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Simple Summary

Esophageal squamous cell carcinoma is an aggressive cancer with limited treatment options.
In this study, we investigated Broadleaf Vetch (Vicia amoena), a traditional medicinal herb,
and found that it shows antitumor effects against esophageal squamous cell carcinoma. By
integrating computational network analysis with experimental verification, this study demon-
strates that Broadleaf Vetch suppresses the epithelial–mesenchymal transition—a critical
driver of tumor metastasis—while concurrently triggering ferroptosis, an iron-dependent
form of regulated cell death characterized by oxidative stress. In animal studies, Broadleaf
Vetch markedly reduced tumor growth and regulated key pathways associated with
epithelial–mesenchymal transition and ferroptosis. These findings suggest Broadleaf Vetch
as a potential natural multi-target candidate for the treatment of esophageal squamous
cell carcinoma.

Abstract

Background: Esophageal squamous cell carcinoma (ESCC) remains a highly lethal malig-
nancy with limited effective treatments. Broadleaf Vetch (Vicia amoena, BV) is a traditional
medicinal herb with potential anticancer properties, but its mechanisms in ESCC are not
fully understood. Methods: Network pharmacology was used to identify BV-related
therapeutic targets and pathways. Molecular docking validated interactions between BV
components and core proteins. In vitro assays evaluated proliferation, colony formation,
migration, invasion, epithelial–mesenchymal transition (EMT) markers, and ferroptosis-
related indices. An ESCC xenograft model was used to assess antitumor efficacy in vivo.
Results: Five major BV components and 363 ESCC-related targets were identified, highlight-
ing the PI3K–AKT pathway and key nodes such as EGFR, AKT1, SRC, TP53, and GPX4. BV
significantly inhibited ESCC cell proliferation, migration, and invasion, and reversed EMT
marker expression. Ferroptosis induction was evidenced by significant Fe2+ accumulation,
elevated reactive oxygen species (ROS) and malondialdehyde levels, alongside glutathione
depletion. BV treatment also precipitated mitochondrial dysfunction. In parallel, BV
downregulated GPX4 and SLC7A11. Notably, these changes were largely reversed by the
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ferroptosis inhibitor Ferrostatin-1. In vivo, BV suppressed tumor growth and regulated
EMT- and ferroptosis-associated proteins in xenograft tissues. Conclusions: BV exerts dual
antitumor effects in ESCC by suppressing EMT and inducing ferroptosis. These findings
suggest BV may represent a potential multi-target phytotherapeutic candidate for ESCC.

Keywords: esophageal squamous cell carcinoma; broadleaf vetch; ferroptosis; network
pharmacology; hepatotoxicity; nephrotoxicity

1. Introduction
Esophageal squamous cell carcinoma (ESCC) is the predominant histological subtype

of esophageal cancer, accounting for approximately 84% of all cases [1]. It arises from the
esophageal squamous epithelium and is primarily located in the proximal and middle
regions of the esophagus. Globally, and particularly in China, ESCC represents nearly
90% of all esophageal cancer cases [2]. Because early symptoms are usually absent, only
about 20% of patients are diagnosed at an early stage, when the five-year survival rate can
reach approximately 85% [3]. In contrast, most cases are detected at advanced stages by
endoscopy or chest CT, at which point the five-year survival rate falls to about 20% [4]. De-
spite the clinical advancements introduced by immunotherapies, specifically PD-1/PD-L1
inhibitors, therapeutic efficacy is often constrained by suboptimal response rates and a lack
of reliable predictive biomarkers; consequently, post-treatment recurrence and metastasis
continue to drive ESCC-associated mortality. Therefore, identifying new therapeutic tar-
gets and developing effective, low-toxicity treatment strategies are urgent challenges in
ESCC research.

Broadleaf Vetch (Vicia amoena, BV) is a medicinal plant from the genus Vicia in the
legume family. The entire herb, also known as Tougucao, has been used in traditional
Chinese medicine to dispel cold and dampness, improve circulation, and relieve pain.
BV is primarily distributed in northern and northeastern China and is listed in the Chi-
nese Pharmacopoeia (2015 edition) [5] and the Dictionary of Chinese Materia Medica [6].
Clinically, it is used to treat rheumatic pain and syndromes associated with phlegm, damp-
ness, and toxin accumulation, and it is a component of several classical prescriptions,
including Kanlisha, Yangxue Rongjin Pill, and Shutong An Film [7]. More importantly,
modern phytochemical studies have confirmed that plants of the genus Vicia, including
the broadleaf vetch used in this study, are rich in bioactive components such as flavonoids
and saponins [8–11]. Crucially, the anticancer activities of these two classes of compounds
are closely linked to ESCC, the focus of this research. Beyond their antioxidant and anti-
inflammatory properties, flavonoids have been directly reported in multiple studies to
effectively inhibit the proliferation and invasion of ESCC cells and induce their apoptosis,
with specific examples including quercetin and tricin [12,13]. Similarly, saponins have
been shown to specifically inhibit the growth of ESCC cells and promote their death in
both in vitro and in vivo models by regulating multiple signaling pathways [14,15]. This
collective evidence suggests that the characteristic components of broadleaf vetch constitute
an important material basis mediating its potential anti-ESCC activity. Related species of
Vicia have exhibited antitumor activity, suggesting that this genus has potential as a source
of anticancer compounds. Among them, BV shows notable pharmacological properties,
making it a valuable candidate for investigating anti-ESCC efficacy and mechanisms.

Ferroptosis is an iron-dependent form of regulated cell death characterized by phos-
pholipid peroxidation [16]. Its progression is governed by cellular processes that maintain
lipid metabolism, iron homeostasis, redox balance, and mitochondrial function. Early
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studies focused on the SLC7A11/glutathione/GPX4 axis as a core regulatory pathway [17].
More recent evidence indicates that ferroptosis plays a crucial role in cancer biology: in-
ducing ferroptosis can inhibit tumor growth, enhance sensitivity to chemotherapy and
radiotherapy, and promote antitumor immunity, thereby offering a new therapeutic av-
enue. In ESCC, dysregulated GPX4 expression and abnormal glutathione metabolism have
been reported [18], suggesting that targeting ferroptosis could provide novel therapeutic
opportunities, particularly for reversing chemoresistance and inhibiting metastasis.

Network pharmacology—a concept first introduced by Hopkins in 2007—explores
drug mechanisms by constructing complex biological interaction networks [19]. Build-
ing upon this, network toxicology, proposed by Liu in 2011 [20], integrates bioinformat-
ics and multidimensional network analysis to elucidate interactions between exogenous
compounds and biological systems and to predict potential toxicological effects. Both
approaches are based on a “multi-target, multi-pathway” pharmacological model, which
aligns with the holistic principles of traditional Chinese medicine (TCM).

In this study, we integrated network pharmacology, network toxicology, molecu-
lar docking, and experimental validation to comprehensively evaluate the therapeutic
efficacy and safety of BV against ESCC. We constructed a multidimensional “drug–target–
disease–toxicity” network to elucidate the poly-component, poly-target, and poly-pathway
mechanisms underlying the antitumor effects of BV, while assessing its potential hepatore-
nal toxicity. This integrated approach provides mechanistic insights into the dual roles
of BV in suppressing ESCC progression and maintaining safety, and supports its further
development as a promising multi-target phytotherapeutic candidate.

2. Materials and Methods
This study integrated computational and experimental approaches to evaluate the

therapeutic efficacy, potential toxicity, and molecular mechanisms of BV in ESCC. The over-
all workflow, combining network pharmacology, network toxicology, molecular docking,
and experimental validation, is shown in Figure 1.

Figure 1. Overall workflow of the integrative network pharmacology and toxicology study of BV
against ESCC.
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2.1. Reagents and Chemicals

BV was purchased from Shangyuantang Pharmaceutical Co., Ltd. (Nanchang, China).
Quercetin, batch No. 20231028. Kaempferol and tricin were obtained from MedChem-
Express (MCE, Monmouth Junction, NJ, USA). Amoenin A3 and kaempferol-3-O-α-L-
rhamnoside were procured from Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
Antibodies against GAPDH and E-cadherin were purchased from Proteintech (Wuhan,
China). Antibodies targeting N-cadherin and SLC7A11 were obtained from Cell Signaling
Technology (CST, Danvers, MA, USA). GPX4 and Vimentin antibodies were supplied by
Abmart (Shanghai, China).

2.2. Animals

Female SPF nude mice (20 ± 2 g) were obtained from the Qinglongshan Animal Center
(Nanjing, China). Mice were housed under controlled conditions (22 ± 2 ◦C, 50 ± 10% humidity,
12 h light/dark cycle). Animals were randomly assigned to two groups (n = 6 per group):
control group and high-dose BV group. In the pilot experiment, BV at 0.7 g/kg did not
produce a measurable tumor growth inhibition under our dosing schedule; therefore,
1 g/kg was selected as the minimal dose that yielded a clear in vivo antitumor signal for
subsequent mechanistic validation. BV was administered via intraperitoneal injection for
21 days. All animal procedures were approved by the Animal Research Ethics Committee
of Soochow University (approval No. 202506A0690).

2.3. Preparation of BV Extract

A total of 2.5 g of BV powder (passed through a No. 4 sieve) was placed in a conical
flask with 25 mL of 70% methanol. Ultrasonic extraction (40 kHz, 200 W) was performed
twice for 30 min each. Combined extracts were filtered and evaporated to near dryness.
The residue was dissolved in 25 mL of water, mixed, and extracted twice with ethyl acetate
(30 mL each). Ethyl acetate layers were combined, evaporated to dryness, dissolved in
methanol, transferred to a 5 mL volumetric flask, diluted to volume with methanol, and
fully mixed. Extraction was verified by mass spectrometry, and the BPI chromatogram of
the sample acquired by LC–TOF–MS in positive ESI mode (Figure A1, Appendix A) was
used for verification.

2.4. Identification of Bioactive and Toxicity-Related Components

Bioactive BV components were identified using TCMSP and HERB databases. Toxicity-
related components were acquired from CTD, TOXNET, and published literature [21]. To en-
sure data quality, only chemical-disease relationships with a CTD Inference Score > 30 were
retained, a threshold recommended by CTD best practices to indicate robust, curated
associations. Toxicity data were supplemented from TOXNET legacy records. Priority
was given to conclusions supported by explicit experimental or clinical evidence, with
their original references documented, while predictions or unvalidated annotations were
treated with caution [22]. SMILES structures were obtained from PubChem and uploaded
to SwissTargetPrediction and ChEMBL with “Homo sapiens” selected. All predicted targets
were merged and deduplicated.

2.5. Acquisition of ESCC and Hepatorenal Toxicity Targets

ESCC-related and hepatorenal toxicity-related genes were retrieved from GeneCards
and OMIM. Only GeneCards targets with a relevance score > 5 were retained. UniProt was
used for normalization of gene symbols [23]. Venn diagrams (Origin 2024) were used to
identify overlapping targets between BV and ESCC or toxicity profiles.
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2.6. PPI Network Construction and Hub Gene Identification

Shared targets were imported into STRING (Homo sapiens, confidence score = 0.4).
Networks were visualized using Cytoscape 3.8.2. The MCODE plug-in was used to identify
major clusters. Hub genes were ranked using the MCC algorithm.

2.7. GO and KEGG Enrichment Analysis

GO and KEGG enrichment analyses were conducted using Metascape (p < 0.05, mini-
mum overlap = 3, enrichment factor > 1.5; q < 0.05, BH correction). Results were visualized
using R tools (R version 4.3.2) rom bioinformatics.com.cn. KEGG Mapper was used for path-
way annotation. Herbal–compound–target–pathway–disease networks were constructed
in Cytoscape 3.9.1.

2.8. Molecular Docking

Structures of key BV compounds were downloaded from TCMSP and PubChem,
converted into MOL2 format, and energy-minimized using ChemBio3D Ultra 14.0. Pro-
tein targets (including EGFR, AKT1, SRC, TP53, and GPX4) were downloaded from the
Protein Data Bank. Protein processing included removal of water molecules, addition of
hydrogen atoms, and structure optimization using PyMOL 2.4.1. Docking simulations were
performed in AutoDock Vina 1.1.2

2.9. Molecular Dynamics Simulation

Protein–ligand complexes with the highest affinity were analyzed using the IMODS
server [24]. Outputs included deformability, B-factor, variance, covariance matrix, elastic
network model, and eigenvalues using a coarse-grain model and amber94 force field [25,26].

2.10. Cell Lines and Culture

ESCC cell lines KYSE150 and TE-1 were purchased from ATCC (IM-H288, IM-H079,
Immunoway, Plano, TX, USA). Cells were cultured in DMEM or RPMI-1640 (Gibco, Grand
Island, NY, USA) supplemented with 10% FBS and maintained at 37 ◦C in a humidified 5%
CO2 incubator.

2.11. Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted using RNAzol® RT reagent (GeneCopoeia, Rockville, MD, USA).
cDNA was synthesized using Thermo Fisher Scientific reverse transcription kit (Thermo
Fisher Scientific, Waltham, MA, USA). qRT-PCR was performed using SYBR Green (TaKaRa,
Kusatsu, Shiga, Japan). The 2−∆∆Ct method was used for relative quantification with
GAPDH as an internal control.

2.12. CCK-8 Viability and IC50 Assay

KYSE150 and TE-1 cells (2.5 × 103 cells/well) were seeded in 96-well plates and
treated with BV (4 µM, 8 µM, 12 µM) [27]. After 36 h incubation at 37 ◦C, 8 µL CCK-8
(Beyotime, Shanghai, China) was added for 2 h. Formazan crystals were dissolved in 150 µL
DMSO. Absorbance was measured at 450 nm (MultiskanTM MK3, Thermo Fisher Scientific,
Waltham, MA, USA). Half-maximal inhibitory concentration (IC50) values were calculated
using GraphPad Prism 9.0.

2.13. EdU Cell Proliferation Assay

Cell proliferation was assessed using the BeyoClickTM EdU Cell Proliferation Kit (Bey-
otime, Shanghai, China) with Alexa Fluor 594, following manufacturer instructions. Images
were captured using a Keyence BZ-X815 fluorescence microscope (Keyence Corporation,
Osaka, Japan).
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2.14. Colony Formation Assay

Log-phase cells were seeded in 6-well plates (1000 cells/well) and treated with varying
BV concentrations for 14 days. Colonies were fixed with 4% paraformaldehyde and stained
with crystal violet. Colony numbers were counted and analyzed.

2.15. Wound Healing Assay

Cells were seeded in 6-well plates and grown to full confluence. A straight scratch was
made using a 200 µL pipette tip, washed three times with PBS, and cultured in serum-free
medium with BV (4 µM, 8 µM, 12 µM). Images were taken at 0 h and 48 h. Wound closure
was analyzed using ImageJ (Version 2.14.0).

2.16. Transwell Migration and Invasion Assays

Cells in logarithmic phase were collected, resuspended at 2.5 × 105 cells/mL in serum-
free medium, and seeded into Transwell upper chambers. For invasion assays, chambers
were precoated with Matrigel diluted at 1:4. Chambers were placed in 24-well plates
containing 800 µL RPMI-1640 supplemented with 20% FBS as a chemoattractant. After
incubation for 48 h at 37 ◦C, non-migrated cells were gently removed, and cells on the
lower membrane surface were fixed with 4% paraformaldehyde and stained with crystal
violet. Three random fields per membrane were imaged and quantified using ImageJ.

2.17. Measurement of Intracellular Fe2+

Cells treated with BV were washed twice with serum-free medium and incubated
with FerroOrange staining solution (G1727, Servicebio, Wuhan, Hubei, China) at 37 ◦C for
30 min in the dark. Fluorescence was visualized using a Bioland fluorescence microscope.

2.18. Measurement of Malondialdehyde (MDA) Levels

Cell lysates were analyzed using a lipid peroxidation assay kit (S0131, Beyotime).
Absorbance at 532 nm was measured using a Bio-Rad microplate reader (Hercules, CA,
USA) to determine MDA content.

2.19. Glutathione (GSH) Quantification

Reduced GSH levels were quantified using a commercial GSH analysis kit (Elabscience,
Elabscience, Wuhan, Hubei, China). Cell lysates were mixed with DTNB reagent and
incubated in the dark for 20 min. Absorbance was measured at 412 nm.

2.20. Mitochondrial Membrane Potential Assay

Cells were seeded at 1 × 105 cells per well in 6-well plates and treated with 12 µM BV
for 48 h. After treatment, cells were stained with pre-warmed JC-1 working solution
(10 µg/mL in serum-free media) at 37 ◦C for 20 min in the dark. Fluorescence images were
captured to assess mitochondrial membrane potential.

2.21. Reactive Oxygen Species (ROS) Detection

Cells were loaded with 10 µM DCFH-DA dissolved in 0.9% saline and incubated at 37 ◦C
for 30 min. Cells were washed twice, and intracellular ROS levels were quantified using
a flow cytometer.

2.22. Ferroptosis-, Necroptosis-, and Apoptosis-Blocking Assays

To identify the dominant mode of BV-induced cell death, cells were pretreated with
Necrostatin-1 (necroptosis inhibitor), Ferrostatin-1 (ferroptosis inhibitor, 5 µM), or Z-VAD-
FMK (apoptosis inhibitor) before BV exposure. CCK-8 assays were performed to assess
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rescue effects, while flow cytometry was used to quantify cell death following 48 h of
BV treatment.

2.23. Transmission Electron Microscopy

After BV treatment, cells were harvested, fixed, and imaged using transmission elec-
tron microscopy to assess mitochondrial ultrastructural alterations, including shrinkage,
loss of cristae, and increased membrane density, characteristic of ferroptosis.

2.24. Western Blot Analysis

Cells or tissues were lysed using RIPA buffer supplemented with protease and phos-
phatase inhibitors. Protein concentrations were quantified using a BCA assay, separated via
SDS-PAGE, and transferred to nitrocellulose membranes. After blocking with 5% non-fat
milk, membranes were incubated with primary antibodies at 4 ◦C overnight, followed
by HRP-conjugated secondary antibodies. Protein bands were visualized using an ECL
detection system and quantified with ImageJ.

2.25. Xenograft Mouse Model

KYSE150 cells were injected subcutaneously into nude mice to establish ESCC
xenografts. Mice were treated with BV for 21 days at concentrations of 1 g/kg. Tumor
volumes were measured every three days, and tumors were harvested and weighed at
the endpoint. Body weight was monitored to assess systemic tolerance. Tumor tissues
were analyzed for epithelial–mesenchymal transition (EMT)-related proteins (E-cadherin,
N-cadherin, Vimentin) and ferroptosis-related proteins (GPX4, SLC7A11). TUNEL as-
says (Roche Diagnostics, Basel, Switzerland) were used to determine apoptosis. Major
organs, including the heart, liver and kidneys, were collected for H&E staining to evaluate
potential toxicity.

2.26. Statistical Analysis

All experiments were performed in at least three independent biological replicates.
Data were expressed as mean ± SD. For comparisons between two groups of continuous
variables, an unpaired two-tailed Student’s t-test was used. For comparisons among
three or more groups, one-way analysis of variance (ANOVA) was performed, followed by
Tukey’s post hoc test for multiple comparisons. Gene expression differences were evaluated
using the Mann–Whitney U test. Categorical variables were compared using the Chi-square
or Fisher’s exact test where appropriate. Continuous variables were analyzed using an
unpaired two-tailed Student’s t-test for two-group comparisons or one-way ANOVA for
three or more groups. Statistical analyses were conducted using SPSS 22.0 and GraphPad
Prism 8.0, and p values < 0.05 were considered statistically significant.

3. Results
3.1. Network Pharmacology and Toxicology Findings

By integrating data from the TCMSP and HERB databases with literature mining
and removing duplicate entries, 1583 potential targets associated with five therapeutic
BV components (quercetin, kaempferol, tricin, Amoenin A3, and kaempferol-3-O-α-L-
rhamnoside) were obtained. In parallel, 2363 candidate ESCC-related targets were re-
trieved from the GeneCards, DisGeNET, and OMIM databases. Intersection analysis
identified 363 overlapping targets between BV therapeutic components and ESCC-related
targets (Figure 2A).
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Figure 2. Network pharmacology analysis of the therapeutic targets of BV against ESCC: (A) Venn
diagram showing the overlapping targets between BV therapeutic components and ESCC-related
targets. (B) Top 10 KEGG pathways enriched for BV therapeutic targets in ESCC. (C) BV–compound–
ESCC–target network with MCODE clustering analysis. (D) Top 10 GO enrichment terms (biological
process, cellular component, and molecular function) for BV therapeutic targets in ESCC.

To further characterize the multi-component and multi-target features of BV against
ESCC, a BV–compound–target network and a BV–compound–ESCC–target network were
constructed in Cytoscape. In these networks, the major bioactive constituents of BV were
connected with numerous ESCC-related targets, illustrating the complex interaction pattern
between BV and ESCC (Figure 2C, Figure A2A, Appendix A).

The 363 overlapping ESCC-therapeutic targets were then imported into the STRING
database to construct a protein–protein interaction (PPI) network. Visualization in Cy-
toscape yielded a network with 325 nodes and 1617 edges after removal of unconnected
nodes. Degree centrality and composite scores were calculated to describe topological
properties, and the MCC algorithm was applied to identify core nodes. The top 10 hub
genes were TP53, AKT1, PTK2, EGFR, SRC, HSPA4, BRAF, XIAP, IGF1R, and JAK2
(Figure A2B, Appendix A).

Gene Ontology (GO) functional enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis based on Metascape showed that the ESCC-related
therapeutic targets of BV were significantly enriched in 846 biological processes, 43 cellular
components, and 149 molecular function terms, together with 122 KEGG pathways
(p < 0.01, q < 0.05). These findings indicate that BV exerts anti-ESCC effects through
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multiple pathways and regulatory levels. The most significantly enriched BPs were mainly
related to protein phosphorylation and receptor tyrosine kinase signaling, as well as cellular
responses to nitrogen compounds, hormones, lipids, and peptide hormone stimuli. The
top 10 KEGG pathways included pathways in cancer, the PI3K–Akt signaling pathway,
endocrine resistance, EGFR tyrosine kinase inhibitor resistance, ovarian steroidogenesis,
proteoglycans in cancer, prostate cancer, focal adhesion, breast cancer, and the phospholi-
pase D signaling pathway (Figure 2B,C). Considering both enrichment significance and
disease relevance, the PI3K–Akt signaling pathway emerged as a key pathway in the
anti-ESCC activity of BV (Figure 2D).

For BV-induced hepatorenal toxicity, 1100 putative targets related to four toxic BV
components and 1689 targets associated with drug-induced hepatorenal injury were col-
lected from public databases. Intersection analysis revealed 284 common targets shared
between BV toxic components and hepatorenal injury-related targets (Figure 3A). The PPI
network constructed from these overlapping toxicity-related targets contained 185 nodes
and 817 edges after exclusion of isolated nodes and low-confidence interactions, and the
top 10 core targets were PTK2, JAK2, EGFR, PIK3CB, SRC, NF-κB, RELA, TBK1, TNF, and
IKBKG (Figure 3C).

Figure 3. Network pharmacology analysis of BV-induced hepatorenal toxicity (HRT). (A) Venn
diagram showing the overlapping targets between BV toxic components and hepatorenal injury–
related targets. (B) Top 10 KEGG pathways enriched for BV toxicity–related targets. (C) PPI network
of overlapping toxicity-related targets and the top 10 core targets. (D) Top 10 GO enrichment terms
(biological process, cellular component, and molecular function) for BV toxicity–related targets.

To delineate the multi-component and multi-target mechanisms underlying BV-
induced hepatorenal toxicity, an H–C–T–P–D (Herb–Compound–Target–Pathway–Disease)
network was established. This network integrated BV, its toxic components, the predicted
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targets, the enriched pathways, and the disease node (BV-induced hepatorenal toxicity) into
a single framework, within which Diterpene alkaloid, Speranculatine A, and Speranculatine
B emerged as principal toxic constituents (Figure A3, Appendix A).

GO and KEGG enrichment analysis showed that, for BV-induced hepatorenal injury,
2648 BPs, 178 CCs, 277 MFs, and 228 KEGG pathways were significantly enriched (p < 0.01,
q < 0.05). Notably, the “lipid and atherosclerosis” pathway displayed the most significant
correlation with BV-associated hepatorenal toxicity. This finding implies that dysregulation
of lipid metabolism and vascular inflammation may underpin the potential organ-specific
injury induced by BV (Figure 3B,D, Figure A4, Appendix A). Furthermore, molecular
docking of core targets with key toxic BV components supported the network pharmacology
predictions and validated the predicted interactions between toxic compounds and central
hepatorenal injury-related targets (Figure A5, Appendix A).

3.2. Molecular Docking and Dynamics Validation

To validate the interaction strength between BV and the identified core targets, the
three-dimensional structures of EGFR, AKT1, SRC, and TP53 were obtained, and the 3D
structures of the five major BV components were generated and energy-minimized using
SYBYL-X 2.0. Molecular docking was then performed in AutoDockTools (Version 1.5.7),
with these proteins as receptors and BV components as ligands. All docking pairs
showed binding energies below −5.0 kcal/mol, indicating stable interactions, and sev-
eral compound–target pairs had values below −7.0 kcal/mol, reflecting stronger binding
affinity. The docking results revealed that, at the target level, SRC and EGFR exhibited
consistently strong binding with all five BV components. At the compound level, each BV
constituent demonstrated favorable binding to multiple core targets. Figure 4A presents
three-dimensional and two-dimensional docking visualizations of Amoenin A3 binding
with SRC, TP53, AKT1, and EGFR.

Figure 4. Molecular docking analysis of BV active components with four core therapeutic targets.
(A) Three-dimensional and two-dimensional docking visualizations of Amoenin A3 and SRC, TP53,
AKT1, EGFR. (B) Heatmap of binding energies (kcal/mol) between the five BV components and the
four core targets. More negative values indicate stronger binding affinities.

The heatmap in Figure 4B summarizes the docking results, showing that all five
compounds formed stable complexes with SRC, TP53, AKT1, and EGFR. Additional de-
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tailed docking results, including the binding of other compounds with the core targets, are
provided in Figure A6, Appendix A.

Network analysis further highlighted GPX4, a key enzyme in the ferroptosis pathway,
as a potential BV target. Molecular docking demonstrated that the binding energy between
GPX4 and Amoenin A3 was below −5.0 kcal/mol, indicating a stable interaction and
supporting the hypothesis that BV may induce ferroptosis by targeting GPX4 (Figure 5A).

Figure 5. Molecular docking and molecular dynamics simulations of BV components with GPX4.
(A) Three-dimensional and zoomed-in views of the predicted binding modes between GPX4 and
Amoenin A3. (B) Predicted backbone deformability profiles of GPX4 in complex with Amoenin A3.
(C) B-factor plots for the GPX4–Amoenin A3, comparing normal mode analysis (NMA)–predicted
B-factors with PDB-derived B-factors across the residue index. (D) Covariance matrix and elastic
network model analyses of the GPX4–Amoenin A3, showing correlated (red), anti-correlated (blue),
and uncorrelated (white) motions between residues, together with the corresponding elastic network
representation. (E) Variance associated with each normal mode for the GPX4–Amoenin A3. Bars
represent the contribution of individual modes; lower overall variance and similar mode distributions
indicate limited deformability and stable complex conformations. The purple region represents
the protein’s global collective motions, whereas the green region represents more local, subtle
atomic vibrations.

To further evaluate the stability and dynamic behavior of the GPX4–Amoenin A3 com-
plex, molecular dynamics simulations were performed. Analysis of backbone deformability
and predicted B-factors showed low flexibility in the complex (Figure 5B,C). Covariance
matrix and elastic network model analyses indicated coordinated motions within the
complex (Figure 5D). Additionally, the variance associated with each normal mode was
low and similar among the complexes (Figure 5E), suggesting stable conformations of
GPX4 upon binding to Amoenin A3.

Docking results for the other BV components (kaempferol, kaempferol-3-O-α-L-
rhamnoside, quercetin, and tricin) with GPX4 are provided in Figure A7, Appendix A.

3.3. BV Suppresses ESCC Cell Proliferation

ESCC cell growth was evaluated using CCK-8 assays in KYSE150 and TE-1 cells
treated with increasing concentrations of BV. BV treatment caused a dose-dependent
reduction in cell viability, with significant inhibition at higher concentrations, and the
IC50 values of BV in ESCC cell lines were determined (Figure 6A,B). Colony formation and
EdU incorporation assays were then used to further assess the effect of BV on ESCC cell
proliferation. KYSE150 and TE-1 cells were treated with 0, 4, 8, and 12 µM BV, and both
assays showed that BV markedly reduced colony numbers and EdU-positive proliferating
cells in a dose-dependent manner (Figure 6C,D, Figure 7A,B). In addition, flow cytometric
analysis revealed that BV treatment significantly increased cell death in KYSE150 and
TE-1 cells (Figure 7C,D). Overall, these data show that BV effectively inhibits ESCC cell
proliferation in vitro.
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Figure 6. BV inhibits ESCC cell viability and proliferation in vitro. (A) IC50 values of BV in ESCC cell
lines. (B) Cell viability of KYSE150 and TE-1 cells treated with BV for 24 h, assessed by the CCK-8
assay. (C) Representative images of colony formation assays in KYSE150 and TE-1 cells after BV
treatment. (D) Quantitative analysis of colony formation. Data are shown as mean ± SD (n = 3).
Statistical significance: ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control group.

Figure 7. BV inhibits DNA synthesis in KYSE150 and TE-1 cells. (A) Representative images of
EdU incorporation assays in KYSE150 and TE-1 cells following BV treatment. Scale bar = 100 µm.
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(B) Quantitative analysis of EdU-positive cells. Data are shown as mean ± SD (n = 3). BV induces
apoptosis in KYSE150 and TE-1 cells. (C) Flow cytometric analysis of cell death (apoptosis) in
KYSE150 and TE-1 cells following 48 h of BV treatment. (D) Quantitative analysis of apoptotic cells
from (A). Data are presented as mean ± SD (n = 3). Statistical significance: ns p ≥ 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 vs. control group.

3.4. BV Inhibits Migration, Invasion, and EMT

Metastasis is a major cause of cancer-related mortality, so we next assessed whether
BV affects ESCC cell motility and invasion. Transwell migration and invasion assays
showed that BV treatment markedly reduced both the migratory and invasive capacities of
KYSE150 and TE-1 cells (Figure 8A,B). Consistently, wound-healing assays demonstrated
that BV slowed wound closure in a concentration-dependent manner; with increasing BV
concentrations, cells exhibited progressively impaired lateral migration compared with
controls (Figure 8C,D).

Figure 8. BV inhibits migration, invasion, EMT, and survival of ESCC cells. (A) Representative
images of Transwell migration and invasion assays in KYSE150 and TE-1 cells after BV treatment
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(crystal violet staining; scale bar = 100 µm). (B) Quantitative analysis of migrated and invaded
cells in Transwell assays. Data are presented as mean ± SD (n = 3). (C) Representative images of
wound-healing assays showing the migratory capacity of KYSE150 and TE-1 cells after BV treatment
(0 and 48 h; scale bar = 200 µm). (D) Quantitative assessment of wound closure. Data are expressed
as a percentage of the initial wound area (mean ± SD, n = 3). (E) Western blot analysis of EMT-related
proteins (E-cadherin, N-cadherin, and vimentin) in KYSE150 and TE-1 cells treated with BV for 48 h.
β-actin (KYSE150) and GAPDH (TE-1) were used as loading controls. (F) Densitometric quantification
of protein expression levels from (E). Data are normalized to the respective loading controls and
presented as mean ± SD (n = 3). Statistical significance: ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 vs. control group. The uncropped blots are shown in Figure S1.

To determine whether these functional changes are associated with EMT, EMT-related
markers were examined at the protein level. BV exposure increased the expression of
the epithelial marker E-cadherin while decreasing the mesenchymal markers N-cadherin
and vimentin in both KYSE150 and TE-1 cells, supporting an anti-migratory and anti-
invasive role of BV in ESCC (Figure 8E,F). Collectively, these data indicate that BV not only
suppresses ESCC cell motility and invasion but also reduces cell survival.

3.5. BV Induces Ferroptosis in ESCC Cells

Ferroptosis involvement in BV-induced ESCC cell death was next examined by as-
sessing ferroptosis-related biochemical alterations. BV treatment markedly increased
intracellular ferrous iron (Fe2+) levels in KYSE150 and TE-1 cells (Figure 9A). Moreover,
BV significantly elevated MDA levels (Figure 9B) and reduced intracellular GSH content
(Figure 9C). Consistently, BV exposure led to a pronounced increase in ROS production
(Figure 9D), indicating enhanced oxidative stress and lipid peroxidation in ESCC cells.

 

Figure 9. BV induces ferroptotic cell death in ESCC cells. (A) Intracellular Fe2+ levels in KYSE150 and
TE-1 cells after BV treatment, measured using the FerroOrange fluorescent probe. (B) MDA content
in control and BV-treated ESCC cells. (C) Reduced GSH levels in control and BV-treated ESCC cells.
(D) Intracellular ROS levels detected using the DCFH-DA fluorescent probe. (E) Cell viability
assessed by CCK-8 assay in KYSE150 and TE-1 cells treated with BV in the presence or absence of
the ferroptosis inhibitor Ferrostatin-1 (Fer-1, 5 µM). Statistical significance: ns p ≥ 0.05, * p < 0.05,
** p < 0.01, *** p < 0.001 vs. control group.

To functionally dissect the underlying death modality, ESCC cells were pretreated
with Necrostatin-1 (a necroptosis inhibitor), Ferrostatin-1 (a ferroptosis inhibitor), or Z-
VAD-FMK (a pan-caspase apoptosis inhibitor) before BV exposure. Necrostatin-1 and
Z-VAD-FMK provided only marginal protection against BV-induced cytotoxicity. In con-
trast, Ferrostatin-1 elicited the strongest protective effect (Figure 10A; Figure 9E). These
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differential responses indicate that ferroptosis constitutes the predominant, albeit likely not
the sole, modality of cell death driven by BV. In line with this, the BV-induced increase in
ROS was largely reversed by Ferrostatin-1 pretreatment (Figure 10B).

Figure 10. Effects of cell death inhibitors and Ferrostatin-1 on BV-induced cytotoxicity and ROS
production in ESCC cells. (A) Cell viability in KYSE150 and TE-1 cells after co-treatment with BV and
Ferrostatin-1 (Fer-1, ferroptosis inhibitor), Z-VAD-FMK (Z-VAD, apoptosis inhibitor), or Necrostatin-1.
Data are shown as mean ± SD (n = 3). ns, *, *** indicate significant reversal of BV’s effect at
p ≥ 0.05, <0.05 and 0.001, respectively, compared with the BV-only group. (B) ROS levels assessed by
DCFH-DA staining in KYSE150 and TE-1 cells after the indicated treatments. Data, represented as
mean fluorescence intensity, are shown as mean ± SD (n = 3). ** p < 0.01 vs. CON; ## p < 0.05 vs. BV.

JC-1 staining revealed that BV treatment significantly decreased mitochondrial mem-
brane potential in ESCC cells (Figure 11A,B), consistent with mitochondrial dysfunction
commonly observed during regulated cell death. At the molecular level, qRT-PCR analy-
sis showed that BV downregulated GPX4 and SLC7A11 mRNA expression(Figure 11C).
Western blotting confirmed the corresponding decreases in GPX4 and SLC7A11 protein
levels (Figure 11D,E). Both proteins are essential negative regulators of ferroptosis, and
their suppression is in agreement with ferroptosis induction.

Ultrastructural examination using transmission electron microscopy provided addi-
tional morphological evidence supporting ferroptosis. BV-treated ESCC cells exhibited
characteristic ferroptosis-like features, including reduced mitochondrial volume, dimin-
ished cristae, and increased membrane density (Figure 11F). Collectively, these findings
support the conclusion that BV induces ferroptotic cell death in ESCC cells through Fe2+

accumulation, lipid peroxidation, GSH depletion, ROS elevation, mitochondrial membrane
potential loss, and downregulation of GPX4 and SLC7A11.
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Figure 11. BV triggers mitochondrial dysfunction and downregulates GPX4/SLC7A11 in ESCC
cells. (A) Representative JC-1 staining images showing mitochondrial membrane potential in control
and BV-treated ESCC cells. (B) Quantitative analysis of the JC-1 red/green fluorescence ratio. Data
are presented as mean ± SD (n = 3). (C) mRNA expression levels of GPX4 and SLC7A11 in ESCC
cells treated with BV, detected by qRT-PCR. (D) Western blot analysis of the ferroptosis-related
proteins GPX4 and SLC7A11 in control and BV-treated cells. GAPDH was used as a loading control.
(E) Densitometric quantification of protein expression from (D). Data are normalized to GAPDH and
presented as mean ± SD (n = 3). (F) Transmission electron microscopy images showing ultrastructural
features consistent with ferroptosis, including shrunken mitochondria with reduced or absent cristae
and increased membrane density in BV-treated ESCC cells. Scale bar = 2 µm. Statistical significance:
*** p < 0.001, **** p < 0.0001 vs. control group. The uncropped blots are shown in Figure S2.

3.6. BV Exhibits Anti-Tumor Activity In Vivo

BV antitumor activity was further evaluated in a subcutaneous xenograft mouse model
established by inoculating KYSE150 cells into nude mice (Figure 12A). A 21-day BV treat-
ment regimen (1 g/kg) significantly reduced tumor volume and tumor weight compared
with the control group (Figure 12B,C). Throughout the treatment period, body weight
remained unchanged (Figure A8, Appendix A), suggesting that BV was well tolerated at
the tested dose.

To assess whether BV modulates ferroptosis and EMT in vivo, the expression of re-
lated proteins was examined in xenograft tumor tissues. Western blot analysis showed
a marked increase in the epithelial marker E-cadherin and a pronounced decrease in
the ferroptosis-associated proteins GPX4 and SLC7A11. The mesenchymal markers
N-cadherin and vimentin were also significantly reduced in BV-treated tumors compared
with untreated controls (Figure 12D,E). These findings are consistent with BV modulating
EMT and ferroptosis-related pathways in vivo.

TUNEL staining revealed a significant increase in apoptotic cells in BV-treated tumors,
further indicating enhanced tumor cell death following BV administration (Figure 12F). To
evaluate the systemic safety of BV, heart, liver, and kidney tissues were subjected to H&E
staining. Histopathological examination did not reveal appreciable pathological changes in
any of these organs, suggesting that BV did not induce notable organ toxicity under the
experimental conditions used (Figure 12G).
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Figure 12. BV exerts anti-tumor effects and modulates EMT and ferroptosis in an ESCC xenograft
model. (A) Schematic illustration of the xenograft model established by subcutaneous injection
of KYSE150 cells into nude mice, followed by BV or control treatment. (B) Tumor growth curves
recorded every 3 days during the treatment period. Data are presented as mean ± SD (n = 6).
*** p < 0.001 vs. control group. (C) Tumor weight at the endpoint of the experiment. Data are
presented as mean ± SD (n = 6). (D) Western blot analysis of EMT-related proteins (E-cadherin,
N-cadherin, and vimentin) and ferroptosis-related proteins (GPX4 and SLC7A11) in tumor tissues.
GAPDH was used as a loading control. (E) Densitometric quantification of protein expression levels
from (D). Data are normalized to GAPDH and presented as mean ± SD (n = 3). (F) Quantitative
analysis of the apoptotic rate (percentage of TUNEL-positive cells) from three random fields per
sample. (G) Representative H&E staining images of heart, liver, and kidney tissues from each
treatment group. Scale bar = 50 µm. The uncropped blots are shown in Figure S3.

4. Discussion
BV has a long history of use in traditional medicine and has recently attracted attention

because several of its major constituents, such as quercetin and kaempferol, display broad
antitumor activities in multiple cancer types [28]. In this study, we provide integrated
network-based and experimental evidence that BV exerts significant antitumor effects in
ESCC by simultaneously suppressing EMT and inducing ferroptosis. BV inhibited ESCC
cell proliferation, colony formation, migration, and invasion in vitro, and suppressed tumor
growth in a xenograft model without overt systemic toxicity. These findings support the
concept that BV, as a medicinal and edible resource with a favorable safety background,
may represent a potential multi-target candidate for ESCC therapy.
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The observed dual mechanisms are mechanistically supported by the known bioactive
constituents of BV. For instance, the flavonoid quercetin, a major component of BV, has been
shown to deplete intracellular glutathione and induce lipid peroxidation, leading to ferrop-
totic cell death in colorectal cancer [29]. Similarly, kaempferol, another prevalent flavonoid
in BV, can inhibit system Xc− activity and downregulate GPX4, thereby sensitizing cancer
cells to ferroptosis [30]. Additionally, saponins, another class of compounds identified in BV,
have been reported to induce oxidative stress and mitochondrial dysfunction, key events in
the ferroptosis cascade [31]. The coordinated downregulation of SLC7A11 (a core subunit
of system Xc−) and GPX4 by BV treatment in our study aligns with the reported actions
of these specific constituents, suggesting they may be key contributors to the ferroptosis
induced by the whole extract.

Ferroptosis is a regulated form of cell death that tumor cells can evade through
multiple adaptive mechanisms. These mechanisms include reinforcement of antioxidant
defenses, tight regulation of iron and lipid metabolism, activation of pro-survival signaling
pathways, and broader genetic or metabolic reprogramming [32]. Consistent with this
paradigm, ESCC cells have been demonstrated to mitigate ferroptotic stress through diverse
biological mechanisms, underscoring the critical contribution of ferroptosis resistance to
both tumor maintenance and therapeutic recalcitrance [33]. Conversely, pharmacologic
induction of ferroptosis can effectively inhibit ESCC cell proliferation and even reverse
drug-resistant phenotypes [34]. Ferroptosis induction has emerged as a therapeutic strategy
to inhibit ESCC growth and overcome resistance. In this study, BV induced ferroptosis in
ESCC cells based on biochemical, functional, and ultrastructural evidence. Together, these
findings place BV within a growing class of agents that target ferroptotic vulnerability.

Our data indicate that BV triggers ferroptosis through a coordinated disturbance of
redox homeostasis and iron handling. BV treatment significantly increased intracellular
Fe2+ levels, ROS production, MDA accumulation, and lipid peroxidation, while decreasing
GSH content and mitochondrial membrane potential in ESCC cells. These biochemical
alterations are consistent with the canonical definition of ferroptosis as an iron-dependent,
lipid peroxidation–driven form of regulated cell death [33]. The ferroptosis inhibitor
Ferrostatin-1 provided the most pronounced protection against BV-induced cytotoxicity
compared with apoptosis or necroptosis inhibitors, supporting ferroptosis as a major,
though not exclusive, mode of cell death in this setting. Ultrastructural analysis further
revealed classical ferroptotic mitochondrial changes, including reduced mitochondrial
volume, loss or diminution of cristae, and increased membrane density, which are widely
recognized morphological hallmarks of ferroptosis. At the molecular level, BV markedly
downregulated GPX4 and SLC7A11 expression at both the mRNA and protein levels in
ESCC cells, and similar reductions were observed in xenograft tumors. Given that SLC7A11
and GPX4 are key negative regulators of ferroptosis that maintain the GSH-dependent
antioxidant system, their suppression provides a mechanistic explanation for the enhanced
lipid peroxidation and oxidative stress observed in BV-treated cells [32,34].

The ferroptosis-inducing activity of BV is also consistent with growing evidence that
natural compounds can trigger ferroptosis by converging on the SLC7A11/GPX4 axis. For
example, taraxerol, a triterpenoid derived from dandelion, induces GPX4 ubiquitination
and degradation via NRF2 modulation, thereby promoting ferroptosis in breast cancer
cells. Similarly, acevaltrate (ACE) from valerian perturbs iron homeostasis through dual
targeting of PCBP1/2 and GPX4, leading to ferroptotic cell death. In ESCC, berbamine
has been reported to enhance USP51-mediated GPX4 ubiquitination and degradation,
while oridonin suppresses both SLC7A11 and GPX4, resulting in robust ferroptosis [35].
Our findings that BV decreases GPX4 and SLC7A11 and recapitulates biochemical, func-
tional, and morphological signatures of ferroptosis place BV within this mechanistic frame-
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work and suggest that the SLC7A11/GPX4 axis is a critical downstream effector of BV
action in ESCC.

Beyond ferroptosis, BV significantly inhibited ESCC cell migration and invasion and
reversed EMT marker expression, as evidenced by increased E-cadherin and reduced
N-cadherin and vimentin levels in vitro and in vivo. EMT is closely linked to metastatic
behavior and has been associated with enhanced antioxidant capacity and resistance to
ferroptosis. Our network pharmacology analysis highlighted EGFR, AKT1, and SRC as core
targets of BV, and these nodes are known to participate in both EMT regulation and redox
signaling in ESCC [36,37]. These data suggest that BV modulates shared signaling nodes,
particularly the EGFR–AKT axis, to both attenuate EMT-associated metastatic potential
and sensitize cells to ferroptosis. While we did not genetically manipulate EGFR, SLC7A11,
or GPX4, the coordinated changes in EMT markers, ferroptosis-related proteins, and tumor
phenotypes support a model in which BV acts on interconnected EMT–ferroptosis networks
rather than isolated pathways.

From a translational standpoint, the safety profile of BV is another important consider-
ation. Network toxicology analysis suggested that some BV components may interact with
pathways implicated in hepatic and renal injury, indicating potential hepatorenal risk under
certain conditions [21,38]. While our short-term in vivo study did not reveal significant
histopathological damage in major organs, this finding does not preclude potential subclin-
ical or long-term toxicity. The predicted interactions, particularly with drug-metabolizing
enzymes in the liver and transporters in the kidneys, highlight the necessity for future
studies to include specific serum biomarkers (e.g., ALT, AST, creatinine, BUN) and extended
observation periods to fully assess organ safety.

Regarding dose selection, a lower dose (0.7 g/kg) was first evaluated in a pilot set-
ting but did not yield a discernible antitumor effect under our regimen, whereas 1 g/kg
produced a robust and reproducible tumor growth inhibition. Importantly, no overt intoler-
ance was observed during the 21-day treatment, as reflected by stable body weight and
unremarkable histology of major organs. Nevertheless, we acknowledge that a full dose–
response assessment and comprehensive safety profiling (e.g., serum ALT/AST, creatinine,
and BUN) are warranted in future studies to refine the therapeutic window and strengthen
translational relevance.

It is crucial to acknowledge several limitations of this study that are important for
interpreting our findings and guiding future research. A primary limitation of this study
lies in the absence of comprehensive pharmacokinetic profiling for the BV extract. Without
detailed ADME (absorption, distribution, metabolism, and excretion) data, correlating the
administered dosage with clinically relevant tissue concentrations remains challenging.
Second, all in vivo efficacy experiments were conducted in immunodeficient mouse models.
The lack of an intact immune system prevents evaluation of how BV might interact with
the tumor immune microenvironment, which is known to modulate both ferroptosis and
EMT, and thus represents a significant gap in understanding its comprehensive antitumor
mechanism. Finally, while we identified core targets and pathways, the precise molecular
interactions between specific BV constituents (e.g., quercetin, saponins) and these targets
(e.g., direct binding to SLC7A11 or GPX4) remain to be experimentally validated.

However, in our in vivo experiments, BV significantly inhibited tumor growth with-
out causing obvious histopathological abnormalities in major organs, and body weight
remained stable throughout treatment. These findings suggest that BV is well tolerated
under the dosing regimen used in this study, although network predictions underscore
the need for cautious evaluation of long-term exposure, higher doses, and potential
cumulative toxicity.
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From a translational perspective, the multi-target nature of BV is noteworthy. In this
study, BV markedly inhibited tumor growth in vivo and modulated EMT- and ferroptosis-
related pathways in xenograft tissues, consistent with its robust effects in ESCC cells.
These findings highlight BV’s potential as a phytotherapeutic agent that may concur-
rently suppress metastatic traits and activate ferroptotic vulnerability. Nevertheless, sev-
eral issues warrant further investigation, including the contributions of individual BV
constituents, potential synergistic interactions among components, and the molecular
specificity of BV–target interactions. Moreover, studies employing immunocompetent or
humanized ESCC models, as well as systematic evaluation of dosing strategies and long-
term administration, will be valuable for advancing the translational development of BV as
a ferroptosis-activating and EMT-suppressing therapeutic candidate.

5. Conclusions
Collectively, this study supports BV as a multi-target therapeutic candidate for ESCC.

BV suppressed tumorigenic phenotypes, including proliferation, migration, invasion, and
EMT. In parallel, BV induced ferroptotic cell death characterized by iron overload, oxidative
stress, and mitochondrial dysfunction, potentially via suppression of the SLC7A11/GPX4
axis. These findings underscore a dual therapeutic strategy wherein BV concurrently
inhibits EMT-associated metastasis and exploits ferroptotic vulnerabilities. Further studies
focusing on long-term evaluation, pharmacokinetics, and standardized preparation will be
essential to advance its translational development.
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Abbreviations
The following abbreviations are used in this manuscript:

BV Broadleaf Vetch
CCK-8 Cell Counting Kit-8
EMT Epithelial–mesenchymal transition
ESCC Esophageal squamous cell carcinoma
GO Gene Ontology
GSH Glutathione
HRT Hepatic and renal toxicity
KEGG Kyoto Encyclopedia of Genes and Genomes
PPI Protein–protein interaction
MDA Malondialdehyde
qRT-PCR Quantitative real-time polymerase chain reaction
ROS Reactive oxygen species
TCM Traditional Chinese Medicine
WB Western blot

Appendix A

Figure A1. BPI chromatogram of the sample acquired by LC–TOF–MS in positive ESI mode.

Figure A2. BV–compound–target network and PPI network analysis in ESCC: (A) BV–compound–
target network illustrating the relationships between BV and its predicted targets. (B) PPI network of
BV therapeutic targets in ESCC and the top 10 hub genes.
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Figure A3. Herb–Compound–Target–Pathway–Disease (H–C–T–P–D) network depicting the regula-
tory mechanisms of BV-induced HRT and highlighting the principal toxic constituents.

Figure A4. Mapping of the core “lipid and atherosclerosis” pathway using the KEGG Mapper database.

https://doi.org/10.3390/cancers18030370

https://doi.org/10.3390/cancers18030370


Cancers 2026, 18, 370 23 of 26

Figure A5. Molecular docking of core targets with key toxic BV components.

Figure A6. Molecular docking analysis of BV active components with four core therapeutic targets.
Three-dimensional and two-dimensional docking visualizations of five principal BV components
(kaempferol, quercetin, tricin, Amoenin A3, and kaempferol-3-O-α-L-rhamnoside) with four key
targets (SRC, TP53, AKT1, and EGFR). For each compound–target pair, the overall protein structure,
ligand-binding pocket, and predicted interaction mode are shown.
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Figure A7. Molecular docking and molecular dynamics simulations of BV components with GPX4.
(A) Three-dimensional and zoomed-in views of the predicted binding modes between GPX4 and
five major BV components (Amoenin A3, kaempferol, kaempferol-3-O-α-L-rhamnoside, quercetin,
and tricin). For each complex, the overall GPX4 structure and the ligand-binding pocket are shown.
(B) Predicted backbone deformability profiles of GPX4 in complex with each BV component, gen-
erated by IMODS. Lower peaks indicate reduced flexibility at the corresponding residue positions.
(C) B-factor plots for the GPX4–ligand complexes, comparing normal mode analysis (NMA)–predicted
B-factors with PDB-derived B-factors across the residue index. (D) Covariance matrix and elastic
network model analyses of the GPX4–ligand complexes, showing correlated (red), anti-correlated
(blue), and uncorrelated (white) motions between residues, together with the corresponding elastic
network representation. (E) Variance associated with each normal mode for the GPX4–ligand com-
plexes. Bars represent the contribution of individual modes; lower overall variance and similar mode
distributions indicate limited deformability and stable complex conformations. The purple region
represents the protein’s global collective motions, whereas the green region represents more local,
subtle atomic vibrations.

Figure A8. Changes in mice’s weight over time (CON vs. BV 12 µM). ns p ≥ 0.05.

https://doi.org/10.3390/cancers18030370

https://doi.org/10.3390/cancers18030370


Cancers 2026, 18, 370 25 of 26

References
1. An, L.; Li, M.; Jia, Q. Mechanisms of radiotherapy resistance and radiosensitization strategies for esophageal squamous cell

carcinoma. Mol. Cancer 2023, 22, 140. [CrossRef]
2. Cui, H.; Zhou, Y.; Wang, F.; Cheng, C.; Zhang, W.; Sun, R.; Zhang, L.; Bi, Y.; Guo, M.; Zhou, Y.; et al. Characterization of

somatic structural variations in 528 Chinese individuals with esophageal squamous cell carcinoma. Nat. Commun. 2022, 13, 6296.
[CrossRef] [PubMed]

3. Jiang, K.; Yin, X.; Zhang, Q.; Yin, J.; Tang, Q.; Xu, M.; Wu, L.; Shen, Y.; Zhou, Z.; Yu, H.; et al. STC2 activates PRMT5 to induce
radioresistance through DNA damage repair and ferroptosis pathways in esophageal squamous cell carcinoma. Redox Biol. 2023,
60, 102626. [CrossRef] [PubMed]

4. Kurumi, H.; Isomoto, H. Current Topics in Esophageal Squamous Cell Carcinoma. Cancers 2020, 12, 2898. [CrossRef] [PubMed]
5. Li, L.; Sun, J.; Liu, N.; Yu, R.; Zhang, J.; Pang, J.; Ou, Q.; Yin, Y.; Cui, J.; Yao, X.; et al. Clinical Outcome-Related Cancer Pathways

and Mutational Signatures in Patients with Unresectable Esophageal Squamous Cell Carcinoma Treated with Chemoradiotherapy.
Int. J. Radiat. Oncol. Biol. Phys. 2023, 115, 382–394. [CrossRef]

6. Liu, Y.; Xiong, R.; Xiao, T.; Xiong, L.; Wu, J.; Li, J.; Feng, G.; Song, G.; Liu, K. SCARA5 induced ferroptosis to effect ESCC
proliferation and metastasis by combining with Ferritin light chain. BMC Cancer 2022, 22, 1304. [CrossRef]

7. Ohashi, S.; Miyamoto, S.; Kikuchi, O.; Goto, T.; Amanuma, Y.; Muto, M. Recent Advances from Basic and Clinical Studies of
Esophageal Squamous Cell Carcinoma. Gastroenterology 2015, 149, 1700–1715. [CrossRef]

8. Salehi, B.; Abu-Reidah, I.M.; Sharopov, F.; Karazhan, N.; Sharifi-Rad, J.; Akram, M.; Daniyal, M.; Khan, F.S.; Abbaass, W.;
Zainab, R.; et al. Vicia plants—A comprehensive review on chemical composition and phytopharmacology. Phytother. Res. 2021,
35, 790–809. [CrossRef]

9. Ebrahimzadeh, M.A.; Nabavi, S.M.; Nabavi, S.F. Antidepressant and antihemolytic activities of Vicia sojakii. Eur. Rev. Med. Pharmacol.
Sci. 2014, 18, 971–974. Available online: https://www.europeanreview.org/article/7202 (accessed on 3 November 2025).

10. El-Halawany, A.M.; Osman, S.M.; Abdallah, H.M. Cytotoxic constituents from Vicia monantha subsp. monantha seeds. Nat. Prod.
Res. 2019, 33, 1783–1786. [CrossRef]

11. Augustin, J.M.; Kuzina, V.; Andersen, S.B.; Bak, S. Molecular activities, biosynthesis and evolution of triterpenoid saponins.
Phytochemistry 2011, 72, 435–457. [CrossRef]

12. Sun, L.; Zhao, W.; Li, J.; Tse, L.A.; Xing, X.; Lin, S.; Zhao, J.; Ren, Z.; Zhang, C.X.; Liu, X. Dietary flavonoid intake and risk of
esophageal squamous cell carcinoma: A population-based case-control study. Nutrition 2021, 89, 111235. [CrossRef]

13. Zhao, S.; Jiang, Y.; Zhao, J.; Li, H.; Yin, X.; Wang, Y.; Xie, Y.; Chen, X.; Lu, J.; Dong, Z.; et al. Quercetin-3-methyl ether inhibits
esophageal carcinogenesis by targeting the AKT/mTOR/p70S6K and MAPK pathways. Mol. Carcinog. 2018, 57, 1540–1552.
[CrossRef] [PubMed]

14. Song, Y.; Zhou, Z.; Li, X.; Shi, X.; Ma, H.; Chen, H.; Wu, C.; Zhang, C.; Abliz, Z. A fusion strategy of network pharmacology
and targeted metabolomics revealed anti-esophageal squamous cell carcinoma effect of Isodon rubescens and its heterogeneity.
J. Ethnopharmacol. 2025, 353, 120459. [CrossRef] [PubMed]

15. Stompor, M. A review on sources and pharmacological aspects of sakuranetin. Nutrients 2020, 12, 513. [CrossRef] [PubMed]
16. Wang, F.; Zhang, L.; Xu, Y.; Xie, Y.; Li, S. Comprehensive Analysis and Identification of Key Driver Genes for Distinguishing

Between Esophageal Adenocarcinoma and Squamous Cell Carcinoma. Front. Cell Dev. Biol. 2021, 9, 676156. [CrossRef]
17. Zhao, Y.; Zhao, H.; Zhao, M.; Yu, Y.; Qi, X.; Wang, J.; Lv, J. Latest insights into the global epidemiological features, screening, early

diagnosis and prognosis prediction of esophageal squamous cell carcinoma. World J. Gastroenterol. 2024, 30, 2638–2656. [CrossRef]
18. Zhou, S.; Yang, Y.; Zhang, Q.; Zhu, C.; Cai, P.; Li, D. Analysis of the prognostic factors of simultaneous integrated boost-intensity

modulated radiation therapy in 220 cases of locally advanced squamous esophageal cancer: A retrospective cohort study. Ann.
Transl. Med. 2023, 11, 103. [CrossRef]

19. Sang, Y.; Guo, F.; Wang, Y.; Hao, Y.; Shan, Y.; Zhu, S. Determination of Five Flavonoid Glycosides in the Stems and Leaves of Vicia
amoena and Vicia unijuga by HPLC. J. Pharm. Anal. 2017, 37, 950–955. [CrossRef]

20. Sang, Y.; Liu, J.; Guo, F.; Xin, Y.; Shi, L.; Chen, H.; Hao, Y. Study on the Enrichment Process of Total Flavonoids from Vicia unijuga.
J. Liaoning Univ. (Nat. Sci. Ed.) 2021, 48, 300–304. [CrossRef]

21. Liao, Y.; Ding, Y.; Yu, L.; Xiang, C.; Yang, M. Exploring the mechanism of Alisma orientale for the treatment of pregnancy induced
hypertension and potential hepato-nephrotoxicity by using network pharmacology, network toxicology, molecular docking and
molecular dynamics simulation. Front. Pharmacol. 2022, 13, 1027112. [CrossRef] [PubMed]

22. Zellner, T.; Romanek, K.; Rabe, C.; Schmoll, S.; Geith, S.; Heier, E.C.; Stich, R.; Burwinkel, H.; Keicher, M.; Bani-Harouni, D.; et al.
ToxNet: An artificial intelligence designed for decision support for toxin prediction. Clin. Toxicol. 2023, 61, 56–63. [CrossRef]
[PubMed]

23. Davis, A.P.; Wiegers, T.C.; Johnson, R.J.; Sciaky, D.; Wiegers, J.; Mattingly, C.J. Comparative Toxicogenomics Database (CTD):
Update 2023. Nucleic Acids Res. 2023, 51, D1257–D1262. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18030370

https://doi.org/10.1186/s12943-023-01839-2
https://doi.org/10.1038/s41467-022-33994-3
https://www.ncbi.nlm.nih.gov/pubmed/36272974
https://doi.org/10.1016/j.redox.2023.102626
https://www.ncbi.nlm.nih.gov/pubmed/36764215
https://doi.org/10.3390/cancers12102898
https://www.ncbi.nlm.nih.gov/pubmed/33050257
https://doi.org/10.1016/j.ijrobp.2022.07.1835
https://doi.org/10.1186/s12885-022-10414-9
https://doi.org/10.1053/j.gastro.2015.08.054
https://doi.org/10.1002/ptr.6863
https://www.europeanreview.org/article/7202
https://doi.org/10.1080/14786419.2018.1434638
https://doi.org/10.1016/j.phytochem.2011.01.015
https://doi.org/10.1016/j.nut.2021.111235
https://doi.org/10.1002/mc.22876
https://www.ncbi.nlm.nih.gov/pubmed/30035335
https://doi.org/10.1016/j.jep.2025.120459
https://www.ncbi.nlm.nih.gov/pubmed/40850656
https://doi.org/10.3390/nu12020513
https://www.ncbi.nlm.nih.gov/pubmed/32085443
https://doi.org/10.3389/fcell.2021.676156
https://doi.org/10.3748/wjg.v30.i20.2638
https://doi.org/10.21037/atm-22-6462
https://doi.org/10.16155/j.0254-1793.2017.06.03
https://doi.org/10.16197/j.cnki.lnunse.2021.04.002
https://doi.org/10.3389/fphar.2022.1027112
https://www.ncbi.nlm.nih.gov/pubmed/36457705
https://doi.org/10.1080/15563650.2022.2144345
https://www.ncbi.nlm.nih.gov/pubmed/36373611
https://doi.org/10.1093/nar/gkac833
https://www.ncbi.nlm.nih.gov/pubmed/36169237
https://doi.org/10.3390/cancers18030370


Cancers 2026, 18, 370 26 of 26

24. López-Blanco, J.; Aliaga, J.; Quintana-Ortí, E.; Chacón, P. iMODS: Internal coordinates normal mode analysis server. Nucleic Acids
Res. 2014, 42, W271–W276. [CrossRef]

25. Lopéz-Blanco, J.; Garzón, J.; Chacón, P. iMod: Multipurpose normal mode analysis in internal coordinates. Bioinformatics 2011,
27, 2843–2850. [CrossRef]

26. Kovacs, J.; Chacón, P.; Abagyan, R. Predictions of protein flexibility: First-order measures. Proteins 2004, 56, 661–668. [CrossRef]
27. Wang, Y. Study on Chemical Constituents and Immunological Activities of V. amoena Fisch. var. Angusta. Freyn. Master’s

Thesis, Liaoning University, Shenyang, China, 2017. Available online: https://kns.cnki.net/kcms2/article/abstract?v=SHX-
2ztJhdd8RFMj3ngqCOeRFs5LQF2dKF0quES0LQn-sSoLM55VUlUHDSdWMc_2vr1N8vdPMwJYZ1B45j535qk94t2HP7vCC1zKEE
GdlVuHeOlwifuawstgX7bwvhgmOj54vDoAs8cBmLaDLr6rMyyPE3TsUeUJlEy8JaB7nXhfXApZI7H6OA==&uniplatform=NZKP
T&language=CHS (accessed on 3 November 2025).

28. Needy, T.; Heinrichs, D.; Maldonado, V.; Porter, R.M.; Jensen, H.; Lowry Barnes, C.; Samsonraj, R.M. Examining the Effects of
Quercetin on Phenotypic Characteristics of Human Mesenchymal Stem Cells. Cell. Mol. Bioeng. 2025, 18, 239–250. [CrossRef]

29. Xu, S.; Gao, W.; Lin, S.; Kang, B.; Shi, X.; Zheng, D.; Xiao, L.; Zeng, L.; Zhang, Q.; Tian, W.; et al. Self-Assembly Albumin
Nanoparticles for Improved Anticancer Effect and Reinforced Ferroptosis in Metastatic Colorectal Cancer Treatment. ACS Appl.
Mater. Interfaces 2025, 17, 66475–66491. [CrossRef]

30. Su, Z.; Li, Y.; Zhou, Z.; Feng, B.; Chen, H.; Zheng, G. Herbal Medicine for Colorectal Cancer Treatment: Molecular Mechanisms
and Clinical Applications. Cell Prolif. 2025, 58, e70065. [CrossRef]

31. Ren, Z.; Chen, X.; Hong, L.; Zhao, X.; Cui, G.; Li, A.; Liu, Y.; Zhou, L.; Sun, R.; Shen, S.; et al. Nanoparticle Conjugation of
Ginsenoside Rg3 Inhibits Hepatocellular Carcinoma Development and Metastasis. Small 2020, 16, e1905233. [CrossRef]

32. Koppula, P.; Zhuang, L.; Gan, B. Cystine transporter SLC7A11/xCT in cancer: Ferroptosis, nutrient dependency, and cancer
therapy. Protein Cell 2021, 12, 599–620. [CrossRef]

33. Huang, W.; Wen, F.; Yang, P.; Li, Y.; Li, Q.; Shu, P. Yi-qi-hua-yu-jie-du decoction induces ferroptosis in cisplatin-resistant gastric
cancer via the AKT/GSK3β/NRF2/GPX4 axis. Phytomedicine 2024, 123, 155220. [CrossRef]

34. Dodson, M.; Castro-Portuguez, R.; Zhang, D. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox
Biol. 2019, 23, 101107. [CrossRef]

35. Feng, L.; Zhao, K.; Sun, L.; Yin, X.; Zhang, J.; Liu, C.; Li, B. SLC7A11 regulated by NRF2 modulates esophageal squamous cell
carcinoma radiosensitivity by inhibiting ferroptosis. J. Transl. Med. 2021, 19, 367. [CrossRef]

36. Xia, D.; Zhang, X.; Ma, Y.; Zhao, Z.; Zhao, R.; Wang, Y. Nrf2 promotes esophageal squamous cell carcinoma (ESCC) resistance to
radiotherapy through the CaMKIIα-associated activation of autophagy. Cell Biosci. 2020, 10, 90. [CrossRef]

37. Kawasaki, Y.; Okumura, H.; Uchikado, Y.; Kita, Y.; Sasaki, K.; Owaki, T.; Ishigami, S.; Natsugoe, S. Nrf2 is useful for predicting
the effect of chemoradiation therapy on esophageal squamous cell carcinoma. Ann. Surg. Oncol. 2014, 21, 2347–2352. [CrossRef]

38. Yuan, J.; Guo, J.; Wang, Y.; Xing, T.; Hou, S.; Zhang, C.; Huang, M.; Zheng, P.; Li, R.; Wu, Z.; et al. Network toxicology reveals
collaborative mechanism of 4NQO and ethanol in esophageal squamous cell carcinogenesis. Biochem. Biophys. Rep. 2025,
43, 102187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18030370

https://doi.org/10.1093/nar/gku339
https://doi.org/10.1093/bioinformatics/btr497
https://doi.org/10.1002/prot.20151
https://kns.cnki.net/kcms2/article/abstract?v=SHX-2ztJhdd8RFMj3ngqCOeRFs5LQF2dKF0quES0LQn-sSoLM55VUlUHDSdWMc_2vr1N8vdPMwJYZ1B45j535qk94t2HP7vCC1zKEEGdlVuHeOlwifuawstgX7bwvhgmOj54vDoAs8cBmLaDLr6rMyyPE3TsUeUJlEy8JaB7nXhfXApZI7H6OA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=SHX-2ztJhdd8RFMj3ngqCOeRFs5LQF2dKF0quES0LQn-sSoLM55VUlUHDSdWMc_2vr1N8vdPMwJYZ1B45j535qk94t2HP7vCC1zKEEGdlVuHeOlwifuawstgX7bwvhgmOj54vDoAs8cBmLaDLr6rMyyPE3TsUeUJlEy8JaB7nXhfXApZI7H6OA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=SHX-2ztJhdd8RFMj3ngqCOeRFs5LQF2dKF0quES0LQn-sSoLM55VUlUHDSdWMc_2vr1N8vdPMwJYZ1B45j535qk94t2HP7vCC1zKEEGdlVuHeOlwifuawstgX7bwvhgmOj54vDoAs8cBmLaDLr6rMyyPE3TsUeUJlEy8JaB7nXhfXApZI7H6OA==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=SHX-2ztJhdd8RFMj3ngqCOeRFs5LQF2dKF0quES0LQn-sSoLM55VUlUHDSdWMc_2vr1N8vdPMwJYZ1B45j535qk94t2HP7vCC1zKEEGdlVuHeOlwifuawstgX7bwvhgmOj54vDoAs8cBmLaDLr6rMyyPE3TsUeUJlEy8JaB7nXhfXApZI7H6OA==&uniplatform=NZKPT&language=CHS
https://doi.org/10.1007/s12195-025-00849-y
https://doi.org/10.1021/acsami.5c19528
https://doi.org/10.1111/cpr.70065
https://doi.org/10.1002/smll.201905233
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1016/j.phymed.2023.155220
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1186/s12967-021-03042-7
https://doi.org/10.1186/s13578-020-00456-6
https://doi.org/10.1245/s10434-014-3600-2
https://doi.org/10.1016/j.bbrep.2025.102187
https://doi.org/10.3390/cancers18030370

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Animals 
	Preparation of BV Extract 
	Identification of Bioactive and Toxicity-Related Components 
	Acquisition of ESCC and Hepatorenal Toxicity Targets 
	PPI Network Construction and Hub Gene Identification 
	GO and KEGG Enrichment Analysis 
	Molecular Docking 
	Molecular Dynamics Simulation 
	Cell Lines and Culture 
	Quantitative Real-Time PCR (qRT-PCR) 
	CCK-8 Viability and IC50 Assay 
	EdU Cell Proliferation Assay 
	Colony Formation Assay 
	Wound Healing Assay 
	Transwell Migration and Invasion Assays 
	Measurement of Intracellular Fe2+ 
	Measurement of Malondialdehyde (MDA) Levels 
	Glutathione (GSH) Quantification 
	Mitochondrial Membrane Potential Assay 
	Reactive Oxygen Species (ROS) Detection 
	Ferroptosis-, Necroptosis-, and Apoptosis-Blocking Assays 
	Transmission Electron Microscopy 
	Western Blot Analysis 
	Xenograft Mouse Model 
	Statistical Analysis 

	Results 
	Network Pharmacology and Toxicology Findings 
	Molecular Docking and Dynamics Validation 
	BV Suppresses ESCC Cell Proliferation 
	BV Inhibits Migration, Invasion, and EMT 
	BV Induces Ferroptosis in ESCC Cells 
	BV Exhibits Anti-Tumor Activity In Vivo 

	Discussion 
	Conclusions 
	Appendix A
	References

