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Abstract. Cerebral ischemia is a common cerebrovascular 
disease caused by the occlusion of a cerebral blood vessel. 
MicroRNAs (miRNAs/miRs) are emerging regulators of various 
human diseases, including cerebral ischemia. Upregulation 
of miR‑183‑5p has been reported to alleviate liver injury 
induced by ischemia‑reperfusion (I/R). However, the effect of 
miR‑183‑5p on cerebral ischemia injury remains unknown. The 
present study evaluated the effects of miR‑183‑5p on ischemia 
injury using ischemic models of mouse brains exposed to 
transient middle cerebral artery occlusion and Neuro‑2A (N2A) 
neuroblastoma cells exposed to oxygen‑glucose‑deprivation 
(OGD) and subsequently reoxygenated. Ischemia was evaluated 
in mice using neurological function scores, cerebral edema, 
2,3,5‑triphenyltetrazoliumchloride, Nissl and Fluoro‑Jade B 
staining assays. In addition, miR‑183‑5p expression, N2A cell 
viability and the expression levels of apoptosis‑associated 
proteins were detected by quantitative PCR, Cell Counting Kit‑8 
assay, flow cytometry and western blotting. The association 
between miR‑183‑5p and phosphatase and tensin homolog 
(PTEN) was also confirmed by a luciferase reporter assay. The 
results revealed that miR‑183‑5p expression was decreased and 
brain damage was increased in ischemic mice compared with 

the sham group. Additionally, miR‑183‑5p levels were reduced, 
and apoptosis was increased in N2A cells exposed to ischemia 
compared with the control group. Following transfection with 
agomiR‑183‑5p, cerebral ischemic injury and apoptosis levels 
were reduced in the in vivo I/R stroke model and OGD‑induced 
N2A cells. In addition, PTEN was determined to be a target 
of miR‑183‑5p following elucidation of a direct binding site. 
Overexpression of PTEN reversed the miR‑183‑5p‑induced 
N2A cell apoptosis inhibition and survival after OGD. The 
results of the present study suggested that miR‑183‑5p reduced 
ischemic injury by negatively regulating PTEN, which may aid 
the development of a novel therapeutic strategy for cerebral 
ischemia.

Introduction

Ischemic stroke refers to a type of cerebrovascular disease 
caused by the occlusion of a cerebral blood vessel, disrupting 
the supply of nutrients and oxygen to the brain and ultimately 
leading to brain tissue necrosis and neurological damage (1). 
As the second leading cause of death in industrialized coun-
tries, ischemic injury accounts for 87% of all strokes (2). It has 
been reported that ~20% of stroke survivors need institutional 
care, and 15‑30% of stroke survivors remain permanently 
disabled  (3). Intravenous recombinant tissue plasminogen 
activator is an effective treatment of ischemia; however, only 
5% patients are eligible for treatment, and when administered 
for >4.5 h, the risk of intracranial hemorrhage may exceed its 
benefit (4). Previous studies have demonstrated that cerebral 
ischemia may lead to apoptosis and neuronal damage in the 
ischemic area (5), although the subtle underlying mechanisms 
are not fully understood. Therefore, clarifying the molecular 
mechanism of cerebral ischemia may provide new insights 
into ischemic stroke. MicroRNAs (miRNAs/miRs) are small 
non‑coding single‑stranded RNA molecules ~22 nucleotides 
long that regulate gene expression after transcription by inhib-
iting translation or inducing the degradation of the target gene 
mRNA (6). In recent years, increasing studies have suggested 
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that miRNAs serve vital roles in ischemic stroke (7). In addi-
tion, experimental therapies based on miRNAs have been 
developed to assist post‑stroke neurological recovery and 
mitigate ischemic brain injury (8,9). Chang et al  (10) have 
reported that miR‑195 ameliorates ischemic stroke through 
inhibiting neuronal apoptosis in a middle cerebral artery 
occlusion (MCAO) model of brain ischemia. miR‑183, which 
belongs to the evolutionarily conserved miRNA cluster, is 
located on human chromosome 7 and serves a number of 
functions in key cellular processes, including the develop-
ment of neurons (11). Lin et al (12) have demonstrated that 
ischemic post‑conditioning increases miR‑183‑5p levels in 
the murine liver compared with those in ischemia‑reperfusion 
(I/R) mice. Furthermore, miR‑183‑5p upregulation alleviates 
liver injury after I/R by targeting apoptotic protease‑activating 
factor 1. Gong et al (13) have reported that knockdown of long 
non‑coding RNA maternally expressed 3 upregulates the 
levels of miR‑183‑5p, thus protecting H9c2 rat cardiomyocytes 
from hypoxic injury. However, to the best of our knowledge, 
whether miR‑183‑5p mitigates cerebral ischemia injury has 
not been reported.

The phosphatase and tensin homolog (PTEN) gene, located 
on human chromosome 19, encodes a dual protein phosphatase 
enzyme that dephosphorylates protein and lipid substrates (14). 
A previous study has revealed increased expression levels of 
PTEN in MCAO or oxygen‑glucose deprivation (OGD)‑induced 
ischemic stroke (15). In addition, knockdown of miR‑183‑5p 
upregulated PTEN expression in multiple types of tumor 
(including synovial sarcoma, rhabdomyosarcoma and colon 
cancer) and T cell‑dependent autoimmune diseases (16,17). 
Based on these findings, the current study hypothesized that 
miR‑183‑5p may reduce cerebral ischemic injury by regulating 
PTEN. This hypothesis was verified by inducing transient focal 
cerebral ischemia in mice exposed to MCAO and exposing 
Neuro‑2A neuroblastoma (N2A) cells to OGD. 

Materials and methods

Animal model of focal cerebral ischemia. In the present study, 
a total of 112 male 8‑week‑old C57BL/6 mice were purchased 
from Changsheng Bio‑technology Co., Ltd. All mice were 
maintained in a controlled environment with a temperature 
of 21‑23˚C and a humidity of 45‑55% under a 12‑h light/dark 
cycle with free access to food and water. After adaptive 
feeding for 1 week, mice were randomly divided into the sham 
group (n=32) and the experimental group (n=80). Animals in 
the experimental group were subjected to cerebral ischemia 
using the MCAO method as previously described (18). Mice 
were anesthetized with 50 mg/kg pentobarbital sodium. The 
common carotid artery and the vagus nerve were exposed by a 
midline neck incision. Then, the internal carotid artery (ICA) 
and external carotid artery (ECA) were bluntly isolated. After 
a small opening was made between the ligation (at the distal 
end of ECA) and the clipping (at the proximal end of ECA 
and CCA), a plug (diameter, 0.22‑0.23 mm) was inserted to 
block the blood flow of the middle cerebral artery, followed 
by suturing of the skin. The plug was pulled out 1 h after 
ischemia, and subsequent experiments were performed 24 h 
after reperfusion. For the sham surgery, all procedures were 
identical, with the exception that the plug was not inserted. All 

procedures using laboratory animals were in accordance with 
the Institutional Animal Care and Use Committee of Binzhou 
People's Hospital (approval no. LYP200).

The mice were randomly divided into four groups: i) Sham 
(n=32); ii) MCAO (n=32); iii) MCAO + agomiR‑183‑5p (n=24); 
and iv) MCAO + agomiR‑negative control (NC) (n=24). In each 
group, mice were used to evaluate mRNA and protein expres-
sion (n=8), determine the cerebral infarct area (n=8), evaluate 
cerebral edema (n=8) and determine neurological scores by 
histopathological analysis of the ischemic penumbra (n=8).

AgomiR‑183‑5p transfection into the mouse brain. The 
miR‑183‑5p agomir (agomiR‑183‑5p; 5'‑UAU​GGC​ACU​GGU​
AGA​AUU​CAC​U‑3') and its negative control (agomiR‑NC; 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3') were obtained 
from Shanghai GenePharma Co., Ltd. In vivo transfection 
was performed as previously described (19): The stereotaxic 
coordinates were 0.5 mm posterior and 1.0 mm lateral to the 
bregma, and 2.5‑3.0 mm ventral to the surface of the skull. 
To assess the neurological dysfunction and neuronal damage 
in mice following MACO, agomiR‑183‑5p or agomiR‑NC 
was mixed with the Entranster™‑in vivo transfection reagent 
(Engreen Biosystem Co., Ltd.) and subsequently injected 
intracerebroventricularly into the experimental group mice 
(the MCAO + agomiR‑183‑5p and MCAO + agomiR‑NC 
groups) at a rate of 0.2 µl/min using a mini‑pump prior to 
cerebral ischemia. For the MCAO group, an equal amount of 
Entranster™‑in vivo was injected. After 24 h, cerebral isch-
emia was induced in the experimental group via MCAO.

Neurological scoring. Neurological deficits were evaluated 
immediately after reperfusion to verify the MCAO model. 
Deficits were scored using an 18‑point scoring system as 
previously described (20). The scoring system was six parts: 
i) Spontaneous activity in the cage for 5 min; ii) limb activity 
symmetry; iii) forelimb symmetry; iv) climbing in metal wire 
cages; v) torso touching; and vi) vibrissa responses. The scores 
of each test ranged between 0 and 3, with a score of 0 indi-
cating a normal neurological response.

Brain edema assay. Mice were sacrificed under deep anes-
thesia (150 mg/kg pentobarbital sodium; death was confirmed 
by lack of breathing and heartbeat) at 24 h post‑reperfusion, 
and the brain tissue was harvested. Brain edema was analyzed 
using the wet/dry method as previously described (21). Brain 
water content was calculated using the following formula: 
[(wet weight‑dry weight)/wet weight] x100%. 

2,3,5‑Triphenyltetrazoliumchloride (TTC) staining. The 
area of cerebral infarction was measured as previously 
described (22). Brain tissues from mice were frozen at ‑20˚C 
for 1‑2 h. The olfactory bulb and the cerebellum were removed, 
and the tissues were sliced into five 1‑mm thick coronal 
sections and stored on ice. The sections were immersed in 
1% TTC (Shanghai Aladdin Bio‑chem Technology Co., Ltd.) 
and stained for 10‑15 min at 37˚C in the dark, during which 
the slices were continuously turned to ensure even coverage. 
The cerebral infarct area was photographed using a digital 
camera and quantified by Image‑pro plus 6.0 software (Media 
Cybernetics, Inc.).



Molecular Medicine REPORTS  22:  3944-3954,  20203946

Nissl staining. Samples of the ischemic penumbra were 
obtained from mice 24 h after reperfusion. Neuronal damage 
in the ischemic penumbra was assessed using Nissl staining 
as previously described (23). Samples were fixed with 4% 
paraformaldehyde for 15 min at room temperature, embedded 
in paraffin, dewaxed in xylene and rehydrated with graded 
ethanol (95, 85 and 75%). The samples were cut coronally with 
a thickness of 4 µm. Following rinsing with distilled water, 
the sections were stained with 0.5% crystal violet (Sinopharm 
Chemical Reagent Co., Ltd.) for 10 min at room temperature. 
Images of the ischemic penumbra were observed under an 
Olympus BX53 light microscope (Olympus Corporation) at 
x200 magnification. The number of neurons was quantified by 
a professional researcher, who was blind to the grouping.

Fluoro‑Jade B (FJB) staining. FJB staining was performed 
using an FJB staining kit (EMD Millipore) according to the 
manufacturer's instructions. Coronary sections (4 µm) from the 
ischemic penumbra were visualized using an Olympus BX53 
fluorescence microscope at magnification, x200 (Olympus 
Corporation) to evaluate degenerating neurons. FJB‑positive 
neurons were counted by a professional researcher, who was 
blind to the grouping.

Cell culture. Mouse N2A cells were purchased from Procell 
Life Science & Technology Co., Ltd. and cultured in Dulbecco's 
Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, 
Inc.) containing high glucose (HG) and 10% fetal bovine 
serum (Thermo Fisher Scientific, Inc.) at 37˚C in a humidified 
atmosphere of 5% CO2. 

OGD and reoxygenation. To simulate ischemic‑like condi-
tions in  vitro, N2A cells were seeded on 6‑well plates 
(4x105 cells/well) and incubated at 37˚C with 5% CO2 for 24 h. 
Subsequently, HG medium was replaced with glucose‑free 
DMEM and incubated at 37˚C in an anaerobic chamber 
containing 95% N2 and 5% CO2 for 3  h. Following OGD 
exposure, cells were returned to HG medium under normoxic 
conditions for 24‑h reoxygenation. Control cells not exposed 
to OGD were maintained in DMEM containing HG at 37˚C 
with 5% CO2 and 95% O2. 

Cell transfection. N2A cells were plated into a 6‑well plate 
(4x105 cells/well), cultured overnight, and were then trans-
fected with 100 pmol agomiR‑183‑5p, antagomiR‑183‑5p or 
their negative controls at room temperature for 48 h using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Additionally, 
a PTEN‑overexpression pcDNA3.1 plasmid (1 µg; Invitrogen; 
Thermo Fisher Scientific, Inc.) was transfected alone or 
co‑transfected with 50 pmol agomiR‑183‑5p into N2A cells 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
An empty pcDNA3.1 vector was used as a negative control. 
OGD was performed 48 h after transfection.

Luciferase activity assay. TargetScan (http://www.targetscan.
org) was used to predict the potential targets of miR‑183‑5p, 
and an interaction between miR‑183‑5P and PTEN was 
identified. N2A cells were incubated in 12‑well plates at 90% 

confluence for 24 h. Cells were then co‑transfected with the 
pMIR‑reporter luciferase vector, which included the wild‑type 
or mutant PTEN‑3'‑untranslated region (UTR) miR‑183‑5p 
binding site 1 or 2 and agomiR‑NC or agomiR‑183‑5p using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. After 48‑h 
transfection, luciferase activity was detected by the Luciferase 
Assay kit (Promega Corporation) according to the manufac-
turer's instructions. Luciferase activity was normalized to the 
Renilla luciferase activity.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from the ischemic penumbra or N2A cells 
using the RNApure kit (BioTeke Corporation) according to 
the manufacturer's instructions. To determine miR‑183‑5p 
or PTEN mRNA expression, reverse transcription was 
performed using M‑MLV Reverse Transcriptase (2641A, 
Takara Biotechnology Co., Ltd.) according to the manufac-
turer's directions. Real‑time PCR was subsequently conducted 
using Taq™ HS Perfect Mix (Takara Biotechnology Co., 
Ltd.) and SYBR® Green (BioTeke Corporation). The forward 
and reverse primers of miR‑183‑5p, U19, PTEN and β‑actin 
used for real‑time PCR were as follows: miR‑183‑5p, 5'‑GCG​
GCT​ATG​GCA​CTG​GTA​GAA‑3' and 5'‑GTG​CAG​GGT​CCG​
AGG​TAT​TC‑3'; U19, 5'‑TGT​GGA​GTT​GGT​CCT​GGT​CT‑3' 
and 5'‑GTG​CAG​GGT​CCG​AGG​TAT​TC‑3'; PTEN, 5'‑GAC​
CAT​AAC​CCA​CCA​CAG​C‑3' and 5'‑CAT​TAC​ACC​AGT​CCG​
TCC​CT‑3'; β‑actin, 5'‑AAT​CGT​GCG​TGA​CAT​CAA‑3' and 
5'‑AGA​AGG​AAG​GCT​GGA​AAA‑3'. Relative miR‑183‑5p 
was calculated using the 2‑ΔΔCq method (24) and normalized to 
U19. Relative PTEN expression was calculated using the same 
method and normalized to β‑actin.

Cell Counting Kit‑8 (CCK‑8) assay. Cell viability was assessed 
using a CCK‑8 kit (Sigma‑Aldrich; Merck KGaA) 24 h after 
OGD according to the manufacturer's instructions. Briefly, 
N2A cells from different groups, including i) Control; ii) OGD; 
iii) OGD + agomiR‑NC; iv) OGD + agomiR‑183‑5p; v) OGD 
+ agomiR‑183‑5p + vector; and vi) OGD + agomiR‑183‑5p + 
PTEN‑overexpression plasmid, were plated in 96‑well plates 
(3x103 cells/well). Following the addition of·CCK‑8 solution to 
each well, the cells were incubated for 2 h at 37˚C with 95% O2 
and 5% CO2. Optical density values were measured at 450 nm 
using an ELX‑800 microplate reader (BioTeke Corporation).

Flow cytometry assay. OGD‑induced apoptosis was detected 
using an Annexin‑V/propidium iodide (PI) apoptosis detec-
tion kit (Beyotime Institute of Biotechnology) according to 
the manufacturer's instructions. Briefly, N2A cells from each 
group were harvested after centrifugation at 90 x g for 5 min at 
room temperature and washed twice with PBS. Next, the cells 
were stained with Annexin V‑FITC and PI for 15 min in the 
dark. Finally, apoptosis was analyzed using a flow cytometer 
(NovoCyte, Aceabio Biosciences, Inc.) and NovoExpress soft-
ware version 1.3.1 (Aceabio Biosciences, Inc.).

Western blotting. Total protein was extracted from the 
ischemic penumbra or N2A cells and quantified using a 
BCA kit (Beyotime Institute of Biotechnology) according to 
the manufacturer's instructions. Equal amounts of protein 
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(30 µg per lane) were separated on 10‑15% sodium dodecyl 
sulfate‑polyacrylamide gels and transferred to polyvinylidene 
fluoride membranes (Thermo Fisher Scientific, Inc.). The 
membranes were blocked with 5% (m/v) bovine serum albumin 
(Biosharp Life Sciences) for 1 h at room temperature and 
incubated at 4˚C overnight with the following primary anti-
bodies: Anti‑B‑cell lymphoma‑extra‑large (Bcl‑xl; 1:1,000; 
cat. no. 2762; Cell Signaling Technology, Inc.), anti‑B‑cell 
lymphoma‑2 (Bcl‑2; 1:500; cat. no. 12789‑1‑AP; ProteinTech 
Group, Inc.), anti‑Bcl‑2‑associated X protein (Bax; 1:500; 
cat. no. 50599‑2‑Ig; ProteinTech Group, Inc.), anti‑cleaved 
caspase‑3 (1:1,000; cat. no. 9654; Cell Signaling Technology, 
Inc.), anti‑pro caspase‑3 (1:1,000; cat. no. 9662; Cell Signaling 
Technology, Inc.), anti‑PTEN (1:1,000; cat. no. A11193; ABclonal 
Biotech Co., Ltd.) or anti‑β‑actin (1:2,000; cat. no. 60008‑1‑Ig; 
ProteinTech Group, Inc.). After washing with TBS + 0.1% 
Tween‑20, the membranes were incubated for 40 min at 37˚C 
with horseradish peroxidase‑labeled goat anti‑rabbit IgG 
(1:10,000; cat. no. SA00001‑2; ProteinTech Group, Inc.) or goat 
anti‑mouse IgG (1:10,000; cat. no. SA00001‑1; ProteinTech 
Group, Inc.) secondary antibodies. The signal bands of the 
membranes were visualized using an ECL kit (Shanghai 7sea 
Biotech Co., Ltd.) according to the manufacturer's protocol 
and quantified by Gel‑Pro‑Analyzer 4.0 software (Media 
Cybernetics, Inc.).

Statistical analysis. Data are presented as the mean ± SD, and 
each experiment was repeated ≥3 times. Statistical analyses 
were performed by GraphPad Prism 8.0 (GraphPad Software, 
Inc.) using one‑way ANOVA followed by Tukey's test for 
multiple comparisons or two‑tailed unpaired Student's t‑tests 
for comparisons between two groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Expression of miR‑183‑5p in the MCAO mouse model. To 
identify the expression of miR‑183‑5p in vivo before and after 
ischemia induction, mice were subjected to MCAO (~25% 
mortality). The results of the RT‑qPCR assay demonstrated 
that the expression of miR‑183‑5p was significantly decreased 
after MCAO (P<0.05; Fig. 1A) compared with that in the sham 
group, indicating that downregulation of miR‑183‑5p expres-
sion in vivo was associated with cerebral ischemia.

Effects of miR‑183‑5p on the neurological score, cerebral 
edema and infarct area. To explore the role of miR‑183‑5p 
on cerebral ischemia, agomiR‑NC or agomiR‑183‑5p was 
injected into the murine cerebra prior to MCAO. RT‑qPCR 
analysis revealed that compared with agomiR‑NC, trans-
fection with agomiR‑183‑5p significantly upregulated the 
expression of miR‑183‑5p in the MCAO group (P<0.05; 
Fig. 1B). Neurological score and brain water content analyses 
were performed to assess the neurological function and brain 
edema, respectively, and TTC staining was performed to 
determine the area of cerebral infarction. As demonstrated 
in Fig. 1C, the neurological scores of the mice in the MCAO 
group were markedly increased compared with those of mice 
in the sham group. Additionally, agomiR‑183‑5p significantly 
decreased the neurological scores compared with those in the 

MCAO + agomiR‑NC group (P<0.05). As demonstrated in 
Fig. 1D‑F, brain water content and infarct area (demonstrated 
as white coloration) were significantly increased in the MCAO 
group compared with that in the sham group, and these effects 
were relieved by agomiR‑183‑5p compared with those in the 
MCAO + agomiR‑NC group (P<0.05). 

Effects of miR‑183‑5p on neuronal damage and apoptosis. To 
further study the extent of neuronal damage, Nissl and FJB 
staining of brain tissues was performed. The results of Nissl 
staining demonstrated that the number of normal neurons was 
markedly decreased following MCAO treatment compared 
with that in the sham‑treated mice; however, the numbers were 
increased after injecting mice with agomiR‑183‑5p compared 
with that in the MCAO + agomiR‑NC group (P<0.05; Fig. 2A 
and B). Consistent with this result, the number of FJB‑positive 
cells observed in the MCAO group was significantly higher 
compared with that in the sham group, but significantly reduced 
after injection with agomiR‑183‑5p (P<0.05; Fig. 2C and D). In 
addition, the neuronal expression of apoptosis marker Bcl‑xl 
was markedly inhibited and the levels of Bax and cleaved 
caspase‑3 were increased in the MCAO group compared with 
that in the sham group; however, agomiR‑183‑5p reversed 
the MACO‑induced expression of apoptosis‑related proteins 
(P<0.05; Fig. 2E). These results suggested that miR‑183‑5p 
effectively alleviated the brain damage caused by cerebral 
ischemia.

Expression of miR‑183‑5p in N2A cells exposed to OGD. To 
simulate ischemia‑like conditions in vitro, N2A cells were 
exposed to OGD followed by reoxygenation. The in  vitro 
expression of miR‑183‑5p before and after ischemia was 
detected by RT‑qPCR. The results demonstrated that the 
expression of miR‑183‑5p after OGD treatment was signifi-
cantly decreased compared with that in the control group 
(P<0.05; Fig. 3A), suggesting that in vitro miR‑183‑5p expres-
sion was associated with ischemia.

Effects of miR‑183‑5p on the viability of N2A cells exposed 
to OGD. To explore the role of miR‑183‑5p in N2A cells, 
agomiR‑NC or agomiR‑183‑5p was transfected into N2A 
cells 48 h prior to OGD treatment. The expression levels of 
miR‑183‑5p in N2A cells was upregulated after transfection 
with agomiR‑183‑5p compared with that in the agomiR‑NC 
group (P<0.05; Fig. 3B). The viability of N2A cells exposed 
to OGD was subsequently measured using a CCK‑8 assay. 
As presented in Fig. 3C, N2A cell viability was significantly 
decreased after exposure to OGD compared with that of the 
control cells, but transfection with agomiR‑183‑5p significantly 
increased N2A cell viability, indicating that miR‑183‑5p may 
promote cell survival (P<0.05).

Effects of miR‑183‑5p on apoptosis in N2A cells exposed to 
OGD. To analyze the apoptosis of N2A cells, flow cytom-
etry and western blotting were carried out. The results of 
the flow cytometry assay demonstrated that the apoptotic 
rates in untreated N2A cells were low, whereas apoptosis 
was significantly increased following exposure to OGD. 
However, the increase in apoptosis was suppressed in N2A 
cells transfected with agomiR‑183‑5p compared with that in 
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cells transfected with agomiR‑NC (P<0.05; Fig. 3D and E). 
The results of western blotting analysis demonstrated that the 
expression levels of the apoptosis‑related markers Bax and 
cleaved caspase‑3 were significantly upregulated in N2A cells 
exposed to OGD, and the expression levels of Bcl‑2 upon OGD 
exposure were downregulated compared with those in the 
control group; transfection with agomiR‑183‑5p reversed these 
changes in apoptosis‑related markers (Fig. 3F and G; P<0.05). 
These results suggested that miR‑183‑5p inhibited apoptosis 
in N2A cells.

PTEN is the target gene of miR‑183‑5p. To further elucidate 
the mechanism of miR‑183‑5p in cerebral ischemia‑induced 
apoptosis, bioinformatics analysis was used to predict its 
target genes (http://www.targetscan.org). The results revealed 
that PTEN was predicted to be a target gene of miR‑183‑5p. 
Binding sites between PTEN‑3'‑UTR and miR‑183‑5p were 
elucidated, and their sequences are presented in Fig. 4A and B. 
To verify the interaction between miR‑183‑5p and PTEN, N2A 
cells were co‑transfected with agomiR‑NC or agomiR‑183‑5p 
and assessed by performing a luciferase reporter assay. 
As demonstrated in Fig.  4C and D , transfection with 
agomiR‑183‑5p significantly decreased the luciferase activity 
of the wild‑type reporter gene containing PTEN‑3'‑UTR site 

1 or 2 (P<0.05). No significant differences were observed in 
the luciferase activity of the mutated reporter gene containing 
PTEN‑3'‑UTR site 1 or 2 following agmiR‑183‑5p treatment. 
These results suggested that miR‑183‑5p could directly bind to 
the target gene PTEN. 

In addition, to further determine the effects of miR‑183‑5p 
on PTEN, agomiR‑NC, agomiR‑183‑5p, antagomiR‑NC or 
antagomiR‑183‑5p was transfected into N2A cells. Transfection 
with antagomiR‑183‑5p decreased the levels of miR‑183‑5p in 
N2A cells compared with those in the antagomir‑NC group 
(P<0.05; Fig. 4E). The results of RT‑qPCR and western blotting 
revealed that transfection with agomiR‑183‑5p significantly 
decreased PTEN levels, whereas antagomiR‑183‑5p signifi-
cantly increased PTEN levels compared with those in the 
respective NC groups (P<0.05; Fig. 4F and G). These results 
suggested that miR‑183‑5p inhibited PTEN protein expression 
by binding to its 3'‑UTR. 

PTEN overexpression partially reverses the effect of 
miR‑183‑5p. To determine the effect of miR‑183‑5p/PTEN 
signaling on OGD‑treated N2A cells, a PTEN overexpres-
sion plasmid was transfected alone or co‑transfected with 
agomiR‑183‑5p into N2A cells prior to OGD. The result of 
RT‑qPCR demonstrated that transfection with the PTEN 

Figure 1. Effects of miR‑183‑5p on MCAO‑induced ischemic injury in mouse brain. The mouse brain was injected with agomiR‑NC or agomiR‑183‑5p before 
MCAO. (A) The relative expression level of miR‑183‑5p in the mouse brain was detected by reverse transcription‑quantitative PCR. (B) The relative expression 
level of miR‑183‑5p in the ischemic penumbra after transfection with agomiR‑183‑5p. (C) The score of neurological function. (D) The edema detection of 
brain tissue. (E) The infarct volume of brain tissue evaluated by 2,3,5‑triphenyltetrazoliumchloride staining. (F) The percentage of infarct volume in whole 
cerebral tissue. Data are expressed as the mean ± SD (n=8). **P<0.01, ***P<0.001 and ****P<0.0001. MCAO, middle cerebral artery occlusion; miR, microRNA; 
NC, negative control.
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Figure 2. Analysis of neuronal damage at 24 h after reperfusion. The mice were injected with agomiR‑NC or agomiR‑183‑5p before MCAO. (A) Normal 
neurons evaluated by Nissl staining. Scale bar, 100 µm. (B) Quantitative analysis of Nissl‑stained cells. (C) Injured neurons evaluated by FJB staining. Scale 
bar, 100 µm. (D) Quantitative analysis of FJB‑positive cells. (E) Relative protein expression levels of the Bax, Bcl‑xl and cleaved caspase‑3 in MCAO models 
of cerebral ischemia injury. Data are expressed as the mean ± SD (n=8). **P<0.01, ***P<0.001 and ****P<0.0001. MCAO, middle cerebral artery occlusion; miR, 
microRNA; NC, negative control; FJB, Fluoro‑Jade B.
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overexpression plasmid markedly increased the PTEN levels 
compared with those in cells transfected with the empty vector 
(P<0.05; Fig. 4H). The survival of N2A cells exposed to OGD 
was subsequently analyzed by CCK‑8 and flow cytometry 
assays. As presented in Fig. 4I, N2A cell viability was signifi-
cantly decreased after transfection with PTEN‑overexpression 
plasmid compared with the control vector plasmids (P<0.05). 
In addition, the apoptotic rate of OGD‑treated N2A cells was 
significantly increased following co‑transfection with the 
PTEN overexpression plasmid and agomiR‑183‑5p compared 
with that of cells transfected with agomiR‑183‑5p and the 

control vector (P<0.05; Fig. 4J and K). These results suggested 
that miR‑183‑5p inhibited apoptosis and increased cell 
viability by negatively regulating PTEN in N2A cells.

Discussion

A mouse model of the cerebral I/R is a commonly used 
experimental method for investigating the pathophysiology 
of ischemia‑induced brain injury (25). C57BL/6 mice are an 
extensively used strain in cerebral I/R experiments since they 
can be easily genetically manipulated (26). The current study 

Figure 3. Effects of miR‑183‑5p on OGD‑induced ischemic injury in N2A cells. N2A cells were transfected with agomiR‑NC or agomiR‑183‑5p before OGD. 
(A) Relative expression levels of miR‑183‑5p in N2A cells were detected by reverse transcription‑quantitative PCR. (B) Relative expression levels of miR‑183‑5p 
in the ischemic penumbra after transfection with agomiR‑183‑5p. (C) Survival of N2A cells assessed by Cell Counting Kit‑8 assay. (D and E) Apoptotic N2A 
cells evaluated by flow cytometry assay and quantitative analysis. (F and G) Relative protein expression levels of the Bax, Bcl‑2 and cleaved caspase‑3 in N2A 
cells detected by western blot and densitometry analysis. Data are expressed as the mean ± SD (n=3). **P<0.01, ***P<0.001 and ****P<0.0001. N2A, Neuro‑2A; 
OGD, oxygen‑glucose deprivation; miR, microRNA; NC, negative control; OD, optical density; PI, propidium iodide.
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evaluated the role and regulatory mechanism of miR‑183‑5p 
in cerebral ischemia. The expression of miR‑183‑5p was 
decreased and brain damage was increased in mice following 
ischemia model establishment compared with those in the 
sham group. Similar results were observed in an ischemia 

model in N2A cells, where miR‑183‑5p expression was 
reduced and apoptosis was increased compared with those in 
untreated cells. In further experiments, following transfection 
with agomiR‑183‑5p, cerebral ischemia injury and apoptosis 
levels were reduced compared with those in the MCAO + 

Figure 4. PTEN is the target of miR‑183‑5p. (A and B) Conserved miR‑183‑5p binding sites in the PTEN 3'UTR (A) site 1 and (B) site 2. (C and D) PTEN 
3'‑UTR sites 1 and 2 mediate the miR‑183‑5p‑mediated control of PTEN expression. (E) The relative expression levels of miR‑183‑5p in N2A cells after trans-
fection with antagomiR‑183‑5p. (F) The relative mRNA expression levels of PTEN in N2A cells detected by reverse transcription‑quantitative PCR. (G) The 
relative protein expression levels of PTEN in N2A cells detected by western blot and grayscale analysis. (H) The relative expression levels of miR‑183‑5p in 
N2A cells after transfection with the PTEN overexpression plasmid. (I) Survival N2A cells assessed after PTEN overexpression by Cell Counting Kit‑8 assay. 
(J and K) Apoptotic N2A cells evaluated after PTEN overexpression by flow cytometry assay and quantitative analysis. Data are expressed as the mean ± SD 
(n=3). *P<0.05, **P<0.01 and ****P<0.0001. UTR, untranslated region; WT, wild‑type; MUT, mutant; N2A, Neuro‑2A; PTEN, phosphatase and tensin homolog; 
miR, microRNA; NC, negative control; OD, optical density.
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agomiR‑NC group. In addition, PTEN was identified as a 
direct target of miR‑183‑5p, and the expression of PTEN was 
negatively regulated by miR‑183‑5p. Following PTEN over-
expression, the neuroprotective effects of miR‑183‑5p were 
reduced.

A previous study has demonstrated that the majority of 
neurons in the area of ischemic injury undergo necrosis or 
apoptosis (20). In contrast to necrosis, apoptosis is a method 
of programmed cell death that is regulated by a variety of 
molecular mechanisms  (27). Therefore, apoptotic cells 
can be salvaged by treatment, with neuronal damage also 
being alleviated. Yin  et  al  (28) have demonstrated that 
inhibition of miR‑497 attenuated apoptosis and neuronal 
damage by enhancing the expression of certain antiapoptotic 
proteins, including Bcl‑2 and Bcl‑2‑family protein (Bcl‑w). 
Zhang et al (29) have revealed that following transfection with 
miR‑378 agomir, upregulation of miR‑378 attenuated isch-
emic injury by negatively regulating the apoptosis‑associated 
protein caspase‑3. Although the regulation of miR‑183 expres-
sion is considered to be effective for treating acute myocardial 
infarction or liver damage caused by ischemia  (12,13), 
reports detailing miR‑183 treatment in cerebral ischemia 
are unknown. As a member of the miR‑183 gene cluster, the 
normal expression of miR‑183‑5p is important for nervous 
system function  (30). A previous study has revealed that 
17 miRNAs, including miR‑183‑5p, were downregulated in 
infarcted brain areas following focal cerebral ischemia in rats 
according to microRNA sequencing compared with healthy 
tissues (31). The results of the present study demonstrated 
decreased levels of miR‑183‑5p in MCAO models of cerebral 
ischemia injury and OGD‑treated N2A cells compared with 
those in the respective control groups.

Brain injury caused by cerebral ischemia can lead to neuro-
logical deficit symptoms and local infarction (29). A previous 
study has demonstrated that neurological scores and cerebral 
edema can reflect the degree of brain damage (32). Additionally, 
neuronal damage and infarct size may visually indicate the 
extent of brain damage (33). MCAO causes motor and cogni-
tive impairments reflecting the dysfunction in the frontal and 
parietal lobes (34). To assess the neurological dysfunction and 
neuronal damage in mice following MACO, agomiR‑183‑5p 
was injected intracerebroventricularly into the experimental 
group mice; injection site was located in the cerebral cortex 
around the frontal and parietal lobes. A previous report has 
detailed the intracerebral injection of miR‑183‑5p mimics 
and its efficient amelioration of neuropathic pain by targeting 
the tandem‑pore‑domain potassium channel TREK‑1 (35). In 
congruence with these results, the neurological scores and 
brain edema assay results of the current study, along with 
TTC, Nissl and FJB staining, revealed that the transfection 
with agomiR‑183‑5p alleviated brain injury by reducing 
neuronal injury, brain water content and brain infarction 
size. Similarly, in vitro experiment results demonstrated that 
N2A cells underwent apoptosis following exposure to OGD. 
AgomiR‑183‑5p inhibited OGD‑induced N2A cell apoptosis 
and increased cell viability. Extrinsic and intrinsic pathways 
are recognized to be involved in apoptosis, which relies on 
alterations in the expression levels of Bcl‑2 and caspase family 
proteins, including Bcl‑2, Bcl‑xl, Bax and caspase‑3 (36,37). 
The results of the present study demonstrated that following 

transfection with agomiR‑183‑5p, apoptosis was decreased, 
and the cell survival rate was increased compared with those in 
the agomiR‑NC‑transfected group. In addition, the expression 
levels of Bax and cleaved caspase‑3 were decreased, whereas 
those of Bcl‑2 and Bcl‑xl were increased in the agomiR‑183‑5p 
group compared with those in the agomiR‑NC group. As 
genes that inhibit apoptosis, Bcl‑2 and Bcl‑xl attenuate the 
role of the pro‑apoptotic gene Bax; therefore, in most cells, 
apoptosis is controlled by Bcl‑2 family proteins (38). In the 
current study, transfection with agomiR‑183‑5p promoted 
Bcl‑2 expression, which in turn led to a decrease in Bax 
expression, thereby maintaining a high cell survival rate. 
Similarly, as a pro‑apoptotic protein (39), caspase‑3 expression 
was decreased following transfection with agomiR‑183‑5p in 
the present study. This result was in agreement with a previous 
report, in which treatment of glabridin decreased caspase‑3 
transcriptional activity and inhibited staurosporine‑induced 
rat cortical neuronal apoptosis (40). Therefore, the results of 
the present study suggested that miR‑183‑5p may regulate 
apoptosis, as it is associated with the expression of Bcl‑2, Bax 
and cleaved caspase‑3 expression. 

PTEN is a tumor suppressor gene with phosphatase activity 
that modulates cell survival, apoptosis and metabolism by 
negatively regulating the PI3K/Akt signaling pathway (41). 
Increasing studies have confirmed that the inhibition of 
PTEN exerts neuroprotective effects in cerebral ischemic 
injury  (42,43). In MCAO and OGD models, it has been 
determined that PTEN is highly expressed and contributes 
to the development of ischemic stroke through the PI3K/Akt 
pathway (42,43). The bioinformatics analysis in the present 
study revealed that PTEN was a target of miR‑183‑5p. A 
previous study has also revealed that PTEN is a target of 
miR‑130a and can reverse the protective effects of miR‑130a 
on cerebral I/R damage in vivo and vitro (44), indicating that 
PTEN serves an important role in the response to ischemia. 
Similarly, the results of the present study demonstrated that 
miR‑183‑5p and PTEN formed a negative feedback loop, and 
that PTEN overexpression inhibited the protective effects 
exerted by miR‑183‑5p on cell viability, which in turn increased 
apoptosis. The current results only suggested that miR‑183‑5p 
decreased cerebral ischemic injury by targeting PTEN; 
however, PTEN expression and the effects of agomiR‑183‑5p 
on PTEN activation after MCAO or OGD are not clear and 
require further study. 

In conclusion, the present study primarily clarified the 
function and mechanism of miR‑183‑5p in cerebral ischemia. 
Transfection with agomiR‑183‑5p inhibited apoptosis and 
increased cell viability by negatively regulating the expres-
sion of PTEN, thus mitigating cerebral ischemic injury. 
These findings may contribute to the further understanding of 
the mechanism of cerebral ischemia and may provide novel 
insights into ischemic injury treatment.
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