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Abstract

Acute lung injury (ALI) is the result of damage to the capillary endothelia and the alveolar epithelial cell caused by var-
ious direct and indirect factors, leading to significant pulmonary interstitial and alveolar edema and acute hypoxic
respiratory insufficiency. A subset of ALl cases progresses to irreversible pulmonary fibrosis, a condition with fatal
implications. Zafirlukast is a leukotriene receptor antagonist licensed for asthma prevention and long-term treatment.
This study demonstrated a significant improvement in lung tissue pathology and a reduction in inflammatory cell
infiltration in models of lipopolysaccharide (LPS)-induced ALl and bleomycin (BLM)-induced lung inflammation fol-
lowing zafirlukast administration, both in vivo and in vitro. Moreover, zafirlukast was found to suppress the inflamma-
tory response of alveolar epithelial cells in vitro and lung inflammation in vivo by reducing the activation of the TLR4/
NF-kB/NLRP3 inflammasome pathway. In conclusion, zafirlukast relieved lung injury and the infiltration of inflamma-
tory cells in the lung by regulating the TLR4/NF-kB/NLRP3 pathway.
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capillary endothelial cells [5, 6], diffuse pulmonary inter-
stitial and pulmonary edema, ultimately leading to acute
hypoxic respiratory insufficiency [7]. Furthermore,
acute lung injury can advance to acute respiratory dis-
tress syndrome. The pathogenesis of acute lung injury is
extremely complex and intricate, involving the dysregu-
lation of inflammatory response, aquaporin regulation,
coagulation and fibrinolysis system imbalance, apopto-
sis, pyroptosis, and various other factors [8]. It has been
reported in the literature that alveolar epithelial cells
have an important regulatory role in acute lung injury,
and the damaged alveolar epithelial cells is a crucial cause
of lung injury [9, 10]. During the stage of injury repair,
ATII cells (type II alveolar epithelial cells) have the capa-
bility to undergo trans-differentiation into ATI cells (type
I alveolar epithelial cells). which can compensate for the
loss of ATTI cells in the lung injury stage and is essential
for the reconstruction and maintenance of intact alveolar
epithelial structure and function [1].

Grid shading, local alveolar septal thickening, trac-
tion bronchiectasis, and inflammatory cell infiltration
are common signs of early pulmonary fibrosis progres-
sion [11, 12]. Pulmonary fibrosis is a severe lung con-
dition marked by the excessive growth of fibroblasts
and the buildup of a significant amount of extracellu-
lar matrix. The process is accompanied by inflamma-
tory damage and structural destruction [13], leading to
abnormal repair of damaged alveolar tissue and result-
ing in structural abnormalities [6]. The disease has a
considerable impact on respiratory function, caus-
ing symptoms like dry cough and gradual dyspnea. As
the disease and lung injury advance, patients undergo
a decline in respiratory function [14]. At present,
there are few drugs to treat pulmonary fibrosis, and
none of them can alleviate the progress of the lesion,
which is yet irreversible. Therefore, early intervention
on inflammatory reaction caused by early pulmonary
fibrosis can provide a basis for preventing the progress
of pulmonary fibrosis [11].

Zafirlukast is a leukotriene receptor antagonist
approved by FDA for the prevention and long-term
treatment of asthma. Leukotrienes are a group of inflam-
matory mediators produced by arachidonic acid metab-
olism through 5- lipoxygenase pathway [14]. In vitro
experiments show that it has a contractile effect on
human bronchial smooth muscle about 1000 times
stronger than histamine and platelet activating factor [8],
and has a powerful effect of causing bronchial smooth
muscle spasm, dilating blood vessels, improving micro-
vascular permeability, leading to bronchial mucosal
edema, up-regulating mucosal secretion function and
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increasing airway hyperresponsiveness. Many evidences
show that leukotriene receptors regulate a variety of
cell-mediated inflammatory reactions [15]. This study
has assessed the effectiveness of zafirlukast in the treat-
ing acute lung injury and an early inflammatory model
of pulmonary fibrosis using both in vivo and in vitro
models. The objective was to identify potential drugs for
these conditions [16].

Materials and methods

Animal models

Male C57BL/6 ] mice aged 6—8 weeks were obtained
from Charles River Laboratories in Beijing, China.
All animal care and experimental procedures were
conducted in accordance with the ethical guidelines
established by Nankai University’s Institutional Ani-
mal Care and Use Committee (IACUC) (Permit No.
2024-SYDWLL-000001), and compliance with the
ARRIVE guidelines. All effort were made to minimize
animal suffering. The mice were kept in a controlled
environment with temperature (22-26 °C), humid-
ity, and a 12 h light-dark cycle, with ad libitum access
to water and food throughout the study. The mice in all
experiments were euthanized using an intraperitoneal
injection of pentobarbital sodium at a dosage of 130 mg/
kg body weight, which was determined based on the rec-
ommendations of the IACUC and prior dose-tolerance
studies.

The mice were given a 1% solution of pentobarbital
sodium to sedate them before being given an intratra-
cheal injection of LPS at a concentration of 3 mg/kg.
The control group received the same procedure but
with an equivalent volume of saline. Thirty mice were
randomly allocated into five groups, each comprising
six mice: control, LPS, LPS+ Dexamethasone (10 mg/
kg), LPS + Zafirlukast (2.5 mg/kg), and LPS + Zafirlukast
(5 mg/kg). Dexamethasone was employed as the posi-
tive control. After 24 h, the mice were euthanized for the
extraction of lung tissues for analysis.

Mice were received a 1% pentobarbital sodium intra-
peritoneal sedative injection, followed by a 2U bleomy-
cin (BLM; Hanhui Pharmaceuticals CO., LTD, China)
intratracheal injection. The control group underwent
the same procedure with an equivalent amount of saline
intratracheally. Thirty mice were randomly divided into
five groups of six: the control group, the BLM group, the
BLM + Nintedanib group (60 mg/kg), the BLM + Zafirlu-
kast group (2.5 mg/kg), and the BLM+ Zafirlukast
group (5 mg/kg). Nintedanib was used as the positive
control. The mice were orally administered Zafirlukast
(Dalian Melium Biotechnology Co.Ltd) and Nintedanib
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Table 1 Antibody information
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Antibody Company &ltem No Antibody Company &ltem No
anti-B-tubulin Affinity, AF7011 anti-capasel Affinity, AF5418
anti—B-tubulin Affinity, T0023 anti-cleaved-caspase1(ASP296) Affinity, AF4005
anti-MYD88 Affinity, AF5195 anti-IL-13 Affinity, BF8021
anti-NLRP3 Affinity, BF8029 anti-IL-13 Affinity,AF5103
anti-NLRP3 Affinity, DF15549 anti-cleaved-IL-10 Affinity, AF4006
anti-NF-kB-p65 Affinity, AF5006 anti-TLR4 Affinity, AF7017

anti-Phoshpoi-NF-«B Affinity, AF2006

(Shanghai Acmec Biochemical Co.ltd, China) once daily
from the first to the seventh day, and then euthanized
sacrificed on the seventh day for assessment.

For the BLM-induced pulmonary fibrosis 21-day
model, mice were received a 1% pentobarbital sodium
intraperitoneal sedative injection, followed by a
2U BLM intratracheal injection. The control group
underwent the same procedure with an equiva-
lent amount of saline intratracheally. Forty mice
were randomly divided into five groups of eight (to
reduce experimental error): the control group, the
BLM group, the BLM+ Nintedanib group (60 mg/
kg), the BLM+ Zafirlukast group (2.5 mg/kg), and
the BLM + Zafirlukast group (5 mg/kg). Nintedanib
was used as the positive control. The mice were orally
administered Zafirlukast (Dalian Melium Biotechnol-
ogy Co.Ltd) and Nintedanib (Shanghai Acmec Bio-
chemical Co.ltd, China) once daily from the first to the
seventh day, and then euthanized sacrificed on the 21th
day for assessment. Before euthanizing.

The dosages used in our study were based on widely
reported safe doses as documented in the literature [17,
18]. Furthermore to ensure statistical independence,
each experiment utilized a single specimen from each
mouse. Consequently, each specimen was regarded as
a distinct experimental unit. For each subject, a trio
of distinct researchers participated in the process: the
first researcher administered the treatment in accord-
ance with the randomized schedule, being the sole
individual privy to the group assignments. A second
researcher took charge of sample collection. Ulti-
mately, a third researcher, who was also uninformed of

(See figure on next page.)

the treatment details, evaluated the expression levels
across all groups.

Cell culture

Human alveolar adenocarcinomas basal epithelial cells
(A549, acquired from ATCC) were cultured in RPMI-
1640 media (Solarbio, USA). Mouse lung epithelial
cells (MLE-12, acquired from ATCC) were cultured in
DMEM/F-12 medium (Solarbio, USA). Both types of
cells were incubated at 5% CO, and 37 °C.

Western blot

The protein was extracted from cells and tissues using
RIPA buffer (Beyotime, China). The protein was iso-
lated by SDS electrophoresis, sealed with 5% skim milk
for 1 h after transfer, then treated with primary anti-
body at 4 °C overnight, followed by secondary antibody
(Abcam, UK) at room temperature for 2 h, and finally
analyzed with chemiluminescent reagent (Affinity,
USA). The protein expression levels were determined
using the specified primary antibodies. And more
information of all antibody used in this study is listed as
following (Table 1).

Real-time quantitative PCR

RNA isolation with Trizol reagent (Thermo Fisher
Scientific, USA) and reverse transcription with UNI-
CON® gqPCR SYBR Green Master Mix kit (Yeasen Bio-
tech, Shanghai, China) were performed following with
the manufacturer’s guidelines. The gene primers were
shown as below.

Fig. 1 Zafirlukast attenuates acute lung injury induced by LPS in mice. A H&E staining of lung tissue segments (Scale: 50 um) and the BALF cell
of mice (Scale: 50 um). B Total cell counts in BALF of mice. C-E Number of inflammatory cells, lymphocytes, neutrophils, and macrophages. F
Protein concentration in BALF of mice. G-J MCP-1, IL-18, IL.-6 and TNF-a mRNA expression in lung tissues of mice. K-M Measure the protein level
of inflammatory factors IL-13, IL-6 and TNF-a in BALF using ELISA. The data which presented in this study are expressed as mean+SD (n=3).

the statistical analysis revealed significant differences when compared with the control group, denoted as #P < 0.05, ##P <0.01, ###P<0.001,

*P<0.05,**P<0.01, **P<0.001 as compared with model group
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Fig. 1 (Seelegend on previous page.)
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GADPH-Mouse

GADPH-Human

IL-6-Mouse

IL-6 Human

IL-13-Mouse

IL-1B-Human

NLRP3-Mouse

NLRP3-Human

TNF-a-Mouse

TNF-a-Human

MCP-1-Mouse

MCP-1-Human

AGGTCGGTGTGAACGGATTTG
(forward),
TGTAGACCATGTAGTTGAGGTCA
(reverse).
GGAGCGAGATCCCTCCAAAAT
(forward),
GGCTGTTGTCATACTTCTCATGG
(reverse).
GGCGGATCGGATGTTGTGAT (for-
ward),
GGACCCCAGACAATCGGTTG
(reverse).
ACTCACCTCTTCAGAACGAATTG
(forward),
CCATCTTTGGAAGGTTCAGGTTG
(reverse).
GAAATGCCACCTTTTGACAGTG
(forward),
TGGATGCTCTCATCAGGACAG
(reverse).
ATGATGGCTTATTACAGTGGCAA
(forward),
GTCGGAGATTCGTAGCTGGA
(reverse).
ATTACCCGCCCGAGAAAGG (for-
ward),
TCGCAGCAAAGATCCACACAG
(reverse).
GATCTTCGCTGCGATCAACAG
(forward),
CGTGCATTATCTGAACCCCAC
(reverse).
GGAACACGTCGTGGGATAATG
(forward),
GGCAGACTTTGGATGCTTCTT
(reverse).
CCTCTCTCTAATCAGCCCTCTG
(forward),
GAGGACCTGGGAGTAGATGAG
(reverse).
GATGCAATCAATGCCCCAGTC
(forward),
TTTGCTTGTCCAGGTGGTCCAT
(reverse).
CAGCCAGATGCAATCAATGCC
(forward),

TGGAATCCTGAACCCACTTCT
(reverse).

(See figure on next page.)
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Bronchoalveolar lavage fluid

After endotracheal intubation, mice were thoroughly
rinsed with 0.8 ml PBS for 3 times, bronchoalveolar-lav-
age fluid (BALF) was collected, and then centrifuged at
a low temperature of 3000 rpm at 4 °C for 10 min. The
supernatant after centrifugation could be packaged and
frozen in the refrigerator at -80 °C for ELISA assay. Cell
precipitation was suspended with 200 ul PBS, then 1 ml
of red cell lysate was added, and the suspension was pre-
pared with PBS after centrifugation for cell viability count
and smear.

Enzyme linked immunosorbent assay (ELISA)

The ELISA analysis of IL-1p, IL-6, and TNF-a in BALF
and cell supernatant were analyzed by using ELISA kits
following the manufacturer’s guidelines (Jianglaibio,
China).

Hematoxylin-Eosin (H&E) staining

The mouse’s left lung was fixed in 10% formalin overnight
and subsequently encased in paraffin. The lung slices
(5 pm) were made for histological examination and then
stained with hematoxylin—eosin (H&E) staining (Solar-
bio, China).

Immunohistochemistry

Lung tissue sections fixed in paraffin were deparaffi-
nized with xylene and healed for two minutes at a high
temperature. Slices samples should be treated with the
pre-prepared UltraSensitiveTM SP immunohistochemi-
cal kit (Maxim, China) following the provided guidelines,
and the colour reaction should be developed using DAB
staining solution from Solarbio (China). Images were
captured by using a light microscope from Nikon (Japan).

Immunofluorescence

The cells were treated using 4% paraformaldehyde for fix-
ation, permeabilized with 0.2% Triton X-100, and blocked
with 5% BSA in preparation for immunofluorescence.
Subsequently, the cells were incubated with the primary
antibody at 4 °C overnight. Following this, cells were
exposed to a secondary antibody conjugated with FITC
or TRITC. DAPI was used to label the nuclei (Solarbio,

Fig. 2 Zafirlukast has been shown to effectively reduce acute lung injury induced by BLM in mice. A H&E staining of lung tissue segments (Scale:
50 um) and the BALF cell of mice (Scale: 50 um). B Total cell counts in BALF of mice. C-E Number of inflammatory cells, lymphocytes, neutrophils,
and macrophages. F Protein concentration in BALF of mice. G-J MCP-1, IL-18, IL-6 and TNF-a mRNA expression in lung tissues of mice. K-M
Quantify the protein levels of the inflammatory factors IL-13, IL-6, and TNF-a in BALF using ELISA. The data presented in this study are expressed
as mean =+ SD. (n=3). Statistical analysis revealed significant differences when compared with the control group, denoted as #P < 0.05, ##P < 0.01,
#i###P < 0.0001, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 as compared with model group
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China). The confocal microscope (Japanese manufacturer  deviation were utilized to represent the measurement data.
Nikon) was used to investigate the fluorescence. The Student’s t test was employed to assess differences
between the experimental and control groups. Significant
variances between groups were determined through one-
way analysis of variance and a subsequent Bonferroni cor-
rection. Statistical significance was established at 2<0.05.

Data analysis
The data underwent analysis with the statistical software
SPSS 17.0 and GraphPad Prism 7. Mean and standard
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Fig. 3 Zafirlukast effectively mitigates inflammation induced by LPS in epithelial cells in vitro. A A549 cells were subjected to LPS or Zafirlukast
(2.5 UM, 5 uM, 10 pM, 20 uM) lasted for 24 h, and the level of IL-13, IL-6 and TNF-a in each group’s cell supernatant was quantified using ELISA.

B A549 cells were subjected to LPS or Zafirlukast (2.5 uM, 5 uM, 10 uM, 20 puM) last for 12 h, and the mRNA expression levels of IL-1(, IL-6, TNF-a
and MCP-1 were evaluated through RT-gPCR. € MLE-12 cells were exposed to LPS or Zafirlukast (2.5 uM, 5 uM, 10 uM, 20 uM) for 24 h, the IL-18,
IL-6, and TNF-a levels in the cell supernatant of each group were quantified using ELISA. D MLE-12 cells subjected to LPS or Zafirlukast (2.5 uM,
5 uM, 10 uM, 20 uM) for 12 h, then the mRNA expression levels of IL-1(, IL-6, TNF-a and MCP-1 were assessed using RT-g PCR. Data are shown

as mean = SD (n=3). Statistical significance was denoted as follows: #P < 0.05, ##P < 0.01, ###P < 0.001, ####P <0.0001 compared with the control
group, and *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 compared with model group
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Results

Zafirlukast alleviates LPS-induced acute lung injury in mice
We developed the LPS-induced acute pulmonary dam-
age model in C57BL/6 ] mice to test the therapeutic effi-
cacy of zafirlukast in treating acute lung injury. Prior to
the tracheal injection of LPS, the mice received dexa-
methasone (10 mg/kg, intraperitoneal), zafirlukast (2.5 mg/
kg and 5 mg/kg, intragastric), or saline (intragastric) one
hour before. To study the effect of zafirlukast on the ini-
tial inflammatory phases of ALI, lung tissues and BALF
were gathered 24 h after LPS administration. According to
H&E staining, 24 h after LPS injection, considerable alveo-
lar structural destruction and a significant inflammatory
cell infiltration in BALF were caused by LPS. Zafirlukast
can markedly decrease the influx of inflammatory cells
and lung alveolar damage caused by LPS (Fig. 1A), and the
inflammatory score of H&E images were showed in sup-
plementary Fig. 1A. The total cell count in BALF indicates
that zafirlukast, can reduce the overall cell count in the
BALF compared to the LPS group (Fig. 1B), and the count
of leukocytes, neutrophils, and macrophages was showed
separately in (Fig. 1C-E). LPS treatment exacerbated pro-
tein leakage into the lungs, while zafirlukast can reduce
the amount of protein in BALF (Fig. 1F). Furthermore,
the mRNA levels of the inflammatory markers MCP-1,
IL-1B, IL-6, and TNF-« in lung tissues showed a signifi-
cantly decrease following zafirlukast treatment (Fig. 1G-J).
Zafirlukast reduced the protein concentration of inflamma-
tory factors IL-1p, IL-6, and TNF-a in BALF (Fig. 1K-M).
The leukotrienes level of BALF in the LPS-induced 7-day
pulmonary inflammation murine model by ELISA also
showed that zafirlukast could significantly reduce the leu-
kotrienes level of BALF dose-dependently (Supplementary
Fig. 1B). These results indicate that zafirlukast may hinder
inflammatory cell infiltration and decrease lung inflamma-
tion, thus averting acute lung injury induced by LPS.

Zafirlukast reduces lung inflammation in mice induced

by BLM

We further developed a model of lung injury induced
by BLM in C57BL/6 ] mice to evaluate the effect of

(See figure on next page.)
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zafirlukast on lung injury and inflammation. BLM (2 U/
kg) was administered into the trachea from day 0 to day
6, and nintedanib (60 mg/kg, ig), zafirlukast (2.5 mg/kg
and 5 mg/kg, ig), or saline (ig) were given daily. Lung tis-
sues and BALF were collected 7 days after BLM injury.
H&E staining of lung tissue slices and cells from the
BALF showed that the stretching of the alveolar septum
by BLM resulted in the infiltration of inflammatory cells.,
while zafirlukast was also able to repair alveolar damage
(Fig. 2A), and the inflammatory score of H&E images
were showed in supplementary Fig. 1C.Zafirlukast also
decreased the total cell count and protein levels in BALF
compared to the model group (Fig. 2B,2F), and the count
of neutrophils, leukocytes and macrophages was showed
separately in (Fig. 2C-E). The leukotrienes level of BALF
in the BLM-induced 7-day pulmonary inflammation
murine model by ELISA also showed that zafirlukast
could significantly reduce the leukotrienes level of BALF
dose-dependently (Supplementary Fig. 1D). Zafirlukast
significantly decreased inflammatory cytokines expres-
sion in lung tissues (Fig. 2G-J) and BALF (Fig. 2K-M).
These findings imply that zafirlukast can prevent persis-
tent lung inflammation induced by BLM. To substanti-
ate our approach, we have extended our investigation
to 21 days with zafirlukast and positive drug nintedanib
administration for the first 7 days and the result has been
shown in the supplementary Fig. 2. This time point is
selected to capture the evolution of fibrosis and to evalu-
ate the efficacy of early intervention with zafirlukast. Our
data reveal that the initiation of zafirlukast treatment
during the early inflammatory phase significantly attenu-
ates the fibrotic response at the 21-day mark.

Zafirlukast inhibits epithelial cells inflammation
induced by LPS via regulating TLR4/NF-KB/NLRP3/
inflammasome pathway

We conducted a detailed analysis of exploring the molec-
ular mechanisms underlying the anti-inflammatory
effects of zafirlukast through an in vitro model. A549
or MLE-12 cells were exposed to LPS and/or zafirlukast

Fig. 4 Zafirlukast effectively inhibits the LPS-induced inflammation of epithelial cells through TLR4/NF-KB/NLRP3 pathway in vitro. A-B A549
cells were subjected to different concentration of LPS or Zafirlukast (2.5 uM, 5 uM, 10 uM, 20 uM) for a duration of 24 h, Western blotting

was then performed for assessing the protein expression levels of MyD88, TLR4, P65, P-P65 as well as inflammasome pathway-related protein
NLRP3, caspaseT1, Cleaved-caspasel, IL-13 and Cleaved-IL-13 in the cells (A). The quantification of optical density was also determined (B).
C-D Additionally, the activation of MYD88 (C) and P-P65 (D) by immunofluorescence in A549 cells subjected to LPS or Zafirlukast (2.5 uM,

5 UM, 10 uM, 20 uM) for 24 h (Scale: 50 um). (E-F) MLE-12 cells were subjected to LPS or Zafirlukast (2.5 uM, 5 uM, 10 uM, 20 uM) for 24 h,

and the Western blotting was used to assess the MyD88, TLR4, P65, P-P65 and the inflammasome pathway related protein NLRP3, caspasel,
Cleaved-caspasel, IL-13 and Cleaved-IL-13 protein expression levels in the cells (E). The optical density was quantified and presented (F). G-H
MLE-12 cells were subjected to LPS or Zafirlukast (2.5 uM, 5 uM, 10 uM, 20 uM) for 24 h, and the activation of MYD88 (G) and P-P65 (H) was assessed
through immunofluorescence (Scale: 50 um). Data are shown as mean +SD (n=3). Statistical significance was denoted as follows: #P < 0.05,
##P <0.01, ###P < 0.001 compared with control group, *P<0.05, **P<0.01, ***P<0.001, ***P <0.0001 compared with model group
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for 24 h. Subsequently, the cells were gathered to assess
the levels of inflammatory factors and the activity of the
TLR4/NF-B/NLRP3/inflammasome pathway. The ELISA
results demonstrated that zafirlukast decreased the secre-
tion of inflammatory factors IL-1p, IL-6 and TNF-a in
LPS-stimulated A549 cells (Fig. 3A). The results of qRT-
PCR further validated that zafirlukast could suppress the
mRNA expression levels of inflammatory factors IL-1(,
IL-6, TNF-a and MCP-1 in A549 cells stimulated by LPS
(Fig. 3B). In MLE-12 cells stimulated by LPS, zafirlukast
also decreased the secretion of inflammatory factors
IL-1B, IL-6, TNF-a and the mRNA expression levels of
IL-1B, MCP-1, TNF-a and IL-6 (Fig. 3C, D). The results
indicated that zafirlukast could inhibits inflammation in
epithelial cells induced by LPS in vitro.

The TLR4/NF-kB/NLRP3 inflammasome pathway
activity significantly increased in LPS-treated epithe-
lial cells, contributing to the lung injury development
[19].Western blot results showed significant reduction
in MyD88, TLR4, NLRP3, p-p65, cleaved-IL-1p, and
cleaved-caspasel protein levels after zafirlukast treat-
ment in LPS-stimulated A549 cells (Fig. 4A, B) and
MLE-12 cells (Fig. 4E, F). Further immunofluorescence
results confirmed zafirlukast’s ability to inhibit the TLR4/
NF-kB/NLRP3/inflammasome pathway in LPS-treated
A549 cells (Fig. 4C, D) and MLE-12 cells (Fig. 4G, H).
These findings suggest that the TLR4/NF-kB/NLRP3/
inflammasome pathways were activated in epithelial cells
following LPS treatment, and zafirlukast was able to sup-
press this pathway activation thereby protecting epithe-
lial cells and reducing the inflammatory response.

Zafirlukast effectively suppresses LPS-induced
lung inflammation by regulating TLR4/NF-«kB/
NLRP3/inflammasome pathway in vivo

We also tested zafirlukast’s anti-inflammatory molecular
pathways in vivo. Total protein was isolated from the lung
tissues of mice that had been given a 24 h course of treat-
ment with LPS, dexamethasone, zafirlukast, or saline.
According to the results of western blot, mice suffering
from acute lung injury exhibited elevated levels of TLR4,
MyD88, NLRP3, p-p65, cleaved-IL-1B, and cleaved-
caspase 1 in their lung tissues. The associated protein
expression saw a significant reduction after zafirlukast
treatment. (Fig. 5A, B). The immunohistochemistry

(See figure on next page.)
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results showed that zafirlukast can decrease the levels of
MYD88 and p-p65 in lung tissues (Fig. 5C). These find-
ings indicate that zafirlukast can inhibit the activation of
the TLR4/NF-kB/NLRP3/inflammasome pathways and
reduce LPS-induced acute lung damage in vivo.

Zafirlukast effectively suppresses BLM-induced
lung inflammation by controlling the TLR4/NF-kB/
NLRP3/inflammasome pathway in vivo

Then we tested zafirlukast’s in vivo anti-inflammatory
molecular pathways in BLM model. Total protein was
taken from the lung tissues of mice that had been given
BLM, nintedanib, zafirlukast, or saline treatment for
7 days. The Western blot analysis indicated that animals
with BLM-induced inflammation exhibited higher lev-
els of TLR4, MyD88, NLRP3, p-p65, cleaved-IL1p and
cleaved-caspase lin the lung tissues. The corresponding
protein expression notably decreased after zafirlukast
therapy (Fig. 6A, B). In the immunohistochemical experi-
ments, zafirlukast was observed to reduce the protein
levels of MYD88 and p-p65 in lung tissues (Fig. 6C). It
has been demonstrated that zafirlukast has the abil-
ity to suppress the activation of TLR4/NF-kB/NLRP3/
inflammasome pathways, consequently inhibiting the
inflammatory response and alleviating BLM-induced
inflammation in vivo.

Discussion

The lung plays a crucial role as a respiratory organ within
the human body. In clinic, lung damage is still rather
common. This is a dangerous lung disease that can lead
to respiratory failure, pulmonary edema, atelectasis, and
other health problems. Pulmonary fibrosis is mostly a
disease of the interstitial lung, alveoli, or bronchioles that
can impair the respiratory, neurological, and circulatory
systems [2]. Both acute lung injury and pulmonary fibro-
sis currently lack effective medications and treatment
approaches, making it critical to discover new drugs
[20]. In this investigation, we discovered that zafirlukast
can alleviate LPS-induced acute lung damage and BLM-
induced early inflammation of pulmonary fibrosis in
mice. The mechanistic study demonstrates that zafirlu-
kast can reduce the inflammatory response via TLR4/
NF-B/NLRP3, and so ameliorate acute lung injury and
lung inflammation [21].

Fig.5 Zafirlukast effectively mitigates lung inflammation induced by LPS by the regulation of the TLR4/NF-KB/NLRP3 pathway in vivo. A-B MYD8S,
TLR4, P65, P-P65, NLRP3, caspasel, Cleaved-caspasel, IL-13 and Cleaved-IL-13 protein levels in lung homogenate were assessed using Western blot
(A), Below is the analysis of the corresponding optical density. B. C Immunohistochemical analysis was performed to assess the expression levels
of MYD88 and P-P65 in lung tissue sections, and quantitative results were obtained. Data are expressed as mean +SD (n= 3). Statistical significance
was denoted as #P < 0.05, ##P < 0.01 compared with control group, *P<0.05, **P<0.01 compared with model group
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Lipopolysaccharide (LPS), the main component of the
outer membrane of gram-negative bacteria, is associ-
ated with many diseases, such as sepsis and pneumonia.
Therefore, LPS is often used to establish animal models
of acute lung injury, and non-invasive infusion of LPS
through the trachea leads to infiltration of inflammatory
cells in the lungs of mice, causing acute inflammation
within 24 h [22]. Bleomycin (BLM), as a clinical chemo-
therapy drug for the treatment of malignant tumors, can
also induce lung inflammatory damage and fibrosis when
administered in large doses. Thus, in animal models,
BLM is often used to cause lung damage and fibrosis [23].
The damage of lung tissue after BLM modeling was time
dependent. BLM can cause pulmonary inflammation in
the first week of modeling, after administration of BLM,
an increase in collagen and inflammatory cell infiltration
can be observed significantly, in particular in perialveo-
lar areas, by day 7, tissues showed progressive morpho-
logical changes and a reginal interstitial fibrosis [24, 25],
and the pathological changes include alveolar epithelial
cell injury, inflammatory cell infiltration and increased
levels of pro-inflammatory factors. Pulmonary fibrosis
progressed gradually during the second to third week
after BLM modeling, and pathological changes included
abnormal activation of myofibroblasts and massive extra-
cellular matrix deposition [10, 26]. Therefore, in our
study, we induced inflammatory damage in mouse lung
tissue using LPS for 24 h or BLM for 7 days. To substanti-
ate our approach, we have extended our investigation to
encompass a 21-day post-bleomycin treatment model.
This finding is consistent with the hypothesis that mod-
ulating the immune response during the initial stages of
pulmonary fibrosis can alter the disease trajectory.

In acute lung injury, alveolar epithelial cells play an
important role in the innate immune response at injury
initiation, such as involvement in neutrophil extracel-
lular traps and the release of histones and inflamma-
tory mediators [27]. Histones have the ability to activate
cells, thus triggering an inflammatory response, and
changing permeability of cells, ultimately causing lung
injury. Our research findings has shown that zafirlu-
kast has the potential to reduce alveolar protein leakage
in lung-damaged mice, while also improving the extent
of pathological damage to the lungs [28]. Furthermore,
zafirlukast has been observed to decrease the expression

(See figure on next page.)
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of inflammatory mediators such as IL-13, TNF-a, and
MCP-1 in lung tissues as well as reduce the infiltration
of the inflammatory cell in mouse alveoli. These results
suggest that zafirlukast may act as preventative meas-
ure against lung injury and the subsequent inflamma-
tory cascade induced by BLM or LPS, thereby indicating
the drug’s potential efficacy in treating lung injury ill-
nesses [29].Besides, we designed further experiment to
test if zafirlukast could inhibit the expression of leukot-
riene in both LPS-induced and BLM-induced model as
zafirlukast is a leukotriene receptor antagonist approved
by FDA, the specific results have been shown in supple-
mentary Fig. 1B and 1D. Our findings indicate that leu-
kotriene levels were significantly elevated in both models,
which is consistent with the known inflammatory effects
of LPS and BLM [30-33]. Importantly, treatment with
zafirlukast led to a significant reduction in leukotriene
levels compared to the untreated groups, suggesting that
zafirlukast may exert its anti-inflammatory effects in both
murine models as we expected.

The TLR4, a member of the pattern recognition recep-
tor family, is an integral transmembrane protein. Upon
activation, TLR4 induces an upregulation of NF-«B, a
transcription factor pivotal for the synthesis of proin-
flammatory cytokines and its downstream signals [34—
36]. These cytokines are instrumental in the activation of
the innate immune response, a critical component in the
etiology of pulmonary fibrosis [37]. Furthermore, TLR4
has been implicated in the exacerbation of fibrosis in lung
injury induced by bleomycin, as evidenced by the height-
ened expression of TLR4-related proteins, which are hall-
marks of fibrotic processes [19, 38, 39]. Consistent with
these findings, the current study demonstrates that bleo-
mycin administration results in an elevated expression
of TLR4, correlating with pulmonary inflammation [40].
The therapeutic intervention with zafirlukast has been
shown to attenuate this effect by inhibiting the TLR4/
NEF-«B signaling cascade, thereby mitigating the ensuing
pulmonary fibrosis. Moreover, research has been shown
that LPS can directly bind to TLR4, leading to the acti-
vation of NF-kB and the initiation of genes associated
with the inflammatory response [41-44]. In addition,
the significant effect of zafirlukast in both lung inflam-
matory model may suggest that TLR4 inhibitors could
suppress the pulmonary inflammation in the same way as

Fig. 6 Zafirlukast effectively reduces lung inflammation induced by BLM by regulating the TLR4/NF-KB/NLRP3 pathway in vivo. A-B The Western
blot method was used to assess the protein levels of MYD88, TLR4, P65, P-P65, NLRP3, caspase1, Cleaved-caspase], IL-13, and Cleaved-IL-1(3 in lung
homogenate. A The following analysis of optical density is presented below. B. C Identification via immunohistochemistry and quantification

of MYD88 and P-P65 expression levels in sections of lung tissue. Data are expressed as mean +SD (n=3). #P < 0.05, ##P < 0.01, ###P <0.001 compared
with control group, *P<0.05, **P<0.01, ***P<0.001 compared with model group
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zafirlukast, which is in accordance with Zhou J, et al. [45]
and Liu Y, et al. [46] who found that TLR4-antagonist
treatment can alleviate pulmonary inflammation induced
by LPS or BLM.

Studies suggest that the activation of NF-«xB in lung
epithelial cells can induce neutrophil recruitment, arte-
rial hypoxemia, pulmonary edema, and even mortality
without infection or external stimuli. It is important to
note that the emergence of the NLRP3 inflammasome
and the subsequent activation of IL-1p have been linked
to acute lung injury as well as chronic lung conditions
in the long term [28]. The impact of zafirlukast on the
TLR4/NF-kB/NLRP3 inflammasome pathway in the lung
epithelial cells and tissues was investigated, and the find-
ings demonstrated its ability to suppress the expression
of MYD88, TLR4, and NF-«B induced by LPS and BLM.
Furthermore, it was observed to reduce the production
of NLRP3 inflammasome-associated proteins and the
generation of cleaved-IL-1pB, consequently mitigating the
inflammatory response [47].

Conclusion

In conclusion, research on animal pharmacodynamics
and pharmacology of zafirlukast shown its potential to
effectively alleviate the advancement of different stages of
lung damage, such as acute lung injury and early fibro-
sis. Nonetheless, further investigation is elucidated the
specific targets of this medication. Zafirlukast has a cer-
tain degree of clinical safety verification as a marketed
medicine, which allows for a significant reduction in the
amount of time needed to conduct research and create
additional indications. This study offers prospective com-
pounds for research on lung damage disease.
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