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Abstract

Chronic atrophic gastritis (CAG) is precancerosis with limited treatment options. This study investigated the thera-
peutic effects of velvet antler (VA), a traditional natural medicine, on CAG, with a focus on ferroptosis. In vivo ex-
periments demonstrated the efficacy of VA in alleviating CAG, and network pharmacology analysis revealed its
involvement in related terms, including inflammation, oxidative stress, and cell proliferation. Analyses further
confirmed the modulation of ferroptosis by VA, particularly via the Keap1-Nrf2/HO-1/GPX4 pathway. In vitro assays
supported these findings, demonstrating the ability of VA to reduce methylnitronitrosoguanidine-induced inflamma-
tion, oxidative stress, and ferroptosis in GES-1. This study provides a basis for exploring VA as a potential treatment for
CAG, and offers new therapeutic strategies targeting ferroptosis.
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1. Introduction

C hronic atrophic gastritis (CAG) is precance-
rosis characterized by progressive replace-

ment of normal glandular structures with fibrous
tissues or aberrant epithelia during chronic inflam-
mation. This transformation leads to marked atro-
phy of gastric mucosal epithelium and glands.
Annually, CAG presents a 0.1%e0.3% risk of pro-
gression to gastric adenocarcinoma [1]. Notably,
mucosal damage reversal is possible in approxi-
mately 20% of CAG cases following eradication of
the underlying cause, such as Helicobacter pylori
infection [2]. However, in most cases, the mucosal
damage is irreversible [3].
Recently, ferroptosis has been involved in the

etiology of diseases spanning the digestive, cardio-
vascular, neurological, and urological domains [4,5].

Emerging evidence indicates that reactive oxygen
species (ROS) plays a critical role in CAG patho-
genesis [6]. Chronic inflammation in CAG increases
ROS levels, leading to enhanced lipid peroxidation,
which is a key trigger for ferroptosis [7]. The resul-
tant cell death not only exacerbates tissue damage
but also further amplifies oxidative stress, estab-
lishing a vicious cycle that contributes to the gastric
mucosal atrophy and increases the risk of neoplastic
transformation. Emerging evidence suggests that
ferroptosis is involved in CAG pathogenesis, mak-
ing it a potential target for therapeutic intervention
[8]. Guo et al. reported that the YY1/miR-320a/TFRC
signaling pathway can improve CAG by enhancing
fserroptosis [9]. Zheng et al. reported that AGEs-
RAGE signaling performs a similar function [7].
Velvet antler (VA), an undeveloped antler of cer-

vids such as the sika or red deer, is prized in several
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cultures for its nutritional and multifunctional
properties, which are attributed to its rich composi-
tion of bioactive components. Several studies have
isolated and determined the chemical components of
VAs, including amino acids, peptides, proteins,
lipids, saccharides, fatty acids, phospholipids, inor-
ganic substances, and minerals [10]. It has diverse
pharmacological benefits, including anti-inflamma-
tory [11,12], antioxidant [13], anti-cancer [14], and
wound healing [15] effects. For example, Liu et al.
reported that the VA methanol extract has anti-
neuroinflammatory activity in lipopolysaccharide-
stimulated macroglia [16]. Wang et al. reported that
VA significantly increased oxidative stress resistance
of Caenorhabditis elegans treated with juglone [13].
Therefore, VA is a promising candidate for treating
CAG.
Network pharmacology is a modern approach that

combines database analysis with biological system
modeling to predict complex drug-target in-
teractions [17]. Recently, several natural medicinal
studies have used this method. For example,
Sun et al. revealed the effects of the Wuzang
Wenyang Huayu decoction on dementia [18]. By
leveraging network pharmacology, we identified the
therapeutic potential of VA against CAG in animal
models. Subsequent network pharmacology pre-
dictions of the VA-CAG target interactions
were validated at the cellular level, thereby en-
hancing the reliability and predictive power of this
methodology.

2. Materials and methods

2.1. Preparation of VA crude extract

VA powder was sourced from Shuangyang Deer
Farm (Jilin, China), using previously described
extraction methods [13]. VA powder (1 g) was dis-
solved in 30 mL of methanol (HPLC-grade, Aladdin,
Shanghai, China) and ultrasonicated (40 kHz, 25 �C)
for 1 h in an ultrasonic bath. Then centrifuge the
mixture at 8000 g to separate insoluble components.
Collect supernatant and evaporate methanol solvent
(0.09 MPa) at 40 �C using a rotary evaporator. The
resulting extract was stored at �20 �C.

2.2. Animals

This study was approved by the Animal Ethics
Committee of Xiamen University (Approval No.
XMULAC20240028) and strictly adhered to
approved protocols. Forty male Sprague-Dawley
rats (eight weeks old) were procured from Vital
River Biotechnology Co., Ltd. and acclimatized at

the Xiamen University Laboratory Animal Center
for a week prior to experimentation.
The daily human-equivalent dosage (HED) of VA

powder was 6 g/d (assuming an adult weight of
70 kg). Dosage conversion from rats to humans was
determined using the body surface area normali-
zation factor (Km). Based on body surface area
conversion [19], the rat equivalent dosage (RED)
was calculated to be 530 and 265 mg/kg/day for the
high-and low-dose groups, respectively. The dosage
was calculated as follows:

HED¼ 6
70

z 0:086 g
�

kg

Rat Km¼6;human Km¼ 37

RED¼ HED�
rat Km=human Km

�¼0:53 g

,
kg

The rats were allocated to five groups (n ¼ 8): CAG
model, low-dose VA (LVA), high-dose VA (HVA),
vitacoenzyme (VTE), and control. For CAG induc-
tion, methylnitronitrosoguanidine (MNNG,180 mg/
mL; Meilunbio, Dalian, China) was added to the
drinking water for 12 weeks. Subsequently, VA,

Abbreviations

CAG chronic atrophic gastritis
VA velvet antler
GO gene ontology
KEGG kyoto encyclopedia of genes and genomes
MNNG methylnitronitrosoguanidine
PGE2 prostaglandin E2
HED human-equivalent dosage
RED rat equivalent dose
LVA low-dose velvet antler
HVA high-dose velvet antler
VTE vitacoenzyme
ALT alanine aminotransferase
AST aspartate aminotransferase
BUN blood urea nitrogen
TEM transmission electron microscope
ELISA enzyme-linked immunosorbent assay
H&E hematoxylin and eosin
PPI proteineprotein interaction
GES-1 human gastric epithelial cells line
CCK8 cell counting Kit-8
ROS reactive oxygen species
SOD superoxide dismutase
MDA malondialdehyde
BSA bovine serum albumin
BP biological Process
CC cellular Component
MF molecular Function
DEP differentially expressed proteins
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VTE, or saline (control) was orally administered
daily for four weeks. After treatment, rats were
euthanized under isoflurane anesthesia for stomach
tissue collection. Part of the stomach was fixed, and
part was stored at �80 �C.

2.3. Enzyme-linked immunosorbent assays (ELISA)

TNF-a and IL-6 in the serum and cell culture su-
pernatants were determined by specific assay kits
(NeoBioscience Technology Co., Ltd., Shenzhen,
China). Serum PGE2 levels were determined using
ELISA kits (Solarbio Technology Co., Ltd., Beijing,
China).

2.4. Hematoxylin and eosin (H&E) staining

Gastric tissues were fixed, embedded, sectioned,
and stained using an H&E kit (Servicebio Technol-
ogy Co., Ltd., Wuhan, China), followed by micro-
scopic examination (Olympus, Tokyo, Japan).

2.5. Toxicity assays

Alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and blood urea nitrogen (BUN)
(Jiancheng Bioengineering Institute, Nanjing, China)
were measured. ALT and AST were measured at
505 nm, whereas BUN was measured at 640 nm after
incubation at 37 �C.

2.6. Network and functional enrichment analysis

The ingredients of VA were identified in the
BATMAN-TCM and HERB databases, with “LU
RONG” as the search term. Compounds were
screened using swissADME with a score of “high”
for gastrointestinal absorption and at least two “yes”
for druglike-ness. Target predictions were con-
ducted using SwissTargetPrediction, with CAG tar-
gets identified from the GeneCards and DisGenet
databases. Intersections of VA and CAG targets
were performed to identify common targets for
Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) using DAVID and
visualized using bioinformatics tools.

2.7. Analysis of common target genes

Proteineprotein interaction (PPI) networks were
built in STRING and Cytoscape software (version
3.10), incorporating ferroptosis-related data from
the FerrDb V2 database.

2.8. Molecular docking validation

Protein targets and VA chemical component
structures were acquired from PDB and PubChem
databases, respectively. Docking simulations were
performed using AutoDockTools (version 1.5.6), and
PyMOL (version 2.5.5) was used for visualization.

2.9. Cell viability

Human gastric epithelial cells (GES-1) were
cultured in RPMI-1640 medium with 10% serum,
cultured at 37 �C and 5% CO2 to ensure optimal
growth conditions. GES-1 were seeded with
1 � 104 cells/well in 96-well plates. After treatment,
the supernate in each well was replaced with a 1:9
mixture of the CCK8 reagent (Lablead Biotech-
nology, Beijing, China) and fresh medium, followed
by incubation for 1.5 h. Results were measured at
450 nm to calculate cell viability.

2.10. Detection of ROS

GES-1 were cultured in 6-well plates with 3 � 105/
well. Following treatment, DCFH-DA (Lablead
Biotechnology, Beijing, China) was prepared in
serum-free medium (1:1000 dilution). GES-1 were
treated with DCFH-DA solution in the cell incu-
bator. ROS-induced fluorescence was quantified
using flow cytometry (Attune Nxt, Thermo Fisher
Scientific, Waltham, MA, USA).

2.11. Transmission electron microscope (TEM)

GES-1 were fixed, dehydrated, and embedded in
epoxy resin. Sections were mounted on grids and
stained. Mitochondria were observed and imaged
using a TEM (JEOL, Tokyo, Japan).

2.12. Oxidative stress markers

Rat blood was centrifuged at 1500 g to obtain
serum. Superoxide dismutase (SOD) and malon-
dialdehyde (MDA) were determined by specific
assay kits (Beyotime Biotechnology, Shanghai,
China). SOD was measured at 450 nm and MDA
was measured at 535 nm.

2.13. Iron assay

GES-1 were incubated with FerroOrange (1 mmol/
L, Dojindo, Japan) for 30 min at 37 �C in a 5% CO2

atmosphere. Fluorescence microscopy (Zeiss, Ober-
kochen, Germany) was utilized for visualization.
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2.14. Western blot

GES-1 was lysed in RIPA containing a protease-
inhibitor cocktail (Yeasen Biotechnology, Shanghai,
China) on ice. Supernatant was collected after
centrifugation. Proteins were mixed with loading
buffer, denatured by boiling, and separated on gels.
Bands were transferred to PVDF membranes,
blocked and incubated with antibodies overnight,
followed by secondary antibodies for 1 h, and bands
were observed. ImageJ was used to quantify band
intensities. To ensure consistency, density was
measured and normalized to that of the corre-
sponding control. The relative protein expression
levels were then calculated.
Antibodies from Proteintech against the following

proteins were used for immunoblotting: PTGS2
(cat#66351-1-Ig, 1:2000), GPX4 (cat#67763-1-Ig,
1:2000), NRF2 (cat#16396-1-AP, 1:4000), KEAP1
(cat#60027-1-Ig, 1:2000), HO-1 (cat#66743-1-Ig,
1:2000), b-actin (cat#66009-1-Ig, 1:10000).

2.15. Immunofluorescence

GES-1 were seeded on coverslips in 24-well
plates. GES-1 were fixed and permeabilized. Cov-
erslips were blocked by 5% bovine serum albumin
(BSA). GES-1 were treated with antibodies (1:200 in
5% BSA) overnight at 4 �C. Then they were incu-
bated with the species-specific secondary antibodies
(1:500 in 5% BSA) for 1 h. Coverslips were mounted
onto slides using DAPI-containing medium to
counterstain the nuclei. The coverslips were
observed by a confocal microscope (Zeiss, Oberko-
chen, Germany).

2.16. Statistical analysis

Data were analyzed using analysis of variance
(GraphPad Prism software 8.0.2). Statistical signifi-
cance set at p � 0.05 was considered statistically
significant. # indicates a comparison between the
model and control groups and * indicates a com-
parison between each group and the model group.

3. Results

3.1. VA improved gastric structural damage in MNNG-
treated CAG rats

H&E staining revealed extensive localized atrophy
of the gastric mucosal layer, disorganized and cyst-
ically dilated glandular structures, and marked in-
flammatory cell infiltration within the lamina

propria in the model group. In the control group,
H&E staining revealed a well-organized mucosal
architecture with tightly arranged glandular epithe-
lium, intact basement membranes, and minimal in-
flammatory infiltration. Both the LVA and HVA
groups exhibited varying degrees of improvement
compared to the model group. In the LVA group,
improvements were noted with reduced cystic dila-
tion and partial restoration of the mucosal architec-
ture, although moderate inflammatory cells
remained. The HVA and VTE groups displayed
pronounced restoration of normal histology, with an
orderly glandular arrangement, preserved mucosal
thickness, and minimal inflammatory infiltration,
closely resembling the control group (Fig. 1A). These
observations highlight the effectiveness of VA in
alleviating the CAG-induced gastric mucosal dam-
age. Serum ALT, AST, and BUN levels remained
within normal ranges across all groups, indicating
minimal side effects of treatment (Fig. S3 (https://
doi.org/10.38212/2224-6614.3546)).

3.2. VA improved serum PGE2, SOD and MDA levels in
vivo

Serum PGE2 levels were significantly elevated in
the MNNG-induced gastritis rat model, indicating
disruption in the normal biochemical processes
associated with gastric inflammation. However, VA
treatment resulted in a marked improvement in
PGE2 levels compared to those in the model
group, suggesting that VA effectively ameliorated
the inflammatory response (Fig. 1B). Antioxidant
therapy is essential for CAG management. SOD, a
primary ROS scavenger, and MDA, a ROS byprod-
uct and ferroptosis marker, were evaluated in rats.
Compared to the model group, SOD was signifi-
cantly decreased, while MDA was increased in
MNNG. VA treatment substantially increased SOD
and decreased MDA compared to MNNG group,
with the HVA group showing superior efficacy
compared to the LVA group (Fig. 1C and D).

3.3. Prediction and analysis of common targets of VA and
CAG

96 VA components were identified from the
BATMAN andHERB databases. Following screening,
53 potentially active components were identified after
the screening (Table S1 (https://doi.org/10.38212/
2224-6614.3546)). These compounds were then
subjected to target prediction, which resulted in 617
targets (probability > 0). GeneCards searches using
the keyword “Chronic atrophic gastritis” yielded 446

122 JOURNAL OF FOOD AND DRUG ANALYSIS 2025;33:119e131

O
R
IG

IN
A
L
A
R
T
IC

L
E

https://doi.org/10.38212/2224-6614.3546
https://doi.org/10.38212/2224-6614.3546
https://doi.org/10.38212/2224-6614.3546
https://doi.org/10.38212/2224-6614.3546


results (relevance score� 7.988702774). The DisGenet
search yielded 203 results (score � 0.01). Removal
of duplicate values resulted in the identification of
556 target genes. The Venn diagram shows 90 inter-
secting genes (Fig. 2A). The PPI network comprised
88 nodes and 1216 edges, indicating robust connec-
tivity (Fig. 2B). Nineteen hub genes including TNF,
IL6, AKT1, and PTGS2, were identified using the
Centiscapeplugin (closeness� 0.006650124205376911,
betweenness � 67.7727272727272, degree � 27.
636363636363637) (Table 1).
We compared the hub genes with the ferroptosis

database FerrDb and found that the majority of
these genes were associated with ferroptosis,
including IL6, EGFR, SRC, PTGS2, TLR4, HIF1A,
PPARG, AR, and PRKCA. Among these, PTGS2 is
considered a marker of ferroptosis.

3.4. Functional enrichment analysis

GO analysis revealed three aspects. Biological
process (BP) revealed that the effect of VA on CAG

was primarily in bacterial inflammation, apoptosis,
and cell proliferation (Fig. 2D). Cellular component
(CC) analysis highlighted the involvement of
macromolecular complexes and extracellular re-
gions (Fig. 2E), often associated with signal trans-
duction, protein synthesis, and cell repair.
Molecular function (MF) analysis showed increased
enzyme and kinase activities (Fig. 2F), suggesting
that protein kinases may be involved in some
signaling pathways in this process. KEGG pathway
analysis indicated that inflammation and tumor
progression (Fig. 2G), were key features of chronic
inflammation and carcinogenesis in CAG. The
PI3K-Akt pathway was suggested to be involved.
Table S1 (https://doi.org/10.38212/2224-6614.3546)
lists the top ten counts for each aspect. Integration of
the PPI network and KEGG results facilitated the
construction of component-target-pathway net-
works (Fig. 2C), highlighting the interactions be-
tween the active compounds of VA, their potential
targets, and their involvement in various biological
pathways.

Fig. 1. Effects of VA on MNNG-induced CAG in vivo. (A) H&E staining of representative pathological changes of gastric tissue. The upper row
represents low magnification (200�), and the lower row represents high magnification (400�). (B) The level of serum PGE2. (C) The level of serum
SOD. (D) The level of serum MDA.
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Fig. 2. Network analysis of VA against CAG. (A) Veen diagram of interaction genes between VA and CAG. (B) 19 hub genes in PPI network. (C)
Component-target-pathway networks. Green nodes refer to hub genes. Orange nodes refer to intersecting genes other than hub genes. Blue nodes refer
to corresponding KEGG pathway. (DeG) The top 10 enriched terms in GO and KEGG pathways.
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3.5. Molecular docking validates relationships between
components and hub genes

Molecular docking confirmed the strong in-
teractions between the active ingredients and hub
genes. An affinity of ��5.0 kcal/mol indicates a
interaction [20]. The higher the affinity, the less stable
is the binding. Eight proteins with the highest degree
values were screened and 31 components were
screened in the network (Fig. 3A). Three components
with the strongest binding capacity to each of the
hub genes were as follows: TNF to progesterone
(�8.72), corticosterone (�7.72) and estrone (�7.18);
IL6 to progesterone (�6.12), estrone (�5.36 kcal/mol)
and corticosterone (�5.32); AKT1 to progesterone
(�8.73), SCHEMBL3330119 (�7.25) and estrone
(�7.24); CASP3 to progesterone (�6.35), alpha estra-
diol (�6.01) and glycolithocholic Acid (�5.9); EGFR to
progesterone (�8.27), retinol (�7.47) and beta-estra-
diol (�7.4); SRC to progesterone (�6.73), retinol
(�6.71) and alpha estradiol (�6.28 kcal/mol); BCL2 to
progesterone (�7.42), glycolithocholic acid (�6.85)
and estrone (�6.47); PTGS2 to progesterone (�8.63),
cis-4-dodecenoic Acid (�7.33) and estrone (�7.3)
(Table S1 (https://doi.org/10.38212/2224-6614.3546)).
The representative pairs are shown in Fig. 3B.

3.6. VA improved cell viability and mediated
inflammation in MNNG-induced CAG cells

To validate the relationship between VA, ferrop-
tosis and CAG suggested by network pharmacology
analysis, we conducted in vitro experiments using
MNNG-induced CAG models. Initially, the

modeling concentration of MNNG was determined
to be 20 mM after 8 h using the CCK-8 assay (Fig. S1
(https://doi.org/10.38212/2224-6614.3546)). Treat-
ment with VA for 24 h effectively ameliorated the
MNNG-induced reduction in cell viability (Fig. 4A).
Additionally, VA treatment inhibited the secretion of
TNF-a and IL-6 induced by MNNG (Fig. 4B and C).

3.7. VA attenuated ferroptosis in MNNG-induced CAG
cells

Previous studies have implicated ferroptosis in
CAG pathogenesis [8,9]. Therefore, we examined
the effects of VA on ferroptosis in GES-1. VA
treatment inhibited excessive ROS generation
induced by MNNG (Fig. 4D) and attenuated the
accumulation of ferrous ions (Fig. 5B and C). The
mitochondria play an important role in ferroptosis.
We used TEM to evaluate the effects of MNNG and
VA on the ultrastructure. GES-1 treated with
MNNG showed partial mitochondrial vacuolization,
disordered arrangement of mitochondrial cristae,
and blurred structure. In contrast, cells treated with
VA exhibited more organized mitochondrial cristae,
indicating an improvement in the morphological
changes induced by MNNG (Fig. 5A). Moreover, VA
treatment partially reversed MNNG-induced dys-
regulation of SOD and MDA levels (Fig. 5D and E),
which is consistent with observations in CAG rats.
PTGS2 is a ferroptosis marker [21]. Immunofluo-
rescence analysis revealed that MNNG-induced
upregulation of PTGS2 protein expression was
suppressed by VA treatment (Fig. 5F).

3.8. VA inhibited ferroptosis via the Keap1-Nrf2/HO-1/
GPX4 pathway

Nrf2, a classical antioxidant pathway, regulates
ferroptosis. Compared to the control group, MNNG
exposure led to an increase in Keap1 and HO-1
expression and a decrease in GPX4 expression. VA
treatment markedly suppressed Keap1 expression
and upregulated Nrf2, HO-1 and GPX4 expression
(Fig. 6AeE). Immunofluorescence results revealed
elevated levels of Nrf2 protein expression in VA-
treated GES-1 cells, with a tendency toward nuclear
localization, compared to the MNNG group (Fig. 6F
and G).

4. Discussion

Gastric cancer ranks fifth in incidence and fourth
in mortality [22]. CAG is mostly irreversible after the
removal of the causative factors [2]. Therefore, the

Table 1. Centrality of hub gene computed by Centiscape.

No. Name Closeness Betweenness

1 TNF 0.009709 508.607
2 IL6 0.009709 519.9331
3 AKT1 0.009009 330.3333
4 CASP3 0.008621 166.2973
5 EGFR 0.008547 198.6458
6 SRC 0.008403 519.2609
7 BCL2 0.008333 137.1324
8 PTGS2 0.008403 299.4498
9 MMP9 0.008264 128.1995
10 TLR4 0.00813 136.0193
11 HIF1A 0.00813 134.6768
12 CXCL8 0.008065 151.5886
13 PPARG 0.008065 188.2409
14 IL2 0.007752 91.86842
15 CCND1 0.007692 83.46501
16 BRAF 0.006993 80.0195
17 AR 0.006944 122.5001
18 ACE 0.006897 190.9263
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discovery of novel CAG treatments is crucial. Our
study demonstrated that VA effectively reversed
MNNG-induced pathological structures in vivo.
Network pharmacological analysis revealed a close
association between VA and CAG, involving fer-
roptosis, which was experimentally validated.
Moreover, VA mitigates MNNG-induced CAG via

the Keap1-Nrf2/HO-1/GPX4 pathway, thereby of-
fering potential therapeutic insights.
We elucidated the network regulatory mechanism

of VA in CAG by identifying its targets, analyzing
their implicated biological functions, and identifying
hub genes using PPI screening. In MNNG-induced
CAG cell models, VA enhanced cell viability,

Fig. 3. Molecular docking. (A) Bubble heatmap of 8 hub genes docked to 31 components. (B) Representative docking complex.
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modulated inflammation, and improved oxidative
status by inhibiting TNF-a and IL-6 secretion,
consistent with the hub gene expression patterns.
TNF-a and IL-6 are pro-inflammatory cytokines
involved in the gastric inflammatory response [23],
whereas PGE2 is a product of the cyclooxygenase
pathway. Excessive PGE2 production during
chronic inflammation is associated with persistent
mucosal damage and precancerous lesions. Moni-
toring PGE2 levels helps evaluate the inflammatory
state and mucosal repair mechanisms in CAG [24].
Ferroptosis has emerged as a novel target for

treatment [4]. GPX4 and PTGS2 are hub genes
associated with ferroptosis and regulate lipid
oxidation [21,25]. Recently, several studies have re-
ported that ferroptosis can occur during CAG [8,9].
Our comparison between hub genes and the FerrDb
database revealed a close association between VA
treatment and ferroptosis, consistent with the PTGS2
and GPX4 expression levels observed in our exper-
iments. SOD, MDA and ferrous ion staining results
validated this finding. Notably, hub genes such as
IL6, EGFR, TLR4, HIF1A, PPARG, and PRKCA, act as

drivers, whereas IL6, SRC, HIF1A, and AR act as
suppressors, and PTGS2 is considered a marker.
The Nrf2 pathway, a classical ferroptosis regulatory

pathway, correlates with GPX4 expression. Addition-
ally,Nrf2-regulatedHO-1 is involved in the regulation
of GPX4 [26]. We hypothesized and experimentally
verified the activation of the Nrf2 pathway during VA
intervention in CAG (Fig. 7). Mechanistically, Nrf2
activation is suppressed by Keap1, a key negative
regulator that facilitates its ubiquitination and
degradation [27]. Our findings suggest that VA may
modulate the Keap1-Nrf2 pathway, leading to
increased Nrf2 nuclear translocation and the upre-
gulation of downstream antioxidant targets (HO-1).
Interestingly, KEGGanalysis identified the PI3K-AKT
pathway, which can activate Nrf2 in a non-Keap1-
dependent manner [28]. We speculate that the multi-
component nature of VA likely involves multiple
components andpathways involved inNrf2 activation
and requires further research.
Although our integration of network pharma-

cology partially addresses this complexity, some
limitations remain. Our focus on the small-molecule

Fig. 4. Effects of VA on MNNG-induced CAG in vitro. (A) Cell viability. (BeC) The level of TNF-a and IL-6 by ELISA. (D) The levels of ROS by flow
cytometer.
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Fig. 5. Effects of VA on MNNG-induced oxidation and ferroptosis in vitro. (A) TEM images of mitochondria. The upper row represents low
magnification, and the lower row shows high magnification. (BeC) Ferrous ions by ferroOrange. (DeE) The levels of SOD and MDA. (F) PTGS2
expression by immunofluorescence.
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components of VA overlooked the potential role of
peptides, which may have influenced subsequent
analyses. Additionally, further screening and
confirmation of the key compounds in CAG, along
with molecular docking results highlighting poten-
tial key molecules, are necessary. Future experi-
ments should further explore the pharmacological
effects and mechanisms.

In conclusion, our study elucidated the thera-
peutic potential of VA for CAG treatment through
ferroptosis-related mechanisms, bridging network
pharmacology, and experimental validation. This
work not only sheds light on the therapeutic
mechanisms of VA but also paves the way for
exploring natural complex ingredient drugs in dis-
ease treatment.

Fig. 6. Effects of VA on Keap1-Nrf2/HO-1/GPX4 pathway. (A) The expression of proteins. (BeE) Bar graphs of relative protein expression (n ¼ 3). (F)
Nrf2 expression by immunofluorescence. (G) Nrf2 nucleus-to-cytoplasm fluorescence ratio.
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