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ARTICLE INFO ABSTRACT

Keywords:
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Aim of the study: This study aims to investigate the pharmacological mechanisms underlying the enhancement of
fluorouracil (5-Fu) efficacy by Xiaojianzhong decoction (XJZD) in the treatment of gastric cancer (GC).

Pharmacological mechanisms
Gastric cancer

Network pharmacology

In vitro validation
Experimental verification

Materials and methods: Network pharmacology was utilized to assess the therapeutic pathways of XJZD in the
treatment of GC. The results from the network pharmacology analysis were validated through MTT assays, flow
cytometry, qPCR, and ELISA experiments. Additionally, metabolomics was applied to identify differential me-
tabolites and clarify the primary metabolic pathways involved.

Results: XJZD inhibited the proliferation of GC-803 cells and induced apoptosis. Furthermore, the combination of
XJZD with 5-Fu significantly upregulated the mRNA levels of JNK1, JNK2, while downregulating the mRNA
levels of ERK1, ERK2 and p38. Additionally, XJZD +5-Fu treatment reduced the expression of PI3K, AKT, and
mTOR in GC-803 cells, suggesting that XJZD enhances the therapeutic effect of 5-Fu by inducing apoptosis and
modulating the MAPK and PI3K-AKT signaling pathways. Metabolomics analysis identified 16 key metabolites
that primarily influence amino acid and energy metabolism.

Conclusions: In this study, the potential therapeutic pathway of XJZD in combination with 5-Fu for the treatment
of GC was identified through network pharmacology, in vitro validation, and metabolomics. The therapeutic
mechanism of XJZD in GC involves the synergistic effects of multiple active ingredients, targets, and signaling
pathways, as well as the modulation of amino acid and energy metabolism. These findings provide new insights

into the pharmacological mechanisms underlying the combination of XJZD and 5-Fu in the treatment of GC.

1. Introduction

Gastric cancer (GC) is one of the most prevalent malignancies and a
leading cause of cancer-related mortality worldwide. Common treat-
ment modalities include surgery, radiation therapy, and chemotherapy
[1]. While chemotherapy is a standard treatment option for GC, it is
associated with significant side effects and the potential for the devel-
opment of drug resistance [2]. Gastric Cancer Cells (GC-803) are cells
commonly used in gastric cancer research , it is a well-established
human gastric carcinoma cell line that is widely used in gastric cancer
research [3]. For thousands of years, traditional Chinese medicine
(TCM) has been utilized to treat GC by regulating the body's condition,
thereby influencing the progression of the disease [4]. Moreover, TCM
can help alleviate the side effects induced by radiotherapy and chemo-
therapy [5]. Xiaojianzhong decoction (XJZD) is a well-known herbal

remedy in traditional Chinese medicine, consisting of Cmnamomi
Mmulus (GZ), Radix Paeoniae Alba (BS), Glycyrrhizae Radix et Rhizoma
(GA), Jujubae Fructus (DZ), Zingiberis Rhizoma Recens (SJ), and Yitang
(YT). It has been used for over 2000 years to treat gastrointestinal dis-
orders [6]. XJZD is commonly used in the treatment of gastrointestinal
diseases. Modern pharmacological studies have shown that this formula
possesses multiple pharmacological effects, including anti-inflammatory
activity, enhancement of immune function, protection against lipid
peroxidation damage, and regulation of cyclic nucleotide imbalance
[41]. At present, there are few reports on the combined use of XJZD and
5-fluorouracil (5-Fu) to enhance the antitumor effect of 5-Fu, and the
underlying mechanisms have not been thoroughly investigated. XJZD
targets multiple molecular pathways involved in the progression of
Gastrointestinal disorders, such as bile acid metabolism and the p62/
Keap1l/Nrf2 signaling pathway [7], and has demonstrated significant
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clinical efficacy in previous studies. Cmnamomi Mmulus has been
shown to suppress the autophagy of gastric mucosal cells [8], inhibit the
replication of Helicobacter pylori (Hp), and possess anti-inflammatory
and analgesic properties [9], Glycyrrhizae Radix et Rhizoma exhibits a
range of biological functions, including anti-inflammatory, anti-hepa-
totoxic, immune-regulatory, antiviral, and anticancer activities [10],
Jujubae Fructus polysaccharides promote tissue healing, modulate gut
microbiota to provide anti-inflammatory benefits, support gastrointes-
tinal health, and inhibit the proliferation of various cancer cell lines
[11], Radix Paeoniae Alba regulates immune activity, acts as an anti-
oxidant, and suppresses glycolysis [12], Zingiberis Rhizoma Recens may
mitigate gastrointestinal side effects induced by cancer chemotherapy
[13], alleviate oxidative stress and inflammation associated with GC,
reduce GC cell activity, and inhibit tumor proliferation [14], lastly,
Yitang treats chronic atrophic gastritis by modulating energy meta-
bolism, gastric emptying, and alterations in the gut microbiome [15].
Network pharmacology is an approach that utilizes biological networks
to comprehensively elucidate the complex interactions among biological
systems [16], medications, and diseases, thereby shedding light on the
intricate mechanisms of drug action [17]. This approach provides a
theoretical foundation for further research on traditional Chinese med-
icine [18]. Metabolomics is a powerful technique for analyzing the
composition of metabolites and their alterations in various biological
samples [19]. It is widely used in studying disease biomarkers and drug
mechanisms of action, providing comprehensive and accurate analyses
of metabolites that facilitates in-depth exploration of metabolic changes
in organisms [20]. In this study, we investigated the mechanism of ac-
tion of XJZD in GC using network pharmacology, and validated the
pharmacodynamic effects of XJZD in combination with 5-Fu through in
vitro experiments. We hypothesize that the combination of herbs XJZD
and 5-Fu exerts synergistic anti-GC effects by modulating the PI3K/AKT,
MAPK signaling pathway. The primary intracellular metabolic pathways
influenced by XJZD were identified through non-targeted
metabolomics.

2. Methods
2.1. Chemicals and reagents

The ingredients used in this study included Cmnamomi Mmulus (dried
shoots of Cinnamomum cassia Presl, Guizhi; batch number: 240101991;
source: Guangdong, China), Radix Paeoniae Alba (dried roots of Paeonia
lactiflora Pall, Baishao; batch number: 240300239; source: Anhui,
China), Jujubae Fructus (dried ripe fruit of Ziziphus jujuba Mill, Dazao;
batch number: 231150417; source: Xinjiang, China), Glycyrrhizae Radix
et Rhizoma (dried roots and rhizomes of Glycyrrhiza uralensis Fisch.,
Glycyrrhiza inflata Bat., or Glycyrrhiza glabra L., Gancao; batch number:
231102871; source: Neimenggu, China), Zingiberis Rhizoma Recens
(fresh rhizomes of Zingiber officinale Rosc, Shengjiang; commercially
available; source: Liaoning, China), and Yitang (Yitang; batch number:
20240102; source: Hebei, China). These ingredients were obtained from
Guoda Pharmacy (Shenyang, China). All crude drugs were ground into
powder, and the XJZD was prepared by placing the Chinese herbs in a
decoction pan according to the proportions of ancient recipes: Cmna-
momi Mmulus (9 g), Radix Paeoniae Alba (18 g), Jujubae Fructus (30 g),
Glycyrrhizae Radix et Rhizoma (6 g), Zingiberis Rhizoma Recens (9 g),
and Yitang (30 g). After adding 300 mL of water, the residue was dis-
carded, and the mixture was steamed and freeze-dried. Fluorouracil (5-
Fu) was purchased from Shanghai Adamas Technology Co. Ltd. (Lot:
P2082288). Methylthiazolyldiphenyl-tetrazolium bromide (MTT),
Annexin V-FITC/PI Apoptosis Assay Kit, propidium iodide (PI), and
penicillin-streptomycin solution (100x) were acquired from Beyotime
Institute of Biotechnology (Shanghai, China).
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2.2. Data sources of network pharmacology

2.2.1. Acquisition and processing of XJZD

The active components and their associated protein targets of the six
ingredients of XJZD were obtained through the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) platform (https://old.tcmsp
-e.com/temsp.php). The screening criteria included an Oral Bioavail-
ability (OB) > 30 % and a Drug Likeness (DL) > 0.18. Based on these
parameters, the active ingredients and their corresponding protein tar-
gets were determined. The protein targets were then mapped to their
official gene names using the UniProt database (https://www.uniprot.
org/).

2.2.2. Identification of GC-related gene targets

Genes associated with gastric cancer (GC) were collected by
searching for “gastric cancer” in multiple databases. In the GeneCards
database (https://www.genecards.org/), a correlation score of >1.0 was
used as the screening criterion. In the DisGeNET database (https://disg
enet.org/), a correlation score of >0.1 was applied. The results from the
PharmTDD database (https://db.idrblab.net/ttd/) and the OMIM data-
base (https://www.omim.org/) were also incorporated. Duplicate gene
targets were removed. A Venn diagram was constructed to analyze the
overlapping genes. This approach enabled the identification of potential
targets of XJZD for the treatment of GC.

2.2.3. Protein-protein interaction (PPI) network construction

The overlapping genes were uploaded to the STRING database (htt
ps://string-db.org/) to construct the PPI network. “Homo sapiens” was
selected as the organism, and the settings were adjusted to “highest
confidence” (>0.9). Additionally, the option to “hide disconnected
nodes in the network” was enabled. All other parameters were set to
their default values. The resulting network was analyzed using Cyto-
scape 3.9.1, which facilitated the visualization of complex gene re-
lationships. The CytoNCA plug-in was employed for network topology
analysis, and the colors and sizes of nodes and edges were adjusted ac-
cording to the Degree values.

2.2.4. Construction of active ingredient-target network

The active ingredients and their corresponding intersecting targets
were imported into Cytoscape 3.9.1 to construct the “active ingredient-
target” network. The degree values of the active ingredients and targets
were analyzed, and interactions between them were represented by
edges connecting the ingredients and their respective targets.

2.2.5. Enrichment analysis

The Metascape database (https://metascape.org/gp/index.html)
was used to perform enrichment analysis on the 29 targets from the PPI
network with betweenness centrality values above the median. Gene
Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analyses were conducted. GO
enrichment included biological processes, cellular components, and
molecular functions. The GO enrichment analysis was performed using a
significance threshold of P < 0.01. Both GO enrichment and KEGG
pathway analyses were organized based on the number of enriched
genes, and the top 20 pathways were displayed.

2.2.6. Molecular docking technology

The five most important protein targets identified in the PPI network
were selected for molecular docking with their corresponding com-
pounds. The chemical components were downloaded in 3D .sdf format,
refined using Chem3D, and stored in .mol2 format. The 3D structures of
the target proteins were obtained from the RCSB PDB database (htt
ps://www.rcsb.org/). Using PyMOL (http://www.pymol.org/pymol),
water and solvent molecules were removed, and hydrogen atoms were
added to the core targets. The processed structures were saved in .pdbqt
format. Hydrogen atoms were added to the chemical structures using
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AutoDockTools (https://ccsb.scripps.edu/mgltools/downloads/), and
the final structures were also saved in .pdbqt format. Docking simula-
tions were carried out using AutoDock Vina 1.2.3 (https://vina.scripps.
edu/), generating binding energy results for each of the eight com-
pounds docked with the five targets. The docking results were visualized
using PyMOL and the images were saved for further analysis.

2.2.7. Validation of key targets in GEPIA, HPA and DriverDBv3 database

The expression levels of 11 key targets in GC (TCGA-STAD) were
validated using the GEPIA online tool (http://gepia.cancer-pku.cn/inde
x.html). Protein expression levels and their distribution in both normal
stomach and GC tissues were retrieved from the Human Protein Atlas
(HPA) database (https://www.proteinatlas.org/). Survival data for the
11 key genes were accessed through the DriverDBv3 database (htt
p://driverdb.tms.cmu.edu.tw/).

2.3. Experimental verification in vitro

2.3.1. Cell culture

GC-803 cells were cultured in RPMI-1640 medium supplemented
with 10 % fetal bovine serum and 1 % penicillin-streptomycin solution.
The cells were maintained in a humidified incubator at 37 °C with 5 %
CO3. The medium was replaced every 2-3 days. Once the cells reached
90 % confluence, they were digested and passaged.

2.3.2. Cell viability test (MTT assay)

Cells were divided into groups, and XJZD was added at final con-
centrations of 3, 4.5, 6, 7.5, and 9 mg/mL, while 5-Fu was applied at
concentrations of 0.39, 1.56, 6.25, 25, and 100 pg/mL. XJZD and 5-Fu
were used in combination with a 1:1 correspondence of concentra-
tions. After 48 h of incubation, the 96-well plates were removed, the
medium was discarded, and 10 pL of MTT solution was added to each
well. The plates were then incubated at 37 °C in a 5 % CO3 incubator for
4 h. Following this, 200 pL of DMSO was added to each well, and the
plates were shaken for 10 min at room temperature. The absorbance at
450 nm (optical density) was assessed using a microplate reader, The
entire experiment was repeated five time.

2.3.3. Assessment of apoptosis using flow cytometry

The cells were divided into three groups: 5-Fu group (5-Fu), tradi-
tional Chinese medicine group (XJZD), and combined treatment group
(5-Fu + XJZD). In the XJZD group, the final concentration of XJZD was
3 mg/mlL, in the 5-Fu group, the concentration of 5-Fu was 6.25 pg/mL,
and in the combined group, the final concentrations were 3 mg/mL for
XJZD and 6.25 pg/mL for 5-Fu. Cells were seeded into 6-well plates and
incubated at 37 °C with 5 % CO> for 12 h. After the drugs were added to
their respective groups, the cells were further incubated for 24 h under
the same conditions.

Following incubation, the supernatant was collected into centrifuge
tubes. Each well was then treated with 1 mL of trypsin digestion solution
(without EDTA), and the cells were centrifuged at 4 °C for 5 min at 1500
rpm. The cell pellet was washed with pre-chilled PBS and centrifuged
again. After removing the supernatant, 100 pL of binding buffer was
added to each group, followed by 5 pL of Annexin V-FITC and 10 pL of
propidium iodide (PI). The samples were protected from light and
incubated at room temperature (25 °C) for 15 min. After incubation,
100 pL of binding buffer was added to each group and mixed thoroughly.
The samples were then analyzed using flow cytometry within 1 h. The
experiment was repeated three times.

2.3.4. mRNA expression analysis of ERK, P38, and JNK using qPCR
Total RNA was extracted from cells using an RNA extraction kit
(Vazyme, Nanjing, China). Residual genomic DNA was eliminated, and
reverse transcription was performed using HiScript III RT SuperMix
(Vazyme, Nanjing, China) to synthesize complementary DNA (cDNA)
from RNA. Real-time quantitative PCR was then conducted using
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ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) to
amplify the ¢cDNA with fluorescence detection. The experiment was
repeated three times. Relative gene expression was calculated using the
2"-AACT method, with the target gene's Ct value normalized to that of
the internal reference gene (GAPDH). The primer sequences used were
as follows:

GAPDH: F-5-GATTCCACCCATGGCAAATTC, R-5-CTGGAAGATGG
TGATGGGATT;

JNK1: F-5-CCGTCTCCTTTAGCACAGGT, R-5-TGTATCCGAGGCCA
AAGTCG;

JNK2: F-5-TCCAAGGCACTGACCATATTGA, R-5-TCCTCACAGTT
GGCTGAAGT;

p38: F-5-ATGCCAAGCCATGAGGCAA, R-5-GCATCTTCTCCAG

CAAGTCG;

ERK1: F-5-ACCACATTCTGGGCATCCTG, R-5-CCGTCGGGTCATA
GTACTGC;

ERK2: F-5-GCCGAAGCACCATTCAAGTT, R-5-CCTCTGAGCCCT

TGTCCTGA.

2.3.5. Engyme-linked immunosorbent assay (ELISA)

The levels of PI3K, AKT, and mTOR in the cells were quantified using
an ELISA kit (Meimian Biotechnology, Jiangsu, China) according to the
manufacturer's instructions. Results were calculated as the average of
five parallel experiments.

2.3.6. UHPLC-MS metabolomics analysis

After 48 h of cell treatment, the culture medium was completely
aspirated from the petri dish. To digest the cells, 1 mL of trypsin was
added and incubated for 5 min. The cells were then dispersed by gentle
pipetting, and 3 mL of culture medium was added to terminate the
digestion. The cell suspension was transferred to a new 15 mL centrifuge
tube and centrifuged at 4 °C for 5 min at 1000 rpm. The supernatant was
discarded, and the cells were washed three times with 5 mL of PBS.
Approximately 2 x 10° cells were collected per sample. The collected
cells were mixed with 1 mL methanol-water (4:1, v/v), subjected to
three freeze-thaw cycles in liquid nitrogen (3 min each), and disrupted
using a cell homogenizer to extract intracellular metabolites. The sus-
pension was then centrifuged at 4 °C, 12,000 rpm for 10 min, and the
supernatant was collected. The remaining cell pellet was re-extracted by
adding 1 mL of methanol-water (4:1, v/v), mixed, and subjected to the
same extraction process twice. The combined supernatants were trans-
ferred to a 5 mL centrifuge tube and evaporated under a nitrogen stream
at room temperature. For each group, six samples were prepared in
parallel and stored at —80 °C. The samples were then redissolved in 100
pL acetonitrile-water (85:15, v/v), vortexed for 1 min, sonicated for 1
min, and centrifuged at 13,000 rpm for 20 min. Finally, 80 pL of the
supernatant was transferred to the injection vial for UHPLC-MS analysis.

UHPLC-MS analysis was conducted using the Waters ACQUITY UPLC
system (Agilent, USA). A Kromat Universil XB C18 column (150 mm x
2.1 mm, 3 pm) was used for chromatographic separation. The flow rate
was set to 0.2 mL/min, and the column temperature was maintained at
35 °C. The mobile phase consisted of 0.1 % (v/v) formic acid in water
(Phase A) and 0.1 % (v/v) formic acid in acetonitrile (Phase B). The
elution procedure is outlined below:

Time(min) B(%)

95
75
45
15
95
95

== 0 A NO

w o

The analysis was performed using an electrospray ionization (ESI)
source in both positive and negative ion detection modes. The m/z scan
range was set from 100 to 1000 Da for full scans. The following settings
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were configured: cone voltage of 35 V; capillary voltage of 3.2 kV;
desolvation temperature at 350 °C; source temperature at 120 °C; des-
olvation flow rate of 600 L/h; cone gas flow rate of 50 L/h; and collision
energy ranging from 10 to 30 eV.

2.3.7. Methodological review

A 5 pL aliquot from each group sample was pooled to prepare the
quality control (QC) samples. For methodological evaluation, the
retention times (tR) and the corresponding corrected peak areas (Area)
of six representative characteristic ions in the chromatogram were
selected. Method repeatability, system stability, sample pretreatment
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stability, and freeze-thaw stability were assessed by calculating the
relative standard deviation (RSD) of the corrected peak areas.

2.3.8. Statistical analysis

The experimental results are presented as mean =+ standard devia-
tion. GraphPad Prism (version 8.0) was used for plotting. A p-value of
<0.05 was considered significant, <0.01 was considered very signifi-
cant, and < 0.001 was considered extremely significant.

LC-MS data files were converted to ABF format using the Analysis
Base File Converter software. The converted data were then imported
into MS-DIAL software, where the retention time was set to 13 min, and

16FBP3 IANG HSPBTGsTRy
11 ol

S
 ERBES

s\ /T
: sepr : ”
DisGeNET TOP1 A ALOXS

Pathways in cancer .|
Proteoglycans in cancer: [ ]
MAPK signaling pathway
Lipid and atherosclerosis

—lo value
Human cytomegalovirus infection 2iofpraluc)

Hepatitis B
Kaposi sarcoma-associated herpesvirus infection
Focal adhesion

Colorectal cancer:

AGE-RAGE signaling pathway in diabetic complications

Salmonella infection
count

® 125
@ 150
@ 175
@ 0
@ 25

PI3K-Akt signaling pathway
Human papillomavirus infection

Hepatitis C

Endocrine resistance
TNF signaling pathway

MicroRNAs in cancer

.
.

Fluid shear stress and atherosclerosis { ®
Epstein—Barr virus infection4 ®

.

Breast cancer

0.0125 0.0150 0.0175 0.0200

Fig. 1. Target collection and network construction. a) Venn diagram of XJZD component targets and GC targets. b) GC-related targets. ¢) Cytoscape treated PPI
network of XJZD tre ated GC. d) “active ingredient-target” network. e) GO enrichment analysis of XJZD in treatment of GC. f) KEGG pathways enrichment analysis of

XJZD in treatment of GC.



Y. Xu et al.

the m/z range was set to 10-1000 Da. After normalization, the data were
imported into SIMCA software for PCA and OPLS-DA multivariate sta-
tistical analysis. In the OPLS-DA analysis, variables with VIP > 1.0 and
p-value <0.05 were considered significant thresholds for screening po-
tential biomarkers with meaningful differences.

The results were analyzed using the MS-DIAL database
(http://prime.psc.riken.jp/compms/msdial/main.html#MSP), in com-
bination with relevant literature and other available databases, such as
HMDB (http://www.hmdb.ca), MassBank (http://www.massbank.jp),
and KEGG (http://www.genome.jp), for biomarker identification.

3. Results
3.1. Target prediction of XJZD for GC

Using the TCMSP database and following the selected criteria, 101
active components of XJZD were identified. These included 4 com-
pounds in GZ, 2 in BS, 79 in GA, 11 in DZ, 1 in SJ, and 4 shared com-
ponents found in two or more of the traditional Chinese medicines. The
ingredient details were standardized using the UniProt database, with
the species selected as “Homo sapiens.” After removing duplicates and
invalid entries, a total of 236 ingredient targets were obtained.
Combining these targets with GC targets from four disease databases led
to the identification of 508 targets (Fig. 1a). The Venn diagram (Fig. 1b)
highlights that there are 69 potential targets shared between XJZD and
GC.

3.2. PPI network construction and key targets screening

After submitting all anticipated target genes to the STRING database,
a high-confidence threshold of 0.9 was applied for analysis. The protein-
protein interaction (PPI) network, consisting of 69 nodes and 231 edges,
was created using Cytoscape (version 3.9.1). In this network, nodes
represent different targets, while edges indicate interactions between
them. The size and color depth of the nodes reflect their degree values
(Fig. 1c) (Table 1). The network's topological parameters were assessed
using the Network Analyzer tool. Among the targets, the top 11 based on
degree were as follows:

TP53 (degree = 62), STAT3 (degree = 50), AKT1 (degree = 40), JUN
(degree = 36), ESR1 (degree = 32), IL6 (degree = 30), MYC (degree =
30), TNF (degree = 30), CCND1 (degree = 30), CTNNBI1 (degree = 28),
BCL2 (degree = 28). These results highlight the significant importance
of these targets and the strong interconnections among them. Genes with
higher degree values are likely to serve as promising therapeutic targets
for treating GC with XJZD.

3.3. Active ingredient-target network analysis

The “active ingredient-target” network was constructed using Cyto-
scape version 3.9.1 (Fig. 1d). From the analysis of the network diagram,
it is evident that XJZD interacts with a wide range of potential targets,

Table 1

Details regarding the top 11 targets based on their degree value.
Number Degree Name BetweennessCentrality ClosenessCentrality
1 62 TP53 0.27 0.61
2 50 STAT3 0.18 0.60
3 40 AKT1 0.08 0.56
4 36 JUN 0.08 0.54
5 32 ESR1 0.05 0.52
6 30 L6 0.06 0.50
7 30 MYC 0.02 0.51
8 30 TNF 0.07 0.51
9 30 CCND1 0.06 0.50
10 28 CTNNB1 0.04 0.50
11 28 BCL2 0.01 0.50
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playing a crucial role in the treatment of GC and other diseases (Table 2).
3.4. GO enrichment and KEGG enrichment

The Metascape platform was used to investigate the signaling path-
ways of 29 targets with a betweenness centrality value greater than the
median. A significance threshold of P < 0.01 was applied, leading to the
identification of 1043 significant Gene Ontology (GO) entries. These
included 948 biological process (BP) entries, 59 molecular function (MF)
entries, and 36 cellular component (CC) entries (Fig. 1e).

The KEGG pathway enrichment analysis identified 151 pathways,
and the top 20 enriched pathways were visualized (Fig. 1f). According to
the GO analysis, key biological processes included the response to
inorganic compounds, enhancement of protein phosphorylation, posi-
tive regulation of phosphorylation, membrane raft formation, tran-
scription regulator complex assembly, DNA-binding transcription factor
binding, and kinase binding. KEGG pathway analysis indicated that the
therapeutic effects of XJZD on GC are primarily associated with path-
ways such as proteoglycans in cancer, the MAPK signaling pathway, and
Hepatitis B (Fig. 1f). The MAPK pathway is crucial in regulating cellular
processes that lead to the malignant transformation of normal cells [21],
additionally, the PI3BK/AKT pathway plays a pivotal role in promoting
tumor cell growth, cancerous transformation, and the inhibition of
programmed cell death in cancer cells [22].

3.5. Results of molecular docking

A binding energy less than —5 kcal/mol indicates strong binding
affinity. The top five core targets and their corresponding compounds
(TP53 - quercetin, STAT3 - Licochalcone A, AKT1 - quercetin, AKT1 -
kaempferol, AKT1 - beta-carotene, JUN - beta-sitosterol, ESR1 - nar-
ingenin, ESR1 - formononetin) were subjected to molecular docking
using the Autodock Vina module. The docking analysis visualized the
binding interactions and affinities between the active compounds and
their core targets. The results revealed the interaction patterns,
including the specific residues involved and the number of hydrogen
bonds formed (Fig. 2). The strongest binding affinity was observed for
the docking of beta-sitosterol with the core target JUN, with a minimum
binding energy of —8.56 kcal/mol.

3.6. Validation of the key targets in GEPIA, HPA and DriverDBv3
database

The GEPIA database results showed that the mRNA expression levels
of TP53, CCND1, MYC, and CTNNB1 were significantly higher in GC
tissues compared to normal tissues (Fig. 3a). As illustrated in Fig. 3b,
protein expression levels of JUN, MYC, and TNF were also elevated in
GC tissues compared to normal gastric tissues. However, no significant
differences in the expression of other genes were observed between GC
and normal tissues. Furthermore, the DriverDBv3 database was utilized
to analyze overall survival rates. The results indicated that higher
expression levels of TP53, IL6, and ESR1 were significantly associated
with lower survival rates (P < 0.05) (Fig. 3c).

3.7. Experimental verification in vitro

3.7.1. Cell viability test (MTT assay)

The toxic effect on GC-803 cells increased with higher concentra-
tions, resulting in a progressive rise in cell inhibition. This effect was
more pronounced with co-administration (Fig. 4a).

3.7.2. Evaluation of apoptosis by flow cytometry

The results of the apoptosis assay using Annexin V-FITC/PI double-
staining showed that, compared to XJZD and 5-Fu administration
alone, the combined administration significantly increased the apoptosis
rate (P < 0.05) (Fig. 4b).
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Table 2

Information of active ingredient.
Code name CAS Compound Degree BetweennessCentrality ClosenessCentrality
A3 117-39-5 quercetin 56 0.20 0.55
A2 520-18-3 kaempferol 18 0.03 0.44
GC59 58,749-22-7 licochalcone a 13 0.02 0.42
Al 64,997-52-0 beta-sitosterol 12 0.02 0.44
GC11 480-41-1 naringenin 11 0.01 0.42
GC44 41,983-91-9 Glabranin 9 0.00 0.41
GC8 28,955-29-5 7-Methoxy-2-methyl isoflavone 7 0.00 0.41
GC9 485-72-3 formononetin 7 0.00 0.41
GC24 146,763-58-8 Glypallichalcone 7 0.00 0.41
GC26 58,749-23-8 Licochalcone B 7 0.00 0.41
GC31 124,596-86-7  Gancaonin B 7 0.00 0.41
GC39 157,414-04-5 shinpterocarpin 7 0.00 0.41
GC56 65,428-13-9 1-Methoxyphaseollidin 7 0.00 0.41
GC58 106,610-60-0 3’-Hydroxy-4’-O-Methylglabridin 7 0.00 0.41
GC61 - 2-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[6,5-f]chromen-3-yl]-5-methoxyphenol 7 0.00 0.41
GC71 - Licoagrocarpin 7 0.00 0.41

AKT1-kaempferol

TP53-quercetin

ESRI-naringenin

STAT3-licochalconea  JUN-beta-sitosterol

AKT1-beta-carotene

ESR1-formononetin

Fig. 2. Partial docking model and site map for the core targets of XJZD core targets and corresponding components.

3.7.3. The expression levels of ERK, p38 and JNK mRNA were detected by
qPCR

gRT-PCR was used to assess the effects of XJZD, 5-Fu, and their
combination on the mRNA expression of JNK1, JNK2, p38, ERK1, and
ERK2. The mRNA expression levels of JNK1, JNK2 were higher in the
XJZD combined with 5-Fu group than in the XJZD or 5-Fu alone groups
(P < 0.05). Conversely, the mRNA expression levels of ERK1, ERK2 and
p38 were lower in the XJZD combined with 5-Fu group than in the XJZD
or 5-Fu groups (P < 0.05) (Fig. 4c).

3.7.4. Engyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was used to measure
the effects of XJZD, 5-Fu, and their combination on the expression of
PI3K, AKT, and mTOR. The expression levels of PI3K, AKT, and mTOR
were lower in the XJZD combined with 5-Fu group compared to the
XJZD or 5-Fu alone groups (Fig. 4d).

3.7.5. Validation of LC-MS analytical methods

Method Repeatability: Six parallel QC samples were independently
prepared and analyzed. The relative standard deviations (RSDs) of the
retention times (tR) and corresponding peak areas were calculated to
evaluate the repeatability of the method.

System Stability: A single QC sample was injected at regular

intervals, specifically after every six sample injections. The RSDs of the
tR and peak areas for six representative ions were calculated to assess
the stability of the analytical system.

Pretreatment Stability: Six parallel QC samples were prepared and
kept at 4 °C for 24 h. These were analyzed together with freshly pre-
pared QC samples, and the RSDs of the tR and peak areas were calcu-
lated to evaluate the stability of the sample pretreatment process.

Freeze-Thaw Stability: Six parallel QC samples were subjected to
three freeze-thaw cycles and then analyzed together with freshly pre-
pared QC samples. The RSDs of the tR and peak areas were calculated to
assess the stability of the samples after repeated freeze-thaw cycles.

In all methodological evaluations, the RSD values did not exceed
+15 %, indicating that the analytical method possesses good repeat-
ability, stability, and applicability (Table 3).

3.7.6. Metabolomics profiling

The total ion chromatograms (TIC) of the cell samples are presented
in Fig. 5. Principal Component Analysis (PCA) was initially employed to
assess the grouping of the experimental cellular samples (Fig. 6a).
Although some partial overlap was observed between the groups, the
separation was generally distinct. Notably, the XJZD, 5-Fu, and
XJZD+5-Fu combination groups were clearly separated from the GC
group, indicating significant metabolic differences between the treated
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signifies high levels of expression. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and GC groups. This suggests that the drug treatments had a measurable
impact on the metabolism of GC-803 cells. Furthermore, clear distinc-
tions were observed between the XJZD and 5-Fu groups and the
XJZD+5-Fu group, suggesting that the mechanisms underlying the ef-
fects of XJZD, 5-Fu, and the XJZD-+5-Fu combination on GC cell meta-
bolism may differ.

To further elucidate the contribution of metabolites to the observed
group differences and to identify potential metabolic biomarkers,
multivariate statistical analyses were conducted using Orthogonal Par-
tial Least Squares Discriminant Analysis (OPLS-DA) in supervised mode.

OPLS-DA was applied to the metabolite data from each experimental
group, and score plots were generated (Fig. 6b). The analysis revealed a
clearer separation between the experimental groups under the OPLS-DA
model, suggesting significant metabolic variations between them. The
quality of the OPLS-DA model was assessed using the parameters R%Y
and Qz. R?Y indicates the goodness of fit of the model, while Q2 assesses
its predictive power. A value of R%Y and Q? > 0.5 is considered
acceptable, with values closer to 1 indicating higher model accuracy and
reliability. For the positive ion model, R?Y = 0.978 and Q* = 0.912, and
for the negative ion model, R%Y = 0.898 and Q? = 0.811, indicating
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Fig. 4. a) Effect of different group on the activity of GC-803 cells. b) Effect of different group on apoptosis of GC-803 cells. ¢) qPCR was conducted to measure the
expression levels of JNK1, JNK2, p38, ERKland ERK2 mRNA across various groups. d) ELISA was conducted to measure the expression levels of PI3K, AKT, mTOR

across various groups.

Table 3

Stability and repeatability results of the LC-MS.
trM/Z Precision System stability Repeatability (RSD %) Post-preparative stability (RE %) Freeze-thaw
(min_Da) (RSD %) (RSD %) Stability (RE %)

tr Area trR Area tr Area tr Area tr Area

1.6.262.8 0.7 6.5 0.5 10.9 0.2 7.3 0.3 —5.8 0.1 3.3
1.7.174.0 0.3 5.6 0.4 4.0 0.5 9.4 0.7 11.3 0.5 -7.9
2.24.160.2 0.8 8.1 0.4 3.9 0.3 10.3 0.5 —4.5 1.1 6.4
4.3.117.3 0.7 8.9 0.6 11.7 0.9 10.5 0.8 8.5 1.2 5.7
6.6_578.1 1.5 10.9 0.6 5.8 1.2 8.5 0.9 —4.0 1.4 7.5
8.6_244.2 0.6 8.1 0.6 7.9 1.4 13.9 1.1 8.4 0.9 -7.9

strong explanatory and predictive capabilities of the model. Addition-
ally, the model was validated using a permutation test, where the Q?
intercept on the y-axis should not exceed 0.05. The results of this test are
presented (Table 4), showing that the Q2 intercept values were all
negative, confirming that the model is not overfitted. The permutation
test results are depicted (Fig. 6¢).

Metabolites with significant contributions to intergroup differences
were selected as potential biomarkers based on the criteria of VIP > 1.0
and p < 0.05 from the Student's t-test. These biomarkers were subse-
quently identified using mass spectrometry data, literature references,
and online database searches. A total of 22 differential metabolites were
identified, as detailed (Table 4). The content changes of these metabo-
lites were quantified based on the magnitude of the corrected peak
areas, normalized by the internal standard. The integrated results of the
content alterations of the identified metabolites are presented (Table 5).

3.7.7. Metabolic pathway analysis

Twenty-two potential biomarkers were imported into MetaboAnalyst
6.0 for metabolic pathway analysis. Pathways with strong associations
were evaluated, and metabolic pathway impact maps were generated.
Pathways with an impact score greater than 0.1 and a p-value less than
0.05 were considered potential key metabolic pathways. The results
(Fig. 7A and Table 6) revealed five key metabolic pathways associated
with the biomarkers, including: (a) arginine biosynthesis; (b) alanine,
aspartic acid, and glutamic acid metabolism; (c) citric acid cycle (TCA
cycle); (d) histidine metabolism; and (e) biosynthesis of phenylalanine,
tyrosine, and tryptophan. Additionally, the 16 potential biomarkers
related to the anti-tumor effects of XJZD were imported into Metab-
oAnalyst 6.0 for further pathway analysis. A total of six metabolic
pathways were significantly associated with the anti-tumor effects of
XJZD, which included: (a) alanine, aspartic acid, and glutamic acid
metabolism; (b) citric acid cycle (TCA cycle); (c) histidine metabolism;
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Fig. 5. Typical UPLC-MS TIC chromatograms of cells metabolite profiles. A: GC group, B: XJZD group, C: 5-Fu group, D: XJZD+5-Fu group.

(d) biosynthesis of phenylalanine, tyrosine, and tryptophan; (e) linoleic
acid metabolism; and (f) tyrosine metabolism, as shown (Fig. 7B and
Table 7).

4. Discussion

In this study, network pharmacology combined with network vali-
dation was initially employed to demonstrate that XJZD acts as a syn-
ergistic agent with multiple components, multiple targets, and multiple
pathways in the treatment of GC. We explored the potential mechanisms
by which XJZD influences GC and identified key active components and
target proteins. The active constituent-target network of XJZD
comprised 113 active constituents and 69 targets, highlighting the
pharmacological foundation of XJZD. Surgery remains the only poten-
tially curative treatment for early-stage GC [23]. 5-Fu is a standard
chemotherapeutic drug used in the treatment of GC, but the issue of drug
resistance limits its clinical effectiveness. The development of resistance
to 5-Fu is primarily attributed to the upregulation of thymidylate syn-
thase expression [24] and alterations in the regulators of apoptosis [25],
XJZD can modulate the expression of apoptosis-related proteins, thereby
sensitizing cancer cells to 5-Fu-induced cytotoxicity [26].To enhance the
efficacy of 5-Fu and reduce its toxic side effects [27], network phar-
macology was utilized to investigate the mechanism of action of XJZD in
GC treatment, and the pharmacodynamics of XJZD combined with 5-Fu
were further validated through in vitro experiments. By integrating the

results of protein-protein interaction (PPI) network analysis with mo-
lecular docking, the primary therapeutic targets of XJZD were identified
as TP53, STAT3, AKT1, JUN, ESR1, and IL6, the Degree values are
62,50,40,36,32,30. TP53 is the most frequently mutated gene in GC and
may serve as a critical biomarker for the diagnosis and screening of this
disease [28]. GC patients with TP53 mutations often present with more
aggressive disease and exhibit resistance to chemotherapy [29], The
TP53 tumor suppressor gene plays a crucial role in maintaining genomic
stability and facilitating DNA repair processes [30]. STAT3 is pivotal in
regulating tumor growth and metastasis [31]. Its activation in GC is
associated with a poorer prognosis and lower survival rates [32]. STAT3
can be phosphorylated to pSTAT3, which promotes the survival of GC
cells and inhibits apoptosis [33]. AKT1, a serine/threonine protein ki-
nase, is critical in the development of GC [34], Silencing AKT1 has been
shown to reduce the proliferation of GC cells [35] and increase apoptosis
both in vitro and in vivo [36]. JUN is a key component of the activator
protein-1 (AP-1) transcription factor complex [37], and the persistent
stability of c-Jun contributes to the pathological changes in the gastric
mucosa [38]. ESR1 is a commonly mutated estrogen receptor, with
mutations identified as contributing factors to drug resistance in GC
[39]. Overexpression of ESR1 promotes cellular proliferation and inva-
sion in GC cells [40], although it also acts as a potential tumor sup-
pressor in some contexts of GC [39]. IL6, a cytokine involved in
inflammation and immune responses [41], plays a significant role in the
onset [42] and progression of various malignancies, including GC [43],
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Fig. 6. a) Multivariate statistical analysis based on LC-MS. (A)Positive PCA Analysis, (B) Positive 3D-score graph, (C) negative PCA Analysis, (D) negative 3D-score
graph. b) Multivariate statistical analysis based on LC-MS. Positive OPLS-DA Analysis (A), Positive 3D-score graph (B), negative OPLS-DA Analysis (C), negative 3D-
score graph (D). ¢) Multivariate statistical analysis based on LC-MS. Positive Permutation tests of OPLS-DA models (A), Positive Permutation tests of PLS-DA models
(‘B), negative Permutation tests of OPLS-DA models (C), negative Permutation tests of PLS-DA models (D).

Table 4

Difference markers.
tR(min) m/z Identification Mode
1.594 268.2 Inosine positive
1.704 174.24 D-alpha-Methyltryptamine positive
2.198 115.1 Proline positive
2.24 160.2 Tryptamine positive
2.241 159.2 Stachydrine positive
3.243 133.1 L-Aspartic acid positive
4.244 257.2 Choline glycerophosphate positive
4.311 189.2 L-Homocitrulline positive
4.343 117.1 Betaine positive
5.512 180.2 Inositol positive
6.384 155.2 L-Histidine positive
6.608 571.81 Taurocholic Acid positive
6.946 175.2 L-Citruline positive
7.653 257.2 5-Methylcytidine positive
8.614 244.2 Uridine positive
1.708 174.2 Linoleic acid positive
2.284 192.1 Citric Acid negative
3.955 173.2 N-Acetylleucine negative
4.313 146.1 2-Ketoglutaric acid negative
4.318 116.1 fumaric acid negative
4.347 181.2 L-Tyrosine negative
5.435 304.5 Arachidonic acid negative

Table 5

Potential biomarkers detected by UPLC/MS and their changes between different
groups.

Metabolites XJZD/GC 5-Fu/GC Com/5-Fu Com/XJZD
Inosine 1 1=
D-alpha-Methyltryptamine 1* 1* 1* 1
Proline i 1= e
Tryptamine 1** i 1*
Stachydrine 1 ** 1* 1* 1
L-Aspartic acid ki i

Choline glycerophosphate 1= 1* 1*
L-Homocitrulline i L

Betaine % TH* TH*
Inositol 1 1* 1%
L-Histidine 1 1 1=

Taurocholic Acid b 1 P 1
L-Citruline 1= 1
5-Methylcytidine 1 1
Uridine e 1

Linoleic acid i 1 1
Citric Acid i 1*
N-Acetylleucine 1 ** 1* ¥
2-Ketoglutaric acid 1* 1*

fumaric acid 1** il 1* I
L-Tyrosine 1* 1*

Arachidonic acid P P P 1

“1” and “|” means the metabolite was up-regulated and down-regulated. Sig-
nificant difference compared with the GC group,“Com/5-Fu” refers to the
combination treatment group compared to the 5-Fu group; “Com/XJZD” refers
to the combination treatment group compared to the XJZD group, *P < 0.05,
#P < 0.01, ***P < 0.

it was to play a role in the onset and progression of various malignant
tumors [44], Recent studies have shown that circBGN promotes the
growth and invasion of GC cells by activating the IL6/STAT3 signaling
pathway [45]. Database validation further indicated that the levels of
TP53, CCND1, MYC, and CTNNB1 were lower in GC tissues compared to
normal tissues, suggesting their potential as significant biomarkers for
the diagnosis and treatment of GC.

11

Our analysis indicates that the primary constituents of XJZD are
quercetin, kaempferol, licochalcone A, beta-sitosterol, and naringenin.
Among them, quercetin, kaempferol, and licochalcone A mainly exert
therapeutic effects on gastric cancer through the PI3K/Akt signaling
pathway, while beta-sitosterol and naringenin primarily act via the
MAPK signaling pathway [46]. Quercetin has been shown to promote
apoptosis in GC cells and exhibits anti-proliferative and anti-Helicobacter
pylori activities [47]. Kaempferol reduces G2/M cyclin expression in GC,
thereby inhibiting tumor cell growth [48]. Licochalcone A increases Rb
expression and decreases the levels of cyclin A and cyclin B. Apoptosis
induced by licochalcone A is associated with the regulation of PARP,
caspase-3, Bcl-2, and Bax, thereby suppressing GC cell growth [49].
Beta-sitosterol has demonstrated pro-apoptotic, anti-proliferative, anti-
metastasis, anti-invasion, and chemosensitizing effects on tumor cells
[50]. Naringenin modulates beta-catenin/Tcf signaling in GC cells [51],
inhibits Akt activation, and enhances p53 expression to inhibit gastric
cell growth [52]. In summary, the studies reviewed here provide
compelling evidence that XJZD, a traditional Chinese medicine formu-
lation, contains key active components that exert significant inhibitory
effects on GC.

GO enrichment analysis revealed that biological processes such as
response to inorganic substances, positive regulation of protein phos-
phorylation, and related signaling pathways are directly implicated in
the treatment of GC. The processes of adding and removing phosphate
groups from tyrosine residues [53], carried out by protein tyrosine ki-
nases and phosphatases (PTPs), are essential for cellular signal trans-
duction [54] and play a crucial role in the regulation of gastric GC
development [39].

Results from enrichment analysis revealed that the core therapeutic
targets of XJZD primarily interact with key signaling pathways,
including the MAPK, PI3K-Akt, and TNF signaling pathways. The
mitogen-activated protein kinase (MAPK) pathways are crucial for
regulating various cellular processes that drive the cancerous trans-
formation of normal cells [21]. These pathways are widely conserved
across multicellular organisms [55] and play pivotal roles in biological
processes such as cell proliferation, apoptosis, differentiation, migra-
tion, and invasion [56]. However, network pharmacology studies are
limited by the incompleteness of current databases, the potential inac-
curacy of target prediction algorithms, and the lack of consideration for
complex biological contexts, pharmacokinetics, and dynamic regulatory
networks [57]. Therefore, we used cell experiments to validate the
network pharmacology results. Our findings indicate that XJZD com-
bined with 5-Fu significantly increased the mRNA levels of JNK1, JNK2
while significantly reducing the mRNA levels of ERK1, ERK2 and p38 in
GC-803 cells. Studies have shown that DHA induces apoptosis in BGC-
823 cells by activating the JNK1/2 MAPK signaling pathways [58].
Additionally, TSPANS8 has been reported to enhance tumor growth and
metastasis, at least partially, by activating the ERK MAPK pathway [59].
This suggests that the combined treatment of XJZD and 5-Fu inhibits GC
cell proliferation through modulation of the MAPK signaling pathway.
The PI3K/AKT pathway is a critical signaling cascade downstream of
many growth factor receptors and is one of the most prominent path-
ways involved in the progression of human cancers. It promotes tumor
cell proliferation and malignant transformation while inhibiting
apoptosis [22]. Targeting the PI3K pathway has been shown to drive
cancer progression, partially via the MAPK signaling pathway [60].
Disruption of the PI3K-AKT-mTOR signaling pathway leads to inhibition
of cancer growth [60]. In our study, we observed that XJZD combined
with 5-Fu targeted the PI3K-AKT pathway in GC-803 cells, reducing the
expression levels of PI3K, AKT, and mTOR, thus inhibiting the growth of
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Fig. 7. (A) Meaningful pathways analysis based on key biomarkers (P < 0.05, impact-value>0.1), (B) Meaningful pathways analysis based on XJZD key biomarkers

(P < 0.05, impact-value>0.1).

Table 6
Metabolic pathways.
Pathway Name Match P Impact
Status
Arginine biosynthesis 4/14 0.00001  0.22843
Alanine, a‘spartate and glutamate 4/28 000016  0.27404
metabolism
Citrate cycle (TCA cycle) 3/20 0.00106  0.17875
Histidine metabolism 2/16 0.01204  0.22131
Phe.nylalanm.e, tyrosine and tryptophan 1/4 004252 05
biosynthesis
Table 7
Metabolic pathways of XJZD.
Pathway Name Match P Impact
Status
Alanine, aspartate and glutamate 4/28 0.00005  0.27404
metabolism
Citrate cycle (TCA cycle) 3/20 0.00046  0.17875
Histidine metabolism 2/16 0.00707  0.22131
Phe'nylalanm'e, tyrosine and tryptophan 1/4 003264 05
biosynthesis
Linoleic acid metabolism 1/5 0.04065 1
Tyrosine metabolism 2/42 0.04496  0.16435

GC cells. TNF-alpha, a cytokine involved in various physiological and
pathological processes such as cellular proliferation, differentiation,
apoptosis, and regulation of immune responses, plays a significant role
in the pathogenesis of cancer [61]. Polymorphisms in the TNF-alpha
gene have been associated with an increased risk of developing GC
and TNF-o/TNFR1 signaling contributes to tumor formation by stimu-
lating the expression of Noxol and Gnal4 in cancer cells. Our research
suggests that XJZD may promote healing of GC by modulating these
critical signaling pathways. Molecular docking studies revealed that
beta-sitosterol exhibits a strong docking affinity with JUN, a core target
within the anti-gastric cancer network. To validate the findings from the
network pharmacology analysis and further elucidate the underlying
mechanisms, we conducted in vitro experiments to confirm the thera-
peutic effects of XJZD on GC.

Through MTT assays, we found that XJZD combined with 5-Fu
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inhibited the proliferation of GC-803 cells in a dose-dependent
manner, with the combined treatment showing enhanced efficacy.
Apoptosis, a form of programmed cell death, is induced in response to
both intrinsic and extrinsic signals [2]. Apoptosis serves as a crucial
defense mechanism against cancer development and is an essential
component of anticancer therapies [62]. Cellular metabolomics analysis
indicates that the drug primarily exerts its effects by modulating the
levels of tryptophan, betaine, or taurocholic acid, tryptamine, a product
of tryptophan metabolism, has been reported to modulate cell prolifer-
ation and apoptosis through serotonin receptor signaling pathways [63],
which are implicated in gastric cancer progression [64]. Betaine is
involved in methylation reactions and has been shown to influence cell
proliferation and apoptosis by regulating homocysteine metabolism and
epigenetic modifications [65]. Taurocholic acid, a bile acid, can activate
signaling pathways such as TGR5 [66], which have been linked to cancer
cell proliferation and apoptosis. To further investigate the metabolic
mechanisms underlying the action of XJZD combined with 5-Fu in GC,
we analyzed key metabolic processes, including amino acid metabolism,
energy metabolism, and related pathways.

Metabolomic analysis of amino acids has emerged as a promising
approach for cancer screening [67]. Our results suggest that GC cells
may be strongly dependent on certain amino acid metabolic pathways
(e.g., alanine, aspartic acid, and glutamic acid metabolism) or enhanced
glycolytic flux, which could represent promising therapeutic targets.
Tumor cells can manipulate arginine metabolism to inhibit immune cell
activity, which affects the growth and proliferation of NK cells and T
cells, thereby creating an immunosuppressive tumor microenvironment
that facilitates immune evasion [68]. In GC tissues, the aspartic acid
levels were significantly higher than in normal gastric tissues [69]. The
down-regulation of aspartic acid after drug treatment suggests a
disturbance in this metabolic pathway. Histidine plays a role in regu-
lating protein composition and the nervous system, and it also has
protective effects, including intracellular pH stabilization and anti-
inflammatory and antioxidant activities [70]. Histidine's anti-
inflammatory effects are associated with the NF-xB and PPAR path-
ways, where it can inhibit NF-xB activation and reduce the production of
pro-inflammatory cytokines [71]. The intermediates of the citric acid
cycle (TCA cycle), such as citric acid, a-ketoglutaric acid, and fenugreek
acid, play a critical role in cellular metabolism. The TCA cycle is a key
source of anabolic precursors and is essential for basal cellular functions.
Dysregulation of the TCA cycle is linked to the development of various
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diseases, including tumors [72]. In cells treated with XJZD and 5-Fu, the
levels of these TCA cycle intermediates were reduced, indicating a
suppression of the TCA cycle. This suggests that the drug may interfere
with mitochondrial enzyme activity, blocking the TCA cycle and dis-
rupting energy replenishment, thus accelerating apoptosis and necrosis
in cancer cells. Arginine has been shown to promote apoptosis by
inhibiting the PI3K/Akt signaling pathway, specifically by upregulating
the expression of cleaved Caspase-3 and Bad proteins [73]. Arginine is
one of the three amino acids that can directly activate the mTOR
signaling pathway, a crucial regulator of GC development [74]. This
pathway's involvement suggests that arginine may influence GC pro-
gression by modulating mTOR signaling, providing a therapeutic target
in clinical treatments for GC [75]. Moreover, energy metabolism is
tightly connected to the MAPK pathway. Activation of MAPK14 under
nutrient deprivation increases the expression of SLC2A3 (GLUT3),
which enhances glucose uptake [76]. In vivo and in vitro studies have
shown that chicory inulin can improve glucolipid metabolism by acti-
vating IRS and inhibiting the MAPK pathway [77]. Additionally, the
activation of the JNK pathway influences insulin sensitivity, leading to
altered enzyme activities that increase glycogenolysis and gluconeo-
genesis, further linking energy metabolism to cancer progression [78].
Consistent with the findings that MAMA decoction enhances the anti-
malarial efficacy of amodiaquine in a murine malaria model through
synergistic effects, the present study also investigated the underlying
mechanisms by analyzing relevant molecular pathways [79]. Both
herbal formulations demonstrated potentiating effects when used as
adjuvants to chemotherapeutic agents, suggesting that herbal prepara-
tions can enhance the efficacy of chemotherapy through modulation of
specific molecular targets. In addition, this study employed cellular
metabolomics to systematically analyze the alterations in intracellular
metabolites following drug treatment, thereby providing further insights
into the underlying mechanisms of action.

5. Conclusion

Potential targets of XJZD for the treatment of GC were identified
through a combination of network-based screening and computational
docking simulations. In vitro experiments demonstrated that XJZD
significantly inhibited GC progression, with enhanced effects observed
when combined with 5-Fu. This therapeutic effect was may be mediated
through the modulation of the MAPK and PI3K-Akt signaling pathways,
which play key roles in cell growth and survival. Further analysis of
metabolic pathways revealed that XJZD exerts its effects primarily by
influencing glycolysis, amino acid metabolism, and other related
metabolic processes, thereby regulating the MAPK and PI3K-Akt
signaling pathways to exert its therapeutic action against GC.
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