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Abstract

Aim: Acute lung injury (ALI) is a common respiratory disease that significantly contributes to morbidity and mortality. Sophora davidii
flower extract (SDFE), used both as a vegetable and a traditional medicine, has shown potential to alleviate ALI, but the associated under-
lying mechanisms remain unknown. This study aimed to elucidate the mechanisms through which SDFE protects against ALI. Methods:
Key signaling pathways, molecular targets, and bioactive compounds associated with the anti-ALI effects of SDFE were predicted using
network pharmacology. Lipopolysaccharide (LPS)-induced ALI models were established in BEAS-2B cells and rats. The protective
effects of SDFE were investigated by measuring the tissue injury markers alkaline phosphatase (ALP) and lactate dehydrogenase (LDH)
in lung tissue and bronchoalveolar lavage fluid (BALF). Representative proteins in the main pathways were validated using molecular
docking, molecular dynamics simulation, and experimental assays. Results: Network pharmacology analysis identified 363 SDFE tar-
gets closely associated with ALI including the endothelial injury markers intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1). The results of molecular docking and molecular dynamics simulations demonstrated that ICAM-1 and
VCAM-1 have strong binding affinity for quercetin and matrine. Kyoto Encyclopedia of Genes and Genomes (KEGGQG) pathway analysis
indicated that leukocyte adhesion and oxidative stress are two key signaling pathways involved in the therapeutic effects of SDFE against
ALI SDFE significantly reduced ALP, LDH, and nitric oxide (NO) levels in lung tissue and BALF from ALI rats and markedly inhibited
neutrophil elastase (NE) and myeloperoxidase (MPO) expression in lung tissue. In LPS-stimulated BEAS-2B cells, SDFE downregulated
the mRNA expression of /JCAM-1 and VCAM-1, the protein expression of MPO, and the level of NO. Conclusions: SDFE can ameliorate
LPS-induced ALI by inhibiting leukocyte adhesion and reducing oxidative stress.

Keywords: acute lung injury; Sophora davidii (Franch.) skeels; flower extract; network pharmacology; leukocyte adhesion; oxidative
stress

1. Introduction ily expressed on the surface of endothelial cells and alveo-
lar epithelial cells, and through binding with their ligands,
they mediate the adhesion of inflammatory cells to lung tis-
sue cells, further exacerbating inflammation and inducing
oxidative stress [7]. Oxidative stress also plays a critical

role in the development and progression of ALI [8,9]. The

As is well known, acute lung injury (ALI) is an acute
inflammatory lung disease caused by multiple factors, lead-
ing to cell damage of pulmonary microvascular endothe-
lium and alveolar epithelium, resulting in diffuse interstitial
pulmonary edema [1]. Severe ALI may progress to acute

respiratory distress syndrome (ARDS), a condition marked
by refractory hypoxemia, acute respiratory distress, and bi-
lateral pulmonary infiltrates [2]. The incidence and mor-
tality rates of ALI/ARDS are high. A study investigating
23,280 patients in 145 pediatric intensive care units across
27 countries found that the incidence and mortality rates of
ALI in 2016-2017 were 17% and 3.2%, respectively [3].
ALI poses a serious threat to human health. The patho-
genesis of ALI has multiple possible mechanisms, which
vary according to the underlying cause. It is widely ac-
cepted that uncontrolled local or systemic inflammation is
a major pathophysiological mechanism of ALI [4]. Inflam-
mation can increase the protein expression of some cell ad-
hesion molecules, such as ICAM-1 and VCAM-1 [5,6]. It
has been reported that ICAM-1 and VCAM-1 are primar-

overproduction of reactive oxygen species (ROS) beyond
the capacity for clearance increases membrane permeabil-
ity, damages the alveolar and vascular endothelium, dis-
rupts the microvascular barrier, reduces alveolar fluid clear-
ance, and aggravates pulmonary edema [10,11,12]. Inhibi-
tion of cell adhesion and oxidative stress can improve ALI.

The prevention and treatment of ALI have long been
a major focus in the medical field. ALI can be treated with
mechanical ventilation and pharmacological therapy. Phar-
macological treatments typically include corticosteroids
and anti-infective agents. However, long-term use of these
drugs may lead to various side effects. For example, dex-
amethasone, which is widely used in clinical treatment
of ALI, can cause osteoporosis and gastrointestinal ulcers
[13]. Traditional Chinese medicine (TCM) has been used
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for thousands of years, and its safety profile is relatively
high. In recent years, more and more studies have reported
that TCM can improve ALI. Various components and ex-
tracts of TCM exhibit anti-inflammatory and protective ef-
fects in ALI intervention. For example, rutin has shown
the ability to alleviate LPS-induced acute lung injury by in-
hibiting the activation of oxidative stress pathway and the
MAPK- NF-xB pathway, which will prevent the expres-
sion of VCAM-1 and MDA [14,15]. Searching for safe and
effective TCM treatments for ALI has become a preferred
strategy.

Sophora davidii is predominantly found in China’s
Yunnan and Guizhou provinces [16], where its flowers are
used both as a vegetable and in traditional medicine. It con-
tains a variety of alkaloids and flavonoids, and is known
for heat-clearing, detoxifying, and blood-cooling [17]. The
flower extract of Sophora davidii (SDFE) is commonly
used to treat diseases such as pharyngalgia, inflammation-
induced cough, and other respiratory ailments. Previous
studies have demonstrated that SDFE alleviates leukocyte
infiltration, pulmonary edema, lung injury, and cough in
LPS-induced rats [18]. SDFE also has the potential to alle-
viate ALI, but its mechanism remains unclear. This study
aims to use network pharmacology to predict how SDFE
exert its anti-ALI effects, and to validate these findings
through in vitro and in vivo experiments.

2. Materials and Methods

2.1 Predicting Potential Mechanisms of SDFE in Treating
ALI by Network Pharmacology

The chemical components of SDFE were analyzed us-
ing UHPLC-Q-Exactive-Orbitrap-MS/MS (Thermo Scien-
tific, Sunnyvale, California, USA). After filtering, 54 com-
pounds that met the ADME criteria were selected. Their po-
tential targets were predicted using the SwissTargetPredic-
tion database (https://www.swisstargetprediction.ch/). A
total of 624 SDFE targets were obtained. ALI targets were
retrieved by searching the GeneCards database (https://ww
w.genecards.org/) with the keyword of “acute lung injury”.
ALI targets (score >10) from GeneCards were obtained.
Using the interactivenn online tool (https://www.interactiv
enn.net/index2.html), overlapping SDFE and ALI targets
(namely intersection targets) were identified and designated
as potential therapeutic targets for SDFE against ALI.

Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were
performed using Metascape V3.5 (https://www.metascape.
org) by inputting intersection targets. The top 20 GO terms
and KEGG pathways, ranked by p value, were selected for
visualization. After targets and compounds related to lipid
and atherosclerosis were found out, a protein-protein inter-
action (PPI) network was generated via the STRING12.0
database (https://cn.string-db.org/) for Homo sapiens un-
der default parameters, and top 30 hub targets were ranked

by edge in PPI network. In addition, a compound-target—
pathway network was constructed.

The three-dimensional structures of core targets of
ICAM-1 (PDB ID: 20Z4) and VCAM-1 (PDB ID: 1VSC)
were retrieved and obtained from the RCSB Protein Data
Bank (https://www.rcsb.org/), and the two-dimensional and
three-dimensional structures of ligands (quercetin and ma-
trine) were downloaded from the PubChem database (https:
//pubchem.ncbi.nlm.nih.gov/) simultaneously. Molecular
docking of the two ligands with three core targets, followed
by visualization, was performed using the LibDock module
in Discovery Studio 2019 (Dassault Systémes, San Diego,
California, USA), and the binding affinity of ligands to core
target proteins was evaluated using LibDockScore.

A 100 ns molecular dynamics simulation of the
protein-ligand complex was conducted by Future Comput-
ing Studio using Gromacs 2025 (GROMACS Development
Team, Uppsala, Sweden). The system was parameterized
with the AMBER14SB (protein) and GAFF2 (ligand) force
fields. The complex was solvated with TIP3P water in a
cubic box under periodic boundary conditions, and neutral-
ized with 0.15 M Na™/Cl~ ions. Following energy mini-
mization, the system was equilibrated for approximately 2
ns. The production run lasted 100 ns with a 2 fs time step,
under constant temperature (310 K) and pressure (1 bar).
Trajectories were saved every 100 ps. Subsequent analy-
ses included binding free energy calculation via molecu-
lar mechanics poisson-boltzmann surface area (MMPBSA)
and root-mean-square deviation (RMSD) evaluation using
GROMACS tools.

2.2 Drugs and Reagents

The dried flowers were obtained from the medicinal
materials market of Yunnan Province, and were identified
as Sophora davidii (Franch.) by Professor Hu Haibo of
Gannan Medical University. The voucher specimen has
been deposited in the herbarium under the number GMU-S-
20230401. The flowers of Sophora davidii were processed
into SDFE, and its chemical profile (analyzed via UPLC-
MS/MS) has been detailed in a previous publication [19].
Aspirin tablets (Bayer HealthCare Co., Ltd., Leverkusen,
Germany) and lipopolysaccharide (LPS; Sigma Aldrich,
Saint Louis, Missouri, USA) were used in this study.

The main reagents used in the study were as fol-
lows: paraformaldehyde solution (Shenzhen Baikai Mei
Biotechnology Co., Ltd., Shenzhen, China); nitric oxide as-
say kit (Shanghai Biyun Tian Biological Technology Co.,
Ltd., Shanghai, China); ALP and LDH colorimetric assay
kits (Wuhan Elabscience Biotechnology Co., Ltd., Wuhan,
China); and the RIPA lysis buffer (Beijing Solabio Technol-
ogy Co., Ltd., Beijing, China).

2.3 LPS-Induced ALI Models in BEAS-2B Cells and Rats

The cell line of BEAS-2B (Shanghai Fuheng Biotech
Co., Ltd., Shanghai, China) belongs to human bronchial
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epithelial cell line, which was used within passages 3-5.
The BEAS-2B line was validated by STR profiling, and the
quantitative real-time PCR results showed BEAS-2B line
was mycoplasma-free. These cells were cultured in DMEM
(low-glucose) supplemented with 10% FBS and incubated
at 37 °C with 5% COx, in a constant-temperature incubator
(Thermo Fisher Scientific, Waltham, MA, USA). BEAS-2B
cells were seeded in 60 mm culture dishes (4 x 10° cells per
dish) and allowed to adhere for 24 hours. After discard-
ing the medium, the wells were washed with phosphate-
buffered saline (Solarbio, Beijing, China) and then incu-
bated for an additional 24 hours. Cells were first incubated
with aspirin (5 mM) or SDFE (0.5 or 1 mg/mL) for 6 h,
followed by LPS stimulation (5 pg/mL) for an additional
12 h. After centrifugation, supernatants were collected for
ELISA and nitric oxide quantification, and cells were har-
vested for RT-qPCR and western blotting to determine gene
and protein expression levels.

30 male Sprague-Dawley rats (4-6 weeks of age,
weighing 180-200 g, specific pathogen-free grade) were
obtained from Hunan Slaikejingda Experimental Animal
Co., Ltd., located in Hunan Province, China. Following a
7-day acclimation period, animals were randomly allocated
into five cohorts (n = 6 per group): control, model (LPS,
5 mg/kg), low-dose SDFE (LPS + LD-SDFE, 1.5 g crude
drug/kg), high-dose SDFE (LPS + HD-SDFE, 3 g crude
drug/kg), and aspirin (LPS + Aspirin, 20 mg/kg). All treat-
ments were orally administered once daily for three consec-
utive days; control and model groups received an equivalent
volume of sterile 0.9% saline. At 2 h post-final adminis-
tration, ALI was induced in all but the control group by
intranasal instillation of LPS (5 mg/kg). Six hours there-
after, rats were euthanized by intraperitoneal injection of
5% sodium pentobarbital (200 mg/kg), and bronchoalve-
olar lavage fluid (BALF) as well as lung tissues were har-
vested for subsequent histopathological evaluation, ELISA,
and western blot analysis. Throughout the experiment, an-
imals were maintained under specific pathogen-free condi-
tions with temperature (22 + 2 °C), humidity (55 £ 5%),
and a 12 h light/dark cycle rigorously controlled. The study
was carried out in accordance with the ARRIVE guidelines.
All experimental protocols were reviewed and authorized
by the Animal Ethics Committee of Gannan Medical Uni-
versity.

2.4 In Vivo Validation of the ALI-Treating Mechanism of
SDFE

2.4.1 Measurement of ALP and LDH in Tissues and BALF

ALP and LDH activities were measured colorimetri-
cally following the protocols supplied with the respective
commercial kits. Standard solutions, test samples (from
tissues and BALF), and necessary working solutions were
prepared. A BCA assay was employed to determine the
protein content in tissue homogenates. The standard and
sample solutions were separately added to a 96-well plate,
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followed by the addition of the working solution. The plate
was shaken for 10 seconds and incubated at 37 °C for 15
minutes. After adding the color developer, optical density
readings were taken at 520 nm using a microplate reader.

2.4.2 Western Blot for MPO

RIPA buffer and BCA protein assay kit (Beijing
Solabio Technology Co., Ltd., Beijing, China) were used
to lyse lung tissues and quantify and protein extracts, re-
spectively. Equal amounts of protein were resolved by
SDS-PAGE on a Bio-Rad electrophoresis system (Mini-
PROTEAN Tetra 2-gel Precast System, Bio-Rad Labora-
tories, Hercules, CA, USA). Wet clectrophoretic transfer
was employed to immobilize proteins onto PVDF mem-
branes (0.45 um, Sigma Aldrich, USA) using a Bio-Rad
transfer system (USA). The membranes were blocked with
skim milk (Shanghai Biyuntian Biotechnology Co., Ltd.,
Shanghai, China) for 1 hour and incubated overnight at 4 °C
with primary antibodies. Primary antibodies for MPO (Cat#
DF12528) and B-actin (loading control, Cat# T0022) were
sourced from Affinity Bioscience (OH, USA), and used at
dilutions of 1:1000 and 1:10,000 respectively. After incu-
bation with secondary antibodies for at least 1 hour, the pro-
tein bands were detected using a chemiluminescence gel
imaging system (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Image J (1.46r, National Institutes of Health,
Bethesda, MD, USA) was employed to quantify the optical
density of the visualized protein signals.

2.4.3 Immunohistochemistry (IHC) for MPO and NE in
Lung Tissues

Following deparaffinization, antigen unmasking was
carried out on tissue sections using a microwave oven and
an antigen retrieval solution. After cooling, 0.3% Triton X-
100 solution (Beijing Solabio Technology Co., Ltd., Bei-
jing, China) was applied, and sections were incubated for
30 minutes. Endogenous peroxidase activity was blocked
using a peroxidase blocking agent (Xilong Scientific Co.,
Ltd., Shantou, China) for 10 minutes. Goat serum (Beijing
Solabio Technology Co., Ltd., Beijing, China) was added
for 30 minutes at 37 °C. Incubation with primary antibody
was carried out at 4 °C overnight; thereafter, sections were
treated with secondary antibody at 37 °C for 30 minutes.
The reaction was developed with DAB chromogenic solu-
tion (Wuhan Elabscience Biotechnology Co., Ltd., Wuhan,
China) for 5 minutes. Sections were then counterstained
with hematoxylin (Beijing Solabio Technology Co., Ltd.,
Beijing, China) for 30-60 seconds and washed with puri-
fied water. Ammonia water was used to bluing, followed
by dehydration and sealing. Stained sections were exam-
ined under a light microscope, and quantitative analysis was
performed using Image J software.
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Fig. 1. Predicted mechanisms of SDFE in treating ALI predicted by network pharmacology. (A) ALI-related targets of 54 com-
pounds from SDFE. (B) The 20 most significant GO items from GO enrichment analysis. (C) The 20 most significant KEGG pathways

from KEGG enrichment analysis. (D) Subpathway of lipid and atherosclerosis of KEGG pathway: leukocyte transendothelial migra-

tion. SDFE, Sophora davidii flower extract; ALI, Acute lung injury; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and

Genomes.

2.4.4 Griess Assay for Nitric Oxide (NO)

Nitric oxide content in lung tissues was measured fol-
lowing the instructions provided with the nitric oxide assay
kit (Shanghai Biyun Tian Biological Technology Co., Ltd.,
Shanghai, China).

2.5 In Vitro Validation of the ALI-Treating Mechanism of
SDFE

2.5.1 Griess Assay for NO

Cells were processed following the protocol provided
with the nitric oxide assay kit (Shanghai Biyun Tian Bio-
logical Technology Co., Ltd., Shanghai, China), and the su-
pernatants were collected. After transferring both standards
and supernatants to 96-well plates, Griess reagent was ap-
plied to each well. The resulting chromophore was quanti-
fied by measuring OD540 with a microplate reader.

2.5.2 Western Blot for MPO

RIPA buffer served as the lysis medium for total pro-
tein extraction from cells; protein concentrations were sub-
sequently determined with the BCA Protein Assay Kit. The
protein samples were then processed according to the stan-
dard Western blot procedure previously described.

2.5.3 RT-qPCR for VCAM-1 and ICAM-1

An RNA extraction kit (Beijing ComWin Biotech
Co., Ltd., Beijing, China) was utilized to harvest RNA
from cell samples, with all steps performed accord-
ing to the accompanying instructions. The extracted
RNA was reverse transcribed into cDNA using a re-
verse transcription kit (Beijing ComWin Biotech Co.,
Ltd., Beijing, China).  Specific primers for ICAM-
1 (forward: 5'-ATGCCCAGACATCTGTGTCC-3', re-
verse: 5'-GGGGTCTCTATGCCCAACAA-3'), VCAM-
1 (forward: 5-GGGAAGATGGTCGTGATCCTT-3’, re-
verse: 5'-TCTGGGGTGGTCTCGATTTTA-3’), and f$-
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actin (forward: 5'-GTCAGGTCATCACTATCGGCAAT-
3/, reverse: 5'-AGAGGTCTTTACGGATGTCAACGT-3')
were synthesized by Shanghai Jierui Biotechnology Co.,
Ltd. The cDNA, primers, and other reagents were mixed
according to the kit instructions and added to an 8-tube
strip. The PCR amplification was carried out using a quan-
titative PCR instrument (Shanghai Hongshi Medical Tech-
nology Co., Ltd., Shanghai, China), with experimental data
recorded after 2 hours of amplification.

2.6 Statistical Analysis

Statistical analyses were carried out with the software
of GraphPad Prism 8.0. All results are presented as mean
+ SEM. Intergroup differences were evaluated using one-
way ANOVA followed by Tukey’s multiple comparison
test. Values of p < 0.05 were regarded as statistically sig-
nificant.
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3. Results

3.1 Predicted Compounds and Mechanisms of SDFE in
Treating ALI through Network Pharmacology

624 SDFE targets were obtained via SwissTargetPre-
diction. Additionally, 3376 ALI targets were retrieved from
the GeneCards databases. As shown in Fig. 1A, 363 SDFE
targets (accounting for 58.2% of all SDFE targets) were
found to be ALI-related targets, and they were defined as
intersection targets. GO and KEGG pathway enrichment
analyses were conducted on the intersecting genes. The
20 most statistically significant GO terms are displayed
in Fig. 1B; these included response to oxygen-containing
compound (GO:1901700) and cellular response to oxygen-
containing compound (GO:1901701). The 20 KEGG path-
ways with the highest enrichment significance are pre-
sented in Fig. 1C. Lipid and atherosclerosis, and chemi-
cal carcinogenesis-reactive oxygen species were involved.
These results indicated a close association with oxidation
and oxidative stress. In addition, as shown in Fig. 1D,
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ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1.

leukocyte transendothelial migration is a subpathway of
lipid and atherosclerosis, its activation resulting in leuko-
cyte adhesion and oxidative stress [20]. Thus, the pathway
of lipid and atherosclerosis was selected to be investigated.

Following the identification of compounds whose tar-
gets are associated with lipid metabolism and atherosclero-
sis, the PPI and compound-target—pathway networks were
constructed. PPI is significant for analyzing protein func-
tions, as it reveals how proteins interact and influence each
other’s activities [21]. The PPI network of targets enriched
in lipid and atherosclerosis was shown in Fig. 2A,B. Many
targets such as AKT, PI3K, CASP3, BCL2, TNF, IKBK,
MAPKSs and IL1B are hub targets in the pathway of lipid
and atherosclerosis, which have been studied already. Ad-
ditionally, ICAM-1 (with 27 edges) and VCAM-1 (with
24 edges) are crucial for leukocyte adhesion and contribute
significantly to oxidative stress. To investigate the effects
of SDFE on lipid and atherosclerosis pathway, a network
of KEGG pathway-target-compound was constructed us-
ing Cytoscape 3.9.0. As shown in Fig. 2C, ICAM-1 and
VCAM-1 are among the top one-third targets in terms of
degree values, and they have relation with main flavonoid
components of SDFE, such as kaempferol and quercetin.
ICAM-1 could also interact with matrine, which is one of
the main alkaloid components of SDFE.

The molecular docking of proteins (ICAM-1 and
VCAM-1) and their ligands (quercetin and matrine) was
performed. A LibDockScore exceeding 100 suggests that
the small molecule forms a stable binding with the tar-
get. The LibDockScores of quercetin and matrine with

ICAM-1 are 104.215 and 101.369, respectively. The Lib-
DockScores of quercetin with VCAM-1 are 120.185. As
presented in Fig. 3A—C, multiple intermolecular interac-
tion forces were observed between ligands and receptors.
Quercetin, a flavonoid bearing several benzene rings, hy-
droxyl moieties, and a carbonyl group, formed stable dock-
ing complexes primarily through 7— stacking and hydro-
gen bonds. Fig. 3D-F demonstrate that each ligand was
well enclosed in its receptor pocket constructed by 7 bond.
In the molecular dynamics simulations (as shown in
Fig. 4), the RMSD values of the docking complexes stabi-
lized after 10-30 ns of simulation, indicating that the pro-
tein reached a stable state upon ligand binding. The total
binding free energies of the complexes ranged from —7.65 to
—14.91 kcal/mol, indicating spontaneous binding between
the ligands and the protein and thermodynamic stability of
the complexes. These findings provide a theoretical basis
at the energetic level for further investigations into the bio-
logical functions of these ligand-protein complexes.

3.2 SDFE Improves Leukocyte Adhesion and Oxidative
Stress in LPS-Induced ALI Rats

3.2.1 Effects of SDFE on ALP and LDH Activities in
Lung Tissue and BALF of ALI Rats

SDFE administration has been reported to mitigate
both leukocyte influx and lung edema in rats with ALI or
acute pneumonic injury. ALP and LDH are commonly used
biomarkers for tissue damage, including acute lung injury
[22]. To confirm the impact of SDFE on these biomark-
ers, kits were employed to measure the activities of ALP
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myeloperoxidase; NO, nitric oxide.
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and LDH in lung tissue and BALF from ALI rats. As
shown in Fig. 5SA-D, relative to the control group, the
model group showed markedly elevated levels of these in-
jury markers in both tissue specimens and BALF, confirm-
ing successful establishment of ALIL. In contrast, treatment
with SDFE reversed this trend, and a dose-dependent in-
hibition of ALP and LDH activities was observed in the
SDFE-treated groups.

3.2.2 Effects of SDFE on NE, MPO, and NO Expression
in Lung Tissue and BALF of ALI Rats

NE plays a crucial role in promoting cell infiltration
and migration, with higher levels indicating more signifi-
cant neutrophil infiltration into tissues. MPO and NO are
recognized markers of oxidative stress, and their upregula-
tion suggests the occurrence of oxidative stress, which can
lead to tissue damage [23]. To further investigate the im-
pact of SDFE on NE, MPO, and NO expression in LPS-
induced ALI rats, we performed Western blot analysis to
measure MPO levels in lung tissue, Griess assay to quan-
tify NO in both lung tissue and BALF, and IHC to assess the
expression of NE and MPO in lung tissue. Western blotting
(Fig. 5E,F) demonstrated that LPS exposure elicited a pro-
nounced increase in lung MPO expression compared with
control animals. Conversely, SDFE treatment substantially
reduced MPO abundance in a concentration-dependent
fashion. In comparison with control animals, NO levels
(Fig. 5G,H) were markedly elevated in the model group
while SDFE treatment led to a dose-dependent reduction
in NO expression. IHC results (Fig. 6A-L) demonstrated
significantly higher levels of MPO and NE in model ani-
mals, which were notably reduced following SDFE treat-
ment. These findings corroborated the western blot data
regarding MPO expression.

3.3 SDFE Inhibits Leukocyte Adhesion and Oxidative
Stress Activation in LPS-Induced BEAS-2B Cells

3.3.1 Effects of SDFE on ICAM-1 and VCAM-1
Expression in LPS-stimulated BEAS-2B Cells

ICAM-1 and VCAM-1 play a key role in facilitat-
ing leukocyte adhesion by binding to specific receptors on
white blood cells, allowing them to traverse endothelial
cells and infiltrate tissues. This process leads to the release
of ROS and other oxidative stress products, which exac-
erbate tissue damage. To investigate the effect of SDFE
on ICAM-1 and VCAM-1 expression in LPS-stimulated
BEAS-2B cells, RT-qPCR was used to measure mRNA lev-
els in the different groups. Fig. 7A,B illustrate that, rela-
tive to the control group, ICAM-1 and VCAM-1 expression
were both markedly elevated in the model group. SDFE
administration, however, dose-dependently attenuated the
elevated levels of ICAM-1 and VCAM-1. These results in-
dicate that SDFE inhibits the expression of ICAM-1 and
VCAM-1 in LPS-stimulated BEAS-2B cells, thereby re-
ducing leukocyte adhesion.

3.3.2 Effects of SDFE on MPO and NO Expression in
LPS-stimulated BEAS-2B Cells

To investigate the effect of SDFE on MPO and NO
expression in LPS-stimulated BEAS-2B cells, Western blot
analysis was used to assess MPO levels, and the Griess as-
say was employed to measure NO content in the cell super-
natants. Fig. 7C,D demonstrate that the model cohort exhib-
ited markedly elevated levels of pro-inflammatory media-
tors relative to the control group. Following SDFE admin-
istration, the levels of MPO and other inflammatory me-
diators were dose-dependently and markedly diminished.
Fig. 7E further demonstrates that LPS stimulation resulted
in a significant increase in NO levels in the model group.
However, SDFE treatment led to a marked reduction in NO
expression, with a dose-dependent effect. The above results
imply that SDFE alleviates oxidative stress levels in LPS-
challenged BEAS-2B cells via inhibition of both MPO and
NO expression.

4. Discussion

ALI poses significant threats to human health by
impairing respiratory function and burdens society with
heightened healthcare costs. SDFE can improve the ALI
symptoms of leukocyte infiltration and pulmonary edema
in previous investigation. In this study, SDFE exhibited
a significant inhibitory effect on the tissue injury mark-
ers ALP and LDH of LPS-induced ALI rats, further in-
dicating its therapeutic potential for ALI. ALI is closely
associated with inflammation, and both inflammation and
leukocyte adhesion can reciprocally activate and exacerbate
each other [24,25]. Leukocyte adhesion also induces ALI
via oxidative stress [26]. Network pharmacology indicated
leukocyte adhesion and oxidative stress were two impor-
tant signaling pathway for SDFE in the treatment of ALIL
SDFE significantly suppressed NE, MPO, and NO levels
in both lung tissue and BALF from LPS-induced ALI rats,
and similarly reduced the mRNA expression of I[CAM-1 and
VCAM-1, the protein expression of MPO, and the level of
NO.

The transendothelial movement of leukocytes consti-
tutes a key step during the ALI-associated inflammatory
response [27,28]. This process begins when inflamma-
tory mediators stimulate the endothelium. These activated
endothelial cells express a variety of adhesion molecules,
which facilitate the initial adhesion of leukocytes to the
vascular endothelium [29]. Subsequently, the leukocytes
migrate across the endothelial barrier into the underlying
tissue, contributing to tissue inflammation and injury [30].
NE plays a critical role in leukocyte migration by degrad-
ing extracellular matrix components, thereby facilitating
the movement of neutrophils through the endothelial bar-
rier [31,32]. It has the ability to damage endothelial cells
and release key adhesion molecules (such as ICAM-1 and
VCAM-1) [33,34]. ICAM-1/VCAM-1 mediate the initial
attachment of leukocytes to the endothelium during inflam-

&% IMR Press


https://www.imrpress.com

Control LPS

LPS+Aspirin

LPS+Aspirin

LPS+LD-SDFE

-

% MPO staining

o&sé \3‘5 o(k« oQ@ &
CER g \g,_,,.v”
NG

LPS+LD-SDFE

% NE staining

% «© &
o e
s

Fig. 6. THC to detect the expression of MPO and NE in lung tissue of LPS-induced ALI rats. (A—E) IHC results of MPO of each
group, respectively. (F) Relative expression of MPO in rat lung tissue. (G—K) IHC results of NE of each group, respectively. (L) Relative

expression of NE in rat lung tissue. Scale bar = 100 pm. Mean + SEM, n = 3. ##p < 0.01 versus the control group; **p < 0.01 versus

the model group. THC, immunohistochemistry; NE, neutrophil elastase.

mation [35]. The leukocytes adhesion to ICAM-1/VCAM-
1 triggers the release of ROS and pro-inflammatory cy-
tokines, further exacerbating oxidative stress and amplify-
ing the inflammatory response [36]. This process promotes
endothelial dysfunction, which exacerbates vascular per-
meability and worsens the development of ALI. In network
pharmacology analysis, [CAM-1 and VCAM-1 are among
the top one-third targets both in PPI network and lipid and
atherosclerosis-related targets-related compounds network.
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Experiment validation indicated that SDFE could inhibit the
NE expression in lung tissue and BALF of ALI rats, and
down-regulate the ICAM-1/VCAM-1 expression in LPS-
stimulated BEAS-2B cells.

Oxidative stress also plays a central role in the patho-
physiology of ALIL. ROS interact with various cellular com-
ponents, leading to cellular damage and the activation of
inflammatory signaling pathways [37]. The generation of
ROS by activated neutrophils contributes to endothelial in-
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jury and vascular permeability [38]. MPO is an enzyme
released by neutrophils or macrophages during inflamma-
tion. MPO facilitates the production of hypochlorous acid
(HOCI) using hydrogen peroxide (H2O3) and chloride as
substrates [39]. This reaction generates highly reactive ox-
idants that contribute to tissue damage, endothelial dysfunc-
tion, and the recruitment of additional leukocytes to the
site of injury [40]. NO is a crucial regulator of endothe-
lial function. Some ALI-related studies have shown that
under oxidative stress conditions, the activity of inducible
nitric oxide synthase (iNOS) may increase, leading to the
production of a large amount of NO [41]. NO interacts
with ROS to form peroxynitrite, a highly reactive molecule
that further damages endothelial cells and contributes ALI
[42,43]. Through GO and KEGG enrichment analysis, it
was found that oxidative stress was widely involved in ALI-
treatment of SDFE. Experiment validation indicated that
SDFE could inhibit the MPO and NO expression in lung
tissue and BALF of ALI rats, and down-regulate the MPO
and NO expression in LPS-stimulated BEAS-2B cells.

10

In this study, network pharmacology played an im-
portant role in predicting the main pathways, targets and
compounds of SDFE. It provided the hypothesis that SDFE
could treat ALI through the inhibition of leukocyte adhe-
sion and oxidative stress. It is worth noting that leuko-
cyte adhesion and oxidative stress are included in the path-
way of leukocyte transendothelial migration, a subpath-
way of lipid and atherosclerosis. Leukocyte transendothe-
lial migration should be paid more attention than lipid and
atherosclerosis. ICAM-1/VCAM-1 were two important tar-
gets through PPI analysis and network analysis of lipid and
atherosclerosis-related targets-related compounds. How-
ever, ICAM-1/VCAM-1 are not ranked among the top 3
targets. On one hand, the top 3 targets are AKT, PI3K
and CASP3, which have been investigated before. On the
other hand, ICAM-1/VCAM-1 are more related to leuko-
cyte transendothelial migration. As a limitation, the bind-
ing interactions between compounds and their respective
targets have only been computationally modeled through
molecular docking simulations. The absence of experimen-
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tal validation, such as surface plasmon resonance (SPR) or
other biochemical binding assays, undermines the robust-
ness of these predicted interactions. Future studies should
aim to bridge this gap by incorporating rigorous experimen-
tal approaches.

5. Limitations

The present study provides preliminary evidence that
SDFE exerts protective effects against LPS-induced ALI,
potentially through inhibiting leukocyte adhesion and ox-
idative stress. Nevertheless, several limitations should be
acknowledged. First, whether SDFE confers similar pro-
tection in ALI induced by other etiologies or in other in-
flammatory conditions remains to be determined. Second,
the potential pharmacological activities of other parts of
Sophora davidii (Franch.) require systematic investigation.
Third, the current findings are primarily based on pheno-
typic observations and marker detection; causal validation
via genetic intervention approaches is lacking, and the up-
stream signaling mechanisms by which SDFE regulates ad-
hesion molecules and oxidative stress have not been fully
elucidated. Further studies incorporating multi-omics anal-
yses and loss-/gain-of-function experiments are warranted
to identify the precise molecular targets and regulatory net-
works of SDFE.

6. Conclusion

In summary, this study integrates network pharma-
cology prediction, molecular docking simulation, and both
in vivo and in vitro experimental validation to elucidate
the therapeutic mechanism of SDFE in ALI. The find-
ings demonstrate that SDFE effectively ameliorates LPS-
induced ALI by targeting a dual pathogenic mechanism: the
inhibition of leukocyte adhesion, as evidenced by the down-
regulation of NE, ICAM-1, and VCAM-1, and the suppres-
sion of oxidative stress, reflected by the reduction of MPO
and NO levels. By experimentally confirming the key path-
ways and targets identified through computational analysis,
this work not only provides a scientific basis for the tradi-
tional use of Sophora davidii in respiratory ailments but also
highlights the value of combining network pharmacology
and molecular docking simulation with empirical research
in drug discovery. These results position SDFE as a promis-
ing multi-target therapeutic candidate for ALI, warranting
further investigation into its clinical potential and upstream
regulatory mechanisms.
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