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Knockdown lncRNA NEAT1 
regulates the activation 
of microglia and reduces AKT 
signaling and neuronal apoptosis 
after cerebral ischemic reperfusion
Xunran Ni1,2,3, Qian Su1,3, Wenbo Xia1,2, Yanli Zhang1, Kejuan Jia1, Zhiqiang Su1,3* & 
Guozhong Li1,3*

Acute cerebral ischaemia may lead to serious consequences, including brain injury caused by 
uncontrolled reperfusion, which occurs when circulation is re-established. The long non-coding RNA 
(lncRNA) nuclear enriched abundant transcript 1 (NEAT1) plays an important role in the immune 
system. However, the potential roles and underlying molecular mechanisms of NEAT1 in cerebral 
ischaemia/reperfusion (I/R) injury remain unclear. The aim of the present study was to investigate the 
function of the lncRNA NEAT1 in cerebral I/R injury and its potential beneficial effects on neurons. In 
our study, oxygen–glucose deprivation (OGD)/reoxygenation (OGD/R) was induced in vitro to mimic 
cerebral I/R injury. Cholecystokinin-octopeptide (CCK-8) was used to measure cell viability, and flow 
cytometry was used to measure cell apoptosis. Real-time quantitative PCR (qRT-PCR) was used to 
measure the expression of phenotypic markers of classically activated (M1) and alternatively activated 
(M2) microglia, and western blotting was performed to detect the levels of proteins related to the 
AKT/STAT3 pathway. The expression of the lncRNA NEAT1 was significantly upregulated in patients 
with ischaemic stroke, and knockdown of the lncRNA NEAT1 alleviated OGD/R-induced apoptosis 
and increased neuronal viability. Furthermore, the lncRNA NEAT1 may inhibit microglial polarization 
towards the M1 phenotype to reduce the damage caused by OGD/R and reduce the activity of the 
AKT/STAT3 pathway. In conclusion, the lncRNA NEAT1 may be a potential target for new therapeutic 
interventions for cerebral I/R.

Cerebrovascular diseases, which have high disability and mortality rates, are becoming increasingly common in 
the  elderly1. The only method for preventing permanent cerebral ischaemia-induced damage is to restore blood 
flow to the ischaemic region of the brain as quickly as possible. Nevertheless, severe damage, called ischaemia/
reperfusion (I/R) injury, occurs after artery  recanalization2. The main pathophysiological characteristics of I/R 
injury include an immune response and  apoptosis3. However, specific drugs for treating I/R injury are not avail-
able in the clinic due to the lack of understanding of its  mechanisms4.

Long non-coding RNAs (lncRNAs) are RNAs longer than 200 nucleotides that do not encode  proteins5. In 
recent years, lncRNAs have been shown to participate in various pathological and physiological processes, such 
as apoptosis, cell cycle progression, differentiation and  inflammation6. The lncRNA nuclear enriched abundant 
transcript 1 (NEAT1) has been reported to be involved in various  diseases7,8, has been proven to be related to 
myocardial I/R  injury9, and has been suggested to promote the activation of the inflammasome in  macrophages10. 
Interestingly, NEAT1 was recently shown to be transcriptionally activated by Yin Yang 1 (YY1) and to contribute 
to the oxygen–glucose deprivation (OGD)/reoxygenation (OGD/R) injury of microglial cells by activating the 
Wnt/β-catenin signalling  pathway11.
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Microglia are the main immune cells of the central nervous system (CNS) and exert diverse functions in the 
pathogenesis of various neurological  diseases12. Once activated, microglia serve as a double-edged sword in the 
pathological processes of CNS  diseases13. During acute brain injury, classically activated (M1) microglia release 
some cytokines and exacerbate inflammatory  damage13. Alternatively activated (M2) microglia exert neuropro-
tective effects through phagocytosis and the removal of cell debris, the attenuation of local inflammation, and 
by participating in tissue  remodelling14.

Hence, in this experiment, we hypothesized that the lncRNA NEAT1 regulates microglial activation and 
promotes neuronal apoptosis after cerebral I/R injury. This study provides a potential target for new therapeutic 
interventions for cerebral I/R injury.

Method
Patients and blood samples. Blood specimens and clinical data were obtained from patients with 
acute ischaemic stroke (AIS) at the Department of Neurology, The First Affiliated Hospital of Harbin Medical 
University between 2019 and 2020. Blood specimens from normal subjects were obtained from the Physical 
Examination Center, The First Affiliated Hospital of Harbin Medical University. The research was performed 
in accordance with relevant regulations and informed consent was obtained from all participants. The protocol 
was approved by the Institutional Research Ethics Committee of The First Affiliated Hospital of Harbin Medical 
University.

Cell culture. BV-2 cells were maintained in 1 × alpha minimum essential medium with Eagle’s salts, ribo-
nucleosides, deoxyribonucleosides & L-glutamine (MEM, Corning, NY, USA) supplemented with 10% foetal 
bovine serum (FBS, HyClone, LA, USA), 1% sodium pyruvate (SP, 100 mmol, Gibco, CA, USA) and 1% peni-
cillin/streptomycin (PS; 100 IU/ml penicillin and 100 µg/ml streptomycin). N2a cells were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM; Corning) supplemented with 10% FBS (HyClone) and 1% penicillin/
streptomycin (PS; 100 IU/ml penicillin and 100 µg/ml streptomycin). The cells were cultured in an incubator 
with 5%  CO2 at 37 °C.

Preparation of the lentiviral vector and infection. Lentiviruses expressing the NEAT1 siRNA (si-
NEAT1) or a control siRNA (si-con) were packaged by HanBio (Shanghai, China). The packaged recombinant 
lentiviruses were transfected into BV-2 cells to knockdown NEAT1, and puromycin was applied for selection for 
at least 15 days (Supplementary information).

OGD/R. OGD was induced in microglia and neurons as described  previously15. Briefly, the original culture 
medium was first removed and replaced with glucose/serum-free DMEM. Then, the plates were transferred to 
an anaerobic chamber with an atmosphere containing 5%  CO2 and 95%  N2 without oxygen for 2 h at 37 °C. The 
BV-2 cells were returned to normoxic conditions with regular medium to terminate OGD and initiate reperfu-
sion. The N2a cells were returened to normoxic conditions with different supernatant of OGD/R treatment BV-2 
cells to terminate OGD and initiate reperfusion.

Quantitative real-time PCR (qRT-PCR). Total RNA was extracted from cells using TRIzol (Life Tech-
nologies Carlsbad, CA, USA) and from blood using TRIzol LS Reagent (Life Technologies Carlsbad). The cDNA 
templates were prepared in a 10-µl reaction using the ReverTra Ace qPCR RT Kit (TOYOBO CO., Osaka, 
Japan), and real-time PCR analyses were performed in triplicate using FastStart Universal SYBR Green Master 
(Rox) (Roche, Mannheim, Germany). All qRT-PCR experiments and data analysis procedures were performed 
in accordance with The Minimum Information for Publication of Quantitative Real-Time PCR Experiments 
(MIQE) guidelines.

Protein isolation and western blot analysis. Cells were lysed on ice in RIPA lysis buffer containing 
protease inhibitors and phosphatase inhibitors (Beyotime, China) via sonication for two 10-s pulses with 30 s 
between pulses. The cell lysates were cleared by centrifugation at 12,000 rpm for 10 min at 4 °C, and the superna-
tant was retained as the total protein. Proteins were quantified using a bicinchoninic acid (BCA) assay kit (Sigma 
Aldrich, USA). We performed 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) to 
separate the proteins. The proteins were then transferred to a nitrocellulose membrane through electroblotting. 
The membrane was blocked with a 5% blocking solution (non-fat milk) and then incubated overnight at 4 °C 
with blocking buffer containing the following primary antibodies: AKT, STAT3, P-AKT, P-STAT3, and β-actin. 
On the next day, a horseradish peroxidase (HRP)-conjugated goat secondary antibody was added to the blocking 
buffer (1:1,000, non-fat milk), and a chemiluminescence kit (Thermo Fisher Scientific, USA) was used to detect 
the proteins. The Tanon Gel Image System (Tanon Science & Technology Co., Ltd.) was used for photography 
and quantification.

Cholecystokinin-octopeptide (CCK-8) assay. CCK-8 was used to verify whether the lncRNA NEAT1 
affects neuronal viability. N2a cells were exposed to OGD as previously described. After OGD exposure, N2a 
cells were cultured with the supernatant of OGD/R-exposed lncRNA NEAT1 knockdown BV-2 cells or untreated 
lncRNA NEAT1 knockdown BV-2 cells and cultured for 24 h. Then, 10 μl of CCK-8 reagent (Beyotime, China) 
were added to each well, and the cells were incubated for 2 h at 37 °C. A microplate reader (Tecan, Switzerland) 
was employed to detect the absorbance at 450 nm.
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Flow cytometry. Flow cytometry was utilized to detect the apoptosis of neuronal cells. N2a cells were 
treated as described above and then collected and resuspended in binding buffer. The FITC-Annexin V Apop-
tosis Detection Kit I (BD Pharmingen, USA) was used to stain the cells with FITC-Annexin V and propidium 
iodide (PI). A BD FACS CantoII flow cytometer was used to analyse the apoptotic cells.

Statistical analysis. All data were statistically analysed with GraphPad Prism 7.0 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). Statistical comparisons were performed using two-tailed Student t-test for two 
groups and one-way ANOVA with Dunnett’s multiple comparison test for more than three groups. Asterisks are 
used to indicate statistical significance: *, **, ***, and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, 
respectively.

Results
The lncRNA NEAT1 is upregulated in cerebral ischaemia. qRT‐PCR was used to determine the 
relative expression of NEAT1 and investigate whether NEAT1 is associated with cerebral ischaemic stroke in 
patients with AIS. The basic characteristics of the participants are provided in Table 1. In our study, NEAT1 
was expressed at markedly higher levels in the blood of patients with AIS than in controls (Fig. 1a). In addition, 
NEAT1 expression was positively correlated with the time of onset of illness (Fig. 1b) and the cerebral infarct 
volume (Fig. 1c). Furthermore, NEAT1 expression was positively correlated with stroke severity, which was eval-
uated based on National Institute of Health Stroke Scale (NIHSS) scores (Fig. 1d) and infarct volume (Fig. 1e).

OGD/R exposure and preliminary analysis of lncRNA NEAT1 expression. BV-2 cells were cul-
tured in serum-free and glucose-free medium to mimic cerebral I/R injury. After exposure to OGD for 2 h, BV-2 
cells underwent reperfusion for 2, 6, 12, 24, 48, or 72 h. Then, we detected the expression of the lncRNA NEAT1 
in BV-2 cells. The expression of the lncRNA NEAT1 was significantly increased after OGD/R exposure and 
reached the highest levels at 48 h of reperfusion (Fig. 2a); thus, we used 2 h of OGD and 48 h of reperfusion for 
subsequent experiments. We used an siRNA packaged in a lentiviral vector to knockdown the lncRNA NEAT1. 
As shown in Fig. 2b, the expression of the lncRNA NEAT1 was downregulated in NEAT1 knockdown BV-2 cells 
compared to si-con-treated BV-2 cells. After si-NEAT1-treated BV-2 cells and si-con-treated cells were exposed 

Figure 1.  NEAT1 was upregulated in cerebral ischaemia. (a) Expression of NEAT1 in the blood of AIS patients 
(n = 64) and healthy controls (n = 64) detected by qRT-PCR. (b) Expression of NEAT1 in patients with different 
onset times compared with healthy controls. (c) Expression of NEAT1 in patients with different infarct volumes 
compared with healthy controls. (d) Linear regression analysis of NEAT1 expression and NIHSS scores was 
conducted for each individual. (e) Linear regression analysis of Neat1 expression and infarct volume was 
conducted. Asterisks mark signifcant diferences(*, **, ***, and**** indicate p < 0.05, p < 0.01, p < 0.001, and 
p < 0.0001, respectively).
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to OGD for 2 h and reperfusion for 48 h, we collected the cells, extracted RNA and protein, and collected the cell 
supernatant for use with N2a cells after exposure to OGD.

Effect of the lncRNA NEAT1 on neurons subjected to cerebral I/R injury. N2a cells were cultured 
with the supernatant of OGD/R-treated lncRNA NEAT1 knockdown cells, control BV-2 cells or untreated BV-2 
cells for 24 h after OGD exposure to investigate the function of the lncRNA NEAT1 in cerebral I/R injury. Then, 
CCK-8 was used to detect neuronal viability. The CCK-8 assay revealed statistically significant differences in the 
viability of N2a cells cultured with the supernatant of the two groups of OGD/R-exposed cells compared with 
N2a cells cultured with the supernatant of untreated cells (Fig. 3c). We also performed flow cytometry to detect 
apoptosis, and a significant difference was observed in the apoptosis of N2a cells cultured with the superna-
tants of cells from the two OGD/R-exposed groups compared with N2a cells cultured with the supernatant of 
untreated cells (Fig. 3a, b). Thus, knockdown of the lncRNA NEAT1 protects N2a cells from cerebral I/R injury 
and the lncRNA NEAT1 possesses an anti-apoptotic effect.

The lncRNA NEAT1 inhibits microglial polarization towards the pro-inflammatory (M1) phe-
notype. We exposed NEAT1 knockdown BV-2 cells to OGD/R and then detected the mRNA expression of 
markers of M1 and M2 microglia. Prior to the OGD/R treatment, the expression of CD16 and CD32 was not 
significantly different between NEAT1 knockdown cells and control cells, and CD86 was expressed at higher 
levels in NEAT1 knockdown cells than in control cells. After the OGD/R treatment, the M1 markers CD16, 
CD32, and CD86 were expressed at lower levels in the NEAT1 knockdown cells than in control cells (Fig. 4a–c). 
The expression of M2 markers (BDNF, PDGF, and Arg-1) was also analysed. Prior to the OGD/R treatment, the 
expression of Arg-1 was not significantly different between NEAT1 knockdown cells and control cells, BDNF 
was expressed at lower levels in NEAT1 knockdown cells than in control cells, and PDGF was expressed at 
higher levels in NEAT1 knockdown cells than in control cells. After the OGD/R treatment, a significant differ-
ence in the expression of Arg-1 was not observed between NEAT1 knockdown cells and control cells, BDNF was 
still expressed at lower levels in NEAT1 knockdown cells than in control cells, and PDGF was expressed at lower 
levels in NEAT1 knockdown cells than in control cells (Fig. 4d–f). Based on these data, NEAT1 suppresses M1 
microglial polarization but does not promote M2 microglial polarization in OGD/R-exposed microglial cells.

The lncRNA NEAT1 reduces the activity of the AKT/STAT3 pathway. Both AKT and STAT3 play 
important roles in many physiological processes. The AKT/STAT3 pathway was analysed using western blotting. 
As shown in Fig. 5a, c, the levels of the total STAT3 and AKT proteins were unchanged. Moreover,the phospho-
rylation of both AKT and STAT3 was reduced in the NEAT1 knockdown BV-2 cells compared with the control 
cells after OGD/R (Fig. 5b, d). Thus, the activities of both AKT and STAT3 are suppressed by the lncRNA NEAT1 
in BV-2 cells cultured under OGD/R conditions.

Discussion
Recently, numerous lncRNAs have been shown to participate in cerebral I/R  injury16. Hence, the identification of 
prognostic lncRNAs for cerebral I/R injury is necessary and important. In addition, Han and Zhou have already 
confirmed that NEAT1 contributes to OGD/R injury in microglial  cells11, which provides a theoretical basis for 
our research. In the present study, we used OGD to mimic ischaemic stroke conditions in vitro in BV-2 and 
N2a cells and to explore the potential mechanism of cerebral I/R injury. NEAT1 expression was upregulated in 
BV-2 cells following OGD/R when reperfusion lasted for 48 h, indicating that the lncRNA NEAT1 might play an 
important role in cerebral I/R injury. In addition, qRT-PCR, western blotting, flow cytometry and a cell viability 
assay were performed to evaluate the function of the lncRNA NEAT1.

Figure 2.  Preliminary analysis of lncRNA NEAT1. (a) The expression of lncRNA NEAT1 was increased after 
exposure to OGD/R. (b) Knockdown of lncRNA NEAT1 was verified via qRT-PCR. The asterisks indicate 
significant differences. Asterisks mark signifcant diferences(*, **, ***, and**** indicate p < 0.05, p < 0.01, 
p < 0.001, and p < 0.0001, respectively).
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I/R may cause apoptosis, autophagy, necrosis and  necroptosis17–19. Severe I/R injury induces cell death via 
apoptotic or necrotic  pathways20. As shown in the present study, knockdown of the lncRNA NEAT1 alleviated 
OGD/R-induced N2a cell apoptosis and increased N2a cell viability.

The AHA/ASA guidelines recommend early revascularization for  AIS21. Moreover, preserving the function of 
nerves and organs following I/R injury is a challenge for  physicians22. The most important strategies employed 
following cerebral I/R injury are controlling cell damage and protecting organ  function23. The mechanisms of 
I/R injury are extremely complicated and diverse, and the immune response may be one of the most important 
mechanisms. When the blood supply is re-established after ischaemia, inflammation  increases15. Therefore, 
approaches targeting immune activation represent an emerging therapeutic strategy for the treatment of I/R 
 injury22. Microglia are important in the CNS and regulate the immune and inflammatory responses in the 
brain following ischaemic  injury23. Microglia commonly exhibit a neural-specific phenotype and retain a rela-
tively quiescent surveillance phenotype to constantly monitor the brain  parenchyma24–26. During the process 
of neurological inflammation, microglial cells perform different functions through polarization towards dif-
ferent  phenotypes27. In our study, the lncRNA NEAT1 may have inhibited microglial polarization towards the 
pro-inflammatory (M1) phenotype; however, the detailed mechanism by which the lncRNA NEAT1 controls 
microglia M1 is not clear and requires further study.

AKT, also known as protein kinase B (PKB), is an important factor regulating cell death and  growth28,29. 
According to recent evidence, AKT activates STAT3, as it acts upstream of  STAT330, and STAT3 plays an impor-
tant role in proliferation and  astrogliosis31. AKT/STAT3 are also part of the IL-6 pathway, which plays a crucial 
role in immune reactions and may be involved in cerebral I/R injury. Notably, according to our western blot 
analysis, the phosphorylation of both AKT and STAT3 was reduced in OGD/R-exposed NEAT1 knockdown 
cells compared to OGD/R-exposed control cells; nevertheless, the levels of the total AKT and STAT3 proteins 
remained unchanged. Changes in the levels of the phosphorylated and total AKT and STAT3 proteins were 
not observed between OGDR-exposed NEAT1 knockdown cells and OGD/R-exposed control cells. Thus, the 
association between NEAT1 and the AKT/STAT3 pathway may not involve the direct regulation of signalling 
molecule expression by NEAT1.

Figure 3.  Function of lncRNA NEAT1 in cerebral I/R injury. (a) The cell viability assay revealed that cell 
viability was higher in the lncRNA NEAT1 knockdown group than the untreated group. (b), (c) Flow cytometry 
revealed that apoptosis was lower in the lncRNA NEAT1 knockdown group compared with the untreated group. 
Asterisks mark signifcant diferences. Asterisks mark signifcant diferences(*, **, ***, and**** indicate p < 0.05, 
p < 0.01, p < 0.001, and p < 0.0001, respectively).
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Microglia, which act as macrophages in the CNS, have the same functions as mononuclear  phagocytes31. 
However, microglia are more restricted than macrophages in their capacity to adopt an M2 phenotype and 
cytokine  profile32. Both macrophages and microglia showed greater induction of gene expression in response 
to M1 polarization than M2  polarization31. These findings might explain why the microglia M2 phenotype was 
not significantly altered in our study.

In summary, the lncRNA NEAT1 exerts a neuroprotective effect, significantly inhibits the polarization of 
microglia to the M1 phenotype and reduces the activity of the AKT/STAT3 pathway. However, we did not clearly 
determine whether NEAT1 promotes the polarization of microglia towards the M2 phenotype, and the detailed 
mechanism by which NEAT1 controls microglial cell polarization is unknown and requires further study.

Figure 4.  Function of lncRNA NEAT1 of microglial polarization. Determined by qRT-PCR, the mRNA 
expression levels of M1 markers (a) CD16, (b) CD32, (c) CD86 and M2 markers (d) Arg-1, (e) BDNF, (f) PDFG 
indicated that NEAT1 deficiency suppresses M1 microglial polarization but does not promote M2 microglial 
polarization in OGD/R-exposed microglial cells. Asterisks mark signifcant diferences(*, **, ***, and**** indicate 
p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively).
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Conclusions
The expression of the lncRNA NEAT1 is upregulated after cerebral ischaemic injury. Cerebral I/R may cause 
more severe damage than cerebral ischaemia. Knockdown of the lncRNA NEAT1 significantly reduces micro-
glial polarization towards the pro-inflammatory (M1) phenotype and cell apoptosis and increases the activity 
of neuronal cells after OGD/R exposure. Furthermore, knockdown of the lncRNA NEAT1 inhibits the activity 

Figure 5.  Quantification of STAT3 (a), P-STAT3 (b), AKT (c) and P-AKT (d) protein expression in cells 
from the four groups. β-Actin was used as a loading control. The signals were normalized and quantified with 
Tanon software. Asterisks mark signifcant diferences(*, **, ***, and**** indicate p < 0.05, p < 0.01, p < 0.001, and 
p < 0.0001, respectively).
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of the pro-inflammatory AKT/STAT3 pathway. These findings may provide new strategies for the treatment of 
cerebral I/R from an epigenetic perspective.

Clinical perspectives. Cerebral I/R injury may cause more severe symptoms than ischaemic stroke in the 
clinic. However, the biological mechanism of cerebral I/R injury is not completely understood.

In our study, the lncRNA NEAT1 was expressed at higher levels in patients with ischaemic stroke than in 
normal subjects and was related to the cerebral infarct volume. In addition, knockdown of the lncRNA NEAT1 
reduced neuronal apoptosis and inhibited microglial polarization towards the pro-inflammatory (M1) phenotype.

The lncRNA NEAT1 may be a potential treatment target for cerebral I/R, and our research may provide 
evidence for a new clinical strategy.
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