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Abstract. NADPH oxidase 2 (NOX2) is a major subtype of 
NOX and is responsible for the generation of reactive oxygen 
species (ROS) in brain tissues. MicroRNAs (miRNAs/miRs) 
are important epigenetic regulators of NOX2. The present study 
aimed to identify the role of NOX2 miRNA‑targets in ischemic 
stroke (IS). A rat cerebral ischemia/reperfusion (CI/R) injury 
model and a SH‑SY5Y cell hypoxia/reoxygenation (H/R) 
model were used to simulate IS. Gene expression levels, ROS 
production and apoptosis in tissue or cells were determined, 
and bioinformatic analysis was conducted for target predic-
tion of miRNA. In vitro experiments, including function‑gain 
and luciferase activity assays, were also performed to assess 
the roles of miRNAs. The results indicated that NOX2 was 
significantly increased in brain tissues subjected to I/R and 
in SH‑SY5Y cells subjected to H/R, while the expression 
of miR‑532‑3p (putative target of NOX2) was significantly 
decreased in brain tissues and plasma. Overexpression of 
miR‑532‑3p significantly suppressed NOX2 expression and 
ROS generation in SH‑SY5Y cells subjected to H/R, as well 
as reduced the relative luciferase activity of cells transfected 
with a reporter gene plasmid. Collectively, these data indicated 
that miR‑532‑3p may be a target of NOX2 and a biomarker for 
CI/R injury. Thus, the present study may provide a novel target 
for drug development and IS therapy.

Introduction

Ischemic stroke (IS) is an age‑related central nervous system 
disease that occurs worldwide, and is associated with high 
mortality and morbidity rates, as well as large economic 
and psychological burdens to patients and their families (1). 
When the blood supply of the brain vessels is interrupted, 
the affected brain tissues that lack an adequate oxygen and 
glucose supply suffer severe damage and death, which leads to 
IS (2). Currently, the most common treatment strategy for IS 
is recovering the blood supply of the brain using methods such 
as thrombolysis (1). However, reperfusion of blood to the brain 
results in severe injury of the affected neuron cells, which 
is termed cerebral ischemia/reperfusion (CI/R) injury  (3). 
Numerous factors contribute to the pathogenesis of CI/R 
injury, such as oxidative stress, excitotoxicity and edema (2,4). 
Moreover, oxidative stress is reported to serve pivotal roles 
in CI/R injury (4); however, its exact mechanism is yet to be 
elucidated. Therefore, identifying the mechanism of oxida-
tive stress in CI/R injury has become an important topic of 
research in IS therapy and drug development. 

NADPH oxidase (NOX) is a critical enzyme for the 
production of reactive oxygen species (ROS) in several cell 
types, such as neutrophils, white blood cells and neurons (5). 
Furthermore, NOX mediates the electron transport between 
NADPH and oxygen and generates superoxide anion (a reac-
tive free‑radical), which is the primary cause of oxidative stress 
injury (6). Previous studies have reported that seven isoforms 
of NOX exist in mammalian cells, including NOX1‑NOX5, 
Dual Oxidase (DUOX)1 and DUOX2 (5,6). In addition, our 
previous study revealed that NOX4, and particularly NOX2, 
were the primary subtypes responsible for ROS generation in 
CI/R injury (6). When subjected to I/R injury, the expression 
of NOX2 in affected brain tissues is significantly upregulated 
and is followed by ROS overproduction (6). In addition, middle 
cerebral artery occlusion (MCAO) rats administrated with a 
NOX2 inhibitor, such as apocynin, exhibit reduced cerebral 
infarction and improved neurological function (7). These find-
ings suggest that NOX2 is a promising target for the treatment 
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of CI/R injury. Therefore, elucidating the regulatory mecha-
nism of NOX2 expression is important for the understanding 
of CI/R injury, and thus requires further investigation.

MicroRNAs (miRNAs/miRs) are a class of epigenetic 
regulators, with a length of 21‑24 nucleotides, which serve a 
role in gene expression and are involved in the pathogenesis of 
numerous diseases, including IS (8). The expression levels of 
miRNAs have been identified to be altered in the brain tissues 
of rats when subjected to MCAO, such as miR‑107 (9‑11). 
Although previous studies have shown that miR‑126a‑3p 
and miR‑138‑5p are targets of NOX2 (12), further research 
is required to examine the target miRNAs of NOX2 in CI/R 
injury. miR‑532 is a multifunctional molecule and has important 
roles in multiple biological processes. For example, miR‑532 
mitigates cardiomyocyte apoptosis caused by hypoxia by 
targeting the pyruvate dehydrogenase complex associated with 
energy homeostasis in the heart (13,14). In addition, miR‑532 
is an important molecule in the pathogenesis of several central 
neuronal system diseases, including IS (15,16). However, to the 
best of our knowledge, whether there is an interaction between 
miR‑532 and NOX2 has not yet been investigated. Therefore, 
examining the roles of miR‑532 in the regulation of NOX2 is 
important for the understanding and treatment of IS.

The present study was conducted to assess whether 
miR‑532‑3P is a target miRNA of NOX2 and to identify the 
role of miR‑532‑3p in CI/R oxidative stress injury. To the best 
of our knowledge, the present study is the first to investigate the 
role of the miR‑532‑3p/NOX2 axis in CI/R injury. Therefore, 
the results may provide a novel target for drug development 
and IS therapy.

Materials and methods

Animal experiments. A total of 16 male Sprague‑Dawley 
rats (weight, 240‑260 g; age, 8 weeks) were purchased from 
the Hunan SJA Laboratory Animal Co., Ltd., and a rat CI/R 
injury model was established following a previously described 
surgical method (11). Rats were subjected to a 2 h occlusion of 
the left internal carotid artery and a 24 h reperfusion. During 
the whole experimental process, the animals were housed 
under standard conditions (25˚C; 65 % humidity; an alterna-
tive of 12 h light/12 h dark cycle) with free access to food and 
water. In total, 3% pentobarbital sodium (40 mg/kg weight) 
was used for light anesthesia. During the surgical course, the 
body temperature of the rat was maintained at ~37˚C. The 
duration of the experiments was ~26 h (including 2 h isch-
emia and 24 h reperfusion). During ischemia, vital signs of 
rats were monitored, such as body temperature and respira-
tion. During reperfusion, vital signs of rats were monitored 
every 6 h. Animal experiments were conducted following the 
Guide for the Care and Use of Laboratory Animals published 
by the National Institute of Health (17), and were approved 
by the Animal Ethics Committee of Hunan Normal University. 
There were eight rats used in each group (I/R and sham). The 
sham group was subjected to a skin incision without occlusion 
of the left internal carotid artery.

At the end of the 24 h reperfusion, all rats (16 rats) were 
sacrificed by decapitation after loss of consciousness following 
anesthesia via intraperitoneal injection of 3% pentobarbital 
sodium (40 mg/kg weight). The neurological function was 

evaluated following a 24 h reperfusion, and subsequently the 
brain tissue was collected for 2,3,5‑tripenyltetrazolium chlo-
ride (TTC) staining or other assays, including the detect of 
protein and mRNA expression levels.

Cell culture. The SH‑SY5Y cell line (neuroblastoma) was 
provided by the Committee on Type Culture Collection of 
Chinese Academy of Sciences of Shanghai. Short‑tandem repeat 
profiling of SH‑SY5Y cell line was performed prior to experi-
ments. A compound culture was used for cells culture, which 
consisted of DMEM (Thermo Fisher Scientific, Inc.), 10% FBS 
and penicillin/streptomycin (100 U/ml). Cells were maintained 
in a cell incubator at standard conditions (37˚C, 5% CO2 and 95% 
air). Cells (5x105) were cultured with 12‑well plates for miRNA 
functional assays and the luciferase reporter gene experiment.

Cell model of hypoxia/reoxygenation (H/R). An in  vitro 
SH‑SY5Y cell H/R model was established to mimic IS or CI/R 
injury. When cells reached 70% confluence, DMEM culture 
was removed and replaced with Dulbecco's phosphate‑buff-
ered saline (DPBS; Sigma‑Aldrich; Merck KGaA). Then, 
cells were maintained at 37˚C in a hypoxic condition (95% 
N2 and 5% CO2) for 5 h. After the 5 h hypoxia process, DPBS 
was removed and the compound DMEM culture was added 
and cells were maintained under standard conditions (37˚C, 
5% CO2 and 95% air) for 20 h reoxygenation. 

Assessment of brain injury. To evaluate the degree of brain 
injury, a 5‑point rating scale was used for neurological func-
tion assessment. According to the scale, 0 indicated the rat 
had no deficit, 1 indicates the rat was unable to spread the left 
forepaw, 2 indicates the rat's grasp strength of the left forepaw 
was reduced, 3 indicates the rat circling to the left on pulling 
of the tail and 4 indicates the rat is spontaneously circling (6). 

Brain infarct was assessed using TTC staining (ischemic 
hemisphere and non‑ischemic contralateral side appear 
while or red, respectively). Brain slices were prepared by 
coronally cutting brain tissues into sections with a thickness 
of 0.2‑0.3 cm. Then, the slices were immersed in 2% TTC 
and maintained in dark (37˚C) for 0.5 h. Stained brain tissues 
were scanned and the infarct volume was calculated using 
ImageJ software (version 1.4; National Institutes of Health). 
The infarction volume (cm3) of each slice was calculated using 
the following equation, which was described in our previous 
study (11): Infarction volume of each slice=infarct size (cm2) 
of each slice x thickness. 

Determination of NOX activity. To measure the total 
NOX enzyme activity, a colorimetric commercial kit (cat. 
no. GMS50095.1; Genmed Pharmaceutical Technology Co., 
Ltd.) was used according to the manufacturer's instructions. 
A mixture (90 µl) of cell or tissues lysates (Cell lysis buffer 
for Western and IP; cat. no. P0013; Beyotime Institute of 
Biotechnology) and oxidized cytochrome c (2 µl) was prepared 
and aliquoted into a quartz cuvette. After the mixture was 
reacted for 3 min at 30˚C, 2 µl NADPH was added to create a 
reaction solution. Then, the reaction solution was incubated at 
30˚C for 15 min. Subsequently, NOX activity was determined 
by measuring the absorbance of the solution at 550 nm using a 
spectrophotometer.
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Determination of caspase‑3 activity. To measure caspase‑3 
activity, a commercial kit (cat. no. C1116; Beyotime Institute 
of Biotechnology) was used according to the manufacturer's 
instructions. A mixture of cell or tissue lysate and caspase‑3 
substrate (Ac‑DEVD‑pNA; 10 µl) was prepared and incubated 
at 37˚C for 60 min. Then, caspase‑3 enzymatic activity was 
determined by measuring the absorbance of the reaction solu-
tion at 405 nm using a multiscan spectrum (Thermo Fisher 
Scientific, Inc.). In total, one caspase‑3 enzymatic activity unit 
refers to the quantity of enzyme required to catalyze 1.0 nM 
substrate in 1 h at 37˚C (6).

TUNEL/Hoechst double‑labeling. A TUNEL assay kit 
(cat. no. C1086; Beyotime Institute of Biotechnology), and 
a Hoechst 33342 kit (cat. no. C1027; Beyotime Institute of 
Biotechnology) were used for the brain tissue cellular apop-
tosis assay. The assay process was conducted according to the 
method (TUNEL/Hoechst double‑labeling) established by 
Whiteside et al (18). The sections of brain tissue (thickness, 
5 µm) underwent the following steps: Fixed with formaldehyde 
(4% w/v) at 25˚C for 10 min, rinsed with PBS and post‑fixed 
with formaldehyde and acetic acid at 4˚C for 5 min, washed 
with PBS, incubated with equilibration buffer and working 
strength deoxynucleotide transferase at 37˚C for 1 h, washed 
with PBS and incubated with Hoechst 33342 at 25˚C for 
5 min. Slices were sealed using neutral balsam and examined 
using an epifluorescence microscope (Nikon Eclipse 80i) at 
x200 magnification in eight randomly selected fields of view. 
TUNEL‑positive cells indicated apoptotic cells.

Hoechst staining. A commercial kit (Hoechst 33258; cat. 
no. C1017; Beyotime Institute of Biotechnology) was used 
to evaluate the apoptosis of SH‑SY5Y cell. According to 
the manufacture's protocol, SH‑SY5Y cells underwent the 
following steps: Fixed with formaldehyde (4%) at 25˚C for 
10 min, rinsed with PBS, stained with Hoechst 33258 at 25˚C 
for 5 min and imaged using a fluorescent microscope (magnifi-
cation, x200). Cellular apoptosis was evaluated by calculating 
apoptotic percentage. Cellular apoptosis was calculated using 
the following formula: Number of apoptosis bodies/(number of 
apoptotic cells + number of cells).

Flow cytometry analysis. An Annexin V‑FITC kit (cat. 
no. C1062M; Beyotime Institute of Biotechnology) was used 
to evaluate apoptosis of SH‑SY5Y cells. According to the 
manufacturer's instruction, SH‑SY5Y cells underwent the 
following steps: Incubated with FITC‑conjugated Annexin V 
(2.5%, v/v) and propidium iodide (PI; 5%, v/v) in the dark at 
25˚C for 20 min, and then flow cytometry (BD FACSCalibur; 
BD Biosciences) was used to analyze cellular apoptosis. Cell 
apoptosis was analyzed using CellQuest Pro software (version 
4.02; BD Biosciences). The rate of apoptosis was defined as the 
percentage of early and late apoptotic cells.

Bioinformatic prediction. TargetScan (www.targetscan.
org/vert‑72) and miRbase (www.mirbase.org) were used to 
predict the target miRNAs of NOX2. 

Transfection with miR‑532‑3p mimics. To observe the function 
of miR‑532‑3p, an in vitro gain‑of function experiment was 

performed using miR‑532‑3p mimics (5'‑CCU​CCC​ACA​CCC​
AAG​GCU​UGC​A‑3') and negative control miRNA (5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3') (Guangzhou RiboBio Co., 
Ltd.). According to the manufacturer's protocols, a reaction 
mixture consisting of Lipofectamine®  2,000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) and miR‑532‑3p mimic was 
prepared and the final concentration of miR‑532‑3p mimic 
was 100 nmol. After 6 h of miR‑532‑3p mimic transfection, 
the mimic mixture was removed and replaced with standard 
media (DMEM supplement with 10% FBS) for another 
48 h. Then, cells were collected for various analysis, such as 
western blotting and reverse transcription‑quantitative PCR 
(RT‑qPCR). 

Luciferase reporter gene experiment. To determine the 
relationship between miR‑532‑3p and NOX2, a luciferase 
reporter gene plasmid (pGL6; Promega Corporation) 
containing a wild‑type (WT) sequence (5'‑GUGGGAGA‑3') 
for miR‑532‑3p (defined as NOX2‑WT) or a mutated (MU) 
sequence (5'‑GUGAAAGA‑3') for miR‑532‑3p (NOX2‑MU) 
was constructed. The plasmids were purified by electropho-
resis (0.8% agarose gel supplemented with 0.5% ethidium 
bromide). Then, SH‑SY5Y cells were co‑transfected with 
100 ng plasmid (NOX2‑WT or NOX2‑MU) and miR‑532‑3p 
mimics or negative control miRNAs using Lipofectamine® 
2000. At 6 h post‑transfection, cells were incubated with 
DMEM supplemented with 10% FBS for another 24  h. 
Subsequently, cells were collected to assess enzyme activity. 
To evaluate the interaction between miR‑532‑3p and NOX2, a 
Dual Luciferase Reporter Gene Assay Kit (Beyotime Institute 
of Biotechnology) was used to measure the relative lucif-
erase activity of SH‑SY5Y cells. Firefly luciferase activities 
were normalized to Renilla luciferase activities.

Determination of ROS levels. To determine the intracellular total 
ROS levels in SH‑SY5Y cells, a Dichloro‑dihydro‑fluorescein 
diacetate (DCFH‑DA) commercial kit (Beyotime Institute 
of Biotechnology) was used according to the manufacturer's 
instructions. SH‑SY5Y cells or tissue homogenization were 
immersed in DCFH‑DA (10 µM) and maintained in dark for 
20 min (37˚C). The fluorescence signal of DCFH‑DA at 502 nm 
was measured and the results are presented as arbitrary units.

Plasma. To obtain the plasma, blood was centrifuged at 
3000 r/min for 10 min at 4˚C. The plasma was used for RNA 
extraction and RT‑qPCR.

RT‑qPCR. TRIzol® reagent (Takara Biotechnology Co., Ltd.) 
was used for RNA extraction. Total RNA of each sample was 
obtained and purified prior to its concentration determination. 
A reverse transcription kit (cat. no. DRR037A; Takara Bio, 
Inc.) was used to obtain cDNA. The temperature protocol 
used for reverse transcription was as follows: 37˚C for 5 min 
and 85˚C for 5 sec. The RT PCR amplification reaction of 
NOX2 and miRNA was performed using ABI 7300 plus 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
SYBR Green (cat. no. SC200N/SC210N; Takara Bio, Inc.) 
was used for RT PCR. The following thermocycling condi-
tions were used for qPCR: 95˚C for 30 sec; 95˚C for 5 sec; 
and 60˚C for 31 sec for 40 cycles. The PCR primers used 
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were as follows: NOX2 forward, 5'‑ACA​AGG​TTT​ATG​ACG​
ATG​AGC​C‑3' and reverse, 5'‑TTG​AGC​AAC​ACG​CAC​TGG​
AA‑3'); β‑actin forward, 5'‑CCC​ATC​TAT​GAG​GGT​TAC​
GC‑3' and reverse, 5'‑TTT​AAT​GTC​ACG​CAC​GAT​TTC‑3'; 
miR‑15a forward, 5'‑UAG​CAG​CAC​AUA​AUG​GUU​UGU​G‑3' 
and reverse, 5'‑GTG​CAG​GGT​CCG​AGG​T‑3'; miR‑16 forward, 
5'‑CGC​GCT​AGG​AGC​ACG​TAA​ATA‑3' and reverse, 5'‑GTG​
CAG​GGT​CCG​AGG​T‑3'; miR‑30a forward, 5'‑GGT​TGG​CGC​
TCT​GAG​AGG​TA‑3' and reverse, 5'‑GTG​CAG​GGG​TCC​
GAG​GT‑3'; miR‑125b forward, 5'‑UCA​CCG​GGU​GUA​AAU​
CAG​CUU‑3' and reverse, 5'‑GTG​CAG​GGG​TCC​GAG​GT‑3'; 
miR‑146a forward, 5'‑GGG​TGA​GAA​CTG​AAT​TCC​A‑3' and 
reverse, 5'‑GTG​CAG​GGT​CCG​AGG​T‑3'; miR‑153 forward, 
5'‑GGG​ATG​GAG​TCG​AGG​TGC​GGC​TAA​T‑3' and reverse, 
5'‑GTG​CAG​GGT​CCG​AGG​T‑3', miR‑223 forward, 5'‑UGU​
CAG​UUU​GUC​AAA​UAC​CCC​A‑3' and reverse, 5'‑GTG​CAG​
GGT​CCG​AGG​T‑3'; miR‑532‑3p forward, 5'‑ACA​CTC​CCC​
TCC​CAC​ACC​CAA​GG‑3' and reverse, 5'‑GTG​CAG​GGT​CCG​
AGG​T‑3'; and U6 forward, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' 
and reverse, 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3'. The 2‑ΔΔCq 
method was used for data analysis and results were expressed 
as the ratio of NOX2 mRNA to β‑actin mRNA or miR‑532‑3p 
to U6 (19). 

Western blotting. Cell lysis buffer (cat. no. P0013; Beyotime 
Institute of Biotechnology) was used for total protein extrac-
tion of each sample and the bicinchoninic acid protein assay kit 
(cat. no. P0009; Beyotime Institute of Biotechnology) was used 
for protein concentration determination. Protein was incubated 
at 99˚C for 5 min for denaturation. Subsequently, 40 µg protein 
from each sample was separated via 10% SDS‑PAGE, which 
was then transferred onto PVDF membranes. Membranes 
were then incubated with primary antibodies (1:1,000) 
against rabbit anti‑NOX2 (cat. no.  sc‑130543; Santa Cruz 
Biotechnology, Inc.) anti‑caspase‑3 (cat. no. sc‑7272; Santa 
Cruz Biotechnology, Inc.) and β‑actin (cat. no.  sc‑47778; 
Santa Cruz Biotechnology, Inc.), followed by incubation 
with a horseradish peroxidase‑conjugated goat anti‑rabbit 
secondary antibody (cat. no. A0208; Beyotime Institute of 
Biotechnology; 1:2,000). Enhanced chemiluminescence solu-
tions (BeyoECL Plus kit; Amersham; Cytiva) and a ChemiDox 
XRS+ Imaging System (Bio‑Rad Laboratories, Inc.) were used 
for protein visualization and imaging. ImageJ 1.43 (NIH) was 
used for densitometric analysis of protein bands. Results were 
expressed as the ratio to β‑actin.

Statistical analysis. SPSS software (version 19; IBM Corp.) 
was used for statistical analysis. Data are presented as the 
mean ± standard deviation. One‑way ANOVA followed by 
Tukey's post hoc test was used for statistical analysis among 
multiple groups. All experiments were repeated three times. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

CI/R causes obvious brain injury in rats. TUNEL/Hoechst 
double staining was performed to observe cell apoptosis 
in brain tissues of rats subjected to I/R injury. It was found 
that there were significantly more TUNEL positive cells in 

the I/R brain tissues compared with the sham group, which 
suggested that I/R contributes to cell apoptosis in brain tissues 
(Fig. 1A and B).

In accordance with the TUNEL/Hoechst double staining 
results, the rat brains subjected to I/R were stained white 
following TTC, which indicated that the brains had undergone 
cerebral infarction (Fig. 1C and D). Moreover, the neurological 
scores of rats subjected to I/R were significantly increased 
compared with the shams, demonstrating reduced neurological 
function (Fig. 1E). Therefore, the data suggested that CI/R 
contributes to severe brain injury. 

CI/R causes high expression of NOX2 and accumulation of 
ROS in rat brain tissues. Since oxidative stress is one of the 
main causes of CI/R injury, and NOX expression changes 
following CI/R injury  (5), the present study focused on 
NOX2, a marker for ROS production. It was demonstrated 
that the mRNA and protein expression levels of NOX2 were 
significantly upregulated in the brain tissues subjected to I/R 
injury (Fig. 2A and B), which was accompanied by a signifi-
cant increase in ROS levels compared with the sham group 
(Fig. 2C). This suggested that NOX2 may be an important 
gene associated with oxidative stress in CI/R injury. 

CI/R causes low expression of miR‑532‑3p in rat brain 
tissues. Subsequently, the target miRNAs of NOX2 were 
assessed. miR‑15a, miR‑16, miR‑30a, miR‑125b, miR‑146a, 
miR‑153, miR‑223 and miR‑532‑3p were predicted targets 
of NOX2 and it was identified that only miR‑532‑3p was 
significantly decreased (the other miRs were increased) in 
the brain tissues subjected to I/R injury (Fig. 3A). Moreover, 
the plasma expression levels of miR‑532‑3p were significantly 
decreased in rats with I/R (Fig. 3B). Thus, miR‑532‑3p may 
be a potential target of NOX2 (Fig. 3C). In addition, these 
data indicated that low expression of miR‑532‑3p may result 
in upregulation of NOX2.

Figure 1. Cerebral I/R causes obvious brain injury of rats. (A) Representative 
images of TUNEL/Hoechst 33342 staining (magnification, x200). 
(B) TUNEL‑positive cell counts (%). (C) Infarct volume. (D) Representative 
images of TTC staining (coronary diameter, 2 cm). (E) Neurobiological func-
tion scoring. Data are presented as the mean ± standard deviation. I/R, rats 
subjected to ischemia for 2 h followed by reperfusion for 24 h. ***P<0.001 vs. 
sham. I/R, ischemia/reperfusion.
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Overexpression of miR‑532‑3p contributes to the expression 
inhibition of NOX2 in SH‑SY5Y cells. miR‑532‑3p mimics 
were transfected into SH‑SY5Y cells to assess its transfection 
efficiency, and it was identified that miR‑532‑3p mimics trans-
fection significantly increased miR‑532‑3p expression in cells 
(Fig. S1), thus indicating successful transfection. 

The effect of gain‑of function of miR‑532‑3p on NOX2 
expression and ROS level was examined in SH‑SY5Y cells 
subjected to H/R injury. Compared with the control group, 
H/R significantly decreased the expression of miR‑532‑3p in 
SH‑SY5Y cells, while miR‑532‑3p mimics transfection signifi-
cantly increased the expression of miR‑532‑3p in SH‑SY5Y 
cells subjected to H/R (Fig. 4A). Subsequently, the expression of 
NOX2 was measured and it was demonstrated that the mRNA 
and protein expression levels of NOX2 were significantly 
increased in SH‑SY5Y cells subjected to H/R, but miR‑532‑3p 
mimics significantly suppressed the expression of NOX2 in 

these cells (Fig. 4B and C). There was also a significant increase 
in the total NOX activity and ROS levels in SH‑SY5Y cells 
subjected to H/R compared with control; however, miR‑532‑3p 
mimics significantly decreased these effects in the H/R group 
(Fig. 4D‑F). These results suggested that low‑expression of 
miR‑532‑3p contributed, at least partly, to upregulation of NOX2.

Overexpression of miR‑532‑3p decreases the apoptosis of 
SH‑SY5Y cells. Apoptosis of SH‑SY5Y cells was also measured. 
The expression of caspase‑3 was significantly increased in cells 
subjected to H/R, while miR‑532‑3p mimic transfection signifi-
cantly decreased caspase‑3 expression (Fig. 5A). Furthermore, 
H/R treatment significantly increased caspase‑3 enzyme 
activity in SH‑SY5Y cells, and miR‑532‑3p mimics interven-
tion significantly decreased this enzyme activity (Fig. 5B). 

Hoechst staining and flow cytometry results demonstrated 
that H/R significantly increased apoptosis and cellular death 
of SH‑SY5Y cells; however, transfection with miR‑532‑3p 
mimics significantly reduced apoptosis and cell death caused 
by H/R (Fig. 5C‑F). Collectively, these data indicated that 
miR‑532‑3p may protect cells from apoptosis and cell death.

miR‑532‑3p decreases the relative luciferase activity. A 
reporter gene was constructed by cloning the sequence of 
3'untranslated region (UTR) of NOX2 (WT or MU) into a 
vector plasmid (Fig. 6A and B). Then, these plasmids containing 
NOX2‑WT or NOX2‑MU were purified and isolated by 
electrophoresis (Fig. 6C). The relative luciferase activity was 
measured and it was demonstrated that miR‑532‑3p mimics 
lead to a significant decrease in the relative luciferase activity 
in cells transfected with the NOX2‑WT plasmid, but not with 
NOX2‑MU (Fig. 6D). Collectively, these results suggested that 
miR‑532‑3p suppressed the expression of NOX2 by directly 
binding to its 3'UTR.

Discussion

NOX‑derived ROS‑mediated oxidative stress serves an impor-
tant role in CI/R injury (5). The aim of the present study was 
to identify the role of miR‑532‑3p in the regulation of NOX2 
expression. The results indicated that miR‑532‑3p directly 
suppressed the expression of NOX2 by targeting its 3'UTR, 
which contributed to oxidative stress injury (Fig. 7). It was 

Figure 3. Cerebral I/R causes low‑expression of miR‑532‑3p in rat brain 
tissues. (A) miRNA expression levels. (B) miR‑532‑3P expression in plasma. 
(C) Bioinformatics analysis. Data are presented as the mean ± standard 
deviation (n=8). I/R, rats subjected to ischemia for 2 h followed by reperfu-
sion for 24 h. *P<0.05 vs. sham. I/R, ischemia/reperfusion; miR, microRNA; 
NOX, NADPH oxidase; UTR, untranslated region.

Figure 2. Cerebral I/R causes high‑expression of NOX2 and accumulation of ROS in rat brain tissues. (A) NOX2 mRNA expression. (B) NOX2 protein 
expression. (C) ROS level. Data are presented as the mean ± standard deviation (n=8). I/R, rats subjected to ischemia for 2 h followed by reperfusion for 24 h. 
*P<0.05 vs. sham. I/R, ischemia/reperfusion; NOX, NADPH oxidase; ROS, reactive oxygen species.
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Figure 5. Overexpression of miR‑532‑3p decreases the apoptosis of SH‑SY5Y cells. (A) Caspase‑3 protein expression. (B) Caspase‑3 enzyme activity. 
(C) Representative image of Hoechst staining (arrows indicate apoptotic bodies). Scale bar, 50 µm. (D) Quantification of cell apoptosis according to Hoechst 
staining. (E) Representative image of flow cytometry. (F) Quantification of cell death according to flow cytometry. Data are presented as the mean ± standard 
deviation. H/R, cells subjected to 5 h of hypoxia followed by 20 h of reoxygenation; +miR‑532‑3p mimics, cells subjected to H/R and treated with miR‑532‑3p 
mimic (50 µM); +NC miRNA, cells subjected to H/R and treated with negative control miRNA (50 µM). *P<0.05 vs. control; **P<0.01 vs. control; #P<0.05 and 
##P<0.01 vs. H/R. H/R, hypoxia/reoxygenation; miR/miRNA, microRNA; NC, negative control; PI, propidium iodide.

Figure 4. Overexpression of miR‑532‑3p contributes to the expression inhibition of NOX2 in SH‑SY5Y cells. (A) miR‑532‑3p expression. (B) NOX2 mRNA 
expression. (C) NOX2 protein expression. (D) Total NOX enzyme activity. (E) Representative image of ROS level. Scale bar, 50 µm. (F) ROS level. Data are 
presented as the mean ± standard deviation. H/R, cells subjected to 5 h of hypoxia followed by 20 h of reoxygenation; +miR‑532‑3p mimics, cells subjected 
to H/R and treated with miR‑532‑3p mimic (50 µM); +NC miRNA, cells subjected to H/R and treated with NC miRNA (50 µM). *P<0.05 and **P<0.01 vs. 
control; #P<0.05, ##P<0.01 and ###P<0.001 vs. H/R. H/R, hypoxia/ reoxygenation; miR/miRNA, microRNA; NOX, NADPH oxidase; NC, negative control; 
ROS, reactive oxygen species.
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demonstrated that brain tissues subjected to I/R or SH‑SY5Y 
cells exposed to H/R had significantly increased expression 
levels of NOX2, as well as decreased miR‑532‑3p expression. 
Bioinformatics analysis identified that there was an interac-
tion between miR‑532‑3p and NOX2. Moreover, miR‑532 
mimics significantly increased the expression of miR‑532‑3p 
in SH‑SY5Y cells subjected to H/R, but decreased the expres-
sion of NOX2. Luciferase activity was also significantly 
decreased in cells co‑transfected with NOX2‑WT plasmid and 
miR‑532‑3p, but was not affected in cells co‑transfected with 
the NOX2‑MU plasmid. Therefore, these findings suggested 
that miR‑532‑3p may be a target for NOX2, as well as a 
potential biomarker and a novel target for IS.

Oxidative stress is defined as a state of ROS accumula-
tion and an imbalance of ROS production and clearance in 
cells (20). ROS serve a role in the pathogenesis of numerous 
neurological disorders, particularly IS (21). Furthermore, ROS 
damage cellular macromolecules, including lipids, proteins and 
nucleic acids, which leads to cell injury and death (20). ROS 
also damage antioxidant enzymes responsible for ROS scav-
enging, such as glutathione peroxidase, superoxide dismutase 
and catalases, which results in a continuous chain reaction (5). 
Severe oxidative stress occurs in brain tissues subjected 
to ischemia for 2 h followed by reperfusion for 24  h  (6). 
Previous studies have shown that brain tissues subjected to 
I/R injury undergo an increase in ROS during the reperfusion 
process (7,22). Reoxygenation during reperfusion provides a 
substrate for several enzymes in the oxidation reaction, such as 
xanthine oxidase, NOX and cytochromes P450, which produce 
numerous ROS, including H2O2, O2.‑ and OH (5,22).

Figure 6. miR‑532‑3p decreases the relative luciferase activity. (A) Schematic diagram of the reporter gene plasmid containing the sequence of NOX2 
targeted by miR‑532‑3p. (B) Schematic of the plasmid pGL6. (C) Bands of plasmid electrophoresis. (D) Relative luciferase activity. Data are presented as 
the mean ± standard deviation. +NOX2‑WT, cells treated with WT reporter gene plasmid NOX2‑WT1 (100 ng); +NOX2‑MU, cells treated with MU reporter 
gene plasmid NOX2‑MU1 (100 ng); +miR‑532‑3p mimics, cells treated with miR‑532‑3p mimic (50 µM); +NC miRNA, cells with NC miRNA (50 µM). 
**P<0.01 vs. NOX2‑WT + miR‑532‑3p mimics. H/R, hypoxia/reoxygenation; miR/miRNA, microRNA; NC, negative control; WT, wild‑type; MU, mutant; 
NOX, NADPH oxidase; UTR, untranslated region.

Figure 7. Schematic diagram of CI/R injury caused by miR‑532‑3p. Low 
expression of miR‑532‑3p contributed to a high expression of NOX2 in the 
brain tissues subjected to I/R injury and resulted in an increase of ROS, which 
contributed to neuronal apoptosis. CI/R, cerebral ischemia/reperfusion; 
ROS, reactive oxygen species; NOX2, NADPH oxidase 2; miR, microRNA; 
RISC, RNA‑induced silencing complex.
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Gene expression alteration is a common mechanism for 
cells to respond to oxidative stress and one of the affected 
genes is NOX. Previous studies have reported that NOX is the 
main enzyme for ROS production during CI/R injury (5,6,22). 
Of the seven subtypes of NOX, NOX4 and particularly NOX2 
are the most important for CI/R injury  (5,22). It has been 
revealed that knockdown of NOX2 expression in rodents 
significantly decreases the cerebral infarction caused by 
MCAO (23‑25). In addition, rats subjected to MCAO treated 
with a general or specific NOX inhibitor, such as vs2870, 
present with reduced brain infarction and improved neuro-
logical function (26‑28). However, Kelly et al (29) reported 
that NOX2 inhibition with apocynin worsens stroke outcome 
in older rats. Possible reasons for these findings are as follows: 
i) ROS have dual roles (protective or harmful), if the balance 
between these roles becomes dysregulated, cells or tissues will 
be subjected to damage. For instance, NOX2 inhibition may 
lead to a sharp decrease in ROS level, resulting in dysregu-
lation (5); and ii) apocynin itself exerts both therapeutic and 
toxic side effects, which are associated with the administration 
time, dosage and route. Thus, this suggests that NOX2 is a 
major source of ROS in brain tissues (5). In line with these 
previous findings, the present results indicated that CI/R 
significantly increased NOX2 expression in brain tissues. 
Collectively, these results demonstrated that NOX2 serves a 
key role in CI/R oxidative stress injury. Therefore, elucidating 
the regulatory mechanism of NOX2 expression is important 
for understanding the pathogenesis of CI/R injury, particularly 
for the development of novel drugs and disease therapy.

Previous studies have reported that differences in the 
expression patterns of miRNAs are associated with various 
pathophysiological processes of IS, including oxidative 
stress (miR‑101, miR‑146a, miR‑410, miR‑424, miR‑106‑5p 
and miR‑34b), inflammation (miR‑125b, miR‑26a, miR‑145, 
miR‑34a, miR‑9 and let‑7b), excitotoxicity (miR‑125b 
and miR‑107), edema (miR‑320a and miR‑29a) and apop-
tosis (miR‑125b, miR‑15, miR‑16, miR‑34, miR‑25 and 
miR‑497) (30‑38). This suggests that miRNAs have impor-
tant roles in IS, particularly in the regulation of oxidative 
stress‑related genes. NOX, especially NOX2, serves a role in the 
generation of ROS, which contributes to CI/R oxidative stress 
injury (39). Therefore, investigating the roles of miRNAs in the 
regulation of NOX2 expression is of great significance for the 
understanding and therapy of IS. The majority of studies exam-
ining the associations of miRNAs with NOX2 have focused on 
cancer and cardiovascular disease (miR‑34a/27b/106b/148b/2
04/155/17/34a), and few studies have investigated their role in 
CI/R oxidative stress injury (39‑43). Thus, identifying the target 
miRNAs of NOX2 is key to improving the understanding of 
CI/R injury and facilitate the development of novel treatments. 
The present study identified that I/R significantly decreased 
miR‑532‑3p expression in brain tissues, as well as significantly 
increased the expression levels of NOX2. A previous study 
also demonstrated that I/R contributed to increased expres-
sion levels of NOX4 (6). However, the bioinformatics analysis 
indicated that miR‑532‑3p may be a potential target for NOX2, 
but not NOX4. Therefore, the present study focused on the 
relationship between miR‑532‑3p and NOX2. It was found 
that miR‑532‑3p mimics significantly decreased the expres-
sion of NOX2 in cells subjected to H/R, as well as the relative 

luciferase activity. Thus, it was demonstrated that miR‑532‑3p 
may be a target of NOX2 and serves key roles in oxidative 
stress of I/R injury. As the roles of miRNAs in gene regulation 
are complex, for example, a certain gene can be targeted by 
different miRNAs and a specific miRNA may target different 
genes, the mechanisms of miRNAs targeting NOX2 remain 
unknown (44). In addition, whether the regulatory mechanism 
of miRNAs and NOX2 under normal conditions is the same as 
during CI/R injury requires further investigation. Furthermore, 
the present study only observed the effect of miR‑532‑3p on 
oxidative stress, without observing the effect of oxidative stress 
on miR‑532‑3p. Another limitation of this study is the lack of 
in vivo experiments to confirm the function of miR‑532‑3p in 
CI/R injury. Therefore, further research is required prior to use 
of miR‑532‑3p for clinical therapy.

In conclusion, by directly targeting the 3'UTR of NOX2, 
miR‑532‑3p may be a regulator of NOX2 and serves impor-
tant roles in CI/R injury. To the best of our knowledge, 
the present study was the first to investigate the role of the 
miR‑532‑3p/NOX2 axis in CI/R oxidative stress injury, which 
may provide a novel target for drug development and IS 
treatment.
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