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Ischemic stroke is one of the leading causes of death and dis-
ability in the world, resulting from the disruption of blood 

supply to the brain. Intervention requires the restoration of 
blood flow, which can lead to reperfusion injury. Oxidative 
stress is thought to be the primary event during this process1 
because reperfusion stimulates an overproduction of reactive 
oxygen species (ROS), such as hydrogen peroxide (H

2
O

2
), 

which leads to the oxidation of proteins, lipids, and DNA 
and can induce cell proliferation, growth arrest, apoptosis, 
and necrosis.2 Meanwhile, the dysfunction of superoxide 
dismutase (SOD) and glutathione peroxidase can compro-
mise endogenous antioxidant defense mechanisms and fur-
ther exacerbate oxidative stress and ischemic/reperfusion 

(I/R) injury.3,4 Nuclear factor erythroid 2-related factor (Nrf)2 
activates the transcription of antioxidant stress genes whose 
products act concertedly to remove ROS through sequential 
enzymatic reactions.5 Studies have uncovered the potential for 
Nrf2-mediated transcription to protect from neurodegenera-
tion resulting from mechanisms involving oxidative stress. For 
this reason, Nrf2 is considered a valuable therapeutic target for 
free radical damage in brain after ischemia and reperfusion.

MicroRNAs (miRs) are small (≈22 nt), noncoding, single-
stranded RNA molecules that regulate gene expression at the 
posttranscriptional level by inhibiting translation or by cleav-
ing RNA transcripts in a sequence-specific manner.6 MiR-424 
is a tumor marker that is involved in cancer cell proliferation, 

Background and Purpose—We previously showed that the microRNA miR-424 protects against permanent cerebral 
ischemic injury in mice by suppressing microglia activation. This study investigated the role of miR-424 in transient 
cerebral ischemia in mice with a focus on oxidative stress–induced neuronal injury.

Methods—Transient cerebral ischemia was induced in C57/BL6 mice by middle cerebral artery occlusion for 1 hour 
followed by reperfusion (ischemia/reperfusion). The miR-424 level in the peri-infarct cortex was quantified. Mice were 
also administered miR-424 angomir by intracerebroventricular injection. Cerebral infarct volume, neuronal apoptosis, 
and levels of oxidative stress markers and antioxidants were evaluated. In an in vitro experiment, primary cortical neurons 
were exposed to H

2
O

2
 and treated with miR-424 angomir, nuclear factor erythroid 2-related factor 2 siRNA, and superoxide 

dismutase (SOD) inhibitor; cell activity, lactate dehydrogenase release, malondialdehyde level, and manganese (Mn)SOD 
activity were then evaluated.

Results—MiR-424 levels in the peri-infarct cortex increased at 1 and 4 hours then decreased 24 hours after reperfusion. 
Treatment with miR-424 decreased infarct volume and inhibited neuronal apoptosis after ischemia/reperfusion, reduced 
reactive oxygen species and malondialdehyde levels in the cortex, and increased the expression and activation of MnSOD 
as well as the expression of extracellular SOD and the redox-sensitive transcription factor nuclear factor erythroid 
2-related factor. In neuronal cultures, miR-424 treatment abrogated H

2
O

2
-induced injury, as evidenced by decreased 

lactate dehydrogenase leakage and malondialdehyde level and increased cell viability and MnSOD activity; the protective 
effects of miR-424 against oxidative stress were reversed by nuclear factor erythroid 2-related factor knockdown and 
SOD inhibitor treatment.

Conclusions—MiR-424 protects against transient cerebral ischemia/reperfusion injury by inhibiting oxidative 
stress.    (Stroke. 2015;46:513-519. DOI: 10.1161/STROKEAHA.114.007482.)
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migration, and invasion, with a demonstrated role in cell cycle 
regulation.7,8 It can also promote monoblastic cell differen-
tiation,9,10 modulate vascular endothelial and smooth muscle 
cell phenotype and angiogenesis,11,12 and improve pulmonary 
hypertension in experimental models.13 With respect to cere-
brovascular disease, studies have shown that the miR-424 
level is decreased in the blood and brain tissue of ischemic 
stroke patients and experimental animals.14,15 We have recently 
reported that miR-424 exerts neuroprotective effects in a per-
manent cerebral ischemia model by suppressing microglia 
activation via translational suppression of key activators of the 
G1/S phase transition.15 However, its influence on cerebral I/R 
remains unclear, and there is presently no direct evidence of 
the effect of miR-424 on neuronal injury under oxidative stress 
conditions. As recommended by Stroke Therapy Academic 
Industry Roundtable for stroke preclinical study, permanent 
occlusion model should be studied first, followed by transient 
models.16 Therefore, the present study investigated the role of 
miR-424 in transient cerebral I/R injury in mice and mecha-
nisms of neuroprotection and whether miR-424 protects neu-
rons from oxidative stress via an Nrf2-independent pathway.

Methods
Mouse Model of Focal Cerebral I/R
Animal experiments were performed in accordance with the guide-
lines of the Institutional Animal Care and Use Committee of Capital 
Medical University. Male C57BL/6J mice, weighing 22 to 25 g, were 
purchased from Vital River Laboratory Animal Technology Co. Ltd 
(Beijing, China). Middle cerebral artery occlusion (MCAO)17 was 
performed to induce focal ischemia after intracerebroventricular in-
jection of miR-424 angomir or vehicle solution. Reperfusion was es-
tablished after 1 hour. Regional cerebral blood flow was monitored by 
laser Doppler flowmetry (PeriFlux System 5000; Perimed, Järfälla, 
Sweden) to confirm the occurrence of ischemia (regional cerebral 
blood flow <80% of baseline) and reperfusion (regional cerebral 
blood flow >70% of baseline). Body temperature was maintained at 
37.0°C±0.5°C during surgery using a temperature-controlled heating 
pad (CMA 150; Carnegie Medicin, Stockholm, Sweden). Infarct vol-
umes were measured by staining brain sections with 2, 3, 5-triphe-
nyltetrazolium chloride (1.5%) 24 hour after reperfusion. Ischemic 
core and peri-infarct areas were identified and isolated as previously 
described.18 Animals were randomly divided into 5 groups: sham 
(n=15), ischemia 1 hour/reperfusion 1 hour (I/R 1 hour; n=3), isch-
emia 1 hour/reperfusion 4 hours (I/R 4 hours; n=3), ischemia 1 hour/
reperfusion 24 hours (I/R 24 hours; n=25), and ischemia 1 hour/reper-
fusion 24 hour+miR-424 angomir treatment (I/R+miR424; n = 22).

MiR-424 Angomir Intracerebroventricular 
Injection
MiR-424 angomir and the negative control were purchased from 
GenePharma (Shanghai, China) and administered as previously 

described15: 9 μL of miR-424 angomir or the control (100 μM) were 
mixed with 2.5 μL Lipofectamine RNAiMAX Transfection Reagent 
(Invitrogen, Carlsbad, CA) and incubated at 37°C for 30 minutes; 7 
μL of the mixture was administered immediately by right intracere-
broventricular injection,19 and the needle was kept in place for 10 
minutes before MCAO.

Real-Time PCR
MiR-424 level in the peri-infarct cortex18 after I/R injury was measured 
by real-time PCR. Total RNA was extracted from 30 mg brain tissue 
with TRIzol reagent (Invitrogen), and 500 ng were reverse-transcribed 
into cDNA using SuperScript III reverse transcriptase (Invitrogen) and 
miR-424 primers (GenePharma, Shanghai, China) with the follow-
ing sequences: 5′-CCA GCA GTT CAA AAC ATG AAT TG-3′ and 
5′-TAT GGT TGT TCT CGA CTC CTT GAC-3′. The expression of 
mature miR-424 was measured using Maxima SYBR Green qPCR 
Master Mix (Fermentas, Burlington, Canada) and the StepOne detec-
tion system (Applied Biosystems, Foster City, CA) according to the 
manufacturer’s instructions, with U6 used as an internal control.

Primary Cortical Neuronal Culture and Treatment
Primary cortical neurons were obtained from 1-day-old male 
C57BL/6 J mice and cultured in neurobasal medium (Invitrogen) 
supplemented with 2% B27 (Invitrogen), 100 U/mL penicillin, and 
100 mg/mL streptomycin at 37°C in a 5% CO

2
/air environment. The 

miR-424 or control angomir and Nrf2 short interfering (si)RNA 
(GenePharma) at a final concentration of 62.5 nmol/L (determined 
by a concentration gradient test; data not shown) were transfect-
ed into primary cortical neurons for 48 hours with Lipofectamine 
RNAiMAX Transfection Reagent according to manufacturer’s 
protocol. Sequence of Nrf2 siRNA: sense, 5′-CGA GAA GUG 
UUU GAC UUU ATT-3′ and antisense 5′-UAA AGU CAA ACA 
CUU CUC GTT-3′. Primary cortical neurons were exposed to 200 
μmol/L H

2
O

2
; 1 hour later, the SOD inhibitor sodium diethyldi-

thiocarbamate (12.5 μmol/l; Sigma-Aldrich, St. Louis, MO) was 
added for 5 hours, and neurons and supernatant were collected for 
measurements.

Measurement of Cell Activity and Lactate 
Dehydrogenase Release
Cell activity was evaluated using the CellTiter 96 AQueous 
Non-Radioactive Cell Proliferation Assay (Promega, Madison, 
WI) and intracellular lactate dehydrogenase (LDH) release was 
determined using the QuantiChrom Lactate Dehydrogenase Kit 
(BioAssay Systems, Hayward, CA) according to the manufactur-
ers’ protocols.

Terminal Deoxynucleotidyl Transferase dUTP Nick 
End Labeling
Neural apoptosis was assessed in 20-μm frozen coronal sections us-
ing the In Situ Cell Death Detection Kit-POD (Roche, San Francisco, 
CA) following the manufacturer’s instructions.

Figure 1. MiR-424 expression in the cortex of mice 
after transient focal cerebral ischemia/reperfusion 
(I/R) injury. A, Representative image of the peri-
infarct cortex. B, MiR-424 levels at different time 
points after I/R were determined by real-time PCR, 
with U6 used as internal control. I/R 1 h, I/R 4 h, 
and I/R 24 h denote mice were subjected to middle 
cerebral artery occlusion (MCAO) for 1 h followed 
by reperfusion for 1, 4, and 24 h, respectively. 
Values represent mean±SEM (n=8 per group). 
*P<0.05 vs. sham group.
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Measurement of Intracellular ROS
The fluorescent probe dihydroethidium (Vigorous Biotechnology 
Beijing Co, Ltd, Beijing, China) was used to measure ROS produc-
tion. Frozen coronal brain sections (20 μm) were fixed with acetone 
and incubated for 2 hours in a blocking solution containing 5% bovine 
serum albumin followed by incubation for 60 minutes with 2 μmol/L 
dihydroethidium in the dark. After washing 3 times with phosphate-
buffered saline, sections were counterstained with DAPI to visualize 
nuclei and then examined by fluorescence microscopy (Carl Zeiss, 
Jena, Germany). The experiment was performed in triplicate.

Western Blotting
The peri-infarct cortex was dissected 24 hours after reperfusion. 
Samples were processed for western blot analysis as previously de-
scribed.19 Primary antibodies were as follows: rabbit monoclonal anti-
manganese (Mn)SOD (1:800), mouse monoclonal antiextracellular (Ec)
SOD (1:500), and rabbit polyclonal anti-Nrf2 (1:800; all from Abcam, 
Cambridge, UK) and rabbit polyclonal antiβ-actin (1:1000; Santa Cruz 
Biotechnology, Santa Cruz, CA), which was used as a loading control. 
Bands were detected using horseradish peroxidase-conjugated secondary 

Figure 2. MiR-424 protects against  
ischemia/reperfusion (I/R) injury in mice. 
A, Cerebral infarct volume evaluated by 
2, 3, 5-triphenyltetrazolium chloride (TTC) 
staining of coronal brain sections (n=10). 
B, Neuronal apoptosis in the ipsilateral 
cortex as detected by terminal deoxy-
nucleotidyl transferase dUTP nick end 
labeling (TUNEL) and DAPI double staining 
(n=3). I/R denotes mice were subjected to 
middle cerebral artery occlusion (MCAO) 
for 1 h followed by reperfusion for 24 h; I/
R+miR424 denotes mice were subjected to 
MCAO for 1 h followed by reperfusion for 
24 h, with miR-424 angomir administered 
by intracerebroventricular injection imme-
diately before ischemia. Values represent 
mean±SEM. *P<0.05 vs sham group; 
▲P<0.05 vs I/R group.

Figure 3. MiR-424 reduces oxidative stress after 
ischemia/reperfusion (I/R) in mice. A, Reactive 
oxygen species (ROS) level in the peri-infarct  
cortex was detected by dihydroethidium (DHE) and 
DAPI double staining (n=3). B, Malondialdehyde 
(MDA) content in the peri-infarct cortex (n=6). I/R 
denotes mice were subjected to middle cerebral 
artery occlusion (MCAO) for 1 h followed by reperfu-
sion for 24 h; I/R+miR424 denotes mice were sub-
jected to MCAO for 1 h followed by reperfusion for 
24 h, with miR-424 angomir administered by intra-
cerebroventricular injection immediately before 
ischemia. Values represent mean±SEM, *P<0.05 
vs sham group; ▲P<0.05 vs I/R group.
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antibody (1:2000; Santa Cruz Biotechnology), and immunoreactivity 
was visualized using an enhanced chemiluminescence kit.

Biochemical Methods
Peri-infarct cortex homogenates (10% wt/vol) and primary cortical neu-
rons were resuspended in cold phosphate-buffered saline. MnSOD activ-
ity and malondialdehyde (MDA) levels were assessed using the MnSOD 

assay kit with WST-1 (Beyotime Institute of Biotechnology, Jiangsu, 
China) and MDA assay kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China), respectively, according to the manufacturers’ protocols.

Statistical Analysis
Data are shown as mean±SEM and were analyzed with the t test and 
by 2-way analysis of variance followed by Newman–Keuel’s test. 
P<0.05 was considered statistically significant.

Figure 4. MiR-424 upregulates antioxidant expression and activity in the cortex after ischemia/reperfusion (I/R) injury. A, MnSOD protein 
level in peri-infarct cortex, as determined by western blotting (n=3). B, Effect of miR-424 on MnSOD activity (n=6). EcSOD (C) and Nrf2 
protein levels (D) in peri-infarct cortex as determined by western blotting (n=3 each). I/R denotes mice were subjected to middle cerebral 
artery occlusion (MCAO) for 1 h followed by reperfusion for 24 h; I/R+miR-424 denotes mice were subjected to MCAO for 1 h followed by 
reperfusion for 24 h, with miR-424 angomir administered by injection immediately after ischemia. Values represent mean±SEM. *P<0.05 
vs sham group, ▲P<0.05 vs I/R group.

Figure 5. MiR-424 increases cell viability 
of primary cortical neurons exposed to 
oxidative stress. A, Viability of neurons was 
determined by the MTT assay. B, Lactate 
dehydrogenase (LDH) release in neurons 
after H2O2 treatment. Control: neurons 
transfected with scrambled oligonucleotide 
without H2O2 exposure; control+H2O2: 
neurons transfected with scrambled oli-
gonucleotide and exposed to H2O2 for 6 h; 
miR424+H2O2: neurons transfected with 
miR-424 angomir and exposed to H2O2 
for 6 h; miR424+Nrf2 siRNA+H2O2: neu-
rons transfected with miR-424 angomir 
and Nrf2 siRNA, then exposed to H2O2 for 
6 h; miR424+SOD inhibitor+H2O2: neu-
rons transfected with miR-424 angomir, 
exposed to H2O2 for 1 h, with SOD inhibi-
tor then added for 5 h. Values represent 
mean±SEM (n=8 per group). *P<0.05 vs 
control; ▲P<0.05 vs control+H2O2 group; 
#P<0.05 vs miR424+H2O2 group.
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Results
MiR-424 Expression Is Upregulated After Transient 
Cerebral I/R
We previously reported that the miR-424 level on the ipsi-
lateral side of the brain decreased in a time-dependent 
manner during permanent focal cerebral ischemia.15 To 
assess the effects of miR-424 on transient cerebral I/R 
injury, miR-424 expression in the peri-infarct cortex was 
investigated by real time PCR at 1, 4, and 24 hours after 
reperfusion (Figure 1A). In contrast to changes that occur 
during permanent ischemia,15 miR-424 levels in the peri-
infarct cortex increased at 1 and 4 hours and decreased 
at 24 hours relative to sham-operated mice (Figure  1B; 
P<0.05).

MiR-424 Protects the Brain Against I/R Injury
To evaluate the role of miR-424 in cerebral I/R injury, the 
effect of miR-424 angomir delivered via intracerebroven-
tricular injection was examined by measuring infarct volume 
and neuronal apoptosis after 1 hour of ischemia and 24 hours 
of reperfusion. 2, 3, 5-Triphenyltetrazolium chloride stain-
ing showed that miR-424 angomir reduced cerebral infarct 
volume relative to the I/R group (Figure  2A; P<0.05). Few 
TUNEL-positive cells were detected in the cortex of sham-
operated mice; in contrast, I/R increased the number of 
TUNEL-positive cells in the cortex, an effect that was abro-
gated by miR-424 angomir treatment (Figure  2B; P<0.05). 
These results demonstrate that miR-424 attenuates cerebral 
I/R injury in the cortex.

MiR-424 Suppresses I/R-Induced Oxidative Stress 
in the Brain
To assess whether miR-424 treatment can attenuate oxidative 
stress induced by cerebral I/R in vivo, ROS production and 
the level of the lipid peroxidation marker MDA were evalu-
ated. Dihydroethidium staining showed that ROS production 
increased after reperfusion; this increase was abrogated by 
miR-424 angomir treatment (Figure  3A; P<0.05). I/R simi-
larly increased MDA content in the peri-infarct cortex relative 
to the sham group, but the level was suppressed by miR-424 
angomir treatment (Figure 3B and 3C; P<0.05). These data 

indicate that miR-424 inhibits ROS production and can pro-
tect the brain against oxidative damage induced by I/R.

MiR-424 Induces the Upregulation in MnSOD, 
EcSOD, and Nrf2 Expression After I/R
MnSOD and EcSOD have antioxidant activity that reduces 
ROS, whereas Nrf2 is a redox-sensitive transcription factor 
that activates SOD expression, thereby protecting cells against 
oxidative stress.20–22 To investigate the effect of miR-424 on 
antioxidant enzyme expression and activity in vivo, MnSOD 
and EcSOD expression and MnSOD activity in the peri-
infarct cortex were assessed by western blot and biochemi-
cal analyses. MnSOD protein levels were similar in the I/R 
and sham-operated groups, but were upregulated by miR-424 
angomir treatment (Figure 4A; P<0.05). MnSOD activity was 
increased on I/R as compared with the sham-operated animals 
and was further increased by miR424 treatment (Figure 4B; 
P<0.05). Similar changes were observed for EcSOD expres-
sion, which was markedly elevated in the miR-424 angomir-
treated group as compared with the sham-operated and I/R 
groups (Figure  4C; P<0.05). In addition, miR-424 angomir 
treatment also induced an upregulation in Nrf2 expression 
relative to the I/R group (Figure 4D; P<0.05).

MiR-424 Blocks H2O2-Induced Oxidative Damage 
in Primary Cortical Neurons
To directly assess the antioxidative effects of miR-424, pri-
mary cortical neurons transfected with miR-424 or control 
angomir were treated with H

2
O

2
, and cell viability and LDH 

release were evaluated. H
2
O

2
 exposure reduced the viability 

of neurons and increased LDH level. On the other hand, miR-
424 angomir treatment increased the cell viability (Figure 5A; 
P<0.05) and suppressed LDH release (Figure  5B; P<0.05). 
The protective function of miR-424 on cell viability was 
blocked by siRNA-mediated knockdown of Nrf2 expression 
and SOD inhibitor treatment; LDH release was partly inhib-
ited by Nrf2 depletion and suppressed by the SOD inhibitor 
(Figure 5B; P<0.05).

To confirm the positive effects of miR-424 on antioxidants 
in vitro, MnSOD activity and MDA content were examined. 
The biochemical analysis revealed that MnSOD activity in 

Figure 6. MiR-424 protects primary cortical 
neurons against oxidative stress damage. 
Effect of miR-424 on MnSOD activity (A) 
and MDA content in neurons (B). Con-
trol: neurons transfected with scrambled 
oligonucleotide without H2O2 exposure; 
control+H2O2: neurons transfected with 
scrambled oligonucleotide and exposed to 
H2O2 for 6 h; miR424+H2O2: neurons trans-
fected with miR-424 angomir and exposed 
to H2O2 for 6 h; miR424+Nrf2 siRNA+H2O2: 
neurons transfected with miR-424 angomir 
and Nrf2 siRNA, then exposed to H2O2 for 
6 h; miR424+SOD inhibitor+H2O2: neurons 
transfected with miR-424 angomir, exposed 
to H2O2 for 1 h, with SOD inhibitor then 
added for 5 h. Values represent mean±SEM 
(n=6 per group). *P<0.05 vs control; 
▲P<0.05 vs control+H2O2 group; #P<0.05 vs 
miR424 + H2O2 group.
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primary cortical neurons, which was reduced on exposure 
to H

2
O

2
, was elevated in the miR-424 angomir-treated group 

(Figure 6A; P<0.05). The stimulation of MnSOD activity by 
miR-424 was partially inhibited by siRNA-mediated knock-
down of Nrf2 and suppressed by SOD inhibitor treatment 
(Figure 6A; P<0.05). Additionally, the increase in MDA level 
induced by H

2
O

2
 was blocked by miR-424 angomir treatment 

(Figure 6B; P<0.05); this effect was abrogated by both Nrf2 
knockdown and SOD inhibitor (Figure  6A; P<0.05). These 
results suggest that miR-424 positively regulates the expres-
sion and activity of antioxidant enzymes, thereby suppressing 
H

2
O

2
-induced oxidative injury in primary cortical neurons by 

a mechanism that involves the activation of MnSOD or upreg-
ulation of Nrf2.

Discussion
The present study investigated the role of miR-424 in mice 
with cerebral I/R injury and in primary cortical neurons sub-
jected to oxidative stress induced by H

2
O

2
. MiR-424 levels 

first increased and then decreased in the peri-infarct cortex 
over a 24-hour period after I/R. MiR-424 angomir adminis-
tered immediately after ischemia reduced cerebral infarct size, 
neural cell apoptosis, and oxidative stress in the brain. These 
effects were accompanied by increased SOD and Nrf2 expres-
sion and SOD activity, demonstrating that miR-424 protects 
against transient focal I/R injury by stimulating antioxidant 
responses in neurons.

Excessive ROS formation is a deleterious effect of cerebral 
I/R injury, leading to oxidative stress and ultimately to neuro-
nal death.23 The present study showed that miR-424 abrogated 
the increases in ROS and MDA levels in the peri-infarct cortex 
after I/R and H

2
O

2
-induced oxidative stress in primary cortical 

neurons. MiR-424 also blocked the increase in LDH leakage 
and MDA content caused by H

2
O

2
 and improved cell viability 

and MnSOD activity of primary cortical neurons; these pro-
tective effects were inhibited by Nrf2 knockdown and SOD 
inhibitor treatment. Taken together, these results demonstrate 
that miR-424 reduces oxidative stress both in vivo and in vitro.

MiRNAs are implicated in the cellular response to oxida-
tive stress via several different mechanisms24–27; of these, the 
antioxidant defense system is responsible for preventing ROS 
accumulation during cerebral I/R. Some miRNAs directly tar-
get antioxidant/oxidant genes; for instance, miR-34a induces 
apoptosis in the human glioma cell line via enhanced nico-
tinamide adenine dinucleotide phosphate oxidase 2 expres-
sion and ROS production,24 whereas miR-155 modulates ROS 
level by targeting SH2-domain-containing inositol 5-phos-
phatases in macrophages.25 Additionally, miRNAs prevent 
oxidative stress-induced cell apoptosis; for example, miR-214 
protects cardiac myocytes against H

2
O

2
-induced injury by tar-

geting phosphatase and tensin homolog,26 whereas miR-92a 
inhibits H

2
O

2
-induced vascular smooth muscle cell apoptosis 

by targeting the mitogen-activated protein kinase kinase 4-c-
Jun N-terminal kinase 1 pathway.27

The present study investigated the effect of miR-424 on 
the expression and activity of the endogenous antioxidants 
MnSOD and EcSOD, 2 enzymes that help the brain recover 
from I/R injury.28,29 The results provide the first demonstration 

of miR-424 acting as a modulator of antioxidants after I/R by 
increasing the levels of MnSOD and EcSOD and stimulating 
MnSOD activity. Although SOD expression in the peri-infarct 
cortex was unaltered after 24 hours of reperfusion, MnSOD 
activity increased; in primary cortical neurons, MnSOD activ-
ity decreased after 6 hours of exposure to H

2
O

2
. In both cases, 

miR-424 induced an upregulation in SOD level. MnSOD 
expression in response to oxidative stress differs depend-
ing on the model used; however, miR-424 can upregulate 
SOD expression regardless of the experimental conditions. 
Moreover, increasing Nrf2 level leads to the upregulation of 
MnSOD and EcSOD.30–34 In this study, Nrf2 expression was 
induced by miR-424, suggesting that it is a target of miR-424 
regulation; in addition, the protective function of miR-424 on 
neuron was inhibited by Nrf2 depletion and SOD inhibition. 
These results demonstrate that miR-424 positively regulates 
the endogenous antioxidant system in neurons, providing pro-
tection against oxidative damage during transient cerebral I/R. 
However, further studies are required to elucidate the detailed 
mechanisms underlying the regulation of Nrf2 and SOD by 
miR-424.

Conclusions
The present study demonstrated that miR-424 overexpression 
protects against transient focal cerebral I/R injury in vivo and 
suppresses H

2
O

2
-induced oxidative stress injury in vitro via 

activation of the cellular antioxidant response. These findings 
substantiate the results of our previous study, which showed 
that a high level of miR-424 is associated with a better out-
come in ischemic stroke patients.15 MiR-424 is therefore a 
promising diagnostic and therapeutic tool for ischemic stroke. 
However, it is far away from the clinical application because 
of some severe problems waiting to solve; one problem is how 
to bring the miRNA into the brain. Obviously, direct injec-
tion of the miRNA-mimic into the brain would be limited in 
the patients for the secondary injury of the surgery and the 
expensive fees. Intravenous delivery is easy and safe, but the 
disadvantage is the poor distribution in the brain because of 
blood brain barrier. Recently, intranasal delivery of miRNA to 
the brain comes up.35 The efficacy of miR-424 through intra-
venous injection or intranasal delivery in a mouse model of 
stroke will be the subject of future investigations.

Acknowledgments
We thank Chencheng Zhang for technical assistance.

Sources of Funding
This project was supported by the Natural Science Foundation in 
China (81201028, 81271461, and 30770743).

Disclosures
None.

References
	 1.	 Janardhan V, Qureshi AI. Mechanisms of ischemic brain injury. Curr 

Cardiol Rep. 2004;6:117–123.
	 2.	 Jung JE, Kim GS, Chen H, Maier CM, Narasimhan P, Song YS,  

et al. Reperfusion and neurovascular dysfunction in stroke: from basic 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 5, 2022



Liu et al    MiR-424 Suppresses Oxidative Stress     519

mechanisms to potential strategies for neuroprotection. Mol Neurobiol. 
2010;41:172–179. doi: 10.1007/s12035-010-8102-z.

	 3.	 Chen Z, Wang G, Zhai X, Hu Y, Gao D, Ma L, et al. Selective inhibition 
of protein kinase C β2 attenuates the adaptor P66 Shc-mediated intes-
tinal ischemia-reperfusion injury. Cell Death Dis. 2014;5:e1164. doi: 
10.1038/cddis.2014.131.

	 4.	 Venardos KM, Perkins A, Headrick J, Kaye DM. Myocardial ischemia-
reperfusion injury, antioxidant enzyme systems, and selenium: a review. 
Curr Med Chem. 2007;14:1539–1549.

	 5.	 Nguyen T, Nioi P, Pickett CB. The Nrf2-antioxidant response element 
signaling pathway and its activation by oxidative stress. J Biol Chem. 
2009;284:13291–13295. doi: 10.1074/jbc.R900010200.

	 6.	 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. 
Cell. 2004;116:281–297.

	 7.	 Ruiz-Llorente L, Ardila-González S, Fanjul LF, Martínez-Iglesias O, 
Aranda A. MicroRNAs 424 and 503 are mediators of the anti-prolif-
erative and anti-invasive action of the thyroid hormone receptor beta. 
Oncotarget. 2014;5:2918–2933.

	 8.	 Yu L, Ding GF, He C, Sun L, Jiang Y, Zhu L. MicroRNA-424 is down-
regulated in hepatocellular carcinoma and suppresses cell migration and 
invasion through c-Myb. PLoS One. 2014;9:e91661. doi: 10.1371/jour-
nal.pone.0091661.

	 9.	 Rosa A, Ballarino M, Sorrentino A, Sthandier O, De Angelis FG, 
Marchioni M, et al. The interplay between the master transcription factor 
PU.1 and miR-424 regulates human monocyte/macrophage differentia-
tion. Proc Natl Acad Sci U S A. 2007;104:19849–19854. doi: 10.1073/
pnas.0706963104.

	 10.	 Rahimian A, Soleimani M, Kaviani S, Aghaee-Bakhtiari SH, Atashi A, 
Arefian E, et al. Bypassing the maturation arrest in myeloid cell line 
U937 by over-expression of microRNA-424. Hematology. 2011;16:298–
302. doi: 10.1179/102453311X13085644680140.

	 11.	 Ghosh G, Subramanian IV, Adhikari N, Zhang X, Joshi HP, Basi D,  
et al. Hypoxia-induced microRNA-424 expression in human endothelial 
cells regulates HIF-α isoforms and promotes angiogenesis. J Clin Invest. 
2010;120:4141–4154. doi: 10.1172/JCI42980.

	 12.	 Merlet E, Atassi F, Motiani RK, Mougenot N, Jacquet A, Nadaud S,  
et al. miR-424/322 regulates vascular smooth muscle cell phenotype and 
neointimal formation in the rat. Cardiovasc Res. 2013;98:458–468. 
doi: 10.1093/cvr/cvt045.

	 13.	 Kim J, Kang Y, Kojima Y, Lighthouse JK, Hu X, Aldred MA, et al. 
An endothelial apelin-FGF link mediated by miR-424 and miR-503 is 
disrupted in pulmonary arterial hypertension. Nat Med. 2013;19:74–82. 
doi: 10.1038/nm.3040.

	 14.	 Jeyaseelan K, Lim KY, Armugam A. MicroRNA expression in the 
blood and brain of rats subjected to transient focal ischemia by mid-
dle cerebral artery occlusion. Stroke. 2008;39:959–966. doi: 10.1161/
STROKEAHA.107.500736.

	 15.	 Zhao H, Wang J, Gao L, Wang R, Liu X, Gao Z, et al. MiRNA-424 
protects against permanent focal cerebral ischemia injury in mice involv-
ing suppressing microglia activation. Stroke. 2013;44:1706–1713. doi: 
10.1161/STROKEAHA.111.000504.

	 16.	 Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI,  
et al; STAIR Group. Update of the stroke therapy academic industry 
roundtable preclinical recommendations. Stroke. 2009;40:2244–2250. 
doi: 10.1161/STROKEAHA.108.541128.

	 17.	 Liu Z, Li Y, Zhang RL, Cui Y, Chopp M. Bone marrow stromal cells 
promote skilled motor recovery and enhance contralesional axonal con-
nections after ischemic stroke in adult mice. Stroke. 2011;42:740–744. 
doi: 10.1161/STROKEAHA.110.607226.

	 18.	 Zhao H, Wang R, Tao Z, Gao L, Yan F, Gao Z, et al. Ischemic postcondi-
tioning relieves cerebral ischemia and reperfusion injury through activat-
ing T-LAK cell-originated protein kinase/protein kinase B pathway in rats. 
Stroke. 2014;45:2417–2424. doi: 10.1161/STROKEAHA.114.006135.

	 19.	 Liu X, Li F, Zhao S, Luo Y, Kang J, Zhao H, et al. MicroRNA-124-
mediated regulation of inhibitory member of apoptosis-stimulating pro-
tein of p53 family in experimental stroke. Stroke. 2013;44:1973–1980. 
doi: 10.1161/STROKEAHA.111.000613.

	 20.	 Chan PH. Role of oxidants in ischemic brain damage. Stroke. 
1996;27:1124–1129.

	 21.	 Chen S, Zou L, Li L, Wu T. The protective effect of glycyrrhetinic 
acid on carbon tetrachloride-induced chronic liver fibrosis in mice via 
upregulation of Nrf2. PLoS One. 2013;8:e53662. doi: 10.1371/journal.
pone.0053662.

	 22.	 Schneider MP, Sullivan JC, Wach PF, Boesen EI, Yamamoto T, Fukai 
T, et al. Protective role of extracellular superoxide dismutase in renal 
ischemia/reperfusion injury. Kidney Int. 2010;78:374–381. doi: 10.1038/
ki.2010.141.

	 23.	 Floyd RA. Role of oxygen free radicals in carcinogenesis and brain isch-
emia. FASEB J. 1990;4:2587–2597.

	 24.	 Li SZ, Hu YY, Zhao J, Zhao YB, Sun JD, Yang YF, et al. MicroRNA-34a 
induces apoptosis in the human glioma cell line, A172, through enhanced 
ROS production and NOX2 expression. Biochem Biophys Res Commun. 
2014;444:6–12. doi: 10.1016/j.bbrc.2013.12.136.

	 25.	 Wang J, Wu M, Wen J, Yang K, Li M, Zhan X, et al. MicroRNA-155 
induction by Mycobacterium bovis BCG enhances ROS production 
through targeting SHIP1. Mol Immunol. 2014;62:29–36. doi: 10.1016/j.
molimm.2014.05.012.

	 26.	 Lv G, Shao S, Dong H, Bian X, Yang X, Dong S. MicroRNA-214 pro-
tects cardiac myocytes against H2O2-induced injury. J Cell Biochem. 
2014;115:93–101. doi: 10.1002/jcb.24636.

	 27.	 Zhang L, Zhou M, Wang Y, Huang W, Qin G, Weintraub NL, et al. 
miR-92a inhibits vascular smooth muscle cell apoptosis: role of the 
MKK4-JNK pathway. Apoptosis. 2014;19:975–983. doi: 10.1007/
s10495-014-0987-y.

	 28.	 Alfieri A, Srivastava S, Siow RC, Modo M, Fraser PA, Mann GE. 
Targeting the Nrf2-Keap1 antioxidant defence pathway for neurovas-
cular protection in stroke. J Physiol. 2011;589(pt 17):4125–4136. doi: 
10.1113/jphysiol.2011.210294.

	 29.	 Margaill I, Plotkine M, Lerouet D. Antioxidant strategies in the treat-
ment of stroke. Free Radic Biol Med. 2005;39:429–443. doi: 10.1016/j.
freeradbiomed.2005.05.003.

	 30.	 Singh B, Bhat HK. Superoxide dismutase 3 is induced by antioxidants, 
inhibits oxidative DNA damage and is associated with inhibition of 
estrogen-induced breast cancer. Carcinogenesis. 2012;33:2601–2610. 
doi: 10.1093/carcin/bgs300.

	 31.	 Reszka E, Jablonowski Z, Wieczorek E, Gromadzinska J, Jablonska E, 
Sosnowski M, et al. Expression of NRF2 and NRF2-modulated genes 
in peripheral blood leukocytes of bladder cancer males. Neoplasma. 
2013;60:123–128.

	 32.	 Athale J, Ulrich A, MacGarvey NC, Bartz RR, Welty-Wolf KE, 
Suliman HB, et al. Nrf2 promotes alveolar mitochondrial biogenesis 
and resolution of lung injury in Staphylococcus aureus pneumonia 
in mice. Free Radic Biol Med. 2012;53:1584–1594. doi: 10.1016/j.
freeradbiomed.2012.08.009.

	 33.	 Taylor RC, Acquaah-Mensah G, Singhal M, Malhotra D, Biswal S. 
Network inference algorithms elucidate Nrf2 regulation of mouse lung 
oxidative stress. PLoS Comput Biol. 2008;4:e1000166. doi: 10.1371/
journal.pcbi.1000166.

	 34.	 Stamova BS, Tian Y, Nordahl CW, Shen MD, Rogers S, Amaral DG, 
et al. Evidence for differential alternative splicing in blood of young 
boys with autism spectrum disorders. Mol Autism. 2013;4:30. doi: 
10.1186/2040-2392-4-30.

	 35.	 Lee ST, Chu K, Jung KH, Kim JH, Huh JY, Yoon H, et al. miR-206 regu-
lates brain-derived neurotrophic factor in Alzheimer disease model. Ann 
Neurol. 2012;72:269–277. doi: 10.1002/ana.23588.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 5, 2022


