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Background: Inflammatory response mediated by microglia plays a key role in cerebral 
ischemia-reperfusion injury. This study intends to probe the role of lncRNA SNHG4 in 
regulating the inflammatory response of the microglia during cerebral ischemia reperfusion.
Materials and Methods: Blood samples and cerebrospinal fluid samples were collected 
from acute cerebral infarction (ACI) patients and healthy controls. The middle cerebral artery 
occlusion (MCAO) models were constructed with rats. LPS induction and oxygen-glucose 
deprivation methods were respectively applied to simulate the activation of microglia 
in vitro. qRT-PCR was employed to determine the expressions of SNHG4, miR-449c-5p 
and related inflammatory factors in vivo and in vitro. The inflammatory responses of the 
microglia subject to the varied expressions of SNHG4 and miR-449c-5p were detected. 
Luciferase assays were conducted to verify the crosstalk involving SNHG4, miR-449c-5p 
and STAT6.
Results: Compared with the control group, the expression of SNHG4 derived from the 
samples of ACI patients and the microglia of MCAO group were remarkably down- 
regulated, but the expression of miR-449c-5p was dramatically up-regulated. 
Overexpression of SNHG4 and knock-down of miR-449c-5p could inhibit the expression 
of pro-inflammatory cytokine in the microglia and promote the expression of anti- 
inflammatory factors. Meanwhile, the phospho-STAT6 was up-regulated, whereas the knock- 
down of SNHG4 and over-expression of miR-449c-5p in microglia had the opposite effects. 
Luciferase assay confirmed that SNHG4 could target miR-449c-5p, while miR-449c-5p 
could target STAT6.
Conclusion: SNHG4 can regulate STAT6 and repress inflammation by adsorbing miR- 
449c-5p in microglia during cerebral ischemia-reperfusion injury.
Keywords: SNHG4, STAT6, miR-449c-5p, ischemia-reperfusion injury

Introduction
Stroke is the second major cause of mortality and disability worldwide, leading to 
a range of secondary diseases, including cognitive impairment, epilepsy and so on.1 

Ischemic stroke is the most typical stroke, which is caused by the lack of blood 
flowing to the brain.2 Although the pathophysiological mechanisms of stroke have 
been extensively studied and diverse clinical trials have been completed, the only 
effective treatment depends on endovascular thrombolysis or thrombectomy.3 Due 
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to the limited effective treatment strategy, it is of great 
urgency to seek alternative therapeutic strategies.

Ischemic stroke can trigger a variety of physiological 
responses after causing ischemic brain injury, such as oxida-
tive stress, calcium and sodium overload, glutamate excito-
toxicity and neuroinflammation.4 Neuroinflammation plays 
a very important role in the pathogenesis of ischemic brain 
injury and ischemia-reperfusion injury.5 And this process is 
mainly caused by the abnormal activation of glial cells, 
especially microglia, and the subsequent production of 
inflammatory mediators.6 Microglia are the major immune 
cells of the central nervous system (CNS). Physiologically, 
resting microglia can continuously monitor the microenvir-
onment of the CNS.7 Once the cerebral ischemia occurs, the 
microglia will be activated.8 On the one hand, activated 
microglia migrate to the ischemic area to remove noxious 
substances and maintain tissue homeostasis.9 On the other 
hand, hyperactivated microglia produce excessive inflamma-
tory cytokines such as tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β) and interleukin-6 (IL-6), which lead 
to uncontrolled inflammation and aggravate tissue damage 
and neuronal death.10 Therefore, inhibiting excessive activa-
tion and inflammatory response of microglia in the early 
stage of acute ischemic stroke can effectively ameliorate 
brain injury.11

Long non-coding RNAs (lncRNAs) are transcripts that 
consist of more than 200 bases in length and rarely have open 
reading frame (ORF). They serve the specific regulations in 
transcriptional, post-transcriptional, and epigenetic phases, 
and have highly specific expressions in the CNS, which can 
effectively regulate the development of the CNS and the 
progression of disease.12 It is reported that lncRNA FosDT 
facilitates ischemic brain impairment by interacting with 
REST-related chromatin-modifying proteins.13 In addition, 
it is demonstrated that lncRNA-1810034e14Rik has protec-
tive effects on the brain of mice with middle cerebral artery 
occlusion (MCAO), and can inhibit the activation of micro-
glia and the release of pro-inflammatory factors so as to play 
an anti-inflammatory role.14 These studies suggest that 
lncRNA can be used as a promising target for the therapy 
of brain impairment after ischemic stroke.

MicroRNAs (miRNAs) are single-stranded nucleotides 
which are often composed of 19–22 bases in length. They 
can bind to the 3’-untranslated region (3’-UTR) of the target 
mRNA, leading to translational inhibition and mRNA degra-
dation, so as to regulate the expression of target genes.15 

miRNAs have been validated to be crucial players in 
ischemic stroke.16 A recent study demonstrates that the 

knockout of miR-497 can effectively improve the level of 
bcl-2/-w protein in ischemic areas, ameliorate ischemic cer-
ebral infarction, and facilitate neurological function recovery 
after focal cerebral ischemia in mice.17 Additionally, studies 
have demonstrated that in the acute phase of stroke of adult 
mice, inhibition of miR-210 inhibits pro-inflammatory 
responses and reduces ischemic brain impairment.18

In this study, it was demonstrated that lncRNA small 
nucleolar RNA host gene 4 (SNHG4) was down-regulated 
and that miR-449c-5p was up-regulated in the blood samples 
and cerebrospinal fluid samples from patients with acute 
cerebral infarction (ACI). The results of gain- and loss-of 
function experiments showed that SNHG4 could regulate the 
expression of miR-449c-5p, and overexpression of SNHG4 
could activate the STAT6 signaling pathway, regulate the 
activation and polarization of microglia, and attenuate the 
inflammation during cerebral ischemia-reperfusion injury.

Materials and Methods
Sample Collection
Blood and cerebrospinal fluid samples of ACI patients and 
healthy controls (n=30 in each group) were obtained from 
Department of Neurosurgery, the First Affiliated Hospital 
of China Medical University. The samples were stored in 
liquid nitrogen before experiments. The study was 
approved by the Ethics Review Board of the First 
Affiliated Hospital of China Medical University. Each 
patient signed the informed written consent.

Animal
Sprague-Dawley (SD) rats (gender: male, body weight: 
210–230 g, age: 6–8 weeks) were procured from the 
Animal Center of First Affiliated Hospital of China 
Medical University. All the animals were housed in groups 
and maintained in a 12 h light: 12 h dark cycle and they 
had easy access to water and food. All SD rats were 
acclimated to the environment for one week before mod-
eling. All experiments were performed in accordance with 
the NIH Guide for the Care and Use of Laboratory 
Animals and approved by the Ethics Review Board of 
First Affiliated Hospital of China Medical University.

Establishment of the Rat Model with 
Cerebral Ischemia-Reperfusion Injury 
(MCAO Model)
The rats were anesthetized by intraperitoneal injection of 
10% chloral hydrate (0.35g/kg), then the rats were fixed on 
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the operating table, and the incisions were cut in the 
middle of the rat necks. The left common carotid arteries 
were isolated after the exposure of the carotid sheaths. 
Subsequently, the proximal common carotid arteries were 
ligated with the 5–0 thread, then an incision was made on 
common carotid artery. After that, focal cerebral ischemia 
was induced by occlusion of the left middle cerebral artery 
with a nylon monofilament (diameter criteria 0.25 mm) 
with a heparincoated tip. The monofilament was intro-
duced into internal carotid artery through the incision, up 
to the origin of the anterior cerebral artery and occluded 
the middle cerebral artery and anterior cerebral artery for 
2 h. The monofilament was then withdrawn to recover 
perfusion. After that, the reperfusion for 24 h was con-
ducted. Then, the ischemic-reperfusion models were suc-
cessfully established. In the sham operation group, the 
arteries were isolated without ligation.

Cell Culture
Rat immortal microglia cell line (HAPI cells) and human 
embryo kidney cell line HEK293 were provided by 
American Type Culture Collection (ATCC, Rockville, 
USA) and cells were cultured in Dulbeccos modified Eagles 
medium (DMEM; Invitrogen, Carlsbad, CA, USA) contain-
ing 10% fetal bovine serum (FBS) and maintained at 37 °C in 
5% CO2. LPS induction model: microglia were treated with 
LPS (100 ng/mL, Escherichia coli 055: B5, Sigma, St. Louis, 
MO, USA) for 3 h. Oxygen-glucose deprivation (OGD) 
model: the culture condition was altered from normal med-
ium to glucose-free medium. After rinsing with 5% CO2/95% 
N2 for 15 min at 2 psi (1 psi = 6.89 kPA), the microglia cells 
were maintained in an anoxic chamber (Billups-Rothenberg, 
Del Mar, CA). The chamber was then incubated for 4 h at 
37 °C. After the end of OGD, the cells were returned to 
normal medium and incubated at 37 °C in 5% CO2 for 24 h.

Cell Transfection
The HAPI cells were rinsed 3 times with PBS buffer and 
then trypsinized for 2 min. Subsequently, the cells were 
suspended in serum-free medium and evenly inoculated 
into a 12-well plate at 1×106/mL to reach a confluence of 
50% to 60%. The transfection reagent was diluted in 3 μL/L 
serum-free medium, incubated at 37 °C for 20 min, and the 
reagents containing pc-DNA3.1-SNHG4, sh-SNHG4 or 
controls (pc-DNA3.1 or sh-Scramble) were diluted in 
serum-free medium, respectively, and incubated for 5 min 
at room temperature. After that, the medium was mixed 
withan equal volume of transfection reagent and then used 

to transfect the cells. After 12 h, the state of the transfected 
cells was observed, and the serum-free medium was 
replaced with the complete medium. Then, after 48 h of 
culture, the RNAs were extracted to verify the transfection 
efficiency. In the same way, miR-449c-5p mimic, miR- 
449c-5p inhibitors and control group (control mimics or 
control inhibitors) were transfected into HAPI cells. The 
SNHG4 plasmid and the miR-449c-5p mimic and inhibitor 
were designed and synthesized by GenePharma (Shanghai, 
China). Cells transfections were performed with 
Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA).

Cell Viability Assays
LDH cytotoxicity assay (Beyotime Biotechnology, 
Shanghai, China) and Cell Counting kit-8 (CCK-8) assay 
(Beyotime Biotechnology, Shanghai, China) were used to 
measure the cell viability. For LDH assay, cells were 
incubated with 150 μL LDH release reagent for 1h at 
37 °C. The absorbance at 490 nm was measured using 
a microplate reader (Bio-Rad, Hercules, California, 
USA). For CCK-8 assay, 10 μL of CCK-8 solution was 
added to each well in incubated at 37 °C for 2 h. Then, the 
absorbance at 450 nm was measured with a microplate 
reader (Bio-Rad, Hercules, California, USA).

Immunohistochemistry Assay
Immunohistochemistry was adopted to detect the expression 
of caspase-3. Paraffin-embedded tissue slices were dewaxed 
using xylene and hydrated using a gradient of ethanol. The 
slices were immersed in 10 mL citrate buffer (pH 6.0) and 
boiled in a 121 °C pressure cooker for 4 min to recover 
antigen. The slides were then slowly cooled at room tem-
perature, soaked in 10 mL citrate buffer and washed with 
PBS. Endogenous peroxidase activity was terminated by 
treatment with 3% H2O2 for 15 min at room temperature. 
The slices were incubated with the antibody anti-Cleaved- 
caspase-3 (1:300; ab2302; Abcam) overnight at 4 °C, then 
secondary antibody was added and incubated for 0.5 h at 
room temperature. After that, the slices were stained with 
3,5-diaminobenzidine (DAB, Fuzhou, Maxim), observed 
and photographed under the optical microscope.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
Following the protocols (Abcam, Shanghai, China), specific 
ELISA kits were used to determine the contents of pro- 
inflammatory cytokines TNF-α, IL-lβ and IL-6 and 
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anti-inflammatory factors IL-4, IL-10 and TGF-β in cell cul-
ture supernatant and brain tissue homogenate. The tissue and 
saline were added to the homogenizer, thoroughly mixed and 
pulverized to obtain tissue homogenate, and the homogenate 
then was centrifuged at 6000 r/min (2500×g) for 15 min at 4 ° 
C, and the supernatant was collected for the following experi-
ments. ELISA kits and an ELISA reader (Bio-Rad 
Laboratories, Richmond, CA) were applied to determine the 
content of TNF-α, IL-1β, IL-6, IL-4, TGF-β and IL-10, of 
which the measuring wavelength was set at 450 nm.

Luciferase Reporter Assay
The targeting relationships involving miR-449c-5p, SNHG4 
and 3’ -UTR of STAT6 were verified by the luciferase repor-
ter assay. The wild type (WT) SNHG4 sequence or the WT 
3’-UTR fragment from STAT6 mRNA containing the pre-
dicted miR-449c-5p binding site was amplified and inserted 
into the pmirGLO dual-luciferase miRNA target expression 
vector (Promega, Madison, WI, USA) to establish the repor-
ter vector pmirGLO-SNHG4-WT and pmirGLO-STAT6- 
WT. The putative binding site of miR-449c-5p in the 
SNHG4 or STAT6 3’ -UTR was mutated using GeneArtTM 
Site-Directed Mutagenesis PLUS System (cat. no. A14604; 
Thermo Fisher Scientific, Inc.). The mutant (Mut) SNHG4 or 
STAT6 3’ -UTR was inserted into the pmirGLO vector to 
construct the reporter vector pmirGLO-SNHG4-Mut and 
pmirGLO-STAT6-Mut. The reporter vectors and miR-449c- 
5p mimics or NC mimics were co-transfected into HEK293 
cells and the cells were incubated for 48 h. Luciferase activity 
was subsequently measured using the Dual-Luciferase 
Reporter Assay System (Promega, Madison, WI, USA) in 
accordance with the protocol.

Quantitative Real-Time PCR (qRT-PCR) 
Analysis
Total RNA in the tissue samples or the microglia were 
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA), and miRNA and mRNA were reverse transcribed into 
cDNA using One Step PrimeScript miRNA cDNA synthesis 
kit (Invitrogen, Carlsbad, CA, USA) and PrimeScript RT kit 
(Invitrogen, Carlsbad, CA, USA), respectively, and then 
real-time fluorescence quantitative PCR was performed 
using (TaKaRa, Dalian, China). The expressions of 
SNHG4, STAT6, iNOS, CD86, Arg-1, CD206 and miR- 
449c-5p (GAPDH and U6 were used for internal references) 
were evaluated using the 2−ΔΔCt method. Each experiment 
was repeated three times. The primers are listed in Table 1.

Western Blot
When the cells were prepared, RIPA lysis buffer (Beyotime 
Biotechnology, Shanghai, China) was added to isolate the total 
protein. Fifty microgram of total protein was separated through 
SDS-PAGE at 100 V for 2 h in the 12% polyacrylamide gel. It 
was then electrically transferred to a polyvinylidene fluoride 
(PVDF) membrane. After being blocked with 5% skim milk 
for 1 h at room temperature, the membrane was rinsed 3 times 
with TBST for 10 min each time. Antibodies specific to STAT6 
(ab32520; Abcam), p-STAT6 (ab28829; Abcam) (concentra-
tion 1:1000) were added to incubate the membrane overnight at 
4 °C. After the incubation, the membrane was rinsed with 
TBST; the membrane then was incubated with horseradish 
peroxidase (HRP)-labeled anti-rabbit secondary antibody 
(concentration 1:3000) for 1 h at room temperature. 
Subsequently, the membrane was rinsed for 3 times with 
TBST for 10 min each time. Ultimately, the imaging was 
performed with the application of hypersensitive ECL 
(Amersham Pharmacia Biotech, Little Chalfont, UK), and the 
grayscale of each protein was analyzed by software Image J.

Statistical Analysis
SPSS19.0 software (SPSS Inc., Chicago, IL, USA) was used to 
conduct the analysis. The results were expressed as mean ± 

Table 1 The Primer Sequences for qRT-PCR

Genes Primers Sequences

miR-449c-5p Forward 5’-CAGTGTATTGCTAGCGGCTGT-3’

Reverse 5’ -AGTGCGTGTCGTGGAGTC-3’

SNHG4 Forward 5′-GGCTAGAGTACAGTGGCTCG-3′
Reverse 5′-GCAAATCGCAAGGTCAGG-3′

STAT6 Forward 5′-GTCTGGTCTCCAAGATGCCC-3′
Reverse 5′-ATATGCTCTCAAGGGTGCTGA-3′

iNOS Forward 5’-CTGCTGGTGGTGACAAGCACATTT-3’

Reverse 5’ -ATGTCATGAGCAAAGGCGCAGAAC-3’

CD86 Forward 5’ -TCTCCACGGAAACAGCATCT-3’

Reverse 5’ -CTTACGGAAGCACCCATGAT-3’

Arg-1 Forward 5’-CACAGTCTGGCAGTTGGAAG-3’

Reverse 5’ -GGGAGTGTTGATGTCAGTGTG-3’

CD206 Forward 5’-CAAGGAAGGTTGGCATTTGT-3’

Reverse 5’ -CCTTTCAGTCCTTTGCAAGC-3’

GAPDH Forward 5’ -GAAGGTGAGGTCGGAGTC-3’

Reverse 5’ -GAAGAGTGGATGGGATTC-3’

U6 Forward 5’ -GCTTCGGCAGCACATATACTAA-3’

Reverse 5’ -GCTTCACAATTTGCGTGTCAT-3’

Abbreviations: iNOS, induced nitric oxide synthase; CD, cluster of differentiation; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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standard deviation (x ± s). Kolmogorov–Smirnov test was used 
to examine whether the data were normally distributed or not. 
For normally distributed data, unpaired t test was used to make 
a comparison between 3 groups. One-way ANOVA analysis 
was used to make a comparison among 3 or more groups, and 
after that, Newman-Keuls analysis was used to make 
a comparison between 2 groups. If the data were not normally 
distributed, nonparametric Mann–Whitney test was used to 
make a comparison between 2 groups. Kruskal–Wallis test 
was used to make comparison among 3 or more groups, and 
after that Mann–Whitney test was further performed to make 
comparison between 2 groups. Each experiment was repeated 
3 times with a significant difference of P< 0.05.

Results
SNHG4 Expression in Cerebral Infarction 
Patients and Rat MCAO Model
To investigate the expression of SNHG4 in blood and cere-
brospinal fluid derived from patients with ACI, we collected 
samples from 30 patients and 30 healthy controls. qRT-PCR 
results demonstrated that the expression of SNHG4 in the 
samples, both blood and cerebrospinal fluid, collected from 
patients with ACI, were remarkably down-regulated in com-
parison with the normal group (Figure 1A–B). Additionally, 
in the rat models of cerebral ischemia reperfusion, the 
expression of SNHG4 in the brain tissues of MCAO group 
was significantly down-regulated (vs sham group) (Figure 
1C). Immunohistochemical staining and LDH release assay 
showed that the number of caspase-3-positive cells and LDH 
release were markedly increased in the MCAO group (vs 
sham group) (Figure 1D–E). The results of ELISA showed 
that in MCAO group, the expressions of pro-inflammatory 
cytokines IL-1β, IL-6 and TNF-α were remarkably higher 
than those of sham group, while the expressions of anti- 
inflammatory cytokines IL-4, IL-10 and TGF-β were drama-
tically decreased (Figure 1F). These data suggested that the 
down-regulation of SNHG4 could probably contribute to the 
process of cerebral ischemia-reperfusion injury.

SNHG4 Overexpression Inhibited Microglia 
Activation and Inflammatory Response
To study the association between SNHG4 and microglia 
activation, the microglia (HAPI cells) were induced by 
LPS in vitro. The expressions of M1 and M2 polarization 
markers in the microglia were detected by qRT-PCR. The 
data revealed that the expressions of M1 markers iNOS 
and CD86 increased significantly under the induction of 

LPS, while the expressions of M2 markers Arg1 and 
CD206 decreased notably (vs control group) (Figure 2A). 
The expression of SNHG4 in the microglia treated with 
LPS was remarkably lower than that of the control (Figure 
2B). Furthermore, the overexpression and the knock-down 
of SNHG4 microglia cell lines were established, respec-
tively, and the OGD models were constructed (Figure 2C). 
It was implied that OGD facilitated the overexpressions of 
M1 markers iNOS and CD86, but inhibited the expres-
sions of M2 markers Arg1 and CD206; additionally, 
SNHG4 knockdown exacerbated these phenomena, while 
SNHG4 overexpression functioned oppositely (Figure 
2D). Besides, the effect of SNHG4 on inflammatory 
response was further detected by ELISA kit. The results 
implied that, in the cell culture supernatant, the overex-
pression of SNHG4 could inhibit the releases of proin-
flammatory factors induced by OGD and promoted the 
expressions of anti-inflammatory factors, while SNHG4 
knockdown functioned oppositely (Figure 2E). These 
results indicated that SNHG4 could inhibit the activation 
of microglia and ameliorate the inflammatory response 
caused by OGD.

SNHG4 Inhibited the Expression of 
miR-449c-5p by Targeting It
To probe how SNHG4 regulated the activation of micro-
glia, the binding site where SNHG4 binds with miR-449c- 
5p was predicted by the online website StarBase (Figure 
3A), and the targeting relationship between SNHG4 and 
miR-449c-5p was further verified by luciferase assay. The 
results revealed that miR-449c-5p remarkably inhibited the 
luciferase activity of SNHG4-WT, but it could not inhibit 
the luciferase activity of SNHG4-Mut (Figure 3B). 
Furthermore, qRT-PCR was employed to detect miR- 
449c-5p expression. The data showed that miR-449c-5p 
expression was significantly down-regulated in HAPI cells 
with SNHG4 overexpression and significantly up- 
regulated in HAPI cells with SNHG4 knocked down 
(Figure 3C). The results indicated that miR-449c-5p was 
the target of SNHG4 and its expression was negatively 
regulated by SNHG4. Additionally, miR-449c-5p expres-
sion was markedly up-regulated in the blood and cere-
brospinal fluid samples derived from the patients with 
ACI (vs Control group) (Figure 3D and E). Consistently, 
in the MCAO rat brain tissues and LPS-induced microglia, 
miR-449c-5p expression was remarkably up-regulated 
compared to the control groups (Figure 3F and G). These 
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data suggested miR-449c-5p was an injurious factor dur-
ing cerebral ischemia-reperfusion injury.

The Role of miR-449c-5p 
Over-Expression and Inhibition on 
Activation and Inflammation of Microglia
To explore whether SNHG4 regulates microglial activa-
tion by modulating the expression of miR-449c-5p, we 
constructed miR-449c-5p over-expression and inhibition 
cell lines, respectively (Figure 4A). qRT-PCR was 
employed to detect the expressions of M1 and M2 mar-
kers in the microglia. The data implied that the M1 
marker was remarkably decreased in the miR-449c-5p 
inhibition cell line, while the M2 marker was signifi-
cantly up-regulated (vs NC inhibitors+OGD group). 

(Figure 4B). The results of the ELISA kit revealed that 
the expressions of pro-inflammatory factors were notably 
decreased in the miR-449c-5p inhibition cell line, while 
the expressions of anti-inflammatory factors were signif-
icantly increased (vs NC inhibitors+OGD group) (Figure 
4C). Conversely, miR-449c-5p mimics exerted opposite 
effects (Figure 4B and C). The data implied that miR- 
449c-5p regulated the process in which OGD activated 
the microglia and induced inflammatory response.

miR-449c-5p Binds with the 3’UTR of STAT6
The online target gene prediction database TargetScan was 
employed to predict the target gene of miR-449c-5p, and we 
found that miR-449c-5p could probably bind to the specific 
regions of STAT6 3’UTR (Figure 5A). We further validated 

Figure 1 Expression of SNHG4 in cerebral infarction patients and rat MCAO model. (A-C) qRT-PCR was used to detect the expression of SNHG4 in blood and 
cerebrospinal fluid samples of patients and the brain tissues of MCAO animal model; (D) LDH detection assay was used to detect the expression of LDH in infarcted tissue 
of MCAO rats. (E) The activity of caspase-3 in the brain tissue of MCAO rats was detected by immunohistochemical staining; (F) ELISA was used to detect the levels of pro- 
inflammatory factors (IL-1 β, IL-6, TNF-α) and anti-inflammatory factors (IL-4, IL-10, TGF- β) in the brain tissue of MCAO rats. **P< 0.01, and ***P< 0.001 versus the healthy 
controls or sham group. 
Abbreviations: ACI, acute cerebral infarction; MCAO, middle cerebral artery occlusion; LDH, lactate dehydrogenase; ELISA, enzyme-linked immunosorbent assay; IL, 
interleukin; TNF, tumor necrosis factor; TGF, transforming growth factor.
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the targeting relationship between them by dual-luciferase 
reporter assay. The results implied that miR-449c-5p could 
reduce the luciferase activity of STAT6-WT, but had no effect 
on STAT6-Mut (Figure 5B). The qRT-PCR results revealed 
that miR-449c-5p remarkably inhibited STAT6 expression 
(vs NC mimics group) (Figure 5C). Additionally, pc- 
SNHG4 plasmid was transfected into the microglial cell 
line treated with miR-449c-5p mimics. The qRT-PCR experi-
ment demonstrated that SNHG4 over-expression remarkably 

suppressed the expression of miR-449c-5p, while STAT6 
was remarkably up-regulated (vs miR-449c-5p mimics+pc- 
NC group) (Figure 5D–E).

The Roles of SNHG4/miR-449c-5p Axis 
in Activation and Inflammatory Response 
of Microglia
To further probe the effect of SNHG4/miR-449c-5p/ 
STAT6 axis on microglial inflammatory response, 

Figure 2 SNHG4 overexpression inhibits microglial activation and inflammatory responses. (A) qRT-PCR was used to detect the expression of M1 markers iNOS and CD86 
and M2 markers Arg1 and CD206 in microglia treated with LPS; (B) qRT-PCR was used to detect the expression of SNHG4 in microglia treated with LPS; (C) qRT-PCR was 
used to detect the expression of SNHG4 cell models with SNHG4 overexpression and knockdown; (D) qRT-PCR was used to detect the expression of M1 markers iNOS 
and CD86 and M2 Arg1 and CD206 in microglia treated with OGD. (E) ELISA was used to detect the levels of pro-inflammatory cytokines (IL-1 β, IL-6, TNF- α) and anti- 
inflammatory factors (IL-4, IL-10, TGF-β). *P< 0.05, **P< 0.01, and ***P< 0.001 versus the control group; ##P< 0.01 and ###P< 0.001 versus the pc-NC+OGD group; ^P< 
0.05, ^^ P< 0.01 and ^^^P< 0.001 versus the sh-NC+OGD group. 
Abbreviations: iNOS, induced nitric oxide synthase; CD, cluster of differentiation; LPS, lipopolysaccharide; OGD, oxygen-glucose deprivation; pc, pc-DNA3.1; NC, 
negative control; sh, short-hairpin RNA; TNF, tumor necrosis factor; IL, interleukin; TGF, transforming growth factor.
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qRT-PCR was adopted to detect M1 and M2 markers’ 
expressions in the microglia treated with OGD. 
Meanwhile, we used the ELISA to detect the level of 
inflammatory cytokines. The data revealed that miR- 
449c-5p mimics significantly increased the expression of 
M1 markers and pro-inflammatory factors, inhibited the 
expression of M2 markers and anti-inflammatory factors, 
promoting the activation of microglia. But SNHG4 signif-
icantly reversed these effects (Figure 6A–B). Moreover, 
we used the medium (without microglial cells) in which 
different microglial cell lines treated with OGD, to culture 
hippocampal neuronal cells PC-12. Then, the viability and 
LDH release rate of hippocampal neuronal cells were 
analyzed with CCK-8 assay and LDH detection assay, 
respectively. The results suggested that the viability of 
the hippocampal neuronal cells maintained in miR-449c- 
5p mimics+pc-SNHG4 cell line medium was significantly 
higher than that in miR-449c-5p mimics+pc-NC cell line 
medium, while the release rate of LDH had the reverse 
trend (Figure 6C–D). It suggested that SNHG4 could 
inhibit miR-449c-5p expression, weaken the activation 

and inflammatory responses of microglia induced by 
OGD, and ameliorate the injury of hippocampal neurons 
induced by OGD. Additionally, Western blot assay showed 
that the overexpression of miR-449c-5p reduced the 
expression level and phosphorylation level of STAT6 in 
microglia induced by OGD, while the overexpression of 
SNHG4 promoted the expression of phosphorylation of 
STAT6 and STAT6 (Figure 7). Therefore, we concluded 
that SNHG4 could activate STAT6 signaling pathway by 
inhibiting the expression of miR-449c-5p, so as to amelio-
rate the inflammatory response and neuronal damage 
caused by microglia.

Discussion
Ischemic stroke is a common cause of the impairment in 
the CNS. In recent years, ncRNAs have become the focus 
of research on ischemic stroke. LncRNAs can modulate 
transcription and translation, and miRNAs directly target 
mRNAs to modulate post-transcriptional gene 
expression.19,20 However, the role of ncRNA in stroke 
still remains further investigation.

Figure 3 SNHG4 inhibits miR-449c-5p by targeting it. (A) The sequence of binding site to miR-449c-5p in the of SNHG4; (B) Luciferase activity assay was used to verify that 
SNHG4 could absorb miR-449c-5p; (C) qRT-PCR was used to detect the expression of miR-449c-5p in SNHG4 overexpression and low expression cell lines; (D-F) qRT- 
PCR was used to detect the expression of miR-449c-5p in blood, cerebrospinal fluid of patients and brain tissue of MCAO rats; (G) the expression of miR-449c-5p in 
microglia was detected by qRT-PCR after LPS treatment. ** P< 0.01 and ***P< 0.001. 
Abbreviations: NC, negative control; WT, wild type; Mut, mutant; pc, pc-DNA3.1; sh, short-hairpin RNA; ACI, acute cerebral infarction; MCAO, middle cerebral artery 
occlusion; LPS, lipopolysaccharide.
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Microglia, belonging to the mononuclear phagocytic 
family, are indispensable immune cells in the CNS and 
implicated in various neurological diseases, such as 
ischemic stroke, HIV encephalopathy, Parkinson’s disease, 
and Alzheimer’s disease.21 The neuroinflammation 
mediated by microglia plays a key role in the injury of 
CNS and the progression of the CNS-related diseases.22 

After stroke, the activation of stroke-induced microglia 
results in the release of a variety of inflammatory media-
tors, many of which have cytotoxicity or cytoprotective 
effects. Alternately activated microglia (M2) promote tis-
sue repair via secreting anti-inflammatory mediators and 
growth factors;23,24 conversely, regularly activated micro-
glia (M1) can secrete a variety of inflammatory and neu-
rotoxic compounds, such as nitric oxide, TNF-α, IL-6 and 
reactive oxygen species (ROS), which can cause damage 
to neurons.10 Based on these findings, it is increasingly 
commonly acknowledged that the polarization of 

microglia has dual effect on neuronal apoptosis, neurogen-
esis, and the recovery of brain function after cerebral 
ischemia. M1 is characterized by the induction of STAT1 
and NF-κB transcription factors, as well as the production 
of pro-inflammatory cytokines including TNF-α, IL-1, 
IL-6 and IL-12.25,26 While M2 is characterized by the 
activation of the transcription factor STAT6, increased 
expression of the mannose receptor CD206, and the pro-
duction of cytokines such as TGF-β, CCL18, and IL- 
1Ra.27 In our research, the microglia were activated after 
MCAO and secreted IL1β, TNF-α, and IL6. Meanwhile, 
M1 markers iNOS and CD86 were up-regulated. It was 
consistent with the results occurred on microglia treated 
with OGD.

Over these years, lncRNA has been increasingly stu-
died in the development of cerebral ischemic stroke. For 
example, lncRNA-1810034E14Rik helps protect the brain 
from the damage caused by cerebral ischemia and inhibits 

Figure 4 Effects of overexpression and inhibition of miR-449c-5p on activation and inflammatory response of microglia. (A) The overexpression and inhibition of miR-449c- 
5p cell models were constructed; (B) qRT-PCR was used to detect the expression of M1 markers iNOS and CD86 and M2 markers Arg1 and CD206 in microglia treated 
with OGD; (C) ELISA was used to detect the levels of pro-inflammatory factors (IL-1 β, IL-6, TNF- α) and anti-inflammatory factors (IL-4, IL-10, TGF- β). **P< 0.01 and 
***P< 0.001 versus the control group; #P< 0.05, ##P< 0.01 and ###P< 0.001 versus the NC mimics + OGD group; ^^P< 0.01 and ^^^P< 0.001 versus the NC inhibitors 
+OGD group. 
Abbreviations: NC, negative control; iNOS, induced nitric oxide synthase; CD, cluster of differentiation; OGD, oxygen-glucose deprivation; TNF, tumor necrosis factor; IL, 
interleukin; TGF, transforming growth factor.
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NF-κB pathway to attenuate neuroinflammation.14 It is 
reported that lncRNA H19 can promote neuroinflamma-
tion by driving HDAC1-dependent M1 microglial 
polarization.28 In this study, the data revealed that 
SNHG4 expression was significantly down-regulated in 
patients with ACI, MCAO rat models as well as LPS and 
OGD-treated microglia. The over-expression of SNHG4 
reversed the increase of pro-inflammatory cytokines IL-1β, 
IL-6 and TNF-α in MCAO rat models, LPS and OGD- 
treated microglia, and promoted the release of anti- 
inflammatory factors IL-4, IL-10 and TGF- β. And the 
expressions of M2 type microglia markers Arg-1 and 
CD206 were remarkably up-regulated. In the previous 
studies, SNHG4 is mainly linked with disease progression 
of multiple cancers including osteosarcoma, lung cancer, 
cervical cancer and prostate cancer.29–32 To our best 
knowledge, there are no reports on its role in nervous 

system diseases and inflammatory regulation. For the first 
time, our work proved SNHG4 was a crucial regulator 
during cerebral ischemia-reperfusion injury via modulat-
ing neuroinflammation.

miRNAs are critical for regulating the differentiation 
of macrophages into regularly and alternately activated 
macrophages.33 For instance, in microglia, miR-124 down- 
regulates the levels of M1 markers IL-6, TNF-α, iNOS and 
up-regulates the expressions of M2 markers TGF-β1, Arg1 
and FIZZ1.34 miR-449c-5p is a rarely investigated 
miRNA, and limited studies suggest that it is associated 
with osteogenic differentiation of valve interstitial cells 
and the progression of hepatocellular carcinoma.35,36 In 
this work, for the first time, we proved that miR-449c-5p 
participated in the activation of microglia and inflamma-
tory response in cerebral ischemia. Additionally, through 
bioinformatics prediction and luciferase reporter assay, we 

Figure 5 miR-449c-5p can bind to STAT6 by targeting it. (A) Prediction of targeted binding sites of miR-449c-5p and the 3’UTR of STAT6; (B) Luciferase activity assay was 
used to verify that miR-449c-5p could target the 3’UTR of STAT6; (C) qRT-PCR was used to detect the expression of STAT6 in miR-449c-5p overexpression and low 
expression cell lines; (D, E) qRT-PCR was used to detect the expression of miR-449c-5p and STAT6 after the co-transfection. *** P< 0.001 versus the control group; #P< 
0.05 and ###P< 0.001 versus the NC mimics+OGD group; ^^P< 0.01 and ^^^ P< 0.001 versus the miR-449c-5p mimics + pc- NC + OGD group. 
Abbreviations: NC, negative control; WT, wild type; Mut, mutant; pc, pc-DNA3.1; OGD, oxygen-glucose deprivation.
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validated that SNHG4 could specifically inhibit the 
expression of miR-449c-5p, and facilitate microglia’s 
polarization towards M2 and inhibited the inflammatory 
response of microglia.

STAT signaling pathway is widely implicated in cell 
proliferation, differentiation, apoptosis and immune regu-
lation, and functions critically in the signal transduction of 
a variety of cytokines.37 STAT6 functions as cytoplasmic 
transcription factor modulated via the phosphorylation and 
can be activated in response to IL-4 and IL-13.38 With the 

phosphorylation of the key tyrosine residue, STAT6 
becomes dimerized, transfers from the cytoplasm to the 
nucleus, resulting in the up-regulation of specific transcrip-
tion of the target gene.38 Studies have shown that IL- 
4-STAT6 signaling induces macrophages to desensitize 
endogenous signals related to microbes, stress and injury 
through direct transcriptional inhibition of inflammatory 
enhancers.39 It has been found that hyperglycemia pro-
motes M1 polarization of intrahepatic macrophages 
obtained from liver exposed to APAP and meanwhile 

Figure 6 Overexpression of SNHG4 reduced activation and inflammatory response of microglia via regulating miR-449c-5p. (A) qRT-PCR was employed to detect the 
expression of M1 markers iNOS and CD86 and M2 markers Arg1 and CD206 mRNA in microglia treated with OGD; (B) The changes of pro-inflammatory cytokines (IL-1 
β, IL-6, TNF- α) and anti-inflammatory cytokines (IL-4, IL-10, TGF- β) were detected by ELISA; (C) The effect of microglia culture medium on the activity of hippocampal 
neurons was detected by CCK-8 assay; (D) The release of LDH from hippocampal neurons was detected. ** P< 0.01 and ***P< 0.001 versus the control group; #P< 0.05, 
##P< 0.01 and ###P< 0.001 versus the NC mimics + OGD group; ^^^P< 0.001 versus the miR-449c-5p mimics + pc-NC + OGD group. 
Abbreviations: iNOS, induced nitric oxide synthase; CD, cluster of differentiation; NC, negative control; pc, pc-DNA3.1; OGD, oxygen-glucose deprivation; TNF, tumor 
necrosis factor; IL, interleukin; NeuN, neuron; TGF, transforming growth factor; LDH, lactate dehydrogenase.
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inhibits M2 polarization, accompanied by the increased 
induction of MCP-1 and iNOS, decreased induction of 
Arg-1 and CD206, increased activation of STAT1 and 
decreased activation of STAT6.40 In this work, we found 
that miR-449c-5p could target STAT6 to inhibit its expres-
sion. As expected, over-expression of SNHG4 could 
significantly promote the phosphorylation of STAT6, up- 
regulate the expression of Arg-1 and CD206, and facilitate 
the transformation of microglia treated with ODG from 
M1 to M2. Meanwhile, the expression of anti- 
inflammatory factors IL-4, IL-10 and TGF-β were remark-
ably increased, which greatly reduced the toxic effect of 
inflammation on neurons.

In summary, our work validates that the down-regulation 
of SNHG4 is involved in cerebral ischemia-reperfusion 
injury. Up-regulation of SNHG4 inhibits the expression of 
miR-449c-5p and activates the STAT6 signaling pathway, 
thereby inhibiting the M1 polarization of microglia and 
reducing inflammation, suggesting restoration of SNHG4 is 
a promising strategy in the treatment of ischemic stroke.
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