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Abstract: Objectives: The purpose of our study was aimed to investigate the effects of microRNA-21 (miR-21) and 
microRNA-24 (miR-24) inhibitors on ischemic stroke. Methods: MiR-21 inhibitor or miR-24 inhibitor was delivered 
to Sprague Dawley (SD) rats by continuous intracerebroventricular infusion. Two days later, middle cerebral artery 
occlusion (MCAO) was performed to induce ischemic stroke. Quantitative real-time PCR was performed to confirm 
transfection efficiency. The number of apoptotic neurons was detected using TUNEL method. Besides, primary hip-
pocampal or cortical neuronal cultures were prepared from embryonic day 16-18 C57BL/6 mice. These cells were 
transfected with miR-21 inhibitor, miR-24 inhibitor, or negative scramble RNA. Then the cell viability was detected 
after transfection, as well as the protein levels of Caspase-3, B-cell lymphoma (Bcl)-xL, and heat shock protein 
(HSP) 70. Results: Both the levels of miR-21 and miR-24 were significantly reduced by transfection with inhibitors 
compared to control group or scramble RNA group (both P < 0.05). The apoptosis was significantly reduced in both 
hippocampal neuron and cortical neuron by miR-24 inhibitor rather than miR-21 inhibitor (P < 0.05), while the cell 
viability was significantly increased compared to the control group or the scramble group (P < 0.05). In addition, the 
levels of Bcl-xL and HSP70 were significantly increased, and the levels of Caspase-3 were statistically decreased by 
transfection with miR-24 inhibitor. Conclusion: MiRNA-24 but not miR-21 inhibitor prevents apoptosis in ischemic 
stroke by regulation of Bcl-xL, Caspase-3 and HSP70. 
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Introduction

Stroke is a major cause of functional impair-
ment. It represents the third most common 
cause of death in developed countries, follow-
ing coronary heart diseases and malignancy 
[1]. Approximately 85% of all strokes are isch-
emic in origin [2, 3]. Multiple factors are associ-
ated with high risk of stroke, such as hyperten-
sion, atherosclerosis, type 2 diabetes, hyperlip-
idemia, hyperhomocysteinemia, and smoking 
and alcohol consumption [4]. Nevertheless, the 
prevalence of ischemic stroke is projected to 
increase among young adults [5]. It has been 
estimated that about 2.5 million people suffer 
from stroke and 1 million die from stroke-relat-
ed disability every year in China, imposing a 
substantial financial burden on healthcare sys-
tem [6]. Although tremendous progress and 

strides have been made in recent years in iden-
tifying the molecular basis of ischemic cerebral 
stroke, there is still a great deal of room for 
improvement.

Recently, microRNAs (miRNAs) have been de- 
scribed to play a possible role in the pathophys-
iology of various human diseases. MiRNAs are 
a novel family of small, endogenous, non-cod-
ing RNAs that regulate gene expression by bind-
ing to mRNAs [7]. It has been reported that 
more than 20% of the miRNAs alter in the isch-
emic brain, demonstrating that miRNAs are 
promising mediators in the pathogenesis of 
ischemic stroke [5, 8-12]. Therefore, identifi- 
cation of these miRNAs may not only facilitate 
the illumination of the underlying molecular 
mechanisms of ischemic stroke, but also pro-
vide novel therapeutic targets for early diagno-
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sis and treatment of ischemic stroke. Among 
the miRNAs identified in ischemic stroke, miR-
21 has been reported to have an anti-apoptotic 
effect on N2A neuroblastoma cells that are 
exposed to oxygen-glucose deprivation (OGD) 
and reoxygenation, while miR-24 may have a 
pro-apoptotic effect by regulating anti-apoptot-
ic and pro-apoptotic proteins [13]. However, lit-
tle information is available regarding the effects 
of miR-21 and miR-24 inhibitors on middle cere-
bral artery occlusion (MCAO) model in vivo and 
on primary hippocampal or cortical neuronal 
cultures in vitro, as well as the underlying 
mechanism.

Therefore, we aimed to explore the effects of 
transfection of miR-21 and miR-24 inhibitors on 
neuron apoptosis, and whether these effects 
were involved in targeting anti-apoptotic (B-cell 
lymphoma (Bcl)-xL), pro-apoptotic protein (Cas- 
pase 3), and heat shock proteins (HSP) 70. Our 
results might provide new insights into the pos-
sible novel therapeutic targets for the treat-
ment of ischemic stroke.

Material and methods

Animals

Eight-week-old male Sprague Dawley (SD) rats 
(weighing 250-300 g) and embryonic day 16-18 
C57BL/6 mice were used in the study. All the 
animals were purchased from Slaccas Lab 
Animal Ltd (Shanghai, China). The animals were 
housed in polypropylene cages under a 12:12 
light/dark cycle with free access to tap water 
and a standard diet prior to the test. All meth-
ods and procedures concerning use of the  
animals were reviewed and approved by the 
Institutional Animal Ethics Committee.

MCAO

The SD rats were subjected to undergo MCAO 
by electrocoagulation as previously described 
[14]. Briefly, the rats were anesthetized with 4% 
isoflurane during induction and 2% for mainte-
nance in a 30/70 mixture of 30% O2/N2O. Body 
temperature was controlled at 37.0 ± 0.5°C 
with a Homeothermic Blanket System (Harvard 
apparatus, USA). The rats were placed in a 
supine position, and then a 2 cm skin incision 
was implemented. Right common carotid artery 
(CCA), internal carotid artery (ICA), and external 
carotid artery (ECA) were exposed and carefully 

isolated. CCA and ECA were ligated with a 5-0 
surgical sutures suture, and while ICA was tem-
porarily clipped with an artery clip. A modified 
PE-50 catheter (BD, San Jose, CA, USA) that 
was filled with a fibrin rich clot was gently 
advanced from the right ECA into the ICA lumen, 
near the origin of the MCA. After injection, the 
catheter was withdrawn immediately and the 
right ECA was ligated. The blood flow was 
restored after occlusion. The changes of blood 
flow were recorded using a laser-Doppler flow-
metry monitor (moorVMS-LDF, Moor Instru- 
ments, UK). One hour after MCAO, the rats were 
maintained in an air-ventilated incubator at 
24.0 ± 0.5°C for 24 hours. Thereafter, the ani-
mals were sacrificed under anesthesia, and the 
brains were quickly harvested for biochemical 
assays and infarct determination. 

In vivo miR inhibitors delivery to the rat brain

The procedure was carried out as previously 
described [15-17]. Briefly, the SD rats were 
anesthetized and fixed to a stereotaxic appara-
tus. The left lateral ventricle of the brain was 
stereotaxically implanted with a brain infusion 
cannula (Bregma: -0.22 mm; Dorsoventral: 3 
mm; Lateral: 1 mm) connected with a micro-
osmotic pump (Model 1004, Alzet, Cupertino, 
CA, USA). Continuous intracerebroventricular 
infusion of miR-21 inhibitor, negative control of 
scramble RNA for miR-21 inhibitor (Exiqon, 
Woburn, MA, USA), miR-24 inhibitor, and nega-
tive control of scramble RNA for miR-24 inhibi-
tor (Dharmacon and Shanghai GenePharma 
Co, China) was delivered to the brain at a rate of 
0.2 ml/minute. After two days of delivery, MCAO 
was performed to the animals. 

RNA isolation and quantitative real-time PCR 
for miRNA

The cells were lysed and total RNA was isolated 
using the miRNeasy Mini kit (Qiagen, Valencia, 
CA, USA). For miRNA cDNA synthesis, miRNA 
was reverse transcribed with the miRNA Re- 
verse Transcription kit (Applied Biosystems, 
Foster City, CA, USA) and amplified by the SYBR 
Green reporter (Applied Biosystems). Quantita- 
tive PCR reactions were performed by using an 
ABI PRISM® 7000 instrument (Applied Bio- 
systems). U6 was used to normalize the expres-
sion of miRNAs for each sample. Data of gene 
expression was determined by using 2-ΔΔCT 
method. 
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Determination of apoptosis

The number of apoptotic neurons was detected 
using TUNEL method (Roche Diagnostics AG, 
Rotkreuz, Switzerland). Briefly, the brains were 
quickly harvested, embedded in paraffin, depa-
raffinized with dimethylbenzene, hydrated with 
in a gradient of ethanol, and washed with dis-
tilled water. Apoptosis assay was identified 
using an Apoptag Red in situ apoptosis detec-
tion kit (Chemicon International Inc.) according 
to manufacturer’s instruction. The samples 
were identified by fluorescence microscopy 
(Olympus, Tokyo, Japan). Ten fields were ran-
domly selected to assess the percentage of 
apoptotic cells.

Primary hippocampal or cortical neuronal cul-
tures

Hippocampal or cortical neuronal were pre-
pared from embryonic day 16-18 C57BL/6 
mice according to previously described meth-
ods [18]. Briefly, the cerebral cortices and hip-
pocampus of fetus mice were dissected out 
and the meninges were carefully removed. 
Cells (1 × 106 cells/mL) were maintained in 
poly-D-lysine (Sigma, St. Louis, MO) coated 
plates in Dulbecco’s modified eagle medium 
(DMEM) medium (Life Technologies) with 10% 
fetal bovine serum (FBS) (Life Technologies). 
After 4-6 h of culture, the cultures were replen-
ished with Neurobasal medium (Life Techno- 
logies) containing 100 U/mL penicillin, 100 μg/
mL streptomycin, 2% B27, and 0.5 mM gluta-
mine (Life Technologies) at 37°C with 5% CO2. 
The medium was changed every three days. 

In vitro transfection of miR inhibitors

Cells were plated in 96-well plates (5 × 105 
cells/well) in antibiotic-free medium for 24 h 
prior to transfection. The cells were transfected 
with miR-21 inhibitor, miR-24 inhibitor, or their 
corresponding negative scramble RNA at a final 
concentration of 50 nM using Lipofectamine 
2000 (Invitrogen) according to the manufactur-
er’s protocols. After 48 h of transfection, the 
cells were harvested for further analysis.

Determination of cell viability 

After transient transfection with miR-21 inhibi-
tor, miR-24 inhibitor, or negative scramble RNA, 
cell viability was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) colorimetric assay. Briefly, the neuron 
cells were placed in 96-well plates at a final 
concentration of 1 × 105 per mL in culture 
medium, and were incubated at 37°C with 5% 
CO2. At different time points (0 h, 24 h, and 72 
h), 10 μl MTT was added to each well, and incu-
bated at 37°C for another 2 h. The absorbance 
at 595 nm was read on a microplate reader (Bio 
Tek Instruments, Winooski, VT, USA).

Western blotting analysis

Proteins were extracted from hippocampus, 
and the protein concentrations were assessed 
using a BCA assay kit (TaKaRa BIO INC, Japan). 
The protein samples were resolved in a 10-12% 
sodium dodecyl sulfate (SDS)-polyacrylamide 
gel electrophoresis. Proteins were then trans-
ferred to polyvinylidene fluoride (PVDF) mem-
brane, and blocked with 5% nonfat milk in Tris-
buffered saline-Tween (TBST) 20 for 2 h at 
room temperature. Membranes were then incu-
bated with primary antibody overnight. The 
antibodies were shown as follows: anti-Cas-
pase-3 (1:1000; Santa Cruz Biotechnology), 
anti-Bcl-xL (1:1000; Cell Signaling Technology, 
Beverly, MA), or anti-HSP70 (1:1000; Santa 
Cruz Biotechnology). An anti-GAPDH antibody 
was used as a loading control. Membranes 
were washed and incubated for 2 h in the pres-
ence of appropriate horseradish peroxidase 
(HRP)-conjugated secondary antibody. The pos-
itive reaction was visualized by using 3, 
3’-diaminobenzitine (DAB) solution (Sigma, St. 
Louis, MO) with a chemiluminescent Immobilon 
Western blotting detection system (Millipore 
Corp., Billerica, MA).

Statistical analysis

Data are reported as mean ± standard devia-
tion (SD). Measurement data were tested by 
using Student’s t-test or one-way analysis of 
variance (ANOVA) followed by post-hoc Tukey 
test. Statistical analyses were conducted using 
statistical package for the social sciences 
(SPSS, version 19.0, SPSS Inc., Chicago, IL). A 
statistical significance was defined when P < 
0.05.

Results

Transfection efficiency

To confirm the effects of miR-21 and miR-24 
inhibitors on stroke, miR-21 inhibitor, miR-24 
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inhibitor, or the negative control of scramble 
RNA was delivered to brain using stereotaxic 
injection. The levels of miR-21 and miR-24 in 
brain tissue were determined by real-time PCR. 
As shown in Figure 1A and 1B, the levels of 
miR-21 and miR-24 in the ischemic area were 
both significantly lower than those in the con-
trol group or scramble RNA group (both P < 
0.05), indicating that the brain tissue had been 
successfully transfected with miR-21 and miR-
24 inhibitors .

Apoptosis rate after transfection with miR in-
hibitors 

To explore the effects of miR-21 and miR-24 
inhibitors on neuronal apoptosis, TUNEL meth-
od was performed after transfection with miR 
inhibitors. The number of apoptotic cells was 
examined by ten high magnification of each 
sample. The results revealed that there were 
significantly less apoptotic cells (either in the 
hippocampal neuron or the cortical neuron) in 
the miR-24 inhibitor group compared to the 
control group or the scramble group (both P < 
0.05). Although the apoptotic hippocampal 
neuron cells or cortical neuron cells in the miR-
21 group were reduced compared to the con-
trol group or the scramble group, no significant 
differences were found (Figure 2A-D). These 
results demonstrated that inhibition of miR-24 
but not miR-21 prevented MCAO-induced neu-
ronal apoptosis and death.

Cell viability after transfection with miR inhibi-
tors

To explore the effects of miR-21 and miR-24 
inhibitors on neuronal cell viability, MTT assay 
was carried out after transfection with miR 
inhibitors. As indicated in Figure 3A and 3B, the 
results showed that both the cell viability in hip-
pocampal and cortical neuron was significantly 
increased at 24 h and 72 h by transfection with 
miR-24 inhibitor compared to the control group 
or the scramble group (P < 0.05); however, 
there were no significant differences among 
the control group, scramble group, and miR-21 
inhibitor group. The results suggested that inhi-
bition of miR-24 but not miR-21 could increase 
the cell viability.

Expression of Bcl-xL, Caspase-3 and HSP70 
after transfection with miR inhibitors

To further investigate the possible underlying 
mechanism of apoptosis, we determined the 
expression levels of anti-apoptosis protein (Bcl-
xL) and pro-apoptosis protein (Caspase-3) after 
transfection with miR inhibitors. We found that 
the expression levels of Bcl-xL were significant-
ly increased by transfection with miR-24 inhibi-
tor, and while the expression levels of 
Caspase-3 were statistically decreased com-
pared to the control group or the scramble 
group (both P < 0.05). However, there were no 
significant differences in the expression levels 

Figure 1. Transfection efficiency in the rat brain. MiR-21 inhibitor, miR-24 inhibitor, or scramble RNA was delivered 
to brain, and then the transfection efficiency was determined by real-time PCR. A. Relative miR-21 level was signifi-
cantly lower in the ischemic area than those in the control group or scramble RNA group; B. Relative miR-24 level 
was markedly decreased in the ischemic area compared to those in the control group or scramble RNA group. *P < 
0.05 compared to the control or scramble RNA group.
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Figure 2. Apoptosis rate after transfection with miR inhibitors. MiR-21 inhibitor, miR-24 inhibitor, or scramble RNA 
was delivered to brain, and then the neuronal apoptosis was assessed by TUNEL method. The apoptotic cell num-
bers were counted by ten high magnification of each sample. A and B. MiR-24 inhibitor, but not miR-21 inhibitor, 
significantly reduced the apoptotic cells of the hippocampal neuron; C and D. MiR-24 inhibitor, but not miR-21 inhibi-
tor, statistically decreased the apoptotic cells of the cortical neuron. *P < 0.05 compared to the control or scramble 
RNA group.

Figure 3. Cell viability after transfection with miR inhibitors. After transient transfection with miR-21 inhibitor, miR-
24 inhibitor, or negative scramble RNA into hippocampal or cortical neuron, cell viability was measured by MTT as-
say. A. MiR-24 inhibitor, but not miR-21 inhibitor, significantly increased the cell viability of the hippocampal neuron 
at 24 h and 72 h after transfection; B. MiR-24 inhibitor, but not miR-21 inhibitor, obviously elevated the cell viability 
of the cortical neuron at 24 h and 72 h after transfection. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide. *P < 0.05 compared to the control or scramble RNA group.
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of Bcl-xL or Caspase-3 by transfection with miR-
21 inhibitor (Figure 4A and 4B). Our results 
indicated that miR-24 inhibitor could prevent 
apoptosis by increasing the levels of anti-apop-
tosis proteins and decreasing the levels of pro-
apoptosis proteins. Additionally, the expression 
levels of HSP70 were statistically increased by 
miR-24 inhibitor (P < 0.05) but not miR-21 
inhibitor (Figure 4C and 4D), suggesting that 
miR-24 inhibitor could prevent apoptosis also 
by regulating the levels of HSP70.

Discussion

In the present study, we investigate the func-
tional role of miR-24 inhibitor and miR-21 inhibi-
tor in ischemic stroke. Our study provides novel 
evidence in vivo and in vitro for a protective role 
of miR-24 inhibitor but not miR-21 inhibitor in 
ischemic stroke. Inhibition of miRNA-24 pre-

vents hippocampus or cortex apoptosis and 
increases cell viability, leading to a protective 
effect on ischemic stroke. These effects might 
be mediated through regulation of the levels of 
Bcl-xL, Caspase-3 and HSP70.

The precise mechanisms of neuronal damage 
in cerebral ischemia are not completely under-
stood, but recent studies have implicated that 
miRNAs function as important regulators in the 
pathological processes of ischemic injury [19-
21]. MiRNAs have been suggested to play sig-
nificant roles in preventing apoptosis in numer-
ous diseases [22], including ischemic stroke 
[12, 23]. A previous study suggested that both 
miR-21 and miR-24 could be identified as diag-
nostic biomarkers in cerebral ischemia and 
might have potential therapeutic targets for the 
treatment of post-ischemic injury [13]. However, 
the effects of miR-21 and miR-24 inhibitors on 

Figure 4. Expression of Bcl-xL, Caspase-3 and HSP70 after transfection with miR inhibitors. MiR-21 inhibitor, miR-24 
inhibitor, or scramble RNA was delivered to brain, and then the expression levels of Bcl-xL, Caspase-3 and HSP70 
were determined. A. MiR-24 inhibitor, but not miR-21 inhibitor, significantly increased the relative expression levels 
of Bcl-xL compared to the control group or the scramble group; B. MiR-24 inhibitor, but not miR-21 inhibitor, statisti-
cally decreased the relative expression levels of Caspase-3; C. MiR-24 inhibitor, but not miR-21 inhibitor, markedly 
elevated the relative expression levels of HSP70; D. Representative Western blotting picture of Bcl-xL, Caspase-3 
and HSP70. Bcl, B-cell lymphoma; HSP, heat shock protein. *P < 0.05 compared to the control or scramble RNA 
group.
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the animal models of ischemic stroke have not 
been investigated. To better understand the 
role of miR-21 and miR-24 inhibitors in the 
pathology of ischemic stroke, as well as the 
possible therapeutics against ischemic stroke, 
we used viral vectors to repress the expression 
of miRs in our study. In addition to inhibition of 
pathogenic miRs by modified antagomirs [24, 
25], miR sponges [26], or miRs decoys [27], 
improved viral vectors has also exhibited thera-
peutic efficacy [28]. Therefore, we speculated 
that miR-21 or miR-24 inhibitors might show 
the therapeutic efficacy in ischemic stroke. 

To confirm the hypothesis, we first inhibited the 
expression of miR-21 and miR-24 by viral vec-
tors, and then induced the models of ischemic 
stroke by MCAO method. The transfection effi-
ciency were determined. The lower levels of 
miR-21 and miR-24 in the miRs inhibitors indi-
cated successful transfection into the brain tis-
sues. After transfection with miR inhibitors, 
neuronal apoptosis were examined. The results 
showed that hippocampal neuron or the corti-
cal neuron caused less apoptosis rate by trans-
fection with miR-24 inhibitor but not miR-21 
inhibitor, suggesting that inhibition of miR-24 
protects against MCAO-induced neuronal apop-
tosis and death. However, our results were 
somewhat different from other studies. MiRNA-
21 has been identified as one of anti-apoptotic 
factors partly by targeting a host of pro-apop-
totic genes [29], but in our study, miR-21 inhibi-
tor showed no effect on apoptosis in neuron. 
MiR-24 has emerged as an important but con-
troversial miR involved in apoptosis. Some 
researchers have suggested that miR-24 acts 
as an inhibitor in apoptosis, such as by partly 
repressing the BH3-only domain-containing 
protein Bim in mouse cardiomyocytes [30] and 
by inhibiting pro-apoptotic gene BCL2L11 in rat 
cardiomyocytes [31]. On the contrary, several 
studies revealed that miR-24 functions as a 
promotor in apoptosis and angiogenesis, such 
as by regulating Bcl-xL/Bcl-2-associated death 
promoter [24] and X-linked inhibitor of apopto-
sis protein (XIAP) [32]. In our study, we con-
firmed that miR-24 also showed its pro-apop-
totic function.

We further determined the cell viability after 
transfection with miR inhibitors in vitro. As indi-
cated in the results, the cell viability in hippo-
campal neuron and cortical neuron was signifi-

cantly enhanced by transfection with miR-24 
inhibitor but not miR-21 inhibitor, demonstrat-
ing that inhibition of miR-24 could increase the 
cell viability. Besides, the expression levels of 
anti-apoptotic protein (Bcl-xL) and pro-apoptot-
ic protein (Caspase-3) after transfection with 
miR inhibitors were determined. Both Bcl-xL 
and Caspase-3 were important apoptosis-relat-
ed proteins within the intrinsic apoptotic path-
way [33]. Caspase-3 is well known to act down-
stream of Bcl-xl:Bax, and plays an important 
role in the execution of apoptosis [34]. The 
activity of Caspase-3 has been considered as 
an index of the process of apoptosis [35]. In 
line with previous studies, we also found that 
levels of Bcl-xL were significantly increased by 
transfection with miR-24 inhibitor, and whereas 
the expression levels of Caspase-3 were statis-
tically decreased. Moreover, the expression lev-
els of HSP70 were statistically increased by 
miR-24 inhibitor. It has been well acknowledged 
that HSP70 protects the brain from many 
insults including ischemic stroke by its chaper-
one functions and modulation of inflammatory 
responses [36, 37]. In addition, HSP70 has 
shown its ability to modulate apoptosis by 
inhibiting various pro-apoptotic proteins such 
as Bax, cytochrome C, Caspase-9 and Apaf-1 
[38, 39]. In our study, the results showed that 
miR-24 inhibitor could increase the expression 
levels of HSP70 and subsequently exert its pro-
tective effect against ischemic stroke. 

In conclusion, the present study identifies that 
miR-24 inhibitor but not miR-21 inhibitor pro-
tects against apoptosis in ischemic stroke. 
These effects might be through regulating the 
expression of Bcl-xL, Caspase-3 and HSP70. 
MiR-24 inhibitor might be a potential therapeu-
tic target for the treatment of ischemic stroke.
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