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Background: Ischemic stroke is a destructive cerebrovascular disorder related to oxidative
stress; NOX2 is a major source for ROS production; and miR-126a-5p is involved in several
diseases, such as abdominal aortic aneurysm. We investigated the role of miR-126a-5p in
regulating NOX2 in ischemic stroke.

Methods: MiR-126a-5p and NOX2 were examined in the brains of rats subjected to cerebral
ischemia/reperfusion (I/R) by RT-PCR and Western blot. MiR-126a-5p agomir was delivered
to examine the effects of miR-126a-5p on I/R injury. The neurological deficit, infarct
volume, and brain water content were evaluated. NOX activity, ROS production, and
MDA and SOD levels were detected to assess oxidative stress. H&E staining was used to
examine cell state. Apoptosis was evaluated by TUNEL, caspase-3 activity, and cleaved-
caspase-3 protein level. The relationship between miR-126a-5p and NOX2 was analyzed by
bioinformatics and luciferase reporter assay. MiR-126a-5p mimic, miR-126a-5p inhibitor, or
pcDNA-NOX2 were transfected in SH-SYSY cells to further assess the effects of miR-126a-
5p on OGD/R-induced cells injury.

Results: NOX2 was upregulated and miR-126a-5p was down-regulated in the brains of I/R
rats. MiR-126a-5p agomir obviously reduced the neurological deficit, infarct volume, brain
water content, oxidative stress, and apoptosis in I/R rats. MiR-126a-5p targeted NOX2
directly and regulated NOX2 negatively. Moreover, miR-126a-5p mimic elevated cell via-
bility and inhibited oxidative stress and apoptosis in OGD/R-treated SH-SYSY cells, while
miR-126a-5p inhibitor had the opposite effects. NOX2 overexpression antagonized the
protective effects of miR-126a-5p mimic on OGD/R-induced cell injury.

Conclusion: MiR-126a-5p is a novel potential target for ischemic stroke therapy due to its
protection against cerebral I/R injury via directly targeting NOX2.
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Introduction

Stroke is one of the major causes of disability and leading causes of mortality
worldwide.! Although endovascular thrombectomy and thrombolysis mediated by
tissue plasminogen activator (tPA) have significantly improved the survival of
patients at the acute stage of ischemic stroke,” therapeutic strategies for ameliorat-
ing neurological recovery after stroke remain inadequate.’ Oxidative stress is
a phenomenon caused by the imbalance between the generation and accumulation
of reactive oxygen species (ROS) in tissues and cells and the capability of biolo-

gical circumstance to detoxify those responsive products.* Oxidative stress has
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emerged as a vitally detrimental factor in ischemic tissues
and compromises genome integrity, leading to DNA inju-
ries, death of neuronal, vascular, and glial cells, and neu-
rological recovery impairments following stroke.’
Therefore, suppression of ischemic oxidative stress can
be a promising therapeutic approach in restorative admin-
istration for stroke.

MicroRNAs (miRNAs) are endogenous small non-
coding RNAs with a length of approximately 22 nucleo-
tides and play critical roles in post-transcriptional gene
regulation via sponging target messenger RNAs at the
complementary sites of the 3'-untranslated region.’
Recently, accumulating shreds of evidence have revealed
that miRNAs function as translational inhibitors to parti-
cipate in ischemic stroke pathogenesis,’ such as inflamma-
tion, oxidative stress, excitotoxicity, neurogenesis, and
apoptosis.® For example, miR-124 exerts its effects on
age-related ischemic encephalopathy, including ischemic
stroke, through modulating neuroinflammation, neuronal
excitability, oxidative stress, synaptic plasticity, apoptosis,
and axonal growth.” MiR-137 confers neuroprotective
impacts on ischemic stroke by alleviating inflammatory,
apoptotic, and oxidative pathways via Src-dependent
MAPK pathway.'® However, due to the potent and wide
tissue distribution of miRNAs, the description of cell-
specific targets and their functions remain elusive, espe-
cially in the complex brain environment.

Recently, it has been studied and identified that
NADPH oxidases (NOXs) function as essential ROS pro-
ducers after ischemic brain injury.'" The isoforms, such as
NOXI1, NOX2, and NOX4, are elevated by various neu-
rodegenerative factors, and down-regulation of NOXs by
pharmacological or genetic approaches is neuroprotective
against brain tissue damages due to stroke.'? Previous
research has reported that miR-652 protects rats against
oxidative stress injuries following cerebral ischemia/reper-
fusion through targeting NOX2 directly.'® In addition, in
a mouse cholestasis model, miR-126a deletion promotes
hepatic inflammation and aging,'* indicating it might be
a drug target for therapy of hepatic failure. Moreover,
miR-126a-5p reduces the level of a disintegrin and metal-
lopeptidase (ADAM) with thrombospondin type 1 motif 4
(ADAMTS-4) and restricts abdominal aortic aneurysm
development in mice.'> In neonatal pulmonary hyperten-
miR-126a-5p is
mesenchymal transition induced by hypoxia.'® However,

sion, implicated in endothelial-to-

the function of miR-126a-5p and the interaction between

miR-126a-5p and NOX2 in oxidative stress and functional
restoration following ischemic stroke are unclear.

This study established a mouse model and a cell model
to study the impacts of miR-126a-5p on brain injury and
neurological outcomes after cerebral ischemia/reperfusion
and the potential underlying molecular mechanisms.
Moreover, we validated the interaction between NOX2
and miR-126a-5p and demonstrated that miR-126a-5p
functions as a sponge of NOX2 to inhibit oxidative stress
and improve neurological recovery.

Materials and Methods

Animal Experiment

Sprague-Dawley rats (male, 250-300g) were obtained
from the Laboratory Animal Center of the University of
Science and Technology of China. All rats were acclima-
tized to the environments with a humidity of 65% and
a 12h/12h light-dark cycle at room temperature and
assigned into 4 groups with 6 per group randomly: Sham
group, I/R group, NC agomir group, and miR-126a-5p
agomir group. A cerebral ischemia/reperfusion (I/R) injury
model was established in all rats except those in the sham
group. Before I/R operation, rats in the NC agomir group
and miR-126a-5p agomir group were fixed to the stereo-
taxic apparatus. A brain infusion cannula was implanted
into the left lateral ventricle (bregma: —0.22mm; lateral:
Imm; dorsoventral: 3mm). Then intracerebroventricular
infusion of NC agomir (5 nmol) or miR-126a-5p agomir
(5 nmol) was delivered to the brain using a micro-osmotic
pump (Model 1004, Alzet, Cupertino, CA, USA) that was
connected to the cannula, at a rate of 200 pL/min. Two
days later, rats in I/R group, NC agomir group, and miR-
126a-5p agomir group were subjected to I/R operation. In
brief, under light anesthesia by intraperitoneally injecting
sodium pentobarbital (40 mg/kg body weight), the left
internal carotid artery was separated. Then a 4-0 surgical
nylon monofilament with a round tip was inserted into the
anterior cerebral artery to occlude the blood flow of the
internal carotid artery, posterior cerebral artery, anterior
cerebral artery, and middle cerebral artery. Two hours
after occlusion, the filament was removed. The blood
reperfusion was performed for 24 hours while maintaining
rat body temperature at 37°C and free of ileus or perito-
nitis during the whole surgical operation. Rats in the sham
group were exposed to the same process except for inter-
nal carotid artery occlusion with filament. After reperfu-

sion, the neurological deficit score and infarct volume
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were evaluated prior to harvesting brain tissues for other
analysis. Procedures operated in this research were com-
pleted in keeping with the Laboratory Animal Safety
guidelines of Nanchang University and approved by the
Ethics Committee of the Institutional Animal Care and
Use Committee of Nanchang University.

Cell Culture

SH-SYS5Y cells were purchased from the Cell Bank of
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China) and validated by STR profiling
prior to the experiments. Human embryonic kidney 293T
cells were from the American Type Culture Collection
(ATCC). Cells were maintained in DMEM with 10%
FBS, 1% sodium pyruvate, 1% glutamate, 1% non-
essential amino acids, 1% penicillin, and 1% streptomycin
in an incubator with 5% CO, at 37°C and plated in 12-well
plates for assessment of miRNA functions, luciferase
reporter analysis, apoptosis, Western blot, and real-time
PCR.

Oxygen Glucose Deprivation/
Reoxygenation (OGD/R)

To simulate cerebral I/R damage in vitro, the OGD/R
model was constructed using SH-SYS5Y cells. After
removal of culture medium, cells were washed with glu-
cose-free DMEM (Sigma Aldrich, St. Louis, MO, USA)
twice and moved in a hypoxic incubator with N,/CO,
(95:5) for 10 min at 37°C to decrease oxygen content to
< 1%. After that, cells were cultured in glucose-free
DMEM for 2 h at 37°C for glucose deprivation.
Subsequently, cells were cultured in a standard culture
medium for reoxygenation in an incubator with 5% CO,
under normoxic conditions for 24 h. Cells without OGD/R
procedure were used as the control.

Measurement of Neurological Deficits,

Infarct Volume and Brain Water Content
Neurological performance was measured with a 5-point
rating scale before euthanization: 0 for no observable
deficit, 1 for failure to extend the left forepaw, 2 for
decreased grip strength of left forepaw, 3 for circling to
the left on pulling the tail, and 4 for spontaneous circling.
The brain infarct was assessed with 2,3,5-triphenyl tetra-
zolium chloride (TTC) staining. In brief, after sectioned
into 4 coronal sections, brain sections (0.2-0.3 cm) were
immersed at 37°C in 2% TTC solution for 0.5 h. The

infarct volume was analyzed based on the lesion thickness
and areas of the sections using Image J software and
presented as the percentage to the total hemisphere. For
measurement of brain water contents, the infarct brain
hemisphere was weighed before and after dried in
a desiccating oven overnight at 105°C on an electronic
scale as the wet weight and dry weight, respectively. The
total brain water was measured using the formula: (wet
weight - dry weight)/wet weight x 100%.

Bioinformatic Analysis

The possible target of NOX2 and association between
miRNAs and NOX2 were predicted using microrna.org
(http://www.microrna.org/microrna’home.do) and Target

Scan (http://www.targetscan.org/vert 72/).

Evaluation of NOX and Caspase-3
Enzymatic Activities and Oxidative Stress

Indicators

NOX enzyme activity was measured using the NADPH
oxidase activity quantification kit (Shanghai Genmed
Pharmaceutical Technology Co., Ltd., Shanghai, China).
Briefly, oxidized cytochrome C was mixed with cell super-
natant or tissue lysates, transferred into a quartz cuvette,
and kept at 30°C for 3 min. The NOX substrate NADPH
was then added to initiate the reaction. After reacting at
30°C for 15 min, the absorbance at 550 nm was deter-
mined on a spectrophotometer (Bio-Rad Laboratories,
USA), and NOX activity was calculated as cytochrome
¢ reduction per min.

Caspase-3 activity was determined using a caspase-3
activity assay kit (Beyotime Institute of Biotechnology)
following the manufacturer’s instructions. Briefly, 90 uL
caspase-3 substrate Ac-DEVD-pNA working solution was
mixed with 10 pL cell lysate or tissue lysate and incubated
at 37°C for 1 h. The absorbance at 405 nm was measured
on a multifunction reader (Varioskan LUX, ThermoFisher,
US). The caspase-3 activity was exhibited as U/g protein,
and the amount of enzyme reacting with Ac-DEVD-pNA
(1.0 nmol/per hour) was defined as 1 U.

Oxidative stress was assessed by the levels of reactive
oxygen species (ROS), malondialdehyde (MDA), and super-
oxide dismutase (SOD). ROS, MDA and SOD levels in cells
and brain tissues were measured as the optical density at 450
kits (Abcam,
Cambridge, MA, USA) following the manufacturer’s proto-

nm using corresponding commercial

cols on a spectrophotometer (Bio-Rad Laboratories, USA).
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Cell Apoptosis

Cellular apoptosis in brain tissues was measured using
One Step TUNEL Apoptosis Kits (Beyotime, China). In
brief, brain tissue sections were fixed in 4% paraformalde-
hyde at room temperature for 10 min, washed with PBS,
and further fixed in paraformaldehyde plus acetic acid for
5 min at 4°C. After that, they were washed with PBS,
equilibrated in equilibration buffer, and incubated with
TUNEL reaction mixture containing terminal deoxynu-
cleotidyl transferase (TdT) at 37°C for 1 h. The negative
control was treated similarly and incubated with TUNEL
reaction mixture without TdT. The TUNEL-positive cells
were examined and photographed at x400 magnification
under an epifluorescence microscopy Nikon Eclipse 80i
and presented as the percentage of the total cells.

The apoptosis of SH-SYSY cells was detected by
Hoechst 33258 staining using a commercial kit (Sigma-
Aldrich, St. Louis, MO, USA) following the guideline and
flow cytometry. For Hoechst 33258 staining, SH-SY5Y
cells were fixed in 4% paraformaldehyde for 15 min.
After washed with PBS, cells were incubated with
Hoechst 33258 staining solution at room temperature for
5 min and observed under a fluorescence microscope. The
apoptotic cells were counted measured in a blinded man-
ner and represented as the proportion to the total cells.

Cell Transfection

The (pcDNA-NC) and NOX2-
overexpressing vector (pcDNA-NOX2) were from
Sangon Biotech (Shanghai, China). The miR-126a-5p
mimic and inhibitor for functional gain or reduction,

empty  vector

respectively, were obtained from RiboBio (Guangzhou,
China). For cell transfection, miR-126a-5p mimic, miR-
126a-5p inhibitor, or pcDNA-NOX2 were mixed with
transfection agent Lipofectamine 2000. After 20 min, the
mixture was added into the cultured cells in 24-well plates
to reach a concentration of 100 nmol/well. Following the
transfection for 6 h, cells were cultured for another 48 h in
normal media and collected for measurement of enzyme
activity, protein, mRNA, and others.

Hematoxylin and Eosin (H&E) Staining

Brain tissues were collected immediately at 24h after
cerebral I/R injury and were cut along the coronal plane
at 4 mm behind chiasma. The forebrains were fixed with
embedded
Afterward, the coronal sections (6 um thick) of the dorsal

4% paraformaldehyde and in paraffin.

hippocampus (—3.8 mm from bregma) were subjected to
H&E staining.

Luciferase Reporter Gene Experiment

The 3'-UTR fragments of NOX2 containing the predicted
wild-type or the mutated miR-126a-5p binding site were
inserted into pmirGLO luciferase reporter vector (Abnova,
Taipei, Taiwan) downstream of the firefly luciferase gene.
The recombinant constructs and NC miRNA or miR-126a-5p
mimics, were co-transfected into 293T cells. At 48 h of post-
measured with

transfection, luciferase activity was

a luminometer according to the manufacturer’s instructions.

miR-126a-5p Agomir Delivery by
Intracerebroventricular Infusion

To explore the role of miR-126a-5p in cerebral I/R injury,
miR-126a-5p overexpression in vivo was managed in
accordance with the instruction as previously stated.'”"'®
In brief, miR-126a-5p agomir was dissolved in PBS to 100
nmol/mL. Under anesthesia, rats were fixed to the stereo-
taxic apparatus, and a brain infusion cannula was
into the left
—0.22 mm; lateral: 1 mm; dorsoventral: 3 mm) and con-

implanted lateral ventricle (bregma:
nected to a micro-osmotic pump (Model 1004, Alzet,
Cupertino, CA, USA). Then NC agomir (5 nmol) or
miR-126a-5p agomir (5 nmol) was delivered to the brain
via intracerebroventricular infusion using the micro-
osmotic pump (Model 1004, Alzet, Cupertino, CA, USA)
at 200 uL/min. After 2 days of intracerebroventricular
infusion, rats were exposed to I/R. Under anesthesia, rats
were sacrificed, and the brain tissues were collected for
Western blot, qRT-PCR, TTC staining, and other analysis.

Cell Viability Assay

Cell viability was measured using 3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. In
brief, cells were seeded into 96-well culture plates (1x10*
cells/well). At the end of each treatment, 50 pL MTT (5 mg/
mL) was added, and cells were incubated at 37°C for
another 4 h. After removal of the supernatant, 150 uL
DMSO was added into each well to dissolve the insoluble
purple formazan product, and the absorbance (A) value was
detected with a microplate reader (Epoch, BioTek, USA) at
570 nm for quantification. Cell viability was calculated
using the formula Cell viability (%) = (A570nmgumpie
-AS570nmy01)/(AS70NM o 1r01-AS 70NMy )X 100 and  pre-
sented as the proportion to the control group.
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Table | Sequences of Primers Used in qRT-PCR
Gene Forward Primer (5'-3') Reverse Primer (5'-3')
miR-29b-5p CGTAGCACCATTTGAAATCAGTGTT GTGCAGGGTCCGAGGT
miR-188-3p ATTATTGGCTCCCACATGCAGGG ATCCAGTGCAGGGTCCGAGG
miR-532-3p CGGCCATGCCTTGAGTGTA GCAGGGTCCGAGGTATTC
miR-150-5p GCGTCTCCCAACCCTTGTA AGTGCAGGGTCCGAGGTATT
miR-126a-5p GGGGGCATTATTACTTTTGG GTGCGTGTCGTGGAGTCG
miR-327 TGCGCCCTTGAGGGGCATG CCAGTGCAGGGTCCGAGGTATT
ué GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT
NOX2 ACAAGGTTTATGACGATGAGCC TTGAGCAACACGCACTGGAA
GAPDH GGAGCGAGATCCCT CCAAAAT GGCTGTTGTCATACTTCTCATGG

qRT-PCR Statistical Analysis

Total RNAs in brain tissues and cells were isolated using
Trizol reagent (Solarbio, Tongzhou District, Beijing,
China). RNA concentration and purity were measured
spectrophotometrically. The relative mRNA and miRNA
expression levels were measured using 100 ng RNA as the
template and the TransScript® Green Two-Step qRT-PCR
SuperMix (Transgen, Beijing, China) and the TransScript
Green miRNA Two-Step qRT-PCR SuperMix (Transgen,
Beijing, China), respectively, on a 7500 FAST Real-Time
PCR System (Bio-Rad Co., USA). The primers for miR-
126a-5p, NOX2, U6, and GAPDH were listed in Table 1.
The relative expression was evaluated using the 2744
method, and data were presented as the ratio of miR-
126a-5p to U6 or NOX2 mRNA to GAPDH mRNA.

Western Blot

The concentration of protein samples extracted from tissues
and cells was determined using the BCA protein assay kit
(Pierce Company). After mixed with the loading buffer,
proteins were denaturized at 99°C for 5 min, separated on
12% SDS-PAGE, and transferred onto PVDF membranes.
Then membranes were blocked for 2 hours at room tem-
perature in 5% nonfat milk followed by incubation with
primary anti-NOX2 (1:500; Abcam), anti-cleaved-caspase
-3 (1:300; Abcam), and anti-GAPDH (1:1000; Santa Cruz)
antibodies at 48°C for 16 h. Afterward, the membranes were
incubated with secondary antibodies for 1 h at room tem-
perature, and the blots were quantified with the ECL Plus
reagent (Millipore, Burlington, MA) and exposed to X-film
with GAPDH as the internal control.

Data were analyzed using statistical software SPSS 20.0
and expressed as the mean + standard deviation (SD) of
three biological replicates. Difference between two groups
was evaluated with Student’s ¢-test, while the difference
among multiple groups was determined with one-way
ANOVA followed by Tukey’s post hoc test. A p < 0.05
was considered statistically significant.

Results
Cerebral I/R Injury Resulted in miR-126a-
5p Downregulation, NOX2 Upregulation,

and Oxidative Stress in Rat Brain Tissues
As NOX expression variation played a critical role in response
to cerebral I/R injury, we emphasized NOX2 in this study. The
NOX2 and miR-126a-5p levels were measured in the brains of
rats suffering from cerebral I/R. As shown in Figure 1A-C, I/R
operation remarkably increased neurological function scores
(P <0.01, Figure 1A), infarct volume (P < 0.01, Figure 1B),
and brain water content (P < 0.01, Figure 1C) after reperfusion
for 24h, implying the presence of ischemic injury. Then we
found that in /R rats, SOD activity was decreased after 24
h reperfusion (P < 0.01), and MDA content was significantly
increased accompanied with ROS outburst (P < 0.01,
Figure 1D). Besides, the mRNA and protein levels of NOX2
were noticeably upregulated in I/R injury tissues (P < 0.01,
Figure 1E and F). These results indicated that NOX2 alteration
was associated with oxidative stress in rats exposed to /R
injury. Since miRNAs were involved in regulating genes,
including NOX2, bioinformatic analysis was performed to
forecast the possible targets of NOX2 and found that
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Figure | Cerebral I/R injury resulted in elevated NOX2 and oxidative stress and reduced miR-126a-5p in rats. Animals (Sprague-Dawley rats, male) experienced Sham or I/
R (2h/24h) operation. (A) Neurological scores. (B) Infarct volume measured with TTC staining. (C) Brain water content. (D) SOD activity, MDA content, and ROS
production. (E) The mRNA expression of NOX2 measured using qRT-PCR. (F) NOX2 protein level assessed with Western blot. (G) MiRNAs expressions by qRT-PCR. Data

were presented as mean+SD. *P < 0.05, **P < 0.01. n=6.

miR-29b-5p, miR-188-3p, miR-532-3p, miR-150-5p, miR-
126a-5p, and miR-327 were the possible NOX2 targets
(Figure 1G). Measurement of these miRNAs showed that
miR-126a-5p expression was apparently reduced in brain tis-
sues of rats suffered from I/R injury (P < 0.01, Figure 1G).
These results implied that miR-126a-5p downregulation might
result in NOX2 upregulation and led to ROS upregulation.
Therefore, miR-126a-5p was further evaluated as a potential
target of NOX2.

Injection of miR-126a-5p Agomir
Reduced Brain Injury in Rats

To confirm the effects of miR-126a-5p on brain injury, miR-
126a-5p agomir was administrated into rats. The administra-
tion efficiency of miR-126a-5p agomir was confirmed by
gRT-PCR (P < 0.01, Figure 2A). The results showed that
miR-126a-5p agomir remarkably reduced the elevated neu-
rological scores, infarct volumes, and brain water content in I/
R rats (P < 0.05, P < 0.01, Figure 2B-D), suggesting it

alleviated the brain injury of I/R rats. TTC staining revealed
that rats in the sham group had normal neuronal structures in
the hippocampal CA1 region, as presented by three or four
layers of pyramidal cells arranged in a clear and tight order
and large and regular nuclei in neurons (Figure 2E). By
contrast, in rats exposed to cerebral I/R, neurons of hippo-
campal CAl were injured selectively and extensively, as
supported by chromatin condensation, pyramidal neuronal
shrinkage in nuclei, and reactive gliosis (Figure 2E). These
neuronal damages suffering from cerebral I/R were decreased
by miR-126a-5p agomir (P < 0.01, Figure 2E). These results
indicated that miR-126a-5p overexpression inhibited brain
injuries in I/R rats.

Injecting miR-126a-5p Agomir into Rats
Reduced Oxidative Stress and Apoptosis

in Brain Tissues of I/R Rats
Considering the role of miR-126a-5p in modulating NOX2
expression, we investigated the impacts of miR-126a-5p
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Figure 2 MiR-126a-5p agomir injection into rats alleviated brain injury. NC agomir or miR-126a-5p agomir was delivered into lateral ventricle. Rats were exposed to I/R (2h/
24h) or Sham surgery after 2 days of the intracerebroventricular infusion. (A) Efficiency of miR-126a-5p agomir transfection was evaluated by qRT-PCR. (B) Neurological
scores. (C) Infarct volume determined with TTC staining. (D) Brain water content. (E) Sections of hippocampal CAl regions detected by H&E staining (X200). Data were

presented as meantSD. *P < 0.05, **P < 0.01. n=6.

agomir on oxidative stress and apoptosis in vivo. We first
evaluated NOX2 expression and found that miR-126a-5p
upregulation reduced NOX2 expression in the brain tissues
of I/R rats, while miR-126a-5p negative control agomir
showed no effect on NOX2 expression (P < 0.01,
Figure 3A and B). Similarly, miR-126a-5p overexpression
remarkably downregulated NOX activity, reduced MDA
and ROS levels and increased SOD activity (P < 0.05, P <
0.01, Figure 3C and D). These results indicated that miR-
126a-5p was a modulator in brain tissues against oxidative
stress. Then we found that miR-126a-5p overexpression
reduced caspase-3 expression in brain tissues after I/R
treatment (P < 0.05, P < 0.01, Figure 3E). Consistently,
caspase-3 enzyme activity was also decreased (P < 0.05,
Figure 3F). In the TUNEL labelling experiment, we
observed more TUNEL positive cells in rat brains suffered
from I/R, indicating that cell apoptosis in brain tissues was

effectively upregulated by I/R (P < 0.01, Figure 3G).
Additionally, miR-126a-5p overexpression obviously
decreased the number of TUNEL positive cells in I/R
rats, but no obvious change was observed in the negative
control agomir group (P < 0.05, Figure 3G). These results
implied that miR-126a-5p expression exerted a protective
role in oxidative stress and apoptosis in brain tissues.

NOX2 Served as a Direct Target of
miR-126a-5p

We intended to verify the functional targets of miR-
126a-5p to further confirm the association between
miR-126a-5p and NOX2. Bioinformatics analysis
revealed a seed region for miR-126a-5p at the 3'-UTR
of NOX2 (Figure 4A) indicating that NOX2 might be
a target of miR-126a-5p. To confirm the prediction,
a dual-luciferase reporter assay was operated on 293T
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Figure 3 MiR-126a-5p agomir injection into rats inhibited oxidative stress and apoptosis in brain tissues. NC agomir or miR-126a-5p agomir was delivered into the lateral
ventricle. Rats experienced I/R (2h/24h) or Sham operation after 2 days of the intracerebroventricular infusion. Brains were gained for the subsequent detections. (A and B)
mRNA (A) and protein (B) expression of NOX2 detected by qRT-PCR and Western blot. (C) Total NOX enzyme activity. (D) SOD activity, MDA content, and ROS
production. (E) Protein expression of caspase-3 detected by Western blot. (F) Caspase-3 enzyme activity. (G) Hippocampal positive cell numbers evaluated by TUNEL

staining (x400). Data were presented as meanSD. *P < 0.05, **P < 0.01. n=6.

cells co-transfected with a reporter vector of 3-UTR
fragments of NOX2 containing either the wild-type or
the mutated putative miR-126a-5p binding site and miR-
126a-5p mimics. The results revealed that miR-126a-5p
overexpression decreased luciferase activity of the
reporter vector containing the wild-type NOX2 3'-UTR
(P < 0.01, Figure 4B), but not mutated NOX2 3’-UTR in
miR-126a-5p overexpression cells (Figure 4B). These
data implied that miR-126a-5p directly bound to 3'-
UTR of NOX2 at the predicted binding site. After that,
we measured the impact of miR-126a-5p on NOX2
expression and found that miR-126a-5p overexpression
noticeably inhibited mRNA (P < 0.01, Figure 4C) and
protein (P < 0.01, Figure 4D) expressions of NOX2.
These data indicated that NOX2 was a direct target
gene of miR-126a-5p.

Oxidative Stress Was Suppressed by
Exogenous miR-126a-5p Mimic in
SH-SY5Y Cells

We next verified whether miR-126a-5p alteration was related
to ROS production in OGD/R cell model in vitro. In align-
ment with animal results, miR-126a-5p level was evidently
reduced in SH-SYSY cells suffered from OGD/R in compar-
ison with the control group (P < 0.01, Figure 5A). The miR-
126a-5p mimic noticeably increased miR-126a-5p level in
SH-SYSY cells after OGD/R administration in comparison
by controls or NC miRNA (P < 0.01, Figure 5A), indicating
that these mimics worked successfully. Cell viability was
obviously decreased in OGD/R group (P < 0.01) compared
to the control group, while it was increased in miR-126a-5p
mimic group (P < 0.05) compared to the NC mimic group
(Figure 5B). Then we detected NOX2 mRNA and protein
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Figure 4 NOX2 functioned as a direct target gene of miR-126a-5p. (A) Sequence alignment between miR-126a-5p and NOX2 3"-UTR. (B) The luciferase reporter vector of
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cells measured by qRT-PCR and Western blot. Data were presented as meanSD. **P < 0.01. n=6.

levels and found that NOX2 expression was effectively
upregulated in the OGD/R group and downregulated in the
miR-126a-5p mimic group compared with the corresponding
grou (P <0.01, Figure 5C and D). The total enzyme activity
of NOX was noticeably upregulated in OGD/R-treated cells
and downregulated in cells transfected with miR-126a-5p
mimic (P < 0.05, P < 0.01, Figure 5E). By contrast, SOD
activity was remarkably decreased in the OGD/R cells but
increased in the miR-126a-5p mimic group (P < 0.05, P <

0.01, Figure 5F). Moreover, in agreement with the NOX
activity, ROS production and MDA content were upregula-
tion in the OGD/R cells and downregulation in the miR-
126a-5p mimic group (P < 0.01, Figure 5F). Importantly,
miR-126a-5p inhibitor had the opposite effects to miR-126a-
5p mimic on cell viability, NOX2 level, NOX and SOD
activities, ROS production, and MDA level (Supplementary
Figure 1 A—F). These findings suggested that miR-126a-5p
upregulation was related to NOX2 downregulation.
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Figure 5 Exogenous miR-126a-5p mimic reduced oxidative stress. NC mimic or miR-126a-5p mimic was transfected into SH-SY5Y cells for 48h. Then cells were exposed to
OGDI/R (2h/24h). (A) Efficiency of miR-126a-5p mimic transfection was evaluated by qRT-PCR. (B) MTT assay used for cell viability evaluation. (C and D) mRNA (C) and
protein (D) expressions of NOX2 detected by qRT-PCR and Western blot. (E) Total NOX enzyme activity. (F) SOD activity, MDA content, and ROS production. Data were

presented as mean+SD. *P < 0.05, **P < 0.01. n=6.

Exogenous miR-126a-5p Mimic
Decreased Apoptosis in SH-SY5Y Cells

We further analyzed the effect of miR-126a-5p mimic on cell
apoptosis using OGD/R cell model. The protein level and
activity of caspase-3 were upregulated in the OGD/R group
compared with the sham control group and decreased in the
miR-126a-5p mimic group compared with the NC mimic
group (P <0.05, P <0.01, Figure 6A and B). Hoechst staining
demonstrated more apoptotic cells after OGD/R administra-
tion, and miR-126a-5p overexpression noticeably protected
OGD/R-treated cells from apoptosis compared with the nega-
tive control (P < 0.01, Figure 6C). Similarly, miR-126a-5p
overexpression markedly decreased cell death in OGD/
R-treated cells (P < 0.05, P < 0.01, Figure 6D) and miR-

126a-5p inhibition further elevated the increased protein level
and activity of caspase-3 induced by OGD/R. Besides, OGD/
R-induced cell apoptosis was aggravated after incubation with
miR-126a-5p inhibitor (Supplementary Figure 2A-D). These
results proved that miR-126a-5p overexpression played

a protective role against apoptosis or death of OGD/R-treated
SH-SY5Y cells.

Exogenous miR-126a-5p Mimic
Suppressed Oxidative Stress and
Apoptosis by Targeting NOX2 in
SH-SY5Y Cells

At last, we explored the neuroprotective effects of NOX2
modulated by miR-126a-5p in ischemic brain injury.
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Figure 6 Exogenous miR-126a-5p mimic led to decreased apoptosis. NC mimic or miR-126a-5p mimic was transfected into SH-SY5Y cells for 48h. Then cells experienced
OGDJ/R (2h/24h). (A) Protein expression of caspase-3 detected by Western blot. (B) Enzyme activity of caspase-3. (C) Cell apoptosis calculation by Hoechst 33258 staining
(x200). (D) Representative image of apoptosis evaluation with flow cytometry. Data were presented as meanSD. *P < 0.05, **P < 0.01. n=6.

MiR-126a-5p mimic and pcDNA-NOX2 were co-
transfected into OGD/R-treated SH-SYSY cells. The effi-
ciency of pcDNA-NOX2 transfection was evaluated by
Western blot (P < 0.01, Figure 7A). MTT assay illustrated
an upregulated proliferation of miR-126a-5p mimic-
transfected cells. However, NOX2 overexpression appar-
ently inhibited this increase (P < 0.05, P < 0.01,
Figure 7B). Moreover, NOX2 activity was upregulated in
cells co-transfected with miR-126a-5p mimic and pcDNA-
NOX2 compared with cells co-transfected with miR-126a-
5p mimic and pcDNA-NC (P < 0.05, P < 0.01, Figure 7C).
Similarly, MDA content and ROS production were
increased while SOD activity was remarkably downregu-
lated in cells co-transfected with miR-126a-5p mimic and
pcDNA-NOX2 compared to cells co-transfected with miR-
126a-5p mimic and pcDNA-NC (P < 0.05, P < 0.01,
Figure 7D). Additionally, the protein expression and
enzyme activity of caspase-3 were apparently upregulated

in  miR-126a-5p mimictpcDNA-NOX2 group in

comparison with miR-126a-5p mimic+pcDNA-NC group
(P <0.05, P <0.01, Figure 7E and F). In line with that, the
apoptotic rate was obviously increased in miR-126a-5p
mimic+tpcDNA-NOX2 group (P < 0.05, P < 0.01,
Figure 7G). These results implied that miR-126a-5p
mimic inhibited oxidative stress and apoptosis through
directly targeting NOX2 in SH-SYS5Y cells.

Discussion

Oxidative stress is an essential pathological mechanism in
response to cerebral ischemia stroke and contributes to the
impaired neurological outcomes following stroke through
damaging genome integrity, resulting in DNA lesions and
neural cell death.” It has been reported that miRNAs play
crucial roles in various pathogenic processes after ischemic
stroke, including inflammation, oxidative stress, excitotoxi-

city, neurogenesis, and apoptosis.®'®

miRNAs are emerging
diagnostic biomarkers and function as innovative therapeutic

targets for the damages in the central nervous system by
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Figure 7 Exogenous miR-126a-5p mimic suppressed oxidative stress and apoptosis by targeting NOX2 in SH-SY5Y cells. (A) The pcDNA-NOX2 or pcDNA-NC was
transfected into SH-SY5Y cells for 48h. Efficiency of pcDNA-NOX2 transfection was evaluated using Western blot. (B—G) miR-126a-5p mimic, pcDNA-NOX2 or pcDNA-
NC was transfected into SH-SY5Y cells for 48h, alone or in combination. Then cells were exposed to OGD/R (2h/24h). (B) Cell viability determined by MTT assay. (C) Total
NOX enzyme activity. (D) SOD activity, MDA content, and ROS production. (E) Expression level of caspase-3 protein by Western blot. (F) Enzyme activity of caspase-3. (G)
Cell apoptosis measurement of flow cytometry and the representative images. Data were presented as mean+SD. *P < 0.05, **P < 0.01. n=6.

modulating their target genes negatively.”’ In the present
work, cerebral I/R injury upregulated NOX2 and oxidative
stress and decreased miR-126a-5p in rat’s brain tissues. MiR-
126a-5p overexpression reduced brain injury, oxidative
stress, and apoptosis, which eventually resulted in neurolo-
gical protection in rats against ischemic stroke. Our findings
also indicated that exogenous miR-126a-5p suppressed
OGD/R-induced oxidative stress and apoptosis through tar-
geting NOX2 in SH-SYSY cells. To our best knowledge, our
study is the first to examine the functions of miR-126a-5p in
I/R animal model and OGD/R cell model of ischemic stroke.
Our work identifies a previously uncharacterized interaction
of miR-126a-5p and NOX2 that mediates stroke-induced
oxidative stress in vivo and in vitro. These findings indicate

that miR-126a-5p can serve as an innovative potential ther-
apeutic target for ischemic stroke. A previous study has
shown that miR-126a-5p reduces ADAMTS-4 expression
and restricts the abdominal aortic aneurysm formation in
mice."> Another research has shown that miR-126a-5p parti-
cipates in endothelial-to-mesenchymal transition stimulated
by hypoxia in neonatal pulmonary hypertension.'® Function
enrichment analysis indicates that stroke-prone sponta-
neously hypertensive (SHRSP)-specific D-box binding
PAR bZIP transcription factor (Dbp) in rats is associated
with circadian rhythm, which is predicted to be regulated
by rno-miR-126a-5p.*" It has been shown that 13 miRNAs,
including miR-126a-5p, are reduced in retinas in rd10 animal
model of retinitis pigmentosa (RP) when mice are treated
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systemically with pentazocine (PTZ), but are elevated in
retinas in rd10/sigma 1 receptor (SiglR)f/ " mice.”? Other
than these observations, we detected substantial decline of
miR-126a-5p in the ischemic hemisphere of I/R. miRNAs
participate actively in a variety of pathophysiological cas-
cades in ischemic stroke, including oxidative stress and
apoptosis.”’ For instance, an antagomir to miRNA-106b-5p
inhibits oxidative stress and apoptosis to ameliorate cerebral
injury induced by ischemia and reperfusion in rats.'’
MiRNA-410 exerts a neuroprotective role against oxidative
stress-induced apoptosis through suppression of TIMP2-
dependent MAPK pathway following ischemic stroke in
mice.”> MiRNA-424 suppresses oxidative stress to protect
against focal cerebral injury induced by ischemia/reperfusion
in mice.”* Long non-coding RNA (IncRNA) ZFAS1 modu-
lates miR-582-3p to protect against neuronal injury and
regulate oxidative stress, inflammation, apoptosis, and NO
level after cerebral I/R damage.”> MiRNA-195 diminishes
ischemic stroke induced-neuronal apoptosis in rats by sup-
pressing the activation of JNK signaling mediated by
KLF5.%¢ Similar to the above-mentioned studies, our study
systematically demonstrated that miR-126a-5p overexpres-
sion induced potent anti-apoptosis and anti-oxidative stress
effects after reperfusion of the ischemic brain, eventually
enhanced neurological recovery, reduced infarct volumes,
and decreased brain water content following ischemic stroke.
Cell experiments revealed further that exogenous miR-126a-
5p mimic inhibited oxidative stress and diminished apoptosis
in SH-SYS5Y cells. The present work focused on exploring
miR-126a-5p regulation on oxidative stress, apoptosis, and
neurological recovery following ischemic stroke. Thus, it is
likely that the decreased brain miR-126a-5p could influence
the environmental neural cells in cerebral ischemia in vivo.
To our best knowledge, this study is the first to validate that
miR-126a-5p acts as a neuroprotective factor in ischemic
stroke, illustrating a novel function of miR-126a-5p in the
regulation of oxidative stress and apoptosis. A better under-
standing of miR-126a-5p role in oxidative stress and apop-
tosis may accelerate our recognition of novel targets for
oxidative stress and/or apoptosis associated-diseases in the
central nervous system.

To date, NOX2 and NOX4 are the major NOX iso-
forms contributing to ROS generation and cerebral ische-
mia pathology.'? Studies have demonstrated that NOX2 is
involved in post-ischemic oxidative stress, apoptosis, and
neurological recovery and that NOX2 downregulating
exerts a neuroprotective effect on brain injury mediated
by inflammatory cytokines.”” It is identified that several

miRNAs potentially target NOX2 and NOX4 genes, such
as miRNA-126a, miRNA-132, miRNA-29a, and miRNA-
29c, which are considerably reduced following transient
middle cerebral artery occlusion (tMCAO) in cerebral
area.”® Currently, various miRNAs are identified to regu-
late NOX. MiR-204-3p diminishes oxidative stress and
memory deficits via targeting NOX4 in APP/PS1 mice,
and miR-204-3p elevation and/or NOX4 suppression may
be a prospective therapeutic approach for Alzheimer’s
Disease (AD).?’ MiR-141 relieves LPS-stimulated inflam-
matory damages via elevating NOX2 and further restrain-
ing p38 MAPK and NF-xB in WI-38
fibroblasts.’® Neural progenitor cell (NPC)-exosomes
(EXs) miR-210 downstream NOX2
VEGFR2 signaling to relieve endothelial oxidative stress

signaling

regulates and
and dysfunction.’' We examined the target genes of miR-
126a-5p and identified that miR-126a-5p directly sponges
3'-UTR of NOX2 at the predicted binding site, as revealed
by dual-luciferase reporter assay. As additional proof, our
mechanistic experiment displayed that miR-126a-5p over-
expression decreased NOX2 expression at both mRNA
and protein levels in SH-SYS5Y cells treated with OGD/
R, suggesting that the downregulated NOX2 signaling
pathway by miR-126a-5p overexpression might alleviate
stroke-induced oxidative stress in the brain and function as
a restorative response against ischemic brain injury.
Consistent with our findings, other miRNAs have been
reported to modulate ischemia and/or reperfusion injury by
targeting NOX2. For instance, miR-124-5p/NOX2 axis reg-
ulates the inflammatory microenvironment, ROS production,
and neurons apoptosis, ultimately altering cerebral I/R
injury.®> MiR-652 can protect animals from oxidative stress
damage following cerebral ischemia/reperfusion by targeting
NOX2 directly."”®  Angiotensin-converting enzyme 2
(ACE2)-primed endothelial (EPCs)-
exosomes (EXs) have protective impacts on hypoxia/reoxy-

progenitor cells
genation injury in aging endothelial cells (ECs) via their
carried miR-18a and successive inhibition of NOX2/ROS
signaling.*® miR-532-3p downregulation leads to oxidative
stress injury following cerebral ischemia/reperfusion by tar-
geting NOX2 directly.** In the present study, we also
observed that the neuroprotective functions mediated by
miR-126a-5p in ischemic brain injury were noticeably antag-
onized by NOX2 overexpression, suggesting NOX2 over-
expression and its upstream regulator miR-126a-5p could
synergistically modulate oxidative stress and apoptosis. Our
results indicated that upregulated miR-126a-5p could sup-
press oxidative stress and apoptosis through targeting NOX2
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directly. Thus, we proposed that miR-126a-5p triggered anti-
apoptotic and anti-oxidative stress effects in neural cells
might contribute to neuronal protection during ischemic
stroke through modulating NOX2. Nevertheless, our existing
evidence cannot rule out the probability that other anti-
oxidative stress mechanisms may be also implicated in the
miR-126a-5p-mediated suppression of oxidative stress,
which calls for further comprehensive investigations.

Conclusion

In conclusion, the present study demonstrates that miR-
126a-5p overexpression inhibits cerebral oxidative stress
following experimental ischemic stroke. It appears that
miR-126a-5p can be an encouraging pharmacological tar-
get to ameliorate stroke-induced neurological recovery via
inhibition of cerebral oxidative stress through regulating
NOX2. Thus, miR-126a-5p upregulation may shed light
on the development of novel therapeutics for ischemic
stroke.
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