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Based on network pharmacology and experimental validation, 
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modulating oxidative stress
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Background: Gastric cancer (GC) is marked by high incidence, malignancy, and poor prognosis. 
Understanding its development mechanisms and discovering effective drugs are urgent needs. Elevated 
oxidative stress levels in GC patients have been linked to disease progression. Berberine, an isoquinoline 
alkaloid from Coptis chinensis, exhibits strong anti-GC properties without notable side effects. However, 
its impact and mechanisms regarding oxidative stress in GC remain unclear. This study aims to explore 
berberine’s anti-GC mechanisms through network pharmacology and validate findings via in vitro 
experiments.
Methods: Berberine’s target genes were sourced from the Traditional Chinese Medicine Systems 
Pharmacology (TCMSP) and Comparative Toxicogenomics Database (CTD). GC-related targets were 
gathered from GeneCards, Online Mendelian Inheritance in Man (OMIM), PharmGkb, the Therapeutic 
Target Database (TTD), and DrugBank. The intersection of these targets facilitated the construction of 
a “drug-disease-target” network using Cytoscape 3.9.1. A protein-protein interaction (PPI) network was 
developed via the STRING database, and core targets were identified through visualization and topological 
analysis. Gene Ontology (GO) functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were performed using R. Subsequently, in vitro experiments validated the pharmacology 
predictions, evaluating berberine’s effects on AGS and MKN45 GC cell viability and migration through Cell 
Counting Kit-8 (CCK-8) and cell scratch assays. The impact of berberine on reactive oxygen species (ROS), 
malondialdehyde (MDA), and superoxide dismutase (SOD) levels was assessed using specific detection 
kits. Additionally, the influence of berberine on oxidative stress-related signaling pathways nuclear factor 
erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1), hypoxia-inducible factor-1α (HIF-1α), and 
epithelial-mesenchymal transition (EMT) was assessed through Western blot analysis.
Results: Network pharmacology analysis identified 281 targets for berberine and 8,953 targets related 
to GC, revealing 224 common targets. GO enrichment analysis encompassed 3,001 biological processes, 
with the top 10 including responses to external biotic stimuli, oxidative stress, nutrient levels, chemical 
stress, oxygen levels, and hypoxia. Additionally, 122 cellular components and 213 molecular functions were 
identified. KEGG pathway enrichment analysis indicated 176 related signaling pathways, with key pathways 
for berberine’s anti-GC effects potentially including phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT), forkhead box O (FOXO), and HIF-1. In vitro experiments demonstrated that berberine significantly 
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Introduction

Gastric cancer (GC) is one of the most common malignant 
tumors globally, ranking as the third leading cause of cancer-
related deaths and the fifth most diagnosed malignant 
tumor worldwide (1). GC often presents insidiously, with 
atypical early symptoms, leading to late-stage diagnosis 

in most patients. Treatment modalities for GC include 
chemotherapy, radiotherapy, surgery, immunotherapy, and 
targeted therapy (2). However, the median survival period 
is less than 1 year (3), with a very low 5-year survival rate of 
only 20% to 25% (4). Therefore, a thorough investigation 
into the mechanisms of GC development and progression, 
as well as the development of new and effective drugs and 
treatment strategies, is an urgent issue.

The oxidative stress levels in GC patients are elevated, 
promoting the progression of the disease (5). The primary 
characteristic of oxidative stress is the excessive generation 
of reactive oxygen species (ROS), which, when accumulated 
persistently, can lead to genetic toxicity, induce DNA 
damage, ultimately triggering genomic mutations and tumor 
formation (6-10). Additionally, due to its cytotoxic nature, 
ROS can induce apoptosis in tumor cells (11). Studies have 
revealed that hypoxia in GC cells can activate hypoxia-
inducible factor-1 alpha (HIF-1α), which, in turn, reduces 
the expression of E-cadherin, an epithelial-mesenchymal 
transition (EMT)-related protein, thereby promoting 
tumor cell migration (12). The Kelch-like epichlorohydrin 
(ECH)-associated protein 1 (Keap1)-nuclear factor 
erythroid 2-related factor 2 (Nrf2) signaling pathway is the 
most studied cellular defense mechanism against oxidative  
stress (13). Activation of the Nrf2/HO-1 signaling pathway 
is commonly observed in malignant tumor cells with 
invasive and poor outcomes (14). Furthermore, Nrf2 
can induce angiogenesis and promote cancer growth by 
stimulating the expression of HIF-1α-dependent vascular 
endothelial growth factor (VEGF) in cancer cells (14-16).

Berberine (BBR), an isoquinoline alkaloid derived from 
goldenseal, significantly influences blood glucose levels, 
insulin resistance, lipid profiles, inflammatory markers, 
colorectal adenomas, and Helicobacter pylori infections (17). 
Numerous studies suggest that BBR exhibits low toxicity 
in humans. Research indicates that BBR has minimal 
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toxicity towards healthy cells (18). While it may lead 
to mild adverse effects such as constipation and nausea, 
these reactions are generally not severe, with the most 
prevalent issue of constipation resolving upon cessation 
of BBR (19,20). Numerous studies have reported the 
anticancer effects of BBR. For instance, BBR can inhibit the 
proliferation, invasion, and migration of GC by suppressing 
the AMPK/HNF4α/WNT5A signaling pathway (21). It 
also restricts the growth of human GC cells by inactivating 
the p38/JNK pathway, inducing mitochondria-mediated 
apoptosis, activating caspases, and inhibiting NF-κB (22). 
BBR induces autophagy by inhibiting the MAPK and Akt/
mTOR/p70S6K pathways, thereby suppressing the growth 
of human GC cells both in vitro and in vivo (23). However, 
the regulatory role of BBR in GC-related oxidative stress 
has yet to be reported. 

Network pharmacology is a discipline that integrates 
drug, target, and disease target genes into a multi-layered 
interactive biological network system through systems 
biology and bioinformatics (24). It is widely applied in 
traditional Chinese medicine (TCM) research for screening 
active ingredients, discovering targets, evaluating toxicity, 
and conducting mechanistic studies (25).

This study utilized network pharmacology methods to 
analyze and predict the biological processes and molecular 
mechanisms through which BBR may exert its effects in 
treating GC. Subsequent in vitro cell experiments were 
conducted to validate these findings, aiming to elucidate the 
mechanisms of BBR’s anti-GC properties. This research 
provides theoretical support for the development of novel 
therapeutic agents for GC and offers potential directions for 
expanding the clinical applications of BBR. Simultaneously, 
this study presents a novel perspective on the adjuvant 
treatment of GC, with the potential to enhance therapeutic 
efficacy, mitigate the side effects of chemotherapy, targeted 
therapy, or immunotherapy, alleviate patient suffering 
and financial burdens, improve quality of life, and even 
extend survival. We present this article in accordance with 
the MDAR reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-24-732/rc).

Methods

Databases and software

Traditional Chinese Medicine Systems Pharmacology 
(TCMSP) Database (https://tcmspw.com/tcmsp.php), 
Comparative Toxicogenomics Database (CTD) Database 

(http://ctdbase.org/), UniProt Database (https://www.
Uniprot.org/), GeneCards Database (https://www.
genecards.org/), Online Mendelian Inheritance in Man 
(OMIM) Database (http://www.omim.org/), PharmGkb 
Database (http://www.pharmgkb.org/), Therapeutic Target 
Database (TTD) Database (http://db.idrblab.net/ttd), 
DrugBank Database (https://go.drugbank.com/), Venny 
Platform (http://bioinfogp.cnb.csic.es/tools/venny/), 
STRING Database (https://string-db.org/), DAVID 
Database (https://david.ncifcrf.gov/home.jsp), PERL, 
R4.2.2, and Cytoscape 3.9.1 Softwares were used in this 
analysis. This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013).

Cell lines

Human gastric adenocarcinoma cells AGS (1101HUM-
P U M C 0 0 0 4 8 0 )  a n d  H u m a n  G C  c e l l s  M K N - 4 5 
(1101HUM-PUMC000229) cells were obtained from the 
Beijing Xiehe Cell Resource Center.

Drugs and reagents

BBR (No.A0151,  CAS Access ion  No.  633-65-8 , 
purity ≥98%) was purchased from Chengdu Mansite 
Biotechnology Co., Ltd. (China). It was dissolved in 
Dental Management Service Organization (DMSO) 
(D8371-50ml, Beijing Solarbio Science & Technology 
Co., Ltd., China) at a concentration of 107 mM, filtered 
through a 0.22 μm filter, and stored at 4 ℃ for later use. 
The Cell Counting Kit-8 (CCK-8) assay kit (GK10001-
5) was obtained from Glpbio (CA, USA); the ROS 
fluorescent assay kit (E-BC-K138-F-96T) was purchased 
from Elabscience Biotechnology Co., Ltd. (China); the 
malondialdehyde (MDA) content assay kit (BC0025) was 
procured from Beijing Soleabio Technology Co., Ltd. The 
total superoxide dismutase (SOD) activity assay kit (S0101S) 
was obtained from Shanghai Biotree Biotechnology Co., 
Ltd. (China); 1640 medium (PM150110), Ham’s F-12 
medium (PM150810), fetal bovine serum (164210-50), 1640 
complete medium (PM150110B), and Ham’s F-12 complete 
medium (PM150810B) were all sourced from Wuhan Puno 
Sai Life Technology Co., Ltd. (China); trypsin (25200056) 
was acquired from Gibco (NY, USA); the BCA protein 
concentration determination kit (GK10009) was bought 
from Glpbio; protein-free rapid blocking solution (G2052-
500ML) was purchased from Wuhan Saviour Biotechnology 
Co., Ltd. (China); primary antibodies for Nrf2 (380773), 

https://tcr.amegroups.com/article/view/10.21037/tcr-24-732/rc
https://tcr.amegroups.com/article/view/10.21037/tcr-24-732/rc
https://www.Uniprot.org/
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HO-1 (380753), HIF-1α (340462), and β-Actin (R23450), as 
well as the secondary antibody HRP-conjugated goat anti-
rabbit monoclonal antibody (511203), were all obtained 
from Chengdu Zenbio Biotechnology Co., Ltd. (China); 
primary antibodies for Snail (Affinity Biosciences Cat# 
AF6032, RRID: AB_2834965) and Vimentin (Affinity 
Biosciences Cat# AF7013, RRID: AB_2835318) were 
sourced from Affinity Biosciences (OH, USA).

Acquisition and collection of BBR target genes

BBR target genes were obtained from the TCMSP and 
CTD databases, merged, and then validated using the 
UniProt database for gene name correction.

Retrieval of GC-related target genes and identification of 
BBR-GC intersection targets

Using “gastric cancer” as a keyword, GC-related target 
genes were searched in GeneCards, OMIM, PharmGkb, 
TTD, and DrugBank databases, and the intersection was 
visualized using Venn diagrams to identify potential targets 
of BBR for treating GC.

Construction of the “berberine-gastric cancer-target” 
network

ActivePerl software was employed to identify the target 
genes associated with BBR and GC, resulting in the 
creation of the net.network file, net.type file, net.geneLists 
file, and netolLists file. Subsequently, Cytoscape software 
was utilized to create the “berberine-gastric cancer-target” 
network diagram.

Protein-protein interaction (PPI) network construction

The intersecting targets of BBR and GC were entered into 
the online STRING database, with the species designated as 
“Homo sapiens”. The minimum interaction threshold was 
set to the highest confidence level (0.98), while free targets 
were concealed, resulting in the generation of a PPI network.

Topological analysis and core target selection

Cytoscape software was employed for the visualization of 
the PPI network, and the CytoNCA plugin was utilized 
for topological analysis of the PPI network. The analysis 
focused on three parameters: degree centrality (DC), 

betweenness centrality (BC), and closeness centrality 
(CC) to examine the topological characteristics of each 
node within the interaction network, thereby facilitating 
the identification of core targets. Finally, a PPI network 
of the core targets and a corresponding bar chart were 
constructed.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis

The GO functional enrichment analysis examines the 
enrichment levels of proteins and genes from three 
perspectives: biological processes (BP), cellular components 
(CC), and molecular functions (MF). The KEGG serves as 
a valuable database resource that enables the exploration 
of biological systems—such as cells, organisms, and 
ecosystems—at a molecular level, particularly through 
the insights gleaned from extensive molecular datasets 
generated by genome sequencing and other high-
throughput experimental techniques. Employing R 
software modules such as “colorspace”, “stringi”, “ggplot2”, 
“DOSE”, “clusterProfiler”, and “enrichplot” to conduct 
GO function and KEGG pathway enrichment analysis of 
key target genes. The enrichment results were analyzed 
with a significance threshold of P>0.05 and visualized using 
bubble plots. The “pathview” module was used to generate 
pathway diagrams.

CCK-8 cell viability assay

CCK-8, a reagent designed for the straightforward and 
accurate assessment of cell proliferation and toxicity 
analysis. AGS and MKN45 GC cells in logarithmic growth 
phase were seeded at a concentration of 1×104/mL in a 
96-well plate with 200 μL per well. After cell adherence, 
different concentrations of BBR (2.5, 5, 10, 20, 40 μM) 
were added to the experimental group, while the control 
group received DMSO. The plate was then incubated in a 
37 ℃, 5% CO2 cell culture incubator for 24 and 48 h. After 
changing the culture medium, 10 μL of CCK-8 solution 
was added and incubated for 4 h. The absorbance (A) at  
450 nm was measured using a microplate reader to assess 
cell viability.

Cell scratch assay

AGS and MKN45 GC cells in logarithmic growth phase 
were seeded at a concentration of 1×105/mL in a 24-well  
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plate with 500 μL per well. After reaching 60–70% 
confluence, a linear scratch was made using a 10 μL pipette 
tip. The cells were washed with PBS to remove debris. 
The experimental group was treated with culture medium 
containing 40 μM BBR, while the control group received 
an equivalent amount of DMSO. The migration of cells at 
the scratch site was observed under an inverted microscope 
at 200× magnification. After 24 h of further incubation, cell 
migration was assessed by counting the cells that migrated 
into the scratch area.

Detection of ROS levels

AGS and MKN45 GC cells in logarithmic growth phase 
were seeded at a concentration of 1×105/mL in a 24-well 
plate. After reaching 60–70% confluence, the culture 
medium was replaced with medium containing 40 μM 
BBR for the experimental group, while the control group 
received an equivalent amount of DMSO. After 24 h of 
incubation, ROS levels were detected using the reactive 
oxygen species fluorescent probe (DCFH-DA) according 
to the manufacturer’s instructions. Fluorescence images 
were captured using a fluorescence microscope, with three 
images taken per well for statistical analysis.

Detection of MDA and SOD

AGS and MKN45 GC cells in the logarithmic growth phase 
were seeded in a 24-well plate at a density of 1×105/mL.  
The cells were incubated overnight in a culture chamber. 
The experimental group was treated with culture medium 
containing 40 μM BBR, while the control group was 
supplemented with an equivalent amount of DMSO, 
followed by an additional 24 hours of incubation. 
Subsequently, MDA and SOD levels were measured 
using respective detection kits in accordance with the 
manufacturer’s instructions. The experiment was performed 
in triplicate for statistical analysis.

Western blot analysis was performed to evaluate the 
expression levels of proteins associated with the oxidative 
stress signaling pathways HIF-1α, Nrf2/HO-1, and EMT

AGS and MKN45 GC cells in logarithmic growth phase 
were seeded at a concentration of 1×106/mL in a 6-well 
plate with 2 mL per well. After overnight incubation, the 
culture medium was replaced with medium containing  
40 μM BBR for the experimental group, while the control 

group received an equivalent amount of DMSO. Following 
24 h of incubation, cells were collected, and total protein 
was extracted. Protein concentrations were determined 
using a BCA assay. Western blot analysis was performed 
to assess the expression levels of the target proteins, with 
β-actin used as an internal reference.

Statistical analysis

Data are presented as mean ± standard deviation. Statistical 
analysis was performed using GraphPad Prism 9.5.0 
software, with a t-test used for comparisons between two 
groups. Statistical significance was set at P<0.05 (*, P<0.05; 
**, P<0.01; ***, P<0.001), and non-significant differences 
were denoted as “ns” (P>0.05).

Results

Potential targets of BBR

By screening through the TCMSP and CTD databases, 
we identified BBR targets and subsequently standardized 
the information using the Uniprot database. This 
process facilitated the retrieval of protein names and the 
confirmation of the species as Homo sapiens, resulting in a 
total of 281 BBR target IDs.

GC-related targets

We gathered cancer-related targets from the GeneCards, 
OMIM, GKB, TTD, and DrugBank databases. After 
merging and removing duplicate genes, we identified 8,953 
potential targets for GC, and we utilized R software to 
create a Venn diagram (Figure 1A).

BBR-GC common targets

By taking the intersection of BBR and GC targets, a total 
of 224 potential targets for BBR in treating GC were 
identified. The Venn diagram depicting the common targets 
of BBR and GC is shown in Figure 1B.

“berberine-gastric cancer-targets” network

The intersecting target genes of BBR and GC were imported 
into Cytoscape software, resulting in the “BBR-Gastric 
Cancer-Target” network diagram. In this representation, 
yellow nodes signify BBR, red nodes represent GC, and 
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Figure 1 Predicted results of network pharmacology analysis. (A) Venn diagram of gastric cancer targets. (B) Venn diagram of shared 
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targets between berberine and gastric cancer. (C) Network of “berberine-gastric cancer-targets”. (D) Protein-protein interaction network 
of shared targets between berberine and gastric cancer. (E) Topological key targets network. Core target names before (in blue) and after 
(in yellow) the topological analysis. The core target network was obtained by screening 2 times according to the conditions shown in the 
figure, and the top 23 ranked targets selected under specific conditions include EP300, JUN, MYC, CREBBP, ESR1, SMAD3, STAT3, 
CEBPB, FOS, CTNNB1, SMAD4, CCND1, FOXO1, FOXO3, AKT1, RELA, AR, MAPK1, MAPK3, TP53, IL-6, PPARG, and TNF. (F) Bar 
chart of key targets. The green bars represent degree size. The bar chart of core targets was drawn according to degree size, and the order 
was EP300, JUN, MYC, CREBBP, ESR1, SMAD3, STAT3, CEBPB, FOS, CTNNB1, SMAD4, CCND1, FOXO1, FOXO3, AKT1, RELA, 
AR, MAPK1, MAPK3, TP53, IL-6, PPARG, and TNF. (G) Bubble chart of GO functional enrichment analysis. The top ten biological 
processes were responses to external stimuli, oxidative stress responses, responses to nutrient levels, cellular responses to chemical stress, 
responses to oxygen levels, cellular responses to oxidative stress, neuron loss, gland development, responses to reactive oxygen species, and 
responses to hypoxia. (H) Bubble chart of KEGG pathway enrichment analysis KEGG pathway enrichment analysis showed that the main 
pathways involved were PI3K-Akt signaling pathway, apoptosis, FoxO signaling pathway, gastric cancer, and TNF signaling pathway. TTD, 
Therapeutic Target Database; OMIM, Online Mendelian Inheritance in Man; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; BP, biological process; CC, cellular component; MF, molecular function.

green nodes denote the targets (Figure 1C).

PPI network of common targets of BBR and GC

The STRING database was employed to retrieve the 
previously identified intersecting targets of BBR and 
GC. “Homo sapiens” was selected as the species, with 
a confidence score set at 0.98. Independent genes were 
excluded in order to construct the PPI network (Figure 1D).

Topological analysis and core target selection

The PPI network was subjected to visualization and 
topological analysis using Cytoscape software to select core 
targets. The PPI network and bar graph of core targets 
are constructed (Figure 1E,1F). The top 23 ranked targets 
selected under specific conditions include EP300, c-Jun 
N-terminal kinase (JUN), MYC, CREBBP, ESR1, SMAD3, 
STAT3, CEBPB, FOS, CTNNB1, SMAD4, CCND1, FOXO1, 
FOXO3, AKT1, RELA, AR, MAPK1, MAPK3, TP53, IL-6, 
PPARG, and TNF.

GO functional enrichment analysis

GO functional enrichment analysis was conducted on the 
BBR-treated GC targets, resulting in 3,001 biological 
processes, 122 CCs, and 213 MFs. The top 10 GO terms 
were visualized in a bubble chart based on ascending P 
values (Figure 1G), including responses to external stimuli, 
oxidative stress responses, responses to nutrient levels, 

cellular responses to chemical stress, responses to oxygen 
levels, cellular responses to oxidative stress, neuron loss, 
gland development, responses to ROS, and responses to 
hypoxia. It is evident that oxidative stress plays a crucial role 
in BBR’s anti-GC effects.

KEGG pathway enrichment analysis

KEGG pathway enrichment analysis was performed on the 
BBR-treated GC targets, resulting in 176 relevant signaling 
pathways. The top 30 pathways were selected based on 
P values (Figure 1H). Through bubble chart analysis and 
considering tumor-related pathways, it was observed that 
the potential targets of BBR in treating GC primarily 
involve the phosphatidylinositol-3-kinase (PI3K)-protein 
kinase B (Akt) signaling pathway, Forkhead Box Protein 
O (FOXO), HIF-1, GC, and tumor necrosis factor (TNF) 
signaling pathways.

Inhibition of human GC cell proliferation by BBR

BBR at different concentrations (2.5, 5, 10, 20, 40 μM) 
could inhibit the activity of AGS and MKN45 cells after 
24 hours of treatment (Figure 2A,2B). Notably, when 
the concentration of BBR was 2.5 μM, there was no 
statistically significant difference compared to the DMSO 
control group; however, differences were statistically 
significant for all other concentrations (P<0.05). The 
most significant inhibitory effect was observed at a 
concentration of 40 μM.
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Inhibition of GC cell migration by BBR

AGS (Figure 3A) and MKN45 (Figure 3B) cells were treated 
with 40 μM BBR for 24 hours to observe the number of 
cells migrating towards the scratch area. The migration 
of AGS cells per field in the BBR group (55.67±3.68) 
was significantly lower than that in the control group 
(130.00±9.79), with a statistically significant difference 
(t=10.40, P<0.001). Similarly, the migration of MKN45 
cells in the 40 μM BBR group (31.33±2.49) was significantly 
lower than that in the control group (102.70±6.13), with a 
statistically significant difference (t=15.25, P<0.001).

BBR enhances intracellular ROS levels in GC cells

AGS (Figure 4A) and MKN45 (Figure 4B) cells were treated 
with 40 μM BBR for 24 hours, and the number of ROS-
stained cells was observed under a fluorescence microscope. 
The number of stained AGS cells per field in the BBR 
group (227.00±1.87) was significantly higher than that in the 
control group (88.33±4.26), with a statistically significant 
difference (t=36.49, P<0.001). Similarly, the number of 
stained MKN45 cells in the BBR group (295.00±6.28) 
was significantly higher than that in the control group 
(38.67±2.16), with a statistically significant difference 
(t=47.24, P<0.001).

BBR significantly elevated the MDA levels in GC cells 
while concurrently reducing SOD levels

After 24 hours of BBR treatment in GC cells, the 
MDA concentrations in AGS cells (Figure 5A) for the  
40 μM BBR group and the control group were (0.0310± 
0.0006) nmol/104 cells and (0.0189±0.0009) nmol/104 cells, 
respectively, exhibiting a statistically significant difference 
(t=20.29, P<0.001). In MKN45 cells (Figure 5B), the 
MDA concentrations for the 40 μM BBR group and the 
control group were (0.0305±0.0006) nmol/104 cells and 
(0.0203±0.0005) nmol/104 cells, also demonstrating a 
significant difference (t=21.74, P<0.001). Furthermore, 
in AGS cells (Figure 5C), the SOD concentrations for the  
40  μM BBR group  and  the  cont ro l  g roup  were 
(0.5601±0.0112) and (0.8327±0.0097) U/mg, respectively, 
with a statistically significant difference observed (t=31.32, 
P<0.001).  In MKN45 cells  (Figure 5D) ,  the SOD 
concentrations for the 40 μM BBR group and the control 
group were (0.4343±0.0040) and (0.7387±0.0143) U/mg, 
respectively, revealing a significant difference (t=35.39, 
P<0.001). These experimental results conclusively indicate 
that BBR markedly elevates MDA levels while concurrently 
reducing SOD levels in GC cells. Conversely, SOD levels 
were markedly reduced (Figure 5C,5D), also showing a 
statistically significant difference (P<0.001).

Regulation of Nrf2, HO-1, HIF-1α, Snail, and Vimentin 
protein expression by BBR

The Western blot analysis revealed that treatment with 
40 μM BBR for 24 hours significantly suppressed the 
expression of HO-1 and Nrf2 (Figure 6A). The expression 
levels of these proteins in AGS (Figure 6B) and MKN45 
(Figure 6C) cells presented statistically significant 
differences in comparison to the control group (P<0.001). 
Additionally, under the same intervention, BBR was shown 
to inhibit the expression of Snail, Vimentin, and HIF-1α 
proteins in GC cells (Figure 6D), with the expression levels 
in AGS (Figure 6E) and MKN45 (Figure 6F) cells exhibiting 
statistically significant differences relative to the control 
group (P<0.001).

Discussion

Network pharmacology emerges as a novel, interdisciplinary 
frontier in the era of artificial intelligence and big data, 
tasked with the systematic integration of extensive, multi-

Figure 2 Cell Counting Kit-8 cell viability experiment. Treatment 
with different concentrations of berberine for 24 hours showed 
inhibitory effects on the cell viability of AGS (A) and MKN45 
(B) cells. Except for the 2.5 μM group, all other groups exhibited 
statistically significant differences compared to the control group. 
ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 3 Cell scratch experiment (scale bar: 100 μm). After treatment with 40 μM berberine for 24 hours, the migration of AGS cells (A) 
and MKN45 cells (B) was significantly reduced compared to the control group. ***, P<0.001.
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source data from clinical and experimental contexts to 
construct intricate biological disease networks (26). This 
discipline deeply investigates the interactions among 
genes, proteins, drugs, and diseases, while elucidating 
the mechanisms of action of TCM from a microscopic 
molecular perspective. By revealing the material basis 
of TCM’s efficacy and integrating scientific validation, 
network pharmacology offers a clear direction for research, 
enhancing both efficiency and accuracy, and providing a 
theoretical foundation and technological support for rational 
clinical medication, as well as the development of new 
drugs and formulations (26). The field of TCM has been 
pioneering in proposing the core theoretical framework of 
network pharmacology, particularly the concept of network 
targets, which plays a pivotal role in its origin and evolution. 
This framework serves as a unique impetus for interpreting 

TCM principles through modern technology, thereby 
facilitating the modernization and internationalization of 
TCM (26). However, future research in TCM network 
pharmacology necessitates further standardization 
regarding data inclusion criteria, updating protocols, and 
data acquisition processes (26). Additionally, there is a 
pressing need to develop original algorithms for analyzing 
key targets and mechanisms. In 2021, the World Federation 
of Chinese Medicine Societies issued the “Guidelines 
for Network Pharmacology Evaluation Methods”, 
representing the first international standards specifically 
for network pharmacology assessment. These guidelines 
aim to encourage researchers to adopt a more scientific 
and standardized approach in their work. Moreover, it is 
imperative to closely integrate experimental validation with 
clinical applications, supplemented by big data analysis 
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Figure 4 Cell ROS detection (scale bar: 100 μm). Detection using the ROS fluorescent probe (DCFH-DA) demonstrated that after 24 hours 
of treatment with 40 μM BBR, the number of ROS-stained cells significantly increased in AGS cells (A) and MKN45 cells (B) compared to 
the control group (***, P<0.001). ROS, reactive oxygen species; BBR, berberine.
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techniques and computational simulation technologies (26). 
This integration will refine and standardize the research 
processes within TCM network pharmacology, striving to 
render result validation more digitized and specific, thereby 
enhancing the interpretability of the validation process. 
This endeavor will elucidate the scientific essence of TCM’s 
syndrome differentiation and treatment theory, guiding its 
clinical application and propelling the modernization and 
internationalization of TCM.

In this study, network pharmacology methods were 
employed to predict the potential biological processes 
and molecular mechanisms of BBR in treating GC. The 
“Drug-Disease-Target” network analysis revealed that 
key target proteins such as JUN, MYC, CREBBP, ESR1, 
SMAD3, STAT3 are crucial nodes in the entire network, 
suggesting their significance as potential targets for BBR in 
treating GC. Therefore, BBR holds promise as an effective 
adjunctive therapy for GC.

GO functional enrichment analysis indicated that the 
biological processes mainly involved in BBR treatment of 
GC included responses to oxidative stress, oxygen levels, 

ROS, and hypoxia. This suggests that the regulation of 
oxidative stress plays a critical role in the anti-GC effects of 
BBR. Our experiments using relevant assay kits to measure 
the impact of BBR on intracellular ROS levels in GC cells 
confirmed that BBR significantly enhanced ROS levels 
within GC cells, thereby participating in the regulation 
of oxidative stress in GC and inducing apoptosis in GC 
cells. SOD is crucial antioxidant enzymes that catalyze 
the dismutation of superoxide anions into hydrogen 
peroxide and oxygen (27). Consequently, the expression 
and activation of SOD significantly influences the cellular 
oxidative response (28). MDA, a metabolic byproduct 
of lipid peroxidation, serves as a significant indicator of 
both the production of lipid peroxides and ROS in the 
body. Its presence can exacerbate cellular membrane 
damage, exhibiting cytotoxic properties (28,29). Our assays 
demonstrated that BBR notably elevated MDA levels in GC 
cells, suggesting that BBR plays a pivotal role in inducing 
cytotoxicity against GC. Concurrently, we found that BBR 
reduced the SOD levels in GC cells, thereby enhancing the 
toxic effects of ROS and MDA on these malignant cells. 
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Figure 5 Detection of MDA and SOD. After 24 hours of berberine treatment on AGS and MKN45 gastric cancer cells, MDA levels were 
significantly elevated (A,B), while SOD levels were significantly downregulated (C,D), with a statistically significant difference (***, P<0.001). 
MDA, malondialdehyde; SOD, superoxide dismutase.

Subsequently, Western blot experiments were conducted to 
examine the Nrf2/HO-1 oxidative stress-related signaling 
pathway, revealing that BBR treatment led to a decrease 
in the expression of Nrf2/HO-1 pathway-related proteins 
in GC cells, suggesting that the inhibition of Nrf2/HO-1 
pathway activation may be one of the key mechanisms of 
BBR’s anti-GC effects. This suggests that BBR undermines 
the inherent adaptive oxidative stress equilibrium of GC 
cells, thereby exerting its antitumor effects.

KEGG pathway enrichment analysis demonstrated 
that the common target genes of BBR and GC were 
significantly enriched in signaling pathways such as PI3K-
Akt, FOXO, and HIF-1. Previous studies have shown that 
BBR can inhibit tumor cell proliferation, promote tumor 
cell apoptosis, inhibit angiogenesis and metastasis, with 
potential mechanisms focusing on activating AMPK to 
regulate tumor energy and oxygen metabolism, inhibiting 
cell survival-related pathways such as PI3K/AKT, thereby 
affecting common upstream and downstream targets such 
as ROS, mTOR, FOXO3a, and NF-κB (30,31). Through 

in vitro cell experiments and Western blot analysis, it was 
confirmed that BBR can inhibit the expression of HIF-1α 
protein in GC AGS and MKN45 cells, further validating 
the predictions of network pharmacology. Previous studies 
have demonstrated that HIF-1α can promote tumor EMT, 
thus we further examined the expression of EMT-related 
proteins Snail and Vimentin, revealing that BBR can 
significantly inhibit the expression of Snail and Vimentin 
proteins in GC AGS and MKN45 cells, thereby promoting 
the metastasis of GC cells. Therefore, it is postulated that 
inhibiting the activation of the HIF-1 signaling pathway 
and EMT may be one of the important mechanisms by 
which BBR influences the progression of GC.

However, there are certain limitations in this study 
such as the use of different databases leading to variations 
in target collection, as well as differences in screening 
criteria for data processing, which could result in potential 
omissions. Therefore, further in-depth research is needed 
on the mechanisms of BBR in anti-GC effects, in order 
to provide a theoretical basis for the use of BBR as an 
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Figure 6 Impact of berberine on Nrf2, HO-1, HIF-1α, Snail, and Vimentin protein expression in AGS and MKN450 cells. (A) The 
Western blot analysis demonstrates the expression of Nrf2 and HO-1 proteins in AGS and MKN45 cells following a 24-hour treatment with 
40 μM berberine. (B,C) The expression levels of HO-1 and Nrf2 proteins in AGS and MKN45 cells in the 40 μM berberine group were 
significantly lower than those in the control group. (D) The Western blot results illustrate the levels of HIF-1α, Snail, and Vimentin proteins 
in AGS and MKN45 cells after the same duration of treatment. (E,F) The expression levels of HIF-1α, Snail, and Vimentin proteins in AGS 
and MKN45 cells in the 40 μM berberine group were significantly lower than those in the control group. β-actin was used as an internal 
reference. *, P<0.05; **, P<0.01; ***, P<0.001.
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adjunctive therapy for GC and to actively develop its 
clinical applications.

Conclusions

This study utilized network pharmacology to explore 
the mechanisms of BBR in treating GC, followed by 
experimental validation, revealing that BBR exerts its 
therapeutic effects on GC through multiple targets and 
pathways, particularly by regulating oxidative stress in GC, 
including promoting ROS and MDA production while 
reducing SOD promoting to induce apoptosis in GC cells, 
and inhibiting the Nrf2/HO-1, HIF-1, and EMT signaling 
pathways to exert its anti-GC pharmacological effects. 
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