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Bone morphogenetic protein 4 ameliorates bleomycin-induced
pulmonary fibrosis in mice by repressing NLRP3 inflammasome
activation and epithelial-mesenchymal transition
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Background: Idiopathic pulmonary fibrosis (IPF) is a progressive and deadly lung disease with limited
therapeutic options. Bone morphogenetic protein 4 (BMP4), a multifunctional growth factor that belongs
to the transforming growth factor-f superfamily, is able to relieve pulmonary fibrosis in mice; nevertheless,
the potential mechanism of action remains largely unknown. Growing evidence supports the notion that
reiterant damage to the alveolar epithelial cells (AECs) is usually the “prime mover” for pulmonary fibrosis.
Here, we examined the effect and mechanisms of BMP4 on bleomycin (BLM)-induced activation of NLR
family pyrin domain containing 3 (NLRP3) inflammasome and epithelial-mesenchymal transition (EMT)
in vivo and in vitro.

Methods: The in vivo impact of BMP4 was investigated in a BLM mouse model. Histopathologic
changes were analyzed by hematoxylin-eosin (H&E) and Masson’s trichrome staining. The NLRP3
inflammasome activation was determined by quantitative real time polymerase chain reaction (QRT-PCR)
and immunofluorescence staining. Biomarkers of EMT were measured by qRT-PCR, Western blot and
immunofluorescence staining. The iz vitro impact of BMP4 on BLM-induced NLRP3 inflammasome
activation and EMT was explored in A549 AECs. We also evaluated whether BMP4 inhibited BLM-activated
ERK1/2 signaling to address the possible molecular mechanisms.

Results: BMP4 was significantly downregulated in the mouse lungs from BLM-induced pulmonary
fibrosis. BMP4"~ mice presented with more severe lung fibrosis in response to BLM, and accelerated NLRP3
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inflammasome activation and EMT process compared with that in BMP4"" mice. Whereas overexpression
of BMP4 by injecting adeno-associated virus (AAV) 9 into mice attenuated BLM-induced fibrotic changes,
NLRP3 inflammasome activation, and EMT in the mouse lungs, thus exerting protective efficacy against
lung fibrosis. In vitro, BMIP4 significantly reduced BLM-induced activation of NLRP3 inflammasome and
EMT in human alveolar epithelial A549 cells. Mechanically, BMP4 repressed BLM-induced activation of
ERK1/2 signaling in vivo and in vitro, suggesting that ERK1/2 inactivation contributes to BMP4-induced
effects on BLM-induced activation of NLRP3 inflammasome and EMT.

Conclusions: Our findings suggest that BMP4 can suppress NLRP3 inflammasome activation and EMT
in AECs via inhibition of ERK1/2 signaling pathway, thus has a potential for the treatment of pulmonary
fibrosis.

Keywords: Bone morphogenetic protein 4 (BMP4); pulmonary fibrosis; bleomycin (BLM); NLR family pyrin

domain containing 3 inflammasome (NLRP3 inflammasome); epithelial-mesenchymal transition (EMT)
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Introduction

Idiopathic pulmonary fibrosis (IPF), the most common
type of idiopathic interstitial pneumonia, is usually a
chronic, progressive, and fatal disease of unknown cause (1).
Bleomycin (BLM), an antineoplastic drug widely used
in cancer treatment, can cause pulmonary fibrosis and
lead to respiratory failure. Intratracheal administration of
BLM into mouse lungs also causes morphologic alteration
in the pulmonary alveolar epithelium, which includes a
loss of epithelial cells, an accumulation of extracellular
matrix (ECM), and fibrosis (2). Increasing studies have
shown that alveolar epithelial cells (AECs) contribute
to the development of pulmonary fibrosis via epithelial-
mesenchymal transition (EMT) induced phenotype
transition (3,4). During EMT process, there is a decrease
of intercellular adhesion and an incremental acquisition of
migratory and invasive phenotype in mesenchymal cells
with a production of ECM (4,5). Hence, identification of
the molecular mechanism of EMT and its modulation are
of interest as an underlying therapeutic target to attenuate
lung fibrosis (6,7).

The presence of chronic inflammation also contributes
to the development of IPF (8). It has been demonstrated
that the pulmonary response to these inflammatory injuries
is very important, as the lung must maintain its structural
integrity for gas exchange (9). Inflammasomes are known
as multiprotein complexes that play critical roles in innate
immunity (10). The best characterized inflammasome
is the NLR family pyrin domain containing 3 (NLRP3)
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inflammasome, consisting of NLRP3, apoptosis-associated
speck-like protein containing a caspase recruitment domain
(ASC), and the downstream molecule procaspase-1.
Once NLRP3 inflammasome is being activated, it can
promote the maturation of caspase-1 to secrete a mass of
proinflammatory cytokines, such as IL-18 and IL-1p (11).
Increasing evidence indicates that NLRP3 inflammasome
is activated in IPF patients, as well as in asbestos-, silica-,
PM2.5- and BLM-induced pulmonary fibrosis (8,12-15).
NLRP3 inflammasome is also activated in AECs (for
example, A549, MLE-12 and RLE-6TN cells) exposed
to BLM (8,11). Interestingly, NLRP3 has also been
illustrated to be involved in the modulation of EMT
process in experimental lung fibrosis (11). Therefore, anti-
inflammatory therapy via regulating NLRP3 contributes
to the inhibition of EMT process and serves as a potential
treatment strategy of IPE.

Bone morphogenetic proteins (BMPs) are a huge
subgroup of ligands belonging to the transforming growth
factor (TGF)-P superfamily (16). The balance between
BMP and TGF-p signaling has significant meaning during
the course of lung development and regeneration (17).
BMP4, a member of the BMPs family, regulates multiple
physiological functions, for example, oxidative stress,
inflammation, proliferation, and differentiation of different
types of cells in the body (18-20). It has been reported that
BMP4 suppresses EMT in multiple cell lines including
lens epithelial cells and retinal pigment epithelium (RPE)
cells (17,21). BMP4 regulates browning of perivascular
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adipose tissue, reduces endothelial inflammation and
prevents atherosclerosis (22). Our previous research has
shown that BMP4 deficiency accelerates cellular senescence
and defective mitophagy of lung fibroblasts and promotes
lung fibrosis in mice (23). However, it remained uncertain
whether BMP4 directly affects BLM-induced activation
of NLRP3 inflaimmasome and EMT phenotype in AECs.
In the present study, we found BMP4 was strongly
downregulated in BLM-induced lung injury. BMP4
haploinsufficiency mice developed more grievous lung injury
and interstitial fibrosis, NLRP3 inflammasome activation,
and EMT after BLM. While mice treated with an adeno-
associated virus serotype 9 vector expressing BMP4 (AAV9-
BMP#4) exhibited the overexpression of BMP4 in the lung
and thus showed protective efficacy against lung fibrosis,
NLRP3 inflammasome activation, and EMT. Additionally,
BMP4 attenuated BLM-induced activation of NLRP3
inflammasome and EMT in alveolar A549 cells. Moreover,
we clarified that the protective role of BMP4 is related to
the inactivation of ERK1/2 signaling pathway. Collectively,
these data suggest that BMP4 alleviates BLM-induced
lung fibrosis by affecting NLRP3 inflammasome activation

Highlight box

Key findings

®  Our study confirms that in bleomycin-induced lung fibrosis, bone
morphogenetic protein 4 (BMP4) exerts its anti-fibrotic effects
by regulating NLR family pyrin domain containing 3 (NLRP3)
inflammasome activation and epithelial-mesenchymal transition
(EMT) process in alveolar epithelial cells (AECs) via ERK1/2
signaling pathway.

What is known and what is new?

e EMT contributes to the development of pulmonary fibrosis. In
addition, NLRP3 inflammasome is activated and participates in the
modulation of EMT in pulmonary fibrosis. BMP4 inhibits BLM-
induced cellular senescence and mitophagy deficiency in lung
fibroblasts.

*  We confirm that BMP4 inhibits pulmonary fibrosis by regulating
NLRP3 inflammasome activation and EMT process in AECs via
ERK1/2 signaling pathway.

What is the implication, and what should change now?

*  Our findings suggest that BMP4 can inhibit NLRP3 inflammasome
activation and EMT in AECs via ERK1/2 signaling, thus maybe
potentially used in the treatment of pulmonary fibrosis. This study
may provide a new option for the treatment of pulmonary fibrosis.
However, further exploration is needed to determine whether
BMP4 can be applied to the treatment of pulmonary fibrosis in

clinical practice.
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and EMT in AECs via ERK1/2 signaling pathway, thus
leading to a novel therapeutic approach to treat fibrotic
lung diseases. We present this article in accordance with
the ARRIVE reporting checklist (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-23-1947/rc).

Methods
Reagents and antibodies

BLM was purchased from Nippon Kayaku (Tokyo, Japan).
Anti-NLRP3, anti-ASC, anti-Caspase-1 and anti-SFTPC
antibodies were obtained from ABclonal Technology
(Wuhan, Hubei, China). Anti-E-cadherin, anti-vimentin,
anti-p-ERK1/2 and anti-ERK1/2 antibodies were obtained
from CST (Danvers, MA, USA). Anti-B-actin antibody, and
the horseradish peroxidase (HRP)-labeled second antibodies
were obtained from Abcam (Cambridge, MA, USA).

Animals and experiment design

BMP4"~ mice with C57BL/6] background were provided
by Jackson Laboratory (Bar Harbor, Maine, USA).
Since homozygous BMP4™" is lethal to the embryos,
heterozygous BMP4”~ mice were used to observe the
fibrotic response to BLM injury (19,23). These mice
were maintained in a specific pathogen-free room with
free access to food and water. The BMP4" or wide type
(WT) mice were randomly divided into control (CTL) or
BLM groups, respectively. To induce pulmonary damage,
BMP#" or WT mice (6-8 weeks old, weighing 20-25 g)
were anaesthetized with 1.2% Avertin solution (20 g/350 pL)
and then received an intratracheal injection of BLM
(2.0 mg/kg body weight) or equivalent saline as described
previously (23). On day 21 after the intratracheal drip of
BLM, lungs were harvested for the following analysis.
There were 6 mice per group for this experiment.

To further confirm the role of BMP4 in lung fibrosis,
separate batches of C57BL/6] mice (6-8 weeks old,
weighing 20-25 g) were purchased from Hunan SJA
Laboratory Animal Co., Ltd (Changsha, China) for the
following experiments. These mice were randomly divided
into Control, BLM+ AAV9-GFP and BLM+ AAV9-BMP4
groups. Mice were anesthetized by 1.2% Avertin solution
(20 g/350 pL) and BLM was injected intratracheally at a
concentration of 2.5 mg/kg or saline as controls as described
previously (23). These mice were then treated with BMP4-
expressing AAV9 viral (PackGene Biotech, Guangzhou,
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China) on day 10 after the intratracheal drip of BLM.
Identical doses of AAV9-GFP virus were used as controls.
There were 5-7 mice per group for this experiment.

For the animal experiments above, only the experimenter
knew the grouping. In addition, a protocol for animal
experiments was prepared before the study with registration
in the Animal Care and Use Committee of Guangzhou
Medical University. Animal experiments were performed
under a project license (No. 2021433) granted by the
Animal Care and Use Committee of Guangzhou Medical
University, in compliance with institutional guidelines for
the care and use of animals.

Histology analysis

Left lungs were fixed with 10% neutral formalin for 48 h,
dehydrated with gradient alcohol and embedded with
paraffin. These paraffin-embedded lung samples were
cut into 5 pm-thick lung sections, and then stained with
hematoxylin and eosin (H&E) or Masson’s trichrome
staining for morphological assessment. The histologic
sections were photographed using light microscopy
(Pannoramic SCAN, 3DHISTECH Ltd., Hungary). The
degree of pulmonary fibrosis was determined by semi-
quantitative analysis methods described by Ashcroft and
Simpson (24).

Cell culture

Human type II alveolar A549 cells were provided by Cell
Bank of the Chinese Academy of Sciences (Shanghai,
China), and cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Procell, Wuhan, China) containing
10% fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin
(Solarbio, Beijing, China) in a humidified incubator at
37 °C with 5% CO, humidified atmosphere. A549 cells were
stimulated with BLM (50 pg/mL) for 48 h in the presence
and absence of BMP4 in six- or twelve-well plates. Each cell
experiment was repeated three times.

Immunofluorescence staining

Tissue immunofluorescence staining was performed
with a multiplex fluorescence kit (AiFang Biological,
Changsha, China) using the tyramide signal amplification
(TSA) principle. Briefly, lung sections of 5 pm thickness
were deparaffinized, rehydrated, and antigen retrieval in

© Journal of Thoracic Disease. All rights reserved.

Xu et al. BMP4 inhibits lung fibrosis by reducing NLRP3 and EMT

citrate buffer antigen repair solution (pH 6.0, Servicebio,
Wuhan, China) with microwave oven. After washing
three times with phosphate buffer saline (PBS, Biosharp,
Beijing, China) containing 0.1% Tween-20 (Solarbio),
protein blocking was performed using 3% H,O, solution
(Biosharp) for 15 min and goat serum for 30 min before
every staining cycle. Primary antibodies against SFTPC
(SPC, 1:500 dilution), vimentin (1:500 dilution), Caspase-1
(1:500 dilution), ASC (1:500 dilution), and NLRP3
(1:500 dilution) were used to the lung sections respectively
for 12 h at 4 °C. Then HRP-labeled rabbit secondary
antibody was used to the lung sections for 30 min,
followed by incubation with TSA opal fluorophore for
10 min at room temperature. After washing three times
with PBST, the lung sections were counterstained with
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI, Beyotime Biotechnology, Shanghai, China).
The immunofluorescence images were captured with a
fluorescence microscope (DM6, Leica, Wetzlar, Germany).

Cellular immunofluorescence was performed as described
previously (25). Briefly, alveolar A549 cells were seeded
on sterile glass slides in a 12-well plate and incubated with
BLM (50 pg/mL) for 48 h in the presence and absence of
BMP4. These slides were subsequently washed with PBS for
three times, fixed in 4% paraformaldehyde for 10 min, and
blocked with 3% bovine serum albumin (BSA, Biosharp)
at room temperature for 1 h. These fixed A549 cells were
incubated overnight at 4 °C with corresponding primary
antibodies, followed by 1 h at room temperature with the
goat anti-rabbit Cy3 (red)-conjugated antibody secondary
antibody (1:400 dilution, Beyotime Biotechnology). After
washing three times with PBS, the nuclei were stained with
DAPI. Images were obtained with a fluorescent microscope
(DM6). Primary antibodies used were anti-NLRP3 (1:200
dilution), and anti-Caspase 1 (1:200 dilution).

Quantitative real-time polymerase chain reaction analysis
(qRT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen
Corporation, Carlsbad, CA, USA). cDNA was obtained by
reverse transcription using a Color Reverse Transcription
Kit (EZBioscience, Roseville, MN, USA). The mRNA
expression levels were analyzed by qRT-PCR with the above
cDNA using qPCR SYBR Green Master Mix (Yeasen,
Shanghai, China). Relative mRNA levels the of target genes
were examined by normalizing the values to 18s mRNA
levels. The primers for the real-time PCR are listed in Zable 1.
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Gene name Forward (5'-3") Reverse (5'-3')

BMP4 (m) TTGATACCTGAGACCGGGAAG ACATCTGTAGAAGTGTCGCCTC
COL1AT (m) CTGGCGGTTCAGGTCCAAT TTCCAGGCAATCCACGAGC-3
COL1A2 (m) AAGGGTGCTACTGGACTCCC TTGTTACCGGATTCTCCTTTGG
Snail (m) GGAGTTGACTACCGACCTTGC CTGGAAGGTGAACTCCACACAC
MMP2 (m) GCCCCCATGAAGCCTTGTTT ATAGCGGTCTCGGGACAGAA
MMP9 (m) TCACCATGAGTCCCTGGCA AGCGGTACAAGTATGCCTCTGC
MMP12 (m) TCTGCTGAAAGGAGTCTGCAC AGGTTTCTGCTGGGAACCTTCAG
NLRP3 (m) ATTACCCGCCCGAGAAAGG CATGAGTGTGGCTAGATCCAAG
ASC (m) GACAGTGCAACTGCGAGAAG CGACTCCAGATAGTAGCTGACAA
CASP1 (m) ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG
18s GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA

gRT-PCR, quantitative real time polymerase chain reaction.

Western blot

Western blot was performed as described previously. Briefly,
lung tissues or alveolar A549 cells were lysed in ice-cold
RIPA containing phosphatase inhibitor and then centrifuged
to gain the supernatants. Total protein concentration was
detected using a bicinchoninic acid (BCA) protein analysis
kit (Beyotime Biotechnology). Equal amounts of protein
(20 pg) were loaded into each lane onto 10% sodium
dodecyl sulfate-polyacrylamide (SDS)-polyacrylamide gels,
and subsequently transferred to poly-vinylidene fluoride
(PVDF) membranes (Millipore Corporation, Billerica, MA,
USA) and incubated overnight at 4 °C with the primary
antibodies against E-cadherin, vimentin, NLRP3, ASC,
Caspase-1, p-ERK1/2, ERK1/2, and B-actin. B-actin
was used as the internal control. On the following day,
these membranes were washed with tris-buffered saline
containing 0.1% Tween-20 (TBST) buffer and incubated
with HRP-labeled secondary antibodies for 1 h at room
temperature. After washing three times with TBST buffer,
the target bands were visualized using an ECL detection kit
(Tanon Science & Technology Co., Ltd., Shanghai, China)
using Tanon-5200 (Shanghai Tianneng Life Science Co,
Shanghai, China). The results were analyzed by Image J.

Data and statistical analysis

Data analysis was performed using GraphPad Prism 6.0 (San
Diego, CA, USA), and was expressed as means + standard
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error of mean (SEM). Student’s z-test (for two value sets)
or one-way analysis of variance (one-way ANOVA, for
multiple groups) was applied to investigate statistical
significance. A two-sided P value of <0.05 was considered to

be significantly different.

Results

Effects of BMP4 deficiency on BLM-induced pulmonary
fibrosis

BMP4 expression was significantly decreased in lungs of
C57BL/6 mice after BLM-induced injury compared with
uninjured controls (Figure 1A,1B). Also, as compared to
WT mice, BMP4"" mice showed a remarkably exaggerated
inflammatory and fibrotic responses to low doses of BLM
as demonstrated by enhanced H&E (Figure 1C,1D) and
Masson’s trichrome staining (Figure 1E,1F), and higher
mRNA levels for COL1AI and COL1A2 (Figure 1G,1H) in
the lungs after BLM. Increased ACTA2 mRNA (encoding
a-SMA) expression (Figure 1) was also found in the lungs
of BMP4" mice as compared to that in WT mice, implying
the increase of myofibroblasts. These data imply that BMP4

deficiency promotes pulmonary fibrogenesis in mice.

Effects of BMP4 overexpression on BLM-induced
pulmonary fibrosis

Encouraged by our findings, we therefore explored whether
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Figure 1 Effects of BMP4 deficiency on BLM-induced pulmonary fibrosis. BMP4 expression in the lungs of saline and BLM-treated mouse
(day 21) as assessed by qRT-PCR (A) and immunofluorescence (B). Data are presented as the mean + SEM, n=6. Scale bar, 100 pm. BMP4"
and BMP4"" mice were challenged with intratracheal BLM and analyzed after 21 days. Representative H&E (C) and Masson trichrome
staining (E) of lung tissues after BLM treatment. Original magnification, x200. (D,F) Histopathological grading of inflammation and fibrosis
were assessed. Data are presented as the mean = SEM, n=6. (G-I) QRT-PCR analysis of COL1A1, COL1A2, and ACTA2 mRNA levels in
lung homogenates of BLM-challenged BMP4"* and BMP4"" mice. Data are presented as the mean = SEM, n=4-5. *, P<0.05; **, P<0.01; ***,
P<0.001. BLM, bleomycin; H&E, hematoxylin-cosin; qRT-PCR, quantitative real time polymerase chain reaction; SEM, standard error of

mean.
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Figure 2 Effects of BMP4 overexpression on BLM-induced pulmonary fibrosis. Mice were intratracheally injected with BLM, and were
subsequently intratracheally injected with AAV9-BMP4 or AAV9-GFP on day 10. Representative H&E (A) and Masson trichrome staining
(C) of lung sections from AAV9-BMP4- or AAV9-GFP-treated mice. Original magnification, x200. (B,D) Histopathological grading of
inflammation and fibrosis were assessed. (E,F) qRT-PCR analysis of COL1A1, and COL1A2 mRNA levels in the lungs of AAV9-BMP4- or
AAV9-GFP-treated mice. Data are presented as the mean = SEM, n=5-7. **, P<0.01; ***, P<0.001. BLM, bleomycin; H&E, hematoxylin-

eosin; qRT-PCR, quantitative real time polymerase chain reaction; SEM, standard error of mean.

overexpression of BMP4 in the lung could attenuate the
BLM-induced lung fibrosis. The results showed that
overexpression of BMP4 using AAV9 virus significantly
attenuated BLM-induced pulmonary fibrosis as indicated
by H&E staining (Figure 2A4,2B), and Masson’s trichrome
staining (Figure 2C,2D). In line with the morphological
changes, mice overexpressing BMP4 showed a significant
reduction in COL1A1 and COL1A2 mRNA levels
(Figure 2E,2F).

© Journal of Thoracic Disease. All rights reserved.

Effects of BMP4 on BLM-induced activation of NLRP3

inflammasome in mice

A previous study has demonstrated that NLRP3
inflammasome activation promoted pulmonary fibrosis
in mice (8). Hence, we first explored the role of BMP4
deficiency in BLM-induced activation of NLRP3
inflammasome in the mouse lungs. As shown in Figure 34-3C,
the mRNA levels of NLRP3, ASC, and Caspase-1 were
significantly upregulated in BLM group, which were
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Figure 3 Effects of BMP4 on BLM-induced NLRP3 inflammasome activation in mice. (A-C) BMP4”* and BMP4” mice were challenged
with intratracheal BLM and analyzed after 21 days. gRT-PCR analysis of NLRP3, ASC, and Caspase-1 mRINA levels in the lungs of BLM-
challenged BMP4"* and BMP4”~ mice. Data are presented as the mean + SEM, n=4-5. Mice were intratracheally injected with BLM, and
were subsequently intratracheally injected with AAV9-BMP4 or AAV9-GFP on day 10. (D-F) qQRT-PCR analysis of NLRP3, ASC, and
Caspase-1 mRNA levels in the lungs of AAV9-BMP4- or AAV9-GFP-treated mice. Data are presented as the mean + SEM, n=5-7. (G-I)
Immunofluorescence analysis of NLRP3, ASC and Caspase-1 expressions in lung sections (nucleus, DAPI). Representative images of the

staining are shown. Scale bar, 25 pm. *, P<0.05; **, P<0.01; ***, P<0.001. BLM, bleomycin; qRT-PCR, quantitative real time polymerase

chain reaction; SEM, standard error of mean.

further enhanced by BMP4 haploinsufficiency, indicating
BMP4 haploinsufficiency enhanced BLM-induced NLRP3
inflammasome activation in mice. Next, we investigated
whether overexpression of BMP4 could inhibit BLM-
induced NLRP3 inflammasome activation in the lungs.
Likewise, the BLM-induced increased mRNA levels
of NLRP3, ASC and Caspase-1 were also significantly
attenuated by BMP4 overexpression (Figure 3D-3F). Further,
multiplex immunofluorescence assay showed that the BLM-
induced upregulation of NLRP3, ASC and Caspase-1
in the AECs (co-localizing with the AECs marker SPC)
was decreased by BMP4 overexpression (Figure 3G-3I).
These findings confirm that BMP4 repressed NLRP3
inflammasome activation in BLM-treated mice.

Effects of BMP4 on BLM-induced EMT in mice

EMT, which is mediated by NLRP3 inflammasome, is
a critical stage during the development of pulmonary
fibrosis (8). We therefore investigated whether BMP4
deficiency aggravated the lung fibrosis by increasing EMT.
Western blot assay showed that E-cadherin expression
was decreased, but vimentin expression was increased
(Figure 44,4B), suggesting BLM-induced EMT in the
mouse lungs. However, the BLM-induced downregulation

© Journal of Thoracic Disease. All rights reserved.

+/~ .
mice

of E-cadherin and upregulation of vimentin in BMP4
was dramatically increased, which implicates BMP4" mice
display increased EMT after BLM treatment (Figure 44,4B).

We then investigated whether overexpression of BMP4
attenuated BLM-induced EMT in mouse lungs. Western
blot analysis showed that AAV9-mediated overexpression
of BMP4 in this mouse model showed an obvious increase
of E-cadherin protein level, as well as a significant decrease
of vimentin level, in comparison with the BLM-stimulated
mice (Figure 4C,4D). This apparent EMT phenomenon
was also confirmed by the presence of SPC/vimentin
double positive cells, reflecting their epithelial origin and a
possible intermediate transitional stage of EMT (Figure 4E).
Impressively, the amount of epithelial-derived fibroblasts
and the protein expression levels of vimentin were both
decreased by BMP4 overexpression, indicating that BMP4
inhibited the BLM-induced EMT process in vivo (Figure 4E).
Since EMT can be driven by Snail transcription factor, we
also explored its expression after BMP4 overexpression.
We found that the BLM-induced elevation of Snail was
significantly decreased by BMP4 overexpression (Figure 4F).
Additionally, the BLM-induced upregulation of MMP2,
MMP9 and MMP12 (Figure 4G-41), proteolytic enzymes
that positively correlate with EMT, was also attenuated by
BMP4 overexpression. All these findings further support the
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Figure 4 Effects of BMP4 on BLM-induced EMT in mice. (A,B) BMP4"* and BMP4" mice were challenged with intratracheal BLM and
analyzed after 21 days. Western blot analysis of E-cadherin and vimentin in lung homogenates of BLM-challenged BMP4”* and BMP4""
mice. B-actin was used as a loading control. Data are presented as the mean + SEM, n=6. Mice were intratracheally injected with BLM,
and were subsequently intratracheally injected with AAV9-BMP4 or AAV9-GFP on day 10. (C,D) Western blot analysis of E-cadherin and
vimentin in lung homogenates of AAV9-BMP4- or AAV9-GFP-treated mice. Data are presented as the mean =+ SEM, n=4. (E) The levels of
SPC and vimentin were visualized using immunofluorescence staining in the lungs of AAV9-BMP4- or AAV9-GFP-treated mice. Scale bar,
25 pm. (F-I) qQRT-PCR analysis of Snail, MMP2, MMP9, and MMP12 mRNA Ilevels in the lungs of AAV9-BMP4- or AAV9-GFP-treated
mice. Data are presented as the mean + SEM, n=5-7. ns means not significant; *, P<0.05; **, P<0.01; ***, P<0.001. BLM, bleomycin; EMT,

epithelial-mesenchymal transition; QRT-PCR, quantitative real time polymerase chain reaction; SEM, standard error of mean.
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notion that BMP4 represses EMT in BLM-treated mice.

Effects of BMP4 on BLM-induced NLRP3 inflammasome
activation in alveolar A549 cells

Since AECs, especially type II AECs, are important players
in IPF (26), and NLRP3 is not only present but also
activated in AECs (11,27), we explored the impact of BMP4
on BLM-induced activation of NLRP3 inflammasome in
alveolar A549 cells. Immunofluorescence staining showed
that BLM stimulation increased the expression levels
of NLRP3 and Caspase-1 in type II AECs, which were
decreased by BMP4 treatment (Figure 5A). In addition,
as shown in Figure 5B,5C, BLM significantly elevated
the protein level of ASC, which was reduced by BMP4
treatment. These data suggested BMP4 suppresses BLM-
induced NLRP3 inflammasome activation in AECs in vitro.

© Journal of Thoracic Disease. All rights reserved.

Effects of BMP4 on BLM-induced EMT in alveolar A549

cells

We also investigated the impact of BMP4 on BLM-induced
the emergence of EMT in AECs in vitro. Likewise, BMP4
significantly suppressed BLM-induced EMT process in
alveolar A549 cells, as indicated by the protein expression
levels of EMT-related protein biomarkers (Figure 64,6B).

Effects of BMP4 on BLM-induced ERK1/2 signaling

activation in vivo and in vitro

We examined the activation status of ERK1/2 signaling in
the lungs of BLM-treated BMP4"”~ and WT mice in vivo
by performing Western blot of p-ERK1/2. Compared with
the control lungs, the level of p-ERK1/2 was obviously up-
regulated in BLM-induced mouse lungs, indicating the
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activation of ERK1/2 signaling in BLM mice. Nevertheless,
haploinsufficiency of BMP4 significantly enhanced the levels
of p-ERK1/2 (Figure 7A). Inversely, BMP4 overexpression
dramatically decreased the levels of p-ERK1/2 (Figure 7B).
Moreover, BMP4 also reduced BLM-induced upregulation
of p-ERK1/2 in alveolar A549 cells (Figure 7C). These
results suggest an inhibitory effect of BMP4 on BLM-

induced activation of ERK1/2 signaling iz vivo and in vitro.

Discussion

IPF is a refractory interstitial lung disease, characterized by
the aberrant accumulation of ECM composition after lung
injury, which eventually causes respiratory failure (28). It
is a major health problem affecting ~5 millions of people
worldwide and its incidence rate increases with age (29).
Currently, treatment of lung fibrosis is very limited and often
ineffective, due to the lack of comprehensive understanding
of the molecular mechanisms of lung fibrosis (30).
BLM is a chemotherapeutic agent widely used for
multiple cancers in clinic and its adverse drug reactions
in clinical and experimental application occur principally
in the lungs with grievous inflammatory and fibrotic
responses (31). Although experimental pulmonary fibrosis
in mice can recover in six weeks after the injury (32),
intratracheal instillation of BLM causes alveolar cell
destruction, inflammatory responses, EM'T and subsequent
ECM deposition, resembling human IPF (33). Our
previous research has shown that BMP4 deficiency
accelerates cellular senescence and defective mitophagy of

© Journal of Thoracic Disease. All rights reserved.

lung fibroblasts and promotes lung fibrosis in mice (23).
However, it remained uncertain whether BMP4 directly
affects the degree of BLM-induced activation of NLRP3
inflammasome and EMT in AECs. We illustrated that
BMP4 was markedly decreased in the lung of BLM-induced
murine pulmonary fibrosis. We illustrated substantially by
using histochemistry, and biochemical analysis, that genetic
deletion of BMP4 accelerated BLM-induced pulmonary
fibrosis, whereas AAV9-BMP4 ameliorated BLM-induced
pulmonary fibrosis in mice. BMP4 could efficiently inhibit
BLM-induced NLRP3 inflammasome activation and EM'T
process in vitro and in vivo via ERK1/2 signaling pathway,
which greatly deepened our knowledge of BMP4 in
pulmonary fibrosis.

IPF is characterized by excessive accumulation of ECM-
producing myofibroblasts in the lung that damages alveolar
architecture and impairs the gas exchange capacity of the
lung (34). Although the pathogenesis of IPF remains largely
ill-defined, AECs, especially type II AECs, have been
considered to function as adult stem cells in the lungs (11).
Growing evidence supports the notion that reiterant
damage to the AECs is usually the “prime mover” for
pulmonary fibrosis (26,35). Increasing evidence has shown
that NLRP3 is not only present in immune cells, fibroblasts,
but also found in AECs (27,36-38). NLRP3 inflammasome
activation has been shown to play an important role in many
respiratory diseases including IPF and the BLM model for
lung fibrosis by amplifying the pro-inflammatory response
cascade (7,8,11). For instance, NLRP3 inflammasomes
can activate caspase-1, leading to the maturation of IL-18

7 Thorac Dis 2024;16(8):4875-4891 | https://dx.doi.org/10.21037/jtd-23-1947
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Figure 7 Effects of BMP4 on BLM-induced ERK1/2 signaling activation iz vivo and in vitro. (A) BMP4"* and BMP4" mice were challenged
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challenged BMP#"* and BMP4"" mice. B-actin was used as a loading control. Data are presented as the mean = SEM, n=6. (B) Mice were
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of phosphorylated and total ERK1/2 in the lung homogenates of AAV9-BMP4- or AAV9-GFP-treated mice. B-actin was used as a loading
control. Data are presented as the mean + SEM, n=4. (C) Western blot analysis of phosphorylated and total ERK1/2 in total cell lysates of
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and IL-1pB and the subsequent induction of pyroptosis (8).
NLRP3 inflammasome activation has also been reported
to be involved in the regulation of EMT in BLM-induced
lung fibrosis, and neutralization of IL-18 could attenuate
the BLM-induced lung fibrosis by inhibiting EM'T (14,39).
Therefore, the inhibition of NLRP3 inflammasome

© Journal of Thoracic Disease. All rights reserved.

activation can attenuate pulmonary fibrosis. Here, we for
the first time reported that BMP4 reduced BLM-induced
pulmonary fibrosis via suppressing NLRP3 inflammasome
activation #n vivo and in vitro. Our results are in accordance
with previous studies showing that BMP4 was negatively
correlated with NLRP3 in white adipose tissue (40), and
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that BMP4 governs an anti-inflammatory program in
atherosclerosis and acute lung injury (19,22). Our results
support a role for NLRP3 inflaimmasome activation in
pulmonary fibrosis and show that BMP4 can inhibit
BLM-induced NLRP3 inflammasome activation, thereby
preventing the development of pulmonary fibrosis. Up till
now, we first report that BMP4 suppresses the activation of
NLRP3 inflammasome during pulmonary fibrosis.

After lung injury, the surviving AECs in the IPF
lungs show a alterations of cell phenotype via EMT
(41,42). Accumulating evidence suggests that EMT, a
phenotypic plasticity process which confers migratory and
invasive properties to epithelial cells, is not only a critical
driving factor for the fibrotic diseases, but also a primary
source of fibroblasts/myofibroblast in the development
of pulmonary fibrosis (28,43). Previous research has
shown that approximately 33% of myofibroblasts in
an experimental mouse model of lung fibrosis can
be traced to cells undergoing EMT. For instance,
immunohistochemistry staining of IPF lung tissues showed
an extended E-cadherin expression into the basal cells,
where N-cadherin and vimentin protein expression levels
were enhanced, implying that AECs were in the process
of cell phenotype transdifferentiation into mesenchymal
cells (42). Hence, EMT is identified as a fundamental
pathogenesis in fibrotic lungs. In the present study, we
found that the mouse lungs underwent EMT after BLM,
as demonstrated by phenotypic and biomarker changes,
which is in accordance with previous observations (7,8).
Whereas BMP4 significantly inhibited BLM-induced
EMT in the lungs, further indicating the anti-fibrotic role
of BMP4 in pulmonary fibrogenesis. This is in line with
previous findings that BMP4 represses EMT in proliferative
vitreoretinopathy, peritoneal fibrosis and kidney fibrosis
(21,44,45). Additionally, in recent years, more and more
studies have reported that, over and above the TGF-B1,
BLM can directly trigger EMT in both primary AECs and
alveolar epithelial A549 cell line (11). Consistently, our data
certified that BLM successfully induced EMT in alveolar
A549 cells, and BMP4 treatment significantly inhibited
BLM-induced EMT as demonstrated by the alteration of
EMT-related biomarkers. These results suggest that BMP4
ameliorates pulmonary fibrosis by inhibiting EMT.

As an important member of the TGF-f superfamily,
BMP4 can bind to its receptor to activate downstream
signaling pathways, for example, ERK1/2 signaling pathway,
which has been demonstrated to be able to induce NLRP3

© Journal of Thoracic Disease. All rights reserved.
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inflammasome activation and EMT in cells in response to
stress stimuli (46-48). Evidence implicates that ERK1/2
signaling pathway is involved in NLRP3 inflammasome
activation and EMT in pulmonary fibrosis (34,49). In this
study, we demonstrated that the protective effect of BMP4
in AECs is related to the inactivation of ERK1/2 signaling,
which is in line with a previous finding (21). These above
observations confirm that BMIP4 overexpression can restrain
the development of pulmonary fibrosis.

Conclusions

In conclusion, our study demonstrated that BMP4 reduces
BLM-induced NLRP3 inflammasome activation and EM'T
process in AECs and eventually attenuates lung fibrosis
by suppressing ERK1/2 signaling pathway. Therefore,
the findings give evidence of the therapeutic potential of
BMP4 gene therapy to effectively improve lung fibrosis in
human.
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