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INTRODUCTION 
 

During cerebral ischemia, insufficient blood supply to 

the brain and ischemia-reperfusion will irreversibly 

damage brain tissue and neurons [1, 2]. Focal cerebral 

ischemia induces a large number of neuronal apoptosis 

in the ischemic core, and secondary neuronal death 

plays a leading role in the long-term neurological 

damage after cerebral infarction [3, 4]. Up to now, the 

underlying molecular mechanism that determines 

ischemic neuronal death is still not entirely understood. 

MicroRNA (miRNA) is a class of non-coding RNA that 

promotes the degradation of mRNA or inhibits the 

translation of mRNA via complementary binding with 

the 3’-UTR of its target mRNA, thus inhibiting the 

regulation of target protein [5]. Recent studies have 

demonstrated that multiple miRNAs altered during 

cerebral ischemia in vitro and in vivo, suggesting that 

miRNAs may be key regulators in the progression of 

ischemic stroke [2, 6–8].  

 

Among the miRNAs identified following ischemic 

stroke, miRNA-21 (miR-21) has been demonstrated to 

be a powerful factor that inhibits apoptosis and 

promotes survival [7–9]. A study by Zhou et al. showed 

that miR-21 mainly played a role in inhibiting cell 

apoptosis following oxygen-glucose deprivation and 

reoxygenation (OGD/R) in N2a neuroblastoma cells [8]. 

Buller et al. revealed that overexpression of miR-21 in 

embryonic neurons cultured in vitro inhibited OGD/R-

induced apoptosis [9]. Our previous study has reported 

that miR-21 was decreased in the foci of the focal 

cerebral infarction in mice and in N2a cells exposed to 
OGD [10]. These findings suggest that miR-21 provides 

neuroprotection during ischemic brain injury and may 

be a feasible target for the treatment of ischemic stroke. 
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ABSTRACT 
 

Focal cerebral ischemia leads to a large number of neuronal apoptosis, and secondary neuronal death is the 
main cause of cerebral infarction. MicroRNA-21 (miR-21) has been shown to be a strong anti-apoptosis and 
pro-survival factor in ischemia. However, the precise mechanism of miR-21 in ischemic neuroprotection 
remains largely unknown. In this study, miR-21 was down-regulated while p53 was up-regulated following 
ischemia in vitro and in vivo. Overexpression of miR-21 in vitro and in vivo substantially inhibited the 
expression of p53 following ischemia, while inhibition of miR-21 in vitro and in vivo promoted p53 
expression following ischemia. Moreover, the miR-21/p53 axis regulated the expression of Bcl-2/Bax and 
abolished OGD/R-induced neuronal injury in vitro. Furthermore, overexpression of miR-21 in vivo reduced 
neuronal death, protected against ischemic damage, and improved neurological functions by inhibiting 
p53/Bcl-2/Bax signaling, while inhibition of miR-21 enhanced the p53/Bcl-2/Bax signaling and aggravated 
the ischemic neuronal injury in vivo. Our data uncover a novel mechanism of miR-21 in regulating cerebral 
ischemic neuronal injury by inhibiting p53/Bcl-2/Bax signaling pathway, which suggests that miR-21/p53 
may be attractive therapeutic molecules for treatment of ischemic stroke. 
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However, the precise mechanism of miR-21 in ischemic 

neuroprotection is not completely understood.  

 

The p53 protein is a transcription factor controlling 

transcriptional-dependent apoptosis and necrosis. 

Studies have shown that cerebral ischemic neuronal 

injury was closely related to the activation of p53  

[10, 11]. Application of p53 inhibitors or p53 deficiency 

significantly reduced the damage in various stroke 

models [10, 11]. It seems that p53 plays an important 

role in cerebral ischemic injury and has become a 

therapeutic target against stroke [11]. Accumulate 

evidence showed that p53-mediated neuronal apoptosis 

occurred through a variety of molecular mechanisms, in 

which the activation of p53 in ischemic injury was 

regulated by various non-coding RNAs (ncRNAs)  

[11–14]. It is worth noting that several miRNAs are 

involved in the p53 pathway. They directly inhibit p53 

or its downstream target proteins (such as Bax, Bcl-2, 

Fas, and FasL), indicating the key role of miRNAs in 

the p53 pathway [15–17]. However, the functional 

interaction between miR-21 and p53 pathway in 

ischemic neuronal death is still rarely reported. 

 

In the present study, the level of miR-21 decreased 

while p53 expression was elevated following ischemia. 

Overexpression of miR-21 protected against ischemic 

neuronal injury by inhibiting the p53/Bcl-2/Bax 

signaling pathway, while inhibition of miR-21 enhanced 

the p53/Bcl-2/Bax signaling and aggravated the 

ischemic neuronal injury. These novel findings first 

investigated the role of miR-21 in p53/Bcl-2/Bax 

pathway and characterized their interaction in ischemic 

neuronal injury, suggesting that miR-21/p53 may be 

attractive therapeutic molecules for treatment of 

ischemic stroke. 

 

RESULTS 
 

MiR-21 is down-regulated while p53 is up-regulated 

following ischemia in vitro 

 

In order to explore the potential role of miR-21 and p53 

in ischemic neuronal injury, we examined the effect of 

OGD/R exposure on the expression of miR-21 and p53 

in primary cultured mouse embryonic cortical neurons. 

TUNEL analysis showed that the neuronal death 

induced by OGD/R was significantly higher than that in 

normoxia group (Figure 1A), suggesting that OGD/R 

could induce apoptotic cell death in vitro. In the 

meantime, quantitative reverse transcription-polymerase 

chain reaction (qRT-PCR) revealed that miR-21 was

 

 
 

Figure 1. miR-21 was down-regulated while p53 was up-regulated following ischemia in vitro. (A) TUNEL assay showed that 

OGD/R-induced neuronal death significantly increased compared with the normoxia group. Scale bar, 50μm. (B) qRT-PCR revealed that miR-
21 was remarkably down-regulated following OGD/R in neurons compared with the normoxia group. (C) qRT-PCR and western blot indicated 
that p53 mRNA and protein were both significantly up-regulated following OGD/R. All experiments were independently repeated three times. 
*, compared with normoxia group. *P≤0.05, **P≤0.01, ***P≤0.001.  
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remarkably down-regulated following OGD/R in 

neurons compared with the normoxia group (Figure 

1B). In contrast to the expression change of miR-21 by 

OGD/R exposure, the expression of p53 mRNA and 

protein were both significantly up-regulated following 

OGD/R in vitro (Figure 1C). 

 

Overexpression of miR-21 down regulates p53 

expression, while inhibition of miR-21 up regulates 

p53 expression following ischemia in vitro  

 

Since previous studies have reported that p53 

mediated neuronal apoptosis, and miR-21 provided 

neuroprotection during ischemic injury [4, 8–11], we 

next determined whether miR-21 and p53 interact 

during ischemia in vitro. To elucidate the exact effect 

of miR-21 on the expression of p53 during ischemia 

in vitro, gain-of-function and loss-of-function 

experiments were carried out by transfecting different 

concentrations of miR-21 mimics (30nM, 50nM, 

70nM) or miR-21 inhibitors (10nM, 20nM, 30nM) 

into primary cultured neurons and then treated with 

OGD/R. Neurons transfected with mimic control and 

treated with OGD/R were considered as the negative 

control of miR-21 mimic. Neurons transfected with 

negative control inhibitor (NC inhibitor) and treated 

with OGD/R were considered as the negative control 

of miR-21 inhibitor, while non-transfected neurons 

treated with OGD/R were identified as the blank 

control. Concentration-dependent up-regulation of 

miR-21 was detected in miR-21 mimic-transfected 

neurons, as confirmed by qRT-PCR (Figure 2A). In

 

 
 

Figure 2. Overexpression of miR-21 down regulated p53 expression, while inhibition of miR-21 up regulated p53 expression 
following ischemia in vitro. (A) The modulation of miR-21 expression by transfecting different concentrations of miR-21 mimics into primary 

cultured neurons was confirmed by qRT-PCR. (B, C) The expression of p53 mRNA (B) and protein (C) in neurons decreased in a concentration-
dependent manner with the increase of the concentration of miR-21 mimics. (D) The modulation of miR-21 expression by transfecting different 
concentrations of miR-21 inhibitors into primary cultured neurons was confirmed by qRT-PCR. (E, F) The expression of p53 mRNA (E) and protein 
(F) in neurons increased in a concentration-dependent manner with the increase of the concentration of miR-21 inhibitors. (G, H) The modulation 
of p53 mRNA (G) and protein (H) levels by transfecting different concentrations of p53-siRNAs into primary cultured neurons were confirmed by 
qRT-PCR and western blot. (I) qRT-PCR showed that the expression level of miR-21 did not change significantly with the decrease of p53 
expression. All experiments were independently repeated three times. *, compared with blank control. *P≤0.05; **P≤0.01. 
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response to this, the expression of p53 mRNA and 

protein in neurons decreased in a concentration-

dependent manner with the increase of the 

concentration of mR-21 mimic, as compared to the 

negative control and blank control (Figure 2B, 2C). 

Especially when the concentration of miR-21 mimic 

was 50 and 70 nM, the expression of p53 mRNA and 

protein was significantly down-regulated (Figure 2B, 

2C), suggesting that overexpression of miR-21 

inhibited p53 expression following ischemia in vitro. 

On the other hand, concentration-dependent down-

regulation of miR-21 was detected in miR-21 

inhibitor-transfected neurons, as confirmed by qRT-

PCR (Figure 2D). Loss-of-function experiments 

showed that with the increase of the concentration of 

miR-21 inhibitor, the level of p53 increased in a 

concentration-dependent manner, including mRNA 

and protein levels (Figure 2E, 2F), suggesting that 

inhibition of miR-21 promoted p53 expression 

following ischemia in vitro. 

 

We next assessed whether p53 regulated the expression 

of miR-21 during ischemia in vitro. Since p53 is  

up-regulated following OGD/R, loss-of-function 

experiments were carried out by transfecting different 

concentrations (60nM, 80nM, 100nM) of small 

interfering RNA (siRNA) targeting p53 (p53-siRNA) 

into primary cultured neurons and then treated with 

OGD/R. Neurons transfected with scramble RNA for 

p53-siRNA (p53-s-siRNA) and treated with OGD/R 

were considered as the negative control. Non-

transfected neurons treated with OGD/R were identified 

as the blank control. qRT-PCR and western blot 

confirmed that p53 levels decreased in a concentration-

dependent manner (Figure 2G, 2H). However, the 

expression level of miR-21 did not change significantly 

with the decrease of p53 expression (Figure 2I), 

suggesting that p53 may have no regulatory effect on 

miR-21 expression. 

 

Based on the above results, overexpression of miR-21 

down regulates p53 expression, while inhibition of miR-

21 up regulates p53 expression following ischemia 

following ischemia in vitro, thus, p53 may be a 

downstream regulator of miR-21.  

 

MiR-21/p53 axis regulates Bcl-2/Bax following 

ischemia in vitro 

 

The p53 can promote apoptosis through interactions 

with Bcl-2 family proteins (such as Bax, a factor that 

promotes apoptosis, and Bcl-2, a factor that inhibits 

apoptosis). Based on the inhibitory effect of miR-21 on 
p53 expression, we further determined the functional 

interaction between miR-21 and p53/Bcl-2/Bax 

signaling following ischemia in vitro. Firstly, p53-

expressing plasmids (pcDNA-p53) were constructed to 

up-regulate the expression of p53. Neurons transfected 

with vector (pcDNA) and treated with OGD/R were 

considered as the negative control. Non-transfected 

neurons treated with OGD/R were identified as the 

blank control. The modulation of p53 expression by 

transfecting pcDNA-p53 into primary cultured neurons 

was confirmed by qRT-PCR and western blot (Figure 

3A, 3B). Then, we detected the effect of miR-21 on 

Bcl-2/Bax signaling. We found that overexpression of 

miR-21 in neurons inhibited the expression of Bax, 

while up-regulated the expression of Bcl-2 following 

OGD/R. To further validate the role of the miR-21/p53 

axis in the regulation of Bcl-2/Bax, neurons were co-

transfected with miR-21 mimic and pcDNA-p53 

plasmid to detect the effect of p53 overexpression on 

the decrease of Bax and increase of Bcl-2 induced by 

miR-21 mimic following OGD/R. Notably, the 

introduction of pcDNA-p53 vector could weaken the 

inhibition of miR-21 mimic on Bax and the promotion 

of miR-21 mimic on Bcl-2 in neurons (Figure 3C, 3D). 

Taken together, the miR-21/p53 axis may regulate the 

expression of Bcl-2/Bax following ischemia in vitro.  

 

MiR-21 protects OGD/R-induced injury by 

inhibiting p53/Bcl-2/Bax signaling in vitro  

 

To further validate the role of miR-21/p53 axis in the 

OGD/R-induced injury in vitro, TUNEL assay and flow 

cytometry based-Annexin V-FITC/PI double-staining 

were performed to test the cell apoptosis following 

OGD/R. From Figure 4A, TUNEL staining showed that 

up regulation of miR-21 significantly inhibited OGD/R-

induced neuronal apoptosis, as reflected by the 

decreased percentage of TUNEL positive cells 

(TUNEL+) in the miR-21 mimic treatment group 

compared with that in the blank control group. 

However, the introduction of pcDNA-p53 (miR-21 

mimic + pcDNA-p53 treatment group) reversed the 

inhibitory effect of miR-21 mimic on neuronal 

apoptosis (Figure 4A). Flow cytometry analysis was 

also performed to detect cell apoptosis, including the 

early and late apoptosis. Early apoptotic cells could be 

labeled by Annexin V-FITC staining (Figure 4B, the 

second quadrant), late apoptotic cells could be 

simultaneously labeled by Annexin V-FITC and 

propidium iodide (PI) (Figure 4B, the first quadrant), 

and living cells were neither labeled by Annexin V-

FITC nor PI (Figure 4B, the third quadrant). Consistent 

with the results of TUNEL staining, flow cytometry 

analysis demonstrated that up-regulation of miR-21 in 

neuronal cells mitigated OGD/R-induced cell apoptosis 

compared with the blank control group (whether it is 
early apoptosis, late apoptosis rate, or total apoptosis), 

whereas the effect was attenuated by p53 

overexpression (Figure 4B). Moreover, the introduction 
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Figure 3. miR-21/p53 axis regulated Bcl-2/Bax following ischemia in vitro. (A, B) The modulation of p53 mRNA and protein 

expression by transfecting pcDNA-p53 into primary cultured neurons were confirmed by qRT-PCR (A) and western blot (B). (C, D) Effect of 
miR-21/p53 axis on the mRNA (C) and protein (D) expression of Bcl-2 and Bax. All experiments were independently repeated three times. *, 
compared with blank control. *P≤0.05, **P≤0.01. #, compared with miR-21 mimic + vector group. #P≤0.05. 
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Figure 4. miR-21 protected OGD/R-induced injury by inhibiting p53-Bcl-2/Bax signaling in vitro. (A) Effect of miR-21/p53 axis on 
the percentage of TUNEL+ cells. Scale bar, 50μm. (B) Effect of miR-21/p53 axis on the percentage of early, late, and total apoptosis. All 
experiments were independently repeated three times. *, compared with blank control. *P≤0.05. #, compared with miR-21 mimic + vector 
group. #P≤0.05. 
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of pcDNA-p53 mainly reversed the inhibitory effect of 

miR-21 mimic on late apoptosis and total apoptosis 

(Figure 4B). Thus, the results demonstrated that 

overexpression of miR-21 protected OGD/R-induced 

cell apoptosis by targeting p53. Combined with the 

above results that miR-21/p53 axis regulated the 

expression of Bcl-2/Bax following OGD/R, we 

speculated that miR-21 may protect OGD/R-induced 

injury by inhibiting p53-Bcl-2/Bax signaling in vitro. 
 

MiR-21 regulates the p53-Bcl-2/Bax signaling 

following ischemia in vivo 

 

Based on the above results, miR-21 may protect 

ischemic neuronal death by inhibiting the p53-Bcl-

2/Bax signaling pathway in vitro. To further evaluate 

the role of miR-21/p53/Bcl-2/Bax pathway in ischemic 

neuronal damage following I/R in vivo, middle cerebral 

artery occlusion (MCAO) was performed to induce 

focal cerebral ischemia in mice. After modeling, the 

infarcted tissues in the ischemic core area were 

separated for qRT-PCR and western blot assays. The 

sham-operated animals were identified as the control 

group.  

 

We first verified whether miR-21/p53/Bcl-2/Bax 

signaling pathway is activated following cerebral 

ischemia and whether miR-21 regulates the p53/Bcl-

2/Bax signaling following ischemia in vivo. As expected, 

miR-21 and Bcl-2 were downregulated, while p53 and 

Bax were upregulated following I/R in the MCAO group 

compared with the sham group (Figure 5A–5F). To 

evaluate the effect of miR-21 expression on p53/Bcl-

2/Bax signaling in vivo, miR-21 mimic, mimic control, 

miR-21 inhibitor, or NC inhibitor was injected into the 

lateral ventricle of mice before MCAO operation by 

using in vivo transfection reagent. After MCAO 

operation, the up-regulation of miR-21 in mice injected 

with miR-21 mimic compared with mimic control was 

confirmed by qRT-PCR (Figure 5A). Meanwhile, up 

regulation of miR-21 expression significantly reduced 

the mRNA and protein levels of p53 and Bax, and 

increased the mRNA and protein levels of Bcl-2 (Figure 

5B–5C), which verified the regulatory effect of miR-21 

mimic on p53/Bcl-2/Bax signaling pathway following 

I/R in vivo. The decline of miR-21 in mice injected with 

miR-21 inhibitor compared with NC inhibitor was also 

confirmed by qRT-PCR (Figure 5D). However, unlike 

the inhibitory effect of miR-21 mimic on p53/Bcl-2/Bax 

signaling, miR-21 inhibitor substantially promoted the 

expression of p53 and Bax, and down-regulated the 

expression of Bcl-2, including mRNA and protein levels 

(Figure 5E–5F). Thus, both the gain-of-function 
experiment and the loss-of-function experiment 

suggested that miR-21 regulated the p53/Bcl-2/Bax 

signaling following ischemia in vivo. 

MiR-21/p53/Bcl-2/Bax signaling regulates ischemic 

neuronal injury in vivo 

 

Given that miR-21 regulated the p53/Bcl-2/Bax 

signaling following ischemia in vivo, we next further 

extended our analysis of the miR-21/p53/Bcl-2/Bax 

signaling pathway in ischemic damage and neurological 

functions. Much fewer TUNEL+ cells were detected in 

the ischemic regions in mice injected with miR-21 

mimic compared with mimic control treatment group 

(Figure 6A), but a remarkable increase of TUNEL+ cells 

was observed in the ischemic regions in mice injected 

with miR-21 inhibitor compared with NC inhibitor 

treatment group (Figure 6A), suggesting that 

overexpression of miR-21 in vivo effectively reduced 

ischemic neuronal death, while inhibition of miR-21 in 

vivo further aggravates the ischemic neuronal death 

following I/R. 2,3,5-Triphenyltetrazolium chloride 

(TTC) staining was performed to visualize the ischemic 

lesions (unstained brain areas). It is worth noting that 

injection of miR-21 mimic significantly improved the 

volume of cerebral infarction induced by I/R, as 

reflected by the reduction of infarct areas in each 

coronal brain slice or the total cerebral infarct volumes, 

thus protecting the brain from ischemic injury (Figure 

6B). However, inhibition of miR-21 notably increased 

I/R-induced infarct volume, resulting in the aggravation 

of ischemic neuronal injury (Figure 6B). In addition, the 

neurological scoring system was used to assess the 

neurological deficits following I/R at 24 h reperfusion. 

As shown in Figure 6C, mice injected with miR-21 

mimic revealed a better neurological status following 

ischemia compared with the mimic control treatment 

group, as reflected by the decreased neurologic deficit 

score in the miR-21 mimic treatment group. 

Nevertheless, mice injected with miR-21 inhibitor 

showed a worse neurological status with a higher 

neurologic deficit score compared with the NC inhibitor 

treatment group. Taken together, overexpression of 

miR-21 protected ischemic neuronal injury and 

improved neurological deficits in vivo, while inhibition 

of miR-21 further aggravated the ischemic neuronal 

injury. Combined with the effect of miR-21 expression 

on p53/Bcl-2/Bax signaling following I/R, we 

speculated that miR-21/p53/Bcl-2/Bax signaling may 

regulate ischemic neuronal injury in vivo. 

 

DISCUSSION 
 

Various miRNAs have been demonstrated to regulate 

important target genes involved in stroke [18, 19]. 

Among the reported miRNAs, miR-21 is a key factor in 

the pathogenesis of different types of strokes [19]. For 

ischemic stroke, some previous studies have shown that 

miR-21, as an important miRNA promoting survival 

and inhibiting apoptosis in the development of cerebral 
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ischemia, might be a potential diagnostic biomarker or 

therapeutic target for this type of stroke [4, 8, 9, 20]. In 

this study, miR-21 was down-regulated following 

ischemia in vitro and in vivo, overexpression of miR-21 

alleviated OGD/R or MCAO/R-induced neuronal injury, 

while inhibition of miR-21 aggravated the ischemic 

neuronal injury, further demonstrating the protective 

effect of miR-21 on ischemic stroke. However, we

 

 
 

Figure 5. MiR-21 regulated the p53/Bcl-2/Bax signaling following ischemia in vivo. (A) qRT-PCR indicated the effect of miR-21 
mimic and mimic control on the expression of miR-21 following I/R in vivo. (B, C) qRT-PCR (B) and western blot (C) indicated the effect of miR-
21 mimic and mimic control on mRNA and protein levels of p53, Bax, and Bcl-2 following I/R in vivo. (D) qRT-PCR indicated the effect of miR-
21 inhibitor and NC inhibitor on the expression of miR-21 following I/R in vivo. (E, F) qRT-PCR (E) and western blot (F) indicated the effect of 
miR-21 inhibitor and NC inhibitor on mRNA and protein levels of p53, Bax, and Bcl-2 following I/R in vivo. Eight mice were randomly selected 
from each treatment group. *, compared with the sham group. *P≤0.05, **P≤0.01, ***P≤0.001. #, mimic control + MCAO group vs. miR-21 
mimic + MCAO group, or NC inhibitor + MCAO group vs. miR-21 inhibitor + MCAO group. #P≤0.05, ##P≤0.01. 
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Figure 6. MiR-21/p53/Bcl-2/Bax signaling regulates ischemic neuronal injury in vivo. (A) Representative images showed the 

TUNEL-labeled cells in the brain slices. Bar graph summarized the numbers of TUNEL+ cells (fold) in the ischemic region. Scale bar, 1000μm. 
(B) Brain infarction was visualized by TTC staining at 24 h after operation. Curve lines summarized infarct areas in the ipsilateral hemisphere 
normalized to the total areas of the contralateral hemisphere in sequential coronal brain slices. Bar graph showed the volumes of total 
cerebral infarct in the ipsilateral hemisphere normalized to the total volumes of the contralateral hemisphere. (C) Neurologic deficits were 
analyzed by a neurologic deficit score. Eight mice were randomly selected from each treatment group. *, mimic control + MCAO group vs. 
miR-21 mimic + MCAO group. *P≤0.05, **P≤0.01, ***P≤0.001. #, NC inhibitor + MCAO group vs. miR-21 inhibitor + MCAO group. #P≤0.05, 
##P≤0.01.  
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found a problem worthy of discussion. Buller et al. 

found that miR-21 was significantly elevated in the 

ischemic boundary zone [9], here, our results indicated 

a decreased expression of miR-21 in the tissues isolated 

from ischemic core, which was opposite to that in the 

ischemic boundary zone. Since the ischemic hemisphere 

consists of ischemic core, ischemic boundary zone, and 

non-ischemic areas, expression patterns for some 

molecules may vary in different brain areas. Previous 

studies have observed significantly different or 

diametrically opposite patterns of gene expression 

between the ischemic core and penumbra [21, 22]. 

Thus, the expression pattern for miR-21 may vary in 

different brain regions following ischemia, and the 

differential expression of miR-21 between ischemic 

core and penumbra may have guiding significance for 

the selection of ischemic intervention strategies. 

 

p53 is a transcription factor that is widely known as a 

tumor suppressor protein. In recent years, the p53 

pathway has been demonstrated to be one of the 

mechanisms of regulating apoptosis in response to 

multiple signals [23]. Mechanically, p53-mediated 

apoptosis can be triggered by multiple miRNAs [23]. 

Several studies have reported the simultaneous 

occurrence of both miR-21 overexpression and p53 

functional impairment in some cancer types, and miR-

21 could inhibit the activity or expression level of many 

genes in p53 signaling network [24–26], which 

suggested a possible interaction between miR-21 and 

p53. Moscetti et al. evidenced the direct interaction 

between miR-21-3p and p53 DNA Binding Domain 

(p53-DBD) in vitro, providing a possible role of miR-

21-3p in p53 functional impairment [27]. Although 

studies have reported the impact of miR-21 on p53 and 

multiple genes in the p53 network, most of the research 

focused on the role of miR-21/p53 signaling in various 

tumors [24–26]. However, the crosstalk between p53 

and miR-21 in ischemic stroke remains unclear. In the 

present study, p53 was up-regulated following ischemia 

in vitro and in vivo, which was contrary to that of miR-

21. And p53 was a downstream regulator of miR-21, 

overexpression of miR-21 inhibited the expression of 

p53 following ischemia in vitro and in vivo, while 

inhibition of miR-21 in vitro and in vivo promoted p53 

expression following ischemia, suggesting miR-21/p53 

axis may play a potential role in ischemia. 

 

The main way of p53 mediated apoptosis is to promote 

the gene transcription of downstream pro-apoptotic 

factors, which in turn triggers mitochondrial pathways 

[23]. Mitochondrial dysfunction mediated by Bcl-2 

family is an important event of apoptosis [28]. Bcl-2, 
which inhibits apoptosis, and Bax, which promotes 

apoptosis, are representatives of the Bcl-2 family. 

p53/Bcl-2/Bax interaction has been approved to trigger 

cell apoptosis in multiple diseases [28, 29]. However, 

the functional interaction between miR-21 and 

p53/Bcl-2/Bax signaling following ischemia has not 

been explored. Here, our results indicated that 

overexpression of miR-21 in neuronal cells inhibited 

Bax expression, while promoted Bcl-2 expression 

following OGD/R and I/R. Moreover, the effect of 

miR-21 up-regulation on Bax and Bcl-2 expression 

could be attenuated by overexpression of p53 at the 

same time, further confirming that the miR-21/p53 

axis may regulate the expression of Bcl-2/Bax 

following ischemia in vitro. Based on the above 

results, we speculated that miR-21/p53/Bcl-2/Bax 

signaling may be involved in OGD/R-induced 

neuronal injury. As we expected, up-regulation of 

miR-21 significantly mitigated OGD/R-induced 

neuronal apoptosis, whereas the effect was attenuated 

by p53 overexpression at the same time, providing the 

evidence that miR-21 protected OGD/R-induced injury 

by inhibiting p53/Bcl-2/Bax signaling. Accordingly, 

the above results seems to point to the importance of 

miR-21 in the protection of ischemic injury by 

targeting p53/Bcl-2/Bax signaling.  

 

To extend this analysis to neuroprotection and cerebral 

ischemia treatment, overexpression or inhibition of 

miR-21 in vivo was performed to detect the effect of 

miR-21 on p53/Bcl-2/Bax signaling and cerebral 

ischemic damage. The results indicated that up 

regulation of miR-21 significantly decreased the level 

of Bax and increased the level of Bcl-2 in vivo. 

Meanwhile, ischemic neuronal death was also abolished 

by miR-21 up-regulation. It is worth noting that 

overexpression of miR-21 significantly reduced I/R-

induced brain infarct volume and improved neurological 

deficits following I/R, suggesting the regulatory effect 

of miR-21/p53/Bcl-2/Bax signaling in ischemic injury. 

Moreover, inhibiting the expression of miR-21 

substantially promoted the expression of p53 and Bax, 

down-regulated the expression of Bcl-2, and aggravated 

the ischemic neuronal injury in vivo, which further 

verified the regulatory effect of miR-21/p53/Bcl-2/Bax 

signaling in ischemic injury.  

 

In conclusion, this study represents the first time that 

miR-21 regulates ischemic neuronal injury via the 

p53/Bcl-2/Bax signaling pathway. Thus, we uncover a 

novel mechanism of miR-21 in regulating cerebral 

ischemic injury, suggesting that miR-21/p53 may be 

attractive therapeutic molecules for treatment of 

ischemic stroke. However, this study also has some 

limitations. Firstly, it was reported that there was no 

miR-21 binding site in the p53 3’UTR in either human 
or mouse [25], yet Moscetti et al. evidenced the direct 

interaction between miR-21-3p and p53-DBD [27]. So 

whether miR-21 represses the expression of p53 



 

www.aging-us.com 22252 AGING 

following ischemia by binding with p53-DBD still 

needs to be verified by more molecular biological 

experiments. Secondly, although we indicated that miR-

21 protected against ischemic neuronal injury by 

inhibiting the p53/Bcl-2/Bax signaling pathway, we 

didn’t exclude the existence of other miR-21 or p53 

targets that may be involved in ischemic neuronal 

damage. 

 

MATERIALS AND METHODS 
 

Animals 

 

Adult male C57BL/6 mice at about 90 days old of age 

were used for in vivo study. The mice were housed 

under standard housing conditions. All animal 

experiments were approved by the Institutional Animal 

Care and Use Committee of Renmin Hospital of Wuhan 

University.  

 

Cell culture 

 

The cerebral cortex was isolated from E16-18 mice 

embryos on ice. Primary cortical neurons were 

enzymatically digested by using trypsin (Invitrogen, 

Shanghai, China). Then the dissociated cells were 

seeded on coverslips or plates coated with poly D-lysine 

(PDL). Cells were first cultured in DMEM/F12 medium 

(Invitrogen) containing 10% FBS. After 4h of culture, 

half of the medium was replaced by Neurobasal 

medium (Invitrogen) supplemented with 4% B27. After 

that, replaced half of the medium with fresh medium 

every 3 days. 

 

OGD/R  

 

For OGD treatment, cortical neurons (after culture for 

10-12 days) were cultured in glucose-free bicarbonate 

buffer (pH 7.4) and placed in a hypoxia chamber for 3 

h. After challenged with OGD, the glucose-free 

bicarbonate buffer was removed. Neurons were grown 

in fresh complete culture medium and incubated in 

5% CO2 at 37° C for 24 h to achieve reoxygenation. 

Cells in the normoxic group were not subjected to 

OGD. 

 

TUNEL assay 

 

The cultured neurons were fixed with 4% 

formaldehyde. Brain tissues were fixed, paraffin 

embedded and cut at 4 μm. Primary cortical neurons or 

brain slices were placed in a dark box and incubated 

with TUNEL staining solution at room temperature for 

1 h. The number of TUNEL-positive cells was counted 

with fluorescence microscopy and quantified by using 

Image J software. 

RNA extraction and qRT-PCR 

 

Total RNAs were extracted by using TRIzol reagent 

(Invitrogen). After the RNAs were reversely 

transcribed to cDNA, the mRNA level of p53, Bcl-2 

and Bax were examined by qRT-PCR with SYBR 

Green Real-Time PCR Master Mixes (ThermoFisher, 

Waltham, MA, USA). For miR-21 analysis, TaqMan 

miRNA assay kit (ThermoFisher) was used to 

quantify miRNA expression. U6 and GAPDH were 

used as the internal control to normalize gene 

expression. 

 

Western blot assay 

 

The total protein was extracted with RIPA lysis buffer. 

Western blot assay was performed as described 

previously [4, 14]. The antibodies used in this paper are 

as follows: anti-p53 antibody (catalogue number sc-126, 

1: 500 dilution; Santa Cruz, CA, USA), anti-Bax 

antibody (catalogue number sc-7480, 1: 500 dilution; 

Santa Cruz), anti-Bcl-2 antibody (catalogue number sc-

7382, 1: 500 dilution; Santa Cruz), and anti-β-actin 

(catalogue number sc-8432, 1: 1000 dilution; Santa 

Cruz). LI-COR Odyssey Imaging System was applied to 

image and analyze the protein bands. The protein levels 

of p53, Bax and Bcl-2 were normalized to that of β-

actin. 

 

Cell transfection 

 

miR-21 mimic was designed to overexpressed miR-21 

expression, and mimic control was considered as the 

negative control of miR-21 mimic. miR-21 inhibitor 

was designed to inhibit miR-21 expression, and 

negative control inhibitor (NC inhibitor) was 

considered as the negative control of miR-21 inhibitor. 

p53-siRNA has been designed to specifically silence 

p53 expression. p53-s-siRNA was considered as the 

negative control of p53-siRNA. The p53 expressing 

plasmid (pcDNA-p53) was constructed by cloning the 

p53 sequence into a pcDNA vector. The pcDNA 

empty vector was considered as the negative control of 

pcDNA-p53. Cortical neurons were transfected with 

above reagents by using Lipofectamine 2000 

(Invitrogen). 

 

Flow cytometry analysis 

 

Apoptosis was also detected by flow cytometry 

analysis. The neuronal cells were stained with FITC-

conjugated Annexin V and PI in no-light condition by 

using the Annexin V-FITC/PI Apoptosis Detection Kit 
(Vazyme Biotech, Tianjin, China). After 15 min of 

staining, the cells were analyzed by using a Beckman 

Coulter FC500 flow cytometer. 
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Stereotaxic injection and MCAO model  

 

Firstly, stereotaxic injection of miR-21 mimic or mimic 

control into the lateral ventricle of mice was performed. 

After anesthesia, mice were fixed on a stereotaxic 

apparatus. 5 μl of miR-21 mimic (or mimic control) and 

5 μl of in vivo transfection reagent (Entranster™-in 

vivo; Engreen, Beijing, China) were mixed and injected 

into the lateral ventricle of mice. One day post-

injection, MCAO was performed as described 

previously [4, 14]. After 60 min of occlusion, the 

MCAO suture was removed, followed by reperfusion 

for 24h. The sham-operated mice received the same 

operations as the MCAO group except without 

stereotaxic injection and the MCAO suture insertion. 

 

TTC staining 

 

TTC staining was applied to measure the volume of 

cerebral infarction. The mice were sacrificed and 

quickly removed the brains at 24 h post MCAO or sham 

operations. Then, freeze the brain at -20° C for 30 min 

quickly. The frozen brain was sliced into 6 slices along 

the coronal plane on ice. Afterward, coronal sections 

were placed in 1% TTC solution, coverd with tin foil, 

then incubated at 37° C for 30 minutes, and fixed 

overnigh. Infarct volume was calculated by Image J 

software.  

 

Neurologic deficit score 

 

A neurologic deficit score was performed to assess the 

neurological status of mice following ischemia at 24 h 

reperfusion. 0: no neurological deficits; 1: the front 

paws on the paralyzed side can not be fully extended; 2: 

turning to the paralyzed side when walking; 3: dumping 

to the paralyzed side when walking; 4: impaired 

consciousness or unable to spontaneously walk.  

 

Statistical analysis 

 

All data are expressed as mean ± standard deviation 

(SD) of 3 independent experiment. The main parameter 

tests were t-tests and one-way ANOVAs. P<0.05 was 

considered statistically significant. 
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chain reaction; siRNA: small interfering RNA; p53-

siRNA: siRNA targeting p53; p53-s-siRNA: scramble 
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