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MicroRNA-135b-5p prevents oxygen-glucose deprivation 
and reoxygenation-induced neuronal injury through 
regulation of the GSK-3β/Nrf2/ARE signaling pathway

Qiang Duan, Wei Sun, Hua Yuan, Xiang Mu

A b s t r a c t

Introduction: MicroRNAs (miRNAs) are emerging as critical regulators in the 
pathological process of cerebral ischemia/reperfusion injury. miRNAs play 
an important role in regulating neuronal survival. miR-135b-5p has been re-
ported as an important miRNA in regulating cell apoptosis. However, the role 
of miR-135b-5p in regulating neuronal survival remains poorly understood. 
Here, we aimed to investigate the role of miR-135b-5p in cerebral ischemia/
reperfusion using an in vitro model of oxygen-glucose deprivation and reox-
ygenation-(OGD/R) induced neuron injury. 
Material and methods: miRNA, mRNA and protein expression was detect-
ed by real-time quantitative polymerase chain reaction and Western blot. 
Cell viability was detected by cell counting kit-8 and lactate dehydrogenase 
assays. Cell apoptosis was detected by caspase-3 activity assay. Oxidative 
stress was determined using commercial kits. The target of miR-135b-5p 
was confirmed by dual-luciferase reporter assay. 
Results: We found that miR-135b-5p expression was significantly decreased 
in hippocampal neurons receiving OGD/R treatment. Overexpression of miR-
135b-5p markedly alleviated OGD/R-induced cell injury and oxidative stress, 
whereas suppression of miR-135b-5p showed the opposite effects. We ob-
served that miR-135b-5p directly targeted the 3′-untranslated region of gly-
cogen synthase kinase-3β (GSK-3β). We found that miR-135b-5p negative-
ly regulates the expression of GSK-3β in hippocampal neurons. Moreover, 
miR-135b-5p overexpression promotes activation of nuclear factor eryth-
roid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling. 
However, the restoration of GSK-3β expression significantly reversed the 
protective effects of miR-135b-5p overexpression. 
Conclusions: Overall, our results suggest that miR-135b-5p protects neurons 
against OGD/R-induced injury through downregulation of GSK-3β and pro-
motion of the Nrf2/ARE signaling pathway-mediated antioxidant responses.
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Introduction

Cerebral ischemia/reperfusion injury is a major cause of death and 
disability causing a  heavy financial burden worldwide [1]. Insufficient 
blood flow to the brain causes serious brain damage, which is aggra-
vated by blood reperfusion [2]. Ischemia/reperfusion induces calcium 
overload, inflammation, glutamate excitotoxicity, excessive generation 
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of reactive oxygen species (ROS), and apoptosis, 
thus contributing to neuronal damage [3]. Throm-
bolytic therapy has been applied for the treatment 
of cerebral ischemia/reperfusion injury in clinics. 
However, the treatment effect is limited. There-
fore, it is important to develop novel therapeutic 
strategies for the treatment of cerebral ischemia/
reperfusion injury.

MicroRNAs (miRNAs) are a subset of small, non-
coding RNAs that can negatively regulate gene ex-
pression by binding to the 3′-untranslated region 
(UTR) of mRNA (mRNA), inhibiting translation [4]. 
Therefore, miRNAs are involved in regulating many 
biological processes, including cell proliferation, 
apoptosis, and survival [5]. Increasing evidence 
has suggested that miRNAs are involved in the 
pathophysiological process of cerebral ischemia/
reperfusion injury [6]. Various miRNAs are dysreg-
ulated during cerebral ischemia/reperfusion inju-
ry, and targeting specific miRNAs has been shown 
to prevent neuronal damage in vitro and in vivo [7, 
8]. Therefore, miRNAs are potential and promising 
targets for treatment of cerebral ischemia/reper-
fusion injury.

Glycogen synthase kinase-3β (GSK-3β) is a ser-
ine/threonine protein kinase that plays an import-
ant role in many biological activities, including gly-
cogen metabolism, inflammation, embryogenesis, 
and neuroplasticity [9]. GSK-3β is abundantly ex-
pressed in neurons in the central nervous system 
[10]. Studies have shown that GSK-3β is involved 
in the regulation of psychiatric and neurodegen-
erative disorders [11]. A growing body of evidence 
has shown that GSK-3β plays a  critical role in 
cerebral ischemia/reperfusion injury [12, 13]. In-
hibition of GSK-3β attenuates neuronal death 
and protects neurons against cerebral ischemia/
reperfusion injury [14]. Nuclear factor-E2-related 
factor 2 (Nrf2), a redox-sensitive transcription fac-
tor [15], has been suggested as the downstream 
target of GSK-3β [16]. Nrf2 can bind to the antiox-
idant response elements (ARE) in the nucleus and 
activate the expression of antioxidant genes, such 
as heme oxygenase-1 (HO-1) and NADPH-quinone 
oxidoreductase 1 (NQO1) [17]. Activation of Nrf2/
ARE signaling attenuates the production of ROS 
and neuron apoptosis, thus having a  protective 
effect during cerebral ischemia/reperfusion injury 
[18]. GSK-3β impedes the nuclear translocation 
of Nrf2 and inhibits the antioxidant cell response 
[19]. Inhibition of GSK-3β prevents the neuronal 
damage induced by brain ischemia by activation 
of Nrf2/ARE signaling [20]. Therefore, targeting 
GSK-3β may lead to the discovery of novel ther-
apeutic strategies for cerebral ischemia/reperfu-
sion injury.

miR-135b-5p has been reported as an an-
ti-apoptotic miRNA [21, 22]. A  recent study has 

shown that miR-135b-5p has a  neuroprotective 
effect in Alzheimer’s disease [23]. However, little 
is known about the role of miR-135b-5p in regu-
lating neuronal survival during cerebral ischemia/
reperfusion injury. Here, we aimed to investigate 
the functional significance of miR-135b-5p in reg-
ulating neuron survival using an OGD/R cellular 
model. We found that miR-135b-5p expression 
was significantly decreased in hippocampal neu-
rons receiving OGD/R treatment. Overexpression 
of miR-135b-5p markedly alleviated OGD/R-in-
duced injury. GSK-3β was identified as a  target 
gene of miR-135b-5p. Moreover, overexpression 
of miR-135b-5p inhibited GSK-3β and promot-
ed activation of the Nrf2/ARE signaling pathway. 
The restoration of GSK-3β expression significant-
ly reversed the protective effects of miR-135b-5p 
overexpression. Taken together, our study sug-
gests that miR-135b-5p protects neurons against 
OGD/R-induced injury through downregulation of 
GSK-3β and promotion of the Nrf2/ARE signaling 
pathway-mediated antioxidant responses.

Material and methods

Cell culture

The mouse hippocampal neuronal HT22 cell line 
was purchased from JENNIO Biological Technology 
(Guangzhou, China). HT22 cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM; Gib-
co, Rockville, MD, USA) supplemented with 10% 
fetal bovine serum (FBS), 4.5 g/l glucose and 1% 
penicillin/streptomycin mix (Sigma, St. Louis, MO, 
USA). Cells were cultured in a humidified incuba-
tor with 5% CO

2 at 37°C.

Induction of oxygen-glucose deprivation 
and reoxygenation (OGD/R) injury

Cells were cultured in glucose-free Hank’s Bal-
anced Salt Solution and incubated in a  hypoxia 
incubation chamber (Thermo Fisher Scientific, 
Shanghai, China) containing 1% O

2, 5% CO2, 94% 
N

2 at 37°C. After culture for 6 h, the medium was 
replaced with growth medium containing 4.5 g/l 
glucose and cultured under normal conditions for 
24 h reoxygenation. Cells without OGD/R treat-
ment were used as a control. 

RNA isolation and real-time quantitative 
polymerase chain reaction (RT-qPCR)

Total RNA was isolated using Trizol reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. RNA was reverse-transcribed 
into cDNA using the miScript Reverse Transcrip-
tion Kit (Qiagen, Dusseldorf, Germany) or M-MLV 
Reverse Transcriptase (TaKaRa, Dalian, China).  
PCR reactions were performed using SYBR Green 
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PCR Master Mix (Applied Biosystems, Foster City, 
CA, USA) with the ABI7500 real-time PCR system 
(Applied Biosystems). U6 was used as an internal 
control for normalization of miR-135b-5p. β-actin 
was used as an internal control for normalization 
of GSK-3β, HO-1, and NQO1. The primer sequenc-
es were as follows: miR-135b-5p F: 5′-GGTATG-
GCTTTTCATTCCT-3′ and R: 5′-CAGTGCGTGTCGTG-
GAGT3′; U6 F: 5′-ATTGGAACGATACAGAGAAGATT-3′ 
and R: 5′-GGAACGCTTCACGAATTTG-3′; GSK-3β F: 
5′-ATGGCAGCAAGGTAACCACAG-3′ and R: 5′-TCTCG-
GTTCTTAAATCGCTTGTC-3′; HO-1 F: 5′-CCCAAAACT-
GGCCTGTAAAA-3′ and R: 5′-CGTGGTCAGTCAACATG-
GAT-3′; NQO1 F: 5′- AGGATGGGAGGTACTCGAATC-3′ 
and R: 5′- AGGCGTCCTTCCTTATATGCTA-3′; β-actin F: 
5′-CTGTCCCTGTATGCCTCTG-3′ and R: 5′-ATGTCAC-
GCACGATTTCC-3′. The relative gene expression was 
analyzed by the 2–ΔΔCt method.

Cell transfection

miR-135b-5p mimics, miR-135b-5p inhibitor, 
and negative control (NC) were purchased from 
Ambion (Austin, TX, USA). The pcDNA3.1/GSK-
3β vector was generated by inserting the open 
reading frame of GSK-3β without its 3′-UTR into 
the pcDNA3.1 vector (Sangon Biotech, Shanghai, 
China). Cell transfection was performed using Li-
pofectamine 2000 (Invitrogen) in accordance with 
the manufacturer’s instructions. 

Cell viability assay

Cell viability was detected by cell counting  
kit-8 (CCK-8) assay. Briefly, cells were plated into 
96-well plates at a  density of 5 × 103  cells/well 
and cultured overnight at 37°C. After treatment, 
cells were treated with CCK-8 solution (10 µl/
well; Sigma) and incubated for 2 h at 37°C. The 
absorbance value at a wavelength of 490 nm was 
determined using a  microplate reader (Bio-Tek, 
Winooski, VT, USA).

Lactate dehydrogenase (LDH) assay

Cell injury was measured using an LDH cytotox-
icity assay kit (Roche Applied Science, Indianapo-
lis, IN, USA). Briefly, cells were lysed and treated 
with NADH and pyruvate for 15 min at 37°C. The 
absorbance value at a wavelength of 530 nm was 
measured by a microplate reader (Bio-Tek).

Caspase-3 activity assay

Cell apoptosis was measured using a caspase-3 
activity assay kit (Beyotime Biotechnology, Hai-
men, China). Briefly, cells were lysed and incu-
bated with 2 mM Ac-DEVD-pNA in reaction buffer 
for 1–4 h at 37ºC. Once the color had obviously 
changed, the absorbance value at a wavelength of 

405 nm was detected using a microplate reader 
(Bio-Tek).

ROS measurement

Reactive oxide species levels were measured 
using a  dichlorofluorescein diacetate (DCFH-DA) 
assay. Briefly, cells were incubated with 50 μM 
DCFH-DA (Sigma) for 30 min at 37°C. Then, cells 
were washed, and the fluorescence intensity was 
measured by a  fluorescence spectrophotometer 
(Bio-Tek) with an excitation wavelength of 485 nm 
and an emission wavelength of 530 nm.

Superoxide dismutase (SOD) and 
malondialdehyde (MDA) measurement

The levels of SOD and MDA were evaluated 
using commercial kits (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, China) in accordance 
with the manufacturer’s protocols. 

Dual-luciferase reporter assay

The fragments of wild-type or mutant GSK-
3β 3′-UTR containing the predicted binding site 
of miR-135b-5p was inserted into the pmirGLO 
vector (Promega, Madison, WI, USA). HT22 cells 
were cotransfected with a  pmirGLO vector con-
taining wild-type or mutant GSK-3β 3′-UTR and 
miR-135b-5p mimics or inhibitor using Lipofect-
amine 2000 (Invitrogen). After culturing for 48 h, 
cells were lysed, and the luciferase activity was 
measured using the Dual-Luciferase Reporter As-
say System (Promega). For measurement of ARE 
activity, HT22 cells were cotransfected with ARE 
reporter vector (Promega), phRL-TK Renilla lucif-
erase vector (Promega) and miR-135b-5p mimics 
or inhibitor. After culturing for 48 h, the luciferase 
activity was measured using the Dual-Luciferase 
Reporter Assay System (Promega).

Western blot analysis

Equivalent amounts  (40  μg) of proteins from 
each sample were fractionated by 10% sodium 
dodecyl sulfate polyacrylamide gels. The separat-
ed proteins were then electroblotted onto a poly-
vinylidene fluoride membrane (Millipore, Billerica, 
MA, USA). After blocking with 5% non-fat milk, 
the membrane was incubated with anti-GSK-3β 
(Cell Signaling Technology, Danvers, MA, USA), an-
ti-Nrf2, and anti-β-actin (Abcam, Cambridge, UK) 
overnight at 4°C. Afterwards, the membrane was 
probed with horseradish peroxidase-conjugated 
secondary antibodies (1 : 5000; Sigma) for 1 h at 
room temperature. Protein bands were visualized 
with the chemiluminescent reagents (Millipore). 
Band density was analyzed by Image-Pro Plus 6.0 
software. β-actin served as the loading control for 
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normalization of GSK-3β and Nrf2 protein expres-
sion.

Statistical analysis

Data were expressed as mean ± standard de-
viation. Student’s t-test and one-way analysis of 
variance (ANOVA) with Bonferroni post hoc test 
were used to determine the significance levels of 
differences using SPSS 18.0 statistical software 
(SPSS Inc., Chicago, IL, USA). Differences with 
p-values less than 0.05 were considered statisti-
cally significant.

Results

MiR-135b-5p is downregulated in 
hippocampal neurons receiving OGD/R 
treatment

To investigate the potential role of miR-135b-
5p in cerebral ischemia/reperfusion injury, we ex-
amined the expression pattern of miR-135b-5p in 
hippocampal neurons receiving OGD/R treatment 
by RT-qPCR. We found that miR-135b-5p was sig-
nificantly downregulated in hippocampal neurons 
receiving OGD/R treatment compared to the con-
trol group (Figure 1 A), implying an important role 
of miR-135b-5p in hippocampal neurons receiving 
OGD/R treatment.

Overexpression of MiR-135b-5p attenuates 
OGD/R-induced injury

To investigate the precise biological function 
of miR-135b-5p in hippocampal neurons receiv-
ing OGD/R treatment, we detected the effect of 
miR-135b-5p overexpression on OGD/R-induced 
injury. Transfection of miR-135b-5p mimics signifi-
cantly upregulated the expression of miR-135b-5p 
in cells receiving OGD/R treatment (Figure 1 B).  
CCK-8 assay showed that miR-135b-5p overexpres-

sion significantly improved the viability of hippo-
campal neurons receiving OGD/R treatment (Figure 
2 A). The LDH assay showed that miR-135-5p over-
expression markedly attenuated OGD/R-induced 
cell death (Figure 2 B). Furthermore, OGD/R-in-
duced cell apoptosis was also significantly reduced 
by miR-135b-5p overexpression (Figure 2 C). By 
contrast, suppression of miR-135b-5p significantly 
aggravated OGD/R-induced injury in hippocampal 
neurons (Figures 2 A–C). These results suggest that 
miR-135b-5p attenuates OGD/R-induced injury.

Overexpression of MiR-135b-5p inhibits 
oxidative stress induced by OGD/R 
treatment

To further investigate the biological function 
of miR-135b-5p in hippocampal neurons receiv-
ing OGD/R treatment, we detected the effect 
of miR-135b-5p in oxidative stress induced by  
OGD/R treatment. We found that overexpression 
of miR-135b-5p significantly reduced the ROS pro-
duction induced by OGD/R treatment (Figure 3 A). 
Moreover, overexpression of miR-135b-5p signifi-
cantly promoted the expression of SOD (Figure 3 B)  
while decreasing the expression of MDA (Fig-
ure 3 C). In contrast, suppression of miR-135b-
5p showed the opposite effects (Figures 3 A–C). 
These results suggest that miR-135b-5p inhibits 
OGD/R oxidative stress.

GSK-3β is a target gene of MIR-135b-5p

To investigate the molecular mechanism by 
which miR-135b-5p regulates OGD/R-induced in-
jury, we predicted the downstream target genes 
of miR-135b-5p by bioinformatics analysis. Inter-
estingly, we found that GSK-3β, an important gene 
involved in cerebral ischemia and reperfusion [12, 
13], was a potential target gene of miR-135b-5p 
(Figures 4 A). To investigate whether miR-135b-5p 

Figure 1. Expression of miR-135b-5p in hippocampal neurons receiving OGD/R treatment. A – RT-qPCR analysis 
of miR-135b-5p expression in HT22 cells with OGD/R treatment. Cells cultured in normal condition were used as 
a control. B – RT-qPCR analysis of miR-135b-5p expression in HT22 cells transfected with miR-135b-5p mimics or 
inhibitor for 24 h followed by OGD/R treatment
&p < 0.05 vs. control and *p < 0.05 vs. OGD/R + NC.
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directly targeted the 3′-UTR of GSK-3β, we per-
formed dual-luciferase reporter assays. We found 
that overexpression of miR-135b-5p significant-
ly decreased the luciferase activity of a  reporter 
vector containing the wild-type GSK-3β 3′-UTR, 

whereas suppression of miR-135b-5p promot-
ed luciferase activity (Figure 4 B). However, miR-
135b-5p showed no significant effect on the lu-
ciferase activity of the reporter vector containing 
the mutant GSK-3β 3′-UTR (Figure 4 B). To confirm 
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Figure 2. Overexpression of miR-135b-5p attenu-
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fected with miR-135b-5p mimics or inhibitor for 24 h  
and then subjected to OGD/R treatment. A – Cell 
viability was measured by CCK-8 assay. B – Cell 
death was evaluated by LDH assay. C – Cell apopto-
sis was detected by caspase-3 activity assay
&p < 0.05 vs. control and *p < 0.05 vs. OGD/R + NC.
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that GSK-3β is a direct target gene of miR-135b-
5p, we detected the effect of miR-135b-5p on 
GSK-3β expression by RT-qPCR and Western blot 
analysis. We found that overexpression of miR-
135b-5p significantly decreased the mRNA and 
protein expression of GSK-3β while suppression 
of miR-135b-5p promoted GSK-3β expression 
(Figures 5 A and B). Overall, these results suggest 
that GSK-3β is a target gene of miR-135b-5p.

Overexpression of Mir-135b-5p promotes 
activation of the Nrf2/ARE signaling pathway

To further investigate the molecular basis of 
miR-135b-5p in regulating OGD/R-induced inju-

ry, we detected the effect of miR-135b-5p on the 
Nrf2/ARE signaling pathway, the downstream 
pathway of GSK-3β [19, 20]. We found that over-
expression of miR-135b-5p significantly promoted 
the expression of Nrf2 in cells with OGD/R treat-
ment (Figure 6 A). Overexpression of miR-135b-5p  
also significantly increased ARE activity (Fig- 
ure 6 B). Furthermore, the expression of Nrf2/ARE 
downstream target genes, including HO-1 (Fig- 
ures 6 C) and NQO1 (Figure 6 D), was also mark-
edly upregulated by miR-135b-5p overexpression. 
These results suggest that miR-135b-5p overex-
pression increases activation of the Nrf2/ARE sig-
naling pathway.

Restoration of GSK-3β expression reverses 
the protective effect of Mir-135b-5p 
overexpression

To confirm that GSK-3β is a  functional target 
gene of miR-135b-5p, we performed rescue ex-
periments by restoration of GSK-3β expression 
in cells transfected with miR-135b-5p mimics. We 
found that transfection of the pcDNA3.1/GSK-
3β vector significantly restored the expression 
of GSK-3β in cells transfected with miR-135b-
5p mimics (Figure 7 A). Moreover, restoration of  
GSK-3β expression significantly blocked the effect 
of miR-135b-5p overexpression on activation of 
the Nrf2/ARE signaling pathway (Figures 7 B–D). 
As expected, the protective effect of miR-135b-5p 
overexpression against OGD/R-induced injury was 
significantly abrogated by GSK-3β overexpression 
(Figures 8 A–C). These results suggest that GSK-3β 
 is a functional target gene of miR-135b-5p in reg-
ulating OGD/R-induced injury.

Discussion

Cerebral ischemia/reperfusion injury is a com-
plex and severe pathological process that involves 
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inflammation, protein synthesis inhibition, and 
impaired mitochondrial function and energy me-
tabolism, which cause neuron loss and brain dam-
age [24]. Therefore, the concept of single-drug 
intervention cannot be effective [24]. Further ex-
perimental research is needed to gain a better un-
derstanding of the molecular pathogenesis of ce-
rebral ischemia/reperfusion injury and to explore 
novel and effective therapeutic strategies. Here, 
we have revealed an important role for miR-135b-
5p in regulating OGD/R-induced injury in neurons. 
We found that miR-135b-5p is significantly de-
creased in response to OGD/R treatment. Overex-
pression of miR-135b-5p significantly attenuates 
OGD/R-induced injury. The underlying mechanism 
for this might involve the Nrf2/ARE defense path-
way through the inhibition of GSK-3β. Overall, 
our study indicates that the miR-135b-5p/GSK-
3β/Nrf2/ARE signaling pathway may play an im-
portant role in regulating neuronal survival under  
OGD/R-induced injury.

Studies have demonstrated that miR-135b-5p 
is involved in regulating inflammation and cell dif-
ferentiation [25, 26]. Various studies have shown 
that miR-135b-5p promotes tumorigenesis, che-
moresistance, and radioresistance by inhibiting 
cell apoptosis [21, 27, 28]. Fan et al. reported 

that miR-135b-5p protects osteoblastic cells from 
dexamethasone-induced apoptosis [29]. Overex-
pression of miR-135b-5p has a  neuroprotective 
effect on Alzheimer’s disease by targeting the 
β-site APP-cleaving enzyme 1 [23]. miR-135b-5p 
is decreased in the hippocampus of a rat model of 
temporal lobe epilepsy and may be involved in the 
regulation of hippocampal neuron apoptosis [30]. 
In mouse hippocampal neurons, miR-135b-5p is 
deregulated under oxidative stress [31]. However, 
little is known about the role of miR-135b-5p in 
cerebral ischemia/reperfusion injury. Herein, we 
investigated the potential role of miR-135b-5p in 
regulating neuronal survival using OGD/R-induced 
injury, an in vitro model of cerebral ischemia/reper-
fusion injury. We found that miR-135b-5p was de-
creased in hippocampal neurons receiving OGD/R 
treatment. The overexpression of miR-135b-5p 
markedly attenuated OGD/R-induced injury, im-
plying a neuroprotective role for miR-135b-5p in 
OGD/R-induced injury.

GSK-3β has been suggested as an important 
regulator in cerebral ischemia/reperfusion injury 
[12, 13]. Inhibition of GSK-3β attenuates neuro-
nal death and protects neurons against cerebral 
ischemia/reperfusion injury [14, 32, 33]. GSK-3β 
promotes cerebral ischemia/reperfusion injury 

Re
la

ti
ve

 e
xp

re
ss

io
n 

of
 A

RE

Re
la

ti
ve

 m
RN

A
 e

xp
re

ss
io

n 
of

 H
O

-1

Re
la

ti
ve

 m
RN

A
 e

xp
re

ss
io

n 
of

 N
Q

O
1

2.0

1.5

1.0

0.5

0

2

1

0

3

2

1

0

	 Control	 OGD/R	 OGD/R 	 OGD/R
		  + NC	 + mimics	 + inhibitor

	 Control	 OGD/R	 OGD/R 	 OGD/R
		  + NC	 + mimics	 + inhibitor

	 Control	 OGD/R	 OGD/R 	 OGD/R
		  + NC	 + mimics	 + inhibitor

B

C D

Figure 6. Overexpression of miR-135b-5p promotes activation of the Nrf2/ARE signaling pathway. HT22 cells were 
transfected with ARE reporter vector and miR-135b-5p mimics or inhibitor for 24 h and then subjected to OGD/R 
treatment. A – Protein expression of Nrf2 was detected by Western blot analysis. B – ARE activity was detected by 
dual-luciferase reporter assays. The mRNA expression of HO-1 (C) and NQO1 (D) was detected by RT-qPCR
&p < 0.05 vs. control and *p < 0.05 vs. OGD/R + NC.
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C

Figure 8. Restoration of GSK-3β expression re-
verses the protective effect of miR-135b-5p over-
expression. HT22 cells were cotransfected with 
pcDNA3.1/GSK-3β vector and miR-135b-5p mimics 
for 24 h and then subjected to OGD/R treatment. 
A  – Cell viability was measured by CCK-8 assay.  
B – Cell apoptosis was detected by caspase-3 activ-
ity assay. C – ROS levels were measured by DCFH-
DA assay

*p < 0.05.
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Figure 9. miR-135b-5p protects hippocampal neurons against OGD/R-induced injury by downregulation of GSK-3β 
and upregulation of Nrf2/ARE signaling pathway-mediated antioxidant responses

through downregulation of the Nrf2/ARE signaling 
pathway [12, 13]. Therefore, inhibition of GSK-3β 
can promote activation of the Nrf2/ARE signaling 
pathway and alleviate neuronal damage [20]. Var-
ious neuroprotective drugs inhibit neuron apop-
tosis by targeting the GSK-3β/Nrf2/ARE signaling 
pathway [34–37], suggesting that the GSK-3β/
Nrf2/ARE signaling pathway plays an important 
role in regulating neuron apoptosis. In this study, 
we found that GSK-3β was a potential target gene 
of miR-135b-5p. We observed that overexpres-
sion of miR-135b-5p inhibits the expression of 
GSK-3β in neurons and protects neurons against 
OGD/R-induced injury by promoting activation 
of the Nrf2/ARE signaling pathway. Activation of 
the Nrf2/ARE signaling pathway can inhibit the 
inflammation and oxidative stress induced by 
ischemia and reperfusion [38, 39]. Research has 
shown that downregulation of the inflammato-
ry response is beneficial to alleviate ischemia/
reperfusion injury [40]. Our results suggested that 
miR-135b-5p may serve as an inhibitor of GSK-3β 
which can thus activate the Nrf2/ARE signaling 
pathway, representing a novel molecular target for 
protecting neurons against OGD/R-induced injury.

A growing body of evidence has demonstrated 
that GSK-3β is regulated by various miRNAs, in-
cluding miR-769 [41], miR-709 [42], and miR-26a 
[43]. In this study, we found that GSK-3β is also 
a target gene of miR-135b-5p. In line with our find-
ings, several studies have shown that miR-135b-5p  
targets and regulates GSK-3β expression. Xiao 
et al. reported that miR-135b-5p promotes the 
radioresistance of glioblastoma multiforme cells 
by targeting GSK-3β [27]. miR-135b-5p mediates 
podocyte injury through targeting GSK-3β [44]. 
Our study further confirmed the functional rela-
tionship between miR-135b-5p and GSK-3β.

Overall, our results show that overexpression 
of miR-135b-5p attenuates OGD/R-induced in-

jury hippocampal neurons by downregulation of  
GSK-3β and upregulation of the Nrf2/ARE sig-
naling pathway-mediated antioxidant responses 
(Figure 9). These results suggest a  neuroprotec-
tive role for miR-135b-5p in OGD/R-induced injury. 
However, the precise role of miR-135b-5p in the 
modulation of neuronal survival by the GSK-3β/
Nrf2/ARE signaling pathway in vivo requires fur-
ther study using animal models.
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