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Background: MiR-195-5p has been shown to play crucial roles in tumor inhibition, but its 
biological functions in cerebral ischemia-reperfusion (I/R) injury are unclear.
Methods: To mimic cerebral I/R injury, mice were induced by transient middle cerebral 
artery occlusion (MCAO). Human brain microvascular endothelial cells (HBMVECs) were 
treated with oxygen-glucose deprivation (OGD) to mimic I/R injury in vitro. The expression 
of miR-195-5p and PTEN was detected by qRT-PCR or Western blot. Cell viability was 
evaluated by CCK-8 assay. Cell apoptosis was detected by flow cytometer. Cell death was 
detected using specific lactate dehydrogenase (LDH) cytotoxicity kit. Infarct volume in mice 
brains was evaluated by TTC staining. Histopathological analysis was performed by HE 
staining and TUNEL staining. The interaction between miR-195-5p and PTEN was deter-
mined by TargetScan and luciferase reporter assay.
Results: MiR-195-5p was significantly downregulated and PTEN was upregulated during 
cerebral I/R injury both in vitro and in vivo. Overexpression of miR-195-5p efficiently 
enhanced cell viability, while reduced LDH release and apoptotic rate of OGD-treated 
HBMVECs in vitro. MiR-195-5p could negatively regulate the expression of PTEN by 
directly binding to its 3′-UTR. Overexpression of PTEN obviously attenuated the protective 
effect of miR-195-5p mimics on cell viability, LDH release and apoptosis in OGD-treated 
HBMVECs. Meanwhile, overexpression of miR-195-5p increased the expression levels of 
p-AKT in OGD-treated HBMVECs, while this effect was reversed by overexpression of 
PTEN. Moreover, overexpression of miR-195-5p efficiently ameliorated brain injury of mice 
after MCAO treatment in vivo.
Conclusion: Overexpression of miR-195-5p ameliorated cerebral I/R injury by regulating the 
PTEN-AKT signaling pathway, providing a potential therapeutic target for cerebral I/R injury.
Keywords: cerebral I/R injury, miR-195-5p, PTEN, AKT signaling pathway

Introduction
Stroke, a severe and acute disease in central nervous system of body, is mainly 
caused by cerebral ischemia.1 It has been reported that there are approximately 
13.5 million new cases of stroke, and 5 million deaths every year worldwide.2 

Currently, the efficient treatment for cerebral ischemia-caused injury is the restora-
tion of blood flow (reperfusion) in the ischemic region of the brain as quickly as 
possible.3 However, further brain damage, called ischemia/reperfusion (I/R) injury, 
always occurs after artery recanalization.4 At present, specific drugs to protect I/R 
injury are not available in clinical practice due to the lack of efficient molecular 
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targets.5 Therefore, it is more urgent to understand the 
complex pathogenic mechanism during cerebral I/R injury.

With the development of sequencing technologies, an 
increasing number of microRNAs (miRNAs), which are 
a class of non-coding RNAs with approximately 22 nucleo-
tides in length, are identified.6 It has been reported that 
miRNAs repress gene expression via degrading target 
mRNAs or inhibiting translation.7 Recently, a series of 
miRNAs involved in cerebral I/R injury have been well 
studied. For example, miR-124 regulates cell pyroptosis 
during cerebral I/R injury by targeting STAT3.8 Cerebral 
ischemic injury and apoptosis levels are reduced in I/R stroke 
mouse model and OGD-induced N2A cell model with the 
overexpression of miR-183-5p.9 MiR-187-3p inhibitor 
attenuates cerebral I/R injury through modulating Seipin- 
mediated autophagic flux.10 MiR-211 protects brain against 
I/R injury by suppressing cell apoptosis.11 MiR-124-5p 
reduces ROS production and improves the inflammatory 
microenvironment to protect against cerebral I/R injury by 
targeting NOX2.12 All these findings indicate that miRNAs 
play important roles in cerebral I/R injury and may be con-
sidered as potential therapeutic targets for ischemic stroke.

MiR-195-5p is a member of the miR-15/107 family, which 
has been widely investigated in different types of cancer and 
identified as a tumor suppressor.13 For example, miR-195-5p 
suppresses the cell migration and invasion of cervical carci-
noma by directly suppressing ARL2.14 MiR-195-5p inhibits 
proliferation and induces apoptosis of non-small cell lung 
cancer cells by targeting CEP55.15 In addition, miR-195-5p 
was also found to alleviate acute kidney injury by inhibiting 
inflammation and oxidative stress by targeting vascular 
endothelial growth factor A.16 However, the role of miR- 
195-5p in cerebral I/R injury remains unclear.

Phosphatase and tensin homolog (PTEN) is located on 
human chromosome 19 and encodes a dual protein phospha-
tase enzyme.17 Increased expression levels of PTEN have 
been observed in MCAO mouse model or OGD-induced cell 
model in ischemic stroke,18 confirming that PTEN closely 
participates in the ischemic stroke progression. Recently, 
PTEN is found to function as the target of miRNAs in various 
human diseases including cerebral I/R injury. For example, 
knockdown of miR-216 suppresses the progression of osteo-
sarcoma by targeting PTEN.19 MiR-183-5p attenuates cere-
bral ischemia injury by negatively regulating PTEN.9

In this study, we found that miR-195-5p was signifi-
cantly downregulated during cerebral I/R injury. 
Moreover, overexpression of miR-195-5p efficiently inhib-
ited the proliferation and induced apoptosis of human 

brain microvascular endothelial cells (HBMVECs) 
in vitro, and also protected brain against I/R injury in 
mouse model in vivo. Therefore, our study demonstrated 
that miR-195-5p functioned in cerebral I/R injury through 
regulating the AKT signaling by directly targeting PTEN.

Materials and Methods
Mouse Model of Cerebral Ischemia
Male C57BL/6J mice (approximately 8–10 weeks) were 
purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. Mice were kept in the standard 
environment with a humidity of 45–55% and 21–23°C 
under a 12h/12h light/dark cycle. Cerebral ischemia 
model was established using transient middle cerebral 
artery occlusion (MCAO) as previously described.20 For 
detection of the expression levels of miR-195-5p and 
PTEN in ischemic brain tissues, after anesthesia with 
pentobarbital sodium (30 mg/kg) by intraperitoneal injec-
tion, mice underwent 2 h of MCAO followed by 6, 12, 24 
and 48 h reperfusion. To explore the role of miR-195-5p, 
miR-195-5p agomir and agomir NC were obtained from 
Genepharma (Shanghai, China), and then 100 μM of miR- 
195-5p agomir or agomir NC was injected into mice by 
intra-cerebroventricular injection via a stereotaxic appara-
tus on day 1 before MCAO. Stereotactic coordinates: 
anteroposterior, 0.8 mm; mediolateral, 1.5 mm; depth, 
3.5 mm. Then, mice were submitted to 2 h of MCAO 
followed by 24 h reperfusion. Sham-operated mice under-
went the same procedure except MCAO. Mice in the 
negative control (NC) group were injected with the same 
concentrations of normal saline. There were five mice in 
each group. Subsequently, neurological deficit of mice was 
evaluated. Finally, mice were sacrificed by decapitation 
and brain tissues were collected for subsequent 
experiments.

TTC Staining
Infarct volume of brain in mice after 24 h of reperfusion 
was evaluated using TTC staining as previously 
described.21 In brief, the brain tissues were cut into 2-mm- 
thick sections and then incubated with 2% TTC solution 
(Sigma-Aldrich) at 37°C for 20 min. The sections were 
fixed with 4% paraformaldehyde for 2 h and photographed 
using a digital camera. The infarct volume was analyzed 
using Image-Pro Plus 6.0: total infarct volume/total brain 
volume × 100%.
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Neurological Deficit Evaluation
Neurological deficit was evaluated as previously described 
using modified Longa score.22 0 indicates no observable 
deficit; 1 indicates failure to fully extend the left forepaw; 
2 indicates difficulty in circling to the left; 3 indicates fail-
ing to the left side; 4 indicates no spontaneous walking 
with decreased level of consciousness.

Histopathological Analysis
The pathological histological damage of the whole brain in 
mice was evaluated by using Hematoxylin and eosin (HE) 
staining as previously described.23 Briefly, after 24 h of 
reperfusion, the brain tissues were fixed with 4% parafor-
maldehyde, dehydrated by alcohol and embedded in par-
affin. The brains were cut into 5-μm-thick sections and 
incubated with HE reagents, followed by photographed 
under a light microscopy in five randomly selected fields.

TUNEL Staining
The apoptosis of cortical neurons was evaluated using term-
inal deoxynucleotidyl-transferase-mediated 2′-deoxyuridine 
5′-triphosphate nick-end labeling (TUNEL) assay as pre-
viously described.24 In brief, the brain tissues were fixed in 
4% paraformaldehyde, cut into 10 μm sections and stained 
with 50 μM TUNEL reagent (Roche Applied Science, 
Penzberg, Germany) at 37°C for 60 min in the dark. Then 
the sections were incubated with DAPI solution for 20 min to 
stain the nucleus. The positive cells were observed and 
photographed using a fluorescence microscope (Olympus, 
Tokyo, Japan). The apoptosis of cortical neurons was calcu-
lated based on the following formula: the TUNEL-positive 
cells/the total cells × 100%.

Cell Culture and OGD Model
Human brain microvascular endothelial cells (HBMVECs) 
were obtained from the ATCC and cultured in DMEM 
supplemented with 10% FBS at 37°C with 5% CO2. To 
mimic the cerebral ischemia condition in vivo, HBMVECs 
were induced by oxygen-glucose deprivation (OGD) as 
previously described.25 Briefly, HBMVECs cells were 
exposed to glucose-free DMEM and cultured at 37°C 
with 95% N2/5% CO2 for 2 h. Then the glucose-free 
DMEM was replaced with glucose-containing DMEM 
and HBMVECs were transferred to normal condition for 
24 h to receive re-oxygenation. Cells in the Sham group 
were still cultured under normal conditions. For detection 
of the expression levels of miR-195-5p and PTEN, cells 

received 2 h of OGD followed by 6, 12, 24 and 48 h re- 
oxygenation. To explore the role of miR-195-5p, cells 
achieved 2 h of OGD followed by 24 h re-oxygenation.

Cell Transfection
The miR-195-5p mimics, miR-195-5p inhibitor and corre-
sponding negative controls (miR-NC and inhibitor NC) 
(GeneChem Corp., Shanghai, China) were transfected into 
HBMVECs using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific). To overexpress PTEN, the full length of 
PTEN was cloned into the backbone vector pcDNA3.1 
(GeneChem Corp., Shanghai, China) to generate the over-
expression plasmid pc-PTEN, and the empty vector was used 
as the negative control (pcDNA3.1). Then, 10 nM of pc- 
PTEN and pcDNA3.1 were transfected into HBMVECs 
using Lipofectamine 2000. After transfection for 48 h, the 
transfection efficiency was confirmed by qRT-PCR.

qRT-PCR
Total RNAs were extracted from brain tissues and cultured 
HBMVECs using Trizol reagent (Invitrogen). Then, quantita-
tive real-time RT-PCR was performed on an ABI 7500 Fast 
Real-time PCR system (Applied Biosystems) using SYBR 
Green mixture (Invitrogen). The relative expression changes 
of targets were calculated using the 2−ΔΔCt method. GAPDH 
was used as an internal reference for expression levels of 
mRNA, and U6 for miRNA. The primers used for qRT-PCR 
were as follows: miR-195-5p (human) forward: 5ʹ- 
GCAGCACAGAAATATTGG-3ʹ, reverse: 5ʹ-GAACAT 
GTCTGCGTATCTC-3ʹ; miR-195-5p (mouse) forward: 5ʹ- 
AGCAGCACAGAAATATTGGC-3ʹ, reverse: 5ʹ-GAACATG 
TCTGCGTATCTC-3ʹ; U6 forward: 5ʹ-ACAGATCTGTCG 
GTGTGGCAC-3ʹ, reverse: 5ʹ-GGCCCCGGATTATCCGA 
CATTC-3ʹ; PTEN (human) forward: 5ʹ- TGAGTTCCCTC 
AGCCGTTACCT-3ʹ, reverse: 5ʹ- GAGGTTTCCTCTG 
GTCCTGGTA-3ʹ; PTEN (mouse) forward: 5ʹ- TGAGTTCC 
CTCAGCCATTGCCT-3ʹ, reverse: 5ʹ- GAGGTTTCCT 
CTGGTCCTGGTA-3ʹ; GAPDH forward: 5ʹ-ATCCAC 
GGGAGAGCGACAT-3ʹ, reverse: 5ʹ- 
CAGCTGCTTGTAAAGTGGAC-3ʹ.

Western Blot
Total proteins were extracted from brain tissues and cul-
tured HBMVECs using RIPA lysis buffer (Beyotime 
Biotechnology). Approximately equal amounts of protein 
samples were separated by 12% SDS-PAGE and then 
transferred onto PVDF membranes (Millipore). After 
blocking with 5% skim milk, the membranes were 
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incubated with specific primary antibodies including anti- 
PTEN (1:500, Abcam, Cambridge, MA, USA), anti- 
p-AKT (1:1000, Abcam), anti-AKT (1:1000, Abcam), 
anti-cleaved caspase-3 (c-Cas-3) (1:500, Abcam), anti- 
Bcl-2 (1:500, Abcam), anti-Bax (1:500, Abcam) and anti- 
GAPDH (1:1000, Abcam) at 4°C overnight. On the 
following day, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody 
(1:10,000, Abcam) at room temperature for 2 h. Finally, 
the protein signals were observed using ECL reagents and 
the gray values were analyzed by Image-Pro Plus 6.0 
software.

Cell Counting Kit-8 (CCK-8) Assay
Approximately 1 × 104 OGD transfected or un-transfected 
HBMVECs were treated with or without OGD incubation, 
and then seeded into 96-well plates. Cells were cultured 
for 24 h, and 10 μL of CCK-8 solution (Sigma-Aldrich) 
was added and incubated for another 2 h. The optical 
density (OD) was detected by a microplate reader (Bio- 
Tek, Winooski, USA) at an absorbance of 450 nm.

Cell Apoptosis
Cell apoptosis of HBMVECs was evaluated by an 
Annexin-V/propidium iodide (PI) apoptosis detection kit 
(Beyotime Institute of Biotechnology) as previously 
described.9 In brief, HBMVECs were harvested and 
stained with Annexin V-FITC and PI for 20 min in the 
dark following the manufacturer’s instructions. 
Subsequently, cell apoptosis was detected by flow cyt-
ometer (BD FACSCalibur; BD Biosciences). The rate of 
apoptosis was defined as the total percentage of early and 
late apoptotic cells.

Luciferase Reporter Assay
The putative binding site between miR-195-5p and the 3′- 
UTR of PTEN was predicted by TargetScan v.7.2. The 
wild type (WT) and mutant (MUT) of PTEN containing 
the putative binding site with miR-195-5p were synthe-
sized by Genechem (Shanghai, China) and cloned into 
pmirGLO dual luciferase reporter vector (Promega) to 
generate the recombinant luciferase reporter vectors of 
PTEN WT and PTEN MUT. These luciferase reporter 
vectors were co-transfected with miR-195-5p mimics or 
miR-NC into HBMVECs. The relative luciferase activity 
was detected by the Dual-luciferase reporter assay system 
(Promega) at 48 h after transfection.

Detection of LDH Release
Cell death of HBMVECs was detected using the lactate 
dehydrogenase (LDH) Cytotoxicity Assay Kit (Jiancheng, 
Nanjing, China). In brief, after transfection or OGD treat-
ment, the LDH release in the cultural supernatant of 
HBMVECs was detected following the manufacturer’s 
instructions.

Statistical Analysis
Data were presented by means ± standard deviation (SD), 
and each experiment was repeated for 3 times. Statistical 
analyses were performed by GraphPad Prism 8.0 
(GraphPad Software, Inc.). Difference between two groups 
was determined by Student’s t-tests, and difference 
between multiple groups was tested by one-way ANOVA 
followed by Tukey’s test. P < 0.05 was considered as the 
significant threshold.

Results
MiR-195-5p Was Downregulated and 
PTEN Was Upregulated Following 
Cerebral I/R Injury Both in vivo and in vitro
To explore the role of miR-195-5p in cerebral I/R injury, 
mice were induced by 2 h of MCAO, followed by 6, 12, 24 
and 48 h reperfusion. The results of qRT-PCR showed that 
the expression levels of miR-195-5p were obviously 
reduced in brain tissues of mice after reperfusion for 
12 h (p < 0.01), 24 h (p < 0.01) and 48 h (p < 0.01) 
(Figure 1A). Meanwhile, the expression of PTEN was sig-
nificantly upregulated in brain tissues of mice after reperfu-
sion for 12 h (p < 0.01), 24 h (p < 0.01) and 48 h (p < 0.01) 
(Figure 1B). Similarly, the protein expression levels of 
PTEN in brain tissues were confirmed by Western blot 
(Figure 1C). To determine their expression, HBMVECs 
were exposed to 2 h of OGD followed by 6, 12, 24 and 48 
h of re-oxygenation. Similarly, miR-195-5p was downregu-
lated (all p < 0.05) and PTEN was upregulated (all p < 0.05 
except for 6 h of re-oxygenation) in OGD-treated 
HBMVECs (Figure 1D and E). The protein expression 
levels of PTEN in HBMVECs were also confirmed by 
Western blot (Figure 1F). In addition, TTC staining results 
showed that MCAO/R treatment obviously increased the 
infarct volume of brain in mice (Figure 1G). These results 
suggested that miR-195-5p and PTEN may play important 
roles in cerebral I/R injury.
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Overexpression of miR-195-5p Improved 
Cell Viability and Attenuated OGD/ 
R-Induced Apoptosis in HBMVECs
To further determine the role of miR-195-5p, miR-195-5p 
mimics was transfected into HBMVECs to overexpress miR- 
195-5p, and qRT-PCR results showed that OGD/R treatment 
significantly reduced the expression levels of miR-195-5p, and 
miR-195-5p mimics significantly increased the expression 

levels of miR-195-5p in OGD/R-treated HBMVECs com-
pared with that of miR-NC (p < 0.01, Figure 2A). CCK-8 
assay revealed that OGD/R treatment significantly reduced 
HBMVECs viability compared with that in the control 
group, and overexpression of miR-195-5p obviously enhanced 
cell viability of OGD/R-treated HBMVECs compared with 
miR-NC (p < 0.01, Figure 2B). Meanwhile, OGD/R treatment 
significantly increased the release of LDH in cultural 

Figure 1 MiR-195-5p was downregulated and PTEN was upregulated following cerebral I/R injury. (A–C) Mice were treated by 2 h of MCAO and reperfusion for 6, 12, 24, 
and 48 h. The expression of miR-195-5p (A) and PTEN (B) in brain tissues was detected by qRT-PCR. (C) The protein expression levels of PTEN in brain tissues were 
detected by Western blot. (D–F) HBMVECs were treated by 2 h of OGD and re-oxygenation for 6, 12, 24, and 48 h. The expression of miR-195-5p (D) and PTEN (E) was 
detected by qRT-PCR. (F) The protein expression levels of PTEN were detected by Western blot. (G) The infarct volume in brains was assessed by TCC staining. Data were 
presented as means ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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supernatant and induced apoptosis of HBMVECs compared 
with that in the control group, while overexpression of miR- 
195-5p obviously attenuated these OGD/R-treatment caused 
effects compared with miR-NC (p < 0.01, Figure 2C and D). 
In addition, the expression levels of apoptosis-related makers 
were detected by Western blot and the results indicated that 
OGD/R treatment obviously increased the expression levels of 
Bax and c-Cas 3, while reduced the expression levels of Bcl-2 
in HBMVECs compared with that in the control group, and 
overexpression of miR-195-5p obviously reversed the effects 
of OGD/R treatment in HBMVECs (Figure 2E). These results 
suggested that overexpression of miR-195-5p could efficiently 
improve cell viability and attenuate OGD/R-induced apoptosis 
in HBMVECs.

PTEN Was a Target of miR-195-5p
It has been reported that PTEN may be a potential target of 
miR-195-5p.26 To determine the relationship between miR- 
195-5p and PTEN, Targsrscan was applied and the predic-
tion showed that there was a putative binding site between 
miR-195-5p and the 3′-UTR of PTEN (Figure 3A). Then, 
miR-195-5p mimics and miR-195-5p inhibitor were trans-
fected into HBMVECs and the transfection efficiency was 
confirmed by qRT-PCR (Figure 3B). Luciferase reporter 
assay was performed to determine their relationship and 
the results revealed that overexpression of miR-195-5p sig-
nificantly reduced the relative luciferase activity of PTEN 
WT compared with miR-NC in HBMVECs (p < 0.05), but 
no change was observed on the relative luciferase activity of 
PTEN MUT (Figure 3C). Meanwhile, overexpression of 

Figure 2 Overexpression of miR-195-5p improved cell viability and attenuated OGD/R-induced apoptosis in HBMVECs. HBMVECs were transfected with miR-195-5p 
mimics and miR-NC, and then received 2 h of OGD followed by 24 h of re-oxygenation. (A) The transfection efficiency was determined by qRT-PCR. (B) Cell viability was 
evaluated by CCK-8 assay. (C) The release of LDH was detected by specific cytotoxicity assay kit. (D) Cell apoptosis was evaluated by flow cytometer. (E) The protein 
expression of apoptosis-related makers was detected by Western blot. Data were presented as means ± SD. **p < 0.01.
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miR-195-5p significantly decreased the expression levels of 
PTEN (p < 0.01), and downregulation of miR-195-5p 
increased the expression levels of PTEN (p < 0.01) 
(Figure 3D and E). These results demonstrated that PTEN 
is a direct target of miR-195-5p.

Overexpression of miR-195-5p Improved 
I/R Injury in vitro by Regulating the 
PTEN-AKT Signaling Pathway
To determine whether the function of miR-195-5p was 
mediated by PTEN, HBMVECs were transfected with 
miR-195-5p mimics, or co-transfected with miR-195-5p 
mimics and pc-PTEN, and then induced by 2 h of OGD 
followed by 24 h of re-oxygenation. Overexpression of 
miR-195-5p significantly enhanced cell viability (p < 0.01) 
and reduced the release of LDH in the supernatant (p < 0.05) 
of OGD/R-treated HBMVECs compared with miR-NC, and 
these effects were obviously reversed by overexpression of 
PTEN (p < 0.05, Figure 4A and B). Overexpression of miR- 

195-5p obviously increased the protein expression levels of 
p-AKT and Bcl-2, while decreased the expression levels of 
Bax and c-Cas 3 in OGD/R-treated HBMVECs compared 
with miR-NC, which was also reversed by overexpression of 
PTEN (Figure 4C and E). In addition, miR-195-5p mimics 
significantly reduced apoptotic rate of OGD/R-treated 
HBMVECs compared with miR-NC (p < 0.01), and this 
inhibitory effect was attenuated by overexpression of PTEN 
(p < 0.01, Figure 4D). These results suggested that miR-195- 
5p/PTEN affected the development of I/R injury by regulat-
ing the AKT signaling pathway.

Overexpression of miR-195-5p 
Ameliorated Cerebral I/R Injury in vivo
To further confirm the protective effect of miR-195-5p in 
cerebral I/R injury in vivo, mice were injected with miR- 
195-5p agomir and NC agomir, and then received 2 h of 
MCAO followed by 24 h reperfusion. The expression levels 
of miR-195-5p in brain tissues of NC group were significantly 

Figure 3 PTEN was a target of miR-195-5p. (A) The potential interaction between miR-195-5p and PTEN was predicted by TargetScan. (B) HBMVECs were transfected 
with miR-195-5p mimics/inhibitor and corresponding negative controls. The transfection efficiency was confirmed by qRT-PCR. (C) The relative luciferase activity of PTEN 
WT or MUT was detected by dual luciferase reporter system. (D and E) HBMVECs were transfected with miR-195-5p mimics/inhibitor and corresponding negative controls. 
The expression of PTEN was detected by qRT-PCR (D) and Western blot (E). Data were presented as means ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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reduced compared with that in the Sham group (p < 0.001), 
and the expression levels of miR-195-5p in miR-195-5p ago-
mir group were obviously increased compared with that in NC 
agomir group (p < 0.01, Figure 5A). The infarct volume of 
brain in NC group was significantly increased compared with 
that in the Sham group (p < 0.001), whereas infarct volume in 
miR-195-5p agomir group was obviously reduced compared 
with that in NC agomir group (p < 0.01, Figure 5B). HE 
staining also confirmed the protective role of overexpression 
of miR-195-5p in cerebral I/R injury (Figure 5C). The apop-
tosis of cortical neurons was evaluated by TUNEL staining 
and the results indicated that MCAO/R treatment significantly 
induced cortical neurons apoptosis compared with Sham 
operation (p < 0.001), and the number of TUNEL positive 

cells in miR-195-5p agomir group was significantly reduced 
compared with that in NC agomir group (p < 0.01, Figure 5D). 
In addition, the neurological deficit score was evaluated and it 
showed that MCAOR treatment significantly increased the 
neurological deficit score of mice compared with that in the 
Sham group (p < 0.001), and miR-195-5p agomir obviously 
reduced the neurological deficit score of MCAOR treated mice 
compared with agomir NC (p < 0.001, Figure 5E). Western 
blot results in brain tissues showed that MCAO/R treatment 
significantly increased the expression levels of PTEN (p < 
0.001) and decreased the expression levels of p-AKT (p < 
0.001) compared with that in the Sham group, while miR-195- 
5p agomir reduced the expression levels of PTEN (p < 0.01) 
and increased the expression levels of p-AKT (p < 0.01) in 

Figure 4 Overexpression of miR-195-5p improved I/R injury in vitro by regulating the PTEN-AKT signaling pathway. HBMVECs were transfected with miR-195-5p mimics, 
or co-transfected with miR-195-5p mimics and pc-PTEN, and then induced by 2 h of OGD followed by 24 h of re-oxygenation. (A) Cell viability was evaluated by CCK-8 
assay. (B) The release of LDH was detected by specific cytotoxicity assay kit. (C) The expression of PTEN, AKT and p-AKT was detected by Western blot. (D) Cell 
apoptosis was evaluated by flow cytometer. (E) The protein expression of apoptosis-related makers was detected by Western blot. Data were presented as means ± SD. 
*p < 0.05, **p < 0.01 vs miR-NC.
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Figure 5 Overexpression of miR-195-5p ameliorated cerebral I/R injury in vivo. MiR-195-5p agomir or agomir NC (100 μM) was injected into mice, and mice then received 
2 h of MCAO followed by 24 h of reperfusion. (A) The expression of miR-195-5p in brain tissues was evaluated by qRT-PCR. (B) The infarct volume in brains was assessed 
by TCC staining. (C) H&E staining of whole brain in mice. Scare bar = 400 μm. (D) The apoptosis of cortical neurons was evaluated by TUNEL staining. TUNEL positive cells 
(green) and DAPI positive cells (blue), and images were merged by using fluorescence microscope. Scare bar = 50 μm. (E) Neurological deficit score. (F) The expression of 
PTEN, p-AKT and AKT in brain tissues was evaluated by Western blot. Data were presented as means ± SD. **p < 0.01 and ***p < 0.001.
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MCAO/R treated mice compared with agomir NC group 
(Figure 5F). These results suggested that miR-195-5p amelio-
rates cerebral I/R injury by regulating the PTEN-AKT signal-
ing pathway in vivo.

Discussion
Due to the unsatisfied therapeutic effects for ischemic 
stroke,27 the identification of efficient targets in cerebral 
I/R injury becomes more necessary. In the last decades, 
non-coding RNAs including long non-coding RNAs 
(lncRNAs) and miRNAs have become promising thera-
peutic targets in ischemic stroke.28,29 In the present 
study, we explored the role and underlying molecular 
mechanism of miR-195-5p in cerebral I/R injury, expect-
ing to provide novel insights into stroke treatment. We 
found that low expression levels of miR-195-5p were 
closely associated with cerebral I/R injury both in vivo 
and in vitro. Specifically, miR-195-5p affected the devel-
opment of cerebral I/R injury by regulating the PTEN- 
mediated AKT signaling pathway. As expected, our study 
demonstrated that miR-195-5p might be considered as 
potential diagnostic and therapeutic targets for I/R injury 
in brain.

Apoptosis has been demonstrated to play a crucial role 
in the complicated pathologies leading to ischemic brain 
injury and also the subsequent reperfusion damage.30 

Extensive studies have reported various miRNAs that are 
affecting apoptosis signaling in cerebral I/R injury and 
may serve as potential targets. For example, overexpres-
sion of miR-224-3p alleviates apoptosis and then protects 
against cerebral ischemia reperfusion injury.31 MiR-1247- 
3p protects brain stroke through inhibiting apoptosis.32 

MiR-25 negatively regulates cerebral ischemia/reperfusion 
injury-induced cell apoptosis.33 Here, our study demon-
strated that overexpression of miR-195-5p not only inhib-
ited the apoptosis in OGD/R-treated HBMVECs in vitro, 
but also reduced the apoptosis of cortical neurons in 
MCAO/R-treated mice in vivo. Our study identified 
a new miRNA that is involved in cerebral I/R injury.

Previous studies have revealed that miRNAs always 
exert regulatory functions by directly binding to the 3′- 
UTR of target mRNAs in cerebral I/R injury.6 

Upregulation of miR-219a-5p attenuates cerebral ische-
mia/reperfusion injury in vitro by targeting Pde4d.34 In 
this study, we identified that PTEN was a potential target 
of miR-195-5p, and luciferase reporter assay determined 
that miR-195-5p could regulate PTEN by directly binding 
to its 3′-UTR. Previous studies have reported that PTEN 

was abnormally expressed in various human cancers 
including prostate cancer,35 endometrioid endometrial 
cancer,36 and breast cancer.37 Moreover, a recent study 
reported that PTEN was significantly upregulated in 
ischemic stroke.18 Here, we confirmed that PTEN was 
significantly upregulated during cerebral I/R injury. 
Overexpression of PTEN obviously attenuated the protec-
tive effects of overexpression of miR-195-5p in cerebral I/ 
R injury in vitro. Our study also confirmed a previous 
prediction that PTEN might be a potential target of miR- 
195-5p. In addition, previous studies have identified that 
miR-195-5p has some additional targets involved in var-
ious biological processes. For example, miR-195-5p alle-
viates acute kidney injury through repressing inflammation 
by targeting VEGFA.38 MiR-195-5p modulates the sensi-
tivity of paclitaxel-resistant prostate cancer cells by target-
ing FKBP1A.39 MiR-195-5p regulates the stemness of 
colon cancer cells by targeting MCM2.40 Whether these 
genes mediated the role of miR-195-5p in cerebral I/R 
injury needs to be investigated in future studies.

The AKT signaling is a critical element that involves in 
apoptosis regulating the repair and survival of ischemic 
nerve cells in cerebral ischemia.41 It has been reported that 
PTEN can modulate the AKT signaling pathway to affect 
the development of cerebral I/R injury.42 Here, we 
detected the expression of AKT signaling members 
p-AKT and AKT, and found that overexpression of miR- 
195-5p increased the expression levels of p-AKT and had 
no obvious effect on the expression of AKT. Moreover, 
overexpression of PTEN significantly attenuated the inhi-
bitory effect of miR-195-5p mimics on HBMVECs apop-
tosis. However, the effects of miR-195-5p on AKT 
signaling downstream genes should be investigated in the 
future.

Conclusion
In conclusion, our study demonstrated that miR-195-5p 
played a potential protective role in cerebral I/R injury 
by regulating the PTEN/AKT signaling pathway, suggest-
ing that miR-195-5p might be a novel therapeutic target 
for cerebral I/R injury.

Availability of Supporting Data
The data that support the findings of this study are avail-
able on request from the corresponding author. The data 
are not publicly available due to their containing informa-
tion that could compromise the privacy of research 
participants.
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