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Abstract. Myocardial infarction (MI) is the most common 
event in cardiovascular disease. Carvedilol, a β‑blocker with 
multiple pleiotropic actions, is widely used for the treatment 
cardiovascular diseases. However, the underlying mechanisms 
of carvedilol on alleviating MI are not fully understood. 
The aim of the present study was to investigate whether the 
beneficial effects of carvedilol were associated with regulation 
of microRNA‑1 (miR‑1). It was demonstrated that carvedilol 
ameliorated impaired cardiac function and decreased infarct 
size in a rat model of MI induced by coronary artery occlu-
sion. Similarly, carvedilol reversed the H2O2‑induced decrease 
in cardiomyocyte viability in a dose‑dependent manner. The 
in vivo and in vitro models demonstrated the downregulation 
of miR‑1 following treatment with carvedilol. Overexpression 
of miR‑1, a known pro‑apoptotic miRNA, decreased cell 
viability and induced cell apoptosis. Transfection of miR‑1 
abolished the beneficial effects of carvedilol. The expression 

of heat shock protein 60 (HSP60), a direct target of miR‑1, was 
identified to be decreased in MI and H2O2‑induced apoptosis, 
which was associated with a decrease in Bcl‑2 and an increase 
in Bax; expression was restored following treatment with 
carvedilol. It was concluded that carvedilol partially exhibited 
its beneficial effects by downregulating miR‑1 and increasing 
HSP60 expression. miR‑1 has become a member of the group 
of carvedilol‑responsive miRNAs. Future studies are required 
to fully elucidate the potential overlapping or compensatory 
effects of known carvedilol‑responsive miRNAs and their 
underlying mechanisms of action in the pathophysiology of 
cardiovascular diseases.

Introduction

Myocardial infarction (MI) due to coronary occlusion is the 
most common event in cardiovascular disease (1,2). Following 
acute MI, cardiomyocyte apoptosis occurs; apoptosis may be 
an indispensable pathway in cardiomyocyte death during acute 
ischemia  (3,4). The inhibition of cardiomyocyte apoptosis 
following MI may be an effective method to ameliorate left 
ventricular remodeling and promote cardiac function.

Carvedilol, a nonselective β‑adrenergic receptor (β‑AR) 
antagonist, exhibits multiple pleiotropic properties, including 
α‑adrenergic receptor (α‑AR) blocking and antioxidative activ-
ities (5,6). Several studies using a variety of in vitro and in vivo 
models have provided evidence for the cardioprotective role of 
carvedilol; Nakamura et al (7) demonstrated that the adminis-
tration of carvedilol improved cardiac function by decreasing 
oxidative stress levels. In addition, carvedilol decreased 
cardiomyocytic apoptosis by suppressing the expression of 
inflammation‑associated genes and apoptosis‑associated 
proteins through the phosphoinositide 3‑kinase‑ and mitogen 
activated protein kinase kinase‑associated signaling path-
ways  (8). However, the exact underlying mechanisms of 
carvedilol are yet to be fully determined.

MicroRNAs (miRNAs) are a class of endogenous small 
non‑coding RNAs measuring ~22 nucleotides that negatively 
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regulate gene expression at the post‑transcriptional level 
via the 3'‑untranslated region (3'‑UTR) of target mRNAs. 
Previously, an emerging role of miRNAs in the development 
of cardiovascular diseases has been explored (9,10). Among 
the known miRNAs, cardiac‑enriched and muscle‑specific 
miR‑1 has been demonstrated to be a key regulator of cardiac 
development and disease (11‑14). With the exception of regu-
lating cardiac development, miR‑1 has been proposed to be 
involved in regulating cardiomyocyte apoptosis. Notably, 
miR‑1 levels were significantly increased in response to oxida-
tive stress‑induced apoptosis (15).

The aim of the present study was to investigate whether 
carvedilol protects cardiomyocytes from apoptosis in an MI 
rat model. Whether H2O2‑induced cardiomyocyte apoptosis 
may be associated with the effects of miR‑1 expression 
under the pathological conditions of cardiac disease was also 
determined.

Materials and methods

Animal models of myocardial infarction and drug adminis‑
tration. Prior to the initiation of the experimental procedures, 
30 healthy male Wistar rats (250‑300 g) were obtained from 
The Animal Center of the 2nd Affiliated Hospital of Harbin 
Medical University (Harbin, China). Rats were housed under 
temperature‑ (23±1˚C) and humidity‑(55±5%) controlled 
conditions, with food and water ad libitum for 1 week. The 
rats used in the present study were randomly divided into the 
sham, myocardial infarction and carvedilol (Car) groups. As 
described previously, left anterior descending coronary artery 
ligation was performed to induce myocardial infarction (16). 
The rats in the Car group were pretreated with an oral dose of 
10 mg/kg carvedilol daily for 14 days prior to surgery. The rats 
in the sham group underwent open chest procedures without 
coronary artery occlusion. The rats were anesthetized with 
pentobarbital sodium (40 mg/kg) by intraperitoneal injection 
prior to surgery and transthoracic echocardiography. The 
physical methods of cervical dislocation or decapitation were 
performed for euthanasia of the adult or neonatal rats, respec-
tively. Consistent with the American Veterinary Medical 
Association Guidelines for the Euthanasia of Animals (2013 
Edition) (17), death was confirmed prior to disposal of the rats. 
A combination of criteria, including lack of pulse, breathing, 
corneal reflex or response to firm toe pinch, inability to hear 
respiratory sounds and heartbeat by use of a stethoscope, 
graying of the mucous membranes and rigor mortis were used 
to verify animal death.

Echocardiography and infarct area assessment. Transthoracic 
echocardiography was performed 24 h after coronary artery 
ligation to measure the left ventricular internal dimension 
in M‑mode. Following echocardiography, ventricular tissues 
were collected and stored at ‑20˚C for 20 min. The samples 
were then sliced into 2‑mm thick sections and incubated in 1% 
2,3,5‑triphenyltetrazolium chloride (Beijing Solarbio Science 
& Technology, Beijing, China) at 37˚C in 0.2 M Tris buffer 
(pH 7.4) for 30 min. Then, the sections were placed on clean 
paper for imaging. Infarct size was assessed by examining the 
extracted hearts; the ratio of average scar size to the average 
left ventricular size was calculated. All quantitative evaluations 

were performed using ImagePro Plus v6.0 software (Media 
Cybernetics, Inc., Rockville, MD, USA).

Cell culture and transfection. The hearts of 1‑ to 3‑day‑old 
neonatal Wistar rats were isolated and ground in serum‑free 
Dulbecco's modified Eagle's medium (HyClone; GE 
Healthcare Life Sciences, Logan, UT, USA), and then incu-
bated with 0.25% trypsin solution until the tissues were almost 
completely digested. After 2 h, non‑adherent cardiomyocytes 
were collected and re‑plated in 6‑well plates supplemented 
with 10% fetal bovine serum (HyClone; GE Healthcare Life 
Sciences) and 100 µg/ml penicillin/streptomycin at 5% CO2 

and 37˚C for 48 h. Prior to all experiments, cardiomyocytes 
were serum‑starved overnight. Subsequently, cardiomyocytes 
were treated with 100 µM H2O2 or 10 µM carvedilol (Bikai 
Pharmaceutical Co., Ltd., Haikou, China) for 24 h, or trans-
fected with 50 nM miR‑1 (5'‑UGG​AAU​GUA​AAG​AAG​UAU​
GUA​U‑3'), miR‑1 inhibitor (5'‑AUA​CAU​ACU​UCU​UUA​
CAU​UCC​A‑3') or negative control (5'‑UUU​GUAC​UAC​ACA​
AAA​GUA​CUG‑3'), which were synthesized by Guangzhou 
RiboBio Co., Ltd. (Guangzhou, China). miRs were transfected 
using X‑treme GENE siRNA transfection reagent (Roche 
Diagnostics, Basel, Switzerland) according to the manufac-
turer's protocol. After 12 h of transfection, cardiomyocytes 
were treated with H2O2 or carvedilol.

Cell viability assay. An MTT assay was used to determine 
cell viability. Cardiomyocytes at a density of 2x104 cells/well 
were plated into 96‑well plates and transfected, and/or treated 
with carvedilol or H2O2. Following incubation with 15 µl MTT 
for 4 h at 37˚C, the culture medium was carefully removed. 
Then, 150 µl dimethyl sulfoxide was added to each well. The 
plates were agitated to dissolve the formazan crystals. Finally, 
the absorbance was measured at 490 nm using an Infinite 
M200 Pro microplate spectrophotometer (Tecan Group, Ltd., 
Männedorf, Switzerland).

Identification of target gene. The potential target genes of 
miR‑1 were predicted using TargetScanHuman (version 7.2; 
http://www.targetscan.org/vert_72/).

Protein extraction and western blot analysis. Total protein 
samples were extracted from the left ventricular peri‑infarct 
region of rats or cardiomyocytes as described previously (18). 
Briefly, homogenized specimens or cells were lysed in 300 µl 
of radioimmunoprecipitation assay buffer (cat. no. R0020; 
Beijing Solarbio Science & Technology) containing 1% 
protease inhibitor. Then centrifuging at 12,000 x g for 25 min 
at 4˚C. The protein concentration in the supernatant was 
examined using a bicinchoninic acid protein assay (Beyotime 
Institute of Biotechnology, Haimen, China). A total of 100 µg 
protein was loaded in each lane. Proteins were separated by 
10% SDS‑PAGE. Following transfer of the proteins to Pure 
Nitrocellulose Blotting membranes (Pall Life Sciences, 
Port Washington, NY, USA), the blots were probed with 
primary antibodies against HSP60 (1:1,000, cat. no. 12165S; 
Cell Signaling Technology, Inc., Danvers, MA, USA), 
B‑cell lymphoma 2 (Bcl‑2; 1:1,000; cat. no. 26593‑1‑AP; 
ProteinTech Group, Inc., Chicago, IL, USA), Bcl‑2‑associated 
X protein (Bax; 1:1,000; cat. no. 50599‑2‑Ig; ProteinTech 
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Group, Inc., Chicago, IL, USA) and GAPDH (1:1,000; cat. 
no. KC‑5G4; Chengdu Kang Cheng Electronic Co., Ltd., 
Chengdu, China), which was the internal control. Membranes 
were blocked using 5% skim milk (cat. no. 232100; San Jose, 
CA, USA) at 4˚C overnight. Membranes were subsequently 
incubated with IRDye 800CW‑labeled goat anti‑rabbit IgG 
(1:10,000; cat. no.  926‑32211; LI‑COR Biosciences) and 
IRDye 800CW‑labeled goat anti‑mouse IgG (1:10,000; cat. 
no. 926‑32210; LI‑COR Biosciences) for 1 h at room temper-
ature. Protein expression was analyzed and quantified using 
Odyssey Infrared Imaging System (version 3.0; LI‑COR 
Biosciences).

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA samples were extracted 
from heart tissues or cardiomyocytes using TRIzol® (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) according to the 
manufacturer's protocol. The extracted RNA was reverse 
transcribed into cDNA using a High‑Capacity cDNA RT kit 
(cat. no. 4368814; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. An RT primer containing a 
highly stable stem‑loop structure was used to elongate the 
target miRNA. The plates were incubated for 15 min at 16˚C, 
for 1 h at 37˚C and for 5 min at 85˚C. The expression levels 
of miR‑1 and HSP60 mRNA were determined using a SYBR 
Green PCR master mix kit (cat. no. 4309155; Thermo Fisher 
Scientific, Inc.) on an ABI 7500 fast Real Time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). U6 and 
GAPDH were employed as the internal controls for miR‑1 
and HSP60, respectively. The cDNA samples were amplified 
in 96‑well plates for 10 min at 95˚C, followed by 40 cycles of 
15 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C. The relative 
expression of the miRNA and mRNA were determined using 
the Cq (2‑ΔΔCq) quantification method (19). The sequences of 
the primers used were the following: miR‑1 RT primer, 5'‑ 
GTC​GTA​TCC​AGT​GCG​TGT​CGT​GGA​GTC​GGC​AAT​TGC​
ACT​GGA​TAC​GAC​ATA​CAC​AC‑3'; miR‑1 forward, 5'‑GGC​
TGG​AAT​GTA​AAG​AAG​TG‑3'; miR‑1 reverse, 5'‑TAT​CCA​
GTG​CGT​GTC​GTG‑3'; U6 forward, 5'‑GCT​TCG​GCA​GCA​
CAT​ATA​CTA​AAA​T‑3'; U6 reverse, 5'‑CGC​TTC​ACG​AAT​
TTG​CGT​GTC​AT‑3'. HSP60 forward, 5'‑ GGC​TAT​CGC​TAC​
TGG​T‑3'; HSP60 reverse, 5'‑ GCA​AGT​CGC​TCG​TTC​A‑3'; 
GAPDH forward, 5'‑AAG​AAG​GTG​GTG​AAG​CAG​GC‑3'; 
GAPDH reverse, 5'‑TCC​ACC​ACC​CAG​TTG​CTG​TA‑3'.

Terminal deoxynucleotidyl‑transferase‑mediated dUTP 
nick end labeling (TUNEL) assay. To evaluate the level of 
cell apoptosis, a TUNEL assay was performed using an In 
Situ Cell Death Detection kit (Roche Diagnostics GmbH, 
Mannheim, Germany) according to the manufacturer's proto-
cols. Cardiomyocytes grown on coverslips were washed with 
PBS, and fixed in 4% paraformaldehyde solution for 1 h at 
4˚C. The cells were permeabilized in a solution containing 
0.1% Triton X‑100 for 2  min, followed by incubation in 
freshly prepared TUNEL reaction mixture for 1 h at 37˚C in 
the dark. Subsequently, the TUNEL‑stained coverslips were 
washed with PBS and then counterstained with DAPI (1:20 
dilution; Beyotime Institute of Biotechnology) for 15 min at 
room temperature. Nuclei double‑labelled with TUNEL and 
DAPI were considered to be TUNEL‑positive as detected in 

≥5 fields of view under a laser confocal microscope (Olympus 
Corporation, Tokyo, Japan; magnification, x200).

Statistical analysis. The data are presented as mean ± standard 
error of the mean. Statistical comparisons among multiple 
groups were performed using a one‑way analysis of variance, 
followed by a Bonferroni's multiple comparison post‑hoc test. 
Statistical values were analyzed using GraphPad Prism 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Carvedilol ameliorates impaired cardiac function and 
decreases infarct size. In our previous study, it was identified 
that carvedilol ameliorated impaired cardiac function within 
infarcted rats (20). Consistent with a previous study, echocar-
diography was performed 24 h post‑MI induction, prior to 
2 weeks of treatment with carvedilol. Analysis demonstrated 
that MI hearts were significantly dilated, as evidenced by an 
increase in the left ventricular systolic internal dimension, 
indicating impaired cardiac function; no significant changes 
in left ventricular diastolic internal dimension were observed 
(Fig. 1A and B). Carvedilol decreased the left ventricular systolic 
internal dimension. The infarct size of MI rats was significantly 
increased, whereas the size of infarcted area was decreased by 
~20% following the administration of carvedilol (Fig. 1C and D).

Carvedilol increases cardiomyocyte viability and inhibits 
miR‑1 expression. In the present study, 100 µM H2O2 and 
10 µM carvedilol were the treatments selected for subsequent 
experiments. It was identified that H2O2 significantly decreased 
cardiomyocyte viability, whereas treatment with carvedilol 
reversed decreases in cell viability induced by H2O2 (Fig. 2A). 
To investigate whether miR‑1 expression was altered following 
carvedilol treatment, RT‑qPCR was performed to detect the 
miR‑1 expression levels in myocardial tissue and cardio-
myocytes. The expression levels of miR‑1 were significantly 
increased by ~45% in MI myocardial tissues, but were signifi-
cantly downregulated in the MI + Car group compared with 
the MI group (Fig. 2B). Similarly, in cultured cardiomyocytes, 
upregulation of miR‑1 expression induced by H2O2 was signifi-
cantly reversed following treatment with carvedilol (Fig. 2C).

Overexpression of miR‑1 induces cardiomyocyte apoptosis. 
According to the aforementioned results above, we hypoth-
esized that the anti‑apoptotic effect of carvedilol may be 
mediated by downregulating miR‑1 expression. Therefore, 
the effects of miR‑1 on cardiomyocytes were verified. Fig. 3A 
demonstrated that miR‑1 was successfully transfected into 
cardiomyocytes. Overexpression of miR‑1 significantly 
decreased cell viability, while no change was observed 
following transfection of the negative control (NC) (Fig. 3B). 
Notably, overexpression of miR‑1 substantially induced 
cardiomyocyte apoptosis, as determined by TUNEL staining 
(Fig. 3C). In addition, no significant effects on cardiomyocyte 
apoptosis in the NC group were observed (Fig. 3C).

Downregulation of miR‑1 is involved in the anti‑apoptotic 
action of carvedilol. As indicated in Fig. 4A, treatment with 
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carvedilol reversed the decrease in cell viability induced by 
H2O2, and the effect was almost eliminated under the condi-
tion of miR‑1 transfection. Additionally, in Fig. 4B, TUNEL 
staining indicated that the H2O2‑induced apoptosis of cardio-
myocytes was attenuated by carvedilol. As expected, this was 
reversed by miR‑1, indicating that the observed anti‑apoptotic 
effect of carvedilol was mediated by down‑regulation of miR‑1.

Targeting HSP60 by miR‑1 is a mechanism underlying the 
cytoprotection of carvedilol. To elucidate the molecular 
mechanisms by which miR‑1 executes its function, HSP60 
was bioinformatically predicted to be the conservative target 
of miR‑1 using the bioinformatics tool TargetScan. The 
potential binding sites identified in the 3'UTR of the human, 
rat and mouse HSP60 gene for miR‑1 are demonstrated in 
Fig. 5A. It was identified that the mRNA and protein expres-
sion levels of HSP60 were significantly decreased under the 

conditions of MI, while their levels were increased following 
pretreatment with carvedilol (Fig. 5B and C). H2O2 treatment 
markedly inhibited the expression of HSP60 at the mRNA and 
protein levels in vitro. These effects were notably inhibited by 
carvedilol, whereas cooperation with miR‑1 eliminated the 
effects of carvedilol (Fig. 5D and E). Carvedilol alone also 
decreased the expression of miR‑1 (Fig. 6A), and increased the 
mRNA expression levels of HSP60 (Fig. 6B).

Upregulation of HSP60 by carvedilol is associated with an 
increase in Bcl‑2 and a decrease in Bax. As demonstrated 
in Fig.  7A, it was observed that carvedilol abrogated the 
H2O2‑induced downregulation of Bcl‑2 protein expression. 
Furthermore, transfection of miR‑1 resulted in the inability of 
carvedilol to upregulate the expression of Bcl‑2. Conversely, 
the expression of Bax, a pro‑apoptotic factor, was decreased 
by carvedilol treatment in the presence of H2O2, whereas 

Figure 2. Effects of carvedilol on cardiomyocyte viability and miR‑1 expression. (A) Effects of 10 µM carvedilol on cardiomyocyte viability in the presence 
of 100 µM H2O2 for 24 h, as determined by an MTT assay. (B) miR‑1 expression in myocardial tissue as determined by RT‑qPCR, which was normalized to 
U6. (C) miR‑1 expression in cardiomyocytes as determined by RT‑qPCR, which was normalized to U6. All data are presented as relative levels. *P<0.05 vs. 
Sham or Con; #P<0.05 vs. MI or H2O2. miR, microRNA; RT‑qPCR, reverse transcription quantitative polymerase chain reaction; car, carvedilol; con, control; 
MI, myocardial infarction.

Figure 1. Effects of carvedilol on cardiac function and infarct size in a rat model of MI. MI was established by coronary artery ligation for 24 h. (A) LVID, s, 
and (B) LVID, d, values in each model group. (C) Examples of infarcted area of the left ventricular walls, as indicated by 2,3,5‑triphenyltetrazolium chloride 
staining. Normal areas were stained brick‑red, and the infarcted areas remained unstained (white). Scale bar=0.5 cm. (D) Statistical analysis of infarct size 
from 3 rats. *P<0.05 vs. Sham; #P<0.05 vs. MI. MI, myocardial infarction; LVID, s, left ventricular systolic internal dimension; LVID, d, left ventricular 
diastolic internal dimension.
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transfection of miR‑1 reversed the effects of carvedilol 
(Fig. 7B).

Discussion

The mechanism underlying the interaction between miR‑1 
and carvedilol in MI may be associated with the decreased 
expression of miR‑1, which occurred following treatment 
with carvedilol in the MI heart model of the present study, 
which implies a specific association between carvedilol and 
miR‑1. Based on the results of the present study, a model 
of H2O2‑induced cardiomyocyte apoptosis was established. 
It was identified that carvedilol protected cardiomyocytes 
against H2O2‑induced apoptosis, which was accompanied 
with the downregulation of miR‑1 expression; overexpression 
of miR‑1 reversed the effects of carvedilol. Bioinformatic 
analysis revealed that HSP60 was a direct target of miR‑1. 
Subsequent experiments suggested that the increased 
expression of HSP60 may be involved in the mechanism 
underlying the effects of carvedilol. Myocardial infarction is 
a progressive process, yet the underlying mechanism remains 

unknown. These data demonstrated that the downregula-
tion of miR‑1, at least in part, mediated the cytoprotective 
effects of carvedilol against cardiomyocyte apoptosis, which 
provides novel insight into the roles of miRNAs in the 
cardioprotective effects against ischemia exhibited by the 
β‑blocker carvedilol.

It has been suggested that β‑blockers exhibit highly effec-
tive roles in the treatment of cardiovascular diseases, including 
hypertension, coronary heart disease, angina, myocardial infarc-
tion and heart failure (21,22). Carvedilol, a third‑generation 
β‑blocker, provided improved protection against vascular 
events compared with other β‑blockers (6,23,24). However, the 
underlying mechanism of this protection is not fully under-
stood. Previous studies suggested that these protective effects 
observed in a number of cardiovascular diseases were due to 
the antioxidative properties of carvedilol (25‑27). Carvedilol, 
a specific agonist of the β1‑ and β2‑ARs, selectively activates 
β‑arrestin‑mediated signaling (28,29). Similarly, carvedilol 
has been demonstrated to activate EGFR‑ERK signaling, 
which protects cardiomyocytes in a cell model system via 
β‑arrestin 1 (28).

Figure 3. Overexpression of miR‑1 induces the apoptosis of cardiomyocytes. (A) The miR‑1 expression levels in cardiomyocytes at 24 h after transfection 
of miR‑1 or NC as measured by reverse transcription quantitative polymerase chain reaction. *P<0.05 vs. Con. (B) Effect of miR‑1 on cell viability as deter-
mined by an MTT assay. All data are presented as relative levels. *P<0.05 vs. Con. (C) TUNEL staining for apoptotic cells under different conditions. Scale 
bar=20 µm. miR, microRNA; con, control; NC, negative control; TUNEL, terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling.
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Heat shock proteins, a group of molecular chaperones, 
are capable of preventing protein damage and proteolysis, 
which may be induced by heat, ischemia, hypothermia and 
hypoxia (30). HSP60, an important member of the heat shock 
protein family, is an anti‑apoptotic protein expressed in 
mammalian hearts. HSP60 forms complexes with Bax, Bcl‑2 
homologous antagonist killer (Bak) and Bcl‑xS, preventing 
Bax oligomerization and insertion into the mitochondrial 
membrane, thereby circumventing the mitochondrial apop-
totic pathway (12,30,31). HSP60 served a significant role in 
the recovery of mitochondrial function and the protection of 
cardiomyocytes. HSP60 protected against the apoptosis of 
cardiomyocytes by increasing the activities of complex III and 
IV in mitochondria, and decreasing the release and activity 
of mitochondrial cytochrome c and caspase‑3, respectively, 
following ischemic stress (32,33). In the present study, down-
regulated HSP60 was sufficient to induce apoptosis, which 
was associated with a decrease in Bcl‑2 and an increase in 
Bax expression, as previously demonstrated (31). However, 
carvedilol reversed the aforementioned effects to protect 
cardiomyocytes against apoptosis.

Several studies have demonstrated that miRNAs serve 
important roles in cardiovascular development and its 
associated diseases. For example, the cardiac‑enriched, 
muscle‑specific miR‑1 has been identified for its critical 
role in myocardial infarction: Shan et al (34) indicated that 

miR‑1 and miR‑206 participated in cardiomyocyte apop-
tosis in MI by suppressing insulin‑like growth factor 1. In 
addition, our previous study revealed that the upregulation 
of miR‑1 delayed cardiac conduction and depolarized the 
cytoplasmic membrane via potassium voltage‑gated channel 
subfamily J member 2 and gap junction protein alpha 1 gene 
downregulation, which encode the K+ channel subunit Kir2.1 
and gap junctional channel connexin 43, respectively (35). 
Overexpression of miR‑1 may also contribute to the 
increased susceptibility of the heart to atrioventricular block 
during the onset of myocardial ischemia (13). In the present 
study, it was identified that the β‑blocker carvedilol protected 
against cardiomyocyte apoptosis by downregulating miR‑1 
in vivo and in vitro. This is consistent with the results from 
a previous study, which indicated the protective mechanism 
of β‑AR blockers and tanshinone IIA in cardiomyocytes in 
ischemia.

Xu  et  al  (20) first proposed that carvedilol exhibited 
cardioprotective effects against infarction and oxidative stress, 
which were associated with the increased expression levels of 
miR‑133. These results from previous studies, and those from 
the present study, indicated that the combined actions of miR‑1 
and miR‑133 associated with carvedilol produced beneficial 
cardioprotective effects. The two different mechanisms 
may function together to protect the heart from myocardial 
infarction, and may occur in various pathological conditions. 

Figure 4. Transfection of miR‑1 inhibits the beneficial effects of carvedilol. (A) Cardiomyocytes were pre‑treated with vehicle or miR‑1 for 12 h, and then 
treated with H2O2 (100 µM) or carvedilol (10 µM) for 24 h. An MTT assay was conducted under different conditions to assess cell viability. All data are 
presented as relative levels. *P<0.05 vs. Con; #P<0.05 vs. H2O2; +P<0.05 vs. + Car. (B) TUNEL staining was used to detect apoptotic cardiomyocytes under 
different conditions. Scale bar indicates 20 µm. miR, microRNA; con, control; car, carvedilol; TUNEL, terminal deoxynucleotidyl‑transferase‑mediated 
dUTP nick end labeling.
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However, how carvedilol suppresses H2O2‑induced increases 
in miR‑1 and decreases in miR‑133 expression remains 
unknown. Additional studies are required to fully understand 
the protective mechanisms of carvedilol under the conditions 
of ischemic injury.

In addition to miR‑1 and miR‑133, the association between 
carvedilol and associated miRNAs in the negative and positive 
regulation of cardiovascular diseases has been described in 
several studies (36‑40). miR‑125a‑5p, miR‑125b‑5p, miR‑150, 
miR‑199a‑3p and miR‑214 were upregulated by carvedilol 

Figure 5. miR‑1 suppresses the expression of HSP60 by binding to its 3'UTR. (A) Sequence alignment between miR‑1 and the 3'UTR of human, rat and mouse 
HSP60. The matched base pairs are connected by a vertical line. (B) Effects of carvedilol on HSP60 mRNA levels in myocardial tissues, as measured by 
RT‑qPCR. (C) Effects of carvedilol on HSP60 protein expression levels in myocardial tissues, as measured by western blot analysis. (D) Effects of carvedilol 
on HSP60 mRNA levels in cardiomyocytes, as measured by RT‑qPCR. (E) Effects of carvedilol on HSP60 protein expression levels in cardiomyocytes, as 
measured by western blot analysis. Expression levels were normalized to that of GAPDH. All data are presented as relative levels. *P<0.05 vs. Sham or Con; 
#P<0.05 vs. MI or H2O2; +P<0.05 vs. +Car. Car, carvedilol; Con, control; MI, myocardial infarction; HSPD1/HSP60, heat shock protein 60; miR, microRNA; 
3'UTR, 3'untranslated region; RT‑qPCR, reverse transcription quantitative polymerase chain reaction.



HU et al:  miRNA-1 DOWNREGULATION BY CARVEDILOL PROTECTS CARDIOMYOCYTES AGAINST APOPTOSIS3534

stimulation; this effect was not observed in cells or mice 
lacking β1‑AR, G protein‑coupled receptor kinase 5/6 or 
β‑arrestin 1 (36). miR‑125b‑5p protected the heart against 
acute MI by inhibiting the death of cultured cardiomyocytes 
in response to injury, partially through the suppression of the 
pro‑apoptotic genes Bcl‑2 antagonist/killer 1 and Krüppel like 
factor 13 (37). Carvedilol‑mediated upregulation of miR‑466g 
or miR‑532‑5p was identified to be dependent on β2‑ARs, 
and upregulation of miR‑674 by carvedilol was identified to 
be dependent on β1‑ARs (38). β2‑AR/β‑arrestin‑responsive 
miR‑532 conferred cardioprotection against MI though 
serving as a gatekeeper of cardiac vascularization by 
repressing a known endothelial‑to‑mesenchymal transition 
initiator, serine protease 23 (39). The upregulation of miR‑29b, 
an additional cardioprotective miR, was demonstrated to 
contribute to the effects of carvedilol by attenuating post‑MI 
fibrosis (40). Collectively, these studies support the hypothesis 
that the cardioprotective effects of carvedilol are associated 

with changes in the expression levels of carvedilol‑responsive 
miRNAs.

It should be noted that the present study does not provide 
insight into the mechanism of action of carvedilol and miR‑1. 
Previous studies have suggested that β-AR/β‑arrestin signaling 
is involved in miRNA maturation regulatory network activated 
by carvedilol, which may be associated with the protective 
effects of this therapeutic agent (36,38). Therefore, there is 
an urgent requirement for additional investigations into the 
effects of gain or loss‑of‑function of the regulatory mechanism 
proposed in the present study in the pathophysiology of cardio-
vascular diseases.

In summary, the present study revealed that carvedilol 
protected cardiomyocytes from apoptosis by inhibiting miR‑1 
expression in cardiomyocytes; this cardioprotective effect was 
associated with increased HSP60 expression within cardio-
myocytes in ischemia. Carvedilol‑responsive miRNAs are 
increasingly recognized. Therefore, future studies are required 

Figure 6. Effects of carvedilol alone on miR‑1 and HSP60 expression. Reverse transcription quantitative polymerase chain reaction was applied to measure 
the mRNA expression levels of (A) miR‑1 and (B) HSP60. All data are presented as relative levels. *P<0.05 vs Con. Car, carvedilol; Con, control; HSP60, heat 
shock protein 60; miR, microRNA.

Figure 7. Upregulation of HSP60 by carvedilol is associated with increased Bcl‑2 and decreased Bax expression. Effects of carvedilol on (A) Bcl‑2 and (B) Bax 
protein expression levels in cardiomyocytes as measured by western blot analysis. Expression levels were normalized to GAPDH. All data are presented as 
relative levels. *P<0.05 vs. Con; #P<0.05 vs. H2O2; +P<0.05 vs. +Car. Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; Car, carvedilol; Con, control; 
miR, microRNA.
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to fully elucidate the potential overlapping/compensatory 
effects of known carvedilol‑responsive miRNAs and their 
underlying mechanisms of action in the pathophysiology of 
cardiovascular diseases.
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