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Myocardial apoptosis occurs during myocardial ischemia. This study aimed to determine the effect of microRNA-34a (miR-34a)
in ischemia-induced myocardial apoptosis. Mainly, SD rats were subjected to myocardial ischemia by ligaturing the left anterior
descending branch of coronary artery. After rats had myocardial infarction, HE staining and TUNEL staining confirmed a
significant increase in apoptosis. The expression of miR-34a was noticeably upregulated, while the expression of Notchl was
downregulated. An increase in caspase-3 and a decrease in Bcl-2/Bax ratio were observed in myocardium. Similar results were
observed in the in vitro model of cardiomyocyte ischemia and anoxia of this study. When rat cardiomyocytes were administered
with serum starvation and microaerophilic system, apoptosis-related proteins were significantly increased. However, transfecting
the miR-34a inhibitor into the cardiomyocyte before the serum starvation and hypoxia treatment could increase the ratio of Bcl-2/
Bax and downregulate the expression of caspase-3, as well as prevent cardiomyocytes from apoptosis. As opposed to the
abovementioned points, the upregulation of miR-34a expression by transfecting miR-34a mimics induced Notchl reduce and
apoptosis-related proteins increase apparently, while upregulation of Notchl could stimulate apoptosis attributed to miR-34a.
Mechanistically, we demonstrated that Notchl is a direct target of miR-34a. In conclusion, our current results suggested that miR-
34a significantly stimulates ischemia-induced cardiomyocytes apoptosis by targeting Notchl.

1. Introduction of myocardial infarction (MI), they have also led to a higher

number of surviving patients with permanent structural

Coronary heart disease is defined as an acute or chronic
heart disease contributing to cardiac ischemia, anoxia, and
myocardial necrosis, which results from atherosclerosis-
induced coronary arteries stenosis. The morbidity of coro-
nary heart disease increases with the aging of the population
that is the leading cause of mortality in the majority of
industrialized nations [1, 2]. Numerous studies revealed that
the heart, a hypermetabolic organ, has a high demand for
blood supply and oxygen, making it more susceptible to
ischemia, which may ultimately cause cardiomyocyte apo-
ptosis, necrosis, and subsequent ventricular remodeling
[3, 4]. Although coronary catheterization and revasculari-
zation have made a remarkable contribution to the outcomes

remodeling under the effect of cardiomyocyte apoptosis,
necrosis, and fibrosis, thereby frequently leading to heart
failure [5]. Thus, novel treatment options that could address
the aforementioned problems may be beneficial to
manage MI.

Over the last decade, microRNAs (miRs) have been
confirmed to be critical for the majority of pathological
processes (including apoptosis, proliferation, fibrosis, and
metabolism), which shows their therapeutic potential for
treating numerous diseases [6]. The miRNA therapy stim-
ulates uncontrolled cardiac repair after MI in pigs, but the
dosage should be tightly controlled [7]. miR-34a, one of the
three members of the miR-34 family, has been found to be a
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suppressor of cellular proliferation and promoters of apo-
ptosis, including in cancer cells. miR-34a has been suggested
to target a wide variety of genes to regulate diverse functions
(such as cell cycle and apoptosis) [8]. miR-34a is highly
expressed in the left ventricle of infarcted hearts compared
with its expression in other organs, which can serve as a
promising strategy to enhance the efficacy of therapies for
chronic heart failure [9]. Moreover, miR-34a has been noted
to be upregulated over time in cardiomyocytes with cardiac
injury and in patients with heart failure [10, 11]. A previous
study reported that silencing the entire miR-34 family could
protect the heart against pathological cardiac remodeling, as
impacted by MI, and improve cardiac functions [12].
However, the effect of miR-34 on myocardial ischemia and
its therapeutic potential is largely unclear.

The Notch signaling pathway is taken as an information
exchange platform between neighbouring cells [13]. After
combining the ligand of Jagged/Delta, it releases the in-
tracellular structure domain into the nucleus, and targets to
the recombination signal binding protein for immuno-
globulin J kappa transcription factors, subsequently activates
the gene transcription of Hes, HRT, etc [14]. A notch sig-
naling pathway is critical to the cell proliferation, apoptosis,
and epithelial to mesenchymal transformation [15]. The
Notchl signaling pathway plays an important role in the
regulation of apoptosis [16]. Its activation can be protective
in myocardial apoptosis [17]. TargetScan analysis showed
Notchl to be one of the targets of miR-34a, which was
further validated by luciferase reporter assay in human
ovarian cancer cells [18, 19]. Therefore, the miR-34a-Notchl
pathway could be a potential therapeutic target of MI. This
study aims to investigate the variation in cardiac miR-34a
expression of rats under ischemia and anoxia, as well as to
determine the effect exerted by miR-34a on myocardial
apoptosis by building an in vitro model of cardiomyocyte
ischemia and anoxia. Our results revealed the mechanism of
miR-34a facilitating myocardial apoptosis in ischemic
myocardium, which suggests the therapeutic potential of
miR-34a for myocardial ischemia.

2. Materials and Methods

2.1. Experimental Animals and Treatments. Male Sprague-
Dawley rats (weighing 250-300g) were provided by the
Chinese Academy of Sciences. Rats were treated according to
the Guide for the Care and Use of Laboratory Animals by the
National Institutes of Health (NIH). The rats were ran-
domized into three groups: blank control (BC) group
(without any intervention), MI model group (ligation of the
left anterior descending coronary artery), and sham oper-
ation (negative control; NC) group (n =8 each group). Rats
were administered with general anesthesia (2% Isoflurane/
02) before performing a coronary artery occlusion surgery.
Successful ligation of the left anterior descending coronary
artery was demonstrated by ST-segment elevation in lead II
(>0.2mV) in the postoperative electrocardiogram (ECG)
compared with preoperative ECG. The animal protocols
conducted in this study, which were approved by the Animal
Welfare Committee of Wenzhou Medical University
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(Number: wydw2014-0058), followed national and institu-
tional regulations, and were compliant with the Guide for
the Care and Use of Laboratory Animals published by
National Institutes of Health.

2.2. Cell Lines and Culture Conditions. The rat cardiomyocyte
line (H9C2) was obtained from The Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences.
H9C2 cells were maintained in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal calf
serum (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in an
incubator with 5% CO,. The medium was replaced every
2-3days, and the cells were sub-cultured or subjected to
experimental procedures at 80-90% confluency. To induce
myocardial ischemia and hypoxia, H9C2 cells were cultured
in serum-free medium (starvation group) at 37°C in an
incubator with 5% CO,, 94% N,, and 1% O, (micro-
aerophilic system with an anaerobic gas mix) for 12h
(starvation treatment). In the normal group, HOC2 cells were
cultured in 10% fetal calf serum at 37°C in an incubator with
5% CO2.(We followed the methods of Jialin Pan, Yongjian
Geng et al. 2014 [20].

2.3. Cell Transfection. When H9C2 cells reached ~80% con-
fluence, they were transfected with 10 pmol miR-34a mimic (5'-
UGGCAGUGUCUUAGCUGGUUGU-3") (Shanghai Gene-
Pharma Co., Ltd.), miRs mimic negative control (miR-NC),
10 pmol miR-34a inhibitor (miR-inhibitor) (5'-ACCGUCA-
CAGAAUCGACCAACA-3") (Shanghai GenePharma Co,
Ltd.), and 2mg pcDNA-Notchl (Taijin Saier Biotechnology)
using Lipofectamine” 2000 (Invitrogen; Thermo Fisher Sci-
entific, Inc.) following the manufacturer’s instructions. The
concentration of FAM-miRNA was 10pmol/l, and the con-
centration of pcDNA-Notch1 was 2 mg/l. Transfection of miR-
34a inhibitor was conducted 24 h before starvation treatment.
We followed the methods of Jialin Pan, Yongjian Geng et al.
2014 [20].

2.4. The gqRT-PCR Analysis. Total RNAs from rat myocar-
dium tissues (weight, 30 mg) and H9C2 cells were extracted
with TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.)
and then leached with chloroform and concentrated with
isopropyl alcohol. The purity of total RNA was measured
with a spectrophotometer (DU800; Beckman Coulter, Inc.),
and its quality was determined by formaldehyde dena-
turing gel electrophoresis. miRNAs were isolated and then
purified using a miRNA Isolation Kit (Ambion; Thermo
Fisher Scientific, Inc.). According to the manufacturer’s
instructions, cDNA was reverse transcribed from RNA
using a MiScript II RT Kit (Qiagen, Inc.). miRNA-specific
qRT-PCR primers were applied in qRT-PCR together with
the miScript Universal primer included in the aforemen-
tioned kit. The sequence of the rno-miR-34a-specific
primer was 5'-TGCGCTGGCAGTGTCTTAGCTG-3', and
that of the U6 primer was 5'-CAAGGATGA-
CACGCAAATTCG-3’. The sequences of the Notchl-spe-
cific primers were forward, 5'-CCGCTGT
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GAGTCGGTCATTA-3', and reverse, 5'-GGCACCTA-
CAGATGAATCCA-3". PCR was performed in an ABI 7500
Fast Real-Time PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) using a PCR kit (SYBR Green
Realtime PCR Master Mix). The PCR thermocycling
conditions were as follows: 40 cycles, involving 95°C for
5sec and 60°C for 34 sec. The relative expression of miR-
34a was normalized to that of U6 RNA, and the AACq
method was adopted to determine the relative expression of
the sample gene as follows: ACq sample = Cq sample — Cq
U6 sample; ACq control=Cq control — Cq U6 control;
AACq = ACq sample — ACq control, where Cq indicates the
number of cycles required by the fluorescence signal in-
tensity to reach the threshold value in the PCR amplifi-
cation process. The experiment was conducted in triplicate.
We followed the methods of Jialin Pan, Yongjian Geng et al.
2014 [20].

2.5. Western Blotting Assay. Myocardial tissues (weighing
50 mg) were lysed in a lysis buffer (RIPA:PMSF, 99:1;
Beyotime Institute of Biotechnology). Protein concen-
tration was measured using a BCA protein assay (Pierce;
Thermo Fisher Scientific, Inc.). The protein samples
(50 ug/lane) were separated by SDS-PAGE (Beyotime
Institute of Biotechnology) and subsequently transferred
to polyvinylidene fluoride membranes. The membranes
were blocked for 1.5h at room temperature with 5%
skimmed milk, followed by incubation overnight at 4°C
with each primary antibody (all from Abcam). Upon three
washes with TBS-Tween (TBST) buffer, the membranes
were then incubated with a secondary antibody (goat anti-
rabbit IgG at 1:4,000 dilution) for 1.5h at room tem-
perature and then washed three times with TBST buffer.
The blots were analyzed using the Odyssey Infrared Im-
aging system (LI-COR Biosciences). The relative quantity
of protein on each blot was normalized to that of -actin,
and semi-quantitative analysis of the results was con-
ducted using the AlphaEaseFC Imaging System (Pro-
teinSimple). The experiment was repeated >3 times. We
followed the methods of Jialin Pan, Yongjian Geng et al.
2014 [20].

2.6. TUNEL Staining. 4h after surgery, the hearts of rats
were rapidly excised and sectioned into 5 ym thick sections.
The sections baked in an oven at 60°C for 30 min, dewaxed
with xylene (5min x 3 times), and dehydrated with 100%,
95% and 70% ethanol, respectively, with each dehydration 3
times. Then, the sections were incubated with protein
kinase K for half an hour, washed with phosphate-buffered
solution (PBS), and added the TdT and Luciferase-labeled
dUTP with reaction for 1h at 37°C. The TUNEL mix
contained 450 uL label solution and 50 yL enzyme solution.
The sections of myocardial tissues were incubated with 50 yL
TUNEL mix at 37°C for 1 hour. The sections were washed in
phosphate-buffered solution (PBS) thrice and stained with
DAPI and a-actin. The sections were observed by fluores-
cence microscopy.

2.7. Haematoxylin-Eosin (HE) Staining. 4 h after surgery, the
left ventricle of hearts was rapidly excised and put in 10%
formaldehyde solution, dehydrated in ethanol gradient,
embedded in paraffin, and cut down into slices of 5 um. After
deparaffinage, the samples were stained with haematoxylin
and eosin. Then, the slices were mounted and observed
under a light microscope.

2.8. Target Identification and Dual Luciferase Assay. Notchl, as
predicted by bioinformatics analysis with TargetScan (http://
www.targetscan.org), is a potential target of miR-34a, which
was verified using a dual reporter luciferase assay. To in-
corporate the 3’ untranslated region (UTR) of Notch1 into
the multiple cloning sites of the pGL3-REPORT luciferase
vector (Promega Corporation), two steps of cloning strategy
were performed, i.e., ligation of the 3'UTR PCR product into
the vector, and introduction of novel restriction sites on the
PCR product, which was then subcloned into the pGL3-
REPORT vector.

HOC2 cells were transfected with miR-34a mimics, as well
as with wild-type (WT) or mutant (MUT) pGL3-Notchl. The
concentration of miR-34a mimics was 10 pmol/l, while the
concentration of vector was 2mg/l. Luciferase activity was
determined using a luciferase reporter kit (Promega Cor-
poration). The experiment was conducted according to the
instructions of the luciferase reporter kit (Promega Corpo-
ration). Renilla luciferase activity was used for normalization.

2.9. Statistical Analysis. The data were analyzed with SPSS
17.0 software (SPSS, Inc.). All experiments were performed
in triplicate, and the results are expressed as the mean + SD.
The differences between multiple groups were analyzed
using a one-way ANOVA followed by a Tukey’s post hoc
test. p<0.05 was considered to indicate a statistically sig-
nificant difference.

3. Results

3.1. MI Upregulated miR-34a Expression and Promoted
Apoptosis. As revealed from the results of QRT-PCR anal-
ysis, the rats in the MI group had markedly higher miR-34a
expression than those in the BC and NC groups (p < 0.01)
(Figure 1(a)). After MI, the miR-34a expression was sig-
nificantly upregulated in the myocardium. Caspase-3 and
the ratio of Bcl-2/Bax are important markers of apoptosis. As
revealed by western blotting, caspase-3 was markedly in-
creased, while Notchl and the ratio of Bcl-2/Bax were no-
ticeably decreased in the MI group compared with those in
the BC and NC groups (p < 0.01) (Figures 1(b) and 1(c)). HE
staining and TUNEL staining also confirmed a significant
increase in apoptosis (Figures 1(d) and 1(e)). These results
indicated that the miR-34a expression and apoptotic car-
diomyocytes were significantly increased after MI.

3.2. Starvation Treatment Promoted Apoptosis, While Down-
regulation of miR-34a Inhibited This Effect. To induce myo-
cardial ischemia, H9C2 cells were cultured in a serum-free
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FIGURE 1: MI upregulated miR-34a expression and promoted apoptosis. MI: myocardial infarction group (myocardial infarction model);
BC: blank control group (normal); NC: negative control group (sham operation). (a) qQRT-PCR is showing the expression of miR-34a in the
myocardium of rats. (b) Expression of caspase-3, Bcl-2, Bax, and Notchl in different groups detected by performing the western blotting
assay. (c) The quantified results of the western blotting assay. (d) The results of TUNEL staining. MI: it is area of myocardial infarction, and
there are a large number of apoptotic cardiomyocytes with different shades of brown cell nucleus (as indicated by the arrow). BC and NC:
they are noninfarct area, and the cardiomyocytes without brown cell nucleus are arranged orderly. (e) The results of HE staining. MI shows
few blood vessels and rarely viable myocardium with irregular cell structure and sequence in the infarct area (as indicated by the arrow). BC
and NC show that normal cardiomyocytes in the noninfarct area are orderly (*p <0.01 vs NC).

medium and microaerophilic system in vitro. The miR-34a
expression was significantly upregulated and the apoptotic
cardiomyocytes were significantly increased. After starva-
tion treatment, qQRT-PCR analysis revealed that cells with
starvation treatment had a markedly higher level of miR-34a
expression (p <0.01) (Figure 2(a)). The results of Western
blotting indicated that Notchl expression and the Bcl-2/Bax
ratio were markedly decreased, while caspase-3 expression

was significantly upregulated when H9C2 cells were sub-
jected to starvation treatment (p <0.01) (Figures 2(b) and
2(c)).

Myocardial ischemia promoted apoptosis and upregu-
lated miR-34a which is associated with apoptosis, which
suggests that myocardial ischemia might promote apoptosis
by upregulating miR-34a. Therefore, we further designed
experiments to prove apoptosis induced by myocardial
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FIGURE 2: Starvation treatment upregulated miR-34a expression and promoted apoptosis, while downregulation of miR-34a prevented
cardiomyocytes from apoptosis attributed to starvation treatment. (a) QRT-PCR is showing the expression of miR-34a in HIC2 cells. (b)
Expression of caspase-3, Bcl-2, Bax, and Notchl1 in different groups detected by performing the western blotting assay. (c) The quantified
results of the western blotting assay (*p <0.01 vs normal, “p < 0.01 vs miR-inhibitor + starvation).

ischemia could be alleviated by downregulation of miR-34a
expression. Transfection with a miR-34a inhibitor markedly
downregulated miR-34a expression in HOC2 cells (p < 0.01),
suggesting that the miR-34a inhibitor successfully trans-
fected and repressed miR-34a expression (Figure 2(a)).
Starvation treatment promoted H9C2 cells apoptosis.
However, when H9C2 cells were transfected with the miR-
34a inhibitor, apoptosis induced by starvation treatment was
prevented. Western blotting indicated that Notchl and the
Bcl-2/Bax ratio were significantly higher, while caspase-3
expression was lower in the miR-inhibitor group compared
with those in the miR-NC and starvation groups (p < 0.01;
Figures 2(b) and 2(c)).

3.3. miR-34a Promoted Apoptosis and Downregulated Notch1
Expression. After miR-34a mimic transfection, qRT-PCR
analysis verified that H9C2 cells had a significantly higher
level of miR-34a expression (by ~16-fold) relative to that of
the miR-NC group (p <0.01), indicating that the miR-34a
mimic was successfully transfected into H9C2 cells and
increased miR-34a expression (Figure 3(a)). Activation of
the Notchl signaling pathway has a protective effect on
apoptosis. After miR-34a mimic transfection, Notchl ex-
pression was reduced and apoptosis was enhanced in HOC2
cells. Western blotting indicated that Notch1 expression and
the ratio of Bcl-2/Bax were strongly decreased, while cas-
pase-3 expression was markedly upregulated in the miR-34a
group compared with those in the miR-NC and normal
groups (p <0.01; Figures 3(b) and 3(c)). These results sug-
gested that Notchl played an important role in miR-34a
promoting cardiomyocytes apoptosis.

3.4. Upregulation of Notchl Rescued Apoptosis Attributed to
miR-34a. The expression of Notchl was upregulated by
transfecting with pcDNA-Notchl. After transfection of
pcDNA-Notchl, qRT-PCR analysis verified that HOC2 cells
had a significantly higher expression level of Notchl

compared with that of the empty pcDNA vector group
(p <0.01; Figure 4(a)), indicating that pcDNA-Notchl was
successfully transfected into H9C2 cells and upregulated
Notchl expression. As aforementioned, the transfection of
miR-34a mimic in H9C2 cells promoted apoptosis, whereas
Notchl overexpression could partially rescue miR-34a-in-
duced apoptosis. Western blotting assay demonstrated that
caspase-3 expression was markedly decreased, while the
ratio of Bcl-2/Bax was strongly increased in the pcDNA-
Notchl + miR-34a group compared with those in the miR-
34a group (p <0.01; Figures 4(b) and 4(c)).

3.5. miR-34a Targeted Notchl. Notchl could be one of
potential targets of miR-34a, as predicted by bioinformatic
analysis using TargetScan. To confirm whether the 3'UTR of
Notchl is a functional target of miR-34a, a reporter plasmid
containing the 3'UTR of Notchl (WT or MUT) was cloned
between the firefly luciferase reporter gene and the polyA
tail. As suggested by the luciferase assay results, co-trans-
fection of miR-34a and pGL3-Notchl-WT resulted in a
significantly reduced luciferase activity compared with that
of the MUT group (p <0.01; Figure 5). This result proved
that Notchl was a target gene of miR-34a.

4. Discussion

The heart is a hypermetabolic organ with a high demand for
blood and oxygen. In coronary heart diseases, persistent
ischemia contributes to cardiomyocyte apoptosis and ne-
crosis. Acute MI is recognized as a common cardiovascular
event that causes cardiac remodeling and consequently
leads to chronic heart failure. Several miRs have been
shown to control important processes that contribute to the
pathophysiological consequences of acute MI [21]. miR-
34a belongs to one of several evolutionarily conserved
families of miRNAs, namely, miR-34 [22]. The miR-34
family are expresses in almost all vertebrates, and in almost
every tissue but are scarcely expressed in lung tissue [23].
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FIGURE 3: miR-34a promoted apoptosis and upregulated Notchl expression. (a) qRT-PCR is showing the expression of miR-34a in H9C2
cells. (b) Expression of caspase-3, Bcl-2, Bax, and Notchl in different groups detected by performing western blotting assay. (c) The

quantified results of western blotting assay (*p < 0.01 vs normal).
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FiGURre 4: Upregulation of Notchl rescued apoptosis attributed to miR-34a. (a) qRT-PCR is showing the mRNA expression of Notchl in
HOC2 cells. (b) Expression of caspase-3, Bcl-2, and Bax in different groups detected by performing the western blotting assay. (c) The
quantified results of the western blotting assay (* p <0.01 vs normal, #p <0.01 vs miR-inhibitor + starvation).

The miR-34a has been demonstrated to play an important
role in the apoptosis function of tumor progression, par-
ticularly during the regulation of tumorigenesis and de-
velopment [24, 25]. Knockdown of miR-34 contributed to
breast cancer cell proliferation and apoptosis, whereas the
overexpression of miR-34a prevented the development of
cancer [26]. miR-34a has been found to be highly expressed
in cardiac tissue, and loss of miR-34a improves cardiac
function and reduces cell death in aging hearts. Serum miR-
34a levels in acute myocardial infarction (AMI) patients
and rats were significantly higher than healthy subjects and
sham rats, which could promote cardiomyocyte apoptosis
via negatively regulating ALDH2 [27]. In addition, acute an
antagomir of miR-34a delivered intravenously within
several hours post-MI also significantly improved cardiac
function at two weeks [11]. miR-34a plays pro-apoptotic
and pro-senescence roles in mesenchymal stem cell by

targeting SIRT1; furthermore, inhibition of miR-34a might
have important therapeutic implications in MSC-based
therapy for myocardial infarction [28]. In another study,
circulating miR-34a upregulation was detected after acute
MI, which could be a useful biomarker for predicting left
ventricular remodeling, and the miR-34a level is associated
with increased risk of mortality or heart failure [29]. In this
study, we found that miR-34a was aberrantly upregulated
after acute MI in vivo. The same results were observed in
cardiomyocytes were subjected to a serum-free medium
and microaerophilic system to mimic an ischemic and
hypoxia environment in vitro.

To further assess the mechanism by which miR-34a
regulates cardiomyocyte apoptosis, we specifically exam-
ined the expression of three apoptosis-related genes, in-
cluding caspase-3, Bcl-2, and Bax. As is known to all, the
process of cell apoptosis includes at least two crucial
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phases: The effective phase, which depends on the Bcl-2
family, and the degradation phase, which depends on
caspases. At the effective phase, cytochrome c is released
from mitochondria, which is modulated by Bcl-2/Bax.
However, at the degradation phase, caspase-3 acts as the
final executor in apoptotic events. For this reason, the
activity of caspase-3 and the ratio of Bcl-2/Bax can effec-
tively reveal the extent of apoptosis [30-32]. Anti-apoptotic
effects of Bcl-2 and pro-apoptotic effects of Bax and cas-
pase-3 are very common in many organs, including the
heart [33]. Through bidirectional regulation of miR-34a
expression in vitro, our results disclosed the regulatory
effect of miR-34a on the apoptosis of myocardial cells
under serum starvation and microaerophilic system to
mimic an ischemic environment. Our data suggest that
miR-34a regulates the expression of apoptosis indicators,
including caspase-3, Bcl-2, and Bax, and promotes apo-
ptosis. Upregulation of miR-34a expression has also been
reported in doxorubicin-induced cardiotoxicity, and si-
lencing miR-34a could exert a cardioprotective effect in
doxorubicin toxicity [34, 35]. Upregulation of miR-34a was
observed both in the serum of patients with acute MI and in
rats subjected to MI, which was further demonstrated to
promote apoptosis [10, 27]. In another study, cardiac miR-
34a expression was augmented in aged mice, leading to a
markedly elevated level of myocardial apoptosis [11]. As
suggested by the aforementioned findings, ischemic car-
diomyocytes overexpress miR-34a, which is associated with
cardiomyocyte apoptosis. The potential cardioprotective
effect of miR-34a-knockdown was shown in another study
that transfection with a miR-34a antagomir inhibited
myocardial cell apoptosis after infarction via the Wnt/
p-catenin signaling pathway [36]. miR-34a was also found
to be upregulated by high glucose-treated cardiomyocytes,
and the Bcl-2 gene was identified as one of the targets of
miR-34a. miR-34a mimics inhibited Bcl-2 expression and
stimulated cardiomyocyte apoptosis [37]. In another study

on stem cell therapy for ischemic heart disease, miR-34a
repressed heat shock protein 70 expression, which pro-
tected Sca-1 stem cells from apoptosis, and knockdown of
miR-34a improved Sca-1 stem cell survival [38].

Notchl was predicted to be a potential target of miR-34a
based on miRs target prediction software (TargetScan,
PicTar, and miRBase). The Notchl signaling pathway is an
apoptosis-related pathway that is involved in the apoptosis
of various cell types [39-41]. Notchl acts as an endogenous
myocardial protective factor through the RISK/SAFE/HIF-1
alpha signaling, which reduces myocardial intracellular re-
active oxygen species (ROS), enhances the myocardiocytes
vitality, and significantly reduces the myocardial ischemia
reperfusion injury [42]. On the other hand, Notch1 signaling
was reported to regulate the expression of key proteins of
mitochondrial oxidative phosphorylation and modulate the
dynamic balance of mitochondrial fusion/fission via RBP-Jk
dependent transcriptional activation of Mfnl and Drpl in
myocardial cells [43]. Additionally, Notchl signaling could
inhibit apoptosis because the constitutive overexpression of
the intracellular domain of Notchl promoted proliferation
and suppressed apoptosis by inhibiting cytoplasmic mito-
chondrial membrane depolarization, cytochrome c¢ release,
and activation of caspase-9 and caspase-3. The survival-
promoting effect of Notchl was also accomplished by
upregulation of the anti-apoptotic proteins Bcl-2, down-
regulation of the pro-apoptotic proteins Bax, and blockade
of Bax multimerization [44]. Blocking the Notch1 signaling
pathway stimulated hypoxia/reoxygenation-induced car-
diomyocyte apoptosis, whereas the overexpression of in-
tracellular Notchl had a cardioprotective effect [45].
Inhibition of miR-34a-5p could protect myocardial ischemia
reperfusion injury-induced apoptosis and attenuate the
accumulation of reactive oxygen species through the regu-
lation of Notchl signaling [46]. Our findings are consistent
with this report. In this study, we found that Notchl ex-
pression reduced after MI and was negatively regulated by



miR-34a. Furthermore, Notch1 overexpression was found to
partly reverse the effects of miR-34a overexpression on
cardiomyocyte apoptosis, and the dual luciferase assay
further validated Notchl was a target of miR-34a. Such a
finding was also confirmed in another study, which revealed
that miR-34 hinders the proliferation of human ovarian
cancer cells by inducing autophagy and apoptosis, and in-
hibits cell invasion by targeting Notchl [19].

In conclusion, we found increased expression of miR-
34a in myocardium after myocardial infarction, and verified
that miR-34a was closely associated with myocardial apo-
ptosis in vitro. In addition, Notch1 was identified as a target
of miR-34a. These results suggested that ischemia induces
the upregulation of miR-34a expression, thereby facilitating
ischemia-induced cardiomyocytes apoptosis by targeting
Notchl. Our findings may provide a novel thought for the
study of pathogenesis and treatment of coronary heart
diseases. However, the limitation of this study is the serum
starvation and microaerophilic system treatment cannot
completely simulate in vitro model for myocardial ischemia.
Unfortunately, no better in vitro model of myocardial is-
chemia and hypoxia has been reported. In addition, our
work still lacks in vivo studies about the specific mechanism
of miR-34a/Notchl signaling pathways in myocardial ap-
optosis, but that will be our future work.

Data Availability

The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Ethical Approval

Protocols were approved by the Animal Welfare Committee
of Wenzhou Medical University following state and insti-
tutional regulations.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Authors’ Contributions

Lialin Pan, Lili Zhou, and Jiafeng Lin conceived the study,
worked on the design and analysis of data, performed data
analyses, and wrote the manuscript. Weihao Xue and Cong
Lin contributed to the conception of the study. Peng Chen
contributed significantly to analysis and manuscript
preparation.

Acknowledgments

The authors would like to thank Prof. Deye Yang for sup-
porting his work and performing the statistical analysis and
language improvement of the paper. The present study was
supported by the Zhejiang Provincial Natural Science fund
subject (No. LY16H050006).

Evidence-Based Complementary and Alternative Medicine

References

[1] M. L. Simoons and S. Windecker, “Chronic stable coronary
artery disease: drugs vs. revascularization,” European Heart
Journal, vol. 31, no. 5, pp. 530-541, 2010.

[2] A. Patel, D. Prabhakaran, M. Berendsen, P. P. Mohanan, and
M. D. Huffman, “Pre-hospital policies for the care of patients
with acute coronary syndromes in India: a policy document
analysis,” Indian Heart Journal, vol. 69, no. Suppl 1,
pp. S12-519, 2017.

[3] X. Zhang, L. F. Huang, L. Hua, H. K Feng, and B Shen,
“Resveratrol protects myocardial apoptosis induced by is-
chemia-reperfusion in rats with acute myocardial infarction
via blocking P13K/Akt/e-NOS pathway,” European Review for
Medical and Pharmacological Sciences, vol. 23, no. 4,
pp. 1789-1796, 2019.

[4] X. Wang, Z. Guo, Z. Ding, and J. L Mehta, “Inflammation,
autophagy, and apoptosis after myocardial infarction,”
Journal of American Heart Association, vol. 7, no. 9, 2018.

[5] G. A. Roth, C. Johnson, A. Abajobir et al., “Global, regional,
and national burden of cardiovascular diseases for 10 causes,
1990 to 2015,” Journal of the American College of Cardiology,
vol. 70, no. 1, pp. 1-25, 2017.

[6] R. W. Carthew and E. J. Sontheimer, “Origins and Mecha-
nisms of miRNAs and siRNAs,” Cell, vol. 136, no. 4,
pp. 642-655, 2009.

[7] K. Gabisonia, G. Prosdocimo, G. D. Aquaro et al., “MicroRNA

therapy stimulates uncontrolled cardiac repair after myo-

cardial infarction in pigs,” Nature, vol. 569, no. 7756,

pp. 418-422, 2019.

G. Misso, M. T. Di Martino, and G. De Rosa, “Mir-34: a new

weapon against cancer?” Molecular Therapy - Nucleic Acids,

vol. 3, no. 9, p. e194, 2014.

[9] C. Tian, L. Gao, M. C. Zimmerman, and I. H. Zucker,
“Myocardial infarction-induced microRNA-enriched exo-
somes contribute to cardiac Nrf2 dysregulation in chronic
heart failure,” American Journal of Physiology - Heart and
Circulatory Physiology, vol. 314, no. 5, pp. H928-h939, 2018.

[10] S. Matsumoto, Y. Sakata, S. Suna et al.,, “Circulating p53-
responsive microRNAs are predictive indicators of heart
failure after acute myocardial infarction,” Circulation Re-
search, vol. 113, no. 3, pp. 322-326, 2013.

[11] R. A. Boon, K. Iekushi, S. Lechner et al., “MicroRNA-34a
regulates cardiac ageing and function,” Nature, vol. 495,
no. 7439, pp. 107-110, 2013.

[12] B. C. Bernardo, X.-M. Gao, C. E. Winbanks et al., “Thera-
peutic inhibition of the miR-34 family attenuates pathological
cardiac remodeling and improves heart function,” Proceedings
of the National Academy of Sciences, vol. 109, no. 43,
pp. 17615-17620, 2012.

[13] O. Meurette and P. Mehlen, “Notch signaling in the tumor
microenvironment,” Cancer Cell, vol. 34, no. 4, pp. 536-548,
2018.

[14] R. Lim, T. Sugino, H. Nolte et al., “Deubiquitinase USP10
regulates Notch signaling in the endothelium,” Science,
vol. 364, no. 6436, pp. 188-193, 2019.

[15] L. Liu, G. W. Charville, T. H. Cheung et al., “Impaired Notch
signaling leads to a decrease in p53 activity and mitotic ca-
tastrophe in aged muscle stem cells,” Cell Stem Cell, vol. 23,
no. 4, pp. 544-556, e, 2018.

[16] L. Gharaibeh, N. Elmadany, K. Alwosaibai, and W. Alshaer,
“Notchl in cancer therapy: possible clinical implications and
challenges,” Molecular Pharmacology, vol. 98, no. 5,
pp. 559-576, 2020.

[8



Evidence-Based Complementary and Alternative Medicine

[17] X.-1. Zhou, X. Wu, R.-r. Zhu et al,, “Notch1-Nrf2 signaling
crosstalk provides myocardial protection by reducing ROS
formation,” Biochemistry and Cell Biology, vol. 98, no. 2,
pp. 106-111, 2020.

[18] G. Luxdn, G. D’Amato, D. MacGrogan, and J. L de la Pompa,
“Endocardial Notch signaling in cardiac development and
disease,” Circulation Research, vol. 118, no. 1, pp. el-el8, 2016.

[19] Y. Jia, R. Lin, H. Jin et al., “MicroRNA-34 suppresses pro-
liferation of human ovarian cancer cells by triggering auto-
phagy and apoptosis and inhibits cell invasion by targeting
Notch 1,” Biochimie, vol. 160, pp. 193-199, 2019.

[20] J. Pan, J. Zhang, X. Zhang et al., “Role of microRNA-29b in
angiotensin II-induced epithelial-mesenchymal transition in
renal tubular epithelial cells,” International Journal of Mo-
lecular Medicine, vol. 34, no. 5, pp. 1381-1387, 2014.

[21] R. A. Boon and S. Dimmeler, “MicroRNAs in myocardial
infarction,” Nature Reviews Cardiology, vol. 12, no. 3,
pp. 135-142, 2015.

[22] L. He, X. He, L. P. Lim et al., “A microRNA component of the
p53 tumour suppressor network,” Nature, vol. 447, no. 7148,
pp. 1130-1134, 2007.

[23] G. T. Bommer, I. Gerin, Y. Feng et al., “p53-mediated acti-
vation of miRNA34 candidate tumor-suppressor genes,”
Current Biology, vol. 17, no. 15, pp. 1298-1307, 2007.

[24] L. Xi, Y. Zhang, S. Kong, and W. Liang, “miR-34 inhibits
growth and promotes apoptosis of osteosarcoma in nude mice
through targetly regulating TGIF2 expression,” Bioscience
Reports, vol. 38, no. 3, 2018.

[25] Y. Tokumaru, E. Katsuta, M. Oshi et al., “High expression of
miR-34a associated with less aggressive cancer biology but not
with survival in breast cancer,” International Journal of
Molecular Sciences, vol. 21, no. 9, 2020.

[26] L. Zhang, L. Wang, D. Dong et al., “MiR-34b/c-5p and the
neurokinin-1 receptor regulate breast cancer cell proliferation
and apoptosis,” Cell Proliferation, vol. 52, no. 1, p. e12527,
2019.

[27] F. Fan, A. Sun, H. Zhao et al, “MicroRNA-34a promotes
cardiomyocyte apoptosis post myocardial infarction through
down-regulating aldehyde dehydrogenase 2,” Current Phar-
maceutical Design, vol. 19, no. 27, pp. 4865-4873, 2013.

[28] F. Zhang, J. Cui, X. Liu et al., “Roles of microRNA-34a tar-
geting SIRTI in mesenchymal stem cells,” Stem Cell Research
& Therapy, vol. 6, no. 1, p. 195, 2015.

[29] P. Lv, M. Zhou, J. He et al., “Circulating miR-208b and miR-
34a are associated with left ventricular remodeling after acute
myocardial infarction,” International Journal of Molecular
Sciences, vol. 15, no. 4, pp. 5774-5788, 2014.

[30] G. Jia, Q. Wang, R. Wang et al., “Tubeimoside-1 induces
glioma apoptosis through regulation of Bax/Bcl-2 and the
ROS/Cytochrome C/Caspase-3 pathway,” OncoTargets and
Therapy, vol. 8, pp. 303-311, 2015.

[31] S. M. Mosaad, S. A. Zaitone, A. Ibrahim, A. A. El-Baz,
D. M. Abo-Elmatty, and Y. M. Moustafa, “Celecoxib aggra-
vates cardiac apoptosis in L-NAME-induced pressure over-
load model in rats: immunohistochemical determination of
cardiac caspase-3, Mcl-1, Bax and Bcl-2,” Chemico-Biological
Interactions, vol. 272, pp. 92-106, 2017.

[32] L. Xie, Y. Wu, Z. Fan, Y. Liu, and J. Zeng, “Astragalus
polysaccharide protects human cardiac microvascular endo-
thelial cells from hypoxia/reoxygenation injury: the role of
PI3K/AKT, Bax/Bcl-2 and caspase-3,” Molecular Medicine
Reports, vol. 14, no. 1, pp. 904-910, 2016.

[33] B. Zeng, L. Liu, X. Liao, C. Zhang, and H. Ruan, “Thyroid
hormone protects cardiomyocytes from H202-induced

oxidative stress via the PI3K-AKT signaling pathway,” Ex-
perimental Cell Research, vol. 380, no. 2, pp. 205-215, 2019.

[34] E. Piegari, R. Russo, D. Cappetta et al., “MicroRNA-34a
regulates doxorubicin-induced cardiotoxicity in rat,” Onco-
target, vol. 7, no. 38, pp. 62312-62326, 2016.

[35] E. Piegari, A. Cozzolino, L. P. Ciuffreda et al., “Car-
dioprotective effects of miR-34a silencing in a rat model of
doxorubicin toxicity,” Scientific Reports, vol. 10, no. 1,
p. 12250, 2020.

[36] J. H. Li, J. Dai, B. Han, G. H. Wu, and C. H. Wang, “MiR-34a
regulates cell apoptosis after myocardial infarction in rats
through the Wnt/B-catenin signaling pathway,” European
Review for Medical and Pharmacological Sciences, vol. 23,
no. 6, pp. 2555-2562, 2019.

[37] F.Zhao, B. Li, Y.-z. Wei et al., “MicroRNA-34a regulates high
glucose-induced apoptosis in H9c2 cardiomyocytes,” Journal
of Huazhong University of Science and Technology - Medical
sciences, vol. 33, no. 6, pp. 834-839, 2013.

[38] Y. Feng, W. Huang, W. Meng et al., “Heat shock improves
Sca-1+ stem cell survival and directs ischemic cardiomyocytes
toward a prosurvival phenotype via exosomal transfer: a
critical role for HSF1/miR-34a/HSP70 pathway,” Stem Cells,
vol. 32, no. 2, pp. 462-472, 2014.

[39] J. Xie, L.-s. Lin, X.-y. Huang et al., “The NOTCHI-HEY1
pathway regulates self-renewal and epithelial-mesenchymal
transition of salivary adenoid cystic carcinoma cells,” Inter-
national Journal of Biological Sciences, vol. 16, no. 4,
pp. 598-610, 2020.

[40] B. Wei, Y. S. Liu, and H. X. Guan, “MicroRNA-145-5p at-
tenuates high glucose-induced apoptosis by targeting the
Notch signaling pathway in podocytes,” Experimental and
Therapeutic Medicine, vol. 19, no. 3, pp. 1915-1924, 2020.

[41] M. Du, J. Shan, A. Feng, S. Schmull, J. Gu, and S. Xue,
“Oestrogen receptor f activation protects against myocardial
infarction via Notchl signalling,” Cardiovascular Drugs and
Therapy, vol. 34, no. 2, pp. 165-178, 2020.

[42] X.-L. Zhou, L. Wan, Q.-R. Xu, Y. Zhao, and J.-C. Liu, “Notch
signaling activation contributes to cardioprotection provided
by ischemic preconditioning and postconditioning,” Journal
of Translational Medicine, vol. 11, no. 1, p. 251, 2013.

[43] S.-H. Dai, Q.-C. Wu, R.-R. Zhu, X.-M. Wan, and X.-L. Zhou,
“Notchl protects against myocardial ischaemia-reperfusion
injury via regulating mitochondrial fusion and function,”
Journal of Cellular and Molecular Medicine, vol. 24, no. 5,
pp. 3183-3191, 2020.

[44] X. Chen, S. Li, Z. Zeng et al., “Notchl signalling inhibits
apoptosis of human dental follicle stem cells via both the
cytoplasmic mitochondrial pathway and nuclear transcription
regulation,” The International Journal of Biochemistry & Cell
Biology, vol. 82, pp. 18-27, 2017.

[45] J. Cheng, Q. Wu, R. Lv et al., “MicroRNA-449a inhibition
protects H9C2 cells against hypoxia/reoxygenation-induced
injury by targeting the notch-1 signaling pathway,” Cellular
Physiology and Biochemistry, vol. 46, no. 6, pp. 2587-2600,
2018.

[46] Z. Wang, Z. Wang, T. Wang, J. Yuan, X. Wang, and Z. Zhang,
“Inhibition of miR-34a-5p protected myocardial ischemia
reperfusion injury-induced apoptosis and reactive oxygen
species accumulation through regulation of Notch Receptor 1
signaling,” Reviews in Cardiovascular Medicine, vol. 20, no. 3,
pp. 187-197, 2019.



