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Abstract: Recently, miRNA-23 has been illustrated to play an important role in causing myocardial ischemia/reper-
fusion injury (MIRI), indicated that inhibition of miR-23 could protect the cardiomyocyte from MIRI. However, the 
underlying mechanism of miR-23 inhibition in alleviating the reperfusion-induced myocardial damage is unclear. 
Recognizing that the bone marrow mesenchymal stem cells (BMSCs) have the potential for pluripotent differentia-
tion into myocardial cells, we therefore hypothesis that the BMSCs are involved in the process of miR-23 alleviating 
IRI. For verification, the BMSCs was established firstly and confirmed by the immunofluorescence assay and flow 
cytometry analysis. As results revealed that BMSCs were positive for CD44 which was known for BMSC markers, and 
negative expression for CD45, indicating that the BMSCs was successfully established in our work. Subsequently, 
we have investigated the effect of miR-23 on the expression of hyaluronan synthase-2 (Has2), a critical gene during 
heart morphogenesis. Results obtained by the Western-blot and qRT-PCR assay displayed that the levels of Has2 
in the BMSCs treated by miR-23 inhibitor was significantly up-regulated than that of control group. Furthermore, 
the effect of miR-23 on promoting the transformation of BMSCs into myocardial cells was investigated. As demon-
strated by the results that the expression level of the cardiac markers in BMSCs transfected with miR-23 inhibitor 
was remarkably elevated, indicating that inhibition of miR-23 exactly facilitated to the transformation of BMSCs 
into myocardial cells. The underlying mechanisms experiments showed that the Wnt1, TCF4, and the β-catenin 
could be significantly elevated by treating with miR-23 inhibitor, suggesting that the activation of Wnt pathway has 
played a significant role in that process. Finally, the in vivo IRI antagonism effect of miR-23 inhibition was studied 
and results displayed that the myocardium lesions of these IR rats could be significantly recovered by treating with 
miR-23 inhibitor.

Keywords: miRNA-23, ischemia/reperfusion injury, bone marrow mesenchymal stem cells, hyaluronan synthase-2, 
Wnt pathway

Introduction

Ischemia/reperfusion injury (IRI), represents 
one of the dominant factors that contributes 
significantly to postoperative mortality and 
morbidity, and is the consequence of vessel 
occlusion followed by multiple stresses during 
the restoration of blood flow to the tissue [1]. 
Increasing evidence demonstrated that IRI is a 
complex pathophysiologic event that causes  
a serious health problem by deterioration of 

heart function, and limits the benefits of reper-
fusion after acute myocardial infarction [2]. 
Moreover, a previously reported study has ex- 
hibited that myocardial ischemia reperfusion 
injury (MIRI) resulted in over 50% of the MI size 
among the experiment MI animal models [3]. 
Recognizing that the histopathology changes 
leaded by reperfusion are the main causes of 
cardiac myocyte death, prevention or reversion 
of this change might, therefore, represent a 
promising strategy for alleviation of MIRI [4].
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Micro ribonucleic acids (microRNAs, miRs) are 
endogenous short non-coding RNAs. They have 
important regulatory functions in a wide range 
of biological processes, including regulating 
cell proliferation, apoptosis, and aging [5]. In 
addition, they are also involved in the develop-
ment of the heart and the regeneration of the 
myocardium [6]. Recently, emerging evidence 
showed that miRNAs were closely associated 
with stem cell differentiation. It has been 
reported that overexpression of miR-21 signifi-
cantly decreased infarct size after acute myo-
cardial infarction [7]. Furthermore, recent stud-
ies have reported that miR-23 promotes apop-
tosis induced by oxidative stress or ischemic/
reperfusion, suggesting that inhibition of miR-
23 could protect the oxidative stress-induced 
cardiomyocyte [8]. However, whether miR-23 
plays essential roles during the reperfusion-
mediated cardioprotection and was involved in 
inducing differentiation of bone marrow me- 
senchymal stem cells into cardiomyocytes is 
unclear.

Bone marrow mesenchymal stem cells (BMSCs) 
are a type of bone marrow-derived, non-hema-
topoietic stem cell that has the potential for 
self-renewal and pluripotent differentiation [9]. 
The unraveling of many of their exceptional 
characteristics and the encouraging preclinical 
and clinical data indicates that MSCs will pro-
vide a revolutionary advantage in the therapeu-
tic intervention of various diseases including 
MIRI [10]. As demonstrated, the differentiation 
of BMSCs into myocardial cells was supposed 
to closely relevant to the activation of the Wnt 
signaling pathway [11]. In human embryonic 
stem cells, activating the wnt/β-catenin in- 
creases the protein levels of Cx43 and Nkx2.5, 
which are required for cardiac differentiation. In 
mouse embryonic stem cells, activating the 
wnt/β-catenin by wnt3a induces cardiac differ-
entiation, whereas inhibiting the pathway re- 
duces the cardiac differentiation as indicated 
by measuring cardiac-specific genes, such as 
β-myosin heavy chain (b-MHC), cardiac tropo-
nin T (cTnT), Nkx2.5, and sarcomeric myosin 
heavy chain (sMHC) [12].

Has2 (hyaluronic acid synthase 2) is one of the 
causes of downregulation of multiple pathways 
of bone morphogenetic protein (BMP) that initi-
ates EC formation from human to zebrafish 
[13]. The importance of regulating Has2 expres-

sion in the endocardium has been exemplified 
by the observation that in Has2 deficient mice 
the cardiac jelly does not expand and ECs fail to 
form [14]. However, the detailed linkage bet- 
ween the Has2 and protecting myocardial cells 
and the effect of miR-23 in regulating Has2 
expression still remains unclear. Based on the 
factors above, we hypothesize that the effect of 
miR-23 inhibitin against myocardial ischemia 
reperfusion injury is mainly via regulating the 
expression of Has2 and promoting the differen-
tiation of BMSCs into myocardial cells. For veri-
fication, a series of in vivo and in vitro experi-
ments have been conducted and our primary 
goal is to provide an innovative strategy for pre-
vention of IRI.

Materials and methods

Animals and cell culture

The Sprague-Dawley rats (male, 3-4 weeks, ~ 
200 g) were obtained from the BK Lab Animal 
Ltd. (Shanghai, China) and maintained in a spe-
cific pathogen-free laboratory with free access 
to sufficient food and water. Of great impor-
tance, all the animal experiments here were 
performed in accordance with the Guide for the 
Care and Use of Laboratory Animals, approved 
by the Animal Care and Use Committee.

The bone marrow mesenchymal stem cells 
(BMSCs) were achieved using a previously 
reported method with a slight modification [10]. 
In brief, the SD rats were euthanized and 
immersed in 75% medical alcohol to achieve 
the bilateral femurs through rapidly removing 
the soft tissues that was attached tightly to the 
femur. Then, the obtained femurs were trans-
ferred to an ultra-clean bench followed by exci-
sion of the metaphysis. Subsequently, the mar-
row contents were flushed out with the PBS (pH 
7.4) and collected using the method of centrifu-
gation (400 g for 4 min). To obtain the BMSCs, 
the collected cell pellets were subjected to 
resuspension by 5 mL minimum essential 
medium (MEM)-α and cultured under 37°C.

Characterization of BMSCs by immunocyto-
chemistry

The BMSCs at logarithmic phase were washed 
twice with PBS and fixed by 4% paraformalde-
hyde for 10 min. Subsequently, the cells were 



Inhibition of miR-23 promotes the differentiation of BMSCs into cardiomyocytes t

1062 Int J Clin Exp Pathol 2019;12(3):1060-1069

permeabilized using 0.1% triton X-100 and 
blocked by the blocking solution which contain-
ing 2% bovine serum albumin, 0.2% goat 
serum, and 0.1% Tween 20. Thereafter, the 
BMSCs subjected to incubation with primary 
antibodies (1:50 dilution) against rat CD44 (BD 
Biosciences, San Jose, CA, USA) and CD34 
(Santa Cruz Biotechnology Inc., Dallas, TX, 
USA), respectively. After an overnight incuba-
tion, the primary antibodies were removed and 
the cells were incubated with secondary anti-
bodies that conjugated to Alexa Fluor 546 
(1:200 dilution) for 1 hour under room tempera-
ture. Finally, the cells were washed twice using 
the PBS and stained by 4’,6-diamidino-2-phe-
nylindole (DAPI) before observing the fluores-
cent signal under a fluorescent microscope 
(TE2000 Nikon, Japan). Moreover, the expres-
sions of CD44 and CD34 on BMSCs were fur-
ther quantitatively analyzed using the Flow 
Cytometry analysis.

Real-time PCR

The expression levels of various genes were 
evaluated by the RT-PCR according to the man-
ufacturer’s instructions. In brief, the PCR prod-
ucts were firstly amplified from the obtained 
cDNA samples using the TaqMan MicroRNA 
Assays kit together with the TaqMan Universal 
PCR Master Mix (Applied Biosystems). Then the 
relative quantitation of gene expression was 
measured using the comparative Ct (threshold 
cycle) method with arithmetic formulae (2-ΔΔCt). 
Notably, the annealing temperature was set at 
90°C and the circulation coefficient was set at 
40. All experiments were repeated three times 
independently. The specific primer sequences 
used in this study were as follows: Has2: F, 
gaaaagggtcctggtgagacggatgag; R, ttcaccatctc-
cacagatgaggcagg; and GAPDH: F, gaccacagtc-
catgccatca; R, gtcaaaggtggaggagtggg.

Western immunoblot experiment

To determine the expressions of various pro-
teins on BMSCs, western immunoblot experi-
ments were performed. For cellular assays, the 
BMSCs that have been received with various 
treatment strategies were trypsinized by 0.25% 
trypsin-EDTA followed by centrifugation for 5 
min. Then, the total protein samples were 
extracted using the M-PER Mammalian Protein 
Extraction Reagent and quantitatively deter-
mined through the BCA protein assay. Sub- 
sequently, the protein samples were separated 

by SDS-polyacrylamide gel electrophoresis 
(PAGE) with electrophoresis and transferred to 
a nitrocellulose membrane. Thereafter, a block-
ing solution (5% BSA in a Tris-buffered Tween 
20 solution) was introduced to pre-block the 
samples followed by incubation with various 
primary antibodies, including anti-Has2, anti-
Gata-4, anti-Nkx2-5, anti-MHC, anti-cTnl, anti-
Wnt1, and anti-TCF4 antibodies (1:1000; Sa- 
kura, Torrance, CA, USA). After an overnight 
incubation at 4°C under gentle agitation, the 
primary antibodies were removed and replaced 
with goat anti-rabbit IgG secondary antibo- 
dy (1:5000; Abcam, UK). Two hours later, the 
bands of interest were examined using the 
FluorChem R multiplex imaging system (Pro- 
teinSimple, USA).

Histopathologic evaluation

Mice were randomly divided into three groups 
as follows: Healthy control group (treated by 
saline), I/R group (I/R mice without any treat-
ment), miR-23 inhibitor group (I/R mice treated 
by miR-23 inhibitor), sh-Has2 group (I/R mice 
treated by sh-Has2), and inhibitor + sh-Has2 
group (I/R mice treated by inhibitor + sh-Has2). 
For histopathologic evaluation, organs includ-
ing liver, lung, kidney and colon of mice were 
obtained and fixed in 4% paraformaldehyde for 
overnight. After that, all tissues were embed-
ded in paraffin and preserved under -20°C 
before the tissues were sectioned for 5 μm. 
Finally, H&E staining was conducted in accor-
dance with the manufacturer’s guideline and 
the results were analyzed using a light micro-
scope (BX51; Olympus, Tokyo, Japan).

BCA protein assay

To quantitatively determine the density of car-
diac marker including Mb, CK-MB, and cTn on 
the nanoparticle surface, a BCA protein assay 
was performed. Generally, after depicting the 
standard curve using BSA as standards, 20 ml 
of samples, along with 160 ml of BCA Protein 
Assay Reagent were added in the 96-well plate, 
then incubated at 37°C for 1 h. Thereafter, the 
absorbance at 562 nm was measured via a 
microplate reader (Thermo Multiskan MK3, 
USA).

Statistical analysis

One-way ANOVA analysis was employed for 
comparison and the data analysis was conduct-
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ed using the SPSS software. The Shapiro-Wilks 
test and the Levene’s test were applied to 
check the assumptions of normality and the 
equal variance, respectively. Of great impor-
tance, the experiments performed here were 
repeated at least three times and P values 
smaller than 0.05 were considered significant.

Results

The established BMSCs were high positive for 
CD44 molecules

In general, the CD44 and CD34 belong to the 
characteristic molecule markers that present-
ed for BMSCs and previous studies have dem-
onstrated that BMSCs express CD44 at the 
high level and CD11b, CD34 and CD45 at the 
low levels [15]. In this case, we determined the 
expression of CD44 and CD34 on cells to inves-
tigate whether the BMSCs was successfully 
established here. As illustrated in Figure 1A, 
the established cell models displayed a stron-
ger red fluorescent signal compared with other 
groups, while undetectable fluorescent signal 
was observed for CD34. The flow cytometric 
analysis (Figure 1B) further revealed that the 

s2), and miR-23 mimic group (cells transfected 
with miR-23 mimic). As shown in Figure 2A, the 
levels of miR-23 in BMSCs could be significant-
ly decreased by treating the cells with miR-23 
inhibitor while not the miR-23 mimic. However, 
the down-regulation of miR-23 expression in 
BMSCs resulted in an obvious elevation of 
Has2 level in these cells, indicating that the 
miR-23 expression has a serious negative 
effect on the expression of Has2 in BMSCs. For 
further confirmation, the western immunoblot 
experiment was also performed with the 
BMSCs were randomly divided into four groups: 
control group (without any treatment), miR-23 
inhibitor group (cells transfected with miR-23 
inhibitor), sh-Has2 group (cells transfected with 
sh-Has2), and inhibitor + sh-Has2 group (cells 
transfected with inhibitor + sh-Has2). As dis-
played in Figure 2C, cells treated by miR-23 
inhibitor exhibited the strongest signal of Has2 
when compared to other groups. Moreover, the 
down-regulation of Has2 expression by sh-
Has2 could be signally reversed by transfection 
of BMSCs with miR-23 inhibitor. All these 
results suggesting that the expression of Has2 
could be significantly down-regulated by miR-

Figure 1. Immunostaining of BMSCs on the basis of surface marker expres-
sion. Cells were randomly divided into three groups (n = 3): Control group, 
CD44 positive group, and the CD34 negative group. A. Qualitative analysis 
of the expression levels of CD44 and CD34 under an inverted fluorescence 
microscope. The cell group treated with PBS acted as the control. B. Quanti-
tative analysis of cell surface markers’ expression. Nuclei were stained with 
DAPI while the MSC markers were visualized by red fluorescence signal. Ab-
breviation: DAPI, 4’,6-diamidino-2-phenylindole. ***P < 0.01 compared to 
the control cells.

established BMSCs were posi-
tive for CD44 with a value of 
96%, while the hematopoietic 
marker CD34 was low in 
expression (the percent of 
positive CD34 was only ~ 2%). 
Taking these results together, 
we can draw the conclusion 
that the BMSCs have been 
successfully established in 
the present work.

The expression of Has2 is 
significantly down-regulated 
by miR-23

The effect of miR-23 on regu-
lating the expression level of 
Has2 in BMSCs was investi-
gated using the qRT-PCR as- 
says and western immunoblot 
experiment. For the qRT-PCR 
assays, the BMSCs were ran-
domly divided into three 
groups: control group (without 
any treatment), miR-23 inhibi-
tor group (cells transfected 
with miR-23 inhibitor/sh-Ha- 



Inhibition of miR-23 promotes the differentiation of BMSCs into cardiomyocytes t

1064 Int J Clin Exp Pathol 2019;12(3):1060-1069

23 and inhibition of miR-23 contribute dramati-
cally to the expression of Has2 in BMSCs.

Inhibition of miR-23 promotes the transforma-
tion of bone marrow mesenchymal stem cells 
into cardiomyocytes

For verification of whether inhibition of miR-23 
could promote the transformation of bone mar-
row mesenchymal stem cells into cardiomyo-
cytes, various markers of cardiomyocytes in- 
cluding the GATA-4 [16], Nkx2-5 [17], MHC [18] 
and cTnI [19] were examined. As demonstrated 
in Figure 3, post treatment of miR-23 inhibitor, 
the levels of GATA-4, Nkx2-5, MHC, and cTnI 

were markedly elevated when compared to the 
control. However, the expression these genes 
dramatically declined post transfection cells 
with sh-Has2. Of great importance, the inhibi-
tion effect of sh-Has2 could be relieved to a 
certain extent by co-treating with the miR-23 
inhibitor. For quantitative investigation, the 
qRT-PCR experiments were further performed. 
As shown that the expression level of these car-
diac markers in BMSCs transfected with sh-
Has2 was remarkably reduced with a knock-
down efficiency of about 60%. However, the 
expression of these genes in the cells treated 
by miR-23 inhibitor was significantly upregu- 
lated.

Figure 2. The expression of Has2 is signifcantly down-regulated by miR-23. For evaluation of the effect of miR-23 on 
the levels of Has2 in BMSCs, the cells were randomly grouped (n = 4) and treated by miR-23 inhibitor, miR-23 mimic, 
shRNA-Has2, and the shRNA-Has2 + miR-23, respectively. A. RT-PCR analysis of miR-23 and Has2 in BMSCs after 
receiving of miR-23 inhibitor and miR-23 mimic, respectively. B. Detection of luciferase activity was conducted using 
the ELISA according to the manufacturer’s protocol. C. Western blot was applied to investigate the expression of 
Has2 in BMSCs after receiving of different treatment strategies. The left represents the qualitative images and the 
right represents the  semi-quantitative analysis of the expression of Has2 in BMSCs post western blot. **P < 0.05, 
***P < 0.01 compared to the cells treated by miR-23. ###P < 0.01 compared to the control cells.
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miR-23 inhibition promotes the activation of 
Wnt pathway

In the present study, to verify whether Wnt sig-
naling pathway was involved in the promotion 
of BMSCs differentiation into myocardial cell, 
the Wnt1, TCF4 and β-catenin, which are the 
specific markers of Wnt signaling pathway, were 
determined. As results depicted in Figure 4 
show, Wnt1, TCF4, and the β-catenin displayed 
the lowest levels in the cells transfected with 
sh-Has2, indicating that the Wnt/β-catenin 
pathway was remarkably suppressed. However, 
the expressions of those genes in BMSCs could 

be significantly elevated by treating with miR-
23 inhibitor. Taking these results together, 
transfection of BMSCs with miR-23 inhibitor 
could promote the differentiation of these cells 
into myocardial cells via the activation of Wnt 
pathway.

There were an opposite expressions of miR-23 
and Has-2 in myocardial tissue of myocardial 
reperfusion mice

To determine the expression levels of miR-23 
and Has-2 myocardial tissue of myocardial re- 
perfusion mice, the RT-PCR experiments were 

Figure 4. Inhibition of miR-23 promotes cell differentiation-related pathway-Wnt signaling pathway activation. To 
verify whether Wnt signaling pathway was involved in the promotion of BMSCs differentiation into myocardial cell, 
the Wnt1, TCF4 and β-catenin, that are the specific markers of Wnt signaling pathway, were determined by western 
blot. A. Qualitative evaluation of the levels of Wnt1, TCF4 and β-catenin in BMSCs post various treatments. B. Quan-
titative evaluation of the levels of Wnt1, TCF4, and β-catenin in BMSCs post various treatments. *P < 0.1, ***P < 
0.01 compared to the control group. ###P < 0.01 compared to the control cells.

Figure 3. Inhibition of miR-23 promotes the transformation of bone marrow mesenchymal stem cells into cardiomyo-
cytes. A. Western blot was applied to investigate the expression of cardiomyocyte markers after receiving of different 
treatment strategies. Post treatment of miR-23 inhibitor, the levels of GATA-4, Nkx2-5, MHC, and cTnI were markedly 
elevated when compared to the control. B. Semi-quantitative analysis of the expression of GATA-4, Nkx2-5, MHC, 
and cTnI for the western blot. ***P < 0.01 compared to the control group. ###P < 0.01 compared to the control cells.
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conducted. As results in Figure 5 indicated, the 
expression of miR-23 was markedly higher than 
that of the control group. However, the level of 
Has-2 in myocardial tissue of myocardial reper-
fusion mice was absolutely opposite. As exhib-
ited in the results, the expression of Has-2 was 
significantly lower than that of the control 
group.

miR-23 inhibition contributed significantly to 
the protection of myocardial lesions

To evaluate the effect of miR-23 inhibition on 
alleviating the myocardial ischemia reperfusion 
injury, the IR animal models were euthanized 
followed by H&E staining analysis of heart. For 
comparison, normal mice that did not receive 
any treatment were also subjected to the histo-
pathologic analysis. As shown in Figure 6A, 
compared to the normal group which was not 
treated by any anticancer agents, the IR rats 
and the rat treated by sh-Has2 displayed the 
obvious myocardiallesions such as blurry car-
diac muscle layers, disruption of glands and 
exfoliation of the superfcial epithelium. Of great 
importance, the myocardium lesions of these 
IR rats could be significantly recovered by treat-
ing with miR-23 inhibitor.

Inhibition of miR-23 has an obviously myocar-
dial protection in mice with myocardial reper-
fusion injury

Finally, we investigated the effect of miR-23 
inhibition on myocardial protection in vivo. For 

verification, various of cardiac markers includ-
ing the myoglobin (Mb) [20], CK-MB [21], and 
troponin (cTn) [22] were determined. We applied 
the BCA protein assay to evaluate to the con-
centration of Mb, CK-MB, and cTn, respectively, 
in the heart tissues of IR rats post receiving 
with various treatments. As depicted in Figure 
6B, post treatment of miR-23 inhibitor, the lev-
els of these diagnostic markers were markedly 
higher than that of control group. In contrast, 
the rats given sh-Has2 displayed the highest 
levels of Mb, CK-MB, and cTn, indicating that 
the myocardial function of IR rats could be sig-
nificantly enhanced via inhibition of Has2.

Discussion

Although the timely and effective reperfusion is 
recommended as the most efficient treatment 
strategy for lowering ischemic injury and reduc-
ing MI size, serious cardiomyocyte death, also 
known as myocardial reperfusion injury, is an 
unavoidable issue that should be addressed 
efficiently [23]. Additionally, reperfusion also 
contributes significantly to microvascular ob- 
struction, and apoptotic and necrotic damage 
in cardiomyocytes [24]. BMSCs represent a 
type of non-hematopoietic stem cell that can 
be applied in the therapeutic intervention of 
various diseases for its potential of self-renew-
al and pluripotent differentiation [9, 10]. Im- 
portantly, increasing evidence demonstrated 
that BMSCs can induce to differentiate into 
myocardial cells activation of Wnt signaling 
pathway [11, 25]. Based on this, the BMSCs 
were supposed to be a promising target for the 
alleviation of MIRI.

Recently, miRNAs have been illustrated to play 
an important role in IRI and inhibition of the 
miR-23 contributed significantly to the protec-
tion of myocardial function from ischemia-
reperfusion injury [26, 27]. However, the under-
lying mechanisms of miR-23 in protecting MIRI 
and the role of such genes in inducing differen-
tiation of bone marrow mesenchymal stem 
cells into cardiomyocytes remains unclear. 
Therefore, in the present study, we have elabo-
rately investigated the role of miR-23 in allevia-
tion of MIRI and also the underlying me- 
chanisms.

For experiments, the BMSCs were established 
firstly using a complicated process. To verify 
whether the cells were successfully developed, 
the immunocytochemistry and Flow Cytometry 

Figure 5. Expression of miR-23 and Has-2 in myo-
cardial tissue of myocardial reperfusion mice. The 
RT-PCR experiments indicated that the expression 
of miR-23 was markedly higher than that of control 
group. However, the expression level of Has-2 was 
significantly lower than that of control group. ***P < 
0.01 compared to the control group.
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analysis were applied to determine the marker 
molecules. An immunochemistry assay demon-
strated that the established cells in the present 
study were highly positive for CD44 with a per-
centage of 96%, while negative for CD55 with a 
percentage of only 2%.

As demonstrated previously, Has2 is a critical 
component required during heart morphogen-
esis and targeted deletion of the hyaluronan 
synthase-2 (Has2) gene in mice results in an 
absence of cardiac jelly and endocardial cush-
ions, a loss of vascular integrity, and embryonic 
death [28]. In this case, we hypothesized that 
there was a close correlation between the 
Has2 and the cardiovascular system develop-
ment. Herein, we have investigated the effect 
of miR-23 on the expression of Has2 via the WB 
and RT-PCR experiments. As demonstrated, 
the expression of Has2 in the BMSCs that were 
exposed to miR-23 mimic was obviously lower 
than that of control group. In contrast, the level 
of Has2 in the group treated by miR-23 inhibitor 
was significantly up-regulated, confirming that 
the miR-23 played a significant role in regulat-
ing the expression of Has2 in BMSCs.

GATA-4 is a cardiomyocyte-specific zinc finger 
transcription factor that regulates differentia-

tion, growth, and survival [11]. The cardiac tran-
scription factor Nkx2-5 is an important regula-
tor of ventricular trabeculae and conduction 
system development. Nkx2-5+/- haploinsuffi-
cient mice have an abnormal electrocardio-
gram, with a prolonged QRS and progressive 
elongation of the PR interval [29]. Besides, the 
MHC and cTnI are also the specific markers for 
myocardium which have been widely used as 
biomarkers of cardiac infarction and heart fail-
ure [18]. In this case, the expressions of GATA-
4, Nkx2-5, MHC, and cTnI could be used as the 
characteristics of cardiomyocytes. In the pres-
ent study, we demonstrated that the levels of 
the characteristic molecular markers were 
markedly elevated after treating the BMSCs by 
miR-23 inhibitor. In contrast, transfection of 
cells with sh-Has2 has an obvious negative 
effect on the expression of those molecules. 
Such results were further confirmed by quanti-
tative analysis, suggesting that miR-23 inhibi-
tion facilitates the differentiation of BMSCs into 
cardiomyocytes.

As demonstrated previously, the Wnt/β-catenin 
pathway plays a fundamental role in the regula-
tion of embryonic development and adult 
homeostasis thorough regulation of numerous 
cellular processes, such as cell proliferation, 

Figure 6. Inhibition of miR-23 has an obvious myocardial protection in mice with myocardial reperfusion injury. A. 
Histopathologic analysis of organs post treatment of Salid demonstrated that the myocardium lesions of these IR 
rats could be significantly recovered by treating with miR-23 inhibitor. B. The BCA protein assay was applied to deter-
mine the concentration of Mb, CK-MB, and cTn in the heart tissues of IR rats post receiving with various treatments. 
***P < 0.01 compared to the control cells. ##P < 0.05, ###P < 0.01 compared to the control cells.
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differentiation, migration, and apoptosis [30, 
31]. However, whether it was involved in the 
process of inducing differentiation of BMSCs 
into cardiomyocytes remains unclear. We there-
fore performed a comprehensive experiment to 
clearly illustrate the underlying mechanism. 
Results demonstrated that the levels of the 
Wnt1, TCF4, and the β-catenin in the cells that 
were transfected with sh-Has2 were dramati-
cally down-regulated, but not in the cells treat-
ed by miR-23 inhibitor. Taking these results 
together, transfection BMSCs with miR-23 
inhibitor could promote the differentiation of 
these cells into myocardial cells via the activa-
tion of Wnt pathway.

Given the excellent effect of miR-23 inhibition 
on inducing differentiation of BMSCs into car-
diomyocytes, in vivo efficacy of miR-23 inhibi-
tion on alleviating MIRI was finally investigated. 
As demonstrated by the histopathologic analy-
sis results, the IR rats treated by sh-Has2 dis-
played the obvious myocardial lesions when 
compared to the normal group. However, such 
myocardial lesions of those IR rats could be sig-
nificantly recovered by treating with miR-23 
inhibitor. 

In conclusion, the role of miR-inhibition in pro-
tection of cardiomyocytes from MIRI and the 
underlying mechanisms has been elaborately 
demonstrated in the present study. Determi- 
nation of the molecular markers confirmed the 
successful development of BMSCs and they 
could be induced to differentiate into myocar-
dial cells by miR-23 inhibition. Studies of the 
underlying mechanisms exhibited that activa-
tion of Wnt signaling pathway plays an essen-
tial role in the process above. Moreover, the 
Has2 was the dominant regulatory protein that 
is involved in the miR-23 inhibition and protect-
ed the ischemia/reperfusion injury via inducing 
the differentiation of bone marrow mesenchy-
mal stem cells into cardiomyocytes. Overall, 
this study provides a novel and precise descrip-
tion for the mechanisms of miR-23 inhibition in 
alleviation of MIRI, which has potential useful 
value for development of novel strategies for 
MIRI treatment.
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