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Purpose: Acute lung injury (ALI) is an acute, diffuse, inflammatory lung injury caused by many factors. Oxysophocarpine (OSC),
a quinoline alkaloid sourced from traditional Chinese herbs Sophora flavescens and Sophora davidii, possesses anti-inflammatory and
antioxidant properties. However, its effects on ALI are still unclear. This study aims to investigate the role and potential mechanisms
of OSC for the treatment of ALI.

Methods: The levels of TNF-a, IL-6, and IL-1B in bronchoalveolar lavage fluid (BALF) were measured with an enzyme-linked
immunosorbent assay (ELISA). Lung tissue changes were examined through hematoxylin and eosin (HE) staining. Lung cell apoptosis
was analyzed using the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. Flow cytometry was utilized to
detect neutrophil aggregation. Further, the network pharmacology and molecular docking was employed to predict the mechanisms.
Key pathways and targets of OSC were confirmed using methods like immunohistochemistry (IHC), immunofluorescence (IF), real-
time quantitative PCR (RT-qPCR), and Western blotting (WB).

Results: In vivo, OSC treatment significantly inhibited diffuse alveolar injury and interstitial edema compared to the LPS-induced
model mice, reduced neutrophil infiltration, and lowered lung epithelial cell apoptosis. In vitro, OSC pretreatment enhanced lung
epithelial cell viability and decreased LPS-induced apoptosis. Network pharmacology analysis suggested that OSC mainly targeted key
proteins in the PI3K/AKT and apoptosis signaling pathways, such as KIT, PIK3CA, and Bcl-2. Molecular docking confirmed that OSC
binds strongly to these targets. Further, PCR, WB, IF, and IHC assay demonstrated that OSC pretreatment elevated PI3K, KIT, and
Bcl-2 expressions in BEAS-2B lung epithelial cells and lung tissues.

Conclusion: OSC reduced inflammatory cytokine production, neutrophil aggregation, and lung epithelial cell apoptosis via regulating
the KIT/PI3K signaling pathway.
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Introduction

Acute lung injury (ALI) is a systemic inflammatory response triggered by various factors, including severe infection,
trauma, shock, and burns.! It features inflammatory cell infiltration, increased vascular permeability, and diffuse
interstitial and alveolar edema, causing acute respiratory failure.*” Radiological examinations show heterogeneous
exudative lesions in the lungs.4 The US ALI incidence is 86.2 cases per 100,000 people, with a 38.5% mortality rate.’
Furthermore, ALI often leads to acute respiratory distress syndrome (ARDS), with a 40% mortality rate.® In clinical
practice, treatment for ALI generally involves the use of anti-inflammatory drugs and respiratory support measures, such
as corticosteroids,’ neutrophil elastase inhibitors, statins, and mechanical ventilation.”° However, these treatment
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methods have limited effectiveness in reducing the mortality rate of ALIL. Hence, exploring new ALI drugs and targets is
crucial.

ALLI is characterized by several pathological features and mechanisms, including inflammatory response, oxidative
stress, alveolar-capillary barrier disruption, cell apoptosis, and tissue fibrosis. It progresses through exudation, prolifera-
tion, and fibrosis phases. The exudation phase is characterized by immune cell-mediated damage to the alveolar
epithelium and the endothelial barrier. This damage results in the buildup of protein-rich edema and leukocytes in the
interstitium and alveoli. Activated macrophages release inflammatory cytokines and apoptosis-inducing molecules,
further worsening lung injury. A significant accumulation of neutrophils occurs in the lungs during the exudation
phase, leading to the release of various inflammatory mediators and cytokines, including TNF-a, IL-1p, and IL-6.""
Lipopolysaccharide (LPS), a major component of Gram-negative bacteria, is frequently used to create ALI models.'
After LPS binds to LPS-binding protein (LBP) and the CD14 receptor, it is presented to Toll-like receptor 4 (TLR4). This
triggers the activation of NF-kB, which initiates downstream signaling and leads to the activation of PI3K, regulating the
release of inflammatory mediators like TNF-a, IL-1f, and IL-6.">'¢ Previous studies have shown that LPS-induced ALI
in mice results in elevated levels of TNF-a, IL-1B, and IL-6 in BALF. The excess production of these cytokines activates
and recruits neutrophils, exacerbating pulmonary inflammation.'”'® Therefore, reducing the release of inflammatory
mediators and neutrophil aggregation is vital for alleviating the onset and progression of ALIL

Acute Respiratory Distress Syndrome (ARDS), first formally described in 1967, evolves from ALI through a complex
pathological cascade. The 2012 Berlin Definition refined diagnostic criteria by classifying ARDS into three severity tiers
based on hypoxemia under positive end-expiratory pressure (PEEP >5 cm H,0): mild (PaO,/FiO, = 200-300 mm Hg),
moderate (PaO,/FiO, = 100200 mm Hg), and severe (PaO,/FiO, <100 mm Hg). This framework redefined the former
clinical entity of ALI as mild ARDS, restricting the term ALI to generalized pathophysiological descriptions or animal
models. Crucially, despite advanced supportive strategies including lung-protective ventilation, neuromuscular blockers,
and prone positioning, ARDS mortality has persisted at approximately 40% over the past two decades, underscoring the
urgent need for improved therapeutic interventions.

Apoptosis is a selective physiological process of cell death, with the inflammatory response being a critical triggering
factor. TNF-a, one of the earliest expressed inflammatory mediators, plays a crucial role in initiating and amplifying
inflammatory responses.'® This cytokine can promote cell apoptosis or necrosis by regulating the activation of caspase-9
or PIPK3, and it can also induce cell apoptosis through the death receptor pathway.’>*' Research has demonstrated that
inhibiting TNF-a production significantly reduces lung cell apoptosis in ALI mice.”> Excessive production of IL-1p
attracts more inflammatory cells to the lesion site, leading to the release of a large amount of pro-inflammatory mediators
and triggering an inflammatory cascade. Research has confirmed that elevated levels of IL-1f suppress the proliferation
of normal lung epithelial cells and induce apoptosis.”> Lung epithelial cells serve as the first line of defense against
harmful external substances, forming an airway barrier that inhibits the entry of pathogens, allergens, carcinogens, and
other harmful compounds into the lungs, while preventing interstitial and vascular fluid leakage, maintaining gas
exchange, and normal lung function.** Various lung diseases, such as chronic obstructive pulmonary disease, allergic
asthma, and acute respiratory distress syndrome, are associated with damage to the airway barrier. Research has found
that LPS can induce the aggregation and activation of neutrophils in the lungs, release reactive oxygen species and
elastase, activate immune cells to secrete inflammatory mediators such as TNF-a, IL-1f, and IL-6, trigger an inflam-
matory cascade reaction, enhance caspase-3/9 activity, accelerate apoptosis of lung epithelial cells, and impair lung
function.”® Currently, the pathways of epithelial cell apoptosis include the PI3K/Akt pathway,?® Fas/FasL,”’ and RIG-
I-dependent signaling.”® Intracellular apoptotic signaling pathways can be regulated through mitochondrial activation
mediated by cytochrome C, apoptosis-inducing factors, and caspases, which are further modulated by members of the
Bcl-2 protein family.”® Previous studies have demonstrated that safflower yellow A treats ALI by inhibiting LPS-induced
apoptosis in lung epithelial cells (Beas-2B).*® Genipin pretreatment significantly activates the PI3K/AKT signaling
pathway, reduces LPS-mediated mitochondrial apoptosis by down-regulating BAX and upregulating Bcl-2, improves
mitochondrial dysfunction, inhibits caspase-3 activation, and prevents apoptosis.”’ During the progression of ALI,
apoptosis of lung epithelial cells disrupts the integrity of the lung epithelial barrier, increases epithelial permeability,
and results in fluid accumulation in the bronchi, ultimately leading to pulmonary edema.*’** Therefore, inhibiting
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Figure | The structure of OSC.

neutrophil activation, reducing the secretion of pro-inflammatory cytokines, and alleviating lung epithelial cell apoptosis
could be potential therapeutic strategies for treating ALI.

Oxysophocarpine (OSC, chemical structure shown in Figure 1) is a quinoline alkaloid primarily extracted from the
leguminosae plants Sophora flavescens and Sophora davidii. 1t exhibits diverse pharmacological activities, including
anti-inflammatory, anti-apoptotic, anticancer, antiarrhythmic, antiviral, and antibacterial effects.>>** Modern studies
confirm that OSC, as a hydrophilic weak base drug, exhibits high solubility and permeability. It is absorbed primarily
via passive diffusion through the gastrointestinal tract, demonstrating high oral bioavailability, thereby rendering it
suitable for development as an oral dosage form. In traditional Chinese medicine (TCM), Sophora flavescens and
Sophora davidii has been used for centuries for treating ulcers, skin burns, fevers, and inflammatory disorders. Previous
study has demonstrated that OSC can effectively inhibit the proliferation and migration of oral squamous cell carcinoma
cells by targeting the Nrf2/HO-1 axis.* Furthermore, OSC has shown significant antiviral activity by interfering with the
NF-xB signaling pathway in human alveolar type II epithelial cells (A549) infected with respiratory syncytial virus,
thereby reducing the production of pro-inflammatory cytokines and chemokines.** However, to date, there have been no
comprehensive research reports specifically addressing the effects of OSC on ALI. The central objective of this research
project is to explore the protective efficacy of OSC against ALI and to thoroughly elucidate its underlying mechanisms.

Materials and Methods

Mouse Modeling and Treatment

This experiment utilized female C57 mice, aged between 6—8 weeks, weighing (20+2) g. These mice were obtained from
the Experimental Animal Center of Xi’an Jiaotong University School of Medicine. LPS (purity>98%, 34231030001,
Solarbio, Beijing, China) was employed to induce ALI in the mice. A total of 40 mice involved in the experiment and
were randomly divided into four groups: normal control group, model group, low-dose OSC group (purity>99.97%,
1104086, TargetMol, Shanghai, China) (20 mg/kg), and high-dose OSC group (40 mg/kg). Throughout the experiment,
mice in the OSC groups received oral administration for 7 consecutive days. 1 hour after the last administration, LPS
(30 mg/kg) was administered intranasally. 6 hours post LPS administration, the mice were anesthetized via intraper-
itoneal injection of pentobarbital sodium, followed by blood collection. The specific procedure was as follows: initially,
eye blood was extracted through dissection, then centrifuged at 3000rpm for 10 minutes to collect serum. Subsequently,
the bronchi and lungs of the mice were separated, with the left lung and upper respiratory tract ligated. A portion of the
right lungs were thoroughly washed with physiological saline, and the lavage fluid was collected. The supernatant was
obtained by centrifugation at 1000rpm for 10 minutes, aliquoted, and stored at —80°C. The left lung was divided into two
parts; one was fixed with 4% paraformaldehyde (PFA), and the other was stored at —80°C. The entire experiment was
conducted in strict accordance with the operating standards of the Shaanxi Provincial Institute of Traditional Chinese
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Medicine and has been approved by the Animal Ethics Committee of the Shaanxi Provincial Institute of Traditional
Chinese Medicine (SYDWLL-SQ-01).

Pathological Examination

The fixed lung tissues from each group were subsequently dehydrated using ethanol, made transparent with xylene,
embedded in paraffin, and sectioned. Paraffin sections from each group were then stained using hematoxylin-eosin (HE,
20230427, Solarbio, Beijing, China). These stained sections were examined and photographed under an inverted
microscope (Olympus, Japan) to evaluate the pathological changes in the lung tissues.

Lung wet-to-dry Weight Ratio

The severity of lung edema was evaluated by calculating the wet-to-dry weight ratio (W/D ratio) of lung tissue. The wet
weight (W) of the lung tissue was immediately measured. Subsequently, the lung tissue was placed in a 60°C oven for
48 hours of drying treatment, and then reweighed to obtain the dry weight (D). The W/D ratio of the lung was determined
by the ratio of the wet weight to the dry weight.

ELISA Assays

Following the guidelines provided by the ELISA kit (Fine Biotech, Wuhan, Hubei, China), the levels of cytokines TNF-a
(EMC102a.96), IL-1p (EMC001b.96), and IL-6 (EMC004.96) in BALF were determined using sandwich ELISA. Briefly,
100 pL of standards or pre-diluted samples were added to antibody precoated 96-well plates, with blank control wells
containing sample dilution buffer. After 90 min incubation at 37°C and two washes, 100 pL biotin conjugated detection
antibody was added and incubated for 60 min at 37°C. Plates were washed three times (1 min soak per wash), followed
by addition of 100 pL horseradish peroxidase (HRP)-streptavidin conjugate and 30-min incubation at 37°C. After five
washes, 90 pL TMB substrate was added for 15 min of protected chromogenic reaction at 37°C. The reaction was
terminated with 50 pL stop solution, and absorbance was measured at 450 nm within 15 min using a microplate reader.
All incubations were strictly maintained at 37°C (non-CO, environment) with inter-step washes performed using
prepared wash buffer.

Lung Tissue Apoptosis Staining

According to the instructions provided in the TUNEL cell apoptosis assay kit (SF594, 20231008, Solarbio, Beijing,
China), the paraffin sections were deparaffinized twice in xylene and then subjected to a gradient treatment with ethanol-
water solutions. Subsequently, the slices were incubated with proteinase K working solution for 20 minutes, followed by
the addition of 50 uL of TUNEL reaction solution, which was incubated in the dark for 2 hours. Afterward, DAPI was
used for counterstaining, with a staining time of 8 minutes. Finally, the sections were observed and photographed under
an inverted fluorescence microscope (Olympus, Japan).

Cell Culture and Cell Viability Assay

The human lung epithelial cell line BEAS-2B was obtained from the ATCC China Cell Resource Center and cultured in
a 37 °C, 5% CO2 incubator using DMEM medium supplemented with 10% fetal bovine serum, penicillin (100 IU/mL),
and streptomycin (100 IU/mL).

For the experiment, cells were seeded in a 96-well plate at a density of 1x10° cells/well. After the cells adhered to the
wall, the supernatant was discarded and replaced with 100 pL. of DMEM medium containing varying concentrations
(2.5-320 pg/mL) of OSC, with serum-free DMEM medium serving as the normal control group. Each concentration was
set with 5 replicate wells. After 24 hours of incubation, an MTT solution (5 mg/mL) was added and the incubation
continued for 4 hours. Subsequently, DMSO was added to dissolve the formazan crystals in the cells, and the absorbance
was measured at 490 nm using an enzyme marker (Thermo Scientific, Singapore).

Cells were seeded in a 96-well plate at a density of 1x10° cells/well. After cell adhesion, OSC at concentrations of
40 pmol/L and 80 pmol/L was added for 6 hours, followed by co-incubation with LPS (40 pg/mL). After 24 hours, an
MTT solution (5 mg/mL) was added and the incubation continued for 4 hours. Then DMSO was added to dissolve the
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formazan crystals in the cells, and the absorbance was measured at 490 nm using an enzyme marker (Thermo Scientific,
Singapore) to determine the effect of OSC on the viability of BEAS-2B cells under LPS stimulation.

Cell Viability (%) = Abs (Sample)/Abs (Control) x 100%

Flow Cytometry
Bronchoalveolar lavage fluid (BALF) was centrifuged at 1000rpm for 10 minutes at 4°C to remove red blood cells.
Subsequently, neutrophils in the BALF were labeled with CD11b and Ly6G for 20 minutes, followed by washing with
PBS and analysis using a detection machine.

BEAS-2B lung epithelial cells in the logarithmic growth phase were seeded at a density of 1x10° cells/well in
a 6-well plate. After 24 hours of incubation, the medium was changed, and the corresponding drugs were added. The
following experimental groups were established: normal control group, LPS group, low-dose OSC group (40 pmol/L),
and high-dose OSC group (80 pumol/L). After 24 hours of incubation, the OSC groups underwent OSC pretreatment for
6 hours. Subsequently, all three groups, except for the normal control group, were stimulated with LPS (40 pg/mL) for
24 hours. The cell culture supernatant was then collected into a centrifuge tube. The adherent cells were digested, and
a cell suspension was prepared. After centrifugation, the cell supernatant was collected, and the upper layer of liquid was
discarded. According to the instructions of the apoptosis detection kit (AK20058, Elabscience, Wuhan, Hubei, China),
FITC and PI dyes were added and mixed thoroughly. The mixture was incubated at room temperature in the dark for

20 minutes. Finally, flow cytometry (Beckman, USA) was used to detect cell apoptosis.

Network Pharmacology Analysis
The OSC-related targets were searched for in the BATMAN database (http://bionet.ncpsb.org.cn/batman-tcm/index.php)
and the Swiss Target Prediction database (http://swisstargetprediction.ch/). All targets were collected from the OMIM

database (https://www.omim.org/), Drugbank database (https://go.drugbank.com/), and GeneCards database (https://

www.genecards.org/) using the keywords “acute lung injury” and “airway epithelial cell apoptosis” separately. The

search results were merged, and unique values were retained. The bioinformatics platform (https://www.bioinformatics.

com.cn/) was used to draw a Venn diagram to obtain the intersection targets of “acute lung injury” and “airway epithelial
cell apoptosis”. The species was set to “Homo sapiens”. The David platform was then utilized to perform Kyoto
Encyclopedia of Genes and Genomes (KEGG) signal pathway enrichment analysis on the intersection targets. The 10
strongest associated signal pathways were analyzed and selected, followed by visualization on the bioinformatics
platform. In this visualization, the redder the node, the smaller the P-value, and the larger the pathway, the more targets
it contained. The intersection targets in the KEGG-enriched PI3K-Akt signaling pathway and Apoptosis pathway were
imported into the STRING 11.5 database, with the species limited to Homo sapiens, to conduct protein interaction
analysis. The results of this analysis were subsequently imported into Cytoscape 3.9.1 software for topological analysis,
where a protein-protein interaction (PPI) network was constructed. The top 3 targets with the highest degree of freedom
were then selected as the core targets.

Molecular Docking
The 3D structure file of the core target protein in PDB format was downloaded from the PDB database (https://www.rcsb.org/).
Discovery Studio 4.5 Client software was then used to remove ligands and water molecules from the original structure. Next,

compound files in PDB format were obtained from the Swiss Target Prediction platform, and the processed protein and
compound files were imported into Autodock Tools (version 1.5.6) software. Subsequently, hydrogenation was performed on
the molecules, charges were calculated, and the atomic types for the small molecules were specified. The protein’s original ligand
was used as the center of the docking box, and the size of the box was set to 80x80x80. Molecular docking was performed, and
the docking results were visualized using PyMOL.

Drug Design, Development and Therapy 2025:19 heeps: 8661


http://bionet.ncpsb.org.cn/batman-tcm/index.php
http://swisstargetprediction.ch/
https://www.omim.org/
https://go.drugbank.com/
https://www.genecards.org/
https://www.genecards.org/
https://www.bioinformatics.com.cn/
https://www.bioinformatics.com.cn/
https://www.rcsb.org/

Qiao et al

Western Blotting

Cell culture and grouping was performed in the same manner as 2.1. BEAS-2B cells were lysed using
a radioimmunoprecipitation assay buffer (RIPA, Boster, Wuhan, China, prepared with 0.1 M PMSF and phosphatase
inhibitor). The protein concentration was assessed using a BCA kit (111622230418, Beyotime, Shanghai, China).
Subsequently, equal amounts of lysate samples (50 pg/lane) were separated by 10% SDS-PAGE electrophoresis, and
the separated proteins were transferred onto PVDF membranes. At room temperature, the membranes were sealed with
5% skim milk for 1 hour, and then incubated overnight with specific primary antibodies at 4°C. The primary antibodies
included: anti-KIT antibody (1:1000, Abcam), anti-p-PI3K antibody (1:700, ZEN-Bioscience), anti-PI3K antibody
(1:700, ZEN-Bioscience), anti-Bel-2 antibody (1:1000, Boster), and anti-BAX antibody (1:1000, Boster). After washing
the membranes four times with TBST, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG
secondary antibody (1:2000, SAB) at 37°C for 1 hour, and washed again four times with TBST. Then, using
chemiluminescence (ECL, Bio-Rad ChemiDoc XRS*, USA), and the obtained images were analyzed by Imagel]
software.

Immunofluorescence

Cell culture and grouping was performed in the same manner as 2.1. BEAS-2B cells were fixed with 4% PFA at room
temperature for 15 minutes, followed by membrane permeabilization with 0.5% Triton X-100 at room temperature for
15 minutes. Next, sealed the cells with 10% goat serum at room temperature to avoid non-specific binding. Afterwards,
overnight incubation was performed at 4 °C with primary antibodies. On the second day, cells were incubated with AF-
488 fluorescently labeled secondary antibody (1:200) at 37°C in the dark for 1 hour, followed by DAPI staining for
5 minutes to label the cell nucleus. Finally, the fluorescence intensity changes of different cell components were observed
and recorded using an inverted fluorescence microscope.

Real-Time Quantitative PCR

Cell culture and grouping was performed in the same manner as 2.1. Total RNA was extracted from the cells using Trizol
reagent (AN93014A, TaKaRa, Japan). Subsequently, the SureScript™ First Strand cDNA Synthesis Kit (AMF2205A,
Takara, Japan) was used for reverse transcription to synthesize cDNA. RT-qPCR amplification was performed with the
following parameter settings: pre-denaturation at 95°C for 30s, followed by 40 cycles, each including denaturation at
95°C for 5 s, annealing at 60°C for 30s, and extension for 30s. GAPDH was used as an internal reference, and the relative
expression levels of specific genes between each treatment group were analyzed using the 27**“' method. The primer
sequences for specific genes are listed in Table 1.

Immunohistochemistry

The expressions of KIT, p-PI3K, Bcl-2, and BAX were evaluated in mouse lung tissues using immunohistochemistry
method. According to the instructions of the KeyGEN One-Step IHC Assay (20210831, KeyGEN BioTECH, Nanjing,
Jiangsu, China), the tissue sections were deparaffinized twice in xylene, followed by gradual dehydration in an ethanol
gradient. Next, the sections were incubated in a 3% H,O, solution for 10 minutes. At room temperature, 10% goat serum
was applied for blocking. Subsequently, the sections were incubated separately with primary antibodies overnight at 4°C.
After washing with PBS, the tissue sections were co-incubated with HRP-linked goat anti-rabbit IgG at room temperature

Table | Gene Primer Sequences

Gene Source | Forward (5’-3%) Reverse (5’-3’)

GAPDH | Human | TGCACCACCAACTGCTTAGC TCTTCTGGGTGGCAGTGATG

PI3K Human | CAGAACAATGCCTCCACGA CACGGAGGCATTCTAAAGTC

KIT Human | GTAAGGCTTACAACGATGTGGGCA | TTGAGCATCTTTACAGCGACAGTCA
Bcl-2 Human | GACTTCGCCGAGATGTCCAG GAACTCAAAGAAGGCCACAATC
BAX Human | CGAACTGGACAGTAACATGGAG CAGTTTGCTGGCAAAGTAGAAA
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for 30 minutes. Then, DAB was used for color development and counterstaining with hematoxylin. Finally, after
dehydration, the sections were mounted and observed under a microscope.

Statistical Analysis

Statistical analysis was performed using SPSS 22.0 and GraphPad Prism software. All data were presented as the mean +
standard deviation (SD). Group differences were analyzed using one-way analysis of variance (ANOVA), and compar-
isons between two groups were made using an independent two-sample #-test. Statistical significance was set at P <0.05.

Results
OSC Improved Pathologic Changes in an ALI Mouse Model

The pathological status of mouse lung tissues was evaluated through HE staining. The lung tissue structure of the normal
group mice was intact, with cells arranged neatly and no obvious exudation in the alveoli. However, in LPS-induced
mice, significant collapse and diffuse inflammatory cell infiltration were observed in the alveoli. Compared to the LPS
model group, OSC treatment significantly reduced the infiltration of inflammatory cells (Figure 2A). Additionally, the
lung W/D ratio of the LPS model group was higher than that of the normal group, whereas OSC treatment significantly
reduced the lung W/D ratio, indicating that OSC could alleviate LPS-induced lung edema (Figure 2B). In the BALF of
LPS-treated mice, the total number of cells was significantly higher than that of the normal group, while the total number
of cells in the OSC-treated group was significantly lower than that of the model group (Figure 2C), suggesting that OSC
improved inflammatory cell infiltration in LPS-induced ALI mice. Neutrophil infiltration is the most critical pathological
feature of ALIL In the BALF of normal group mice, the proportion of neutrophils was 0.13+£0.03%. In the LPS model
group, the proportion of neutrophils significantly increased. Compared with the LPS model group, the administration of
OSC (20 mg/kg or 40 mg/kg) decreased the proportion of neutrophils in the mouse BALF (Figure 2D and E). These
results suggested that OSC reduced the accumulation of neutrophils in the lung tissue of ALI mice. The release of
inflammatory factors is a typical pathological feature of ALI. Compared with the normal group, the levels of inflamma-
tory factors TNF-a, IL-1B, and IL-6 in the BALF of the model group mice were significantly elevated (p<0.05). The
levels of these inflammatory factors in the BALF of the OSC-treated group mice were significantly reduced compared to
the model group (p<0.05). These results indicated that OSC alleviated LPS-induced ALI in mice by inhibiting the
secretion of inflammatory factors in the lungs (Figure 2F and H).

OSC Exhibited Inhibition of Apoptosis in an ALl Mouse Model

Excessive apoptosis of lung tissue cells can lead to damage to the integrity of the epithelial barrier, exacerbating the
inflammatory response and forming a malignant cycle. Compared to the normal group, the number of apoptotic cells in
the lung tissues of LPS model group mice significantly increased, whereas the number of apoptotic cells in the lung
tissues of OSC-treated group mice decreased significantly compared to the model group. This suggested that OSC had
a protective effect against LPS-induced apoptosis in lung tissues (Figure 3A and B).

OSC Reduced Apoptosis of Pulmonary Epithelial Cells

The MTT results indicated that after incubating cells with varying concentrations (5-320 pmol/L) of OSC for 24 hours,
there was no significant difference in the cell survival rate compared to the normal group (Figure 4A). The CCK-8 assay
results demonstrated a significant decrease in cell viability in the LPS model group, while the groups treated with
80 pumol/L and 40 umol/L. OSC exhibited a significant increase in cell viability (Figure 4B). The results of Annexin
V-FITC/PI double staining revealed that the proportions of Annexin V-FITC positive cells and PI positive cells in the
normal group, model group, low-dose OSC group (40 umol/L), and high-dose OSC group (80 umol/L) were 0.94%
+0.04%, 4.23%+0.05%, 1.15%+0.05%, and 1.96%+0.03%, respectively. These findings indicated that LPS induced
apoptosis in BEAS-2B cells, whereas OSC significantly mitigated LPS-induced apoptosis (Figure 4C).
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Figure 2 OSC attenuates histopathological changes in lungs of mice with acute lung injury. (A) HE staining detection of mouse air lung tissue sections. Magnification x20. The red
arrow indicates alveolar collapse and diffuse inflammatory cell infiltration. (B) Lung wet to dry weight ratio. (C) Total number of cells in BALF. (D) APC-FITC double staining to
detect neutrophil accumulation in BALF. (E) Total number of neutrophil aggregates in BALF. (F) Levels of TNF-a in mouse BALF were determined by ELISA. (G) ELISA to determine
the level of IL- 1 in mouse BALF. (H) ELISA to determine the level of IL-6 in mouse BALF. Values are expressed as mean + SD (n = 5). Compared with the Normal group, *p < 0.05,
#p < 0.01; compared with the LPS model group, *p < 0.05, #p < 0.01. OSC exhibited inhibition of apoptosis in an ALl mouse model.
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Figure 3 OSC exhibits inhibition of apoptosis in an ALl mouse model. (A) TUNEL staining to observe apoptosis of lung tissue cells. Magnification x 20. (B) Fluorescence
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group.

Network Pharmacology Prediction and Molecular Docking

Through the BATMAN and Swiss Target Prediction databases, a total of 263 targets related to OSC were identified.
Meanwhile, 2289 targets related to ALI and 4614 targets related to airway epithelial cell apoptosis (AEC) were screened
from the OMIM and Drugbank databases. Through Venn diagram analysis, it was found that there were 114 common targets
between OSC and ALI, 160 common targets between OSC and AEC, and 1715 common targets between ALI and AEC. The
intersection of the three revealed 106 common targets (Figure 5A). The KEGG pathway analysis results showed that 23
targets were enriched in the PI3K-Akt signaling pathway and apoptosis signaling pathway (Figure 5B). Through PPI
analysis, KIT, PIK3CA, and Bcl-2 were identified as the core targets with the highest degrees of freedom (Figure 5C). These
analyses revealed that OSC may activate the PI3K and Bcl-2 signaling pathways by binding to KIT on the cell surface,
thereby regulating the process of cell apoptosis and providing protection for lung tissues (Figure 5D). The molecular
docking experiment results further showed that the binding energies of OSC with KIT, PIK3CA, and Bcl-2 were —6.32,
—7.84, and —7.92 kJ/mol, respectively (Figure SE-G). These results indicated that OSC had strong binding effects with KIT,
PIK3CA, and Bcl-2, suggesting that these targets were important in alleviating LPS-induced ALI by OSC.

OSC Upregulated the Expressions of KIT, p-PI3K, Bcl-2, and BAX
In the LPS-induced apoptosis model of BEAS-2B cells in vitro, compared with the normal group, LPS treatment
significantly decreased the expressions of KIT, p-PI3K, and Bcl-2 proteins, while significantly increasing the expression
of BAX protein. However, after OSC treatment, the expressions of KIT, p-PI3K, and Bc¢l-2 proteins significantly increased,
while the expression of BAX protein significantly decreased (Figure 6A—L). At the mRNA level, compared with the normal
group, the expressions of KIT, p-PI3K, and Bcl-2 mRNA in the model group significantly decreased, while the expression
of BAX mRNA in the model group significantly elevated. Conversely, OSC treatment significantly increased the mRNA
levels of p-PI3K, KIT, and Bcl-2 in BEAS-2B cells, while significantly reducing the mRNA level of BAX (Figure 6M—P).
KIT, PI3K, Bcl-2, and BAX proteins are key regulatory molecules in the KIT/PI3K signaling pathway. In the animal
model of ALI, the number of yellow granules of p-PI3K, KIT, and Bcl-2 was lower in the lung tissue of mice, while the
number of yellow granules of BAX was significantly elevated. In comparison, following high-dose and low-dose OSC
treatments, there was a notable increase in the number of yellow granules corresponding to p-PI3K, KIT, and Bcl-2 in the
lung tissue. Conversely, the number of yellow granules associated with BAX decreased (Figure 7). These findings
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suggested that OSC can effectively alleviate LPS-induced ALI by regulating the expression levels of p-PI3K and KIT
proteins.

Discussion

ALI is a pathological condition caused by diverse diseases, including severe infection, trauma, shock, and burns. Its
pathogenesis is intricate, and at present, there is no specific treatment available. In this study, we established LPS-induced
ALI models and BEAS-2B cell apoptosis models in mice, revealing that OSC might alleviate ALI by regulating the KIT/
PI3K signaling pathway.

ALI can be induced by multiple factors, such as infection and trauma, and is marked by the infiltration and activation
of inflammatory cells, along with the overproduction of inflammatory factors.*> TNF-o, as a potent pro-inflammatory
cytokine, activates downstream transcription factors AP-1 and NF-kB via binding to TNFR1 or TNFR2, thereby
mediating inflammatory responses.*® Petrache et al*’ found that TNF-a promoted the apoptosis of rat lung epithelial
cells by activating myosin light-chain kinase and Rho-associated kinase, increasing myosin light chain phosphorylation,
and regulating the caspase-8 substrate.*® In our study, we found OSC inhibited the TNF-a secretion, which contribute to
anti-inflammation. Research also showed that the combined action of TNF-a and IFN-f activated caspase-8 and caspase-
3, leading to the apoptosis of BEAS-2B cells.*’ IL-1f can be secreted by activated epithelial cells, and the secretion
process is regulated by the Toll-like receptor, Nod-like receptor pathways, and the caspase-1 pathway.’® Pyrrole
DTAO118 can alleviate ALI by reducing the expression of TLR4 receptors and down-regulating the secretion of IL-1f3
in LPS-induced human lung epithelial BEAS-2B cells.”' Additionally, significantly alleviated the severity of LPS-
induced ALI in mice by inhibiting the production of IL-1p in BALF.>* Eldredge et al*® found that IL-6 levels were
significantly elevated in patients with lung injury. In this study, we observed a significant increase in IL-1B, and IL-6
levels in the BALF of LPS-induced ALI mice, while OSC treatment significantly reduced the levels of these inflamma-
tory factors, indicating that OSC can effectively alleviate the inflammatory response in ALI.

Interstitial edema and neutrophil aggregation caused by inflammatory outbreaks are typical features of ALL>? Various
inflammatory factors lead to diffuse alveolar damage, disrupt the epithelial-endothelial barrier, and cause excessive
leakage of protein-rich fluids and blood cells into the interstitium and alveoli, resulting in interstitial edema.’* Our study
found that OSC significantly reduced the lung W/D ratio induced by LPS by inhibiting diffuse alveolar damage in ALI
mice, thereby effectively alleviating lung edema. Under normal physiological conditions, neutrophils adhere to the
endothelium of alveolar capillaries. When inflammation occurs, they become activated, cross the alveolar capillary
endothelium, and accumulate at the site of the inflammatory response. Activated neutrophils secrete various inflamma-

1.3 Flavonoid esculin reduces the total number of

tory factors and reactive oxygen species, which further exacerbate AL
cells and neutrophils in BALF, alleviating LPS-induced lung pathological damage.’® Our study also found that OSC
treatment significantly reduced the proportion and aggregation of neutrophils in the BALF of LPS-induced ALI mice.
Thus, OSC may have a protective effect on lung tissue by modulating neutrophil aggregation and reducing lung edema.

Lung epithelial cells play a crucial role in maintaining the functional integrity of the lung epithelial barrier.’’-®
Research has found that LPS significantly reduces the viability of lung epithelial cells and induces excessive cell
apoptosis.”® Uncontrolled cell apoptosis can trigger inflammatory responses, causing lung tissue damage. Irisin has
been shown to alleviate LPS-induced apoptosis in rat lung tissue cells and improve LPS-induced dysfunction of the
alveolar epithelial barrier.®® Additionally, hexokinase 2 reduces LPS-induced apoptosis in human lung epithelial BEAS-
2B cells by inhibiting the mitochondrial apoptosis pathway. In this study, we found that OSC pretreatment significantly
improved the viability and reduced LPS-induced apoptosis in BEAS-2B cells. In summary, previous studies and our
experimental results suggested that the alleviating effect of OSC on ALI might be related to its ability to reduce lung
epithelial cell apoptosis.

Combining network pharmacology with in vitro and in vivo experiments is an important method for studying disease
mechanisms and drug effects.®’*°> Li N et al predicted through network pharmacology that kaempferol (KA) and
ginsenoside Rgl (GRgl) may treat ALI by targeting AKT1, PIK3R1, PTK2, and STAT3 in the PI3K-AKT signaling
pathway. This prediction was validated through rat experiments, which showed that treatment with KA and GRgl
significantly inhibited the activity of PI3K and AKT1.% In this study, we identified 106 common targets using “lung
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epithelial cell apoptosis” and “acute lung injury” as keywords. Through KEGG enrichment analysis and PPI analysis, we
predicted KIT, PIK3CA, and Bcl-2 as core targets. The molecular docking results further indicated that OSC had a strong
binding affinity with KIT, PIK3CA, and Bcl-2, suggesting that these proteins may have been key molecules through
which OSC alleviated ALI by regulating the KIT/PI3K signaling pathway. PI3K is a crucial component of the PI3K-Akt
pathway, influencing cell proliferation, differentiation, and migration, and the activation of downstream transcription
factors that stimulate the release of pro-inflammatory cytokines."4 C-kit, a receptor for stem cell factor (SCF), regulates
cell proliferation, differentiation, and apoptosis through specific binding with SCF. As an upstream molecule of the PI3K/
Akt pathway, C-kit can activate the PI3K/Akt pathway through homodimerization upon binding to its ligand, SCF.%®
Liensinine inhibits LPS-induced apoptosis in BEAS-2B cells by down-regulating proteinase-3 and Bcl-2-associated
X proteins, while menthol inhibits LPS-induced apoptosis of alveolar epithelial cells by regulating the PI3K/Akt
pathway.*® Our study found that in the LPS-induced BEAS-2B cell model, the expression levels of PI3K, ¢-KIT, and
Bcl-2 were significantly reduced, while OSC pretreatment increased their expressions. Similarly, in mouse lung tissues,
the expressions of PI3K, ¢-KIT, and Bcl-2 diminished under LPS induction, but OSC treatment elevated their expression
levels. These findings indicate that OSC mitigate ALI and has potential value for the development of clinical therapeutic
drugs. However, the protective effects of OSC only were demonstrated in animal models. There are still many problems
and limitations in its development into clinical drugs. For example, oxysophocarpine is currently mainly extracted from
traditional Chinese medicinal materials, and this method of acquisition is inefficient and costly. This study mainly
focuses on research based on inflammation reduction. However, the pathogenesis of acute lung injury is complex, and
enhanced oxidative stress is another key pathogenic mechanism. Future research should prioritize addressing these

limitations to advance this discovery toward clinical translation.

Conclusion

This study indicated that OSC administration reduced LPS-induced neutrophil infiltration in ALI mice, inhibited the
secretion of pro-inflammatory cytokines (TNF-a, IL-1p, and IL-6), lowered the W/D ratio of the lungs, alleviated lung
tissue cell apoptosis, and improved lung function. Through network pharmacology and molecular docking analysis, we
predicted that the KIT/PI3K pathway played a key role in OSC’s inhibition of cell apoptosis and alleviation of ALI.
Further mechanistic studies showed that OSC reduced LPS-induced apoptosis in BEAS-2B lung epithelial cells and
increased PI3K, c-KIT, and Bcl-2 expressions. In summary, we have preliminarily revealed the molecular mechanism of
OSC in preventing and treating ALI, which may be related to its regulation of the KIT/PI3K signaling pathway, reduction
of the inflammatory response, and modulation of lung epithelial cell apoptosis. At present, the clinical treatment of
ARDS is still based on mechanical ventilation and other supportive treatment. Glucocorticoids, neuromuscular blockers
and B2 receptor agonists have been used in drug treatment, but they have not been proved to continuously improve the
clinical prognosis. Traditional Chinese medicine provides a new treatment idea for ARDS with its multi-component,
multi-link and multi-target therapeutic advantages. This study offers valuable insights supporting the clinical application
of OSC, highlighting its potential significance in exploring the use of traditional Chinese medicine for treating ALI/
ARDS.
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