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Abstract. Previous studies have reported that short-term vagus 
nerve stimulation (VNS) improves cardiac function in rats 
with chronic heart failure (CHF). The molecular mechanisms 
are unclear. The potential effect of microRNA (miR)-205 
in apoptosis of short-term VNS was examined. A total of 
3 weeks after inducing CHF, the rats were divided into three 
groups: Sham stimulation in sham operated rats, sham stimu-
lation in CHF rats (CHF-SS), and treated with VNS in CHF 
rats (CHF-VNS). The right vagus nerve of the neck was stimu-
lated for 72 h in CHF rats with rectangular pulses of 40 msec 
duration at 1 Hz and 5 V. miR-205 was focused on, which 
exhibited differential expression in the miRNA microarray 
analysis of CHF rats, and the effects of VNS on apoptosis were 
examined. It was verified that the expression level of miR‑205 
in the CHF-SS group was increased, and the expression was 
reduced in the CHF-VNS group. Furthermore, mimics or 
inhibitor of miR-205 was transfected into H9c2 to investigate 
its function on apoptosis. Baculoviral IAP repeat-containing 
protein 2 (Birc2) was confirmed a target of miR‑205 through 
a dual luciferase reporter assay and western blotting. It was 
demonstrated that downregulated miR-205 decreased apop-
tosis in H9c2 cells. The apoptosis-associated proteins were 
further detected in H9c2 cells and rat tissue. The mRNA and 
protein expression levels of caspase-3 and Bcl-2-associated X 
protein were decreased in the CHF-VNS group, the expression 
of Birc2 and B-cell lymphoma 2 were increased. The results 

were consistent with the in vitro study in the miR-205 inhibitor 
group. The present study demonstrated that short-term VNS 
decreased apoptosis by downregulating miR-205 in rats with 
CHF. Therefore, the results of the present study provide basic 
evidence for short-term VNS in the clinical treatment of CHF.

Introduction

Chronic heart failure (CHF) is the end stage of various cardio-
vascular diseases and poses a serious threat to human health, 
as it responds poorly to treatment (1). Previous clinical inves-
tigations demonstrated that long-term vagus nerve stimulation 
(VNS) therapy reduces ventricular remodeling and improves 
cardiac function, and increases exercise tolerance and the 
quality of life following CHF (2-4). Our previous study has 
demonstrated that short-term VNS also improves left ventric-
ular function in rats with CHF (5). However, the molecular 
mechanisms of short-term VNS treatment remain unclear.

MicroRNAs (miRNAs/miRs) are highly conserved, endog-
enous, single-stranded non-coding small RNA molecules. 
miRNAs regulate gene expression by promoting degradation of 
target mRNA and (or) inhibiting translation. miRNAs involve 
cellular differentiation, proliferation, apoptosis and develop-
ment processes of a variety of biological tissues (6). Previous 
studies have identified that specific miRNAs participate in the 
pathology of heart disease development, particularly in the 
progression of heart failure (HF) (7-10). Myocardial apoptosis 
is also involved in the development of HF (11,12). Reducing 
cardiac damage is a potential therapeutic target for HF (13). 
miRNAs are also essential for regulation of cardiomyocyte 
apoptosis (14,15).

Our earlier study hypothesized that miRNAs may be 
cardioprotective of short-term VNS in rats with CHF. 
Therefore, the differential expression of miRNAs was assessed 
using microarray analysis (16). The present study focused on 
miR-205, which was upregulated after the treatment with sham 
stimulation (SS) and downregulated after the treatment with 
short-term VNS following CHF in rats. In addition, the present 
study selected baculoviral IAP repeat-containing protein 
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2 (Birc2), an inhibitor of apoptosis protein, as a predicted 
target gene of miR-205 through bioinformatics analysis. It was 
demonstrated that downregulated miR-205 increased Birc2 
expression and reduced cardiac apoptosis in CHF rats.

Materials and methods

Rat model of CHF and VNS. The Animal Center of the Chinese 
Academy of Medical Sciences (Beijing, China) provided 58 
male Wistar rats (7-8 weeks of age; weighing 250-300 g) to 
prepare the CHF model in the present study. The use of all 
rats was in strict compliance with the provisions of Animal 
Research Ethics Committee of Shengjing Hospital of China 
Medical University (Shenyang, Liaoning, China). The rats 
were kept in a stainless-steel net cage under standard labora-
tory conditions (25˚C; relative humidity 60%; 12‑h light/dark 
cycle) with free access to food and water. All animals were 
randomly divided into three groups: i) treated with SS in sham 
operated rats (SO-SS group, n=8), ii) treated with SS in CHF 
rats (CHF-SS group, n=8), and iii) treated with VNS in CHF 
rats (CHF-VNS group, n=8). As described previously, a thora-
cotomy was performed under 1% pelltobarbitalum natricum 
(40 mg/kg) anesthesia administered via an intraperitoneal 
injection. The left anterior descending coronary artery was 
ligated firmly with prolene suture (Ethicon, Inc., Cincinnati, 
OH, USA) to produce myocardial infarction (17,18). The left 
anterior descending coronary artery was tied loosely in the 
SO-SS group. At 3 weeks after the myocardial infarction 
operation, echocardiography was performed on the surviving 
rats. The rats with an infarction area >40% of the left ventric-
ular wall area were enrolled for research (5). This method of 
research was approved by the ethics committee of Shengjing 
Hospital of China Medical University (Shenyang, Liaoning, 
China).

As described in our previous study (5), a pair of 
Teflon‑coated stainless steel wires (UL1330; Triumph Cable 
Co., Ltd., Dongguan, Guangdong, China) was looped around 
the right vagus nerve in the neck for electrical stimulation. The 
wires were connected to the output terminals of the stimulator 
(BL-420S Data Acquisition & Analysis System; Chengdu Tme 
Technology Co, Ltd., Chengdu, Sichuan, China). Rectangular 
pulses were used at 1 Hz, 5 V and 40 msec duration for 72 h to 
stimulate the vagus nerve.

Cardiac tissue preparation. The rats were sacrificed following 
72 h of treatment. For each rat, the whole heart tissue was rapidly 
excised and washed with cold phosphate buffer. Heart tissues 
were frozen at ‑80˚C for reverse transcription‑quantitative poly-
merase chain reaction (RT-qPCR) and western blot analysis.

Cell culture. The H9c2 rat myoblasts and 293T human 
renal epithelial cells (Cell Bank of the Chinese Academy of 
Sciences, Shanghai, China) were cultured in Dulbecco's modi-
fied Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) containing 10% (v/v) FBS (Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA) at 37˚C in a mixed 
atmosphere of 5% CO2 and 95% air.

Cell transfection. Cell transfection was carried out using 
Attractene Transfection reagent (Qiagen GmbH, Hilden, 

Germany) following the manufacturer's protocol. miR-205 
mimics (miR-205m), miR-205 inhibitor (miR-205i) and 
matched negative controls (NCm, negative control mimics; NCi, 
negative control inhibitor) were synthesized by GE Healthcare 
Dharmacon, Inc. (Lafayette, CO, USA). The level of miRNA 
expression in the cells was assayed by RT-qPCR.

miRNA microarray analysis. The miRNA microarray analysis 
was performed by Kangchen Biotech Co., Ltd. (Shanghai, 
China). Total RNA was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and an miRNeasy 
mini kit (Qiagen GmbH) according to manufacturer's protocol. 
The RNA quantity was measured using the NanoDrop 1000. 
The samples were labeled using the miRCURY™ Hy3™/Hy5™ 
Power labeling kit and hybridized on the miRCURY™ LNA 
Array (v.18.0). Following the washing steps, the slides were 
scanned using the Agilent Scanner G2505C. Scanned images 
were imported into GenePix Pro 6.0 software (Molecular 
Devices, LLC, Sunnyvale, CA, USA) for grid alignment and 
data extraction. In screening for differentially expressed 
miRNAs, the threshold was set at fold difference ≥1.5 or 
≤0.67, and P<0.05. Hierarchical clustering was performed 
to demonstrate distinguishable miRNA expression profiling 
among samples.

RT‑qPCR. All assays strictly followed the manufacturer's 
protocol. Total RNA isolation was achieved using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). A PrimeScript RT 
kit (Takara Biotechnology Co., Ltd., Dalian, Liaoning, China) 
was used to create the cDNA library. RT-qPCR was performed 
using SYBR Premix Ex Taq II (Takara Biotechnology, Co., 
Ltd.) on a LightCycler 480 Real-Time PCR system (Roche 
Diagnostics, Basel, Switzerland). For qPCR, 1 µg total RNA 
from each sample was resuspended in 20 µl final volume of 
reaction buffer. Relative quantification was based on U6 and 
β-actin controls. All reactions were performed in triplicate and 
three dishes were prepared in each group in H9c2 cells. The 
sequences of the primer pairs used were as follows: miR-205 
forward, 5'-GCG TCC TTC ATT CCA CCG-3' and reverse, 
5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA 
CTG GAT ACG ACA CAG ACT C-3'; U6 forward, 5'-CTC GCT 
TCG GCA GCA CAT ATA CT-3' and reverse, 5'-AAA ATA TGG 
AAG GCT TCA CAG ATT TG-3'; Birc2 forward, 5'-CAG CTT 
TGT GCA GAC TTT GCT TTC-3' and reverse, 5'-CCT TGT 
TCC AGA GGT AGC GAG TG-3'; caspase-3 forward, 5'-AGA 
TAC CAG TGG AGG CCG AC-3' and reverse, 5'-CAC GAG 
TGA GGA TGT GCA TGA-3'; Bcl-2-associated X protein (Bax) 
forward, 5'-CTG ACA TGT TTG CAG ACG GC-3' and reverse, 
5'-AAG TCC AGT GTC CAG CCC AT-3'; B-cell lymphoma 2 
(Bcl-2) forward, 5'-TGG TGG ACA ACA TCG CTC TG-3' and 
reverse, 5'-GAG AAA TCA AAC AGA GGT CGC A-3'; β-actin 
forward, 5'-ATA GCA CAG CCT GGA TAG CAA CGT AC-3' and 
reverse, 5'-CAC CTT CTA CAA TGA GCT GCG TGT G-3'. The 
PCR was performed as follows: 95˚C for 30 sec; 40 cycles 
of 95˚C for 5 sec and 60˚C for 30 sec; 95˚C for 5 sec, 60˚C 
for 60 sec; 50˚C for 30 sec. Fold changes relative to control 
samples were calculated using the 2-ΔΔCq method (19).

miR‑205 target prediction. For predicting the potential target 
gene of miR-205, a bioinformatics approach was implemented, 
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using miRanda (www.microrna.org/microrna/getDownloads.
do), TargetScan (version 6.2; www.targetscan.org/) and 
miRWalk algorithm (version 2.0; zmf.umm.uni-heidelberg.
de/apps/zmf/mirwalk2/genepub.html). The common predic-
tion results of three databases were used as candidate genes. 
Birc2, an inhibitor of apoptosis protein, was selected as a 
predicted target gene of miR-205.

Dual luciferase reporter gene assay. The mutant 3'UTR 
and wild-type 3'UTR of Birc2 were inserted downstream of 
firefly luciferase in pmiR‑Glo to form a luciferase reporter 
construct. 293T human renal epithelial cells were co-trans-
fected with miR-205 and mutant pmiR-Glo-Birc2-3'UTR or 
wild-type pmiR-Glo-Birc2-3'UTR (Shanghai GenePharma 
Co., Ltd., Shanghai, China). Using Lipofectamine 2000, 
plasmid DNA and miR-205m/NCm were co-transfected into 
293T cells. After 24 h, luciferase activity was measured 
using the Dual-Luciferase Assay system (E1960, Promega 
Corporation, Madison, WI, USA) and a Multilabel Plate 
Reader (PerkinElmer, Inc., Waltham, MA, USA). Normalized 
luciferase activity was calculated as the ratio of Renilla and 
firefly luciferase activities.

Western blotting. SDS lysis buffer was used to extract total 
protein of rat tissues, and radioimmunoprecipitation assay 
lysis buffer was used for lysis of H9c2 cells (Beyotime Institute 
of Biotechnology, Shanghai, China). Proteins (40 µg) were 
separated by 12% SDS-PAGE and transferred to polyvinyli-
dene fluoride membranes (Roche Diagnostics), blocked using 
15% skimmed milk (Yili Group, Inner Mongolia, China). 
Membranes were incubated overnight at 4˚C with primary 
antibodies against Bcl-2 (mouse monoclonal; 1:2,000 dilu-
tion; cat. no. sc-7382; Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA), caspase-3 (rabbit polyclonal; 1:500 dilution; 
cat. no. sc-7145; Santa Cruz Biotechnology, Inc.), Bax (mouse 
monoclonal; 1:500 dilution; cat. no. sc-7480; Santa Cruz 
Biotechnology, Inc.), Birc2 (rabbit polyclonal; 1:500 dilution; 
cat. no. bs-4262R; BIOSS, Beijing, China) and β-actin (mouse 
monoclonal; 1:1,000 dilution; cat. no. bsm-33036m; BIOSS). 
The blots were then incubated at 37˚C for 45 min with a 
horseradish peroxidase-conjugated goat anti rabbit immu-
noglobulin G secondary antibody (1:5,000; cat. no. A0208; 
Beyotime Institute of Biotechnology). A UVP Bioimaging 
system (BioSpectrum 410; UVP Inc., Upland, CA, USA) and 
Gel-Pro-Analyzer software version 5.0 (Media Cybernetics, 

Inc., Bethesda, MD, USA) were used for detection and analysis. 
For H9c2 cells, three dishes were prepared in each group, and 
experiments were repeated three times.

TdT‑mediated dUTP nick end labeling (TUNEL) assay. 
According to manufacturer's protocol, a TUNEL kit was 
used to detect cell apoptosis (cat. no. 11684817910; Roche 
Diagnostics). H9c2 cells were seeded into 12-well plates; 1 ml 
of cell suspension was inoculated with 2x105 cells/well. Cells 
were fixed with 4% paraformaldehyde at room temperature 
for 30‑60 min, and then permeabilized with a 0.1% Triton 
X-100 solution (50 µl; cat. no. ST795; Beyotime Institute of 
Biotechnology) in an ice bath for 2-5 min. Cells were then 
quenched of endogenous peroxidase activity with 3% H2O2 

(cat. no. 10011218; Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China) for 10 min at room temperature away 
from light, and incubated with the TUNEL reaction mixture 
(Enzyme solution vs. Label Solution, 1:9) for 1 h at 37˚C. 
Subsequently, cells were stained with 0.8% hematoxylin for 
3 min at room temperature. The apoptotic index was evaluated 
in 5 random fields per section under a fluorescence microscope 
(magnification, x200) and counted for each group.

Statistical analysis. All statistical analyses were performed 
using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). 
All results are expressed as the mean ± standard deviation. 
Comparisons among various groups were determined using 
one-way analysis of variance followed by the post hoc least 
significant difference test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Inhibition of miR‑205 in the myocardial tissue of CHF rats 
following short‑term VNS treatment. As presented in Fig. 1A 
and B, miR-205 was screened by microarray analysis in our 
previous study (16), which revealed that the expression level 
of miR‑205 was significantly increased in the CHF‑SS group 
(n=3; P=0.022 vs. SO-SS group) and markedly decreased in 
the CHF-VNS group (n=4; P=0.026 vs. CHF-SS group) (16). 
As presented in Fig. 1C, these results were verified in cardiac 
tissue by RT-qPCR. The expression level of miR-205 in rats 
of the CHF‑SS group was significantly activated compared 
with the SO-SS group (4.48±1.15 vs. 1.04±0.37, P=0.002). 
Following short-term VNS, the expression level of miR-205 

Figure 1. Fragment of miR‑205 in the miR expression profile of the cluster diagram and the verification in myocardial tissue. (A) The CHF‑SS vs. SO‑SS 
group, and (B) the CHF-VNS vs. CHF-SS group. Green represents downregulation and red represents upregulation. (C) The expression level of miR-205 in 
myocardial tissue. Data are expressed as the mean ± standard deviation. #P<0.05 vs. SO‑SS; *P<0.05 vs. CHF‑SS. miR, microRNA; SO, sham‑operated; CHF, 
chronic heart failure; SS, sham stimulation; VNS, vagus nerve stimulation.
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was gradually inhibited in CHF-VNS group compared with 
the CHF-SS group (2.38±0.55 vs. 4.48±1.15, P=0.015).

Downregulation of miR‑205 targeted to increase the expres‑
sion of Birc2 and further reduce cell apoptosis. For predicting 
the potential target gene of miR-205, the present study imple-
mented a bioinformatic analysis using miRanda, TargetScan 
and miRWalk algorithm. It was demonstrated that Birc2 
theoretically included an miR-205 binding site in the 3'UTR 
(Fig. 2A). Birc2 is one of the inhibitor of apoptosis proteins, 
and its activation results in cell anti-apoptosis and cytopro-
tection. Studies have demonstrated that miR-205 accelerates 

cell apoptosis (20-22); the present study supported this by 
indicating that miR-205 may regulate Birc2. To verify this 
hypothesis, the present study cloned the 3'UTR of Birc2 into a 
pmiR-Glo-Birc2 vector (Fig. 2B) and co-transfected miR-205 
mimics/inhibitor into the vector in 293T cells. Co-transfection 
of miR-205 inhibited the luciferase activity of the reporter, 
including wild-type pmiR-Glo-Birc2-3'UTR sequence 
(0.88±0.03 vs. 1.09±0.01, P<0.001, vs. negative control group; 
Fig. 2C), but failed to suppress that of mutant pmiR-Glo-Birc2 
by dual luciferase reporter gene assay (P>0.05 vs. negative 
control group; Fig. 2C). These data suggested that miR-205 
could directly target the 3'UTR sequences of pmiR-Glo-Birc2. 

Figure 2. Birc2 is a target of miR-205 and downregulation of miR-205 reduces cell apoptosis in H9c2 cells. (A) Sequence alignment of miR-205 and 3'UTR 
of Birc2. (B) 3'UTR of Birc2 or a mutated sequence was cloned into pmiR-Glo vector. (C) Luciferase reporter assay with co-transfection of wild-type or 
mutant 3'UTR and miR-205m or NCm in 293T cells. (D) Protein and (E) mRNA expression levels of Birc2, caspase-3, Bax and Bcl-2 in H9c2 cells transfected 
with miR-205 as an internal control. β-actin served as a loading control. Data are expressed as the mean ± standard deviation. *P<0.05 vs. NCm; #P<0.05 
vs. NCi. miR-205m, miR-205 mimics; miR-205i, miR-205 inhibitor; NCm, negative control mimics; NCi, negative control inhibitor; Birc2, baculoviral IAP 
repeat-containing protein 2; miR, microRNA; 3'UTR, 3-untranslated region; Con, control; WT, wild-type; Bax, Bcl-2-associated X protein; Bcl-2, B-cell 
lymphoma 2.
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Additionally, the protein expression level of Birc2 was signifi-
cantly suppressed by miR-205 mimic transfection in H9c2 cells 
(0.62±0.13 vs. 1.02±0.08, P=0.003 vs. NCm group), while the 
expression was markedly increased by the miR-205 inhibitor 
(1.28±0.11 vs. 0.99±0.19, P=0.02 vs. NCi group; Fig. 2D). All 
these findings demonstrated that miR‑205 targets and regulates 
Birc2 protein expression. They also suggested that inhibition 
of miR-205 expression could serve an anti-apoptotic function 
by increasing Birc2 expression.

Furthermore, for clarifying the mechanisms of apoptosis, 
RT-qPCR and western blot analyses were performed to 
measure the expression levels of Birc2, caspase-3, Bax and 
Bcl-2. As presented in Fig. 2D, the protein expression levels 
of caspase-3 and Bax were higher in the miR-205m group 
compared with the NCm group (1.61±0.18 vs. 1.05±0.13 and 
1.48±0.34 vs. 1.03±0.14, P=0.001 and P<0.014, respectively), 
and were markedly decreased in the miR-205i group compared 
with the NCi group (0.76±0.04 vs. 1.06±0.21 and 0.63±0.12 
vs. 0.98±0.14, P=0.036 and P=0.042, respectively). The protein 
expression level of Bcl-2 was lower in the miR-205m group 
(0.67±0.12 vs. 0.99±0.12, P=0.015 vs. NCm group), and was 
markedly higher in the miR-205i group (1.27±0.2 vs. 1.01±0.09, 
P=0.037 vs. NCi group).

As presented in Fig. 2E, consistent with the western blot 
results, the mRNA expression levels of caspase-3 and Bax 
were significantly increased in the miR‑205m group compared 
with the NCm group (1.88±0.09 vs. 0.90±0.17 and 1.88±0.22 
vs. 0.95±0.08, P<0.001, respectively); however, the levels of 
caspase-3 and Bax were lower in the miR-205i group compared 
with the NCi group (0.48±0.07 vs. 0.98±0.17 and 0.54±0.05 
vs. 1.03±0.15, P=0.001, respectively). The mRNA expression 
levels of Birc2 and Bcl-2 were markedly lower in the miR-205m 
group compared with the NCm group (0.52±0.08 vs. 0.99±0.18 
and 0.43±0.09 vs. 0.99±0.04, P<0.001 respectively). However, 
the levels of Birc2 and Bcl-2 were increased in the miR-205i 

group compared with the NCi group (1.60±0.11 vs. 0.95±0.07 
and 1.69±0.08 vs. 0.94±0.06, P=0.001 respectively). These 
data demonstrated that downregulation of miR-205 reduced 
cell apoptosis.

TUNEL assay was also performed to evaluate apoptosis of 
H9c2 cells transfected with the miR-205 vector. As presented 
in Fig. 3, the apoptosis of H9c2 cells was markedly increased 
in the miR-205m group (13.61±1.44 vs. 8.21±1.56, P<0.001 vs. 
NCm group), while the apoptosis was markedly reduced in the 
miR‑205i group (4.96±0.70 vs. 8.27±0.94, P<0.001 vs. NCi 

group).

Anti‑apoptosis effect in the myocardial tissue of rats with 
CHF following short‑term VNS treatment. The above studies 
demonstrated that miR-205 mediates Birc2 to reduce myocar-
dial apoptosis. To further determine the anti-apoptosis effect 
of short-term VNS treatment in the myocardial tissue of CHF 
rats, the present measured the expression levels of Birc2, 
caspase-3, Bax and Bcl-2 using RT-qPCR and western blot 
analyses in the three experimental groups of rats. As presented 
in Fig. 4A, the mRNA expression levels of caspase-3 and Bax 
were significantly increased in the CHF‑SS group compared 
with the SO-SS group (2.07±0.13 vs. 1.05±0.4 and 2.63±0.48 
vs. 1.01±0.19, P=0.004 and P=0.001, respectively) and were 
reduced in the CHF-VNS group compared with the CHF-SS 
group (1.39±0.23 vs. 2.07±0.13 and 1.65±0.15 vs. 2.63±0.48, 
P=0.023 and P=0.008, respectively). The mRNA expres-
sion levels of Birc2 and Bcl-2 were markedly lower in the 
CHF-SS group compared with the SO-SS group (0.37±0.14 vs. 
1.01±0.21 and 0.44±0.05 vs. 1.02±0.22, P=0.002 and P=0.004, 
respectively) and were increased in the CHF-VNS group 
compared with the CHF-SS group (0.78±0.1 vs. 0.37±0.14 and 
0.87±0.14 vs. 0.44±0.05, P=0.018 and P=0.016, respectively).

As presented in Fig. 4B, consistent with the RT-qPCR 
results, the protein expression levels of caspase-3 and Bax 

Figure 3. TUNEL assay in H9c2 cells transfected with miR‑205. Representative microscope images. Magnification, x200. The red arrows indicate the apop-
totic cells. Data are expressed as the mean ± standard deviation. *P<0.05 vs. NCm; #P<0.05 vs. NCi. miR-205m, miR-205 mimics; miR-205i, miR-205 inhibitor; 
NCm, negative control mimics; NCi, negative control inhibitor; Con, control; TUNEL, TdT-mediated dUTP nick end labeling assay.
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were significantly higher in the CHF-SS group compared 
with the SO-SS group (1.97±0.42 vs. 1.15±0.33 and 2.23±0.68 
vs. 1.03±0.03, P=0.041 and P=0.012, respectively). Following 
short-term VNS, the levels of caspase-3 and Bax were mark-
edly lower in the CHF-VNS group compared with the CHF-SS 
group (1.10±0.39 vs. 1.97±0.42 and 1.35±0.25 vs. 2.23±0.68, 
P=0.033 and P=0.042, respectively). The protein expression 
levels of Birc2 and Bcl‑2 in the CHF‑SS group were signifi-
cantly reduced compared with the SO-SS group (0.75±0.04 
vs. 0.94±0.06 and 0.62±0.09 vs. 1.12±0.11, P=0.002 and 
P=0.011, respectively). Following short-term VNS, the level of 
Birc2 and Bcl-2 were markedly higher in the CHF-VNS group 
compared with the CHF-SS group (0.97±0.03 vs. 0.75±0.04 and 
0.99±0.26 vs. 0.62±0.09, P=0.001 and P=0.034, respectively). 
All these findings suggested that short‑term VNS treatment 
serves an anti-apoptosis effect in the myocardial tissue of rats 
following CHF.

Discussion

Heart failure is the dysfunction of contraction and/or dias-
tole, leading to insufficiency of blood circulation in the 

heart, and is a major cause of mortality from cardiovascular 
disease (1,23,24). The morbidity of HF is increased with the 
aging population (25). The clinical treatments of HF have 
made more progress; however, traditional therapies are insuf-
ficient for many patients with HF, who eventually progress 
to end-stage disease (1). Animal experiments and clinical 
investigations have reported that VNS treatment improves 
the cardiac function and prognosis of CHF, and reduces the 
fatality rate (26-28). Our previous study demonstrated that 
short‑term VNS has a significant beneficial effect on attenu-
ation of LV remodeling, alters the components of cardiac 
excitation-contraction coupling associated protein, and 
improves the cardiac function in rats with CHF (5).

miRNAs participate in regulating gene expression in 
different diseases. Previous research has demonstrated that 
regulating the expression of miRNAs serves a protective 
role in HF (29-32). The present study demonstrated that 
short-term VNS reduces miR-205 expression in CHF-VNS 
rats. miR-205 serves a different role in diverse range of 
tumor cell types (33-36). miR‑205 induces inflammation and 
atherosclerosis in vascular endothelial cells and targets to 
regulate tissue inhibitor of metalloproteinase 3, which serves 

Figure 4. mRNA and protein expression levels of apoptosis-associated factors in the SO-SS, CHF-SS and CHF-VNS groups (n=8/group). (A) mRNA and 
(B) protein expression levels of Birc2, caspase-3, Bax and Bcl-2. β-actin served as an internal control. Data are expressed as the mean ± standard deviation. 
#P<0.05 vs. SO‑SS; *P<0.05 vs. CHF‑SS. miR, microRNA; SO, sham‑operated; CHF, chronic heart failure; SS, sham stimulation; VNS, vagus nerve stimula-
tion; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Birc2, baculoviral IAP repeat-containing protein 2.
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a protective role in vascular endothelial cells through inter-
fering the expression of miR-205 (37,38). miR-205 was also 
demonstrated to regulate the expression of phosphatase and 
tensin homolog directly in endometrial cancer cells, as well as 
inhibit apoptosis (39). Myocardial apoptosis serves an impor-
tant role in the development of HF. A variety of myocardial 
cell injuries, such as myocardial infarction, ischemia/reperfu-
sion, and genetic and metabolic cardiomyopathy, can induce 
myocardial apoptosis and eventually develop into HF; thus, it 
is a potential therapeutic target to reduce myocardial damage. 
Apoptosis is tightly regulated by a variety of active and 
programmed death processes under certain physiological or 
pathological conditions, and it is an important homeostatic 
mechanisms (40). Birc2 is a member of the anti-apoptotic gene 
family, which mainly serves its function by inhibiting the acti-
vation of caspase-3, 7, 9 and other enzymes (41). Endoplasmic 
reticulum stress induces the Birc2 expression of inhibition 
apoptosis through the phosphoinositide 3-kinase/protein 
kinase B signaling pathway and serves an important role in the 
adaptation of cellular stress (42,43). Caspase-3 is a common 
downstream effector of the apoptosis signaling pathway. Bcl-2 
and Bax are involved in cell survival and apoptosis via regu-
lating the mitochondria. Bcl-2 is a direct effect of the substrate 
caspase-3, and the N-terminal variable loop region can be cut 
by caspase-3 at Asp34, and cleave fragments of similar Bax, 
overall promoting apoptosis (44). Birc2, caspase-3, Bcl-2 and 
Bax can interact and influence each other, so as to participate 
in the regulation of apoptosis.

The present study demonstrated that miR-205 is involved 
in VNS treatment by regulating myocardial apoptosis in CHF, 
and downregulating miR-205 increased the expression of Birc2 
in vitro. The present study also investigated the mRNA and 
protein expression levels of caspase-3, Bax and Bcl-2. Prior to 
short-term VNS treatment, the expression levels of caspase-3 
and Bax were higher and that of Bcl‑2 was significantly lower 
in the CHF-SS group compared with the SO-SS group. After 
short-term VNS therapy, the expression levels of Bax and 
caspase‑3 were lower and Bcl‑2 was significantly higher in 
the CHF-VNS group compared with the CHF-SS group. To 
confirm these results in vitro, the present study demonstrated 
that the upregulation of miR-205 increased the mRNA and 
protein expression levels of caspase-3 and Bax, and decreased 
Birc2 and Bcl-2; however, the downregulation of miR-205 
served the opposite effect. TUNEL assay revealed consistent 
results; myocardial apoptosis was increased by upregulation of 
miR-205, but decreased by downregulation of miR-205. These 
results indicated that the downregulation of miR-205 was 
one significant reason for which short‑term VNS treatment 
improved heart function in CHF.

In conclusion, the present study demonstrated that 
short-term VNS therapy decreases apoptosis and serves a 
protective role in cardiomyocytes by downregulating miR-205, 
and improved cardiac function in rats with CHF. Therefore, 
the results of the present study provide basic evidence for the 
application of short-term VNS in clinical treatments for CHF.
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