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ORMDL3-mediated bronchial epithelial pyroptosis leads
to lung inflammation in obese mice with asthma
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Abstract. Asthma associated with obesity is a chronic disease
that poses a threat to health in children and results in severe
wheezing, earlier airway remodeling and increased insensi-
tivity to hormone therapy compared with those who only have
asthma. Despite its clinical importance, knowledge on the
underlying mechanisms of this disease is limited. The present
study aimed to elucidate the pathogenesis of asthma associ-
ated with obesity using a murine model. A total of 30 female
BALB/c mice were divided into three groups: Normal, mice
with asthma and obese mice with asthma. Obese mice with
asthma were fed a high-fat diet to induce obesity. Mice with
asthma were sensitized and challenged with ovalbumin (OVA).
Obese mice were subjected to OVA sensitization and challenge
to develop asthma associated with obesity. Airway remod-
eling was observed in obese mice with asthma through HE
and Masson staining. Proteomic and bioinformatics analyses
were conducted on lung tissue from obese mice with asthma
and normal mice. A total of 200 proteins were differentially
expressed in obese mice with asthma compared with normal
mice; of these, 53 and 47% were up- and downregulated,
respectively. Pathway analysis revealed that asthma associated
with obesity primarily affected the ‘lysosome’, ‘phagosome’,
and ‘sphingolipid metabolism’ pathways. Gene Set Enrichment
Analysis demonstrated the presence of pyroptosis in obese
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asthmatic mice, along with significant increases in pyroptosis-
associated factors such as GSDMD and Caspase. High protein
expression of orosomucoid-like 3 (ORMDL3), NOD-like
receptor thermal protein domain associated protein 3 (NLRP3)
and Gasdermin-D (GSDMD) was observed in obese mice
with asthma. In vitro experiments using HBE cells infected
with ORMDL3-overexpressing lentivirus demonstrated that
the overexpression of ORMDL3 led to increased expression
of NLRP3, GSDMD and cathepsin D (CTSD). These find-
ings suggested that ORMDL3 may regulate pyroptosis and
subsequent airway remodeling in asthma associated with
obesity via the CTSD/NLRP3/GSDMD pathway.

Introduction

Obesity is an independent risk factor for asthma (1). American
health survey data show that the incidence of asthma in indi-
viduals with obesity is ~11.1% (2). Individuals with obesity
have a 1.9-fold higher risk of asthma susceptibility than those
without obesity (1). Moreover, >50% of patients with severe
asthma are also obese (3). Obesity increases the deposition
of collagen fibers, hyperplasia of airway elastin fibers (4)
and other ultrastructural airways changes, such as mucous
cell hyperplasia (5-9). According to the 2014 Global Asthma
Prevention and Treatment Initiative guidelines (10), asthma
associated with obesity is a new phenotype of asthma that
is associated with poorer asthma control, reduced response
to oral corticosteroids and notable decline in lung function.
Bronchial epithelial cells (BECs) serve as the first barrier in
the airway, protecting against harmful substances and patho-
gens (11). Cell damage to BECs serves a key role in promoting
airway remodeling (12). However, the changes of airway
epithelial cells in asthma associated with obesity are not clear.

Pyroptosis is a type of programmed cell death char-
acterized by the involvement of the gasdermin (GSDM)
family and is accompanied by the release of proinflamma-
tory cytokines such as interleukin-1p (IL-1p) and IL-18.
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Research has shown that pyroptosis serves a crucial role
in respiratory illnesses (13). Exposure to environmental
allergens such as Dermatophagoides farina 1 or toluene
diisocyanate activates the NOD-like receptor thermal protein
domain associated protein 3 (NLRP3)/caspase-1/GSDMD
signaling pathway, inducing pyroptosis and resulting in
airway inflammation (14,15). A previous study demonstrated
that schisandrin B effectively inhibits activation of the
NLRP3 inflammasome and decreases pyroptosis via the
microRNA-135a-5p/Transient receptor potential canonical
type 1(TRPCI1)/STAT3/NF-«xB axis (16). This mechanism
mitigates airway inflammation and remodeling in asthma.
Furthermore, there are reports indicating that cigarette smoke
extract activates the NLRP3/caspase-1/GSDMD signaling
pathway, resulting in pyroptosis in BECs, leading to impaired
BEC barrier function and severe lung injury (17,18). Obesity
increases airway damage in asthma; however, it is unclear
whether pyroptosis serves a role or if there is an upstream
initiating factor.

In 2007, Moffatt et al (19) published genome-wide
association research results of asthma for the first time in
Nature magazine and revealed that ORMDL3 was associated
with asthma and other diseases, as well as autophagy and
apoptosis (19). A previous study confirmed that ORMDL3
participates in airway remodeling by regulating the
ERK/MMP-9/VEGF pathway (20). ORMDL3 belongs to the
Orm protein (serum mucoid) family, encodes a transmembrane
protein located on the endoplasmic reticulum membrane and
regulates sphingomyelin metabolism. High ORMDL3 expres-
sion in vivo and in vitro causes inflammation and promotes
ceramide production (21-23). The contribution of ORMDLS3 to
induction of pyroptosis remains uncertain. The present study
aimed to investigate the effect of ORMDL3 on BECs and on
the airway remodeling in asthma associated with obesity, as
well as to elucidate its underlying mechanisms.

Materials and methods

Animals. A total of 30 female BALB/c mice (age, 4 weeks;
weight, 11+1 g) were obtained from the Experimental Animal
Center of Shandong University (Jinan, China). Mice were
housed in a controlled environment with a 12/12-h light/dark
cycle, maintained at 20-26°C and humidity level of 60-70%.
They were provided with ad libitum access to chow and water.
Importantly, no mice were prematurely sacrificed during the
study. All mice were randomly assigned to three groups: i)
Normal [non-sensitized lean (NSL)]; ii) asthmatic (SL) and
iii) obese mice with asthma [sensitized obese (SO group)].
NSL and SL groups were fed a standard chow for 14 weeks,
while the mice in the SO group received high-fat diet (HFD)
containing 60 kcal% for 14 weeks. After 14 weeks of feeding,
the SL and SO groups were formed using ovalbumin (OVA)
(Fig. 1A), where the mice were sensitized by intraperitoneal
(i.p.) injection on days 1 and 8 with 20 ug OVA (Sigma-Aldrich,
Merck KGaA) and 2 mg aluminum hydroxide (Sigma-Aldrich,
Merck KGaA) in 200 pl phosphate-buffered saline (PBS) (19).
On days 21-27, mice in SL and SO group were challenged with
1% OVA through ultrasonic atomization for 30 min every day,
as previously described (24). Mice in the NSL group received
200 ul PBS instead of OVA. The study received ethical

approval from the Animal Ethics Committee of Shandong
First Medical University (approval no. 2020-1328).

Tissue collection. On day 28 after asthma modelling, mice
were euthanized by cervical dislocation following anesthesia
with i.p. injection of sodium pentobarbital (35 mg/kg). A
total of 50% of the mouse lung tissue was dissected and
fresh-frozen in liquid nitrogen before being stored at -80°C
until further processing. The rest of the mouse lung tissue was
fully fixed using 4% paraformaldehyde solution for 48 h at 4°C
for subsequent experiments.

Hematoxylin and eosin (H&E) and Masson staining. The lung
tissue was fixed using 4% paraformaldehyde (48 h; 4°C ). The
lung tissues were embedded in paraffin and cut into 5-ym
thick sections. Subsequently, the paraffin-embedded sections
were stained with hematoxylin and eosin (H&E) staining
for 5 min and Masson staining for 8 min, both at 37°C. The
pathological changes were observed using a light microscope
(magnification, x20). IM50 Image Manager software Version
1.20 (Leica Microsystems, Inc.) was used to measure lung
pathology changes, including inflammatory situation and
collagen deposition. H&E staining was used to investigate
inflammatory situation, while Masson staining was used
to evaluate collagen deposition in lung tissue. To assess the
severity of fibrosis, Szapiel's method (25) was applied using
the following scoring system: i) 0, normal tissues without
alveolitis or fibrosis; ii) 1, mild alveolitis or fibrosis with
<20% lung lesions; iii) 2, moderate alveolitis or fibrosis with
20-50% lung lesions and iv) 3, severe alveolitis or fibrosis with
=50% lung lesions. The severity of fibrosis were calculated by
reviewing five high-powered fields in every specimen.

Protein extraction and trypsin digestion. Tissue samples were
removed storage and an appropriate amount (30 mg) was
weighed. Next, samples were subjected to ultrasonic lysis with
300 ul of SDS lysis solution (Beyotime, China) at a frequency
of 1.0 sec on and 1.0 sec off, for a total duration of 3 min on
ice at 0°C. The remaining debris was eliminated by centrifu-
gation at 12,000 x g at 4°C for 10 min. The supernatant was
collected and the protein concentration was determined using
a BCA kit. Trypsin (Beijing Hualishi Tech. Ltd) was added to
the protein supernatant for complete enzymolysis once protein
concentration was measured. The reaction of enzymolysis was
carried out at 37°C for 12 h. Then, peptides were lyophilized.
The lyophilized samples were resuspended in 30 x1 100 mM
TEAB and Labeling reaction in a 1.5 ml Eppendorf (EP) tube.
20 ul acetonitrile were added to TMT reagent and mixed
for centrifugation. Then 10 ul TMT label reagent was added
to each sample and incubated for 1 h. Finally, the labeling
peptides solutions were lyophilized.

Liquid chromatography-mass spectrometry analysis
(LC-MS/MS) and data search. Samples were loaded onto
a pre-column Acclaim™ PepMap™ CI18 (100 ym x 2 cm,
Thermo Fisher Scientific, Inc.) at a flow rate of 300 nl/min,
followed by separation on an analytical column Acclaim™
PepMap™ RSLC (75 pm x 15 cm, Thermo Fisher Scientific,
Inc.). The nitrogen gas temperature was 220°C while the
nebulizer pressure was adjusted to 2200 psi. Mass spectrum
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Figure 1. Obesity aggravates airway remodeling and pulmonary inflammation in asthma. (A) Workflow of asthma challenge in mice. (B) Body weight change.
(C) Masson and (D) H&E staining of pathological changes in lung tissues. (E) Fibers and inflammation scores showing the morphology of lung sections.
“P<0.05, "*"P<0.0001 vs. NSL; #P<0.05 vs. SL. NSL, non-sensitized lean; SO, sensitized obese; Alum IP, intraperitoneal aluminum hydroxide.

scanning was conducted at a full scanning mass nucleus
ratio in the m/z range of 350-1,500, with MS/MS scanning
performed on the 10 highest peaks. All MS/MS spectra were
collected under data-dependent positive ionization mode using
high-energy collision dissociation, with collision energy set
at 30. The resolution of MS was set to 15,000, with automatic
gain control set and a maximum injection time of 40 msec.
The dynamic exclusion time was 60 sec. The raw data were
searched using Proteome Discoverer™ 2.2 (Thermo Fisher
Scientific, Inc.)software. The database used for the search
was Uniprot Mus musculus database (26). False positive rates
for peptide identification were controlled at <1%. Specific
database search parameter settings are shown in Table I.

Bioinformatics analysis. Principal component analysis (PCA)
was performed to assess the differences between the SO and
NSL groups based on the expression levels of all proteins (27).
Volcano plots were used to show distribution of DEPs between
different samples (28). Peptide length distribution analysis was
performed to evaluate the conformity of peptide lengths iden-
tified by mass spectrometry based on enzymatic hydrolysis
and mass spectrometry fragmentation mode (29). Moreover,
heatmap was generated to visualize the protein expression
patterns in the proteomics study. The heatmap displayed

the relative abundance of proteins across different samples,
providing a clear overview of the protein expression levels (30).
The clusterProfiler package (version 4.2.2) (31) was used to
perform Gene Ontology (GO) (32) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) (33) pathway enrichment
analyses for differentially expressed proteins (DEPs). To
indicate a statistically significant difference, a threshold of
fold Change) =1.30 or FC <0.77, along with a significance level
of P<0.05, was considered. Proteins associated with cell pyrop-
tosis were downloaded from the Gene Set Enrichment Analysis
(GSEA; gsea-msigdb.org/gsea/index.jsp; R-MMU-5620971)
database. For upregulated proteins in lysosomal pathway,
protein-protein interaction (PPI) network was constructed
using the Search Tool for the Retrieval of Interacting Genes
(STRING; string-db.org/) database with a physical score
>0.132. Molecular Complex Detection (MCODE) algorithm10
was applied to identify densely connected network components.
GSEA was conducted to analyze pyroptosis-associated genes.
Marker genes corresponding to each cell type in mouse
lung tissue were obtained from the CellMarker database
(xteam.xbio.top/CellMarker/) (34).

Immunohistochemical and immunofluorescent staining. The
lung tissues were fixed in 4% formalin at room temperature
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Table I. Database search parameter settings.

Parameter Setting

Peptide label Tandem Mass Tag 6-plex

Cysteine alkylation = Iodoacetamide

Digestion Trypsin

Instrument Thermo Scientific™ Q Exactive™ HF
Database Mus musculus fasta

for 48 h, followed by paraffin embedding. Serial sections of
5 um thickness were cut and used for staining. For immu-
nohistochemical staining, each sections were incubated
overnight at 4°C with GSDMD primary antibody (1:1,000;
cat. no. ab219800; Abcam). The stained sections were observed
under a light microscope (Olympus Corporation, Tokyo, Japan)
at a magnification of x100. Five random images per section
were collected for analysis.

For immunofluorescent staining, primary antibodies used
were ORMDL3 (1:1,000; cat. no. ab211522; Abcam), NLRP3
(1:100; cat. no. ab263899; Abcam). A secondary antibody,
Alexa Fluor 488-conjugated goat anti-rabbit/mouse IgM
antibody (1:1,000; Life Technologies, Inc.), was used. The
sections were then incubated with a 4',6-diamidino-2-phe-
nylindole dihydrochloride (DAPI) solution (1:1,000; Dojindo
Laboratories, Inc.) for nuclear staining. Digital section images
were captured using an Olympus BX51 imaging system
(Olympus Corporation) and quantified with Image-Pro Plus
(version 6.0; Media Cybernetics) .

Human bronchial epithelial (HBE) cell infected by
ORMDL3-overexpressing lentivirus. HBE cells (BEAS-2B)
purchased from Shanghai EK-Bioscience Biotechnology Co.,
Ltd (Shanghai, China). To package ORMDL3-overexpressing
lentivirus, ORMDL3 (NM_139280) sequence, GV492 vector,
pHelperl.0, and pHelper2.0 (all GeneChem Corporation
(Shanghai, China) to synthesize the Ubi-MCS-gcGFP
construct. Then, the Ubi-MCS-gcGFP (20 pg), pHelperl.0
(15 pug) and pHelper2.0 (10 ug) were mixed and transfected
into 293T cells using GeneChem Transfection kit (GeneChem,
Shanghai, China) according to the manufacturer's instructions.
After transfection for 48 h at 37°C, the viral supernatants were
collected. Subsequently, BEAS-2B were seeded into a six-well
dish at 2x10° cells/well and then infected with lentiviral
vectors loaded with ORMDL3 at an optimum multiplicity
of infection (MOI). Following 16 h of infection, the regular
culture medium was replaced with fresh medium before
subsequent experiments. After 72 h culture at 37°C, expres-
sion of the reporter gene was assessed. Cells were collected for
downstream experiments when the rate of positive cell infec-
tion reached 85% or higher. The group infected with lentivirus
overexpressing ORMDL3 can be named as the overexpression
(OE) group, while the group infected with empty vector serves
as the negative control (NC) group.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from infected HBE using the TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.). RT was performed

using M-MLV reverse transcriptase Kit (Promega, Fitchburg).
RT was performed at42°C for 1 h, followed by incubation at 70°C
for 10 min in a water bath. The expression levels of ORMDLS3,
GSDMD, NLRP3 and cathepsin D (CTSD) were assessed
via RT-gPCR using SYBR Master Mixture (Takara, Canada)
according to the manufacturer's protocol. Amplification was
performed in following procedure: 95°C for 30 sec, 95°C for
5 sec, and 60°C for 30 sec, for 40 cycles. The threshold cycle of
each sample was recorded, and data were analyzed by normal-
ization to GAPDH values using the 2244 method (35). The
primer sequences were as follows: ORMDL3, forward 5'-CCT
CACCAACCTCATTCACAAC-3" and reverse 5-TACAGC
ACGATGGGTGTGATG-3'; GAPDH, forward 5'-TGACTT
CAACAGCGACACCCA-3' and reverse 5-CACCCTGTT
GCTGTAGCCAAA-3"; NLRP3, forward 5-ATGCCCAAG
GAGGAAGAG-3' and antisense 5' CCAACCACAATCTCC
GAAT 3'; CTSD, sense 5'-"AGGCCCCGTCTCAAAGTA-3'
and reverse 5' ATGCCAATCTCCCCGTAG 3'; GSDMD,
forward, 5'-GTGGTTAGGAAGCCCTCAAG-3' and reverse,
5' CATGGCATCGTAGAAGTGGA 3'; and CTSD forward
5'-AGGCCCCGTCTCAAAGTA-3' and reverse 5' ATGCCA
ATCTCCCCGTAG 3.

Statistical analysis. Data analysis was performed using
GraphPad Prism (version 9.0; Dotmatics) and SPSS (version
27.0; IBM Corp). Data are presented as the mean + stan-
dard deviation (mean + SD) for at least three independent
experiments. An Unpaired t-test was used for two-group
comparisons. One-way ANOVA was used to assess differ-
ences between multiple groups, followed by Dunnett's T3
(when equal variances not assumed) or the Bonferroni's post
hoc test (when equal variance was assumed) for pairwise
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Airway remodeling is aggravated in asthma associated with
obesity. After 14 weeks, weight of the SO group was 20%
higher than that of the NSL and SL groups (Fig. 1B). The path-
ological changes in mouse lung tissue were detected, including
inflammatory infiltration and collagen deposition. Masson
staining was used to observe collagen deposition. Collagen
deposition in the SL. and SO groups was significantly higher
than that in the NSL group (Fig. 1C and E). The infiltration
of monocytes, neutrophils, as well as the shedding of airway
epithelial cells, was observed by H&E staining (Fig. 1D).
The inflammatory score in the lung tissue of the SO group
was increased compared with that of the NSL and SL groups
(Fig. 1E). H&E staining can reflect inflammation changes in
the lungs, while Masson staining can indicate the presence of
collagen deposition. Once lung collagen deposition occurs, it
represents irreversible damage, indicating a more severe path-
ological condition in the lungs. Therefore, Masson staining is
of significant importance in assessing lung pathology changes.
These results showed that the airway remodeling in obese
mice with asthma was the most serious.

Data validation and DEP identification by proteomics. To
determine how asthma associated with obesity affected lung
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tissue, SO and NSL mouse lung tissues were collected for
proteomics (Fig. 2A). PCA was used to validate the dataset.
PCA indicated that the six samples from both groups were
distinguishable, as shown by short distances between samples
in the SO group along PC1 and PC2 and similar distances
between samples in the NSL group (Fig. 2B). A total of 6,399
proteins were identified across all groups by proteomics
analysis (Table SI). Among these, 5,806 proteins were quanti-
fied. Specifically, compared with the NSL group, 823 proteins
were upregulated (fold-change >1.3) and 95 proteins were
downregulated (fold-change <0.5; Fig. 2C; Table SII). The
majority of peptides in the 7-20 amino acid range align with
the expected pattern from enzymatic hydrolysis and mass
spectrometry fragmentation. The identified peptide length
distribution meets quality control requirements (Fig. 2D). In
Fig. 2E, heatmap analysis showed that the protein expres-
sion in SO group mice was altered compared with the NSL
group mice, which indicated broad proteome modulation in
mouse lungs. Each protein exhibited a distinct concentration

profile, where red and green represented upregulated and
downregulated proteins, respectively, while white indicated no
significant change in expression levels.

Lysosome and autophagy pathway are enhanced in asthma
associated with obesity. To determine the enriched biological
processes (BPs), cellular components (CCs) and molecular
functions (MFs) of significantly upregulated proteins, GO
enrichment analysis was performed (Fig. 3A). Based on
P-values obtained through Fisher's exact test, the top three
BP terms for upregulated proteins included ‘phagocytosis’,
‘antigen processing and presentation’ and ‘positive regulation
of cell activation’. The top three CCs were ‘lytic vacuole’,
‘lysosome’ and ‘immunoglobulin complex’. The top three MFs
associated with these proteins were ‘antigen binding’, ‘immu-
noglobulin receptor binding’ and ‘isomerase activity’. The GO
enrichment analysis revealed that the upregulated DEPs were
mainly associated with immunity. (Fig. 3B). KEGG pathway
enrichment analysis of the identified proteins indicated the
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involvement of pathways such as ‘Lysosome’, ‘Phagosome’,
and ‘Sphingolipid metabolism’ (Fig. 3C; Table SIII). The
upregulated pathway-associated genes were clustered in
circular heatmaps to display DEPs (Fig. 3D). In the ‘lysosome’
pathway and ‘antigen processing and presentation’ pathway,

CTSD was significantly upregulated in the lung tissue of obese
mice with asthma.

Pyroptosis-associated genes are related to lysosomes and
metabolism. Using the GSEA database, pyroptosis-associated
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protein information was downloaded, proteins that were not
identified by proteomics of the present study were removed and
STRING database was used to analyze PPIs (Fig. 4A and B).
GO enrichment analysis showed that pyroptosis-associated
proteins were associated with lysosomes (Fig. 4C), including
CTSD and cathepsin B (CTSB). In addition, MCODE showed
that protein was associated with insulin receptors, such as
ATPase H* Transporting Accessory Protein 1 and T cell
immune regulator 1 (Tcirgl). Furthermore, GSEA showed
the pyrolytic pathway was notably enhanced (Fig. 5A). The
heatmap of pyroptosis-associated genes showed that GSDMD,
caspase-1 and -3 and GSDME protein were significantly
upregulated (Fig. 5B and C). In addition, PPIs between NLRP3
and pyroptosis-associated proteins were analyzed; NLRP3
interacted with multiple proteins, including caspase-1 and -3,
IL-1p and GSDMD (Fig. 5D). This above interaction pattern
suggests that NLRP3 could be involved in the regulation or
activation of these pyroptosis-related proteins, indicating its
potential role in cell pyroptosis. To identify the specific cell
types in the lungs that the upregulated and downregulated
differentially expressed proteins (DEPs) were enriched in, we
conducted a cell marker analysis. As in Fig. 5E, the upregulated

DEPs were mainly enriched in immune cells and myeloid cells.
Conversely, the downregulated DEPs were predominantly
enriched in epithelial cells. Interestingly, both the upregulated
and downregulated DEPs showed enrichment in macrophages
cells (Fig. SE). This suggests that macrophages play a crucial
role in both upregulated and downregulated differentially
expressed proteins. They are likely involved in regulating
immune responses, inflammation processes, and other related
biological functions.

ORMDL3, NLRP3 and GSDMD expression increases in
asthma associated with obesity. Immunofluorescence staining
showed that expression of ORMDL3 and NLRP3 in the SL
and SO groups was increased compared with that in the NSL
group (Fig. 6). Immunohistochemical staining showed that
levels of GSDMD in the SL and SO groups were increased
compared with those in the NSL group (Fig. 6).

CTSD, NLRP3 and GSDMD mRNA expression is increased
in HBE cells infected with ORMDL3-overexpressing
lentivirus. The fluorescence rate (indicating positive
infection rate) was 80% (Fig. 7A). Following infection with
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Figure 5. Expression and interaction of pyroptosis-associated proteins. (A) Gene Set Enrichment Analysis of gene set related to cell pyroptosis. (B) Heatmap
of pyroptosis-associated genes. (C) Abundance of GSDMD, caspl and 3 and GSDME peptide. (D) Protein-protein interaction analysis of NLRP3 and pyrop-
tosis-associated genes. (E) Screening of cell types for up- and downregulated DEPs. “P<0.05, “P<0.01, ““P<0.0001. NSL, non-sensitized lean; SO, sensitized
obese; Casp, caspase; GSDMD, Gasdermin D; DEP, differentially expressed protein; NLRP3, NOD-like receptor thermal protein domain associated protein 3.

ORMDL3-overexpressing lentivirus, mRNA expression of increased in HBE cells compared with the negative controls
ORMDL3, CTSD, NLRP3 and GSDMD was significantly  (Fig. 7B).
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Discussion

HBE cells serve as the primary barrier in the airway and serve
a key role in airway remodeling. Pyroptosis is a proinflam-
matory cell death process and cell damage pathway that is
associated with airway remodeling (36). In the present study,
higher expression of ORMDL3 and pyroptosis-associated
factors in the lung tissue of obese mice with asthma was
observed. ORMDL3 has been shown to participate in airway
remodeling in previous study (37). Inflammation and high
expression of GSDMD are the hallmarks of pyroptosis (38).
The present study indicated that pyroptosis occurred in lung
tissue of obese mice with asthma and ORMDL3 and pyroptosis
was associated with airway remodeling in asthma associated
with obesity.

There has been a growing focus on the role of the NLRP3
inflammasome in asthma (39-41). NLRP3 is the most widely
studied member of the NLR family (42,43) and is expressed in
the mesenchyme and membrane of neutrophils, macrophages,
epithelial cells and other types of cell (43). When stimulated by
microbial infection or self-injury signals, the innate immune
system inhibits levels of NLRP3, IL-1f and IL-18, which can

alleviate airway inflammation (44), attenuate airway hyper-
responsiveness (45) and effectively prevent progression of
asthma (46). NLRP3, an important inflammation factor, is
activated in adipose tissue (47). When NLRP3 inflammation
is activated, the NLRP3 domain is exposed and NLRP3 oligo-
merizes to form the NLRP3- apoptosis-associated speck-like
protein containing CARD (ASC) complex. Activation of
caspase-1, IL-1p and IL-18, as well as the formation of active
N-terminal GSDMD, leads to cell membrane perforation and
subsequent release of inflammatory factors. These processes
promote cell rupture and induce cell pyroptosis. Pyroptosis
is a type of programmed cell death associated with NLRP3
inflammation (48). In this study, NLRP3/GSDMD-associated
pyroptosis occurred in obese mice with asthma, which is
accompanied by morphological changes in lung tissue. It is
likely that the observed morphological alterations in the lung
tissue are linked to the inflammatory processes and cellular
damage caused by pyroptosis. These findings provide valu-
able insights into the potential mechanisms underlying the
development and progression of obese asthma.

The proteomic results revealed a significant increase in
the expression of factors associated with cell pyroptosis.
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Figure 7. CTSD, NLRP3 and GSDMD mRNA expression in HBE cells infected with ORMDL3-overexpressing lentivirus. (A) HBE cells infected with
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orosomucoid-like 3.

GSEA indicated that the pyroptosis pathway was significantly
enhanced. Expression of GSDMD, GSDME and caspase-1
and -3 in the SO group was significantly higher than that in
the NSL group. Asthma associated with obesity primarily
affected ‘lysosome’, ‘antigen processing and presentation’
and ‘phagosome’, which increased pyroptosis-associated
factors, such as GSDMD and GSDME, eventually leading
to cell pyroptosis. In addition, immune-associated cells were
activated, especially macrophages. Macrophage pyroptosis
serves an important role in lung injury and inflammatory
diseases, such as sepsis-related acute lung injury (ALI), and
Idiopathic pulmonary fibrosis (IPF) (49,50). This suggests that
macrophages may serve a vital role via pyroptosis in airway
remodeling in asthma associated with obesity. Furthermore,
ORMDL3 may influence the biological activity of phago-
somes by regulating the related proteins in ‘phagosomes’
KEGG pathway (Fig. 3C). Caspases, regulators of antioxidant
defense and pathogen clearance, primarily regulate phago-
somal maturation and fusion with lysosomes (51). Emerging
evidence suggests that caspases also contribute to inflam-
matory cell death by inducing rapid pyroptosis in infected
cells (52,53). Based on previous studies , Orm proteins have a
direct impact on asthma by regulating sphingomyelin (54,55).
In this study, it was observed that asthma with obesity also
led to the activation of the ‘sphingolipid metabolism’ pathway
(Fig. 3C), as confirmed by the KEGG pathway analysis. This
finding suggests a potential link between the dysregulation of
sphingolipid metabolism and the development of asthma with

obesity. Furthermore, it is hypothesized that ORMDL3 may
play a critical regulatory role in this potential link.

Sphingolipid are akey family of lipids involved in membrane
structure and intracellular signaling. Ceramide serves as a
key intermediate product of sphingomyelin metabolism and
functions as an inflammatory mediator (56). In obesity, high
expression of ORMDL3 in vivo and in vitro causes inflam-
mation and promotes ceramide production (21,22), especially
ceramide c24:0>c24:1>¢16:0inlung epithelial cells (10). CTSD
is a direct downstream factor of ceramide (57). Notably, CTSD
belongs to the lysosomal cathepsin family. Entry of CTSD into
the cytoplasm increases mitochondrial permeability, releases
cytochrome and triggers caspases to induce apoptosis (58).
In the present study, CTSD expression was significantly
increased in obese mice with asthma. Furthermore, CTSD,
NLRP3 and GSDMD expression was increased in HBE cells
transfected with ORMDL3-overexpressing lentivirus, which
indicated that CTSD may be a link between ORMDL3 and
NLRP3/GSDMD-associated pyroptosis. Thus, ORMDL3
may be the initiating factor of pyroptosis. These finding
suggested that ORMDL3 may enhance cellular phagocytosis
by activating caspases, leading to pyroptosis.

In pyroptosis, CTSD specifically cleaves caspase-8 (59,60)
and cleaves and activates GSDMD, leading to the non-clas-
sical pyroptosis pathway (61). In addition, caspase-8 can
interact with ASC of caspase-1 during bacterial infection,
thus activating caspase-1 and the classical pyroptosis pathway.
CTSD aggravates the inflammatory reaction in pancreatitis
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by enhancing activation of CTSB (62-64). CTSB was found
to have pyroptosis-promoting effects (65). Based on the
aforementioned results, it was hypothesized that CTSD is
associated with pyroptosis of HBE cells in asthma associated
with obesity via direct or indirect pathways. Previous study
have reported that caspase-1 and -8 play important roles in
CTSD-activated pyroptosis (66). In our study, which involved
proteome analysis, we also observed an increase of caspase-1
and -8 in asthma associated with obesity. In addition, the
present study suggested that ORMDL3 may influence the
biological activity of lysosomes. CTSD participated in the
lysosomal pathway and was significantly upregulated in lung
tissue of obese mice with asthma. Furthermore, HBE cell
experiments demonstrated that overexpression of ORMDL3
led to an increase in CTSD expression. ORMDL3 positively
regulated pyroptosis-associated factors, including NLRP3
and GSDMD, and pyroptosis-related genes were associated
with lysosomes. Although further research is required to
understand the mechanisms underlying these observations, the
present study suggested that ORMDL3 may play an important
role in regulating biological activity of lysosomes.

A limitation of the current study is that it did not investi-
gate protein and mRNA levels of NLRP3, GSDMD and CTSD
following transfection with small interfering (sijORMDL3 to
determine the underlying mechanism. The focus of the present
study was on the effects of ORMDL3 overexpression and its
role in asthma associated with obesity. Further studies are
needed to explore the impact of siORMDL3 transfection on
the aforementioned protein and mRNA levels.

Overall, the present study indicated that ORMDL3
promoted upregulation of CTSD expression, which led to
activation of the NLRP3/GSDMD-related pyroptosis pathway
and ultimately contributed to airway remodeling. The present
study aimed to elucidate the regulatory mechanism of pyrop-
tosis by ORMDL3 via the CTSD/NLRP3/GSDMD pathway.
The present findings provide insight into the underlying
mechanisms and may identify therapeutic targets to combat
airway remodeling in asthma associated with obesity.
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