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Abstract. The present study aimed to investigate the inhibi‑
tory effect of luteoloside on the proliferation, migration and 
invasion of gastric cancer (GC) cells based on network phar‑
macology and in vitro experiments. GC‑associated targets 
were obtained from the GeneCards and Online Mendelian 
Inheritance in Man databases. Gene Ontology functional 
enrichment analysis and Kyoto Encyclopedia of Genes and 
Genomes pathway enrichment analysis were performed using 
the Database for Annotation, Visualization and Integrated 
Discovery. Protein‑protein interaction (PPI) networks 
and herb‑active ingredient‑target gene‑signaling pathway 
networks were constructed using the Search Tool for the 
Retrieval of Interacting Genes and proteins and Cytoscape 
software to analyze core target genes and pathways. In 
addition, the alkaline comet assay was performed to assess 
DNA damage, demonstrating that luteoloside induces DNA 
double‑strand breaks in a concentration‑dependent manner, 
as indicated by increased comet tail lengths. γ‑H2AX detec‑
tion through western blot analysis further corroborated 
these findings, showing significant upregulation of this DNA 
damage marker in luteoloside‑treated GC cells. The human 
GC cell line NCI‑N87 was utilized for in vitro experiments 
to investigate the impact of different doses of luteoloside on 
cell proliferation, invasion and migration using Cell Counting 
Kit‑8, scratch‑wound and Transwell assays, respectively. The 
underlying molecular mechanism of luteoloside was explored 
using western blot analysis. The successfully constructed PPI 

network revealed the p53, Akt1, Bcl‑2 and Caspase‑3 proteins 
as the core targets, all of which showed good binding activity 
with luteoloside. The in vitro experiments demonstrated that 
luteoloside treatment significantly inhibited GC‑cell prolifera‑
tion, migration and invasion. The western blot results showed 
notable concentration‑dependent upregulation of p53 and 
p21 protein expression and downregulation of Bcl‑2 protein 
expression following luteoloside treatment. Overall, luteolo‑
side inhibited the proliferation, migration and invasion of GC 
cells by activating the p53/p21 signaling pathway.

Introduction

As one of the most common gastrointestinal tumors, gastric 
cancer (GC) has the 4th and 5th highest mortality and 
morbidity rates, respectively. A worldwide estimate of 769,000 
fatalities from GC and >1 million new cases were reported 
in 2020 (1). Among malignant tumors in the Chinese popu‑
lation, the incidence and death rates of GC rank second and 
third, respectively (2,3). GC development is a complex process 
influenced by a variety of factors, including malnutrition, 
infections and genetics. Viruses (Epstein‑Barr virus), bacteria 
(Helicobacter pylori) and inherited mutations in specific genes 
(GSTM1‑null or CDH1 gene) may be the main risk factors for 
GC (4). In addition, lifestyle factors, such as nitroso‑rich diets, 
alcohol consumption and smoking, are also associated with 
GC development (5). Currently, the basic treatment for GC is 
chemotherapy (6), but it has limited efficacy and serious side 
effects (6). Thus, identifying safe and available therapeutic 
drugs for GC treatment is urgent.

Natural herbs and their active ingredients, which have 
low toxicity and multiple targets, have recently demonstrated 
considerable potential as antitumor agents (7,8). Luteoloside, 
a natural flavonoid with diverse biological activities, is a main 
component of Ecliptae herba (9), also named ‘Mo‑Han‑Lian’, 
which is the dried aerial portion of Eclipta prostrata L. This 
plant is distributed throughout China (10) and possesses 
hypolipidemic (11), antitumor (12) and anti‑inflamma‑
tory (13) properties due to its rich composition of bioactive 
compounds (14). Luteoloside also exerts pharmacological 
effects on the cardiovascular system and protective effects 
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on the neurological system (15), and possesses anti‑inflam‑
matory (16), antiviral (17) and anti‑tumor properties (18). 
Furthermore, it has been demonstrated to block the prolifera‑
tion and migration of human oral cancer cells by decreasing 
p38 phosphorylation and downregulating MMP‑2 expres‑
sion (19). Thus, luteoloside is of significant medical importance 
in cancer treatment.

To date, the influence of luteoloside on the proliferation, 
invasion and migration ability of GC cells has not been 
reported, to the best of our knowledge. In the present study, a 
network pharmacology‑based strategy was used to determine 
the targets of the luteoloside associated with GC development. 
A protein‑protein interaction (PPI) network was established 
and subsequently, a network topology was developed and 
functional enrichment analyses were performed. Finally, 
the mechanism of action of luteoloside was investigated 
using in vitro experiments, which validated the bioinfor‑
matics predictions by demonstrating the biological effects of 
luteoloside on GC cells, such as inhibiting their proliferation, 
migration and invasion. These results were consistent with 
the predicted involvement of the p53/p21 pathway and other 
molecular targets, thereby providing a theoretical reference for 
further experiments and the clinical use of luteoloside for GC 
treatment.

Materials and methods

Acquisition of GC target genes. The key word ‘gastric cancer’ 
was entered into the Online Mendelian Inheritance in Man 
(OMIM; https://omim.org/) and GeneCards (https://www.
genecards.org/) databases to search for GC target genes. After 
compiling the results and removing duplicates, the remaining 
targets were uploaded to the UniProt database (https://www.
uniprot.org/) to retrieve the names of the corresponding genes 
that are implicated in GC. After confirming the gene names in 
UniProt, they were reuploaded into the GeneCards database to 
cross‑verify their specific roles and relevance in GC.

Acquisition of luteoloside target genes. The relevant 
targets and 3D structures of luteoloside were obtained from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/), and potential 
targets from compound structures were predicted using 
SwissTargetPrediction (http://swisstargetprediction.ch/) and 
SuperPred (https://prediction.charite.de/index.php). In addi‑
tion, the STITCH (http://stitch.embl.de/) database was used to 
predict genes that interact with the compounds.

Determination of the common targets between luteoloside 
and GC. The potential targets of luteoloside and the targets 
of GC were uploaded to Venny v2.1.0 (https://bioinfogp.cnb.
csic.es/tools/venny/index.html) to create a Venn diagram 
to identify the common targets and the compounds corre‑
sponding to the common targets. The intersecting targets 
indicated those that luteoloside may act on GC.

Enrichment analyses. The Database for Annotation, 
Visualization and Integrated Discovery (DAVID; https://david.
ncifcrf.gov/) was used to perform Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 
and Gene Ontology (GO) functional enrichment analysis of 

the common targets between luteoloside and GC. The GO 
functional enrichment included the following categories: 
Molecular function (MF), cellular component (CC) and 
biological process (BP). The screening criteria were P<0.01, 
overlap ≥3 and enrichment ≥1.5. The enrichment results in the 
categories BP, CC and MF were plotted as bar graphs and the 
top 20 KEGG analysis results were plotted as a bubble chart.

Establishment of core target and PPI networks. The common 
targets between luteoloside and GC were uploaded to the 
STRING database (https://string‑db.org/) and Cytoscape 
v3.8.0 software was used for visualization, where the option of 
‘Multiple protein’ was selected, the protein species was set as 
‘Homo sapiens’, the confidence was set as ‘highest confidence 
(≥0.900)’ and the other parameters were kept at the default 
settings, resulting in the generation of a network diagram and 
data on the protein interactions with the highest correlation. 
The data were saved in TSV format. The Analyze Network 
tool in Cytoscape v3.8.0 software was used to construct the 
PPI network of luteoloside in the treatment of GC. Network 
analysis identified the pathways with the greatest involvement 
and these were considered the main signaling pathways of 
luteoloside in the treatment of GC.

Molecular docking. 3D structures of proteins were obtained 
from the Protein Data Bank (https://www.rcsb.org/). In addi‑
tion, PyMOL version 2.4 (https://pymol.org/2/) was used 
for eliminating hydrogenated and excess ligands and water 
molecules, AutoDock version 4.2.6 (http://autodock.scripps.
edu/) for molecular docking and Discovery Studio version 4.5  
(https://discover.3ds.com/discovery‑studio‑visualizer‑download) 
for visualizing the docking results. Binding energies <0 are 
generally considered to indicate the spontaneous binding 
of two molecules, with smaller binding energies indicating 
a more stable conformation.

Cell culture and grouping. The human GC cell line NCI‑N87 
(CRL‑5822) was purchased from the American Type Culture 
Collection and incubated in RPMI‑1640 medium (cat. 
no. R8758; Sigma‑Aldrich; Merck KGaA) with 10% fetal 
bovine serum (cat. no. 16000‑044; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin‑streptomycin at 37˚C in a 
humidified atmosphere containing 5% CO2. Upon reaching 
70‑80% confluence, the cultured cells were partitioned into 
four groups as follows: i) Control group: NCI‑N87 cells 
cultured under normal conditions; ii) low‑concentration 
group: 25 µM luteoloside added to the NCI‑N87 cell culture; 
iii) medium‑concentration group: 50 µM luteoloside added to 
the NCI‑N87 cell culture; and iv) high‑concentration group: 
100 µM luteoloside added to the NCI‑N87 cell culture. 
The concentrations were chosen based on preliminary 
dose‑response experiments and luteoloside (>98% purity) was 
purchased from Sigma‑Aldrich (Merck KGaA).

Determination of cell proliferation. A Cell Counting Kit‑8 
(CCK‑8; cat. no. 96992; Sigma‑Aldrich; Merck KGaA) 
assay was used to determine the level of cell proliferation as 
per the manufacturer's instructions. In brief, cells from the 
different treatment groups were inoculated in a 96‑well plate 
(5x103 cells/well) and complete medium (100 µl) was added to 
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each well. In the Cell Counting Kit‑8 (CCK‑8) assay, luteoloside 
was added to the culture medium at varying concentrations 
(25, 50 and 100 µM) before the 24‑h incubation period, 
ensuring its presence during the entire experiment. Finally, the 
optical density of each well at 450 nm was measured using a 
microplate plate reader.

Determination of cell invasion. Transwell inserts (cat. 
no. 3422; Corning, Inc.) placed in 24‑well plates and Matrigel® 
(cat. no. 354230; Corning, Inc.) were used to determine the 
levels of cell invasion. As per the manufacturer's instructions, 
Matrigel® (1:30) was applied to the porous membrane of the 
upper chamber and incubated for 1 h at 37˚C for solidification. 
Next, cell suspensions were inoculated in the upper chamber 
(5x104 cells/well), while 600 µl of complete medium was intro‑
duced into the lower chamber, and the cells were cultured for 
24‑48 h. The cells were then fixed with pre‑cooled methanol 
at 4˚C for 15 min and rinsed with PBS. After this, the cells on 
the upper side of the membrane were carefully wiped off using 
a cotton swab, ensuring only the cells that had invaded to the 
lower side remained. Next, 0.1% crystal violet staining solution 
was added to the lower side of the membrane and incubated 
at room temperature for 30 min. The chambers were rinsed 
with PBS to remove the staining solution. The lower side of 
the membrane was photographed so that the number of cells 
that had passed through the Matrigel and the porous Transwell 
membrane could be counted. The results were analyzed using 
ImageJ software (version 1.53; National Institute of Health).

Determination of cell migration. A scratch‑wound assay was 
performed to determine the extent of cell migration. First, cells 
were seeded in a 6‑well plate at a density of 5x105 cells/well. 
Once a monolayer had formed, a sterile 200‑µl pipette tip 
was used to make a linear scratch on the monolayer. The cell 
surface was then washed with PBS to remove any cell debris 
generated from the scratch. After adding an appropriate 
amount of complete medium (with serum) (20), the culture was 
continued. After incubation for 24 h, the width of the scratch 
was photographed using an inverted microscope. The cell 
migration rate was calculated by comparing the initial width 
of the scratch with the width at the end of the incubation 
period. The results were analyzed using ImageJ software 
(version 1.53).

Alkaline comet assay. In brief, cells at a density of 1x105/well 
were digested with 0.25% trypsin (Gibco; Thermo Fisher 
Scientific, Inc.). After centrifugation (2,000 x g, 4˚C, 5 min), 
the single‑cell suspension was collected, mixed at a ratio of 
1:10 with 1% low‑melting‑point agarose (Sigma‑Aldrich; 
Merck KGaA) (37˚C) and the suspension (30 µl) was imme‑
diately transferred to a clean slide. The slides were placed 
flat in a light‑proof environment at 4˚C for 10 min and then 
immersed in precooled 1X mammalian lysis buffer (Gibco; 
Thermo Fisher Scientific, Inc.) to completely cover the cells 
and gel and incubated overnight at 4˚C. The slides were then 
immersed in sodium alcohol ether sulfates (AES) for 1 h at 
4˚C to unwind the DNA. Pre‑cooled AES was added to the 
electrophoresis gel tray and the slides were immersed in the 
AES and electrophoresed at 30 V and 400 mA for 30 min. 
Subsequently, the slides were dried at 37˚C for 15 min and 

stained using 50 µl of red fluorescent nucleic acid staining 
solution (Invitrogen; Thermo Fisher Scientific, Inc.) at room 
temperature for 15 min in the dark. Finally, the slides were 
observed using fluorescent microscopy, and images were 
recorded and quantitatively analyzed using ImageJ software 
(version 1.53). The tail moment was calculated as the product 
of the tail length and Tail%DNA divided by 100. Tail%DNA 
refers to the percentage of DNA present in the comet tail rela‑
tive to the total DNA in the comet, which includes both the tail 
and the head.

Western blot analysis of key signaling pathway‑related 
proteins. Total protein of each group of cells was extracted 
using RIPA lysis buffer (Invitrogen; Thermo Fisher Scientific, 
Inc.) and quantified using a bicinchoninic acid assay kit 
(P1250‑50; Applygen Technologies, Inc.) according to the 
manufacturer's instructions. Subsequently, 30 µg of the 
extracted total protein was separated by SDS‑PAGE (10% 
polyacrylamide gel). Next, the gel was transferred to a polyvi‑
nylidene difluoride (PVDF) membrane (MilliporeSigma) and 
blocked for 1 h using a 5% solution of skimmed milk powder 
(Sigma‑Aldrich; Merck KGaA). The membrane was incubated 
at 4˚C overnight with the following primary antibodies: γ‑H2A 
histone family member X (γH2AX; cat. no. ab26350; 1:1,000 
dilution; Abcam), p53 (cat. no. ab26; 1:1,000 dilution; Abcam), 
p21 (cat. no. ab109520; 1:1,000 dilution; Abcam), Bcl‑2 (cat. 
no. ab182858; 1:1,000 dilution; Abcam) and β‑actin (cat. 
no. ab8226; 1:5,000 dilution; Abcam). After rinsing in PBS, 
the membranes were incubated at ambient temperature for 1 h 
with the corresponding horseradish peroxidase (HRP)‑labeled 
secondary antibodies; either HRP‑labeled anti‑rabbit IgG (cat. 
no. 7074; Cell Signaling Technology, Inc.) or HRP‑labeled 
anti‑mouse IgG (cat. no. 7076; Cell Signaling Technology, 
Inc.). The immunoblotting signals were developed using 
an enhanced chemiluminescence substrate (cat. no. 32106; 
Thermo Fisher Scientific, Inc.). Finally, the PVDF membrane 
were scanned with a chemiluminescence imaging system 
(ChemiDoc™ XRS+ System; Bio‑Rad Laboratories, Inc.) 
and ImageJ software (version 1.53) was used to analyze the 
grayscale value of each protein band.

Statistical analysis. Statistical analysis was performed using 
SPSS 22.0 software (IBM Corp.). Quantitative data were 
expressed as the mean ± standard deviation. One‑way analysis 
of variance followed by Tukey's post‑hoc test was used to 
compare multiple groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Screening of targets related to luteoloside and GC and 
analyses of GO functional enrichment and KEGG pathway 
enrichment. The target genes of luteoloside and GC‑related 
genes obtained from relevant databases were screened to 
explore the mechanism of action of luteoloside in treating 
GC. A total of 3,514 and 10,778 GC‑related targets were 
obtained from GeneCards and OMIM, respectively. After 
removing duplicates, a total of 11,482 GC‑related genes 
remained. Potential targets of luteoloside were predicted using 
PubChem, SwissTargetPrediction and SuperPred, and genes 
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interacting with luteoloside were predicted using the STITCH 
database, resulting in a total of 224 targets in the dataset after 
removing duplicates. Venn diagram analysis of the intersec‑
tion of luteoloside target genes and GC‑related genes revealed 
195 common targets of luteoloside in the treatment of GC 
(Fig. 1A), suggesting that they may be related to the treatment 
of GC with luteoloside.

Using the DAVID online database, the 195 common target 
genes underwent GO functional enrichment and KEGG 
pathway enrichment analyses. Fig. 1B shows the top 10 GO 
enrichment results. Enriched functional terms in the category 
BP mainly included ‘negative regulation of apoptosis’, ‘protein 
phosphorylation’ and ‘signal transduction’; in the category CC, 

enriched functional terms were mainly cell structures such as 
the ‘plasma membrane’, ‘cytoplasm’ and ‘cytosol’; and enriched 
functional terms in the category MF mainly included ‘ATP 
binding’, ‘protein serine/threonine/tyrosine kinase activity’ and 
‘protein kinase activity’ (Fig. 1B). KEGG enrichment analysis 
revealed that the 195 common target genes were mostly 
enriched in pathways including hypoxia‑inducible factor 
(HIF)‑1 signaling, apoptosis, lipids and atherosclerosis, and p53 
signaling (Fig. 1C). Overall, luteoloside may exert a therapeutic 
effect on GC by regulating these signaling pathways.

PPI network construction and core target gene screening. 
PPI analysis of the 195 common target genes of luteoloside 

Figure 1. Screening of targets related to luteoloside and GC and analyses of GO functional enrichment and KEGG pathway enrichment. (A) The intersection 
of 224 luteoloside target genes and 11,482 GC‑related genes using a Venn diagram revealed a total of 195 common action targets; (B) GO enrichment analysis 
results showing the top 10 BP, CC and MF terms associated with the common target genes of luteoloside and GC; (C) KEGG pathway enrichment analysis of 
molecular signaling pathways enriched for common target genes of luteoloside and GC. GC, gastric cancer; GO, Gene Ontology; KEGG, Kyoto Encyclopedia 
of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.
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and GC was performed using the STRING database, and the 
PPI network of luteoloside in the treatment of GC was then 
constructed (Fig. 2A). The top 10 genes ranked by degree 
value were, in order, tumor protein (TP)53, threonine kinase 
1 (AKT1), TNF, IL6, STAT3, EGFR, SRC, ESR1, BCL2 and 
caspase (CASP)3 (Fig. 2B). The high degree values suggested 
that these genes have key roles in the PPI network. A luteo‑
loside‑target‑signaling pathway network was also constructed 
(Fig. 2C); the 20 most significant pathways from the KEGG 

enrichment analysis were obtained, and the 10 genes with the 
largest degree among them were analyzed. After intersection, 
four common genes (TP53, AKT1, BCL2 and CASP3) were 
identified.

Molecular docking of p53, Akt1, Bcl‑2 and Casp3 with 
luteoloside. AutoDock was used for the molecular docking of 
luteoloside and key targets. Luteoloside was docked with the 
top four targets: p53, Akt1, Bcl‑2 and Casp3. Table I shows the 
intermolecular docking binding energies and the molecular 
docking conformation of luteoloside is presented in Fig. 3. 
The results were visualized using PyMOL and showed good 
matching. The optimal conformation of compound‑target 
binding was presented in the form of hydrogen bonding 
and the binding energy was <‑6.0 kcal/mol, indicating high 
binding activity.

Luteoloside inhibits the proliferation, invasion and migration 
of NCI‑N87 cells. The CCK‑8 assay was used to explore the 
role of luteoloside in NCI‑N87 cells and the impact of different 
concentrations on cell proliferation (Fig. 4A). Compared with 
the control cells, the proliferation of NCI‑N87 cells treated 
with luteoloside showed a dose‑dependent decrease as the 
luteoloside concentration increased. The invasion ability of 

Table I. Molecular docking binding energies of active 
ingredients of luteoloside and key targets.

Protein (PDB structural identifier) Affinity, kcal/mol

TP53 (1AIE) ‑7.5
AKT1 (1H10) ‑6.9
BCL2 (1G5M) ‑8.5
CASP3 (1NME) ‑6.9

TP53, tumor protein 53; CASP, caspase; AKT1, AKT serine/threo‑
nine kinase 1; PDB, Protein DataBank.

Figure 2. PPI network construction and core target gene screening. (A) PPI network of 195 common target genes between luteoloside and GC. The darkness of 
the node color reflects the importance of genes in the network. (B) Top 10 target genes in the PPI network. (C) Construction of a luteoloside‑target‑signaling 
pathway network. Red boxes indicate the active ingredients, blue oval nodes indicate the relevant target genes and green ovals indicate the top Kyoto 
Encyclopedia of Genes and Genomes signaling pathways. PPI, protein‑protein interaction; GC, gastric cancer.
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NCI‑N87 cells in each group was explored using the Transwell 
assay (Fig. 4B). Luteoloside treatment visibly inhibited the 
invasive ability of NCI‑N87 cells. The influence of various 
concentrations of luteoloside on the migration of NCI‑N87 
cells was investigated using the scratch‑wound assay (Fig. 4C). 
Compared with the control group, luteoloside treatment signif‑
icantly decreased the migration ability of NCI‑N87 cells. The 
above results indicated the potential of luteoloside to inhibit 
the proliferation, invasion and migration of NCI‑N87 cells.

Luteoloside promotes DNA damage in NCI‑N87 cells. The 
comet assay was performed to determine whether luteoloside is 
able to induce DNA double‑strand breaks (DSBs). Luteoloside 
treatment increased the length of comet tails in NCI‑N87 cells, 
which was further enhanced with increasing concentrations, 

suggesting that luteoloside contributed to the induction of 
cellular DNA damage (Fig. 5A). The effect of luteoloside 
on DNA damage marker γH2AX in NCI‑N87 cells was also 
evaluated. Western blot analysis showed that the protein level 
of γH2AX was significantly elevated in NCI‑N87 cells in a 
concentration‑dependent manner relative to the control group 
(Fig. 5B). Collectively, these findings indicated that luteoloside 
induced DNA DSBs, as evidenced by elevated γH2AX protein 
levels and enhanced comet tail moments.

Luteoloside activates the p53/p21 pathway in NCI‑N87 cells. 
The expression of p53/p21 signaling pathway‑related proteins 
was analyzed in conjunction with the preceding bioinformatics 
results. Western blot analysis showed that, compared with the 
control group, p53 and p21 levels increased with increasing 

Figure 3. Molecular docking of p53, Akt1, Bcl‑2 and Casp3 with luteoloside. (A) Luteoloside‑p53; (B) luteoloside‑Akt1; (C) luteoloside‑Bcl‑2; (D) luteolo‑
side‑Casp3. Casp, caspase; AKT1, AKT serine/threonine kinase 1.
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Figure 5. Luteoloside promotes DNA damage of human gastric cancer NCI‑N87 cells. (A) Representative comet analysis images and quantification of comet 
tail DNA levels and tail moment using the OpenComet plugin for ImageJ (scale bars, 20 µm). (B) Effect of luteoloside on γH2AX protein levels in NCI‑N87 
cells determined by western blot analysis. **P<0.01 vs. the control group.

Figure 4. Luteoloside inhibits the proliferation, invasion and migration of human gastric cancer NCI‑N87 cells. (A) Cell Counting Kit‑8 assay using a micro‑
plate reader in the final step to measure the OD450 of each well as an indicator of cell proliferation. (B) Transwell assay to determine the effect of luteoloside 
treatment on NCI‑N87‑cell invasion (scale bars, 50 µm). (C) Scratch‑wound assay to determine the migration ability of NCI‑N87 cells (scale bars, 100 µm). 
*P<0.05, **P<0.01 vs. the control group. OD450, optical density at 450 nm.
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concentrations of luteoloside. However, Bcl‑2 levels showed 
a concentration‑dependent decrease after luteoloside treat‑
ment (Fig. 6A‑D). Collectively, these results indicated that the 
p53/p21 signaling pathway has a key role in luteoloside‑induced 
inhibition of GC cell invasion, migration and proliferation.

Discussion

Gastric cancer (GC) is a leading cause of cancer‑related deaths 
globally, with limited treatment options due to the severe side 
effects and limited efficacy of existing chemotherapies. In the 
present study, the intersection of 195 common targets of luteo‑
loside and GC was identified. PPI network analysis showed 
that p53, Akt1, Bcl‑2 and Casp3 were the core targets for 
luteoloside treatment of GC, and they all showed good binding 
activity with luteoloside. GO functional enrichment and 
KEGG pathway enrichment analyses revealed that luteoloside 
exerted anti‑GC effects through various signals, including 
‘negative regulation of apoptosis’, ‘lipids’ and ‘atherosclerosis’, 
‘HIF‑1 signaling’ and ‘p53 signaling’. These signaling path‑
ways have been reported to inhibit GC growth by regulating 
several tumor development processes, including angiogenesis, 

proliferation, apoptosis, metastasis and invasion of human GC 
cells (21‑23). Among them, apoptosis is one of the most impor‑
tant, and triggering apoptosis in cancer cells has received 
attention as a potential treatment for GC (21,24‑26).

On the basis of the present networks pharmacology find‑
ings, in vitro experiments were first performed to investigate 
the effects of different concentrations of luteoloside on GC 
cells. The CCK‑8 assay results revealed that luteoloside 
significantly decreased the rate of proliferation of GC cells. 
The Transwell and scratch‑wound assay results indicated that 
luteoloside considerably reduced the invasion and migra‑
tion capabilities of GC cells, respectively. Therefore, it may 
be suggested that luteoloside may serve as a therapeutic 
agent for GC by successfully preventing the proliferation, 
migration and invasion of GC cells. Next, the mechanism 
of action of luteoloside in GC cells was further explored. 
p53 is a tumor suppressor protein and its most important 
pathway for tumor suppression is the induction of apoptosis 
and cell cycle arrest (27). p53 significantly promotes the 
transcriptional activity of the cell cycle regulator p21, and the 
p53/p21 signaling pathway is a central regulatory pathway 
that controls cell‑cycle progression and regulates apoptosis 

Figure 6. Luteoloside activates the p53/p21 pathway in human gastric cancer NCI‑N87 cells. (A) Western blot analysis was performed to detect the relative 
expression levels of p53, p21 and Bcl‑2 in NCI‑N87 cells in each group; (B) quantified expression levels of p53; (C) quantified expression levels of p21; 
(D) quantified expression levels of Bcl‑2. **P<0.01 vs. the control group.
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in tumor cells (28,29). Bcl‑2 is an anti‑apoptotic protein. p53 
binds to Bcl‑2 family proteins to release Bax, which exerts 
anti‑invasive or proapoptotic effects, depending on the stress 
environment (30). In the in vitro experiments of the present 
study, p53 and p21 protein expression levels were mark‑
edly upregulated and Bcl‑2 protein expression was notably 
downregulated in GC cells after luteoloside treatment in a 
concentration‑dependent manner. These findings suggest 
that luteoloside promotes GC‑cell apoptosis by activating 
the p53/p21 signaling pathway, thereby suppressing GC‑cell 
invasion, proliferation and migration. It is important to note 
that the NCI‑N87 cell line possesses a p53 missense mutation 
(p.Arg248Gln), which is pathogenic and common in gastric 
cancer. Despite this mutation, luteoloside was still able to 
activate the p53/p21 signaling pathway, indicating that the 
inhibitory effects on cell proliferation, migration and invasion 
are relevant even in the presence of such mutations.

Signaling pathways of research significance were 
screened and it was verified that luteoloside effectively 
hindered ‘GC‑cell proliferation’, migration and invasion. 
However, the impact on proliferation was not as pronounced 
as its effects on migration and invasion. This could poten‑
tially be attributed to the doubling time of the cell line, 
which may influence the observed effects within the 24‑h 
period. In addition, apoptosis, which reduces the number of 
viable cells, tends to occur after 24 h, suggesting that more 
pronounced effects on proliferation may become evident over 
longer incubation periods. In additionally, there are certain 
limitations to the present study. Previous in vivo studies have 
demonstrated that luteoloside exhibits various beneficial 
effects, such as analgesic and neuroprotective properties, 
although these outcomes were achieved at different doses 
than those applied in the present study (31,32). For instance, 
luteoloside has been shown to reduce pain and protect 
against neuronal damage in animal models, indicating its 
potential therapeutic applications. However, to translate 
these findings into the context of gastric cancer, in vivo 
experiments are essential to verify whether luteoloside can 
exert similar therapeutic effects on gastric cancer at the 
appropriate doses. First, in vivo experiments are neces‑
sary to verify the therapeutic effect of luteoloside on GC. 
Furthermore, the involvement of p53/p21 signaling in the 
luteoloside‑induced inhibition of GC cells requires verifica‑
tion by gene knockout or a similar process. Alternatively, 
an in vitro rescue experiment, where p53/p21 is silenced or 
inhibited using small inhibitory RNA or specific inhibitors, 
followed by luteoloside treatment, could assess whether the 
inhibition of GC cell proliferation, migration and invasion is 
reversed. This would provide functional insights and be less 
time‑consuming than gene knockout, making it a practical 
approach to validate the pathway's role.

In this study, the NCI‑N87 gastric cancer cell line was 
utilized, which harbors a p53 missense mutation (p.Arg248Gln) 
known to be pathogenic and common in gastric cancer. Of 
note, certain p53 mutations may not lead to a complete loss of 
function and the present findings demonstrate that luteoloside 
can still activate the p53/p21 signaling pathway in these cells. 
This suggests that even in the presence of a p53 mutation, 
luteoloside may exert its inhibitory effects on cell proliferation, 
migration and invasion through this pathway. This discovery 

highlights the potential of luteoloside as a therapeutic agent 
and indicates that the p53 pathway can be effectively activated 
even in gastric cancer cells with specific p53 mutations. Future 
research should further explore the mechanism of luteoloside 
in the context of different p53 mutation backgrounds.

The present study demonstrated that luteoloside signifi‑
cantly enhances cell migration in a scratch‑wound assay, 
suggesting its potential role in wound healing. Previous 
studies have shown that luteoloside can inhibit the NF‑κB 
pathway and induce apoptosis in cancer cells (33,34), 
which may suggest that its effects are dose‑dependent and 
context‑specific. However, the scratch‑wound assay has 
limitations, as it does not fully replicate the complex in vivo 
environment. Although apoptosis was not observed in the 
present study within the 24‑h incubation period, it is possible 
that apoptosis may occur with prolonged exposure. Future 
research should explore longer incubation times and investi‑
gate the underlying molecular mechanisms, particularly the 
potential involvement of NF‑κB.

In conclusion, network pharmacology combined with 
in vitro experiments were used to confirm that luteoloside 
inhibits the proliferation, invasion and migration of GC cells 
by activating the p53/p21 signaling pathway. Thus, luteoloside 
is expected to be a promising therapeutic drug for GC.
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