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Abstract. Acute myocardial infarction can be caused by 
ischemia/reperfusion (I/R) injury; however, the mechanism 
underlying I/R is not completely understood. The present 
study investigated the functions and mechanisms underlying 
microRNA (miR)‑494 in I/R‑induced cardiomyocyte apoptosis 
and autophagy. Hypoxia/reoxygenation (H/R)‑treated H9c2 rat 
myocardial cells were used as an in vitro I/R injury model. 
Apoptosis and autophagy were analyzed by Cell Counting 
Kit‑8 assay, Lactic dehydrogenase and superoxide dismutase 
assay, flow cytometry, TUNEL staining and western blotting. 
Reverse transcription‑quantitative PCR demonstrated that, 
H9c2 cells treated with 12 h hypoxia and 3 h reoxygenation 
displayed significantly downregulated miR‑494 expres-
sion levels compared with control cells. Compared with the 
corresponding negative control (NC) groups, miR‑494 mimic 
reduced H/R‑induced cell apoptosis and autophagy, whereas 
miR‑494 inhibitor displayed the opposite effects. Silent infor-
mation regulator 1 (SIRT1) was identified as a target gene of 

miR‑494. Furthermore, miR‑494 inhibitor‑mediated effects 
on H/R‑induced cardiomyocyte apoptosis and autophagy were 
partially reversed by SIRT1 knockdown. Moreover, compared 
with si‑NC, SIRT1 knockdown significantly increased the 
phosphorylation levels of PI3K, AKT and mTOR in H/R‑treated 
and miR‑494 inhibitor‑transfected H9c2 cells. Collectively, 
the results indicated that miR‑494 served a protective role 
against H/R‑induced cardiomyocyte apoptosis and autophagy 
by directly targeting SIRT1, suggesting that miR‑494 may 
serve as a novel therapeutic target for myocardial I/R injury.

Introduction

Ischemic heart disease  (IHD) can cause congestive heart 
failure and myocardial infarction (1). Among the treatment 
strategies available for IHD, timely reperfusion of the occluded 
artery, such as coronary bypass surgery, coronary angioplasty 
and thrombolysis, is beneficial and can treat a wide range of 
myocardial injuries (2). However, reperfusion can also result 
in another myocardial ischemia/reperfusion (I/R) injury (3), 
which can induce cardiomyocyte death and remodeling, and 
result in irreversible myocardial damage (4).

Cell apoptosis is a major morphologically distinctive feature 
of programmed cell death, which is crucial to numerous biolog-
ical processes such as tumorigenesis, differentiation, immunity, 
inflammation and cell growth  (5). Autophagy participates 
in degrading damaged cytoplasmic proteins and senescent 
organelles via the lysosomal pathway (6). However, there are 
complex interactions between apoptosis and autophagy (7). 
Increasing evidence has demonstrated that apoptosis and 
autophagy, which are two major pathophysiological processes, 
serve a role in the pathogenesis of myocardial I/R injury (8,9). 
However, the detailed mechanisms underlying myocardial I/R 
injury are not completely understood. Therefore, investigating 
the regulation of apoptosis and autophagy may aid with the 
development of beneficial treatment strategies for myocardial 
I/R injury.

MicroRNAs  (miRNAs/miRs) are small endogenous 
non‑coding RNAs, 22‑25 nucleotides in length, which can bind 
to the target mRNA at the 3'‑untranslated region (3'‑UTR) to 
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regulate gene expression (10). miRs serve a significant role in 
a number of human cardiovascular diseases, including myocar-
dial I/R injury, such as miR‑21, which serves a protective role in 
myocardial I/R injury (11,12). Moreover, miRs are involved in 
the regulation of apoptosis, autophagy, proliferation, differenti-
ation and other biological processes (13). Previous studies have 
identified numerous miRs as critical regulators of myocardial 
I/R injury. For example, miR‑496 overexpression can protect 
myocardial cells from apoptosis following hypoxia/reoxy-
genation (H/R) treatment and promote cell proliferation (14). 
Moreover, miR‑374a‑5p displays a protective effect on cardiac 
I/R injury in  vitro and in  vivo  (15), and miR‑24‑3p also 
displays cardioprotective effects in myocardial I/R injury (16). 
Increasing evidence has suggested that miR‑494 serves a 
pivotal role in cell apoptosis, proliferation, tumorigenesis, 
metastasis and other processes (17). Zhai et al (18) investigated 
the expressional differences of miR‑494 in rats with cerebral 
I/R injury. miR‑494 upregulation inhibited human hepatocyte 
L02 cell apoptosis following hypoxia/ischemia induction via 
activating the PI3K/AKT signaling pathway  (19). Wang et 
al  (20) reported that miR‑494 was involved in I/R‑induced 
myocardium injury in vivo. However, to the best of our knowl-
edge, the role of miR‑494 in H/R‑induced cardiomyocyte 
apoptosis and autophagy has not been previously reported.

In previous years, as a nicotinamide adenine dinu-
cleotide‑dependent histone deacetylation enzyme, silent 
information regulator 1  (SIRT1) has become the focus of 
numerous studies (21,22). SIRT1 can resist oxidative stress, 
inhibit apoptosis and alleviate inflammatory reaction (23‑25). 
Moreover, Liu et al (26) demonstrated that pancreatic cancer 
chemoresistance, invasion and proliferation could be inhibited 
by miR‑494 via SIRT1. Li et al (27) reported that SIRT1 was 
a key factor in regulating gastric cancer cell autophagy via the 
PI3K/AKT/mTOR signaling pathway. Increasing evidence has 
also indicated that SIRT1 serves as a mediator for myocardial 
I/R injury (28). However, the effects of miR‑494 and SIRT1 on 
myocardial I/R injury and their association with apoptosis and 
autophagy require further investigation.

The present study used rat‑derived H9c2 cells to establish 
an in vitro H/R myocardial cell model to simulate myocar-
dial I/R injury. Subsequently, the functions and mechanisms 
underlying miR‑494 in H9c2 cell apoptosis and autophagy 
following H/R were investigated.

Materials and methods

Cell culture and H/R treatment. H9c2 cells  (Procell Life 
Science  &  Technology Co., Ltd.) were maintained in 
DMEM (Beijing Solarbio Science & Technology Co., Ltd.) 
supplemented with 100 mg/ml streptomycin, 100 U/ml peni-
cillin, and 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
at 37˚C with 5% CO2. Mycoplasma contamination in cell 
substrates was detected to confirm the availability of cells. 
For control treatment, cells were cultured in DMEM with 
5% CO2 for 12 h. For H/R treatment, H9c2 cells were cultured 
in glucose‑ and serum‑free DMEM in a 94% N2, 5% CO2 
and 1% O2 atmosphere for 12 h at 37˚C to simulate hypoxia. 
Subsequently, the medium was replaced with DMEM supple-
mented with 10% FBS in a 95% air and 5% CO2 atmosphere 
for 3 h at 37˚C to simulate reoxygenation.

Cell transfection. H9c2 cells were seeded into 6‑well 
plates (3.5x105 cells/well) or 96‑well plates (1.5x104 cells/well). 
At 80% confluence, cells were transfected with 50 nM miR‑494 
mimic (5'‑UGAAACAUACACGGGAAACCUCU‑3'), 50 nM 
miR‑494 mimic negative control (NC; 5'‑UUCUCCGAACGU 
GUCACGUTT‑3'), 100 nM miR‑494 inhibitor (5'‑AGAGGUUU 
CCCGUGUAUGUUUCA‑3'), 100 nM miR‑494 inhibitor NC 
(5'‑CAGUACUUUUGUGUAGUACAA‑3'), 50 nM small inter-
fering (si)RNA targeting SIRT1 (siSIRT1; 5'‑CCCUGUAAA 
GCUUUCAGAATT‑3') or 50  nM siRNA negative control 
(5'‑UUCUCCGAACGUGUCACGUTT‑3' for 4 h at 37˚C; all 
purchased from Shanghai GenePharma C o., Ltd.) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). At 28 h post‑transfection, cells were collected, exposed to 
H/R treatment and used for subsequent experiments.

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). Total RNA was isolated from H9c2 cells using 
TRIzol®  (Invitrogen; Thermo Fisher Scientific, I nc.). RNA 
quality and concentration were detected using an ultraviolet 
spectrophotometer. Total RNA was reverse transcribed into 
cDNA using a Transcriptor cDNA Synthesis kit (Roche Applied 
Science). The reverse transcription reactions were incubated for 
40 min at 37˚C and 5 min at 85˚C. Subsequently, qPCR was 
performed using SYBR Premix Ex Taq (Takara Bio, Inc.) on a 
StepOnePlus Realtime  PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The following thermocycling 
conditions were used for qPCR: 95˚C for 30 sec; followed by 
42 cycles of 95˚C for 5 sec and 55˚C for 35 sec. The following 
primers were used for qPCR: miR‑494 forward, 5'‑CGCTGA 
AACATACACGGGAA‑3' and reverse, 5'‑CAGTGCAGGGTC 
CGAGGTAT‑3'; U6 forward, 5'‑CTCGCTTCGGCAGCACA‑3' 
and reverse, 5'‑AACGCTTCACGAATTTGCGT‑3'; SIRT1 
forward, 5'‑CTCCTCATTGTTATTGGGTCTTCTC‑3' and 
reverse, 5'‑ACTCGCCACCTAACCTATGACAC‑3'; and 
GAPDH forward, 5'‑AGATCCCGCTAACATCAAATGG‑3' 
and reverse, 5'‑GTTCACACCCATCACAAACATG‑3'. miRNA 
and mRNA expression levels were quantified using the 2‑ΔΔCq 
method (29) and normalized to the internal reference genes U6 
and GAPDH, respectively.

Cell Counting Kit‑8  (CCK‑8) assay. H9c2 cells  (1x106 
cells/well) were incubated with 10 µl CCK‑8 reagent (Dojindo 
Molecular Technologies, Inc.) for 1 h at 37˚C. Absorbance was 
measured at a wavelength of 450 nm using a microplate reader. 
Subsequently, cell viability was calculated. Cell viability (%) 
= (OD control group − OD treatment group) / OD control 
group × 100%

Lactic dehydrogenase (LDH) and superoxide dismutase (SOD) 
levels detection. To detect the release and activity of two 
specific marker enzymes, LDH  (cat. no. CK12) and SOD 
commercial kits  (cat. no.  S311; both Dojindo Molecular 
Technologies, Inc.) were used according to the manufacturer's 
protocol. Absorbance was measured at a wavelength of 490 nm 
(LDH) or 450 nm (SOD) using a microplate reader.

Early and late apoptosis detection via flow cytometry. H9c2 
cells were harvested with 0.25% trypsin and washed with PBS. 
Following staining with 5 µl 7‑Amino‑Actinomycin D and 
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5 µl PE Annexin V (cat. no. BD 559763; BD Biosciences) for 
18 min in the dark at 37˚C, early and late apoptosis was exam-
ined using a FACSMelody flow cytometer (BD Biosciences) 
with FlowJo software (version 7.6.1; FlowJollc).

TdT‑mediated dUTP‑biotin nick end‑labeling  (TUNEL) 
staining. H9c2 cells were fixed for 30 min in 4% paraformal-
dehyde at 37˚C. Following washing three times with PBS and 
permeabilization with 0.1% Triton X‑100 for 15 min at 37˚C, 
cells were stained with 50 µl TUNEL mix (Roche Diagnostics) 
for 1 h at room temperature. Subsequently, nuclei were labeled 
by incubating cells with 5  µg/ml DAPI  (Sigma‑Aldrich; 
Merck KGaA) for 8 min in the dark. Following three washes 
with PBS, TUNEL‑positive apoptotic cells were observed 
in five randomly selected fields of views using a fluorescent 
microscope (Olympus Corporation; magnification, x200).

Western blotting. Total protein was extracted from H9c2 cells 
using RIPA buffer  (Invitrogen; Thermo Fisher Scientific, 
Inc.). Bicinchoninic Acid Protein Assay kit (Thermo Fisher 
Scientific, Inc.) was used to measure protein concentration. 
Equal amounts of protein lysates (30 µg/lane) were separated 
via 10% SDS‑PAGE and transferred to PVDF membranes. 
Following blocking with 5% skim milk for 1 h at 37˚C, the 
membranes were incubated overnight at 4˚C with primary 
antibodies targeted against: Bcl‑2 (cat. no. ab196495; 1:1,000; 
Abcam), Bax (cat. no. ab32503; 1:5,000; Abcam), microtu-
bule‑associated proteins 1A/1B light chain 3 b2 (LC3B; cat. 
no. ab192890; 1:2,000; Abcam), SIRT1 (cat. no. ab189494; 
1:1,000; Abcam), p62 (cat. no. ab109012; 1:8,000; Abcam), 
Beclin‑1 (cat. no.  ab207612; 1:2,000; Abcam), phosphory-
lated (p)‑PI3K (cat. no. ab182651; 1:5,000; Abcam), p‑AKT (cat. 
no. ab81283; 1:3,000; Abcam), p‑mTOR (cat. no. ab137133; 
1:1,000; Abcam), PI3K (cat. no. ab140307; 1:2,000; Abcam), 
AKT (cat. no.  ab179463; 1:5,000; Abcam), mTOR  (cat. 
no. ab2732; 1:2,000; Abcam) and GAPDH (cat. no. ab181602; 
1:8,000; Abcam). Following washing, the membranes 
were incubated with a horseradish peroxidase‑conjugated 
goat anti‑rabbit IgG secondary antibody (cat. no.  ab6721; 
1:2,000; Abcam) or a horseradish peroxidase‑conjugated 
goat anti‑mouse IgG secondary antibody (cat. no. ab6728; 
1:2,000; Abcam) at room temperature for 2.5 h. Protein bands 
were visualized using enhanced chemiluminescence detec-
tion methods (Clarity; Bio‑Rad Laboratories, Inc.). Protein 
expression levels were semi‑quantified using ImageJ software 
(version 4.62; National Institutes of Health) with GAPDH as 
the loading control.

Dual‑luciferase reporter assay. TargetScan (version 7.2; www.
targetscan.org/vert_72) was used to predict the binding sites 
between SIRT1 mRNA and miR‑494. A total of 354 tran-
scripts containing 371 sites were predicted. The target gene 
SIRT1 was selected due to its important role in myocardial I/R 
injury (30). The wild‑type (WT) 3'‑UTR sequence of SIRT1 that 
can bind to miR‑494 or the mutant (MUT) 3'‑UTR sequence 
was amplified and then cloned into a pGL3 vector (Promega 
Corporation). 293‑T cells (3.5x105  cells/well; Procell Life 
Science & Technology Co., Ltd.) were co‑transfected with WT 
SIRT1 3'UTR or MUT SIRT1 3'‑UTR (0.5 µg) and miR‑494 
inhibitor, miR‑494 mimic or the corresponding NCs (50 nM) 

using Lipofectamine 2000. At 24 h post‑transfection, the dual 
luciferase reporter gene assay kit (Promega Corporation) was 
used to measure luciferase activities according to the manu-
facturer's protocol. Luciferase activity was normalized to 
Renilla luciferase.

Statistical analysis. Data are presented as the mean ± SD. 
All experiments were performed in triplicate. Comparisons 
among multiple groups were analyzed using one‑way ANOVA 
followed by a Tukey's post hoc test. Statistical analyses were 
performed using SPSS software (version 22.0; IBM Corp.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of miR‑494 on H/R‑induced cardiomyocyte injury. 
Following 12  h hypoxia and 3  h reoxygenation in H9c2 
cells, the expression levels of miR‑494 were measured to 
identify the role of miR‑494 in myocardial H/R injury. The 
RT‑qPCR results demonstrated that miR‑494 expression 
levels were significantly downregulated in H/R‑treated H9c2 
cells compared with control cells. miR‑494 mimic, miR‑494 
inhibitor and the corresponding NCs were transfected into 
H9c2 cells. The RT‑qPCR results demonstrated that miR‑494 
expression was significantly increased in the miR‑494 mimic 
group compared with the mimic NC group, and significantly 
decreased in the miR‑494 inhibitor group compared with inhib-
itor NC groups (Fig. 1B). The CCK‑8 assay results indicated 
that, compared with the control group, the percentage of viable 
cells was significantly reduced in the H/R group. Compared 
with the corresponding NC groups, cell viability was signifi-
cantly increased in the miR‑494 mimic group, but significantly 
decreased in the miR‑494 inhibitor group (Fig. 1C). Compared 
with the control group, cells exposed to H/R displayed signifi-
cantly elevated LDH release, but significantly decreased SOD 
activity (Fig. 1D and E). In H/R‑exposed cells transfected with 
miR‑494 mimic, LDH levels were significantly decreased and 
SOD activity was significantly increased compared with the 
mimic NC group. miR‑494 inhibitor significantly increased 
LDH release and reduced SOD activity following H/R stimu-
lation compared with the inhibitor NC group.

Effects of miR‑494 on H/R‑induced cardiomyocyte apoptosis 
and autophagy. In H9c2 cells treated with H/R, the rate of 
apoptosis was significantly higher compared with the control 
group (Fig. 2A). Moreover, in H/R‑exposed cells, compared 
with the mimic NC group, the miR‑494 mimic group displayed 
a significantly lower rate of apoptosis, whereas the miR‑494 
inhibitor group displayed a significantly higher rate of apop-
tosis compared with the inhibitor NC group.

Similar to the flow cytometry results, the morphological 
alterations of H9c2 cells indicated by TUNEL staining 
suggested that H/R significantly increased apoptosis compared 
with the control group. DNA fragmentation and nuclear 
condensation are unique morphological features of cell apop-
tosis following H/R treatment (31). Moreover, following H/R 
treatment, the miR‑494 mimic group displayed a significantly 
decreased number of cells with nuclear staining compared with 
the mimic NC group, whereas the miR‑494 inhibitor group 
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displayed a significantly increased number of TUNEL‑positive 
cells compared with the inhibitor NC group (Fig. 2B).

Western blotting was performed to detect the expression 
levels of two apoptosis‑related proteins, Bcl‑2 and Bax. The H/R 
group displayed significantly decreased Bcl‑2 expression levels 
and increased Bax expression levels compared with the control 
group. H/R‑mediated effects on apoptosis‑related protein 
expression levels were further enhanced in the miR‑494 inhibitor 
group, whereas miR‑494 mimic partially reversed H/R‑induced 
alterations to apoptosis‑related protein expression (Fig. 3A). 
Subsequently, the effects of miR‑494 on H/R‑induced 
cell autophagy were evaluated. The expression levels of 
autophagy‑related proteins p62 and Beclin‑1, as well as the ratio 
of LC3BII/LC3BI were detected via western blotting (Fig. 3B). 
The results suggested that H/R stimulation activated autophagy, 
which was demonstrated by a significant increase in Beclin‑1 
protein expression levels and the ratio of LC3BII/LC3BI, and a 
significant decrease in p62 protein expression levels in the H/R 
group compared with the control group. However, miR‑494 
mimic significantly decreased the expression levels of Beclin‑1 
and the ratio of LC3BII/LC3BI, but elevated p62 protein expres-
sion levels in H/R‑treated cells compared with the mimic NC 
group. miR‑494 inhibitor resulted in the opposite effects on cell 
autophagy following H/R stimulation.

The present study further assessed the phosphorylation 
of PI3K, AKT and mTOR following H/R injury combined 
with miR‑494 inhibitor or mimic transfection to investigate 
whether miR‑494 regulated the PI3K/AKT/mTOR signaling 
pathway in H/R‑induced apoptosis and autophagy in H9c2 
cells. The western blotting results suggested that H/R 
stimulation decreased PI3K, AKT and mTOR phosphoryla-
tion, and significantly decreased the ratios of p‑PI3K/PI3K, 
p‑AKT/AKT and p‑mTOR/mTOR compared with the control 
group. However, in H/R‑treated cells, compared with the 
mimic NC group, miR‑494 mimic markedly enhanced the 
expression levels of p‑PI3K, p‑AKT and p‑mTOR, whereas 
miR‑494 inhibitor markedly decreased the expression levels 
of p‑PI3K, p‑AKT and p‑mTOR levels compared with the 
inhibitor NC group (Fig. 3C).

SIRT1 is a target gene of miR‑494. TargetScan was used to 
predict the potential target genes of miR‑494. The prediction 
results demonstrated that the 3'‑UTR of SIRT1 had a 7‑nucleo-
tide seed sequence complementary to miR‑494  (Fig.  4A). 
Compared with mimic NC, miR‑494 mimic significantly 
reduced the luciferase activity of WT SIRT1 3'‑UTR in 293‑T 
cells. However, the luciferase activity of MUT SIRT1 3'‑UTR 
was not significantly altered by miR‑494 mimic compared with 

Figure 1. Effects of miR‑494 on H/R‑induced injury in H9c2 cells. (A) miR‑494 expression levels following (A) H/R injury and (B) transfection with miR‑494 
mimic, miR‑494 inhibitor and the corresponding NCs were determined via reverse transcription‑quantitative PCR. (C) Cell viability was assessed by performing 
a Cell Counting Kit‑8 assay. (D) LDH release was detected using an LDH cytotoxicity assay. (E) SOD activity was detected using a SOD assay kit. Data are 
presented as the mean ± SD (n=3). ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. corresponding NC group. miR, microRNA; H/R, hypoxia/reper-
fusion; NC, negative control; LDH, lactate dehydrogenase; SOD, superoxide dismutase.
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mimic NC. Following transfection with miR‑494 inhibitor, 
the luciferase activity of WT SIRT1 3'‑UTR was significantly 
increased compared with the inhibitor NC group. Similarly to 
miR‑494 mimic, miR‑494 inhibitor did not significantly alter 
the luciferase activity of MUT SIRT1 3'‑UTR compared with 
inhibitor NC (Fig. 4B). Subsequently, the western blotting 
results demonstrated that SIRT1 expression in H/R‑induced 
H9c2 cells was significantly higher compared with control 
cells (Fig. 4C). To further confirm the interaction between 
miR‑494 and SIRT1, RT‑qPCR and western blotting were 
performed to detect the mRNA and protein expression levels 
of SIRT1, respectively. miR‑494 mimic significantly decreased 

SIRT1 mRNA and protein expression levels compared with 
the mimic NC group, whereas miR‑494 inhibitor displayed the 
opposite effect compared with the inhibitor NC group (Fig. 
4D and E).

SIRT1 regulates H/R‑induced injury in H9c2 cells. siSIRT1 
was used to knock down SIRT1 expression in H9c2 cells to 
investigate the involvement of SIRT1 in the pathogenesis of 
H/R‑induced injury (Fig. 5A and B). Compared with the siNC 
group, the mRNA and protein expression levels of SIRT1 were 
significantly downregulated following siSIRT1 transfection. 
LDH release, cell viability and SOD activity levels were 

Figure 2. miR‑494 regulates H9c2 cell apoptosis and autophagy following H/R treatment. (A) Cell apoptosis was detected by performing Annexin V‑PE/7‑Ami
no‑Actinomycin D double staining. (B) TUNEL immunofluorescence staining was performed to detect apoptosis‑positive cells (scale bar, 50 µm). Data are pre-
sented as the mean ± SD (n=3). ***P<0.001 vs. control; ###P<0.001 vs. corresponding NC group. miR, microRNA; H/R, hypoxia/reperfusion; NC, negative control.
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detected in H/R‑treated H9c2 cells following co‑transfection 
with siSIRT1 and miR‑494 inhibitor. siSIRT1 significantly 
reduced H/R injury, as demonstrated by inhibition of LDH 
activity, and increased SOD activity and cell viability in the 
co‑transfection group compared with the miR‑494 inhibitor 
group (Fig. 5C‑E).

miR‑494 regulates H/R‑induced cardiomyocyte apoptosis and 
autophagy via modulating SIRT1 expression. The effects of 
SIRT1 on apoptosis and autophagy were further examined 

to investigate whether miR‑494 served a role in H/R‑induced 
cardiomyocyte injury via regulating SIRT1.

The flow cytometry assay results demonstrated that, 
compared with the miR‑494 inhibitor and siNC co‑trans-
fection group, the apoptosis rate of H/R‑treated cells was 
significantly decreased in the miR‑494 inhibitor and siSIRT1 
co‑transfection group (Fig. 6A).

The results of the TUNEL staining assay indicated that the 
ratio of TUNEL‑positive cells was significantly increased in 
H/R‑treated cells in the miR‑494 inhibitor group compared 

Figure 3. miR‑494 regulates cell apoptosis and autophagy via the PI3K/AKT/mTOR signaling pathway. Western blotting was performed to measure the expres-
sion levels of (A) apoptosis‑ (B) autophagy‑ and (C) PI3K/AKT/mTOR signaling pathway‑related proteins in H/R‑treated H9c2 cells following transfection 
with miR‑494 mimic, miR‑494 inhibitor and the corresponding NCs. Data are presented as the mean ± SD (n=3). ***P<0.001 vs. control; #P<0.05, ##P<0.01 and 
###P<0.001 vs. corresponding NC group. miR, microRNA; H/R, hypoxia/reperfusion; NC, negative control; p, phosphorylated; LC3B, microtubule‑associated 
proteins 1A/1B light chain 3 b2.
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Figure 4. miR‑494 targets SIRT1. (A) The binding sites between miR‑494 and SIRT1 3'‑UTR were predicted using TargetScan. (B) The luciferase reporter 
assay was performed to evaluate the interaction between miR‑494 and SIRT1. (C) SIRT1 protein expression levels following H/R injury were measured via 
western blotting. SIRT1 (D) mRNA and (E) protein expression levels in H9c2 cells following transfection with miR‑494 mimic, miR‑494 inhibitor and the 
corresponding NCs were measured via reverse transcription‑quantitative PCR and western blotting, respectively. Data are presented as the mean ± SD (n=3). 
***P<0.001 vs. control; ###P<0.001 vs. corresponding NC group. miR, microRNA; SIRT1, silent information regulator 1; 3'‑UTR, 3'‑untranslated region; 
H/R, hypoxia/reperfusion; NC, negative control; WT, wild‑type; MUT, mutant.

Figure 5. miR‑494 regulates myocardial H/R injury via modulating SIRT1 expression. SIRT1 (A) mRNA and (B) protein expression levels in H/R‑treated 
H9c2 cells following transfection with siNC or siSIRT1 were measured via reverse transcription‑quantitative PCR and western blotting, respectively. (C) Cell 
viability was assessed by performing a Cell Counting Kit‑8 assay. (D) LDH release was detected using an LDH cytotoxicity assay. (E) SOD activity was 
detected using a SOD assay kit. Data are presented as the mean ± SD (n=3). *P<0.05 and **P<0.01 vs. H/R; #P<0.05, ##P<0.01 and ###P<0.001 vs. siNC or 
H/R + miR‑494 inhibitor + siNC. miR, microRNA; H/R, hypoxia/reperfusion; SIRT1, silent information regulator 1; si, small interfering RNA; NC, negative 
control; LDH, lactate dehydrogenase; SOD, superoxide dismutase.
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with the H/R group, an effect that was partially reversed by 
co‑transfection with siSIRT1 transfection (Fig. 6B).

The levels of apoptosis‑ and autophagy‑related proteins were 
detected via western blotting. The results suggested that siSIRT1 
co‑transfection attenuated H/R‑induced H9c2 cell apoptosis 
and autophagy compared with the miR‑494 inhibitor and siNC 
co‑transfection group. Compared with miR‑494 inhibitor trans-
fection alone, co‑transfection with siSIRT1 significantly reduced 
cell apoptosis in H/R‑treated cells, as evidence by decreased Bax 

expression levels and increased Bcl‑2 expression levels (Fig. 7A). 
Concurrently, in H/R‑treated cells, siSIRT1 co‑transfection 
significantly decreased Beclin‑1 expression levels and the ratio 
of LC3BII/LC3BI, but increased p62 expression levels compared 
with the miR‑494 inhibitor group (Fig. 7B).

miR‑494 mediates effects on H/R‑induced cardiomyocyte 
apoptosis and autophagy via PI3K/AKT/mTOR signaling. 
PI3K/AKT/mTOR is a crucial signaling pathway that 

Figure 6. Effects of SIRT1 interference on cell apoptosis and autophagy in H/R‑induced H9c2 cells. (A) Cell apoptosis was detected by performing Annexin V‑PE/ 
7‑Amino‑Actinomycin D double staining. (B) TUNEL immunofluorescence staining was performed to detect apoptosis‑positive cells (scale bar, 50 µm). Data 
are presented as the mean ± SD (n=3). ***P<0.001 vs. H/R; ##P<0.01 vs. H/R + miR‑494 inhibitor + siNC. SIRT1, silent information regulator 1; H/R, hypoxia/reper-
fusion; siNC, small interfering RNA negative control.
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serves a key role in cardiac protection (32). The expression 
levels of p‑PI3K, p‑AKT and p‑mTOR were detected to 
further assess whether miR‑494 regulated the activation 
of the PI3K/AKT/mTOR signaling pathway by directly 
targeting SIRT1. miR‑494 inhibitor significantly decreased 

the expression levels of p‑PI3K, p‑AKT and p‑mTOR 
in H/R‑treated cells. Moreover, the expression levels of 
p‑PI3K, p‑AKT and p‑mTOR were significantly increased 
in H/R‑treated cells following co‑transfection with siSIRT1 
compared with miR‑494 inhibitor transfection alone (Fig. 7C).

Figure 7. miR‑494 directly targets SIRT1 to regulate the activation of the PI3K/AKT/mTOR signaling pathway. Western blotting was performed to detect 
the expression levels of (A) apoptosis‑, (B) autophagy‑ and (C) PI3K/AKT/mTOR signaling pathway‑related proteins in H/R‑treated H9c2 cells following 
transfection with miR‑494 inhibitor, siNC or siSIRT1. Data are presented as the mean ± SD (n=3). ***P<0.001 vs. H/R; ##P<0.01 and ###P<0.001 vs. H/R + 
miR‑494 inhibitor + siNC. miR, microRNA; SIRT1, silent information regulator 1; H/R, hypoxia/reperfusion; si, small interfering RNA; NC, negative control; 
p, phosphorylated; LC3B, microtubule‑associated proteins 1A/1B light chain 3 b2.
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Discussion

Myocardial I/R injury has been associated with cardiomyocyte 
death and remodeling, which can lead to adverse cardiovas-
cular outcomes, such as heart failure and death (33). During 
the pathological process of myocardial I/R injury, autophagy 
and apoptosis can interact and participate in the process (34). 
The present study suggested that miR‑494 attenuated cell 
injury following H/R treatment by inhibiting apoptosis and 
autophagy in H9c2 cells. Moreover, miR‑494 regulated activa-
tion of the PI3K/AKT/mTOR signaling pathway by directly 
targeting SIRT1.

Cardiomyocyte apoptosis exerts key effects on myocardial 
I/R injury (35). In addition, an increasing number of studies 
have suggested that low level autophagy activation serves a 
protective role in I/R injury by providing free amino acids 
and nucleotides, and clearing damaged organelles  (36,37). 
However, excessive autophagy contributes to over self‑diges-
tion and degradation of numerous cellular components, 
which further aggravates myocardial I/R injury  (38). The 
present study indicated that apoptosis and autophagy were 
significantly increased in H/R‑treated H9c2 cells compared 
with control cells, which further suggested that H/R treat-
ment could aggravate myocardial I/R injury. Moreover, the 
present study indicated that apoptosis and autophagy exerted 
negative effects on H9c2 cells during H/R injury. A number 
of miRs, such as miR‑1, miR‑195 and miR‑320, could regulate 
numerous signaling molecules to reduce the risk of myocar-
dial apoptosis and autophagy (39‑41). In the present study, 
significantly decreased expression levels of miR‑494 were 
detected in H/R‑treated H9c2 cells compared with control 
cells, which was similar to a previous study that reported that 
miR‑494 was associated with I/R‑induced cardiac injury (20). 
In addition, miR‑494 overexpression decreased LDH release 
and apoptosis rates, but increased SOD activity levels and cell 
viability in H/R‑treated H9c2 cells compared with mimic NC. 
Furthermore, miR‑494 overexpression decreased the expres-
sion levels of Beclin‑1 and the ratio of LC3BII/LC3BI, but 
increased the ratio of Bcl‑2/Bax and the expression levels of 
p62 in H/R‑treated H9c2 cells compared with inhibitor NC. By 
contrast, miR‑494 knockdown displayed the opposite effects 
on H/R‑treated H9c2 cells. Therefore, the results suggested 
that miR‑494 overexpression reduced H/R‑induced cell 
apoptosis and autophagy, indicating that miR‑494 may serve 
a protective role against myocardial I/R injury.

miRs function by degrading or inhibiting the translation 
of target mRNAs (42). The present study predicted and iden-
tified the target gene of miR‑494. Previous studies reported 
that miR‑494 could target and negatively regulate SIRT1 
expression  (43,44). As an essential member of the seven 
categories of the sirtuin protein family, SIRT1 is considered 
as a critical regulator of cell apoptosis and autophagy (45). 
Recently, numerous studies reported that SIRT1 was involved 
in myocardial I/R injury (46,47). Ding et al (48) demonstrated 
that miR‑29a inhibition could activate SIRT1, thus preventing 
I/R injury by inhibiting oxidative stress. Hsu et al (49) reported 
that SIRT1 attenuated oxidative stress and inhibited apoptosis 
by upregulating cardioprotective molecules and downregu-
lating proapoptotic molecules during I/R. The present study 
indicated that SIRT1 was a target gene of miR‑494 using 

online tools and performing luciferase reporter assays. The 
results demonstrated that miR‑494 overexpression decreased 
SIRT1 expression levels compared with mimic NC. Following 
co‑transfection with siSIRT1 and miR‑494 inhibitor, the 
aggravating effects of miR‑494 inhibitor on H/R‑induced 
H9c2 cell apoptosis and autophagy were partially reversed. 
Therefore, the results indicated that the effects of miR‑494 on 
autophagy and apoptosis were mediated via SIRT1.

As a significant intracellular signaling pathway, the 
PI3K/AKT/mTOR signaling pathway is involved in the regu-
lation of multiple biological processes, including apoptosis, 
inflammation and innate immunity (50). Additionally, the 
PI3K/AKT/mTOR signaling pathway can regulate myocar-
dial I/R injury‑induced effects (51,52). Moreover, a previous 
study indicated that SIRT1 was involved in regulating the 
activation of the PI3K/AKT/mTOR signaling pathway and 
protecting cells against apoptosis  (53). Zhang  et  al  (54) 
also reported that SIRT1 was involved in regulating cell 
cycle arrest via the PI3K/AKT/mTOR signaling pathway. 
The present study demonstrated that, compared with 
inhibitor NC, miR‑494 inhibitor transfection inhibited the 
PI3K/AKT/mTOR signaling pathway in H/R‑treated H9c2 
cells, which was significantly reversed by siSIRT1 transfec-
tion. Collectively, the results suggested that miR‑494 could 
signal via the SIRT1/PI3K/AKT/mTOR axis to inhibit H9c2 
cell apoptosis and autophagy during H/R injury. However, a 
rat model should be established to verify the results of the 
present study.

In conclusion, the present study indicated that miR‑494 
targeted SIRT1 to regulate the PI3K/AKT/mTOR signaling 
pathway, which alleviated cell apoptosis and autophagy, 
thereby protecting cardiomyocytes against I/R injury.
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