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Abstract. Acute respiratory distress syndrome (ARDS) is a 
severe pulmonary disease, which can be modulated by certain 
long non‑coding (lnc)RNAs. The present study aimed to inves‑
tigate the regulatory mechanism of lncRNA HOTAIR in ARDS 
and the inflammatory response induced by lipopolysaccharide 
(LPS). The mRNA expression levels of HOTAIR, microRNA 
(miR)‑30a‑5p and PDE7A were determined using reverse 
transcription‑quantitative PCR, while a MTT assay was used 
to assess the viability of the MLE‑12 cells and ELISA was 
used to determine the concentration of different inflamma‑
tory factors [tumor necrosis factor (TNF)‑α, IL‑1β and IL‑6]. 
The interactions between miR‑30a‑5p and HOTAIR/PDE7A 
were predicted using TargetScan and StarBase databases and 
verified using a dual‑luciferase reporter assay. The protein 
expression levels of PDE7A were determined using western 
blot analysis. Mouse models of LPS‑induced ARDS were 
established to investigate the suppressive effect of HOTAIR 
knockdown on ARDS in  vivo. lncRNA  HOTAIR was 
increased in LPS‑treated MLE‑12 cells and in a ARDS 
mouse model. HOTAIR knockdown decreased the concentra‑
tion of TNF‑α, IL‑1β and IL‑6, and increased cell viability 
in  vitro. miR‑30a‑5p upregulation decreased TNF‑α, 
IL‑1β and IL‑6 concentrations, and increased cell viability 
in  vitro. HOTAIR  targeted miR‑30a‑5p  and  miR‑30a‑5p 
targeted PDE7A. miR‑30a‑5p downregulation and PDE7A 
upregulation reversed the suppressive effect of HOTAIR 
knockdown on the concentrations of TNF‑α, IL‑1β and IL‑6, 
and the positive effect of HOTAIR knockdown on cell viability 

in vitro. HOTAIR knockdown also attenuated ARDS and the 
inflammatory response induced by LPS in vivo. The suppression 
of HOTAIR alleviated ARDS and the inflammatory response 
induced by LPS by modulating the miR‑30a‑5p/PDE7A axis. 
These results provide a potential therapeutic strategy for 
ARDS.

Introduction

Acute respiratory distress syndrome (ARDS) is the 
extreme manifestation of acute lung injury (ALI)  (1). In 
2016, estimates of the incidence of ARDS in high‑ and 
middle‑income countries varied between 10.1 and 86.2 per 
100,000 individuals per year in the general population (2). 
As a pulmonary disease that occurs in response to stimuli 
targeting the alveolar‑capillary membrane, ALI/ARDS can 
lead to increased vascular permeability and subsequently, 
pulmonary oedema  (3). Lipopolysaccharide (LPS) is 
considered to be a major active factor during the inflam‑
matory response (4,5). LPS‑induced inflammation has been 
reported to play a critical role in the pathogenesis of ALI (6). 
Consequently, further molecular research on the potential 
mechanisms of LPS‑induced inflammatory factor release in 
ALI/ARDS and the development of new therapeutic targets 
for ARDS are urgently required.

There is increasing evidence that long non‑coding (lnc) 
RNAs have been associated with regulating pulmonary 
diseases, including ALI/ARDS (7‑9). Dai et al  (7) showed 
that MALAT1 overexpression increased the concentration of 
LPS‑induced inflammatory factors in mouse alveolar cells; 
therefore, accelerating the progression of LPS‑induced ALI. 
Wang et al (8) revealed that THRIL mRNA expression level 
was positively correlated with IL‑1β and TNF‑α concentration 
in the tissues of patients with ARDS. Zhou et al (9) found 
that NEAT1 expression was markedly elevated in a mouse 
model of ALI and NEAT1 knockdown inhibited the release 
of inflammatory factors from mouse alveolar epithelial cells. 
Notably, HOTAIR has been associated with regulating the 
LPS‑induced inflammatory response in different aspects, such 
as LPS‑induced inflammatory injury in mouse chondrogenic 
cells  (10), and in the LPS‑induced inflammatory response 
in mice macrophages (11) and in cardiomyocytes from mice 
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with sepsis (12). However, the detailed mechanism of HOTAIR 
in the LPS‑induced inflammatory response in ALI/ARDS 
remains unknown.

It is widely known that microRNAs (miRNA/miR) have 
been associated with LPS‑induced ALI and the release of 
inflammatory mediators (13‑15). Li et al (13) revealed that 
the overexpression of miR‑150 decreased the concentration 
of IL‑6, IL‑1β and tumor necrosis factor (TNF)‑α in mice 
with LPS‑induced ALI. Cheng  et  al  (14) demonstrated 
that miR‑424 upregulation inhibited the release of inflam‑
matory factors from LPS‑induced alveolar epithelial cells. 
He et al  (15) found that lung injury and the inflammatory 
response induced by LPS were attenuated by  miR‑146b 
overexpression; therefore, ameliorating LPS‑induced ALI. 
Notably,  miR‑30a‑5p has been shown to have a protec‑
tive role in LPS‑induced ALI in children (16). In addition, 
lncRNAs can act as competing endogenous RNAs or 
sponges of miRNAs. HOTAIR has been reported to regu‑
late numerous miRNAs in several types of cancer, such 
as miR‑138‑5p in ovarian cancer (17), miR‑1277‑5p in gastric 
cancer  (18),  miR‑449b‑5p  (19) or  miR‑601  (20) in breast 
cancer and miR‑203 in lung cancer (21). However, the mecha‑
nisms whereby lncRNA HOTAIR regulates miR‑30a‑5p in 
ARDS/ALI have not yet been reported.

In the present study the effects of lncRNA HOTAIR knock‑
down on the concentrations of inflammatory factors in MLE‑12 
cells, the regulatory mechanism of how HOTAIR regulates 
the miR‑30a‑5p/PDE7A axis in LPS‑induced MLE‑12 cells 
and the effect of HOTAIR knockdown on LPS‑induced ARDS 
in vivo were investigated. The results are aimed to provide a 
promising therapeutic target for ARDS.

Materials and methods

Cell culture, grouping and transfection. The murine alveolar 
epithelial cell line, MLE‑12, was purchased from Baiye 
Biotech, Ltd. The MLE‑12 cells were cultured at 37˚C in a 
humidified incubator with 5% CO2, in DMEM (Invitrogen; 
Thermo Fisher Scientific, Inc.), supplemented with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 0.1% 
penicillin/streptomycin. 

A short hairpin (sh)RNA‑non‑targeting negative control 
(sh‑NC) and shRNA targeting  HOTAIR (sh‑HOTAIR) 
were purchased from Sangon Biotech, Co., Ltd. A 
PDE7A‑overexpression plasmid (pcDNA‑PDE7A) and its NC 
(pcDNA‑NC), miR‑30a‑5p mimics/miR‑NC and miR‑30a‑5p 
inhibitor/inhibitor NC were all purchased from Guangzhou 
RiboBio Co., Ltd. The aforementioned molecules (all at 
20  nM) were transfected into the MLE‑12 cells using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 37˚C for 48 h. Subsequently, the transfected cells were 
induced with LPS (1 µg/ml; Sigma‑Aldrich; Merck KGaA). 
MLE‑12  cells without any treatments were served as the 
controls. The next day, the MLE‑12 cells were harvested for 
the following experiments.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the mouse cells or lung tissues using 
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.). Total 
RNA (500 ng) was reverse transcribed into cDNA at 42˚C for 

45 min using a First‑Strand cDNA Synthesis kit (APeXBIO 
Technology LLC) and qPCR was performed with SYBR 
Green FAST MasterMix kit (Qiagen GmbH), according to 
the manufacturer's instructions. The following thermocycling 
conditions were used for qPCR: Initial denaturation at 94˚C 
for 10 min, followed by 40 cycles at 94˚C for 10 sec, 60˚C for 
20 sec and 72˚C for 1 min. GADPH and U6 were used as the 
internal references. The respective sequences of primers were 
as follows: HOTAIR forward, 5'‑GGT​AGA​AAA​AGC​AAC​
CAC​GAA​GC‑3' and reverse, 5'‑ACA​TAA​ACC​TCT​GTC​TGT​
GAG​TGC​C‑3'; miR‑30a‑5p forward, 5'‑AAC​GAG​ACG​ACG​
ACA​GAC‑3' and reverse, 5'‑TGT​AAA​CAT​CCT​CGA​CTG​
GAA​G‑3'; PDE7A forward, 5'‑GGA​AAT​AGT​CTA​GTA​AGC​
TTA​ACC‑3' and reverse, 5'‑GGC​AGA​TGT​GAG​AAT​AAG​
CCT​G‑3'; GAPDH forward, 5'‑TCC​GCC​CCT​TCC​GCT​GA​
TG‑3' and reverse, 5'‑CAC​GGA​AGG​CCA​TGC​CAG​TGA‑3'; 
U6 forward, 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' and reverse 
5'‑AAC​GCT​TCA​GAA​TTT​GCG​T‑3'. Gene expression was 
quantified using the 2‑ΔΔCq method (22).

MTT assay. The viability of the MLE‑12 cells was determined 
using a MTT assay. Transfected and LPS‑treated MLE‑12 cells 
were seeded into a 96‑well plate, at 2x105 cells per well and 
incubated at 37˚C. After incubation for 24  h, 20 µl MTT 
(Shanghai GeneChem, Co., Ltd.) was added to each well. After 
incubation for 2 h at 37˚C, cell viability (optical density at 
570 nm) was analyzed using a Multiskan Spectrum microplate 
reader (Thermo Fisher Scientific, Inc.).

ELISA. The concentration of the inflammatory factors [TNF‑α 
(cat. no. 70‑EK182HS‑96), IL‑1β (cat. no. 70‑EK101BHS‑96) 
and IL‑6 (cat. no. 70‑EK106/2‑24)] in the MLE‑12 cells or 
mouse bronchoalveolar lavage fluid (BALF) were measured 
using specific ELISA kits (Multisciences Biotech Co., Ltd.), 
according to the manufacturer's protocol. A Multiskan 
Spectrum microplate reader (Thermo Fisher Scientific, Inc.) 
was used to determine the absorbance at 450 nm.

Target prediction. The miRNA targets of  HOTAIR were 
predicted using StarBase database (http://starbase.sysu.edu.cn/). 
In addition, the mRNA targets of miR‑30a‑5p were predicted 
using TargetScan database (http://www.targetscan.org). 

Dual luciferase reporter (DLR) assay. The 3'‑untranslated 
region sequences containing the HOTAIR binding site were 
cloned into the pGL3 vector (Promega Corporation) to estab‑
lish the wild‑type (WT) vector. The Phusion Site‑Directed 
Mutagenesis kit (Thermo Fisher Scientific, Inc.) was used to 
construct the mutant vector. The WT or mutant vectors and 
the miR‑146a mimics or miR‑NC were co‑transfected into the 
MLE‑12 cells using Lipofectamine 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) at 37˚C for 48 h. A DLR Assay System 
(Promega Corporation) was used to determine relative lucif‑
erase activity. The activity of firefly luciferase was normalized 
to the activity of Renilla luciferase.

Western blot analysis. RIPA buffer (Beyotime Institute of 
Biotechnology), containing protease inhibitors was used to 
extract total protein from the MLE‑12 cells. Protein concen‑
tration was then determined using a BCA Protein Assay kit 
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(Abcam). A total of 50 µg protein/lane was separated using 
10% SDS‑PAGE and the resolved proteins were transferred 
onto PVDF membranes. The membranes were blocked with 
5% bovine serum albumin (Thermo Fisher Scientific, Inc.) for 
2 h at room temperature. Following which, the membranes 
were incubated overnight at 4˚C with the primary antibodies 
against PDE7A (1:1,000; cat. no.  ab14616; Abcam) and 
tubulin (1:1,000; cat. no.  ab6160; Abcam). Subsequently, 
the membranes were washed 3  times with TBS‑Tween‑20 
(0.05%), then incubated with an HRP‑conjugated anti‑rabbit 
IgG secondary antibody (1:5,000; cat. no. ab6721; Abcam) and 
an HRP‑conjugated anti‑rat IgG secondary antibody (1:5,000; 
cat. no   ab6734; Abcam), respectively, at room tempera‑
ture for 1 h. Tubulin was used as the internal reference. An 
enhanced chemiluminescence detection kit (Thermo Fisher 
Scientific, Inc.) was used to detect the bands, which were then 
quantified using Gel‑Pro Analyzer software (v4.0; Media 
Cybernetics, Inc.).

Construction of an ARDS mouse model. A total of 20 female 
BALB/c nude mice (4‑5  weeks; weighing 20±2  g) were 
purchased from Cavens Lab. All mice were housed under 
controlled conditions (25˚C; 50% humidity; 12 h light/dark 
cycle) and had free access to food and water. The mouse 
model of ARDS was constructed by intratracheal instilla‑
tion of 2 mg/kg LPS. The mice were randomly divided into 
sham, ARDS, ARDS  +  sh‑NC and ARDS  +  sh‑HOTAIR 
groups (n=5). After LPS treatment for 48 h, the mice in the 
ARDS + sh‑HOTAIR group were treated with sh‑HOTAIR 
lentivirus (2x107 transducing units/ml by intravenous 
injection), while those in the ARDS + sh‑NC group were intra‑
venously injected with an equal quantity of sh‑NC lentivirus. 
Simultaneously, the mice in the sham group were intravenously 
injected with an equal volume of saline. The next day, the mice 
were anesthetized with sodium pentobarbital (50 mg/kg) and 
euthanized via cervical dislocation. Subsequently, the BALF 
samples were collected and centrifuged, and the resulting 
supernatants were used to measure the concentration of 
TNF‑α, IL‑6 and IL‑1β.

Histopathological examination using H&E staining. Fresh 
mouse lung samples were resected, then fixed with 4% 
paraformaldehyde at 37˚C for 1 day. The samples were then 
embedded in paraffin and cut into 6‑µm thick sections. The 
sections were immediately stained with H&E for 15 min at 
room temperature, then observed using a light microscope 
(magnification, x200). The injury score was calculated based 
on a previous study (23).

Lung function assay. After sacrifice of the mice, arterial blood 
samples (5 ml) were collected from mouse carotid arteries. An 
automatic blood gas analyzer (Radiometer Medical ApS) was 
used to determine the partial pressure of oxygen (PaO2) and 
carbon dioxide (PaCO2). The wet weight of the fresh lung tissues 
was then determined. The tissues were dried at 60˚C for 72 h and 
the dry weight was then determined. The wet/dry weight ratio of 
the lung samples was used as a measure of tissue oedema.

Statistical analysis. SPSS software (v20.0; IBM, Corp.) was 
used to perform statistical analyses. The data are presented as 

the mean ± standard deviation. A Student's t‑test (unpaired) 
was used to assess the differences between two groups, while 
one‑way ANOVA was used to evaluate the differences among 
multiple groups, followed by a Tukey's multiple comparisons 
test. P<0.05 was considered to indicate a statistically significant 
difference. All experiments were performed in independently 
3 times in triplicate. 

Results

lncRNA HOTAIR knockdown decreases the concentration 
of the inflammatory factors in LPS‑induced MLE‑12 cells. 
HOTAIR mRNA expression level was upregulated in the 
MLE‑12 cells in the LPS group compared with that in the 
control group (P<0.01; Fig. 1A). RT‑qPCR was then used to 
determine the transfection efficiency of sh‑HOTAIR and sh‑NC 
in the MLE‑12 cells and the results illustrated that HOTAIR 
expression was significantly decreased in the sh‑HOTAIR 
group compared with that in the sh‑NC group (P<0.01; Fig. 1B). 
A MTT assay revealed that, compared with that in the control 
cells, treatment with LPS significantly decreased cell viability. 
Cell viability in the sh‑HOTAIR + LPS group was also signifi‑
cantly increased compared with that in the sh‑NC + LPS group 
(P<0.01; Fig. 1C). ELISA results showed that the concentration 
of IL‑6, IL‑1β and TNF‑α were all upregulated in the MLE‑12 
cells in the LPS group compared with that in the control 
group. However, transfection with sh‑HOTAIR significantly 
decreased the concentration of the inflammatory factors in the 
MLE‑12 cells treated with LPS compared with that in cells 
transfected with sh‑NC (P<0.01; Fig. 1D‑F). 

lncRNA HOTAIR targets miR‑30a‑5p. The potential binding 
sites between HOTAIR and miR‑30a‑5p were predicted using 
StarBase database (Fig. 2A). Among the 46 miRNA targets 
predicted, miR‑30a‑5p was selected for further analysis as it 
has been associated with ALI (16) and its unknown regula‑
tory association with HOTAIR. The mRNA expression levels 
of miR‑30a‑5p following transfection of the MLE‑12 cells 
with sh‑HOTAIR or sh‑NC were also determined. The results 
showed that miR‑30a‑5p expression level was increased in 
the sh‑HOTAIR group compared with that in the sh‑NC 
group (P<0.01; Fig.  2B). Subsequently, a DLR assay was 
performed to further verify the interaction between HOTAIR 
and miR‑30a‑5p. The results showed that luciferase activity 
was lower in the HOTAIR WT + miR‑30a‑5p mimics group 
compared with that in the HOTAIR WT + miR‑NC group 
(P<0.01; Fig. 2C). 

Overexpression of miR‑30a‑5p decreases the concentration of 
the inflammatory factors in the LPS‑induced MLE‑12 cells. 
The mRNA expression level of miR‑30a‑5p was significantly 
lower in the LPS group compared with that in the control 
group (P<0.01; Fig.  3A). The transfection efficiency of 
the miR‑30a‑50p mimics, inhibitor and their respective NCs in 
the MLE‑12 cells was determined using RT‑qPCR. The results 
revealed that  miR‑30a‑5p mRNA expression levels were 
downregulated by the miR‑30a‑5p inhibitor and upregulated 
by miR‑30a‑5p mimics (P<0.01; Fig. 3B). After treatment with 
LPS, the results from a MTT assay and ELISA demonstrated 
that compared with that in the miR‑NC group, cell viability 
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and the concentration of IL‑6, IL‑1β and TNF‑α was increased 
and decreased, respectively, in the miR‑30a‑5p mimics group 
(P<0.01; Fig. 3C‑F).

miR‑30a‑5p targets PDE7A. Using TargetScan database, the 
potential binding site between miR‑30a‑5p and PDE7A was 
predicted (Fig. 4A). A total of 1,570 targets were predicted. 
PDE7A was selected for further analysis as it has been associ‑
ated with pulmonary inflammatory diseases, such as chronic 
obstructive pulmonary disease and asthma (24). Western blot 
analysis showed that the protein expression levels of PDE7A 
were decreased in the miR‑30a‑5p mimics group compared 
with that in the miR‑NC group (P<0.01; Fig. 4B). DLR assays 
showed that luciferase activity was lower in the  PDE7A 

WT  +  miR‑30a‑5p mimics group compared with that in 
the PDE7A WT + miR‑NC group (P<0.01; Fig. 4C).

lncRNA HOTAIR knockdown decreases inflammatory factor 
concentration in LPS‑induced MLE‑12 cells by regulating 
the miR‑30a‑5p/PDE7A axis. Western blot analysis was 
used to determine the protein expression levels of PDE7A 
in LPS‑induced MLE‑12 cells. The results showed that LPS 
treatment significantly increased PDE7A protein expression 
levels (P<0.01; Fig. 5A). pcDNA‑PDE7A or pcDNA‑NC were 
then transfected into the MLE‑12 cells and the results from 
western blot analysis demonstrated that PDE7A overexpres‑
sion significantly increased the protein expression levels of 
PDE7A (P<0.01; Fig. 5B). Subsequently, sh‑NC, sh‑HOTAIR, 

Figure 1. lncRNA HOTAIR knockdown decreases the concentration of inflammatory factors in LPS‑induced MLE‑12 cells. (A) The mRNA expression level of 
lncRNA HOTAIR in the MLE‑12 cells was detected using RT‑qPCR. **P<0.01 vs. control. (B) The mRNA expression of lncRNA HOTAIR following transfec‑
tion with sh‑HOTAIR/NC into the MLE‑12 cells was detected using RT‑qPCR. **P<0.01 vs. sh‑NC. (C) The viability of the MLE‑12 cells was measured using 
a MTT assay. The concentration of (D) IL‑6, (E) IL‑1β and (F) TNF‑α following transfection with sh‑HOTAIR/NC into the MLE‑12 cells was measured using 
ELISA. **P<0.01 vs. control. ##P<0.01 vs. sh‑NC. NC, negative control; lnc, long non‑coding; LPS, lipopolysaccharide; TNF, tumor necrosis factor; RT‑qPCR, 
reverse transcription‑quantitative PCR; sh, short hairpin.

Figure 2. miR‑30a‑5p is the direct target of lncRNA HOTAIR. (A) The predicted complementary binding site between lncRNA HOTAIR and miR‑30a‑5p. 
(B) The mRNA expression level of miR‑30a‑5p following transfection with sh‑HOTAIR/NC into the MLE‑12 cells was detected using reverse transcription‑
quantitative PCR. **P<0.01 vs. sh‑NC. (C) The luciferase activity in the MLE‑12 cells co‑transfected with pGL3‑HOTAIR WT/pGL3‑HOTAIR MUT 
and miR‑30a‑5p mimics/NC was determined using a dual luciferase reporter assay. **P<0.01 vs. miR‑NC. NC, negative control; lnc, long non‑coding; 
miR, microRNA, sh, short hairpin; WT, wild‑type; MUT, mutant.
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or sh‑HOTAIR + miR‑30a‑5p inhibitor was transfected into 
the MLE‑12 cells, then stimulated with LPS. The protein 

expression level of PDE7A was subsequently analyzed and 
the results indicated that HOTAIR knockdown decreased the 

Figure 4. miR‑30a‑5p targets PDE7A. (A) The predicted complementary binding site between miR‑30a‑5p and PDE7A. (B) The protein expression level of 
PDE7A following transfection with miR‑30a‑5p mimics/NC into the MLE‑12 cells was determined using western blot analysis. (C) The luciferase activity in 
the MLE‑12 cells co‑transfected with pGL3‑PDE7A WT/pGL3‑PDE7A MUT and miR‑30a‑5p mimics/NC was determined using a dual luciferase reporter 
assay. **P<0.01 vs. miR‑NC. NC, negative control; miR, microRNA; WT, wild‑type; MUT, mutant.

Figure 3. Overexpression of miR‑30a‑5p reduces the concentration of the inflammatory factors in LPS‑induced MLE‑12 cells. (A) The mRNA expression level 
of miR‑30a‑5p in the MLE‑12 cells was detected using RT‑qPCR. **P<0.01 vs. control. (B) The mRNA expression level of miR‑30a‑5p following transfection 
with miR‑30a‑5p mimics/inhibitor/NC into the MLE‑12 cells was detected using RT‑qPCR. (C) The viability of the MLE‑12 cells was measured using a MTT 
assay. The concentration of (D) IL‑6, (E) IL‑1β and (F) TNF‑α following transfection with miR‑30a‑5p mimics/NC into the MLE‑12 cells was measured 
using ELISA. **P<0.01 vs. miR‑NC. ##P<0.01 vs. inhibitor NC. NC, negative control; miR, microRNA; LPS, lipopolysaccharide; TNF, tumor necrosis factor; 
RT‑qPCR, reverse transcription‑quantitative PCR.
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protein expression level of PDE7A, whereas downregula‑
tion of miR‑30‑5p reversed the inhibitory effect of HOTAIR 
knockdown on PDE7A protein expression levels (P<0.01; 
Fig. 5C). The results from the MTT assay showed that cell 
viability increased in the sh‑HOTAIR group compared 
with that in the sh‑NC group, whereas cell viability in 
both the sh‑HOTAIR + miR‑30a‑5p inhibitor group and the 
sh HOTAIR + pcDNA‑PDE7A group was partly reduced 
compared with that in the sh‑HOTAIR group (P<0.01; 
Fig. 5D). ELISA results showed that the concentrations of 
IL‑6, IL‑1β, and TNF‑α were all decreased by HOTAIR 
knockdown. However, downregulation of miR‑30a‑5p and 
upregulation of PDE7A both reversed the suppressive effect 
of HOTAIR knockdown on the concentration of the inflam‑
matory factors (P<0.01; Fig. 5E‑G).

lncRNA HOTAIR knockdown attenuates LPS‑induced 
ARDS and the ARDS‑related inflammatory response in vivo. 

The mRNA expression levels of  HOTAIR,  miR‑30a‑5p, 
and  PDE7A in mouse lung tissues were determined using 
RT‑qPCR. The results showed that, compared with that in 
the sham group,  HOTAIR  and  PDE7A mRNA expression 
levels were elevated in the ARDS group, whereas miR‑30a‑5p 
mRNA expression levels were lower in the ARDS group 
(P<0.05; Fig. 6A‑C). Following an intravenous injection with 
sh‑HOTAIR or sh‑NC lentiviruses, the mRNA expression levels 
of HOTAIR and PDE7A were downregulated in the lung tissues 
of mice in the ARDS + sh‑HOTAIR group compared with that 
in the ARDS group. However, miR‑30a‑5p mRNA expression 
levels were upregulated in the ARDS + sh‑HOTAIR group 
compared with that in the ARDS group. As shown in Fig. 6D, 
the histopathological changes and injury scores of lung tissues 
were analyzed using H&E staining. Inflammatory cell infiltra‑
tion and interstitial oedema were more severe in the ARDS 
group compared with that in the sham group. HOTAIR knock‑
down markedly ameliorated these effects. The injury scores 

Figure 5. lncRNA HOTAIR knockdown decreases the concentration of the inflammatory factors in LPS‑induced MLE‑12 cells by regulating the 
miR‑30a‑5p/PDE7A axis. (A) The protein expression level of PDE7A in the MLE‑12 cells was determined using a western blot assay. **P<0.01 vs. control. 
(B) The protein expression level of PDE7A following transfection with pcDNA‑PDE7A/NC into the MLE‑12 cells was determined using western 
blot analysis. **P<0.01 vs. pcDNA‑NC. (C) The protein expression level of PDE7A following transfection with sh‑HOTAIR + miR‑30a‑5p inhibitor/
sh‑HOTAIR/NC into the MLE‑12 cells was determined using western blot analysis. **P<0.01 vs. sh‑NC. ##P<0.01 vs. sh‑HOTAIR. (D) The viability of the 
MLE‑12 cells was measured using a MTT assay. The level of (E) IL‑6, (F) IL‑1β and (G) TNF‑α following transfection with sh‑HOTAIR + miR‑30a‑5p 
inhibitor/sh‑HOTAIR + pcDNA‑PDE7A/sh‑HOTAIR/NC into the MLE‑12 cells was measured using ELISA. **P<0.01 vs. sh‑NC. ##P<0.01 vs. sh‑HOTAIR. 
NC, negative control; miR, microRNA; LPS, lipopolysaccharide; TNF, tumor necrosis factor; sh, short hairpin. 
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were higher in the ARDS group compared with that in the 
sham group. HOTAIR knockdown significantly decreased the 
injury scores of the lung tissues (P<0.01; Fig. 6D). Lung func‑
tion assays demonstrated that, compared with that in the sham 
group, PaCO2 levels and the lung wet/dry weight ratios were 
increased, whereas PaO2 levels were decreased in the ARDS 
group (P<0.01; Fig. 6E‑G). HOTAIR knockdown decreased 
PaCO2 levels and lung wet/dry weight ratios, and increased 
PaO2 levels. ELISA results showed that IL‑6, IL‑1β and TNF‑α 

concentration in the mouse BALF samples were all elevated in 
the ARDS group compared with that in the sham group (P<0.01; 
Fig. 6H‑J). However, HOTAIR knockdown significantly reversed 
the promoting effect of ARDS on inflammatory factor levels.

Discussion

As a severe form of ALI, the cost to treat ARDS is high, which 
severely affects the health and quality of life in patients with 

Figure 6. lncRNA HOTAIR knockdown attenuates LPS‑induced ARDS and ARDS‑related inflammatory response in vivo. The mRNA expression level of 
(A) HOTAIR, (B) miR‑30a‑5p and (C) PDE7A in the lung tissues of mice was detected using reverse transcription‑quantitative PCR. (D) Histopathological 
change and injury score were detected using H&E staining. Magnification, x200. (E) Lung wet/dry weight ratio, (F) PaO2 and (G) PaCO2 was measured using 
an automatic blood gas analyzer. The concentration of (H) IL‑6, (I) IL‑1β and (J) TNF‑α in BALF of mice was measured using ELISA. **P<0.01 vs. sham. 
##P<0.01 vs. ARDS. Pa, partial pressure; TNF, tumor necrosis factor; miR, microRNA; NC, negative control; sh, short hairpin; ARDS, acute respiratory 
distress syndrome.
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ARDS (25). Several lncRNAs have been associated with the 
progression of ALI and ARDS (7‑9). Dai et al (7) found high 
protein expression levels of MALAT1 in the lung tissues 
from an LPS‑induced rat ALI model. Wang et al (8) showed 
that THRIL expression was upregulated in lung tissues 
from patients with ARDS. Zhou et al (9) demonstrated that 
NEAT1 was highly expressed in the lung tissues of mice with 
LPS‑induced ALI and in LPS‑treated mouse alveolar epithelial 
cells. Consistent with the aforementioned results, the present 
study showed that HOTAIR mRNA expression levels were 
increased in the lung tissues from mice with LPS‑induced 
ARDS and in LPS‑treated MLE‑12 cells. Therefore, the 
results from the present study suggested that HOTAIR may act 
as a pathogenic factor in ARDS.

Previous studies have reported that lncRNAs act as 
crucial regulators in hypoxic lung diseases and inflamma‑
tory epithelial injury (26,27), by affecting processes, such as 
inflammation and interstitial oedema (7,28,29). Dai et al (7) 
have shown that MALAT1 inhibition led to a marked decrease 
in the concentration of IL‑6, IL‑1β and TNF‑α in rat lung 
tissues. In addition, histopathological examination showed 
that MALAT1 inhibition distinctly attenuated lung tissue 
injury. Jiang et al (29) showed that the PaO2/FiO2 ratio was 
decreased and the lung wet/dry weight ratio was increased in 
ARDS. Kcnq1ot1 knockdown in mice was shown to reverse 
the suppressive effect of LPS on the PaO2/FiO2 ratio and the 
positive effect of LPS on the lung wet/dry weight ratio (29). 
Consistent with the aforementioned results, in the present 
study, it was found that injury scores, lung wet/dry weight 
ratios, PaCO2 levels and the concentration of IL‑6, IL‑1β 
and TNF‑α were increased, and PaO2 levels were decreased 
in a mouse model of ARDS. HOTAIR knockdown using a 
sh HOTAIR lentivirus injection reversed the positive effect of 
LPS on injury scores, lung wet/dry weight ratios, PaCO2 levels, 
and the concentration of IL‑6, IL‑1β and TNF‑α, and the 
negative effect of LPS on PaO2 levels. These results suggested 
that HOTAIR knockdown attenuated the LPS‑induced inflam‑
matory response and LPS‑induced ALI. To further verify 
this hypothesis, further experiments were performed using 
the MLE‑12 cells and it was found that sh‑HOTAIR reversed 
the negative effect of LPS on cell viability and the positive 
effect of LPS on the concentration of IL‑6, IL‑1β and TNF‑α. 
The results from the present study are consistent with those 
of other studies (10‑12), suggesting that HOTAIR knockdown 
attenuated the LPS‑induced inflammatory response and 
LPS‑induced ALI in vivo and in vitro.

Increasing evidence has indicated that miRNA expres‑
sion levels were downregulated in LPS‑induced rat models 
of ALI or LPS‑treated cells. For example, miR‑497a‑5p (30) 
and miR‑381‑3p (29) expression levels were downregulated 
in an LPS‑induced mouse model of ALI, while miR‑424 (14) 
expression levels were downregulated in alveolar epithelial 
cells, and miR‑146b (15) expression levels were downregulated 
in murine lung alveolar macrophages. Similarly, in the present 
study it was found that miR‑30a‑5p expression levels were 
downregulated in both an LPS‑induced mouse model of ARDS 
and in LPS‑treated MLE‑12 cells. In addition, previous studies 
have shown that miRNAs have a role in modulating pulmonary 
inflammation (13,14,30). Cheng et al (14) showed that upregula‑
tion of miR‑424 suppressed the secretion of IL‑6 and IL‑8 from 

LPS‑treated alveolar epithelial cells. Guo et al (30) showed 
that miR‑497a‑5p overexpression decreased the concentration 
of IL‑6, IL‑1β and TNF‑α in LPS‑treated RAW264.7 cells. 
Li et al (13) reported that high expression levels of miR‑150 
inhibited the secretion of IL‑6, IL‑1β and TNF‑α from 
LPS‑treated human pulmonary epithelial cells. In the present 
study, it was found that miR‑30a‑5p upregulation suppressed 
the secretion of IL‑6, IL‑1β and TNF‑α from LPS‑treated 
MLE‑12 cells. These results suggested that miR‑30a‑5p may 
be a suppressor of the inflammatory response. Consistent with 
these results, miR‑30a‑5p inhibition has been shown to promote 
the release of IL‑6, IL‑1β and TNF‑α from PC‑12 cells (31). In 
addition, miR‑30a‑5p was shown to be the target of HOTAIR in 
the present study. Downregulation of miR‑30a‑5p reversed the 
positive effect of sh‑HOTAIR on MLE‑12 cell viability and the 
inhibitory effect of sh‑HOTAIR on inflammatory factor release 
from MLE‑12 cells. This suggested that HOTAIR knockdown 
alleviated the LPS‑induced inflammatory response by modu‑
lating miR‑30a‑5p.

Enzymes with in the phosphodiesterase (PDE) 
family are found in most proinflammatory and immune 
cells  (24). As a member of the PDE family, PDE7A has 
been associated with the inflammatory response  (24,32-
34). Goto et al (32) reported that PDE7A downregulation 
ameliorated concanavalin A‑induced hepatitis in mice 
by suppressing the concentration of IL‑4 and TNF‑α. 
Kadoshima‑Yamaoka et al  (33) showed that ASB16165, a 
PDE7A inhibitor, reduced cutaneous TNF‑α concentration in 
12‑o‑tetradecanoylphorbol‑13‑acetate‑induced skin inflam‑
mation in mice. Yamamoto et al  (34) demonstrated that 
YM‑393059, an inhibitor of PDE7A, inhibited LPS‑induced 
TNF‑α production in mice. In the present study, it was found 
that PDE7A protein expression levels were upregulated 
in LPS‑treated MLE‑12 cells and PDE7A overexpression 
accelerated inflammatory factor release from the MLE‑12 
cells. These results suggested that PDE7A was associated 
with promoting the secretion of the inflammatory factors, 
whereas inhibiting PDE7A may be beneficial in preventing 
inflammation in ARDS. In addition, PDE7A overexpression 
reversed the positive effect of sh‑HOTAIR on cell viability 
and the inhibitory effect of sh‑HOTAIR on inflammatory 
factor release from the MLE‑12 cells. This suggested 
that  HOTAIR knockdown attenuated the LPS‑induced 
inflammatory response by regulating PDE7A. At the same 
time, PDE7A was the target gene of miR‑30a‑5p. We further 
hypothesized that knockdown of  HOTAIR ameliorated 
the LPS‑induced inflammatory response by regulating 
the miR‑30a‑5p/PDE7A axis.

Taken together, the results of the current study showed 
that HOTAIR knockdown ameliorated the LPS‑induced 
inflammatory response and ARDS in  vivo and reduced 
LPS‑induced inflammatory factor production by regu‑
lating the miR‑30a‑5p/PDE7A axis in vitro. However, there 
were also some limitations. First, the detailed mechanism 
involving  HOTAIR,  miR‑30a‑5p and PDE7A was not 
confirmed in vivo. Second, the detailed mechanism of this axis 
and the signaling pathways involved remain unclear. Further 
experiments will be performed to elucidate these in the future. 
In conclusion, these findings may contribute to the develop‑
ment of a new strategy for treating ARDS.
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