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MicroRNA‐454 modulates the oxidative stress and neuronal
apoptosis after cerebral ischemia/reperfusion injury via
targeting NADPH oxidase 4 (NOX4)
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Abstract

To investigate the function of miR‐454 in ischemic stroke, this study was carried

out. Cerebral ischemia/reperfusion (I/R) injury animal model and a SHSY5Y cell

culture model of oxygen‐glucose deprivation/reoxygenation (OGD/R) were

constructed. The effects of miR‐454 were detected by evaluating the levels of

biochemical markers, gene expression, and pathophysiological markers. The

results showed that NOX4 level was elevated, while miR‐454 expression was

reduced in I/R brain samples and in OGD/R‐treated cells. The miR‐454 agomir

declined NOX4 level and reactive oxygen species (ROS) production in rats

suffering from I/R. Furthermore, microRNA‐145 (miR‐454) overexpression

inhibited NOX4 level and ROS production in cells treated by OGD/R and

decreased luciferase activity in cells transfected with NOX4‐wild type (WT)

reporter plasmid. Meanwhile, our results proved that the protected effects of

miR‐454 on SH‐SY5Y cells treated by OGD/R were reversed by pcDNA‐NOX4

transfection. MiR‐454 protected animals from brain injury induced

by cerebral I/R via directly regulating its target gene NOX4, illustrating a

curatively potential target for treating ischemic stroke.
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1 | BACKGROUND

Ischemic stroke, one of the cerebrovascular diseases, is triggered

by stenosis or occlusion of cerebral blood vessels and could result

in cerebral ischemia, hypoxia, necrosis, and even brain dys-

function.[1,2] However, due to delayed treatment acceptance and

rapid neuronal damage or necrosis, numerous patients still have

poor prognoses with certain adverse sequelae.[3,4] Therefore,

exploring the molecular and pathophysiological mechanisms of

ischemic stroke is important for finding more critical therapeutic

strategies.

Abnormal microRNA (miRNAs) expression has been observed

in different types of brain diseases, such as neurodegenerative

diseases, ischemic stroke, and brain tumors.[5–7] Studies have

revealed that miR‐181 suppression is presented to diminish brain

injury and improve behavioral recovery following ischemia.[8]
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From this perspective, identification and intervention of specific

miRNA might alleviate or reverse the structural and functional

abnormalities of brain tissues and neuron cells caused by

ischemic stroke, stimulating brain recovery and enhancing the

prognosis of patients with stroke.

ROS are important molecules regulating neuron cell growth

and death[9,10] and key factors involving the pathogenesis of

oxidative stress during ischemic stroke. As a member of the

5,10‐methylenetetrahydrofolate reductase (NADPH) oxidase

family, NOX4 could promote ROS production,[11] and NOX4

knockout protected mice from oxidative stress and neuronal

apoptosis induced by transient or permanent cerebral ische-

mia.[12] Some miRNAs, like microRNA‐132, microRNA‐126a,

microRNA‐29c, microRNA‐29a, and exhibited altered expressions

and possibly targeted NOX4 and NADPH oxidase 2(NOX2)

genes in hyperglycemic animals treated with acute ischemic

stroke.[13] However, miR‐454 expression and its underlying

pathophysiological mechanism in cerebrovascular diseases

remain unclear.

Here, elevating miR‐454 expression was found to alleviate

I/R‐induced NOX4 upregulation and brain damage, suggesting

that miR‐454 might be vital to protect neurons and reduce brain

damage and would be an ischemic stroke therapy target.

2 | MATERIALS AND METHODS

2.1 | Animals

The study was approved by the Animal Care Committee of

Ningxia Hui Autonomous Region People's Hospital. Sprague

Dawley rats (n = 40, male 250−300 g) were used in the study. In

short, after anesthetizing by 40 mg/kg pentobarbital sodium (3%,

w/v) per rat, the left internal carotid artery of rats was isolated.

To block the blood flow from the anterior cerebral artery,

posterior cerebral artery, middle cerebral artery, internal carotid

artery, and a surgical nylon monofilament with a 4/0 rounded tip

was utilized to be added to the anterior cerebral artery. Nylon

monofilament was taken out after 2 h occlusion, blood

reperfusion was restored for 24 h. Animals in the sham group

experienced the same procedure without inserting the nylon

monofilament into the internal carotid artery. Neurological deficit

scores were analyzed after 24 h of reperfusion, and the brain

infarct was observed by triphenyltetrazolium chloride (TTC)

staining, mRNA level, and protein expression.

2.2 | Cell culture and OGD/R cell model

SH‐SY5Y and HEK 293 cell lines were cultured in Gibco

Dulbecco's modified Eagle medium (DMEM) with 10% fetal

bovine serum (FBS), 1% nonessential amino acids, 1% glutamax,

and (1%) and 1 mM sodium pyruvate in an incubator at 37°C with

5% CO2. Then, SHSY5Y cells were moved to a hypoxic incubator

chamber to diminish oxygen content for 10 min. Subsequently,

glucose‐free DMEM was added to each well to culture cells

at OGD condition at 37°C for 2 h. Cells were subjected to

normal Gibco DMEM:F‐12 (DMEM/F12) containing 10% FBS and

to a reoxygenation period in normoxic conditions with 5% CO2.

Cells treated similarly without OGD/R were used as a control

group.

2.3 | Cerebral blood flow measurement

In this experiment, laser doppler flowmetry was used. In brief, the

rat's head was held by a stereotaxic device, and the skin over the

calvarium was incised to uncover the bregma. The cerebral blood

flow was analyzed dynamically by the laser Doppler flow probe,

which had been placed after burr holes were drilled at the

bregma.

2.4 | Enzymatic activity measurement and ROS
production

Total NOX activity was determined, and Caspase‐3 activity was

measured. ROS production was measured using a ROS Kit.

Malondialdehyde (MDA) and superoxide dismutase (SOD) in cells

and tissues were measured using commercial kits. With a

spectrophotometer, absorbance at 450 nm was measured.

2.5 | Cell transfection and apoptosis

MiR‐454 agomir was from Ribo, and pcDNA‐NC and pcDNA‐

NOX4 were from Hanbio Co., Ltd. For transfection, Lipofecta-

mine 2000 was used. In brain tissues, cellular apoptosis

was measured by TUNEL assay using commercial kits (Beyotime).

TdT‐mediated dUTP nick‐end labeling (TUNEL)‐positive cells

were presented in percentage. SHSY5Y cell apoptosis was

assessed by Hoechst 33258 staining kit (Beyotime) and flow

cytometry.

2.6 | Hematoxylin−eosin (H&E) staining

Rat brains were removed instantly at 24 h after I/R injury by cutting

at 4mm behind chiasma along the coronal plane. After that, half of

the forebrains were fixed, embedded, and prepared as 6‐μm‐thick

coronal sections with the dorsal hippocampus (bregma −3.8 mm).

H&E staining was carried out.
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TABLE 1 Sequences of primers used
in qRT‐PCR

Gene Forward primer (5′‐3′) Reversed primer (5′‐3′)

miR‐129 GGGGGCTTTTTGCGGTCTGG AGTGCGTGTCGTGGAGTC

miR‐32 GCGGCGTATTGCACATTACT TCGTATCCAGTGCAGGGTC

miR‐330‐5p TCTCTGGGCCTGTGTCTTAG CAGTGCGTGTCGTGGAGT

miR‐363 GCCGAGAATTGCACGGTAT CTCAACTGGTGTCGTGGA

miR‐375 CCCCAAGGCTGATGCTGAGAAG GCCGCCCGGCCCCGGGTCTTC

miR‐96 GCCCGCTTTGGCACTAGCACATT GTGCAGGGTCCGAGGT

miR‐454 GGGACCCTATCAATATTGT CAGTGCGTGTCGTGGAGT

U6 CTTCGGCAGCACATATACT AAAATATGGAACGCTTCACG

NOX4 CTGACAGGTGTCTGCATGGT ACTTCAACAAGCCACCCGAA

GAPDH TCATGCATGCTGACGCTAC TTGTACTGCCTGCACTGC

F IGURE 1 NOX4 and miR‐454 expression after cerebral I/R treatment. (A) Neurobehavioral outcomes. (B) Infarct volume.
(C) SOD activity determined by ELISA. (D) MDA content determined by ELISA. (E) ROS production. (F, G) NOX4 expression. (H) miRNAs
expression. (I) miR‐454 in plasma. I/R, ischemia/reperfusion; ROS, reactive oxygen species; SOD, superoxide dismutase. *p < 0.05,
**p < 0.01. n = 6.
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2.7 | Bioinformatic analysis and luciferase reporter
gene experiment

The potential target miRNAs of NOX4 were predicted using the website

of TargetScan.org and microrna.org. NOX4 3′‐UTR fragments containing

wild‐type or mutated miR‐454 binding site were inserted into pmirGLO.

These vectors were cotransfected with NC miRNA or miR‐454 agomir

into HEK293T cells. Then, following the manufacturer's protocols,

luciferase activity was measured with a luminometer.

2.8 | Intracerebroventricular infusion of miR‐454
agomir

miR‐454 overexpression was managed following the guideline. In

brief, miR‐454 agomir was subjected to intracerebroventricular

infusion via the right lateral ventricle. Two days after injection, rats

were feasible for I/R treatment.

2.9 | Cell viability assay

MTT assay was used here, and 570 nm absorbance (A) was

measured using a microplate reader and converted into viability

in percentage.

2.10 | Real‐time polymerase chain reaction (PCR)

From each sample, total RNA was extracted by Trizol reagent.

After RNA (100 ng) was reverse‐transcribed into cDNA, NOX4

and miRNA levels were determined on an ABI 7300 Real‐Time

PCR System and normalized to glyceraldehyde‐3‐phosphate

dehydrogenase (GAPDH) and U6 snRNA, respectively.

NOX4 and miRNA relative expression was calculated by ABI

software with the comparative Ct method. Sequences of primers

used in real‐time quantitative PCR (qRT‐PCR) were shown in

Table 1.

F IGURE 2 MiR‐454 agomir reduced brain injury. (A) miR‐454 agomir transfection efficiency was evaluated. (B) Alterations of cerebral blood
flow (PU). (C) Neurobehavioral outcomes. (D) TTC staining. (E) Brain water content. (F) H&E staining (×200). H&E, hematoxylin‐eosin;
TTE, triphenyltetrazolium chloride.**p < 0.01. n = 6.
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2.11 | Western blot

Proteins were quantified and subjected to Western blot. The

primary antibodies against GAPDH (1:1000), cleaved‐Caspase3

(1:500), or NOX4 (1:500) were used to incubate the membrane at

4°C for 16 h, and then secondary antibodies were used for 1 h.

Their intensity was analyzed using ImageJ 1.43 and normalized to

GAPDH (Millipore).

2.12 | Statistical analysis

The quantitative data were analyzed by statistical software SPSS

20.0 and presented as means ± standard deviation (SD). The

nonparametric Mann−Whitney test or Student's t test was

utilized for comparison between the two groups. For multiple

groups, one‐way analysis of variance (ANOVA) followed by the

Newman−Keuls test or Tukey's HSD was utilized. A p value < 0.05

was considered statistically significant.

3 | RESULTS

3.1 | NOX4 and miR‐454 expression in rat's brain

After cerebral I/R was constructed, we found that neurological

function scores and infarct volume of rats were raised after 24 h of

I/R operation reperfusion (p < 0.01) (Figure 1A,B). Moreover,

cerebral I/R operation reduced SOD activity (Figure 1C), increased

MDA content and ROS production (p < 0.01) (Figure 1D,E),

and enhanced NOX4 expression in rat brains at both protein and

mRNA levels (p < 0.01) (Figure 1F,G). Bioinformatics analysis

showed that miR‐363, miR‐32, miR‐454, miR‐129, miR‐330‐5p,

miR‐96, and miR‐375 might be the target of NOX4. We found that

F IGURE 3 MiR‐454 agomir reduced cell apoptosis and oxidative stress. (A, B) NOX4 expression. (C) Total NOX enzyme activity. (D, E) MDA
content and SOD activity determined by ELISA. (F) ROS production. (G) The level of Caspase‐3 protein. (H) The enzyme activity of Caspase‐3.
(I) TUNEL staining (×400). Scale bar = 50 μm. MDA, malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase;
TUNEL, TdT‐mediated dUTP nick‐end labeling. *p < 0.05, **p < 0.01. n = 6.

ZHANG ET AL. | 5 of 10



in the brain tissues and serum, the miR‐454 level was significantly

reduced in I/R rats (p < 0.01) (Figure 1H,I) Therefore, miR‐454

might be a critical target of NOX4 (Figure 1G).

3.2 | MiR‐454 agomir injection leads to reduction
of brain injury

To test our hypothesis, miR‐454 agomir was used and it was found

that miR‐454 agomir increased miR‐454 level in rat brain tissues

(Figure 2A, p < 0.01). Moreover, cerebral blood flow was reduced in

rats suffering from filament insertion and recovered to the baseline

level when the filament was removed (Figure 2B). However, miR‐454

agomir significantly attenuated cerebral I/R‐increased neurological

score (Figure 2C), infarct volume (Figure 2D), and brain water content

(Figure 2E) (p < 0.01 for all). Moreover, H&E staining showed that

miR‐454 agomir significantly reduced neuron damages induced by

cerebral I/R (p < 0.01) (Figure 2F).

3.3 | MiR‐454 agomir reduced oxidative stress and
apoptosis

We further evaluated the miR‐454 agomir effect on oxidative stress

and apoptosis in rat brain tissues. MiR‐454 overexpression reduced

NOX4 mRNA (Figure 3A) and proteins (Figure 3B) levels, NOX

activity (Figure 3C), MDA (Figure 3E), and ROS (Figure 3F) contents

but increased SOD activity (Figure 3D) in I/R group rat brain tissues.

To explore miR‐454 agomir effect on brain tissue apoptosis in I/R

rats. miR‐454 overexpression was found to reverse I/R‐enhanced

caspase‐3 level (Figure 3G, p < 0.01) and activity (Figure 3H, p < 0.05)

and tissue apoptosis (Figure 3I, p < 0.01), while injecting NC agomir

F IGURE 4 miR‐454 directly suppresses NOX4 expression. (A) The predicted binding site of miR‐454 and 3′‐UTR of NOX4.
(B) Luciferase activity detection. (C) miR‐454 effect on mRNA level of NOX4 in cells. (D) miR‐454 effect on NOX4 protein expression in
cells. **p < 0.01. n = 3.
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had no significant effects on I/R‐induced all changes in I/R rat brain

tissues. These results proved that the change in miR‐454 expression

affected the brain tissue oxidative stress and apoptosis.

3.4 | NOX4 is a direct target gene of miR‐454

Bioinformatics analysis found that NOX4 could be the target gene of

miR‐454 (Figure 4A). The data showed that miR‐454 overexpression

reduced the luciferase activity of the reporter vector containing the

NOX4 3′‐UTR WT (Figure 4B, p < 0.01) but not NOX4 3′‐UTR MT

(Figure 4B, p > 0.05). Furthermore, miR‐454 overexpression decreased

NOX4 expression in SH‐SY5Y cells (Figure 4C,D, p < 0.01), proving

that miR‐454 targets NOX4.

3.5 | Exogenous miR‐454 agomir suppressed
oxidative stress in cells

MiR‐454 expression was reduced in SH‐SY5Y cells suffering from

OGD/R (Figure 5A, p < 0.01). Additionally, OGD/R reduced cell

viability, which could be reversed by miR‐454 agomir, but not NC

agomir (p < 0.05) (Figure 5B). Moreover, OGD/R increased

NOX4 expression, which was suppressed by miR‐454 agomir,

but not NC agomir (Figure 5C,D, p < 0.01). Consistently, OGD/R

increased SOD activity, ROS production, MDA content, NOX

activity and which was also reduced by miR‐454 agomir

(Figure 5E,F, p < 0.01). These proved that miR‐454 overexpres-

sion is related to NOX4 upregulation and suppressed oxidative

stress in cells.

F IGURE 5 Exogenous miR‐454 agomir suppresses oxidative stress. (A) Transfection efficiency of miR‐454 agomir was evaluated. (B) Cell
viability determined. (C, D) The mRNA and protein expression of NOX4. (E) Total enzyme activity of NOX. (F, G) SOD activity and MDA content
determined by ELISA. (H) ROS production. MDA, malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase. *p < 0.05,
**p < 0.01. n = 3.
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3.6 | Exogenous miR‐454 agomir decreased cell
apoptosis

The caspase‐3 expression and activity were detected. The results

showed that OGD/R treatment upregulated caspase‐3 expression

and increased its activity, while these increases were partly reversed

by miR‐454 agomir (Figure 6A,B, p < 0.05, p < 0.01). Moreover, SH‐

SY5Y cell apoptosis was elevated compared with the control by

OGD/R treatment, while was attenuated by miR‐454 agomir, but not

NC agomir (Figure 6C, p < 0.01). Furthermore, miR‐454 agomir

reduced OGD/R‐induced cell death (Figure 6D). These data together

indicated that miR‐454 overexpression protected SH‐SY5Y cells and

alleviated cell apoptosis or death.

3.7 | Exogenous miR‐454 agomir suppresses
oxidative stress and apoptosis

At last, we explored whether NOX4 is directly implicated in the

protective effect of miR‐454 following ischemic injury. pcDNA‐

NOX4 and miR‐454 agomir were cotransfected into SH‐SY5Y cells

treated by OGD/R. The transfection efficiency of pcDNA‐NOX4 was

confirmed (Figure 7A, p < 0.01). MiR‐454p overexpression signifi-

cantly elevated SH‐SY5Y cell proliferation after OGD/R treatment,

but NOX4 overexpression diminished this elevation (Figure 7B,

p < 0.05). Furthermore, NOX4 overexpression reversed the neuro-

protective effects of miR‐454 on SH‐SY5Y cells treated by OGD/R

(Figure 7C−I). These data revealed that miR‐454 overexpression

suppressed apoptosis and oxidative stress by directly targeting NOX4

in SH‐SY5Y cells.

4 | DISCUSSION

Ischemic stroke triggers a series of reactions that lead to rapid

neuronal damage and death.[1] Studies have shown that miRNA

expression is altered in ischemic stroke and affects the outcome of

stroke.[5,14,15] For instance, miR‐424, miR‐99a, and miR‐23a‐3p

upregulation attenuates oxidative stress and consequently protect

the brain following an ischemic injury.[16–18] Our study found that the

miR‐454 level is decreased in I/R‐treated rats. NOX4 expression is

increased in I/R‐treated rats, which is inhibited by miR‐454

F IGURE 6 Exogenous miR‐454 agomir decreases apoptosis in cultured cells. (A) Caspase‐3 protein expression. (B) Caspase‐3 enzyme
activity. (C) Hoechst 33258 staining (×200). (D) Flow cytometry detection. *p < 0.05, **p < 0.01. n = 3.
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overexpression. NOX4 is a target of miR‐454. Beyond that, the

elevation of NOX4 partially reduced the protective effect of miR‐454

on neuronal cells, suggesting that miR‐454 acts as a neuronal

protection function in ischemic stroke via regulating NOX4 expres-

sion and activity.

Studies have shown that restored miR‐454‐3p level inhibits

glioma cell function by directly targeting ATG12,[19] and miR‐454

is downregulated in glioblastoma tumor cells to alter cell

proliferation and cycle by binding to its target gene PDK1.[20]

Our study showed that miR‐454 treatment alone significantly

alleviates I/R‐induced neurological function decline, diminishes

cerebral infarction and cerebral edema, and decreases cell death

after cerebral ischemia/reperfusion. Thereafter, we verified that

miR‐454 overexpression increases SOD activity and decreases

ROS production and MDA content via inhibiting NOX4 expression

and enzymatic activity. These data suggest that miR‐454 function

in ischemic stroke disease could be realized by regulating its

downstream target NOX4.

NOX4, a member of the NOX family, promotes ROS produc-

tion[11] and is recognized as the major source of neurodegeneration

in ischemic stroke disease.[21] We verified that the protective effects

of miR‐454 agomir, including increased cell activity, decreased

cleaved caspase 3 levels, and reduced neuronal apoptosis in OGD/

R‐treated cells, are reversed by pcDNA‐NOX4. Moreover, NOX4

expression regulated by miR‐454 may ultimately alter ROS produc-

tion, thereby mediating oxidative stress in ischemic stroke.

Following decades of research, tissue plasminogen activator

(tPA) is still the main treatment for clinical stroke.[4,22] At present,

many preclinical trials have shown that effective neuroprotective

drugs have not been successfully translated into clinical medications,

and new therapies for ischemic stroke are urgently needed.[23] More

and more attention has been paid to the neuroprotective strategies

F IGURE 7 Exogenous miR‐454 agomir suppresses oxidative stress and apoptosis. (A) Western blot detected the transfection efficiency of
pcDNA‐NOX4. (B) MTT assay determined the cell viability. (C) Total NOX enzyme activity. (D, E) SOD activity and MDA content determined by
ELISA. (F) ROS production. (G) Caspase‐3 protein expression. (H) Caspase‐3 enzyme activity. (I) Cell death calculation using flow cytometry
detection. ROS, reactive oxygen species; SOD, superoxide dismutase. *p < 0.05, **p < 0.01. n = 3.
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to alleviate or reverse brain injury to overcome the obstacles

encountered in the administration of stroke.[24,25] Therefore, the

oxidative stress protection‐related pathway is becoming a new

hotspot. Our study illustrates that the ROS production and the

expression of related molecules, including SOD and MDA, are also

regulated by the levels of miR‐454 and NOX4. This study revealed a

functional transcription regulation molecular. The miR‐454 may

become a new biomarker related to ischemic stroke. Its clinical value

needs to be evaluated in clinical cohorts in the future.

5 | CONCLUSION

Our study demonstrated that miR‐454 plays a crucial role in

protecting against neuron damages following ischemic stroke by

regulating NOX4, suggesting that miR‐454 might be an attractive

neuroprotective agent for ischemic stroke treatment by regulat-

ing NOX4.
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