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Inhibition of microRNA-29b suppresses oxidative stress 
and reduces apoptosis in ischemic stroke

Yao-Hua Ma, Wen-Jing Deng, Zhi-Yi Luo, Jing Jing, Peng-Wei Pan, Yao-Bing Yao, 
Yan-Bo Fang, Jun-Fang Teng*

Abstract  
MicroRNAs (miRNAs) regulate protein expression by antagonizing the translation of mRNAs and are effective regulators of normal nervous 
system development, function, and disease. MicroRNA-29b (miR-29b) plays a broad and critical role in brain homeostasis. In this study, we 
tested the function of miR-29b in animal and cell models by inhibiting miR-29b expression. Mouse models of middle cerebral artery occlusion 
were established using the modified Zea-Longa suture method. Prior to modeling, 50 nmol/kg miR-29b antagomir was injected via the tail 
vein. MiR-29b expression was found to be abnormally increased in ischemic brain tissue. The inhibition of miR-29b expression decreased the 
neurological function score and reduced the cerebral infarction volume and cell apoptosis. In addition, the inhibition of miR-29b significantly 
decreased the malondialdehyde level, increased superoxide dismutase activity, and Bcl-2 expression, and inhibited Bax and Caspase3 
expression. PC12 cells were treated with glutamate for 12 hours to establish in vitro cell models of ischemic stroke and then treated with 
the miR-29 antagomir for 48 hours. The results revealed that miR-29b inhibition in PC12 cells increased Bcl-2 expression and inhibited cell 
apoptosis and oxidative damage. These findings suggest that the inhibition of miR-29b inhibits oxidative stress and cell apoptosis in ischemic 
stroke, producing therapeutic effects in ischemic stroke. This study was approved by the Laboratory Animal Care and Use Committee of the 
First Affiliated Hospital of Zhengzhou University (approval No. 201709276S) on September 27, 2017.
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Introduction 
Ischemic cerebrovascular disease is characterized by high 
morbidity, a high recurrence rate, a high disability rate, and 
a high mortality rate, which seriously affects human health 
and life; therefore, the prevention and treatment of ischemic 
cerebrovascular disease have attracted global attention 
(Van Broeckhoven et al., 1990). Ischemic encephalopathy 
is an important cause of severe brain damage. Cerebral 
ischemic disease plays a major role in cerebrovascular 
disease, which causes neuronal degeneration, necrosis, or 
apoptosis and produce an inflammatory response (Feng 
et al., 2018;  MartInez-Coria et al., 2021). At present, the 
specific mechanism underlying the neurological dysfunction 
caused by ischemic encephalopathy has not yet been fully 
studied. Apoptosis and oxidative stress after stroke may 
represent important molecular mechanisms of ischemic brain 
disease (Gregório et al., 2019). Therefore, anti-apoptotic 
or antioxidant agents may be suitable for the treatment of 
cerebral ischemic injury.

MicroRNAs (miRNAs) are highly conserved, endogenous, 
small, non-coding RNAs that primarily act to negatively 
regulate gene expression at the post-transcriptional level (Mott 
et al., 2010; Ma et al., 2020). One miRNA can regulate multiple 
messenger RNAs (mRNAs) simultaneously, and one mRNA 

can also be regulated by multiple miRNAs simultaneously 
(Tian et al., 2019). MiRNAs play important regulatory roles 
in various biological and pathological processes (Gai et al., 
2018; Liu et al., 2020). MicroRNA-29b (miR-29b) targets 
phosphoinositide 3-kinase (PI3K, p85a), insulin-like growth 
factor-1, and B-Myb to regulate the proliferation of damaged 
muscle cells, increase the levels of cell cycle arrest proteins, 
and induce cellular aging in muscles. In a study examining the 
recovery following meniscus surgery, miR-29b-3p expression 
in meniscus tissue was shown to increase significantly on 
day 1 after surgery, followed by a gradual increase over 
time (Shumnalieva et al., 2017). In addition, low miR-29b 
expression levels have protective effects against cardiac and 
liver ischemia-reperfusion injury (Zhong et al., 2019). MiR-
29b may also regulate proteins such as Bcl-w and myeloid 
cell leukemia 1 (Slattery et al., 2017). Bcl-2 protein is a kind of 
proto-oncogene, which has the effect of inhibiting apoptosis 
(Saghiri et al., 2017). When neurons in the brain are damaged 
and undergo apoptosis, the expression of Bcl-2 increases. 
Therefore, we explored the role played by miR-29b in cerebral 
ischemic injury and using in vivo and in vitro experiments.
 
Materials and Methods   
Animals
All experimental mice were male, C57BL/6, specific pathogen-
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free, and aged 6–8 weeks. All mice used in the experiment 
were obtained from the Animal Experiment Center of the 
First Affiliated Hospital of Zhengzhou University (license 
No. 2016-003). All mice were maintained in a cage with 
constant humidity and temperature and a 12-hour light/
dark cycle. Forty-eight mice were randomly divided into four 
groups: control, middle cerebral artery occlusion (MCAO), 
MCAO + miR-29b antagomir, and MCAO + antagomir control 
groups (n = 12/per group). All mice in the MCAO, MCAO + 
miR-29b antagomir, and MCAO + antagomir control groups 
underwent MCAO surgery. Antagomirs are specially labeled 
and chemically modified single-stranded small RNAs designed 
to interact with the mature miRNA sequence. Antagomirs 
are highly effective blockers specifically designed to inhibit 
endogenous miRNAs. The antagomir control group was 
treated with a single-stranded, small RNA synthesized using 
the antagomir negative control sequence in this study. The 
purpose of this group was to exclude the effects of non-
specific responses to antagomir injection on the experimental 
results. The miR-29b antagomir or antagomir control agent 
(GenePharma, Shanghai, China) was administered through 
tail vein injection at a concentration of 50 nmol/kg before 
the performance of MCAO. All experimental procedures were 
approved by the Laboratory Animal Care and Use Committee 
of the First Affiliated Hospital of Zhengzhou University 
(approval No. 201709276S) on September 27, 2017.

Establishment of cerebral ischemia model
Before the experiment, mice were fasted for 12 hours and 
deprived of water for 6 hours. The MCAO mouse model 
was prepared following the modified Zea-Longa suture 
method (Ruan et al., 2013), in which 10% chloral hydrate (0.3 
mL/100 g, Sigma-Aldrich, St. Louis, MO, USA) was injected 
intraperitoneally. After the mice stabilized, they were fixed in 
place, and the skin was prepared and disinfected. First, the 
mice were anesthetized and euthanized by intraperitoneal 
injection of 5 mg/kg sodium pentobarbital (Xinyu, Shanghai, 
China), then the brain tissues of the mice were taken out for 
the next step. A carotid midline incision was used to separate 
the subcutaneous tissue, after which the muscle layer was 
separated to expose the common carotid artery, external 
carotid artery, and internal carotid artery. The common 
carotid artery was separated from the surrounding tissues 
and clamped. The main trunk of the external carotid artery 
was ligated at the distal heart. The internal carotid artery was 
separated and clamped. A small cut was made to the external 
carotid artery, and a plug was inserted until the internal 
carotid artery blackened. A Perfusion Speckle Imager (Pari, 
Starnberg, Germany) was used to monitor the cerebral blood 
perfusion on both sides to determine whether the model was 
successfully established (To et al., 2019). The percentage of 
cerebral blood perfusion on the ischemic side = (left cerebral 
blood perfusion – right cerebral blood perfusion)/left cerebral 
blood perfusion × 100. A greater than 50% reduction in blood 
perfusion volume on the affected side was established as the 
criterion for successful embolization (Ansson et al., 2018). 
Mice were subjected to 2 hours of MCAO and then treated 
with miR-29b antagomir control for 24 hours of reperfusion 
via the tail vein.

Nervous system score
We used a modified 6-point scoring system (Côté et al., 1989) 
to perform neurological assessments on mice 24 hours after 
MCAO surgery: normal motor function received a score of 
0; if the torso and contralateral forelimb were flexible when 
the mice were lifted by the tail, they received a score of 1; 
if the mice circled when held by the tail on a flat surface, 
they received a score of 2; mice that leaning to one side at 
rest received a score of 3; mice without spontaneous motor 
activity received a score of 4; and mice that died within 24 
hours received a score of 5. 

2,3,5-Triphenyltetrazolium chloride staining
The mice were anesthetized with 2% pentobarbital before being 
sacrificed. After the animals were sacrificed by decapitation, the 
brains were quickly removed (within 10 minutes), placed into 
0–4°C phosphate-buffered saline, and frozen at –20°C for 30 
minutes. The removed brain tissue was divided into two parts, 
one part was fresh tissue for fixation, and the other part was 
frozen and stored. Fresh tissue sections were placed in a small 
petri dish filled with 2,3,5-triphenyltetrazolium chloride staining 
solution (Solarbio, Beijing, China) and incubated in a water bath 
at 37°C for 15–30 minutes in the dark. The color changes in 
the samples could be observed during the incubating period. 
The 2,3,5-triphenyltetrazolium chloride solution was removed 
with a pipette, placed in a separate container, and stored at 
4–8°C. The prepared section was washed with prepared tissue 
washing solution to remove excess staining solution from the 
tissue surface. At this time, the experimental results could 
be observed with the naked eye, and images were obtained 
immediately. 

Immunofluorescence staining
The ischemic part of brain tissue was stained by paraffin. 
Paraffin sections of brain tissue were dehydrated with ethanol 
and then dewaxed with xylene. The endogenous peroxidase 
activity was removed from treatment with 0.03% hydrogen 
peroxide (or methanol solution: mainly to prevent blood-
rich specimens) and incubated at room temperature for 
10 minutes. The samples were washed with distilled water 
once and soaked in phosphate-buffered saline for 5 minutes. 
Antigen retrieval solution containing 0.4% pepsin (0.4 g pepsin 
+ 0.1 N HCl 100 mL) was preheated to 37°C for 20 minutes. 
The normal goat serum blocking solution (diluted with 
phosphate-buffered saline) was added dropwise, stored at 
room temperature for 20 minutes, and the liquid was shaken 
off without washing the membrane. A rabbit anti-caspase3 
antibody (1:200, Cat# 33915, LI-COR, Lincoln, NE, USA) was 
added dropwise and incubated overnight at 4°C, and the 
sections were taken out the next day and reheated at 37°C 
for 30 minutes DIPA was added to cover the tissues in each 
specimen and was incubated at 37°C for half an hour. The 
membrane was washed with phosphate-buffered saline three 
times for 5 minutes each time. A goat anti-rabbit IgG labeled 
with red fluorescein (1:2000, Cat# 925-68070, LI-COR) was 
added dropwise and incubated at 37°C for 30 minutes. The 
membrane was washed with phosphate-buffered saline three 
times for 5 minutes each time. The slides were preserved with 
glycerin and photographed.

Cell culture and treatment
We selected the PC12 nerve cell line for this experiment. 
PC12 cells are a commonly used nerve cell line. PC12 cells 
are differentiated cells isolated from a rat adrenal medulla 
pheochromocytoma with the general characteristics 
o f  n e u ro e n d o c r i n e  c e l l s  t h at  a re  w i d e l y  u s e d  i n 
neurophysiological and neuropharmacological research owing 
to their passage characteristics (Su and Shih, 2015). PC12 cells 
(American Type Culture Collection, Manassas, VA, USA) were 
cultured using Dulbecco’s modified Eagle medium (Gibco, 
Winooski, VT, USA) containing 10% fetal bovine serum (Gibco). 
The cell culture conditions were 37°C in a 5% CO2 incubator 
(Gibco). For various experiments, multiple concentrations 
(12.5, 25, 50, and 100 mM) of glutamic acid (Shanghai Terer 
Optoelectronics Company, Shanghai, China) were used to 
treat PC12 cells for various intervention times (4, 8, 12, and 24 
hours) according to a previous study (Yu et al., 2020).

Cell transfection and luciferase assay
Luciferase assays were measured using the Dual-Luciferase® 
Reporter (DLRTM) Assay System (Promega, Madison, WI, 
USA), according to the manufacturer’s instructions. The 
luciferase digested nucleic acid fragments were then inserted 
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into pmirGLO vectors (Solarbio) between NheI and SalI. The 
co-transfection of pmirGLO plasmids and miRNA mimics 
(Guangzhou Borui Biotechnology Co., Ltd., Guangzhou, China) 
in PC12 cells were performed using Lipofectamine 2000 
reagent (Invitrogen, Grand Island, NY, USA), according to the 
manufacturer’s instructions. After 48 hours, the luciferase 
activity was measured.

Real-time fluorescence quantitative polymerase chain 
reaction
Before performing real-time fluorescence quantitative 
polymerase chain reaction, we first used TRIzol reagent 
(Invitrogen, Grand Island, NY, USA) to extract total RNA from 
PC12 cells. Reverse transcription was performed on the 
extracted RNA by Takaka’s RNA extraction kit, and then the 
nucleic acid was detected according to quantitative polymerase 
chain reaction steps (TakaRa, LA, USA). In addition, we also 
used the Universal Probe Library (UPL) probe (Dongguan Yihe 
New Material Technology Company, Dongguan, China) to 
detect mature miR-29b expression (Sunkavalli et al., 2017). The 
primers used in this quantitative polymerase chain reaction 
experiments were synthesized at the Beijing Genomics 
Institution. The primer sequence for miR-29b was as follows: 
5ʹ-GTT ATC CAG TGC AGG GTC CGA TTC GCA CTG GAT ACG ACA 
CAA AC-3ʹ. Each experiment was repeated three times.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling assay
Terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) assay was performed to detect apoptotic PC12 
cells using the In Situ Cell Death Detection kit (Roche, Basel, 
Switzerland), according to the manufacturer’s instructions. 
A fluorescence microscope (Olympus, Tokyo, Japan) was 
used to obtain the images and assess apoptotic cells. TUNEL-
positive cells were cells that expressed green fluorescence. 
Three different fields of view were randomly selected for each 
specimen for photographing and counting.

Apoptosis assay
We used Annexin V-fluorescein isothiocyanate (FITC) 
apoptosis detection kit (Shanghai Yuyan Scientific Instrument 
Company, Shanghai, China) and flow cytometry to detect cell 
apoptosis of PC12 cells and cells from brain tissue, following 
the manufacturer’s instructions. First, the cultured cells were 
digested by trypsin (Parenzyme) and transferred to Eppendorf 
tubes. The samples were washed twice with phosphate-
buffered saline, and 5 µL each of FITC and propidium iodide 
was added, followed by 500 µL of phosphate-buffered saline 
to resuspend the cells. The stained cells were analyzed on a 
flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA), and 
at least 10,000 cells were quantified for each sample. In the 
flow cytometer, blank cells and isotype reference antibodies 
were used for quality control.

Detection of oxidative stress levels in cells and tissues
Kits were used to detect malondialdehyde (MDA) levels 
and superoxide dismutase (SOD) activity in PC12 cells and 
brain tissue homogenates, according to the manufacturer’s 
instructions. After grinding the brain tissue, the supernatant 
homogenate was taken. The MDA kit was purchased 
from Abcam, and the SOD kit was purchased from Amyjet 
Technology Co., Ltd., Wuhan, China.

Western blot assay
Whole protein lysates were extracted from PC12 cells and 
hippocampus using ice-cold radioimmunoprecipitation assay 
(RIPA) buffer. Then, the lysed cells or tissues were centrifuged 
at 12,000 × g at 4°C for 30 minutes, and the supernatant 
was removed as the whole protein solution. The protein 
concentration was measured using the bicinchoninic acid 
(BCA) protein assay kit (KeyGen BioTech, Nanjing, China). 

Proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a 
polyvinylidene difluoride (PVDF) membrane. The PVDF 
membranes were incubated with 5% skimmed milk powder 
for 2 hours to block non-specific binding sites. The membrane 
was then incubated at 4°C overnight with the following 
primary antibodies: rabbit anti-caspase3 antibody (1:200, 
Cat# 33915, LI-COR), rabbit anti-PI3K antibody (1:200, Cat# 
456-1106, LI-COR), rabbit anti-phospho-(p-)PI3K antibody 
(1:200, Cat# 23227, LI-COR), rabbit anti-Akt antibody (1:200, 
Cat# 1620177, LI-COR), rabbit anti-p-Akt antibody (1:200, 
Cat# 2500, Cell Signaling Technology, Danvers, MA, USA), 
rabbit anti-β-actin antibody (1:4000, Cat# 35569, Thermo 
Fisher, Waltham, MA, USA), rabbit anti-Bax antibody (1:500, 
ProteinTech, Wuhan, China), rabbit anti-Bcl2 antibody (1:500, 
ProteinTech), and rabbit anti-superoxide dismutase-1 (SOD-
1) antibody (1:1000, Cat# 28106; Qiagen, Hilden, Germany). 
The PVDF membrane was washed three times with Tris-
buffered saline-Tween-20, and the membrane was incubated 
with goat anti-rabbit IgG (1:2000, Cat# 925-68070, LI-COR) for 
1 hour at room temperature. After the secondary antibody 
incubation, the membrane was washed three times with Tris-
buffered saline-Tween-20 and developed with enhanced 
chemiluminescence reagents (BD Bioscience). A Laboratories 
instrument (Olympus) was used to measure the intensity of 
the band and obtain images.

Statistical analysis
SPSS 21.0 software (IBM, Armonk, NY, USA) was used for all 
data analysis. All values in the experiment were recorded 
as the mean ± standard deviation (SD). The Student’s t-test 
was used for comparison between two groups. P < 0.05 was 
considered significant.

Results
MiR-29b expression is increased in cerebral ischemia mouse 
brain tissue and glutamate-treated PC12 cells
To determine the role of miR-29b in ischemic brain disease, 
we established a model of ischemic encephalopathy in mice 
and tested the expression of miR-29b in ischemic brain 
tissue. The expression level of miR-29b in the MCAO group 
was significantly increased compared with that in the control 
group 24 hours after MCAO (P = 0.01; Figure 1A). We verified 
this result using an in vitro experiment. We used a model of 
glutamate-induced neuronal PC12 cell damage, which showed 
that miR-29b expression in glutamate-treated cells was 
significantly increased compared with that in the control group 
after 12 hours of glutamate treatment at a concentration of 0, 
12.5, 25, 50, and 100 mM, respectively (P = 0.02; Figure 1B).

High expression of miR-29b promotes the 
glutamate-induced apoptosis of PC12 cells
To further explore the effects of highly expressed miR-29b 
on the specific function of cerebral ischemic nerve cells, 
we overexpressed or inhibited miR-29b in PC12 cells and 
examined cell apoptosis. First, in preliminary experiments, 
we found that PC12 cells treated with miR-29b mimics or 24 
hours showed the most obvious apoptosis characteristics 
(TUNEL-positive cells). Therefore, we chose the 24-hour time 
point for the following experiment. We used flow cytometry to 
detect apoptosis, and the results showed that miR-29b mimics 
increased the percentage of apoptosis induced by glutamic 
acid in PC12 cells (P < 0.05). The miR-29b inhibitor was able to 
reduce glutamate-induced apoptosis in PC12 cells (Figure 2A 
and B). We also used the TUNEL assay to detect apoptosis in 
PC12 cells and found that miR-29b mimics induced apoptosis 
in PC12 cells, whereas miR-29b inhibitors decreased PC12 cell 
apoptosis (Figure 2C). In summary, the above experimental 
results indicated that miR-29b overexpression in cerebral 
ischemic diseases could promote glutamate-induced 
apoptosis.
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Downregulation of miR-29b reduces oxidative stress 
induced by glutamate in PC12 cells 
Oxidative stress is an important mechanism in cerebral ischemic 
diseases. SOD and MDA are key indicators used to evaluate 
the level of oxidative stress in cells (Li et al., 2017b). Therefore, 
we detected the expression of SOD and MDA in the ischemic 
brain tissue of mice and a cell model of cerebral ischemia in 
this study. The results showed that MDA [a lipid peroxidation 
marker (Tsikas, 2017)] level in PC12 cells treated with the miR-
29b mimic was significantly increased compared with that in 
the control group (P < 0.05), while MDA level in PC12 cells 
treated with the miR-29b inhibitor was slightly decreased 
compared with that in the control group (P > 0.05; Figure 3A). 
The SOD activity of PC12 cells treated with miR-29b mimics was 
significantly decreased compared with that of the control group 
(P < 0.05), while the SOD activity of PC12 cells treated with 
miR-29b inhibitor was slightly decreased compared with that 
of the control group (P > 0.05; Figure 3B). We also examined 
the expression level of the oxidative stress-related protein SOD-
1. The SOD-1 protein expression level in the miR-29b mimic-
treated group was significantly lower than that of the control 
group, and the SOD-1 protein expression level in the miR-29b 
inhibitor-treated group was higher than that of the control 
group (all P < 0.05; Figure 3C and D). These results revealed that 
miR-29b might be involved in the regulation of oxidative stress 
in nerve cells under conditions of cerebral ischemic disease.

Inhibition of miR-29b expression alleviates neurological 
deficits in mice after cerebral ischemia
To further investigate the potential role played by miR-29b in 
cerebral ischemic diseases, we established a mouse cerebral 
ischemic disease model. We used an miR-29b antagomir to 
inhibit miR-29b expression in mice and then established a 
mouse cerebral ischemia model, followed by the detection 
of the neurological functions of mice after ischemia. The 
results showed that compared with the control group, the 
relative mRNA expression of miR-29b in the MCAO group 
was significantly increased (P < 0.05; Figure 4A). Neurological 
scoring was performed after 24 hours of cerebral ischemia 
in mice. The neurological score of the MCAO group was 
significantly increased compared with that in the control 
group and the neurological score of miR-29b-antagomir group 
was significantly lower than that of MACO group (P < 0.05; 
Figure 4B). We also found that the cerebral infarct size in the 
MCAO + miR-29b antagomir group was significantly decreased 
compared with that in the MCAO group (P < 0.05; Figure 4C 
and D). Therefore, these experiments indicated that inhibiting 
the expression of miR-29b in cerebral ischemic diseases may 
alleviate the neurological symptoms associated with cerebral 
ischemic diseases. No differences were observed between the 

Research Article
MCAO + antagomir control group and the control group (P > 
0.05); therefore, the MCAO + antagomir control group was 
not included in Figure 4.

Inhibition of miR-29b reduces apoptosis in brain tissue cells 
in cerebral ischemic mice
Caspase3 protein is a protein representing cell apoptosis. 
We used immunofluorescence staining to stain brain tissue 
sections for caspase3 protein. We found that the number of 
apoptotic cells in the brain tissue of mice treated with the 
miR-29b antagomir was significantly decreased compared 
with that in the MCAO group. The immunopositivity of 
Caspase3 protein in the brain tissue of the MCAO group was 
significantly higher than that of the control group, whereas 
the level of Caspase3 in the CAO-miR-29b-antagomir group 
was significantly decreased than that of the control group 
(Figure 5A). We removed the brain tissue from the mice and 
used flow cytometry to detect the percentage of apoptotic 
cells. We also found that the percentage of apoptotic cells 
in the MCAO + miR-29b antagomir group was significantly 
decreased compared with that in the MCAO group (P < 0.05; 
Figure 5B and C). We used the western blot assay to detect 
the expression of apoptotic proteins in the brain tissue of 
mice. Caspase3 protein expression in the MCAO + miR-
29b antagomir group was significantly lower than that in 
the MCAO group (P < 0.05; Figure 5D and E). No significant 
difference was observed between the MCAO + antagomir 
control group and the control group (P > 0.05); therefore, the 
MCAO + antagomir control group was not included in Figure 5.

Downregulation of miR-29b upregulates antioxidant activity 
in MCAO mice
We examined the effects of miR-29b expression on the level of 
oxidative stress in the brain tissue of cerebral ischemic mice. 
The results showed that the MDA level in the brain tissue of 
the MCAO group was significantly increased compared with 
that of the control group (P < 0.05). The MDA level of mice 
in the MCAO + miR-29b antagomir group was significantly 
decreased compared with that in MCAO + antagomir control 
group (P < 0.05; Figure 6A). The SOD activity of the brain tissue 
of the MCAO group was significantly decreased compared 
with that of the control group, whereas the SOD activity of the 
MCAO + miR-29b antagomir group was significantly increased 
compared with that of the MCAO group (all P < 0.05; Figure 
6B). Western blot analysis was used to detect the expression 
of SOD-1 in the brain tissue of mice, which revealed that the 
level of SOD-1 protein in the brain tissue of the MCAO group 
was lower than that of the control group (P < 0.05). The level 
of SOD-1 protein in the MCAO + miR-29b antagomir group was 
significantly higher than that in the MCAO + antagomir control 
group (P < 0.05; Figure 6C and D).

MiR-29b regulates PI3K/Akt/Bax signaling pathway in MCAO 
mice
To explore the specific mechanisms through which miR-
29b regulates cerebral ischemic cell apoptosis, we further 
examined changes in apoptosis-related pathways. We 
examined the PI3K/Akt/Bax signaling pathway in MCAO mice 
by western blot analysis. The miR-29b antagomir treatment 
promoted the activation of the PI3K/Akt signaling pathway 
in the brain tissue of cerebral ischemic mice (Figure 7A–
C). Treatment with the miR-29b antagomir promoted the 
expression of the apoptotic protein Bax and inhibited the 
expression of the anti-apoptotic protein Bcl-2 (Figure 7A 
and D). These results suggested that miR-29b may promote 
apoptosis and oxidative stress levels in the brain tissues 
of cerebral ischemic mice by regulating the PI3K/Akt/Bax 
signaling pathway.
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Figure 1 ｜ MiR-29b expression increases in cerebral ischemia mouse brain 
tissue and glutamate-treated PC12 cells.
(A) Real-time polymerase chain reaction detection of miR-29b levels in the 
whole brain of MCAO mice after 24 hours of reperfusion (n = 6 in each group). 
(B) Glutamate-induced miR-29b expression in PC12 cells. PC12 cells were 
seeded on 12-well plates in complete medium for 24 hours prior to 12-hour 
exposure to glutamate at different concentrations (0, 12.5, 25, 50, 100 mM). 
Each experiment was repeated three times. Data are represented as the mean 
± SD. *P < 0.05 (Student’s t-test). MCAO: Middle cerebral artery occlusion; 
miR-29b: microRNA-29b.
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Figure 2 ｜ MiR-29b increases glutamate-induced PC12 cell apoptosis.
PC12 cells were pretreated with miR-29b mimic, miR-29b inhibitor, and respective 
negative controls for 48 hours, followed by incubation with glutamate (12.5 mM) for 
12 hours. (A, B) Flow cytometry detection of the percentage of PC12 cell apoptosis. 
All data are expressed as the mean ± SD. *P < 0.05 (Student’s t-test). (C) Terminal 
deoxynucleotidyl transferase dUTP nick-end labeling assay of apoptotic PC12 cells 
(original magnification, 200×). The brightness of green fluorescence represents the 
degree of apoptosis. MiR-29b mimics induced apoptosis in PC12 cells, and miR-29b 
inhibitors decreased PC12 cell apoptosis. Each experiment was repeated three times. 
ctrl: Control; miR-29b: microRNA-29b.

Figure 4 ｜ MiR-29b antagomir ameliorates the neurological deficits in cerebral ischemia model mice
Mice were  pre-treated with miR-29b antagomir control for 24 hours of reperfusion via the tail vein and then subjected to 2 hours of MCAO. (A) MiR-29b levels 
in the whole brain were decreased in the MCAO + miR-29b antagomir group compared with the MCAO + antagomir control group. (B) Neurological scores were 
assessed using a modified 6-point scoring system after 24 hours of reperfusion. (C) Representative pictures of 2,3,5-triphenyltetrazolium chloride staining showing 
the cerebral infarct size in brain sections. The infracted tissue remained white, whereas normal brain tissues were stained red. (D) Quantification of infarct sizes. 
Data are expressed as the mean ± SD (n = 6 in each group). *P < 0.05 (Student’s t-test). MCAO: Middle cerebral artery occlusion; miR-29b: microRNA-29b.

A
po

pt
os

is
 (%

)

80

60

40

20

0

mim
ic-

RNA

mim
ic-

ctr
l

inh
ibi

tor
-ct

rl

inh
ibi

tor
-R

NA

*A B

mimic-RNA mimic-ctrl

inhibitor-RNA inhibitor-ctrl

inhibitor-RNA inhibitor-ctrlmimic-RNA mimic-ctrl

C

A
po

pt
os

is
 (%

)

50

40

30

20

10

0

C
*

*

Con
tro

l

MCAO

MCAO+m
iR

-

29
b-a

nta
go

mir
Con

tro
l

MCAO

MCAO+m
iR

-29
b-

an
tag

om
ir

R
el

at
iv

e 
ex

pr
es

si
on

 o
f 

ca
sp

as
e3

 (/
β-

ac
tin

)

0.6

0.4

0.2

0

*
*D E

Con
tro

l

MCAO

MCAO+m
iR

-29
b-a

nta
go

mir

Caspase-3

β-Actin

35 kDa

42 kDa

Control MCAO MCAO-miR-29b-antagomir

PE

B

MCAO-miR-29b-antagomirControl MCAO

M
er

ge
D

A
P

I
C

as
pa

se
3

A
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Discussion
Neuronal damage after cerebral ischemia is closely related 
to oxidative stress and mitochondrial dysfunction in nerve 
cells, which may eventually trigger the apoptotic cascade 
(Wang et al., 2005). Although researchers have conducted 
various studies to explore the molecular basis of nerve cell 
damage following cerebral ischemia, the specific mechanism 
underlying nerve cell apoptosis after cerebral ischemia has not 
yet been fully clarified (Liang et al., 2008). The damage that 
occurs to neurons in the brain after cerebral ischemia may be 
related to an increase in apoptosis, which may be associated 
with the expression of Bax and Bcl-2 (Li et al., 2017a; Song et 
al., 2018). This study found that increased neuronal apoptosis 
was observed following cerebral ischemia in mouse brain 
tissues, which was associated with the significant upregulation 
of Bax and the significant downregulation of Bcl-2. MiRNAs 
that are specifically expressed in the nervous system inhibit 
the transcription or alternative splicing of hundreds of 
neuronal genes, participating in the maintenance of normal 
structure and function. Differences in the expression sites 
of miRNA in the brain may be related to differences in the 
regulatory functions associated with the differentiation and 
proliferation of neural stem cells. Disordered miRNA networks 
have been associated with the occurrence and development 
of human neurodegenerative diseases. MiR-29b antagomir 
treatment reduces apoptosis in nerve cells, indicating that 
the neuroprotective effects of the miR-29b antagomir may 
be achieved through an increase in the expression level of 
Bcl-2. In addition, oxidative stress may also be an important 
mechanism of cerebral nerve injury after cerebral ischemia 
(Guo et al., 2019). The use of antioxidants or the upregulation 
of antioxidant enzyme activities during cerebral ischemia 
improves neurological deficits and reduces neuronal cell 
damage (Malejane et al., 2017). This study showed that the 
miR-29b antagomir could increase SOD activity and decrease 
MDA levels significantly in ischemic brain tissue. All of these 
data indicated that the miR-29b antagomir could promote 

cerebral ischemic protection by reducing oxidative stress. Bcl-
2 protein is a key protein molecule involved in central nervous 
system development and apoptosis after DNA damage (Arbour 
et al., 2008). MiR-29b participates in the occurrence of cancer 
by regulating changes in related target genes, including the 
proliferation cycle of cancer cells and the occurrence of 
apoptosis (Espinosa-Parrilla et al., 2014). In addition, miR-
29b also participates in the differentiation and proliferation of 
human neural stem cells (Trompeter et al., 2013). This study 
found that the inhibition of miR-29b improved the prognosis 
of nervous system function after cerebral ischemia. MiRNAs 
are crucial in the formation of spinal cord morphology and 
function during nervous system development (Tin et al., 
2012). In this study, miR-29b was found to partially regulate 
the PI3K/Akt signaling pathway activation in the brain tissue of 
cerebral ischemic mice, regulating the downstream apoptotic 
protein Bax and the expression of the anti-apoptotic protein 
Bcl-2. In a study on myotubes, miR-29b was shown to inhibit 
insulin-like growth factor-1 and PI3K (p85a) and promote 
myotube atrophy (Zhang et al., 2017). However, the in vivo 
therapeutic effects on nervous system function associated 
with the targeted regulation of miR-29b are also important. 
MiR-29b regulates genes associated with fiber types and other 
related targets in the autophagy pathway (Chen et al., 2004). 
Some miRNAs participate in the regulation of Bcl-2 family 
proteins. MiR-15b is highly expressed in MCAO disease tissues 
and is involved in regulating targeted Bcl-2 protein expression 
(Hakimizadeh et al., 2017). In addition, Bcl-xL mRNA is an anti-
apoptotic member of the Bcl-2 family that binds with miR-
491-5p. The increase in miR-29b inhibits Bcl-2 and promotes 
neuronal cell death after ischemic brain injury (Milani et al., 
2018). MiRNA targets and regulates the expression of myeloid 
cell leukemia 1 in tumor cells to induce tumor cell apoptosis (Yu 
et al., 2017).

This study also has certain limitations. This study found 
differences in the expression of miR-29b in ischemic brain 
tissue, which was also associated with changes in the 
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Figure 6 ｜ MiR-29b antagomir upregulates antioxidant systems in mouse brain tissues following cerebral ischemia.
(A, B) Quantitative results for MDA content and SOD activity in the whole brain. (C) Bands of SOD-1 protein detected by western blot assay. (D) Quantitative 
results for SOD-1 protein expression, which was normalized to β-actin. Data are represented as the mean ± SD (n = 6 in each group). *P < 0.05 (Student’s t-test). 
miR-29b: MicroRNA-29b; MCAO: middle cerebral artery occlusion; MDA: malondialdehyde; SOD: superoxide dismutase.

Figure 7 ｜ MiR-29b regulates the PI3K/Akt/Bax signaling pathway in MCAO model mice.
(A) Bands of protein in the PI3K/Akt/Bax signaling pathway detected by western blot assay. (B) Quantitative results of protein levels for p-PI3K/PI3K (B), p-Akt/
Akt (C), and Bcl-2/Bax (D) in the whole brain. Data are presented as the mean ± SD (n = 6 in each group). *P < 0.05 (Student’s t-test). MCAO: Middle cerebral 
artery occlusion; miR-29b: microRNA-29b; PI3K: phosphoinositide 3-kinase.
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expression of downstream related proteins. However, no 
direct evidence exists to demonstrate how miR-29b directly 
regulates downstream protein expression, and the in vitro 
experiments of this study were conducted in a PC12 cell 
line rather than a primary cell line. In future studies, we will 
use primary cell lines to better simulate disease conditions 
and further examine the regulatory effects of microRNA on 
differential proteins.

In summary, we determined that the upregulation of miR-
29b is an important factor leading to neuronal cell damage 
after cerebral ischemia in this study. The results showed that 
miR-29b might have the potential to regulate apoptosis and 
oxidative stress. In addition, this study has discovered a key 
role for miR-29b in cerebral ischemic diseases and identified 
some potential regulatory proteins (the proteins that miR-
29b regulates), which might provide new ideas and targets for 
the treatment of clinical cerebral ischemic diseases. In future 
research, we will continue to explore how miR-29b specifically 
regulates protein expression and continue to investigate 
whether similar effects exist in other brain injury-associated 
diseases.
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