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Mesenchymal stem cells inhibited the apoptosis of alveolar epithelial cells 
caused by ARDS through CXCL12/CXCR4 axis
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ABSTRACT
Mesenchymal stem cells (MSCs) have a wide range of anti-inflammatory and immunomodulatory 
effects and have been observed to have potential therapeutic potential in the clinical treatment of 
various diseases. We pretreated lung cancer cells A549 with tumor necrosis factor (TNF-α), knocked 
down the key chemokine receptor CXCR4 on MSCs using lentivirus, and induced acute respiratory 
distress syndrome (ARDS) mouse model using lipopolysaccharide (LPS) and CXCL12 expression in vivo 
by adeno-associated virus (AAV-rh10) infection in mice. By co-culturing the MSCs with A549 and in vivo 
experiments, we observed the effects of MSCs on cell biological functions after inflammatory stimula
tion, oxidative stress, and the amelioration of lung injury in ARDS mice. TNF-α inhibited A549 
proliferation and promoted apoptosis, scorch death-related factor activity, and oxidative stress factor 
were increased and CXCL12 levels in the cell supernatant were decreased. The co-culture of MSCs was 
able to increase cell activity and decrease oxidative stress factor levels, and this effect was not present 
after the knockdown of CXCR4 in MSCs. In vivo transplantation of MSCs significantly attenuated lung 
injury in ARDS, inhibited serum pro-inflammatory factors in mice, and down-regulated expression of 
apoptotic and focal factors in lung tissues while blocking CXCR4 or CXCL12 lost the repairing effect of 
MSCs on ARDS lung tissues. After the co-culture of MSC and lung cancer cells, the expression of CXCR4 
on the surface of lung cancer cells was significantly increased, and more CXCR4 and CXCL12 acted 
together to activate more pro-survival pathways and inhibit apoptosis induced by TNF-α.
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Introduction

Acute respiratory distress syndrome (ARDS), 
which is an inflammatory injury of the lungs, is 
characterized by acute respiratory failure that can 
cause a sudden decrease in lung compliance and 
CO2 and reduced lung tissue inflation, leading to 
hypoxemia, non-cardiogenic pulmonary edema, 
and acute onset of mechanical ventilation [1]. 
ARDS is caused by bacterial or viral infection, 

chemical destruction of the lungs, extrapulmonary 
damage, or inflammation. The pathogenesis of 
ARDS is currently unclear [2].

There is no specific drug to reduce the mortality 
of ARDS. Moreover, currently used drugs often 
have serious side effects, such as acute kidney 
injury [3]. However, several prospective therapeu
tic methods are imminently being explored, such 
as anticoagulation, immunomodulatory methods 
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(e.g., IL-6 receptor blockers), reusable drugs (e.g., 
azithromycin), convalescent plasma, and monoclo
nal antibodies. An increasing number of studies 
have identified potential promising treatments for 
ARDS in clinical practice [4]. A study of 167 
patients with ARDS compared high-dose vitamin 
C with placebo; compared with placebo, patients 
in the vitamin C treatment group had a notable 
reduction in 28-day mortality (30% vs. 46%, 
p = 0.03) [5].

Mesenchymal stem cells are non-hematopoietic 
stem cells isolated from bone marrow and other tis
sues and have immunomodulatory and regenerative 
properties that could directly inhibit disease damage 
to organs or indirectly inhibit the release of harmful 
factors by reducing cell death, to effectively avoid the 
inflammatory storm, tissue damage and organ failure 
exacerbation [6,7]. In recent years, MSCs have aroused 
great concern due to the biological characteristics, 
which confer great prospective applicability in the 
clinical therapy of numerous illnesses, including 
Systemic lupus erythematosus (SLE) [8], Type 
I diabetes [9], central nervous system (multiple sclero
sis) [10], joints (rheumatoid arthritis) [11], liver injury 
[12] and lung injury [13]. Owing to the critical roles of 
MSCs in immunomodulation and immunosuppres
sion, we investigated the molecular mechanisms and 
function of EMSC in more depth.

Studies have pointed out that intravenous infusion 
of MSCs in patients with ARDS can reduce lung injury 
by releasing various biologically active factors and 
interacting with damaged tissues to improve patients’ 
long-term lung function [4]. On the other hand, 
Jackson [14] et al. found that MSCs block the forma
tion of tunnel-like nanotube structures, transfer their 
mitochondria to macrophages to enhance the phago
cytosis of macrophages, and have antibacterial and 
other therapeutic effects on ARDS.

On the other hand, studies have shown that 
the local application of MSCs can enhance endo
genous cell proliferation, angiogenesis, and pyr
olysis through CXCL12/CXCR4 signal axis to 
participate in the wound repair process [15,16]. 
CXCL12 is a key chemokine involved in various 
steady-state processes, such as neuromodulation, 
embryogenesis, blood vessel, and lymphocyte 
formation, and its expression is up-regulated 
during tissue healing and wound healing. 
Moreover, CXCL12 is the only chemokine ligand 

of CXCR4, and CXCR4 is often expressed on the 
cell membrane of hematopoietic stem cells, lym
phocytes, and bone marrow endothelial cells 
[17]. After CXCL12 binds to CXCR4, it pro
motes calcine activation and actin polymeriza
tion, thereby regulating multiple-signaling 
pathways, including gene transcription, cell pro
liferation, survival, and apoptosis, and partici
pates in the development of immunodeficiency, 
inflammatory diseases, and cancer [18].

ARDS patients often show extensive alveolar 
epithelial injury and inflammatory edema. The 
latest research suggests that apoptosis and pyr
olysis are critical features of ARDS alveolar 
injury, which may be involved in alveolar vas
cular endothelial injury and will lead to pulmon
ary blood vessels, increased permeability, low 
blood volume, and multiple organ failures 
[3,19]. Pathogen-related molecular patterns 
directly activate pattern recognition receptors 
release risk-related pattern molecules and other 
cytokines, resulting in the activation of tran
scriptional activities of NF-κB and AP-1 and 
increased oxidative stress, inflammatory 
response, and apoptosis in cells [4,20–22]. The 
primary aim of this study was to identify the 
roles of MSCs in alveolar epithelial cells caused 
by ARDS and the potential mechanisms 
involved.

In this study, lung cell apoptosis was stimulated 
by TNF-α to construct an in vitro co-culture model 
of A549/MSCs, and an LPS-induced ARDS mouse 
model by tail vein injection of MSCs was built. The 
expression of CXCL12 and CXCR4 was knocked 
down to explore the effect of MSCs on ARDS cell 
apoptosis. We found for the first time that MSCs 
inhibited the apoptosis of alveolar epithelial cells 
caused by ARDS and exposed the mechanism exhi
biting that the effects of MSCs in alveolar epithelial 
cells were regulated through CXCL12/CXCR4 axis.

Materials and methods

Cell culture

The human non-small cell lung cancer cell line 
A549 (ATCC, CCL-185) was cultured in F12K 
medium (Corning, 10–025-CVR) containing 10% 
FBS (Thermo, 10,437,085), with or without 25 ng/ 
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mL TNF -α (Sigma, T7539), and set as TNF-α 
group and Vehicle group, respectively. The cells 
were incubated in an incubator with 5% CO2 and 
37°C for 24 hours (h). In addition, MSCs (ATCC, 
PCS-500-012) were cultured in DMEM low- 
glucose medium (Corning, 10–014-CV) contain
ing 10% FBS in a 10% CO2 incubator at 37°C. 
Cells at the logarithmic growth phase were used 
in subsequent experiments.

Cell co-culture

The medium for the TNF-α group and Vehicle 
group were first refreshed, and the Transwell 
chamber (Nest, 725,101) was used to establish 
a co-cultivation model of A549 and MSCs. MSCs 
were inoculated into the upper chamber of 
Transwell, while A549 in the TNF-α group and 
Vehicle group were inoculated into the lower 
chamber. The upper chamber contained an equal 
F12K medium as a control. The two chambers of 
cells were separated by a semi-permeable mem
brane but shared the same culture medium. The 
cells were cultured for 48 h.

Western blotting

RIPA (GBCBIO, G3424) was used to lyse cells and 
extract total protein to prepare protein samples. 
The protein lysates were separated by conventional 
electrophoresis, transferred onto the membrane, 
and washed with PBS, followed by blocking with 
1% BSA for 2 h. Then, primary antibodies Box 
(ab32503, Abcam, Cambridge, UK), Bcl-2 
(ab32124, Abcam, Cambridge, UK), Caspase-1 
(ab32503, Abcam, Cambridge, UK), Cleaved 
Caspase-3 (ab32503, Abcam, Cambridge, UK), 
Caspase-8 (ab207802, Abcam, Cambridge, UK), 
Caspase-9 (ab2302, Abcam, Cambridge, UK), 
Caspase-11 (ab25901, Abcam, Cambridge, UK), 
Cyclin D1 (ab202068, Abcam, Cambridge, UK), 
ERK 1/2 (ab180673, Abcam, Cambridge, UK), 
p-ERK 1/2 (ab16663, Abcam, Cambridge, UK), 
WNT (ab17942, Abcam, Cambridge, UK), β-cate
nin (ab223500, Abcam, Cambridge, UK), GSDMD 
(ab15251, Abcam, Cambridge, UK) and β-actin 
(ab32572, Abcam, Cambridge, UK) (abcam, 
ab32503, ab32124, ab207802, ab2302, ab25901, 
ab202068, ab180673, ab16663, ab17942, 

ab223500, ab15251, ab32572, ab219800, ab8227) 
each at 1:1000 dilution were incubated with the 
membrane overnight at 4°C. The next day, HRP 
(ab32572, Abcam, Cambridge, UK) and labeled 
IgG secondary antibody (ab150077, Abcam, 
Cambridge, UK) each at 1:5,000 were further incu
bated with the membrane at room temperature for 
1 h. ECL Luminescence Kit (Thermo, 32209) was 
used to develop the signal in a dark room.

ELISA assay

After the cells were cultured for 24 h, the cell 
culture medium was taken and centrifuged at 
1000 rpm for 10 min to remove the precipitate. 
According to the instruction of the ELISA kit 
(Solarbio, SEKM-0050), the expression of 
CXCL12 in the cell culture medium was detected. 
IL-1β, TNF-α, IL-10 (Beyotime, PI301, PT512, and 
PI522) were employed to detect mouse serum IL- 
1β, TNF-α, and IL-10 expressions. The standard 
wells and sample wells were set according to the 
instructions. After sealing the plates with the seal
ing film, the plates were incubated at 37°C for 
30 min and then the liquid was discarded, and 
the plates were washed 5 times. Except for the 
blank wells, 50 μl enzyme-labeled reagent was 
added into each well and incubated together at 
37°C for 30 min. After washing, 50 μl A and 
B chromogens were added for 15 min into the 
dark at 37°C, and finally, the reaction was termi
nated by adding a 50 μl stop solution. The blank 
well was adjusted to 0, and the absorbance of each 
well was measured using a microplate reader 
(Biorad, iMark) within 15 min for OD value.

Lentivirus packaging

The shRNA interference fragments were designed 
according to the CXCR4 mRNA sequence 
(NM_001008540) and CXCL12 mRNA sequence 
(NM_000609) in GenBank. The primers were 
synthesized by Takara Biotechnology Co., Ltd 
(China), and their sequences are shown in 
Table 1. The pLVX-shRNA2 (Clontech, 632,179) 
plasmid was digested with EcoR I enzyme and 
BamH I, and the pLVX-CXCR4-shRNA2 plasmid 
was extracted by annealing and ligation. The 
pLVX-CXCR4-shRNA2 scramble was transfected 
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into 293 T cells at the logarithmic growth phase 
using Lipo 3000 (Thermo, L3000008). MSCs were 
inoculated at a density of 1*10 per well [14], added 
with 2 ml F12K medium, and culture at 37°C and 
5% CO2 in saturated humidity. If the cell density 
reaches more than 60% the next day, the infection 
proceeded. After mixing 1 ml F12K medium with 
1 ml corresponding virus solution, Polybrene 
(Sigma, TR-1003-G) was added to each well to 
adjust the final concentration to 2 μg/ml. After 
culturing for 72 h, the mixture was shaken gently 
and placed at 37°C in 5% CO2 in saturated humid
ity. RNA was extracted from the cells, and CXCR4 
expression was detected by QPCR to confirm 
whether the stable transgenic strain with RNA 
interference was constructed.

Real-time PCR

Trizol (Invitrogen, 15,596,026) was used to extract 
total RNA from cells, and a cDNA library was 
synthesized by reverse transcription with M-MLV 
reverse transcriptase (Thermo, AM2044). Twenty- 
microliter reaction system consisted of 1 μg cDNA, 
0.4 μL forward and reverse primers, 10 μL 2 × 
PerfectStart[TM] II Probe qPCR SuperMix (Tiangen 
Biochemical Technology, Beijing, FP208-01) with 
Nuclease-Free Water. Amplification was performed 
in a fluorescent quantitative PCR machine (ABI, 
7500) specifically as follows: pre-denaturation 94°C 
for 30 sec, denaturation 94°C for 5 sec, annealing/ 
extension at 56°C for 30 sec, for a total of 45 cycles. 
Three replicate wells were set up, and 2−ΔΔCt was 
used to calculate the relative expressions of the 
target genes.

Chemotaxis assay

MSCs cells transfected with pLVX-CXCR4- 
shRNA2, and scramble was transferred into the 
upper chamber of Transwell (nest, 725,121), 
whereas 600 μL of F12K medium with or without 

100 ng/mL CXCL12 (Thermo, PA129029) was 
added to the lower chamber at room temperature. 
After incubating for 48 hours, the colony forma
tion in the lower chamber was observed by the 
colony formation experiment.

AAV-rh10 packaging

The shCXCL12 interference sequence was 
designed as described above [15], pAAV-rh10- 
ZsGreen1-shRNA, pHelper, pAAV-rh10-RC 
(P1619, P0243, and P0245) were purchased from 
Wuhan Miaoling Biotechnology Co., Ltd., AAV- 
rh10-ZsGreen1- CXCL12-shRNA plasmids were 
co-transfected with the three plasmids into AAV- 
rh10-293 cells (Zhongqiao Xinzhou, ZQ0334) 
using Lipo 3000. After 72 h of transfection, the 
supernatant containing AAV-rh10 particles was 
collected.

Conditional knockout mouse model

A total of 24 SPF-grade C57BL/6 N female 
Sprague-Dawley (SD) rats (Beijing Weitonglihua 
Experimental Animal Co., Ltd., production 
license SCXK (Beijing) 2016–0006) aged 6– 
8 weeks old and weighing 25–30 g were used. 
The mice were divided into four groups by ran
dom number table method as follows: Control 
MSCs group (MSCs group, N = 6), LPS+MSCs 
treatment group (LPS+MSCs group, N = 6), and 
shCXCR4 groups (shCXCR4+ LPS+MSCs group, 
N = 6) and shCXCL12 groups (shCXCL12+ LPS 
+MSCs group, N = 6) were transfected with the 
adeno-associated virus. The experiment was 
approved by the Animal Ethics Committee of 
our hospital, and all the operations were per
formed in compliance with the Guiding 
Principles for the Protection and Use of 
Laboratory Animals of the National Institutes of 
Health [23]. The mice were anesthetized by an 
intraperitoneal injection of 50 mg/kg sodium 
pentobarbital (Shanghai Xinya Pharmaceutical 
Co., Ltd., H31021725). The mouse trachea was 
exposed under a microscope, and the incision 
was then sutured after injecting the virus vector 
with shCXCL12 into the trachea cavity. Then the 
same dose of normal saline was injected into the 
airway of the MSCs group. The mice were 

Table 1. Short hairpin RNA sequence of target genes.
Oligo 5’-3’

shCXCR4 Forward 5’- GGGACTATGACTCCATGAAGG-3’
Reverse 5’- CCTTCATGGAGTCATAGTCCC-3’

shCXCL12 Forward 5’- GCATTGACCCGAAGCTAAAGT-3’
Reverse 5’- ACTTTAGCTTCGGGTCAATGC-3’
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allowed to rest and recover and provided enough 
time develop viral infection and gene 
knockdown.

ARDS mouse model construction

Three weeks after establishing the conditional 
knockout mouse model, the mouse model of 
acute lung injury was established by intratracheal 
instillation of 50 μL LPS (Sigma, L4130, 2 g/L). 
The MSCs group was given the same amount of 
physiological brine.

Immunofluorescence

PKH26 (Sigma, PKH26GL)-labeled MSCs trans
fected with shCXCR4 or scramble (5*106) were 
injected into mice with ARDS or CXCL12 knock
down three times via tail vein. The MSCs group 
was injected with the same amount of saline at an 
interval of 2 days. Fourteen days after modeling, 
the mice were sacrificed by cervical dislocation, 
and the left upper lobe tissues were quickly taken 
out and frozen in liquid nitrogen to prepare frozen 
sections. The sections were stained by DAPI 
(Beyotime, C1002) and mounted, and the distribu
tion of MSCs was observed under a fluorescence 
microscope.

Pathological changes of lung tissues

Frozen sections of lung tissues were stained with 
HE and Masson, respectively. The histopathologi
cal changes were observed under a light micro
scope. The degree of pathological changes and 
mouse lung fibrosis was evaluated by The Smith 
score [24] and the Ashcroft score [25].

Determination of the biochemical level

According to the instructions of the kit (Beyotime, 
S0033S, S0131M, S0055, and S0055), the activity of 
reactive oxygen species ROS, lipid oxidation MDA, 
glutathione reductase GSH-Px, and antioxidant 
enzyme SOD in the cell supernatant and mouse 
serum were detected for evaluating the oxidative 
stress level of cells.

Caspase activity assay

The cells were lysed, and Caspase-1, Caspase-3, 
Caspase-8, and Caspase-9 kits (Beyotime, C1101, 
C1115, C1151, and C1157) were used to detect the 
activity of Caspase proteins in the cell supernatant 
and mouse serum. The absorbance was read at 
a 405 nm wavelength.

CCK-8 assay

After each group of cells was cultured for 0, 12, 24, 
and 48 h, cells at logarithmic growth were seeded 
into 96 wells at 1*10 [6] per well, with 6 replicate 
wells for each group. Ten microliters of CCK-8 
(Beyotime, C0037) solution was added to each 
well and incubated for 2 h. A microplate reader 
was used to detect the absorbance of each well at 
450 nm, and a cell growth curve was plotted.

CellTiter-Lumi assay

The cells were adjusted to a density of 2.5*10 [7] 
cells/ml by F12K medium and inoculated into 
a 96-well plate for 48 h. 100 μl CellTiter-Lumi™ 
Luminescence Detection Reagent (Beyotime, 
C0065S) was added to each well, shaken for 
2 min at room temperature and incubated for 
10 min. A microplate reader was used for chemi
luminescence detection.

Statistical methods

GraphPad 8 was used to draw the required pic
tures and perform statistical analysis. The mea
surement data were expressed by Mean ± SD of 
three independent experiments. The independent 
sample t-test was performed for the comparison 
between groups, while the one-way analysis of 
variance was performed for the comparison 
among multiple groups. The LSD t-test was used 
for the post-hoc comparison. When P < 0.05, there 
is a statistical difference. All experiments were 
performed at least in triplicates.

Results

Although previous studies have found that MSCs 
have great prospective applicability in the clinical 
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therapy of numerous diseases, the research on the 
molecular mechanism of SMCs is not thoroughly 
investigated. Therefore, the aim of the present 
study was to study the effects of MSCs on the 
apoptosis in alveolar epithelial cells caused by 
ARDS and illustrate potential mechanisms under
lying the effects.

TNF-α induced A549 cell apoptosis and pyrolysis 
and inhibited cell proliferation

The A549 cells were treated with 25 ng/ml of TNF- 
α for establishing an acute lung injury model 
in vitro. CCK-8 and Celltiter-Lumi assays showed 
that the proliferation and viability of the cells were 
decreased in time-dependent manner (P < 0.05) 
(Figure 1a-b). Compared with the Vehicle group, 
in the TNF-α group, the levels of ROS and MDA 
were increased, and the levels of SOD and GSH-px 
were decreased (P < 0.05) (Figure 1c-d), and the 
activities of Caspase 1, Caspase 3, Caspase 8, and 
Caspase 9 were significantly enhanced (P < 0.05) 
(Figure 1e). Western blot detection revealed that 
in the TNF-α group, the expressions of Caspase 1, 
Cleaved Caspase 3, Caspase 8, Caspase 9, Caspase 
11, Bax, GSDMD were up-regulated, while that of 
Bcl-2, p-ERK1/2, WNT, β-catenin, Cyclin D1 was 
down-regulated (Figure 1f). These results show 
that TNF-α enhanced A549 cell apoptosis, 

pyrolysis, and oxidation, but decreased anti- 
oxidation level and cell proliferation.

MSCs inhibited TNF-α-induced apoptosis and 
pyrolysis through the CXCL12/CXCR4 axis and 
promoted cell proliferation

CCK-8 and Celltiter-Lumi detected that the decreased 
cell proliferation and viability were reversed by the 
MSCs treatment (P < 0.05) (Figure 2a-b). Western 
blot results demonstrated that Caspase 9, Caspase 11, 
Bax, and GSDMD were down-regulated, and the 
expressions of Bcl-2, p-ERK1/2, WNT, β-catenin, 
and Cyclin D1 were up-regulated in the MSCs group 
(Figure 2c). After co-culture with MSCs, the levels of 
ROS and MDA in A549 cells treated with TNF-α were 
increased, the levels of SOD and GSH-px were 
decreased (Figure 2d-e), and the activities of Caspase 
1, Caspase 3, Caspase 8, and Caspase 9 were inhibited 
(P < 0.05) (Figure 2f). ELISA showed that the expres
sion of CXCL12 in A549 cells was up-regulated after 
TNF-α treatment (P < 0.05) (Figure 2g).

MSCs reduced pathological damage in ARDS lung 
tissues through CXCL12/CXCR4

Under the fluorescence microscope, we found that 
the number of MSCs in lung tissues of the 

Figure 1. TNF-α induced A549 cell apoptosis. (a) CCK-8 detection of cell proliferation; (b) Celltiter-Lumi detection of cell viability; (c) 
Cell oxidation level detection; (d) Cell oxidation Stress level detection; (e) Caspase activity detection; (f) Western blot detection of 
protein expressions. Note: **P < 0.001; *P < 0.05.
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shCXCL12+ shCXCR4 group was significantly less 
than the shCXCL12+ MSCs group and shCXCR4 
+ MSCs group (Figure 3a). Moreover, mouse lung 
tissues of the shCXCL12+ shCXCR4 group showed 
extensive interstitial edema, hemorrhage and 
inflammatory cell infiltration, alveolar septal 

fibrous tissue hyperplasia, thickening of the alveo
lar wall, and severe damage to the alveolar struc
ture. And the MSCs had significantly reduced 
pathological damage to lung tissues and fewer 
collagen fibers. The lung injury score and lung 
fibrosis score of mice were significantly reduced 

Figure 2. MSCs inhibited TNF-α-induced apoptosis. (a) CCK-8 to detect cell proliferation; (b) Celltiter-Lumi to detect cell viability; (c) 
Western blot detection of protein expression; (d) Cell oxidation level detection; (e) Cell oxidative stress level detection; (f) Caspase 
activity detection; (g) ELISA detection of CXCL12 in A549 cell culture medium. Note: [a] Compared with TNF-α/MSCs group, P < 0.05; 
[b] Compared with TNF-α group, P < 0.05; [c] Compared with MSCs group, P < 0.05; [d] Compared with Vehicle group, P < 0.05.

Figure 3. MSCs reduced pathological damage in ARDS lung tissues. (a) Fluorescence to observe the distribution of MSCs in mouse 
lung tissues; (b) HE staining to observe pathological changes and fibrosis in mouse lung tissues; (c) Masson staining to observe 
pathological changes and fibrosis in mouse lung tissues; (d) The lung injury score and lung fibrosis score in mouse; (e) Tissue 
oxidation level detection; (f) Tissue oxidative stress level detection; (g) Caspase activity detection; (h) ELISA to detect serum 
inflammation-related factors in mice; (i) Western blot detection of protein expressions.
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(P < 0.05), and knockdown of CXCR4 or CXCL12 
can reverse the therapeutic effect of MSCs on 
ARDS mice (Figure 3b-d). In the shCXCL12 
+ shCXCR4 group, the serum levels of ROS and 
MDA were increased, but the levels of SOD and 
GSH-px were decreased (P < 0.05) (Figure 3e-f). 
The inhibition of Caspase 1, Caspase 3, Caspase 8, 
and Caspase 9 activities were reversed (P < 0.05) 
(Figure 3g). Compared with the MSCs group, 
shCXCR4 or shCXCL12 group, serum IL-1β, and 
TNF-α in the shCXCL12+ shCXCR4 group were 
increased, and IL-10 was decreased (P < 0.05) 
(Figure 3h). And the expressions of Caspase 1, 
Cleaved Caspase 3, Caspase 8, Caspase 9, Caspase 
11, Bax, GSDMD were up-regulated, and the 
expressions of Bcl-2, p-ERK1/2, WNT, β-catenin, 
x Cyclin D1 were down-regulated in shCXCL12 
+ shCXCR4 group mouse tissues (Figure 3i). After 
knocking out the expression of CXCR4 or (and) 
CXCL12, MSCs lost the repairing effect on the 
lung tissues of ARDS mice.

Discussion

In this study, in vivo model of an acute lung injury 
was established by intratracheal instillation of LPS. 
A549 cells were treated with TNF-α for establish
ing acute lung injury model in vitro. Our fluores
cence results showed that MSCs were abundant in 
the lung tissues of ARDS mice. MSCs, which have 
functions of tissue repair, regeneration, and 
immune regulation, have shown curative effects 
on many diseases [26]. At present, the therapeutic 
effect of implanting MSCs at the injured site has 
been found to save damaged cells, reduce tissue 
damage, and accelerate cell repair by secreting 
many pro-survival factors. As stromal supporting 
cells, MSCs endogenously accelerate the self- 
renewal of progenitor cells, stimulate angiogenesis, 
and minimize apoptotic inflammatory damage 
[27]. However, due to the relative diameter of 
micro-vessels, most intravenously infused MSCs 
usually stay in the lung microvascular during the 
first circulation. This well suggests that MSCs may 
have a preferential therapeutic effect on lung 
injury. Remarkably, it has been exposed recently 
that MSCs play critical roles in ARDS [20]. 
However, the potential mechanisms underlying 
ARDS remain insufficient. Therefore, novel 

research related to ARDS is urgently required to 
create new comprehension for potential therapeu
tic methods. Our results revealed that TNF-α sti
mulation might inhibit cell A549 proliferation. By 
contrast, MSCs treatment could reverse TNF-α- 
induced A549 cell proliferation, suggesting that 
MSCs are crucial factors in acute lung injury- 
induced ARDS. In vivo, MSCs had significantly 
reduced pathological damage to lung tissues and 
fewer collagen fibers.

Macrophages sense pathogen-related molecules, 
and risk-related pattern molecules initiate an acute 
host response to remove tissue debris and foreign 
bodies through pattern recognition receptors. 
However, this process often leads to mitochondrial 
oxidative damage, structural and metabolic 
damages, and activation of mitochondrial media, 
leading to cell apoptosis and causing excessive 
damage to body tissues [21,22,28]. Mitochondria 
are critical organelles in the process of cell death. 
On the one hand, under stress conditions such as 
the stimulation of oxidative factors such as ROS 
and pro-apoptotic proteins such as Bax, mitochon
dria lose transmembrane potential and release fac
tors such as cytochrome C, which activates specific 
apoptotic signals [29]. When mitochondria are 
dysfunctional, the outer membrane permeability 
increases, releasing oxidative factors such as ROS 
and further causing apoptosis [30]. In addition to 
cell death mediated by enhanced mitochondrial 
permeability, Caspase-dependent cell death also 
attracted much research attention [29]. Caspase is 
a crucial protease that causes and spreads cell 
death signals, including apoptotic Caspase 
(Caspase 3, Caspase 8, Caspase 9) and inflamma
tory Caspase (Caspase 1, Caspase 11). After acti
vating Caspase 8, Caspase 9, Caspase 3 will be 
activated to drive cell membrane vesicles, chromo
somal DNA damage, and form apoptotic bodies, 
leading to cell apoptosis. Pyrolysis is caused by 
inflammatory Caspase (Caspase 1, Caspase 11). 
After activation, the release of IL-1β and other 
inflammatory factors promotes the recruitment of 
monocytes to the injured site. On the other hand, 
GSDMD is cleaved to produce amino acid frag
ments. As a result, rapid cell dissolution and cyto
kine storms will occur. The coupling of cell lysis 
could cause uncontrolled pyrolysis, leading to 
extensive tissue damage, organ failure, and fatal 
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septic shock [31–33]. Several studies [34–36] have 
shown that in the presence of tissue damage, the 
ratio of Bax/BCl-2 and release of Caspase 3, 8, 9 in 
the cells were increased, thereby activating cell 
apoptosis. However, MSCs significantly inhibited 
the release of cytokines. Bax, Caspase 3, 8, 9 in 
cells protected the cells from apoptosis induction. 
Another study pointed out that in an inflamma
tory environment, MSCs can secrete prostaglandin 
E2 further to promote the release of IL-10 and 
other anti-inflammatory factors and promote 
wound healing. On the other hand, it can effec
tively inhibit IL- 1β and GSDMD expressions to 
reduce pyrolysis mediated by Caspase 1 and 
Caspase 11 [37,38]. Our findings exposed that 
TNF-α stimulation might induce A549 cell apop
tosis and pyrolysis, whereas MSCs could reverse 
TNF-α-induced A549 cell apoptosis and pyrolysis.

As reported previously, CXCL12 is up-regulated in 
acute lung injury, including in ARDS, and lung epithe
lial cells release cytokines such as CXCL12 could cause 
excessive neutrophils in lung tissues, stimulating tissue 
inflammation, damage, and fiber transformation 
[39,40]. The effect of administration of MSCs in vivo 
is directly related to the retention capacity of the 
corresponding tissues. Remarkably, it has been indi
cated recently that the homologous CXCR4 agonist 
CXCL12 was administered in ARDS experimental 
models and could produce lung protection [41]. 
When compared with the affinity of CXCL12, the 
affinity of CXCR4 was lower on lung function after 
isolated lung ischemia–reperfusion injury [42]. 
Studies have found that the overexpression of 
CXCR4 in MSCs can increase the chemotaxis and 
invasiveness of MSCs to CXCL12. Moreover, the 
CXCL12/CXCR4 signal axis can stimulate MSCs to 
aggravate injury. Some MSCs participate in the angio
genesis of the injured site and improve the efficacy of 
MSCs in the treatment [41,43]. Wang [44] et al. found 
that CXCL12 may be an anti-apoptotic factor in A549 
lung cancer cells, and CXCR4 can promote CXCL12- 
mediated anti-apoptosis by activating JAK2/STAT3 in 
non-small cell lung cancer, suggesting the potential 
therapeutic effect of targeting CXCL12/CXCR4 signal 
axis on anti-apoptosis of lung cells. In this study, we 
found that the number of MSCs in lung tissues of the 
shCXCL12+ shCXCR4 group was noticeably less than 
the shCXCL12+ MSCs group and the shCXCR4 
+ MSCs group. Moreover, the shCXCL12 

+ shCXCR4 group showed extensive interstitial 
edema, hemorrhage and inflammatory cell infiltra
tion, alveolar septal fibrous tissue hyperplasia, thick
ening of the alveolar wall, and severe damage alveolar 
structure. Furthermore, knockdown of CXCR4 or 
CXCL12 could reverse the therapeutic effect of 
MSCs on ARDS mice, suggesting that MSCs reduced 
the pathological damage was through CXCL12/ 
CXCR4 axis in ARDS. Due to the limitations of the 
experimental conditions, we did not discuss the spe
cific mechanism of the MSCs-mediated CXCL12/ 
CXCR4 signal axis, but this will be the main direction 
of our future research.

In addition, we also observed that MSCs signifi
cantly improved lung injury and fibrosis in ARDS 
mice. Under the fluorescence microscope, we found 
that the number of MSCs in lung tissues of the 
shCXCL12+ shCXCR4 group was significantly less 
than the shCXCL12+ MSCs group and shCXCR4 
+ MSCs group. MSCs can reduce the collagen differ
entiation and collagen deposition of fibroblasts by 
secreting the protein caltin-1 to maintain the stability 
and integrity of endothelial cells to promote tissue 
homeostasis [27,45]. However, Xie [42] et al. pointed 
out that CXCL12 can attract many CXCR4[+] fibro
cytes to gather and migrate to the lung tissues to 
promote tissue repair and malignant fibrosis. CXCR4 
is regulated by multiple cytokines and different path
ways and mechanisms. Similarly, the process of 
MSCs-mediated CXCL12/CXCR4 may also be regu
lated by multiple mechanisms and factors. We hope 
that other scholars can explore the CXCL12/CXCR4 
signal axis pairing of MSCs from different perspec
tives and the role of ARDS in pulmonary fibrosis. It 
should be noted that MSCs can promote cell prolif
eration and migration through the ERK and WNT/ 
β-catenin signaling pathways, which is often men
tioned in the tissue repair effect of MSCs [46–48], 
suggesting that MSCs can affect ARDS tissues. 
Moreover, the tissue repair effect of MSCs is likely 
to be achieved by promoting cell proliferation.

Conclusions

In conclusion, our results demonstrate that TNF-α 
enhanced A549 cell apoptosis, pyrolysis, and oxida
tion, but decreased anti-oxidation level and cell pro
liferation. In addition, MSCs could inhibit TNF-α- 
induced apoptosis and pyrolysis, promote cell 
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proliferation, and reduce pathological damage in 
ARDS lung tissues through CXCL12/CXCR4 signal 
axis. In summary, MSCs could inhibit TNF-α and 
LPS-induced lung cell apoptosis through the 
CXCL12/CXCR4 signal axis to improve lung tissue 
damage and pulmonary fibrosis in ARDS mice. 
These findings afford novel insight into intervention 
targets for MSCs in ARDS.
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