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Abstract. This study aimed to investigate the role of 
microRNA‑181b‑5p (miR‑181b‑5p) in starvation‑induced 
cardiomyocyte autophagy by targeting heat shock protein 
family A member 5 (Hspa5). For this purpose, H9c2 cardiomy-
ocytes and neonatal rat ventricular myocytes (NRVMs) were 
glucose‑starved in Earle's Balanced Salt Solution (EBSS) for 
different periods of time (0, 2, 4, 6 and 8 h). RT‑qPCR analysis 
was performed to examine the expression of miR‑181b‑5p in 
the different groups. Immunofluorescence was performed to 
detect the expression of LC3. In addition, the H9c2 cardiomyo-
cytes and NRVMs were transfected with miR‑181b‑5p mimic, 
miR‑181b‑5p inhibitor, siHspa5 or their respective controls. 
An MTT assay was performed to measure cell proliferation in 
the different groups. Western blot analysis was performed to 
determine the expression of Beclin‑1, Hspa5, phosphorylated 
phosphoinositide 3‑kinase PI3K (p‑PI3K), phosphorylated 
Akt (p‑Akt), phosphorylated mammalian target of rapamycin 
(p‑mTOR), Bcl‑2, Bax and cleaved caspase‑3. Flow cytometry 
was performed to assess cell apoptosis. A luciferase reporter 
assay was performed to determine whether Hspa5 is a direct 
target of miR‑181b‑5p. The results revealed that the down-
regulation of miR‑181b‑5p promoted cell autophagy in the 
cardiomyocytes. Moreover, miR‑181b‑5p negatively regulated 
Beclin‑1 and Hspa5. Beclin‑1 is a well‑known autophagy‑ and 
apoptosis‑related protein. In addition, cell apoptosis was 
attenuated by the decreased expression of miR‑181b‑5p in the 
cardiomyocytes. Bcl‑2 prevented apoptosis and autophagy by 
binding to Bax and Bcl‑2, respectively. The upregulation of 
miR‑181b‑5p inhibited autophagy and promoted apoptosis 

via Hspa5. miR‑181b‑5p inhibition promoted p‑mTOR, p‑Akt 
and p‑PI3K expression via Hspa5. The results of luciferase 
reporter assay also confirmed that Hspa5 is a direct target of 
miR‑181b‑5p. On the whole, the findings of this study suggest 
that miR‑181b‑5p contributes to starvation‑induced autophagy 
and apoptosis in cardiomyocytes by directly targeting Hspa5 
via the PI3K/Akt/mTOR signaling pathway.

Introduction

Cardiovascular diseases, particularly coronary heart disease, 
remain the leading cause of mortality worldwide (1). Thus, 
the prevention and treatment of cardiovascular disease is of 
utmost importance. Autophagy was previously reported in 
human heart disease in the myocardial tissue of patients with 
dilated cardiomyopathy (2). Autophagy plays an important role 
in the development of a number of cardiovascular diseases, 
such as myocardial ischemia and reperfusion injury, myocar-
dial infarction, cardiac hypertrophy and heart failure (3‑6). 
Autophagy removes old or excessive cell contents from 
cardiomyocytes (7). Therefore, autophagy plays an important 
role in the survival and functions of cardiomyocytes.

Autophagy refers to the process of degrading protein 
macromolecules and organelles in eukaryotic cells in 
autophagy lysosomes, and is divided into macroautophagy, 
microautophagy and chaperone‑mediated autophagy (CMA). 
cmA refers to the translocation of unfolded proteins into 
lysosomes through heat shock protein 70 (HSP70). Heat shock 
protein family A member 5 (Hspa5), also known as binding 
immunoglobulin protein (BiP) or glucose‑regulated protein 
78 (GRP‑78), is a member of the HSP70 family (8), and is an 
endoplasmic reticulum (ER) stress‑associated protein which 
has an effect on cell protection (9). Protein synthesis in the 
center of ER is altered under starvation conditions so that 
unfolded and misfolded proteins accumulate and result in ER 
stress (10). This finally results in cell autophagy (11). Hspa5 is 
associated with autophagy and generally cardiac protection, 
which is expressed as an ER stress chaperone synchronously 
with LC3II (12,13). 

MicroRNAs (miRNAs or miRs) are small non‑coding 
RNAs comprising 18‑25 nucleotides and are the central 
regulatory factors at the post‑transcriptional level in animals 
and plants. miRNAs bind to the 3'‑untranslated region 
(3'‑UTR) of their target mRNAs and negatively regulate gene 
expression by accelerating mRNA degradation or inhibiting 
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mRNA translation (14). Several miRNAs have been shown to 
affect autophagy and therefore control important processes 
that contribute to cardiovascular diseases. For example, 
the knockdown of miR‑122 has been reported to protect 
H9c2 cardiomyocytes from hypoxia‑induced apoptosis 
and to promote autophagy (15). It has also been shown that 
miR‑365 has the ability to accelerate cardiac hypertrophy 
by inhibiting autophagy via the modulation of Skp2 expres-
sion  (5). miR‑181b‑5p may also suppress proliferation, 
migration and invasion and promote apoptosis in astrocy-
toma (16). miR‑181b‑5p expression has also been shown to be 
associated with asthma (17) and schizophrenia (18). However, 
the role of miR‑181b‑5p in cardiomyocyte autophagy remains 
unknown.

In the present study, the role of miR‑181b‑5p in cardiomyo-
cyte autophagy was investigated. Hspa5 was predicted to be a 
direct target of miR‑181b‑5p by bioinformatics analysis. The 
present study further determined that the downregulation of 
miR‑181b‑5p in starvation‑induced cardiomyocyte autophagy 
may be due to the targeting of Hspa5 via the phosphoinositide 
3‑kinase/Akt/mammalian target of rapamycin (mTOR) 
signaling pathway, which plays a crucial role in cardiomyocyte 
protection.

Materials and methods

Cell culture and treatment. The H9c2 cell line was obtained 
from the Cell Line Bank of the Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai, China) and 
cultured in high glucose Dulbecco's modified Eagle's medium 
(DMEM; Gibco/Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS; 
Gibco/Thermo Fisher Scientific, Inc.), at 37˚C in 5% CO2. 

Animal experiments. All animal protocols were approved by 
the Experimental Animal Committee of the Second Affiliated 
Hospital of Suchow University, Suchow, China. Neonatal rat 
ventricular myocytes (NRVMs) were isolated from 2‑day‑old 
Sprague‑Dawley rats (male, n=5; Laboratory Animal Center 
of Soochow University, Suchow, China). Briefly, the hearts 
from 2‑day‑old rats were aseptically removed. Their ventricles 
were dissected, minced and trypsinized overnight at 4˚C. The 
following day, the cells were dissociated with collagenase 
and plated for 2 h at 37˚C. The non‑adherent cardiomyocytes 
were removed and plated in 24‑well plates in DMEM/F‑12 
medium containing 10% FBS and 0.1 mm bromodeoxyuridine 
(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany ). A total 
of 1x105 cells/cm2 were seeded in a 24‑well plate for use in 
further experiments. This procedure yielded cultures with a 
high proportion of cardiomyocytes; microscopic observations 
determined that 90‑95% of the cells were cardiomyocytes, 
as assessed by the microscopic observation of cell beating. 
To mimic starvation, cardiomyocytes were incubated in 
Earle's Balanced Salt Solution (EBSS; Gibco/Thermo Fisher 
Scientific, Inc.) for different periods of time (0, 2, 4, 6 and 8 h).

Cell transfection. The cells were plated into 6‑well plates 
(1x105 per well) and incubated at 37˚C for 24 h. The cells 
were either left untransfected or transiently transfected 
with a miR‑181b‑5p mimic, miR‑Con, miR‑181b‑5p 

inhibitor, inhibitor‑Con, siHspa5 or Con‑siRNA (all from 
Guangzhou RiboBio Co. Ltd., Guangzhou, China) using 
Lipofectamine 2000 (Invitrogen/Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Once the 
transfection was successful, the following experiments began. 

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
cells were plated in 6‑well plates (1x105 per well). After 
transfecting the cells for 48 h, total RNA was extracted from 
the cells using TRIzol reagent (Invitrogen/Thermo Fisher 
Scientific, Inc.). The concentration and purity of the RNA 
was measured using a NanoDrop One Microvolume UV‑Vis 
Spectrophotometer (Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. Complementary DNA 
(cDNA) was synthesized using RevertAid First Strand cDNA 
(Fermentas, Waltham, MA, USA) or the TaqMan MicroRNA 
Reverse Transcription kit (Applied Biosystems, Foster City, 
CA, USA) according to the manufacturer's instructions, then 
amplified using Power SYBR®‑Green PCR Master Mix or 
TaqMan MicroRNA Assay (Applied Biosystems). The primers 
used were as follows: miR‑181b‑5p forward, 5'‑ACA​CTC​CAG​
CTG​GGA​CTT​GGG​CAC​TGA​AAC​A‑3' and reverse, 5'‑TGG​
TGT​CGT​GGA​GTC​G‑3'; and U6 forward, 5'‑CTC​GCT​TCG​
GCA​GCA​CA‑3' and reverse, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​
GT‑3'. U6 was used for normalization. 

Western blot analysis. The H9c2 cardiomyocytes and NRVMs 
were plated in 6‑well plates (1x105 per well). After trans-
fecting the cells for 48 h, total protein was extracted using 
the RIPA lysis buffer (Beyotime Institute of Biotechnology, 
Shanghai, China). The concentration and purity of the protein 
were measured using a NanoDrop One Microvolume UV‑Vis 
Spectrophotometer (Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. Protein samples were separated 
on SDS‑PAGE gels (8%, 100‑300 kDa; 10%, 30‑100 kDa; 
12%, 10‑50 kDa) and transferred onto polyvinylidene difluo-
ride membranes (Millipore, Bedford, MA, USA). The protein 
loaded was 35 µg per lane. The membranes were blocked for 
2 h in 5% skimmed milk at room temperature and then incu-
bated with primary antibodies (Beclin‑1, sc‑48341, 1:1,000; 
Hspa5, sc‑376768, 1:1,000; mTOR, sc‑8319, 1:1,000; p‑mTOR, 
sc‑293132, 1:1,000; Akt, sc‑135829, 1:1,000; p‑Akt, sc‑271964, 
1:1,000; PI3K, sc‑293172, 1:1,000; all from Santa Cruz 
Biotechnology; and p‑PI3K, #4228, 1:1,000; cleaved caspase‑3, 
#9661, 1:1,000; Cell Signaling Technology, Danvers, MA, 
USA; Bcl‑2, sc‑509, 1:1,000; Bax, sc‑20067, 1:1,000; GAPDH, 
sc‑47724, 1:1,000; Santa Cruz Biotechnology) overnight at 
4˚C. The membranes were washed with TBST 3 times, and 
incubated with horseradish peroxidase‑labeled secondary 
antibodies (7076; Cell Signaling Technology) for 2 h at room 
temperature, and washed with TBST 3 times. Subsequently, 
the blots were detected using an enhanced chemiluminescence 
kit and analyzed using ImageJ software.

Immunofluorescence. Cells on coverslips were fixed in 
4% paraformaldehyde for 20 min and permeabilized with 
0.2% Triton X‑100 in PBS for 10 min, then blocked with 
PBS containing 2% bovine serum albumin for 1 h at room 
temperature. Thereafter, the cells were incubated with primary 
antibodies (LC3, #2775, 1:200, Cell Signaling Technology) 
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overnight at 4˚C and incubated with secondary antibodies 
(1647, 1:200, Invitrogen/Thermo Fisher Scientific, Inc.) for 2 h 
at room temperature in the dark. Finally, the cells were stained 
with 4',6‑diamidino‑2‑phenylindole (DAPI; Sigma-Aldrich/
Merck KGaA) for 5 min. The coverslips were washed with PBS 
after each step. Images were captured using an Olympus IX50 
inverted fluorescence microscope (Olympus, Tokyo, Japan).

Cell apoptosis assay. The cells were plated in 6‑well plates 
(1x106 per well). After the cells were collected, they were 
stained using an Annexin V‑PE/7‑amino‑actinomycin D 
(7‑AAD) double staining kit (KeyGEN Biotech, Nanjing, 
China) according to the manufacturer's instructions. Cell 

apoptosis was quantified using FlowJo software (Tree Star, 
Inc., Ashland, OR, USA) on a Beckman Coulter flow cytometer 
(Beckman Coulter, Indianapolis, IN, USA).

Luciferase reporter assay. The potential miR‑181b‑5p‑binding 
site in the 3' untranslated region (3'‑UTR) of the Hspa5 gene 
was predicted using TargetScan (http://www.targetscan.org/
cgi‑bin/targetscan/vert_71/targetscan.cgi?mirg=hsa‑miR‑181b‑5p). 
H9c2 cardiomyocytes were plated into 24‑well plates (1x105 per 
well), and co‑transfected with a pmir‑GLO Dual‑Luciferase 
miRNA Target Expression Vector (Promega Corp., Madison, 
WI, USA) (containing a wild‑type or mutant Hspa5 3'UTR) 
and the miR‑181b‑5p mimic or miR‑Con using Lipofectamine 

Figure 1. Immunofluorescence staining of LC3 in H9c2 cardiomyocytes and NRVMs following starvation for 0, 2, 4, 6 and 8 h. NRVMs, neonatal rat 
ventricular myocytes. Magnification, x200. A representative image was obtained from 3 individual experiments.

Figure 2. The expression level of miR‑181b‑5p and Beclin‑1. (A and C) The miR‑181b‑5p expression level was detected by RT‑qPCR in the H9c2 cardiomyo-
cytes and NRVMs during starvation for 0, 2, 4, 6 and 8 h. (B and D) The expression level of the autophagy‑related protein Beclin‑1 was evaluated by western 
blot analysis during starvation at 0, 2, 4, 6 and 8 h. *P<0.05, **P<0.01 and ***P<0.001 vs. starvation at 0 h. NRVMs, neonatal rat ventricular myocytes.
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2000 (Invitrogen/Thermo Fisher Scientific, Inc.). After 48 h, 
the luciferase activity was measured using a Dual Luciferase 
Reporter Gene Assay kit (Beyotime, Shanghai, China) 
according to the manufacturer's instructions.

Statistical analysis. All data are represented as the means ± stan-
dard deviation. Significant differences were determined using 
one‑way ANOVA followed by the Tukey's Honestly Significant 
Difference test. Data were analyzed using SPSS version 20.0 
software (IBM Corp., Armonk, NY, USA). Statistical signifi-
cance is indicated by values of P<0.05 or P<0.01.

Results

Starvation triggers autophagy, as well as the suppression of 
miR‑181b‑5p expression in cardiomyocytes. To confirm that 
the autophagosomes were induced by starvation, immunofluo-
rescence was performed in H9c2 cardiomyocytes and NRVMs 
cultured with EBSS for different time periods of time. As 
shown in Fig. 1, the number of LC3‑GFP‑positive vesicles 

increased in the starved cardiomyocytes, particularly after 
4 h of starvation. Additionally, the protein expression levels 
of Beclin‑1 and Hspa5 were significantly upregulated in the 
cardiomyocytes under starvation conditions after 4 h of starva-
tion (Fig. 2B and D). To assess the role of miR‑181b‑5p in the 
starved H9c2 and NRVMs cardiomyocytes, RT‑qPCR analysis 
was performed to measure the expression of miR‑181b‑5p. As 
shown in Fig. 2A and C, the expression levels of miR‑181b‑5p 
were decreased in the starved cardiomyocytes, particularly 
after 4 h of starvation. Therefore, cell autophagy was associ-
ated with miR‑181b‑5p. The cardiomyocytes starved for 4 h 
were selected as the negative control (NC) for the subsequent 
experiments.

miR‑181b‑5p regulates Beclin‑1 and Hspa5 expression in 
the cardiomyocytes under starvation conditions. RT‑qPCR 
was performed to measure the expression of miR‑181b‑5p in 
the transfected cardiomyocytes. As shown in Fig. 3A and B, 
the expression of miR‑181b‑5p was markedly upregulated 
in the miR‑181b‑5p mimic group and downregulated in the 

Figure 3. Beclin‑1 and Hspa5 are regulated by miR‑181b‑5p. (A and B) H9c2 cardiomyocytes and NRVMs were transfected with miR‑control, miR‑181b‑5p 
mimic, control‑inhibitor and miR‑181b‑5p inhibitor. (C and D) The expression level of Beclin‑1 and Hspa5 and its grayscale scanning analysis in H9c2 cardio-
myocytes and NRVMs. NC, untransfected cells; miR‑control, cells transfected with miR‑181b‑5p mimic control; miR‑181b‑5p mimic, cells overexpressing 
miR‑181b‑5p; control‑inhibitor, cells transfected with miR‑181b‑5p inhibitor control; miR‑181b‑5p inhibitor, cells in which miR‑181b‑5p was knocked down. 
*P<0.05 and **P<0.01 vs. NC; #P<0.05 and ##P<0.01 vs. control‑inhibitor. NRVMs, neonatal rat ventricular myocytes.
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Figure 4. Immunofluorescence of LC3 in H9c2 cardiomyocytes and NRVMs following transfection with miR‑control, miR‑181b‑5p mimic, control‑inhibitor 
and miR‑181b‑5p inhibitor vs. no transfection. Magnification, x200. A representative image was obtained from 3 individual experiments. NC, untransfected 
cells; miR‑control, cells transfected with miR‑181b‑5p mimic control; miR‑181b‑5p mimic, cells overexpressing miR‑181b‑5p; control‑inhibitor, cells trans-
fected with miR‑181b‑5p inhibitor control; miR‑181b‑5p inhibitor, cells in which miR‑181b‑5p was knocked down. NRVMs, neonatal rat ventricular myocytes.

Figure 5. (A and B) miR-181b-5p regulated cell apoptosis in cardiomyocytes. Cell apoptosis was detected in H9c2 cardiomyocytes and NRVMs following 
transfection with miR‑control, miR‑181b‑5p mimic, control‑inhibitor and miR‑181b‑5p inhibitor versus no transfection. The data are shown as the means ± SD 
of 3 independent experiments performed in triplicate. NC, untransfected cells; miR‑control, cells transfected with miR‑181b‑5p mimic control; miR‑181b‑5p 
mimic, cells overexpressing miR‑181b‑5p; control‑inhibitor, cells transfected with miR‑181b‑5p inhibitor control; miR‑181b‑5p inhibitor, cells in which 
miR‑181b‑5p was knocked down. *P<0.05 vs. NC; #P<0.05 vs. inhibitor control. NRVMs, neonatal rat ventricular myocytes.
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miR‑181b‑5p inhibitor group, compared with their respective 
control groups. In accordance with the results of western 
blot analysis, the overexpression of miR‑181b‑5p inhibited 
the expression of Beclin‑1 and Hspa5, while the inhibition of 
miR‑181b‑5p promoted the expression of these proteins in the 
starved H9c2 cardiomyocytes (Fig. 3C) and NRVMs (Fig. 3D). 
These data suggest that miR‑181b‑5p regulates Beclin‑1 and 
Hspa5 expression in starved H9c2 cardiomyocytes and 
NRVMs.

miR‑181b‑5p regulates starvation‑induced cardiomyocyte 
autophagy. To determine the role of miR‑181b‑5p in autophagy, 
immunofluorescence was performed to observe the formation 
of autophagosomes by detecting LC3B in transfected cardio-
myocytes. As shown in Fig. 4, no marked differences were 
observed between the NC, miR‑Con and inhibitor‑Con groups. 
The miR‑181b‑5p mimic group exhibited markedly reduced 
autophagy compared with the miR‑Con group. However, the 
inhibition of miR‑181b‑5p in the starved H9c2 cardiomyocytes 
and NRVMs markedly promoted autophagy compared with 
the inhibitor‑Con group. These data indicated that the down-
regulation of miR‑181b‑5p promoted autophagy in the starved 
H9c2 cardiomyocytes and NRVMs.

miR‑181b‑5p regulated cell apoptosis in starved 
cardiomyocytes. To explore the role of miR‑181b‑5p in cell 
apoptosis, flow cytometry and western blot analysis were 
performed to measure cell apoptosis in the transfected 

cardiomyocytes. As shown in Fig. 5, no significant differ-
ences were observed in the apoptosis of the cells in the NC, 
miR‑control and control‑inhibitor. However, the overexpres-
sion of miR‑181b‑5p in the starved H9c2 cardiomyocytes and 
NRVMs significantly promoted cell apoptosis compared with 
the miR‑Con group. However, the inhibition of miR‑181b‑5p 
in the starved H9c2 cardiomyocytes and NRVMs significantly 
inhibited cell apoptosis compared with the inhibitor‑Con 
group. The results of western blot analysis also revealed 
that the overexpression of miR‑181b‑5p inhibited the protein 
expression levels of Bcl‑2, while it increased the protein 
expression levels of Bax and cleaved caspase‑3. Additionally, 
the inhibition of miR‑181b‑5p enhanced the protein expression 
levels of Bcl‑2, while it decreased the protein expression levels 
of Bax and cleaved caspase‑3 (Figs. 6A and B, and 7A and B). 
The Bcl‑2/Bax ratio was similar to the trend observed with the 
expression of Bcl‑2 (Figs. 6C and 7C). These data indicated 
that miR‑181b‑5p regulated cell apoptosis in the starved H9c2 
cardiomyocytes and NRVMs.

miR‑181b‑5p regulates the PI3K/Akt/mTOR signaling 
pathway in the starved cardiomyocytes. Western blot analysis 
was carried out to examine the effects of miR‑181b‑5p 
on the PI3K/Akt/mTOR signaling pathway. As shown in 
Figs. 6 and 7, the overexpression of miR‑181b‑5p in the starved 
H9c2 cardiomyocytes and NRVMs significantly decreased 
the protein expression levels of p‑mTOR, p‑Akt and p‑PI3K, 
compared with the miR‑Con group. However, the inhibition of 

Figure 6. The PI3K/Akt/mTOR signaling pathway and apoptosis‑related proteins are regulated by miR‑181b‑5p in H9c2 cardiomyocytes. (A and B) The 
protein expression of p‑mTOR, mTOR, p‑AKT, AKT, p‑PI3K, PI3K, Bcl‑2, Bax, caspase‑3, cleaved caspase‑3 and their grayscale scanning analysis. (C) The 
relative expression ratio of Bcl‑2/Bax. NC, untransfected cells; miR‑control, cells transfected with miR‑181b‑5p mimic control; miR‑181b‑5p mimic, cells 
overexpressing miR‑181b‑5p; control‑inhibitor, cells transfected with miR‑181b‑5p inhibitor control; miR‑181b‑5p inhibitor, cells in which miR‑181b‑5p was 
knocked down. *P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. inhibitor control. 
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miR‑181b‑5p in the starved H9c2 cardiomyocytes and NRVMs 
significantly increased the protein expression levels of 
p‑mTOR, p‑Akt and p‑PI3K, compared with the inhibitor‑Con 
group. These results indicated that miR‑181b‑5p regulated 
the PI3K/Akt/mTOR signaling pathway in the starved H9c2 
cardiomyocytes and NRVMs.

Hspa5 is a direct target of miR‑181b‑5p. To elucidate the 
mechanisms through which miR‑181b‑5p regulates autophagy 
and apoptosis in starved H9c2 cardiomyocytes and NRVMs, 
the potential targets of miR‑181b‑5p were investigated 
using TargetScan, which identified the 3'‑UTR region of 
Hspa5 mRNA as a match to miR‑181b‑5p. According to a 
previous study, Hspa5 participates in cardiac protection via 
autophagy (19). Thus, in this study, a dual‑luciferase reporter 
assay was performed to examine whether Hspa5 is a direct 
target of miR‑181b‑5p. As shown in Fig. 8, the miR‑181b‑5p 
mimic significantly inhibited the dual‑luciferase activity of the 
3'UTR‑WT of Hspa5 compared with the NC group. These data 
suggest that Hspa5 is a direct target of miR‑181b‑5p and that 
miR‑181b‑5p negatively regulates Hspa5.

siHspa5 inhibits autophagy in starved cardiomyocytes. 
RT‑qPCR and western blot analysis were performed to 
measure the expression levels of Hspa5 in the transfected 
cardiomyocytes. As shown in Fig. 9A and B, no significant 
difference was observed in the expression of Hspa5 between 
the NC and siRNA‑Con group; however, the mRNA and 
protein expression levels of Hspa5 were downregulated in 

the siHspa5 group, which indicated the successful transfec-
tion of siHspa5. Western blot analysis was then performed to 
measure Beclin‑1 expression. siHspa5 inhibited the protein 
expression of Beclin‑1 in the H9c2 cardiomyocytes (Fig. 9C) 
and NRVMs (Fig.  9D). These data suggest that siHspa5 
regulates Beclin‑1 expression in starved H9c2 cardiomyo-
cytes and NRVMs.

To determine the role of Hspa5 in autophagy, immuno-
fluorescence was performed to observe the autophagosomes 

Figure 7. The PI3K/Akt/mTOR signaling pathway and apoptosis‑related proteins are regulated by miR‑181b‑5p in NRVMs. (A and B) The protein expression 
of p‑mTOR, mTOR, p‑AKT, AKT, p‑PI3K, PI3K, Bcl‑2, Bax, caspase‑3, cleaved caspase‑3 and their grayscale scanning analysis. (C) The relative expres-
sion ratio of Bcl‑2/Bax. NC, untransfected cells; miR‑control, cells transfected with miR‑181b‑5p mimic control; miR‑181b‑5p mimic, cells overexpressing 
miR‑181b‑5p; control‑inhibitor, cells transfected with miR‑181b‑5p inhibitor control; miR‑181b‑5p inhibitor, cells in which miR‑181b‑5p was knocked down. 
*P<0.05, **P<0.01 and ***P<0.001 vs. NC; #P<0.05 and ###P<0.001 vs. inhibitor control. NRVMs, neonatal rat ventricular myocytes.

Figure 8. Association between miR‑181b‑5p and Hspa5. miR‑181b‑5p 
directly targeted Hspa5 and this was detected by luciferase reporter assay. 
Control, untransfected cells; NC, H9c2 co‑transfected with miR‑181b‑5p 
mimic control and 3'UTR‑WT or 3'UTR‑MUT; H9c2 co‑transfected with 
miR‑181b‑5p mimic and 3'UTR‑WT or 3'UTR‑MUT. *P<0.05 vs. 3'UTR WT.
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in the transfected cardiomyocytes. As shown in Fig.  10, 
siHspa5 markedly reduced autophagy in the H9c2 and 
NRVMs compared with the Con‑siRNA group. These data 
indicated that Hspa5 regulated autophagy in the starved H9c2 
cardiomyocytes and NRVMs.

siHspa5 promotes the apoptosis of starved cardiomyocytes. 
To explore the role of Hspa5 in cell apoptosis, flow cytometry 
and western blot analysis were performed to measure the 
apoptosis of the transfected cardiomyocytes. As shown in 
Fig. 11, transfection with siHspa5 significantly promoted the 
apoptosis of H9c2 and NRVMs compared with the Con‑siRNA 
group. Western blot analysis also revealed that siHspa5 inhib-
ited the protein expression levels of Bcl‑2, while it increased 
the protein expression levels of Bax and cleaved caspase‑3 
(Figs. 12A and B, and 13A and B). The Bcl‑2/Bax ratio also 
exhibited a similar to Bcl‑2 expression (Figs. 12C and 13C). 
These data indicated that siHspa5 induced the apoptosis of 
starved H9c2 and NRVMs.

siHspa5 regulates the PI3K/Akt/mTOR signaling pathway in 
starved cardiomyocytes. Western blot analysis was carried 
out to investigate the effect of Hspa5 on the PI3K/Akt/mTOR 
signaling pathway. As shown in Figs.  12  and 13, siHspa5 
significantly decreased the protein expression of p‑mTOR, 
p‑Akt and p‑PI3K in the H9c2 and NRVMs, compared with 
the Con‑siRNA group. These results indicated that Hspa5 

regulates the PI3K/Akt/mTOR pathway in starved H9c2 
cardiomyocytes and NRVMs.

Discussion

Previous studies have demonstrated that miRNAs play an 
essential role in cardiovascular disease. To the best of our 
knowledge, he current study is the first study to show the 
effects of miR‑181b‑5p on cardiomyocytes, and that the 

Figure 9. Beclin‑1 and Hspa5 expression level are affected by Hspa5. (A and B) RT‑qPCR was used to determine the transfection efficacy in H9c2 cardio-
myocytes and NRVMs. (C and D) Beclin‑1 and Hspa5 expression levels were detected by western blot analysis and analyzed by grayscale scanning in H9c2 
cardiomyocytes and NRVMs (n=3 cardiomyocytes). *P<0.05 and **P<0.01 vs. NC. NRVMs, neonatal rat ventricular myocytes. 

Figure 10. Immunofluorescence of LC3 in H9c2 cardiomyocytes and NRVMs 
following transfection with control‑siRNA and si‑Hspa5 both in H9c2 cells 
and NRVMs. The data are shown as the means ± SD of 3 independent 
experiments performed in triplicate. NC, untransfected cells; control‑siRNA, 
cells transfected with control siRNA; siHspa5, cells transfected with Hspa5 
siRNA. NRVMs, neonatal rat ventricular myocytes.
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downregulation of miR‑181b‑5p can protect cardiomyocytes 
by promoting autophagy and inhibiting apoptosis. Further 
investigations into the underlying mechanisms indicated 
that autophagy and apoptosis were affected in cardiomyo-
cytes, as miR‑181b‑5p directly targeted Hspa5 and that the 
PI3K/Akt/mTOR signaling pathway was downstream of 
Hspa5. Thus, the Hspa5/PI3K/Akt/mTOR signaling pathway 

is activated by the downregulation of miR‑181b‑5p in starved 
cardiomyocytes.

Autophagy is a biological process regulated by various 
factors (20). Autophagy helps cells respond to various stress 
factors inside and outside the cell, including hunger, insulin 
deficiency, growth factors deficiency and endoplasmic 
reticulum stress  (21). In this study, H9c2 cardiomyocytes 

Figure 12. The PI3K/Akt/mTOR as a downstream signaling pathway of Hspa5 was inhibited and apoptosis was promoted by Hspa5 in H9c2. 
(A and B) Expression levels of PI3K/Akt/mTOR signaling pathway and apoptosis‑related proteins, Bcl‑2, Bax and caspase‑3 were determined by western blot 
analysis and their grayscale scanning analysis (n=3 experiments). (C) The relative expression ratio of Bcl‑2/Bax. NC, untransfected cells; control‑siRNA, cells 
transfected with control siRNA; siHspa5, cells transfected with Hspa5 siRNA. **P<0.01 and ***P<0.001 vs. NC.

Figure 11. (A and B) Hspa5 associated with cell apoptosis in cardiomyocytes. Cell apoptosis was detected by flow cytometry in H9c2 cardiomyocytes and 
NRVMs following transfection with control‑siRNA and si‑Hspa5 both in H9c2 cells and NRVMs (n=3 experiments). NC, untransfected cells; control‑siRNA, 
cells transfected with control siRNA; siHspa5, cells transfected with Hspa5 siRNA. *P<0.05 and **P<0.01 vs. NC. NRVMs, neonatal rat ventricular myocytes.
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and NRVMs were cultured in EBSS to establish a starvation 
model. The results indicated that starvation triggered autopha-
gosome formation, and upregulated the protein expression of 
Beclin‑1 in H9c2 cardiomyocytes and NRVMs, particularly 
after 4 h of starvation. In addition, miR‑181b‑5p expression 
was downregulated in the starved cardiomyocytes, which 
revealed the possible association between miR‑181b‑5p and 
autophagy. 

miR‑181b‑5p has been reported in several diseases, including 
astrocytoma, schizophrenia, pancreatic ductal adenocarcinoma 
and non‑small lung cancer (16,18,22,23). However, the effects 
of miR‑181b‑5p have not yet been evaluated to the same extent 
in myocardial diseases. A recent study found that miR‑181b‑5p 
expression was markedly decreased in cardiac dysfunction 
progression, such as diabetic cardiomyopathy (24). In addition, 
miR‑181b‑5p expression has been shown to be upregulated 
in heart failure resulting from cardiomyopathy (25). In this 
study, the effects of miR‑181b‑5p on cardiomyocyte autophagy 
and apoptosis under starvation conditions were elucidated 
in vitro. The results revealed that miR‑181b‑5p downregulation 
promoted cell survival by promoting autophagy and inhibiting 
apoptosis. Beclin‑1 plays a critical role in the regulation of both 
autophagy and cell death (26). Hamacher‑Brady et al demon-
strated that Beclin‑1 overexpression promoted autophagy and 
inhibited the apoptosis‑related protein, Bax, to protect the 
cardiomyocytes (27). In this study, miR‑181b‑5p negatively 
regulated Beclin‑1 expression and positively regulated Bax 
expression. It has previously been demonstrated that the 
increased expression levels of cleaved caspase‑3 and cleaved 
caspase‑9 are affected by the release of cytochrome c, which 
is related to mitochondrial apoptosis. Bcl‑2 inhibits apoptosis 

by binding to Bax; this binding plays a role in the formation 
of mitochondrial outer membrane pores so that mitochondria 
cannot release cytochrome c (28‑30). In this study, cleaved 
caspase‑3 and Bax were downregulated, while Bcl‑2 was 
upregulated in cardiomyocytes transfected with miR‑181b‑5p 
inhibitors. These results indicate that the miR‑181b‑5p‑medi-
ated apoptosis of starved cardiomyocytes may be as a result of 
mitochondrial apoptosis. Thus, miR‑181b‑5p downregulation 
may promote autophagy via Beclin‑1‑dependent autophagy 
and inhibit mitochondrial apoptosis; however, further studies 
are required to validate this hypothesis. Cytochrome c expres-
sion and mitochondrial membrane potential warrant further 
investigation in the future.

miRNAs act by targeting multiple genes. Hspa5, also known 
as GRP78, is an endoplasmic reticulum stress‑related protein 
that plays an important role in cell protection by preventing 
protein aggregation (9). Hspa5 has been reported to play a role 
in starvation‑induced cardiomyocyte autophagy (31). Since 
Hspa5 upregulation has been reported to be beneficial to 
the treatment of cardiovascular diseases, its association with 
miR‑181b‑5p was evaluated in this study. The results indicated 
that miR‑181b‑5p negatively and directly regulated Hspa5 in 
cardiomyocytes. Furthermore, cardiomyocytes transfected 
with Hspa5‑siRNA exhibited a decreased autophagy and 
increased apoptosis. Hspa5 inhibition also downregulated 
the expression of Beclin‑1. Based on the role of Beclin‑1 in 
autophagy and apoptosis, it may be downstream of Hspa5, 
but the association between Hspa5 and Beclin‑1 requires 
further investigation. It may also be hypothesized that Hspa5 
is a direct target of miR‑181b‑5p in the autophagy of starved 
cardiomyocytes. 

Figure 13. The PI3K/Akt/mTOR as a downstream signaling pathway of Hspa5 was inhibited and apoptosis was promoted by Hspa5 in NRVMs. 
(A and B) Expression levels of PI3K/Akt/mTOR signaling pathway and apoptosis‑related proteins, Bcl‑2, Bax and caspase‑3 were determined by western blot 
analysis and their grayscale scanning analysis (n=3 experiments). (C) The relative expression ratio of Bcl‑2/Bax. NC, untransfected cells; control‑siRNA, cells 
transfected with control siRNA; siHspa5, cells transfected with Hspa5 siRNA. **P<0.01 and ***P<0.001 vs. NC. NRVMs, neonatal rat ventricular myocytes.
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In this study, the PI3K/Akt/mTOR signaling pathway 
was downregulated when miR‑181b‑5p was overexpressed or 
Hspa5 was inhibited. The PI3K/Akt/mTOR signaling pathway 
is a recognized signaling pathway that regulates numerous 
biological functions in cardiomyocytes, including cell viability, 
apoptosis and autophagy (32,33). This may be a downstream 
of Hspa5; however, further investigations are required.

In conclusion, in this study, the effects of miR‑181b‑5p 
and its targets on starved cardiomyocyte injury were 
assessed and the underlying mechanisms were revealed. 
miR‑181b‑5p mainly mediated autophagy and apoptosis. In 
addition, the effects of miR‑181b‑5p were mediated via Hspa5 
and PI3K/Akt/mTOR may be the downstream signaling 
pathway. The PI3K/Akt/mTOR pathway signaling pathway 
is a well‑known autophagy pathway. Animal studies of the 
miR‑181b‑5p‑mediated effects may reveal the association 
among miR‑181b‑5p, autophagy and apoptosis in more detail 
and therefore may be performed in the future. This study 
demonstrates that miR‑181b‑5p may be a potential target in the 
treatment and/or prevention of cardiomyocyte injury.
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