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Introduction: Luteolin, a naturally occurring flavonoid compound, demonstrates
promising anti-cancer properties. However, its mechanism against non-small-
cell lung cancer (NSCLC) remains unknown. This study employed network
pharmacology, molecular docking, molecular dynamics simulation (MDS), and
in vitro experiments to investigate the potential mechanisms by which luteolin
against NSCLC.

Methods: Initially, the potential targets of luteolin and NSCLC-related targets
were identified from public databases such as TCMSP, GeneCards, OMIM,
DrugBank, and TTD. Subsequently, the protein-protein interaction (PPI)
network screening and Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were conducted. The binding affinity
and stability of luteolin with the core targets were assessed using molecular
docking and MDS. Finally, the results were validated by in vitro experiments.

Results: A total of 56 luteolin targets and 2145 NSCLC-related targets were
identified. Six core targets, TP53, EGFR, AKT1, TNF, JUN, and CASP3, were
screened via the PPl network. The GO and KEGG analyses indicated that
luteolin’s activity against NSCLC potentially involves PI3K-Akt, NF-kappa B, and
other signaling pathways. Molecular docking revealed that luteolin had high
binding affinity with the core targets. MDS confirmed the stable interaction
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between luteolin and key proteins TP53 and AKTL1. in vitro, luteolin significantly
inhibited the proliferation and migration of A549 cells, while also inducing
apoptosis. In addition, luteolin downregulated the expression of p-Akt (Ser473),
MDM2, and Bcl-2 but upregulated the expression of p53 and Bax, which was
consistent with the effect of LY294002.

Conclusion: Luteolin had a good anti-NSCLC effect, and the apoptosis-inducing
effect might be related to the Akt/MDM2/p53 signaling pathway.

luteolin, network pharmacology, non-small-cell lung cancer, Akt/MDM2/p53 signaling
pathway, in vitro experiments

Introduction

Lung cancer is one of the most common cancers and a leading
cause of cancer-related mortality worldwide (1, 2). According to
GLOBOCAN, there were almost 2.5 million new cases and 1.8
million deaths from lung cancer worldwide in 2022 (3). Lung
cancer is categorized into two broad histological subtypes: small-
cell lung cancer and non-small-cell lung cancer, with NSCLC
accounting for approximately 85% of all cases (4, 5). As the
primary histological subtype of lung cancer, NSCLC represents a
significant threat to human health. Currently, the main treatment
options for NSCLC include surgical resection, radiotherapy,
chemotherapy, immunotherapy, and molecular targeted therapy
(6). However, these methods may not fully meet the expectations.
For instance, surgical resection alone is not curative for many patients
with early-stage NSCLC, and the risks of recurrence and metastasis
increase with higher stage (7). Moreover, most conventional
chemotherapeutic drugs exhibit the same limitations, such as non-
specific targeting, low bioavailability, and drug resistance (8).
Compared to conventional drugs, molecular targeted therapy can
selectively kill cancer cells and possess fewer side effects, but there is
also drug resistance.

Pleiotropic natural products represent a promising strategy for
cancer treatment due to their multi-target effects and low toxicity
(9, 10). Approximately 80% of approved chemotherapeutic drugs
and over half of all pharmaceuticals are derived from natural
products such as paclitaxel, vincristine, and adriamycin (11).
Luteolin (3,4,5,7-tetrahydroxy flavone), a natural flavonoid
found in fruits, vegetables, and herbs, exhibits multiple
biological activities including anti-inflammation, anti-oxidation,
anti-allergy, anti-cancer, and immunoregulatory (12, 13). Of
these, luteolin exhibits potent inhibitory effects against a diverse
range of malignant tumors, including breast cancer (14),
pancreatic cancer (15), prostate cancer (16), colon cancer (17),
and lung cancer (18). For example, luteolin has been shown to
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inhibit the stemness of breast cancer through the Nrf2-mediated
pathway and to enhance chemosensitivity in combination with
paclitaxel (19). Research by Jiang et al. demonstrated that luteolin
suppressed proliferation, induced apoptosis, and decreased PD-L1
expression in lung cancer with KRAS-mutantion (20). Another
study indicated that luteolin reversed epithelial-mesenchymal
transition (EMT) by suppressing the Notch signaling pathway
(21). However, the mechanism of luteolin against NSCLC
remains unclear.

Network pharmacology, first introduced by the British
pharmacologist Hopskin, is regarded as a novel interdisciplinary
domain of study (22). It can construct complicated pharmacology
networks based on compounds, biological functions, and target
proteins, which is consistent with the overall feature of natural
products and is not available in conventional studies (23). The
integration of network pharmacology, molecular docking and
experimental validation has been widely used to study potential
anticancer compounds (24-26). In this study, network
pharmacology, molecular docking, molecular dynamics simulation,
and in vitro experiments were employed to elucidate the mechanisms
of luteolin against NSCLC, providing a reference for further research
and application of luteolin.

Materials and methods
Targets prediction of luteolin

The keyword “luteolin” was queried in the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform
(TCMSP, https://tcmspw.com/index.php), and the relevant targets
identified from the search were utilized as the predicted targets of
the compound. Subsequently, the target information was entered
into the UniProt database (http://www.uniprot.org/) to retrieve the

corresponding gene names.
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Targets prediction of NSCLC

The GeneCards database was utilized to identify NSCLC-related
targets using a screening criterion of a relative score > 2-fold
median. Additionally, we also performed a search in OMIM
(http://www.omim.org), DrugBank (https://go.drugbank.com),
and TTD (http://db.idrblab.net/ttd) to identify the disease-related
targets. The data retrieved from these databases were
subsequently merged.

Construction of protein-protein
interaction network

The overlapping targets between luteolin and NSCLC were
identified using the jvenn database (http://bioinfo.genotoul.fr/jvenn).
These common targets were then input into the STRING database
(https://string-db.org/) to construct a PPI network. The “organism”
parameter was set to “Homo sapiens,” and the minimum required
interaction score was established at greater than 0.4. The result was
then imported into Cytoscape_v3.7.2 software for visualization. The
“Analyze Network” tool in the Cytoscape software was employed to
calculate the degree values of the nodes. Subsequently, nodes with
high degree values were selected as the core targets.

GO and KEGG enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses of common targets were
conducted using the Metascape database (http://metascape.org/).
Statistical significance was established at P<0.01. Subsequently,
we utilized the bioinformatics platform (http://www.
bioinformatics.com.cn/) to generate a KEGG enrichment bubble
diagram and a GO enrichment bar diagram.

Construction of Drug-Target-Pathway-
Disease network

To analyze the complex associations among luteolin, overlapping
targets, related pathways, and NSCLC, we constructed a Drug-
Target-Pathway-Disease network using Cytoscape_v3.7.2 software.

Molecular docking

Molecular docking technology was utilized to analyze the
interactions between luteolin and its core targets. The crystal
structures of TP53 (PDB ID: 6gge), EGFR (PDB ID: 8a27), AKT1
(PDB ID: lunq), TNF (PDB ID: 5uui), JUN (PDB ID: 1jnm),
CASP3 (PDB ID: 1nme) were obtained from the RCSB Protein
Data Bank (PDB, https://www.rcsb.org/), and the MOL2 (3D)
format file of luteolin was downloaded from the TCMSP
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datebase. Subsequently, the proteins were processed using
PyMOL 2.3.0 to remove water molecules, co-crystallized ligands,
irrelevant protein chains, and ions (27). Thereafter, drug and
protein files were imported into AutoDock Tools 1.5.7 to separate
the proteins, add non-polar hydrogens and calculate the Gasteiger
charges before being saved them in PDBQT format (28). The target
proteins were receptors, and luteolin was ligand. The grid box for
docking was constructed around the geometric center, based on the
position of the original ligands, and adjusted to ensure coverage of
the docking pockets. Molecular docking and affinity calculations
were performed utilizing AutoDock Vina 1.1.2 (29). The lower the
binding energy, the greater the affinity between the ligand and its
receptors. The conformation exhibiting the best affinity was selected
as the final docking conformation and visualized using
PyMOL software.

Molecular dynamics simulation

All-atom molecular dynamics simulations were performed
using the docked complexes as initial structures, and the
simulations were performed using GROMACS v.2022 (30). The
AMBER force field was used to describe the proteins. The pdb2gmx
subprogram was used to add hydrogen atoms to the system, a
truncated cubic TIP3P solvent box was added to the system at a
distance of 10 A (31), and Na+/Cl- was added to the system for
balancing the system charge, and finally the topology and parameter
files used for the simulations were outputted. Before the
simulations, energy minimization was performed using the
“mdrun” command and steepest descent method (canonical
system synthesis), with the starting step set to 0.01 nm and a
maximum force tolerance of 1000 kJ/mol-nm. After the energy
minimization, a 100 ps NVT (isothermal-isobaric) ensemble
simulation at a fixed volume and constant rate of temperature
increase was used to slowly increase the temperature from 0 K to
310 K. A 100 ps NPT (isobaric-isobaric) ensemble simulation was
then performed using the Berendsen barostat to equilibrate the
pressure of the solvent with the complex system to 1 bar. During
MDS, hydrogen bonds were constrained using the LINCS algorithm
with an integration step of 2 fs. The electrostatic interactions were
calculated using the Particle-mesh Ewald (PME) method with a
cutoff of 1.2 nm. The cutoff for non-bonded interaction was set to 10
A and updated every 10 steps.

Cell culture

The human p53 wild-type (wt) NSCLC cell lines A549 and
H460 were procured from Procell Life Science & Technology Co.,
Ltd. Both cell lines were cultured in RPMI-1640 medium (Procell,
China) supplemented with 10% fetal bovine serum (FBS, Procell,
China), penicillin (100 U/ml, Gibco, USA), and streptomycin (100
ug/ml, Gibco, USA). The cultures were maintained at 37°C in a 5%
CO, atmosphere.
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Cell viability assay

A549 and H460 cells were seeded into 96-well plates at a density
of 2x10> cells per well and subsequently treated with various
concentrations of luteolin (0, 10, 20, 40, 60, 80 uM) for 24, 48, or
72 hours. After treatment, 10 uL of CCK-8 solution (Glpbio, USA)
was added to each well and incubated for an additional hour.
Absorbance was measured at 450 nm using a microplate reader
(Tecan, Switzerland).

Colony formation assay

A549 cells were seeded in 6-well plates at a density of 800 cells
per well and subsequently treated with different concentrations of
luteolin (0, 20, 40, 60 uM) for one week, with media refreshments
every three days.

At the end of treatment, cells were fixed using 4%
paraformaldehyde (Biosharp, China) for 15 minutes, stained with
crystal violet staining solution (Beyotime, China) for 10 minutes,
and left to dry overnight. Colonies were then counted using an
inverted microscope (Nexcope, China). A cluster was defined as a
colony if it contained 50 or more cells.

Wound healing assay

A549 cells were seeded in 6-well plates until they reached 80%
confluence. A wound was made at the bottom using a 200-pl pipette
tip. The plates were then washed twice with PBS, and the cells were
treated with luteolin (0, 20, 40, 60 uM). The scratches at 0 h and
24 h were observed using an inverted microscope. The wound area
was quantified with Image ] software.

Hoechst 33342 staining

A549 cells were seeded in 6-well plates at a density of 10 x 10*
cells per well and subsequently treated with luteolin (0, 20, 40, 60 M)
and LY294002 for 48 hours. After the treatment, the cells were
stained with Hoechst 33342 staining solution (Beyotime, China) for
15 minutes and imaged under a fluorescence microscope
(Nikon, Japan).

Flow cytometry analysis

A549 cells were seeded in 6-well plates at a density of 10 x 10*
cells per well and subsequently treated with luteolin (0, 20, 40, 60 M)
and LY294002 (CST, USA) for 48 hours. After the treatment, the cells
were digested using a trypsin solution without EDTA (Solarbio,
China). Following collection, the cells were stained using an
Annexin V-PI apoptosis detection kit (Vazyme Biotech, China) and
apoptosis was assessed via flow cytometry (BD Biosciences, USA).
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Western blot

Total cellular protein was extracted using RIPA lysis buffer
(Servicebio, China). Protein concentrations were measured with a
BCA protein assay kit (Share-bio, China). Equal amounts of proteins
were separated using 12.5% SDS-PAGE gel electrophoresis (Sangon
Biotech, China) and subsequently transferred to PVDF membranes
(Millipore, USA). The membranes were then blocked with 5% BSA
(Solarbio, China) for 2 hours at room temperature and incubated
overnight at 4°C with primary antibodies. Following this, the
membranes were washed with TBST buffer (Solarbio, China) and
incubated for 1 hour at room temperature with secondary antibodies.
Finally, the target proteins were visualized with an ECL kit (Glpbio,
USA), and the band gray values were analyzed using Image
] software.

The primary antibodies used in these experiments included:
anti-Akt (Cat No: WL0003b, Wanleibio, China), anti-phospho-Akt
(Cat No: 4060, CST, USA), anti-MDM?2 (Cat No: TA801705S,
OriGene, USA), anti-p53 (Cat No: ab179477, Abcam, USA), anti-
Bcl-2 (Cat No: ab32124, Abcam, USA), anti-Bax (Cat No:
TA810334S, OriGene, USA), and anti-B-actin (Cat No: 81115-1-
RR, Proteintech, USA).

Statistical analysis

GraphPad Prism 8.0 software was used for statistical analysis of
the results. All results were expressed as mean + standard error (SE)
of three independent experiments. Comparisons between groups
were performed by one-way analysis of variance (ANOVA). The
difference between the groups was considered statistically
significant if the P-value was less than 0.05.

Results
Potential targets of luteolin

A total of 56 potential targets of luteolin were identified using
the TCMSP database, and their corresponding gene names were
retrieved through the UniProt database (Supplementary Table S1).

Related targets of NSCLC

We conducted a search in the GeneCards database for targets
related to NSCLC and calculated the median relative score.
Subsequently, we isolated 1662 targets with a relative score >
31.33. Moreover, we retrieved 468 targets from the OMIM
database, 53 from the DrugBank database, and 102 from the TTD
database. After eliminating duplicates, we identified 2,145 relevant
targets for NSCLC (Supplementary Table S2).
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FIGURE 1

Venn diagram and PPI network analysis. (A) Venn diagram of the overlapping targets. (B) PPl network of the common targets of luteolin and NSCLC.

The size and color depth of the nodes is proportional to their degree values.

PPl network

The jvenn database was ultilized to identify overlapping targets,
resulting in 47 common targets (Figure 1A). These common targets
were then imported into the STRING database to construct a PPI
network, subsequently visualized using Cytoscape_v3.7.2
(Figure 1B). The targets with the highest degree values,
specifically TP53, EGFR, AKT1, TNF, JUN, and CASP3, were
identified as core targets.

GO and KEGG enrichment analysis

GO and KEGG enrichment analyses were conducted on common
targets using the Metascape database. The top 10 enriched terms from
biological process (BP), cellular component (CC), and molecular
function (MF) were visualized in a bar diagram (Figure 2A). BP terms
primarily involved negative regulation of apoptotic signaling
pathway, positive regulation of phosphorylation, response to UV,
and response to oxidative stress. CC terms mainly included
membrane raft, protein kinase complex, and transcription regular
complex. MF terms mainly included kinase regulator activity, kinase
binding, and protein domain specific binding.

The top 15 enriched KEGG terms were visualized in a bubble
diagram (Figure 2B). KEGG enrichment analysis indicated that
luteolin against NSCLC via the PI3K-Akt signaling pathway,
proteoglycans in cancer, NF-kappa B signaling pathway, and
transcriptional misregulation in cancer. The PI3K-AKT pathway is
a pivotal signaling pathway in the progression of lung cancer.
According to the PPI network, AKT and TP53 are core targets of
luteolin in the treatment of NSCLC. TP53, a vital oncogene, is crucial
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in inducing apoptosis in lung cancer cells. It has been found that AKT
mediates the degradation of wild-type p53 by activating the ubiquitin
ligase MDM2 (32, 33). Notably, MDM2 is a common target for both
luteolin and NSCLC. Therefore, we hypothesized that luteolin maight
trigger apoptosis by inhibiting the Akt/MDM2/P53 pathway.

Drug-Target-Pathway-Disease network

Utilizing Cytoscape v3.7.2 software, a Drug-Target-Pathway-
Disease network diagram was constructed, as shown in Figure 3.

Molecular docking

To investigate the docking mode and binding affinity of luteolin
with the core targets, molecular docking was conducted. As shown
in Table 1, the binding affinity of the core targets with luteolin was
all less than -5.0 kcal/mol, indicating these targets could stably bind
with luteolin (34, 35). The molecular docking modes are shown in
Figure 4. These findings demonstrated the reliability of network
pharmacological results.

Molecular dynamics simulation

Prior to in vitro validation, we investigated the stability and
structural changes of luteolin binding to core proteins within the
AKT/MDM2/P53 signaling pathway through molecular dynamics
simulations. Following the molecular docking results, simulations of
both luteolin-TP53 and luteolin-AKT1 were conducted for 500 ns. The
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Root Mean Square Deviation (RMSD) is commonly employed to assess
the extent of structural variations from the initial molecular structure.
As shown in Figures 5A1, A2, the RMSD values of both the luteolin-
P53 system and the luteolin-AKT1 system were stabilized after 20 ns,
indicating that the binding of luteolin to P53 and AKT1 was stable. The
Root Mean Square Fluctuation (RMSF) is commonly used to represent
the degree of fluctuation of individual atoms in molecules. As shown in
Figures 5B1, B2, the RMSF values of amino acid residues in the
luteolin-P53 system (except the residues 117~124, 150~157,
168~172, and 198~203) were lower than those in the P53 system.
Similarly, the RMSF values of residues in the luteolin-AKT1 system
(except the residues 14~23 and 78~83) were lower than those in the
AKTT1 system. The Radius of Gyration (Rg) is used to identify the
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compactness of molecules. As shown in Figures 5C1, C2, the
fluctuation ranges of the Rg values of both the luteolin-TP53 system
and the luteolin-AKT1 system were small throughout the simulations.

Luteolin inhibited the proliferation of A549
cells and H460 cells

The impact of luteolin on the viability of A549 and H460 cells was
assessed using a CCK8 assay. As shown in Figures 6A, B, luteolin
significantly reduced the viability of both A549 and H460 cells in a
concentration-dependent and time-dependent manner. The ICs,
values for A549 at 24 h, 48 h, and 72 h were 41.59 uM, 27.12 uM,
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and 24.53 UM, respectively, while for H460 cells, they were 48.47 uM,
18.93 uM, and 20.76 UM, respectively. In the following experiments,
A549 cells were selected as the experimental model and treated with
luteolin at concentrations of 20 UM, 40 uM, and 60 uM. The colony
formation assay indicated that luteolin significantly reduced the
number of colonies formed by A549 cells (Figures 6C, D). These
results collectively suggest that luteolin inhibits the proliferation of
NSCLC cell lines.

Luteolin inhibited the migration of
A549 cells

The impact of luteolin on A549 cell migration was assessed using
awound healing assay. As shown in Figures 6E, F, luteolin suppressed
the migration of A549 cells in a concentration-dependent manner.

Luteolin and LY294002 induced the
apoptosis of A549 cells

To investigate whether luteolin induces apoptosis in A549 cells,
Hoechst 33342 staining and flow cytometry analysis were
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conducted. Hoechst 33342 serves as a nuclear stain displaying
blue fluorescence. Under this staining, nuclei of normal cells
exhibit a uniform blue, while nuclei of apoptotic cells show bright
blue due to condensation and disruption (36, 37). As shown in
Figure 7A, A549 cells treated with luteolin exhibited greater nuclear
condensation compared to the control group. Flow cytometry
analysis indicated that luteolin treatment enhanced the apoptosis
rate in A549 cells, with pronounced effects observed in the 60uM
group (Figures 7B, C). Additionally, western blot was employed to
assess the expression of apoptosis-related proteins. The BCL-2

TABLE 1 The docking information of the core targets with luteolin.

Grid Box Center Affinity
Targets PDB ID (x,y, 2) (kcal/mol)
TP53 6gge (91.29, 95.207, -44.555) 7.1
EGFR 8a27 (24.621, -10.003, -13.829) 9.2
AKT1 lunq (15.18, 24.427, 16.345) -5.9
TNF 5uui (41.438, 43.124, 1.354) 5.4
JUN ljnm (10.22, 0.513, 29.418) -5.7
CASP3 1nme (36.18, 93.474, 18.309) -7.5
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Molecular docking modes of luteolin with the core targets. (A) luteolin-TP53, (B) luteolin-EGFR, (C) luteolin-AKT1, (D) luteolin-TNF, (E) luteolin-JUN,

and (F) luteolin-CASP3.

family, which regulates the cellular life-or-death switch and includes
both pro- and anti-apoptotic members, was analyzed. As shown in
Figures 7D, E, luteolin treatment downregulated the expression of
the anti-apoptotic protein Bcl-2 and upregulated the expression of
the pro-apoptotic protein Bax.

To demonstrate that the downregulation of the AKT pathway
mediated apoptosis, A549 cells were treated with LY294002.
LY294002 is a highly selective inhibitor of phosphatidylinositol 3
(PI3) kinase, functioning by blocking PI3K-dependent Akt
phosphorylation and kinase activity (38). In this study, LY294002
(40 uM) significantly induced apoptosis in A549 cells, which
corresponded with the downregulation of Bcl-2 protein expression
and the upregulation of Bax expression. These results suggest that the
Akt pathway is implicated in the apoptosis of A549 cells.

Effect of luteolin and LY294002 on Akt/
MDM2/p53 pathway

Based on the predicted outcomes of network pharmacology and
molecular docking, it has been determined that luteolin’s therapeutic
effect on NSCLC involves core targets such as TP53, EGFR, and
AKT1, closely associating with the PI3K-Akt signaling pathway.
Research indicates that the tumor factor mouse double minute 2
(MDM2), a downstream activating molecule of Akt, is significantly
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overexpressed in cancers like lung cancer and serves as a criticial
negative regulator of p53 (39, 40). We hypothesized that luteolin
could induce apoptosis in A549 cells via the Akt/MDM2/p53
signaling pathway. To verify the effect of luteolin and LY294002 on
the AKT/MDM?2/P53 pathway, western blot analysis was conducted.
As shown in Figure 8, luteolin decreased the expression of
phosphorylated Akt (Ser473) and did not significantly affect total
Akt expression. Additionally, luteolin reduced MDM2 expression
while increasing p53 expression, aligning with the outcomes observed
following treatment with L1Y294002.

Discussion

Luteolin is a natural flavonoid compound exhibiting a range of
biological activities. Previous research has demonstrated that the
anti-cancer properties of luteolin are related to the prevention of
metabolic activation of carcinogens, induction of apoptosis,
inhibition of cell proliferation, metastasis, and angiogenesis (41).
To explore the multi-target and multi-pathway properties of natural
compounds, network pharmacology, molecular docking, molecular
dynamics simulation and in vitro experiments were employed to
elucidate the mechanisms of luteolin in treating NSCLC.

The network pharmacology analysis indicated that there were 47
potential targets of luteolin in treating NSCLC such as TP53, AKT1,
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EGFR, CASP3, TNF, JUN, VEGFA, MMP1, MMP9, HMOX1,
MDM2, PIK3CG, BCL2L1, etc. We then constructed a PPI
network to investigate the interactions among these targets. The
core targets of luteolin in treating NSCLC were identified: TP53,
EGFR, AKT1, TNF, JUN, and CASP3. Molecular docking
demonstrated that luteolin binds stably to these core targets. TP53,
known as the guardian of the genome, is a crucial tumor suppressor,
mainly acting as a transcription factor and binds to DNA to exert its
anti-tumor effects (42). It enhances apoptosis by facilitating the
release of downstream BCL-2 family proteins, playing a crucial role
in anti-tumor therapies. However, the suppression or mutation of
P53 is frequently observed in cancer. Mutant p53 not only loses its
original anti-tumor activity, but also exhibits cancer-promoting
effects that conntribute to tumor proliferation, invasion, metastasis,

inflammation, tissue remodeling, and immune escape (43, 44).

Frontiers in Oncology

Therefore, restoring the wild-type function of p53 or increasing the
activity of p53 is an effective anti-tumor strategy. AKT1 is a member
of the AKT kinase family that is involved in the cell apoptosis and
proliferation. Active AKT can cause tumorigenesis of a large number
of human cancers, including lung, brain, gastric, colon, breast, and
prostate cancer. In subsequent molecular dynamics simulations, we
concentrated on the luteolin-TP53 and luteolin-AKT1 systems. The
results indicated that both systems exhibited a high degree of stability.

GO enrichment analysis revealed that the biological processes
and molecular functions associated with luteolin’s anti-NSCLC
effects primarily encompass the negative regulation of apoptotic
signaling pathways, positive regulation of phosphorylation, kinase
regulatory activity, and kinase binding. Apoptosis, a type of
programmed cell death, plays a crucial role in cancer progression.
Induction of apoptosis in cancer cells is the most important target of
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Luteolin inhibited the proliferation and migration of NSCLC cell lines. (A, B) The CCK8 assay demonstrated that luteolin inhibited the viability of A549
cells and H460 cells in both concentration- and time-dependent manner. (C, D) Colony formation assay showed that luteolin inhibited the
proliferation of A549 cells. (E, F) Wound healing assay showed that luteolin inhibited the migration of A549 cells in a concentration-dependent
manner. All data were presented as mean + SE of three independent experiments. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared with

control group (luteolin 0 uM).

many anti-cancer drugs. KEGG enrichment analysis showed that
the PI3K-Akt and NF-kappa B pathways are essential for luteolin’s
action on NSCLC. The PI3K-Akt signaling pathway, crucial for
promoting cell survival and growth, participates in diverse cellular
processes including cell cycle, growth, proliferation, survival,
protein synthesis, and glucose metabolism. The dysregulation of
this pathway has been implicated as a pivotal driver in 30% of
cancers, with mechanisms involving activating mutations in
PIK3CA, loss of function mutations in PTEN, excessive activation
of upstream molecules, and gain-of-function mutations as well as
amplification of AKT (45-47). Current studies have demonstrated
that luteolin inhibits tumor cells by suppressing the PI3K-Akt
signaling pathway. For instance, Yao et al. (48) found that
luteolin inhibits the proliferation and induces apoptosis in A375
human melanoma cells by downregulating MMP-2 and MMP-9 via
the PI3K-Akt pathway. Similarly, Chen et al. (49) reported that
luteolin inhibits TGF-Bl-induced epithelial-mesenchymal
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transition in lung cancer cells (A549) by interfering with the
PI3K/Akt-NF-kB-Snail signaling pathway.

Akt serves as an upstream regulator of p53, playing a role in the
negative regulation of p53 via the mediation on MDM2. It has been
demonstrated that the phosphorylation of MDM?2 on serine 166
and serine 186 by Akt is necessary for the nuclear entry of MDM2
(50). In cells containing wild-type p53, MDM2 binds directly to the
p53 protein through its amino terminu, and inhibits p53 activity
through following mechanisms (1): MDM2 functions as an
ubiquitin ligase, promoting the degradation of p53 via the
proteasome; (2) Blocking p53 from binding to target DNA; (3)
Facilitating the export of p53 from the nucleus, thus impeding its
role as a transcription factor (51-53). Consequently, activating wt
p53 by inhibiting MDM2 represents a crucial strategy in anticancer
drug development. Notably, MDM2 is the potential target of
luteolin in treating NSCLC. Therefore, we hypothesized that
luteolin against NSCLC via Akt/MDM2/p53 signaling pathway.
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Luteolin and LY294002 induced apoptosis in A549 cells and modulated the expression of Bcl-2 and Bax. (A—C) The effect of luteolin and LY294002
on the apoptosis of A549 cells was detected by Hoechst 33342 staining and flow cytometry assay. The result showed that both luteolin (60 uM) and
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To clarify the mechanism of luteolin against NSCLC, we
conducted in vitro experiments to validate the predictions. The
p53 wild-type cell lines A549 and H460 were chosen as the
experimental models. The CCK8 assay, colony formation assay
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and wound healing assay demonstrated that luteolin significantly
inhibited the proliferation and migration of A549 cells in a
concentration-dependent manner. Subsequently, we found that
luteolin significantly induced apoptosis in A549 cells at a
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Luteolin and LY294002 decreased the expression of p-Akt (Ser473) and MDM2, while increasing the expression of p53. (A) Protein bands of Western
blot. (B—E) Quantitative results of Akt, p-Akt, MDM2 and P53 normalized to B-actin. All data were presented as mean + SE of three independent
experiments. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared with control group (luteolin O uM).

concentration of 60 UM, increased the expression of the pro-
apoptotic protein Bax, and decreased the expression of the anti-
apoptotic protein Bcl-2. Western blot analysis showed that luteolin
downregulated the expression of p-Akt (Ser 473) and MDM2, while
upregulating p53 in A549 cells. Futhermore, we also treated cells
with LY294002, an AKT inhibitor, to serve as a positive control. The
results indicated that the inhibition of AKT activity led to increased
cell apoptosis, reduced MDM2 expression, and upregulated P53
expression. In conclusion, luteolin maight mediate apoptosis via the
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AKT/MDM2/P53 signaling pathway. However, whether luteolin
exerts anti-NSCLC effects mainly through the AKT/MDM2/p53
signaling pathway requires further investigation.

There are several limitations of this study that need to be
highlighted. First, this study was not validated in vivo. In
addition, other signaling pathways predicted by network
pharmacology, such as proteoglycans in cancers and NF-kB
signaling pathway, may also contribute to luteolin’s antitumor
effects in NSCLC. This warrants further investigation.
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Conclusion

In this study, we investigated the effects and mechanisms of
luteolin on NSCLC using network pharmacology and in vitro
experiments. The findings indicated that luteolin could against
NSCLC by inhibiting cell proliferation and migration, and by
inducing apoptosis in A549 cells. The pro-apoptotic effect of
luteolin may be associated with the modulation of the Akt/MDM?2/
p53 signaling pathway.

Data availability statement

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

JHZ: Conceptualization, Data curation, Formal analysis,
Methodology, Resources, Software, Validation, Visualization,
Writing - original draft. CL: Supervision, Writing - review &
editing. WL: Formal analysis, Visualization, Writing - review &
editing. ZS: Software, Visualization, Writing - review & editing. ZL:
Investigation, Writing — review & editing. JYZ: Data curation,
Writing - original draft. JT: Investigation, Writing - original
draft. ZR: Investigation, Writing - original draft. YQ: Funding
acquisition, Methodology, Supervision, Writing - review &

References

1. The Lancet. Lung cancer: some progress, but still a lot more to do. Lancet. (2019)
394:1880. doi: 10.1016/S0140-6736(19)32795-3

2. Leiter A, Veluswamy RR, Wisnivesky JP. The global burden of lung cancer:
current status and future trends. Nat Rev Clin Oncol. (2023) 20:624-39. doi: 10.1038/
541571-023-00798-3

3. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/
caac.21834

4. Qiu H, Jin BM, Wang ZF, Xu B, Zheng QF, Zhang L, et al. MEN1 deficiency leads
to neuroendocrine differentiation of lung cancer and disrupts the DNA damage
response. Nat Commun. (2020) 11:1009. doi: 10.1038/s41467-020-14614-4

5. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung cancer:
epidemiology, risk factors, treatment, and survivorship. Mayo Clin Proc. (2008) 83:584-
94. doi: 10.4065/83.5.584

6. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran W] Jr, Wu YL, et al. Lung
cancer: current therapies and new targeted treatments. Lancet. (2017) 389:299-311.
doi: 10.1016/S0140-6736(16)30958-8

7. Muthusamy B, Patil PD, Pennell NA. Perioperative systemic therapy for
resectable non-small cell lung cancer. ] Natl Compr Canc Netw. (2022) 20:953-61.
doi: 10.6004/jnccn.2022.7021

Frontiers in Oncology

13

10.3389/fonc.2024.1471109

editing. DL: Formal analysis, Funding acquisition, Methodology,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Qilu Geriatric Diseases Chinese and Western
Academic School Inheritance Workshop Project (No. 2022-93-1-
10) and the General Project of the Shandong Natural Science
Foundation (ZR2021MH326).

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.

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/fonc.2024.1471109/
full#supplementary-material

8. Li Y, Yan B, He S. Advances and challenges in the treatment of lung cancer.
BioMed Pharmacother. (2023) 169:115891. doi: 10.1016/j.biopha.2023.115891

9. Priyadarsani Mandhata C, Ranjan Sahoo C, Nath Padhy R. A comprehensive
overview on the role of phytocompounds in human immunodeficiency virus treatment.
J Integr Med. (2023) 21:332-53. doi: 10.1016/j.joim.2023.05.001

10. Wu Q, Wang YB, Che XW, Wang H, Wang W. Junctional adhesion molecule-
like protein as a novel target for kaempferol to ameliorate lung adenocarcinoma. J
Integr Med. (2023) 21:268-76. doi: 10.1016/j.joim.2023.03.009

11. Ortigosa-Palomo A, Quifionero F, Ortiz R, Sarabia F, Prados ], Melguizo C.
Natural products derived from marine sponges with antitumor potential against lung
cancer: A systematic review. Mar Drugs. (2024) 22:101. doi: 10.3390/md22030101

12. Imran M, Rauf A, Abu-Izneid T, Nadeem M, Shariati MA, Khan IA, et al.
Luteolin, a flavonoid, as an anticancer agent: A review. BioMed Pharmacother. (2019)
112:108612. doi: 10.1016/j.biopha.2019.108612

13. Ahmed S, Khan H, Fratantonio D, Hasan MM, Sharifi S, Fathi N, et al. Apoptosis
induced by luteolin in breast cancer: Mechanistic and therapeutic perspectives.
Phytomedicine. (2019) 59:152883. doi: 10.1016/j.phymed.2019.152883

14. Kou JJ, Shi JZ, He YY, Hao JJ, Zhang HY, Luo DM, et al. Luteolin alleviates
cognitive impairment in Alzheimer's disease mouse model via inhibiting endoplasmic
reticulum stress-dependent neuroinflammation. Acta Pharmacol Sin. (2022) 43:840-9.
doi: 10.1038/s41401-021-00702-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1471109/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1471109/full#supplementary-material
https://doi.org/10.1016/S0140-6736(19)32795-3
https://doi.org/10.1038/s41571-023-00798-3
https://doi.org/10.1038/s41571-023-00798-3
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1038/s41467-020-14614-4
https://doi.org/10.4065/83.5.584
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.6004/jnccn.2022.7021
https://doi.org/10.1016/j.biopha.2023.115891
https://doi.org/10.1016/j.joim.2023.05.001
https://doi.org/10.1016/j.joim.2023.03.009
https://doi.org/10.3390/md22030101
https://doi.org/10.1016/j.biopha.2019.108612
https://doi.org/10.1016/j.phymed.2019.152883
https://doi.org/10.1038/s41401-021-00702-8
https://doi.org/10.3389/fonc.2024.1471109
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

15. Li Z, Zhang Y, Chen L, Li H. The dietary compound luteolin inhibits pancreatic
cancer growth by targeting BCL-2. Food Funct. (2018) 9:3018-27. doi: 10.1039/
c8f000033f

16. Tsui KH, Chung LC, Feng TH, Chang PL, Juang HH. Upregulation of prostate-
derived Ets factor by luteolin causes inhibition of cell proliferation and cell invasion in
prostate carcinoma cells. Int J Cancer. (2012) 130:2812-23. doi: 10.1002/ijc.26284

17. Kang KA, Piao MJ, Hyun YJ, Zhen AX, Cho SJ, Ahn M]J, et al. Luteolin promotes
apoptotic cell death via upregulation of Nrf2 expression by DNA demethylase and the
interaction of Nrf2 with p53 in human colon cancer cells. Exp Mol Med. (2019) 51:1-
14. doi: 10.1038/512276-019-0238-y

18. Zhang M, Wang R, Tian J, Song M, Zhao R, Liu K, et al. Targeting LIMK1 with
luteolin inhibits the growth of lung cancer in vitro and in vivo. J Cell Mol Med. (2021)
25:5560-71. doi: 10.1111/jcmm.16568

19. Tsai K], Tsai HY, Tsai CC, Chen TY, Hsieh TH, Chen CL, et al. Luteolin inhibits
breast cancer stemness and enhances chemosensitivity through the nrf2-mediated
pathway. Molecules. (2021) 26:6452. doi: 10.3390/molecules26216452

20. Jiang ZB, Wang WJ, Xu C, Xie Y], Wang XR, Zhang YZ, et al. Luteolin and its
derivative apigenin suppress the inducible PD-L1 expression to improve anti-tumor
immunity in KRAS-mutant lung cancer. Cancer Lett. (2021) 515:36-48. doi: 10.1016/
j.canlet.2021.05.019

21. Zang MD, Hu L, Fan ZY, Wang HX, Zhu ZL, Cao §, et al. Luteolin suppresses gastric
cancer progression by reversing epithelial-mesenchymal transition via suppression of the
Notch signaling pathway. J Transl Med. (2017) 15:52. doi: 10.1186/s12967-017-1151-6

22. Hopkins AL. Network pharmacology: the next paradigm in drug discovery. Nat
Chem Biol. (2008) 4:682-90. doi: 10.1038/nchembio.118

23. Ma S, Hou J, Liu S, Zhu F, Wei P, Feng C, et al. Lead drug discover strategies
from natural medicines based on network pharmacology. Med Res Arch. (2023) 11.
doi: 10.18103/mra.v11i2.3559

24. Ruan GY, Ye LX, Lin JS, Lin HY, Yu LR, Wang CY, et al. An integrated approach
of network pharmacology, molecular docking, and experimental verification uncovers
kaempferol as the effective modulator of HSD17B1 for treatment of endometrial cancer.
J Transl Med. (2023) 21:204. doi: 10.1186/s12967-023-04048-z

25. Ding M, Dong C, Mao Y, Liu S, Zhao Y, Wang X. A combined network
pharmacology and molecular biology approach to investigate the potential mechanisms
of G-M6 on ovarian cancer. Bioorg Chem. (2023) 138:106657. doi: 10.1016/
jbioorg.2023.106657

26. Liu X, Cui S, Li W, Xie H, Shi L. Elucidation of the anti-colon cancer mechanism
of Phellinus baumii polyphenol by an integrative approach of network pharmacology
and experimental verification. Int ] Biol Macromol. (2023) 253:127429. doi: 10.1016/
j.ijbiomac.2023.127429

27. Seeliger D, de Groot BL. Ligand docking and binding site analysis with PyMOL
and Autodock/Vina. ] Comput Aided Mol Des. (2010) 24:417-22. doi: 10.1007/s10822-
010-9352-6

28. Forli S, Huey R, Pique ME, Sanner MF, Goodsell DS, Olson AJ. Computational
protein-ligand docking and virtual drug screening with the AutoDock suite. Nat Protoc.
(2016) 11:905-19. doi: 10.1038/nprot.2016.051

29. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading. J
Comput Chem. (2010) 31:455-61. doi: 10.1002/jcc.21334

30. Abraham M]J, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS:
High performance molecular simulations through multi-level parallelism from laptops
to supercomputers. SoftwareX. (2015) 1-2:19-25. doi: 10.1016/j.s0ftx.2015.06.001

31. Mark P, Nilsson L. Structure and dynamics of the TIP3P, SPC, and SPC/E water
models at 298 K. J Phys Chem A. (2001) 105:9954-60. doi: 10.1021/jp003020w

32. Putri HE, Nutho B, Rungrotmongkol T, Sritularak B, Vinayanuwattikun C,
Chanvorachote P. Bibenzyl analogue DS-1 inhibits MDM2-mediated p53 degradation
and sensitizes apoptosis in lung cancer cells. Phytomedicine. (2021) 85:153534.
doi: 10.1016/j.phymed.2021.153534

33. Chéne P. Inhibiting the p53-MDM?2 interaction: an important target for cancer
therapy. Nat Rev Cancer. (2003) 3:102-9. doi: 10.1038/nrc991

34. Zhou X, Min J, Che M, Yang Y, Yang Y, Zhang J, et al. Investigation on the
mechanism of Shaoyao-Gancao Decoction in the treatment of gastric carcinoma based

Frontiers in Oncology

14

10.3389/fonc.2024.1471109

on network pharmacology and experimental verification. Aging (Albany NY). (2023)
15:148-63. doi: 10.18632/aging.204465

35. Liao Z, Lei Y, Peng L, Fu X, Wang W, Yang D. Network pharmacology prediction and
experimental verification of Rhubarb-Peach Kernel promoting apoptosis in endometriosis.
BMC Complement Med Ther. (2023) 23:291. doi: 10.1186/s12906-023-04084-8

36. Chazotte B. Labeling nuclear DNA with hoechst 33342. Cold Spring Harb Protoc.
(2011) 2011:pdb.prot5557. doi: 10.1101/pdb.prot5557

37. Meng G, Chai K, Li X, Zhu Y, Huang W. Luteolin exerts pro-apoptotic effect and
anti-migration effects on A549 lung adenocarcinoma cells through the activation of
MEK/ERK signaling pathway. Chem Biol Interact. (2016) 257:26-34. doi: 10.1016/
j.cbi.2016.07.028

38. Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor of
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
(LY294002). J Biol Chem. (1994) 269:5241-8. doi: 10.1016/S0021-9258(17)37680-9

39. LiP, ShiJX, Dai LP, Chai YR, Zhang HF, Kankonde M, et al. Serum anti-MDM?2

and anti-c-Myc autoantibodies as biomarkers in the early detection of lung cancer.
Oncoimmunology. (2016) 5:e1138200. doi: 10.1080/2162402X.2016.1138200

40. Nieto-Jiménez C, Morafraile EC, Alonso-Moreno C, Ocafia A. Clinical
considerations for the design of PROTACs in cancer. Mol Cancer. (2022) 21:67.
doi: 10.1186/s12943-022-01535-7

41. Lin Y, Shi R, Wang X, Shen HM. Luteolin, a flavonoid with potential for cancer
prevention and therapy. Curr Cancer Drug Targets. (2008) 8:634-46. doi: 10.2174/
156800908786241050

42. Lin SQ, Jia FJ, Zhang CY, Liu FY, Ma JH, Han Z, et al. Actinomycin V Suppresses
Human Non-Small-Cell Lung Carcinoma A549 Cells by Inducing G2/M Phase Arrest
and Apoptosis via the p53-Dependent Pathway. Mar Drugs. (2019) 17:572.
doi: 10.3390/md17100572

43. Chen X, Zhang T, Su W, Dou Z, Zhao D, Jin X, et al. Mutant p53 in cancer: from
molecular mechanism to therapeutic modulation. Cell Death Dis. (2022) 13:974.
doi: 10.1038/s41419-022-05408-1

44. LiY, Zhang MC, Xu XK, Zhao Y, Mahanand C, Zhu T, et al. Functional diversity
of p53 in human and wild animals. Front Endocrinol (Lausanne). (2019) 10:152.
doi: 10.3389/fend0.2019.00152

45. Pal I, Mandal M. PI3K and Akt as molecular targets for cancer therapy: current
clinical outcomes. Acta Pharmacol Sin. (2012) 33:1441-58. doi: 10.1038/aps.2012.72

46. Hoxhaj G, Manning BD. The PI3K-AKT network at the interface of oncogenic
signaling and cancer metabolism. Nat Rev Cancer. (2020) 20:74-88. doi: 10.1038/
541568-019-0216-7

47. Fresno Vara JA, Casado E, de Castro ], Cejas P, Belda-Iniesta C, Gonzalez-Baron
M. PI3K/Akt signaling pathway and cancer. Cancer Treat Rev. (2004) 30:193-204.
doi: 10.1016/j.ctrv.2003.07.007

48. Yao X, Jiang W, Yu D, Yan Z. Luteolin inhibits proliferation and induces
apoptosis of human melanoma cells in vivo and in vitro by suppressing MMP-2 and
MMP-9 through the PI3K/AKT pathway. Food Funct. (2019) 10:703-12. doi: 10.1039/
¢8002013b

49. Chen KC, Chen CY, Lin CR, Yang TY, Chen TH, Wu LC, et al. Luteolin attenuates
TGF-B1-induced epithelial-mesenchymal transition of lung cancer cells by interfering in the
PI3K/Akt-NF-xB-Snail pathway. Life Sci. (2013) 93:924-33. doi: 10.1016/j.1fs.2013.10.004

50. Chibaya L, Karim B, Zhang H, Jones SN. Mdm2 phosphorylation by Akt
regulates the p53 response to oxidative stress to promote cell proliferation and
tumorigenesis. Proc Natl Acad Sci USA. (2021) 118:e2003193118. doi: 10.1073/
pnas.2003193118

51. He Y, Sun MM, Zhang GG, Yang ], Chen KS, Xu WW, et al. Targeting PI3K/Akt
signal transduction for cancer therapy. Signal Transduct Target Ther. (2021) 6:425.
doi: 10.1038/541392-021-00828-5

52. Mayo LD, Donner DB. A phosphatidylinositol 3-kinase/Akt pathway promotes
translocation of Mdm2 from the cytoplasm to the nucleus. Proc Natl Acad Sci U S A.
(2001) 98:11598-603. doi: 10.1073/pnas.181181198

53. Huang Y, Jiao Z, Fu Y, Hou Y, Sun J, Hu F, et al. An overview of the functions of
p53 and drugs acting either on wild- or mutant-type p53. Eur ] Med Chem. (2024)
265:116121. doi: 10.1016/j.ejmech.2024.116121

frontiersin.org


https://doi.org/10.1039/c8fo00033f
https://doi.org/10.1039/c8fo00033f
https://doi.org/10.1002/ijc.26284
https://doi.org/10.1038/s12276-019-0238-y
https://doi.org/10.1111/jcmm.16568
https://doi.org/10.3390/molecules26216452
https://doi.org/10.1016/j.canlet.2021.05.019
https://doi.org/10.1016/j.canlet.2021.05.019
https://doi.org/10.1186/s12967-017-1151-6
https://doi.org/10.1038/nchembio.118
https://doi.org/10.18103/mra.v11i2.3559
https://doi.org/10.1186/s12967-023-04048-z
https://doi.org/10.1016/j.bioorg.2023.106657
https://doi.org/10.1016/j.bioorg.2023.106657
https://doi.org/10.1016/j.ijbiomac.2023.127429
https://doi.org/10.1016/j.ijbiomac.2023.127429
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1007/s10822-010-9352-6
https://doi.org/10.1038/nprot.2016.051
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/jp003020w
https://doi.org/10.1016/j.phymed.2021.153534
https://doi.org/10.1038/nrc991
https://doi.org/10.18632/aging.204465
https://doi.org/10.1186/s12906-023-04084-8
https://doi.org/10.1101/pdb.prot5557
https://doi.org/10.1016/j.cbi.2016.07.028
https://doi.org/10.1016/j.cbi.2016.07.028
https://doi.org/10.1016/S0021-9258(17)37680-9
https://doi.org/10.1080/2162402X.2016.1138200
https://doi.org/10.1186/s12943-022-01535-7
https://doi.org/10.2174/156800908786241050
https://doi.org/10.2174/156800908786241050
https://doi.org/10.3390/md17100572
https://doi.org/10.1038/s41419-022-05408-1
https://doi.org/10.3389/fendo.2019.00152
https://doi.org/10.1038/aps.2012.72
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1039/c8fo02013b
https://doi.org/10.1039/c8fo02013b
https://doi.org/10.1016/j.lfs.2013.10.004
https://doi.org/10.1073/pnas.2003193118
https://doi.org/10.1073/pnas.2003193118
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1073/pnas.181181198
https://doi.org/10.1016/j.ejmech.2024.116121
https://doi.org/10.3389/fonc.2024.1471109
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Mechanism of luteolin against non-small-cell lung cancer: a study based on network pharmacology, molecular docking, molecular dynamics simulation, and in vitro experiments
	Introduction
	Materials and methods
	Targets prediction of luteolin
	Targets prediction of NSCLC
	Construction of protein-protein interaction network
	GO and KEGG enrichment analysis
	Construction of Drug-Target-Pathway-Disease network
	Molecular docking
	Molecular dynamics simulation
	Cell culture
	Cell viability assay
	Colony formation assay
	Wound healing assay
	Hoechst 33342 staining
	Flow cytometry analysis
	Western blot
	Statistical analysis

	Results
	Potential targets of luteolin
	Related targets of NSCLC
	PPI network
	GO and KEGG enrichment analysis
	Drug-Target-Pathway-Disease network
	Molecular docking
	Molecular dynamics simulation
	Luteolin inhibited the proliferation of A549 cells and H460 cells
	Luteolin inhibited the migration of A549 cells
	Luteolin and LY294002 induced the apoptosis of A549 cells
	Effect of luteolin and LY294002 on Akt/MDM2/p53 pathway

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


