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Abstract. The expression levels of microRNA (miR)‑340‑5p
are reportedly decreased in the peripheral blood during acute
ischemic stroke; however, the direct effect and mechanism
of action of miR‑340‑5p in ischemic stroke remains largely
unknown. The present study aimed to investigate the effects
of miR‑340‑5p, and its mechanism of action, on PC12 cells
following oxygen‑glucose deprivation/reperfusion (OGD/R)
induction. OGD/R‑induced PC12 cells served as the
cellular model and subsequently, mRNA expression levels
of miR‑340‑5p and neuronal differentiation 4 (Neurod4)
were analyzed using reverse transcription‑quantitative
PCR. Tumor necrosis factor‑α, interleukin (IL)‑1β and IL‑6
expression levels were detected using ELISA kits, and flow
cytometry was used to determine the rate of cellular apoptosis. In addition, a nitric oxide (NO) synthase activity assay
kit was used to detect NO levels and a NADPH assay kit
was used to measure NADPH levels. Western blotting was
also performed to analyze protein expression levels of bax,
bcl‑2, cleaved caspase 3 and phosphorylated endothelial NOS
(eNOS), and the target gene of miR‑340‑5p was predicted
using TargetScan software and verified using a dual‑luciferase
reporter assay. The expression levels of miR‑340‑5p were
decreased in PC12 cells following OGD/R induction and
Neurod4 was identified as a target gene of miR‑340‑5p. In
addition, miR‑340‑5p overexpression reduced inflammation,
apoptotic rate, NO production and NADPH levels, in addition to increasing eNOS expression in PC12 cells following
OGD/R induction. Notably, the overexpression of Neurod4
reversed the aforementioned effects of miR‑340‑5p on PC12
cells following OGD/R induction. In conclusion, the findings
of the present study suggested that miR‑340‑5p may protect
PC12 cells against OGD/R through targeting Neurod4, which
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could provide important implications for the treatment of
ischemia‑reperfusion injury based on miR‑340‑5p expression
levels in vivo.
Introduction
Ischemic stroke is one of the most frequently occurring
conditions among older populations, accounting for a large
proportion of the morbidity and mortality rates worldwide (1,2). Smoking habits, hypertension and diabetes have all
been listed as risk factors of ischemic stroke (3,4). Ischemic
stroke occurs following a blockage in an artery leading to
the brain; thus, an insufficient supply of oxygen and glucose
reaches the brain that is required for cellular energy, which
culminates in irreparable damage (5,6). Currently, there are no
effective approved treatments for ischemic stroke (7). Patients
are normally treated with recombinant tissue plasminogen
activator, undergo surgical excision of the obstruction in the
blood vessel or are prescribed protective treatments following
stroke, such as fire‑needle acupuncture (8). During treatment,
the limited reperfusion time window and rapid blood reperfusion cause secondary injuries, namely reperfusion injury,
including hemorrhagic transformation and reactive oxygen
species (ROS)‑induced injuries (9); thus, current treatment
regimens are not ideal. Despite significant research being
conducted on ischemia‑reperfusion injury, little progress
has been made. Therefore, it remains an urgent requirement
to investigate effective treatment targets and determine the
mechanism of action of ischemia‑reperfusion injury.
MicroRNAs (miRNAs/miRs) are single‑stranded,
non‑coding RNAs 22 nucleotides in length, which can silence
gene expression through transiently promoting translational
arrest or inducing the degradation of mRNA (10). Previous
studies have reported that miRNAs are involved in the pathophysiology of ischemic stroke through suppressing post‑stroke
angiogenesis, inhibiting oxidative stress, reducing neuronal
loss, suppressing inflammation and preventing excitotoxic
injury (11‑14).
Notably, miR‑340‑5p has been observed to relieve chronic
constriction injury‑induced neuropathic pain and decrease
the inflammatory response (15). miR‑340‑5p has also been
demonstrated to suppress hypoxia/reoxygenation‑induced
apoptosis and oxidative stress in cardiomyocytes (16).
Oxidative stress and inflammation are the main causes
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of cerebral ischemia‑reperfusion injury, which has been
established through numerous previous studies (17‑21). For
example, in one previous study, miR‑340‑5p was found to
inhibit inflammation and oxidative stress in cardiomyocytes
and serve a role in cerebral ischemia‑reperfusion injury (16).
Furthermore, it was reported that miR‑340‑5p expression
levels were decreased in the peripheral blood following acute
ischemic stroke (22), which suggested that miR‑340‑5p may
serve a vital role in ischemic stroke treatment. Based on
these previous studies, the present study aimed to investigate
the effects of miR‑340‑5p on a commonly used cell model
of ischemia‑reperfusion injury, oxygen‑glucose deprivation/reperfusion (OGD/R)‑induced PC12 cells (23‑25). The
target gene of miR‑340‑5p was also investigated.
Materials and methods
Cell culture and OGD/R induction. PC12 cells (CRL‑1721.1)
were obtained from the American Type Culture Collection
and were seeded into 96‑well plates at a density of
1x10 4 cells/well. Cells were cultured in RPMI‑1640
medium (Sigma‑Aldrich; Merck KGaA), supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin, and maintained in a humidified
atmosphere with 5% CO2 at 37˚C. To study the effects of
microRNA‑340‑5p, the cells were divided into the control
group, OGD/R group, miR‑NC group and miR‑340‑5p mimic
group. For further study on the underlying mechanism, the
cells were divided into an OGD/R group, miR‑NC group,
miR‑340‑5p mimic group, miR‑340‑5p mimic + empty
plasmid group and a miR‑340‑5p mimic + Neurod4 overexpression group. OGD/R was performed in all the groups
except for control groups.
OGD/R was performed by culturing the cells in glucose‑free
medium (RPMI‑1640; Gibco; Thermo Fisher Scientific, Inc.)
in an incubator with CO2 (5%; v/v) and N2 (95%; v/v) at 37˚C.
After 2 h of incubation, the medium was replaced with normal
medium and cells were incubated in an atmosphere of 5% CO2
and 95% air at 37˚C for 12 h.
Cell transfection. Cells were cultured in 6‑well plates
(1x10 4 cells/well) containing RPMI‑1640 medium without
antibiotics. Upon reaching 70% confluence, cells were transfected with a miR‑340‑5p mimic, miR‑negative control (NC),
neuronal differentiation 4 (Neurod4) pcDNA3.1 plasmid
(10 µl/ml) or an empty pcDNA3.1 plasmid (10 µl/ml) using
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) under serum‑free conditions for 6 h. After
48 h of transfection, the cells were collected for subsequent
experiments. The miR‑340‑5p mimic (5'‑UUAUAAAGC
AAUGAGACUGAUU‑3'), miR‑NC (5'‑UUCUCCGAACGU
GUCACGUTT‑3'), pcDNA3.1 empty plasmid and Neurod4
overexpression plasmid were all purchased from Shanghai
GenePharma Co., Ltd.
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA
was reverse transcribed into cDNA using the qScript
miRNA cDNA Synthesis kit (Quantabio), according to the
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manufacturer's protocol. qPCR was subsequently performed
using a TaqMan™ Real Time PCR Mix (Thermo Fisher
Scientific, Inc.). The following primer pairs were used for qPCR:
GAPDH forward, 5'‑AATGGATTTGGACGCATTGGT‑3'
and reverse, 5'‑TTTGCACTGGTACGTGTTGAT‑3'; U6
forward, 5'‑CTCGCTTCGGCAGCACA‑3' and reverse,
5'‑AACGCTTCACGAATTTGCGT‑3'; Neurod4 forward,
5'‑AG CTG GTCAACACACAATCCT‑3' and reverse,
5'‑TTCCATAAGAGCCCGGTCTTC‑3'; and miR‑340‑5p
forward, 5'‑GCGGTTATAAAGCAATGAGA‑3' and reverse,
5'‑GTGCGTGTCGTGGAGTCG‑3'. The following thermocycling conditions were used for qPCR: Initial denaturation
at 95˚C for 8 min; followed by 40 cycles at 95˚C for 15 sec
and 60˚C for 30 sec; and a final extension at 70˚C for 35 sec.
Expression levels were quantified using the 2‑ΔΔCq method (26)
and normalized to GAPDH or U6.
Detection of tumor necrosis factor (TNF)‑a, interleukin
(IL)‑1β, monocyte chemoattractant protein‑1 (MCP‑1) and
IL‑6. TNF‑ α (cat. no. BMS662), IL‑1β (cat. no. ERIL1B),
MCP‑1 (cat. no. BMS631INST) and IL‑6 (cat. no. BMS625)
ELISA kits (Thermo Fisher Scientific, Inc.) were used to detect
the levels of TNF‑ α, IL‑1β, MCP‑1 and IL‑6. Briefly, cells
in the different groups were lysed in lysis buffer (Beyotime
Institute of Biotechnology) and centrifuged (16,000 x g
for 10 min at 4˚C) to collect the supernatants. The levels of
TNF‑α, IL‑1β, MCP‑1 and IL‑6 in the supernatants of each
group were analyzed using the corresponding kits, according
to the manufacturer's protocols.
Flow cytometric analysis of apoptosis. Flow cytometry was
used to analyze the effects of miR‑340‑5p overexpression on
cell apoptosis with an Annexin V‑FITC Apoptosis Detection
kit (eBioscience; Thermo Fisher Scientific, Inc.). Cells were
grouped into a control group, OGD/R group, miR‑NC group
and miR‑340‑5p mimic group. To determine the effects
of the target binding between Neurod4 and miR‑340‑5p
on the rate of cell apoptosis, the cells were divided into an
OGD/R group, miR‑NC group, miR‑340‑5p mimic group,
miR‑340‑5p mimic + empty plasmid group and a miR‑340‑5p
mimic + Neurod4 overexpression group. OGD/R was
performed in all the groups except for control group. Following
their respective treatments, cells (1x105 cells/well) in the
different groups were washed with PBS and resuspended in
the binding buffer. Cells were subsequently incubated with
5 µl Annexin V‑FITC and 10 µl propidium iodide staining
solution for 15 min at room temperature in the dark. Apoptotic
cells were analyzed using a BD FACSCalibur™ flow cytometer (BD Biosciences) and BD CellQuest software (version 5.1;
BD Biosciences).
Measurement of nitric oxide (NO)/NADPH levels. The levels of
NO and NADPH were analyzed using a Nitric Oxide Synthase
Activity assay kit (colorimetric; cat. no. ab211083; Abcam) and
NADPH assay kit (colorimetric; cat. no. ab186031; Abcam),
respectively. Briefly, cells in the different groups were lysed
in lysis buffer (Beyotime Institute of Biotechnology) and
collected prior to being analyzed for the levels of NO and
NADPH using their corresponding kits, according to the
manufacturer's protocols.
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Western blotting. Protein expression levels were analyzed
using western blotting. Total protein was extracted from cells
using lysis buffer (Beyotime Institute of Biotechnology) and
lysates were centrifuged (16,000 x g for 10 min at 4˚C). Total
protein was quantified using a bicinchoninic acid assay kit
[Yeasen Biotechnology (Shanghai) Co., Ltd.] and proteins
(30 µg/lane) were separated via SDS‑PAGE on a 10% gel.
The separated proteins were transferred to PVDF membranes
(EMD Millipore) and blocked in 5% skimmed milk for 2 h
at room temperature. The membranes were incubated at 4˚C
overnight with the following primary antibodies: Anti‑Bcl‑2
(1:1,000; cat. no. ab196495; Abcam), anti‑Bax (1:1,000;
cat. no. ab3250; Abcam), anti‑Bad (1:1,000; cat. no. ab32445;
Abcam), anti‑cleaved caspase 3 (1:1,000; cat. no. ab49822;
Abcam), anti‑caspase 3 (1:1,000; cat. no. ab13847; Abcam),
anti‑phosphorylated (p)‑endothelial NOS (eNOS; 1:500;
cat. no. ab215717; Abcam), anti‑eNOS (1:500; cat. no. ab199956;
Abcam) and anti‑GADPH (1:500; cat. no. ab9485; Abcam).
Following the primary antibody incubation, the membranes
were incubated with a horseradish peroxidase‑conjugated
secondary antibody (1:5,000; cat. no. ab7090; Abcam) for 1 h
at room temperature. Protein bands were visualized using an
ImageQuant™ LAS 500 (GE Healthcare) and an ECL western
blotting substrate kit (cat. no. ab65623; Abcam). ImageQuant
TL software (version 7.0; Cytiva) was used to perform densitometry.
Dual‑luciferase reporter assay. Neurod4 was predicted as a
target gene of miR‑340‑5‑5p using TargetScan software (version
7.2; http://www.targetscan.org/vert_72/). Thus, a dual‑luciferase
reporter assay was performed to verify the target binding of
miRNA‑340‑5p and Neurod4. The wild‑type (WT) 3' untranslated region (3'UTR) binding site of Neurod4 was amplified
using PCR and cloned into a pmirGLO reporter plasmid
(Promega Corporation). The 3'UTR fragment of Neurod4 was
also mutated, resulting in a mutant (MUT) 3'UTR, using the
Fast MultiSite Mutagenesis System (Beijing Transgen Biotech
Co., Ltd.) and cloned into the pmirGLO reporter plasmid. Cells
(5x104) cultured in 24‑well plates were co‑transfected with an
equal concentration (450 ng/µl) of Neurod4 (WT or MUT) and
miR‑340‑5p mimic or miR‑NC using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocols. After transfection for 48 h, the relative luciferase activity was detected using a Dual‑Luciferase
Reporter assay system (Promega Corporation), according to the
manufacturer's protocols. Luciferase activity was normalized
to Renilla luciferase activity.
Statistical analysis. Statistical analysis was performed using
GraphPad Prism 5.0 software (GraphPad Software, Inc.) and
data from three independent experiments are presented as the
mean ± SD. Statistical differences were determined using a
one‑way ANOVA, followed by Tukey's multiple comparison
test. P<0.05 was considered to indicate a statistically significant difference.
Results
miR‑340‑5p expression levels are decreased in the OGD/R
group and miR‑340 ‑5p overexpression reduces the

OGD/R‑induced inflammatory status. The expression levels
of miR‑340‑5p were significantly reduced in the OGD/R group
compared with the control group (Fig. 1A), indicating that
miR‑340‑5p may have a certain role in OGD/R‑induced cells.
The miR‑340‑5p mimic was successfully transfected into
OGD/R‑induced cells; significantly increased expression levels
of miR‑340‑5p were observed in the miR‑340‑5p mimic group
compared with the OGD/R and miR‑NC groups (Fig. 1B).
Subsequently, the effects of miR‑340‑5p overexpression on the
inflammatory status of cells were investigated. Compared with
the control group, the levels of TNF‑α, IL‑1β, MCP‑1 and IL‑6
were all significantly increased in the OGD/R group (Fig. 1C),
which demonstrated that the OGD/R cell model was successfully induced. The OGD/R‑induced inflammatory status,
which is indicated by the levels of TNF‑α, IL‑1β, MCP‑1 and
IL‑6, was decreased in the miR‑340‑5p mimic group when
compared with the OGD/R group (Fig. 1C).
miR‑340‑5p overexpression reduces the cell apoptotic rate
induced by OGD/R in PC12 cells. The rate of cell apoptosis in
the OGD/R group was significantly increased compared with
the control group (Fig. 2A and B), which further confirmed
that the OGD/R cell model was successfully induced.
However, OGD/R‑induced apoptosis was significantly reduced
by the miR‑340‑5p mimic. To further validate these findings,
the expression levels of apoptotic proteins were analyzed.
The expression levels of the anti‑apoptotic protein Bcl‑2 were
significantly decreased following OGD/R induction compared
with the control group, whereas OGD/R‑induced decreases in
the Bcl‑2 expression levels were significantly increased in the
miR‑340‑5p mimic group (Fig. 3). Furthermore, the expression levels of pro‑apoptotic proteins, Bax and cleaved caspase
3/caspase 3, were significantly increased in the OGD/R group
compared with the control group, and this effect was significantly reduced following miR‑340‑5p overexpression (Fig. 3).
All these findings suggested that miR‑340‑5p overexpression
may inhibit cell apoptosis through increasing the expression
levels of Bcl‑2, and decreasing those of Bax, cleaved caspase
3 and caspase 3.
miR‑340‑5p overexpression inhibits NO production, reduces
NADPH levels and increases the relative expression levels
of p‑eNOS in OGD/R‑induced PC12 cells. The relative
expression levels of p‑eNOS were determined as the ratio of
p‑eNOS/eNOS/GADPH. NO, which is induced by OGD/R
in PC12 cells, was evaluated herein. The NO levels were
significantly increased in the OGD/R group compared with
the control group, whereas these OGD/R‑induced increased
levels were significantly reduced in the miR‑340‑5p mimic
group (Fig. 4A). Furthermore, p‑eNOS/eNOS was significantly
decreased in the OGD/R group compared with the control
group, and this effect was partly reversed in the miR‑340‑5p
mimic group (Fig. 4C and D). NADPH is an important indicator of the presence of oxidative stress, which generates
ROS (27). OGD/R‑induced increases in NADPH levels were
significantly reduced by miR‑340‑5p overexpression (Fig. 4B).
All these results indicated that miR‑340‑5p overexpression
may exert a protective effect over OGD/R‑induced PC12 cells
through increasing eNOS activity, and reducing NADPH
levels and NO production.
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Figure 1. miR‑340‑5p expression levels are increased in the OGD/R group and the effect of miR‑340‑5p overexpression on the inflammatory status. Expression
levels of miR‑340‑5p in the (A) control and OGD/R groups, and (B) OGD/R, miR‑NC and miR‑340‑5p mimic groups (C) Levels of TNF‑α, IL‑1β, MCP‑1 and
IL‑6 were analyzed in the different groups. ***P<0.001 vs. control or miR‑NC group; ###P<0.001 vs. OGD/R group. IL, interleukin; MCP‑1, monocyte chemoattractant protein‑1; miR, microRNA; NC, negative control; OGD/R, oxygen‑glucose deprivation/reperfusion; TNF‑α, tumor necrosis factor α.

Neurod4 is a target of miR‑340‑5p in OGD/R‑induced PC12
cells. It was predicted by TargetScan that Neurod4 was a
target gene of miR‑340‑5p (Fig. 5A), thus a dual‑luciferase
reporter assay was used for further validation. The relative luciferase activity was significantly reduced in the
3'UTR‑WT‑ Neurod4 + miR‑340‑5p mimic group compared
with the 3'UTR‑MUT‑Neurod4 + miR‑340‑5p mimic group
(Fig. 5B), indicating that miR‑340‑5p may target Neurod4 in
OGD/R‑induced PC12 cells. Furthermore, Neurod4 expression levels were significantly increased in the OGD/R group
compared with the control group, and this effect was significantly reversed following the addition of the miR‑340‑5p mimic
(Fig. 5C). This observation further validated that Neurod4 may
be a target of miR‑340‑5p in OGD/R‑induced PC12 cells.
miR‑340‑5p overexpression reduces the inflammatory status,
whereas Neurod4 overexpression counteracts the effects of
miR‑340‑5p overexpression on OGD/R‑induced PC12 cells.

Neurod4 expression levels were significantly increased in
the Neurod4 overexpression group compared with the empty
plasmid group (Fig. 6A), indicating that Neurod4 overexpression was successful in the PC12 cells. The OGD/R‑induced
levels of TNF‑α, IL‑1β, MCP‑1 and IL‑6 were significantly
reduced following miR‑340‑5p overexpression in the
OGD/R + miR‑340‑5p mimic group (Fig. 6B‑E). However,
following Neurod4 overexpression, the anti‑inflammatory
effects of miR‑340‑5p overexpression on OGD/R‑induced
PC12 cells were reversed and the inflammatory levels were
significantly increased. These findings indicated that the
anti‑inflammatory effects of miR‑340‑5p overexpression on
OGD/R‑induced PC12 cells may be achieved by decreasing
the levels of TNF‑α, IL‑1β, MCP‑1 and IL‑6 through downregulating Neurod4 expression.
miR‑340‑5p overexpression reduces apoptosis and Neurod4
overexpression counteracts the effects of miR‑340‑5p
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Figure 2. Effects of miR‑340‑5p overexpression on cell apoptosis. (A) Flow cytometric analysis of apoptosis was performed and (B) semi‑quantified to detect
the apoptotic rate of PC12 cells in different groups. ***P<0.001 vs. control group; ###P<0.001 vs. OGD/R group. miR, microRNA; NC, negative control; OGD/R,
oxygen‑glucose deprivation/reperfusion.

Figure 3. Effect of miR‑340‑5p overexpression on apoptosis‑related proteins. The expression levels of Bax, Bcl‑2, cleaved caspase 3 and cleaved caspase 3
were detected in the different groups. ***P<0.001 vs. control group; #P<0.05, ###P<0.001 vs. miR‑NC group. miR, microRNA; OGD/R, oxygen‑glucose deprivation/reperfusion; NC, negative control.

overexpression on OGD/R‑induced PC12 cells. The
OGD/R‑induced increases in cell apoptosis were significantly
reduced following miR‑340‑5p overexpression (Fig. 7A and B);
however, the apoptotic rate in OGD/R‑induced cells transfected

with the miR‑340‑5p mimic was significantly increased following
Neurod4 overexpression. These findings suggested that Neurod4
overexpression may reverse the effects of miR‑340‑5p overexpression on cell apoptosis in OGD/R‑induced PC12 cells. As an
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Figure 4. Effect of miR‑340‑5p overexpression on the levels of NO, NADPH and p‑eNOS/eNOS. (A) Levels of NO and (B) NADPH, and (C) expression
levels of p‑eNOS/eNOS were detected in the different groups. (D) Semi‑quantification of western blotting. ***P<0.001 vs. control group; ##P<0.01, ###P<0.001
vs. miR‑NC group. eNOS, endothelial nitric oxide synthase; miR, microRNA; NC, negative control; NO, nitric oxide; OGD/R, oxygen‑glucose deprivation/reperfusion; p, phosphorylated.

Figure 5. Verifying the target gene of miR‑340‑5p in OGD/R‑induced PC12 cells. (A) Neurod4 was identified as the target gene of miR‑340‑5p using TargetScan
software. (B) Dual‑luciferase reporter assay was performed in the different groups and the mutated sequence is indicated by the red font. (C) Neurod4 expression levels were determined in the different groups. ***P<0.001 vs. control group; ###P<0.001 vs. miR‑NC group. miR, microRNA; MUT, mutant; NC, negative
control; Neurod4, neuronal differentiation 4; OGD/R, oxygen‑glucose deprivation/reperfusion; UTR, untranslated region; WT, wild‑type.

anti‑apoptotic protein, Bcl‑2 expression levels were observed to
be significantly increased in the OGD/R + miR‑340‑5p mimic
group; however, this effect was reversed following Neurod4
overexpression (Fig. 7C). In addition, the expression levels of
the pro‑apoptotic proteins Bax, Bad, cleaved caspase 3 and
caspase 3 demonstrated the opposite trend compared with the

Bcl‑2 expression levels in each group. Taken together, these
findings suggested that miR‑340‑5p overexpression may protect
OGD/R‑induced cells from apoptosis through increasing the
expression levels of Bcl‑2, and decreasing the expression levels
of Bax, Bad, cleaved caspase 3 and caspase 3 through decreasing
Neurod4 expression.
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Figure 6. Neurod4 overexpression counteracts the effects of miR‑340‑5p overexpression on inflammatory status in OGD/R‑induced PC12 cells. (A) Neurod4
expression levels were analyzed in the different groups. Levels of the inflammatory markers (B) TNF‑α, (C) IL‑6, (D) IL‑1β and (E) MCP‑1 were determined
in the different groups. *P<0.05, **P<0.01, ***P<0.001 vs. (A) empty plasmid or (B‑E) OGD/R group; (B‑E) ###P<0.001 vs. OGD/R + miR‑NC group; ΔΔΔP<0.001
vs. miR‑340‑5p mimic + empty plasmid group. IL, interleukin; MCP‑1, monocyte chemoattractant protein‑1; miR, microRNA; NC, negative control; Neurod4,
neuronal differentiation 4; OGD/R, oxygen‑glucose deprivation/reperfusion; TNF‑α, tumor necrosis factor α.

miR‑340‑5p overexpression protects OGD/R‑induced PC12
cells by reducing NO levels and increasing p‑eNOS/eNOS
expression levels, whereas this effect is counteracted by
Neurod4 overexpression. The OGD/R‑induced increases in NO
levels were significantly decreased in the OGD/R + miR‑340‑5p
mimic group (Fig. 8A). However, the effect of miR‑340‑5p
overexpression was significantly reversed following Neurod4
overexpression, suggesting that miR‑340‑5p overexpression may exert a protective effect by decreasing NO levels
(Fig. 8A). The expression levels of p‑eNOS were significantly
increased in the OGD/R + miR‑340‑5p mimic group compared
with the OGD/R group, but this effect was reduced following
Neurod4 overexpression (Fig. 8B), indicating that miR‑340‑5p
overexpression may protect OGD/R‑induced PC12 cells from

injuries by decreasing NO levels and the expression levels of
p‑eNOS/eNOS through downregulating Neurod4 expression.
Discussion
Ischemic stroke remains one of the major causes of morbidity;
however, how to treat the condition remains largely unknown.
The current therapeutic options for ischemic stroke are
unsatisfactory; therefore, there is an urgent requirement to
further study the underlying mechanisms to identify novel
treatment options for ischemic stroke (28,29). In the present
study, miR‑340‑5p was observed to exert protective effects
over OGD/R‑induced PC12 cells through targeting Neurod4
expression.
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Figure 7. Neurod4 overexpression counteracts the effect of miR‑340‑5p overexpression on the apoptotic rate in OGD/R‑induced PC12 cells. (A) Apoptotic
rate was determined in the different groups. (B) Semi‑quantification of (A). (C) Expression levels of Bax, Bcl‑2, cleaved caspase and cleaved caspase 3 in
different groups. *P<0.05, **P<0.01, ***P<0.001 vs. OGD/R group; ###P<0.001 vs. OGD/R + miR‑NC group; ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 vs. miR‑340‑5p
mimic + empty plasmid group. miR, microRNA; NC, negative control; Neurod4, neuronal differentiation 4; OGD/R, oxygen‑glucose deprivation/reperfusion.
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Figure 8. Neurod4 overexpression counteracts the effects of miR‑340‑5p overexpression on the levels of NO and the expression levels of p‑eNOS/eNOS. (A) Levels
of NO and (B) expression levels of p‑eNOS/eNOS were detected in the different groups. ***P<0.001 vs. OGD/R group; ###P<0.001 vs. OGD/R + miR‑NC group;
Δ
P<0.05, ΔΔP<0.01 vs. miR‑340‑5p mimic + empty plasmid group. eNOS, endothelial nitric oxide synthase; miR, microRNA; NC, negative control; Neurod4,
neuronal differentiation 4; NO, nitric oxide; OGD/R, oxygen‑glucose deprivation/reperfusion; p, phosphorylated; t, total.

The insufficient presence of oxygen and glucose for normal
metabolism is the main cause of injury in stroke (30) and as the
therapeutic window is limited, early recanalization has proved
helpful in preventing ischemic neuronal loss (31). Thrombolytic
therapies are commonly used for the treatment of ischemic
stroke (32); however, the recovery of blood flow has been found
to promote secondary injuries (33). Thus, reducing reperfusion
injuries is of great significance for improving the therapy available for ischemic stroke.
In the present study, PC12 cells that received OGD/R served
as the cellular model, which has been used in numerous previous
studies (24,25,34,35). Consistent with the previous studies,
the cell apoptotic rate, the inflammatory status and NO levels
were increased following OGD/R induction, indicating that the
cellular model was successfully established (36,37).
In a previous study, the expression levels of miR‑340‑5p
were rapidly decreased in the peripheral blood of patients who
had suffered from an acute ischemic stroke, which indicated a

potentially protective role for miR‑340‑5p in ischemic stroke (22).
Consistent with this previous study, miR‑340‑5p expression
levels were decreased in the OGD/R group in the present study.
Cell apoptosis and inflammation are two important factors
involved in ischemia‑reperfusion injury (38‑40). In the current
study, following the overexpression of miR‑340‑5p in PC12
cells, the cell apoptotic rate, inflammatory status and NO levels
induced by OGD/R were reduced, providing validation for the
protective role of miR‑340‑5p in cells induced by OGD/R.
Neurod4 is an important factor involved in neuronal
differentiation; its expression levels have been reported to be
increased under various stimuli, which was negatively correlated with the degree of neuron maturation (41). In the present
study, Neurod4 was identified as a target gene of miR‑340‑5p.
Neurod4 expression levels have also previously been reported
to be increased following maternal hypoxia (42). In the present
study, Neurod4 expression levels were increased in the OGD/R
group compared with control group, and the OGD/R‑induced
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increases in Neurod4 expression levels were reduced following
miR‑340‑5p overexpression. To the best of our knowledge, the
latter finding was reported for the first time in the present study,
which suggested that miR‑340‑5p may protect PC12 cells from
OGD/R injury through targeting Neurod4 expression. In addition, in a previous study, the inhibition of Neurod4 expression
reduced the inflammatory levels and suppressed oxidative stress
in spinal cord injury (41,43). These injuries caused by inflammation and oxidative stress are suggested to be the two major
factors involved in ischemia‑reperfusion injury (40,44‑46).
In the present study, following Neurod4 overexpression, the
apoptotic rate and inflammatory status of OGD/R‑induced
cells transfected with the miR‑340‑5p mimic were elevated.
These findings suggested that the Neurod4 gene may be an
important therapeutic target and targeting the Neurod4 gene
with miR‑340‑5p may provide a novel strategy for treating ischemia‑reperfusion injury. However, future studies are required to
determine other targets that could be targeted for the treatment
of ischemic stroke.
In a cerebral ischemia‑reperfusion injury model, the
levels of NO, a physiological messenger, were reported to be
upregulated and the expression levels of p‑eNOS/eNOS were
decreased, which subsequently resulted in ischemia‑reperfusion
injuries (47). In the present study, increased levels of NO
induced by OGD/R were subsequently reduced following
miR‑340‑5p overexpression. The opposite trend was observed
to occur to the expression levels of p‑eNOS/eNOS following
miR‑340‑5p overexpression. Notably, the effects of miR‑340‑5p
overexpression on NO levels and p‑eNOS/eNOS expression
levels were reversed by Neurod4 overexpression. These findings further indicated that miR‑340‑5p may protect against
injuries from OGD/R through inhibiting the production of NO
and increasing the expression levels of p‑eNOS/eNOS through
targeting Neurod4.
In conclusion, the findings of the present study suggested
that miR‑340‑5p may exert protective effects over OGD/R
in PC12 cells through targeting Neurod4 expression. These
results may provide novel strategies for alleviating the injuries
obtained from ischemia‑reperfusion and pave the way for future
research on ischemia‑reperfusion injury.
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