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Abstract. Proinflammatory polarization of microglia aggravates 
brain injury in cerebral infarction. The present study focused 
on the role of long non‑coding (lnc)RNA X‑inactive specific 
transcript (XIST) in the phenotype modulation of microglia. It 
was revealed that lncRNA XIST was significantly upregulated 
in both a mouse cerebral infarction model induced by middle 
cerebral artery occlusion (MCAO) and an activated microglial 
model induced by oxygen/glucose deprivation (OGD). The 
overexpression of XIST enhanced the expression and release 
of pro‑inflammatory mediators [such as tumor necrosis factor 
(TNF)‑α, IL‑6, and iNOS] in microglia. Culture supernatant 
from lncRNA XIST‑overexpressed microglial cells induced 
the apoptosis of primary neurons, while TNF‑α antibody 
counteracted this neurotoxic effect. LncRNA XIST served 
as a sponge for miR‑96‑5p, counteracting its inhibitory effect 
on IKKβ/NF‑κB signaling and TNF‑α production. Notably, 
TNF‑α was positively regulated by XIST and in turn enhanced 
XIST expression in microglia. The lncRNA XIST‑TNF‑α 
feedback promoted the proinflammatory polarization of 
microglia, thereby exacerbating cerebral neuron apoptosis.

Introduction

Cerebral infarction is one of the leading causes of long‑term 
disability and death worldwide (1), accounting for more than 
75% of all stroke cases (2). Cerebral infarction occurs when 
blood flow to the brain is blocked, resulting in hypoxia and the 
rapid death of cerebral tissues. The factors that induce cerebral 
infarction are complex, including genetic and environmental 

factors (3,4). Continuous efforts have been made to elucidate 
its mechanism and to find appropriate therapeutic targets. 
Recently, studies have revealed the crucial role of brain‑resi‑
dent immune cells in regulating the progression of cerebral 
infarction, indicating that targeting these immune cells may be 
an attractive therapeutic strategy (5,6).

Microglial cells are the first line of defense of the host 
against ischemic injury (5,7). After brain injury, microglia are 
rapidly activated. Activated microglia can secrete a variety 
of factors to regulate inflammation. Among them, microglia 
releasing pro‑inflammatory mediators [such as tumor necrosis 
factor (TNF)‑α, interleukin (IL)‑1β and interferon (IFN)‑γ] 
are defined as the M1‑type, while those releasing neuroprotec‑
tive factors (such as IL‑4, IL‑10 and TGF‑β) are defined as 
the M2‑type (8,9). The polarization of activated microglia into 
the M1 or M2 type depends on a variety of molecular signals 
in the microenvironment. For example, IFN‑γ, TNF‑α, IL‑2, 
and lipopolysaccharide promote the polarization of microglia 
into the M1 type. However, chondroitin sulfate, proteoglycan 
and IL‑4 promote the polarization of microglia into into the 
M2 type (9,10). Therefore, targeting microglial activation is 
considered as a promising therapeutic strategy in the treatment 
of cerebral infarction.

Long non‑coding (lnc) RNAs, as noncoding transcripts 
longer than 200 bp, play pivotal roles in various biological and 
pathological processes, including cerebral infarction (11,12). 
Multiple lncRNAs have been revealed to regulate the progres‑
sion of ischemic infarction (13). For instance, lncRNA MEG3 
modulated neuronal death following cerebral infarction via 
miR21/PDCD4 signaling (14). LncRNA H19 contributed to 
microglial polarization to the M1 phenotype, giving rise to 
post‑stroke neuroinflammation (15). However, research on the 
role of lncRNAs in cerebral infarction and their underlying 
mechanisms remain at an early stage (12). Recently, lncRNA 
X‑inactive specific transcript (XIST) has been reported to be 
involved in several neurological diseases, such as spinal cord 
injury (16). However, the role of XIST in cerebral ischemia is 
unclear.

In the present study, it was hypothesized that XIST plays an 
important role in regulating the inflammatory polarization of 
microglial cells in cerebral infarction and the role of the lncRNA 
XIST in microglial phenotype modulation was explored using 
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an in vitro oxygen‑glucose deprivation (OGD) model and an 
in vivo middle cerebral artery occlusion (MCAO) model.

Materials and methods

Establishment of cerebral infarction animal model. A 
total of 24 male C57BL/6 mice (6‑8 weeks old; weighing 
20±0.3 g) were purchased from SLAC Laboratory Animal 
Co., Ltd. All experiments were carried out in accordance 
with the National Institutes of Health (NIH) guidelines for 
the care and use of laboratory animals and were approved by 
the Animal Ethics Committee of Xingtai Medical College 
Second Affiliated Hospital (Xingtai, China). Mice were fed 
with food and water ad libitum and were kept at 24±2˚C 
and 55±2% humidity, alternating between light and dark for 
12 h. Mice were randomly divided into two groups: Sham 
group and the cerebral infarction group. A total of 12 mice 
were placed in each group. A cerebral infarction animal 
model was established using the MCAO method according to 
previously reported methods (17,18). Mice were anesthetized 
by intraperitoneal injection of 5% chloral hydrate (300 mg/kg). 
Briefly, common, internal and external carotid arteries were 
exposed after mice were anesthetized and a nylon suture was 
then inserted. Thereafter, the middle cerebral artery (MCA) 
was occluded using the nylon suture after moving it forward to 
the origin of the MCA. Mice in the sham operation group were 
only treated with neck incision and suture after separation, 
without vascular ligation. At the end of the experiment, mice 
were anesthetized with chloral hydrate and then euthanized by 
cervical dislocation. Three mice were randomly sacrificed in 
each group at 12, 36, 96 and 168 h after MCA or Sham surgery 
respectively before the cerebral tissues obtained for further 
investigation.

Cell culture and oxygen/glucose deprivation (OGD) 
treatment. The mouse microglial cell line, BV‑2, was obtained 
from the Cell Bank of Chinese Academy of Sciences and 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C and 5% CO2. A total of two 
pregnant female C57BL/6 mice (10‑12 weeks old; weighing 
20±0.3 g) were purchased from SLAC Laboratory Animal Co., 
Ltd.. Mice were fed with food and water ad libitum, and were 
kept at 24±2˚C and 55±2% humidity, in alternating between 
light and dark for 12 h, whilst waiting until the pregnant mice 
to give birth. Primary neurons were isolated from the cerebral 
cortices of C57BL/6 mice within 24 h of birth as previously 
described and cultured in neurobasal media (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 2% B‑27 (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C and 5% CO2 (19).

For OGD treatment, BV‑2 cells were incubated in 
serum/glucose‑free DMEM under the culture conditions of 
94% N2/5% CO2/1% O2 and 37˚C for 2 h and then returned to 
normal culture conditions. Subsequently, 24 h after BV‑2 cells 
returned to normal culture conditions, the culture supernatants 
of BV‑2 cells were collected and used as the conditioned media 
used to treat neurons for 12, 36 and 48 h at 37˚C.

Cell transfection. LncRNA XIST and inhibitor of nuclear 
factor κB kinase subunit β (IKKβ) cDNAs were cloned into the 

pXJ40‑HA‑Merlin I (Addgene plasmid no. 19699; http://n2t.
net/addgene:19699; RRID:Addgene_19699) to construct over‑
expression vectors. Small interfering (si)RNA‑XIST, short 
hairpin (sh)RNA‑IKKβ, microRNA (miR)‑96‑5p mimics, 
and miR‑96‑5p inhibitor were purchased from Shanghai 
GenePharma Co., Ltd. All small RNA sequences are as 
follows: siRNA‑XIST, 5'‑AUA ACA GUA AGU CUG AUA GAG 
GAC A‑3'; shRNA‑IKKβ, 5'‑CAC CGT CTT GTC GCC TAG 
AGC TAT TCA AGA GAT AGC TCT AGG CGA CAA GAC TTT 
TTT G‑3'; miR‑96‑5p mimics, 5'‑UUU GGC ACU AGC ACA 
UUU UUG CU‑3'; miR‑96‑5p inhibitor, 5'‑AGC AAA AAU 
GUG CUA UGU GCC AAA‑3'; siRNA negative control, 5'‑UUA 
CUC AUG UGU CAU AAC ACA GGU G‑3'; shRNA negative 
control, 5'‑CCT AAG GTT AAG TCG CCC TCG CTC GAG CGA 
GGG CGA CTT AAC CTT AGG‑3'; mimic negative control, 
5'‑UUC UCC GAA CGU GUC ACG UTT‑3'; inhibitor negative 
control, 5'‑UUG UAC UAC ACA AAA GUA CUG‑3'.

BV‑2 cells were seeded in 96‑well plates at 5x104 cells/well. 
LncRNA XIST overexpression vector/siRNA, miR‑96‑5p 
mimics/inhibitor, IKKβ overexpression vector/shRNA and 
corresponding controls were transfected into BV‑2 cells using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions, respectively. 
Briefly, 5 µl transfection reagent and 0.5 µg plasmid or 5 pmol 
small RNA were mixed in 50 µl serum‑free DMEM, left to 
stand for 5 min and then mixed. Following incubation at room 
temperature for 20 min, the mix was added to serum‑starved 
cells and incubated at 37˚C for 4 h. Following this, 48 h later, 
cells and the culture supernatants were harvested for relative 
assays.

ELISA. After 24‑h transfection, BV‑2 cells (seeded in 96‑well 
plates at 5x104 cells/well) were exposed to the OGD treat‑
ment. Then TNF‑α (cat. no. ab181421; Abcam) and IL‑6 (cat. 
no. ab222503; Abcam) levels in cell culture supernatants were 
examined using ELISA kits. The absorbance was detected at 
450 nm using a microplate reader (Tecan Group, Ltd.).

Flow cytometry. Cell expression levels of inducible nitric oxide 
synthase (iNOS) were detected by flow cytometry after BV‑2 cells 
were subjected to transfection and OGD treatment. In brief, BV‑2 
cells were fully digested using 0.25% trypsin at 37˚C for 5 min. 
After cell counting, cells were resuspended at a density of 100 µl 
4% formaldehyde per 1x106 cells and fixed at room temperature 
for 15 min. Ice‑cold 100% methanol was then slowly added to 
a final concentration of 90% methanol and permeabilized on 
ice for 10 min. The methanol was subsequently separated by 
centrifugation at 500 x g for 5 min at room temperature, and 
followed by incubation with 2 ng/ml PE‑Cyanine7‑labeled iNOS 
antibody (cat. no. 25‑5920‑80; eBioscience; Thermo Fisher 
Scientific, Inc.) in the dark at room temperature for 20 min. After 
rinsing three times with PBS, these cells were were detected by 
a flow cytometer (BD FACSCalibur™; BD Biosciences) and 
analyzed using FlowJo v10 software (FlowJo, LLC).

Lactate dehydrogenase (LDH) assay. The neurons were 
seeded into 96‑well plates (5x104 cells/well) and stimulated 
with OGD‑treated BV‑2 cell conditioned media. In total, 
5 ng/ml TNF‑α neutralizing antibody (cat. no. 7321; Cell 
Signaling Technology, Inc.) or its IgG control (cat. no. 3900; 
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Cell Signaling Technology, Inc.) were added, before the cells 
were incubated at 37˚C and 5% CO2 for 24 h. LDH released 
from apoptotic and necrotic neurons was examined by an 
LDH assay kit in accordance with the manufacturer's instruc‑
tions (cat. no. C0016; Beyotime Institute of Biotechnology). 
The percentage of apoptotic cells was calculated as follows: 
(ODsample well‑ODnegative control well)/(ODpositive control well‑ODnegative control 

well) x100%.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cerebral tissues of MCAO mice 
samples or BV‑2 cells using TRIzol (CWbiotech, Co., Ltd.). 
Reverse transcription was performed using the PrimeScript™ 
RT Master Mix (Takara Bio, Inc.). miRNA was extracted using 
the miRcute Isolation Kit (Tiangen Biotech Co., Ltd.) and 
reverse transcription was conducted using the miScript II RT 
Kit (Qiagen GmbH). qPCR was performed using the FastSYBR 
Mixture (cat. no. CW0955; CWbiotech, Co., Ltd.). The relative 
expression levels were analyzed using the 2‑ΔΔCq method (20). 
18S RNA and U6 were used as the internal control. The amplifi‑
cation conditions for RT‑PCR were as follows: 42˚C for 40 min, 
followed by 85˚C for 5 min. The amplification conditions for 
qPCR were as follows: 95˚C for 10 min, followed by 40 cycles 
each at 95˚C for 15 sec, 60˚C for 30 sec, and 72˚C for 30 sec. The 
primers used were as follows: XIST forward, 5'‑TAA GGA CTA 
CTT AAC GGG CT‑3'and reverse, 5'‑TAC TCA GAC ATT CCC 
TGG CA‑3'; miR‑96‑5p forward, 5'‑TTT GGC ACT AGC ACA 
TTT TTG CT‑3' and reverse, 5'‑GTG CAG GGT CCG AGG T‑3'; 
IKKβ forward, 5'‑GAC ATC GCA TCG GCT CTT AGA‑3' and 
reverse, 5'‑AAC GGT CAC GGT GTA CTT CTG‑3'; U6 forward, 
5'‑CTC GCT TCG GCA GCA CAT ATA CT‑3' and reverse, 5'‑ACG 
CTT CAC GAA TTT GCG TGT C‑3' and 18S forward, 5'‑GTA 
ACC CGT TGA ACC CCA TT‑3' and reverse, 5'‑CCA TCC AAT 
CGG TAG TAG CG‑3'.

Western blotting. Total proteins were isolated from cell samples 
using RIPA lysis buffer (Beyotime Institute of Biotechnology). 
Protein concentration determination was performed using a BCA 
Protein Assay Kit (Takara Bio, Inc.). A total of 20 µg of protein 
was electrophoresed on 10% SDS‑PAGE gels and then trans‑
ferred onto PVDF membranes; PVDF membranes were then 
blocked with 5% BSA (Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature for 40 min. Thereafter, the 
membrane was then incubated overnight at 4˚C with anti‑IKKβ 
(1:1,000; cat. no. ab109749; Abcam), anti‑phosphorylated (p)‑p65 
(Ser536) (1:1,000; cat. no. 3033; Cell Signaling Technology, Inc.), 
and anti‑p65 antibodies (1:1,000; cat. no. 8242; Cell Signaling 
Technology, Inc.), followed by incubation with horseradish 
peroxidase‑conjugated anti‑rabbit IgG antibody (1:1,000; cat. 
no. 7074; Cell Signaling Technology, Inc.). The protein expres‑
sion levels were measured by an enhanced chemiluminescence 
detection kit (Thermo Fisher Scientific, Inc.). To quantify the 
protein expression, ImageJ 1.8.0 software (National Institutes of 
Health) was used to analyze the gray value of the protein bands.

Non‑coding RNA target prediction and dual‑luciferase 
reporter assay. The putative interaction between lncRNA 
XIST and miR‑96‑5p was searched by starBase v3.0 
(http://starbase.sysu.edu.cn/) website and the target gene of 
miR‑96‑5p was predicted in TargetScan 7.2 (http://www.

targetscan.org/). The p‑NF‑κB‑Luc plasmid with the NF‑κB 
response element cloned into Firefly pGL6 (Beyotime Institute 
of Biotechnology) and the Renilla pRL‑TK plasmid (internal 
control; Promega Corporation) were used as luciferase 
reporter vectors. 293T cells were purchased from the The Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences and cultured in DMEM with 10% FBS, 100 µg/ml 
streptomycin and penicillin at 37˚C and 5% CO2. The vectors 
(50 ng for each vector), combined with miRNA mimic/inhibitor 
or corresponding negative controls (20 nM for each miRNA 
mimic/inhibitor or controls), were co‑transfected into 293T 
cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). Then, 24 h later, the cells were collected and 
the luciferase activities were assessed using the Dual‑luciferase 
Reporter Assay Kit (Promega Corporation).

Statistical analysis. All quantitative data were expressed as the 
mean ± SD. GraphPad Prism 7 (GraphPad Software, Inc.) was 
used for statistical analysis in the present study. Unpaired Student's 
t‑test was employed to compare two groups. Comparison among 
multiple groups was measured with one‑way ANOVA followed 
by Tukey's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference. Correlation analysis was 
conducted using Spearman's rank correlation coefficient.

Results

LncRNA XIST is upregulated in MCAO mice and 
OGD‑activated microglia. To profile the expression of XIST 
in cerebral infarction, an in vivo mouse MCAO ischemic model 

Figure 1. LncRNA XIST is upregulated in MCAO‑treated mice and 
OGD‑activated microglia. (A) XIST mRNA levels in mouse brain tissues 
were examined by qPCR 12, 36, 96 and 168 h after MCAO or sham treatment. 
(B) XIST mRNA levels in BV‑2 microglial cells treated with OGD for 12, 36 and 
48 h were examined by qPCR. *P<0.05 and **P<0.01. LncRNA long non‑coding 
RNA; XIST, X‑inactive specific transcript; MCAO, middle cerebral artery 
occlusion; OGD, oxygen/glucose deprivation; qPCR, quantitative PCR.
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was established. Compared with the sham group, XIST expres‑
sion was significantly increased in mouse cerebral tissues 36 h 
after MCAO treatment, and this upregulation could also be 

observed 168 h after MCAO treatment (Fig. 1A). Furthermore, 
it was observed that the in vitro OGD treatment significantly 
increased XIST expression in BV‑2 cells in a time‑dependent 

Figure 2. XIST promotes the release of proinflammatory cytokines and controls TNF‑α‑mediated neuronal apoptosis. After transfection with the XIST over‑
expression vector, siRNA or corresponding controls, BV‑2 cells were exposed to OGD for 24 h. (A) Confirmation of knockdown and overexpression of XIST 
by reverse transcription‑quantitative PCR. (B) TNF‑α and (C) IL‑6 expression levels in the culture supernatants were assayed by ELISA. iNOS expression 
in the BV‑2 cells was assessed by (D) flow cytometry and expressed as (E) median fluorescence intensity. (F) Apoptosis of mouse primary cerebral neurons 
was examined using a lactate dehydrogenase assay after incubation with the culture supernatants containing TNF‑α neutralization antibody or IgG control. 
*P<0.05, **P<0.01 and ***P<0.001. XIST, X‑inactive specific transcript; TNF, transforming growth factor; IL, interleukin; iNOS, inducible nitric oxide synthase; 
si‑, small interfering; Ctrl, control; OE, overexpression.
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manner (Fig. 1B). These results suggested that lncRNA XIST 
may be involved in the pathological process of cerebral infarc‑
tion by modulating microglial function.

LncRNA XIST promotes pro‑inf lammatory mediator 
production and mediates TNF‑α‑mediated neuronal 
apoptosis. To investigate the role of lncRNA XIST in 
microglia‑mediated neuroinflammation, TNF‑α and IL‑6 
were examined after altering XIST expression (Fig. 2A‑C). 
Fig. 2A demonstrated the transfection efficiency of si‑XIST 
and XIST overexpression XIST in microglia. XIST over‑
expression enhanced the production of TNF‑α (1.8‑fold 
increase) and IL‑6 (1.68‑fold increase) in OGD‑challenged 
microglia (Fig. 2B and C). However, XIST inhibition down‑
regulated the levels of TNF‑α (45% decrease) and IL‑6 
(14% decrease) (Fig. 2B and C). Similarly, OGD‑induced 
iNOS expression was augmented (1.45‑fold increase) by 
XIST overexpression, but was attenuated (34% decrease) 
after XIST inhibition (Fig. 2D and E).

Compared with neurons grown in the superna‑
tants of OGD‑BV‑2 cells, culture supernatant from 
XIST‑overexpressed OGD‑BV‑2 cells exacerbated neuronal 

apoptosis (1.5‑fold increase), while TNF‑α neutralization 
rescued this effect (50% decrease) (Fig. 2F). Compared 
with the OGD‑BV‑2 cell supernatant culture, the lncRNA 
XIST‑silenced OGD‑BV‑2 cell supernatant significantly 
inhibited neuronal apoptosis (45% decrease; Fig. 2F). 
These results indicated that lncRNA XIST contributed to 
TNF‑α‑mediated neuronal apoptosis by promoting microg‑
lial proinflammatory activation.

LncRNA XIST enhances TNF‑α production by directly 
suppressing miR‑96‑5p. To further elucidate the underlying 
molecular mechanism of lncRNA XIST function, the starBase 
website was searched and a putative interaction between 
lncRNA XIST and miR‑96‑5p (Fig. 3A) was found. miR‑96‑5p 
was successfully knocked down or overexpressed in BV‑2 cells 
(Fig. 3B). miR‑96‑5p overexpression antagonized the ability of 
XIST to enhance TNF‑α production (37% decrease, OE‑XIST + 
miR‑96‑5p mimic vs. OE‑XIST + Ctrl mimic; Fig. 3C). Further 
analysis of the expression profiles revealed a negative correla‑
tion between lncRNA XIST and miR‑96‑5p in MCAO‑treated 
mouse brain tissues (Fig. 3D), indicating that XIST acts as a 
sponge for miR‑96‑5p to antagonize its function.

Figure 3. XIST enhances TNF‑α production by directly suppressing miR‑96‑5p. (A) Direct interaction between XIST and miR‑96‑5p (shown in the red 
rectangle) predicted in the starBase database. (B) Confirmation of knockdown and overexpression of miR‑96‑5p by reverse transcription‑quantitative PCR. 
(C) TNF‑α release from OGD‑induced BV‑2 cells was assessed by ELISA after XIST overexpression and miR‑96‑5p mimic (or control) transfection. (D) The 
correlation between the mRNA levels of XIST and miR‑95‑5p was analyzed by the Spearman's rank correlation coefficient. *P<0.05 and **P<0.01. XIST, 
X‑inactive specific transcript; TNF, transforming growth factor; miR‑96‑5p, microRNA‑96‑5p; OGD, oxygen/glucose deprivation; Ctrl, control; OE, overex‑
pression.
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MiR‑96‑5p downregulates NF‑κB signaling and reduces 
TNF‑α production by inhibiting IKKβ expression. Next, the 
target gene of miR‑96‑5p was predicted in TargetScan and 

it was revealed that miR‑96‑5p could directly bind to the 
IKKβ (Fig. 4A), whose activation is a vital event upstream of 
NF‑κB signaling (21,22). To validate this, miR‑96‑5p mimic or 

Figure 4. miR‑96‑5p inactivates NF‑κB signaling by targeting and inhibiting IKKβ. (A) IKKβ was predicted to be a target of miR‑96‑5p in starBase (the 
red rectangle indicates the binding sequence). (B) IKKβ mRNA levels were examined after transfection with miR‑96‑5p mimic, inhibitor or control. 
(C) Immunoblots of IKKβ, p65, and p‑p65 proteins in OGD‑induced BV‑2 cells after transfection with miR‑96‑5p mimic or control. (D) The luciferase 
activities were determined at 24 h after cotransfection of p‑NF‑κB‑Luc plasmid, Renilla pRL‑TK plasmid (internal control), and miR‑96‑5p mimic/inhibitor 
or corresponding negative controls into 293 cells. *P<0.05, **P<0.01 and ***P<0.001. miR‑96‑5p, microRNA‑96‑5p; IKKβ, inhibitor of nuclear factor κB kinase 
subunit β; p‑, phosphorylated; Ctrl, control; OGD, oxygen/glucose deprivation.
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inhibitor was transfected into microglia, and IKKβ expression 
was examined using RT‑qPCR. The results revealed that IKKβ 
expression was significantly inhibited by miR‑96‑5p overex‑
pression (41% decrease; Fig. 4B). In contrast, IKKβ expression 
was significantly enhanced upon miR‑96‑5p inhibition 
(2.3‑fold increase) (Fig. 4B). At the protein level, miR‑96‑5p 
overexpression downregulated the expression of IKKβ (47% 
decrease), and thus decreased the level of p‑p65 (the active 
subunit of NF‑κB) (75% decrease), which was upregulated 
by OGD treatment (Fig. 4C). In addition, compared with the 
OGD+/Ctrl mimic group (p‑p65/total p65=0.44), miR‑96‑5p 
overexpression significantly reduced the ratio of p‑p65/total 
p65 (p‑p65/total p65=0.16) (Fig. 4C). In order to further verify 
the miR‑96‑5p/IKKβ interaction, miR‑96‑5p mimic/inhibitor 
and NF‑κB luciferase reporter were co‑transfected into 293 
cells. Luciferase activity was decreased upon miR‑96‑5p 
overexpression (63% decrease), but increased upon miR‑96‑5p 
inhibition (1.8‑fold increase) (Fig. 4D). These results indi‑
cated that miR‑96‑5p downregulated NF‑κB signaling by 
suppressing IKKβ expression.

To further substantiate the results, a rescue assay was 
performed. IKKβ was successfully knocked down or overex‑
pressed in BV‑2 cells (Fig. 5A). The results revealed that IKKβ 

overexpression reversed the decreased TNF‑α production in 
miR‑96‑5p mimic‑transfected microglia (2.1‑fold increase, 
miR‑96‑5p mimic + IKKβ vs. miR‑96‑5p mimic + Vec), 
while IKKβ silencing inhibited the upregulation of TNF‑α 
production in miR‑96‑5p inhibitor‑transfected microglia (48% 
decrease, miR‑96‑5p inhibitor + sh‑IKKβ vs. miR‑96‑5p 
inhibitor + sh‑Scr) (Fig. 5B and C). Furthermore, IKKβ expres‑
sion was inversely associated with miR‑96‑5p expression in 
MCAO‑treated mouse brain tissues (Fig. 5D), supporting the 
IKKβ‑targeting role of miR‑96‑5p.

TNF‑α in turn positively regulates lncRNA XIST expression. 
Finally, the possible factors that contributed to the augmented 
XIST expression in microglia were investigated. Notably, it was 
determined that TNF‑α stimulation significantly upregulated 
XIST expression in microglia in the absence of OGD treatment 
(4.2‑fold increase) (Fig. 6). Concordant with this, the TNF‑α 
neutralizing antibody counteracted OGD‑induced enhance‑
ment of XIST expression (47% decrease) (Fig. 6). Collectively, 
these results indicated that lncRNA XIST supported the 
expression of TNF‑α, which in turn positively regulated XIST 
expression in microglia and thus formed a feedback to promote 
the proinflammatory activation of microglia.

Figure 5. miR‑96‑5p reduces TNF‑α production by inhibiting IKKβ expression. (A) Reverse transcription‑quantitative PCR was used for confirmation of 
knockdown and overexpression of IKKβ. (B) miR‑96‑5p mimic reduced TNF‑α release from OGD‑treated BV‑2 cells, while IKKβ overexpression rescued 
this effect. (C) miR‑96‑5p inhibitor enhanced TNF‑α release from OGD‑treated BV‑2 cells while IKKβ inhibition counteracted this effect. (D) miR‑96‑5p 
was negatively correlated with IKKβ in middle cerebral artery occlusion‑treated mouse cerebral tissues. Spearman's rank correlation coefficient was used. 
*P<0.05 and **P<0.01. miR‑96‑5p, microRNA‑96‑5p; TNF, tumor necrosis factor; IKKβ, inhibitor of nuclear factor κB kinase subunit β; OGD, oxygen/glucose 
deprivation; Ctrl, control; sh‑, short hairpin.
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Discussion

In the present study, it was revealed that lncRNA XIST 
was significantly upregulated in MCAO‑treated mice and 
OGD‑treated microglia. In addition, it was also demonstrated 
that XIST overexpression enhanced the expression and 
release of pro‑inflammatory mediators in microglia. LncRNA 
XIST has been reported to participate in multiple diseases, 
including cancer and neurological diseases (16,23‑26). In 
spinal cord injury, XIST promoted neuronal apoptosis by 
regulating AKT phosphorylation (16). In the cellular model 
of Alzheimer's disease, lncRNA XIST was involved in 
oxidative stress and apoptosis of hippocampal neurons by 
functioning as a sponge for miR‑132 (27). In line with this, 
data from GEO database revealed that XIST expression in 
a patient was augmented within 6 months after ischemic 
stroke (28). However, the regulatory mechanism of XIST 
on the inflammatory polarization of microglia in cerebral 
infarction remains unclear.

Inf lammation plays an impor tant role in the 
pathophysiological process of cerebral infarction and 
has a dual role of protection and harm to the brain tissue. 
LncRNA XIST was confirmed to promote neuroinflammation 
by promoting the expression of TNF‑α and IL‑6 (28). 
Downregulation of XIST repressed inflammatory cytokine 
expression (approximately 60% decrease for COX‑2, 50% 
decrease for TNF‑α and IL‑6) in microglias (26). XIST 
silencing was revealed to counteract LPS‑induced TNF‑α and 
IL‑6 production (approximately 60% decrease for TNF‑α and 

IL‑6) in microglial cells (29). The present research revealed 
that XIST knockdown inhibited pro‑inflammatory mediator 
production (45% decrease for TNF‑α, 14% decrease for IL‑6, 
and 34% decrease for iNOS) and TNF‑α‑mediated neuronal 
apoptosis (45% decrease). These results were consistent 
with previous research results (26,28,29). To investigate the 
regulatory mechanism of lncRNA XIST, the miRNAs that 
bind to it were explored and it was revealed that XIST could act 
as a sponge for miR‑96‑5p, counteracting its inhibitory effect 
on TNF‑α production. The present research revealed that 
miR‑96‑5p overexpression repressed TNF‑α production (37% 
decrease). A previous study revealed that downregulation of 
miR‑96 markedly increased the level of TNF‑α in BV2 cells 
(approximately 2.0‑fold increase) (30). miR‑96‑5p has an 
inhibitory effect on autophagy and apoptosis of breast tumor 
cells (31). Kinoshita et al revealed that the diurnal rhythm of 
miR‑96‑5p played a protective role in dopaminergic neurons 
in Parkinson's disease (32). Collectively, these studies and our 
findings indicate the crucial role of miR‑96‑5p in neurological 
diseases and neuronal apoptosis.

IKKβ/IkB/NF‑κB signaling plays a protective or toxic role 
in neuroinflammation depending on the differential external 
stimuli, cell types, and activation of NF‑κB dimers (33,34). 
Microglial activation of the NF‑κB p50/p65 subunit down‑
stream of IKKβ was correlated with the production of 
pro‑inflammatory mediators, including IFN‑γ, TNF‑α, and 
IL‑6, resulting in secondary injury after the initial onset of 
cerebral infarction (21,33). A previous study showed that 
targeting XIST induced apoptosis of human osteosarcoma 
cells by activating NF‑κB (35). Another previous study 
revealed that miR‑96 overexpression directly inhibits IKKβ 
expression, but the upstream regulation of miR‑96 has 
not been explored (30). The present results revealed that 
IKKβ was directly targeted and silenced by miR‑96‑5p. It 
was also revealed that p‑p65 (the active subunit of NF‑κB) 
accompanied by pro‑inflammatory cytokines was down‑
regulated (75% decrease) accordingly when miR‑96‑5p 
was overexpressed, demonstrating the modulation of 
lncRNA XIST/miR‑96‑5p on IKKβ/IkB/NF‑κB signaling 
in microglia. IKKβ silencing inhibited TNF‑α production 
(48% decrease), which was consistent with a previous study 
(IKKβ silencing resulted in a decrease in the TNF‑α level 
of approximately 35%) (30). Notably, it was revealed that 
TNF‑α, whose production could be induced by the upstream 
lncRNA XIST/miR‑96‑5p/IKKβ/NF‑κB axis, which in turn 
augmented XIST expression (4.2‑fold increase), indicating 
that there could be a positive feedback loop between XIST 
and TNF‑α production through miR‑96‑5p/IKKβ/NF‑κB 
signaling. In the future, the detailed modulation mechanism 
of the positive feedback loop between XIST and TNF‑α in 
cerebral infarction remains to be elucidated.

In conclusion, it was revealed that the lncRNA XIST 
promoted inflammatory polarization of microglia in cerebral 
ischemia by regulating the miR‑96‑5p/IKKβ/NF‑κB axis, 
leading to enhanced production of proinflammatory mediators 
and aggravated neuronal apoptosis. The lncRNA XIST may 
be a potential target in lncRNA‑based ischemia therapy. The 
present findings provide novel insights into the functional 
involvement of microglia in cerebral infarction and its 
modulation mechanism.

Figure 6. TNF‑α positively regulates XIST expression. XIST mRNA levels in 
BV‑2 cells were examined using reverse transcription‑quantitative PCR after 
treatment with TNF‑α (5 ng/ml), OGD and the TNF‑α neutralization antibody, 
or with OGD and the IgG control. ***P<0.001. TNF, tumor necrosis factor; 
XIST, X‑inactive specific transcript; OGD, oxygen/glucose deprivation.
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