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Objective: To investigate the protective effects of luteolin on ALI induced by
lipopolysaccharide (LPS) inmalemice and to explore the underlyingmechanisms.

Methods: A two-sample Mendelian randomization (MR) analysis was conducted
to assess the causal relationship between hepatocyte growth factor (HGF) and
acute respiratory distress syndrome (ARDS). Network pharmacology analysis was
employed to identify herbs that mitigate inflammation and apoptosis by
upregulating HGF expression and to determine the hub active ingredients.
These findings were subsequently validated through in vivo experiments using
an LPS-induced ALI mousemodel. Lung histopathological examination, enzyme-
linked immunosorbent assay, and Western blot analysis were performed to
evaluate relevant biomarkers of inflammation and apoptosis.

Results: The MR analysis demonstrated a causal effect of HGF on ARDS (IVW:
β = −1.120, OR = 0.326, 95% CI = 0.116–0.916, P = 0.033). Among herbs
associated with upregulating HGF expression, Salvia miltiorrhiza Bunge is
involved in the negative regulation of apoptotic process and positive
regulation of cell population proliferation. Luteolin was identified as the hub
active ingredient extracted from S. miltiorrhiza Bunge. In LPS-induced ALI mice,
luteolin significantly alleviated histopatholocial damage, inflammation, and
apoptosis in the lungs. However, these protective effects were abrogated by
c-Met inhibition.

Conclusion: Luteolin attenuates inflammation and apoptosis in the lungs of LPS-
induced ALI mice via activation of the HGF/c-Met pathway.
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1 Introduction

Acute lung injury (ALI) is a severe clinical syndrome characterized by diffuse alveolar
injury, hypoxemia, and respiratory distress (Liu et al., 2022). ALI can rapidly progress to
acute respiratory distress syndrome (ARDS), leading to severe irreversible tissue damage
(Matthay et al., 2024; Bos and Ware, 2022). ARDS is observed in 10.4% of patients in the
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intensive care unit, with a mortality rate as high as 40.0% (Bellani
et al., 2016). Despite significant advancements in the treatment of
ALI/ARDS, effective therapeutic strategies to reduce mortality or
improve the prognosis of patients remain limited (Bellani et al.,
2016; Meyer et al., 2021; Ning et al., 2023). Therefore, it is of great
importance to explore novel therapeutic targets and drugs for the
treatment of ALI/ARDS.

The inflammation and apoptosis are critically involved in the
pathogenesis and progression of ALI/ARDS (Kim et al., 2025; Wang
Y. et al., 2023; Han et al., 2025). Activation of inflammatory cells
results in the secretion of inflammatory cytokines, such as
interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α,
which promote injury to alveolar epithelial cells and vascular
endothelial cells (Wang et al., 2022; Wang et al., 2024).
Hepatocyte growth factor (HGF) regulates neurogenesis,
organogenesis, and tissue remodeling during epithelial wound
healing, tissue regeneration, and cancer invasion (Chaparro et al.,
2015). HGF binds to and activates the high-affinity cell-surface
receptor c-Met, thereby initiating a wide range of biological activities
(Molnarfi et al., 2015). For instance, it promotes cell survival
through activation of the PI3K/Akt pathway (Xiao et al., 2001).
Previous studies have shown that HGF secreted by mesenchymal
stem cells (MSCs) exerts endothelial barrier-protective effects
in vitro and mitigates lung injury in vivo (Meng et al., 2019;
Yang et al., 2015). These anti-apoptotic effects of HGF on
epithelial and endothelial cells are mediated by activation of the
HGF/c-Met/PI3K/Akt pathway (Nakagami et al., 2001; Ito et al.,
2014). Additionally, increased HGF levels following HGF gene
transfection into the lungs of mice with bleomycin-induced
injury have been observed to decrease TNF-α and IL-6 levels
(Watanabe et al., 2005). Another study also revealed that HGF
attenuates allergic airway inflammation in a murine model (Ito et al.,
2005). These findings indicate that modulating HGF levels may be
an effective strategy to alleviate inflammation and apoptosis, which
is crucial for the management of ALI/ARDS.

The natural herbs have demonstrated beneficial effects in
mitigating lung damage. Lonicerae japonicae flos, Scutellaria
baicalensis, Bupleurum, and emodin have been shown to
attenuate lung injury induced by human respiratory syncytial
virus and silica by inhibiting inflammation and apoptosis (An
et al., 2023; Liu et al., 2021). Moreover, several herbs have been
demonstrated to upregulate the expression of HGF. Sho-saiko-to
extract facilitates liver regeneration in partially hepatectomized rats
by elevating HGF levels in the liver and spleen (Ono et al., 2000).
Resina Draconis ameliorates acute hepatic injury and promotes liver
cell proliferation following partial hepatectomy through the HGF
pathway (He et al., 2020). However, the complex composition of
herbal medicines poses a challenge in distinguishing between active
and toxic constituents (Ma et al., 2023). Therefore, identifying the
therapeutic effects of active ingredients extracted from herbs on
ALI/ARDS is essential for improving patient outcomes.
Nevertheless, the investigation of active ingredients targeting
HGF that exert protective effects on ALI/ARDS by inhibiting
inflammation and apoptosis has been rarely reported.

Luteolin (3,4,5,7-tetrahydroxy flavone), a bioactive flavonoid, is
widely distributed in various fruits and vegetables, as well as in
medicinal plants such as Lonicera japonica, Codariocalyx motorius,
and Salvia miltiorrhiza Bunge (Muruganathan et al., 2022; Lv et al.,

2025; Aziz et al., 2018). Previous studies have demonstrated that the
peak plasma concentration of luteolin is achieved within 1–2 h
following oral administration and remains in the circulation for
several hours (Chen Ting et al., 2007; Lu et al., 2011; Li et al., 2013;
Kure et al., 2016). Luteolin exhibits relatively high bioavailability and
a sufficiently slow metabolic rate, enabling its metabolites to exert
biological activities in in vivo models (Ali and Siddique, 2019).
Extensive research has demonstrated that luteolin possesses
numerous beneficial properties, including anti-inflammatory,
antioxidant, anti-tumor, and anti-apoptotic effects (Lv et al.,
2025; Aziz et al., 2018; Duggal et al., 2015). Chen et al. showed
that luteolin suppresses inflammatory responses induced by
lipopolysaccharide (LPS) in mouse alveolar macrophages by
inhibiting the production of reactive oxygen species and pro-
inflammatory cytokines (Chen C-Y. et al., 2007), suggesting that
luteolin may have potential therapeutic applications for the
treatment of inflammatory lung disorders. An increasing number
of studies utilizing animal models have demonstrated that luteolin
exhibits therapeutic effects on multiple pulmonary diseases, such as
ALI, chronic obstructive pulmonary disease, asthma, and
pulmonary fibrosis (Das et al., 2003; Li et al., 2023; Ren et al.,
2023; Cao et al., 2025). However, whether luteolin exerts its
beneficial effects in LPS-induced ALI by targeting HGF remains
to be elucidated.

In this study, by integrating Mendelian randomization (MR)
analysis, network pharmacology analysis, and in vivo experiments,
we found that luteolin alleviates LPS-induced ALI in mice by
inhibiting apoptosis and inflammation through the HGF/
c-Met pathway.

2 Materials and methods

2.1 Study design

The current study primarily consists of three components, as
depicted in the flowchart shown in Figure 1. Initially, a two-sample
MR analysis was utilized to evaluate the causal effects of HGF on
ARDS. Then, network pharmacology analysis was conducted to
identify the natural herbs associated with HGF and ALI/ARDS, and
to select the hub active ingredients. Finally, in vivo experiments were
designed to validate the protective effects of the hub active
ingredient on LPS-induced ALI in mice.

2.2 Two-sample MR analysis

2.2.1 Data sources
The datasets for MR analysis were sourced from publicly

available genome-wide association study (GWAS) datasets based
on the European population. The summary dataset of HGF was
acquired from a genome-wide protein quantitative trait locus study
of 91 circulating inflammatory proteins in 14,824 participants from
11 cohorts (https://www.ebi.ac.uk/gwas) (Zhao et al., 2023). The
GWAS summary dataset of ARDS was obtained from the FinnGen
Consortium R12 (https://www.finngen.fi/en), which included
431 patients with ARDS and 493,301 control individuals (Kurki
et al., 2023). Detailed information regarding the datasets is presented
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in the original studies and Supplementary Table S1. Ethics approval
was not required for our study, as the ethics approval and informed
consent of the data used in this study have been obtained in the
original research.

2.2.2 Instrumental variables selection
To estimate causal effects using MR analysis, three basic

assumptions must be met to ensure the validity of instrumental
variables (IVs) (Emdin et al., 2017): (1) IVs are strongly associated
with ARDS; (2) IVs are not associated with any confounders; (3) IVs
affect ARDS exclusively through HGF. Specifically, the high-quality
IVs included in this study were screened through the following
procedures. First, single-nucleotide polymorphisms (SNPs) with a
genome-wide significance threshold of p-value < 5e-8 were selected.
Second, SNPs with high linkage disequilibrium (r2 = 0.001 and
window size = 10,000 kb) were removed by filtering against the
1,000 Genomes European reference panel. Then, F-statistics were

calculated as an indicator of the strength of SNPs, and those with
F-statistic <10 were excluded to avoid weak instrument bias in MR
analysis (Liu et al., 2024). Finally, outliers among SNPs were
detected using the MR-PRESSO global test, and outliers were
removed until the global test yielded a p-value >0.05 (Verbanck
et al., 2018). The remaining SNPs were utilized for conducting
MR analysis.

2.2.3 MR analysis and sensitivity analysis
In our study, only two SNPs were selected after a series of

stringent screening steps. The inverse variance weighted (IVW)
method was employed to assess the causal estimates of HGF on
ARDS. The IVW method estimates the causal effect by combining
the Wald ratio estimates of each SNP (Burgess et al., 2013). It can
provide an unbiased causal estimate and sufficient statistical power
when there is an absence of horizontal pleiotropy among the IVs
(Hemani et al., 2018). Sensitivity analysis was conducted to evaluate

FIGURE 1
Diagram of three primary parts in the study design.
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the robustness of the causal estimates. Cochran’s Q test was used to
quantify the heterogeneity among the IVs. No heterogeneity was
observed as the p-value >0.05 (Burgess et al., 2017). Due to the
insufficient number of SNPs (fewer than three), horizontal
pleiotropy analysis was not performed using MR-Egger
regression intercept analysis and leave-one-out analysis (Bowden
et al., 2015). Additionally, the Steiger test was conducted to infer the
causal direction between the exposure and outcome (Hemani et al.,
2017). The results of MR analysis were reported in accordance with
the STROBE-MR guideline (Skrivankova et al., 2021).

2.3 Network pharmacology analysis

2.3.1 Screening of natural herbs
To identify potential herbs with protective effects against ALI/

ARDS by upregulating the expression of HGF, we retrieved
literature in Medline (PubMed, https://pubmed.ncbi.nlm.nih.gov)
and China National Knowledge Infrastructure (CNKI, http://www.
cnki.net) to summarize relevant traditional Chinese medicine
(TCM) formulae and single herbs associated with ALI/ARDS and
HGF. The search terms included the following keywords:
“traditional Chinese medicine,” “Chinese herbal medicine,”
“natural product,” “acute lung injury,” “acute respiratory distress
syndrome,” and “hepatocyte growth factor” (Ma et al., 2023). The
herbs and formulae were listed, and commonly shared herbs were
obtained. Ultimately, four herbs were selected for network
pharmacology analysis: Bupleuri radix, Glycyrrhizae radix, S.
miltiorrhiza Bunge, and Scutellariae radix. Detailed information
on the TCM formulae is provided in Supplementary Table S2.

2.3.2 Screening of active ingredients
The active ingredients of the four selected herbs were screened

based on the following criteria in the Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform (TCMSP)
database (https://www.91tcmsp.com) (Lipinski et al., 2001; Liu et al.,
2025): oral bioavailability (OB) ≥ 30%, drug-likeness (DL) ≥ 0.18,
and compliance with Lipinski’s rule of Five. The SMILES structures
of each active ingredient were retrieved from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov). Subsequently, the SMILES
data were entered into the SwissADME database (http://www.
swissadme.ch) for screening based on pharmacokinetics
properties, including high gastrointestinal absorption and drug-
likeness without violations. The active ingredients that met these
criteria were selected for further target acquisition.

2.3.3 Shared targets of herbs and disease
Potential targets for each active ingredient of the four selected

herbs were obtained from the TCMSP. Genes associated with ALI
and ARDS were retrieved from the Online Mendelian Inheritance in
Man (OMIM, https://omim.org) and GeneCards (https://www.
genecards.org) with a minimum score of ≥10.00 (Liu et al.,
2025). All identified targets and genes were imported into the
Uniprot database (https://www.uniprot.org) to obtain the
corresponding UniProt IDs. First, the genes of each disease
phenotype obtained from the two databases were merged and
deduplicated. Then, the overlapping genes between ALI and
ARDS were identified. Finally, the shared genes between each

herb and ALI/ARDS were determined using Venn diagram tools
(http://bioinformatics.psb.ugent.be/webtools/Venn) and were used
for further analysis.

2.3.4 GO and KEGG enrichment analysis
Gene Ontology (GO) enrichment analysis was conducted to

determine the cellular component (CC), molecular function (MF),
and biological process (BP) items based on massive genetic
information. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis is a systematic approach to
analyze gene functions within the context of gene and molecular
networks. GO and KEGG enrichment analyses were performed to
identify the pathways involved in the shared genes between the herbs
and ALI/ARDS using the DAVID tools (https://
davidbioinformatics.nih.gov). The top 10 significantly enriched
GO terms and KEGG pathways with a false discovery rate (FDR)
threshold of <0.05 were selected. Consequently, the herb exerting
protective effects on ALI/ARDS by regulating the apoptotic process
and inflammatory pathways was chosen for further exploration of its
hub active ingredients. Heatmap was plotted by an online platform
for data analysis and visualization (https://www.bioinformatics.com.
cn) (Tang et al., 2023).

2.3.5 Hub active ingredients selection
Cytoscape software (version 3.10.1) was employed to visualize

the network of herb-active ingredient-shared gene. The cytoHubba
plugin (algorithms of Degree, MCC, Closeness, Betweenness, and
Radiality) was used to perform cluster analysis of the network to
identify the hub active ingredients (Chin et al., 2014). The network
diagram was constructed, and the node colors were adjusted
according to the degree values.

2.4 In vivo experiments

2.4.1 Reagents
Lipopolysaccharide (LPS, Escherichia coli O55:B5, Cat: L8880)

was purchased from Solarbio Science & Technology, China. Luteolin
(Cat: T1027), SU11274 (Cat: T6154), and tribromoethyl alcohol
(Cat: T0807) were purchased from Topscience, USA. Sodium
carboxymethyl cellulose (CMC-Na, 800–1200mpa.s, USP class,
Cat: C104985) was purchased from Aladdin, China. Primary and
secondary antibodies, including rabbit-anti cleaved-Caspase 3 (Cat:
AF7022), rabbit-anti Bax (Cat: AF0120), rabbit-anti Bcl-2 (Cat:
AF6139), rabbit-anti HGF (Cat: DF6326), rabbit-anti PI3K (Cat:
AF6241), rabbit-anti p-PI3K (Cat: AF3241), rabbit-anti AKT (Cat:
AF6261), rabbit-anti p-AKT (Cat: AF0016), rabbit-anti GAPDH
(Cat: AF7021), and goat anti-rabbit IgG (H + L) HRP (Cat: S0001)
were purchased from Affinity Biosciences, China. Enhanced BCA
protein assay kit (Cat: P0010), one step TdT-mediated dUTP Nick-
End Labeling (TUNEL) apoptosis assay kit (Cat: C1089), and
Western blot (WB) blocking buffer (Cat: P0023B) were
purchased from Beyotime Biotechnology, China. Enzyme-linked
immunosorbent assay (ELISA) kits for IL-1β (Cat: MK2776B)
and TNF-α (Cat: MK2868B) were purchased from Jiangsu
Sumeike Biological Technology, China. Enhanced
chemiluminescence kit (Cat:32109) was purchased from Thermo
Scientific, United States.
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2.4.2 Animals
Adult male C57BL/6J mice, aged 8–10 weeks and weighing

22–24 g, were procured from Ziyuan Experimental Animal Science
and Technology Company (SCXK[Zhe] 2019-0004, Hangzhou,
China). The mice were housed in a specific pathogen-free
environment maintained at 21°C–25°C with a 12-h light-dark
cycle. The animals were allowed to access food and water freely.
Throughout the study, efforts were made to minimize the suffering of
the mice and to reduce the number of animals used. This study
complied with national legislation regarding the Care and Use of
Animals. All experimental protocols were approved by the Laboratory
Animal Ethics Committee of Anhui University of Chinese Medicine
(ID: AHUCM-mouse-2024212). All animals were acclimatized to the
laboratory conditions for 7 days before the experiments.

2.4.3 LPS-induced ALI
In the animal studies, the doses of luteolin used ranged from 10 to

100 mg/kg per day (Cao et al., 2025; Vajdi et al., 2023). In the present
study, the mice were randomly assigned to five groups (n = 6 per
group): Control, LPS, LPS + low dose luteolin (LPS-LL, 50 mg/kg), LPS
+ medium dose luteolin (LPS-ML, 100 mg/kg), and LPS + high dose
luteolin (LPS-HL, 200 mg/kg). In the treatment groups, luteolin
(dispersed in 0.5% CMC-Na) was administered by intragastric
gavage once daily for seven consecutive days. The Control and LPS
groups received an equal volume of 0.5%CMC-Na. On the seventh day,
2 hours after the last intragastric administration, LPS (5 mg/kg) was
administered intraperitoneally to themice in the LPS and three luteolin-
treated groups. Saline was administered instead of LPS in the Control
group. To investigate whether luteolin exerted protective effects on ALI
through activation of c-Met, SU11274 (0.18 mg/kg) was administered
intraperitoneally 30 min before luteolin administration each day (Miao
et al., 2020). After 24 h, the mice were anesthetized with an
intraperitoneal injection of 1.25% tribromoethyl alcohol.
Bronchoalveolar lavage fluid (BALF), serum, and lung tissues were
collected and stored at −80 °C for further analysis. For hematoxylin and
eosin (H&E) staining, the tissues were washed with cold phosphate
buffered saline (PBS) and fixed in 4% paraformaldehyde solution.

2.4.4 Weight and consumption of food and water
To evaluate the potential toxicity of intragastrically administered

luteolin at low, medium, and high doses in mice, the weight and food
and water consumption were monitored over a 7-day period during
drug administration.

2.4.5 Lung dry/wet weight ratio
The dry/wet weight ratio (D/W ratio) was calculated to assess

the extent of lung tissue edema. Briefly, the middle lobe of the right
lung was harvested and weighed to obtain the wet weight. The lung
was then dried in an oven at 80°C for 48 h, and the dry weight was
determined. The D/W ratio was calculated using the formula: (dry
weight/wet weight) × 100%.

2.4.6 Histopathologic assay
A standard H&E staining procedure was performed to evaluate

histological changes in the lung. Briefly, lung tissues were embedded
in paraffin and sectioned into 4-µm slices (Leica, CM3050S,
Germany). After deparaffinization and ethanol-based rehydration,
the sections were stained with hematoxylin and eosin. Pathological

images were observed and captured using a microscope with light
mode (Leica, DM6 B, Germany). Subsequently, lung injuries were
evaluated and scored at a magnification of ×200, as previously
described (Kong et al., 2021; Matute-Bello et al., 2001). Each
section was divided into five equal segments, and the mean score
was calculated. The scoring was independently performed by two
investigators (J.H. Bi and Y. Li) in accordancewith standard protocols.
Any discrepancies were resolved by a third investigator (J.R. Bi).

2.4.7 TUNEL staining
Following deparaffinization and ethanol-based rehydration,

TUNEL staining was performed to assess apoptosis in lung tissue
using a TUNEL assay kit, according to the manufacturer’s
instructions. For each mouse, three sections were selected, and the
number of TUNEL-positive cells was quantified. Five random fields
were chosen from each section, and the total number of TUNEL-
positive cells in each field was counted within a predefined rectangular
area. The total number of apoptotic cells was determined by summing
the counts from the 15 fields for each mouse.

2.4.8 Enzyme-linked immunosorbent assay
BALF and serum samples were centrifuged at 3000 rpm for

15 min at 4°C, and the supernatants were collected. The levels of IL-
1β and TNF-α were measured using ELISA kits according to the
instructions provided by the manufacturer.

2.4.9 Western blot
Total protein lysates were prepared from lung tissues in lysis buffer

(150 mM NaCl, 50 mM Tris-HCl 264 (pH 7.4), 1 mM EDTA, 1 mM
PMSF, 1% sodium deoxy- 265 cholate, 1%Triton X-100, and 0.1% SDS).
The lysates were centrifuged at 4°C, 12,000 rpm for 10 min, and then
boiled for 15min. The total protein concentration was determined using
a Bicinchoninic Acid Assay. Samples were electrophoresed on SDS-
polyacrylamide gels and then transferred to polyvinylidene difluoride
membranes (Millipore, United States, Cat: IPVH00010). After blocking
in blocking buffer for 2 h at room temperature, the membranes were
incubated at 4°C overnight with primary antibodies: rabbit-anti cleaved-
Caspase 3 (1:1,000), rabbit-anti Bax (1:1,000), rabbit-anti Bcl-2 (1:1,000),
rabbit-anti HGF (1:1,000), rabbit-anti PI3K (1:1,000), rabbit-anti p-PI3K
(1:1,000), rabbit-anti AKT (1:1,000), rabbit-anti p-AKT (1:1,000), and
rabbit-anti GAPDH (1:1,000). After three washes with PBST, the
membranes were incubated with secondary antibody: goat anti-rabbit
IgG (H+L)HRP (1:10000) for 2 h at room temperature. Themembrane
signals were detected using an enhanced chemiluminescence kit, and the
images were captured using a Tanon developer (Tanon Fine-do
X6, China).

2.5 Statistical analysis

In this study, MR analysis was conducted using R version
4.3.2 within R Studio (R Foundation for Statistical Computing,
Vienna, Austria) with the TwoSampleMR package (version 0.5.7)
(Yavorska and Burgess, 2017). The causal estimates were presented
as odds ratios (ORs) with 95% confidence intervals (95% CI). For in
vivo experiments, all data with normal distribution were presented
as mean ± SD. One-way analysis of variance (ANOVA) followed by
Bonferroni post-hoc test was used to analyze differences among
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groups. Repeated measures two-way ANOVA followed by
Bonferroni post-hoc test was used to analyze changes in weight,
and food and water consumption among groups. Statistical analysis
was performed using SPSS software (version 22.0; IBM Inc.,
United States). ImageJ (version 1.54f, United States) was used to
analyze the band intensities inWB results. All graphs were generated
using GraphPad Prism (version 8.4.2, United States). Figures were
processed using Adobe Photoshop CS6 (Adobe, United States). A
p-value <0.05 was considered as statistically significant.

3 Results

3.1 Causal effect of HGF on ARDS

Following a series of screening procedures, two SNPs associated
with HGF were selected as IVs (Supplementary Table S3). The
F-statistics for each SNP were greater than 10, indicating the absence
of weak IVs. The results obtained fromMR analysis revealed a causal
effect of HGF on ARDS (IVW: β = −1.120, OR = 0.326, 95% CI =
0.116–0.916, P = 0.033). This suggests that a genetically determined
increase of 1 standard deviation HGF levels is associated with a
67.4% reduction in the risk of ARDS (Figure 2). The findings from
the Steiger test further supported that HGF is more likely to be the
causal factor for ARDS. No evidence of heterogeneity was detected
in the Cochran’s Q test (Supplementary Table S4).

3.2 Selection of herbs related to HGF and
ALI/ARDS

Numerous TCM formulae have been validated to exhibit protective
effects against ALI, such as Qing Fei Pai Du decoction, Qingyi decoction,
Ge Gen Qin Lian decoction, and Xuebijing (Zhang C. et al., 2023; Wang
Zhengjian et al., 2023; Ding et al., 2020; Ye et al., 2023; Zhang Ganchun
et al., 2023). Studies focusing on the effects of TCM formulae on the
upregulation of HGF expression have been verified by Yi Shen Huo Xue
decoction and Sho-saiko-to extract (Ono et al., 2000; Wu et al., 2015;
Feng et al., 2023). The overlapping components present in the formulae
that have protective effects on ALI and can upregulate the expression of
HGF were retained, including Bupleuri radix, G. radix, S. miltiorrhiza
Bunge, and Scutellariae radix (Supplementary Table S2).

3.3 Active ingredients and shared
genes screening

In accordance with the screening criteria, 80, 51, 26, and 8 active
ingredients were identified in G. radix, S. miltiorrhiza Bunge,

Scutellariae radix, and Bupleuri radix, respectively
(Supplementary Table S5). These ingredients were utilized for
target identification in the TCMSP. After removing duplicates,
we ultimately obtained 221, 132, 98, and 172 targets in G. radix,
S. miltiorrhiza Bunge, Scutellariae radix, and Bupleuri radix,
respectively (Supplementary Table S6). The genes associated with
ALI and ARDS were retrieved from the GeneCards and OMIM
databases. After removing duplicates, 1,587 and 2,130 genes were
identified for ALI and ARDS, respectively (Supplementary Table
S6). Among these genes, 819 overlapping genes were identified for
ALI and ARDS (Supplementary Figure S1A). Then, the shared genes
of the four herbs and ALI/ARDS were determined using Venn
diagram tools. Consequently, 87, 48, 32, and 74 shared genes were
identified between ALI/ARDS and G. radix, S. miltiorrhiza Bunge,
Scutellariae radix, and Bupleuri radix, respectively (Supplementary
Table S7; Supplementary Figure S1A).

3.4 GO and KEGG enrichment analysis

The top 10 enriched terms and pathways from GO and KEGG
enrichment analyses are presented in Figures 3A,B; Supplementary
Figures S1B–G. The shared genes of the four herbs and ALI/ARDS
were found to be associated with the regulation of gene expression,
response to xenobiotic stimulus, regulation of apoptotic process, and
regulation of cell population proliferation in GO terms. Regarding
KEGG pathways, these genes were implicated in the AGE-RAGE
signaling pathway in diabetic complications, pathways in cancer,
lipid and atherosclerosis, and human cytomegalovirus infection.
Specifically, the genes of ALI/ARDS shared with S. miltiorrhiza
Bunge and G. radix were related to the negative regulation of the
apoptotic process and the positive regulation of cell population
proliferation, which were not observed in the genes of ALI/ARDS
shared with Radix Bupleuri and Scutellariae Radix. Moreover, only
the shared genes of ALI/ARDS and S. miltiorrhiza Bunge were
associated with the HIF-1 pathway and the PI3K/Akt pathway.
These pathways have been demonstrated to protect against LPS-
induced ALI by mitigating inflammation and apoptosis (Shi et al.,
2021; Huang CY. et al., 2020). Thus, S. miltiorrhiza Bunge emerged
as an optimal candidate among the four herbs for screening hub
active ingredients.

3.5 Hub active ingredient selection

The shared genes of ALI/ARDS and S. miltiorrhiza Bunge were
employed to construct an herb-active ingredient-shared gene
network (Figure 3C; Supplementary Table S8). The active
ingredients were scored using the cytoHubba plugin (Figure 3D).

FIGURE 2
Causal effects of hepatocyte growth factor (HGF) on acute respiratory distress syndrome (ARDS).
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Among the results obtained from different algorithms, the common
active ingredients with high scores were identified as follows:
luteolin, tanshinone iia, dihydrotanshinlactone, 4-
methylenemiltirone, 2-isopropyl-8-methylphenanthrene-3,4-dione,
and cryptotanshinone. Among the candidates, luteolin achieved the
highest scores across various algorithms, thereby being identified as
the hub active ingredient in the present study (Supplementary Table
S9), which has the potential to exert a protective effect on ALI/ARDS
by upregulating the expression of HGF.

3.6 Influence of luteolin on survival

To evaluate the toxicity of luteolin at different dosages in mice,
we measured the weight, food intake, and water consumption for

seven consecutive days (Figures 4A–C). There were no significant
differences in weight and the consumption of food or water between
the mice treated with CMC-Na and those treated with luteolin. Due
to the severe inflammatory responses induced by LPS
administration, compared with the Control group, the mice that
received LPS exhibited a significant reduction in weight, food intake,
and water consumption. These results suggest that luteolin at
different dosages has no toxic effects on mice over a 7-day period.

3.7 Luteolin alleviated pathological damages
of lung in ALI mice

Luteolin treatment significantly increased the D/W ratio,
suggesting that LPS-induced pulmonary edema and

FIGURE 3
The results of network pharmacology analysis. (A) Top 10 enriched Go terms for genes shared between ALI/ARDS and Salvia miltiorrhiza Bunge. (B)
Top 10 enriched KEGG pathways for genes shared between ALI/ARDS and Salvia miltiorrhiza Bunge. (C) Herb-active ingredient-shared gene network
constructed by the shared genes between ALI/ARDS and Salvia miltiorrhiza Bunge. (D) Scoring of active ingredients using the cytoHubba plugin (2-
isopropyl-8-methylphenanthrene-3,4-dione scores 142.02 in Betweenness).
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microvascular permeability were reduced by luteolin pretreatment
(Figure 4D). H&E staining was conducted to assess the pathological
changes in the lungs (Figures 4E,F). Compared with the mice that
received saline, the lungs of ALI mice exhibited alveolar structure
destruction, alveolar wall thickening, and inflammatory cell
aggregation. In mice pretreated with luteolin, lung injury induced
by LPS was significantly mitigated. These results indicate that
luteolin exerts protective effects on alveolar-vascular barrier
integrity, lung edema, and cellular damage in ALI. These
protective effects were more pronounced in mice pretreated with
high-dose luteolin.

3.8 Luteolin attenuated inflammation and
apoptosis in ALI mice

The levels of the pro-inflammatory cytokines IL-1β and TNF-α
were measured in BALF and serum using ELISA (Figures 5A–D).
The results showed that the levels of IL-1β and TNF-α in BALF and
serum of ALI mice were significantly higher than those in mice
treated with saline. However, the pro-inflammatory responses were
drastically reduced in ALI mice pretreated with luteolin. We also
performed WB to determine the levels of Caspase-3, Bax, and Bcl-2
in the lungs to assess apoptosis (Figures 5E–I). Compared with the

FIGURE 4
Luteolin alleviated pathological damages of lung in ALI mice. (A)Weight measurement over seven consecutive days. (B) Food intake measurement
over seven consecutive days. (C)Water consumptionmeasurement over seven consecutive days. (D) The lung dry/wet ratio. (E) Assessment of lung tissue
pathological changes via H&E staining. (F) Lung injury scores based on H&E staining. 6 mice/group for A-C, 4 mice/group for D, 5 mice/group for F; Data
were presented as means ± SD (A–D,F); Repeated measures two-way ANOVA with Bonferroni post-hoc test (A–C); One-way ANOVA with
Bonferroni post-hoc test (D,F); Scale bar: 100 μm, zoom-in pictures: 25 μm (E); *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 5
Luteolin attenuated inflammation and apoptosis in ALI mice. (A) The levels of IL-1β in BALF. (B) The levels of IL-1β in serum. (C) The levels of TNF-α in
BALF. (D) The levels of TNF-α in serum. (E) The expression of Caspase 3, Bax, and Bcl-2 determined byWestern blot. (F)Normalized expression of Caspase
3 based onWestern blot. (G)Normalized expression of Bax based onWestern blot. (H)Normalized expression of Bcl-2 based onWestern blot. (I) The ratio
of Bcl-2 to Bax based on Western blot. (J) Assessment of apoptosis in lung tissue using TUNEL staining. (K) Quantification of TUNEL-positive cells
derived from TUNEL staining. 4 mice/group for (A–D), 3 mice/group for (F–I), 5 mice/group for (K); Data were presented as means ± SD (A–D,F–I,K);
One-way ANOVA with Bonferroni post-hoc test (A–D,F–I,K); Scale bar: 200 μm, zoom-in pictures: 20 μm (J); *P < 0.05, **P < 0.01, ***P < 0.001.
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Control group, LPS-treated mice showed a significant increase in the
expression of Caspase-3 and Bax, and a significant decrease in the
expression of Bcl-2. However, luteolin pretreatment, especially with
high dose, significantly enhanced the expression of Bcl-2 and
reduced the expression of Caspase-3 and Bax. Consistent findings
regarding apoptosis were also observed through TUNEL staining
(Figures 5J,K). These results demonstrate that luteolin alleviates
inflammation and apoptosis in the lungs of ALI mice.

3.9 Protection of luteolin on ALI was
associated with PI3K/Akt pathway

Compared with Control mice, the expression of HGF in the
lungs was significantly increased in ALI mice treated with LPS,
suggesting that there was an upregulation of HGF when the
organism received insults (Zhu et al., 2018; Nakamura et al.,
2000; Tang et al., 2020). We observed that the upregulated
expression of HGF in the lung was stronger in ALI mice

pretreated with luteolin, which may contribute to enhancing the
antiapoptotic effects in ALI (Figures 6A,B).

Previous research has verified that HGF effectively suppresses
apoptosis in both lung epithelial and endothelial cells by modulating
the PI3K/Akt pathway (Panganiban and Day, 2011). Additionally,
multiple studies have shown that activation of the PI3K/Akt
pathway exerts protective effects against ALI through its anti-
inflammatory and anti-apoptotic mechanisms (Panganiban and
Day, 2011; Li et al., 2025; Zhang et al., 2022). Following KEGG
pathway enrichment analysis, we identified that the shared genes of
ALI/ARDS and S. miltiorrhiza Bunge were associated with the PI3K/
Akt signaling pathway. WB results revealed that the expression of
biomarkers for the PI3K/Akt pathway, including PI3K, p-PI3K,
AKT, and p-AKT in the lungs of ALI mice were significantly lower
than those in the Control group (Figures 6A,C–H). Conversely, the
downregulated expression of these proteins was significantly
increased in ALI mice pretreated with luteolin. These results
suggest that activation of the PI3K/Akt signaling pathway is
involved in the protective effects of luteolin on ALI.

FIGURE 6
Protection of luteolin on ALI was associated with the PI3K/Akt pathway. (A) The expression of HGF, PI3K, p-PI3K, AKT, and p-AKT determined by
Western blot. (B) Normalized expression of HGF based on Western blot. (C) Normalized expression of PI3K based on Western blot. (D) Normalized
expression of p-PI3K based on Western blot. (E) The ratio of p-PI3K to PI3K based on Western blot. (F) Normalized expression of AKT based on Western
blot. (G) Normalized expression of p-AKT based on Western blot. (H) The ratio of p-AKT to AKT based on Western blot. 3 mice/group for B-H; Data
were presented as means ± SD (B–H); One-way ANOVA with Bonferroni post-hoc test (B–H); *P < 0.05, **P < 0.01, ***P < 0.001.

Frontiers in Pharmacology frontiersin.org10

Bi et al. 10.3389/fphar.2025.1641486

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1641486


FIGURE 7
Inhibition of c-Met attenuated the protective effects of luteolin on ALI (SU11274 was administered intraperitoneally 30 min before high dose luteolin
administration each day). (A) Assessment of lung tissue pathological changes via H&E staining. (B) Lung injury scores based on H&E staining. (C) The lung dry/wet
ratio. (D)The levels of IL-1β in BALF. (E)The levels of IL-1β in serum. (F)The levels of TNF-α in BALF. (G)The levels of TNF-α in serum. (H)Theexpression ofCaspase
3, Bax, and Bcl-2 determined by Western blot. (I) Normalized expression of Caspase 3 based on Western blot. (J) Normalized expression of Bax based on
Western blot. (K)Normalized expression of Bcl-2 based onWestern blot. (L) The ratio of Bcl-2 to Bax based onWestern blot. (M) Assessment of apoptosis in lung
tissue using TUNEL staining. (N)Quantification of TUNEL-positive cells derived from TUNEL staining. 5mice/group for B andN, 4mice/group for (C–G), 3 mice/
group for (I–L); Data were presented as means ± SD (B–G,I–L,N); One-way ANOVA with Bonferroni post-hoc test (B–G,I–L,N); Scale bar: 100 μm, zoom-in
pictures: 20 μm (A); Scale bar: 200 μm, zoom-in pictures: 20 μm (M); *P < 0.05, **P < 0.01, ***P < 0.001.
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3.10 Inhibition of c-Met attenuated the
protective effects of luteolin on ALI

The tyrosine kinase receptor c-Met is a specific receptor for
HGF, which is expressed on epithelial cells, endothelial cells,
hepatocytes, and neurons (Tang et al., 2020; Mohamed et al.,
2018; Chakraborty et al., 2013). HGF binds to c-Met, inducing
c-Met dimerization and phosphorylation, which subsequently
activates specific intracellular signaling cascades (Molnarfi et al.,
2015; Mohamed et al., 2018). We inhibited c-Met using
SU11274 to investigate the role of c-Met in the protective
effects of luteolin on ALI. As shown in Figure 7, compared with
ALI mice without luteolin treatment, mice pretreated with luteolin
exhibited alleviated pathological damage and an increased D/W
ratio in the lungs, reduced levels of IL-1β and TNF-α in BALF and
serum, decreased expression of Caspase-3 and Bax, increased
expression of Bcl-2, and reduced TUNEL-positive cells.
However, the effects of luteolin on ALI in terms of improving
pathological changes, anti-inflammation, and anti-apoptosis were
abolished by c-Met inhibition. Taken together, luteolin attenuates
inflammation and apoptosis in the lungs of ALI mice through the
HGF/c-Met pathway.

4 Discussion

Although the pathogenesis of ALI/ARDS is complex, the
inflammation and apoptosis play pivotal roles in the progression
of this condition (Wang Y. et al., 2023; Han et al., 2025). In our
study, by integrating MR analysis, network pharmacology analysis,
and in vivo experiments, we observed that luteolin, an active
ingredient extracted from S. miltiorrhiza Bunge, exhibits potential
protective effects against LPS-induced ALI by upregulating the
expression of HGF.

ALI/ARDS is a complex and critical illness characterized by
decreased pulmonary compliance, increased alveolar capillary
permeability, ventilation-perfusion imbalance, and pulmonary
edema (Matthay et al., 2024; Bos and Ware, 2022). Bellani et al.
reported that the incidence of ARDS among intensive care unit
patients was 10.4% (Bellani et al., 2016). Another study indicated
that the prevalence of mild and severe ARDS in medical/respiratory
intensive care units was 9.7% and 47.4%, respectively (Huang X.
et al., 2020). Despite significant progress in the treatment of ALI/
ARDS, the mortality rate of patients with ALI/ARDS remains as high
as 35%–46% (Bellani et al., 2016). Thus, there is an urgent need for
innovative mechanisms and therapies to improve the outcomes of
ALI/ARDS.

ALI/ARDS can be precipitated by a variety of factors, including
infectious and non-infectious triggers, leading to direct lung injury
due to local inflammation or indirect lung injury as a result of
systemic inflammation (Bos and Ware, 2022; Qi et al., 2023).
Previous studies have demonstrated that effective anti-
inflammatory therapies are crucial for treating LPS-induced ALI
in mice (Wang Y. et al., 2023; Han et al., 2025; Wang et al., 2022),
providing therapeutic strategies to control the onset and
progression of ALI. Consistent with previous studies (Wang Y.
et al., 2023; Wang et al., 2022; Wang et al., 2024; Jia et al., 2023), we
observed that ALI mice exhibited severe inflammatory responses

during the development of ALI. We found that pretreatment with
luteolin significantly downregulated the levels of IL-1β and TNF-α
in both BALF and serum. Moreover, luteolin ameliorated the
pathological damage of lung tissues in ALI mice. Luteolin has
been demonstrated to exert anti-inflammatory effects in alveolar
macrophages by inhibiting the activity of heat shock protein
90 and suppressing the production of pro-inflammatory
cytokines (Chen C-Y. et al., 2007; Chen et al., 2014).
Additionally, luteolin can activate regulatory T cells, thereby
promoting the expression of IL-10, which in turn inhibits
inflammation and mitigates lung injury induced by cecal
ligation and puncture (Zhang et al., 2021). These findings
suggest that luteolin provides protection against LPS-induced
ALI through a series of synergistic actions in vivo, including the
reduction of cytokine production and the preservation of the
alveolar capillary barrier.

Excessive apoptosis of alveolar epithelial cells (AECs) plays a
crucial role in the development of ALI/ARDS (Wang Y. et al., 2023;
Wang et al., 2024; Yang et al., 2015; Hu et al., 2016). The apoptosis
of AECs can induce damage to the alveolar epithelial barrier,
resulting in alveolar cavity effusion and severe impairment of
lung ventilation, ultimately promoting the progression of ALI/
ARDS (Bem et al., 2007; Yang and Chen, 2023). Vitamin K2 can
exert protective effects on ALI by upregulating Bcl-2 expression
and downregulating Caspase-3 expression in LPS-induced ALI
(Wang Y. et al., 2023). Inhibition of methyltransferase-like 3 can
exert an anti-apoptotic effect, alleviating ALI by restoring
neprilysin expression (Jia et al., 2023). These results suggest
that approaches targeting anti-apoptotic regulation hold
significant therapeutic potential for ALI/ARDS.

The treatment with MSCs significantly reduced the lung
endothelial cell apoptosis by promoting the expression of HGF
(Yang et al., 2015; Hu et al., 2016). In our study, using MR analysis,
we found that higher HGF levels were associated with a reduced
risk of ARDS. HGF is primarily secreted by mesenchymal cells and
elicits proliferation, morphogenesis, and anti-apoptotic activity
(Molnarfi et al., 2015; Watanabe et al., 2005; Ito et al., 2005).
Numerous studies have demonstrated that HGF exerts therapeutic
effects on diseases such as myocardial infarction, liver fibrosis,
renal fibrosis, focal cerebral ischemia, and pulmonary fibrosis
(Chaparro et al., 2015; Molnarfi et al., 2015; Ono et al., 2000;
Wu et al., 2015; Feng et al., 2023). Through network pharmacology
analysis, we found that luteolin was a hub active ingredient with a
potential role in upregulating the expression of HGF. By
conducting in vivo experiments, we observed that luteolin
pretreatment upregulated the expression of HGF in damaged
lung tissues of ALI mice.

HGF serves as an essential factor for tissue survival and
regeneration by activating the c-Met receptor (Molnarfi et al.,
2015; Watanabe et al., 2005). Activation of the HGF/c-Met
pathway exerts an anti-apoptotic effect through promoting the
expression of Bcl-xL in renal epithelial cells (Mesarosova et al.,
2017). In the middle cerebral artery occlusion model, the reduction
of infarction and neuronal apoptosis is achieved via activation of the
HGF/c-Met/STAT3/Bcl-2 pathway (Tang et al., 2020). In our study,
ALI mice pretreated with luteolin exhibited upregulated expression
of the anti-apoptotic protein Bcl-2 and downregulated expression of
the pro-apoptotic Bax and cleaved Caspase-3. Bcl-2 functions to
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inhibit the release of cytochrome c from mitochondria, and the
cleavage of caspase-3 constitutes the key execution phase within the
caspase cascade, thereby triggering apoptosis (Parrish et al., 2013).
Another study also revealed that activation of the HGF/c-Met/
mTOR pathway can partially ameliorate vascular endothelial
damage in septic ALI animals (Peng et al., 2020). However, we
found that the protective effects of luteolin on LPS-induced ALI,
including alleviated pathological damage, increased lung D/W ratio,
and reduced levels of IL-1β and TNF-α in BALF and serum, were all
attenuated when c-Met was inhibited by SU11274. These results
suggest that luteolin induces anti-inflammatory and anti-apoptotic
effects in LPS-induced ALI mice through activation of the HGF/
c-Met pathway.

Upon the binding of HGF to its high-affinity receptor c-Met, the
kinase catalytic activity of the receptor is induced, which
subsequently initiates a wide array of biological activities,
including activation of the PI3K/Akt pathway (Molnarfi et al.,
2015; Xiao et al., 2001). One study has confirmed that HGF
inhibits apoptosis in lung epithelial and endothelial cells by
regulating the PI3K/Akt pathway (Panganiban and Day, 2011).
Another study has also revealed that the protective effect of
remimazolam on ALI is attributed to its ability to suppress
apoptosis through activation of the PI3K/Akt pathway (Li et al.,
2025). Additionally, MSCs overexpressing glutamate cysteine ligase
can ameliorate ALI, as activation of the PI3K/Akt pathway can
reduce the expression of pro-apoptotic proteins and elevate the
expression of anti-apoptotic proteins (Zhang et al., 2022). In the
current study, the decreased expression of biomarker proteins
associated with the PI3K/Akt pathway in the lungs of ALI mice
was significantly upregulated when they were pretreated with
luteolin. Taken together, activation of the HGF/c-Met/PI3K/Akt
pathway plays an important role in the protective effects of
luteolin on ALI.

5 Limitations

Although some novel insights into the protective effects of
luteolin on LPS-induced ALI were obtained, several limitations
should be considered in our study. First, although the MR results
were validated by in vivo experiments, the estimates of the
relationship between HGF and ALI/ARDS may not precisely
correspond with the results obtained in clinical settings (Emdin
et al., 2017). Second, we did not investigate the cellular origin of
HGF in the lung, nor did we elucidate the underlying mechanism by
which luteolin induces the expression of HGF in ALI mice. Third,
network pharmacology analysis revealed that luteolin can target a
variety of receptors or pathways. Thus, we should acknowledge that
luteolin could exert protective effects on ALI by activating other
receptors or pathways in synergy with the HGF/c-Met pathway.
Fourth, we could not exclude the possibility that pathways other
than the PI3K-Akt pathway indirectly impact the anti-apoptotic
effect. Because the HGF/c-Met pathway is involved in many other
mechanistic effects (Molnarfi et al., 2015; Panganiban and Day,
2011; Imamura and Matsumoto, 2017). Finally, the absence of
experiments using PI3K/Akt pathway inhibitors and the lack of
downstream effectors measurements limit the mechanistic
exploration. Nevertheless, the anti-inflammatory and anti-

apoptotic effects induced by luteolin in ALI mice are at least
partially through activation of the HGF/c-Met/PI3K/Akt pathway.

6 Conclusion

In our study, we identified that elevated levels of HGF were
associated with a decreased risk of ARDS using MR analysis.
Luteolin was identified as a hub active ingredient associated
with ALI/ARDS and HGF. Luteolin has potential protective
effects on LPS-induced ALI through activation of the HGF/
c-Met pathway. In the future, the downstream signaling
pathways of the HGF/c-Met pathway should be further
investigated to provide a theoretical basis for the prevention
and treatment of ALI/ARDS using luteolin.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Laboratory Animal
Ethics Committee of Anhui University of Chinese Medicine. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

JhB: Conceptualization, Data curation, Investigation, Methodology,
Project administration, Writing – original draft, Writing – review and
editing. YL: Data curation, Formal Analysis, Investigation,Methodology,
Project administration, Writing – original draft, Writing – review and
editing. LL: Data curation, Investigation, Methodology, Project
administration, Writing – review and editing. TY: Data curation,
Formal Analysis, Investigation, Methodology, Writing – review and
editing. SM: Data curation, Formal Analysis, Investigation,
Methodology, Writing – review and editing. RZ: Data curation,
Formal Analysis, Investigation, Methodology, Project administration,
Writing – review and editing. JH: Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Writing – review
and editing. XN: Data curation, Formal Analysis, Funding acquisition,
Investigation, Methodology, Project administration, Writing – review
and editing. KW: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Writing – review and
editing. JrB: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Supervision,
Writing – review and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was

Frontiers in Pharmacology frontiersin.org13

Bi et al. 10.3389/fphar.2025.1641486

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1641486


supported by the Special Project for the Translation of Clinical
Medical Research of Anhui Provincial Key Research and
Development Project (No. 202304295107020097, XN), the
Anhui Provincial Health Commission Research Project (the
Hengrui Innovative Drug Research Special Project, No.
2024BAc30003, KW).

Acknowledgments

We sincerely thank all researchers and participants for their
generous contribution of summary GWAS data.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1641486/
full#supplementary-material

References

Ali, F., and Siddique, Y. H. (2019). Bioavailability and pharmaco-therapeutic potential
of luteolin in overcoming alzheimer’s disease. CNS and Neurological Disord. - Drug
Targets 18 (5), 352–365. doi:10.2174/1871527318666190319141835

An, Y., Zhang, H., Wang, R., Shen, Y.-F., Zhao, J.-L., Zou, Y.-S., et al. (2023).
Biomarkers, signaling pathways, and programmed cell death in acute lung injury and its
treatment with traditional Chinese medicine: a narrative review. Eur. Rev. Med.
Pharmacol. Sci. 27 (21), 10157–10170. doi:10.26355/eurrev_202311_34292

Aziz, N., Kim, M.-Y., and Cho, J. Y. (2018). Anti-inflammatory effects of luteolin: a
review of in vitro,, in vivo,, and in silico studies. J. Ethnopharmacol. 225, 342–358. doi:10.
1016/j.jep.2018.05.019

Bellani, G., Laffey, J. G., Pham, T., Fan, E., Brochard, L., Esteban, A., et al. (2016).
Epidemiology, patterns of care, and mortality for patients with acute respiratory distress
syndrome in intensive care units in 50 countries. JAMA 315 (8), 788–800. doi:10.1001/
jama.2016.0291

Bem, R. A., Bos, A. P., Matute-Bello, G., van Tuyl, M., and van Woensel, J. B. (2007).
Lung epithelial cell apoptosis during acute lung injury in infancy. Pediatr. Crit. Care
Med. 8 (2), 132–137. doi:10.1097/01.PCC.0000257207.02408.67

Bos, L. D. J., and Ware, L. B. (2022). Acute respiratory distress syndrome: causes,
pathophysiology, and phenotypes. Lancet 400 (10358), 1145–1156. doi:10.1016/S0140-
6736(22)01485-4

Bowden, J., Smith, G. D., and Burgess, S. (2015). Mendelian randomization with
invalid instruments: effect estimation and bias detection through egger regression. Int.
J. Epidemiol. 44 (2), 512–525. doi:10.1093/ije/dyv080

Burgess, S., Bowden, J., Fall, T., Ingelsson, E., and Thompson, S. G. (2017). Sensitivity
analyses for robust causal inference from mendelian randomization analyses with
multiple genetic variants. Epidemiology 28 (1), 30–42. doi:10.1097/EDE.
0000000000000559

Burgess, S., Butterworth, A., and Thompson, S. G. (2013). Mendelian randomization
analysis with multiple genetic variants using summarized data. Genet. Epidemiol. 37 (7),
658–665. doi:10.1002/gepi.21758

Cao, Z., Rao, H., Yang, W., Hu, X., Kang, X., Gong, D., et al. (2025). Luteolin mitigates
acute lung injury through immune modulation and antinecroptosis effects by targeting
the BTK and FLT3 signaling pathways. J. Agric. Food Chem. 73 (9), 5180–5193. doi:10.
1021/acs.jafc.4c06704

Chakraborty, S., Chopra, P., Hak, A., Ghosh Dastidar, S., and Ray, A. (2013).
Hepatocyte growth factor is an attractive target for the treatment of pulmonary
fibrosis. Expert Opin. Investig. Drugs 22 (4), 499–515. doi:10.1517/13543784.2013.
778972

Chaparro, R. E., Izutsu, M., Sasaki, T., Sheng, H., Zheng, Y., Sadeghian, H., et al.
(2015). Sustained functional improvement by hepatocyte growth factor-like small
molecule BB3 after focal cerebral ischemia in rats and mice. J. Cereb. Blood Flow.
Metab. 35 (6), 1044–1053. doi:10.1038/jcbfm.2015.23

Chen, C.-Y., Peng, W.-H., Tsai, K.-D., and Hsu, S.-L. (2007b). Luteolin suppresses
inflammation-associated gene expression by blocking NF-kappaB and AP-1 activation

pathway in mouse alveolar macrophages. Life Sci. 81 (23-24), 1602–1614. doi:10.1016/j.
lfs.2007.09.028

Chen, D., Bi, A., Dong, X., Jiang, Y., Rui, B., Liu, J., et al. (2014). Luteolin exhibits anti-
inflammatory effects by blocking the activity of heat shock protein 90 in macrophages.
Biochem. Biophys. Res. Commun. 443 (1), 326–332. doi:10.1016/j.bbrc.2013.11.122

Chen, T., Li, L.-P., Lu, X.-Y., Jiang, H., and Zeng, S. (2007a). Absorption and excretion
of luteolin and apigenin in rats after oral administration of Chrysanthemummorifolium
extract. J. Agric. Food Chem. 55 (2), 273–277. doi:10.1021/jf062088r

Chin, C.-H., Chen, S.-H., Wu, H.-H., Ho, C.-W., Ko, M.-T., and Lin, C.-Y. (2014).
cytoHubba: identifying hub objects and sub-networks from complex interactome. BMC
Syst. Biol. 4 (Suppl. 4), S11. doi:10.1186/1752-0509-8-S4-S11

Das, M., Ram, A., and Ghosh, B. (2003). Luteolin alleviates bronchoconstriction and
airway hyperreactivity in ovalbumin sensitized mice. Inflamm. Res. 52 (3), 101–106.
doi:10.1007/s000110300021

Ding, Z., Zhong, R., Yang, Y., Xia, T., Wang, W., Wang, Y., et al. (2020). Systems
pharmacology reveals the mechanism of activity of ge-gen-qin-lian decoction against
LPS-Induced acute lung injury: a novel strategy for exploring active components and
effective mechanism of TCM formulae. Pharmacol. Res. 156, 104759. doi:10.1016/j.phrs.
2020.104759

Duggal, A., Ganapathy, A., Ratnapalan, M., and Adhikari, N. K. (2015).
Pharmacological treatments for acute respiratory distress syndrome: systematic
review. Minerva Anestesiol. 81 (5), 567–588.

Emdin, C. A., Khera, A. V. S. K., and Kathiresan, S. (2017). Mendelian randomization.
JAMA 318 (19), 1925–1926. doi:10.1001/jama.2017.17219

Feng, M., Luo, F., Wu, H., Chen, Y., Zuo, J., Weng, X., et al. (2023). Network
pharmacology analysis and machine-learning models confirmed the ability of YiShen
HuoXue decoction to alleviate renal fibrosis by inhibiting pyroptosis. Drug Des. Devel
Ther. 17, 3169–3192. doi:10.2147/DDDT.S420135

Han, Y., Liu, T., Wei, R., Dai, C., Huang, X., and Hu, D. (2025). Inflammation-
responsive biomimetic nanoparticles with epigallocatechin-3-gallate for acute lung
injury therapy via autophagy enhancement. iScience 28 (5), 112318. doi:10.1016/j.
isci.2025.112318

He, Z. Y., Lou, K. H., Zhao, J. H., Zhang, M., Zhang, L. C., Li, J., et al. (2020). Resina
draconis reduces acute liver injury and promotes liver regeneration after 2/3 partial
hepatectomy in mice. Evid. Based Complement. Altern. Med. 2020, 2305784. doi:10.
1155/2020/2305784

Hemani, G., Tilling, K., and Davey Smith, G. (2017). DS: Orionting the causal
relationship between imprecisely measured traits using GWAS summary data. PLoS
Genet. 13 (11), e1007081. doi:10.1371/journal.pgen.1007081

Hemani, G., Zheng, J., Benjamin, E., Wade, K. H., Haberland, V., Baird, D., et al.
(2018). The MR-Base platform supports systematic causal inference across the human
phenome. Elife 7, e34408. doi:10.7554/eLife.34408

Hu, S., Li, J., Xu, X., Liu, A., He, H., Xu, J., et al. (2016). The hepatocyte growth factor-
expressing character is required for mesenchymal stem cells to protect the lung injured

Frontiers in Pharmacology frontiersin.org14

Bi et al. 10.3389/fphar.2025.1641486

https://www.frontiersin.org/articles/10.3389/fphar.2025.1641486/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1641486/full#supplementary-material
https://doi.org/10.2174/1871527318666190319141835
https://doi.org/10.26355/eurrev_202311_34292
https://doi.org/10.1016/j.jep.2018.05.019
https://doi.org/10.1016/j.jep.2018.05.019
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1001/jama.2016.0291
https://doi.org/10.1097/01.PCC.0000257207.02408.67
https://doi.org/10.1016/S0140-6736(22)01485-4
https://doi.org/10.1016/S0140-6736(22)01485-4
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1097/EDE.0000000000000559
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1021/acs.jafc.4c06704
https://doi.org/10.1021/acs.jafc.4c06704
https://doi.org/10.1517/13543784.2013.778972
https://doi.org/10.1517/13543784.2013.778972
https://doi.org/10.1038/jcbfm.2015.23
https://doi.org/10.1016/j.lfs.2007.09.028
https://doi.org/10.1016/j.lfs.2007.09.028
https://doi.org/10.1016/j.bbrc.2013.11.122
https://doi.org/10.1021/jf062088r
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1007/s000110300021
https://doi.org/10.1016/j.phrs.2020.104759
https://doi.org/10.1016/j.phrs.2020.104759
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.2147/DDDT.S420135
https://doi.org/10.1016/j.isci.2025.112318
https://doi.org/10.1016/j.isci.2025.112318
https://doi.org/10.1155/2020/2305784
https://doi.org/10.1155/2020/2305784
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.7554/eLife.34408
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1641486


by lipopolysaccharide in vivo. Stem Cell Res. Ther. 7 (1), 66. doi:10.1186/s13287-016-
0320-5

Huang, C. Y., Deng, J. S., Huang, W. C., Jiang, W. P., and Huang, G. J. (2020a).
Attenuation of lipopolysaccharide-induced acute lung injury by hispolon in mice,
through regulating the TLR4/PI3K/Akt/mTOR and Keap1/Nrf2/HO-1 pathways, and
suppressing oxidative stress-mediated ER stress-induced apoptosis and autophagy.
Nutrients 12 (6), 1742. doi:10.3390/nu12061742

Huang, X., Zhang, R., Fan, G., Wu, D., Lu, H., Wang, D., et al. (2020b). Incidence and
outcomes of acute respiratory distress syndrome in intensive care units of mainland
China: a multicentre prospective longitudinal study. Crit. Care 24 (1), 515. doi:10.1186/
s13054-020-03112-0

Imamura, R., and Matsumoto, K. (2017). Hepatocyte growth factor in physiology and
infectious diseases. Cytokine 98, 97–106. doi:10.1016/j.cyto.2016.12.025

Ito, W., Kanehiro, A., Matsumoto, K., Hirano, A., Ono, K., Maruyama, H., et al.
(2005). Hepatocyte growth factor attenuates airway hyperresponsiveness,
inflammation, and remodeling. Am. J. Respir. Cell Mol. Biol. 32 (4), 268–280.
doi:10.1165/rcmb.2004-0058OC

Ito, Y., Kelly, C., Schiel, J. A., Finigan, J. H., Prekeris, R., and Mason, R. J. (2014). Lung
fibroblasts accelerate wound closure in human alveolar epithelial cells through
hepatocyte growth factor/c-Met signaling. Am. J. Physiol. Lung Cell Mol. Physiol.
307 (1), L94–L105. doi:10.1152/ajplung.00233.2013

Jia, J., Yuan, Y., He, Y., Wasti, B., Duan, W., Chen, Z., et al. (2023). Inhibition of
METTL3 alleviated LPS-Induced alveolar epithelial cell apoptosis and acute lung injury
via restoring neprilysin expression. Life Sci. 333, 122148. doi:10.1016/j.lfs.2023.122148

Kim, Y., Ki, M. S., Shin, M. H., Choi, J. S., Park, M. S., Kim, Y., et al. (2025).
Thrombospondin-1 modulation by bifidobacterium spp. mitigates lung damage in an
acute lung injury mouse model. Microbiol. Res. 297, 128173. doi:10.1016/j.micres.2025.
128173

Kong, L., Deng, J., Zhou, X., Cai, B., Zhang, B., Chen, X., et al. (2021). Sitagliptin
activates the p62–Keap1–Nrf2 signalling pathway to alleviate oxidative stress and
excessive autophagy in severe acute pancreatitis-related acute lung injury. Cell Death
and Dis. 12 (10), 928. doi:10.1038/s41419-021-04227-0

Kure, A., Nakagawa, K., Kondo, M., Kato, S., Kimura, F., Watanabe, A., et al. (2016).
Metabolic fate of luteolin in rats: its relationship to anti-inflammatory effect. J. Agric.
Food Chem. 64 (21), 4246–4254. doi:10.1021/acs.jafc.6b00964

Kurki, M. I., Karjalainen, J., Palta, P., Sipilä, T. P., Kristiansson, K., Donner, K. M.,
et al. (2023). FinnGen provides genetic insights from a well-phenotyped isolated
population. Nature 613 (7944), 508–518. doi:10.1038/s41586-022-05473-8

Li, L. P., Wu, X. D., Chen, Z. J., Sun, S. Y., Ye, J. F., Zeng, S., et al. (2013). Interspecies
difference of luteolin and apigenin after oral administration of Chrysanthemum
morifolium extract and prediction of human pharmacokinetics. Pharmazie 68 (3),
195–200.

Li, M., Wang, H., Lu, Y., and Cai, J. (2023). Luteolin suppresses inflammation and
oxidative stress in chronic obstructive pulmonary disease through inhibition of the
NOX4-mediated NF-κB signaling pathway. Immun. Inflamm. Dis. 11 (4), e820. doi:10.
1002/iid3.820

Li, R., Zhang, C., Ren, J., Deng, G., Gao, Y., Gao, X., et al. (2025). Remimazolam
inhibits apoptosis of endothelial and epithelial cells by activating the PI3K/AKT
pathway in acute lung injury. Int. Immunopharmacol. 147, 113949. doi:10.1016/j.
intimp.2024.113949

Lipinski, C. A., Lombardo, F., Dominy, B. W., and Pj, F. (2001). Experimental and
computational approaches to estimate solubility and permeability in drug discovery and
development settings. Adv. Drug Deliv. Rev. 46 (1-3), 3–26. doi:10.1016/s0169-409x(00)
00129-0

Liu, A., Hong, P. Y., Su, B., Wu, J. H., and Chen, Z. Y. (2024). Assessing causality
between chronic obstructive pulmonary disease with depression: a bidirectional
Mendelian randomization study. J. Affect Disord. 351, 782–789. doi:10.1016/j.jad.
2024.02.022

Liu, C., Xiao, K., and Xie, L. (2022). Progress in preclinical studies of macrophage
autophagy in the regulation of ALI/ARDS. Front. Immunol. 13, 922702. doi:10.3389/
fimmu.2022.922702

Liu, C., Yin, Z., Feng, T., Zhang, M., Zhou, Z., and Zhou, Y. (2021). An integrated
network pharmacology and RNA-seq approach for exploring the preventive effect of
Lonicerae japonicae flos on LPS-Induced acute lung injury. J. Ethnopharmacol. 264,
113364. doi:10.1016/j.jep.2020.113364

Liu, S., Jia, C., Zhao, J., Xiong, Y., Yan, W., Zhang, W., et al. (2025). Multiomics and
experimental approaches reveal the anti-acute lung injury effects of Fallopia aubertii (L.
Henry) holub extract via IL-17/NF-κB pathway inhibition. J. Ethnopharmacol. 339,
119123. doi:10.1016/j.jep.2024.119123

Lu, X., Sun, D., Chen, Z., Ye, J., Wang, R., Li, L., et al. (2011). Evaluation of hepatic
clearance and drug-drug interactions of luteolin and apigenin by using primary cultured
rat hepatocytes. Pharmazie 66 (8), 600–605.

Lv, J., Song, X., Luo, Z., Huang, D., Xiao, L., and Zou, K. (2025). Luteolin: exploring its
therapeutic potential and molecular mechanisms in pulmonary diseases. Front.
Pharmacol. 16, 1535555. doi:10.3389/fphar.2025.1535555

Ma, J. T., Xia, S., Zhang, B. K., Luo, F., Guo, L., Yang, Y., et al. (2023). The
pharmacology and mechanisms of traditional Chinese medicine in promoting liver
regeneration: a new therapeutic option. Phytomedicine 116, 154893. doi:10.1016/j.
phymed.2023.154893

Matthay, M. A., Arabi, Y., Arroliga, A. C., Bernard, G., Bersten, A. D., Brochard, L. J.,
et al. (2024). A new global definition of acute respiratory distress syndrome. Am.
J. Respir. Crit. Care Med. 209 (1), 37–47. doi:10.1164/rccm.202303-0558WS

Matute-Bello, G., Winn, R. K., Jonas, M., Chi, E. Y., Martin, T. R., and Liles, W. C.
(2001). Fas (CD95) induces alveolar epithelial cell apoptosis in vivo: implications for
acute pulmonary inflammation. Am. J. Pathol. 158 (1), 153–161. doi:10.1016/S0002-
9440(10)63953-3

Meng, S. S., Guo, F. M., Zhang, X. W., Chang, W., Peng, F., Qiu, H. B., et al. (2019).
mTOR/STAT-3 pathway mediates mesenchymal stem cell-secreted hepatocyte growth
factor protective effects against lipopolysaccharide-induced vascular endothelial barrier
dysfunction and apoptosis. J. Cell Biochem. 120 (3), 3637–3650. doi:10.1002/jcb.27642

Mesarosova, L., Ochodnicky, P., Leemans, J. C., Florquin, S., Krenek, P., and Klimas, J.
(2017). High glucose induces HGF-Independent activation of met receptor in human
renal tubular epithelium. J. Recept Signal Transduct. Res. 37 (6), 535–542. doi:10.1080/
10799893.2017.1365902

Meyer, N. J., Gattinoni, L., and Calfee, C. S. (2021). Acute respiratory distress
syndrome. Lancet 398 (10300), 622–637. doi:10.1016/S0140-6736(21)00439-6

Miao, Y.-m., Zhang, Y.-j., Qiao, S.-m., Xia, Y.-f., Wei, Z.-f., and Dai, Y. (2020). Oral
administration of curcumin ameliorates pulmonary fibrosis in mice through 15d-PGJ2-
mediated induction of hepatocyte growth factor in the Colon. Acta Pharmacol. Sin. 42
(3), 422–435. doi:10.1038/s41401-020-0469-4

Mohamed, B., Raymond, E., Qin, S., Cheng, A.-L., Stammberger, U., Locatelli, G., et al.
(2018). Recent developments of c-Met as a therapeutic target in hepatocellular
carcinoma. Hepatology 67 (3), 1132–1149. doi:10.1002/hep.29496

Molnarfi, N., Benkhoucha, M., Funakoshi, H., Nakamura, T., and Lalive, P. H. (2015).
Hepatocyte growth factor: a regulator of inflammation and autoimmunity. Autoimmun.
Rev. 14 (4), 293–303. doi:10.1016/j.autrev.2014.11.013

Muruganathan, N., Dhanapal, A. R., Baskar, V., Muthuramalingam, P., Selvaraj, D.,
Aara, H., et al. (2022). Recent updates on source, biosynthesis, and therapeutic potential
of natural flavonoid luteolin: a review. Metabolites 12 (11), 1145. doi:10.3390/
metabo12111145

Nakagami, H., Morishita, R., Yamamoto, K., Taniyama, Y., Aoki, M., Matsumoto, K.,
et al. (2001). T. O: itogenic and antiapoptotic actions of hepatocyte growth factor
through ERK, STAT3, and AKT in endothelial cells. Hypertension 37 (2 Pt 2), 581–586.
doi:10.1161/01.hyp.37.2.581

Nakamura, T., Mizuno, S., Matsumoto, K., and Matsuda, N. T. (2000). Myocardial
protection from ischemia/reperfusion injury by endogenous and exogenous HGF.
J. Clin. Invest 106 (12), 1511–1519. doi:10.1172/JCI10226

Ning, L., Shishi, Z., Bo, W., and Huiqing, L. (2023). Targeting immunometabolism
against acute lung injury. Clin. Immunol. 249, 109289. doi:10.1016/j.clim.2023.109289

Ono, M., Miyamura, M., Kyotani, S., Saibara, T., Ohnishi, S., and Nishioka, Y. (2000).
Effect of sho-saiko-to extract on HGF and TGF-Beta levels of Intraorgans in liver-
injured rats after partial hepatectomy. J. Pharm. Pharmacol. 52 (1), 111–118. doi:10.
1211/0022357001773599

Panganiban, R. A., and Day, R. M. (2011). Hepatocyte growth factor in lung repair
and pulmonary fibrosis. Acta Pharmacol. Sin. 32 (1), 12–20. doi:10.1038/aps.2010.90

Parrish, A. B., Freel, C. D., and Kornbluth, S. (2013). Cellular mechanisms controlling
caspase activation and function. Cold Spring Harb. Perspect. Biol. 5 (6), a008672. doi:10.
1101/cshperspect.a008672

Peng, F., Chang, W., Sun, Q., Xu, X., Xie, J., Qiu, H., et al. (2020). HGF alleviates septic
endothelial injury by inhibiting pyroptosis via the mTOR signalling pathway. Respir.
Res. 21 (1), 215. doi:10.1186/s12931-020-01480-3

Qi, X., Luo, Y., Xiao, M., Zhang, Q., Luo, J., Ma, L., et al. (2023). Mechanisms of
alveolar type 2 epithelial cell death during acute lung injury. Stem Cells 41 (12),
1113–1132. doi:10.1093/stmcls/sxad074

Ren, X., Yang, T., Zhang, K., Liu, Y., Wang, C., Wu, L., et al. (2023). Cyclodextrin
MOFs modified dry powder inhalers quadruple bioavailability of luteolin to ameliorate
fibrosing interstitial lung disease. Int. J. Pharm. 645, 123405. doi:10.1016/j.ijpharm.
2023.123405

Shi, J., Yu, T., Song, K., Du, S., He, S., Hu, X., et al. (2021). Dexmedetomidine
ameliorates endotoxin-induced acute lung injury in vivo and in vitro by preserving
mitochondrial dynamic equilibrium through the HIF-1a/HO-1 signaling pathway.
Redox Biol. 41, 101954. doi:10.1016/j.redox.2021.101954

Skrivankova, V. W., Richmond, R. C., Woolf, B. A. R., Yarmolinsky, J., Davies, N. M.,
Swanson, S. A., et al. (2021). Strengthening the reporting of observational studies in
epidemiology using mendelian randomization: the STROBE-MR statement. JAMA 326
(16), 1614–1621. doi:10.1001/jama.2021.18236

Tang, D., Chen, M., Huang, X., Zhang, G., Zeng, L., Zhang, G., et al. (2023). SRplot: a
free online platform for data visualization and graphing. PLoS One 18 (11), e0294236.
doi:10.1371/journal.pone.0294236

Frontiers in Pharmacology frontiersin.org15

Bi et al. 10.3389/fphar.2025.1641486

https://doi.org/10.1186/s13287-016-0320-5
https://doi.org/10.1186/s13287-016-0320-5
https://doi.org/10.3390/nu12061742
https://doi.org/10.1186/s13054-020-03112-0
https://doi.org/10.1186/s13054-020-03112-0
https://doi.org/10.1016/j.cyto.2016.12.025
https://doi.org/10.1165/rcmb.2004-0058OC
https://doi.org/10.1152/ajplung.00233.2013
https://doi.org/10.1016/j.lfs.2023.122148
https://doi.org/10.1016/j.micres.2025.128173
https://doi.org/10.1016/j.micres.2025.128173
https://doi.org/10.1038/s41419-021-04227-0
https://doi.org/10.1021/acs.jafc.6b00964
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1002/iid3.820
https://doi.org/10.1002/iid3.820
https://doi.org/10.1016/j.intimp.2024.113949
https://doi.org/10.1016/j.intimp.2024.113949
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1016/s0169-409x(00)00129-0
https://doi.org/10.1016/j.jad.2024.02.022
https://doi.org/10.1016/j.jad.2024.02.022
https://doi.org/10.3389/fimmu.2022.922702
https://doi.org/10.3389/fimmu.2022.922702
https://doi.org/10.1016/j.jep.2020.113364
https://doi.org/10.1016/j.jep.2024.119123
https://doi.org/10.3389/fphar.2025.1535555
https://doi.org/10.1016/j.phymed.2023.154893
https://doi.org/10.1016/j.phymed.2023.154893
https://doi.org/10.1164/rccm.202303-0558WS
https://doi.org/10.1016/S0002-9440(10)63953-3
https://doi.org/10.1016/S0002-9440(10)63953-3
https://doi.org/10.1002/jcb.27642
https://doi.org/10.1080/10799893.2017.1365902
https://doi.org/10.1080/10799893.2017.1365902
https://doi.org/10.1016/S0140-6736(21)00439-6
https://doi.org/10.1038/s41401-020-0469-4
https://doi.org/10.1002/hep.29496
https://doi.org/10.1016/j.autrev.2014.11.013
https://doi.org/10.3390/metabo12111145
https://doi.org/10.3390/metabo12111145
https://doi.org/10.1161/01.hyp.37.2.581
https://doi.org/10.1172/JCI10226
https://doi.org/10.1016/j.clim.2023.109289
https://doi.org/10.1211/0022357001773599
https://doi.org/10.1211/0022357001773599
https://doi.org/10.1038/aps.2010.90
https://doi.org/10.1101/cshperspect.a008672
https://doi.org/10.1101/cshperspect.a008672
https://doi.org/10.1186/s12931-020-01480-3
https://doi.org/10.1093/stmcls/sxad074
https://doi.org/10.1016/j.ijpharm.2023.123405
https://doi.org/10.1016/j.ijpharm.2023.123405
https://doi.org/10.1016/j.redox.2021.101954
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1371/journal.pone.0294236
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1641486


Tang, H., Gamdzyk, M., Huang, L., Gao, L., Lenahan, C., Kang, R., et al. (2020).
Delayed recanalization after MCAO ameliorates ischemic stroke by inhibiting apoptosis
via HGF/c-Met/STAT3/Bcl-2 pathway in rats. Exp. Neurol. 330, 113359. doi:10.1016/j.
expneurol.2020.113359

Vajdi, M., Karimi, A., Karimi, M., Abbasalizad Farhangi, M., and Askari, G. (2023).
Effects of luteolin on sepsis: a comprehensive systematic review. Phytomedicine 113,
154734. doi:10.1016/j.phymed.2023.154734

Verbanck, M., Chen, C. Y., and Neale, B. (2018). Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat. Genet. 50 (5), 693–698. doi:10.1038/s41588-018-
0099-7

Wang, J., Xue, X., Zhao, X., Luo, L., Liu, J., Dai, S., et al. (2024). Forsythiaside A
alleviates acute lung injury by inhibiting inflammation and epithelial barrier damages in
lung and Colon through PPAR-γ/RXR-α complex. J. Adv. Res. 60, 183–200. doi:10.
1016/j.jare.2023.08.006

Wang, Y., Wang, X., Li, Y., Xue, Z., Shao, R., Li, L., et al. (2022). Xuanfei baidu
decoction reduces acute lung injury by regulating infiltration of neutrophils and
macrophages via PD-1/IL17A pathway. Pharmacol. Res. 176, 106083. doi:10.1016/j.
phrs.2022.106083

Wang, Y., Yang,W., Liu, L., Liu, L., Chen, J., Duan, L., et al. (2023a). Vitamin K2 (MK-
7) attenuates LPS-Induced acute lung injury via inhibiting inflammation, apoptosis, and
ferroptosis. PLoS One 18 (11), e0294763. doi:10.1371/journal.pone.0294763

Wang, Z., Liu, J., Fan, L., Ma, S., Liang, Z., Peng, G., et al. (2023b). Mechanisms of
qingyi decoction in severe acute pancreatitis-associated acute lung injury via gut
microbiota: targeting the short-chain fatty acids-mediated AMPK/NF-κB/
NLRP3 pathway. Microbiol. Spectr. 11 (4), e0366422. doi:10.1128/spectrum.03664-22

Watanabe, M., Ebina, M., Orson, F. M., Nakamura, A., Kubota, K., Koinuma, D., et al.
(2005). Hepatocyte growth factor gene transfer to alveolar septa for effective
suppression of lung fibrosis. Mol. Ther. 12 (1), 58–67. doi:10.1016/j.ymthe.2005.02.019

Wu, J.-P., Ho, T.-J., Tsai, C.-C., Yeh, Y.-L., Lin, C.-C., Lin, K. H., et al. (2015).
Hepatoprotective effects of traditional Chinese medicine on liver fibrosis from ethanol
administration following partial hepatectomy. Chin. J. Physiol. 58 (6), 393–403. doi:10.
4077/CJP.2015.BAD339

Xiao, G. H., Jeffers, M., Bellacosa, A., Mitsuuchi, Y., Vande Woude, G. F., and Testa,
J. R. (2001). Anti-apoptotic signaling by hepatocyte growth Factor/met via the
phosphatidylinositol 3-kinase/Akt and mitogen-activated protein kinase pathways.
Proc. Natl. Acad. Sci. U. S. A. 98 (1), 247–252. doi:10.1073/pnas.98.1.247

Yang, J., and Chen, X. (2023). SIRT6 attenuates LPS-Induced inflammation and
apoptosis of lung epithelial cells in acute lung injury through ACE2/STAT3/
PIM1 signaling. Immun. Inflamm. Dis. 11 (3), e809. doi:10.1002/iid3.809

Yang, Y., Chen, Q. H., Liu, A. R., Xu, X. P., Han, J. B., and Qiu, H. B. (2015). Synergism
of MSC-Secreted HGF and VEGF in stabilising endothelial barrier function upon
lipopolysaccharide stimulation via the Rac1 pathway. Stem Cell Res. Ther. 6, 250. doi:10.
1186/s13287-015-0257-0

Yavorska, O. O., and Burgess, S. (2017). MendelianRandomization: an R package for
performing Mendelian randomization analyses using summarized data. Int.
J. Epidemiol. 46 (6), 1734–1739. doi:10.1093/ije/dyx034

Ye, X. L., Tian, S. S., Tang, C. C., Jiang, X. R., Liu, D., Yang, G. Z., et al. (2023).
Cytokine storm in acute viral respiratory injury: role of qing-fei-pai-du decoction in
inhibiting the infiltration of neutrophils and macrophages through TAK1/IKK/NF-
[Formula: see text]B pathway. Am. J. Chin. Med. 51 (5), 1153–1188. doi:10.1142/
S0192415X23500532

Zhang, C., Chen, X.,Wei, T., Song, J., Tang, X., Bi, J., et al. (2023a). Xuebijing alleviates
LPS-Induced acute lung injury by downregulating pro-inflammatory cytokine
production and inhibiting gasdermin-E-mediated pyroptosis of alveolar epithelial
cells. Chin. J. Nat. Med. 21 (8), 576–588. doi:10.1016/S1875-5364(23)60463-7

Zhang, G., Wen, L., Song, X., Liu, X., Wenfen, S., Qin, Q., et al. (2023b). Effects of
shaoyao gancao decoction on intestinal flora in rats with acute lung injury. China
Pharm. 34 (17), 2063–2068.

Zhang, Z., Kuang, Y., Ma, K., Li, Y., Liu, X., Shi, Y., et al. (2022). Gclc overexpression
inhibits apoptosis of bone marrow mesenchymal stem cells through the PI3K/AKT/
Foxo1 pathway to alleviate inflammation in acute lung injury. Int. Immunopharmacol.
110, 109017. doi:10.1016/j.intimp.2022.109017

Zhang, Z. T., Zhang, D. Y., Xie, Ke, Wang, C. J., and Xu, F. (2021). Luteolin activates
tregs to promote IL-10 expression and alleviating caspase-11-dependent pyroptosis in
sepsis-induced lung injury. Int. Immunopharmacol. 99, 107914. doi:10.1016/j.intimp.
2021.107914

Zhao, J. H., Stacey, D., Eriksson, N., Macdonald-Dunlop, E., Hedman, A. K.,
Kalnapenkis, A., et al. (2023). Genetics of circulating inflammatory proteins
identifies drivers of immune-mediated disease risk and therapeutic targets. Nat.
Immunol. 24 (9), 1540–1551. doi:10.1038/s41590-023-01588-w

Zhu, Z., Xu, T., Guo, D., Huangfu, X., Zhong, C., Yang, J., et al. (2018). Serum
hepatocyte growth factor is probably associated with 3-Month prognosis of acute
ischemic stroke. Stroke 49 (2), 377–383. doi:10.1161/STROKEAHA.117.019476

Frontiers in Pharmacology frontiersin.org16

Bi et al. 10.3389/fphar.2025.1641486

https://doi.org/10.1016/j.expneurol.2020.113359
https://doi.org/10.1016/j.expneurol.2020.113359
https://doi.org/10.1016/j.phymed.2023.154734
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1016/j.jare.2023.08.006
https://doi.org/10.1016/j.jare.2023.08.006
https://doi.org/10.1016/j.phrs.2022.106083
https://doi.org/10.1016/j.phrs.2022.106083
https://doi.org/10.1371/journal.pone.0294763
https://doi.org/10.1128/spectrum.03664-22
https://doi.org/10.1016/j.ymthe.2005.02.019
https://doi.org/10.4077/CJP.2015.BAD339
https://doi.org/10.4077/CJP.2015.BAD339
https://doi.org/10.1073/pnas.98.1.247
https://doi.org/10.1002/iid3.809
https://doi.org/10.1186/s13287-015-0257-0
https://doi.org/10.1186/s13287-015-0257-0
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1142/S0192415X23500532
https://doi.org/10.1142/S0192415X23500532
https://doi.org/10.1016/S1875-5364(23)60463-7
https://doi.org/10.1016/j.intimp.2022.109017
https://doi.org/10.1016/j.intimp.2021.107914
https://doi.org/10.1016/j.intimp.2021.107914
https://doi.org/10.1038/s41590-023-01588-w
https://doi.org/10.1161/STROKEAHA.117.019476
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1641486

	Luteolin attenuates inflammation and apoptosis in LPS-induced ALI mice by activating the HGF/c-Met pathway
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Two-sample MR analysis
	2.2.1 Data sources
	2.2.2 Instrumental variables selection
	2.2.3 MR analysis and sensitivity analysis

	2.3 Network pharmacology analysis
	2.3.1 Screening of natural herbs
	2.3.2 Screening of active ingredients
	2.3.3 Shared targets of herbs and disease
	2.3.4 GO and KEGG enrichment analysis
	2.3.5 Hub active ingredients selection

	2.4 In vivo experiments
	2.4.1 Reagents
	2.4.2 Animals
	2.4.3 LPS-induced ALI
	2.4.4 Weight and consumption of food and water
	2.4.5 Lung dry/wet weight ratio
	2.4.6 Histopathologic assay
	2.4.7 TUNEL staining
	2.4.8 Enzyme-linked immunosorbent assay
	2.4.9 Western blot

	2.5 Statistical analysis

	3 Results
	3.1 Causal effect of HGF on ARDS
	3.2 Selection of herbs related to HGF and ALI/ARDS
	3.3 Active ingredients and shared genes screening
	3.4 GO and KEGG enrichment analysis
	3.5 Hub active ingredient selection
	3.6 Influence of luteolin on survival
	3.7 Luteolin alleviated pathological damages of lung in ALI mice
	3.8 Luteolin attenuated inflammation and apoptosis in ALI mice
	3.9 Protection of luteolin on ALI was associated with PI3K/Akt pathway
	3.10 Inhibition of c-Met attenuated the protective effects of luteolin on ALI

	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


