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Cromolyn sodium reduces LPS-induced ol

pulmonary fibrosis by inhibiting the EMT
process enhanced by MC-derived IL-13
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Abstract

Background Sepsis is a systemic inflammatory response caused by infection. When this inflammatory response
spreads to the lungs, it can lead to acute lung injury (ALI) or more severe acute respiratory distress syndrome (ARDS).
Pulmonary fibrosis is a potential complication of these conditions, and the early occurrence of pulmonary fibrosis

is associated with a higher mortality rate. The underlying mechanism of ARDS-related pulmonary fibrosis remains
unclear.

Methods To evaluate the role of mast cell in sepsis-induced pulmonary fibrosis and elucidate its molecular mecha-
nism. We investigated the level of mast cell and epithelial-mesenchymal transition(EMT) in LPS-induced mouse model
and cellular model. We also explored the influence of cromolyn sodium and mast cell knockout on pulmonary fibrosis.
Additionally, we explored the effect of MC-derived IL-13 on the EMT and illustrated the relationship between mast cell
and pulmonary fibrosis.

Results Mast cell was up-regulated in the lung tissues of the pulmonary fibrotic mouse model compared to control
groups. Cromolyn sodium and mast cell knockout decreased the expression of EMT-related protein and IL-13, allevi-
ated the symptoms of pulmonary fibrosis in vivo and in vitro. The PI3K/AKT/mTOR signaling was activated in fibrotic
lung tissue, whereas Cromolyn sodium and mast cell knockout inhibited this pathway.

Conclusion The expression level of mast cell is increased in fibrotic lungs. Cromolyn sodium intervention and mast
cell knockout alleviate the symptoms of pulmonary fibrosis probably via the PI3K/AKT/mTOR signaling pathway.
Therefore, mast cell inhibition is a potential therapeutic target for sepsis-induced pulmonary fibrosis.
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clinical treatments, there is still a lack of effective means
to slow or reverse the process of fibrosis [5]. The lim-
ited understanding of ALI pathogenesis at the molecular
level, coupled with the inadequacy of existing therapeutic
strategies, has resulted in a high mortality rate in patients
with ALI [6]. Therefore, an in-depth exploration of the
mechanisms underlying the onset and development of
ALI-induced PF at the molecular level is of utmost clini-
cal importance to improve the therapeutic outcome of
ALI/ARDS.

Pulmonary fibrosis is not only a pathological process
that evolves after lung tissue damage but also the end
of many lung diseases. It is characterized by excessive
proliferation of fibroblasts and abnormal deposition of
extracellular matrix (ECM), which leads to decreased
lung compliance, progressive dyspnea, and ultimately
respiratory failure. Studies have shown that damage to
type II alveolar epithelial cells, interactions between
alveolar epithelial cells and fibroblasts, and epithelial—
mesenchymal transition (EMT) play critical roles in the
pathogenesis of PF [7]. Epithelial-derived fibroblasts
account for approximately one-third of pulmonary fibro-
sis cases. Current theories propose that myofibroblasts
transformed from epithelial cells by EMT exhibit abnor-
mal proliferative activity and excessive ECM-producing
capacity, which drives the developmental process of PF
[8-10]. EMT is active in PF and is a critical step in the
pathogenesis of pulmonary fibrosis. EMT is character-
ized by the loss of epithelial markers, reorganization of
the cytoskeleton, and acquisition of mesenchymal mark-
ers along with the transition to EMT markers, including
epithelial markers such as E-cadherin and mesenchymal
markers such as vimentin, N-cadherin, and a-smooth
muscle actin (a-SMA).

Mast cells are a class of multifunctional cells of the
innate immune system and are widely distributed in vari-
ous tissues in the body, especially in the skin, intestines
and respiratory tract, where they play important roles
in maintaining the stability of the tissue microenviron-
ment, participating in immune surveillance, regulating
inflammatory responses, and promoting wound healing
[11]. Mast cells are abundant in healthy airways and lung
parenchyma but are increased in areas of alveolar fibrosis
in patients with pulmonary fibrosis caused by a number
of different etiologies, including idiopathic pulmonary
fibrosis (IPF) and connective tissue-associated pulmo-
nary fibrosis, but their specific role in pulmonary fibrosis
remains unknown. Lipopolysaccharides (LPS) can bind
to the TLR4 receptor on the surface of mast cells and
promote their release of IL-13, but whether LPS plays a
beneficial or detrimental role in sepsis-associated pulmo-
nary fibrosis remains unknown [12].
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Interleukin-13 (IL-13) is a proinflammatory cytokine
produced by cells such as type 2 helper T cells (Th2)
[13]. Numerous studies have shown that IL-13 is an
important profibrotic factor, and increases in IL-13 have
been observed in fibrotic lungs in both human and ani-
mal models and have been shown to activate different
immune cells, including alveolar macrophages, epithe-
lial cells, and fibroblasts [14, 15]. Among other factors,
IL-13 can lead to impaired differentiation of alveolar
epithelial cells and promote EMT, which in turn leads
to the development of pulmonary fibrosis. However,
the specific signaling pathway by which IL-13 promotes
EMT remains unknown [16, 17]. The PI3K/AKT sign-
aling pathway is involved in a variety of biological pro-
cesses, including the cell cycle, apoptosis, angiogenesis,
and glucose metabolism [18]. The PI3K/AKT pathway
is indispensable for cell proliferation and apoptosis and
plays an important role in the onset and progression
of pulmonary fibrosis. PI3K/AKT can directly activate
the mTOR signaling pathway, leading to downstream
signaling cascades that affect cell proliferation, growth,
autophagy, and metabolism. In pulmonary fibrosis, dam-
aged alveolar epithelial cells trigger diverse inflammatory
responses, repair mechanisms, and signaling pathways,
including the PI3BK/AKT/mTOR pathway. Activation of
these responses and pathways leads to the release of pro-
fibrotic mediators, which in turn disrupts the homeosta-
sis between pro-fibrotic and anti-fibrotic mediators, a
process that also involves epithelial-mesenchymal tran-
sition [19-21]. It has been shown that inhibition of the
PI3K/AKT/mTOR pathway suppresses EMT, and the
use of AKT inhibitors reverses EMT to a certain extent.
These findings reveal that the PI3K/AKT/mTOR pathway
plays a crucial role in the EMT process in lung fibrosis
[22-24].

In this study, we measured mast cell and IL-13 levels in
an animal model of LPS-induced pulmonary fibrosis and
evaluated the effects of mast cell inhibition and knock-
down on mast cell-derived IL-13 and pulmonary fibrosis
and the potential underlying mechanisms through in vivo
and in vitro experiments.

Materials and methods

Animals and ethical statement

Male C57BL/6 wild-type mice (aged 6—8 weeks, 20-25 g)
were obtained from the Experimental Animal Center
of Nanjing Medical University. Male C57BL/6-Kit™V =
KitW =" (kit¥~*h) mice were generated in our laboratory,
and colonies of these mice were maintained for studies.
All the mice were housed in a temperature-controlled
room with a 12 h light/12 h dark cycle and sufficient food
and water. This study was approved by the Institutional
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Animal Care and Use Committee (IACUC) of Nanjing
Medical University (No. 2207016).

Murine model of LPS-induced pulmonary fibrosis

and treatment

Mice were randomly divided into four groups: the con-
trol group (Con group), the Cromolyn sodium group
(Cro group), the LPS group, and the LPS+ Cro group. To
induce pulmonary fibrosis in mice, continuous intraperi-
toneal injection of E. coli LPS serotype 0111: B4 (Sigma,
St. Louis, MO) was administered. Mice received intra-
peritoneal injections of LPS (5 mg/kg) or an equal vol-
ume of PBS for 5 consecutive days. For treatment, the
mice received intraperitoneal injections of Cro (50 mg/
kg) (Sigma, St. Louis, MO) or an equal volume of PBS for
5 consecutive days starting 30 min before LPS injection.
Mice in each group were randomly sacrificed on days
0, 7, 14, and 28 after LPS treatment. Lung tissues were
rapidly removed, the left lung portion was used for lung
histology analysis, and the right lung tissue was rapidly
frozen in liquid nitrogen and stored at —80 °C for analysis
of relevant indexes.

Histopathology and immunohistochemistry
The right lung tissues were fixed in 4% paraformaldehyde
(PFA) for 48 h, embedded in paraffin and cut into 4-pm
thick sections. Tissue sections were stained with hema-
toxylin and eosin (HE) according to the manufacturer’s
instructions to assess histopathological changes. Lung
injury was scored by an experienced pathologist who
was blinded to the purpose of the study. Fibrotic areas in
the lung sections were assessed using Masson trichrome
staining (Sevier, China). Lung fibrosis was scored by an
experienced pathologist who was blinded to the purpose
of the study, as previously described by Ashcroft et al.
Immunohistochemical staining was used to assess the
expression of tryptase, E-cadherin, and vimentin. Briefly,
paraffin Sects. (4 um) of lung tissues were incubated with
rabbit antibodies against tryptase (dilution ratio 1:200,
Abcam) or E-cadherin and vimentin (dilution ratio 1:200,
Proteintech) overnight at 4 °C, followed by incubation
with goat anti-rabbit or anti-mouse IgG (Sevier, Wuhan,
China) at room temperature for 1 h. Thereafter, the sec-
tions were stained with DAB solution (Sevier, China), and
the nuclei were stained with hematoxylin. Photographs of
the sections were taken using a Leica Qwin System light
microscope (Leica, Germany).

Determination of hydroxyproline content

A hydroxyproline colorimetric analysis kit (E-BC-
KO062-M. Elabscience, China) was utilized to assess the
total lung collagen content according to the manufactur-
er’s instructions.
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Cell culture and processing

The mouse lung epithelial cell line MLE-12 and mast
cell line P815 were obtained from Sevier (Wuhan,
China). These cell lines were characterized by short
tandem repeat (STR) analysis and tested for myco-
plasma contamination. The cells were incubated in
DMEM (Gibco, USA) supplemented with 10% fetal
bovine serum (Gibco, USA) and 1% penicillin/strep-
tomycin in a humidified environment at 37 °C and 5%
CO2. MLE-12 cells (1-1.5x105 cells/well) were wall-
plated for 24 h in 6-well plates. After pretreatment with
Cro (10 pg/ml) in fresh starvation medium for 30 min,
MLE-12 and P815 cells were exposed to PBS or LPS
(1 pg/mL) and incubated for 24 h at 37 °C. In some
experiments, IL-13 siRNA (10 nM) was transfected into
P815 cells.

Coculture of P815 and MLE-12 cells

MLE-12 cells (1-1.5x105 cells/well) were placed in
the 6-well basal chamber of the Transwell system, and
P815 cells were placed in the top chamber. After LPS
treatment, with or without Cro pretreatment, MLE-12
cells were cocultured with P815 cells in the coculture
system for 24 h, after which MLE-12 cells were isolated
for analysis.

In vitro IL-13 siRNA transfection

To inhibit IL-13 expression, siRNAs targeting mouse
IL-13 mRNA were designed and purchased from Punuo
En Biotechnology (Nanjing, China). The best interfer-
ing effect of mouse IL-13 siRNA was selected from
three mouse IL-13 siRNAs by quantitative real-time
polymerase chain reaction (QRT-PCR) and Western
blot analysis. siRNA. P815 cells were transfected with
IL-13 siRNA (10 nM) for 48 h using the transfection
reagent Lipofectamine 3000 (Vazyme, China). The
transfected cells were placed in culture medium for
subsequent experiments. The sequences of the mouse
IL-13 siRNAs used were 5" -UCUCCCAUAA GGGACC
CAUTT-3’ (forward) and 5" -AUGGGGUCCCU UAU
GGGGAGATT-3’ (reverse).

ELISA kit

IL-13 levels in cell supernatants were determined using
a mouse IL-13 ELISA kit (E-EL-MO0727. Elabscience,
China) according to the manufacturer’s instructions.

Immunoblotting assay (Western blot)

Total proteins were extracted from lung tissues and
cells with RIPA lysis buffer containing protease inhibi-
tors (Biyun Tian, China). The protein concentration
was determined using the BCA method (Thermo Fisher
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Scientific, USA), and the proteins were mixed with
the upsampling buffer. Each well was loaded with an
equal amount of protein sample (~50 pg), and some
wells were loaded with a pre-stained protein marker
(Vazyme). After electrophoresis (80 V for 30 min and
120 V for 60 min), the proteins were transferred to a
PVDF membrane (EMD Millipore). The membranes
were labeled with primary antibodies against a-SMA
(Proteintech), COLA1 (Proteintech), E-cadherin (Pro-
teintech), Vimentin (Proteintech), IL-13 (Proteintech),
Tryptase (Abcam), PI3K (Cell Signaling Technology),
P-PI3K (Cell Signaling Technology), AKT (Proteintech),
P-AKT (Proteintech), mTOR (Proteintech), P-mTOR
(Proteintech), Tubulin (Proteintech) and GAPDH (Pro-
teintech) and incubated overnight at 4 °C. After three
washes, the membranes were incubated for 2 h at room
temperature with horseradish peroxidase (HRP)-conju-
gated secondary antibodies at a dilution of 1:5000 and
color developed using ECL Prime Western Blot detec-
tion reagent (Millipore). The membranes were visual-
ized and imaged using a bioimaging system (Bio-Rad,
USA). The experiment was repeated three times.

Real-time quantitative polymerase chain reaction (RT-
qPCR)
Total RNA was extracted using Freezol reagent (Vazyme,
China) according to the manufacturer’s instructions.
Then, RNA was reverse transcribed to cDNA using a
reverse transcription kit (Vazyme, China). Real-time
quantitative polymerase chain reaction (RT—-qPCR)
was performed using SYBR Green (Vazyme, China) on
a LightCycler® 384 system (Roche Diagnostics Inter-
national) for real-time quantitative PCR. Relative gene
expression (fold change) was analyzed using the 2-AACt
method. The mouse-specific primers used were as
follows:

IL-13 mus (forward), 55 ATTGCATGGGCCTCTGTA
ACC3:

IL-13 mus (reverse), 5 CCCAGCAAAGTCTGATGT
GA 3.

Tryptase mus (forward), 5 GCCAATGACACCTAC
TGGATG 3!

Tryptase mus (reverse), 5 GAGCTGTACTCTGAC
CTTGTTG 3.

E-cadherin mus (forward), 5 GCTGGACCGAGAGAG
TTACC 3!

E-cadherin mus (reverse), 55 AGGCACTTGACCCTG
ATACG 3!

Vimentin mus (forward), 5> GGAAAGTGGAATCCT
TGCAG 3!

Vimentin mus (reverse), 5 AGCCACGCTTTCATA
CTGCT 3.
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GAPDH mus (forward), 5° ATGGCATGGGCTTAC
ACCACC 3!

GAPDH mus (reverse), 5 GAGGCCAATTTTGTC
TCCACA 3.

Immunofluorescence (IF)

Immunofluorescence staining was used to assess the
expression levels of E-cadherin and Vimentin. MLE-12
cells were fixed with 4% PFA for 15 min and washed with
phosphate buffer solution (PBS). Then, the samples were
blocked with 5% BSA (5% bovine serum albumin in PBS)
(Solarbio, China) for 30 min. The cells were then incu-
bated with antibodies against E-cadherin (Proteintech)
and vimentin (Proteintech) overnight at 4 °C. The cells
were washed with PBS for 5 min three times to remove
unbound antibodies and then incubated with Alexa Fluor
488-labeled goat anti-rabbit and Cy3-labeled goat anti-
mouse secondary antibodies (1:500. Beyotime, China)
for 1 h at room temperature. After washing with PBS,
the nuclei were labeled with DAPI (Southernbiotech,
USA). Fluorescence images of the stained cells were then
acquired using a laser scanning confocal microscope
(Leica TCS SP8, Leica, Germany).

Statistical analysis

The experimental data are presented as the
means t standard deviations (SDs) and were analyzed
using GraphPad Prism 9 (GraphPad Software, USA). A
normality test was first performed using D’Agostino &
Pearson analysis before analysis. Comparisons between
two groups were made using Student’s t test. Compari-
sons among the four groups were analyzed by one-way
or two-way analysis of variance (ANOVA), and Tukey’s
multiple comparisons were selected for the posttest. p
values were considered to indicate statistical significance
at *p <0.05, ***p <0.01, and ***p <0.001.

Results

LPS-induced post-inflammatory lung fibrosis and EMT

in mice

In clinical practice, sepsis is recognized as the lead-
ing cause of ALI and ARDS. LPS is a key trigger in the
pathogenesis of sepsis. Numerous studies have been
conducted using LPS to model acute lung injury in ani-
mals and have shown that typical fibrotic lesions gradu-
ally appear in the lung tissues of animals as the disease
progresses [25, 26]. Based on this understanding, we
adopted the method described by Chandra and success-
fully constructed an experimental model of LPS-induced
lung fibrosis in mice after ALI [27] (Fig. 1A). Histopatho-
logical HE staining of lung tissue revealed that the con-
trol group presented normal lung tissue morphology. On
the 7th day of the experimental group, congestion and
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Fig. 1 LPS-induced EMT and post-inflammatory lung fibrosis in mouse lungs. A Schematic diagram of the animal model and survival rate. B
Representative HE and Masson staining results after LPS injection at different times; scale bar: 50 um. C, D Lung injury scores and Ashcroft scores
according to the HE and Masson staining results, n=5. E Determination of hydroxyproline levels in mouse lung tissues, n=5. F, H Representative
protein bands of interstitial lung indicators and statistical analysis, n=3. G, | Representative EMT protein bands and statistical analysis, n=3.J
Expression level analysis of EMT-associated protein mRNA, n=6. K, L Immunohistochemistry and positivity rate analysis of EMT-associated proteins;
scale bar: 50 um, n=5. M, N Representative bands and statistical analysis of mesenchymal and EMT indexes in MLE-12 cells induced by LPS;

n=3. 0 Expression level analysis of EMT-associated protein mRNA in MLE-12 cells, n=6. P, Q Statistical analysis of representative fields of view

and fluorescence intensity of immunofluorescence of EMT-related proteins in MLE-12 cells; scale bar: 10 um, n=3*p <0.05, **p <0.01, ***p < 0.001

edema in some lung regions were visible, inflammatory
cells in the alveolar spaces increased significantly, local
alveoli atrophied, and hemorrhage was observed in some
alveolar lumens. On the 14th and 28th days, inflamma-
tion in the lung tissue of the mice in the model group was
gradually reduced, but the morphology of the lung tissue
was significantly altered. The number of normal alveolar
structures gradually decreased, consistent with the lung
injury score (Fig. 1B, C). Masson staining revealed a small

amount of blue staining of the lung tissue in the control
group, which is an extracellular matrix collagen compo-
nent of normal lung tissue. Bluish staining was observed
in the mice in the model group on the 7th day, suggest-
ing that collagen deposition occurred in the lungs of the
mice at the early stage of inflammation. With increas-
ing time, the amount of bluish fibrous tissue deposited
in the lung tissues of the mice on the 14th and 28th days
increased gradually, suggesting that the fibroproliferative
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response of the lungs of the mice gradually strengthened
and that fibrosis reached its highest degree on the 28th
day. The Ashcroft score was also in agreement with the
staining results (Fig. 1B, D). After that, we measured the
levels of the interstitial indicators hydroxyproline, colla-
gen 1, and a-SMA. The ELISA and WB results showed
that the levels of collagen 1 and a-SMA in the interstitial
of the lung tissues of the model group were significantly
increased on day 28 (Fig. 1E, F, H), which is a typical fea-
ture of lung fibrosis. To verify whether LPS promotes the
development of pulmonary fibrosis by inducing EMT, we
measured the expression of E-cadherin, a classical epi-
thelial indicator of EMT, and vimentin, a classical mes-
enchymal indicator of EMT. The results of both WB and
PCR showed that at 28 days of modeling, the protein and
mRNA levels of E-cadherin were significantly decreased,
whereas the opposite trend was observed for Vimentin,
which showed an increasing trend (Fig. 1G). showed an
increasing trend (Fig. 1G, I, J). The immunohistochemi-
cal results also further verified the occurrence of EMT
(Fig. 1K, L).

In addition to the animal model, we selected the MLE-
12 mouse alveolar epithelial cell line for in vitro valida-
tion by Xiao’s method [28]. The EMT model was induced
by 1 pg/ml LPS, and the results of WB and PCR showed
that the levels of epithelial markers in MLE-12 cells were
significantly decreased, while the levels of the mesenchy-
mal indicators collagen 1, a-SMA, and vimentin were
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significantly increased, and EMT occurred (Fig. 1IM-0).
This finding was further verified by the immunofluores-
cence results (Fig. 1P, Q).

Cromolyn sodium inhibits LPS-induced mast cell activation
and IL-13 expression

Cromolyn sodium can stabilize the cell membrane of
mast cells and inhibit the release of intracellular par-
ticulate matter to play an anti-allergic role and inhibit
the release of inflammatory cells, of which IL-13 is an
important effector that is closely related to EMT and
pulmonary fibrosis. Therefore, in further experiments, to
investigate the effect of Cromolyn sodium on mice with
pulmonary fibrosis, we analyzed the levels of lung mast
cells and the expression of IL-13 in mice before and after
modeling. First, the results of immunohistochemistry,
WB and PCR showed that tryptase levels were signifi-
cantly elevated in the lung tissues of mice after modeling,
and at the same time, the levels of IL-13 were also sig-
nificantly increased (Fig. 2A-E). After that, according
to Roviezzo’s experimental method, we intervened by
intraperitoneal injection of 50 mg/kg Cromolyn sodium
30 min before each intraperitoneal injection of LPS
[29]. After treatment with Cromolyn sodium, the levels
of tryptase and IL-13 were reversed in the lung tissues
of the mice, indicating that Cromolyn sodium inhibited
LPS-induced mast cell activation and IL-13 expression
in vivo (Fig. 2F-]).
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Fig. 2 Cromolyn sodium inhibits LPS-induced mast cell activation and IL-13 expression. A, B Representative results of Tryptase
immunohistochemistry and analysis of the percentage of positive cells; scale bar: 50 um, n=5. C, D Representative protein bands of Tryptase
and IL-13 and statistical analysis, n=3. E Expression level analysis of tryptase and IL-13 mRNA, n=6. F, G Representative results of tryptase
immunohistochemistry and analysis of the percentage of positive cells after Cromolyn sodium intervention; scale bar: 50 um, n=5. H-J
Representative protein bands of Tryptase and IL-13 after Cromolyn sodium intervention and statistical analysis, n=3. *p <0.05, **p <0.01,

*¥p<0.001
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Cromolyn sodium alleviates pulmonary fibrosis

by inhibiting EMT

Previous experiments have demonstrated that LPS
can promote the development of pulmonary fibrosis
by inducing EMT both in vivo and in vitro. To verify
whether Cromolyn sodium could alleviate pulmonary
fibrosis by inhibiting EMT, we conducted the following
experiments. The Masson staining results were consist-
ent with the previous results, and the control group and
the Cro group exhibited normal lung tissues, with only a
small amount of interstitial collagen. However, the LPS
model group exhibited a large amount of collagen depo-
sition, and obvious pulmonary fibrosis occurred. In con-
trast, after treatment with Cromolyn sodium, collagen
deposition in the lung tissue of mice was significantly
reduced, and the morphology and scores of the lung tis-
sue were significantly improved (Fig. 3A, B). The ELISA
and WB results showed that the levels of the indicators
of the lung interstitial, collagen 1, and a-SMA, were sig-
nificantly increased, which further verified the occur-
rence of lung fibrosis (Fig. 3C-F). Moreover, treatment
with Cromolyn sodium also reversed the changes in the
expression of E-cadherin and Vimentin and inhibited
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the occurrence of EMT (Fig. 3G—N). Taken together, the
results showed that Cromolyn sodium suppressed the
LPS-induced EMT process in lung tissue and ameliorated
pulmonary fibrosis after acute lung injury in mice.

Cromolyn sodium inhibits EMT and attenuates pulmonary

fibrosis by reducing mast cell-derived IL-13 release (in vivo)
To determine whether sepsis-induced pulmonary fibrosis
is truly related to mast cells and whether IL-13 is of mast
cell origin, C57BL/6-KitW—"/Kit¥ =" (kitW-sh) mast cell
knockout mice were used in this study, and the degree
of pulmonary fibrosis, the level of IL-13 and the related
indexes of EMT in the knockout mice after modeling
were evaluated. As shown in Fig. 4A, B, after modeling,
Masson staining revealed that the degree of lung fibrosis
was significantly reduced in Kit¥ ™" mice and was simi-
lar to that after Cromolyn sodium intervention, a finding
verified by the Ashcroft score. In addition, the levels of
hydroxyproline, collagen 1, and a-SMA in the intercel-
lular cytoplasm were significantly lower in the knockout
mice than in the nonknockout mice (Fig. 4C—F). Subse-
quently, by determining the degree of mast cell activation
and the partial source of IL-13, we found by WB that the
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Fig. 3 Cromolyn sodium alleviates pulmonary fibrosis by inhibiting LPS-induced EMT. A, B A representative field of view of Masson staining
and Ashcroft score after Cromolyn sodium intervention; scale bar: 50 um, n=5. C Interstitial hydroxyproline content of the lungs; n=5. D-F
Representative bands of collagen 1 and a-SMA proteins were analyzed, n= 3. G-I Representative bands of EMT-associated proteins were
analyzed, n=3.J, K mRNA expression levels of EMT-associated proteins, n=6. L-N Representative field of view for EMT-associated protein
immunohistochemistry and statistical analysis of the percentage of positive cells; scale bar: 50 um, n=5. *p <0.05, **p <0.01, ***p < 0.001
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Fig.4 Cromolyn sodium inhibits EMT and attenuates pulmonary fibrosis by reducing mast cell-derived IL-13. A, B Masson staining and Ashcroft
scores of representative fields from mast cell knockout mice; scale bar: 50 um; n=5. C Hydroxyproline content of lung tissues in each group,

n=5. D-F Representative bands showing interstitial lung indexes in each group that were statistically analyzed; n=3. G-I Representative bands

of tryptase and IL-13 in each group were statistically analyzed, n=3. J-L Representative bands of EMT-related indexes in each group were analyzed,
n=3. M—-Q Representative field of view for EMT-associated protein and tryptase immunohistochemistry and statistical analysis of the percentage

of positive cells; scale bar: 50 um, n=5.*p <0.05, ***p <0.001

activation level of tryptase in the lungs of knockout rats
was slightly lower than that in the lungs of the interven-
tion group and significantly lower than that in the lungs
of the normal model group, and a similar trend was
observed for IL-13 (Fig. 4G-I). The above results indi-
cated that mast cell knockdown effectively inhibited mast
cell activation in a mouse model of septic pulmonary

fibrosis and effectively reduced the release of IL-13 from
mast cells. Through previous studies, we found that
Cromolyn sodium could inhibit EMT by suppressing
mast cell activation, and this study further explored the
effect of mast cell knockdown on EMT. Mast cell knock-
down and treatment with Cromolyn sodium had similar
inhibitory effects, and the levels of EMT-related genes
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were significantly lower than those in the normal model
group (Fig. 4J-L). In addition, the immunohistochem-
istry results were also consistent with the above results
(Fig. 4M-P). The above results suggest that Cromolyn
sodium can alleviate septic pulmonary fibrosis by reduc-
ing the release of IL-13 from mast cells and inhibiting
EMT in animal experiments.

Cromolyn sodium inhibits EMT and attenuates pulmonary
fibrosis by reducing mast cell-derived IL-13 release (in
vitro)

In addition to in vivo experiments, we further verified the
effect of Cromolyn sodium on mast cell activation and
the release of IL-13 via in vitro experiments. First, to ver-
ify the effectiveness of Cromolyn sodium on the mouse
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mast cell line P815, we pretreated mast cells with 10 pg/
ml Cromolyn for 30 min before induction with LPS, and
cellular RNA, protein, and cell supernatant collection
was performed 24 h after the intervention [30]. The WB
results showed that Cromolyn sodium pretreatment sig-
nificantly decreased P815 cell tryptase and IL-13 expres-
sion (Fig. 5A—-C). In addition, we constructed an in vitro
coculture system using a Transwell system for verifica-
tion (Fig. 5D). Compared with alveolar epithelial cells
without coculture, MLE-12 cells cocultured with mast
cells exhibited increased levels of LPS-induced EMT,
demonstrating that mast cells can promote the develop-
ment of lung fibrosis by enhancing the level of EMT in
alveolar epithelial cells (Fig. 5E-G). After that, we ana-
lyzed the levels of IL-13 in the supernatants of MLE-12
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Fig. 5 Cromolyn sodium inhibits EMT and attenuates pulmonary fibrosis by reducing the release of mast cell-derived IL-13 (in vitro). A-C

Effect of Cromolyn sodium intervention on the expression of tryptase and IL-13 in P815 cells and statistical analysis, n=3. D Schematic

diagram of coculture. E-G Effect of the coculture system on EMT in MLE-12 cells. H Differences in the levels of IL-13 in cell supernatants

between the coculture groups and non-co-culture groups, n=6. I-L Effect of Cromolyn sodium intervention on the interstitial quality indexes

of the coculture groups, as determined by statistical analysis, n= 3. J-N Effects of Cromolyn sodium intervention on EMT indexes in the coculture
groups and statistical analysis, n=3. 0-Q Statistical analysis of representative fields of view of immunofluorescence and the fluorescence intensity
indicating the effects of Cromolyn sodium intervention on EMT indexes in MLE-12 cells; scale bar: 50 um, n=3. *p<0.05, **p <0.01, ****p < 0.001
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cells. The results showed that the levels of IL-13 in the
supernatants of MLE-12 cells in the coculture system
were significantly greater than those in the superna-
tants of MLE-12 cells without coculture, and treatment
with Cromolyn sodium reversed this effect. WB results
showed that coculture significantly increased the expres-
sion of mesenchymal indicators in MLE-12 cells, while
the level of E-cadherin was significantly decreased, and
treatment with Cromolyn sodium alleviated the process
of EMT (Fig. 5I-N). This finding was further supported
by the immunofluorescence results (Fig. 50-Q).

Mast cell-derived IL-13 regulates the LPS-induced EMT
process (in vitro)

Although the above results demonstrated mast cell acti-
vation as well as a reduction in the level of IL-13 derived
from mast cells after intervention, they do not directly
indicate a direct role for mast cell-derived IL-13 in EMT.
Therefore, we used small interfering RNA (siRNA) in an
in vitro coculture system to knock down the expression
of IL-13 in the mast cell line P815 to further verify the
role of mast cell-derived IL-13. The results showed that
after IL-13 knockdown, the level of IL-13 in the super-
natant of MLE-12 cells was significantly decreased com-
pared with that in the normal model group, while there
was no statistically significant difference from that in
the Cromolyn sodium intervention group (Fig. 6A). In
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addition, we also verified the relevant indexes of EMT,
and the results showed that mast cell IL-13 knockdown
significantly decreased the levels of IL-13 in the super-
natants of alveolar epithelial cells and inhibited EMT
(Fig. 6B-D). The immunofluorescence results further
verified this finding (Fig. 6E-G).

MC-derived IL-13 regulates EMT through activation

of the PI3K/AKT/mTOR pathway

EMT is currently believed to be regulated by several
signaling pathways, one of which is the PI3K/AKT/
mTOR pathway. It has also been shown that IL-13
can act as an important effector molecule to promote
EMT. Therefore, we evaluated the differences in total
PI3K, P-PI3K, total AKT, P-AKT, total mTOR and
P-mTOR between in vivo and in vitro experiments.
The results showed that in the animal experiments,
total PI3K, total AKT, and total mTOR were not sig-
nificantly changed in the lungs of any of the groups of
mice, and phosphorylated proteins were significantly
elevated in the normal model group, whereas Cro-
molyn sodium intervention significantly reversed the
increase in phosphorylated proteins (Fig. 7A). After-
wards, we further verified this finding in an in vitro
cellular assay (Fig. 7B). Subsequently, we verified the
effect of mast cell knockdown on the PI3K/AKT/
mTOR pathway, and the results showed that mast cell
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Fig. 6 Cromolyn sodium inhibits EMT and attenuates pulmonary fibrosis by reducing mast cell-derived IL-13. AThe content of IL-13

in the supernatants of MLE-12 cells in each group of cocultured MLE-12 cells after knockdown of IL-13 in P815 cells, n=6. B-D Representative
protein bands of EMT-related indexes of MLE-12 cells in each group after knockdown of IL-13 in P815 cells and statistical analysis, n=3. E-G
Representative field of view and statistical analysis of fluorescence intensity for immunofluorescence of EMT-related indicators in MLE-12 cells; scale

bar: 10 um, n=3.*p <0.05, ***p <0.01, **p <0.001
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knockdown also reversed the increase in phosphoryl-
ated proteins (Fig. 7C) and that the knockdown of mast
cell IL-13 in vitro exerted the same effect (Fig. 7D).
Interestingly, however, mast cell knockdown appeared

to have a stronger inhibitory effect on the expression
of phosphorylated proteins in animal experiments, but
the exact reason for this effect remains to be further
explored.
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Discussion

It is well known that ARDS is a serious life-threatening
clinical disease, pulmonary fibrosis associated with
ARDS is a common complication, the occurrence of early
pulmonary fibrosis suggests a high incidence of multior-
gan failure and mortality, and there is no effective treat-
ment [31, 32]. Infection is the most common cause of
ARDS, and secondary pulmonary fibrosis has become an
important cause of poor prognosis. Even if patients sur-
vive, pulmonary fibrosis can seriously affect quality of life
[33, 34]. Therefore, exploring the mechanisms of ARDS-
associated pulmonary fibrosis and possible interventions
is clinically important for reducing ARDS mortality. Dys-
regulation of EMT is a potential causative agent of pul-
monary fibrosis disease, and thus, reversing the EMT
process may be a potential target for improving pulmo-
nary fibrosis.

Animal models of various diseases are designed to
create a ‘translation bridge’ between the patient and the
laboratory: hypotheses developed during human stud-
ies can be directly confirmed or refuted in experiments
on laboratory animals, and the results of in vitro experi-
ments can be successfully verified in vivo. In humans,
lung inflammation begins before the onset of clinical
signs of ALI/ARDS and peaks within the first three days
of disease onset [35], accompanied by destruction of lung
endothelial and epithelial cells, alveolar and interstitial
oedema and disruption of gas exchange [36]. Therefore,
animal models of acute lung injury should be able to
reproduce the inflammatory response and disruption of
the epithelial/endothelial barrier of lung tissue. Further-
more, a more complex aspect of modelling human ALI
on laboratory animals (e.g., mice and rats) is that patients
with ALI may have a primary disease that results in ALI
(e.g., sepsis) and/or receive some therapeutic and sup-
portive treatment (e.g., mechanical lung ventilation) [37].
Therefore, none of the available animal models of ALI
reflect all the characteristics of human ALI. However,
depending on the aim of the study, a thorough selection
of murine models could help to answer urgent questions
about the molecular mechanisms underlying the devel-
opment and regulation of ALI. LPS is a major compo-
nent of the outer membrane of Gram-negative bacteria
that triggers local and systemic inflammatory responses.
It is closely associated with lung injury and is frequently
used to induce lung inflammation in in vivo mod-
els [38—40]. LPS acts as a potent activator of the innate
immune response through a TLR4-dependent pathway,
making this model a prime model for studying inflam-
matory responses similar to that during bacterial infec-
tions, which are induced by intraperitoneal injection of
LPS leading to septic systemic infection and ultimately
the acute phase of ALI/ARDS, the histological features
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and the inflammatory response to bacterial infection are
more closely aligned to the clinical presentation, mak-
ing the results more convincing. In contrast, bleomycin,
which is used by the majority of the population, is an
antitumor antibiotic with little association with the stim-
ulus that triggers the development of fibrosis in humans.
In this study, we used an intraperitoneal injection of LPS
to establish a mouse model of sepsis-associated pulmo-
nary fibrosis. This model was more closely related to the
real pathogenesis than the bleomycin-induced pulmo-
nary fibrosis model. The results showed that the expres-
sion of mast cells and IL-13 was significantly increased in
the fibrotic lungs of the model mice. Moreover, changes
in E-cadherin, Vimentin and other related proteins also
indicated the occurrence of EMT. Knockdown of the
mast cell stabilizer Cromolyn sodium as well as mast cells
reduced the expression of lung fibrosis-related proteins
in the lung tissues of LPS-induced mice by inhibiting the
production of IL-13 as well as EMT and improving the
symptoms of fibrosis. In addition, a coculture system of
mast cells and alveolar epithelial cells was constructed in
this study, and by knocking down IL-13-expressing genes
in mast cells, it was further demonstrated that mast cells
may promote the development of EMT through the pro-
duction of IL-13, which contributes to the development
of pulmonary fibrosis in sepsis. These processes are
dependent on the PI3K/AKT/mTOR signaling pathway
in alveolar epithelial cells (Fig. 8).

Mast cells are abundant in healthy airways and lung
parenchyma and are increased in the fibrotic areas of the
alveolar parenchyma in patients with pulmonary fibro-
sis, including infants with idiopathic pulmonary fibrosis,
chronic hypersensitivity pneumonitis, sarcoidosis, silico-
sis, and bronchopulmonary dysplasia [41-43]. Increased
numbers of mast cells have also been found in bronchoal-
veolar lavage fluid from patients with various interstitial
lung diseases. In several studies, the number of mast
cells in the fibrotic lung parenchyma or bronchoalveolar
lavage fluid was positively correlated with the severity
of fibrosis and negatively correlated with lung function.
Therefore, the number of mast cells in alveolar lavage
fluid may have prognostic significance [44]. Morphologi-
cally, mast cells in the fibrotic parenchyma of patients
with IPF and other interstitial lung diseases usually
exhibit a reduced number of granules and disorganized
granule content, suggesting that some mast cells undergo
degranulation. There is also evidence of increased release
of trypsin-like enzymes in the tissue, demonstrating that
mast cells are being activated, but the exact mechanism
is unclear. It has recently been demonstrated that Mast-
Cell Expressed Membrane Protein-1 (MCEMP1) may
play a role in the pathogenesis of IPF by regulating the
migration and transformation of monocytes to alveolar
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macrophages of monocyte origin. This suggests that mast
cells may also be involved in the process of pulmonary
fibrosis by interacting with other cells, which provides a
further avenue for research and a referable direction [45].
In the present study, we also found increased release of
trypsin-like enzymes within lung tissue in the fibrotic
lung tissue of septic mice induced by intraperitoneal
injection of LPS. However, whether mast cell activation
is beneficial or detrimental to pulmonary fibrosis has dif-
ferent results in different animal models. In a bleomycin-
induced lung fibrosis rat model, mast cell knockout rats

had a greater degree of lung fibrosis than normal control
rats, whereas both groups of mice exhibited approxi-
mately the same degree of lung fibrosis [46]. Remark-
ably, the lungs of bleomycin mast cell knockout mice had
higher levels of hydroxyproline than did those of nor-
mal mice, suggesting that mast cells may actually play a
protective role. In contrast, in a model of lung fibrosis
induced by allergic respiratory inflammation, compared
with normal mice, mast cell knockout mice exhibited
reduced fibrosis, suggesting that mast cells may play a
deleterious role in lung fibrosis [47-50]. In the present
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study, we found that septic lung fibrosis was attenuated
by Cromolyn sodium in mice with mast cell inhibition or
systemic knockout compared with that in normal mice,
suggesting that activated mast cells may play a deleteri-
ous role in sepsis-associated acute lung injury and lung
fibrosis.

Although the initiating factors and specific role of
inflammation in pulmonary fibrosis remain unelucidated,
there is evidence that events such as sustained damage
to the alveolar epithelium and capillary endothelium,
chronic injury leading to dysregulation of repair, prolifer-
ation and mesenchymal transition of type II alveolar epi-
thelium, and generation of fibroblastic foci contribute to
the development of pulmonary fibrosis. These events are
driven by several profibrotic mediators. Epithelial injury
stimulates the release of several mediators, including
TGF-B1, which is a key upstream profibrotic growth fac-
tor that drives IPF. In addition, a number of profibrotic
factors are released from other cells, including PDGE,
FGEF-2, IL-4, and IL-13, which can contribute to the
development of pulmonary fibrosis by promoting colla-
gen synthesis and EMT [51-54]. In the present study, we
found that the expression of IL-13 was significantly ele-
vated in the lungs of mice with septic pulmonary fibrosis,
suggesting that it plays a role in the LPS-induced septic
pulmonary fibrosis model. We therefore hypothesized
that intraperitoneally injected LPS activates mast cells
and promotes their release of the pro-fibrotic cytokine
IL-13 by binding to the TLR4 receptor on mast cells,
which promotes the progression of pulmonary fibrosis
by promoting EMT in alveolar epithelial cells. This was
confirmed by our findings that significant EMT occurred
in the lung tissues of mice after intraperitoneal injection
of LPS, whereas a significant decrease in IL-13 and pul-
monary fibrosis was observed after treatment with Cro-
molyn sodium or mast cell knockdown, and at the same
time, the level of EMT was also alleviated. In the in vitro
experiments, we constructed a system of cocultures of
mast cell P815 cells and the alveolar epithelial cell line
MLE-12 to further verify that IL-13 partly originated
from mast cells and mainly acted by promoting EMT.
We induced EMT in MLE-12 cells with LPS, whereas the
levels of IL-13 in the cell supernatants were significantly
greater and the degree of EMT was greater after cocul-
ture. In contrast, the degree of EMT in MLE-12 cells
was significantly reduced after treatment with Cromolyn
sodium or after knockdown of IL-13 in mast cells. These
results also validated our hypothesis that, at least in vitro,
Cromolyn sodium could alleviate pulmonary fibrosis
by inhibiting the release of IL-13 from mast cells. How-
ever, unlike the expected complete reversal of pulmo-
nary fibrosis, both in vivo and in vitro, Cromolyn sodium
and mast cell knockdown could only partially ameliorate
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LPS-induced pulmonary fibrosis but not completely ame-
liorate it, suggesting that the involvement of mast cell
release of IL-13 in the progression of pulmonary fibrosis
is only a part of the many pathogenic mechanisms of sep-
tic pulmonary fibrosis and that additional mechanisms
remain to be further investigated.

The PI3K/AKT/mTOR signaling pathway plays an
important role in regulating cell proliferation, survival
and angiogenesis [55]. Activation of the PI3K/AKT path-
way by various stimuli initiates a series of signaling events
that promote cell survival, proliferation and metabolism.
AKT is the central node of this pathway, which phos-
phorylates and activates a number of downstream tar-
gets, including mTOR. mTOR pathway, especially mTOR
complex 1 (mTORC1), is an important regulator of cell
growth and metabolism, affecting protein synthesis.
mTOR is a key regulator of cell growth and metabolism,
affecting protein synthesis autophagy and lipid metabo-
lism. Notably, the PI3K/AKT/mTOR pathway was signifi-
cantly upregulated in PF [56]. For example, LPS induces
fibroblast proliferation and collagen synthesis through
this pathway [57]. LPS promotes aerobic glycolysis in
lung fibroblasts through the PI3K/AKT/mTOR pathway,
leading to increased collagen production. This metabolic
shift, often referred to as the Warburg effect, supports
the energy and biosynthetic requirements of prolifer-
ating fibroblasts and myofibroblasts in fibrotic tissues.
Inhibitors targeting the PI3K/AKT/mTOR pathway have
shown promise in preclinical PF models. For example,
clonidine ethanolamine salts alleviate PF by modulating
the PI3K/mTORC1 pathway and reducing fibroblast pro-
liferation and extracellular matrix deposition. Similarly,
pharmacological inhibition of mTOR using drugs such
as rapamycin attenuates fibroblast activation and colla-
gen synthesis, highlighting the therapeutic potential of
targeting this pathway [58]. In addition, previous stud-
ies have focused on fibroblasts and, or myofibroblasts,
rather than alveolar epithelial cells. Thus, the different
models as well as the different targets of action aroused
our interest in selecting this pathway of mTOR. Previous
studies have shown that the PI3K/AKT/mTOR pathway
mediates the process of EMT [59, 60]. Pretreatment with
the PI3K inhibitor LY294002 and the mTOR inhibitor
rapamycin inhibited this process [55, 61]. In addition,
activation of the PI3K/AKT/mTOR signaling pathway
is involved in the LPS-induced EMT process [62]. In
contrast, in a study by Baek et al., ginkgolic acid C15:1
(GA C15:1) inhibited lung cancer invasion, metastasis,
and EMT by inhibiting the PI3K/AKT/mTOR signaling
pathway, whereas the activation of PI3K/AKT increased
the expression of matrix metalloproteinase-9, degraded
E-cadherin, and promoted cell invasion and migration
[63]. A study by Park,G. B, Activation of PI3K induced
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the EMT process in LPS-stimulated SKOV-3 cells in a
Syk/Src-dependent manner [64]. This evidence prompted
us to explore whether the PI3K/AKT/mTOR signaling
pathway is involved in the process of mast cell-mediated
LPS-induced EMT. The results showed that the PI3K/
AKT/mTOR signaling pathway was activated in the LPS-
induced sepsis lung fibrosis model, whereas cromogly-
cate intervention or mast cell knockdown significantly
inhibited the LPS-induced phosphorylation of PI3K/
AKT/mTOR. In vitro coculture experiments revealed
that knockdown of IL-13 in mast cells also significantly
inhibited PI3K/AKT/mTOR phosphorylation, but in the
present study, the pathway was superficial, and no addi-
tional experiments were performed to demonstrate the
roles of the three proteins in conjunction with each other.
Further studies are not possible through the use of acti-
vators or inhibitors, which will be further investigated in
the future.

Interestingly, unlike what we had previously envisioned,
Cromolyn sodium intervention appeared to have a better
therapeutic effect than complete mast cell knockdown.
This may be related to the role of Cromolyn sodium
itself, a mast cell stabilizer with anti-inflammatory activ-
ity that has neuroprotective and antioxidant effects in
addition to its ability to prevent mast cells from trigger-
ing an immune response, and oxidative stress is one of
the important mechanisms of alveolar epithelial injury.
In recent articles, mast cells have typically been discussed
in the context of disease, including cardiovascular disease
[65], cancer [66], airway disease [67], and roles in viral,
bacterial, and fungal infections [68-70]. Importantly,
however, they also play a role in the homeostasis of the
inner environment, in the initiation of acute inflamma-
tion, and in defense against dangers, whether external
(venoms, pathogens, etc.) or internal (cell damage, fun-
gal infections, etc.). On the one hand, mast cells are able
to secrete a large number of inflammatory mediators,
including histamine, interleukins, leukotrienes, TNEF-q,
prostaglandins, proteases, TGF-B, CCL5, etc., which in
turn activate a multitude of cell-surface receptors and
promote inflammation through the corresponding sign-
aling pathways. Mast cells, on the other hand, play a
role in pathogen recognition and clearance. In the con-
text of LPS infection, this function is mainly associated
with Toll-like receptors (TLR) and complement receptors
expressed on the surface of mast cells, which respond
to invading pathogens in a specific manner by releasing
appropriate anti-inflammatory inflammatory mediators.
Also, the increased vascular permeability initiated by
mast cells contributes to bacterial clearance, permitting
the recruitment of natural killer cells (NK cells), eosino-
phils, and neutrophils to help kill bacteria. And in viral
infections, mast cells participate in the clearance of viral

Page 150f 18

pathogens by recruiting interferon-producing T cells.
Mast cells also produce an anti-parasitic environment
and increase vascular permeability and smooth muscle
contraction, which helps eliminate parasites. In addition,
mast cells are involved in the regulation of a wide range
of cell types, including T cells, B cells, dendritic cells,
endothelial cells, and epithelial cells, so it plays a role in
many physiological functions, including wound healing,
bone formation, angiogenesis, and mineral homeostasis.
In contrast, the complete mast cell knockout in the arti-
cle may lead to a complete loss of the anti-inflammatory
effects of mast cells, which ultimately produces the dis-
crepancy between the therapeutic effects of sodium cro-
moglycate intervention and complete mast cell knockout.
Therefore, complete mast cell inhibition may also not be
the best option for the treatment of septic pulmonary
fibrosis, and inhibiting its proinflammatory effects while
exerting its anti-inflammatory effects may be a better
direction for research.

In addition, this study has several limitations. First,
we did not prove the mast cell origin of IL-13 by immu-
nofluorescence colocalization, immunohistochemis-
try, or tracer techniques but rather reversed the partial
origin of IL-13 by changes in IL-13 expression before
and after intervention and knockdown. In addition,
we did not use inhibitors or neutralizing antibod-
ies against IL-13 in animal experiments to confirm
its ability to promote EMT. Systemic rather than spe-
cific knockdown of mast cells also failed to exclude
effects on other organs. Activation of mast cells leads
to the release of a variety of mediators that can act on
cells or related substrates in different organs and sys-
tems to produce clinically relevant symptoms. Actions
on the nervous system may result in anxiety, reduced
concentration or depression. Effects on the cardiovas-
cular system may result in hypertension, syncope or
tachycardia. Effects on the digestive system may result
in abdominal pain, reflux or nausea and vomiting. But
mast cells don’t always play a harmful role, and some
studies have shown that in murine models of myocar-
dial infarction and myocarditis, mast cells have been
shown to improve rather than worsen cardiac contrac-
tility. In the nervous system, mast cells also play a bi-
directional role. On the one hand, central mast cells
regulate neurogenesis, promote hippocampal develop-
ment, and participate in neuroprotection. On the other
hand, overactivation of mast cells can also lead to dis-
ruption of the blood—brain barrier, neuroinflammation,
and neuropathic pain. Therefore, systemic knockdown
of mast cells may have effects on multiple systems, but
systemic knockdown is difficult to achieve in humans,
and the effects of systemic knockdown on individual
systems are more often observed in animal models. In
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the first generation of knockout models, it was caused
by various mutations in Kit (i.e., the SCF receptor).
Since SCF is an important growth factor for MCs, Kit
defects resulted in essentially complete knockout in
mast cells. However, many other cell types also express
KIT, so it has been a challenge to determine that the
consequence of Kit knockdown is indeed an effect on
MCs rather than an off-target effect on other cells [71,
72]. In this article, we used the first-generation knock-
out model, the most obvious manifestation of which
is the change in its hair color, which may be related to
the lack of melatonin secretion after mast cell knock-
out, which has been shown to have antidepressant and
anxiolytic effects. To address the above issues, new
Kit-independent mast cell knockout models have been
developed, including mice that cause mast cell knock-
out by Cre recombinase expression under the control
of a mast cell-specific promoter, but such mice have the
obvious disadvantage of causing a decrease in the num-
ber of basophils, and their effects on various systems
need to be further investigated [73, 74]. In conclusion,
although we conclude that Cromolyn sodium may be a
potential drug for the treatment of septic pulmonary
fibrosis, the ameliorative effect of Cromolyn sodium on
septic pulmonary fibrosis still needs to be validated by
further clinical evidence and clinically relevant studies.

For future studies, it is important to evaluate the spe-
cific knockdown of mast cells in models of septic pul-
monary fibrosis. In addition, considering that IL-13 is
associated with pulmonary fibrosis, specific knockdown
of IL-13 in mast cells would be very helpful for subse-
quent studies. In addition, sepsis-induced pulmonary
fibrosis is a long-term process, and the activation pattern
of mast cells may be different at different stages. Treat-
ment at different times may have different therapeutic
effects, so it may be therapeutically important to explore
the mechanism of mast cell involvement in sepsis-
induced pulmonary fibrosis at different stages.
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