotin nick end labelling (TUNEL) staining was conducted 
to detect apoptotic nuclei by fluorescence microscopy in α- 
actinin-labeled NRCMs. Briefly, NRCMs or heart frozen 
sections were fixed with 4% paraformaldehyde (PFA) for 
15 min at room temperature, and then washed by PBS 
three times. Then, NRCMs or heart frozen sections were 
incubated with 0.5% Triton X-100 to It makes the cell 
membrane permeable at room temperature. Next, NRCMs 
or heart frozen sections were blocked with 5% bovine 
serum album (BSA) for 1 h at 37°C. After washed by 
PBS, NRCMs or heart frozen sections were incubated 
with anti-α-actinin (1:200, Sigma-Aldrich, USA) in 
a humid chamber overnight at 4°C. On the next day, 
NRCMs or heart frozen sections were incubated with Cy3- 
AffiniPure goat anti-mouse IgG (H+L) second antibodies 
(1:400, Jackson, USA) for 2 h at 37°C. Then, NRCMs or 
heart frozen sections were stained with TUNEL FITC 
Apoptosis Detection Kit (Vazyme, China) according to 
the manufacturer’s instructions. Finally, Nuclei were 
labeled with 4,6-diamidino-2-phenylindole (DAPI) stain-
ing. Nuclei were counterstained with DAPI. The TUNEL 
and α-actinin co-labeled positive cells were calculated 
using fluorescence microscopy to determine apoptosis 
induced by H/R or MI/R injury.

Western Blotting
Western blotting was performed as previously described.30 

The equivalent amount of proteins were separated by elec-
trophoretic techniques. Cleaved-Caspase 3 (1:1000, CST, 
USA), Bax (1:1000, CST, USA), Bcl-2 (1:1000, CST, 
USA), SIRT1 (1:1000, CST, USA), Nrf2 (1:1000, Santa 
Cruz Biotechnology, USA), HO-1 (1:1000, CST, USA), 
SOD1 (1:1000, CST, USA), PGC1-α (1:1000, CST, USA), 
GAPDH (1:2000, Bioworld, USA) were used as primary 
antibodies. Anti-rabbit or mouse IgG antibodies coupled to 
horseradish peroxidase were used as the secondary antibo-
dies. GAPDH was used as loading control.

Immunohistochemical Staining and 
Histological Analysis
Antioxidant molecules in myocardial tissues were deter-
mined by immunohistochemical with antibodies reacting 
to HO-1, Nrf2, SOD1. Briefly, following euthanasia, mice 
hearts were immediately harvested and rinsed in PBS, 
fixed in buffered paraformaldehyde solution (4%) and 
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embedded in paraffin. After cutting the heart tissue paraf-
fin samples into 3 μm thick slices, the paraffin sections 
were dried in an oven at 60 °C for 1 h and then dewaxed in 
xylene twice (5 min for each xylene solution), rinsed in 
alcohol, rehydrated in descending gradient alcohol solu-
tions (100, 95, 85, 80 and 75%, 10 min for each alcohol 
solutions). After rehydrated, paraffin sections were sub-
jected to heat-induced antigen retrieval in a 10 mM citrate 
buffer (pH 6.0) for 20 min with a 20 min cool down. All 
paraffin sections were incubated with 2% H2O2 for 15 min 
to quench endogenous peroxidases. Following washed 3 
times for 3 min and incubated in 0.3% Triton X-100 in 
PBS for 2 h. And then the paraffin sections were blocked 
by incubation with 5% BSA for 60 min. To detect the 
expression of target proteins, the three batches of paraffin 
sections were incubated with the anti-HO-1, Nrf2, SOD1 
antibody at 4°C for 12 h, respectively, and then with the 
secondary antibody for 2 h at normal temperature fol-
lowed by three additional washes with PBS for 5 min. 
The secondary antigen was visualized with 3.3-diamino-
benzidine tetrahydrochloride for 4 min (YEASEN, China). 
Finally, the regions of positive staining appear brown with 
hematoxylin counterstaining. For morphological and 
fibrosis measurement, hematoxylin and eosin and 
Masson’s Trichrome staining was performed. Briefly, 
after rehydrated, paraffin sections were immersed in 
Haematoxylin solution for 5 min, washed in running tap 
water. After that, paraffin sections were stained for 6 min 
with Acid Fuchsin, rinsed in distilled water. For Masson’s 
Trichrome staining, the paraffin sections were incubated 
for 3 min with a phosphomolybdic acid solution and then 
immediately stained for 4 min with methyl blue solution, 
rinsed in distilled water. Then, paraffin sections were 
treated with 1% acetic acid solution for 3 min. The col-
lagen fibers appeared green, the myocardial fibers were 
red. Finally, sealed with neutral resin and the tissue sec-
tions were visualized by fluorescence microscopy at 20x 
(hematoxylin and eosin and Masson’s Trichrome staining) 
or 40x (immunohistochemical staining) magnification. For 
evaluation of target proteins expression and fibrosis, the 
densitometry analysis of immunohistochemical staining 
and fibrosis area were performed using the ImageJ 
software.

Statistical Analysis
All experimental data were analyzed using SPSS (version 
20.0) and presented as mean ± SD using GraphPad Prism 
8.0 unless otherwise stated. Comparisons were performed 

using either a two-tailed, unpaired Student’s t-test between 
two groups. One-way ANOVA followed by Bonferroni’s 
post hoc test was used for comparison among more than 
three groups. P values <0.05 was considered statistically 
significant.

Results
Exercise Protects Against Myocardial 
Ischemia/Reperfusion Injury in Mice
At the beginning of the experiment, we constructed 
a mice swimming training model. After 3-weeks exer-
cise, myocardial ischemia/reperfusion (MI/R) injury sur-
gery was performed on the mice. After 24 h of 
reperfusion, the area of myocardial infarction was 
detected by Evans blue-2,3,5-triphenyltetrazolium chlor-
ide (TTC) double staining. Significantly decreased infarct 
size was observed in mice model after 3-week exercise 
compared with control (CON) mice (Figure 1A), and 
there were no differences in area at risk (AAR/LV) 
between the groups represented qualified surgical out-
come and uniformity. Meanwhile, as shown in Figure 
1B, MI/R injury induced significant apoptosis of cardio-
myocytes as determined by TUNEL immunofluorescence 
staining. However, reduced TUNEL positive cardiomyo-
cytes were observed in swam mice (Figure 1B). 
Moreover, as measured by Western blotting, exercise 
preconditioning could markedly reduce cellular apoptosis 
with reduced apoptosis-related protein indicators includ-
ing Bax/Bcl2 and cleaved-caspase-3/caspase-3 ratios 
(Figure 1C). Taken together, these data indicate that 
swimming preconditioning can protect the cardiomyo-
cytes apoptosis induced by myocardial ischemia/reperfu-
sion injury in mice.

Recent studies have suggested that the expression and 
activation of SIRT1 are correlated with myocardial 
ischemia-reperfusion injury.35,36 In addition, our pre-
vious research also revealed that cardiomyocyte-specific 
deletion of SIRT1 gene sensitizes the tolerance of the 
heart to ischemia stress.30 Therefore, we wondered 
whether the cardioprotective effects of exercise could 
be related to the expression of SIRT1. Western blotting 
experiments were subsequently carried out to measure 
the expression of SIRT1. As shown in Figure 1D, com-
pared with the con-sham group, swum significantly 
increased the protein expression of SIRT1 in the heart, 
while SIRT1 was significantly down-regulated in the 
heart of the mice undergoing MI/R surgery. What is 
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Figure 1 Exercise training reduces MI/R-induced myocardial apoptosis. (A) Representative photographs of heart sections 2,3,5-triphenyltetrazolium chloride (TTC) staining 
and quantified data demonstrate that swimming training decreased infarct size in mice subjected to MI/R (45 min/24 h) (n=5) AAR: area at risk, INF: infarct size, LV: left 
ventricle. (B) Representative photographs of heart sections TUNEL-immunofluorescent staining and quantified data. TUNEL-positive nuclei in α-actinin-labeled cells were 
calculated to determine myocardial apoptosis (n=4) Scale bar=20 μm, CM: cardiomyocytes (C) Western blotting for Bax, Bcl-2 and Cleaved-Caspase-3 in MI/R injury heart 
samples (n=3). (D) Representative blots and quantified data showing SIRT1 expression in heart of mice treated with swum or MI/R surgery (n=3). Data were expressed as 
mean ± SD. *P<0.05.
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particularly noteworthy is that the long-term exercise 
training has resisted the down-regulation of SIRT1 dur-
ing MI/R injury (Figure 1D). These results suggested 
that SIRT1 expression was negatively correlated with 
the myocardial infarction size and extent of myocardial 
apoptosis.

SIRT1 Regulates Apoptosis of 
Cardiomyocytes Induced by H/R in vitro
Accordingly, we investigated whether SIRT1 has 
a regulatory effect on apoptosis of cardiomyocytes. Gain- 
and loss-of-function were used to investigate SIRT1’s 
roles in neonatal cardiomyocytes. EX527 (SIRT1 
inhibitor)37 and resveratrol (RSV, SIRT1 activator)38 

were introduced into NRCMs to regulate SIRT1 activity. 
We measured the degree of apoptosis in neonatal rat car-
diomyocytes (NRCMs) treated with hypoxia/reoxygena-
tion (H/R), a cell model to simulate cardiomyocyte 
apoptosis and MI/R injury in vitro. As we expected, after 
RSV treatment, H/R-induced apoptosis of NRCMs was 
decreased, while EX527 further increased the apoptosis 
ratio significantly (Figure 2A and C). Activation of the 
SIRT1/Nrf2 signaling pathway has been reported to pro-
mote the production of antioxidant.39,40 Furthermore, reg-
ular exercise can stimulate the activation of Nrf2 to 
enhance the endogenous antioxidant ability to resist the 
destructive effect of reactive oxygen species.20 Therefore, 
we explored the expression of Nrf2 and its downstream 
cytoprotective proteins through Western blotting. As 
shown in Figure 2B, activation of SIRT1 rescued HO-1 
and SOD1 reduction induced by H/R insult. However, the 
opposite results were found in inhibition of SIRT1 activity 
(Figure 2D). Collectively, these data revealed that activa-
tion of SITR1 protects against H/R-induced cardiomyo-
cytes apoptosis by regulating Nrf2-mediated antioxidant 
regulation.

SIRT1 Suppresses Oxidative Stress Injury 
of Cardiomyocytes Through PGC-1α
The molecular biology of Peroxisome proliferator- 
activated receptors gamma coactivator-1 alpha (PGC- 
1α) has been extensively explored in cardiovascular 
disease.41 Once PGC-1α is activated, it is recruited to 
the chromatin through interaction with transcription fac-
tors to activate certain genes expression, and Nrf2 is one 
of these transcription factors.42 Further more, SIRT1 
stimulates the deacetylation of PGC-1α, leading to the 

promotion of PGC-1α activities.8 Based on the above 
experimental results, we hypothesised that PGC-1α 
mediated the regulation of SIRT1 on Nrf2 and antiox-
idant enzymes as well as apoptosis. Next, Western blot-
ting experiments were performed under different 
treatment conditions. Consistent with SIRT1, we found 
that H/R treatment could down-regulate the expression 
of PGC-1α in NRCMs (Figure 3A). Moreover, with the 
activation or inhibition of SIRT1, the protein expression 
of PGC-1α also showed a consistent expression trend 
(Figure 3A). In order to verify that the activation of 
SIRT1 exerts an anti-apoptotic effect by stimulating 
the activity of PGC-1α, we designed a rescue experi-
ment in which PGC-1α siRNA was transfected while the 
H/R NRCMs were treated with RSV. Immunofluorescent 
TUNEL staining showed that transfection of PGC-1α 
siRNA reversed the anti-apoptotic effect of RSV 
(Figure 3B). These experimental results suggest that 
SIRT1 plays an important role in the regulation of 
oxidative stress injury through directly activating 
PGC-1α.

Deletion of the SIRT1 Gene Blocks 
Exercise-Induced Cardioprotection 
in vivo
In the above experimental results (Figure 1D and 2A), 
we found that SIRT1 protein expression was elevated in 
the heart of mice after swimming training, and the 
activation of SIRT1 could resist H/R-induced NRCMs 
apoptosis in vitro. To investigate if SIRT1 contributes to 
exercise-induced cardioprotection, we constructed 
a mice swimming model upon inducible cardiac SIRT1 
knock-out mice by tamoxifen (icSIRT1 KO) and 
SIRT1flox/flox mice (Figure 4A). Then, MI/R injury sur-
gery was performed on both sedentary and swim pre-
conditioning mice. Interestingly, SIRT1 knocked out at 
least partly abolished exercise-induced cardioprotection 
as evidenced by significantly increased infarct size 
(Figure 4B). In addition, immunofluorescent TUNEL 
staining suggested that SIRT1 knockout also blocked 
the decreased apoptosis ratio (Figure 4C). Meanwhile, 
the apoptotic levels were also confirmed by increased 
Bax/Bcl2 and cleaved-caspase-3/caspase-3 ratios 
(Figure 4D).

It has been reported that exercise training can pre-
vent ventricular remodeling and maintain cardiac func-
tion after myocardial infarction.3 The cardiac function 
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Figure 2 SIRT1 regulates apoptosis of cardiomyocytes through antioxidant stress factors. (A) The ratio of apoptosis after RSV stimulation in H/R-treated neonatal rat 
cardiomyocytes (NRCMs) as determined by TUNEL staining (n=4) Scale bar = 100 μm. (B) Western blotting analysis for Nrf2, HO-1 and SOD1 after treatment of NRCMs 
with RSV in the presence or absence of H/R treatment (n=3). (C) The ratio of apoptosis after EX527 stimulation in H/R-treated neonatal rat cardiomyocytes (NRCMs) as 
determined by TUNEL staining (n=4) Scale bar=100 μm. (D) Western blotting analysis for Nrf2, HO-1 and SOD1 after treatment of NRCMs with EX527 in the presence or 
absence of H/R treatment (n=3). Data were expressed as mean ± SD. *P < 0.05.
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was detected by echocardiography after 3 weeks myo-
cardial reperfusion in mice. Consistent with previous 
reports, swum can improve the cardiac ejection fraction 
(Figure 5A) after MI/R injury and against both ventri-
cular remodeling and cardiac fibrosis in mice 
(Figure 5B). However, in icSIRT1 KO mice, increased 
ejection fraction and reduced fibrotic area were abol-
ished (Figure 5A and B). Collectively, in swum mice, 
the icSIRT1 KO mice showed the larger myocardial 
infarct size, higher apoptosis ratio, higher level of apop-
totic proteins expression, lower ejection fraction and 
greater degree of fibrosis compared with SIRT1flox/flox 

mice. These data indicate that SIRT1 is necessary for 
exercise-induced beneficial effects on MI/R injury 
in vivo.

SIRT1 Deficiency Hinders 
Exercise-Induced Expression of 
Myocardial Antioxidant Stress Factors
Subsequent in vivo experiments were carried out to verify 
the results obtained in vitro. The above results in Figure 2B 
showed that activation of SIRT1 by RSV in H/R treated 
NRCMs significantly up-regulated the proteins expression 
of Nrf2 and the antioxidants including SOD1 and HO-1 
in vitro. Consistent with these results, immunohistochem-
ical staining of Nrf2, HO-1 and SOD1 in myocardial sec-
tions of hearts from MI/R injury mice suggested that swum 
could up-regulate the expression of Nrf2, HO-1 and SOD1 
proteins in myocardium, but after myocardial specific 
SIRT1 knocked out, the expression of these antioxidants 

Figure 3 Activation of SIRT1 reduces apoptosis through the SIRT1-PGC-1α pathway. (A) The protein levels of SIRT1 and PGC-1α were analyzed by Western blotting in 
NRCMs treated with H/R after stimulation with the RSV or EX527 (n=3). (B) The cardiomyocyte apoptosis was measured by TUNEL immunofluorescent staining after 
transfection with siRNAs targeting PGC-1α in NRCMs treated with H/R and RSV (n=4) Scale bar=100 μm. Data were expressed as mean ± SD. *P < 0.05.
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Figure 4 SIRT1 is required for exercise-induced cardioprotection in vivo. (A) Western blotting shows the down-regulation of heart SIRT1 after 10 days of Tamoxifen 
injection (0.08 mg/g, i.p. 5 days, n=3). (B) The infarct size was measured upon MI/R injury (45 min/24 h) of icSIRT1 KO and SIRT1flox/flox mice in the presence or absence of 
swimming training as determined by TTC staining (n=5) AAR: area at risk, INF: infarct size, LV: left ventricle. (C) The myocardial apoptosis was measured upon MI/R injury 
(45 min/24 h) of icSIRT1 KO and SIRT1flox/flox mice in the presence or absence of swimming training as determined by TUNEL staining (n=4), immunofluorescent staining for 
α-actinin was used to label cardiomyocytes. Scale bar=20 μm. (D) Western blotting for Bax, Bcl-2 and Cleaved-Caspase-3 in MI/R injury heart samples (n=3). Data were 
expressed as mean ± SD. *P < 0.05.
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was reduced to the basic level (Figure 6A). On the other 
hand, swimming preconditioning up-regulated the expres-
sion of SIRT1 and PCG-1α in myocardial ischemia zone 
(Figure 6B), which is consistent with the results of our 
in vitro experiments. Moreover, swum did not change the 
expression of PCG-1α in the hearts of icSITR1 KO mice 
(Figure 6B). Collectively, these in vivo results further con-
firm that SIRT1 exerts its anti-oxidative stress effect on the 
myocardium after MI/R injury through its downstream tar-
get gene PCG-1α, to a certain extent.

Discussion
MI/R injury results in the cardiomyocytes necrosis, apop-
tosis, ventricular systolic dysfunction, and cardiac 
fibrosis.5 Excessive production of reactive oxygen species, 
mitochondrial dysfunction, oxidative stress and increased 

expression of inflammatory factors are the main responses 
during ischemia-reperfusion.12 Currently, there are no 
standard therapy for MI/R injury. It is known that regular 
exercise improves both physical and mental health. 
Despite a wealth of evidence supporting the cardiovascular 
benefits of exercise, little is known about the mechanisms 
by which exercise prevents myocardial damage and 
reduces ventricular dysfunction. SIRT1 was first discov-
ered in the nucleus and the activation of transcriptional 
factors via the deacetylation is thought to be the main role 
of SIRT1. As a transcriptional co-activator, PCG-1α has 
been shown to activate the transcription and translation of 
antioxidant genes by binding to Nrf2 transcription factor, 
a major regulator of antioxidant defenses and cellular 
stress resistance.20,43 Interestingly, SIRT1 was determined 
to act as a deacetylating enzyme via direct deacetylation of 

Figure 5 Deletion of the SIRT1 abolishes resistance of exercise to cardiac dysfunction after MI/R. (A) Representative echocardiographic images 21 days after reperfusion 
and quantified data of ejection fraction upon MI/R injury of icSIRT1 KO and SIRT1flox/flox mice in the presence or absence of swimming training (n=4). (B) Representative 
histopathological analysis of cardiac sections of the left ventricle stained with hematoxylin and eosin (upper, n=4, Scale bar=200 μm.); Representative images of Masson’s 
trichrome staining of the cardiac left ventricle areas (under, n=4, Scale bar=200 μm) and quantitative data of fibrotic area. Data were expressed as mean ± SD. *P < 0.05.
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PGC-1α, leading to the promotion of PGC-1α activities in 
cardiomyocytes.8 On the other hand, SIRT1 interacts with 
its substrate PGC-1α to regulate energy metabolism in 
various aspects of the body through mitochondria.44 Jia 
et al found that exercise training after myocardial infarc-
tion improved cardiac function and against ventricular 
remodeling in mice through mitochondrial biogenesis and 

the SIRT1/PGC-1α signaling pathway.45 Our previous 
research has provided evidence that SIRT1 has become 
a critical regulator of cardiac MI/R injury pathologic 
processes.30 Coincidentally, Hsu et al proved that SIRT1 
can resist myocardial ischemia injury by inducing Mn- 
SOD up-regulation and inhibiting oxidative stress in 
cardiomyocytes.46 These reported findings prompt us to 

Figure 6 SIRT1 deficiency hinders exercise induced expression of myocardial antioxidant stress enzymes. (A) Representative images of immunohistochemical analysis for 
Nrf2, HO-1 and SOD1 expression in myocardial tissues sections and quantitative evaluation of the images. Scale bar=50 μm. (B) Western blotting analysis for SIRT1and 
PGC1-α upon MI/R injury (45 min/24 h) of icSIRT1 KO and SIRT1flox/flox mice in the presence or absence of swimming training (n=4). Data were expressed as mean ± SD. 
*P < 0.05.
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explore the link between exercise-induced cardiac benefits 
and SIRT1.

Exercise training has been recommended as an effective 
mean of prevention and treatment of CVD. Previous reports 
have mentioned that long-term aerobic exercise can play 
a cardiac protective role by promoting proliferation of cardi-
omyocytes, inhibiting myocardial inflammation, reducing 
oxidative stress injury and protecting against ventricular 
remodeling.47 Our present data of Figure 1 suggest that 
exercise preconditioning significantly reduced myocardial 
infarct size and apoptosis in mice which are consistent with 
previous reports.48 Moreover, we also found that exercise 
preconditioning can improve the cardiac ejection fraction 
after MI/R injury and against both ventricular remodeling 
and cardiac fibrosis in mice. Interestingly, exercise training 
after myocardial ischemia also improved cardiac function 
and protected against poor ventricular remodeling.45 

Oxidative stress resulted from the MI/R-induced massive 
ROS generation. Recently, suppression of oxidative stress 
and inflammatory pathways has been suggested as potential 
method to reduce myocardial fibrosis and cardiomyocyte 
death.49,50 In this study, we have evaluated the effects of 
resveratrol (RSV, SIRT1 activator) on the cell model of 
NRCMs in the presence of H/R. The Western blotting and 
immunofluorescence staining results showed that RSV treat-
ment can significantly up-regulate the proteins expression of 
antioxidant enzymes including HO-1 and SOD1 and inhibit 
apoptosis of cardiomyocytes. While EX527 mediated inhibi-
tion of SIRT1 reduced HO-1 and SOD1 production.

One of the important points of our experiment was that 
we found that swimming preconditioning reversed down- 
regulation of SIRT1 in the heart of MI/R injury mice 
(Figure 1D). Similarly, Maria Donniacuo et al also found 
that running training increased the expression of SIRT1 in the 
heart border zone of rats.51 This finding is the basis for us to 
explore the relationship between exercise-induced heart ben-
efits and SIRT1 in mice. To investigate if SIRT1 contributes 
to exercise-induced cardioprotection, we constructed an 
inducible cardiac-specific SIRT1 knockout mice. 
Interestingly, SIRT1 knocked out abolished the effects of 
swimming on decreased apoptotic cell ratio and heart infarct 
size (Figure 4). These results suggest that the antiapoptotic 
benefit of swimming cannot be achieved without the pre-
sence of SIRT1. We isolated neonatal rat cardiomyocytes for 
in vitro experiments and found that activation or inhibition of 
SIRT1 can alter the expression of antioxidant enzymes in 
cardiomyocytes during hypoxia/reoxygenation treatment 
(Figure 2). In addition, we treated cardiomyocytes with 

PGC-1α siRNA and found that silenced PGC-1α reversed 
the antiapoptotic effect of SIRT1 agonist RSV (Figure 3). 
Based on the above results in vitro, we speculated whether 
activation of SIRT1 could also resist myocardial injury by 
regulating the expression of antioxidant enzymes in vivo. To 
test our hypothesis, we detected the expression of antioxidant 
enzymes in myocardial tissue by immunohistochemical 
staining at the end of the experiment. These results confirm 
our conjecture, after myocardial-specific SIRT knocked out, 
swimming training had no effect on the proteins expression 
of Nrf2, HO-1 and SOD1 in myocardial tissue anymore 
(Figure 6). The above results indicated that SIRT1 protects 
against oxidative stress after MI/R injury by activating down-
stream PGC-1α and promoting the production of antioxidant 
enzymes. To further verify whether SIRT1 is necessary for 
exercise training to protect against pathological myocardial 
remodeling, cardiac function and histopathological analysis 
were evaluated by echocardiography and tissue sections 
staining in mice following 3 weeks of ischemia/reperfusion. 
As we expected, SIRT1 is also required for exercise resis-
tance to myocardial remodeling (Figure 5). Based on the 
above experimental results, we strongly believe that SIRT1 
is required for exercise-induced beneficial effects on myo-
cardial ischemia/reperfusion injury.

In the experiment, only one substrate of SIRT1, PGC- 
1α was included in our study, which was not comprehen-
sive. Subsequent work will focus on other target molecules 
downstream of SIRT1 to explore the relationship between 
SIRT1 and MI/R injury. Moreover, more indicators of 
oxidation and inflammation should be more widely tested.

Conclusion
We demonstrated that SIRT1 activated during swimming 
is protective against myocardial apoptosis upon MI/R 
injury. However, once SIRT1 was knocked out in cardi-
omyocytes, the protective effects of exercise precondi-
tioning is disappeared. Therefore, our experimental 
results reveal that SIRT1 is required for exercise- 
induced beneficial effects on myocardial ischemia/reper-
fusion injury. Moreover, we found that PGC-1α, as 
a downstream gene of SIRT1, mediated the antioxidant 
stress effects in the myocardium of mice subjected to 
exercise training. In conclusion, SIRT1 is necessary for 
exercise-induced cardioprotection and its agonists may 
have therapeutic potential for treatment of ischemia 
heart disease and promoting functional recovery after 
cardiac ischemia/reperfusion.
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