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Abstract: MicroRNAs have been shown to play critical regulatory roles in various ischemia/reperfusion (I/R) injury. 
However, its role in myocardial I/R injury remains largely unknown. The aim of this study was to investigate the role 
of microRNA-34a (miR-34a) in the development of myocardial I/R injury. Rat myocardial I/R model was established, 
followed by PCR array analyses to investigate the expressional alterations of miRNAs in the hearts of rats. H9c2 
cardiomyocytes were subjected to hypoxia/reoxygenation (H/R), and lactate dehydrogenase (LDH) release, cell vi-
ability and rat cardiomyocyte apoptosis were measured as well as miR-34a expression. Knockdown experiments 
were performed to determine the effects of manipulating miR-34a on apoptotic responses. Our results revealed that 
miR-34a was significantly up-regulated in I/R group compared with sham group. Inhibition of miR-34a promoted cell 
proliferation, reduced LDH release and apoptosis which were accompanied by a significant decrease in caspase-3 
activity. Furthermore, Bcl-2, a well know anti-apoptotic gene was identified to be a functional target of miR-34a. 
Taken together, knockdown of miR-34a mediates H/R-induced apoptosis in cardiomyocytes by targeting Bcl-2 and 
represents a potential target for prevention of myocardial I/R injury.
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Introduction

Heart transplantation is the best option for 
long-term survival for end-stage heart failure 
(HF) patients. Up to now, more than 116,000 
heart transplantations have been performed 
worldwide [1, 2]. Ischemia reperfusion (I/R) 
injury is an unavoidable event occurring during 
heart transplantation, leading to graft failures 
and lower long-term survival rate of the recipi-
ent. Thus, there is an urgent need for well-toler-
ated therapies with the ability to significantly 
attenuate adverse heart transplantation and 
improve function of the failing heart [3-5]. It is 
important to explore new alternative mecha-
nisms involved in I/R injury during heart 
transplantation.

The pathophysiological mechanisms of myocar-
dial I/R are complicated. Apoptosis plays an 
important role in different kinds of I/R injury, 
including myocardial I/R. Accumulating evi-
dence has demonstrated that miRNAs have 

crucial roles in various cellular and biological 
processes, including cell growth, differentia-
tion, migration and especially apoptosis [6-10]. 
MicroRNAs (miRNAs) are highly conserved, 
small, noncoding RNAs consisting of about 
18-24 nucleotides in length, which regulates 
gene expression by targeting mRNAs and  
triggering either translation repression or RNA 
degradation [11-13]. Several studies have  
demonstrated that miRNAs are vital regulators 
of signaling pathways involved in I/R injury  
[14-17]. However, whether miRNAs are involved 
in the apoptosis induced by myocardial I/R is 
few studied.

In this study, we examined alterations in  
miRNA expression levels in the hearts in an I/R 
rat model using PCR array analyses, and miR-
34a was significantly altered by hypoxia. 
Furthermore, it was demonstrated that knock-
down of miR-34a could attenuate myocardial 
I/R injury by targeting Bcl-2 in vitro. Our data 
suggest that miR-34a may provide a new thera-
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peutic target and a biomarker for treatment of 
myocardial I/R injury.

Materials and methods

A rat model of myocardial I/R injury

In order to study the microRNA expression 
changes in myocardial I/R injury, we applied a 
rat myocardial I/R injury model. In brief, 6 
10-week-old male Sprague-Dawley rats (weight-
ing 270-320 g) were used to set I/R models 
and the Sham controls. Rats were anesthetized 
with ketamine (80 mg/kg intraperitoneally) and 
xylazine (5 mg/kg intraperitoneally), placed in a 
supine position. Under sterile conditions, the 
animals were ventilated with room air using a 
rodent respirator. The arterial blood pressure 
(BP) was recorded via femoral artery catheter-
ization with a bio-signal recorder, and the stan-
dard limb lead I electrocardiogram were syn-
chronously monitored until the end of the 
experiment. Sham-operated rats served as 
controls. Sham operation involved an identical 
procedure, except the suture was passed 
around the vessel without left anterior descend-
ing coronary artery occlusion. The procedures 
for the experiments and animal care were 
approved by the institutional animal care and 
the ethics committee of Zhongshan Hospital, 
Fudan University, and all animals received 
humane care in compliance with The Guide for 
the Care and Use of Laboratory Animals, pub-
lished by National Institutes of Health.

MiRNA PCR array profiling analysis

The Rat Apoptosis miRNA PCR Array (Qiagen, 
Hilden, Germany) was used to study the expres-
sion of microRNA in rat myocardial I/R injury. 
Briefly, cDNA was prepared using miScript II RT 
Kit with miScript HiSpec Buffer (Qiagen, Hilden, 
Germany), incubated at 37°C for 60 min, then 
at 95°C for 5 min. MiScript SYBR Green PCR Kit 
(Qiagen, Hilden, Germany) was used for the 
real-time PCR reactions on the miScript miRNA 
PCR Array, Add PCR mix to miScript miRNA PCR 
Array, Perform real-time PCR, Analyze results 
using miScript miRNA PCR Array data analysis 
tool. The amplification data (fold changes in the 
threshold cyte values of all the genes) were 
analyzed by the 2-ΔΔCt method. According to the 
manufacturer’s protocol, 84 miRNAs known or 
predicted to alter in expression during apopto-
sis was profiled. 

Total RNAs extraction and real-time (RT) PCR

Total RNA were extracted from cells using Trizol 
(Invitrogen, CA, USA) according to the manufac-
turer’s instructions. Reverse-transcribed com-
plementary DNA was synthesized with the 
PrimeScript RT reagent kit (TaKaRa, Japan). 
Mature miR-34a primers were synthesized by 
GenScript Co. Ltd (China). The primers were  
as follows: miR-34a (forward, 5’-TGCGCTGGC- 
AGTGTCTTAGCTG-3’; reverse, 5’-CCAGTGCAGG- 
GTCCGAGGTATT-3’). Real-time quantitative PCR 
was performed on a Rotor-Gene 3,000 real-
time DNA detection system (Corbett Research, 
Australia) using SYBR Green (Qiagen, Hilden, 
Germany). All samples were analyzed in dupli-
cate, including no-template controls. The rela-
tive expression levels of miRNAs and the poten-
tial target genes of miR-34a were determined 
by the standard curve method, respectively.

Transfection H9c2 cells and in vitro I/R model

The H9c2 rat ventricular cell line was pur-
chased from the cell bank of the Chinese 
Academy of Sciences. Cells were seeded at a 
concentration of 2 × 104 cells/cm2, and cul-
tured with Dulbecco’s Modified Eagle Medium 
(DMEM, Sigma-Aldrich Corp, USA) containing 
10% (v/v) fetal bovine serum (FBS, HyClone 
Laboratories, USA) in a humidified atmosphere 
of 5% CO2 at 37°C. MiR-34a mimic, miR-34a 
inhibitor and the corresponding negative con-
trol (miR-NC) were purchased from Shanghai 
GenePharma Co. Ltd. (Shanghai, China). MiR-
34a mimic or inhibitor was transfected into 
cells using Lipofectamine 2000 (Invitrogen, CA, 
USA) following the manufacturer’s instructions.

Hypoxia was induced by exposing cells to 1% 
O2-94% N2-5% CO2 for 24 h using a modular 
incubator (Model 3131, Forma Scientific, 
Marietta, OH, USA). Cells cultured under a nor-
moxic atmosphere served as a control. Cells 
were serum deprived for 12 h for synchroniza-
tion before the onset of hypoxia, and main-
tained in serum-free DMEM during hypoxia.

Cell viability

H9c2 cardiomyocyte survival and structural 
integrity after hypoxia was evaluated by mea-
suring cell viability. Cell viability was examined 
via a MTT assay according to the manufactur-
er’s instructions (Roche Applied Science). 
Briefly, approximately 1 × 103 cells were seed-
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ed in a 96-well culture plate for 24 h. At  
various time points, MTT (Amresco, USA) was 
added to the medium at a final concentration  
of 0.5 mg/ml for the last 12 h of the experi-
ment. The resulting formazan crystals were  
dissolved in dimethyl sulfoxide, the absorbance 
was measured on an Optimax microplate read-
er (Molecular Devices, Sunnyvale, CA) at a 
wavelength of 570 nm with background sub-
tracted at 690 mm.

Lactate dehydrogenase (LDH) release assay

Lactate dehydrogenase activity in the culture 
media was conducted with the LDH detection 
activity assay kit (Sigma, St. Louis, MO) at 450 
nm according to the manufacturer’s instruc-
tions. LDH catalyzes the oxidation of L-lactate 
to pyruvate, and reduction of nicotinamide  
adenine dinucleotide (NAD) to NADH. The 
reduction of NAD is accompanied by the 
decrease of light absorbance at 340 nm. One 
unit of LDH activity is defined as a decrease  
of 1 U per min in the light absorbance at 340 
nm using a path length of 1 cm. The reading of 
LDH was normalized to the amount of protein.

Analysis of cell apoptosis

H9c2 cells were trypsinized and washed twice 
with phosphate buffered saline (PBS). Cells  
(4 × 105/ml) were collected with l mL PBS and 
centrifuged at 1000 rpm for 10 min. The cells 
were suspended in 500 μL of Binding Buffer 
and mixed with 5 μL Annexin V (Bio-Science, 
Co. Ltd, Shanghai, China) and 5 μL PI (Bio-
Science, Co. Ltd., Shanghai, China). After incu-
bation at RT in the dark for 5 min, samples were 
analyzed by a FACS Aria flow cytometry (BD 
Biosciences, San Jose, CA, USA). 

Western blot analysis

Total protein samples were isolated from H9c2 
cells. Cells were washed twice with ice-cold 
PBS, collected in lysis buffer (Thermo Scientific, 
Rockford, IL, U.S.A), supplemented with a pro-
tease inhibitor mixture (Sigma, St. Louis, MO), 
and the lysates were centrifuged. Equal 
amounts of protein from each sample were 
separated by 12% SDS-PAGE (Bio-Rad, Her- 
cules, USA). After electrotransferring onto  
nitrocellulose membranes (Amersham Bios- 
ciences, Piscataway, NJ), the blots were incu-
bated overnight at 4°C with the following  
primary antibodies against Bcl2 (Abcam), fol-

lowed by incubation in the corresponding 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Abcam, Cambridge, UK). 
β-Actin (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) was used as the loading control. The 
images were captured using a BioSpectrum- 
410 multispectral imaging system. Immuno- 
reactive bands were visualized by use of an 
enhanced chemoluminescence kit (Millipore, 
USA) and quantified by use of Image-Pro Plus 
6.0.

Luciferase assay

To examine whether miR-34a regulates the 
expression of Bcl-2, a predicted target of miR-
34a, the dual luciferase psiCheck2 reporter 
plasmid (Promega, Madison, WI, USA) was  
used to generate the reporter plasmid harbor-
ing Bcl-2 3’UTR. Briefly, 3’UTR containing the 
putative miR-34a binding site was amplified 
from rat genomic DNA by PCR, using Xho1  
and Not1 primers (left Xho1 primer: CTC- 
GAGCGGAGCAGAGCCATGGGCACGTCTTCAG,  
right Not1 primer: GCGGCCGCCCTATTGCTGG- 
ATGCTTTCCAAGTCCC). The PCR product was 
digested with Xho1 and Not1, followed by  
insertion into the multiple cloning region locat-
ed at the 3’UTR of the synthetic Renilla lucifer-
ase gene within the psiCheck2 plasmid. The 
psiCheck2 plasmid also contains a synthetic 
firefly luciferase gene that serves as the  
transfection Control. The H9c2 cells were  
co-transfected with the psiCheck2 vector  
containing Bcl-2 3’UTR and miR-34a mimic or 
miR-34a inhibitor using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA), and the co-
transfection with non-targeting negative con-
trol RNA was performed as control. The cells 
were harvested 24 h after transfection, and 
luciferase activity was measured with a dual 
luciferase reporter assay kit (Promega, 
Madison, WI, USA) on a luminometer (Lumat 
LB9507).

Statistical analysis

All statistical analyses were carried out using 
the SPSS 11.0 statistical software package. All 
the data are expressed as mean ± standard 
deviation (S.D) from three independent experi-
ments. The differences between two experi-
mental conditions were compared on a one-to-
one basis using two-tailed Student’s test. A 
value of P < 0.05 was considered statistically 
significant.
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Results

MiRNA expression signatures in I/R injury rat 
hearts

Apoptosis microRNA PCR array analysis  
showed that a total of 20 out of 84 miRNAs 

the level of LDH release was significantly 
increased after hypoxia, reached the largest 
increase LDH release in 24 h after hypoxia 
(Figure 2A). The simulated ischemia induced  
a time-dependent decrease of cell activity,  
the time-course changes showed a largest 
decrease in cell viability at 24 h after hypoxia 

Figure 1. Screening of differentially expressed microRNA in Rat myocardial 
I/R injury model. A. Heatmap of specific miRNA expression signatures as-
sociated with myocardial I/R injury rats and normal myocardium of sham-
operated rats. B. The expression level of integrated-signature miR-34a was 
verified between myocardial I/R injury group and sham group by qRT-PCR 
analysis. Data are presented as the means ± SD from three independent 
experiments. 

were identified as being differ-
entially expressed within isch-
emic myocardium rats, com-
pared to the normal myocar-
dium of sham-operated rats. 
Among these 20 specific miR-
NAs, miR-34a, -122, -155, 
-199a, -128a, -200c, -133b, 
-10a, -149a and -15a were  
up-regulated, whereas miR-
125b, -222, -184, -27b, -30a, 
-7a, -25, -378, -9 and -10a 
were down-regulated in the 
ischemic myocardium. Among 
the dysregulated miRNAs, 
miR-34a is the most up-regu-
lated (Figure 1A), then, miR-
34a was selected for further 
studies. To verify PCR array 
analysis finding, we validated 
miR-34a expression in eight 
myocardial I/R injury rats. 
qPCR results showed that 
miR-34a expression was also 
upregulated in the ischemic 
myocardium of rats compared 
to the myocardium of sham-
operated rats (Figure 1B). 
Taken together, these data 
suggest miR-34a may play an 
important role in the progres-
sion of myocardial I/R injury.

Hypoxia model of cultured rat 
H9c2 cardiomyocyte

H9c2 cell I/R injury model  
has been widely used to mimic 
myocardial I/R injury in vivo 
[18]. In our study, we estab-
lished H9c2 cells I/R injury 
model, determine the optimal 
hypoxia time; we researched 
the effect of hypoxia time on 
LDH release, cell viability, cell 
apoptosis and caspase-3 
activity. Compared with the 
normal cultured H9c2 cells, 
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(Figure 2B). Additionally, the apoptosis rate in 
the ischemic myocardium was 14.9% in 12 h, 
and 20.37% in 24 h, as determined by the Flow 
Cytometry. By contrast, the apoptosis rate was 
3.79% in normal myocardium (Figure 2C). 

Caspase-3 activity was significantly increased 
in H9c2 cells at 24 h of hypoxia when compared 
with the normal cultured H9c2 cells (Figure 
2D). Therefore hypoxia of 24 h was selected for 
the following functional experiments in H9c2 

Figure 2. Hypoxia model of cultured rat H9c2 cardiac myocytes. Cells were serum deprived for 12 h before the onset 
of hypoxia, and maintained in serum-free DMEM during hypoxia. A. The time-course changes of LDH releases in 
H9c2 cells exposed to hypoxia. B. The time-course changes of cell viability in H9c2 cells exposed to hypoxia. C. The 
time-course changes of cell apoptosis in H9c2 cells exposed to hypoxia. D. The time-course changes of caspase-3 
activity in H9c2 cells exposed to hypoxia. E. The time-course changes of miR-34a expression levels in H9c2 cells 
exposed to hypoxia. Data are presented as the means ± SD from three independent experiments. (*P < 0.05, **P 
< 0.01 vs. control).
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cells. In accordance with the changes of miR-
34a in adult cardiomyocytes subjected to isch-
emia, miRNA-34a expression was down-regu-
lated as well in cultured rat H9c2 cardiomyo-
cytes exposed to hypoxia. The time-course 
changes showed a largest increase in miR-34a 
expression at 24 h after hypoxia (Figure 2E).

MiR-34a inhibitor suppressed the apoptosis of 
H9c2 cells induced by I/R

In cultured H9c2 cells, transfection of miR-34a 
inhibitor significantly decreased the level of 
miR-34a, transfection of negative control RNA 
not affect the level of miR-34a. The result 
showed that miR-34a inhibitor significantly sup-
pressed miR-34a expression (Figure 3A). The 

level of LDH release was relatively low in nor-
mal cultured H9c2 cells, which was not affect-
ed by the negative control RNA or miR-34a 
inhibitor transfection. As shown in Figure 3B, 
exposure to hypoxia for 24 h greatly increased 
LDH release in blank cells, indicating damage 
to cell membrane integrity. However, the miR-
34a inhibitor induced a decrease of LDH 
release in hypoxia cells (P < 0.01). As deter-
mined by the MTT assay, negative control RNA 
or miR-34a inhibitor did not affect cell viability 
in normoxic cultures (Figure 3C). Cell viability 
was significantly inhibited under hypoxia in 
hypoxic H9c2 cells, while transfected with the 
miR-34a inhibitor, the viability was significantly 
increased (P < 0.01). The result showed the 
ability of miR-34a deficiency to reduce cell 

Figure 3. miR-34a inhibitor suppressed the apoptosis of H9c2 cells induced by hypoxia. Cells were transfected with 
50 nM of miR-34a inhibitor or inhibitor NC for 24 h, with the aid of transfection agent. After that, cells were cultured 
in fresh medium for 48 h, serum deprived for 12 h, exposed to hypoxia (1% O2) or normoxia in serum-free medium 
for a further 24 h, and then harvested for measurement. Non-targeting negative control RNA was used as control. 
MiR-34a levels were determined using real-time qRT-PCR, normalized to U6, and expressed as the fold change of 
the normoxic control. A. miR-34a levels in H9c2 cells transfected with miR-34a inhibitor or miR-34a inhibitor NC. B. 
Lactate dehydrogenase release in normoxic and hypoxic H9c2 cardiomyocytes transfected with miR-34a inhibitor 
ormiR-34a inhibitor NC. C. Cell viability in normoxic and hypoxic H9c2 cardiomyocytes transfected with miR-34a 
inhibitor or inhibitor NC. D. Apoptosis detected by Flow Cytometry in normoxic and hypoxic H9c2 cardiomyocytes 
transfected with miR-34a inhibitor or miR-34a inhibitor NC. Apoptosis was expressed as the percentage of apoptotic 
cells vs. total cells. E. Caspase-3 activity in normoxic and hypoxic H9c2 cardiomyocytes transfected with miR-34a 
inhibitor or miR-34a inhibitor NC. Data are presented as the means ± SD from three independent experiments. (*P 
< 0.05, **P < 0.01 vs. control).
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damage and enhance cell viability during 
hypoxia.

Previous studies demonstrated that apoptosis 
played an important role in myocardial IR injury. 
Thus, we carried out Annexin V/PI assay to 
detect apoptosis. We found that apoptosis was 
markedly enhanced in cultured H9c2 cells 
under hypoxia compared with normoxic cells. 
However, after transfected with miR-34a inhibi-
tor resulted in a much lower rate of apoptosis in 
hypoxia cells (P < 0.01) (Figure 3D). The result 
showed miR-34a inhibitor effectively inhibited 
H9c2 cells apoptosis during hypoxia. No chang-
es of caspase-3 mRNA were detected in nor-
moxic H9c2 cells transfected with the negative 

control RNA or miR-34a inhibitor. Hypoxia 
increases the activity of caspase-3; it was sig-
nificantly suppressed in hypoxia cultured H9c2 
cells transfected with the miR-34a inhibitor 
(Figure 3E).

Bcl-2 is a direct target of miR-34a in H9c2 
cells

Bcl-2 is a critical molecule for the regulation of 
apoptosis. Binding sites for miR-34a in the 
3’UTR of Bcl-2 were identified by TargetScan 
and RNAhybrid algorithms (Figure 4A). To 
experimentally demonstrate that Bcl-2 is a 
direct target of miR-34a, we have identified a 
putative miR-34a-binding site (ACUGCC) in the 

Figure 4. Bcl-2 is a target of miR-34a in myocardial I/R injury. A. Predicted binding site (Bcl2-WT-UTR) and mutated 
binding site (Bcl-2-MUT-UTR) of miR34a on Bcl2. B. A luciferase reporter plasmid carrying wild Bcl2 3’UTR or mutant 
Bcl2 3’UTR was transfected into H9c2 cells alone, cotransfected with miR NC or miR-34a mimic, or with inhibitor 
NC or miR-34a inhibitor and luciferase activity was measured. C. H9c2 cells were transfected with miR NC, miR-34a 
mimic, inhibitor NC and miR-34a inhibitor, Bcl-2 protein expression was analyzed by Western blotting. Data are pre-
sented as the means ± SD from three independent experiments. (*P < 0.05, **P < 0.01 vs. control).
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3’UTR of Bcl-2 mRNA. Bcl-2 wild-type or mutant-
type 3’UTR was subcloned into a luciferase 
reporter vector and transfected with miR nega-
tive control (NC), miR-34a mimic, inhibitor NC 
and miR-34a inhibitor into the H9c2 cells. 
Luciferase reporter assays showed that miR-
34a mimic significantly inhibited luciferase 
activity of the wild-type Bcl-2 3’UTR by about 
80% relative to the mimic control, whereas co-
transfection with miR-34a inhibitor significantly 
increased luciferase activity by about 5 times 
relative to the inhibitor NC (P < 0.01) (Figure 
4B). Transfection of the mutant Bcl-2 3’UTR 
with the same constructs had no effect on lucif-
erase activity, confirming that Bcl-2 is a direct 
target of miR-34a. To examine further whether 
miR-34a modulated expression of Bcl-2 in 
H9c2 cells, H9c2 cells were transfected with 
miR NC, miR-34a mimic, inhibitor NC and miR-
34a inhibitor. The results showed that transfec-
tion of the miR-34a mimic significantly sup-
pressed protein expression of Bcl-2. In con-
trast, transfection of the miR-34a inhibitor sig-
nificantly increased protein expression of Bcl-2 
(Figure 4C). Based on these results, we con-
cluded that miR-34a specifically suppressed 
Bcl-2 protein synthesis in H9c2 cells.

Discussion

This study has produced two major findings. 
First, miR-34a was a most obvious up-regulat-
ed miRNA in rats myocardial I/R injury model. 
Second, inhibition of miR-34a significantly 
enhanced cell viability, reduced LDH release, 
suppressed caspase-3 activity and inhibited 
apoptosis. Our results showed a therapeutic 
effect of miR-34a inhibition by promote upregu-
lation of Bcl-2 in I/R injury. 

I/R injury is considered to be a major mecha-
nism for heart transplant failure [19, 20]. Thus, 
it is important to understand molecular mecha-
nisms of I/R injury for the development of ther-
apies against I/R injury, outcome of heart 
transplant could also guide the development of 
better preservation strategies to increase 
donor heart pools. Apoptosis plays a key role in 
different kinds of I/R injury, including myocar-
dial I/R injury. More recent studies have dem-
onstrated that cardiomyocyte apoptosis con-
tributes to the process of cardiac damage dur-
ing I/R injury, which causes the loss of cardio-
myocyte volume and the subsequent cardiac 

dysfunction. Thus, inhibition of apoptosis may 
have promise as a therapeutic strategy for isch-
emia-reperfusion injury [21]. For example, 
febuxostat provides cardioprotection following 
I/R-induced myocardial injury by reducing ROS 
generation and mitochondrial apoptosis [22]. 
The miR-195 expression was upregulated in 
myocardial I/R injury and miR-195 overexpres-
sion promote cardiomyocyte apoptosis by tar-
geting Bcl-2 and inducing mitochondrial apop-
totic pathway [23]. In this study, we establish 
two myocardial I/R injury model by H/R stimula-
tion. As we expected, the cardiomyocytes  
apoptosis was increased after H/R treatment. 
Interestingly, miR-34a expression was upregu-
lated in rat model and cell model. However, 
whether miR-34a is involved in I/R-induced 
apoptosis have not been explored.

A growing body of evidence shows that miRNAs 
play a pivotal role in myocardial I/R injury [24-
28]. For example, miR-21 had a protective 
effect on I/R by reducing cardiac cell apoptosis 
via its target gene PDCD4 [29]. Overexpression 
of miR-22 provides cardiac protection against 
I/R induced cardiomyocytes apoptosis by 
directly targeting CBP [30]. Upregulation of miR-
25 inhibits cerebral I/R injury-induced apopto-
sis through downregulating Fas/FasL [31]. miR-
128 inhibitor attenuated I/R injury-induced 
cardiomyocyte apoptosis by the targeted  
activation of PPARG signaling [32]. In our stud-
ies, apoptosis microRNA PCR array analysis 
showed that 20 miRNAs were identified as 
being differentially expressed, among these  
20 specific miRNAs, miR-34a is the most upreg-
ulated in all of miRNA. Furthermore, miR-34a  
is crucially involved in apoptotic pathways, as 
well as disorders characterized by abnormal 
apoptosis. However, whether miR-34a is 
involved in I/R-induced cardiomyocyte apopto-
sis was not clear. In the present study, we found 
that inhibition of miR-34a by miR-34a inhibitor 
significantly enhanced cell viability, reduced 
lactate dehydrogenase release, suppressed 
caspase-3 activity and inhibited apoptosis in 
the established H9c2 hypoxia model. Our find-
ings reveal that miR-34a may be a potential 
drug target for treating myocardial I/R injury.

Bcl-2, one of anti-apoptosis genes, is a crucial 
controller of the mitochondrial pathway [33, 
34]. XF Chen et al. reported that miR-744 tar-
geted on Bcl-2, which led to the inactivation of 
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apoptosis signaling and the cell proliferation of 
cervical cancer cells, ameliorating cervical can-
cer growth and progression [35]. It is reported 
that expression of miR-34a was markedly ele-
vated in association with increased apoptosis 
of CEP chondrocytes, and that LNA modified 
miR-34a antisense can promote upregulation 
of Bcl-2 in chondrocytes to prevent apoptosis 
[36]. However, the significance of Bcl-2 on 
apoptosis induced by miR-34a in myocardial 
I/R injury is unknown. In this study, bioinformat-
ics target prediction identified a potential miR-
34a binding site within the 3’UTR of Bcl-2 gene. 
Luciferase activity analysis confirmed the pre-
diction that miR-34a directly repress Bcl-2. 
Furthermore, the protein level of Bcl-2 is signifi-
cantly increased by transfection of the miR-34a 
inhibitor, strongly indicating miR-34a inhibitor 
pretreatment was able to attenuate myocardial 
I/R injury induced Bcl-2 down regulation, as 
well as H9c2 cell apoptosis.

In conclusion, our findings reveal that miR-34a 
significantly up-regulated in rats myocardial I/R 
model in vivo and in vitro, and miR-34a inhibitor 
protected cardiomyocyte against I/R-induced 
apoptosis in vitro. Bcl-2 may be the target gene 
of miR-34a inhibitor against I/R-mediated car-
diomyocyte apoptosis. Our results indicated 
that miR-34a/bcl-2 axies may be a potential 
drug target for treating cardiomyocyte I/R 
injury. 

Acknowledgements

This study was supported by Shandong 
Provincial Tackling Key Program of Medical 
Science and Technology (Grant No.: 2015W- 
S0112).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Demin Xu, De- 
partment of Cardiac Surgery, Zhongshan Hospital, 
Fudan University, 180 Fenglin Road, Shanghai 
200032, China. Tel: +86-21-64041990; Fax: +86-
21-64223006; E-mail: deymxu@163.com

References 

[1]	 Lund LH, Edwards LB, Kucheryavaya AY, 
Benden C, Christie JD, Dipchand AI, Dobbels F, 
Goldfarb SB, Levvey BJ, Meiser B,Yusen RD, 
Stehlik J; International Society of Heart and 

Lung Transplantation. The registry of the inter-
national society for heart and lung transplanta-
tion: thirty-first official adult heart transplant 
report--2014; focus theme: retransplantation. 
J Heart Lung Transplant 2014; 33: 996-1008.

[2]	 Zhou L, Zang G, Zhang G, Wang H, Zhang X, 
Johnston N, Min W, Luke P, Jevnikar A, Haig A 
and Zheng X. MicroRNA and mRNA signatures 
in ischemia reperfusion injury in heart trans-
plantation. PLoS One 2013; 8: e79805.

[3]	 Chen Q, Kong L, Xu X, Geng Q, Tang W and 
Jiang W. Down-regulation of microRNA-146a in 
the early stage of liver ischemia-reperfusion 
injury. Transplant Proc 2013; 45: 492-496.

[4]	 Yao L, Lv X and Wang X. MicroRNA 26a inhibits 
HMGB1 expression and attenuates cardiac 
ischemia-reperfusion injury. J Pharmacol Sci 
2016; 131: 6-12.

[5]	 Bernardo BC, Gao XM, Winbanks CE, Boey EJ, 
Tham YK, Kiriazis H, Gregorevic P, Obad S, 
Kauppinen S, Du XJ, Lin RC and McMullen JR. 
Therapeutic inhibition of the miR-34 family at-
tenuates pathological cardiac remodeling and 
improves heart function. Proc Natl Acad Sci U S 
A 2012; 109: 17615-17620.

[6]	 Xu LF, Wu ZP, Chen Y, Zhu QS, Hamidi S and 
Navab R. MicroRNA-21 (miR-21) regulates cel-
lular proliferation, invasion, migration, and 
apoptosis by targeting PTEN, RECK and Bcl-2 
in lung squamous carcinoma, Gejiu City, China. 
PLoS One 2014; 9: e103698.

[7]	 Zhang R, Li F, Wang W, Wang X, Li S and Liu J. 
The effect of antisense inhibitor of miRNA 
106b approximately 25 on the proliferation, 
invasion, migration, and apoptosis of gastric 
cancer cell. Tumour Biol 2016; 37: 10507-
10515.

[8]	 Li Y, Chen D, Jin LU, Liu J, Li Y, Su Z, Qi Z, Shi M, 
Jiang Z, Yang S, Gui Y, Mao X, Wu X and Lai Y. 
Oncogenic microRNA-142-3p is associated 
with cellular migration, proliferation and apop-
tosis in renal cell carcinoma. Oncol Lett 2016; 
11: 1235-1241.

[9]	 Mercado AT, Yeh JM, Chin TY, Chen WS, Chen-
Yang YW and Chen CY. The effect of chemically 
modified electrospun silica nanofiber on the 
mRNA and miRNA expression profile of neural 
stem cell differentiation. J Biomed Mater Res A 
2016; 104: 2730-2743.

[10]	 Zhang Y, Xu X, Zhang M, Wang X, Bai X, Li H, 
Kan L, Zhou Y, Niu H and He P. MicroRNA-663a 
is downregulated in non-small cell lung cancer 
and inhibits proliferation and invasion by tar-
geting JunD. BMC Cancer 2016; 16: 315.

[11]	 Kim SJ, Oh JS, Shin JY, Lee KD, Sung KW, Nam 
SJ and Chun KH. Development of microR-
NA-145 for therapeutic application in breast 
cancer. J Control Release 2011; 155: 427-
434.



Downregulation of miR-34a attenuates myocardial I/R injury

3874	 Int J Clin Exp Pathol 2017;10(3):3865-3875

[12]	 Small EM and Olson EN. Pervasive roles of mi-
croRNAs in cardiovascular biology. Nature 
2011; 469: 336-342.

[13]	 Bernardo BC, Charchar FJ, Lin RC and 
McMullen JR. A microRNA guide for clinicians 
and basic scientists: background and experi-
mental techniques. Heart Lung Circ 2012; 21: 
131-142.

[14]	 Choi E, Cha MJ and Hwang KC. Roles of calci-
um regulating microRNAs in cardiac ischemia-
reperfusion injury. Cells 2014; 3: 899-913.

[15]	 Wang X, Zhang X, Ren XP, Chen J, Liu H,  
Yang J, Medvedovic M, Hu Z and Fan GC. 
MicroRNA-494 targeting both proapoptotic 
and antiapoptotic proteins protects against 
ischemia/reperfusion-induced cardiac injury. 
Circulation 2010; 122: 1308-1318.

[16]	 Jaiswal R, Raymond Grau GE and Bebawy M. 
Cellular communication via microparticles: 
role in transfer of multidrug resistance in can-
cer. Future Oncol 2014; 10: 655-669.

[17]	 Jiang B, Mu W, Wang J, Lu J, Jiang S, Li L, Xu H 
and Tian H. MicroRNA-138 functions as a tu-
mor suppressor in osteosarcoma by targeting 
differentiated embryonic chondrocyte gene 2. 
J Exp Clin Cancer Res 2016; 35: 69.

[18]	 Ye Y, Hu Z, Lin Y, Zhang C and Perez-Polo JR. 
Downregulation of microRNA-29 by antisense 
inhibitors and a PPAR-gamma agonist protects 
against myocardial ischaemia-reperfusion in-
jury. Cardiovasc Res 2010; 87: 535-544.

[19]	 Torres da Costa ESV, Costalonga EC, Oliveira 
AP, Hung J, Caires RA, Hajjar LA, Fukushima JT, 
Soares CM, Bezerra JS, Oikawa L, Yu L and 
Burdmann EA. Evaluation of intermittent he-
modialysis in critically Ill cancer patients with 
acute kidney injury using single-pass batch 
equipment. PLoS One 2016; 11: e0149706.

[20]	 Afsar B, Ortiz A, Covic A, Solak Y, Goldsmith D 
and Kanbay M. Focus on renal congestion in 
heart failure. Clin Kidney J 2016; 9: 39-47.

[21]	 Eltzschig HK and Eckle T. Ischemia and reper-
fusion--from mechanism to translation. Nat 
Med 2011; 17: 1391-1401.

[22]	 Wang S, Li Y, Song X, Wang X, Zhao C, Chen A 
and Yang P. Febuxostat pretreatment attenu-
ates myocardial ischemia/reperfusion injury 
via mitochondrial apoptosis. J Transl Med 
2015; 13: 209.

[23]	 Gao CK, Liu H, Cui CJ, Liang ZG, Yao H and Tian 
Y. Roles of microRNA-195 in cardiomyocyte 
apoptosis induced by myocardial ischemia-re-
perfusion injury. J Genet 2016; 95: 99-108.

[24]	 Boon RA, Iekushi K, Lechner S, Seeger T, 
Fischer A, Heydt S, Kaluza D, Treguer K, 
Carmona G, Bonauer A, Horrevoets AJ, Didier 
N, Girmatsion Z, Biliczki P, Ehrlich JR, Katus 
HA, Muller OJ, Potente M, Zeiher AM, 
Hermeking H and Dimmeler S. MicroRNA-34a 

regulates cardiac ageing and function. Nature 
2013; 495: 107-110.

[25]	 Cubbon RM, Gale CP, Kearney LC, Schechter 
CB, Brooksby WP, Nolan J, Fox KA, Rajwani A, 
Baig W, Groves D, Barlow P, Fisher AC, Batin 
PD, Kahn MB, Zaman AG, Shah AM, Byrne JA, 
Lindsay SJ, Sapsford RJ, Wheatcroft SB, Witte 
KK and Kearney MT. Changing characteristics 
and mode of death associated with chronic 
heart failure caused by left ventricular systolic 
dysfunction: a study across therapeutic eras. 
Circ Heart Fail 2011; 4: 396-403.

[26]	 Zhang F, Cui J, Liu X, Lv B, Liu X, Xie Z and Yu B. 
Roles of microRNA-34a targeting SIRT1 in 
mesenchymal stem cells. Stem Cell Res Ther 
2015; 6: 195.

[27]	 Liu K, Huang J, Xie M, Yu Y, Zhu S, Kang R, Cao 
L, Tang D and Duan X. MIR34A regulates au-
tophagy and apoptosis by targeting HMGB1 in 
the retinoblastoma cell. Autophagy 2014; 10: 
442-452.

[28]	 Ito T, Yagi S and Yamakuchi M. MicroRNA-34a 
regulation of endothelial senescence. Biochem 
Biophys Res Commun 2010; 398: 735-740.

[29]	 Cheng Y, Zhu P, Yang J, Liu X, Dong S, Wang X, 
Chun B, Zhuang J and Zhang C. Ischaemic pre-
conditioning-regulated miR-21 protects heart 
against ischaemia/reperfusion injury via anti-
apoptosis through its target PDCD4. Cardio- 
vasc Res 2010; 87: 431-439.

[30]	 Yang J, Chen L, Yang J, Ding J, Li S, Wu H, Zhang 
J, Fan Z, Dong W and Li X. MicroRNA-22 target-
ing CBP protects against myocardial ischemia-
reperfusion injury through anti-apoptosis in 
rats. Mol Biol Rep 2014; 41: 555-561.

[31]	 Zhang JF, Shi LL, Zhang L, Zhao ZH, Liang F, Xu 
X, Zhao LY, Yang PB, Zhang JS and Tian YF. 
MicroRNA-25 negatively regulates cerebral 
ischemia/reperfusion injury-induced cell 
apoptosis through fas/fasl pathway. J Mol 
Neurosci 2016; 58: 507-516.

[32]	 Zeng XC, Li L, Wen H and Bi Q. MicroRNA-128 
inhibition attenuates myocardial ischemia/re-
perfusion injury-induced cardiomyocyte apop-
tosis by the targeted activation of peroxisome 
proliferator-activated receptor gamma. Mol 
Med Rep 2016; 14: 129-136.

[33]	 Heise T, Kota V, Brock A, Morris AB, Rodriguez 
RM, Zierk AW, Howe PH and Sommer G. The  
La protein counteracts cisplatin-induced cell 
death by stimulating protein synthesis of anti-
apoptotic factor Bcl2. Oncotarget 2016; 7: 
29664-29676.

[34]	 Zhu Y, Tchkonia T, Fuhrmann-Stroissnigg H,  
Dai HM, Ling YY, Stout MB, Pirtskhalava T, 
Giorgadze N, Johnson KO, Giles CB, Wren JD, 
Niedernhofer LJ, Robbins PD and Kirkland JL. 
Identification of a novel senolytic agent,  
navitoclax, targeting the Bcl-2 family of anti-



Downregulation of miR-34a attenuates myocardial I/R injury

3875	 Int J Clin Exp Pathol 2017;10(3):3865-3875

apoptotic factors. Aging Cell 2016; 15: 428-
435.

[35]	 Chen XF and Liu Y. MicroRNA-744 inhibited 
cervical cancer growth and progression 
through apoptosis induction by regulating Bcl-
2. Biomed Pharmacother 2016; 81: 379-387.

[36]	 Chen H, Wang J, Hu B, Wu X, Chen Y, Li R  
and Yuan W. MiR-34a promotes fas-mediated 
cartilage endplate chondrocyte apoptosis by 
targeting Bcl-2. Mol Cell Biochem 2015; 406: 
21-30.


