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Abstract
Dexmedetomidine (Dex) possesses analgesic and anaesthetic values and reported 
being used in cerebral ischaemic injury therapeutics. Accumulating studies have de-
termined the effect of microRNAs (miRNAs) on the cerebral ischaemic injury. Thus, 
the present study aimed to unravel the molecular mechanism of miR-381 and Dex in 
cerebral ischaemic injury. For this purpose, the cerebral ischaemic injury rat model 
was established by induction of middle cerebral artery occlusion (MCAO) and ex-
pression of miR-381 and IRF4 was determined. Thereafter, MCAO rats were treated 
with Dex, miR-381 mimic, miR-381 inhibitor and oe-IRF4 respectively, followed by 
evaluation of neurological function. Furthermore, neuron cells were isolated from 
the hippocampus of rats and subjected to oxygen-glucose deprivation (OGD). Then, 
OGD-treated neuron cells and primary neuron cells were examined by gain- and loss-
of-function assay. Neuron cell apoptosis was detected using TUNEL staining and flow 
cytometry. The correlation between interferon regulatory factor 4 (IRF4) and inter-
leukin (IL)-9 was detected. Our results showed down-regulated miR-38 and up-regu-
lated IRF4 in MCAO rats. Besides, IRF4 was targeted by miR-381 in neuron cells. Dex 
and overexpressed miR-381, or silenced IRF4 improved the neurological function and 
inhibited neuron cell apoptosis in MCAO rats. Additionally, in MCAO rats, Dex was 
found to increase the miR-381 expression and reduced IRF4 expression to decrease 
the IL-9 expression, which suppressed the inflammatory response and cell apoptosis 
both in vivo and in vitro. Importantly, our study demonstrated that Dex elevated the 
expression of miR-381, which ultimately results in the inhibition of inflammation re-
sponse in rats with cerebral ischaemic injury.
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1  | INTRODUC TION

The cerebral ischaemic injury, often induced by ischaemic stroke, is 
associated with long-term disability.1 However, in more serious con-
ditions, of cerebral ischaemic injury, inflammation, ischaemia and glial 
cell dysfunction contribute to persistent brain injury,2 thus indicating 
that dysfunction of glial cells and damage of the blood-brain barrier 
are involved in ischaemic brain injury.3 Nonetheless, cerebral isch-
aemic injury has been attributed to the devastating complication of 
neurological and cardiovascular surgeries,4 while the neurodegenera-
tive disorders caused by brain injury significantly impair the memory 
and learning ability, limb use, and other neurological performances.5

Moreover, dexmedetomidine (Dex) is an α2-adrenergic recep-
tor agonist which possesses analgesic and sedative properties.6 
Intriguingly, Dex has been demonstrated to enhance the outcomes of 
the cardiac and neurological surgeries and to relieve the patient pain.7 
Importantly, Dex has been reported to exhibit neuroprotective against 
cerebral ischaemic or reperfusion injury in rats.8 Besides, other stud-
ies have illustrated the protective effect of Dex on the ischaemic or 
reperfusion injury of various organs including the heart and kidney.8 
On the other hand, recent studies have indicated the prognostic value 
of circulating miR-19a and suggested it as a promising molecular tar-
get for early diagnosis and prognosis of acute myocardial infarction.9 
Though microRNAs (miRNAs), that is miR-129-5p10 and miR-29b,11 
have indicated being involved in the neuroprotective effect of Dex. 
Yet, scarce studies investigated the relation between Dex and miR-
381 in cerebral ischaemic injury. Thus, the present study attempted to 
unravel the mechanism through which miR-381 enhances the neuro-
protective effects of Dex in cerebral ischaemic injury.

Importantly, miR-381 has been demonstrated to possess a cru-
cial role in the proliferation and differentiation of neural stem cells.12 
Further studies have proved that miR-381 restores the injury of 
cerebral ischaemia in rats and exerts neuroprotective function.13 
Moreover, the expression of mmu-miR-381 could be elevated after 
Dex treatment in lung injury.14 Noticeably, a close relationship has 
been reported between miRNA and interferon regulatory factor 
(IRF) in the brain. For instance, miR-301 associated with IRF1 was in-
dicated being implicated in the neuronal innate immune response.15 
Additionally, further studies have illustrated IRF4 as a transcriptional 
factor correlated with the inflammatory response in the brain and 
suggested it as a target for the injury of neonatal ischaemic brain.16

Thus, in the present study, we hypothesized that miR-381 and 
IRF4 might have an association with a Dex-mediated protective ef-
fect against cerebral ischaemic injury in rats. Hence, our study aimed 
to investigate the impacts of Dex-regulated miR-381 and the rele-
vant regulatory mechanism in cerebral ischaemic injury.

2  | METHODS AND MATERIAL S

2.1 | Ethics statement

The study was conducted with the approval of the Animal Ethics 
Committee of Guizhou Provincial People's Hospital. All rats were 

treated by following the Guidelines for the Care and Use of Laboratory 
Animals proposed by the National Institutes of Health.

2.2 | Bioinformatics analysis

The downstream target genes of hsa-miR-381 were predicted by 
online websites StarBase,17 mirDIP,18 miRWalk19 and TargetScan.20 
Human transcription factor names obtained from the Cistrome da-
tabase.21 The target genes of rno-miR-381 were obtained by miRDB 
(Target score ≥ 60),22 miRWalk (Top 500 with the accessibility of bind-
ing relation) and TargetScan (Cumulative weighted context ++ score 
≤ −0.05). In order to obtain more reliable target genes, Venn mapping 
was carried out to obtain the common genes predicted by online tools.

2.3 | Establishment of rat models

A total of 120 specific pathogen-free Sprague-Dawley rats (males; 
aged 3 months) were used in this study. Among them, 12 rats under-
went sham-operation and 108 rats were used for model establish-
ment. The MCAO model was established by following the previously 
reported procedures at room temperature (20 ± 5°C).13,23 The five-
point scale (Longa scoring system) introduced in previous work was 
utilized for the evaluation of the modelling,24 that is 0 point: no neu-
rological deficit; one point: unable to fully extend left forepaw; two 
points: circling to the left; three points: difficult to walk and leaning 
to the opposite side; and four points: unable to walk spontaneously 
and almost lost consciousness. The rats with score 0 and 4 were ex-
cluded from this study, while rats with score 1-3 were included.

2.4 | 2,3,5-Triphenyltetrazolium chloride 
(TTC) staining

TTC staining was used to observe the infarcted area.25 The rats were 
anaesthetized 24 hours after operation. The brain tissues were cut 
into 2-mm-thick sections and stained with 2% TTC (G3005, Solarbio, 
Shanghai, China) at 37°C for 30  minutes. After fixation with 4% 
paraformaldehyde for 2 hours at 4°C, the slices were photographed. 
The ischaemic part of the brain tissues was white, while the normal 
brain tissues were red or purple. The area of cerebral infarction was 
calculated.

After MCAO modelling, five rats were randomly selected and 
the brain tissues were removed. The area of cerebral infarction was 
detected by TTC staining to evaluate the success of MCAO model-
ling. TTC staining and infarct size calculation showed that MCAO rat 
model establishment was successful (Figure S1A, B).

2.5 | Rat grouping

As shown in Figure S2, the rats were grouped into nine groups (12 
each). Before MCAO modelling, the lateral ventricle of the rats was 
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injected with artificial cerebrospinal fluid containing miR-381 inhibi-
tor, inhibitor negative control (NC), miR-381 mimic, mimic NC, miR-
381 mimic + lentivirus-packaged overexpression (oe)-NC or miR-381 
mimic +  lentivirus-packaged oe-IRF4 at 0.6 mg/kg, or injected with 
Dex or 0.9% normal saline at 50 µg/kg (30 minutes prior to MCAO), 
respectively.

2.6 | Primary hippocampal neuron cell culture and 
oxygen-glucose deprivation (OGD) treatment

The primary neuron cells were isolated from the post-natal mice 
(n  =  3) by following the instructions of Papain dissociation kit 
(#3150; Worthington Chemicals), followed by isolation of mixed 
neuron cells from the rat hippocampal tissues according to the pro-
tocols of the manufacturer. Then, cells were cultured and grown 
to confluence according to the detailed procedure established be-
fore.26 Subsequently, the primary neuron cells for OGD treatment 
were cultured in serum- and glucose-free medium and then trans-
ferred into a box with 95% N2 and 5% CO2 for 6-hours incubation, 
while the normal control was placed in norm-oxygenated DMEM 
containing glucose.

2.7 | Cell grouping

Lentivirus vector LV5-GFP (#25999; Addgene Inc) was adopted 
for overexpression, while pSIH1-H1-copGFP (LV601B-1; System 
Biosciences) was utilized for silencing of cells. The cells were trans-
fected with short hairpin (sh)-RNA targeting IRF4, sh-NC, miR-381 
inhibitor, and the corresponding inhibitor NC separately or combin-
edly constructed by Shanghai GenePharma Co., Ltd.. Afterwards, 
the packaged virus and targeted vectors were cotransfected into 
HEK293T cells and incubated for 48 hours followed by the collection 
of supernatants. Then, viral particle was filtered by the centrifuga-
tion of supernatant and virus titre was determined. Following after, 
the HEK293T cell was cultured in RPMI-1640 medium containing 
10% FBS and subcultured after every 2 days, and the virus in the 
exponential growth period was obtained. Meanwhile, control cells 
were treated or untreated with sh-NC lentivirus, sh-IRF4 lentivirus, 
oe-NC lentivirus, oe-IRF4 lentivirus or Dex, while OGD-treated cells 
were treated or untreated with Dex, oe-NC lentivirus  +  Dex, oe-
IRF4 lentivirus + Dex, inhibitor NC lentivirus + Dex or miR-381 in-
hibitor lentivirus + Dex. Subsequently, cells were cultured at 37°C in 
5% CO2 for 48 hours.

2.8 | Modified neurological severity score (mNSS)

At 24  hours after MCAO modelling, mNSS was applied for the 
evaluation of the neurological function of rats at different time-
points according to the previously established procedure.27 Tests 

included balance-beam, walking, abnormal behaviour, sensory, 
tail suspension tests and loss of reflex, respectively. The evalu-
ation criteria were light functional deficit (1-6 points), moderate 
functional deficit (7-12 points) and severe functional deficit (13-
18 points).

2.9 | Cardiac perfusion and fixation of the 
brain samples

The state of consciousness, general behaviour and physical ac-
tivity of the rats were observed before the experiment, after the 
anaesthesia, after the surgery, during and after the modelling, re-
spectively. After 24  hours of mNSS, 12 rats in each group were 
randomly selected for anaesthesia followed by fixing on the surgi-
cal plate to open the thoracic cavity. Then, 20-mL sterile syringe 
was carefully inserted into the left ventricle, while the right atrial 
appendage was cut and injected with sterile normal saline until 
the outflow liquid became clear. Thereafter, 4% paraformalde-
hyde (about 10-20 mL) was added. When the liver and limbs of rats 
turned white and stiff, the brain tissues were extracted from rats, 
observed by naked eyes, fixed in paraformaldehyde, and slices into 
tissue sections.

2.10 | Terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL) staining

The brain tissues were dehydrated by gradient alcohol, cleared with xy-
lene, embedded in paraffin and then followed by preparation of tissue 
sections. The tissue sections were then dewaxed by xylene for 10 min-
utes, soaked in 100%-75% gradient alcohol, and distilled water, each for 
1 minute. Tissue sections were then detached by Protease K at 37°C 
for 20 minutes and soaked in 0.3% H2O2 methanol solution for further 
20  minutes at room temperature. After equilibrating the tissue sec-
tions, the terminal deoxyribonuclease reaction solution was prepared 
with 45 μL equilibration buffer, 5 μL nucleotide mixture, 1 μL terminal 
deoxyribonucleic acid transferase in each well. Thereafter, the slices 
were added with 50 μL terminal deoxyribonucleic reaction solution in 
each well for a 1-hour reaction at 37°C. After incubation, the reaction 
was terminated at room temperature by adding 50 μL diluted 2 × sa-
line sodium citrate (SSC) in dark. Subsequently, the tissue sections were 
stained with 4’6-diamidino-2-phenylindole (1 μL/mL) at room tempera-
ture for 15 minutes followed by the application of an anti-fade solution 
to the fluorescently labelled tissues sections (Cat#57461; Molecular 
Probe, Thermo Fisher Scientific). The brain tissues were photographed 
in different fields (six non-overlapping, high-resolution fields of view 
were randomly selected in each slice) with 488 nm and 405 nm under a 
fluorescence microscope, and the number of cells with apoptotic nuclei 
and total cells was counted. The apoptotic index (AI) indicated the num-
ber of apoptotic nuclei among 100 nuclei. AI = TUNEL-positive cells/
total cells × 100%.
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2.11 | BrdU staining

BrdU is commonly used to label newly synthesized DNA in living cells 
and can be selectively integrated into newly synthesized DNA in rep-
licating cells instead of thymine. With DNA replication into daughter 
cells, BrdU-specific antibody can detect the incorporation of BrdU, so 
as to judge the proliferation ability of cells. For this experiment, after 
BrdU solution was injected in vivo, the number of BrdU-positive cells 
was detected by immunofluorescence to evaluate the proliferation 
ability of BrdU cells. BrdU (50 mg/kg; Sigma-Aldrich) was administered 
on days 4, 5 and 6 after MCAO. The MCAO rats were perfused with 
0.9% normal saline and 4% paraformaldehyde 2 weeks after the onset 
of MCAO. The brain was taken for immunohistochemistry. The sec-
tions were incubated in hydrochloric acid for 1 hour to denaturate the 
DNA and then neutralized with 0.1 M boric acid (pH 8.5) for 5 minutes 
twice. The number of BrdU-labelled new cells was detected with anti-
BrdU antibody (anti-BrdU antibody [BU1/75 (ICR1)] (Alexa Fluor® 647) 
(ab220075)) according to the immunofluorescence procedure, and the 
number of positive cells was observed under fluorescence microscope 
(LSM510; Carl Zeiss MicroImaging).28

2.12 | Immunohistochemistry

Immunohistochemistry staining was performed 2 or 4 weeks after 
MCAO. The slices were pretreated with citric acid buffer for 5 min-
utes, then incubated with 5% normal goat serum for 1 hour, incu-
bated with primary antibody Ki-67 (BD Pharmingen) as the marker 
of mitotic cells overnight at 4°C and then incubated with goat anti-
rabbit antibody (ab6721; Abcam Inc) for 30 minutes at 37°C. After 
PBS washing, the slices were incubated with horseradish-labelled 
working solution, developed with DAB for 3-10 minutes, restained 
with haematoxylin for 1 minute, sealed with neutral resin and pho-
tographed under the microscope. The staining time was adjusted 
under the microscope. ImageJ software was used to count and ana-
lyse the number of positive cells in tissue staining.28,29

2.13 | Enzyme-linked immunosorbent assay (ELISA)

The IL-9 content of the brain tissues in the experimental group and 
the control group was measured by an ELISA kit (R&D Systems). The 
10% tissue homogenate (1000 μL) was centrifuged at 4000  rpm/
min for 10 min at 4°C followed by the collection of the supernatant. 
Then, the standard samples were added with 2 mL of distilled water 
to prepare a 20 ng/mL standard sample solution. For this purpose, 
eight standard tubes were set, in which the first tube was added 
with a 900 μL diluted sample solution, while the rest of the tubes 
were added with a 500 μL sample solution. The content in each tube 
was repeatedly diluted with the eighth tube set as a blank control. 
Then, each well was added with 100 μL standard or test samples and 
placed on the reaction place at 37°C for 120  minutes. Each sam-
ple was detected following the instructions of the ELISA kit. The 

corresponding IL-9 content was determined on the curve based on 
the sample optical density (OD) value.

2.14 | Reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR)

The total RNA was extracted by the TRIzol method, while the purity 
and concentration of the sample RNA were determined by a micro-
plate reader (DNM-9606; Beijing Pulang New Technology Co., Ltd). 
The total RNA was extracted using the RNeasy Mini Kit (Qiagen). 
The complementary DNA (cDNA) of miRNA was obtained by the 
reverse transcription of miRNA using the miRNA First Strand cDNA 
Synthesis (Tailing Reaction) kit (B532453-0020; Sangon Biotech) 
and that of mRNA by the reverse transcription of mRNA using the 
reverse transcription kit (RR047A; Takara Bio), respectively.9 RT-
qPCR was performed on a Bio-Rad instrument (10 021 337; Bio-
Rad). The relative mRNA expression was detected by real-time 
fluorescent quantitative PCR using the SYBR Green (1  725  270; 
Bio-Rad), while U6 was utilized for loading control of miR-381, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for other 
genes. The primer sequences are shown in Table  1. The expres-
sion levels of mRNA in brain tissues were calculated by the 2-ΔΔCt 
method.30

2.15 | Dual-luciferase reporter gene assay

The 3' untranslated region (UTR) dual-luciferase reporter gene 
plasmids of IRF4 and the mutant plasmids of the miR-381 binding 
site were constructed, namely pmirGLO-IRF4-wild-type (WT) and 
PmirGLO-IRF4-mutant type (MUT), respectively. The reporter plas-
mids were separately cotransfected with miR-381 mimic and mimic 
NC into the HEK293T cells. The cells were then lysed 24 hours after 
transfection and centrifuged at 12 000 rpm for one minute followed 

TA B L E  1   Primer sequences for RT-qPCR

Primer sequences

miR-381 F: 5'-AGTCTATACAAGGGCAAGCTCTC-3'

R: 5'-ATCCATGACAGATCCCTACCG-3'

IRF4 F: 5'-GCCCAACAAGCTAGAAAG-3'

R: 5'-TCTCTGAGGGTCTGGAAACT-3'

IL-9 F: 5'-TCTCTGATGCTGTTGCTGCT-3′

R: 5'-CGTGGAACGGTTGAGGTAGT-3′

U6 F: 5′-GCATGACGTCTGCTTTGGA-3'

R: 5′-CCACAATCATTCTGCCATCA-3'

GAPDH F: 5'- GACATGCCGCCTGGAGAAAC-3'

R: 5'-AGCCCAGGATGCCCTTTAGT-3'

Abbreviations: F, forward; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; IL-9, interleukin-9; IRF4, interferon regulatory factor 4; 
miR-381, microRNA-381; R, reverse.
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by the collection of the supernatant. Hence, the luciferase activ-
ity was detected using a Dual-Luciferase Reporter Assay System 
(E1910; Promega).

2.16 | Western blot analysis

Total protein was extracted from 10% brain tissues homogenate 
in the experimental group and the control group, respectively, and 
then centrifuged at 4°C and 500  rpm for 15  minutes, followed 
by the collection of the supernatant. The protein concentration 
was determined by the Brad-ford method. Briefly, 30  μg sample 
protein was mixed well with immobilized pH gradient strip solu-
tion, while 10% sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis gel was introduced for 2-hour electrophoresis. 
Then, the protein was transferred to the polyvinylidene fluoride 
membrane which was blocked by the skim milk powder at room 
temperature for 2  hours. The membrane was immersed in IRF4 
polyclonal antibody (sc-6059, 1:500; Santa Cruz Biotechnology), 
IL-9 rabbit polyclonal antibody (ab205718, 1:500; Abcam Inc) and 
GAPDH monoclonal antibody (ab9485, 1:2000; Abcam Inc). Then, 
the membrane was rinsed with TBST for three times (10  min/
each), incubated with horseradish peroxidase (HRP)–labelled goat 
anti-rabbit immunoglobulin G (IgG) or goat antimouse secondary 
antibody (ab6721, 1:2000; Abcam Inc) for one hour, and devel-
oped using diaminobenzidine (DAB) liquid. Images were obtained 
using a gel imager (Gel Doc XR; Bio-Rad). The grey value of the 
target band was determined using image analysis software ImageJ 
(National Institutes of Health), and the relative protein expression 
was described as the ratio of the grey value of the target protein 
to the internal reference protein band.

2.17 | Flow cytometry

Flow cytometry was performed to detect the apoptotic rate of cells. 
Specifically, the brain tissues were cut, ground, trypsinized and 
rinsed with phosphate buffer saline. The 1 × 103 cells/mL single cell 
suspension was prepared and stained with Annexin V-propidium io-
dide (PI). After that, a flow cytometer (Gallios; Beckman Coulter Inc) 
was used to read the fluorescence at the excitation wavelength of 
488 nm to detect cell cycle progression.

2.18 | Statistical analysis

The SPSS 21.0 (IBM SPSS Statistics) was employed for statistical 
analysis. The measurement data were exhibited as the mean ± SD. 
Data comparisons among multiple groups were performed using 
one-way analysis of variance (ANOVA), and the paired mean val-
ues among groups were compared with Tukey's post hoc test. Data 
among multiple groups at different time-points were compared by 

repeated-measures ANOVA followed by Bonferroni's post hoc test. 
Non-parametric test (Mann-Whitney U test or Kruskal-Wallis test) 
was used to compare the neurological scores. The differences were 
statistically significant at P < .05.

3  | RESULTS

3.1 | Dex ameliorates cerebral ischaemic injury in 
rats by activating miR-381

To investigate whether Dex could regulate cerebral ischaemic in-
jury, the MCAO rat model was developed and injected with Dex 
followed by evaluation of the neurological functions by mNSS. We 
found that after induction of the MCAO model, the neurologi-
cal function of rats was significantly impaired, indicating that the 
MCAO modelling was successful. On the other hand, Dex markedly 
improved the neurological injury caused by the MCAO (Figure 1A). 
While after Dex treatment, the neurological injury in the MCAO 
modelled rats was alleviated (Figure 1B). Thereafter, the learning 
and memory ability of rats was assessed by the water maze test 
and our results indicated that the MCAO rats spent increased time 
searching for the hidden platform, which was reversed by injection 
of Dex. The escape latency analysis of the hidden platform test 
revealed differences between the groups (Figure  1C). According 
to the TUNEL staining and flow cytometry results, Dex distinctly 
reduced the cell apoptosis caused by MCAO (Figure 1D, G). BrdU 
and Ki-67 staining results showed that compared with the sham 
operated rats, the BrdU-positive cell rate and Ki-67-positive ex-
pression number in the MCAO modelled rats were significantly 
reduced, and the BrdU-positive cell rate and Ki-67-positive ex-
pression number were significantly increased after Dex treatment 
(Figure 1E, F).

To verify the protective effect of miR-381 on the cerebral isch-
aemic injury, the miR-381 inhibitor was introduced into MCAO rats 
injected with Dex. The results of RT-qPCR demonstrated that the 
expression of miR-381 was significantly reduced in MCAO rats, 
whereas injection of Dex elevated the miR-381 expression in MCAO 
rats, which was reversed by additional treatment of miR-381 in-
hibitor (Figure 1H). Moreover, the mNSS results exhibited that the 
neurological function deficit caused by the MCAO was improved by 
injection of Dex, which was abrogated by additional treatment of 
miR-381 inhibitor (Figure 1I). While TUNEL staining and flow cytom-
etry results further confirm that MCAO-induced cell apoptosis was 
reduced by the injection of Dex, which was abolished by miR-381 
inhibitor (Figure 1J, K), BrdU and Ki-67 staining results showed that 
compared with MCAO modelled rats treated with Dex and miR-381 
inhibitor NC, those treated with Dex and miR-381 inhibitor had re-
duced BrdU-positive cell rate and Ki-67-positive expression number 
(Figure 1L, M). Hence, the above-mentioned results suggested that 
Dex was able to up-regulate miR-381 expression, thereby improving 
the cerebral ischaemic injury.
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3.2 | miR-381 could bind to IRF4 to improve 
cerebral ischaemic injury in rats

To further investigate the downstream gene of miR-381, the rele-
vant bioinformatics analysis was conducted. A total of 4476, 3394, 
2611 and 4150 downstream target genes of human miR-381 were 
predicted using the StarBase, mirDIP, miRWalk and TargetScan, re-
spectively. Further, 318 human transcription factors were obtained 
from the Cistrome database, which were intersected with the tar-
get genes of human miR-381 predicted through bioinformatics 
analysis. And finally, 11 transcription factors (Figure S3A; Table S1) 
were obtained. The target genes of rat miR-381 were predicted 
by the miRDB, miRWalk and TargetScan database, obtaining 403, 
429 and 2225 downstream target genes, while fifteen target genes 
(Figure S3B; Table S2) were obtained by the intersection of the pre-
dicted results from the above three databases using the Venn map. 
Accordingly, our results indicated only the presence of transcription 
factor IRF4 in prediction results of both human and rat miR-381. The 
binding sites between miR-381 and IRF4 3'UTR are shown in Figure 
S3C.

Subsequently, the targeting relationship between miR-381 and 
IRF4 was verified by the dual-luciferase reporter gene assay and the 
results indicated that the MUT-IRF4 was the site of mutant S447 
(S447A) and S448 (S448A), consistent with the previously reported 
work.31 Additionally, our results in (Figure 2A) showed that miR-381 
targeted and inhibited the IRF4 expression. Meantime, the cultured 
hippocampal primary neuron cells were treated with miR-381 mimic. 
The results of RT-qPCR showed the reduced expression of IRF4 in 
miR-381 mimic-treated primary neuron cells (Figure 2B). Similarly, the 
MCAO rats were treated with miR-381 mimic and oe-IRF4. Based on 
RT-qPCR and Western blot analysis results, IRF4 expression was en-
hanced in MCAO rats. However, treatment with miR-381 mimic de-
clined IRF4 expression in MCAO rats, which was reversed by oe-IRF4 
treatment (Figure 2C, D).

Furthermore, the results of mNSS exhibited that miR-381 mimic 
treatment decreased the neurological damage caused by MCAO, 
which was neutralized by the overexpression of IRF4 (Figure  2E). 
The results of TUNEL staining and flow cytometry demonstrated 
that miR-381 mimic treatment significantly reduced the cell apop-
tosis induced by MCAO, which was reversed by the overexpressed 

F I G U R E  1   Dex enhances the miR-381 expression to alleviate cerebral ischaemic injury in the MCAO rat. A, The mNSS score of rats after 
MCAO model establishment and Dex injection. B-C, Latency for searching for the hidden platform and number of crossings the platform of 
rats after MCAO model establishment and Dex injection. D, TUNEL staining on brain tissues of rats after MCAO model establishment and 
Dex injection. E, BrdU-positive cell rate was detected by BrdU. F, Ki-67 staining to detect the number of Ki-67-positive expression. G, Flow 
cytometry analysis of cell apoptosis in brain tissues of rats after MCAO model establishment and Dex injection. H, miR-381 expression of 
rats after MCAO model establishment, Dex injection and miR-381 inhibitor treatment detected by RT-qPCR (normalized to U6). I, The mNSS 
score of rats. J, TUNEL staining results of brain tissues of rats (scale bar = 100 μm). K, Apoptotic cells in brain tissues of rats measured by 
TUNEL staining. L, Cell apoptosis in brain tissues of rats determined by flow cytometry. N, BrdU-positive cell rate was detected by BrdU. M, 
Ki-67 staining to detect the number of Ki-67-positive expression. *P < .05. The above measurement data were expressed as the mean ± SD. 
The data of multiple groups were compared by one-way ANOVA and Tukey's post hoc test. Data comparisons at different time-points were 
performed by repeated-measures ANOVA and Bonferroni's post hoc test. Non-parametric test (Mann-Whitney U test) was used to compare 
the neurological scores. n = 12
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IRF4 (Figure  2F, G). BrdU and Ki-67 staining results showed that 
overexpression of miR-381 significantly increased BrdU-positive 
cell rate and Ki-67-positive expression number, while IRF4 overex-
pression restored the effect of miR-381 (Figure 2H, I). Hence, the 
above-mentioned results collectively demonstrated that miR-381 
inhibited the target gene IRF4 expression to ameliorate the cerebral 
ischaemic injury in MCAO rats.

3.3 | Dex down-regulates IRF4-interleukin (IL)-9 by 
activating miR-381 in neuron cells

Previous study has shown that the transcription factor IRF4 can 
promote the expression of IL-9,32 so it is speculated that IRF4 may 
participate in the development of MCAO by inducing inflammatory 
reaction. To investigate the impact of IRF4 on IL-9, IRF4 was silenced 
in primary neuron cells in vitro. Our data from RT-qPCR, ELISA and 
Western blot analysis results indicated that IL-9 expression was 

significantly decreased by silencing IRF4 in neuron cells (Figure 3A-
C), thus suggesting that IRF4 up-regulated the IL-9 expression.

To further verify whether Dex could directly or indirectly reg-
ulate the expression of IL-9, primary neuron cells were cultured in 
vitro and treated with Dex and miR-381 inhibitor. In the determina-
tion of RT-qPCR and Western blot analysis, we found that IRF4 ex-
pression was reduced in neuron cells by the treatment of Dex, which 
was rescued by additional treatment of miR-381 inhibitor (Figure 3D, 
E), indicating that the down-regulation of IRF4 by Dex was depen-
dent on the regulation of miR-381. Then, IL-9 expression was deter-
mined using ELISA and Western blot analysis, which showed that 
treatment of Dex resulted in a remarkable decline of IL-9 expression 
in neuron cells, which was normalized by the additional miR-381 in-
hibitor treatment. It suggested that the down-regulation of IL-9 by 
Dex can be achieved in a miR-381-dependent manner (Figure 3F, G). 
Moreover, primary neuron cells were then cultured and treated with 
sh-IRF4 and Dex to confirm whether Dex regulated IL-9 expression 
by relying on IRF4 or not. Accordingly, IRF4 expression was detected 

F I G U R E  2   miR-381 up-regulation suppresses the cerebral ischaemic injury in MCAO rats by targeting the IRF4. A, Dual-luciferase 
reporter gene assay on the binding relationship between miR-381 and IRF4. B, IRF4 mRNA expression in primary neuron cells after miR-
381 overexpression detected by RT-qPCR. C, IRF4 mRNA expression in MCAO rats after miR-381 and IRF4 overexpression determined by 
RT-qPCR. D, IRF4 protein levels in MCAO rats measured by Western blot analysis. E, Evaluation of neurological function on MCAO rats by 
mNSS. F, TUNEL analysis of apoptotic cells in brain tissues of MCAO rats (scale bar = 100 μm). G, Cell apoptosis in brain tissues of MCAO 
rats evaluated by flow cytometry. H, BrdU-positive cell rate was detected by BrdU. I, Ki-67 staining to detect the number of Ki-67-positive 
expression. *P < .05. The above-reported measurement data were expressed as the mean ± SD. Data comparisons among multiple groups 
were performed using one-way ANOVA and Tukey's post hoc test. Data comparison at different time-points was performed by repeated-
measures ANOVA and Bonferroni post hoc test. Non-parametric test (Kruskal-Wallis test) was used to compare the neurological scores. 
n = 12. Each cellular experiment repeated three times
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by RT-qPCR and the results showed that treatment of si-IRF4 or Dex 
significantly reduced IRF4 expression in neuron cells. However, in 
contrast to sh-IRF4 neuron cells, IRF4 expression in cells treated 
with Dex +  sh-IRF4 was remarkably lowered (Figure 3H). Besides, 
our results from ELISA and Western blot analysis presented that 
IL-9 expression was significantly decreased in cells after Dex or sh-
IRF4 treatment (Figure 3I, J), thus, suggesting that IL-9 expression 
down-regulated by Dex was dependent on IRF4. Collectively, these 
findings suggested that Dex could inhibit the IRF4-IL-9 by up-regu-
lating the miR-381 in neuron cells.

3.4 | Dex ameliorates cerebral ischaemic injury by 
reducing the inflammatory response induced by IRF4-
IL9

After validating the role of Dex in the regulation of IRF4-IL-9 ex-
pression via miR-381, we further aimed to investigate its impact on 
cerebral ischaemic injury. For this purpose, the OGD experiment 
was performed on hippocampal primary neuron cells in vitro, in 
which OGD neuron cells were treated with Dex and oe-IRF4. Our 
results from RT-qPCR demonstrated that the highly expressed IRG4 
was induced in cells by OGD treatment. However, Dex treatment 
reduced the IRF4 expression in OGD-treated cells, which was res-
cued by the treatment of oe-IRF4 (Figure  4A). Furthermore, our 
results from the ELISA and Western blot analysis illustrated that 
Dex reduced the highly expressed IL-9 caused by OGD treatment 
in neuron cells, which was reversed by the overexpression of IRF4 
(Figure  4B, C). According to flow cytometry, OGD-treated neuron 
cells exhibited increased cell apoptosis, while Dex reduced apoptosis 
of OGD-treated cells, which was reversed by the oe-IRF4 treatment 
(Figure 4D).

Furthermore, the MCAO rats were treated with Dex and oe-
IRF4. The results of RT-qPCR, Western blot analysis and ELISA 

assays showed that Dex reduced the IRF4 expression caused 
by MCAO, which was abrogated by the treatment of oe-IRF4 
(Figure  4E-G). Meanwhile, the results of RT-qPCR, ELISA and 
Western blot analysis detection on IL-9 expression exhibited that 
Dex decreased the IL-9 expression in MCAO rats, which was re-
versed by oe-IRF4 treatment (Figure 4H-J). Moreover, our results 
from the mNSS demonstrated that Dex improved the neurological 
impair caused by MCAO, while overexpression of IRF4 disabled 
this effect (Figure 4K). TUNEL and flow cytometry showed that 
Dex reduced cell apoptosis induced by MCAO, which was then 
neutralized by overexpressed IRF4 (Figure 4L-N). BrdU and Ki-67 
staining results showed that after Dex treatment, BrdU-positive 
cell rate and Ki-67-positive expression number were significantly 
increased compared with the MCAO group, while it was oppo-
site after overexpression of IRF4 (Figure 4O, P). The aforemen-
tioned results cooperatively illustrated that Dex can improve the 
neurological impairment induced by MCAO, and overexpression 
of IRF4 may increase the neurological impairment induced by 
MCAO.

4  | DISCUSSION

Insufficient flow of blood is considered as the major cause of cerebral 
ischaemic injury.33 While previously reported studies have revealed 
the multiple functions of Dex treatment, for instance, Dex could ef-
fectively improve the outcome of cardiac surgery.34 Intriguingly, Dex 
has been indicated to possess a neuroprotective role in rat cerebral 
ischaemic injury.35 The fact that accumulating studies have reported 
the beneficial effects of Dex on the cerebral ischaemic injury, yet 
to date, its underlying molecular mechanisms remained elusive. 
Thus, the present study unravelled that Dex could potentially induce 
highly expressed miR-381, which further results in the inhibition of 
inflammation response in rats with cerebral ischaemic injury.

F I G U R E  3   Dex up-regulates the miR-381 to repress the expression of IRF4-IL-9 in neuron cells. A-C, The expression of IL-9 in neuron 
cells after silencing IRF4 detected by RT-qPCR, ELISA and Western blot analysis, respectively. D, E, The mRNA expression and protein level 
of IRF4 in neuron cells measured by RT-qPCR and Western blot analysis, respectively. F, G, The expression of IL-9 in cells treated with Dex 
and miR-381 inhibitor studied using ELISA and Western blot analysis. H, The mRNA expression of IRF4 in neuron cells after treatment of 
si-IRF4 and Dex measured by RT-qPCR. I, J, The expression of IL-9 in neuron cells after treatment of si-IRF4 and Dex determined using ELISA 
and Western blot analysis. *P < .05. The above-mentioned measurement data were expressed as the mean ± SD and analysed using one-way 
ANOVA and Tukey's post hoc test. Each cellular experiment was repeated three times
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Initially, we found that Dex ameliorated the cerebral ischaemic 
injury in MCAO rats by up-regulating miR-381, accompanied by 
decreased cell apoptosis, improved learning and memorizing abili-
ties, and neurological function. Accordingly, previous studies have 
verified the protective effect of Dex on neurological function.36 
Moreover, Dex has also been indicated to improve the long-term 
memory and learning ability in rats with the hypoxia/reoxygen-
ation-induced cerebral injury,6 while another study found that Dex 
could repair the brain ischaemic injury by promoting the extracellular 

signal-regulated kinase-related signalling pathway.37 Besides, it has 
been shown that the Dex administration elevated the expression of 
five miRNAs, including miR-702-3p, miR-7a-2-3p, miR-3596d, miR-
496-5p and miR-434-3p in heart of rats, thus indicating the correla-
tion between Dex and miRNAs.38 Additionally, in lung injury, Dex 
could elevate the expression of miR-381 in modelled mice.14 While 
miR-381 has reported to exhibiting protective effects on peripheral 
neuropathy.39 Thus, the repairing effect of miR-381 in cerebral isch-
aemic injury has been validated before.13

F I G U R E  4   Dex reduces the inflammatory response by down-regulating the IRF4-IL-9 to alleviate cerebral ischaemic injury. A-C, The 
mRNA expression of IRF4 and IL-9 in OGD-treated neuron cells treated with Dex and oe-IRF4 detected by RT-qPCR, ELISA and Western 
blot analysis, respectively. D, Apoptosis of OGD-treated neuron cells treated with Dex and oe-IRF4 measured by flow cytometry. E-G, The 
mRNA expression and protein expression of IRF4 in brain tissues of MCAO rats treated with Dex and oe-IRF4 assessed by RT-qPCR, ELISA 
and Western blot analysis, respectively. H-J, The expression of IRF4 in brain tissues of MCAO rats observed by RT-qPCR, ELISA and Western 
blot analysis. K, mNSS evaluation on the neurological function of MCAO rats. L, M, Cell apoptosis in brain tissues of MCAO rats detected by 
TUNEL staining (scale bar = 100 μm). N, Cell apoptosis in brain tissues of MCAO rats using flow cytometry. O, BrdU-positive cell rate was 
detected by BrdU. P, Ki-67 staining to detect the number of Ki-67-positive expression. *P < .05. The above-mentioned measurement data 
were expressed as the mean ± SD, and compared using one-way ANOVA and Tukey's post hoc test. Non-parametric test (Kruskal-Wallis 
test) was used to compare the neurological scores. n = 12. Each cellular experiment repeated three times
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Thereafter, we attempted to investigate, the downstream mech-
anism underlying Dex/miR-38, and our data showed that overex-
pressed miR-381 inhibited the transcriptional factor IRF4 expression 
to alleviate the cerebral ischaemic injury. Similarly, previous studies 
have shown the high expression of IRF4 in the mice with ischaemic 
brain injury,40 while another study demonstrated the significantly 
up-regulated expression of IRF4 in rats with MCAO.41 Consistently, 
our results from Western blot analysis and RT-qPCR determined the 
elevated expression of IRF4 in MCAO rats; however, it was declined 
after the addition of miR-381 mimic, thus, reflecting that IRF4 was 
negatively correlated with miR-381. Accordingly, a previous study 
has reported the overexpressed miRNA, namely, miR-30b/d/e could 
notably inhibit the expression of IRF4 in plasma cell differentia-
tion.42 Besides, miR-125b has been reported to represses the IRF4 
expression and results in the induction of B cell leukaemia and my-
eloid.43 Furthermore, our study revealed that IRF4 overexpression 
abolished the inhibitory effect of miR-381 mimic on cell apoptosis 
and neurological function damage in MCAO rats. Additionally, it has 
been reported that IRF4-positive is highly expressed in the isch-
aemic brain, which promoted the expression of inflammatory factor 
interleukin-17.44

Finally, the most important finding of our study depicted that 
Dex reduced the inflammatory response by down-regulating 
the IRF4-IL-9 via miR-381 to alleviate cerebral ischaemic injury. 
Though previously reported study has shown the correlation be-
tween cerebral ischaemic injury, inflammation, cell apoptosis, and 
oxidation.45 Noticeably, accumulating studies have shown the role 
of IL-9 in various types of inflammatory processes.46 Thus, IL-9 
has been verified as a potential pathogenic factor in ischaemic 
stroke.47 Besides, it has been also indicated that IRF4 promotes 
the expression of IL-9 in a dose-dependent way in human and 

mouse T helper nine cells.32 However, the participation of Dex 
could suppress the inflammatory response induced by lipopoly-
saccharide,48 while the anti-inflammation effect of miR-381 on 
macrophages has also been reported.49

5  | CONCLUSION

In summary, our study suggested the protective effects of Dex ex-
erts on cerebral ischaemic injury in vivo, which may account for its 
involvement in the regulation of inflammatory response by inhibiting 
IRF4-IL-9 via miR-381 inhibitor (Figure 5). Intriguingly, the data pre-
sented in this study could be of clinical importance, thus, suggest-
ing the therapeutic application of Dex as a neuroprotective agent. 
Nevertheless, the limitation remains. Additionally, the dosage of Dex 
used in the present study is applicable for rats only and cannot be 
used for the clinical practice. Therefore, further characterization of 
Dex-mediated mechanisms is a prerequisite in future research.
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