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Abstract. Long non‑coding (lnc)RNA nuclear enriched 
abundant transcript 1 (NEAT1) has been reported to serve an 
important role in cancer, but its effects on ventilator‑induced 
lung injury (VILI) remain unclear. The present study aimed 
to investigate the role of lncRNA NEAT1 in alveolar macro‑
phages  (AMs) on ventilator‑induced lung injury  (VILI). 
Mouse and cell models were established to detect NEAT1 
expression, pathological changes in lung tissues, apoptosis 
of AMs, expression of the M1 phenotype marker, CD86 and 
M2 phenotype marker, CD206, and the expression levels of 
interleukin  (IL)‑1β, IL‑6, tumor necrosis factor  (TNF)‑α 
and inducible nitric oxide synthase (iNOS). The associations 
between NEAT1, microRNA (miRNA/miR)‑20b and STAT3 
were predicted using StarBase and TargetScan, and verified 
via the dual‑luciferase reporter and RIP assays. NEAT1 short 
hairpin RNA and miR‑20b inhibitor were co‑transfected into 
AMs to assess the effect of NEAT1 and miR‑20b in VILI. 
The results demonstrated that NEAT1 was highly expressed 
in lung tissues of VILI mice and cell stretch (CS) treated AMs. 
Furthermore, NEAT1 knockdown inhibited lung injury and 
cell apoptosis induced by VILI. Compared with VILI mice 
or CS‑treated AMs, NEAT1 knockdown accelerated the 
phenotypic transformation from M1 to M2, and decreased the 
expression levels of IL‑1β, IL‑6, TNF‑α and iNOS. Notably, 
miR‑20b was identified as the target of NEAT1, and STAT3 
was the target of miR‑20b. NEAT1 knockdown decreased 
STAT3 protein expression, the effects of which were reversed 
following transfection with miR‑20b inhibitor. Furthermore, 
the protective effect of NEAT1 knockdown on VILI was 
reversed following transfection with miR‑20b inhibitor. Taken 

together, the results of the present study suggest that NEAT1 
knockdown promotes phenotypic transformation of AMs from 
M1 to M2 and alleviates lung injury and apoptosis of VILI by 
regulating miR‑20b expression.

Introduction

Ventilator‑induced lung injury (VILI) is caused by the inter‑
action between the mode in which the ventilator delivers to 
the lung parenchyma and the mode in which the lung paren‑
chyma accepts (1). VILI is the most serious complication of 
mechanical ventilation (MV) and increases the morbidity and 
mortality of patients receiving ventilator therapy (1). Currently, 
the main measures to alleviate VILI include high frequency 
oscillatory ventilation, low tidal volume and inspiratory 
pressure ventilation, prone position ventilation and positive 
end‑expiratory pressure (2). Although several studies have 
focused on VILI (3‑6), the effectiveness of current treatment 
regimens is still limited. Thus, it is important to identify more 
effective therapeutic targets to alleviate the pain of patients 
with VILI.

Aggregation of inflammatory cells and overproduc‑
tion of inflammatory cytokines are two key processes 
in the pathogenesis of VILI  (7,8). Cytokines released by 
pro‑inflammatory factors can increase the permeability of the 
alveolar capillary barrier, resulting in pulmonary dysfunc‑
tion (9). Macrophages are the most abundant immune cells 
in several organs, including the lungs, and play an important 
role in restoring tissue homeostasis after triggering inflam‑
matory signals (10,11). Previous studies have reported that 
macrophages effectively respond to environmental signals by 
changing their phenotype, thus altering their physiological 
effect to immune responses (12,13). Macrophages are clas‑
sified as M1 and M2 phenotypes  (14), according to their 
immunomodulatory function. M1 macrophages (classically 
activated) can enhance inflammatory response, whereas M2 
macrophages (alternatively activated) reduce inflammatory 
response and promote tissue regeneration (15,16). Transition of 
macrophages can occur between these two phenotypes under 
certain conditions (17,18). Safavian et al (13) demonstrated 
that a reduction in the M2 phenotype of alveolar macro‑
phages (AMs) increased lipopolysaccharide (LPS)‑induced 
lung injury. Therefore, the phenotypic transformation of AMs 
may inhibit the progression of VILI.
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Increasing evidence suggest that long non‑coding RNAs 
(lncRNAs) act as competing endogenous RNAs (ceRNAs) 
and interact with microRNAs (miRNAs) to regulate gene 
expression  (19‑21). Previous research has indicated that 
MALAT1 knockdown alleviates neuronal cell death by 
upregulating miR‑30a expression in cerebral ischemic 
stroke (22). Wang et al (23) demonstrated that GAS5 knock‑
down inhibits renal tubular epithelial fibrosis by competitively 
binding to miR‑96‑5p. Notably, nuclear enriched abundant 
transcript 1 (NEAT1) knockdown inhibits the fibrogenesis and 
epithelial‑to‑mesenchymal transition in diabetic nephropathy 
(DN) by targeting miR‑27b‑3p and ZEB1 expression  (24). 
Zhou et al (25) reported that NEAT1 expression is upregu‑
lated in LPS‑induced A549 cells, and inhibition of lncRNA 
NEAT1 inhibits the production of inflammatory cytokines. In 
hepatic ischemia/reperfusion (I/R) injury, lncRNA HOTAIR 
also regulates autophagy via the miR‑20b‑5p/ATG7 axis (26). 
However, whether lncRNA NEAT1 in AMs participates in 
the VILI process by regulating miR‑20b expression remains 
unclear.

The present study aimed to investigate the effect of lncRNA 
NEAT1 in AMs on VILI. For this purpose, mouse and cell 
models of VILI were established to detect the effect of NEAT1 
on pathological changes, apoptosis and levels of inflammatory 
markers. Furthermore, the downstream miRNA and gene of 
NEAT1 were predicted to explore the underlying molecular 
mechanism of NEAT1 in VILI.

Materials and methods

VILI mouse model. A total of 40 adult male C57BL/6 mice 
(age, 10±2  weeks; weight, 25±2  g) were purchased from 
Nanjing Biomedical Research Institute of Nanjing University. 
The animals were fed with common feed and tap water in a 
specific pathogen‑free laboratory with a 12 h light/dark cycle 
at 22±1˚C and 45‑55% relative humidity. The mice were 
randomly divided into three groups (n=8/group), as follows: 
i) Control (mice without any treatment); ii) Sham (mice that 
underwent tracheotomy but were still breathing spontane‑
ously); and iii) VILI (mice that underwent tracheotomy and 
MV for 4 h) groups. To construct the VILI mouse model, mice 
were anaesthetized with ketamine (100 mg/kg) and xylazine 
(10 mg/kg) by intraperitoneal injection and tracheotomy was 
performed. The ventilator (Harvard Apparatus) was connected 
to the mice and the animals were ventilated with 30 ml/kg air 
at a rate of 70 breaths/min for 4 h.

RNA interference. NEAT1 short hairpin (sh)RNA (sh‑NEAT1, 
5'‑GCTTATAAGTTTGTTGTGTTG‑3') and negative 
control (sh‑NC, 5'‑GGTTCGGTTTATTGAGTTTAT‑3') 
were purchased from Shanghai GenePharma Co., Ltd. The 
second‑generation lentivirus encoding green fluorescent 
protein (GFP)‑expressing NEAT1 shRNA (GFP‑NEAT1 lenti‑
virus) was generated for the present study. The pCMVdr‑8.91 
and pMD2G plasmids (Thermo Fisher Scientific, Inc.) were 
used as package systems. The recombinant lentivirus was 
generated by co‑transfection of 293FT cells (Thermo Fisher 
Scientific, Inc.) with lentiCRISPR V2 (10 µg; Addgene, Inc.), 
pCMVdr‑8.91 (7.5 µg), and pMD2G plasmids (5 µg), using 
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 

Scientific, Inc.) at room temperature. The medium was collected 
and ultracentrifuged at 12,000 x g for 3 h at 4˚C and filtered 
using 0.22‑µm filters, 48 h post‑transfection. The resulting 
pellets were resuspended in PBS, cooled and stored at ‑80˚C. 
For transduction of target cells, the lentivirus vector (MOI=20) 
was directly added to the complete medium, followed by trans‑
fection at 37˚C for 72 h. Stably transfected cells were selected 
by adding puromycin (6 g/ml) in medium and the mainte‑
nance concentration of puromycin in transfected cells was 
3 g/ml. The infection efficiency of AMs was observed under 
a fluorescence microscope (magnification, x100). Subsequent 
experiments were performed 72 h post‑transfection.

A total of 16 mice were randomly divided into two groups 
(eight mice/group), VILI + sh‑NC and VILI + sh‑NEAT1 
groups. Mice in the VILI + sh‑NEAT1 group received 
sh‑NEAT1 by intravenous injection prior to VILI treatment, 
while mice in the VILI + sh‑NC group received sh‑NC by 
intravenous injection prior to VILI treatment. All mice 
were sacrificed via cervical dislocation after anesthesia with 
50 mg/kg pentobarbital sodium. All animal experiments were 
approved by the Ethics Committee of The Affiliated Huaian 
No.1 People's Hospital of Nanjing Medical University (Huaian, 
China; approval no. HASDY20201009).

Sample collection. After establishing the VILI model or 
performing spontaneous respiration, the mice were sacrificed 
by intraperitoneal injection of 100 mg/kg sodium pentobar‑
bital. The right lung was collected for bronchoalveolar lavage 
fluid  (BALF) collection, and the left lung was collected 
for histopathology and reverse transcription‑quantitative 
PCR (RT‑qPCR) detection of NEAT1. BALF and the lung 
tissues were collected and stored at ‑80˚C until subsequent 
experimentation. The total protein concentration of BALF 
was determined using the BCA method (Beyotime Institute of 
Biotechnology).

Histopathology. Lung tissues were fixed in 10% formaldehyde 
at 4˚C overnight and embedded in paraffin. Paraffin‑embedded 
tissue samples were cut into 3‑µm‑thick sections for hema‑
toxylin and eosin (H&E) staining. Samples were subsequently 
stained with hematoxylin for 10 min and eosin for 10 sec at 
room temperature. The sections were observed under a light 
microscope (magnification, x200).

ELISA. The levels of interleukin (IL)‑1β (cat. no. SEA563Mu; 
Wuhan USCN Business Co., Ltd.), IL‑6 (cat. no. SEA079Mu; 
Wuhan USCN Business Co., Ltd.), tumor necrosis factor‑α 
(TNF‑α; cat. no. SCA133Mu; Wuhan USCN Business Co., 
Ltd.) and inducible nitric oxide synthase (iNOS; cat. no. 
ml057773; Shanghai Enzyme‑linked Biotechnology Co., Ltd.) 
in BALF and AMs were determined using respective ELISA 
kits (Thermo Fisher Scientific, Inc.), according to the manu‑
facturer's instructions.

Isolation, collection and counting of AMs. BALF was 
collected by injecting PBS intratracheally three times. BALF 
was centrifuged at 500 x g for 10 min at 4˚C and the super‑
natant was discarded. The red blood cells were lysed using 
ACK lysis buffer (Beyotime Institute of Biotechnology) for 
5 min. This was followed by centrifugation at 500 x g for 
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10 min at 4˚C, after which the supernatant was discarded and 
the pelleted cells were resuspended in RPMI‑1640 medium 
(Gibco; Thermo Fisher Scientific, Inc.). The single cell suspen‑
sion made of the culture solution was incubated overnight at 
37˚C, the adherent cells were macrophages. A hemocytometer 
was used to count the number of AMs.

In vitro cell stretch (CS) experiments. In vitro CS experi‑
ments were performed using the FX‑5000T Flexercell Tension 
Plus system (Flexcell International Corp.) to stretch isolated 
AMs and simulate the stretching of MV. Briefly, AMs were 
loaded in a Flexercell FX‑4000T strain unit; the cells were 
stretched for 4 h at a frequency of 30 cycles/min (0.5 Hz) and 
a 20% range with a stretch‑to‑relaxation ratio of 1:1 (27). The 
control cells were also placed in the Flexercell FX‑4000T 
strain unit without mechanical stretching.

Cell transfection. Sh‑NEAT1 and sh‑NC, miR‑20b mimics 
(50 nM; forward, 5'‑ACUGCAGUGUGAGCACUUCUAG‑3' 
and reverse, 5'‑AGAAGUGCUCACACUGCAGUUU‑3') and 
mimics NC (50 nM; forward, 5'‑UUCUCCGAACGUGUCACG 
UTT‑3' and reverse, 5'‑ACGUGACACGUUCGGAGAATT‑3'), 
miR‑20b inhibitor (100 nM; 5'‑GTGCTCATAGTGCAGGTA 
GTT‑3') and inhibitor NC (100 nM; 5'‑GGGTCTGACGAG 
GTACTATTT‑3'), STAT3 overexpression plasmid pcDNA3.1 
(pc‑STAT3, 5 µg) and the parental negative control (pc‑NC, 
5 µg) were all purchased from Shanghai GenePharma, Co., Ltd., 
and transfected into AMs using Lipofectamine® 3000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 48 h, 
according to the manufacturer's instructions. Cells were 
harvested for subsequent experimentation 48 h post‑transfection.

3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. The cell viability of AMs was detected using 
an MTT assay kit (Nanjing KeyGen Biotech Co., Ltd.). Cells 
(1x104/well) were cultured in a 96‑well plate at 37˚C for 48 h. 
The MTT solution was added and incubated for 2 h at 37˚C. 
Following incubation, the supernatant was removed carefully 
and the insoluble formazan was dissolved in 150 µl DMSO. 
The absorbance was measured at 570 nm to assess cell viability.

Apoptosis analysis. Apoptosis of AMs was detected using the 
Annexin V‑FITC/propidium iodide (PI) apoptosis detection 
kit (Vazyme Biotech Co., Ltd.). Briefly, AMs were resus‑
pended in 500 µl binding buffer (Vazyme Biotech Co., Ltd.) 
at a density of 1x105 cells/ml. AMs were subsequently stained 
with Annexin V and PI for 10 min at room temperature, in 
the dark. Apoptotic cells were detected using a BD Accuri C6 
Plus flow cytometer (BD Biosciences) and FACSDiva software 
(version 6.13; BD Biosciences).

RT‑qPCR. Total RNA was extracted from lung tissues and AMs 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
and reverse transcribed into cDNA using the TaqMan MicroRNA 
Reverse Transcription kit (Thermo Fisher Scientific, Inc.) and 
PrimeScript RT Master Mix (Takara Biotechnology, Co., Ltd.). 
The cDNA synthesis was performed at 37˚C for 15 min and 85˚C 
for 5 sec. qPCR was subsequently performed using TaqMan 2X 
Universal PCR Master Mix (Thermo Fisher Scientific, Inc.). The 
following thermocycling conditions were used for qPCR: Initial 

denaturation at 95˚C for 10 min; 40 cycles of 95˚C for 1 min, 63˚C 
for 2 min, 72˚C for 1 min; final 72˚C for 10 min. The following 
primer sequences were used for qPCR: NEAT1 forward, 
5'‑TGGCTAGCTCAGGGCTTCAG‑3' and reverse, 5'‑TCTCCT 
TGCCAAGCTTCCTTC‑3'; STAT3 forward, 5'‑CCTTCCTCA 
CCGTGTACTGG‑3' and reverse, 5'‑AGCGTAGGGTAAGGT 
TCTTGC‑3'; CD68 forward, 5'‑GCTACATGGCGGTGGAGTA 
CAA‑3' and reverse, 5'‑ATGATGAGAGGCAGCAAGATGG‑3'; 
CD206 forward, 5'‑TTCGACACCCATCGGAATT‑3' and 
reverse, 5'‑CACAAGCGCTGCGTGGAT‑3'; GAPDH forward, 
5'‑AGTCAGCTCTCTCCTTTCAGG‑3' and reverse, 5'‑TCC 
ACCACCCTGTTGCTGTA‑3'; miR‑20b forward, 5'‑GCTCAT 
AGTGCAGGTAGAA‑3' and reverse, 5'‑TGTCAACGATAC 
GCTACG‑3'; and U6 forward, 5'‑CTCGCTTCGGCAGCACA‑3' 
and reverse, 5'‑AACGCTTCACGAATTTGCGT‑3'. Relative 
expression levels were calculated using the 2‑ΔΔCq method (28) and 
normalized to U6 or GAPDH.

Dual‑luciferase reporter assay. The dual‑luciferase reporter 
assay was performed to validate the binding site between 
NEAT1 and miR‑20b, and between miR‑20b and STAT3, 
in AMs. The luciferase reporter plasmids (pGL3 vectors; 
Promega Corporation) containing NEAT1‑wild‑type (WT), 
NEAT1‑mutant (MUT), STAT3‑WT and STAT3‑MUT 
were synthesized by Shanghai GenePharma Co., Ltd. The 
constructed plasmids were co‑transfected into AM cells with 
miR‑20b mimics or mimics NC using Lipofectamine® 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.). After transfection 
for 48 h, relative luciferase activities were detected using the 
Dual‑Luciferase Reporter Assay kit (Promega Corporation). 
Relative luciferase activity was normalized to Renilla lucif‑
erase activity.

RNA immunoprecipitation (RIP) assay. The Magna 
RNA‑binding protein immunoprecipitation kit (Millipore, 
Sigma) was used to perform the RIP assay, according to the 
manufacturer's instructions. Briefly, cells (1x107) were centrif‑
ugated at 3,000 x g at 4˚C for 10 min and resuspended with 
RIPA buffer (100 µl; Sigma‑Aldrich; Merck KGaA) containing 
protease and RNase inhibitors. Cell lysates (100 µl) were incu‑
bated with human anti‑Ago2 antibody (5 µg; Cell Signaling 
Technology, Inc.) or negative control IgG (5 µg; ProteinTech 
Group, Inc.) coated magnetic beads (50 µl; Thermo Fisher 
Scientific, Inc.) at 4˚C overnight, while shaking to aid digestion 
of proteins and the precipitated RNA was isolated. Beads were 
washed twice using PBS buffer (Sangon Biotech Co., Ltd.), 
and the mixture was centrifuged at 2,500 x g for 10 min at 
4˚C. RNA was treated with proteinase K for 30 min at 55˚C 
and extracted using TRIzol (Thermo Fisher Scientific, Inc.). 
The relative expression levels of NEAT1, miR‑20b and STAT3 
were determined via RT‑qPCR analysis.

Western blotting. Total protein was extracted from lung tissues 
or AMs using RIPA lysate containing protease inhibitors 
(Thermo Fisher Scientific, Inc.). The enhanced BCA protein 
assay kit (Beyotime Institute of Biotechnology) was used to 
quantify the protein concentration. Protein (50 µg/per lane) 
were separated via 10% SDS‑PAGE, transferred onto PVDF 
membranes and blocked with non‑fat milk for 1 h at room 
temperature. The membranes were incubated with primary 
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antibodies against STAT3 (cat. no. ab68153; 1:1,000; Abcam) 
and GAPDH (cat. no. ab8245; 1:1,000; Abcam) overnight at 
4˚C. Following the primary incubation, membranes were 
incubated with HRP‑conjugated anti‑rabbit IgG secondary 
antibody (cat. no. ab6721; 1:5,000; Abcam) at room tempera‑
ture for 1 h. Protein bands were visualized with ECL detection 
reagents (Cytiva), and blots were semi‑quantitated using 
ImageJ software (version V1.8.0; National Institutes of Health).

Bioinformatics analysis. The DIANA tools database (http:// 
carolina.imis.athena‑innovation.gr/diana_tools/web/index.php?r= 
lncbasev2%2Findex‑predicted) and differentially expressed 
genes (DEGs; GEO accession no. GSE148649; https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148649) were 
used to screen the targets of lncRNA NEAT1. The binding sites 
between lncRNA NEAT1 and miR‑20b were predicted using 
StarBase3.0 (http://starbase.sysu.edu.cn/index.php), while the 
binding sites between miR‑20b and STAT3 were predicted 
using TargetScan 7.2 (http://www.targetscan.org/vert_72).

Statistical analysis. Statistical analysis was performed using 
SPSS 23.0 software (IBM Corp.) and GraphPad Prism 7.0 
software (GraphPad Software, Inc.). All experiments were 
repeated three times and data are presented as the mean ± SD. 
The comparisons among multiple groups were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test. The 
comparisons between two groups were analyzed using an 
unpaired Student's t‑test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

NEAT1 knockdown alleviates lung injury caused by VILI. 
Abnormal NEAT1 expression was observed in VILI mice. 
The results demonstrated that NEAT1 expression was signifi‑
cantly higher in the lung tissues and BALF of the VILI group 
compared with the Sham group (P<0.001; Fig. 1A and B). 
Furthermore, total protein in the BALF was significantly 
higher in the VILI group compared with the Sham group 
(P<0.001; Fig. 1C).

To investigate the role of NEAT1 in VILI, sh‑NEAT1 was 
transfected into mice prior to VILI treatment. H&E staining 
demonstrated that VILI destroyed lung injury of mice, and 
NEAT1 knockdown suppressed the destructive effect of VILI 
on lung tissues (Fig. 1D). RT‑qPCR analysis demonstrated that 
NEAT1 expression decreased in the VILI + sh‑NEAT1 group 
compared with the VILI + sh‑NC group (P<0.001; Fig. 1E).

The activation of AMs is classified as classically activated 
M1 and alternatively activated M2 (15,16). RT‑qPCR analysis 
was performed to detect the mRNA expression levels of the M1 
phenotype marker, CD68 and M2 phenotype marker, CD206. 
The results demonstrated that VILI increased CD68 mRNA 
expression but decreased CD206 mRNA expression, the 
effects of which were reversed following NEAT1 knockdown 
(P<0.001; Fig. 1F and G). The ELISA assay was performed 
to assess the effect of NEAT1 on the expression levels of 
IL‑1β, IL‑6, TNF‑α and iNOS. The results demonstrated that 
NEAT1 knockdown decreased the expression levels of IL‑1β, 
IL‑6, TNF‑α and iNOS, the effects of which were reversed 
following VILI treatment (P<0.001; Fig. 1H).

NEAT1 knockdown decreases the cell injury of CS treatment 
on AMs. NEAT1 shRNA was transfected into AMs to detect 
the effect of NEAT1 in VILI in  vitro. NEAT1 expression 
significantly decreased following transfection with NEAT1 
shRNA (P<0.001; Fig. 2A). CS experiments were performed to 
imitate the stretching of MV. Similar to the results of the VILI 
mouse model, CS significantly increased NEAT1 expression 
(P<0.001; Fig. 2B), inhibited cell viability (P<0.05; Fig. 2C) 
and induced the apoptosis of AMs (P<0.001; Fig.  2D). 
Notably, CS treatment increased CD68 mRNA expression 
(P<0.001; Fig. 2E) and decreased CD206 mRNA expression 
in AMs (P<0.001; Fig. 2F) compared with the control group. 
The effect of NEAT1 on inflammation was assessed via the 
ELISA assay. The results demonstrated that CS treatment 
significantly increased the expression levels of IL‑1β, IL‑6, 
TNF‑α and iNOS in AMs compared with the control group 
(all P<0.001; Fig.  2G).

NEAT1 shRNA was transfected into AMs to confirm the 
effect of NEAT1 on VILI. As presented in Fig. 2A and B, 
NEAT1 expression significantly decreased following trans‑
fection with NEAT1 shRNA (P<0.001). Notably, NEAT1 
knockdown significantly increased cell viability (P<0.05; 
Fig. 2C), inhibited cell apoptosis (P<0.001; Fig. 2D), decreased 
CD68 mRNA expression (P<0.001; Fig. 2E), increased CD206 
mRNA expression (P<0.001; Fig.  2F) and decreased the 
expression levels of IL‑1β, IL‑6, TNF‑α and iNOS in AMs 
(P<0.001; Fig. 2G).

NEAT1 sponges miR‑20b expression in AMs. The underlying 
molecular mechanism of NEAT1 in VILI was further investi‑
gated. A total of 10 miRNAs were predicted to directly interact 
with NEAT1 via bioinformatics analysis (Fig. 3A). RT‑qPCR 
analysis was performed to detect the expression levels of the 
miRNAs. The results demonstrated that the expression levels 
of the screened miRNAs increased following transfection 
with sh‑NEAT1 in AMs, and the most significant increase 
was observed in miR‑20b (P<0.001; Fig. 3B). The StarBase 3.0 
database was used to predict the potential binding site between 
NEAT1 and miR‑20b (Fig. 3C), and the dual‑luciferase reporter 
assay was performed to confirm the interaction between NEAT1 
and miR‑20b. The results demonstrated that luciferase activity 
significantly decreased in cells co‑transfected with NEAT1‑WT 
and miR‑20b mimic (P<0.01), while no significant changes 
were observed in cells co‑transfected with NEAT1‑MUT and 
miR‑20b mimics (Fig. 3D). The results of the RIP assay proved 
that both NEAT1 and miR‑20b were immunoprecipitated by 
anti‑Ago2 (P<0.001; Fig. 3E). In addition, RT‑qPCR analysis 
demonstrated that NEAT1 knockdown in both VILI mice 
(P<0.001; Fig. 3F) and CS‑treated AMs (P<0.001; Fig. 3G) 
increased miR‑20b expression compared with the VILI + 
sh‑NC or CS + sh‑NC groups. As expected, miR‑20b expression 
significantly increased following transfection with miR‑20b 
mimics and significantly decreased following transfection with 
miR‑20b inhibitor (both P<0.001; Fig. 3H).

NEAT1 modulates miR‑20b expression to regulate STAT3 in 
AMs. To determine the regulatory mechanism of miR‑20b in 
VILI, the potential target genes of miR‑20b were predicted 
using TargetScan. The results revealed that STAT3 has a binding 
site for miR‑20b (Fig. 4A). The results of the dual‑luciferase 
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reporter assay (Fig. 4B) showed that the luciferase activity was 
significantly decreased in cells co‑transfected with STAT3‑WT 
and miR‑20b mimic (P<0.001), while no change in cells 
co‑transfected with STAT3‑MUT and miR‑20b mimics were 
observed. The RIP assay (Fig. 4C) also demonstrated that both 
STAT3 and miR‑20b were immunoprecipitated by anti‑Ago2 
(P<0.001). Notably, STAT3 protein expression significantly 
increased following transfection with pc‑STAT3 compared 
with the pc‑NC group (P<0.001; Fig.  4D). Western blot 
analysis was performed to detect STAT3 protein expression 

in AMs following transfection with miR‑20b mimics. The 
results demonstrated that STAT3 protein expression signifi‑
cantly decreased in the miR‑20b mimics group compared 
with the mimics NC group (P<0.001; Fig. 4E). Furthermore, 
western blot analysis was performed to detect STAT3 protein 
expression in the lung tissues of VILI mice and CS‑treated 
AMs. As presented in Fig. 4F and G, both VILI and CS treat‑
ment significantly increased STAT3 protein expression, the 
effects of which were reversed following NEAT1 knockdown 
(P<0.001).

Figure 1. NEAT1 knockdown alleviates lung injury caused by VILI. RT‑qPCR analysis was performed to detect NEAT1 expression in (A) lung tissues and 
(B) BALF. (C) The total protein level of alveolar macrophages was calculated via the BCA method. (D) The histopathological changes of lung tissues were 
measured via H&E staining. (E) RT‑qPCR analysis was performed to detect NEAT1 expression in BALF. RT‑qPCR analysis was performed to detect the 
expression of the (F) M1 phenotype marker, CD86 and the (G) M2 phenotype marker, CD206 in BALF. (H) The ELISA assay was performed to detect the 
expression levels of IL‑1β, IL‑6, TNF‑α and iNOS. ***P<0.05 vs. the control and sham groups; ###P<0.05 vs. the VILI + sh‑NC group. NEAT1, nuclear enriched 
abundant transcript 1; VILI, ventilator‑induced lung injury; RT‑qPCR, reverse transcription‑quantitative PCR; BALF, broncho‑alveolar lavage fluid; sh, short 
hairpin; NC, negative control; IL, interleukin, TNF, tumor necrosis factor; iNOS, inducible nitric oxide synthase.
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NEAT1 knockdown alleviates CS‑induced AMs injury by 
increasing miR‑20b expression. To determine whether 
NEAT1 exerts its function via miR‑20b, CS‑treated AMs 
were co‑transfected with NEAT1 shRNA and miR‑20b 
inhibitor. RT‑qPCR analysis demonstrated that miR‑20b 
expression significantly increased following transfection with 
NEAT1 shRNA, the effects of which were reversed following 
transfection with miR‑20b inhibitor (P<0.001; Fig. 5A). The 
results of the MTT assay demonstrated that transfection with 
NEAT1 shRNA significantly increased the viability (Fig. 5B) 

and inhibited the apoptosis of AMs (Fig. 5C and D) (both 
P<0.001). Notably, these effects were reversed following 
transfection with miR‑20b inhibitor (P<0.001; Fig. 5B‑D). 
RT‑qPCR analysis was performed to detect the expression 
levels of CD68 (M1 phenotype marker) and CD206 (M2 
phenotype marker) following co‑transfection with NEAT1 
shRNA and miR‑20b inhibitor. The results demonstrated 
that transfection with miR‑20b inhibitor increased CD68 
mRNA expression (Fig. 5E) and decreased CD206 mRNA 
expression  (Fig. 5F) compared with the sh‑NEAT1 group 

Figure 2. NEAT1 knockdown decreases the cell injury of CS treatment in AMs. (A and B) RT‑qPCR analysis was performed to detect NEAT1 expression 
in AMs. (C) The MTT assay was performed to detect the viability of AMs. (D) Flow cytometric analysis was performed to detect the apoptosis of AMs. 
RT‑qPCR analysis was performed to detect the expression of the (E) M1 phenotype marker, CD86 and the (F) M2 phenotype marker, CD206 in AMs. (G) The 
ELISA assay was performed to detect the expression levels of IL‑1β, IL‑6, TNF‑α and iNOS in AMs. *P<0.05, **P<0.01, ***P<0.001 vs. the control group; 
#P<0.05, ###P<0.001 vs. the CS + sh‑NC group. NEAT1, nuclear enriched abundant transcript 1; CS, cell stretch; AMs, alveolar macrophages; RT‑qPCR, reverse 
transcription‑quantitative PCR; IL, interleukin, TNF, tumor necrosis factor; iNOS, inducible nitric oxide synthase; sh, short hairpin; NC, negative control.
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(both P<0.001), which suggests that low miR‑20b expression 
enhances polarization into M1 and inhibits polarization into 
M2. The results of the ELISA assay demonstrated that trans‑
fection with miR‑20b inhibitor increased the expression levels 
of IL‑1β, IL‑6, TNF‑α and iNOS, the effects of which were 
reversed following NEAT1 knockdown (P<0.001; Fig. 5G).

Overexpression of STAT3 eliminates the protective effect of 
miR‑20b on cell injury of CS‑induced AMs. To verify whether 
miR‑20b exerts its function via STAT3, CS‑treated AMs were 
co‑transfected with miR‑20b mimics and STAT3 overex‑
pressed plasmid (pcDNA3.1 STAT3). Western blot analysis 
demonstrated that STAT3 protein expression significantly 

decreased following transfection with miR‑20b mimics, the 
effects of which were reversed following overexpression 
of STAT3 (P<0.001; Fig. 6A). In addition, transfection with 
miR‑20b mimics significantly increased the viability (Fig. 6B) 
and inhibited the apoptosis (Fig. 6C) of AMs (both P<0.001). 
Conversely, overexpression of STAT3 significantly inhibited the 
viability (Fig. 6B) and induced the apoptosis (Fig. 6C) of AMs 
(both P<0.001). Notably, transfection with miR‑20b mimics 
significantly decreased CD68 mRNA expression (Fig. 6D) and 
increased CD206 mRNA expression (Fig. 6E) in CS‑treated 
AMs, the effects of which were reversed following over‑
expression of STAT3 (P<0.001). The results of the ELISA 
assay demonstrated that transfection with miR‑20b mimics 

Figure 3. NEAT1 sponges miR‑20b expression in AMs. (A) A total of 10 miRNAs were identified to potentially bind to NEAT1 through the intersection of 
DEGs and DIANA‑LncBase. (B) RT‑qPCR analysis was performed to detect the expression levels of the 10 miRNAs in AMs. **P<0.01, ***P<0.001 vs. the 
sh‑NC group. (C) The binding site between NEAT1 and miR‑20b was predicted using the StarBase 3.0 database. (D) Luciferase activity was determined via the 
dual‑luciferase reporter gene assay. **P<0.01 vs. the mimics NC group. (E) The RIP assay was performed to assess the interaction between NEAT1 and miR‑20b. 
***P<0.001 vs. the anti‑lgG group. RT‑qPCR analysis was performed to detect miR‑20b expression in the lung tissues of (F) VILI mice and (G) CS treated 
AMs. ***P<0.001 vs. the sham and control groups; ###P<0.001 vs. the VILI + sh‑NC group and CS + sh‑NC groups. (H) RT‑qPCR analysis was performed to 
detect miR‑20b expression in AMs transfected with miR‑20b mimics or miR‑20b inhibitor. ***P<0.001 vs. the mimics NC and the inhibitor NC groups. NEAT1, 
nuclear enriched abundant transcript 1; miR/miRNA, microRNA; AMs, alveolar macrophages; DEGs. differentially expressed genes; RT‑qPCR, reverse 
transcription‑quantitative PCR; VILI, ventilator‑induced lung injury; CS, cell stretch; sh, short hairpin; NC, negative control; WT, wild‑type; MUT, mutant.
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decreased the expression levels of IL‑1β, IL‑6, TNF‑α and 
iNOS in AMs, the effects of which were reversed following 
overexpression of STAT3 (all P<0.001; Fig. 6F). The afore‑
mentioned results indicated that lncRNA NEAT1 regulated the 
expression of STAT3 by targeting miR‑20b, thereby affecting 
the polarization of alveolar macrophages in VILI mice and 
increasing inflammation and lung injury (Fig. 7).

Discussion

MV is an essential therapeutic tool for patients with acute 
respiratory distress syndrome (1,29). However, MV can also 
induce or exacerbate lung injury (29). The present study aimed 
to investigate the protective effect of NEAT1 knockdown in 
the in vitro and in vivo model of VILI. The results demon‑
strated that NEAT1 knockdown promoted the phenotypic 
transformation of AMs from the pro‑inflammatory (M1) to the 
anti‑inflammatory (M2) phenotype, and reduced inflammation 
by regulating miR‑20b and STAT3 expression.

Previous studies have demonstrated that regu‑
lating the expression of lncRNAs can alleviate lung 
injury  (30‑32). Wang  et  al  (33) reported that CASC9 is 

significantly downregulated in human small airway epithelial 
cells (HSAECs) treated with LPS, and in the lung tissues of 
rats with sepsis, whereas overexpression of CASC9 signifi‑
cantly promotes the viability of HSAECs. MALAT1 is highly 
expressed in lung transplant ischemia‑reperfusion (LTIR), and 
MALAT1 knockdown ameliorates injury following LTIR (34). 
The results of the present study demonstrated that NEAT1 
expression was significantly upregulated in the lung tissues of 
VILI mice and CS‑treated AMs. NEAT1 knockdown weak‑
ened the histopathological injury of the lung tissues, decreased 
apoptosis of AMs and decreased the number of macrophages. 
Furthermore, NEAT1 knockdown alleviated lung injury 
induced by VILI and suppressed apoptosis in CS‑treated AMs.

The interaction between miRNAs and lncRNAs is 
indispensable in the development of diseases  (32,35,36). 
Tang et al (26) reported that as the ceRNA for miR‑20b‑5p, 
HOTAIR knockdown attenuates autophagy in hepatic I/R 
injury by improving the inhibitory effect of miR‑20b‑5p 
on ATG7. Furthermore, You  et  al  (37) demonstrated that 
miR‑20b expression was downregulated in a CCI rat model, 
and miR‑20b‑5p mimics alleviates neuropathic pain by inhib‑
iting Akt3 expression in CCI rats, which supports the results 

Figure 4. NEAT1 modulates miR‑20b expression to regulate STAT3 expression in AMs. (A) The binding site between miR‑20b and STAT3 was predicted 
using TargetScan. (B) Luciferase activities were determined via the dual‑luciferase reporter assay. ***P<0.001 vs. the mimics NC group. (C) The RIP assay was 
performed to assess the interaction between NEAT1 and miR‑20b. ***P<0.001 vs. the anti‑lgG group. (D) Western blot analysis was performed to detect STAT3 
protein expression in AMs. ***P<0.001 vs. the pc‑NC group. (E) Western blot analysis was performed to detect STAT3 protein expression following transfection 
with miR‑20b mimics or NC mimics. ***P<0.001 vs. the mimics NC group. Western blot analysis was performed to detect STAT3 protein expression in the 
lung tissues of (F) VILI mice or (G) CS‑treated AMs. ***P<0.001 vs. the sham and control groups; ###P<0.001 vs. the VILI + sh‑NC and CS + sh‑NC groups. 
NEAT1, nuclear enriched abundant transcript 1; miR, microRNA; AMs, alveolar macrophages; NC, negative control; VILI, ventilator‑induced lung injury; 
CS, cell stretch; sh, short hairpin; UTR, untranslated region; WT, wild‑type; MUT, mutant.
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of the present study. In the present study, miR‑20b expression 
was downregulated in both the lung tissues of VILI mice and 

CS‑treated AMs. The dual‑luciferase reporter and RIP assays 
confirmed that miR‑20b is the target miRNA of NEAT1. 

Figure 5. NEAT1 knockdown alleviates CS‑induced AMs injury by increasing miR‑20b expression. (A) RT‑qPCR analysis was performed to detect miR‑20b 
expression in AMs following co‑transfection with NEAT1 shRNA and miR‑20b inhibitor. (B) The MTT assay was performed to assess the viability of AMs 
following co‑transfection with NEAT1 shRNA and miR‑20b inhibitor. (C and D) Flow cytometric analysis was performed to detect the apoptosis of AMs 
following co‑transfection with NEAT1 shRNA and miR‑20b inhibitor. RT‑qPCR analysis was performed to detect the expression of (E) the M1 phenotype 
marker, CD86 and (F) the M2 phenotype marker, CD206 in AMs following co‑transfection with NEAT1 shRNA and miR‑20b inhibitor. (G) The ELISA assay 
was performed to detect the expression levels of IL‑1β, IL‑6, TNF‑α and iNOS in AM following co‑transfection with NEAT1 shRNA and miR‑20b inhibitor. 
***P<0.001 vs. the CS + sh‑NC group; ###P<0.001 vs. the CS + sh‑NEAT1 + inhibitor NC group. NEAT1, nuclear enriched abundant transcript 1; CS, cell stretch; 
AMs, alveolar macrophages; miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin; NC, negative control; IL, interleukin; 
TNF, tumor necrosis factor; iNOS, inducible nitric oxide synthase.
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Notably, the inhibitory effect of sh‑NEAT1 on apoptosis, 
CD68 expression and the expression levels of IL‑1β, IL‑6, 

TNF‑α and iNOS was eliminated following transfection with 
miR‑20b inhibitor. Taken together, these results suggest that 

Figure 6. Overexpression of STAT3 eliminates the protected effect of miR‑20b on cell injury of CS‑induced AMs. (A) Western blot analysis was performed to 
detect STAT3 protein expression in AMs following co‑transfection with miR‑20b mimics and pcDNA3.1 STAT3. (B) The MTT assay was performed to detect 
the viability of AMs following co‑transfection with miR‑20b mimics and pcDNA3.1 STAT3. (C) Flow cytometric analysis was performed to assess the apop‑
tosis of AMs following co‑transfection with miR‑20b mimics and pcDNA3.1 STAT3. Reverse transcription‑quantitative PCR analysis was performed to detect 
the expression of (D) the M1 phenotype marker, CD86 and (E) the M2 phenotype marker, CD206 in AMs following co‑transfection with miR‑20b mimics and 
pcDNA3.1 STAT3. (F) The ELISA assay was performed to detect the expression levels of IL‑1β, IL‑6, TNF‑α and iNOS in AMs following co‑transfection with 
miR‑20b mimics and pcDNA3.1 STAT3. ***P<0.001 vs. the CS + mimics NC group; ###P<0.001 vs. the CS + miR‑20b mimics + pc‑NC group. miR, microRNA; 
CS, cell stretch; AMs, alveolar macrophages; IL, interleukin; TNF, tumor necrosis factor; iNOS, inducible nitric oxide synthase; NC, negative control.
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NEAT1 may inhibit the progression of VILI by upregulating 
miR‑20b expression.

Previous studies have reported that STAT3 is implicated 
in the pathogenesis of alcoholic hepatitis  (AH) and lung 
injury  (38,39). Facilitation of STAT3 phosphorylation in 
AMs exacerbates pulmonary inflammation in acute lung 
injury (ALI) and aggravates lung injury in ALI rats (39). STAT3 
is activated in mice with AH, inhibition of which alleviates 
liver injury (38). The results of the present study demonstrated 
that STAT3 was highly expressed in the lung tissues of VILI 
mice and CS‑treated AMs. The results confirmed that STAT3 
is the direct target of miR‑20b, and was positively regulated 
by NEAT1. STAT3 expression decreased following transfec‑
tion with both miR‑20b mimics and sh‑NEAT1, the effects 
of which were reversed following transfection with miR‑20b 
inhibitor. Collectively, these results suggest that NEAT1 
knockdown may inhibit the progression of VILI by regulating 
miR‑20b‑mediated STAT3.

Recent studies have reported that activated macrophages 
play a vital role in the progression of several inflammatory 
diseases (30,40‑42). The M1 and M2 phenotypes play opposing 
roles in the regulation of inflammation. M1 macrophages play 
important roles in immune inflammatory effects, whereas M2 
macrophages mainly exert anti‑inflammatory effects (43,44). 
In acute spinal cord injury (SCI) mice, lncGBP9 knockdown 
promotes M2 polarization of the macrophages, which reduces 
the inflammatory levels and facilitates repair following 
SCI (41). Ji et al (45) demonstrated that promoting the trans‑
formation of M2 macrophages can protect the podocytes 
from high‑glucose‑induced injury in DN, which supports the 
results of the present study. CD68 mRNA expression (M1 
phenotype marker) increased and CD206 mRNA expression 
(M2 phenotype marker) decreased in the lung tissues of VILI 

mice, and NEAT1 knockdown inhibited CD68 expression and 
enhanced CD206 expression. Similar results were observed in 
CS‑treated AMs. Notably, the expression levels of IL‑1β, IL‑6, 
TNF‑α and iNOS were decreased in VILI mice and CS‑treated 
AMs concomitant with the increasing transformation of 
M2 macrophages. Taken together, these results suggest that 
NEAT1 knockdown may remit injury of VILI by promoting 
the phenotypic transformation of AMs from M1 to M2.

In conclusion, the results of the present study demonstrated 
that NEAT1 expression was upregulated in the lung tissues 
of VILI mice and CS‑treated AMs, and played an important 
role in accelerating the progress of VILI. NEAT1 knockdown 
promoted the phenotypic transformation of AMs from M1 to 
M2, thereby suppressing inflammatory levels and reducing 
histopathological injury and apoptosis of VILI. The regula‑
tory effect of NEAT1 on VILI may be achieved by regulating 
miR‑20b and STAT3 expression. However, the present study 
did not explore whether there are other targets that interact 
with NEAT1 in VILI, and investigation into its underlying 
mechanisms require further research in the future.
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