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A B S T R A C T

Aims: Clinical treatment strategies for patients with myocardial ischemia typically include coronary artery re-
canalization to restore myocardial blood supply. However, myocardial reperfusion insult often induces oxidative
stress and inflammation, which further leads to apoptosis and necrosis of myocardial cells. Increasing evidence
suggests that microRNAs (miRNAs) participate in the pathological and physiological processes associated with
myocardial ischemia reperfusion.
Main methods: In this study, we established a myocardial H/R H9C2 cell model and a mouse I/R model to detect
molecules implicated in myocardial I/R regulation and to determine the underlying signal transduction path-
ways.
Key findings: Herein, we showed that the expression of miR-374a-5p decreased in a myocardial cell model (H9C2
cells) of hypoxia/reoxygenation (H/R) and mouse model of ischemia/reperfusion (I/R). Alternatively, over-
expression of miR-374a-5p was found to ameliorate myocardial cell damage within both in vivo and in vitro
models of ischemia. Further, mitogen-activated protein kinase 6 (MAPK6) was identified as a direct target of
miR-374a-5p. Thus, by targeting MAPK6, miR-374a-5p was found to negatively regulate MAPK6 expression.
However, up-regulation of MAPK6 functioned to inhibit the previously observed protective effect of miR-374a-
5p in the H9C2 H/R model.
Significance: Taken together, our study suggests that miR-374a-5p may have protective effects against cardiac I/
R injury in vivo, and H/R injury in vitro, thereby providing novel insights into the molecular mechanisms as-
sociated with ischemia/reperfusion injury and a potential novel therapeutic target.

1. Introduction

Restoring blood flow to ischemic myocardium is one of the most
common treatment strategies for ischemic heart disease [1]. Restora-
tion of blood flow minimizes damage caused by the infarct, thus re-
ducing the rate of mortality. However, sudden return of blood flow may
result in extra cardiovascular trauma, referred to as reperfusion injury
[2], which can lead to serious consequences, including myocyte apop-
tosis and necrosis, and cardiac arrest [2]. Moreover, the efficacy of
myocardial ischemia therapy is affected by the presence of ischemia/
reperfusion injury (IRI) [2].

The molecular mechanisms associated with myocardial ischemia/
reperfusion (I/R) have recently become a major focal point in research.
MicroRNAs (miRNAs) are short, highly conserved, non-coding RNA
fragments [3] that negatively regulate gene expression via splicing of

mRNAs, effectively inhibiting protein translation. MiRNAs are widely
used for gene regulation after transcription [4]. MiRNAs can regulate
30–80% of the genes in the human genome and are, therefore, potential
molecular targets for many human diseases [5]. MiRNAs have also been
implicated in cardiac IRI [6]. Further, they have been shown to nega-
tively regulate post-transcriptional gene expression of cytokines, che-
mokines, stress proteins, and intercellular adhesion molecules, all of
which are up-regulated in the tissues surrounding cardiac lesions fol-
lowing I/R [7,8]. Particularly, miR-374a-5p, a highly conserved se-
quence, was demonstrated to regulate inflammatory responses by tar-
geting MCP-1 expression in diabetic nephropathy [9], and protect
against chemical hypoxia-induced injury in PC12 cells via the
GADD45α/JNK signaling pathway [10]. These findings suggest that
miR-374a-5p may play an important role in inflammatory injury con-
trol. However, little is known about the relationship between
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cardiomyocyte injury and miR-374a-5p under IRI conditions.
Mitogen-activated protein kinase (MAPK) signaling pathways are

involved in the regulation of various cellular processes, including cell
differentiation, development, apoptosis, and survival by regulating the
membrane-nucleus signal transduction system [11]. Increasing evi-
dence has shown that MAPK signaling pathways are activated in the
liver [12], kidney [13], brain [14], and heart [15] during I/R injury. In
vitro evidence shows that modulation of the MAPK signaling pathway
reduces hypoxic injury [16]. As a member of MAPK signaling, over-
expression of MAPK6 could promote cell apoptosis induced by hypoxia/
reoxygenation (H/R) [17]. However, the effects of MAPK6 on cardio-
myocytes have not been investigated, and it remains unclear whether
MAPK6, a direct target of miR-374a-5p, participates in the regulation of
myocardial IRI.

Thus, in this study, we established a myocardial H/R H9C2 cell
model and a mouse I/R model to detect molecules implicated in

myocardial I/R regulation and to determine the underlying signal
transduction pathways. We sought to explore the possible molecular
mechanisms employed by miR-374a-5p and MAPK6 in myocardial IRI.

2. Materials and methods

2.1. Experimental animals

Forty healthy c57BL6/J male mice weighing 18–22 g were pur-
chased from Guangdong Medical Laboratory Animal Center. They were
raised in an SPF environment, with 12 h light/dark cycles, and constant
and suitable temperature (25 °C) and humidity (60%). All experiments
were approved by the Administrative Panel on Laboratory Animal Care
of the 3rd Affiliated Hospital at the Guangzhou Medical University. All
procedures were conducted in accordance with the Care and Use of
Laboratory Animals issued by the Chinese Association for Laboratory

Fig. 1. MiR-374a-5p expression is down-regulated in is-
chemic/reperfused (I/R) myocardial tissue and hypoxic/re-
oxygenated (H/R) cardiomyocytes.
(A) Myocardial miR-374a-5p is down-regulated in myo-
cardial tissue subjected to I/R injury. (B) The expression
level of miR-374a-5p level in H9C2 cells decreased following
exposure to H/R. Data are presented as the means± SEM;
unpaired t-tests were performed; ***P < 0.001; n=8.

Fig. 2. Up-regulation of MiR-374a-5p protects against myocardial ischemia/reperfusion injury.
(A) Representative image of HE staining. (B) Statistical representation of the injury score. (C) Representative TUNEL staining image of the myocardial tissue slices.
(D) Statistical representation of the apoptosis rate. (E) Serum CK activity level. (F) Serum LDH activity level. Compared with the Sham group, **P < 0.01,
***P < 0.001; compared with the I/R+AAV-SC group, #P < 0.05, ##P < 0.01; n=6.
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Animal Care.

2.2. Establishment of a myocardial IRI model

The left anterior descending coronary artery (LAD) was ligated to
establish an I/R mouse model, as previously described [18]. Briefly,
mice were anesthetized with 2% isoflurane (RWD, Shenzhen, oxygen
flow speed 1 L/min). A 6–0 silk suture slipknot was placed around the
LAD, and the slipknot was released after 30min to allow reperfusion
following myocardial ischemia, to induce cardiac IRI. Buprenorphine
hydrochloride (Sigma Aldrich, USA) was subcutaneously administered
as an intraoperative analgesic (0.05mg/kg). For the sham-operation, an
identical surgical procedure was performed, save for the LAD ligation.

Five percent glucose (0.5–1.0mL) was subcutaneously injected to pre-
vent dehydration after the operation. Tissue samples were collected
24 h following induction of I/R.

2.3. Cell cultures and H/R treatment

H9C2 cells were purchased from the Chinese Academy of Sciences
Shanghai Cell Bank (Catalog number GNR 5) and were maintained in
Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL strep-
tomycin, and incubated at 37 °C with 5% CO2. To establish a cellular H/
R model, serum/glucose-free DMEM was used. Cells were cultured in
anaerobic conditions (94% N2, 5% CO2, and 1% O2) and maintained at

Fig. 3. Over-expression of miR–374a-5p protect H9C2 cells from hypoxia/reoxygenation induces injury.
(A) Apoptosis in H9C2 cells was analyzed using Annexin V-FITC staining assay. (B) Statistical representation of apoptosis rates. (C) TUNEL assays were employed to
evaluate the level of apoptosis in H9C2 cells (D) Statistical representation of TUNEL positive cells. (E) Cellular supernatant CK activity. (F) Cellular supernatant LDH
activity. Compared with the control group, **P < 0.01, ***P < 0.001; compared with the H/R+miR-NC group, #P < 0.05, ##P < 0.01; n=7.
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37 °C for 4 h. The cells were then transferred to the normoxic incubator
for 4 h to undergo reoxygenation. Cells under normoxic conditions
served as a control.

2.4. Real-time polymerase chain reaction (PCR)

TRIzol reagent (Invitrogen, USA) was used to extract total RNA from
cardiac tissues or myocardial cells. The primer sequences were designed
based on cDNA sequences obtained from GenBank. A cDNA Synthesis
Kit (TaKaRa, Japan) was used to reverse transcribe 2 μg of RNA into
cDNA. Quantitative PCR (qPCR) was performed using the MiniOpticon
qPCR detection system (Bio-Rad Laboratories). The 2−ΔΔCT method was
adopted to calculate the relative quantification.

2.5. In vivo and in vitro transfection

The AAV-EF1a-hsa-mir-374a-5p-eGFP virus vector was designed by
Obio Technology (Shanghai). The reference sequence for miR-374a-5p
was: 5′-UUAUAAUACAACCUGAUAAGUG-3′. The AAV vector packed
with a scrambled control (AAV-SC) sequence served as a control. Two
weeks prior to I/R modeling, 8× 1012 AAV vector particles were in-
travenously injected into the tail vein of the experimental mice.

Lipofectamine™ 2000 (Invitrogen, USA) was employed to transfect
miR-374a-mimic or its negative control (NC) into H9C2 cells, respec-
tively, according to the manufacturer's instructions. Both, miR-374a-
mimic and miR-NC, were purchased from GeneChem, Shanghai, China.
Following incubation at 37 °C and 5% CO2 for 6 h, the transfection ef-
ficiency was verified. Transfected cells were collected for H/R exposure.

The MAPK6 sequence was sub-cloned into a pcDNA3.1 vector
(Invitrogen, USA) to construct pcDNA3.1-MAPK6-GFP (pcDNA-
MAPK6), and an empty pcDNA3.1 (pcDNA-SC) was transfected as a
control. Both the pcDNA-MAPK6 and pcDNA-SC vectors were synthe-
sized by GenePharma, Shanghai, China. The transfection was per-
formed in the same manner as that described for miR-274a.

2.6. Morphological analysis of apoptosis

Hearts were fixed with 10% buffered formalin for histopathological
examination.

After dehydration and paraffin embedding, 4-μm paraffin sections
were prepared and stained with hematoxylin-eosin (HE). The injuries
were assessed and scored using an optical microscope (Olympus,
Japan). The TUNEL apoptosis determination kit (Beyotime, Jiangsu,
China) was used to detect apoptotic cells in myocardial tissue and H9C2
cells according to the manufacturer's instructions. The Image J cell
counting program was used for cell quantification.

2.7. Activity of lactate dehydrogenase (LDH) and creatine kinase (CK)

Blood samples and cell supernatants were collected for quantifica-
tion of LDH and CK using commercially available ELISA kits (Jianchen,
Nanjing, China).

2.8. Western blot analysis

Chilled RIPA lysis buffer (Beyotime, Jiangsu, China) was added to

Fig. 4. MAPK6 is a target gene of miR-374a-5p.
(A) The predicted target sequences for miR-374a-5p in the MAPK6 3′ UTR. (B) Luciferase reporter assays were conducted to prove that miR-374a-5p directly binds
with the wide type (WT) site of MAPK6. (C) Expression of MAPK6 following exposure of H9C2 cells to three I/R or H/R processes. (D) mRNA and (E) protein levels of
MAPK6 in H9C2 cells, transfected with miR-374a-5p-mimic or a scramble control. ns, not significant; *P < 0.05, **P < 0.01; n=6.
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cardiac tissues and H9C2 myocardial cells. Cell and tissue lysates were
separated using 10% SDS-PAGE and transferred to nitrocellulose
membranes and probed with primary antibodies specific for MAPK6
(1:1000, ab53277, Abcam), and GAPDH (1:500, ab181602, Abcam,
Cambridge, MA, USA) overnight at 4 °C. After washing, the membranes
were treated with the corresponding secondary antibodies and in-
cubated for 1 h at 25 °C. GAPDH was used as an internal control. The
western blots were visualized using Bio-Rad VersaDocTM imaging
system (Bio-Rad Laboratories, Freiburg, Germany).

2.9. Flow cytometric analysis

Cells were treated with 0.25% trypsin (Boster, Wuhan, China) and
collected in tubes. They were then centrifuged and washed thrice with
PBS. According to the instructions in the Annexin-V-FITC cell apoptosis
detection kit (BioVision, Milpitas, CA, USA), FITC and PI fluorescence
was quantified via FACS analysis.

2.10. Cleaved-caspase-3 immunofluorescent staining

The H9C2 cells were placed on coverslips, rinsed thrice with PBS
and fixed with 4% paraformaldehyde for 30min. The cells were then
permeabilized with PBS containing 0.5% Triton X-100 for 15min. The
cleaved caspase-3 antibody (AC033, Beyotime, Jiangsu, China) was
applied to the coverslip and incubated in a wet box overnight at 4 °C.

After washing three times with PBS, the fluorescent secondary antibody
(1:500, Beyotime, China) was added and incubated for 1 h in the wet
box at 25 °C. Following three additional washes with PBS, the DAPI
mounting solution (Vector, USA) was added to stain the nuclear com-
partment. The immunoreactive cultured cells were observed using a
fluorescence microscope (Olympus, Japan).

2.11. Dual-luciferase reporter gene assay

Reporter assays were performed with 293T cells, which were
transfected with either wild type or mutant reporter plasmids and either
miR-374a-5p mimic or the negative control. The resulting Firefly and
Renilla luciferase activity were measured 48 h post-transfection using
the Dual-Glo™ Luciferase Assay System, according to manufacturer's
instructions (Promega, Wisconsin, USA).

2.12. Statistical analysis

Data are presented as the mean ± SEM. Unpaired two-tailed t-test
was used for comparison between two groups. Two-way ANOVA with
multiple comparisons between groups was performed to compare
multiple groups, followed by Bonferroni's post hoc test. GraphPad Prism
7.0 was used to perform all analyses. P values< 0.05 were considered
to be significant.

Fig. 5. miR-374a-5p confers its protective effects on H9C2 cells by targeting MAPK6.
H9C2 cells were co-transfected with miR-374a-5p-mimic or pcDNA-MAPK6, and subjected to hypoxia or not. (A) Annexin V-FITC/PI-FCM staining in H/R exposed
H9C2 cells. (B) Apoptosis rate in H/R H9C2 cells. (C) Cleaved-caspase-3 immunofluorescence staining (D) Statistical representation for the relative expression of
cleaved-caspase-3 in H9C2 cells. Compared with the control + miR-NC+pcDNA-SC group, ***P < 0.001; compared with the H/R+miR-NC+pcDNA-SC group,
##P < 0.01; compared with the H/R+miR-374a-5p-mimic + pcDNA-SC group, $$P < 0.01; n=8.
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3. Results

3.1. MiR-374a-5p expression was down-regulated in I/R myocardial tissue
and H/R cardiomyocytes

Various miRNAs were detected in the myocardial tissues, including
miR- 15a/b [19], miR-21 [20], and miR-101 [21], validating the suc-
cessful establishment of the I/R and H/R models (data not shown). To
gain an insight into the role of MiR-374a-5p, the expression levels of
miR-374a-5p in I/R myocardial tissue and H/R cardiomyocytes were
determined via qPCR. As shown in Fig. 1, miR-374a-5p was found to be
significantly down-regulated in the hearts of mice following I/R
(Fig. 1A). MiR-374a-5p was similarly down-regulated in H9C2 myo-
cardial cells under H/R conditions (Fig. 1B).

3.2. MiR-374a-5p overexpression protects against myocardial IRI

To examine whether up-regulation of miR-374a-5p protects against
myocardial IRI, we packed an adeno-associated virus with miR-374a-5p
plasmids (AAV-miR-374a-5p) and injected the vectors into the tail vein
of mice 3 weeks prior to performing the I/R operation. The HE staining
results revealed that the study group that received the sham operation
had normal myocardial tissue structure (Fig. 2A). However, in the I/R
group, the myocardial fiber structure was damaged, vascular walls were
broken, and hemocyte infiltration was apparent. The experimental
group that received pre-injection with AAV-miR-374a-5p exhibited
mild tissue damage; however, the degree of myocardial tissue de-
struction in the IR+AAV-SC group was similar to that of the untreated
I/R group (Fig. 2B). We also used TUNEL staining to detect myocardial
cell apoptosis (Fig. 2C and D). Mice myocardium subjected to IRI de-
monstrated a significant increase in the abundance of TUNEL-positive/
apoptotic cells, the level of which was seen to decrease following
treatment with the miR-374a-5p vector (Fig. 2D). In addition, miR-
374a-5p overexpression caused significant reduction in the serum levels
of active CK (Fig. 2E) and LDH (Fig. 2F) in mice subjected to IRI.

3.3. Up-regulation of miR-374a-5p had a protective role against H/R injury

To investigate whether the up-regulation of miR-374a-5p protects
H9C2 cardiomyocytes from H/R-induced apoptosis, cells were stained
with Annexin V-FITC/PI (Fig. 3A). The results revealed a significant
increase in apoptosis in the H/R group compared with the control,
whereas the apoptotic rates were markedly reduced in H9C2 cells that
were pre-transfected with the miR-374a-5p-mimic (Fig. 3B). TUNEL
staining was used to quantitatively characterize the apoptosis of H9C2
cells and similar results were obtained as above (Fig. 3C, D). We also
quantified the level of CK and LDH released into the cellular super-
natants to determine the severity of injury experienced by the cardio-
myocytes. As shown in Fig. 3E and F, the levels of CK and LDH were
markedly increased in H/R-exposed cells, respectively. However, pre-
transfection with the miR-374a-5p-mimic significantly reduced the ac-
tivity levels of CK and LDH, indicating that miR-374a-5p may exert
protective effects in H9C2 cells against H/R injury.

3.4. MAPK6 expression in myocardial cells is a direct target of miR-374a-
5p

To explore the mechanism by which miR-374a-5p mitigates IRI, we
predicted potential molecular targets based on TargetScan. MAPK6
were predicted as a potential target of miR-374a-5p. Further, bioin-
formatics predictions suggested that the 3′-UTR of MAPK6 mRNA
contains putative binding sites for the miR-374a-5p seed sequence
(Fig. 5C). Therefore, we constructed a dual luciferase reporter plasmid
(pmirGLO- MAPK6 3′-UTR) encoding the mice MAPK6 3′-UTR that
contained the miR-374a-5p binding site. This reporter plasmid (with
wild type [Wt] or mutant [Mut] 374a-5p 3′-UTR) was co-transfected

with miR-374a-5p-mimic into 293 T cells, and luciferase activity was
assessed 48 h following transfection. Results revealed that up-regula-
tion of miR-374a-5p significantly repressed luciferase activity in 293 T
cells transfected with the wild type MAPK6 3′-UTR (Fig. 5D). This
suggests that miR-374a-5p may have inhibited MAPK6 expression
through direct binding to its 3′-UTR. Moreover, western blot analysis
results also revealed that MAPK6 protein expression was significantly
up-regulated in the I/R and H/R groups (Fig. 4A, B). However, the
results from our qPCR and western blot analyses indicated that the
mRNA and protein levels of MAPK6, respectively, were significantly
down-regulated following transfection of H9C2 cells with miR-374a-5p-
mimic (Fig. 4D and E, P<0.01).

3.5. miR-374a-5p confers its protective effects on H9C2 cells by targeting
MAPK6

The expression levels of miR-374a-5p and MAPK6 were simulta-
neously overexpressed via transfection, after which Annexin V-FITC/PI-
FCM and cleaved-caspase-3 staining were performed and analyzed. As
shown in Fig. 4A and B, when compared with the miR-374a-5p-
mimic+ pcDNA-SC group, the apoptosis rate in H9C2 cells transfected
with the miR-374a-5p-mimic + pcDNA-MAPK6 was significantly in-
creased (P < 0.01). In addition, the activation of caspase-3 was sig-
nificantly promoted in the miR-374a-5p-mimic + pcDNA-MAPK6
group, as compared with the miR-374a-5p mimic + pcDNA-SC group
(P < 0.001, Fig. 4C and D). These results suggest that miR-374a-5p
was unable to protect H9C2 cells against H/R injury when MAPK6 was
overexpressed.

4. Discussion

To our knowledge, this is the first study to provide evidence de-
monstrating that miR-374a-5p expression may be mediated by IRI, and
that its expression may serve a protective role against cardiac IRI in vivo
and in vitro. Moreover, our results show that miR-374a-5p confers its
protective effects by targeting MAPK6.

Myocardial IRI has a complicated pathophysiological mechanism
and a profound impact on the global burden due to heart disease [22].
Further, the expression of miRNAs has often been found to be altered in
the presence of pathological stimulation, tissue damage, or disturbances
in the surrounding tissue environment [23,24]. An increasing number
of studies have found that miRNAs are involved in regulating IRI
[6,25]. Recent studies have also revealed that miR-374a-5p has an
important role in tumor immunology [26], tumorigenesis [27], and
inflammation [28]. However, the biological role that miR-374a-5p
plays in cardiac myocytes remains poorly understood. Our results re-
vealed that the expression level of miR-374a-5p decreased in H9C2 cells
following exposure to H/R conditions, and within myocardial cells in
the mouse I/R model, indicating its potential protective effect in IRI.
Our study shows that up-regulation of miR-374a-5p could protect car-
diac cells from apoptosis both in vivo and in vitro by TUNEL staining.
The level of CK and LDH is a sensitive index for evaluating the myo-
cardial cell injury and membrane integrity [29], since the enzymes can
leak out of cells upon H/R or I/R-induced cell membrane damage. Thus,
the decrease in release of CK and LDH in serum and cell supernatant
upon up-regulation of miR-374a-5p further validate the cardioprotec-
tive role of the miRNA in vivo and in vitro.

An emerging role for the MAPK pathway in the molecular response
to cardiac damage has also been demonstrated in recent studies
[30,31]. Specifically, the MAPK pathway has been shown to have an
essential role in the pathogenesis of cardiovascular diseases including,
atherosclerosis [32], myocardial ischemia [33] and myocardial hyper-
trophy [34]. Further, Hao et al. has identified MAPK6 as the functional
target gene of miR-133a-5p in apoptosis induced by hepatic H/R [17].
However, since the miRNA-mediated effects on gene expression and
cellular functions are cell specific, it was unclear whether MAPK6
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continued to function as a target gene for miR-374a-5p in cardiac
myocytes during the process of H/R. Our results, however, clearly de-
monstrate that MAPK6 expression was regulated by miR-374a-5p in
cultured cardiac myocytes. Thus, our study verifies that MAPK6 is a
functional target gene of miR-374a-5p, which may account for the
observed miR-374a-5p-mediated cardio-protective effects. Rescue ex-
periments also demonstrated that the protective effect of miR-133a-5p
was lost when MAPK6 was simultaneously overexpressed. Further in-
vestigations to examine the molecular mechanism implicated in
MAPK6-regulated apoptosis as well as those employed by miR-374a-5p
will be the focus of our future studies.

In the present study, although our cardiac in vivo and in vitro models
could controllably simulate the pathogenesis of IRI to elucidate the
mechanism implicated in the research, the limitation of H9c2 cardio-
myoblasts may have pathophysiologic characteristics different from
myocardial cells; this needs further investigation. The emergence of
cardiomyocytes derived from human induced pluripotent stem cells and
engineered cell culture platforms may provide more suitable tools for
establishment of cardiac IRI models [35] [36].

5. Conclusion

In conclusion, this study determined that miR-374a-5p was down-
regulated during the cardiac I/R process both in vivo and in vitro.
However, its up-regulation may serve to attenuate cell injury by tar-
geting MAPK6. These results describe a novel regulatory role for miR-
374a-5p following cardiac I/R, indicating a potential novel therapeutic
strategy for treating myocardial IRI.
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