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Abstract
This study aims to explain the role and related mechanisms of long non-coding RNA (lncRNA) X inactive specific transcript 
(XIST) in sepsis-induced acute lung injury (ALI). The in vivo septic models and in vitro septic model were established. In 
animal models, the lung injury of the rats was evaluated after XIST was overexpressed. In cell models, the effects of XIST 
and microRNA (miR)-16-5p on ALI was detected by MTT assay, Western blot and ELISA. The interaction between XIST 
and miR-16-5p was investigated by bioinformatics analysis, dual-luciferase reporter assay, RIP assay and RNA pull-down 
assay. We found that XIST expression was down-regulated in lung tissues of septic rats and lipopolysaccharide-stimulated 
cells, while the expression of miR-16-5p was up-regulated. Down-regulation of XIST significantly promoted pulmonary 
edema, increased the levels of TNF-α, IL-1β and malondialdehyde, inhibited the cell viability and decreased the level of 
superoxide dismutase. Mechanistically, it was confirmed that XIST could sponge miR-16-5p, and thus repress its expression, 
and the transfection of miR-16-5p mimics could reverse the effects of XIST over-expression in the cell model. Collectively, 
it is concluded that XIST reduces sepsis-induced ALI via regulating miR-16-5p.
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Introduction

Sepsis is the systemic response to infection and is defined as 
the presence of systemic inflammatory response syndrome 
(SIRS), characterized by a cytokine-mediated hyper-inflam-
matory phase and a subsequent immune-suppressive phase 
[1]. As one of the most serious complications of sepsis, 
acute lung injury (ALI) is prone to develop into acute res-
piratory distress syndrome (ARDS). The mortality of ALI 
during sepsis is as high as 25.6% [2]. Clarifying the mech-
anism of sepsis-mediated ALI is of great significance for 
early diagnosis, therapeutic effect evaluation and prognosis 
prediction of the disease.

Long non-coding RNA (lncRNA) is a class of transcripts 
with a length of over 200 nt, which cannot be translated 
into proteins [3]. Recent studies reported that in the process 
of systemic inflammatory response, lncRNA plays a piv-
otal role through regulating multiple pathways, modulating 
the proliferation and differentiation of inflammatory cells, 
changing the expression of inflammation-related genes, and 
mediating the  production and release of cytokines [4, 5]. 
In addition, accumulating evidence has demonstrated that 
lncRNAs take part in the progression of sepsis [6, 7]. X 
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inactive specific transcript (XIST) has been previously found 
to be up-regulated in several cancers and can facilitate pro-
liferation and metastasis of cancer cells [8, 9]. Additionally, 
XIST expression is increased in the bronchoalveolar lav-
age fluid of primary graft dysfunction (PGD) patients after 
lung transplantation, and overexpression of XIST aggravates 
PGD after lung transplantation [10]. However, the function 
and mechanism of XIST in sepsis-induced ALI still remain 
unclear.

MicroRNAs (miRNAs) are non-coding RNAs (ncRNAs) 
with highly conserved sequences. They can degrade mRNA 
or inhibit the translation through specific binding with the 
3’ untranslated region (3’UTR) [11, 12]. Moreover, miR-
NAs regulate a series of biological processes, including cell 
proliferation, differentiation, apoptotic signal transduction 
and so on [11–13]. Importantly, a number of studies demon-
strate that miRNAs are involved in the pathogenesis of sepsis 
[14, 15]. Recent studies reveal that miR-16-5p regulates the 
progression of cancers [16, 17], while the function of miR-
16-5p in sepsis-induced ALI is still obscure.

In the present study, with in vitro and in vivo experi-
ments, we demonstrated that the expression of XIST was 
significantly down-regulated in the lung tissues of septic rats 
and cell model of sepsis. Functionally and mechanistically, 
it was demonstrated that XIST could regulate the apoptosis 
of pulmonary epithelial cells by regulating miR-16-5p. This 
work provides a new theoretical basis for clinical treatment 
of sepsis-induced ALI.

Methods and materials

Establishment of a septic rat model

All of the procedures in this study were approved by the 
Animal Studies Committee of Henan Provincial People’s 
Hospital (Approval No. 2014-A11). The rat model with sep-
sis was established by cecum ligation and puncture (CLP) as 
previously described [18]. 21 male Sprague–Dawley (SD) 
rats (age 7–8 weeks; weight 200–250 g) were randomly 
divided into sham group, CLP group and CLP + recombinant 
adeno-associated virus carrying XIST overexpression vector 
(CLP + RAAV-XIST) group (n = 7 rats in each group). The 
XIST overexpressing recombinant adeno-associated virus 
was purchased from Vigene Bioscience (Jinan, China), 
and RAAV-GFP served as the negative control, which was 
packed with RAAV virus and empty vector. Full length of 
XIST was cloned into the AAV vector pAAV-CMV-ires-
hrEGFP to construct the AAV transgene plasmid pAAV-
CMV-XIST-ires-hrEGFP. pAAV-RC9, pHelper, and the 
AAV transgene plasmid were co-transfected into HEK-293T 
cells. At 72 h after transfection, the HEK-293T cells were 
incubated with Benzonase endonuclease (Sigma-Aldrich, 

St. Louis, MO, USA) at 37 °C for 1 h, and then the RAAV 
particles were purified by a heparin column (Sigma-Aldrich, 
St. Louis, MO, USA). After the purification, RAAV-XIST 
and RAAV-GFP were injected into CLP rats via the tail vein.

Cell culture and transfection

Human small airway epithelial cells (HSAECs) and HEK-
293T cells were purchased from the Cell Bank of Type Cul-
ture Collection of the Chinese Academy of Sciences (Shang-
hai, China). HSAECs were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Invitrogen, Carlsbad, CA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco, 
Carlsbad, CA, USA) at 37 °C in 5% CO2 and saturated 
humidity. In lipopolysaccharide (LPS) group, HSAECs were 
treated with 10 μg/ml LPS (Sigma-Aldrich, St. Louis, MO, 
USA) for 24 h to establish the sepsis-induced ALI model 
in vitro. MiR-16-5p mimics and its control (miR-16-5p 
NC), miR-16-5p inhibitors, XIST overexpression plasmids 
(XIST), XIST short hairpin RNA (shRNA) (sh-XIST-1: 
5’-GCT​GAC​TAC​CTG​AGA​TTT​AAG-3’; sh-XIST-2: 
5’-GCT​CTT​GAA​CAG​TTA​ATT​TGC-3’), and negative con-
trols (sh-NC: GGG​ACU​CUC​GGU​AUG​UAA​GAUU) were 
purchased from RiboBio Co., Ltd. (Guangzhou, China). The 
transfection was conducted by Lipofectamine™ 3000 trans-
fection reagent (Invitrogen, Carlsbad, CA, USA) in accord-
ance with the manufacturer’s instructions.

Lung wet‑to‑dry (W/D) weight ratio

The lung W/D weight ratio was used to evaluate the pul-
monary edema of the rats. After the rats were killed, the 
fresh right upper lung tissue was obtained and weighed for 
wet weight (W) and then dried for at least 24 h in an oven 
at 180 °C to measure dry weight (D), and then W/D weight 
ratio was calculated.

Enzyme‑linked immunosorbent assay (ELISA)

The lung tissues samples of rats in different groups were 
homogenized and centrifuged (14,000×g, 5 min) to collect 
the supernatant. Levels of tumor necrosis factor-α (TNF-α) 
and interleukin-1β (IL-1β) in cell culture supernatant and 
lung tissues were detected by the corresponding ELISA kit 
(Lianke Biotechnology Co., Ltd., Hangzhou, China) accord-
ing to manufacturer’s instructions.

Detection of superoxide dismutase (SOD) 
and malondialdehyde (MDA)

MDA content was determined by the thiobarbituric acid 
method, whereas the SOD activity was evaluated by the xan-
thine oxidase method. The MDA content and SOD activity 
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in lung tissues and cell supernatant were measured with a 
spectrometer using commercially available kits (JianCheng 
Bioengineering Institute, Nanjing, China).

Terminal deoxynucleotidyl transferase 
(TdT)‑mediated dUTP nick‑end labeling (TUNEL) 
assay

Lung tissue sections were fixed with 4% paraformaldehyde 
for 30 min and incubated with 0.5% Triton X-100 for 10 min. 
Next, the samples were incubated at room temperature for 
60 min with 50 μL of TUNEL Apoptosis Detection kit (Bey-
otime, Hangzhou, China) according to the manufacturer’s 
protocols and then washed with PBS three times. The nuclei 
were stained with 4′,6-diamidino-2-phenylindole (DAPI) 
for 30 min. Next the images of the cells were captured by 
a laser confocal microscopy (Carl Zeiss AG, Oberkochen, 
Germany).

Quantitative reverse transcription polymerase chain 
reaction (RT‑qPCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used 
to extract the total RNA from the lung tissues and HSAECs, 
with the purity and concentration of total RNA detected 
by an ultraviolet (UV) spectrophotometer. Then the total 
RNA was reverse-transcribed into cDNA with SuperScript 
First-Strand cDNA System (Invitrogen, Grand Island, NY, 
USA). With cDNA as the template, SYBR premix EX TAQ 
II (Takara, Dalian, China) was used to perform RT-qPCR 
on the Applied Biosystems 7500 Real-Time PCR System 
(Applied Biosystems, Foster City, CA, USA). GAPDH was 
used as the standard internal reference of XIST, and U6 as 
that of miR-16-5p. The relative gene expressions were cal-
culated by 2−ΔΔCT method. The specific primer sequences 
are listed in Table 1. To identify the subcellular location of 
XIST, the RNA were separately extracted from the cyto-
sol and nucleus of HSAECs with NE-PER™ Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Fisher Scien-
tific, Waltham, MA, USA) and the RNeasy Kit (Qiagen, 

Shanghai, China). Next, XIST expression in the two sub-
cellular fractions was detected by RT-qPCR.

MTT assay

HSAECs in different groups were inoculated into 96-well 
plates at a density of 1 × 103 cells/well. After cultured 
for 24 h, the cells were treated with LPS (10 μg/mL) for 
24 h, and 20 μL of MTT solution was added, and the cells 
were incubated for 4 h. Following that, dimethyl sulfoxide 
(DMSO) was added into the wells, and the formazan was 
dissolved. Next, the absorbance of each well was detected 
with a microplate reader, to examine the viability of the 
cells.

Western blot

HSAECs in each group were lysed on ice with RIPA lysis 
buffer (Beyotime, Shanghai, China) for 30 min, and then 
centrifuged at 14,000 rpm for 15 min at 4 °C. The BCA 
Protein Assay kit (Thermo Fisher Scientific, Waltham, 
MA, USA) was utilized to detect the protein concentration. 
Subsequently, sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed, and the pro-
tein was transferred to polyvinylidene difluoride (PVDF) 
membranes, which were then blocked in 5% skimmed milk 
at room temperature for 2 h. After that, anti-Bcl-2 antibody 
(1:1000; ab196495; Abcam, Cambridge, UK), and anti-Bax 
antibody (1:1000; ab53154; Abcam, Cambridge, UK) were 
added, respectively, and then the membranes were incubated 
at 4 °C for 12 h. After the membranes were rinsed with TBS, 
the membranes were incubated at room temperature for 1 h 
with the secondary antibody (Beyotime, Shanghai, China). 
At last, the protein bands were developed by the enhanced 
chemiluminiscence (ECL) kit (Beyotime, Shanghai, China).

Dual luciferase reporter gene assay

Wild-type (WT) XIST sequence was amplified and inserted 
into pmirGLO dual-luciferase miRNA target expression vec-
tors (Promega Corp., Madison, WI, USA) to construct the 
reporter vector pmirGLO-XIST-WT (XIST WT). GeneArt™ 
Site-Directed Mutagenesis PLUS System (Thermo Fisher 
Scientific, Inc., MA, USA) was used to mutate the presump-
tive binding sites of miR-16-5p in XIST. Next, the mutant 
(MUT) XIST sequence was inserted into the pmirGLO 
vector to construct reporter vector pmirGLO-XIST-MUT 
(XIST MUT1, XIST MUT2, and XIST MUT1&2). Next, 
the reporter vectors and miR-16-5p or miR-NC were co-
transfected into HKE-293T cells and the cells were cultured 
for 48 h. Following that, the luciferase activity was moni-
tored by a Dual-Luciferase Reporter Assay System (Pro-
mega, Madison, WI, USA).

Table 1   Primer sequences used of RT-qPCR

Name Primer sequences

XIST Forward: 5′-ACG​CTG​CAT​GTG​TCC​TTA​G-3′
Reverse: 5′-GAG​CCT​CTT​ATA​GCT​GTT​TG-3′

GAPDH Forward: 5′-GCA​CCG​TCA​AGG​CTG​AGA​AC-3′
Reverse: 5′-ATG​GTG​GTG​AAG​ACG​CCA​GT-3′

miR-16-5p Forward: 5′-TAG​CAG​CAC​GTA​AAT​ATT​GGCG-3′
Reverse: 5′-TGC​GTG​TCG​TGG​AGTC-3′

U6 Forward: 5′-CTC​GCT​TCG​GCA​GCACA-3′
Reverse: 5′-AAC​GCT​TCA​CGA​ATT​TGC​GT-3′
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RNA immunoprecipitation (RIP) assay

The Magna RIP RNA-Binding Protein Immunoprecipitation 
Kit (Millipore, Billerica, MA, USA) was used to perform RIP 
assay. Briefly, the HSAECs were lysed in lysis buffer. Next, 
the mixtures were incubated with magnetic beads coupled 
with anti-Argonaute 2 (Ago2) or IgG (Millipore, Billerica, 
MA, USA) antibody for 12 h at room temperature. After the 
co-precipitated RNA was isolated from the immunoprecipi-
tate, the expression of XIST and miR-16-5p were detected by 
RT-qPCR.

RNA pull‑down

Biotin-labeled XIST was generated with biotin RNA-labeled 
mixtures (Roche, Basel, Switzerland) and T7-RNA polymer-
ase (Roche, Basel, Switzerland). Then HSAECs were lysed in 
RIP buffer, and then mixed with biotin-marked XIST, and the 
mixture was incubated at 4 °C for 1 h. Next, magnetic beads 
were added and incubated at room temperature for 1 h. After 
the complex was isolated, Ago2 was detected by Western blot, 
and the expression of miR-16-5p was measured by RT-qPCR.

Hematoxylin–eosin (HE) staining

The paraffin-coated lung tissues of rats were sliced, dewaxed 
and rehydrated. Next, the sections were stained with hematox-
ylin solution for 5 min, and then incubated in 5% acetic acid, 
and then rinsed with tap water. Next, the sections were stained 
with eosin solution for 3 min and followed by dehydration with 
graded alcohol and clearing in xylene. At last, the sections 
were sealed, and the morphology of lung tissue was observed 
under a microscope. Lung injury scores were assessed by two 
independent pathologists as follows: 0 indicating no injury, 1 
indicating 25% lung injury, 2 indicating 50% injury, 3 indicat-
ing 75% injury, and 4 indicating total lung injury.

Statistical analysis

In the present study, SPSS 20.0 statistical software was used 
to analyze the experimental data, which were expressed 
as mean ± standard deviation (x ± s). Student’s t test was 
employed for making comparisons between the two samples, 
and one-way analysis of variance (ANOVA) was used for com-
paring multiple samples. P < 0.05 was considered statistically 
significant.

Results

XIST is down‑regulated in CLP mice and can 
attenuates lung injury

First of all, we detected the difference in miRNA expres-
sion profile in lung tissues between mice treated with 
LPS and the mice without LPS treatment, by analyzing 
GSE18341 with GEO2R tool. The results showed that 
XIST was significantly down-modulated in the lung tissues 
of the mice treated with LPS, suggesting XIST could prob-
ably participate in the lung injury induced by LPS (Fig. 1a, 
b). Then, we established sepsis-induced ALI models with 
CLP method, and it was found that compared with the 
sham group, XIST was down-regulated in the lung tissues 
of CLP group; compared with the CLP group, XIST was 
up-regulated in CLP + RAAV-XIST group (Fig. 1c). The 
lung W/D weight ratio of the rats notably increased in CLP 
group, suggesting that pulmonary edema was aggravated 
during sepsis, while the restoration of XIST decreased the 
lung W/D weight ratio (Fig. 1d). Additionally, compared 
with the sham group, TNF-a, IL-1β and MDA levels were 
up-regulated in the lung tissues of the rats in CLP group, 
SOD level was down-regulated, while XIST restoration 
reversed this effect (Fig. 1e, f). TUNEL assay suggested 
that the apoptosis in the lung tissues of CLP group was 
significantly severer than that of the sham group, while 
it was ameliorated by XIST restoration (Fig. 1g). In CLP 
group, HE staining showed that the diffuse hyaline mem-
brane formation in the alveolar spaces and the alveolar 
structure of the rats was damaged, which suggested severe 
injury and inflammation; in CLP + RAAV-XIST group, the 
lung injury were obviously ameliorated (Fig. 1h). Addi-
tionally, XIST was mainly enriched in the cytoplasm, sug-
gesting it could probably exert its biological effects via 
functioning as a molecular sponge for miRNAs (Fig. 1i).

Effects of XIST on the viability and apoptosis 
of HSAECs treated with LPS

To further determine the role of XIST in septic ALI, 
HSAECs were treated with LPS to establish an in vitro 
model. RT-qPCR showed that the expression of XIST in 
LPS-induced HSAECs was significantly down-regulated, 
and remarkably decreased in a time-dependent manner 
(Fig. 2a). Moreover, we transfected XIST overexpression, 
sh-XIST-1 and sh-XIST-2 into HSAMCs, respectively, 
before LPS treatment (Fig. 2b). MTT assay, Western blot 
and ELISA showed that, after the overexpression of XIST, 
the viability of HSAECs was notably increased, the Bax, 
TNF-α, IL-1β and MDA levels were markedly decreased, 
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and Bcl-2 and SOD levels were significantly elevated 
(Fig. 2c–f); conversely, knockdown of XIST exerted the 

opposite effects (Fig. 2c–f). These data indicated that 

Fig. 1   XIST was down-regulated in the lung tissues of septic rats 
and it ameliorated lung injury induced by sepsis. a, b The lncRNA 
expression dataset GSE18341 was downloaded from GEO database. 
Volcano plot was plotted for the visualization of the differentially 
expressed lncRNAs in the lung tissue of the mice treated with LPS, 
compared with that of the mice without any treatment (red dots rep-
resent up-regulated lncRNAs and blue dots represent down-regulated 
lncRNAs).The expression of XIST was among the significantly 
down-regulated lncRNAs. c The expression of XIST in the lung tis-
sues of the rats in sham group, CLP group and CLP + RAAV-XIST 
group was detected by RT-qPCR. d The lung W/D weight ratio was 

used to indicate the pulmonary edema of the rats in each group. e, 
f TNF-α, IL-1β, SOD and MDA levels in the lung tissues of the 
rats in sham group, CLP group and CLP + RAAV-XIST group were 
detected, respectively. g TUNEL assay was carried out to detect the 
injury of lung tissue of rats. h HE staining showed that CLP induced 
lung injury such as alveolar damage, hemorrhage, and thickened alve-
olar septum, and XIST overexpression ameliorated the CLP-induced 
lung injury (upper scale bar = 35  μm; lower scale bar = 100  μm). 
i The subcellular distribution of XIST was examined. All of the 
experiments were performed in triplicate. *P < 0.05, **P < 0.01, and 
***P < 0.001
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XIST counteracted the injury, inflammatory response, and 
oxidative stress of airway epithelial cells.

XIST directly targets miR‑16‑5p

In order to further verify the downstream mechanism of 
XIST, StarBase (http://​starb​ase.​sysu.​edu.​cn/) and LncBase 
Predicted V2 (http://​carol​ina.​imis.​athena-​innov​ation.​gr/) 
were employed for predicting the downstream target miR-
NAs of XIST, and the results suggested that miR-16-5p 
was one of the potential targets of XIST (Fig. 3a). By ana-
lyzing the miRNAs expression profile in GSE74952, it was 
found that miR-16-5p was up-regulated in the plasma of 

CLP mice, suggesting that sepsis could probably induce 
the expression of miR-16-5p (Fig. 3b, c). Bioinformatics 
analysis showed that XIST contained two conserved bind-
ing sites of miR-16-5p (Fig. 3d). Dual-luciferase reporter 
gene assay uncovered that miR-16-5p mimics could reduce 
the luciferase activity of XIST WT, XIST MUT1 and 
XIST MUT2 reporters, while it had no significant effect 
on that of XIST MUT1&2 reporter (Fig. 3e). In addition, 
RIP assay and RNA pull-down assay suggested that XIST 
and miR-16-5p were directly interacted with each other in 
HSAECs (Fig. 3f, g). These data implied that XIST could 
function as a molecular sponge to repress miR-16-5p.

Fig. 2   Effects of XIST on LPS-induced injury of HSAECs. a The 
expression of XIST in HSAECs treated with LPS was detected by 
RT-qPCR. b The expression of XIST in HSAECs treated with LPS 
was detected by RT-qPCR after transfection with XIST overexpres-
sion plasmids or XIST shRNAs. c MTT assay was used to detect the 
viability of HSAECs treated with LPS. d Western blot was applied 
to detect the expression of apoptosis-related proteins Bax and Bcl-2 

in HSAECs treated with LPS after overexpression and knockdown of 
XIST. e, f The levels of TNF-α, IL-1β, SOD and MDA in cell cul-
ture supernatant were detected, respectively. All of the experiments 
were performed in triplicate. **P < 0.01, ***P < 0.001 vs. control; 
&&P < 0.01, &&&P < 0.001 vs. LPS + NC, ##P < 0.01, ###P < 0.001 vs. 
LPS + sh-NC

http://starbase.sysu.edu.cn/
http://carolina.imis.athena-innovation.gr/
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Effects of miR‑16‑5p on the viability and apoptosis 
of HSAECs treated with LPS

To further determine the role of miR-16-5p in septic ALI, we 
conducted RT-qPCR and demonstrated that the expression 
of miR-16-5p in HSAECs was significantly up-regulated by 
LPS treatment in a time-dependent manner (Fig. 4a). Then 
we successfully transfected miR-16-5p mimics or inhibitors 
into HSAMCs (Fig. 4b). As shown, miR-16-5p overexpres-
sion reduced the viability of HSAMCs, suppressed Bcl-2 
and SOD levels, and promoted the apoptosis and increased 
the levels of Bax, TNF-α, IL-1β and MDA (Fig. 4c–f), while 
miR-16-5p inhibition functioned oppositely (Fig. 4c–f). 

These data indicated that miR-16-5p promoted the injury 
and inflammatory response of airway epithelial cells.

Effects of XIST/miR‑16‑5p axis on the viability 
and apoptosis of HSAECs treated with LPS

Next, miR-16-5p mimics were transfected into HSAECs 
with XIST overexpression. RT-qPCR showed that the 
transfection was successful, and XIST overexpression could 
repress the expression of miR-16-5p mimics (Fig. 5a, b). 
MTT assay, Western blot and ELISA indicated that after 
the co-transfection of miR-16-5p mimics, the effects of 
XIST overexpression on the viability, apoptosis, oxidative 

Fig. 3   The interaction between XIST and miR-16-5p. a Venn diagram 
showed the intersection of the predicted miRNA targets of XIST 
between StarBase database and LncBase Predicted V2 database. 
b, c The miRNAs expression dataset GSE74952 was downloaded 
from GEO database. Red dots indicate the up-regulated miRNAs in 
the plasma of CLP mice, and the level of miR-16-5p in the plasma 
of septic mice was elevated. d The biding sites between XIST and 

miR-16-5p are displayed. e Dual luciferase report gene assay was 
performed to verify the targeting relationship between XIST and 
miR-16-5p. f, g The binding relationship between XIST and miR-
16-5p was detected by RIP assay and RIP pull-down assay, respec-
tively. All of the experiments were performed in triplicate. *P < 0.05, 
**P < 0.01, and ***P < 0.001
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stress and inflammatory response of HSAECs were reversed 
(Fig. 5c–f). Collectively, these data implied that XIST could 
negatively regulate miR-16-5p in HSAECs, and XIST pro-
tected airway epithelial cells from sepsis via suppressing 
miR-16-5p.

Discussion

Sepsis-induced ALI is regulated by a variety of inflammatory 
mediators and effector cells. In this process, epithelial cells 
produce excessive pro-inflammatory cytokines and inflam-
matory mediators, thereby leading to immune disorders 

[19]. In addition, previous studies have reported that sep-
sis is associated not only with inflammatory responses, but 
also with the excessive production of reactive oxygen spe-
cies (ROS) and imbalance in the expression of antioxidants 
[20, 21]. In the current study, we found that the levels of 
inflammatory cytokines (TNF-α and IL-1β) and MDA lev-
els were significantly up-regulated, while SOD levels was 
significantly down-regulated in septic ALI models; besides, 
significant pulmonary edema and the reduced viability of 
HSAECs were observed, which are consistent with the previ-
ous reports [19–21].

Reportedly, some lncRNAs are involved in regulat-
ing inflammation and oxidative stress. For instance, the 

Fig. 4   Effects of overexpression and inhibition of miR-16-5p on 
LPS-induced injury of HSAECs. a The expression of miR-16-5p in 
HSAECs treated with LPS was detected by RT-qPCR. b The trans-
fection efficiency of miR-16-5p mimics or inhibitors in HSAECs 
was validated by RT-qPCR. c MTT assay was used to detect the 
viability of HSAECs treated with LPS. d Western blot was applied 

to detect the expression of apoptosis-related proteins Bax and Bcl-2 
in HSAECs treated with LPS. e, f The levels of TNF-α, IL-1β, 
SOD and MDA in cell culture supernatant were detected. All of the 
experiments were performed in triplicate. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. control; &&P < 0.01, &&&P < 0.001 vs. LPS + miR-
NC; ##P < 0.01, ###P < 0.001 vs. LPS + inh-NC
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increased circulating lncRNA NEAT1 is associated with 
poor prognosis of patients with sepsis [22]. An another study 
demonstrates, lncRNA MALAT1 can inhibit ROS levels to 
prevent LPS-induced dysfunction of cardiac microvascular 
endothelial cells [23]. Previous studies have confirmed that 
XIST functions regulate inflammation. For example, in acute 
pneumonia, XIST is involved in LPS-induced cell injury by 
regulating JAK/STAT and NF-κB signal transduction [24]. 
In addition, XIST regulates bovine mammary epithelial 
cell inflammatory responses via NF-κB/NLRP3 signaling 
pathway [25]. In this study, we found that the XIST expres-
sion was significantly down-regulated in sepsis-induced 
ALI animal models and cell models. Furthermore, function 

experiments confirmed that overexpression of XIST could 
inhibit lung injury via regulating inflammatory response and 
oxidative stress. Our data suggest that the down-regulation 
of XIST contributes to the pathogenesis of sepsis-induced 
ALI, and restoration of XIST may attenuate the lung injury 
and improve the prognosis of the patients.

MiRNAs also participate in the development of sepsis. 
For instance, miRNA-34a can attenuate the sepsis-medi-
ated renal injury by regulating Bcl-2 [26]. Additionally, 
miRNAs are also involved in sepsis-mediated lung injury. 
Reportedly, in septic shock, miR-203 can alleviate lung 
injury by inhibiting VNN1 [27]. In previous studies, miR-
16-5p is mainly considered as a tumor suppressor, and it 

Fig. 5   Effects of XIST/miR-16-5p axis on LPS-induced injury of 
HSAECs. a, b XIST overexpression and miR-16-5p mimics were 
co-transfected into HSAECs, and RT-qPCR was applied to detect the 
expression of XIST and miR-16-5p in HSAECs treated with LPS. c 
MTT assay was used to detect the viability of HSAECs treated with 

LPS. d Western blot was applied to detect the expression of apopto-
sis-related proteins Bax and Bcl-2 in HSAECs treated with LPS. e, 
f The levels of TNF-α, IL-1β, SOD and MDA in cell culture super-
natant were detected, respectively. All of the experiments were per-
formed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001
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can induce cell apoptosis by repressing its target genes 
such as SMAD3 and Akt3, both of which were crucial 
modulators in inflammation and lung injury [17, 28–30]. 
In the present research, we found that the expression of 
miR-16-5p was significantly up-regulated in lung tissues 
of animals with sepsis and LPS-induced HSAECs, while 
inhibition of miR-16-5p could significantly promote the 
viability and reduce the apoptosis of lung epithelial cells. 
What is more, inhibition of miR-16-5p could reduce 
inflammatory response and oxidative stress. These results 
implied that miR-16-5p could aggravate lung injury dur-
ing sepsis. Additionally, it is well known that lncRNA can 
regulate the function of miRNAs by acting as a competi-
tive endogenous RNA. For example, in sepsis-induced 
lung injury, lncRNA MEG3-4 can indirectly regulate the 
expression of IL-1β by functioning as a miRNA decoy for 
miR-138 [31]. The results of the present study showed that 
XIST could sponge miR-16-5p and inhibit its expression. 
We also found that overexpression of miR-16-5p could 
reverse the function of XIST in sepsis-induced ALI. Based 
on these results, we concluded that XIST could weaken 
sepsis-mediated ALI by targeting miR-16-5p.

This study has several limitations. First of all, due to 
the limitation of clinical sample source, itis difficult for us 
to validate our conclusion in patients with sepsis-induced 
ALI. In addition, other downstream miRNAs of XIST 
need to be screened out and validated, which can better 
clarify how XIST protects lung from injury. What is more, 
the downstream mechanism of XIST/miR-16-5p axis still 
remains to be clarified.

To sum up, in this study, we report that XIST is down-
regulated in sepsis-induced ALI. Overexpression of XIST 
can significantly alleviate sepsis-mediated lung injury 
and reduce the apoptosis of lung epithelial cells. We also 
identify miR-16-5p as an important downstream target of 
the XIST in sepsis-mediated ALI. Our work helps clar-
ify the mechanism of the pathogenesis of sepsis-induced 
lung injury and provides promising therapy targets for this 
deadly disease.
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