
Overexpression of miR-582
-5p Inhibits the Apoptosis of
Neuronal Cells after Cerebral Ischemic Stroke Through

Regulating PAR-1/Rho/Rho Axis
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Objective: The purpose of this study was to explore the role of miR-582-5p/protein-
ase-activated receptors type I (PAR-1)/Rho/Rho in neuronal cell apoptosis after
cerebral ischemic stroke (CIS). Methods: In vivo mouse model of CIS induced by
middle cerebral artery occlusion and in vitromodel induced by oxygen-glucose dep-
rivation/reoxygenation (OGD/R) in N2A cells was established. The expressions of
miR-582-5p, PAR-1, RhoA, and ROCKII in brain tissues and N2A cells were
detected. Neuronal cell apoptosis was detected by flow cytometry. Results: We
found that miR-582-5p expression was decreased and the expressions of PAR-1,
RhoA, and ROCKII were increased in CIS mice and OGD/R model. Moreover,
miR-582-5p negatively regulated PAR-1, and overexpression of miR-582-5p inhib-
ited the activation of Rho/Rho pathway by downregulating PAR-1, thus reducing
OGD/R-induced neuronal cell apoptosis. Conclusions: Our results suggested that
miR-582-5p overexpression could regulate Rho/Rho-kinase signaling pathway via
targeting PAR-1, thereby governing the apoptosis of neuronal cells after CIS.
Key Words: Cerebral ischemic stroke—neuronal cell apoptosis—miR-582-5p—
PAR-1—Rho/Rho
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Introduction

Cerebral ischemic stroke (CIS), also known as cerebral
infarction, refers to the ischemic necrosis or softening of
local cerebral caused by hypoxia and ischemia, which is
seriously harmful to human health.1 In recent years, the
incidence and mortality of CIS is increasing and the dis-
eased populations tend to be younger. Therefore, it is
urgent to find effective treatments. Neuronal cell apopto-
sis is an important mechanism of neuronal injury in CIS.2

Inhibiting neuronal cell apoptosis can improve neuronal
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injury following CIS.3 Therefore, investigation of the
molecular mechanism of neuronal cell apoptosis is condu-
cive to explore the effective targets of preventing and
treating the CIS-induced neuronal injury.
MicroRNAs (miRNAs) are a class of small noncoding

RNAs, which have been confirmed to play a vital role in
many biological processes, including cell migration, inva-
sion, proliferation, and apoptosis.4 Recent studies have
found that miRNAs are closely related to the occurrence
and development of CIS and can serve as potential targets
for the diagnosis and treatment of CIS.5,6 However, the
underlying mechanisms of some miRNAs which abnor-
mally expressed during the course of CIS have not been
understood, such as miR-582-5p. MiR-582-5p has been
identified as an important regulator in multiple cancers.
For example, miR-582-5p could inhibit the development
of colorectal carcinoma by targeting Rab27a.7 In addition,
miR-582-5p was demonstrated to decrease in traumatized
cortex after traumatic brain injury, but the mechanism of
miR-582-5p in neuronal cell apoptosis and neuroprotec-
tive in CIS has not been reported.
Rho/Rho-kinase signaling pathway is involved in the

pathogenesis of various neurological diseases, including
CIS8. Ras homolog family member A (RhoA), a member
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of Rho family, plays an important role in neurite out-
growth, neural network formation and nervous system
apoptosis. RhoA can exert the regulation on cellular bio-
logical behavior through its key downstream effector
Rho-associated kinase (ROCK)9. ROCK is a kind of ser-
ine/threonine protein kinase that includes 2 subtypes
(ROCKI and ROCKII), and the expression of ROCKII
is widespread in the brain, muscle, cardio tissue and pla-
centa.10 Apoptosis is an essential cause of the neuronal
damage that results from cerebral ischemia. Studies
showed that when Rho/Rho-kinase was inhibited, the
neurons apoptosis cerebral ischemia/reperfusion could
be reduced.11,12 Han et al13 revealed that miR-431 could
inhibit neurons apoptosis in a rat model of cerebral ische-
mia/reperfusion injury by negatively regulating the Rho/
Rho-kinase signaling pathway.
The bioinformatics analysis (mirdb.org) showed that

the binding sites of miR-582-5p exist in the 30UTR
(untranslated region) of proteinase-activated receptors
type I (PAR-1), which has a significant role in inducing
neuronal injury.14 PAR-1, also called coagulation factor 2
receptor, is a receptor of thrombin and is overexpressed in
brain tissues of CIS mice.15 PAR-1 deficiency could protect
against neuronal damage after cerebral hypoxia/ische-
mia.16 Additionally, PAR-1 could activate Rho/Rho-
kinase signaling pathway.17 The above findings prompted
the inference that miR-582-5p might participate in the
pathogenesis of neuronal injury following CIS through
regulating PAR-1/Rho/Rho.
In this study, we detected the expression of miR-582-5p

and PAR-1 in CIS mice, explored the interaction between
miR-582-5p and PAR-1 in neuronal cells, and further clari-
fied the role of miR-582-5p/PAR-1/Rho/Rho in neuronal
cell apoptosis.
Methods

Animal

C57BL/6 mice (8-week-old, 20-25 g) were purchased
from Shanghai Lab. Animal research center, and housed
in individual cages with free access to food and water.
The study was approved by the Institutional Animal Care
and Use Committee of Tianjin Union Medical Center.
Middle Cerebral Artery Occlusion Mouse Model

The cerebral artery occlusion (MCAO) model of CIS
was established as described previously.18 Briefly, mice
were anesthetized using pentobarbital (40 mg/kg) by
intraperitoneal injection. A blunt dissection was per-
formed to expose the left common carotid artery (CCA)
under a stereomicroscope. Then, the ipsilateral CCA prox-
imal end and external carotid artery was ligated, and the
internal carotid artery was clamped using an arterial
clamp. After a small incision in the CCA between perma-
nent and temporary sutures was made, a 5-0 nylon
monofilament (silicone diameter, .23 mm) was inserted
into the internal carotid artery approximately 18 mm
beyond the carotid bifurcation, thus blocking the origin of
the middle cerebral artery. After 1 hour of MCAO, the
mice were allowed reperfusion for 6 hours (n = 6). Sham
mice (n = 6) were subjected to the same procedure except
for intraluminal introduction. Laser Doppler flowmetry
(PeriFlux 5000, Perimed) was used to monitor the regional
cerebral blood flow. A temperature-controlled heating
pad (CMA 150, Carnegie Medicin, Sweden) was used to
monitor the body temperature during surgery (Fig 1A).
Twenty-four hours after surgery, mice were sacrificed
and the brain of each mouse was obtained for subsequent
experiments.

Thrombin Activity Assay

Thrombin activity was detected using a fluorometric
assay as described previously.19 Briefly, the left ischemic
hemisphere of the brain from each mouse was taken, and
then cut into coronal slices (1-mm thick). The coronal sli-
ces were placed into black microplate containing the sub-
strate buffer. The thrombin activity levels that were
measured using a microplate reader with excitation and
emission filters of 360 § 35 nm and 460 § 35 nm, respec-
tively.

Cell Culture and Treatment

The mouse neuroblastoma neuro 2A (N2A) cell line was
purchased from American Type Culture Collection (Man-
assas, VA). N2A cells were cultured in Eagle's Minimum
Essential Medium (EMEM; American Type Culture Col-
lection) containing 10% fetal bovine serum (Gibco),
100 U/ml penicillin, and 100 mg/ml streptomycin in a
humidified atmosphere of 5% CO2 at 37°C. To establish in
vitro oxygen-glucose deprivation/reoxygenation (OGD/
R) model, N2A cells were cultured in serum/glucose-free
EMEM medium in a humidified atmosphere of 1% O2,
5% CO2, and 95% N2 at 37°C. After 4 hours, the culture
medium was replaced to normal EMEM medium for a
12-hour recovery in normoxic conditions. For the cell
transfection experiments, N2A cells were pretreated with
miR-582-5p inhibitor, miR-582-5p mimic, pcDNA-PAR-1,
and their negative control for 24 hours.

Quantitative Real-Time Polymerase Chain Reaction

The expressions of miR-582-5p, miR-20-5p, miR-216a-
5p, miR-326-3p, miR-212-3p, and PAR-1 messenger RNA
in brain tissues or N2A cells were detected by quantitative
real-time polymerase chain reaction (qRT-PCR). Total
RNA was extracted from brain tissues or N2A cells using
TRIzol reagent (Invitrogen, Waltham, MA) according
to the manufacturer's instructions. For detection of miR-
582-5p, miR-20-5p, miR-216a-5p, miR-326-3p, and
miR-212-3p, the cDNA synthesis was performed using



Figure 1. The expression of miR-582-5p and PAR-1 in brain tissues of CIS mice and in vitro OGD/R model. MCAO mouse model was established. Twenty-four
hours later, brain tissues of mice from sham group and I/R group were collected for thrombin activity assay, qRT-PCR, and western blot. OGD/R model was
established using N2A cells. (A) CBF and body temperature monitoring, and thrombin activity. (B) The expression of miRNAs in brain tissues. (C) The expres-
sion of PAR-1, RhoA, and ROCKII in brain tissues. (D) MiR-582-5p expression in N2A cells. (E) The expression of PAR-1, RhoA, and ROCKII in N2A cells.
*P < .05 versus sham group or control group.
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miRNA cDNA Synthesis Kit (TaKaRa, Dalian, China). For
PAR-1 messenger RNA analysis, the cDNA synthesis was
performed using SuperScript first-strand synthesis kit
(Invitrogen). qRT-PCR was performed using SYBR Pre-
mix ExTaq II kit (Takara) according to the manufacturer's
protocol.
Western Blot

Total protein was extracted from brain tissues or N2A
cells using RIPA lysis buffer. The concentration of total
protein was quantified using a BCA kit (Thermo Fisher
Scientific, Waltham, MA). An equal amount of protein
was separated by 12% SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and trans-
ferred to PVDF (polyvinylidene difluoride) membranes.
After blocking with 5% skim milk for 2 hours at room
temperature, the proteins on membranes were incubated
with the primary antibodies-anti-PAR-1 (1:1000; Abcam),
anti-RhoA (1:5000; Abcam), anti-ROCKII (1:1000; Abcam),
anti-p-eNOS (1:1000; Cell Signaling Technology), anti-
eNOS (1:500; Abcam), and anti-b-actin (1:5000; Abcam)
at 4°C overnight. After washing with 1£ TBST (Tris-
buffered saline Tween) 3 times, the proteins were incu-
bated with horseradish peroxidase-conjugated secondary
antibody for 1 hour at room temperature. Immunoblots
were visualized by enhanced chemiluminescence (ECL
kit, Santa Cruz Biotechnology). The b-actin band was
served as a loading control.
Luciferase Report Gene Assay

The 30-UTR of PAR-1 and its mutated form were syn-
thesized and inserted into the luciferase reporter vector
pmiRGLO by Genewiz (Beijing, China). 293T cells were
cultured in 24-well plates overnight and co-transfected
with miR-582-5p mimic or inhibitor and the luciferase
reporter plasmids containing PAR-1 30-UTR (PAR-1-WT)
or its mutated form (PAR-1-MUT) using Lipofectamine
2000 (Invitrogen) according to the manufacturer's proto-
col. After 24 hours of transfection, luciferase activity was
detected using a luciferase reporter assay system (Prom-
ega) according to the manufacturer's instructions.
Cell Apoptosis Assay

The apoptosis of N2A cells was assessed using Annexin
V-FITC Apoptosis Detection Kit (JingMei Biotech, Beijing,
China). Cells were harvested and stained with Annexin
V-FITC and PI according to the reagent's protocol. The
ratio of apoptotic cells was analyzed by a flow cytometry
(FACScan, BD Biosciences, Franklin Lakes, NJ).
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Statistical Analysis

The data were analyzed by SPSS 18.0 software and
expressed as the mean § standard deviation. The differ-
ence between 2 groups was compared using Student's t
test. The statistical significance between different groups
was compared using One-way ANOVA followed by the
Newman-Keuls post hoc test. P < .05 was considered sta-
tistically significant. All experiments were performed in
triplicate.
Results

MiR-582-5p was Decreased and PAR-1 was Increased in
CIS Mice and OGD/R Model

To test which miRNAwas closely related to CIS, in vivo
mouse model of CIS induced by MCAO was established.
Twenty-four hours later, the brain tissues of mice from
sham group and I/R group were collected for thrombin
activity assay, qRT-PCR, and western blot. As shown in
Figure 1A, the thrombin activity in I/R group was higher
than that in the sham group. The results of qRT-PCR sug-
gested that the expression of miR-582-5p and miR-216a-
5p was significantly decreased in I/R group compared
with the sham group, and miR-582-5p expression was
lower than miR-216a-5p expression (Fig 1B). Thus, we
chose miR-582-5p to carry out the future mechanism
experiments. Results also showed that PAR-1 expression
was markedly increased in brain tissues of mice from I/R
group, and the protein expressions of RhoA and ROCKII
were enhanced (Fig 1C).
To investigate the underlying mechanism of miR-582-

5p in CIS, in vitro model induced by OGD/R in N2A cells
was established. Figure 1D and E showed that treatment
with OGD/R markedly reduced miR-582-5p expression
compared with the control group, and upregulated the
expression of PAR-1, RhoA and ROCKII.
MiR-582-5p Negatively Regulated PAR-1

According to the bind sites between miR-582-5p and
PAR-1 that predicted by miRDB.org (Fig 2A), we per-
formed luciferase report gene assay to explore the rela-
tionship between them. It was found that miR-582-5p
inhibitor could enhance the luciferase activity of PAR-1
30UTR-WT in 293T cells, while miR-582-5p mimic had an
opposite effect (Fig 2B). To prove that miR-582-5p could
regulate PAR-1 expression, miR-582-5p inhibitor or mimic
were transfected into N2A cells to reduce or increase miR-
582-5p expression. The results showed that inhibition of
miR-582-5p upregulated PAR-1 expression, and overex-
pression of miR-582-5p downregulated PAR-1 expression
(Fig 2C).
Overexpression of miR-582-5p Inhibited the Increased
Expression of PAR-1 Induced by OGD/R

To investigate whether miR-582-5p regulated the
changes of PAR-1 expression induced by OGD/R, N2A
cells were divided into control group, OGD/R group,
OGD/R+pre-NC group, and OGD/R+miR-582-5p mimic
group. As shown in Figure 3, OGD/R induction reduced
miR-582-5p expression and increased PAR-1expression,
whereas miR-582-5p mimic changed the effect of OGD/R
treatment.
Overexpression of miR-582-5p Inhibited OGD/R-Induced
Neuronal Cell Apoptosis by Regulating PAR-1/Rho/Rho
Axis

We first investigated whether miR-582-5p/PAR-1 regu-
lated the activation of Rho/Rho-kinase signal pathway
induced by OGD/R. N2A cells were divided into control
group, OGD/R group, OGD/R+pre-NC group, OGD/R
+miR-582-5p mimic group, OGD/R+miR-582-5p mimic
+pcDNA group, and OGD/R+miR-582-5p mimic+pcDNA-
PAR-1 group. The results revealed that miR-582-5p mimic
could reverse the decreased expression of miR-582-5p and
p-eNOS, as well as increased expression of PAR-1, RhoA,
and ROCKII induced by OGD/R, while pcDNA-PAR-1
could change the effect of miR-582-5p (Fig 4A and B). These
results indicated that overexpression of miR-582-5p could
suppress the activation of Rho/Rho-kinase signal pathway
induced by OGD/R via downregulating PAR-1.
To prove the role of miR-582-5p/PAR-1/Rho/Rho axis

on OGD/R-induced neuronal cell apoptosis, N2A cells
were pretreated with30 mmol/L of hydroxyfasudil (an
inhibitor of Rho/Rho-kinase pathway). As shown in
Figure 4C, treatment with OGD/R significantly promoted
neuronal cell apoptosis, while miR-582-5p mimic inhib-
ited the promotion effect. As expected, pcDNA-PAR-1
could increase neuronal cell apoptosis again, but hydroxy-
fasudil changed its effect.
Discussion

The role of noncoding RNAs (ncRNAs) in human dis-
eases, including tumors, cardiovascular disease, and met-
abolic diseases, has attracted increasing attention in recent
years. A number of papers have demonstrated ncRNAs
are closely related to systemic or local inflammatory
response, cell proliferation, apoptosis, and migration that
are directly involved in the occurrence and development
of human diseases. miRNAs, a class of ncRNAs, have
been shown to participate in the pathogenesis of CIS.13

For instance, miR-298 was downregulated in CIS, and
upregulation of miR-298 could exacerbate ischemia/
reperfusion injury following CIS.20 In this study, we find
a decrease in miR-582-5p expression in brain tissues of
CIS mice. The abnormal miR-582-5p expression in CIS
might be related to the neuronal injury after CIS. MiR-



Figure 2. Interaction between miR-582-5p and PAR-1. (A) Putative binding sites of miR-582-5p and PAR-1. (B) The interaction between miR-582-5p and
PAR-1 30UTR in 293T cells was explore using luciferase report gene assay. (C) MiR-582-5p inhibitor or mimic were transfected into N2A cells to reduce or
increase miR-582-5p expression. Effects of miR-582-5p expression on PAR-1 mRNA and protein were analyzed. *P < .05 versus NC; #P < .05 versus pre-NC.
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Figure 3. Overexpression of miR-582-5p inhibited the increased expression of PAR-1 induced by OGD/R. N2A cells were divided into control group, OGD/R
group, OGD/R+pre-NC group, and OGD/R+miR-582-5p mimic group. (A) MiR-582-5p expression in N2A cells. (B) PAR-1 expression in N2A cells. *P < .05
versus control; #P < .05 versus OGD/R+pre-NC.
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582-5p has been shown to be involved in many human
diseases, including cancers and immune diseases.21,22 In
the current study, for the first time, we investigated the
role of miR-582-5p in the neuronal injury after CIS and its
underlying mechanism.
Thrombin plays a key role in neuronal injury after

CIS.14,23 Most of the effects of thrombin are mediated and
regulated by PAR-1, which can aggravate neuronal injury
after ischemia through various ways. For instance, Wang
et al24 showed that knockout of PAR-1 could inhibit neu-
ronal death in mouse brain after cerebral ischemia. Xie et
al25 revealed that ginsenoside-Rg1 ameliorated the
Figure 4. Overexpression of miR-582-5p inhibited OGD/R-induced neuronal cell
control group, OGD/R group, OGD/R+pre-NC group, OGD/R+miR-582-5p mimi
mimic+pcDNA-PAR-1 group, and OGD/R+miR-582-5p mimic+pcDNA-PAR-1+
expression of PAR-1, RhoA, ROCKII, p-eNOS, and eNOS in N2A cells. (C) The a
versus control; #P < .05 versus OGD/R+pre-NC; &P < .05 versus OGD/R+m
+pcDNA-PAR-1.
neurological injury induced by focal cerebral ischemia in
rats by downregulating PAR-1. Moreover, the role of
thrombin is also related to activation of Rho/Rho-kinase
signaling pathway.26 Previous study showed that throm-
bin increased endothelin-1 synthesis and secretion in reti-
nal pigment epithelial cells via activating Rho/Rho-
kinase.27 It has been proved that the activation of Rho/
Rho-kinase signaling pathway is closely regulated with
neural development.28 However, whether the role of
PAR-1 in neuronal injury after CIS is related to the activa-
tion of Rho/Rho-kinase signaling pathway has not been
reported. Therefore, the current study aimed to clarify the
apoptosis by regulating PAR-1/Rho/Rho axis. N2A cells were divided into
c group, OGD/R+miR-582-5p mimic+pcDNA group, OGD/R+miR-582-5p
hydroxyfasudil group. (A) MiR-582-5p expression in N2A cells. (B) The

poptosis of neuronal cells was analyzed by flow cytometry methods. *P < .05
iR-582-5p mimic+pcDNA; $P < .05 versus OGD/R+miR-582-5p mimic
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molecular mechanism of miR-582-5p/PAR-1/Rho/Rho in
the neuronal injury as a result of CIS. Herein, in this
work, we analyzed and confirmed that PAR-1 was nega-
tively regulated by miR-582-5p. Further experiment con-
firmed that overexpression of miR-582-5p mediated the
inhibition of Rho/Rho-kinase signaling pathway activa-
tion via downregulating PAR-1, thereby exerted the inhi-
bition effect on the apoptosis of neuronal cells.
Conclusions

In conclusions, our results suggested that miR-582-5p
overexpression could reduce CIS-induced neuronal cell
apoptosis by regulating Rho/Rho-kinase signaling path-
way through targeting PAR-1. These findings have docu-
mented a potential role of miR-582-5p in the pathogenesis
of neuronal injury after CIS. However, our study still had
some shortcomings, such as, we did not verify the molec-
ular mechanism in animal experiments. We will improve
it in further experiments.
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