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Background: Ischemic stroke, which often occurs with high morbidity, disability, and 
mortality, is a main cause of brain disease. In various types of human diseases, it is found 
that microRNAs (miRNAs) are considered as gene regulators. Increasing studies have proved 
that fluctuation of miRNAs, in the pathologies of ischemic stroke, plays a vital role. 
However, the accurate regulatory mechanism of cerebral ischemic stroke by miRNAs is 
still unclear. In this research, we investigated the inhibition mechanism of miR-488-3p on 
neuronal death through targeting vacuolar protein sorting 4B (VPS4B) in cerebral ischemia/ 
reperfusion (I/R) injury.
Methods: Western blot and qRT-PCR were utilized to detect the miR-488-3p level and 
VPS4B expression. The cell counting kit-8 (CCK-8) assay was utilized to measure the 
function of miR-488-3p in cell death induced by oxygen glucose deprivation/reoxygenation 
(OGD/R). After middle cerebral artery occlusion/reperfusion (MCAO/R), the impact of miR- 
488-3p on infarct volume in mouse brain was assessed. The targets of miR-488-3p were 
confirmed by luciferase analysis and bioinformatics software.
Results: The miR-488-3p level remarkably reduced in primary neuronal cells administrated 
with OGD/R. Similarly, it also decreased in the mouse brain administrated with MCAO/R. 
Additionally, the up-regulation of miR-488-3p expression suppressed the death of neuronal 
cells and restrained ischemic brain infarction in ischemia-stroked mice. Besides, the results 
showed that VPS4B, which could be inhibited by miR-488-3p, was a direct target of miR- 
488-3p. This research revealed that the inhibition of VPS4B protected the neuronal cells in 
ischemic stroke both in vitro as well as in vivo. Meanwhile, this inhibition strengthened 
positive impact generated by miR-488-3p on ischemic injury.
Conclusion: Overall, miR-488-3p played a critical role on neuroprotective function via 
reducing VPS4B protein level. These results performed a new underlying curative target for 
the treatment of cerebral ischemic stroke.
Keywords: miR-488-3p, VPS4B, ischemia/reperfusion, I/R, ischemic stroke

Introduction
Ischemic stroke (IS) is a kind of cerebrovascular event, which is induced by 
thrombosis or embolism. The vessels are rapidly occluded and blood flow is 
interrupted when it occurs in important or large cerebral vessels, with the subse-
quently irreversible or not irreversible neurologic dysfunction in a certain region of 
the brain.1,2 It is still one of the critical factors causing high-level debility and 
mortality on a global scale. Stroke initiates numerous incidents bringing about acute 
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neuronal injury and cell death.3 Currently, a good deal of 
therapy approaches are managed clinically for IS, for 
instance, intravenous thrombolytics and endovascular 
thrombectomy. Other neurorestorative therapies are also 
applied to the therapy and prognosis of stroke, such as 
cell treatment, anti-inflammation treatment, and neuropro-
tection. These therapies have actually been proved to 
ameliorate the endings in appropriate patients, indicating 
significant improvements of stroke treatment, but there is 
still a poor prognosis in many stroke patients.2,4 The main 
causes of poor prognosis are rapid neuron damage and 
extensive cell death following the interrupted blood 
flow.5 Hence, there is a pressing need for novel therapies 
for ischemic stroke. Since stroke triggers rapid neuron 
damage and cell death, new therapy or neuroprotective 
strategies with the purpose of rescuing and restoring the 
damaged brain tissue are essential and imperative.

Lots of literatures have stated the essential roles of 
microRNAs (miRNAs) playing in physiological and 
pathological progressions of specific brain diseases as the 
critical mediators of gene silencing. There are also numer-
ous studies that have reported that the level of miRNAs is 
up-regulated or down-regulated in quite a lot of neurode-
generative and neurological events, including IS.6,7 The 
alteration expression of miRNAs would be capable of 
considerably modulating the development of oxidative 
stress, cytotoxicity, inflammation, neuron apoptosis, and 
angiogenesis, and so on,8,9 suggesting that miRNAs are 
one of the profoundly notable molecules in ischemic 
stroke event progression. Other miRNAs have been notice-
ably studied as prospective therapy targets improving the 
prognosis of stroke.10 Massive studies have reported on 
distinguishing different miRNAs which can help to com-
prehend the ischemic stroke progression itself as well as 
identify the potential therapeutic schemes specifically.10,11 

For example, studies have reported that miRNA 21 and 
miR-99a decrease the ischemic infarction volume, reduce 
neuronal apoptosis, and improve the neurological scores in 
ischemic stroke rats.12,13 Other studies presented that miR- 
367 and miR-132 could relieve neuropathological altera-
tions through reducing neuroinflammation and protecting 
neurons in a stroke event.14,15 In addition, 16 miRNAs 
show significant deregulation in ischemic stroke serum 
samples, among which four miRNAs, including PC-5p- 
12969, PC-3p-57664, hsa/mmu-miR-211–5p, and hsa/ 
mmu miR-122–5p, are up-regulated almost consistently 
and may be involved in stroke regulation.16 Up- 
regulation of PC-5P-12969 is observed at 4 hours and 

1-day post-stroke, indicating PC-5P-12969 is a latent bio-
marker for ischemic stroke.17 A previous review exhibits 
the latest developments on identifying biomarkers in tis-
sues of the peripheral and central nervous system and 
miRNAs alterations in stroke patients.18 Currently the 
probability of miRNAs to modulate physiological pro-
cesses emphasizes their therapeutic value for stroke 
recovery.

Actually, it has been identified that miR-488-3p is 
involved in the progression of several cancers, such as 
esophageal squamous cell carcinoma,19 glioma,20 and 
retinoblastoma.21 Besides, miR-488-3p also participates 
in other disorders to regulate cell proliferation, migration, 
and apoptosis. For example, circular RNA CCDC66 tar-
gets DCX to regulate cell migration and proliferation in 
Hirschsprung’s disease through functioning as a sponge 
for miR-488-3p.22 LncRNA PVT1 modulates apoptosis 
of chondrocyte via sponging miR-488-3p in 
osteoarthritis.23 miRNA profiling of small intestinal neu-
roendocrine tumors identifies reduced level of miR-488-3p 
in tumors of cluster M1.24 The expression levels of rno- 
miR-488-3p is verified significantly downregulated in L3– 
L6 dorsal root ganglion in neuropathic pain rats caused by 
spared nerve injury (SNI).25 A study has mapped GluR2+ 
extracellular vesicle (EV) miRNA across many injury 
types and produced a panel of eight miRNAs, including 
miR-488-3p, for injured mice versus sham mice, to clas-
sify specific states of injury for traumatic brain injury 
(TBI).26 However, it remains unclear about the expression 
and the underlying pathophysiology mechanism of miR- 
488-3p in ischemic stroke.

The vacuolar protein sorting 4 (VPS4) is one of the 
members of a group of genes encoding the vacuolar pro-
tein sorting (VPS) proteins and is a component of the 
endosomal sorting complex required for transport 
(ESCRT) machinery. ESCRT also includes escrt-I, escrt- 
II, and escrt-III, which are recruited into the cell mem-
brane to mediate cell fission and cell scission.27,28 VPS4 
consists of VPS4A and VPS4B, which are two parallel 
hexametric rings and are usually located in the 
cytoplasm.29 VPS4B, also known as vacuolar protein sort-
ing 4 homolog B, reduces the efficient transfer of vacuolar 
hydrolases when the cell function is impaired.30,31 

Previous studies have reported that VPS4B is up- 
regulated in many diseases and is closely related to disease 
progression and diagnosis. VPS4B is highly expressed in 
mouse dental pulp cells of the molar tooth germ, and 
significantly increased in the odontoblastic differentiation 
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of human dental pulp stem cells (hDPSCs).32 In 
Parkinson’s Disease, VPS4 acts as the target site of alpha- 
synuclein (α-SYN) in regulation of lysosomal or extracel-
lular secretion, leading to intercellular propagation of 
Lewy pathology.33 It was found that VPS4B level was 
significantly increased in the hippocampus of adult mice 
with Middle Cerebral Artery Occlusion (MCAO).34 

However, the pathophysiological alterations and underly-
ing mechanisms of VPS4B in neurons of ischemic stroke 
are still unclear.

This study used oxygen glucose deprivation/reoxy-
genation (OGD/R) of cultured cortical neurons and 
mouse transient middle cerebral artery occlusion/reperfu-
sion (MCAO/R) model of ischemic stroke, to explore the 
expression and role of miR-488-3p in the development of 
ischemic stroke, and then to elucidate the pathological 
mechanism of miR-488-3p in ischemic stroke by examin-
ing whether there was a targeting relationship between 
miR-488-3p and the predicted target gene VPS4B. The 
results may provide therapeutic targets for controlling 
progression or improving prognosis in ischemic stroke.

Materials and Methods
Reagents
The miR-488-3p mimic and its negative control (NC), 
miR-488-3p inhibitor and its negative control (NC), and 
lentivirus-mediated VPS4B shRNA (sh-VPS4B) and its 
negative control (sh-NC) were obtained from Ribobio 
(Guangzhou, China). Trizol reagent, the Reverse 
Transcriptase kit, and MTT Cell Viability Assay Kit 
were bought from Invitrogen (Carlsbad, CA, USA). The 
primary antibody including anti-VPS4B (ab224736, 
Abcam) and anti-GAPDH (ab8245, Abcam) were applied 
from Abcam. Other reagents and buffers used in this 
research were all obtained from Sigma-Aldrich.

Cell Culture in vitro and Administration 
of Oxygen Glucose Deprivation/ 
Reoxygenation (OGD/R)
Cortical Neurons were cultured at a concentration of 
1×106 cells/mL. They were separated from the cerebral 
cortex of postnatal 10–17 days old mice according to the 
earlier guidelines. These neurons were cultured using neu-
robasal medium (Invitrogen, Carlsbad, CA, USA) supplied 
with 2% B27 (Invitrogen), keeping at 37°C with 95% air 
and 5% CO2 in a humidified incubator. Fresh medium was 
replaced every 2 days. Experiments related with the cell 

culture were all operated 24 hours later following neurons 
planted.

To administrate the oxygen glucose deprivation/reoxy-
genation (OGD/R) simulating ischemic conditions in vitro, 
then the cultured cells were removed to Dulbecco’s 
Modified Eagle’s Medium (DMEM) with glucose-free at 
37°C, combining with the mixture of 1% O2, 5% CO2, and 
94% N2 in a humidified incubator for a total 2 hours. After 
that, these cells were then incubated in DMEM containing 
glucose within 95% air and 5% CO2 conditions, again 
lasting for total 24 hours to perform reoxygenation. The 
neurons of the control group were cultured in DMEM 
containing glucose in normal conditions, which is 37°C 
with 95% air and 5% CO2 in a humidified incubator, 
without OGD/R.

Animal Model of Ischemic Stroke: Middle 
Cerebral Artery Occlusion/Reperfusion 
(MCAO/R)
For the reason that estrogen secreted by female rats/mice 
was not conducive to the stability of the I/R model, male 
mice were selected for the study. Mice (male, 8–10 weeks, 
25±3 g) were all purchased from the Laboratory Animal 
Department (Sun Yat-sen University, China). And these 
mice were all raised and kept in a pathogen-free apparatus. 
All mouse experimental operations have been approved by 
the Animal Care Committee of The First Affiliated 
Hospital of Guangdong Pharmaceutical University. All 
the procedures involved in the study were conducted in 
accordance with the guidelines published by China Animal 
Protection Association. The mice were individually 
housed with a 12/12 hour light/dark cycle in a room. 
They could obtain food and water ad libitum freely. The 
room temperature and humidity were respectively kept in 
24±1°C and 50–60%. We adopted the improved method of 
MCAO/R with slight modifications to perform an ischemic 
stroke mice model as indicated before, with the purpose of 
extended survival time of the animals following the 
MCAO/R surgery. In brief, after being anesthetized with 
sodium pentobarbital using the concentration of 40 mg/kg 
per mouse, animals were placed on the operating table. 
Two blood vessels were fully exposed, including the left 
external carotid artery and the left common artery. The 
cusp of 5–0 monofilament nylon suture was smoothed by 
heat to some extent, and then the left internal carotid artery 
was occluded with it to the bottom of the middle cerebral 
artery. Animals were housed individually and recovered 
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for a total 24 hours after 2 hours of the MCAO surgery. 
Mice in the sham group were only exposed to the same 
arteries with no artery occlusion. These animals were 
sacrificed following analgesia and brains were obtained 
for the next biochemical detection. The injury areas of 
brains were applied to evaluate the level of protein and 
mRNA. Two pathologists needed to calculate the animal 
mortality rate and the data is ~20%, owing to the variant 
personal resistance to the vascular occlusion mainly and 
the operation itself.

Neurons Transfected with the miR-488- 
3p Mimic or miR-488-3p Inhibitor
Six-well or 24-well plates were applied to plant the neu-
rons obtained from the cerebral cortex in the culture med-
ium with antibiotic-free and cells were incubated for 
a total 24 hours. After that, applying Lipofectamine 2000 
(Invitrogen), the cells were transfected with the miR-488- 
3p mimic, the miR-488-3p inhibitor, or the sh-VPS4B with 
a concentration of 20 nM in accordance with the manu-
facturer’s protocols.

In brief, 250 μL serum-free Opti-MEM medium (Gibco 
Company, Grand Island, NY, USA) was used to dilute the 
miR-488-3p mimic, miR-488-3p inhibitor, sh-VPS4B 
(final concentration=20 nM) and then gently mixed and 
incubated at room temperature for 5 minutes. Then 250 μL 
serum-free Opti-MEM was used to dilute 5 μL lipofecta-
mine 2000, gently mixed, and incubated at room tempera-
ture for 5 min. This was followed by mixing these two 
above-mentioned dilutions and incubating at room tem-
perature for 20 minutes before adding them to plate 
wells. After being cultured with 5% CO2 at 37°C for 6~8 
hours, the mixture were continuously cultured in complete 
medium. Twenty-four hours later the neurons were per-
formed with OGD/R. Then we collected samples for 
detecting the mRNA level with qRT-PCR, the proteins 
level with Western blot, the cell viability with MTT, and 
cell apoptosis with flow cytometry.

Treatment with miR-488-3p Mimic, 
miR-488-3p Inhibitor, or sh-VPS4B in 
Mice
We injected miR-488-3p mimics, miR-488-3p inhibitor, or 
sh-VPS4B into the mice cortex and the animals in the 
sham group were performed with corresponding negative 
controls as described before. Briefly, mice were anesthe-
tized with 40 mg/kg pentobarbital sodium, and then fixed 

in a stereotactic frame (Stoelting, Dublin, Ireland), 
equipped with a warming pad and temperature feedback 
control for efficient control of the physiological state 
(medres GmbH, Cologne, Germany). The skull was 
exposed by a small incision and one hole (0.5 mm dia-
meter, F.S.T.) was drilled for injection on the ipsilateral 
hemisphere. The stereotaxic coordinates were 0.5 mm pos-
terior, 1.0 mm lateral to the bregma, and 2.5–3.0 mm 
ventral to the bregma. Then mixing miR-488-3p mimic, 
miR-488-3p inhibitor, or the controls with siRNA-Mate 
(GenePharma) at a concentration of 100 μM. Placing the 
mixtures for a total 20 minutes at room temperature. 
Lastly, 7 µL reagent per animal was injected into the 
cortex, lasting 10 minutes. Similarly, sh-VPS4B at 
a concentration of 109 TU per mL was mixed with 4 μg/ 
μL cationic lipid polybrene (GenePharma) and the mixture 
placed for a total 15 minutes at room temperature. Then 
the mixture was injrcted into the cortex lasting for 10 
minutes. The wound was sutured and the animal woke 
up under controlled conditions in an incubation chamber 
at 30°C. Following the injection, animals were suffered 
from MCAO/R operation.

Fluorescence in situ Hybridization (FISH)
A directly labeled fluorescent probe was used for FISH 
assay. According to the manufacturer’s procedure, miR- 
488-3p-specific probe obtained from SpectrumGreen 
(Biosense, Science City, Guangzhou, China) was applied. 
Then FISH assay was operated, including the preparation of 
a probe and slide, hybridization, and washing post- 
hybridization. In brief, mice brains were first cut within 
a cryostat for collecting coronal sections (5 μm). Sections 
were thawed on slides and fixed using 4% ice-cold parafor-
maldehyde. Dehydration was performed by using a graded 
ethanol series. Slides were kept at 4°C within 95% ethanol, 
before hybridization they needed to be air-dried. The blend-
ing of the probe diluents and FITC fluorescent tag probe 
(Biosense, Science City, Guangzhou, China) were mixed to 
harvest the probe hybridization mixture. Then the mixture 
was denatured for 5 minutes at 78°C, and reannealed for 30 
minutes at 37°C. After that, the mixture was used immedi-
ately under a coverslip for sample hybridization in 
a humidified chamber at 42°C overnight. After being 
washed three times at 43°C in 50% formamide/2×SSC (pH 
7.0) solution and washed two times at 43°C in 2×SSC (pH 
7.0) solution (each time lasted 5 minutes), antifade solution 
containing DAPI was applied for counterstaining. Then 
a coverslip was covered onto the slide. An inverted 
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fluorescence microscope (DMI6000B, Leica, Zhengzhou, 
China) was used to capture fluorescence images at ×200 
and ×400 magnification.

Histopathological Observation
The mice (n=6/per group) were anesthetized with 40 mg/ 
kg sodium pentobarbital and perfused transitorily with 
physiological saline until the liver appeared to be white, 
followed by 4% paraformaldehyde in the phosphate buf-
fered saline (PBS) (0.1 M, PH 7.4). Each brain was rapidly 
removed and immersed in 10% formalin for 2 hours, then 
was washed three times using the PBS. After being dehy-
drated and embedded with paraffin, the brain tissues were 
cut into 5-µm-thick coronal sections for the HE staining. 
The sections were counterstained with hematoxylin in 
nucleuses and differentiated by eosin in the cytoplasm. 
The area of interest in the cortex was scanned under high- 
power magnification for histopathological observation in 
a blinded manner.

Infarct Volume Evaluation
Animals were anesthetized 24 hours following MCAO/R 
and sacrificed to obtain the brains. For infarct volume 
evaluation, brains were sliced into coronal sections with 
the thickness of 1.0 mm. Brain sections were treated at 37° 
C with 2,3,5-triphenyl tetrazolium chloride (TTC) solution 
(0.5%) for 15 minutes. The stained sections were then 
checked to get images with a computer and evaluated in 
Image Pro 6.0 software (Media Cybernetics, Silver Spring, 
MD, USA). Thirty-six animals were used in behavioral 
procedures.

Neurological Function Test
The neurological function test in mice suffering from cere-
bral I/R was assessed by applying the scales according to 
guidelines earlier. The standard is: 0 point, animals perform 
normally; 1 point, animals are not able to totally stretch the 
left front legs; 2 points, animals turn around into a circle; 3 
points, animals fall down to the left side; 4 points, animals 

are not able to move by their own efforts, without conscious-
ness. Thirty-six animals were used in behavioral procedures.

qRT-PCR Detection
Total RNA was obtained from brain tissues in vivo and the 
cultured neurons in vitro applying Trizol (BBI, Toronto, 
Canada) following the procedure. We used a TaqMan™ 
miRNA assay kit (Applied Biosystems, Foster City, CA, 
USA) and a Prime Script™ RT reagent kit (Takara, Shiga, 
Japan) to conduct the reverse transcription procedure 
according to the manufacturer’s guidelines, We then per-
formed the qRT-PCR detection with a standard SYBR 
Green PCR kit (Agilent Technologies, Santa Clara, CA, 
USA) and a Rotor-Gene RG-3000A (Corbett Research, 
Mortlake, Australia) according to the manufacturer’s 
guidelines. The miRNA expression was standardized 
using small nuclear RNA U6. The mRNA expression 
was standardized using GAPDH. Every sample was exam-
ined in triplicate. The mRNA or miRNA expression in 
tissues and cells were analyzed using the 2−ΔΔCt method. 
All primers in this study are listed in Table 1.

Dual-Luciferase Reporter Assay System
Luciferase reporter plasmids containing the mutant (MT) or 
wild-type (WT) VPS4B-3′-UTR reporter vectors were pro-
duced by Promega (Madison, WI, USA).Briefly, the wild- 
type VPS4B-3ʹ-UTR (WT) and mutant VPS4B-3ʹ-UTR 
(MT) containing the putative binding site of miR-488-3p 
were constructed and cloned in the psiCHECKTM-2 dual 
luciferase reporter vector (Promega, Madison, WI, USA) to 
construct psiCHECKTM-2-VPS4B-WT or psiCHECKTM- 
2-VPS4B-MT reporter vectors. Cortical neurons (ATCC, 
Manassas, VA, USA) were co-transfected with the MT or 
WT VPS4B 3′-UTR reporter vectors and miR-488-3p mimic 
or control (NC) utilizing Lipofectamine 2000 (Invitrogen) in 
line with the manufacturer’s procedure. Following incuba-
tion of 48 hours, the neurons were collected and lysed. We 
used the dual-luciferase detect system (Promega) to evaluate 
the activities of luciferase.

Table 1 Sequences of Primers Used in qRT-PCR

Gene Forward Primer (5ʹ-3ʹ) Reversed Primer (5ʹ-3ʹ)

miR-488-3p GCGCAGTTGAAAGGCTGTTT AGTGCGTGTCGTGGAGTCG

U6 CGATACAGAGAAGATTAGCATGGC AACGCTTCACGAATTTGCGT
VPS4B CCGGAATTCATGTCATCCACTTCGCCCAAC CCCAAGCTTCTTTGGCTTAGCCTTCTTGACC

GAPDH TGATGACATCAAGAAGGTGGTGAAG TCCTTGGAGGCCATGTGGGCCAT
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Analysis of Western Blot
Samples were split by 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis. After that, they were trans-
ferred to polyvinylidene difluoride (PVDF) membrane 
(Invitrogen, Carlsbad, CA, USA). Then the membranes 
were incubated with PBST (phosphate-buffered saline 
with 0.1% Tween 20) containing 5% BSA and blocked 
for 1 hour. Then the membranes were incubated with 
primary antibodies, that is anti-GAPDH (ab8245, 
1:1,000, Abcam) or anti-VPS4B (ab224736, 1:500, 
Abcam), diluted, at 4°C overnight, with PBST containing 
5% BSA. After that, with Tris buffered saline containing 
Tween-20 and the membranes were washed three times. 
Then secondary antibodies containing horseradish perox-
idase (HRP) (1:5,000, Abcam) were used to incubate the 
membranes. Finally, enhanced chemiluminescence (Pierce, 
Rockford, IL, USA) was applied to detect the proteins of 
interest.

Cell Viability Assay
MTT Cell Viability Assay Kit (Invitrogen; Carlsbad, CA, 
USA) was applied to measure the cell viability following 
the manufacturer’s protocol. Briefly, after being planted 
into 96-well plates, cells were cultured overnight. After 
transfection and treatment, the medium was refreshed, and 
we added MTT stock solution (10 μL) into each well at 
37°C for 4 hours. After that, dissolution reagent (100 μL) 
was added to each well and treated at 37°C for 4 hours. An 
optical density measurement at 570 nm using a microplate 
absorbance reader (Bio-Rad, Sunnyvale, CA, USA) was 
utilized to analyze the absorbance.

Flow Cytometry Analysis of Apoptosis
At room temperature, the cells were washed with cold PBS 
and stained with Annexin V conjugated with PE (Thermo 
Fisher, Waltham, MA, 1:20 diluted) for 20 minutes. After 
incubation, flow cytometry analysis was conducted to ana-
lyze the stained cells. Briefly, cortical neurons were trans-
fected with miR-488-3p mimic, miR-488-3p inhibitors, or 
sh-VPS4B utilizing Lipofectamine 2000 (Invitrogen) as 
stated by the procedures. Neurons were administered 
with OGD/R. After the treatment, the cells were treated 
with 0.05% trypsin (Sigma-Aldrich) at 37°C. Following 
that, these cells were centrifuged at a speed of 200g for 3 
minutes and then washed three times with 0.01 M PBS, 
and the cells were resuspended with binding buffer at 
a density of 1×106 cells/mL. The neurons were treated 

with Annexin V-FITC and propidium iodide (PI) maintain-
ing darkness for 20 minutes. Finally, a FACScan flow 
cytometer was purchased from Becton Dickinson 
(Mountain View, USA) and was adopted to analyze apop-
totic cells. We assessed the figures by the Cell Quest 
(Becton Dickinson).

Statistical Analysis
We adopted the SPSS 22.0 for data analysis. To obtain the 
mean value and reduce errors, each experiment was con-
ducted separately three times. All data were performed by 
means±SD. Student’s t-test was used to analyze the data 
between two groups, while one-way ANOVA was used to 
analyze the data among more than two groups. Post-hoc 
test was used by Tukey’s method. A value of P<0.05 was 
measured to be statistically significant.

Results
Down-Regulation of miR-488-3p 
Following OGD/R in vitro or I/R in vivo
Stroke model was adopted to assess the impact of miR- 
488-3p on ischemic brain injury modulation. In the begin-
ning, qRT-PCR was adopted to evaluate the miR-488-3p 
expression in mice brains with I/R and cortical neurons 
with OGD/R. The figures revealed that, in comparison to 
control, miR-488-3p in the neurons significantly reduced 
at 24 hours post-OGD/R (P<0.01) (Figure 1A). 
Consistently, the miR-488-3p expression apparently 
dropped in the I/R group compared with that in the sham 
group (P<0.01) (Figure 1B). FISH assay was performed to 
observe the alteration of miR-488-3p in the hippocampus 
and cortex after I/R. The relative fluorescence intensity of 
miR-488-3p was significantly declined in the I/R group 
both in the hippocampus and cortex, in comparison with 
Sham mice (Figure 1C). These results indicated that there 
was a correlation between the ischemic brain injury and 
the reduction of miR-488-3p.

Up-Regulation of miR-488-3p Protects 
Neurons Against the Injury Induced by 
OGD/R in vitro
To explore the role of miR-488-3p in the survival of neuro-
nal cells, we analyzed the neuronal cells treated with miR- 
488-3p mimic or its inhibitor. We observed that miR-488-3p 
expression was apparently raised in neurons transfected 
with miR-488-3p mimic and down-regulated by miR-488- 
3p inhibitor (P<0.01) (Figure 2A). After OGD/R for 24 
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hours, there was a growth in neuronal cell death rate 
(P<0.01) (Figure 2B). Additionally, the neuronal cell 
death was suppressed by the up-regulation of miR-488-3p 
(P<0.01) (Figure 2B). Conversely, it was promoted by the 
down-regulated miR-488-3p (P<0.05) (Figure 2B). 
Moreover, after OGD/R, the neuronal cell apoptotic rate 
was apparently raised (P<0.01) (Figure 2C). Up-regulated 
miR-488-3p inhibited the neuronal apoptotic rate (P<0.01) 
(Figure 2C). On the contrary, down-regulated miR-488-3p 
promoted the neuronal apoptotic rate (P<0.05) (Figure 2C). 
These data suggest that the increase of miR-488-3p pro-
tected neurons against injury induced by OGD/R in vitro.

Up-Regulated miR-488-3p Diminished 
Ischemic Brain Injury in vivo
The cerebral cortex was injected with miR-488-3p inhibi-
tor and miR-488-3p mimic to explore the effect of miR- 
488-3p in ischemic brain injury. We adopted the qRT-PCR 

to verify the fluctuant of miR-488-3p. It was revealed that 
miR-488-3p expression was obviously raised in the miR- 
488-3p mimic group in MCAO/R mice. Conversely, it was 
remarkably dropped in the miR-488-3p inhibitor group 
(Figure 3A). Additionally, miR-488-3p overexpression 
diminished the neurological scores and infarct volume 
(P<0.01), however reduction of miR-488-3p, after 
MCAO/R for 24 hours, remarkably increased the ischemic 
injury (P<0.05) (Figure 3B and C).

VPS4B Was a Critical Target Gene of 
miR-488-3p
The TargetScan 7.2 (http://www.targetscan.org/vert_72/) 
miRNA database was utilized to identify the target of 
miR-488-3p. It was proved that VPS4B was a vital target 
of miR-488-3p (Figure 4A). The vector map for the repor-
ter clone was exhibited (Figure 4B). Additionally, a firefly 
luciferase reporter (including mutant 3′-UTR of VPS4B 

Figure 1 The miR-488-3p level was apparently reduced after OGD/R in vitro or I/R in vivo. (A) After OGD treatment in neuronal cells, mRNA level of miR-488-3p was 
diminished. (B) In mice undergoing transient MCAO/R, the miR-488-3p level was also diminished. (C) FISH assay was performed to observe the alteration of miR-488-3p in 
the hippocampus and cortex after I/R. Data were expressed as mean±SD. **P<0.01 (n = 6).
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and wild 3′-UTR of VPS4B) was constructed. The results 
revealed that the luciferase activity in the miR-488-3p 
mimic+VPS4B 3′-UTR (WT) group was evidently inhib-
ited (P<0.01); meanwhile, the activity of miR-488-3p 
mimic+VPS4B 3′-UTR (MT) was similar with the NC 

group (Figure 4C). Moreover, it was presented that miR- 
488-3p mimic and miR-488-3p inhibitor apparently 
reduced and elevated the mRNA level of VPS4B in neu-
ronal cells, respectively (P<0.01). Consistently they had 
a similar effect on the protein level of VPS4B (P<0.01) 

Figure 2 Up-regulation of miR-488-3p protected neurons against the injury induced by OGD/R in vitro. (A) The miR-488-3p expression level of neurons treated with miR- 
488-3p mimic or miR-488-3p inhibitor was valued by qRT-PCR. (B) MTT assay was applied to detect the cell viability. (C) The proportion of apoptotic cells was analyzed by 
Annexin V-FITC/PI staining. Data were expressed as mean±SD. *P<0.05, **P<0.01 (n=3).
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(Figure 4D and E). These data indicated that VPS4B was 
a target of miR-488-3p and the VPS4B expression was 
reduced induced by binding to the 3ʹ-UTR.

Reduction of VPS4B Level Inhibited 
Ischemic Brain Injury in vivo and 
Neuronal Cell Death in vitro
To evaluate the impact of VPS4B on ischemic brain injury 
and neuronal cell death, the knockdown of VPS4B was 

utilized. mRNA and protein expression of VPS4B in neu-
ronal cells were both remarkably down-regulated in the 
VPS4B silencing group. (Figure 5A and B) (P<0.01). 
Furthermore, when VPS4B was inhibited, cell viability 
was increased, and apoptosis was reduced (P<0.05) 
(Figure 5C and D). It was presented that sh-VPS4B 
injected into the cerebral cortex evidently reduced the 
mRNA expression and protein level of VPS4B in ischemic 
brains, in comparison with the I/R+sh-NC group (P<0.01) 

Figure 3 Up-regulated miR-488-3p attenuated ischemic brain injury in vivo. (A) After MCAO/R for 24 hours, miR-488-3p level was improved and diminished in brain 
treated with miR-488-3p mimic and miR-488-3p inhibitor, respectively. In mice with cerebral I/R, impact of miR-488-3p on neurobehavioral outcomes (B) and infarct volume 
(C) were detected. Data were expressed as mean±SD. *P<0.05, **P<0.01 (n=6).
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(Figure 5E and F). Then the neurobehavioral outcomes 
and infarct volume of ischemic brain were detected. The 
data showed that sh-VPS4B noticeably declined the neu-
rological scores as well as the infarction volume compared 

with the sh-NC following I/R treatment (P<0.01) 
(Figure 5G and H). These data demonstrated that sh- 
VPS4B suppressed ischemic brain injury in vivo and neu-
ronal cell death in vitro.

Figure 4 MiR-488-3p directly suppressed VPS4B. (A) Predicted interaction between miR-488-3p and VPS4B. (B) The vector map for the reporter clone. (C) After 48 hours 
transfection, the 3′-UTR reporter assay was conducted to confirm the luciferase expression. The luciferase activity in miR-488-3p mimic + VPS4B 3′-UTR WT group was 
apparently suppressed. (D) mRNA and (E) protein levels of VPS4B, after OGD/R for 24 hours, were measured in the miR-488-3p overexpressed/inhibited neurons. Data 
were expressed as mean±SD. **P<0.01 (n=3).
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Up-Regulated miR-488-3p Attenuated 
Ischemic Brain Injury by Targeting VPS4B
To verify whether miR-488-3p suppressed ischemic brain 
injury via adjusting VPS4B expression, several experiments 
were then performed. As shown in Figure 6A and B, cell 
viability and apoptosis were detected in groups of miR-488- 
3p mimic and sh-VPS4B or miR-488-3p inhibitor and sh- 
VPS4B. The data revealed that neuronal cell death and 
apoptosis were reversed by miR-488-3p, and the protective 
effect of miR-488-3p was strengthened by the sh-VPS4B 
addition (P<0.05) (Figure 6A and B). Instead, neuronal cell 
death and apoptosis was obviously elevated by inhibiting 
miR-488-3p; these impacts, however, were reversed by sh- 
VPS4B (P<0.05) (Figure 6A and B). Additionally, we 
injected the sh-VPS4B lentivirus into the cerebral cortex of 
mice. The results presented that miR-488-3p remarkably 
declined the cerebral infarction volume, meanwhile the 

infarction volume was further declined by VPS4B reduction 
(P<0.05) (Figure 6C). The MiR-488-3p inhibitor signifi-
cantly aggravated cerebral infarction, which was reversed 
by sh-VPS4B (P<0.05) (Figure 6C). HE staining showed 
that I/R induced-cell death was remarkably reduced by 
miR-488-3p overexpression and was further reduced by 
VPS4B inhibition (P<0.05) (Figure 7). Besides, miR-488- 
3p inhibition considerably exacerbated cell death, and this 
effect could be antagonized by sh-VPS4B (P<0.05) 
(Figure 7). These data represented that the miR-488-3p 
inhibited the ischemic brain injury, partly via suppressing 
VPS4B expression.

Discussion
A number of stroke institutions around the world regularly 
review useful literature and update guidelines for the 
management of ischemic stroke. Over the years, the 

Figure 5 Down-regulated VPS4B expression suppressed neuronal cell death in vitro and ischemic brain injury in vivo. mRNA level of VPS4B (A) and protein level of VPS4B 
(B) dropped in neurons transfected with sh-VPS4B. (C) MTT assay was applied to analyze the cell viability. (D) Annexin V-FITC/PI staining was utilized to analyze the 
proportion of apoptotic cells. VPS4B mRNA level (E) and VPS4B protein level (F) was reduced in the I/R+ sh-VPS4B group, in comparison with the I/R+sh-NC group. In mice 
with cerebral I/R, effects of sh-VPS4B on neurobehavioral outcomes (G) and infarct volume (H) were analyzed. Data were expressed as mean±SD. *P<0.05, **P<0.01 (n=6).

Neuropsychiatric Disease and Treatment 2021:17                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                          
51

Dovepress                                                                                                                                                            Zhou et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


definition of stroke has been redefined, and there have 
been major advances in the treatment and prevention of 
stroke. A growing body of evidence indicates that the 
expression of miRNAs in ischemic stroke is significantly 
abnormal and meaningfully affects the progression and 
prognosis of the disease.6,8,10 Our results showed that the 
expression levels of miR-488-3p were notably reduced in 
OGD/R-treated neurons and I/R-treated mice brain tissues. 
Previous studies have shown that miR-488 affects the 
pathophysiological processes of various diseases.35–37 In 
this study, it was found that over-expression of miR-488- 
3p inhibited neuron apoptosis and alleviated cerebral 
infarction caused by ischemic stroke in mice, indicating 

that miR-488-3p might be a potential curative target for 
ischemic stroke. Previous studies have shown that VPS4 
affects extracellular secretion and lysosomal and cell pro-
liferation and differentiation through regulating specific 
signaling pathways.32,33 Some scholars found that the 
level of VPS4B in the brain tissues was significantly 
increased after MCAO and the activity of caspase-3 pro-
tein was up-regulated to contribute for neuron apoptosis.34 

Our study further demonstrated that VPS4B was a direct 
target of miR-488-3p and verified that miR-488-3p could 
inhibit the expression of VPS4B in OGD/R-treated neu-
rons. We proved the neuroprotective effects of miR-488- 
3p in ischemic stroke. And in vivo experiments confirmed 

Figure 6 Up-regulated miR-488-3p attenuated ischemic brain injury by targeting VPS4B. (A) MTT assay was adopted to detect the cell viability. (B) Annexin V-FITC/PI 
staining was applied to assess the proportion of apoptotic cells. (C) TTC staining was utilized to evaluate the infarct volume in mice with cerebral I/R. Data were expressed 
as mean±SD. *P<0.05, **P<0.01 (n=6).
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that silencing VPS4B could further enhance the neuropro-
tective effects of miR-488-3p.

MiRNAs typically mediate the pathophysiological pro-
cesses of many diseases, such as neurodegenerative dis-
eases and ischemic stroke, by targeting specific genes.6,7 

Studies have shown that miR-488 is abnormally expressed 
in several diseases. Some researchers have provided data 
showing that miR-488 expression is negatively regulated 
by inhibiting ROS and AKT/NF κB pathways in LPS- 
induced inflammation of intimal epithelial cells.35 In 
osteosarcoma (OS) cells, miR-488 is down-regulated by 
targeting aquaporin 3 (AQP3) to inhibit cell proliferation 
and invasion,37 indicating that miR-488 is a miRNA of 
tumor suppressor. Besides, miR-488 participates in drug 
tolerance of anti-cancer drug cisplatin mediated by eukar-
yotic translation initiation factor 3a (eIF3a) in non-small 
cell lung cancer cells (NSCLC).36 At present, the expres-
sion and mechanism of miR-488-3p in ischemic stroke is 
still uncertain. Our findings suggest that inhibition of miR- 
488-3p can aggravate cell apoptosis and the decreased cell 
viability induced by OGD/R-treatment, as well as the 

abnormalities cerebral infarction induced by cerebral I/R 
operation. However, supplying miR-488-3p alone can par-
tially alleviate neuron apoptosis and the declined cell 
viability following OGD/R-treatment, as well as the 
effects following cerebral I/R treatment. Inhibiting the 
expression of VPS4B can further alleviate the above 
effects, indicating that miR-488-3p plays its role via 
VPS4B partially.

To validate the accurate role of miR-488-3p in 
ischemic brain injury, the target genes of miR-488-3p 
were predicted and identified. Gene analysis of the dual 
luciferase reporter indicated that VPS4B was a target of 
miR-488-3p, which negatively regulated VPS4B expres-
sion through binding to 3ʹ-UTR site. VPS4B is a member 
of the VPS family (which still includes VPS4A and 
VPS4B) and is responsible for coding the vacuolar sorting 
proteins.30,38 Studies have shown that VPS4B regulates 
the proliferation and odontoblastic differentiation of 
human dental pulp stem cells through the Wnt-β-catenin 
pathway.32 VPS4 impacts the lysosomal or extracellular 
secretion and impacts Parkinson’s disease through 

Figure 7 Impacts of miR-488-3p on cerebral morphological changes. Morphological detection by HE staining in groups of Sham, I/R, I/R + miR-488-3p mimic, I/R + miR-488-3p mimic + 
sh-VPS4B, I/R + miR-488-3p inhibitor, I/R +miR-488-3p inhibitor + sh-VPS4B (n=6).
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targeting alpha-synuclein (alpha SYN).33 Previous studies 
found that Middle Cerebral Artery Occlusion (MCAO) 
caused significant up-regulation of VPS4B in the hippo-
campus, but the mechanism was rarely studied.6 This 
study further verified that VPS4B was significantly up- 
regulated in OGD/R-treated neurons, consistent with pre-
vious studies.34 Inhibition of VPS4B can partially relieve 
cell apoptosis and the decreased cell viability of OGD/ 
R-treated neurons, and partially relieve the increased neu-
rological score and cerebral infarction caused by cerebral 
I/R, which can be changed by up-regulation or down- 
regulation of miR-488-3p, suggesting that the role of 
VPS4B in ischemic stroke is modulated by its upstream 
molecule miR-488-3p.

Over the years, the management of IS has undergone 
numerous changes, with patients receiving more effective 
treatments to diminish long-term disability. Appropriate 
use of existing therapies is critical to optimize the prog-
nosis of stroke in patients. In this study, the expression of 
miR-488-3p decreased in cerebral I/R mice and OGD/ 
R-treated neurons. Over-expression of miR-488-3p signif-
icantly improved neuronal viability, inhibited cell apopto-
sis, improved the neurological scores, and decreased the 
cerebral infarction, which was achieved by the combined 
effect of miR-488-3p and VPS4B. In addition, we verified 
that VPS4B was the target gene of miR-488-3p.

Conclusion
In conclusion, miR-488-3p regulates cell viability, apopto-
sis, neurological function, and cerebral infarction through 
targeting VPS4B, which would affect the progression and 
prognosis of ischemic stroke, suggesting that miR-488-3p 
might be a potential therapy for ischemic stroke.
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