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Abstract 

Background Advanced glycation end product receptor (RAGE) acts as a receptor of pro-inflammatory ligands and is 
highly expressed in alveolar epithelial cells (AECs). Autophagy in AECs has received much attention recently. How-
ever, the roles of autophagy and RAGE in the pathogenesis of acute lung injury remain unclear. Therefore, this study 
aimed to explore whether RAGE activation signals take part in the dysfunction of alveolar epithelial barrier through 
autophagic death.

Methods Acute lung injury animal models were established using C57BL/6 and Ager gene knockout (Ager −/− mice) 
mice in this study. A549 cells and primary type II alveolar epithelial (ATII) cells were treated with siRNA to reduce Ager 
gene expression. Autophagy was inhibited by 3-methyladenine (3-MA). Lung injury was assessed by histopathological 
examination. Cell viability was estimated by cell counting kit-8 (CCK-8) assay. The serum and bronchoalveolar lavage 
fluid (BALF) levels of interleukin (IL)-6, IL-8 and soluble RAGE (sRAGE) were evaluated by Enzyme-linked immuno-
sorbent assay (ELISA). The involvement of RAGE signals, autophagy and apoptosis was assessed using western blots, 
immunohistochemistry, immunofluorescence, transmission electron microscopy and TUNEL test.

Results The expression of RAGE was promoted by lipopolysaccharide (LPS), which was associated with activation of 
autophagy both in mice lung tissues and A549 cells as well as primary ATII cells. sRAGE in BALF was positively cor-
related with IL-6 and IL-8 levels. Compared with the wild-type mice, inflammation and apoptosis in lung tissues were 
alleviated in Ager−/− mice. Persistently activated autophagy contributed to cell apoptosis, whereas the inhibition of 
autophagy by 3-MA protected lungs from damage. In addition, Ager knockdown inhibited LPS-induced autophagy 
activation and attenuated lung injury. In vitro, knockdown of RAGE significantly suppressed the activation of LPS-
induced autophagy and apoptosis of A549 and primary ATII cells. Furthermore, RAGE activated the downstream STAT3 
signaling pathway.

Conclusion RAGE plays an essential role in the pathogenesis of ATII cells injury. Our results suggested that RAGE 
inhibition alleviated LPS-induced lung injury by directly suppressing autophagic apoptosis of alveolar epithelial cells.
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Background
Acute lung injury (ALI) and acute respiratory distress 
syndrome (ARDS) secondary to primary pulmonary 
infection contribute significantly to morbidity and mor-
tality [1]. Alveolar epithelial cells (AECs) injury is a criti-
cal hallmark of ALI/ARDS, which cover more than 95% 
of the internal surface area of the lung [2]. Exploring the 
potential mechanisms of lung epithelial cell injury can 
provide new insight into ARDS.

Gram-negative bacterial infection is one of the most 
important causes of ALI/ARDS, and Lipopolysaccha-
ride (LPS), the major component of the outer mem-
branes of gram-negative bacteria, can cause lung injury 
and induce inflammatory response [3]. LPS-induced 
ALI/ARDS in mice has become a recognized model for 
studying ALI/ARDS, because it simulates pathological 
events such as inflammation and histological changes 
observed in this disease [4]. The receptor for advanced 
glycation end products (RAGE) is a transmembrane pat-
tern recognition receptor that is expressed in mammals 
and belongs to the immunoglobulin (Ig) superfamily [5]. 
It is strongly expressed in AECs and acts as a marker of 
epithelial injury [6]. As an innate immune sensor, RAGE 
can recognize microbial pathogen-associated molecular 
patterns, including bacterial LPS [7]. RAGE/NF-κB sign-
aling has been reported to be involved with LPS-induced 
inflammatory lung injury [8]. Besides, RAGE knockout 
mice displayed a notable improvement in alveolar fluid 
clearance and pulmonary vascular albumin leakage in 
response to LPS [9]. The RAGE inhibitors FPS-ZM1 
and Azeliragon were found to be effective in repairing 
LPS-induced airway epithelium damage [10]. The main 
soluble forms of RAGE lack a transmembrane domain, 
referred to as soluble RAGE (sRAGE), has good diag-
nostic utility and is associated with lung injury severity 
in clinical settings. Elevated plasma sRAGE was associ-
ated with higher mortality in ARDS patients [11]. Never-
theless, different research has shown that administering 
sRAGE dramatically improved LPS-induced mortality 
by reducing tissue damage and cytokine release in mice 
models [12]. Recombinant human RAGE has been dem-
onstrated to reduce lung edema, neutrophil infiltration, 
and inflammatory factors secretion in a rat model of 
LPS-induced ALI [13]. Although RAGE has been inves-
tigated in various pulmonary diseases and maybe a criti-
cal regulator of pulmonary inflammatory responses [14], 
the current research findings on RAGE are inconsistent. 
Moreover, in ALI/ARDS models, the alveolar epithelium 

suffers more direct damage due to primary pulmonary 
infection. Therefore, the role of RAGE in the alveolar epi-
thelium needs further exploration.

Autophagy in AECs has attracted increasing atten-
tion, particularly with respect to lung injury caused by 
pneumoconiosis and nanoparticles [15, 16]. However, 
there is a paradoxical role of autophagy in lung injury 
caused by acute infection or inflammation. In previous 
research, autophagic proteins were decreased under LPS 
stimulation via activation of mammalian target of rapa-
mycin (mTOR) signals in the mouse airway epithelium 
and human bronchial epithelial cells, overactivation of 
autophagy or genetic knockdown of mTOR significantly 
decreased the release of interleukin (IL)-6 and IL-8 [17]. 
Conversely, a recent study suggested that LPS-induced 
autophagy activation in AECs and inhibiting autophagy 
protects from inflammatory injuries [18]. These studies 
showed that autophagy in AECs plays an important role 
in ALI, however, the underlying mechanism remains for 
further research. Evidence suggests that inhibiting RAGE 
exerts a therapeutic effect in ARDS animals by restor-
ing alveolar epithelial permeability and pulmonary fluid 
clearance [19]. Interestingly, it was reported that RAGE 
mediates autophagy which participates in the patho-
genesis of different lung diseases, including ALI [20]. A 
recent study found that the suppression of autophagy 
improved pulmonary epithelial cell viability and tight 
junctions [21]. However, the role of RAGE in epithelial 
cell autophagy remains unclear.

This study, therefore, aimed to investigate the potential 
role of RAGE in the regulation of autophagy in ATII cells 
of ALI/ARDS models. We demonstrated that autophagy 
activation in ATII cells was changed in a time-dependent 
manner, and excessive autophagy intensified cell death in 
a RAGE-dependent manner. To the best of our knowl-
edge, this is the first study to demonstrate that RAGE is a 
critical mediator of the autophagy activation of ATII cells 
in response to endotoxins.

Methods
Experimental ALI animal models
Male C57BL/6 mice (8–9  weeks old) were purchased 
from the Shanghai Model Organisms Center (Shang-
hai, China) and randomly assigned to the groups. In the 
laboratory, the mice were kept in a ventilated cage on a 
12  h/12  h light–dark cycle at 25  °C with a humidity of 
45–55%. The mice had free access to food and water. ALI/
ARDS was induced in mice by intratracheal injection of 
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LPS (10 mg/kg, Escherichia coli 0111:B4, Sigma-Aldrich 
Co., St. Louis, MO, USA). Male mice were anaesthetized 
by intraperitoneal (i.p.) injection with 1% pentobarbital 
sodium solution (50  mg/kg, Biyuntian Institute of Bio-
technology, Haimen, China). The thoraxes of mice were 
subjected to a vertical 0-degree single-field irradiation of 
chest X-ray.

To obtain the best modelling, the mice were eutha-
nized at 0, 2, 6, 12, 24, and 48 h after LPS treatment. To 
explore the effect of autophagy inhibition, mice were 
treated with 3-MA (35  mg/kg, Sigma-Aldrich Co., St. 
Louis, MO, USA, i.p.) for 8  h before LPS treatment. To 
explore whether autophagy occurs in a RAGE-dependent 
pathway, Ager gene knockout mice (Ager−/− mice) and 
C57BL/6 mice were treated with or without LPS for 24 h 
before euthanization. The Ager gene in mice is equiva-
lent to the RAGE gene in humans. The Ager−/− knock-
out mice were purchased from Cyagen Biosciences Inc. 
Knockout of the Ager gene was validated by genotyping. 
The following polymerase chain reaction (PCR) primer 
pairs were used for genotyping: Primers1: (Annealing 
Temperature 60.0  °C), F1: 5’-GAG GTC TCC ATT CTT 
TCT CCA GGT G-3’, R1: 5’-GTG CAC ACA TCT GCA GAG 
CCAAC-3’. Primers2: (Annealing Temperature 60.0  °C), 
F1: 5’-GAG GTC TCC ATT CTT TCT CCA GGT G-3’, R2: 
5’-CTG GGA TTG ACT CTT GCC TCC CTC -3’. Wildtype 
allele had two bands with 414  bp and 717  bp, homozy-
gotes had a PCR length of about 520  bp, and heterozy-
gotes had three bands with 520  bp, 414  bp and 717  bp. 
Serum, lung tissues and bronchoalveolar lavage fluid 
(BALF) were collected. The lung was lavaged three times 
in 250 µL phosphate-buffered saline (PBS) and retrieved. 
The collected supernatants were stored at −  80  °C for 
further analysis and all experiments were repeated more 
than three times.

Cell culture and treatments
Human ATII cells, namely, A549 cells were obtained from 
the Chinese Academy of Science. Primary human ATII 
cells were purchased from iCell Bioscience, Inc. (Shang-
hai). Cells were seeded into 6-well plates and cultured 
in Dulbecco’s-modified Eagle’s medium (for A549 cells) 
or epithelial cell complete medium (for primary ATII 
cells) supplemented with 10% fetal bovine serum, 100 
U/mL penicillin and 100  μg/mL streptomycin at 37  °C 
in a humidified atmosphere containing 5% CO2. Cells 
were grown until 70% confluence before drug treatments 
were performed. Cells were treated with LPS (10 μg/mL) 
for 0, 12, 24, and 36 h and LPS (0, 1, 10, 100 μg/mL) for 
24  h. The cell samples were harvested at the appointed 
time after the addition of LPS to further analysis. 3-MA 
was used at a dose of 5  mM for 12  h before LPS treat-
ment (10 μg/mL). RAGE small interfering RNA (siRAGE) 

transfection was incubated for 48 h before LPS treatment 
(10 μg/mL). All transfection kits and reagents were pur-
chased from Guangzhou Ribo Biology Co., Ltd (China). 
In the Additional files 1, 2, to address the roles of sRAGE, 
we pretreated A549 cells with or without the recombi-
nant human protein which lacking signal peptide (C423, 
25  μg/mL, novoprotein Technology CO., LTD, Suzhou, 
China) before LPS stimulation.

Cell counting Kit‑8 (CCK‑8) assay
CCK-8 assay (Biyuntian Institute of Biotechnology, 
Haimen, China) was performed to determine cell viabil-
ity. Cells were seeded into 96-well plates (1 ×  106 cells/
well) and cultivated at 37 °C under 5%  CO2 atmosphere. 
The cell suspension was mixed with 10 μL CCK-8 solu-
tion for 1  h and the optical density of each well was 
assessed at 450  nm using a microplate reader (Thermo 
Fisher Scientific, MA, USA).

Enzyme‑linked immunosorbent assay (ELISA)
The sRAGE concentration in BALF was determined by 
double antibody sandwich ELISA (MultiScience LIANKE 
Biotech, CO., LTD, Hangzhou, China). IL-8 and IL-6 lev-
els in BALF were determined with commercially avail-
able ELISA kits (MultiScience LIANKE Biotech, CO., 
LTD, Hangzhou, China) according to the manufacturer’s 
instructions. The optical density at 450 nm was measured 
using a microplate reader (Thermo Fisher Scientific, MA, 
USA).

Histological analysis
The right lungs of mice were collected and fixed in 4% 
paraformaldehyde buffer overnight at room tempera-
ture, then dehydrated and embedded in paraffin, sec-
tioned into 4-µm slices and stained with hematoxylin 
and eosin (HE). The samples were photographed under 
a light microscope (LEICA, Leica Microsystems, Wetzlar, 
Germany), with at least three images acquired for each 
sample.

Immunohistochemical analysis
Paraffin-embedded tissue sections were used for immu-
nohistochemical staining. The sections were deparaffi-
nized with 100% xylene and rehydrated in graded ethanol 
series, followed by antigen retrieval using citrate buffer 
(pH = 6) for 20  min. The rabbit polyclonal anti‐RAGE 
antibody (1:100; cat. no. ab37647; Abcam, Cambridge, 
Mass) was used for staining slides at 4 °C overnight. After 
washing, poly horseradish peroxidase (HRP) anti‐rabbit 
secondary antibody (1: 5000; cat. no. A24531, Thermo 
Fisher Scientific Inc. USA) was added and incubated at 
room temperature for 20  min. Diaminobenzidine was 
used as chromogen.
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Immunofluorescence staining
The paraffin sections of mouse lungs, A549 cells and 
primary ATII cells were used for immunofluorescence 
staining. The sections were incubated with rabbit anti-
cleaved caspase 3 antibodies (1:1000, cat. no. #9664; Cell 
Signaling Technology, MA, USA), anti-RAGE (1:1000, 
ab37647; Abcam, Cambridge, Mass.), and rabbit IgG iso-
type (1:1000, ab199093; Abcam, Cambridge, Mass.) at 
4 °C overnight, followed by incubation with fluorescently 
labelled secondary antibodies (1:100, Invitrogen, Carls-
bad, CA). Images were acquired using a panoramic con-
focal camera (3DHistech, Budapest, Hungary).

For immunofluorescence double staining, the mouse 
lung sections prepared as above were exposed to anti-
RAGE (1:1000, ab37647, Abcam, Cambridge, Mass.) 
overnight at 4℃. After washing with PBS three times, 
the slides were incubated with fluorescently labelled sec-
ondary antibodies at room temperature in the dark for 
50  min, followed by incubation with CY3-TSA at room 
temperature in the dark for 10 min and washing with PBS 
three times. Subsequently, microwave treatment was per-
formed on the sections to remove the primary and sec-
ondary antibodies. The sections were then exposed to 
anti-proSP-C (1:25, AP12333A, Abcepta, Beijing, China) 
or anti-HOPX (1:500, 11419-1-AP, Proteintech, Wuhan, 
China) and processed as described above, except that 
they were incubated with FITC-TSA. DAPI was used 
for staining for 5 min and the sections were blocked by 
antifluorescence quenching sealing liquid. The expression 
and coexpression of RAGE and proSP-C or HOPX were 
examined under a microscope (Nikon Eclipse C1, Nikon 
Instruments Inc., Melville, NY), photographed using a 
Nikon DS-U3 camera, and then evaluated by two pathol-
ogists. RAGE protein exhibited red fluorescence (labelled 
with CY3) while proSP-C or HOPX protein exhibited 
green fluorescence (labelled with FITC). The cell nucleus 
exhibited blue fluorescence (stained with DAPI). In addi-
tion, terminal deoxynucleotidyl transferase dUTP nick-
end labelling (TUNEL) assay was performed to detect 
apoptosis (Roche, Mannheim, Germany) according to the 
manufacturer’s protocol.

Transmission electron microscopy
Fresh lungs were separated and cut into 1-mm cubes 
immediately, which were then fixed by immersion in 2.5% 
glutaraldehyde buffer for 24 h, followed by washing thrice 
with PBS (15 min each time). The samples were then fixed 
in 1% osmium tetroxide for 2 h, dehydrated in fraction-
ated ethanol solution (50%, 70%, 80%, 90%, 95%, 100%, 
and 100%), and embedded in epoxy resin. Ultrathin sec-
tions  (60–80 nm) double-stained with a saturated aque-
ous solution of 2% uranyl acetate and lead citrate were 

examined under a transmission electron microscope 
(TECNAI G2 F20, Fei, USA) and images were acquired.

Western blotting analysis
Western blotting was performed as previously described 
[22]. Anti-RAGE (1:1000, #6996S; Cell Signaling Tech-
nology, Inc., MA, USA), anti-STAT3 (1:1000, #12640; 
Cell Signaling Technology, Inc., MA, USA), anti-phos-
phorylated STAT3 (1:2000, #9145; Cell Signaling Tech-
nology, Inc., MA, USA), anti-cleaved caspase 3 (1:1000, 
#9664; Cell Signaling Technology, Inc., MA, USA), anti-
LC3II/I (1:1000, #4108; Cell Signaling Technology, Inc., 
MA, USA), anti-Beclin1 (1:1000, #3495; Cell Signaling 
Technology, Inc., MA, USA) and anti-GADPH (1:1000, 
#2118; Cell Signaling Technology, Inc., MA, USA) were 
used as primary antibodies. The membranes were incu-
bated with primary antibodies at 4℃ overnight, followed 
by incubation with HRP‐conjugated secondary antirabbit 
antibody (1:50,000; cat. no. BM2006; BOSTER Biological 
Technology Co., Ltd., Wuhan, Hubei, China) at 37 °C for 
1 h after washing. Anti-GADPH was used as an endog-
enous control for other proteins. Images were obtained 
using a chemiluminescent western blot scanner.

Statistical analysis
Differences in data were compared using one‐way analy-
sis of variance. Data were analyzed using the GraphPad 
Prism 11 software (GraphPad Software, Inc., La Jolla, 
CA) or SPSS 23.0 (IBM SPSS, Armonk, NY). A P value 
of < 0.05 was considered statistically significant.

Results
Activated RAGE signals and inflammatory responses 
in LPS‑induced lung injury
To analyse the pulmonary effusion of mice, we have shot 
radiography of them. The X-ray results were character-
ized by interstitial exudative inflammation of the lung 
with formation in the acute phase and aggravation with 
time (Fig. 1A). HE sections of mice lungs treated with LPS 
for 6 h to 48 h were characterized by alveolar structure 
destruction, edema and thickening of the alveolar wall, 
inflammatory infiltration and focal necrosis in a time-
dependent manner (Fig. 1B). We further detected apop-
totic cells of lung tissues by TUNEL assay, which showed 
an increase in apoptosis rate as time progressed (Fig. 1B). 
Meanwhile, the serum (Fig. 1C) and BALF (Fig. 1E) lev-
els of IL-6 and IL-8 were significantly increased in LPS-
treated mice compared with the control group, and the 
elevated levels of IL-6 and IL-8 persisted from 2 to 48 h 
following LPS treatment both in serum and BALF.

Interestingly, we noticed that the total proteins in BALF 
were increased gradually after LPS treatment (Fig.  1D), 
indicating proteins leakage into the alveolar space. To 
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investigate the function of RAGE in acute inflammatory 
lung injury, we detected the levels of sRAGE in BALF and 
RAGE in lung tissues respectively. As a result, sRAGE 
in BALF was gradually increased upon LPS administra-
tion and was significantly higher than in control (0  h) 
after 24 h (Fig. 1E). The same tendency was observed in 
the expression of RAGE in lung tissues (Fig. 1F detected 
by immunohistochemistry; Fig.  1G detected by west-
ern blot). As shown in Fig.  1E, BALF levels of IL-6 and 
IL-8 were significantly increased compared with con-
trols. Pearson’s correlation analysis showed that levels 
of sRAGE were positively correlated with IL-6 and IL-8 
(Fig. 1H).

Additionally, the localization of RAGE with proSP-C, a 
hallmark of ATII cells, co-localized and steadily increased 
in response to LPS treatment (Fig.  2A). While RAGE 
expression was reduced when co-localized with the ATI 
cell marker HOPX (Fig.  2B). According to the changes 
of HOPX expression at the indicated time point of LPS 

treatment, we speculate that the decreased expression of 
RAGE in ATI cells could be due to LPS-induced apopto-
sis. In another aspect, these results suggest that ATII cells 
express RAGE more frequently under LPS stimulation, 
the increased expression of RAGE and proSP-C implies 
the proliferation of ATII cells during LPS-induced lung 
injury, which may contribute to the overall elevated 
RAGE levels in the lungs. Collectively, LPS insulting 
enhanced the production and release of RAGE and led 
to a breakdown of lung tissue by elevated inflammatory 
responses.

Autophagy was persistently activated in LPS‑induced lung 
injury
We investigated the role of autophagy in LPS-induced 
lung injury. Immunohistochemistry revealed the accu-
mulation of LC3 II/I (Fig.  3A), and lung tissues from 
mice exposed to LPS showed the increased expression of 
autophagy-related proteins, such as LC3 II and Beclin1 

Fig. 1 Activated RAGE signals and increased inflammation is characteristic of LPS-induced lung injury. A Chest radiograph of mice treated with LPS 
through nasal inhalation. B Slices of mice lungs were prepared. Representative HE staining images of mouse lung sections showing injury after LPS 
stimulation at different time points, images × 40 magnification, scale bar 50 μm. The apoptosis of lung cells was evaluated by the TUNEL assay and 
images were obtained by spinning disk confocal microscopy at × 40 magnification (scale bar 50 μm) and × 200 magnification (scale bar 10 μm). 
C Serum IL-6 and IL-8 concentrations were determined by indicated ELISA kit. D The total protein levels of BALF in LPS-induced lung injury mice. 
E The levels of IL-6, IL-8 and sRAGE in BALF of mice upon LPS treated at different time points. F Immunochemistry of RAGE expression in the mice 
lung sections under the stimulation of LPS. Images × 40 magnification, scale bar 50 μm. G The immunoblot of RAGE in lung tissue was performed 
and its expression increased over time, n ≥ 3 examinations. H The relationship of IL-6 and IL-8 with sRAGE in the BALF was performed by Pearson’s 
correlation analysis. *Indicates the significant difference compared with the control group (0 h), p < 0.05, differences in characteristics between 
groups were analyzed using the Kruskal–Wallis test with Dunn’s post hoc tests
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(Fig.  3B). These findings suggested that autophagy was 
gradually activated in the course of LPS-induced lung 
injury. When mice were given 3-MA prior to inhal-
ing LPS, these responses were dramatically suppressed, 
regardless of whether they were seen by immunohisto-
chemistry (Fig.  3C) or western blotting (Fig.  3D). Addi-
tionally, transmission electron microscopy demonstrated 
that 3-MA treatment reduced autophagosomes (Fig. 3E). 
Inhibiting autophagy by pretreating with 3-MA altered 
the lung injury response in HE sections of LPS treated 
mice lungs as compared to the control group (Fig.  3F). 
Additionally, the TUNEL assay showed that autophagy 
suppression reduced the rate of apoptosis in the lungs 
(Fig. 3F).

RAGE activation contributes to autophagic cell death 
in LPS‑induced lung injury
We used Ager−/− mice models to simulate acute lung 
injury in order to more thoroughly analyze the involve-
ment of RAGE in autophagy activation upon LPS stimu-
lation. The levels of Ager mRNA and protein were found 
to be much lower in the lung tissues of Ager−/− mice 

(Fig. 4A, D), confirming a total type of homozygous mice 
with Ager gene deletion. Lower levels of IL-6 and IL-8 
have emerged in Ager−/− mice compared with wild-type 
mice no matter in serum (Fig.  4B) and BALF (Fig.  4C). 
Therefore, we speculate that activated RAGE signals pro-
mote the release of inflammatory substances and aggra-
vate lung injury.

Our initial experiments demonstrated that LPS 
significantly up-regulated the level of RAGE and 
autophagy was consistently activated in the lungs of 
mice. To determine whether RAGE induced autophagy 
contributes to inflammatory lung injury evoked by 
LPS, we detected autophagy-related proteins of Bec-
lin1 and LC3 II/I in Ager−/− mice. Beclin1 and the LC3 
II to GAPDH ratio were higher in the lung tissues of 
Ager−/− mice compared to wild-type mice (Fig.  4D). 
Immunohistochemistry revealed that Ager−/− mice had 
lower levels of LC3 II/I expression in their lung tissues 
than wild-type mice did (Fig. 4E). Furthermore, trans-
mission electron microscopy revealed that whether or 
not the mice were exposed to LPS, Ager−/− mice had 
fewer autophagosomes than wild-type mice (Fig.  4F). 

Fig. 2 RAGE signal activation varies between type I and type II AECs in LPS-treated lungs. A Representative images of co-localization patterns of 
RAGE and proSP-C (ATII marker) in lung tissues using multiplexed immunofluorescence staining; B Co-localization patterns of RAGE and HOPX (ATI 
marker) in lung tissues using multiplexed immunofluorescence staining (images × 40 magnification, scale bar 50 μm, Images × 200 magnification, 
scale bar 10 μm), RAGE protein showed red fluorescence (labelled by CY3), and ProSP-C or HOPX protein showed green fluorescence (labelled by 
FITC). The cell nucleus showed blue fluorescence (stained by DAPI)
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As a result of LPS stimulation, alveolar structural 
breakdown, edema and thickening of the alveolar 
wall, inflammatory infiltration, and localized necrosis 
appeared on the lung’s histology (Fig.  4G). However, 
Ager−/− mice represented a slight injury than that in 
wild-type mice (Fig.  4G). LPS stimulation promotes 
cell apoptosis while TUNEL-positive cells decreased in 
Ager−/− mice (Fig. 4G).

Meanwhile, we detected the co-expression of RAGE 
and proSP-C or HOPX in the lungs of Ager−/− mice and 
WT mice. LPS stimulation boosted the co-expression 
of RAGE and proSP-C (Fig.  5A). However, there was 
limited co-expression of RAGE and HOPX under LPS 
stimulation, and there was no discernible difference 
in HOPX expression between WT mice nor Ager−/− 
mice, indicating that RAGE plays a critical role in LPS 
induced autophagic death. Therefore, we surmise that 
LPS stimulated an increase in ATII cells and partially 
caused autophagic cell death in a manner dependent on 
RAGE.

Autophagic cell death in ATII cells injury
To focus on the change in ATII cells, we incubated A549 
cells with different concentrations of LPS (Fig.  6A) and 
at different time points (Fig.  6B) to establish optimiza-
tion in vitro models. A549 cells were treated with 10 μg/
mL LPS for 24  h and the development of autophagy 
and apoptosis marker protein after LPS treatment were 
evaluated. The results showed that RAGE increased 
over time in LPS dose-dependent manner, and the pro-
teins of autophagy marker (Beclin1 and LC3 II/I) and 
cell apoptosis marker (cleaved Caspase3) also increased 
over time (Fig.  6C, D). Beclin1 and the LC3 II/GAPDH 
ratio increased when the concentration of LPS was no 
more than 10 μg/mL (Fig. 6C). Autophagy was decreased 
and cell death intensified once LPS reached 100  μg/mL 
(Fig.  6C). These data demonstrated that autophagy can 
be observed in A549 cells and remained relatively active 
when treated with LPS (10 μg/mL) for 24 h. To confirm 
the potential roles of autophagy activation in alveolar 
epithelial injury, 3-methyladenine (3-MA) was used to 

Fig. 3 Increased activation of autophagy in LPS-induced lung injury. A LC3 II/I expression in lung tissues under LPS stimulation for different hours 
and Immunochemistry was performed with LC3 II/I antibody. Images × 40 magnification, scale bar 50 μm. B Immunoblots of Beclin1 and LC3II/I 
were performed in mice lungs upon LPS treated at the indicated time, n ≥ 3 examinations. C Immunochemistry of LC3 II/I expression in lung 
tissues upon LPS treated when being pretreated with or without 3-MA. Images × 40 magnification, scale bar 50 μm. D The protein levels of Beclin1 
and LC3II/I in mice lungs upon LPS treated when being pretreated with or without 3-MA performed by western blotting, n ≥ 3 examinations. E 
Transmission electron microscopy was used to observe the autophagic body. Red arrows indicate the number and location of autophagosomes. 
The scale bar for original images is 1 µm; the scale bar for enlarged images is 500 nm. F HE staining images of mouse lung sections (images × 40 
magnification, scale bar 50 μm). The apoptosis of lung cells was evaluated. The lung sections were fixed and immunostained by the TUNEL assay 
and caught images by spinning disk confocal microscopy at × 40 magnification (scale bar 50 μm) and × 200 magnification (scale bar 10 μm). * 
Indicates the significant difference compared with the Control group, # indicates the significant difference compared with the LPS group. P < 0.05, 
differences in characteristics between groups were analyzed using the Kruskal–Wallis test with Dunn’s post hoc tests
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inhibit autophagy in A549 cell lines. LC3-II induction 
was suppressed in the presence of 3-MA (Fig. 6E). Sup-
pression of autophagy by 3-MA promotes the survival of 
A549 cells indicated by the decreasing levels of cleaved 
Caspase 3 (Fig. 6E). Moreover, the cell viability was sig-
nificantly increased after being treated with 3-MA 
(Fig. 6F), indicating the inhibition of excessive autophagy 
survival of AECs.

Autophagy of ATII cells in a RAGE‑dependent pathway 
under endotoxin
Considering autophagy activation in ATII cells is 
accompanied by an increase of RAGE, RAGE was 
knocked down via siRAGE. The expression of Ager 
mRNA was significantly suppressed in A549 cells 
(Fig.  7A), corresponding to the expression of RAGE 
protein was decreased (Fig. 7B). Moreover, the expres-
sion of LC3 II formation and Beclin1 was significantly 
decreased in the group of RAGE knockdown, the 
reduction of RAGE decreased the protein levels of 
cleaved Caspase3 (Fig.  7B). Consequently, the effects 

of RAGE induced overexpression of autophagy and 
exacerbated cell apoptosis upon LPS were blocked. The 
above results observed in A549 cell line were similar to 
those in primary ATII cells (Additional file 1: Fig. S1A–
D). To further address the differing roles of sRAGE 
and mRAGE, we pretreated A549 cells with or without 
sRAGE before LPS stimulation. It was not found that 
sRAGE could effectively induce autophagy and reduce 
cell apoptosis (Additional file 2: Fig. S2A,B).

Cell viability was significantly increased when RAGE 
was knocked down compared with the control group 
treated with LPS (Fig. 7C). A reverse change of cleaved 
Caspase3 detected by immunofluorescence was also 
discovered in the siRAGE treated group (Fig.  7D). A 
previous study shows that STAT3 activation exacerbates 
inflammatory responses in mammal pulmonary [23]. In 
this study, the phosphorylated STAT3 (P-STAT3) levels 
were significantly increased in response to LPS stimula-
tion, while STAT3 activation in siRAGE cells was noted 
to be reduced (Fig. 7E).

Fig. 4 LPS-induced autophagic cell death is related to RAGE activation. A Ager mRNA in WT and  Ager−/− mice lungs. B Serum levels of IL-6 and IL-8 
in WT and Ager−/− mice. C Levels of IL-6 and IL-8 in BALF of WT and Ager−/− mice. IL-6 and IL-8 were determined by commercial ELISA kits (n = 7). 
D The immunoblot of RAGE in the lung sections of WT and Ager−/− mice (n ≥ 3 examinations). E Immunochemistry of LC3 II/I expression in lung 
sections. Images × 40 magnification, scale bar 50 μm. F Mice lung sections were processed for transmission electron microscopy to observe the 
autophagic body. Red arrows indicate the number and location of autophagosomes. The scale bar for original images is 1 µm; the scale bar for 
enlarged images is 500 nm. G HE staining of lung sections from WT mice or Ager−/− mice under LPS stimulation. The apoptosis of lung cells was 
evaluated by the TUNEL assay and images were obtained by spinning disk confocal microscopy at × 40 magnification (scale bar 50 μm) and × 200 
magnification (scale bar 10 μm). P-values by Kruskal–Wallis test with Dunn’s post hoc tests. * indicates the significant difference compared with 
WT-CON group, # indicates the significant difference compared with WT-LPS group



Page 9 of 14Xiong et al. Respiratory Research           (2023) 24:24  

Discussion
This study aimed to examine the role of RAGE induced 
autophagy in ATII cells in response to endotoxin stimula-
tion. In this study, an increase of autophagy activity in the 
lung, particularly in ATII cells, was observed, which was 
associated with RAGE signal activation in ALI. Specific 
knockdown of RAGE improved LPS-induced ATII cells 
dysfunction and reduced autophagy activation, imply-
ing a harmful role of autophagy in pro-inflammatory 
cytokine-induced ALI/ARDS. Our findings suggest that 
the overactivation of autophagy via a RAGE-dependent 
pathway contributes to ALI upon endotoxin exposure. 
To the best of our knowledge, this is the first study to 
demonstrate that epithelial cell autophagy activation 
under LPS stimulation occurred via a RAGE-dependent 
pathway.

Type I and type II AECs together make up the epithe-
lium of alveoli and play critical roles in lung physiology 
and pathology. The alveolar epithelium provides protec-
tion against environmental insults, regulates water and 
ion transport and produces pulmonary surfactants to 
maintain alveolar homeostasis [24]. Whether the injury 
of type I alveolar epithelial cells, which account for more 
than 90% of the alveolar area, or the injury of other cells 
in the lungs or vascular endothelium, they are the factors 
of the occurrence and development of ARDS [25]. Alve-
olar epithelial damage impairs surfactant release in pri-
mary ARDS, inhibits alveolar fluid clearance, and lowers 
lung compliance [9]. As shown in our results, when type 

I cells are lost due to lung injury, type II cells act as pro-
genitor cells, multiply and replace those cells. And that 
plays a crucial part in epithelial healing and the develop-
ment of lung fibrosis in ARDS [2]. Therefore, protecting 
AECs from damage is a potential therapeutic strategy 
against ALI.

In the present study, we found that injury of the 
alveolar epithelium was accompanied by autophagy 
enhancement and we observed that overexpression of 
autophagy-related factors resulted in apoptosis of ATII 
cells. Although autophagy was initially described as 
a non-apoptotic pathway of programmed cell death, 
it now appears that autophagy plays a highly context-
specific part in mediating cell death [26]. Activation 
of autophagy may be a common signaling mechanism 
in the pathogenesis of ALI. This was supported by a 
study suggesting that autophagy was activated in LPS-
induced ALI mice models [27]. Autophagic cell death 
in the lungs is an acute phase response that contributes 
to the development of ARDS [28]. Levels of autophagy 
proteins (Beclin1 and LC3 II) and inflammatory fac-
tors (IL-6 and TNF- α) were all increased in mice 
AEC cells under endotoxin stimulation, confirming 
that autophagy is a way of stress response of lung epi-
thelial cells [29]. In  vitro, it was shown that LPS may 
lead to autophagic death of A549 cells through PERK-
dependent unfolded protein reactions (UPR) [30]. Con-
sistently, the autophagy in ATII cells was correlated 
with the stimulation intensity of LPS in our study; 

Fig. 5 Activated RAGE signals and co-localization with proSP-C and HOPX in WT and Ager−/− mice. Representative images of co-localization pattern 
of RAGE and proSP-C (A) or HOPX (B) in lung sections from WT mice or Ager−/− mice under LPS stimulation. Images at × 40 magnification, scale bar 
50 μm and images at × 200 magnification, scale bar 10 μm. RAGE protein showed red fluorescence (labelled by CY3), proSP-C and HOPX protein 
showed green fluorescence (labelled by FITC). The cell nucleus showed blue fluorescence (stained by DAPI)
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however, when 100  µg/mL LPS was used, the activity 
of autophagy in ATII cells was decreased, but apoptosis 
was still evident. It was considered that autophagy was 
further uncontrolled and that it exacerbated cell dam-
age. Whether in inhalation lung injury mouse models 
or LPS-treated A549 cells or LPS-treated primary ATII 
cells, when autophagy activity was inhibited by 3-MA, 
the vigor of cells was recovered, the apoptosis of cells 
and lung tissue injury was reduced compared with 
the uninhibited group, suggesting that uncontrollable 
autophagy led to AECs damage and subsequently devel-
oped into ALI or even ARDS; inhibition of autophagy 
activity may be an effective measure to protect from 
lung injury. Remarkably, we noted that autophagy acti-
vation under endotoxin stimulation was correlated with 
the RAGE/STAT3 pathway, and mapped directly to the 
ability of ATII cells to survive cytotoxic insult, suggest-
ing that RAGE may be a potential mediator of enhanced 
autophagy in the inflammation microenvironment.

ALI/ARDS secondary to pulmonary infection devel-
oped in the stepwise process of the overwhelming 
inflammatory response [12]. As a receptor of many pro-
inflammatory ligands, the role assigned to RAGE is to 
initiate the inflammatory response, which is primarily 
based on the following findings: first, RAGE is highly 
expressed in inflammatory lesions and produces pro-
inflammatory mediators in numerous inflammatory 
illnesses; second, blockage of RAGEs restrained inflam-
matory response by arresting central inflammation sign-
aling pathways [31]. In patients with infection-related 
ARDS, it was found that both serum and BALF levels of 
sRAGE were much higher than those in control subjects, 
and they were positively correlated with levels of IL-6 
and IL-8 [9], which was consistent with our findings. In 
addition, another study revealed that sRAGE enhanced 
IL-6 release in the absence of S100B in alveolar type 
I-like cells and that sRAGE could have proinflammatory 
properties [32]. sRAGE has been traditionally considered 

Fig. 6 Autophagic cell death happened in A549 cells induced by LPS. The effect of LPS on A549 cells at different concentrations (A) and different 
time points (B) was detected by CCK-8.  The immunoblot of RAGE, Beclin1, LC3II/I and cleaved Caspase 3 in A549 cells, when treated with different 
concentrations (C) and different time points (D) of LPS. Each experiment was repeated more than three times. E The immunoblot of Beclin1, LC3II/I 
and cleaved Caspase 3 in A549 cells upon LPS treated when being pretreated with or without 3-MA. 3-MA effectively inhibited the autophagy 
activation induced by LPS treatment. F The cell survival rate of A549 cells in response to 3-MA pre-treatment followed by LPS stimulation. *Indicates 
the significant difference compared with the LPS 0 μg/mL group or LPS 0 h group or Control group. # Indicates a significant difference compared 
with the LPS group. P < 0.05, P-values by Kruskal–Wallis test with Dunn’s post hoc tests. each experiment was repeated more than three times
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a sink for proinflammatory RAGE ligands and as such 
has been associated with protection from inflamma-
tory stress and disease [5]. In addition to behaving as a 
decoy receptor, sRAGE may transduce proinflammatory 
signals, thereby inducing leukocyte recruitment to sites 
of injury or inflammation [33]. High levels of sRAGE in 
circulation indicated that cell surface RAGE has been 
overstimulation, which if it persists might intensify pro-
inflammatory processes and exacerbate pathological 
states [34]. Consistent with this role, the bacterial burden 
and neutrophil infiltration was shown to worsen follow-
ing sRAGE administration in a mouse model of bacterial 
lung infection, indicating that sRAGE may indeed sustain 
inflammation in acute settings [35]. However, despite 
having a positive connection with inflammatory factors 
in LPS-induced mice, we found that sRAGE could not 
superimpose on LPS-induced autophagy and apoptosis 
in ATII cells. So, further investigation is required to fully 
comprehend the intricate biological characteristics of 
sRAGE on different types of AT cells and their contribu-
tion to LPS-induced inflammatory response. In addition, 

we found that RAGE deficiency significantly reduced 
pulmonary inflammatory infiltration and pulmonary 
edema either by reducing cytokine release or by inhib-
iting autophagy activity. In general, LPS is frequently 
used to induce sepsis [18]. Intriguingly, a study reported 
that the increased serum levels of sRAGE are associated 
with ALI but not sepsis or septic shock, suggesting that 
RAGE is a biomarker of lung injury rather than sepsis 
[36]. It was verified that Ager−/− mice were also partially 
protected from injury following gram-negative (E. coli) 
or gram-positive (Streptococcus pneumoniae) bacterial 
challenges [37, 38]. Thus, we speculate that RAGE is the 
key mediator of ATII cells injury underlying inflamma-
tion. In this study, LPS induced the activation of RAGE 
and autophagy, accompanied by STAT3 phosphoryla-
tion, and RAGE deletion leads to weakened activation of 
downstream protein STAT3. STAT3 activation may be 
a common signaling mechanism in the pathogenesis of 
LPS-induced ALI. A study verified that the STAT3 tran-
scription factor is activated in lung injury and promotes 
macrophage and inflammatory cell infiltration in the lung 

Fig. 7 LPS-induced autophagic death in A549 cells depended on RAGE activation. A Treated A549 cells with siRAGE and detected the RAGE 
mRNA expression. The expression of Ager genes was decreased by 50%. B Detected the immunoblots of RAGE as well as Beclin1, LC3 II/I and 
cleaved Caspase 3 in A549 cells, each experiment was repeated more than three times. C The cell survival rate of A549 cells in response to 
siRAGE pre-treatment followed by LPS stimulation. Data were obtained from CCK-8 experiments and performed more than three times. D 
Immunofluorescence of cleaved Caspase3 to detect the apoptosis of A549 cells, spinning disk confocal microscopy at × 40 magnification (scale 
bar 50 μm). E Detected the immunoblots of STAT3 and phosphorylation STAT3 (p-STAT3) in A549 cells, each experiment was repeated more than 
three times. *Indicates the significant difference compared with the control group. # Indicates the significant difference compared with LPS group. 
P < 0.05, differences in characteristics between groups were analyzed using the Kruskal–Wallis test with Dunn’s post hoc tests
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and BALF, the inhibition of the STAT3 signaling pathway 
protects the lungs from damage [39]. The RAGE signaling 
pathway may directly or indirectly lead to the production 
of pro-inflammatory cytokines, which can also induce 
endoplasmic reticulum (ER) stress of chronic inflamma-
tion, suggesting that RAGE may be a key mediator of ER 
stress [40]. RAGE activation is even found to prolong and 
excessive UPR in some disease models [41]. Autophagy is 
related to ER stress at many levels, autophagy activation 
occurs under ER stress [42]. However, there is no relevant 
study on whether RAGE induced autophagy is related to 
endoplasmic reticulum stress, which is also the direction 
of our next exploration.

Conclusions
This research underscores the higher expression of 
RAGE and autophagic cell death in LPS-treated mouse 
models and ATII cells. LPS-activated autophagy in ATII 
cells via a RAGE-dependent signaling pathway, cessation 
of RAGE exerts protective effects in response to LPS-
induced ATII cells injury and inflammation by suppress-
ing autophagy. These findings provide new insights into 
RAGE mediated autophagy activation as a potential ther-
apeutic strategy for ALI/ARDS.
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