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Abstract. Acute myocardial infarction (AMI) is a common 
cardiac disease. Long non‑coding RNA maternally 
expressed 3 (MEG3) is associated with cellular processes in 
numerous complicated diseases, including AMI. However, the 
mechanism underlying MEG3 in myocardial hypoxia is not 
completely understood. The present study aimed to investigate 
the underlying mechanism of MEG3 in myocardial hypoxia. 
The expression levels of hypoxia‑inducible factor 1α (HIF1α), 
MEG3, microRNA (miR)‑325‑3p, and transient receptor 
potential cation channel subfamily V member 4 (TRPV4) in 
hypoxia‑treated H9c2 cells were detected via reverse transcrip‑
tion‑quantitative PCR. The protein expression levels of HIF1α, 
Bcl‑2, Bax, cleaved caspase‑3 and TRPV4 were detected via 
western blotting. Cell viability and apoptosis were assessed by 
performing an MTT assay and flow cytometry, respectively. 
Lactate dehydrogenase (LDH) release was monitored by 
conducting an LDH determination assay. The Dual‑Luciferase 
reporter assay was performed to verify the targeted relationship 
between miR‑325‑3p and MEG3 or TRPV4. The expression 
levels of MEG3 and TRPV4 were significantly increased, 
whereas miR‑325‑3p expression levels were significantly 
decreased in hypoxic H9c2 cells compared with normoxic 
H9c2 cells. In addition, miR‑325‑3p was downregulated by 
MEG3 compared with the vector group, and miR‑325‑3p 
targeted TRPV4 in hypoxia‑treated H9c2 cells. The results 
indicated that MEG3 knockdown attenuated hypoxia‑stimu‑
lated injury in H9c2 cells by regulating miR‑325‑3p. TRPV4 

knockdown also mitigated hypoxia‑induced injury in H9c2 
cells via miR‑325‑3p. Furthermore, compared with the vector 
group, MEG3 increased TRPV4 expression in hypoxia‑treated 
H9c2 cells by sponging miR‑325‑3p. Collectively, the results 
of the present study suggested that MEG3 modulated TRPV4 
expression to aggravate hypoxia‑induced injury in rat 
cardiomyocytes by sponging miR‑325‑3p.

Introduction

Acute myocardial infarction  (AMI) is caused by acute 
and persistent ischemia, as well as hypoxia of the coronary 
artery (1). The mortality of AMI in China has increased to 
1 million per year in the past two decades based on an analysis 
of hospital data from 1990 to 2010 (2). Therefore, it is neces‑
sary to explore the regulatory mechanism underlying AMI 
development for the improvement of therapeutic strategies.

Long non‑coding RNAs (lncRNAs) are a form of long 
RNAs (>200  nucleotides) with no translation ability but 
an ability to affect gene expression at the transcriptional 
level  (3). A number of studies have demonstrated that 
lncRNAs are associated with the development of AMI. For 
example, lncRNA metastasis associated lung adenocar‑
cinoma transcript  1 facilitated AMI development via the 
miR‑320/phosphatase and tensin homolog axis (4). In addition, 
another study revealed that hypoxia stimulated the expression 
of Testis‑Specific Transcript, Y‑Linked 15 (TTTY‑15), and 
TTTY‑15 knockdown refrained hypoxia‑induced injury (5). 
Moreover, it has been reported that maternally expressed 3 
(MEG3) is associated with AMI development (6,7); however, 
the regulatory mechanism underlying MEG3 in AMI is not 
completely understood.

MicroRNAs (miRNAs/miRs), a type of small RNAs 
(~22 nucleotides) without translation capacity, negatively regu‑
late target genes expression by mediating mRNA degradation 
or repressing mRNA translation (8). A number of miRNAs 
have been identified to be involved in AMI development. For 
example, Chen et al (9) demonstrated that miR‑133 improved 
cardiac injury in AMI. In addition, another study indicated 
that miR‑145 downregulation in plasma was related to 
AMI (10) and miR‑325‑3p was also reported to participate in 
the development of AMI (11).
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Transient receptor potential cation channel subfamily V 
member 4 (TRPV4) is a gene locus on human chromosome 
12q24.11, which encodes a nonselective cation channel 
protein that is important for systemic osmotic pressure (12). 
Dysregulation of TRPV4 has been reported in AMI  (13). 
However, the regulatory mechanism underlying miR‑325‑3p 
and TRPV4 in AMI has not been previously reported. 
Therefore, the present study investigated the functions and 
mechanisms underlying MEG3 in hypoxia‑induced injury.

Materials and methods

Cell culture and treatment. The rat cardiomyocyte cell line 
(H9c2) was purchased from Procell Life Science & Technology 
Co., Ltd. and cultured in DMEM (Beijing Solarbio Science & 
Technology Co., Ltd.) supplemented with 10% FBS (Genetimes 
Technology, Inc.) in an incubator at 37˚C. H9c2 cells were 
divided into two groups: i) Normoxia group (cultured with 
95% air and 5% CO2); and ii) hypoxia group (cultured with 
94.5% N2, 5% CO2 and 0.5% O2).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA from H9c2 cells was extracted using TriQuick Reagent 
(Beijing Solarbio Science & Technology Co., Ltd.). Reverse 
transcription for lncRNAs and mRNAs was performed using 
AMV Reverse Transcriptase (Beijing Solarbio Science & 
Technology Co., Ltd.), whereas reverse transcription for 
miRNA was performed using the TaqMan miRNA kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Total RNA (1 µg), 
1 µl Oligo (dT), 0.5 µl dNTPs, 2 µl 5 X reaction buffer, 1 µl 
AMV Reverse Transcriptase and 4.5 DEPC H2O was mixed 
and followed by reverse transcription (42˚C for 60  min). 
Subsequently, qPCR was performed using SYBR® Premix 
Ex Taq II (Takara Biotechnology Co., Ltd.). The following 
parameters were used for qPCR: 1 cycle at 98˚C for 3 min, 
followed by 40 cycles for 15 sec at 94˚C, for 30 sec at 60˚C, 
and for 1 min at 72˚C. The expression of mRNA and miRNA 
were quantified using the 2‑ΔΔCq method (14) and normalized 
to the internal reference genes β‑actin and U6, respectively. 
The following primers (synthesized by BGI Group) were used 
for qPCR: HIF1α forward, 5'‑CTG​ACC​CTG​CAC​TCA​ATC​
AAG‑3' and reverse, 5'‑TGG​GAC​TAT​TAG​GCT​CAG​GTG‑3'; 
MEG3 forward, 5'‑GGC​AGG​ATC​TGG​CAT​AGA​GG‑3' and 
reverse, 5'‑CGA​GTC​AGG​AAG​CAG​TGG​GTT‑3'; miR‑325‑3p 
forward, 5'‑GCC​AGC​ACC​TTC​ACA​AAG​TAG​C and reverse, 
5'‑CCA​TGC​TAG​ACA​ACA​GCT​CTG‑3'; TRPV4 forward, 
5'‑CCC​GAG​AGA​ACA​CCA​AGT​TTG‑3' and reverse, 5'‑GAC​
CGT​CAT​TGT​TAA​GCA​CAG​TCT‑3'; β‑actin forward, 5'‑CGT​
TGA​CAT​CCG​TAA​AGA​CC‑3' and reverse, 5'‑TAG​AGC​CAC​
CAA​TCC​ACA​CA‑3'; and U6 forward, 5'‑CTC​GCT​TCG​GCA​
GCA​CA‑3' and reverse, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3'.

Western blotting. Total protein was extracted from H9c2 
cells using a protein extraction kit (Beyotime Institute of 
Biotechnology). Total protein was quantified using a bicincho‑
ninic protein assay kit (Beyotime Institute of Biotechnology). 
The protein samples (35  µg per lane) were separated via 
10% SDS‑PAGE and transferred onto PVDF membranes (EMD 
Millipore). The membranes were blocked in 5% skimmed 
milk for 4 h at 37˚C, and incubated for 12 h at 4˚C with the 

following primary antibodies (all purchased from Abcam): 
HIF1α (cat. no. ab51608, 1:400), Bcl‑2 (cat. no. ab196495, 
1:1,000), Bax (cat. no. ab104156, 1:1,000), cleaved caspase‑3 
(cat. no. ab2302, 1:1,000), TRPV4 (cat. no. ab39260, 1:1,000) 
and β‑actin (cat.  no.  ab8227, 1:1,000). Subsequently, the 
membranes were incubated with a secondary antibody goat 
anti‑rabbit IgG H&L (HRP) (cat.  no.  ab205718, 1:20,000; 
Abcam) for 2 h at 37˚C. Protein bands were visualized using 
an ECL kit (Beyotime Institute of Biotechnology). β‑actin was 
used as the loading control. Quantification of band intensities 
by densitometry was performed using the ImageJ software 
version (V1.8.0._172; National Institutes of Health).

Cell transfection. The small interfering siRNA targeted 
against MEG3 (si‑MEG3; 5'‑GCT​TCT​CGA​GGC​CTG​TCT​
ATT‑3'), siRNA targeted against TRPV4 (si‑TRPV4; 5'‑CGU​
GUC​CUU​CUA​CAU​CAA​TT‑3'), negative control  (NC) 
siRNA (si‑NC), miR‑325‑3p mimic (miR‑325‑3p), mimic 
NC (miR‑NC), miR‑325‑3p inhibitor (anti‑miR‑325‑3p) and 
inhibitor NC (anti‑miR‑NC) were purchased from Shanghai 
GeneChem Co., Ltd. The fragment of MEG3 was inserted 
into the pcDNA vector to construct the MEG3 overexpres‑
sion plasmid (MEG3). The blank load pcDNA vector was 
used as the negative control. Cells (4x105 cells/well) were 
transfected with siRNA (10  nM at final concentration), 
mimic (25 nM at final concentration), inhibitor (50 nM at 
final concentration), overexpression plasmid (4 µg) or equal 
amounts of NCs using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were replaced with 
fresh medium 6  h after transfection before the hypoxia 
group received hypoxia treatment for 24 h after transfection 
for subsequent experiments.

MTT assay. An MTT assay (Beijing Solarbio Science & 
Technology Co., Ltd.) was performed to detect H9c2 cell 
viability. H9c2 cells were seeded (5x103  cells/well) into a 
96‑well plate and incubated at 37˚C for 24 h. Then, 24 h 
after transfection, cells were incubated for 0, 24, 48 or 72 h 
in hypoxic conditions. Subsequently, cells were incubated 
with MTT for 4 h at 37˚C. DMSO was added to dissolve the 
formazan. The absorbance of each well was measured at a 
wavelength of 490 nm using a microplate reader.

Flow cytometry analysis of cell apoptosis. The Annexin V/prop‑
idium iodide cell apoptosis analysis kit (Wuhan Servicebio 
Technology Co., Ltd.) was utilized to assess H9c2 cell apop‑
tosis (early + late apoptosis). Briefly, H9c2 cells (1x106) were 
incubated in hypoxic conditions for 24 h and then resuspended 
in binding buffer. Subsequently, cells were incubated with 
Annexin V for 10 min at 37˚C in darkness and then stained 
with PI for 5 min at 37˚C in the dark. H9c2 cell apoptosis was 
assessed using an ACEA NovoCyte flow cytometer (2060R, 
ACEA; Agilent Technologies, Inc.) with ACEA NovoExpress 

software version 1.2.1 (ACEA; Agilent Technologies, Inc.).

Lactate dehydrogenase (LDH) determination assay. The 
LDH Activity Detection kit (cat.  no.  BC0685; Beijing 
Solarbio Science & Technology Co., Ltd.) was used to detect 
LDH release in H9c2 cells according to the manufacturer's 
instructions.
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Dual‑Luciferase reporter assay. The interaction between 
miR‑325‑3p and MEG3 or TRPV4 was predicted using LncBase 
Predicted (version 2; carolina.imis.athena‑innovation.gr/diana_
tools/web/index.php?r=lncbasev2%2Findex-predicted) or 
Targets can Human 7.1 (www.targetscan.org) online data‑
bases, respectively. The wild‑type (WT) and mutant (MUT) 
sequences of MEG3 or the 3'‑untranslated regions (3'‑UTRs) 
of TRPV4 were inserted into the pmirGLO vector (Hunan 
YouBio Medical Device Co., Ltd.) to construct WT‑MEG3, 
MUT‑MEG3, WT‑TRPV4‑3'UTR and MUT‑TRPV4‑3'UTR 
luciferase reports, respectively. H9c2 cells (4x105 cells/well) 
were co‑transfected with WT‑MEG3 (2 µg), MUT‑MEG3 
(2 µg), WT‑TRPV4‑3'UTR (2 µg) or MUT‑TRPV4‑3'UTR 
(2 µg) and miR‑325‑3p (25 nM at final concentration) or miR‑NC 
(25 nM at final concentration) using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). Cells were 
replaced with fresh medium 6 h after transfection before the 
hypoxia group received hypoxia treatment 24 h after transfec‑
tion for subsequent experiments. Luciferase activities were 
detected 48 h after transfection using the Dual‑Lucy Assay 
kit (Beijing Solarbio Science & Technology Co., Ltd.). Renilla 
luciferase activities were normalized as control.

Statistical analysis. Quantitative data from three independent 
repeats are presented as the mean ± SD. Comparisons between 
two groups or among multiple groups were analyzed using 
the unpaired Student's t‑test or one‑way ANOVA followed 
by Tukey's post hoc  test, respectively. Statistical analyses 
were performed using GraphPad Prism software (version 7; 
GraphPad Software, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

HIF1α expression levels are significantly increased in 
hypoxic H9c2 cells. To establish a hypoxic rat cell model, 
H9c2 cells were cultured in 0.5% O2 conditions. HIF1α is an 
indicator of hypoxia (15), thus the expression levels of HIF1α 
were detected in H9c2 cells after hypoxia treatment for 0, 24, 
48 or 72 h. The mRNA and protein expression levels of HIF1α 
were significantly increased in H9c2 cells after hypoxia 
treatment for 24, 48 and 72 h compared with normoxic H9c2 
cells (hypoxia treatment for 0 h; Fig. 1A and B). The results 
indicated that the hypoxia‑induced cardiomyocyte model 
was successfully established. As hypoxia treatment over 
a long duration may result in irreversible damage to H9c2 

cells, hypoxia treatment for 24 h was selected for subsequent 
experiments.

MEG3 knockdown mitigates hypoxia‑induced injury in H9c2 
cells. The present study demonstrated that lncRNA MEG3 
expression was significantly increased in a time‑dependent 
manner under hypoxic conditions compared with normoxic 
H9c2 cells (Fig. 2A). In addition, the expression levels of 
MEG3 were significantly lower in hypoxia‑treated H9c2 cells 
transfected with si‑MEG3 compared with the si‑NC group, 
indicating the transfection efficiency of si‑MEG3 (Fig. 2B). 
Additionally, compared with normoxic H9c2 cells, cell 
viability was significantly reduced under hypoxic conditions, 
which was inhibited by transfection with si‑MEG3 (Fig. 2C). 
Furthermore, hypoxia treatment significantly induced H9c2 
cell apoptosis compared with normoxic H9c2 cells, and 
si‑MEG3 attenuated hypoxia‑induced apoptosis compared 
with si‑NC (Fig. 2D). Also, compared with normoxic H9c2 
cells, the protein expression levels of proapoptotic factors (Bax 
and cleaved casapase‑3) were significantly increased under 
hypoxic conditions compared with normoxic conditions, but 
partly reversed by si‑MEG compared with si‑NC. By contrast, 
compared with normoxic H9c2 cells, the expression levels of 
the antiapoptotic marker Bcl‑2 were significantly decreased in 
hypoxic H9c2 cells, resulting in a decreased Bcl2/Bax ratio 
and MEG3 knockdown partially reversed hypoxia‑induced 
alterations to the Bcl2/Bax ratio compared with si‑NC 
(Fig.  2E). LDH is related to cardiomyocytes injury  (16), 
thus the release of LDH under hypoxic conditions was also 
monitored. Compared with normoxic H9c2 cells, LDH release 
was significantly increased in hypoxia‑treated H9c2 cells, but 
significantly reduced in hypoxia‑treated H9c2 cells transfected 
with si‑MEG3 compared with H9c2 cells transfected with 
si‑NC (Fig. 2F). The results suggested that MEG3 knockdown 
alleviated hypoxia‑induced injury in H9c2 cells.

miR‑325‑3p negatively interacts with MEG3 in hypoxic 
H9c2 cells. To elucidate the mechanism underlying MEG3 
in hypoxic cardiomyocytes, LncBase Predicted was used to 
identify the putative target of MEG3. Based on the bioin‑
formatics analysis, miR‑325‑3p was identified as a potential 
target of lncRNA MEG3, and the difference in expression of 
miR‑325‑3p was the most significant among the candidate 
miRNAs in si‑MEG treated cells (data not shown). As shown 
in Fig. 3A, miR‑325‑3p displayed complementary sequences 
with MEG3. The Dual‑Luciferase reporter assay results 

Figure 1. HIF1α expression levels are significantly increased in hypoxia‑treated H9c2 cells. HIF1α (A) mRNA and (B) protein expression levels in H9c2 cells 
after hypoxia treatment for 24, 48 or 72 h. n=3. *P<0.05. HIF, hypoxia‑inducible factor.
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Figure 2. MEG3 knockdown alleviates hypoxia‑induced injury in H9c2 cells. (A) MEG3 mRNA expression levels in H9c2 cells after hypoxia treatment for 0, 
24, 48 or 72 h. (B) MEG3 mRNA expression levels in hypoxia‑treated H9c2 cells transfected with si‑NC or si‑MEG3. H9c2 cells were cultured in normoxic or 
hypoxic conditions and then transfected with si‑NC or si‑MEG3. (C) Cell viability was assessed by performing an MTT assay. (D) Cell apoptosis was assessed 
via flow cytometry. (E) Protein expression levels of Bax, Bcl‑2 and cleaved caspase‑3 were detected via western blotting. (F) LDH release was measured by 
performing the LDH determination assay. n=3. *P<0.05. MEG3, maternally expressed 3; si, small interfering RNA; NC, negative control; OD, optical density; 
LDH, lactate dehydrogenase.

Figure 3. miR‑325‑3p negatively interacts with MEG3 in hypoxia‑treated H9c2 cells. (A) The complementary binding sites between MEG3 and miR‑325‑3p, as 
well as the mutant sequences of MEG3. (B) The luciferase activities of WT‑MEG3 and MUT‑MEG3 in hypoxia‑treated H9c2 cells transfected with miR‑325‑3p 
or miR‑NC. (C) miR‑325‑3p expression levels in H9c2 cells after hypoxia treatment for 24, 48 or 72 h. (D) MEG3 expression levels in hypoxia‑treated H9c2 
cells transfected with vector or MEG3. (E) miR‑325‑3p expression levels in hypoxia‑treated H9c2 cells transfected with si‑NC, si‑MEG3, vector or MEG3. n=3. 
*P<0.05. miR, microRNA; MEG3, maternally expressed 3; WT, wild‑type; MUT, mutant; NC, negative control; si, small interfering RNA.
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demonstrated that miR‑325‑3p significantly decreased the 
luciferase activity of WT‑MEG3 in hypoxia‑treated H9c2 
cells compared with the miR‑NC group, whereas the lucif‑
erase activity of MUT‑MEG3 was not significantly altered 
by transfection with miR‑325‑3p compared with miR‑NC 
(Fig. 3B). In addition, the expression levels of miR‑325‑3p 
were significantly downregulated in hypoxia‑treated 
H9c2 cells compared with normoxic H9c2 cells (Fig. 3C). 
Subsequently, MEG3 was overexpressed in hypoxia‑induced 
H9c2 cells by transfection with MEG3. The RT‑qPCR results 
confirmed the transfection efficiency of MEG3 (Fig. 3D). In 
addition, the expression levels of miR‑325‑3p were signifi‑
cantly increased in hypoxia‑treated H9c2 cells transfected 
with si‑MEG3 compared with hypoxia‑treated H9c2 cells 
transfected with si‑NC. By contrast, miR‑325‑3p expres‑
sion levels were significantly decreased in the MEG3 group 
compared with the vector group in hypoxia‑treated H9c2 
cells (Fig. 3E). The results suggested that MEG3 reduced 

the expression levels of miR‑325‑3p in hypoxia‑treated H9c2 
cells.

miR‑325‑3p overexpression improves hypoxia‑induced 
injury in H9c2 cells by downregulating MEG3. To explore 
whether MEG3‑associated hypoxia injury was mediated by 
miR‑325‑3p, rescue experiments were performed. The expres‑
sion levels of miR‑352‑3p were detected in hypoxia‑treated 
H9c2 cells. Compared with the miR‑NC group, the expres‑
sion levels of miR‑325‑3p were significantly elevated in 
miR‑325‑3p‑transfected H9c2 cells under hypoxic condi‑
tions, which was partially inhibited by MEG3 compared 
with the vector group (Fig. 4A). In addition, MEG3 reduced 
miR‑325‑3p‑mediated effects on cell viability in H9c2 cells 
under hypoxic conditions (Fig. 4B). Additionally, the rate 
of apoptosis and LDH release were significantly decreased 
in hypoxia‑treated H9c2 cells transfected with miR‑325‑3p 
compared with the hypoxia  +  miR‑NC group, which was 

Figure 4. miR‑325‑3p overexpression reduces hypoxia‑induced injury in H9c2 cells by downregulating MEG3. H9c2 cells were transfected with miR‑NC, 
miR‑325‑3p, miR‑325‑3p + vector or miR‑325‑3p + MEG3, and then cultured in hypoxic conditions. (A) miR‑325‑3p expression levels following transfection. 
(B) Cell viability was evaluated by performing an MTT assay. (C) Cell apoptosis was assessed via flow cytometry. (D) Protein expression levels of Bax, 
Bcl‑2 and cleaved caspase‑3 were detected via western blotting. (E) LDH release was measured by performing the LDH determination assay. n=3. *P<0.05. 
miR, microRNA; MEG3, maternally expressed 3; NC, negative control; LDH, lactate dehydrogenase; OD, optical density.
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partially recovered in hypoxia‑treated H9c2 cells co‑trans‑
fected with miR‑325‑3p and MEG3 compared with the 
hypoxia + miR‑325‑3p + vector group (Fig. 4C and E). In addi‑
tion, MEG3 reversed miR‑325‑5p‑mediated downregulation 
of Bax and cleaved caspase‑3 protein expression levels, and 
attenuated miR‑325‑3p‑mediated upregulation of Bcl‑2 protein 
expression levels in hypoxia‑treated H9c2 cells (Fig. 4D). The 
results suggested that MEG3 aggravated hypoxia‑induced 
injury in H9c2 cells by regulating miR‑325‑3p.

TRPV4 is a candidate target of miR‑325‑3p in hypoxia‑treated 
H9c2 cells. To further investigate the mechanism underlying 
miR‑325‑3p in hypoxia‑treated cardiomyocytes, the poten‑
tial candidate was identified using TargetScan. As shown in 
Fig. 5A, the 3'UTR of TRPV4 displayed a complementary base 
pairing with miR‑325‑3p. In addition, the luciferase activity of 
the WT‑TRPV4‑3'UTR reporter was significantly decreased 
in miR‑325‑3p‑transfected H9c2 cells under hypoxia condi‑
tions compared with the miR‑NC group, whereas miR‑325‑3p 
displayed no significant effect on the luciferase activity of 
MUT‑TRPV4‑3'UTR compared with miR‑NC (Fig.  5B). 
Additionally, the mRNA and protein expression levels of 
TRPV4 were significantly increased by hypoxia treatment 
in a time‑dependent manner compared with normoxic H9c2 
cells (Fig. 5C and D). In addition, the expression levels of 
miR‑325‑3p were significantly reduced in H9c2 cells trans‑
fected with anti‑miR‑325‑3p compared with the anti‑miR‑NC 
group (Fig. 5E). Moreover, the mRNA and protein expression 
levels of TRPV4 were significantly reduced in the miR‑325‑3p 
group compared with the miR‑NC group, but significantly 
upregulated in the anti‑miR‑325‑3p group compared with the 
anti‑miR‑NC group (Fig. 5F and G). The results indicated 

that TRPV4 was negatively regulated by miR‑325‑3p in 
hypoxia‑treated H9c2 cells.

TRPV4 knockdown reduces hypoxia‑induced injury in H9c2 
cells via miR‑325‑3p. To investigate whether the effects 
of miR‑325‑3p on hypoxia‑treated cardiomyocytes were 
mediated by TRPV4, si‑TRPV4 and anti‑miR‑325‑3p were 
co‑transfected into hypoxia‑treated H9c2 cells. The mRNA and 
protein expression levels of TRPV4 were significantly reduced 
in the si‑TRPV4 group compared with the si‑NC group, which 
was partially reversed by anti‑miR‑325‑3p compared with 
anti‑miR‑NC (Fig. 6A and B). In addition, co‑transfection with 
anti‑miR‑325‑3p reduced si‑TRPV4‑mediated effects on cell 
viability in hypoxia‑treated H9c2 cells (Fig. 6C). Additionally, 
the rate of apoptosis and LDH release were significantly down‑
regulated in si‑TRPV4‑transfected H9c2 cells under hypoxic 
conditions compared with the si‑NC group, but partially 
reversed in hypoxia‑treated H9c2 cells co‑transfected with 
si‑TRPV4 and anti‑miR‑325‑3p compared with the hypoxia + 
si‑TRPV4 + anti‑miR‑NC group (Fig. 6D and F). Furthermore, 
the western blotting results demonstrated that anti‑miR‑325‑3p 
reversed si‑TRPV4‑induced downregulation of Bax and 
cleaved caspase‑3 protein expression levels, and attenuated 
si‑TRPV4‑mediated upregulation of Bcl‑2 protein expression 
levels in hypoxia‑treated H9c2 cells (Fig. 6E). The results 
indicated that downregulation of TRPV4 mitigated hypoxia 
injury in H9c2 cells by regulating miR‑325‑3p.

MEG3 upregulates TRPV4 expression in hypoxia‑treated 
H9c2 cells by downregulating miR‑325‑3p. To assess the 
relationship among MEG3, miR‑325‑3p and TRPV4 in 
hypoxia‑induced cardiomyocytes, MEG3 rescue experiments 

Figure 5. TRPV4 is a candidate target for miR‑325‑3p in hypoxia‑treated H9c2 cells. (A) The complementary binding sites between TRPV4 and miR‑325‑3p, as 
well as the mutant sequences of TRPV4. (B) The luciferase activities of WT‑TRPV4‑3'UTR and MUT‑TRPV4‑3'UTR in hypoxia‑treated H9c2 cells transfected 
with miR‑325‑3p or miR‑NC. TRPV4 (C) mRNA and (D) protein expression levels in H9c2 cells after hypoxia treatment for 24, 48 or 72 h. (E) miR‑325‑3p 
expression levels in hypoxia‑treated H9c2 cells transfected with anti‑miR‑NC or anti‑miR‑325‑3p. TRPV4 (F) mRNA and (G) protein expression levels in 
hypoxia‑treated H9c2 cells transfected with miR‑NC, miR‑325‑3p, anti‑miR‑NC or anti‑miR‑325‑3p. n=3. *P<0.05. TRPV4, transient receptor potential cation 
channel subfamily V member 4; miR, microRNA; WT, wild‑type; UTR, untranslated region; MUT, mutant; NC, negative control.



MOLECULAR MEDICINE REPORTS  23:  18,  2021 7

were performed. Compared with the miR‑NC group, the 
mRNA and protein expression levels of TRPV4 were 
significantly downregulated in miR‑325‑3p‑transfected 
hypoxic H9c2 cells, but partly rescued in hypoxic H9c2 cells 
co‑transfected with miR‑325‑3p and MEG3 compared with 
the hypoxia + miR‑325‑3p + vector group (Fig. 7A and B). 
The results demonstrated that MEG3 increased TRPV4 
expression in hypoxia‑treated H9c2 cells via miR‑325‑3p. 
In addition, the changes of MEG3, miR‑325‑3p and TRPV4 
expression displayed no significant effect on the expression 
levels of HIF1α in H9c2 cells (data not shown).

Discussion

Acute myocardial infarction, a primary threat to human health, 
causes cardiac cell death (17). A previous study revealed that 
lncRNAs serve important roles, including regulating vessel 
growth and function, controlling the contractile phenotype of 
smooth muscle cells, hypertrophy, mitochondrial function and 
apoptosis in cardiac diseases (18). The results of the present 

study demonstrated that MEG3 regulated TRPV4 expression 
to reduce hypoxia‑induced injury via miR‑325‑3p.

Accumulating evidence revealed that MEG3 is dysregu‑
lated in numerous complex diseases. For instance, a report 
on Alzheimer's disease demonstrated that MEG3 improved 
neuronal damage via the PI3K/AKT signaling pathway (19). 
Another study on non‑alcoholic fatty liver disease reported 
that MEG3 was upregulated in high‑content hydrogen water 
(HHW)‑treated mice in contrast to the mice treated with 
deionized water, and MEG3 improved non‑alcoholic fatty 
liver disease under HHW conditions via the miR‑136/nuclear 
factor, erythroid 2 like 2 axis (20). The aforementioned results 
indicated that MEG3 serves different roles in different types 
of diseases. In the present study, MEG3 expression was signifi‑
cantly increased under hypoxic conditions compared with 
normoxic conditions. Compared with the si‑NC group, MEG3 
knockdown decreased the inhibitory effect of hypoxia on 
cell viability, and partially reversed the promoting effects of 
hypoxia on apoptosis and LDH release in H9c2 cells. The roles 
of MEG3 identified in the present study were consistent with 

Figure 6. TRPV4 knockdown relieves hypoxia‑induced injury in H9c2 cells via miR‑325‑3p. H9c2 cells were transfected with si‑NC, si‑TRPV4, 
si‑TRPV4 + anti‑miR‑NC or si‑TRPV4 + anti‑miR‑325‑3p and then cultured in hypoxic conditions. TRPV4 (A) mRNA and (B) protein expression levels. 
(C) Cell viability was assessed by performing an MTT assay. (D) Cell apoptosis was measured via flow cytometry. (E) The protein expression levels of Bax, 
Bcl‑2 and cleaved caspase‑3 were measured via western blotting. (F) LDH release was measured by conducting the LDH determination assay. n=3. *P<0.05. 
TRPV4, transient receptor potential cation channel subfamily V member 4; miR, microRNA; si, small interfering RNA; NC, negative control; OD, optical 
density; LDH, lactate dehydrogenase.
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previous studies (6,7), which indicated that MEG3 aggravated 
hypoxia‑induced injury in AMI.

Previous studies demonstrated that miR‑325‑3p was impli‑
cated in cellular processes in different types of diseases. For 
example, Zhang et al (21) reported that miR‑325‑3p decreases 
aquaporin 5 expression to confine hepatitis B virus replica‑
tion in hepatocellular carcinoma. Another study investigating 
hypoxic‑ischemic brain damage indicated that miR‑325‑3p 
aggravates rat neonatal hypoxia‑ischemia brain injury by 
modulating aralkylamine N‑acetyltransferase (22). The results 
of the present demonstrated that miR‑325‑3p was sponged by 
MEG3 in hypoxia‑treated H9c2 cells. Moreover, miR‑325‑3p 
expression levels were significantly decreased under hypoxic 
conditions compared with normoxic conditions. MEG3 regu‑
lated hypoxia‑mediated effects on viability, apoptosis and 
LDH release in H9c2 cells via miR‑325‑3p. Similar results 
were reported in a previous study that also demonstrated that 
MEG3 facilitated hypoxia‑stimulated injury by sponging 
miR‑325‑3p in myocardial infarction mouse model (11).

Accumulating evidence has indicated that the aberrant 
expression of TRPV4 was related to the development of heart 
diseases. For example, Wu et al (23) demonstrated that TRPV4 
was significantly upregulated in the hypoxia/reoxygen‑
ation (H/R) model compared with a normal groups cultured in 
normoxic conditions, and accelerated cell injury in myocardial 
ischemia/reperfusion. Another study revealed that TRPV4 
decreased cardiomyocyte stability in H/R conditions  (24). 
In the present study, TRPV4 was negatively regulated by 
miR‑325‑3p, and the level of TRPV4 was significantly elevated 
in hypoxia‑treated H9c2 cells compared with normoxic H9c2 
cells. In addition, TRPV4 knockdown promoted cell viability, 
and reduced apoptosis and LDH release in hypoxia‑treated 
H9c2 cells compared with si‑NC. The aforementioned results 
of TRPV4 were consistent with a previous study that dysregu‑
lation of TRPV4 occurs in AMI  (13). In addition, MEG3 
modulated TRPV4 expression under hypoxic conditions by 
sponging miR‑325‑3p. The results suggested that MEG3 
may regulate TRPV4 to aggravate hypoxia‑induced injury in 
AMI by sponging miR‑325‑3p. Although the roles of MEG3, 
miR‑325‑3p and TRPV4 have been previously reported, 

the present study suggested the regulatory network of the 
MEG3/miR‑325‑3p/TRPV4 axis in hypoxia‑induced injury, 
which may aid with understanding the mechanisms underlying 
AMI development.

The present study had a number of limitations. First, only a 
rat cardiomyocyte cell line H9c2 was used. Although the H9c2 
cell line is commonly used for the study of hypoxia‑induced 
injury, two or more cardiomyocytes cell lines should be used 
to further verify the results of the present study. Second, the 
present study did not perform in vivo experiments. Therefore, 
future studies should employ other suitable cell lines and an 
established AMI mouse model.

In conclusion, the present study demonstrated that MEG3 
and TRPV4 expression levels were significantly increased, and 
miR‑325‑3p expression levels were significantly decreased 
in hypoxic H9c2 cells compared with normoxic H9c2 cells. 
MEG3 knockdown relieved hypoxia‑stimulated injury by 
downregulating TRPV4 expression via miR‑325‑3p. The 
results of the present study may aid with identifying the 
mechanism underlying AMI.
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