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Abstract
Background/Aims: The alterations in myocyte autophagy after myocardial infarction (MI) 
and the underlying mechanisms have not been fully understood. In this study, we investigated 
the temporal changes of myocyte autophagy in the remote non-infarcted myocardium in 
rabbits after MI and the relationships between alterations of myocyte autophagy and left 
ventricular (LV) remodeling and myocardial oxidative stress. Methods: Rabbits were assigned 
to MI or sham operation. Rabbits with MI or sham were randomly assigned to receive 
chloroquine, an autophagy inhibitor, antioxidant vitamins C and E or placebo for 4 weeks. 
H9C2 cardiomyocytes were subjected to hypoxia or hydrogen peroxide (H2O2) treatment. 
Results: MI rabbits exhibited progressive increases of LV end-diastolic dimension (EDD), 
and decreases of LV fractional shortening (FS) and dP/dt over 8 weeks. Myocyte autophagy 
assessed by the scores of LC3 and Beclin1 expression was progressively decreased at 1, 4 
and 8 weeks after MI. The ratio of LC3 II/I and Beclin1 and Atg5 proteins were also decreased 
at 4 weeks after MI. There was a negative correlation between autophagy and LV EDD and 
a positive correlation between autophagy and LV FS and dP/dt. The autophagy inhibitor 
chloroquine worsened LV remodeling after MI. Decreased myocyte autophagy was associated 
with increased myocardial 4-hydroxynonenal. Antioxidant vitamins C and E prevented the 
decrease in myocyte autophagy after MI. In cultured H9C2 cardiomyocytes, the LC3 II/I ratio 
was decreased at 4 and 8 h after exposure to hypoxia, and the change was associated with 
increased 8-hydroxy-2-deoxyguanosine. A low concentration of H2O2 decreased the LC3 II/I 
ratio. Conclusion: Progressive reduction in myocyte autophagy in the remote non-infarcted 
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myocardium was associated with myocardial oxidative stress and LV remodeling after MI. 
Antioxidants prevented the reduction in myocyte autophagy after MI, suggesting that oxidative 
stress mediates reduction in myocyte autophagy that contributes to post-MI remodeling.

Introduction

Autophagy is a physiological process that long-lived proteins and damaged organelles 
are degraded and recycled [1]. It occurs in the normal myocardium and plays an important 
role in maintaining cardiac structure and function. Inefficient autophagy or its absence 
causes cardiac dysfunction and dilation [2, 3]. Autophagy is activated by stresses such 
as ischemia, nutrient starvation in the heart, and strongly activated in the heart during 
reperfusion after ischemia [4]. Autophagy has been shown to be activated in heart failure 
[5]. Activation of autophagy could be either protective or detrimental, depending on 
the experimental model [1, 6]. Myocyte autophagy is also increased in mice after acute 
myocardial infarction (MI) induced by permanent coronary artery occlusion and during the 
progression of post-infarction remodeling [7-9]. The cellular and molecular alterations in the 
remote non-infarcted myocardium are implicated in chronic ventricular remodeling after MI 
[10]. However, the temporal alterations in myocyte autophagy in the remote non-infarcted 
myocardium after MI and the underlying mechanisms have not been fully understood. In this 
study, we first determined the temporal changes of myocyte autophagy in the remote non-
infarcted myocardium during post-infarction myocardial remodeling in rabbits, and then we 
examined the relationship between alterations of myocyte autophagy and left ventricular 
(LV) remodeling after MI and the effects of chloroquine, an inhibitor of autophagy.

Hypoxia and oxidative stress are associated with post-MI myocardial remodeling [11, 
12]. To explore the potential mechanisms of alterations of autophagy after MI, we examined 
the relationships between alterations of myocyte autophagy and myocardial oxidative stress 
which is increased after MI and the effects of antioxidants. We further investigated the 
changes in autophagy in cultured cardiomyocytes after exposure to hypoxia or hydrogen 
peroxide (H2O2).

Materials and Methods

Animal model and experimental protocol
Healthy adult male New Zealand White rabbits (2–2.5 kg) obtained from the Academy of Military 

Medical Sciences were prepared for MI produced by coronary artery ligation as described before [13]. The 
rabbits were anesthetized by intraperitoneal injection of pentobarbital sodium (50mg/kg) and mechanically 
ventilated with a respirator (HX-101E, Taimeng Technology Co., Ltd., Chengdu, China). The left thoracotomy 
and pericardiotomy were performed. The left anterior descending coronary artery was ligated with a 5–0 
silk suture at 2–3 mm away from the left atrial appendage. Sham-operated rabbits underwent the same 
surgery without coronary artery ligation. Rabbits were closely monitored after surgery for the development 
of ascites, respiratory distress, or anorexia, and treated accordingly. The rabbits were sacrificed at 1, 4 
and 8 weeks after echocardiographic and hemodynamic measurements. In a separate group, the rabbits 
with MI or sham operation were randomly assigned to receive chloroquine (Sigma-Aldrich, St. Louis, MO, 
USA) (30mg/day，ip) or saline for 4 weeks. The agents were administered beginning 24 h after surgery. In 
another set of experiments, the rabbits with MI or sham operation were randomly assigned to receive a set 
of sustained-release pellets (Innovation Research of America, Sarasota, FL, USA). These pellets were placed 
subcutaneously at the back. Each pellet was placed in an individual subcutaneous pocket. The set of pellets 
was either antioxidant vitamins C (100 mg ascorbic acid) and E (100 mg α-tocopherol) or placebo pellets 
for 4 weeks. The doses of vitamins were based on the previous studies [14]. The agents were administered 
beginning at 24 h after surgery. The study was approved by the Shanxi Medical University Committee on 
Animal Resources and conformed to “the guiding principles in the Care and Use of Animals” of the American 
Physiological Society and the Guide for the Care and Use of Laboratory Animals as outlined by the National 
Research Council.
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H9C2 cardiomyocyte culture and treatment
The H9C2 rat cardiomyocyte line was obtained from the Chinese Academy of Sciences Cell Bank 

(Shanghai, China; The American Type Culture Collection, Manassas, VA, USA) [13]. The H9C2 cardiomyocytes 
were cultured in 25 cm2 flask in Dulbecco’s modified Earle’s medium (DMEM) (Gibco, Life Technologies, 
USA) with 3.7 g/L sodium bicarbonate, 4.5 g/L D-glucose, and 110 mg/L sodium pyruvate, supplemented 
with 10% fetal bovine serum (Australia) and penicillin (100 units/mL) and streptomycin (100 μg/mL) in 
a humidified incubator with 95% air and 5% CO2 at 37 °C. The culture medium was changed every two or 
three days. After three to four days, cells were passaged at a 1:6 ratio and seeded at the density of 0.15 × 
106 cells per 35-mm well of six-well plates. These cells were cultured for three days and then performed 
treatments.

The H9C2 cardiomyocytes were cultured in serum- and glucose-deficient DMEM in a GENBOX Jar (Bio 
Mérieux) to achieve hypoxia as described previously [15, 16]. The cells without the hypoxic stimulus kept in 
the normal DMEM were used as a control.

To determine the direct effect of oxidative stress on myocyte autophagy, the H9C2 cardiomyocytes 
were incubated with H2O2 (Sigma-Aldrich, St Louis, MO, USA) at a concentration of 10 μM for 24 h, which 
has been shown to induce hypertrophy [17], or PBS containing 0.1% bovine serum albumin (BSA) used as 
a control.

Echocardiographic and hemodynamic measurements
The two-dimensional and M-mode echocardiograms were conducted before surgery and 1, 4 and 8 

weeks after surgery to assess LV dimension and function using a UCG machine (AE33, Philips) equipped 
with a 3–7 MHz transducer (S5-1, Philips) [13]. Maximal LV end-diastolic dimension (EDD) and end-systolic 
dimension (ESD) were used to calculate LV fractional shortening (FS) by the following equation: FS =[(EDD−
ESD) × 100] / EDD. The echocardiographic data were analyzed in a blinded manner.

For the hemodynamic assessments, rabbits were anesthetized with intravenous pentobarbital sodium 
(30 mg/kg). A 20-gauge catheter filled with 5 IU/mL heparin in saline was inserted into the left carotid 
artery connecting to a pressure transducer (BL420F-PowerLab, Taimeng Technology Co., Ltd., Chengdu, 
China) for measuring aortic pressure. Another catheter filled with heparin and saline was advanced into 
the left ventricle via the right carotid artery to measure the LV pressure and the first derivative of the LV 
pressure rise (dP/dt) with an electronic differentiator. Electrocardiograms, aortic pressure, and the LV dP/
dt were recorded on a multiple-channel physiological recorder (BL420F-PowerLab). Resting hemodynamic 
measurements were obtained in triplicate over a 20-min steady-state period at least a half hour after the 
catheterization. The means of triplicates were used for statistical analysis. The hemodynamic data were 
analyzed in a blinded manner. After hemodynamic assessment, the animals were then sacrificed and the 
heart was removed, weighed, and rinsed in ice-cold phosphate-buffered saline. The infarcted myocardium 
was removed and the remote non-infarcted myocardium at least 2 mm away from the margin of the infarct 
[18] was used immediately, stored in liquid nitrogen or fixed in 10% buffered formalin for studies.

Myocardial infarct size
LV tissue slices were stained at 37°C for 30min with 1% triphenyltetrazolium chloride, which stains 

only the viable myocardium. Infarct size was determined planimetrically as the percentage of unstained left 
ventricle in the section as described previously [19]. For the hearts used for biochemical assays, infarct size 
was estimated from the ratio of the infarct to the whole LV weights. The animals with 28–35% infarct sizes 
were used in the study.

Immunohistochemical staining for LC3, Beclin1 and 4-hydroxynonenal expression
Myocardial tissue samples from the remote non-infarcted region were fixed in 10% neutral-buffered 

formalin, embedded with paraffin, and then sectioned. The paraffin sections, with a thickness of 4 μm, were 
deparaffinated and rehydrated with xylene and graded alcohol series. The tissue sections were washed in 
tap water and then incubated with 0.3% H2O2 in methanol for 20 min at room temperature.  The tissue 
sections were washed in phosphate-buffered saline (PBS), blocked with 5% goat serum in PBS, incubated 
with a mouse anti-LC3 monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-
Beclin1 monoclonal antibody (Abcam, Cambridge, MA, USA) or mouse anti-4HNE monoclonal antibody 
(EDM Millipore, Billerica, MA, USA), and then incubated with biotin-conjugated anti-mouse IgG (Vector 
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Laboratory, Burlingame, CA, USA). The sections were incubated with avidin and biotinylated horseradish 
peroxidase macromolecular complex (Vector Laboratory), and stained with 3-amino-9-ethylcarbazole 
(Vector Laboratory) and hematoxylin. For negative control, the primary antibody was omitted. The samples 
were examined under a light microscope.

Immunofluorescent staining for LC3 and Beclin1 expression
LV tissue paraffin sections were deparaffinized and rehydrated with xylene and graded alcohol series. 

The tissue sections were washed, blocked with 5% normal goat serum, and subsequently incubated with 
a mouse anti-LC3 monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse anti-
Beclin1 monoclonal antibody (Abcam, Cambridge, MA, USA). Sections were incubated with secondary 
antibody goat anti-mouse IgG-conjugated fluorescin (Vector Laboratories; Burlingame, CA). To identify 
cardiomyocytes, sections were incubated with mouse anti-α-sarcomeric actin monoclonal antibody (Sigma-
Aldrich, St. Louis, MO) and then incubated with goat anti-mouse IgG conjugated TRITC (Sigma). The tissue 
sections were stained with Hoechst 33258 to visualize nuclei. For negative control, the primary anti-LC3 
or anti-Beclin1 antibody was omitted in the assay. Slides were examined under a fluorescence microscopy 
(ZEISS AXIO).

Immunocytochemistry for 8-hydroxy-2-deoxyguanosine (8-OHdG) expression
Cells were fixed in −10°C methanol for 5 min, washed with phosphate-buffered saline (PBS), and 

incubated with 0.3% H2O2 in methanol to quench endogenous peroxidase activity. The cells were washed 
with PBS, blocked with 10% normal horse serum, and incubated with goat anti-8-OHdG polyclonal antibody 
(EMD Millipore, Billerica, MA, USA). The cells were incubated with secondary antibody biotin-conjugated 
anti-goat IgG (Vector Laboratories, Burlingame, CA, USA) and then incubated with avidin and biotinylated 
horseradish peroxidase macromolecular complex (Vector Laboratories). 3-Amino-9-ethylcarbazole (Vector 
Laboratories) was used as a chromagen and hematoxylin (Vector Laboratories) as a counterstain. For the 
negative control, the primary antibody for 8-OHdG was omitted. The samples were examined under a light 
microscope.

Western blot for LC3, Beclin1, Atg5 and P62 protein expression
LV myocardial tissue samples taken from the remote non-infarcted region were homogenized in a lysis 

buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). H9C2 cells were incubated in a lysis buffer (Cell 
Signaling Technology) on ice for 30 minutes. The tissue homogenates or the cell lysates were centrifuged 
at 12, 000 rpm for 20 minutes at 4°C and supernatants were collected for protein extracts. The protein 
concentration was measured using the bicinchoninic acid protein assay reagents (Beyotime Institute 
of Biotechnology, Jiangsu, China). An equal amount of protein (30-50µg) was separated by 12% SDS-
polyacrylamide gel using a Bio-Rad Mini-Protean III system, and transferred onto a polyvinylidene fluoride 
membrane (Millipore, Billerica, MA). The membranes were blocked with 5% non-fat dry milk in Tris-
Buffered Saline containing 0.1% (v/v) Tween-20 (TBST) for 1 hour at room temperature. The membrane 
was then incubated with the primary antibodies anti-LC3 (Novus Biologicals, Littleton, CO, USA and Santa 
Cruz Biotechnology), anti-beclin1 (Abcam and Santa Cruz Biotechnology), anti-Atg5 (Abcam and Santa 
Cruz Biotechnology), anti-P62 (Abcam) and GAPDH (Abcam) overnight at 4°C. After the incubation of the 
primary antibody, the membrane was washed three times with TBST for 5 min each and then incubated with 
the secondary antibodies goat anti-mouse IgG-HRP or donkey anti-goat IgG-HRP in a blocking buffer for 1 
hour at room temperature. The membrane was washed three times with TBST for 5 min each and then the 
bands were visualized with ECL detection reagent (Thermo Scientific Pierce, Waltham, MA) and quantified 
using Labwork4.6 image analysis software.

Measurements of myocyte size
LV tissue sections were stained with hematoxylin and eosin and examined under a light microscope 

(AX 10, Zeiss). Five random fields from each of four non-serial tissue sections per animal were analyzed 
so that 60 myocytes per animal were measured. Myocytes with nuclei in the middle or near the middle 
were selected for the analysis.  The quantification of myocyte diameter was determined using NIH ImageJ 
software as described previously [13].
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Measurements of cardiac fibrosis
LV tissue sections were stained with Mas-

son’s trichrome kit (Sigma) and examined under 
a light microscope (AX 10, Zeiss).

Statistical analysis
Results are presented as means ± SEM. Stu-

dent’s t test for unpaired data was used to deter-
mine the statistical significance of differences 
between the two means. Pearson product–mo-
ment correlation coefficient analysis was used 
to determine the relationship between LC3 pro-
tein expression and 4-HNE expression, LV EDD, 
LV FS or LV dP/dt. The statistical significance of 
differences among groups was determined using 
analysis of variance (ANOVA) and the Bonferroni 
correction for multiple comparisons. Survival 
was calculated by Kaplan-Meier analysis. A dif-
ference of P < 0.05 was considered significant.

Results

Temporal changes in left ventricular 
dimension and function in rabbits af-
ter MI
Table 1 summarizes the body and 

heart weights in sham and three groups 
of MI rabbits. Body weight did not differ 
among groups. There was no difference in 
infarct size between the three MI groups. 
Heart weight, the ratio of heart weight to 
body weight, the ratio of LV weight to body 
weight, lung weight and the ratio of lung 
weight to body weight were increased at 
8 weeks after MI compared with the sham 
animals. Echocardiographic and hemo-
dynamic measurements showed that in 
comparison with sham rabbits, LV EDD, 
LV ESD and LV EDP were progressively in-
creased in rabbits at 1, 4 and 8 weeks af-
ter MI (Fig. 1A, B, C and E). LV FS and dP/
dt were progressively decreased in rab-
bits at 1, 4 and 8 weeks after MI (Fig. 1D 
and F). There was no statistical difference 
in mean arterial blood pressure between 
sham and MI groups (Fig. 1 G).

Temporal changes in myocyte 
autophagy in rabbits after MI
Myocyte autophagy was assessed 

by immnohistochemical staining for LC3 
protein expression. Fig. 2 A and B show 
that the staining density of myocardial 

Fig. 1. A: representative echocardiograms in sham and 
1-, 4- and 8-week (W) myocardial infarction (MI) rab-
bits. B-G: changes in left ventricular (LV) end-diastolic 
dimension (EDD), LV end-systolic dimension (ESD), LV 
fractional shortening (FS), LV end-diastolic pressure 
(EDP), the first derivative of LV pressure (dP/dt) rise 
and mean arterial blood pressure (MABP) in sham and 
1-, 4- and 8-week MI rabbits. Values are means ± SEM; 
n=6-9. *P<0.05 vs. sham group.

Table 1. Body and organ weights and infarct size; Val-
ues are means ± SEM. n=6-8. MI, myocardial infarction; 
W, weight; BW, body weight; HW, heart weight; LVW, 
left ventricular weight. *P<0.05 vs. Sham group 

 Sham MI-1W MI-4W MI-8W 

BW, kg 3.56±0.04 3.09±0.04 3.19±0.08 3.36±0.05 

HW, g 6.78±0.15 6.49±0.18 6.71±0.20 7.36±0.13* 

LVW, g 3.27±0.06 2.99±0.15 3.00±0.10 3.39±0.06 

Total HW/BW, g/kg 1.91±0.04 2.10±0.04 2.11±0.07 2.19±0.07* 

LVW/BW, g/kg 0.92±0.02 0.97±0.04 0.94±0.04 1.01±0.03* 

Lung W (g) 11.6±0.3 11.4±0.4 14.1±1.1* 14.0±0.8* 

Lung W/BW (g/g) 3.27±0.11 3.71±0.10 4.43±0.35* 4.16±0.26* 

Liver weight (g) 90.5±3.8 81.8±3.7 87.8±5.6 85.3±3.9 

Liver W/BW (g/g) 25.5±1.1 26.5±1.1 27.6±1.8 25.3±0.8 

Infarct size (%)  30.8±1.4 29.8±2.7 30.7±1.9 
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LC3 was significantly lower in the remote non-infarcted myocardial tissue in rabbits at 1, 4 
and 8 weeks after MI compared with sham animals. Immunofluorescent staining indicates 
that LC3 was expressed in cardiomyocytes in myocardium and further confirms that LC3 
expression was progressively decreased in cardiomyocytes in the remote non-infarcted 
myocardial tissue in rabbits (Fig. 2 C). Similarly, the autophagic protein Beclin1 assessed 
by immunohistochemical staining was down-regulated in MI animals in time-dependent 
manner (Fig. 3 A and B). Immunofluorescent staining reveals that Beclin1 was expressed in 

Fig. 3. A: immunohistochemistry for myocardial 
Beclin1 expression in sham and 1-, 4- and 8-week 
(W) myocardial infarction (MI) rabbits. Beclin1 
positive staining is shown in red. All nuclei stained 
by hematoxylin are shown in blue. Bar = 10 μm. 
B: the graph shows the relative expression of 
myocardial Beclin1 in the four groups. Values are 
means ± SEM. n = 5-6. *P<0.05 vs. sham group. C: 
immunofluorescent labelling of Beclin1 (Green) 
in left ventricular tissue in sham and 1-, 4- and 
8-week (W) myocardial infarction (MI) rabbits. Nu-
clei stained by Hoechst 33258 are shown in blue. 
Cardiomyocytes identified by α-sarcomeric actin 
staining are shown in red. Bar = 50μm.

Fig. 2. A: immunohistochemistry for myocardial 
LC3 expression in sham and 1-, 4- and 8-week (W) 
myocardial infarction (MI) rabbits. LC3 positive 
staining is shown in red. All nuclei stained by he-
matoxylin are shown in blue. Bar = 20 μm. B: the 
graph shows the relative expression of myocardial 
LC3 in the four groups. Values are means ± SEM. n = 
5-6. *P<0.05 vs. sham group. C: immunofluorescent 
labelling of LC3 (Green) in left ventricular tissue in 
sham and 1-, 4- and 8-week (W) myocardial infarc-
tion (MI) rabbits. Nuclei stained by Hoechst 33258 
are shown in blue. Cardiomyocytes identified by 
α-sarcomeric actin staining are shown in red. Bar 
= 50μm.
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cardiomyocytes in myocardium 
and progressively reduced in 
cardiomyocytes in the remote 
non-infarcted myocardial tissue 
in rabbits (Fig. 3 C).

To confirm the results, 
LC3 II/I, Beclin1, Atg5 and 
P62 protein expression was 
measured by Western blot. 
The ratio of LC3 II/I proteins, 
a marker of autophagy, and 
the expression of Beclin1 and 
Atg5 proteins were declined 
in the remote non-infarcted 
myocardial tissue in rabbits 
at 4 weeks after MI compared 
with sham animals (Fig. 4 
A-E). The expression of P62 
protein tended to increase at 
4 weeks after MI compared 
with sham animals (Fig. 4A-
E), but did not reach statistical 
significance.

Correlation between 
myocyte autophagy and 
left ventricular function 
after MI
To determine the rela-

tionship between myocyte 
autophagy and post-MI LV 
remodeling and dysfunction, 
we performed the correlation 
analysis between myocyte 
autophagy and LV EDD, LV 
FS and LV dP/dt. There was a 
negative correlation between 
myocyte autophagy and LV 
EDD in sham and MI animals 
(Fig. 5A). Significant positive 
correlations were observed 
between myocyte autophagy 

Fig. 5. Correlation between myocyte autophagy and left ventricular 
(LV) end-diastolic dimension (EDD), LV fractional shortening (FS), 
and the first derivative of LV pressure (dP/dt) rise in sham-operated 
rabbits and rabbits at 1, 4 and 8 weeks after myocardial infarction 
(MI). A: the correlation between LV EDD and LC3 scores. B: the cor-
relation between LV FS and LC3 scores. C: the correlation between 
LV dP/dt and LC3 scores. Each data point represents one animal. 
n=5. The hollow circles indicate the data from the sham-operated 
rabbits, the solid circles indicate the data from the rabbits at 1 week 
after MI, the solid triangles indicate the data from the rabbits at 4 
weeks after MI, and the solid squares indicate the data from the rab-
bits at 8 weeks after MI.

Fig. 4. Changes in LC3, Beclin1, Atg5 
and P62 proteins in sham and 1-, 4- 
and 8-week (W) myocardial infarc-
tion (MI) rabbits. A: representative 
Western blots of LC3, Beclin1, Atg5 
and P62 proteins, respectively. Equal 
loading of proteins is illustrated by 
GAPDH bands. B-E: respective group 
densitometry analysis. Values are 
means ± SEM. n = 5-6. *P<0.05 vs. 
sham group.
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and LV FS and LV dP/dt (Fig. 5B and C). 
These data suggest that the degree of 
decreased myocyte autophagy in the re-
mote non-infarcted myocardium may be 
an important factor in determining the 
extent of LV remodeling and dysfunction 
after MI.

Effects of an autophagy inhibitor 
chloroquine on left ventricular re-
modeling after MI
To further determine whether de-

creased myocyte autophagy contributes 
to LV remodeling after MI, an autophagy 
inhibitor chloroquine was administered 
in rabbits 24 hours after surgery for 4 
weeks. Fig. 6A shows the survival curve 
among the groups after surgery. The sur-
vival rate at 4 weeks was 100% in sham-
operated rabbits with saline or chloro-
quine treatment, 66% in MI rabbits with 
saline treatment, and tended to decrease to 55% in MI rabbits with chloroquine treatment. 
Fig. 6 B-E show that the ratio of LC3 II/I proteins, a marker of autophagy [20], and the ex-
pression of Beclin1 protein were declined in the remote non-infarcted myocardial tissue in 
rabbits at 4 weeks after MI compared with sham animals, and these changes were worsened 
by the treatment of chloroquine. Table 2 shows the body and heart weights in sham and 
MI rabbits with saline or chloroquine treatment. Body weight did not differ among groups. 

Fig. 6. A: Kaplan-Meier Survival analy-
sis through 28 days when the rabbits 
were euthanized.  There was a sig-
nificant difference between sham and 
MI groups regardless of treatment 
(*P<0.05). There was a trend toward 
worsened survival in MI chloroquine 
(CQ) group compared with MI saline 
group, but the difference did not reach 
statistical significance. B: represen-
tative Western blots of LC3 protein 
expression in left ventricular tissue 
in sham (S) and myocardial infarc-
tion (MI) rabbits with normal saline 
(NS) or chloroquine (CQ) treatment. 
Equal loading of proteins is illus-
trated by GAPDH bands. C: respective 
group densitometry analysis. Values 
are means ± SEM. n = 5-6. *P<0.05 
vs. sham NS group. #P<0.05 vs. MI NS 
group. D: representative Western blots 
of Beclin1 protein expression in left ventricular tissue in sham (S) and myocardial infarction (MI) rabbits 
with normal saline (NS) or chloroquine (CQ) treatment. Equal loading of proteins is illustrated by GAPDH 
bands. E: respective group densitometry analysis. Values are means ± SEM. n = 5-6. *P<0.05 vs. sham NS 
group. #P<0.05 vs. MI NS group.
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Table 2. Body and organ weights and infarct size; Val-
ues are means ± SEM.  n=6-8. MI, myocardial infarction; 
CQ, chloroquine; W, weight; BW, body weight; HW, heart 
weight; LVW, left ventricular weight. *P<0.05 vs. Sham 
saline group. #P<0.05 vs. MI saline group

 2 

 
 

 Sham saline Sham CQ MI saline MI CQ 

BW, kg 2.17±0.06 2.25±0.07 2.10±0.10 2.27±0.08 

HW, g 4.64±0.20 4.85±0.32 5.11±0.51 6.10±0.32# 

LVW, g 2.09±0.41 2.68±0.27 3.19±0.35 3.78±0.25 

Total HW/BW, g/kg 2.13±0.04 2.15±0.01 2.26±0.03* 2.70±0.14*# 

LVW/BW, g/kg 0.96±0.18 1.19±0.04 1.51±0.11* 1.67±0.10* 

Lung W (g) 10.1±0.5 10.3±0.3 11.0±0.9 11.3±0.1 

Lung W/BW (g/g) 4.65±0.17 4.35±0.03 5.01±0.19* 5.14±0.12* 

Liver weight (g) 49.1±4.0 58.7±4.0 47.2±3.4 49.5±4.8 

Liver W/BW (g/g) 21.8±1.2 25.0±1.6 21.3±0.9 21.8±2.1 

Infarct size (%)   30.8±1.6 30.1±2.0 
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There was no difference in 
infarct size between the MI 
saline and MI chloroquine 
groups. Heart weight, the 
ratio of heart weight to 
body weight, the ratio of 
LV weight to body weight, 
lung weight and the ratio of 
lung weight to body weight 
tended to increase at 4 
weeks after MI compared 
with the sham animals. The 
autophagy inhibitor further 
increased heart weight, the 
ratio of heart weight to body 
weight, LV weight and the 
ratio of LV weight to body 
weight, lung weight and the 
ratio of lung weight to body 
weight (Fig. 7 A and B). The 
autophagy inhibitor chloro-
quine had no effect on mean 
arterial blood pressure in 
sham or MI animals (Fig. 7 
C). Chloroquine further in-
creased total wall thickness 
and LV EDD in rabbits at 4 
weeks after MI (Fig. 7 D and 
E). Myocyte diameter mea-
sured histologically was in-
creased in MI rabbits, the 
increase was enhanced in 
MI rabbits with chloroquine 
treatment (Fig. 7 F and G). 
Fig. 7 H and I show that MI 
rabbits exhibited increased 
cardiac fibrosis in the re-
mote non-infarcted myo-
cardium and chloroquine 
tended to worsen the alter-
ations. These data suggest 
that decreased myocyte au-
tophagy deteriorates LV remodeling after MI.

Correlation between myocyte autophagy and myocardial oxidative stress after MI
To examine the possible mechanisms of decreased myocyte autophagy in the MI rab-

bits, we assessed temporal changes in myocardial oxidative stress in rabbits after MI and 
performed the correlation analysis between myocardial oxidative stress and myocyte au-
tophagy. Myocardial oxidative stress, assessed by immunohistochemical staining for 4-HNE, 
was progressively increased in the remote non-infarcted myocardial tissue in rabbits at 1, 4 
and 8 weeks after MI compared with sham animals (Fig. 8 A and B). The correlation analysis 
indicates that there was a negative correlation between 4-HNE and LC3 expression (Fig. 8 
C). The data suggest that increased myocardial oxidative stress is associated with decreased 
myocyte autophagy in rabbits after MI.

Fig. 7. A-E: Changes in heart weight (HW), the ratio of HW to body 
weight (BW), mean arterial blood pressure (MABP), left ventricular to-
tal wall thickness and end-diastolic dimension (EDD) in sham and myo-
cardial infarction (MI) rabbits with normal saline (NS) or chloroquine 
(CQ) treatment. Values are means ± SEM. n = 6-8. *P<0.05 vs. sham NS 
group. #P<0.05 vs. MI NS group. F: Representative photomicrographs 
of left ventricular tissue sections by hematoxylin and eosin. Bar = 25 
μm. G: quantification of myocyte diameter measured by NIH ImageJ. 
Values are means ± SEM. n = 5-6. *P<0.05 vs. sham NS group. #P<0.05 
vs. MI NS group. H: Representative photomicrographs of left ventricu-
lar tissue sections by Masson trichrome staining for fibrosis. Myocar-
dium stains red, and collagen stains blue. Bar = 20 μm. I: quantification 
of cardiac fibrosis measured by NIH ImageJ. Values are means ± SEM. n 
= 5-6. *P<0.05 vs. sham NS group. **P<0.01 vs. sham NS group.
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Effects of antioxidant vitamins C and E on myocyte autophagy in post-MI remodeling
To further determine whether oxidative stress mediates decreased myocyte autophagy 

after MI, antioxidant vitamins C and E were administered in rabbits 24 hours after surgery 
for 4 weeks. Body weight did not differ significantly among the four experimental groups 
(3.15±0.05 kg in sham placebo group, 3.18±0.08 kg in sham vitamins group, 3.09±0.05 kg in 
MI placebo group and 3.11±0.07 kg in MI vitamins group). Fig. 9 A and B show that myocardial 
4-HNE expression was increased in the remote non-infarcted myocardium at 4 weeks after 
MI and the increase was inhibited by the treatment of antioxidant vitamins C and E. Fig. 
9 C and D show that the staining density of myocardial LC3 was significantly lower in the 
remote non-infarcted myocardial tissue in rabbits at 4 weeks after MI compared with sham 
animals, and antioxidant vitamins C and E prevented the decrease in LC3 expression after MI. 
Similarly, Beclin1 protein expression was reduced in the remote non-infarcted myocardial 
tissue in rabbits at 4 weeks after MI, and antioxidant vitamins prevented the reduction in 
Beclin1 expression after MI (Fig. 9 E and F). Western blot data confirmed that antioxidants 
prevented the decreases in LC3 and Beclin1 protein expression in the remote non-infarcted 
myocardium after MI (Fig. 9 G-I). These findings suggest that increased oxidative stress 
mediates decreased myocyte autophagy in the remote non-infarcted myocardium after MI.

Changes in autophagy in cultured H9C2 cardiomyocytes after exposure to hypoxia: role of 
oxidative stress
Hypoxia is associated with post-MI remodeling and dysfunction [21]. In cultured H9C2 

cardiomyocytes, the ratio of LC3 II/I proteins was decreased at 4 and 8 h after exposure 
to hypoxia (Fig. 10 A and B). Hypoxia has been shown to induce an increase in reactive 
oxygen species (ROS) in cultured cardiomyocytes [22, 23]. In the present study, oxidative 
stress assessed by 8-OHdG expression was increased in H9C2 cardiomyocytes at 8 h after 
exposure to hypoxia (Fig. 10 C). To determine the direct role of oxidative stress in myocyte 
autophagy, we exposed H9C2 cardiomyocytes to H2O2 at a concentration of 10 μM for 24 h. 
H2O2 decreased the LC3 II/I ratio (Fig. 10 D and E).

Fig. 8. A: immunohistochemistry for myo-
cardial 4-hydroxynonenal (4-HNE) expres-
sion in sham and 1-, 4-, and 8-week (W) 
myocardial infarction (MI) rabbits. 4-HNE 
positive staining is shown in red. All nuclei 
stained by hematoxylin are shown in blue. 
Bar = 25 μm. B: the graph shows the rela-
tive expression of myocardial 4-HNE in the 
four groups. Values are means ± SEM. n = 4. 
*P<0.05 vs. sham group. C: correlation be-
tween myocyte autophagy (LC3 scores) and 
myocardial oxidative stress (4-HNE scores) 
in sham-operated rabbits and rabbits at 
1, 4 and 8 weeks after myocardial infarc-
tion (MI). Each data point represents one 
animal. n=5. The hollow circles indicate the 
data from the sham-operated rabbits, the 
solid circles indicate the data from the rab-
bits at 1 week after MI, the solid triangles in-
dicate the data from the rabbits at 4 weeks 
after MI, and the solid squares indicate the 
data from the rabbits at 8 weeks after MI.
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Fig. 9. A: immunohistochemistry 
for myocardial 4-hydroxynonenal 
(4-HNE) expression in sham and 
myocardial infarction (MI) rab-
bits with placebo (P) or antioxi-
dant vitamins C and E (V) treat-
ment. 4-HNE positive staining is 
shown in red. All nuclei stained 
by hematoxylin are shown in 
blue. Bar = 20 μm. B: the graph 
shows the relative expression 
of myocardial 4-HNE in the four 
groups. Values are means ± SEM. 
n = 5-6. *P<0.05 vs. sham placebo 
group. #P<0.05 vs. MI placebo 
group. C: immunohistochemistry 
for myocardial LC3 expression in 
sham and myocardial infarction 
(MI) rabbits with placebo (P) or 
antioxidant vitamins C and E (V) 
treatment. LC3 positive staining 
is shown in red. All nuclei stained 
by hematoxylin are shown in blue. 
Bar = 20 μm. D: the graph shows 
the relative expression of myocar-
dial LC3 in the four groups. Values 
are means ± SEM. n = 5-6. *P<0.05 
vs. sham placebo group. #P<0.05 
vs. MI placebo group. E: immu-
nohistochemistry for myocardial 
Beclin1 expression in sham and 
myocardial infarction (MI) rab-
bits with placebo (P) or antioxi-
dant vitamins C and E (V) treat-
ment. Beclin1 positive staining is 
shown in red. All nuclei stained 
by hematoxylin are shown in blue. 
Bar = 20 μm. F: the graph shows 
the relative expression of myo-
cardial Beclin1 in the four groups. 
Values are means ± SEM. n = 5-6. 
*P<0.05 vs. sham placebo group. 
#P<0.05 vs. MI placebo group. G: 
representative Western blots of 
LC3 I and II and Beclin1 protein 
expression in left ventricular tis-
sue in sham and myocardial in-
farction (MI) rabbits with placebo 
(P) or antioxidant vitamins C and 
E (V) treatment. Equal loading of 
proteins is illustrated by GAPDH 
bands. H and I: respective group 
densitometry analysis. Values are means ± SEM. n = 5-6. *P<0.05 vs. sham placebo group. #P<0.05 vs. MI 
placebo group.
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Discussion

The major new findings of this study are that (1) myocyte autophagy was progressively 
reduced after MI in rabbits, (2) there was a negative correlation between myocyte autophagy 
and LV size and a positive correlation between myocyte autophagy and LV systolic function 
after MI, autophagy inhibition by chloroquine worsened LV remodeling after MI, (3) reduced 
myocyte autophagy was correlated with increased myocardial oxidative stress assessed 
by 4-HNE expression after MI, antioxidant vitamins C and E prevented the reduction in 
myocyte autophagy after MI. In addition, in cultured H9C2 cardiomyocytes, autophagy was 
decreased after exposure to hypoxia, and the change was associated with increased 8-OHdG 
expression. Furthermore, autophagy was decreased in H9C2 cardiomyocytes after exposure 
to a low dose of H2O2. The present study suggests that progressive reduction in myocyte 
autophagy after MI is associated with increased myocardial oxidative stress and contributes 
to LV remodeling and dysfunction.

Temporal changes of myocyte autophagy after MI
Studies from Sadoshima’s group have shown that myocyte autophagy is increased 

in mice after myocardial ischemia and increased further after ischemia / reperfusion [4].  
Autophagy may be protective during ischemia, whereas it may be detrimental during 
reperfusion [4, 24]. Kanamori and colleagues have shown that myocyte autophagy is 
activated during acute myocardial infarction (24 h) induced by permanent coronary artery 
occlusion in mice, and inhibition of autophagy by bafilomycin A1 increased infarct size, 
suggesting that autophagy protects cardiomyocytes from ischemic death during acute MI 
[8]. Kanamori and colleagues have further demonstrated that autophagy is increased at 1 
week after MI in mice and increased further at 3 weeks after MI [9]. However, in the present 
study, we have demonstrated that myocyte autophagy assessed by immunohistochemical 
staining for LC3 expression and Western blot for LC3 II/I ratio was decreased in the remote 
non-infarcted myocardium at 1 week after MI in rabbits and decreased further at 4 and 8 
weeks after MI. The reason for the different results is unknown, but it might be related to the 
different species of animals or the different stages of disease. The distinct changes of myocyte 
autophagy have also demonstrated in pressure overload-induced cardiac hypertrophy and 
failure [3, 5, 25, 26].

Fig. 10. A: representative Western blots 
of LC3 II and I protein expression in H9C2 
cardiomyocytes after exposure to hypoxia 
for 4 and 8 h. Equal loading of proteins is 
illustrated by GAPDH bands. B: respec-
tive group densitometry analysis. Values 
are shown as means ± SEM; n=6. ∗P<0.05 
vs. controls. C: Changes in oxidative stress 
for 8-OHdG expression in H9C2 cardio-
myocytes after exposure to hypoxia for 
8 h. 8-OHdG positive staining is shown in 
red. All nuclei stained by hematoxylin are 
shown in blue. Original magnification ×40. 
The pictures represent three independent 
experiments. D: representative Western 
blots of LC3 II and I protein expression in 
H9C2 cardiomyocytes after exposure to 
hydrogen peroxide (H2O2, 10 μM) for 24 h. 
Equal loading of proteins is illustrated by 
GAPDH bands. E: respective group den-
sitometry analysis. Values are shown as 
means ± SEM; n=6. ∗P<0.05 vs. controls.
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Role of myocyte autophagy in post-MI remodeling and dysfunction
Kanamori et al. have shown that the autophagy inhibitor bafilomycin A1 significantly 

aggravates postinfarction cardiac dysfunction and remodeling in mice [9]. Treatment with 
rapamycin, an autophagy enhancer, migrates cardiac dysfunction and adverse remodeling 
after MI [9]. A combined treatment with bafilomycin A1 and rapamycin offsets each effect 
on myocyte autophagy and postinfarction cardiac remodeling [9]. These results suggest 
that myocyte autophagy is an innate mechanism that protects against progression of 
postinfarction cardiac remodeling. Moreover, inhibition of mammalian target of rapamycin 
with everolimus increases myocyte autophagy, limits infarct size and attenuates adverse LV 
remodeling after MI in rats [27]. In the present study, we have shown that the progressive 
reduction in myocyte autophagy was correlated with progressive LV remodeling and 
dysfunction after MI in rabbits. Furthermore, the autophagy inhibitor chloroquine enhanced 
myocyte hypertrophy and deteriorated LV remodeling after MI in rabbits. These results are 
supported by the previous study showing that chloroquine exacerbates postinfarction cardiac 
remodeling associated with a reduction in autophagic activity [28]. These findings suggest 
that increased myocyte autophagy may improve post-MI remodeling and dysfunction.

Mechanisms of reduced myocyte autophagy after MI
In the present study, myocyte autophagy was reduced in the remote non-infarcted 

myocardium in rabbits. Oxidative stress has been shown to increase in the remote non-
infarcted myocardium after MI [12, 29]. To explore the possible underlying mechanism, we 
have performed the correlation analysis between myocyte autophagy and oxidative stress. 
The results have shown that reduced myocyte autophagy was correlated with increased 
myocardial oxidative stress as evidenced by increased myocardial 4-HNE expression. 
Moreover, we have found that antioxidant vitamins C and E prevented the reduction in 
myocyte autophagy in the remote non-infarcted myocardium after MI. These findings are 
supported by the in vitro study showing that autophagy was reduced in cardiomyocytes after 
chronic exposure to a low dose of H2O2. Hypoxia has been shown to be associated with the 
formation of ROS in cardiomyocytes [22] and the remodeling of the remote noninfarcted 
myocardium after MI [21]. In vitro study, we have shown that autophagy was reduced in H9C2 
cardiomyocytes at 4 and 8 hours after exposure to hypoxia, and the change was associated 
with increased oxidative stress assessed by the expression of 8-OHdG. 8-OHdG is a sensitive 
and specific marker of DNA damage induced by oxidative stress [30]. These findings are 
consistent with a previous report showing that myocyte autophagy was decreased during 
hypoxia and reoxygenization [31] in association with increased oxidative stress. Reduced 
myocyte autophagy also occurs in pressure overload-induced myocardial hypertrophy [3, 
25, 26] and aging [32], all of which are associated with increased myocardial oxidative stress 
[33, 34]. In addition, endothelin-1, which is associated with oxidative stress and MI, has 
been shown to reduce myocyte autophagy [35]. β-adrenergic receptor agonist isoprenaline 
that increases myocardial oxidative stress [36] decreases myocyte autophagy [26]. These 
results are further supported by the previous report demonstrating that accumulation of 
ROS contributes to autophagy inhibition [37]. These findings suggest that reduced myocyte 
autophagy is mediated via increased myocardial oxidative stress after MI.

The potential signaling pathways of ROS-mediated reduction of myocyte autophagy 
after MI remain to be fully elucidated, but as shown in the present results, decreased Beclin1 
and Atg5 proteins after MI might be involved in the process. In cardiomyocyte in vitro, the 
low concentration of H2O2 has been shown to mediate autophagy reduction [25]. Nakai 
et al. reports that Atg7 deficiency causes inhibition of myocyte autophagy and myocyte 
hypertrophy [3]. Cardiac specific-Atg5 deficiency exhibits decreased myocyte autophagy and 
LV hypertrophy and dysfunction. Ceylan-Isik et al. have shown that decreased Beclin1, Atg5 
and Atg7 proteins are associated with decreased myocyte autophagy in aging heart which is 
characterized by myocardial hypertrophy [35]. MI is characterized by myocyte hypertrophy 
in the remote non-infarcted myocardium [38].
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Conclusion

MI rabbits exhibited progressive reduction in myocyte autophagy in the remote non-
infarcted myocardium. The alteration was correlated with increased myocardial oxidative 
stress and progressive LV remodeling and dysfunction after MI. Autophagy inhibition 
worsened LV remodeling after MI. In addition, autophagy was decreased in cultured 
cardiomyocytes after exposure to hypoxia, and decreased autophagy was associated with 
increased oxidative stress. Furthermore, a low concentration of H2O2 decreased autophagy 
in cultured cardiomyocytes. Antioxidants prevented reduced myocyte autophagy after MI. 
These findings suggest that oxidative stress mediates reduction in myocyte autophagy that 
contributes to post-MI remodeling in rabbits.
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