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Abstract 

Background Pulmonary fibrosis (PF) is a progressive and difficult-to-heal lung disease that poses a significant threat 
to human life and health. This study aimed to investigate the potential pathological mechanisms of PF and to identify 
new avenues for the treatment of PF.

Methods Clinical samples were collected to assess the effect of disulfide-bond A oxidoreductase-like protein (DsbA-
L) on PF. TGF-β1-induced MLE-12 cell model and bleomycin (BLM)-induced mice model were established. Changes 
in physiological morphology and fibrosis were observed in the lung tissues. The degree of apoptosis and the mito-
chondrial function was analyzed. The expression of relative cytokines was examined. The  CD68+/CD206+ ratio 
was determined to indicate M2 macrophage polarization.

Results The expression of DsbA-L was upregulated in patients with PF and PF-like models. In vitro, DsbA-L overex-
pression exacerbated TGF-β1-induced the deposition of extracellular matrix (ECM), apoptosis, inflammation, and mito-
chondrial damage, whereas DsbA-L silencing exerted the opposite effects. DsbA-L silencing inhibited the activa-
tion of AKT1, NLRP3, and SMAD3 by TGF-β1. MLE-12 cells silencing DsbA-L limited the polarization of RAW264.7 
cells towards the M2 phenotype. AKT1 agonist or NLRP3 agonist reversed the role of DsbA-L silencing in inhibiting 
the TGF-β1/SMAD3 pathway and M2 macrophage polarization. In vivo, DsbA-L knockout protected mice from PF-like 
pathological damage caused by BLM.

Conclusion DsbA-L exhibited a significant profibrotic effect in lung epithelial cells and mice, which increased the lev-
els of AKT1 and NLRP3 to activate the TGF-β1/SMAD3 pathway and M2 macrophage polarization. These findings 
could shed light on new clues for comprehension and treatment of PF.
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Introduction
Pulmonary fibrosis (PF), as a type of interstitial lung dis-
ease, is mainly characterized by injury to and aberrant 
repair of the alveolar epithelium, leading to structural 

destruction of lung tissue (Hewlett et  al. 2018). The 
pathological changes of PF are mainly manifested by the 
aggregated proliferation of fibroblasts/myofibroblasts, 
excessive deposition of extracellular matrix (ECM) and 
diffuse inflammatory response (Lv et al. 2020). Idiopathic 
pulmonary fibrosis (IPF) is the most common under 
clinically diagnosed form of PF, and IPF is a progressive 
and difficult-to-treat disease with high mortality (Spag-
nolo et al. 2021). As the aging of the population contin-
ues to accelerate, the threat of IPF to human life, health 
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and socioeconomics is expected to increase continu-
ously. Therefore, it is an important research direction for 
researchers to explore the potential pathogenesis of PF 
and effective treatment.

Transforming growth factor-β1 (TGF-β1) is a key 
regulator of tissue fibrosis, which mainly induces the 
development of tissue fibrosis through the activation of 
small mother against decapentaplegic (SMAD) signal-
ing (Hu et al. 2018). The expression levels of TGF-β and 
p-SMAD3 are significantly upregulated in the bleomy-
cin (BLM)-induced PF animal model, while blocking 
TGF-β1/SMAD3 signaling effectively attenuates the 
progression of PF in mice (Guo et al. 2019). Accumulat-
ing evidence supports the role of macrophages in the 
pathogenesis of PF (Byrne et al. 2016; Ogawa et al. 2021). 
Macrophages are integral players in the host defense 
mechanisms that can polarize into two phenotypes 
based on the different microenvironments, including the 
pro-inflammatory phenotype (M1) and the anti-inflam-
matory phenotype (M2) (Smigiel and Parks 2018). M2 
macrophages secrete copious amounts of TGF-β1 to pro-
mote fibroblast differentiation and proliferation, thereby 
exacerbating the development of PF (Wang, et al. 2021). 
Conversely, TGF-β1 induces macrophage polarization 
towards the M2 phenotype (Liu et al. 2019). These find-
ings report the involvement of the TGF-β1/SMAD3 
pathway and macrophages during PF.

Protein kinase B (PKB/AKT) is a serine/threonine 
protein kinase that stimulates the development of PF 
in response to upstream phosphatidylinositol-3 kinase 
(PI3K) signaling (Wang et al. 2022). Previous studies have 
demonstrated that the expression of AKT1 is elevated in 
IPF patients and that a reduction in the production of 
AKT1 significantly reduces the secretion of α-smooth-
muscle actin (α-SAM) and fibronectin, as well as inhibit-
ing the progression of TGF-β-induced PF (Nie et al. 2019; 
Abdalla et al. 2015). Furthermore, the NOD-like receptor 
protein 3 (NLRP3) inflammasome and its downstream 
cytokine caspase-1 are markedly activated in IPF mice, 
which are involved in epithelial-mesenchymal transition 
(EMT) via the TGF-β1 pathway (Tian et al. 2017).

Disulfide-bond A oxidoreductase-like protein (DsbA-L) 
was originally identified from rat liver mitochondria and 
has been shown to activate SMAD3 and NLRP3 signal-
ing, which in turn exacerbates tubulointerstitial fibrosis 
and inflammation (Yang et al. 2021; Li et al. 2020). Never-
theless, the majority of research investigating the poten-
tial of DsbA-L in the treatment of fibrosis has focused 
on kidney tissue, with the role of this protein in PF 
remaining to be further elucidated. It is currently unclear 
whether DsbA-L influences TGF-β1/SMAD3 signaling 
and macrophage polarization during the development of 
PF. Therefore, this study aims to explore whether DsbA-L 

is involved in the development of PF and its potential 
molecular mechanism through in vitro and in vivo exper-
iments to find different approaches for the treatment of 
PF.

Methods
Clinical samples
Lung tissues were obtained from non-PF and PF patients 
(n = 8) at the Second Xiangya Hospital of Central South 
University with informed consent. The diagnosis of PF 
was based on the American Thoracic Society (ATS)/
European Respiratory Society (ERS) consensus diagnos-
tic criteria. The human study was approved by the Ethics 
Committee of The Second Xiangya Hospital of Central 
South University (Approved protocol number: 2013001). 
Prior to their inclusion in the study, all participants were 
recruited with written informed consent.

Bleomycin (BLM)‑induced PF in mice
The specific DsbA-L deletion mice (DsbA-Lflox/flox) were 
generated by the laboratory of Dr. Feng Liu. Sftpc-Cre-
ERT2 mice were provided by Cyagen Biosciences. WT 
C57BL/6 mice were obtained from Hunan SJA Labora-
tory Animal Co., Ltd. All mice were housed at a tempera-
ture of 22 ± 2 °C, a humidity of 70%, and a 12-h light–dark 
cycle with free access to a standard rodent diet and water. 
 SftpcCreERT2+/+; DsbA-Lflox/flox and  SftpcCreERT2±; 
DsbA-L-KO mice were administered tamoxifen (50 mg/
kg) intraperitoneally for 7 days. WT and DsbA-L-KO 
mice were anesthetized with 50 mg/kg sodium pentobar-
bital. Subsequently, mice were administered BLM (5 mg/
kg, Nippon Kayaku) in 50 μL of normal saline intratra-
cheally (Ruan et al. 2020), designated as the WT + Model 
group and the DsbA-L-KO + Model group. Mice in the 
WT and DsbA-L-KO groups received the same volume of 
normal saline. All mice were euthanized on day 21 after 
BLM injection to collect lung tissue. All animal experi-
ments were conducted in accordance with the guidelines 
approved by the Animal Care Ethics Committee of Sec-
ond Xiangya Hospital, People’s Republic of China, and 
ethical approval was obtained. The sequence of mouse 
identification is presented in Table 1.

Table 1 The mouse identification sequence

Gene Forward (5’–3’) Reverse (5’–3’)

DsbA-L 
Mouse identi-
fication

GCC ATC GAT TCC TGG ATG 
GCT TCT GTT AGA G

ACG TAC CCG CGG TCA AAG 
AGT GCC ACT CTG CAATG 

Sftpc-CreERT2 TGC TTC ACA GGG TCG GTA G ACA CCG GCC TTA TTC CAA G

Wildtype TGC TTC ACA GGG TCG GTA G CAT TAC CTG GGG TAG GAC CA
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Cell culture, transfection, and treatment
The MLE-12 cell line, which belongs to mouse alveolar 
type II epithelial cells (Xiao et  al. 2020), was obtained 
from the Shanghai Zhongqiao Xinzhou Biotechnology 
Co., Ltd. (ZQ0470) and maintained in a 5%  CO2 atmos-
phere at 37℃. The plasmids (oe-NC, sh-NC, oe-DsbA-L, 
and sh-DsbA-L) were transfected into MLE-12 cells using 
the lipofectamine 2000 kit (2028090, Invitrogen). MLE-
12 cells were then incubated with 10 ng/mL TGF-β1 for 
48 h to mimic PF (Liu et al. 2021).

In the indirect co-culture experiment, mouse mac-
rophage cells (RAW264.7 cell line, ZQ0098, Shanghai 
Zhongqiao Xinzhou Biotechnology Co., Ltd.) were incu-
bated in transwell chambers. The lower chamber was 
supplemented with MLE-12 cells transfected with plas-
mids (sh-NC, sh-DsbA-L, oe-NC or oe-DsbA-L) and 
exposed to TGF-β1. Following a 24-h incubation period, 
the co-culture system was stimulated with 8 μg/mL 
AKT1 agonist SC79 (Yang et al. 2020a) or 20 μM NLRP3 
agonist nigericin (Zhang et al. 2020).

Another co-culture system was established to investi-
gate the relationship between alveolar epithelial cells and 
fibroblasts according to the previous procedure (Li et al. 
2020). Briefly, MLE-12 cells were transfected with sh-NC 
or sh-DsbA-L and subsequently treated with or without 
10  ng/mL TGF-β1 for 48  h. The treated MLE-12 cells 
were cultured in serum-free medium for 24  h, and the 
conditioned medium (CM) was collected. The CM was 
transferred to mouse lung fibroblasts (LFs; CP-M006, 
Procell) and cultured for another 24 h.

Tissue staining
Lung tissues were collected from patients and animals 
and observed by hematoxylin–eosin (HE) and Masson 
staining. Lung tissue sections were subjected to sequen-
tial staining with hematoxylin (AWI0001, Abiowell) and 
eosin (AWI0029, Abiowell) to observe the physiologi-
cal morphological changes. Lung tissue sections were 
stained in accordance with the instructions provided by 
the Masson staining kit (AWI0253, Abiowell) to assess 
the degree of tissue fibrosis.

Immunohistochemistry (IHC) and Immunocytochemistry 
(ICC)
The content of relative cytokines in lung tissue and 
MLE-12 cells was detected using IHC and ICC, respec-
tively. Briefly, lung tissue sections were subjected to 
hot antigen retrieval and supplemented with 1% peri-
odic acid solution for incubation 10 min to inactivate 
endogenous enzymes. After fixation, MLE-12 cells were 
incubated with 3%  H2O2 for 10 min to inactivate endog-
enous enzymes. The sections were then incubated with 

primary antibodies, including collagen I (1:100, 14695-
1-AP, Proteintech), collagen III (1:100, 13548-1-AP, 
Proteintech), α-SMA (1:300, 14395-1-AP, Proteintech), 
fibronectin (1:200, 15613-1-AP, Proteintech), TGF-β1 
(1:200, ab215715, Abcam), p-SMAD3 (1:200, ab254407, 
Abcam), SMAD3 (1:200, ab202445, Abcam), p-AKT1 
(1:200, 11962S, CST), AKT1 (1:200, 10176-2-AP, Pro-
teintech), NLRP3 (1:400, 19771-1-AP, Proteintech), and 
DsbA-L (1:100, 81527-1-RR, Proteintech). The sections 
were incubated with the secondary antibody HRP goat 
anti-rabbit IgG (AWS0005, Abiowell) at room tempera-
ture for 30 min and DAB working solution (ZLI-9018, 
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.). The 
images were observed and collected using a microscope 
(BA210T, Motic).

Western blot
The total protein was extracted from lung tissue and cells 
using radio-immunoprecipitation assay (RIPA) buffer 
(AWB0136, Abiowell). The total protein was then sepa-
rated using SDS-PAGE and transferred to nitrocellulose 
membranes. Then, the membranes were blocked with 
5% skimmed milk and incubated with primary antibod-
ies, including DsbA-L (1:1000, 14535-1-AP, Proteintech), 
p-AKT1 (1:500, ab38449, Abcam), AKT1 (1:5000, 60203-
2-Ig, Proteintech), NLRP3 (1:1000, ab263899, Abcam), 
fibronectin (1:1000, 15613-1-AP, Proteintech), vimentin 
(1:5000, 10366-1-AP, Proteintech), E-cadherin (1:5000, 
20874-1-AP, Proteintech), collagen I (1:1000, ab270993, 
Abcam), collagen III (1:1000, 13548-1-AP, Proteintech), 
TGF-β1 (1:2000, 21898-1-AP, Proteintech), p-SMAD3 
(1:2000, ab52903, Abcam), SMAD3 (1:3000, 66516-1-Ig, 
Proteintech) and β-actin (1:5000, 66009-1-Ig, Protein-
tech), and secondary antibodies HRP goat anti-mouse 
IgG (1:5000, SA00001-1, Proteintech) or HRP goat anti-
rabbit IgG (1:6000, SA00001-2, Proteintech). The protein 
bands were visualized using SuperECL Plus (AWB0005, 
Abiowell) and captured by ChemiScope6100 (CLiNX). 
The abundance of target proteins was quantified with 
β-actin as the internal reference.

Quantitative real‑time PCR (qRT‑PCR)
Total RNA was isolated from lung tissue and cells using 
TRIzol (15596026, Thermo). A total of 50 pg-5 µg of total 
RNA was reverse transcribed to produce cDNA using the 
HiFiScript cDNA Synthesis Kit (CW2569, CoWin Bio-
sciences). The cDNA of the samples was amplified with 
the UltraSYBR Mixture (CW2601, CoWin Biosciences) 
on the QuantStudio 1 Real-Time PCR (Thermo). The 
relative expression of target genes was calculated with 
reference to GAPDH. The sequences of the primers are 
presented in Table 2.
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TdT‑mediated dUTP nick‑end labeling (TUNEL) assay
The degree of apoptosis in MLE-12 cells and lung tissues 
of rats was validated with a TUNEL Apoptosis Detec-
tion kit (40306ES50, YEASEN). In brief, 100  μL of Pro-
teinase K solution was added to each sample at 37 °C for 
incubation. A total of 50 μL of fresh TdT reaction buffer 
(comprising 4 μL of TdT enzyme, 45 μL of 5 × equilibra-
tion buffer and 1  μL of biotin-11-dUTP) and streptavi-
din-TRITC solution (comprising 45 μL of labeling buffer 
and 5 μL of streptavidin-fluorescein) were added succes-
sively to MLE-12 cells. Then, 100 μL of 1 × equilibration 
buffer and 50 μL of fresh TdT reaction buffer (comprising 
10 μL of 5 × equilibration buffer, 5 μL of FITC-12-dUTP 
labeling mix and 1 μL of recombinant TdT enzyme) were 
added to the lung tissues. Each sample was incubated 
at 37  °C in the dark. DAPI (AWC0291, Abiowell) was 
employed to stain the nuclei. The number of positive cells 
was quantified.

JC‑1 staining and cell apoptosis measurement
The JC-1 kit (C2006, Beyotime Biotechnology) was used 
to assess the mitochondrial membrane potential of 
lung epithelial cells in rats. The cells were digested with 
trypsin (AWC0232, Abiowell) and centrifuged at 1500 
rpm for 5 min. The JC-1 solution was then added to each 
sample for incubation in the dark. The mixture was cen-
trifuged at 4  °C to pellet the cells. The ratio of red and 
green fluorescence was quantified using flow cytom-
etry (A00-1-1102, Beckman) to assess the degree of cell 
apoptosis.

Mitochondrial status
The lung epithelial cells of rats were fixed with 2.5% 
glutaraldehyde (AWI0097, Abiowell) and 1% osmium 

tetroxide (18456, TED PELLA). The cells were then 
dehydrated with ethanol, uranyl acetate (GZ02625, Bei-
jing Zhongjingkeyi Technology), and propylene oxide 
(M25514, MERYER). Following sectioning and staining, 
the mitochondrial status was observed under a transmis-
sion electron microscope (TEM) (JEM1400, JEOL).

Flow cytometry
The expression of M2 macrophage markers, CD68 and 
CD206, was determined by flow cytometry. Briefly, 
200 μL of PBS buffer was added to resuspend the cells. A 
total of 5 μL of CD68 and CD206 antibodies were added 
to the cells, and the mixture was incubated in the dark for 
30min. After washed twice, the cells were resuspended 
in 200 μL of PBS buffer and subjected to flow cytometry 
analysis.

Enzyme‑linked immunosorbent assay (ELISA)
The content of TGF-β1 (KE10005, Proteintech) in the cell 
supernatant was quantified in accordance with the man-
ufacturer’s protocol. Following the addition of the stop 
solution, the optical density (OD) value was read at 450 
nm by a microplate reader (MB-530, HEALES).

Biochemical tests
According to the instructions of the kit (A030-2-1, Nan-
jing Jiancheng Bioengineering Institute), the content of 
hydroxyproline in lung tissues was determined by alka-
line hydrolysis method.

Statistical analysis
All data were presented as the means ± standard devia-
tion. The numerical values were analyzed using Graph-
Pad Prism 8.0 software. Student’s t-test was used to 
compare the difference between two groups. The differ-
ences among multiple groups were determined using 
one-way analysis of variance (ANOVA) and Tukey’s test. 
P < 0.05 was considered to be statistically significant.

Results
High expression of DsbA‑L in patients with PF
A comparative analysis of the GSE24206 database, com-
prising lung tissue samples from six healthy controls, 
eight early IPF patients, and nine advanced IPF patients, 
revealed that the expression levels of DsbA-L were signif-
icantly elevated in both early and advanced IPF patients 
in comparison to those observed in healthy controls 
(Fig.  1A). Clinical samples were collected to investigate 
the accumulation of DsbA-L in patients with PF. The 
severity of inflammation and tissue fibrosis in the lungs 
of the clinical samples was assessed by HE and Masson 
staining. The images in Figure S1A indicated that the 
alveolar morphology of healthy patients was relatively 

Table 2 Primer sequences

Gene Forward (5’–3’) Reverse (5’–3’)

H-DsbA-L AAG TTT GTC TGC CAT GCG TT CCT GGG GAA GGT CAG AAA GT

H-NLRP3 GCC ACG CTA ATG ATC GAC T TCT TCC TGG CAT ATC ACA GT

M-DsbA-L GTT GCG GCC CAC TTT AAT CG ATG TAC TGG CCT TTT CGG GG

M-AKT1 CGC CTG CCC TTC TAC AAC CAG GCA TGA TCT CCT TGG CAT CCTC 

M-NLRP3 CCT CTT TGG CCT TGT AAA 
CCAG 

TGG CTT TCA CTT CAA TCC ACT 

IL-6 GAC TTC CAT CCA GTT GCC TT ATG TGT AAT TAA GCC TCC GACT 

TNF-α AGC ACA GAA AGC ATG ATC CG CAC CCC GAA GTT CAG TAG ACA 

IL-4 ATG TAC CAG GAG CCA TAT CCA 
CGG 

TCC CTT CTC CTG TGA CCT CGTT 

H-GAPDH ACA GCC TCA AGA TCA TCA GC GGT CAT GAG TCC TTC CAC GAT 

M-GAPDH GCG ACT TCA ACA GCA ACT 
CCC 

CAC CCT GTT GCT GTA GCC GTA 
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normal, with little infiltration of inflammatory cells in 
the pulmonary interstitium and few light blue fibers. The 
lung structure of patients with PF was damaged, with sig-
nificant thickening of the alveolar wall and infiltration of 
inflammatory cells, and a large number of blue collagen 
deposition in the extracellular matrix (Figure S1A). The 
staining results indicated that patients with PF exhibited 
obvious inflammation and fibrosis in lung tissues. Fur-
thermore, the extracellular matrix proteins collagen I, 
collagen III, α-SMA, and fibronectin were significantly 
deposited in the model group compared with the con-
trol group (Figure S1B-S1D). Subsequently, we sought to 
determine whether the progression of PF is associated 
with the production of DsbA-L. The mRNA expression 
of DsbA-L and NLRP3 in patients with PF was markedly 
higher than in in non-PF patients (Fig. 1B). Furthermore, 
the protein abundance of DsbA-L and NLRP3, as well 
as the ratio of p-AKT1/AKT1, were elevated in patients 

with PF (Fig.  1C). IHC staining further confirmed the 
increased activities of DsbA-L, NLRP3, and AKT1 in 
patients with PF (Fig. 1D, E). Therefore, it can be hypoth-
esized that DsbA-L is involved in the development of PF.

DsbA‑L promotes the development of PF 
through the TGF‑β1 pathway
Alveolar epithelial cell damage is a key initiation factor 
of PF (Zhang et al. 2024a). Extensive loss of alveolar type 
II epithelial cells activates fibroblasts in vivo and induces 
fibrosis (Cohen, et  al. 2024). TGF-β1 is a well-docu-
mented profibrogenic cytokine in the progression of IPF 
(Wei et al. 2019). MLE-12 belongs to the alveolar type II 
epithelial cell line, which can mimic PF-like phenotypes 
after exposure to TGF-β1 (Liu et  al. 2021). The investi-
gation into DsbA-L expression at various time points 
and concentrations induced by TGF-β1 in MLE-12 cells 
revealed the most notable upregulation of DsbA-L at 

Fig. 1 Analysis of histopathological changes in clinical samples with PF. A Results from the GEO interstitial lung disease database. B Quantitative 
real-time PCR was used to detect the mRNA levels of DsbA-L and NLRP3. C The protein levels of DsbA-L, p-AKT1, AKT1, and NLRP3 were measured 
by western blot. D Expression levels of DsbA-L were assessed by IHC staining. E Expression levels of NLRP3, p-AKT1, and AKT1 were assessed by IHC 
staining. *P < 0.05
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a concentration of 10 ng/mL following 48 h of TGF-β1 
treatment (Figure S2A and S2B). Therefore, subsequent 
treatment with 10 ng/mL TGF-β1 for 48 h was selected 
for MLE-12 cells.

To further elucidate the potential mechanism of 
DsbA-L in the development of PF, the oe-DsbA-L and 
sh-DsbA-L vectors were successfully expressed in MLE-
12 cells. This indicated that transfection with oe-DsbA-L 
promoted the expression of DsbA-L, while transfection 
with sh-DsbA-L inhibited its expression (Fig.  2A, B). 
As shown in Fig. 2C, the apoptosis rate of MLE-12 cells 
was significantly increased after TGF-β1 treatment. In 
contrast, the TGF-β1 + oe-DsbA-L group exhibited a 
higher proportion of apoptosis cells than the TGF-β1 

and TGF-β1 + oe-NC groups. However, DsbA-L silenc-
ing resulted in a reduced apoptosis rate, suggesting that 
DsbA-L may exacerbate TGF-β1-induced cell apopto-
sis. ICC staining and western blot showed that TGF-
β1 induced the accumulation of type I and III collagen, 
α-SMA, and DsbA-L. The increase was amplified by 
oe-DsbA-L and restricted by sh-DsbA-L (Fig. 2D, E). Our 
data indicated that DsbA-L positively regulated TGF-
β1-mediated expression of type I and III collagen and 
α-SMA.

EMT is a significant contributor to tissue fibrosis. Its 
cytological mechanism primarily involves a reduction 
in the content of epithelial properties-related proteins, 
such as E-cadherin, and an increase in the expression 

Fig. 2 DsbA-L exacerbated the development of PF by activating the TGF-β1 signaling pathway in vitro. A The mRNA levels of DsbA-L in MLE-12 
cells were detected by quantitative real-time PCR. B Western blot analysis of DsbA-L. C TUNEL-positive cells were counted to assess the degree 
of apoptosis. D Expression of collagen I, collagen III, α-SMA, and DsbA-L based on IHC staining. E Western blot analysis of collagen I, collagen 
III, fibronectin, vimentin, and E-cadherin. F Fluorescence in MLE-12 cells with JC-1 was measured by flow cytometry. G Transmission electron 
microscopy (TEM) images of MLE-12 cells with different treatments. Red arrows indicate damaged mitochondria. Scare bar = 500 nm. H MLE-12 cells 
were transfected with sh-NC or sh-DsbA-L with or without TGF-β1 exposure, followed by co-culture with mouse lung fibroblasts (LFs). Western blot 
analysis of collagen I, collagen III, α-SMA, and fibronectin. *P < 0.05
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Fig. 2 continued
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of mesenchymal properties-related proteins, includ-
ing fibronectin and vimentin (Shu et al. 2019; Sisto et al. 
2021). TGF-β1 upregulated fibronectin and vimentin 
and downregulated E-cadherin. The changes in marker 
abundance were more pronounced after transfection 
with oe-DsbA-L, with expression decreasing in the TGF-
β1 + sh-DsbA-L group (Fig.  2E), indicating that DsbA-
L amplified the trend of TGF-β1-mediated changes in 
EMT marker levels. DsbA-L is a mitochondrial-local-
ized chaperone, and impaired mitochondrial function 
has been linked to the development of IPF (Bueno et al. 
2020). Therefore, we proceeded to analyze the mitochon-
drial membrane potential difference and mitochondrial 
structure. In comparison to the control group, the mito-
chondrial membrane potential (MMP) difference, which 
can be utilized for the measurement of mitochondrial 
viability and function, was found to be more pronounced 
in cells treated with TGF-β1. Furthermore, the TGF-β1-
induced elevation in MMP difference was increased by 
oe-DsbA-L and decreased by sh-DsbA-L (Fig. 2F). TEM 
enables intuitive judgment of mitochondrial morphol-
ogy, which indicates mitochondrial functional damage 
and pulmonary fibrosis (Zhang et al. 2024b). The images 
revealed that TGF-β1 treatment resulted in smaller mito-
chondria, increased membrane density, and decreased 
number of cristae. Mitochondrial function was exacer-
bated by oe-DsbA-L and partially restored with sh-DsbA-
L (Fig. 2G). Moreover, we established a co-culture system 
to explore the mechanism by which alveolar epithelial 
cells drive PF. The expression of α-SMA, fibronectin, 
collagen I, and collagen III was increased in MLE-12(sh-
NC + TGF-β1)-CM/LF compared with MLE-12(sh-
NC)-CM/LF. However, the supernatant of MLE-12 cells 
transfected with sh-DsbA-L reversed the expression of 
ECM proteins (Fig.  2H). These findings suggested that 
DsbA-L silencing in alveolar epithelial cells contributed 
to the alleviation of TGF-β1-induced ECM deposition in 
mouse lung fibroblasts.

DsbA‑L affects the positive feedback loop of the TGF‑β1/
SMAD3 pathway by promoting the expression of AKT1 
and NLRP3
It has been demonstrated that AKT1 and NLRP3 are 
involved in the TGF-β1 pathway, which in turn is known 
to promote PF (Tian et  al. 2017; Larson-Casey et  al. 
2016). We postulated that the effects of DsbA-L on PF 
may be mediated by AKT1 and NLRP3. The activities of 
AKT1 and NLRP3 were significantly induced by TGF-β1 
in MLE-12 cells. This induction was markedly amplified 
by oe-DsbA-L and reversed by sh-DsbA-L (Fig. 3A, B). To 
gain further insight into the roles of AKT1 and NLRP3 in 
TGF-β1-induced PF, we treated MLE-12 cells with ago-
nists of AKT1 and NLRP3 (Fig.  3C). In comparison to 

the TGF-β1 + sh-DsbA-L group, the ratio of p-SMAD3/
SMAD3 and the abundance of TGF-β1 were found to be 
higher in the TGF-β1 + sh-DsbA-L + AKT1 agonist and 
TGF-β1 + sh-DsbA-L + NLRP3 agonist groups (Fig.  3D, 
E). These findings indicated that DsbA-L facilitated the 
accumulation of AKT1 and NLRP3, thereby activating 
the positive feedback loop of the TGF-β1/SMAD3 path-
way and affecting the progression of PF.

MLE‑12 cell co‑culture induces M2 macrophage 
polarization in RAW264.7 cells by AKT1 and NLRP3
Macrophage M2 polarization is regarded as a pivotal 
pathological phenotype in the pathogenesis of PF (Wang 
et al. 2020). The mouse macrophage cell line RAW264.7 
cells were co-cultured with TGF-β1-exposed MLE-
12 cells without or with prior plasmid transfection. In 
comparison to the RAW264.7 + MLE-12 + TGF-β1 and 
RAW264.7 + MLE-12 + TGF-β1 + sh-NC groups, the M2 
macrophage marker  CD68+/CD206+ ratio exhibited a 
decline in cells following the silencing of DsbA-L. More-
over, the administration of AKT1 agonist or NLRP3 ago-
nist led to a significant increase in the  CD68+/CD206+ 
ratio in comparison to the RAW264.7 + MLE-12 + TGF-
β1 + sh-DsbA-L group (Fig. 4A, B). Furthermore, the con-
tent of TGF-β1 was found to be negatively regulated by 
DsbA-L in the co-culture system. However, the admin-
istration of AKT1 agonist and NLRP3 agonist reversed 
the DsbA-L-induced change in the TGF-β1 levels 
(Fig.  4C). compared to the RAW264.7 + MLE-12 + TGF-
β1 and RAW264.7 + MLE-12 + TGF-β1 + oe-NC groups, 
the  CD68+/CD206+ ratio in cells after DsbA-L over-
expression exhibited elevated trends. The increase in 
 CD68+/CD206+ was further amplified by the adminis-
tration of AKT1 agonist or NLRP3 agonist compared 
to the RAW264.7 + MLE-12 + TGF-β1 + oe-DsbA-L 
group (Fig.  4D, E). Additionally, oe-DsbA-L stimu-
lated an increase in TGF-β1 levels compared to the 
RAW264.7 + MLE-12 + TGF-β1 + oe-NC group, and fur-
ther administration of AKT1 agonist and NLRP3 agonist 
induced this trend (Fig.  4F). Collectively, these findings 
indicated that DsbA-L contributed to M2 macrophage 
polarization, which was mediated by AKT1 and NLRP3.

Establishment of DsbA‑L knockout mice
To elucidate the role of DsbA-L in the lung, a mouse 
model was established comprising SftpcCreERT2; 
DsbA-L-KO mice. Further details regarding the breed-
ing process are provided in Figure S3A. The floxed 
DsbA-L allele in male mice (DsbA-Lflox/flox XY) was 
crossed with female  SftpcCreERT2+/+ transgenic mice 
 (SftpcCreERT2+/+; DsbA-L+/+ XX). Subsequently, het-
erozygous female offspring  (SftpcCreERT2±; DsbA-Lflox/+ 
XX) were mated with  SftpcCreERT2±; DsbA-Lflox/flox XY 
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Fig. 3 DsbA-L stimulated the TGF-β1/SMAD3 pathway by upregulating AKT1 and NLRP3 expression. A The effects of DsbA-L on NLRP3 mRNA 
were measured using quantitative real-time PCR. B Western blot analysis of NLRP3, p-AKT, and AKT. C The activity of AKT1 and NLRP3 in MLE-12 
cells was detected by quantitative real-time PCR. Relative protein abundance of SMAD3, p-SMAD3, and TGF-β1 was exhibited in MLE-12 cells 
after treatment with AKT1 agonist (D) or NLRP3 agonist (E). *P < 0.05

Fig. 4 MLE-12 cell co-culture affects M2 macrophage polarization in RAW264.7 cells by AKT1 and NLRP3. The co-culture system of RAW264.7 
and MLE-12 cells transfected with sh-NC or sh-DsbA-L was established, followed by exposure to the AKT1 agonist SC79 or the NLRP3 agonist 
nigericin. A, B Flow cytometry identification of the M2 macrophage marker  CD68+/CD206+. C ELISA was used to measure the expression levels 
of TGF-β1. The co-culture system of RAW264.7 and MLE-12 cells transfected with oe-NC or oe-DsbA-L was established, followed by exposure 
to SC79 or nigericin. D, E Flow cytometry identification of the M2 macrophage marker  CD68+/CD206+. F ELISA was used to measure the expression 
levels of TGF-β1. *P < 0.05

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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males to generate littermate mice. Alternatively, hete-
rozygous female offspring  (SftpcCreERT2±; DsbA-Lflox/+ 
XX) were crossed with heterozygous male offspring 
 (SftpcCreERT2±; DsbA-Lflox/+ XY) to produce littermate 
mice. The genotypes included  SftpcCreERT2−/−; DsbA-L-
WT,  SftpcCreERT2+/+; DsbA-L-KO and  SftpcCreERT2±; 
DsbA-L-KO. PCR assays confirmed the genotypes, each 
mouse underwent four sets of PCR. The characteris-
tics of the genotype SftpcCreERT2; DsbA-L-KO mice 
include amplification of the 1040 bp DNA fragment of 
the floxed allele, defective amplification of the 915 bp 
DNA fragment of the wild-type allele, amplification of 
the Cre gene of the 210 bp DNA fragment, and amplifi-
cation of the 327 bp DNA fragment of the Cre wild-type 
allele (Figure S3B). In the absence of tamoxifen induc-
tion, DsbA-L expression was not significantly different 
in C57BL/6 mice,  SftpcCreERT2−/−; DsbA-L-WT mice, 
 SftpcCreERT2±; DsbA-L-KO, and  SftpcCreERT2+/+; 
DsbA-L-KO mice (Figure S3C and S3D). However, after 
intraperitoneal injection of tamoxifen (50 mg/kg) for 7 
days, DsbA-L expression was reduced in  SftpcCreERT2±; 
DsbA-L-KO and  SftpcCreERT2+/+; DsbA-L-KO mice 
(Figure S3E and S3F).

DsbA‑L accelerates the progression of BLM‑induced PF 
in vivo
In the BLM-induced mouse model of PF, lung inflam-
mation and fibrosis were observed to worsen with pro-
longed intervention (Figure S4A and S4B). In addition, 
the expression of DsbA-L and fibrotic markers in BLM-
intervened mice showed a time-dependent increase (Fig-
ure S4C and S4D). Therefore, BLM was injected into the 
trachea of mice and the animals were sacrificed on day 
21.

Compared with the WT mouse, BLM induced a sig-
nificant increase in the expression levels of DsbA-L 
(Fig.  5A, B), suggesting that the development of PF in 
mice was accompanied by an increase in DsbA-L lev-
els. According to HE and Masson staining, the lung 
structure of mice in the model group showed severe 
damage and massive deposition of ECM, and DsbA-
L knockout alleviated inflammation and pulmonary 
fibrosis in BLM-induced PF-like mice (Fig.  5C). The 
levels of hydroxyproline were elevated in BLM-induced 

PF-like mice, whereas DsbA-L knockout reversed this 
trend (Fig.  5D). Furthermore, the expression levels of 
α-SMA, fibronectin, collagen I, and collagen III were 
significantly increased in the lung tissues of PF-like 
mice, which were significantly suppressed after DsbA-L 
knockout (Fig.  5E). IHC staining indicated that DsbA-
L knockout inhibited the accumulation of α-SMA, 
fibronectin, collagen I, and collagen III in PF-like mice 
(Fig.  5F). TUNEL analysis showed that BLM induced 
apoptosis, while DsbA-L knockout inhibited apoptosis 
in mouse lung tissue (Fig.  5G). Furthermore, the high 
mRNA levels of the inflammatory factors IL-4, IL-6, 
and TNF-α induced by BLM were reversed after DsbA-
L knockout (Fig. 5H). These results demonstrated that 
DsbA-L had an important role in promoting the pro-
gression of PF in vivo.

DsbA‑L regulates the TGF‑β1/SMAD3 pathway and M2 
macrophage polarization in vivo
To determine whether DsbA-L is involved in the AKT1- 
and NLRP3-activated signaling cascade in  vivo, we 
examined the levels of AKT1 and NLRP3 in mouse lung 
tissue. BLM-induced expression of AKT1 and NLRP3 
in the mouse lung tissue was decreased in the DsbA-
L-KO + Model group compared with the WT + Model 
group (Fig.  6A), indicating that DsbA-L positively 
regulated the abundance of AKT1 and NLRP3 in vivo, 
which was consistent with the cellular experiments. 
DsbA-L knockout significantly decreased the BLM-
stimulated ratio of  CD68+/CD206+ (Fig.  6B), suggest-
ing that DsbA-L played a critical role in the functional 
status of BLM-activated M2 macrophages. The ratio 
of p-SMAD3/SMAD3 and the expression of TGF-β1 
were enhanced by BLM treatment, and this trend was 
inhibited by DsbA-L knockout in mouse lung tissue 
(Fig. 6C). In addition, the levels of p-SMAD3, TGF-β1, 
NLRP3, and p-AKT1 were elevated in the WT + Model 
group, whereas DsbA-L knockout reversed these trends 
(Fig.  6D). Taken together, the in  vivo evidence sup-
ported that DsbA-L exacerbated the development of 
BLM-induced PF in mice by promoting the expression 
of AKT1 and NLRP3, which in turn activated the TGF-
β1/SMAD3 pathway and M2 macrophage polarization.

(See figure on next page.)
Fig. 5 DsbA-L negatively regulates inflammation and fibrosis in BLM-induced mice. The mRNA and protein levels of DsbA-L in lung tissues were 
determined by A quantitative real-time PCR and B western blot. C Hematoxylin–eosin and Masson staining was performed to observe the structure 
and inflammation in mouse lung tissues. D Hydroxyproline levels. The levels of α-SMA and fibronectin in lung tissues were detected by E western 
blot and F immunohistochemistry. G Apoptosis was detected by TUNEL assay. H Quantitative real-time PCR was used to measure the levels 
of inflammatory factors IL-4, IL-6, and TNF-α in lung tissues. *P < 0.05
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Fig. 5 (See legend on previous page.)
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Discussion
PF leads to an irreversible decline in lung function and 
ultimately respiratory failure (Spagnolo et  al. 2014). 
Therefore, there is an urgent need to find effective and 
safe therapeutic drugs. In the present report, we first con-
firmed that both patients with PF and BLM-induced PF-
like models had higher DsbA-L expression than controls. 
Based on this observation, we then investigated the func-
tion of DsbA-L in the progression of PF. We reported that 
loss of DsbA-L attenuated the accumulation of AKT1 and 
NLRP3 to inhibit the TGF-β1/SMAD3 signaling and M2 
macrophage polarization, which in turn protected mice 
from BLM-induced PF. These findings mechanistically 
explain that DsbA-L may be a promising target for the 
treatment of PF.

DsbA-L has been found to be widely involved in 
inflammation, insulin resistance, renal tubular dam-
age, and adiponectin multimerization (Bai et  al. 2017; 

Yang et  al. 2019; Zhou et  al. 2020; Oniki et  al. 2020a). 
However, reports on the role of DsbA-L in tissue fibro-
sis remain scarce. Recently, studies have shown that 
DsbA-L contributes to the progression of renal fibrosis. 
The expression of DsbA-L was significantly increased in 
renal fibrosis patients and models, and loss of DsbA-L 
ameliorated renal fibrosis and tubular apoptosis (Li et al. 
2020). In the present study, we reported that DsbA-L, as 
a distinct target, may contribute to the pathogenesis of 
PF. Experimental data showed that the high expression of 
DsbA-L was strongly stimulated in patients with PF and 
PF-like models. The development of PF is manifested by 
impaired crosstalk between epithelial cells, the ECM, and 
nearby mesenchymal and inflammatory cells (Hewlett 
et  al. 2018). We then confirmed that DsbA-L promoted 
the accumulation of extracellular matrix markers col-
lagen I and III and mesenchymal markers α-SMA and 
fibronectin, and accelerated lung epithelial cell apoptosis 

Fig. 6 DsbA-L activates AKT1 and NLRP3 through the TGF-β1/SMAD3 pathway and M2 macrophage polarization in vivo. A Western blot analysis 
for p-AKT1, AKT1, and NLRP3. B Flow cytometry was used to detect mitochondrial membrane potential with JC-1 staining. C Western blot analysis 
of p-SMAD3, SMAD3, and NLRP3. D IHC staining of p-SMAD, SMAD3, TGF-β1, NLRP3, p-AKT1, and AKT1. *P < 0.05
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and inflammatory responses. Taken together, these data 
support a role for DsbA-L in mediating PF.

In the lesion process of PF, the profibrotic mediator 
TGF-β1 accelerates downstream gene transcription to 
promote collagen and fibronectin production, thereby 
increasing the deposition of ECM (Inui et al. 2021). TGF-
β1 activates the classical SMAD-dependent signaling cas-
cade, and the phosphorylated SMAD protein transduces 
the signal downstream to regulate the transcription of 
target genes (Tzavlaki and Moustakas 2020). We further 
confirmed that DsbA-L exacerbated the pathological phe-
notype of PF through TGF-β1/SMAD3 signaling. DsbA-L 
contributed to the expression of TGF-β1 and p-SMAD3, 
which is consistent with previous reports (Yang et  al. 
2020b; Tong et al. 2021). TGF-β1-mediated extracellular 
matrix deposition and lung epithelial cell apoptosis were 
accelerated by DsbA-L production. We also found that 
TGF-β1 induced DsbA-L upregulation. Lu et al. showed 
that MBNL2 overexpression caused increased expression 
of MBNL2 and TGF-β1 in cardiac fibroblasts, and further 
application of a TGF-β1 receptor inhibitor (SB431542) 
reduced MBNL2 and TGF-β1 expression (Lu, et al. 2024). 
Li et  al. proposed that TGF-β1 expression in LX-2 cells 
was limited after the knockdown of EXO1, and supple-
mentation of TGF-β1 upregulated EXO1 expression in 
LX-2 cells (Li et al. 2023). These may suggest that DsbA-
L affects pulmonary fibrosis by regulating the positive 
feedback loop of the TGF-β1/SMAD3 pathway. Previous 
studies have suggested that inhibition of M2 macrophage 
polarization is beneficial to protect against BLM-induced 
PF in mice (Gharib et  al. 2014). The production and 
maintenance of TGF-β1 is also dependent on the fibrotic 
microenvironment generated by M2 macrophages (Yu 
et al. 2017). As a result, the enhanced macrophage infil-
tration by DsbA-L may be one of the reasons for the 
increased accumulation of TGF-β1 in BLM-induced 
mice. In addition, IL-4 is a potent inducer of M2 mac-
rophages (Zhu et  al. 2017). We reported that DsbA-L 
knockout caused a reduction in IL-4 levels, which in turn 
inhibited M2 macrophage polarization. Taken together, 
these results suggested that DsbA-L activated TGF-β1/
SMAD3 signaling and increased the levels of TGF-β1 
and IL-4 to induce M2 macrophage polarization and ulti-
mately mediate the progression of PF.

AKT is a major regulator of cell survival and is also 
involved in the proliferation and activation of myofibro-
blasts in the lungs (Wang et al. 2020). Studies have shown 
that AKT attenuates the development of PF by nega-
tively regulating macrophage apoptosis and the release 
of profibrotic cytokines (Nie et  al. 2019; Larson-Casey 
et  al. 2016). The progression of PF is accompanied by 
an inflammatory response that relies on the activation 
of innate immune receptors, such as inflammasomes 

(Zhang et al. 2021). The NLRP3 inflammasome contrib-
utes to the conversion to EMT and accelerates fibrosis 
formation (Lv et al. 2018). It has been shown that NLRP3 
induces increased secretion of IL-4 and leads to polari-
zation of macrophages towards M2 macrophages (Liu 
et  al. 2018). In the present study, we found that AKT1 
and NLRP3 induced the accumulation of TGF-β1, which 
is consistent with previous reports (Jiang et  al. 2021; 
Vaz de Paula et  al. 2021). DsbA-L significantly induced 
the activation of AKT1 and NLRP3 in PF-like models. 
The AKT1 agonist and the NLRP3 agonist reversed the 
inhibitory effect of DsbA-L silencing on the TGF-β1/
SMAD3 pathway and M2 macrophage polarization in 
co-cultured cells. They also exacerbated the effects of 
DsbA-L overexpression on co-cultured cells. These data 
indicated that DsbA-L contributed to the promotion of 
TGF-β1/SMAD3 signaling and macrophage M2 polariza-
tion through the activation of AKT1 and NLRP3, thereby 
accelerating the development of PF.

However, our study has limitations. DsbA-L, a poten-
tial antioxidant stress agent, plays an important role 
in the regulation of respiratory function in the elderly 
(Oniki et al. 2020b). Oxidative stress leads to the produc-
tion of reactive oxygen species, which activates NLRP3 to 
be involved in the pathogenesis of PF (Min et al. 2022). 
Therefore, it will be of great interest in future studies 
to elucidate the potential role of DsbA-L in inflamma-
tion and oxidative stress-induced PF. More examination 
data are needed to support the lung function of DsbA-L 
knockout mice. The delicate role of DsbA-L in fibroblasts, 
macrophages, and other lung cells in PF will be explored 
in future studies. In addition, DsbA-L rs1917760 poly-
morphism may affect the progression of PF (Oniki et al. 
2020b). The impact of DsbA-L gene polymorphism on 
gene expression and activity in the lung will be explored 
in future studies. More evidence is needed to support 
the role of AKT and NLRP3 in DsbA-L-mediated PF 
progression.

In conclusion, our study reports a novel target of 
DsbA-L and demonstrates that DsbA-L could exacerbate 
BLM-induced PF through the regulation of TGF-β1 and/
SMAD3 signaling and macrophage polarization, provid-
ing clues for exploring potential drugs for the treatment 
of PF.
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