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Myocardial ischemia-reperfusion (I/R) injury is leading
cause of death worldwide. miR-34a-5p was up-regulated
in myocardial ischemia-reperfusion injury rats. We aim to
explore how miR-34a-5p inhibition protected myocardium
against I/R injury in both cell and animal models. In
vivo rat and in vitro cell model were firstly constructed.
Quantitative real-time polymerase chain reaction was em-
ployed to investigate expression of miR-34a-5p and its
target genes. Functional assays were conducted to de-
tect the impact of miR-34a-5p on myocardial I/R in-
jury. Enzyme-linked immunosorbent assay was performed
to validate the expression levels of marker proteins of
ischemia-reperfusion I/R-induced myocardial injury. MTT
was performed to assess the cell viability and flow cy-
tometry was utilized to detect cell apoptosis and reactive
oxygen species accumulation. The interaction between
miR-34a-5p and Notch Receptor 1 were also examined
through luciferase reporter assay. miR-34a-5p was up-
regulated post-reperfusion at rat myocardium. miR-34a-
5p inhibitor attenuated myocardial ischemia-reperfusion
injury, as shown by decreasing apoptosis rate, reducing
infarct size and reactive oxygen species accumulation. In
in vitro cell model, miR-34a-5p inhibitor also promoted cell
proliferation, inhibited cell apoptosis and reactive oxygen
species accumulation through targeting Notch Receptor 1
signaling. Our results revealed that miR-34a-5p knock-
ing down attenuated myocardial I/R injury by promoting
Notch Receptor 1 signaling-mediated inhibition of reactive
oxygen species accumulation and cell apoptosis. Hence,
miR-34a-5p might be a potential target for treatment of
myocardial ischemia-reperfusion injury.
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1. Introduction
Cardiovascular disease accounts for over 40% of pathological

incidence, with mortality and prevalence increasing in recent years
(Xia and Wang, 2018). Ischemic heart disease is a major cause
of cardiovascular diseases, induces cardiac dysfunction as well as
the loss of myocardial cells and myocardial infarction (MI) (Vi-
lahur et al., 2011). Moreover, MI leads to myocardial necrosis,
unmanageable heart failure and death (Mackman, 2008). Restora-
tion of blood supply to infarct region is a major treatment strategy
in clinical therapy forMI (Shao et al., 2018). Although reperfusion
therapy is beneficial, the unavoidable consequences of ischemia-
reperfusion (I/R) injury (e.g. severe arrhythmia and myocardial
microvascular dysfunction) limit its clinical application (Hashmi
and Al-Salam, 2015). Hence, the task of improving MI therapy
lies within exploring the molecular mechanisms of its pathogene-
sis and hence developing effective therapeutic targets, in order to
improve survival and post-MI quality of life for these patients.

MicroRNAs (miRNAs) participate in fundamental post-
transcriptional regulation of gene expression in health and dis-
ease, (Garzon et al., 2006; Tavazoie et al., 2008). Increasing ev-
idence has revealed that certain miRNAs are related to MI, and
thus represent potential therapeutic targets (Fan and Yang, 2015).
It is reported that miR-34a inhibition protects against I/R injury
via SIRT1 (Sirtuin 1) pathway (Fu et al., 2017). Inhibition of
miR-34a-5p also relieves intestinal I/R-stimulated apoptosis and
reactive oxygen species (ROS) accumulation through SIRT1 path-
way (Wang et al., 2016). However, whether miR-34a-5p regulates
myocardial I/R-induced ROS accumulation and cell apoptosis re-
mains unclear.

The NOTCH signal pathway regulates various subcellular
events, including cell proliferation and apoptosis (Miele, 2006;
Mumm and Kopan, 2000), as well as the regulation of cardiovas-
cular development (Chiba, 2006; del Monte et al., 2011; High and
Epstein, 2008; Nemir and Pedrazzini, 2008). Its activation can be-
protective in myocardial infarction (Gude et al., 2008; Li et al.,
2010; Yu and Song, 2014) via the repression of ROS and subse-
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quent apoptosis (Yu et al., 2011, 2013). Therefore, the NOTCH1
signal represents a potential therapeutic target of MI. Studies re-
garding the regulation of miR-34a-5p and NOTCH1 in myocardial
I/R injury have not been reported.

We report that miR-34a-5p repression may reduce ROS accu-
mulation and inhibit cell apoptosis through targeting of NOTCH1
signaling. Our results also reveal the underlying mechanism of
how miR-34a-5p promotes myocardial I/R injury. We propose an
effective therapeutic strategy for relieving myocardial I/R injury
by blocking miR-34a-5p/NOTCH1 axis signaling.

2. Materials and Methods
2.1 Myocardial I/R injury rat model

The research was conducted under the guidelines of Care and
Use of Laboratory Animals and approved by Linfen People's
Hospital on Animal Research Ethics Committee. Healthy male
Sprague-Dawley (SD) rats (200-300 g) were used for experiment.
Rats were anaesthetized by ether inhalation. The myocardial I/R
injury model was constructed as previously reported (Shao et al.,
2018).

Rats were separated into four groups with ten rats in
each group: (1) sham operation group, (2) I/R model
group, (3) I/R model treated with antagomiR control (5'-
CAGUACUUUUGUGUAGUACAA-3'), and (4) antagomiR-34a-
5p (5'-ACAACCAGCUAAGACACUGCCA-3'). For antagomiR
control and antagomiR-34a-5p groups, 5 µg antagomiR-34a-5p
was mixed with 8 µL EntransterTM in vivo reagent (Engreen
Biosystem, Beijing, China) to form a transfection complex with a
concentration of 50 µg/mL. Rat chests were subsequently open
and injected with the transfection complex at six random points
in the myocardium of left ventricle. Then, chests were closed and
rats were allowed to recover.

2.2 Measurement of cardiac function
Two weeks post-I/R surgery, rats were anaesthetized and left

ventricles were intubated via the right common carotid artery.
Cardiac function, including left ventricular end diastolic pressure
(LVEDP), left ventricular systolic pressure (LVSP), maximum rate
of rise of left ventricle pressure ( +dp/dtmax), maximum rate of fall
of left ventricle pressure (-dp/dtmax), heart rate (HR) and coro-
nary flow (CF) were monitored via MFLab 3.01 package in the
FDP-1 HRV & BRS analysis system (Shanghai Jialong, Shang-
hai, China).

2.3 Measurement of myocardial infarct size
Twoweeks post-I/R surgery, rats were re-anesthetized with 250

mg/kg 12% chloral hydrate. Heart tissues were removed on ice
and sliced into four coronal sections (1-mm thick). Slices were
immersed in 3% TTC (triphenyl tetrazolium chloride) solution at
37 °C for 30 minutes. The TTC-stained tissue slices were pho-
tographed and the infarct volume was calculated.

2.4 Measurement of ROS
Myocardial cells were cultured in 96-well plates (2 × 106 cells

per well) for 24 hours.Cells were then incubated with 100 µL 1mM
DCFH-DA (2’, 7’-Dichlorodihydrofluorescin diacetate)/media so-
lution at 37 ºC for 1 hour. The fluorescence of DCF (fluorescent
dichlorofluorescein) was analyzed by BD FACSCalibur flow cy-
tometry (BD, New Jersey, USA) at 488 nm (excitation wavelength)

Table 1. Primer used this study.

Primer Sequence (5’-3’)

miR-34a-5p-F GGCCAGCTGTGAGTGTTTC

miR-34a-5p-R GGGCCCCACAACGTGCAG

NOTCH1-F TGCCAGGACCGTGACAACTC

NOTCH1-R CACAGGCACATTCGTAGCCATC

β -actin-F TGGCACCCAGCACAATGAA

β -actin-R CTAAGTCATAGTCCGCCTAGAAGCA

and 535 nm (emission wavelength).

2.5 Measurement of apoptosis
Extracted rat tissues were fixed with 5% paraformaldehyde at

25 ºC for 24 hours. Samples were then permeated with 0.1%
Triton-X 100 and 0.1% sodium citrate for 15 minutes, and then in-
cubated with 100 µL 100 µg/mL terminal deoxynucleotide trans-
ferase dUTP nick end labeling (TUNEL) solution in darkness at
37 °C for 1 hour. 4’, 6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) was used to stain nuclei. The fluorescence of TUNEL
stained cells was analyzed by flow cytometry.

2 × 106 H9C2 cells were digested using trypsin, and then
stained with 5 µL FITC Annexin V and 5 µL PI in darkness for
15 minutes. The fluorescence of PI stained cells was analyzed by
flow cytometry.

2.6 Measurements of LDH and creatine kinase (CK)
The treated myocardial tissues and cells were harvested and

sonicated at 4 °C, and then centrifuged at 12000 g. Supernatants
were collected for analysis of LDH and CK (Beyotime Biotech-
nology Co. Ltd, Shanghai, China).

2.7 RNA preparation and qRT-PCR
Total RNAs were extracted by Trizol reagent (Invitrogen).

Sample miRNAs of tissues were extracted via miRcute miRNA
isolation kit (Tiangen, Beijing, China). cDNAs were firstly syn-
thesized, and qRT-PCR were then conducted on ABI 7500 Real-
Time PCR System (Applied Biosystems, CA, USA). β -actin or U6
was regarded as an internal reference.

2.8 Cell culture and hypoxia/reoxygenation (H/R) condition
HEK293 cells and rat embryonic ventricular H9C2 cardiomy-

ocytes (ATCC, Manassas, VA) were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM, Gibco BRL, Carlsbad, CA) and
maintained at 37 ◦C with 5% CO2. H9C2 cells were incubated in
a microaerophilic system (94% N2, 5% CO2 and 1% O2) at 37 ◦C
for 12 hours to simulate H/R conditions. Cells were subjected to
H/R and then re-oxygenated under normoxic conditions.

2.9 Cell proliferation assay
H9C2 cells (4 × 105 per well) were cultured in 96-well plates

for 24 hours, and then incubated with 20 µL 5 mg/mL MTT so-
lution for another 4 hours. The crystal was dissolved via addi-
tion of 150 µL dimethyl sulfoxide. The optical density at 490 nm
was measured with spectrophotometric plate reader (BioTek, VT,
USA).

2.10 Cell transfection
The miR-34a-5p mimics and negative control (NC-mimic), in-

hibitor and NC-inhibitor, si-NOTCH1 and si-NCwere synthesized
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by GenePharma (Suzhou, China). For transient mimics, inhibitors
and siRNAs transfection, H9C2 cells (4 × 105 per well) were
seeded in 12-well plates for 24 hours, and then transfected with
100 nM mimics, inhibitors and siRNAs or NC and Lipofectamine
RNAiMax (Invitrogen).

2.11 Luciferase reporter assays
In order to construct firefly luciferase-expressing plasmid, the

full-length wildtype or mutant 3'-UTR of NOTCH1 mRNA was
cloned into the pGL-luciferase vector (Promega, Madison, Wis-
consin, USA). HEK923 cells were seeded in a 24-well plates 24
hours before transfection, and co-transfectedwith theNOTCH1 re-
porter vector, phRL (Rinilla luciferase)-TK and miR-34a-5p mim-
ics or NC-mimic. Two days later post-transfection, luciferase ac-
tivities were detected via Dual-Lucifer Reporter Assay System
(Promega).

2.12 Western blot
Expressions of proteins were detected using western blotting.

Proteins, extracted frommyocardium samples or H9C2 cells, were
separated by SDS-PAGE and then transferred onto PVDF mem-
brane. The membranes were incubated at 4 ◦C overnight with the
primary antibodies (caspase 3 and caspase 9 1 : 500, Bax and
Bcl2 1 : 1000, and β -actin 1 : 2000) (Cell Signaling Technol-
ogy, Danvers, Massachusetts, USA). The membranes were lastly
probed with the appropriate secondary antibody (Sigma, St Louis,
USA) for 2 hours at 25 ◦C. Immunoreactivity was determined via
enhanced chemiluminescence (ECL, Millipore, USA).

2.13 Statistical Analysis
All the data in the present study are shown as mean± SEM. All

experiments are demonstrated in at least three independent times
(n ≥ 3). One-way analysis of variance (ANOVA) and Duncans
multiple-comparison test were performed using SPSS 19.0 (SPSS
Inc., Chicago, IL, USA). Statistical differences of < 0.05 (*P <

0.05, **P < 0.01 or ***P < 0.001) were regarded as statistically
significant in this study.

3. Results
3.1 Functional role of miR-34a-5p in myocardial infarction

Myocardial I/R injury, myocardial I/R injury rats were con-
structed and separated into four groups, named (1) sham, (2) I/R,
(3) I/R with antagomiR control, and (4) I/R with antagomiR-34a-
5p. qRT-PCR illustrated that I/R induced a dramatic upregula-
tion in miR-34a-5p expression in comparison to sham (***P <

0.001) (Fig. 1A). Moreover, treatment with antagomiR-34a-5p de-
creased miR-34a-5p expression relative to that of antagomiR con-
trol in myocardial I/R rats (*P< 0.05) (Fig. 1A).Myocardiac func-
tional indexes were then determined, with results indicating that
LVEDP was upregulated in the I/R group, and that treatment with
antagomiR-34a-5p decreased LVEDP (Fig. 1B). Furthermore, de-
creased levels of LVSP, + dp/dtmax, -dp/dtmax, HR and CF by I/R
injury were increased via antagomiR-34a-5p treatment (Fig. 1B),
suggesting that the cardiac dysfunction in I/R injury model rats
was relieved by antagomiR-34a-5p. LDH activity (Fig. 1C) was
induced by I/R, while decreased in I/R with antagomiR-34a-5p in
comparison to antagomiR control. Consistent with the activity of
LDH, the activity of CK (Fig. 1D) demonstrated a dramatically
increase by I/R and a decrease by antagomiR-34a-5p. These re-

sults suggested I/R injury significantly increased the correlative
parameters, indicating growing severity of MI. In addition, these
data suggested the important relationship betweenmiR-34a-5p and
myocardial I/R injury, and that knockdown of miR-34a-5p might
be beneficial to I/R injury.

Infarct volume was greatly increased in I/R rats compared to
sham operation rats Fig. 1E, proving the validity of the myocardial
I/R injury in rat model. Furthermore, antagomiR-34a-5p relieved
the damage to heart tissues, as demonstrated by lower infarction
volume than I/R rats (Fig. 1E).

3.2 Functional role of miR-34a-5p in ROS and cell apopto-
sis
Results showed that ROS was markedly elevated in cardiomy-

ocytes of I/R rats, as determined by FACS. Blockade of miR-34a-
5p using antagomiR-34a-5p significantly decreased ROS levels
(Fig. 2A). Moreover, TUNEL staining indicated that I/R promoted
apoptosis of cardiomyocytes, while suppression of miR-34a-5p by
antagomiR-34a-5p attenuated this apoptosis (Fig. 2B).

3.3 Functional role of miR-34a-5p in H/R stimulated cells
In vitro myocardial I/R injury model was established via hy-

poxia/reoxygenation (H/R)-stimulaion in H9C2 cells. We trans-
fected H9C2 cells with miR-34a-5p-inhibitor under H/R condi-
tions. As indicated in Fig. 3A, upregulation of miR-34a-5p oc-
curred upon H/R treatment, while miR-34a-5p-inhibitor decreased
miR-34a-5p expression. The activities of LDH (Fig. 3B) and
CK (Fig. 3C) demonstrated a dramatically upregulation in H/R-
stimulated H9C2 cells compared to control (***P < 0.001) upon
miR-34a-5p-inhibitor treatment, in line with that of I/R rat model.
Moreover, MTT assay suggested that the H/R state downregulated
cell proliferation in H9C2 cells, while miR-34a-5p-inhibitor par-
tially restored cell viability (Fig. 3C). Meanwhile, the increase
of ROS induced by H/R decreased under miR-34a-5p-inhibitor
overexpression (Fig. 3D). In addition, flow cytometry suggested
that the apoptosis rate of H9C2 cells was accelerated after H/R
(Fig. 3E), while relative to theH/R conditionH9C2 cells pretreated
with miR-34a-5p-inhibitor showed a lower apoptosis after sim-
ulated IR injury (Fig. 3E). Apoptosis-related proteins ( cleaved-
caspase 3, cleaved-caspase 9 and Bax) were upregulated under
the H/R conditions and were decreased by miR-34a-5p-inhibitor
(Fig. 3F). Bcl-2 was downregulated under H/R conditions and re-
versed by miR-34a-5p-inhibitor (Fig. 3F). As such, inhibition of
miR-34a-5p promoted cell proliferation, decreased ROS produc-
tion and inhibited cell apoptosis to alleviate the damage of H/R in
myocardial cells.

3.4 miR-34a-5p negatively regulated expression of
NOTCH1
We searched a bioinformatics database (Starbase) to analyze

the target gene of miR-34a-5p, finding that NOTCH1 was a po-
tential target (Fig. 4A). The relation between miR-34a-5p and
NOTCH1 was validated by luciferase report system in HEK293
cells. Results demonstrated that miR-34a-5p mimics decreased
luciferase activity of wild-type NOTCH1 3'UTR in comparison
to that of NC-mimics (***P < 0.001) (Fig. 4A). Moreover, this
regulatory effect was inhibited when the predicted binding site on
NOTCH1 3'UTR was mutated (Fig. 4A). qRT-PCR (Fig. 4B) and
western blot (Fig. 4C) further revealed that NOTCH1 was down-
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Figure 1. Functional role of miR-34a-5p in myocardial infarction of myocardial I/R injury rats. (A) miR-34a-5p expression post-reperfusion in
sham, I/R, I/R with antagomiR control and antagomiR-34a-5p rats determined by qRT-PCR. (B) Myocardiac function indexes, including LVEDP,
LVSP, ± dp/dtmax, HR and CF were determined in sham, I/R, I/R with antagomiR control and antagomiR-34a-5p rats. (C) The activity of LDH
was determined in sham, I/R, I/R with antagomiR control and antagomiR-34a-5p rats. (D) The activity of CK was determined in sham, I/R,
I/R with antagomiR control and antagomiR-34a-5p rats. (E) The representative images of rat myocardium slices (left) and infarct volume (right)
was detect in sham, I/R, I/R with antagomiR control and antagomiR-34a-5p rats were detect by TTC staining. (N = 4, n = 10; Unpaired t test;
* represented difference between I/R and sham, # indicated difference between antagomiR-34a-5p between antagomir; *P < 0.05, **P <

0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001).

regulated by miR-34a-5p mimics (***P < 0.001), and elevated
upon miR-34a-5p inhibitor overexpression. Similarly, NOTCH1
expression was decreased in H/R-stimulated H9C2 cells, while
transfection with miR-34a-5p inhibitor increased NOTCH1 ex-
pression (Fig. 4D). Consistent with our in vitro results, expres-
sion of NOTCH1 was down-regulated in cardiomyocytes of I/R
rats, andmiR-34a-5p inhibition increased the expression (Fig. 4D),
showing a negative correlation with that of miR-34a-5p. There-
fore, miR-34a-5p negatively regulated NOTCH1 expression in
both myocardial I/R injury rats and in H/R-stimulated H9C2 cells.

3.5 Effects of miR-34a-5p inhibition on H/R-induced H9C2
through targeting NOTCH1

We designed six groups of H9C2 cell models: (1) control, (2)
H/R, (4) H/R + NC-inhibitor, (4) H/R + miR-34a-5p-inhibitor, (5)
H/R + miR-34a-5p-inhibitor + si-NC, and (6) H/R + miR-34a-
5p-inhibitor + si-NOTCH1. It was found that activities of LDH
(Fig. 5A) and CK (Fig. 5B) demonstrated a dramatic increase un-
der H/R condition and a decrease under transfectionwithmiR-34a-
5p-inhibitor. Moreover, treatment using si-NOTCH1 restored ac-
tivities of LDH (Fig. 5A) and CK (Fig. 5B) compared to H/R con-
ditions. MTT assay also showed that H/R-conditions inhibited cell
proliferation of H9C2, while the miR-34a-5p-inhibitor partially
restored cell viability in comparison to control (Fig. 5C). Mean-
while, treatment using si-NOTCH1 re-inhibited the cell viability
similar to that of H/R conditions (Fig. 5C). Western blot analy-
sis of NOTCH1 (Fig. 5D) demonstrated H/R conditions decreased
NOTCH1 expression, while miR-34a-5p-inhibitor increased the

expression. Similarly, si-NOTCH1 overexpression decreased the
expression of NOTCH1 again to that of H/R (Fig. 5D). ROS pro-
duction induced by H/R conditions was decreased under transfec-
tion with miR-34a-5p-inhibitor (Fig. 5E), while si-NOTCH1 re-
moved the inhibitive capability of miR-34a-5p-inhibitor on ROS,
which showed almost the same ROS level compared to that of H/R
(Fig. 5E). These results indicate that NOTCH1 knockdown elim-
inated the protective effect of miR-34a-5p inhibition against H/R
induced H9C2, decreased cell viability and increased ROS accu-
mulation. Apoptosis-related proteins were also increased under
H/R condition; again, this was decreased by miR-34a-5p inhibitor
and subsequently restored under H/R conditions by si-NOTCH1
(Fig. 6A). The protein level of Bcl-2 was decreased under H/R
condition, as well as increased by miR-34a-5p-inhibitor and sub-
sequently restored to H/R conditions by si-NOTCH1 (Fig. 6A).
Flow cytometry confirmed that the increased apoptosis rate in
HG/R-induced H9C2 cells was significantly decreased upon pre-
treatment with miR-34a-5p-inhibitor, and si-NOTCH1 removed
the restriction capability of miR-34a-5p-inhibitor on cell apoptosis
(Fig. 6B).

4. Discussion
To our knowledge, the expression pattern and functional role

of miR-34a-5p in the process of myocardial I/R have not yet been
reported. Here, we examined the myocardia of myocardial I/R in-
jury rats and H/R-stimulated H9C2 cells. We found that miR-34a-
5p was upregulated in both I/R injury models. In animal model,
miR-34a-5p suppression was found to down-regulated the infarct
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Figure 2. Functional role of miR-34a-5p in ROS and cell apoptosis of myocardial I/R injury rats. (A) ROS level in sham, I/R, I/R with antagomiR
control and antagomiR-34a-5p rats were determined by FACS. (B) TUNEL and DAPI staining of cell apoptosis in sham, I/R, I/R with antagomiR
control and antagomiR-34a-5p rats. (N = 4, n = 10; Unpaired t test; * represented difference between I/R and sham, # indicated difference
between antagomiR-34a-5p between antagomir; *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001).

volume of heart tissues, inhibit apoptosis and decrease ROS accu-
mulation. Furthermore, the protective impact of miR-34a-5p in-
hibitor was validated in a cellular H/R model. Interestingly, the
protective impact of miR-34a-5p inhibitor was abrogated by si-
NOTCH1, suggestingmiR-34a-5p promotedmyocardial I/R injury
by inhibiting NOTCH1-mediated scavenging of ROS and apopto-
sis.

MI (Tariq et al., 2016), and myocardial I/R is a severely clin-
ical consequence related to high mortality (Kenny et al., 2011;
Valikhnovs'kyi, 2009). In order to develop effective therapeutic
strategies to improve MI prognosis (Marenzi et al., 2016), elucida-
tion of the molecular mechanisms of I/R is urgent needed (Hashmi
and Al-Salam, 2015). In this study, we carried out research into the
protective role of miR-34a-5p inhibition against myocardial I/R in-
jury and uncovered the mechanism involved by way of models of
I/R injury rats and H/R stimulated H9C2 cells. We confirmed that
miR-34a-5p was upregulated in in vivo and in vitro models, con-
firming similar previously reported findings of Fu et al Fu et al.
(2017). Consistent with Fu et al Fu et al. (2017), we found that
through negative regulation of SIRT1 signaling, miR-34a plays a

pivotal role in triggering myocardial I/R injury. Furthermore, our
study illustrates that miR-34a suppression significantly inhibits
cell apoptosis and infarct size induced by myocardial I/R.

There are a variety of complex pathophysiological alterations
related to myocardial I/R injury. Accumulating evidence has re-
vealed that excess production of ROS is a critical factor in the gene-
sis of reperfusion injury, which occurs during the early reperfusion
phase following ischemia (Granger and Kvietys, 2015; Kalogeris
et al., 2014). Importantly, ROS accumulation with oxidative stress
not only impairs cells via protein oxidation and DNA damage (Cai
et al., 2016), but it also exacerbates the infarct region and tissue in-
jury by inducing cell death (Wong et al., 2008). Therefore, strate-
gies targeting the inhibition of ROS generation may represent an
effective therapeutic intervention against myocardial I/R-induced
organ dysfunction and tissue damage (Poljsak, 2011). Here, both
I/R and H/R conditions increased ROS levels in rats and cell mod-
els respectively. Similarly, miR-34a-5p suppression decreased
ROS accumulation, indicating potential role in ameliorating the
tissue damage induced by I/R injury. Release of LDH and CK
are usually considered as a marker of myocardial I/R injury re-
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Figure 3. Functional role of miR-34a-5p on H/R stimulated cells. (A) miR-34a-5p expression in control, H/R stimulated H9C2 cells, H/R with
NC-inhibitor and miR-34a-5p-inhibitor pretreated H9C2 cells determined by qRT-PCR. (B) The activity of LDH was determined in control, H/R
stimulated H9C2 cells, H/R with NC-inhibitor and miR-34a-5p-inhibitor pretreated H9C2 cells. (C) The activity of CK (left) and cell viability
(B) was determined in control, H/R stimulated H9C2 cells, H/R with NC-inhibitor and miR-34a-5p-inhibitor pretreated H9C2 cells. (D) The
ROS in control, H/R stimulated H9C2 cells, H/R with NC-inhibitor and miR-34a-5p-inhibitor pretreated H9C2 cells were determined by FACS.
(E) Effect of H/R condition and miR-34a-5p-inhibitor on the cell apoptosis determined by flow cytometer. (F) Effect of H/R condition and
miR-34a-5p-inhibitor on cleaved-caspase 3, cleaved-caspase 9, Bax and Bcl-2 expression determined by immunobloting. ( N ≥ 3; Unpaired
t test; * represented difference H/R and control, # indicated difference between miR-34a-5p-inhibitor and NC-inhibitor; ***P < 0.001; #P <

0.05, ##P < 0.01, ###P < 0.001).
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Figure 4. miR-34a-5p negatively regulated expression of NOTCH1. (A) The predicted binding site for miR-34a-5p in 3'UTR of NOTCH1 and
the mutations in the binding site are shown in the left. Luciferase reporter assay of NOTCH1 3'UTR-wildtype and mutant with miR-34a-5p in
the right. (B) Effect of miR-34a-5p mimics and inhibitor on the mRNA expression of NOTCH1 determined by qRT-PCR. (C) Effect of miR-34a-5p
mimics and inhibitor on the protein expression of NOTCH1 determined by Western Blot. (D) Effect of miR-34a-5p inhibitor pretreated H9C2
cells (left) and antagomiR-34a-5p treatment rats (right) on the protein expression of NOTCH1. (N ≥ 3; Unpaired t test; * represented difference
between miR-34a-5p and NC mimic; **P < 0.01, ***P < 0.001).

lated to infarct size (Kaur et al., 1997; Sharma and Singh, 2000).
In our study, I/R increased infarct size, and both I/R and H/R in-
creased LDH and CK activity in rats and H9C2 cells. In addition,
antagomiR-34a-5p and miR-34a-5p-inhibitor decreased LDH and
CK activities induced by I/R and H/R. These pathological alter-
ations were coupled with the activation of NOTCH1 signaling.
Studies have demonstrated that NOTCH1 promotes expression of
manganese superoxide dismutase, decreases ROS production and
thus ameliorates myocardial injury (Das et al., 2012; Duan et al.,

2012) by activation of JAK2/STAT3 signaling. Given the benefi-
cial effects induced by the reduction of oxidative/nitrative stress,
blockade of NOTCH1 pathway ameliorates heart tissue damage af-
ter reperfusion, thereby conveying cardioprotective effects in my-
ocardial I/R (Pei et al., 2013, 2015). Given these collective find-
ings, we speculate that the NOTCH1 signal pathway might be as-
sociated with the cardioprotective action of miR-34a-5p inhibition
on myocardial I/R injury.

As critical characteristic of I/R injury, apoptosis rate deter-
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Figure 5. Protective effect of miR-34a-5p inhibition on H/R induced H9C2 through targeting NOTCH1. (A) Effect of miR-34a-5p inhibitor and
si-NOTCH1 on the activity of LDH in H/R stimulated H9C2 cells. (B) Effect of miR-34a-5p inhibitor and si-NOTCH1 on the activity of CK in
H/R stimulated H9C2 cells. (C) Effect of miR-34a-5p inhibitor and si-NOTCH1 on the cell viability in H/R stimulated H9C2 cells determined
by MTT. (D) Effect of miR-34a-5p inhibitor and si-NOTCH1 on the protein expression of NOTCH1 in H/R stimulated H9C2 cells. (D) Effect of
miR-34a-5p inhibitor and si-NOTCH1 on ROS accumulation in H/R stimulated H9C2 cells. (N ≥ 3; Unpaired t test; * represented difference
between siNOTCH1 and si-NC; **P < 0.01, ***P < 0.001).

mines the degree of injury sustained (Liu et al., 2017). Myocar-
dial cells apoptosis has been found to exhibit vital effects on car-
diac remodeling pathophysiology post-I/R treatment (Krijnen et
al., 2002). Inhibition of myocardial cell apoptosis may not only
improve myocardial function after I/R injury, but it may also delay
the myocardial remodeling process (Zeng et al., 2016). Our study
found that miR-34a-5p inhibition dramatically inhibited cell apop-
tosis in myocardial I/R injury models. Bcl-2 family regulates cell
apoptosis (Faiao-Flores et al., 2013), including anti-apoptotic Bcl-
2 (Lazou et al., 2006) and the pro-apoptotic Bax (Mayer and Ober-
bauer, 2003). Increase of Bcl-2 inhibits apoptosis with decrease
of Bax (Rybnikova et al., 2006). Other well-known pro-apoptotic

proteins include caspase-3 and -9 (Budihardjo et al., 1999). Many
researches have reported that the activation of caspase-3/-9 is re-
lated to I/R injury-induced cell apoptosis (Liu et al., 2015; Namura
et al., 1998; Noh et al., 2010). As demonstrated in our study, miR-
34a-5p inhibition decreased Bax and caspase-3/-9 while increased
Bcl-2, thus inhibiting apoptosis and tissue damage following I/R
injury. In addition, Bcl-2 family proteins also regulates oxidative
stress-triggered apoptosis and contributes to the development of
cardiovascular diseases (Xue et al., 2014). Through antioxidant
and anti-apoptotic dependent pathways (Britto et al., 2018), miR-
34a-5p inhibition is protective against myocardial I/R injury. Lo-
cal delivery of antagomir therapeutics has shown significant thera-
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Figure 6. Effect of miR-34a-5p inhibitor and si-NOTCH1 on cell apoptosis. (A) Effect of miR-34a-5p inhibitor and si-NOTCH1 on the the
expression of cleaved-caspase 3, cleaved-caspase 9, Bax and Bcl-2 in H/R stimulated H9C2 cells determined by Western Blot. (B) Effect of
miR-34a-5p inhibitor and si-NOTCH1 on cell apoptosis in H/R stimulated H9C2 cells determined by flow cytometer. (N ≥ 3; Unpaired t test;
* represented difference between H/R + miR-34a-5p inhibitor and H/R + NC inhibitors or H/R + miR-34a-5p inhibitor + siNOTCH1 and H/R
+ NC inhibitors + si-NC; ***P < 0.001).

peutic effects in myocardial I/R injury (Kwekkeboom et al., 2016).
Further studies of blood samples of myocardial I/R injury patients
should be undertaken to gain further investigation of miR-34a-5p
in clinical practice.

In conclusion, miR-34a-5p inhibition promoted cell viability
and suppressed apoptosis of myocardium, consequently prevent-
ing tissue damage induced by reperfusion. Reducing ROS ac-
cumulation may be another strategy mediated through the anti-
apoptotic effect of miR-34a-5p suppression. This study may pro-
vide a better understanding of the mechanisms underlying myocar-
dial I/R injury, as well as identifying potential targets for its per-
sonalized treatment.
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