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Sanguinarine chloride inducing ferroptosis and
downregulating GPX4 expression in liver cancer:
An integrated in silico, in vitro and in vivo study
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Abstract. Ferroptosis, an iron-dependent form of regulated
cell death driven by excessive lipid peroxidation, has been
increasingly implicated in the development and progression
of liver cancer. Despite sanguinarine chloride (SC) exhibiting
antitumor activity in a number of cancer models, whether
it modulates ferroptosis in liver cancer remains unclear.
The present study systematically investigated the ferrop-
tosis-inducing effects of SC and the underlying molecular
mechanisms in liver cancer. Molecular docking and molecular
dynamics simulations suggested that SC interacts with gluta-
thione peroxidase 4 (GPX4) with favorable affinity and forms a
stable complex. Functional assays showed that SC significantly
inhibited proliferation and reduced the viability of HepG2
and Huh7 cells. Mechanistically, SC markedly decreased
GPX4 protein expression, leading to the accumulation of lipid
reactive oxygen species and malondialdehyde, together with
characteristic mitochondrial changes associated with ferrop-
tosis, including increased membrane density and loss of cristae.
SC-induced cell death was partially rescued by the ferroptosis
inhibitors ferrostatin-1 and deferoxamine, further supporting
the involvement of ferroptosis. Consistently, in a xenograft
model, SC suppressed GPX4 expression, promoted ferroptosis
and significantly inhibited tumor growth. Collectively, these
findings indicate that SC exerts antitumor effects in liver
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cancer, at least in part, by inducing ferroptosis through GPX4
downregulation, supporting further investigation of SC as a
potential therapeutic candidate.

Introduction

Primary liver cancer is among the most common malignan-
cies worldwide, ranking sixth in global incidence (4.3%) and
third in cancer-associated mortality (7.8%) (1). According
to Global Cancer Observatory estimates, ~865,269 new
liver cancer cases and 757,948 associated mortalities occur
annually. China bears a disproportionately high burden of
liver cancer because of its high disease incidence and large
population. Despite notable advances in treatment, including
surgical resection, transarterial chemoembolization and
radiofrequency ablation, key clinical challenges remain, such
as treatment-associated toxicity, drug resistance and poor
outcomes in patients with advanced disease (2-6). Therefore,
more effective and well-tolerated therapeutic strategies are
urgently needed.

Natural bioactive compounds have drawn widespread
attention due to their potent pharmacological effects and low
systemic toxicity (7-17). Sanguinarine chloride (SC), a benzo-
phenanthridine alkaloid primarily derived from the roots of
Sanguinaria canadensis, seeds of Argemone mexicana and the
leaves and fruits of Macleaya cordata, is among the most exten-
sively studied compounds in this class (9-14). Accumulating
in vitro and in vivo investigations have verified that SC exerts
broad-spectrum anti-tumor activities across various malignan-
cies, including antioxidant, anti-inflammatory, pro-apoptotic
and anti-proliferative effects (9-14). Existing literature has
also documented that SC triggers apoptosis and ferroptosis,
represses angiogenesis and attenuates the invasive capacity
of tumor cells. However, its functional phenotypes, direct
molecular targets and detailed regulatory mechanisms specific
to liver cancer remain poorly characterized. Accordingly,
the present study was conducted to systematically assess
the anti-tumor potency of SC and investigate its underlying
molecular cascades in liver cancer.

Ferroptosis is an iron-dependent form of regulated cell
death characterized by the lethal accumulation of lipid reactive
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oxygen species (ROS) and has attracted marked interest in
oncology (18-22). Inhibition or inactivation of glutathione
peroxidase 4 (GPX4) causes lipid peroxide accumulation and
triggers ferroptosis (18). This mechanistic insight has prompted
the development of pharmacological strategies targeting GPX4
as a potential approach to cancer treatment (19-22). A number
of small molecules, including RAS-selective lethal 3 (RSL3),
have been identified as direct GPX4 inhibitors and are widely
used as experimental tools for studying this pathway (20).
However, their clinical translation is limited by potential
off-target effects, chemical instability, cell-type-dependent
activity, non-specific cytotoxicity, formulation and delivery
challenges, insufficient validation in physiologically relevant
models and the absence of clinical approval (21,23). Therefore,
identifying new, well-tolerated agents that induce ferroptosis
through the GPX4 axis remains an important objective in liver
cancer therapy.

The present study first verified that SC exerts notable
suppressive effects on the proliferation of HepG2 and Huh7
cell lines. The potential molecular targets and underlying
mechanisms of SC in these two cellular models were then
further explored. To systematically address this question,
a multi-dimensional experimental strategy was employed,
encompassing: i) Quantification detection of ROS and
malondialdehyde (MDA, two key biochemical markers of
ferroptosis; ii) transmission electron microscopy (TEM)
observations to assess ultra-structural changes character-
istic of ferroptosis (such as shrunken mitochondria with
decreased cristae); iii) molecular docking simulations to
predict the binding mode and affinity between SC and core
ferroptosis-associated proteins; iv) molecular dynamics
(MD) simulations to evaluate the stability of the SC-protein
complex over time; v) western blot analysis to detect changes
in the expression levels of GPX4 and; vi) in vivo xenograft
tumor assays to validate the anti-liver cancer therapeutic
efficacy of SC. To the best of our knowledge, this study is the
first to uncover the regulatory linkage between the natural
compound SC and the core ferroptosis mediator GPX4 in
liver cancer, offering novel mechanistic evidence for devel-
oping natural small-molecule targeted therapies against liver
cancer.

Materials and methods

Reagents and cell culture. SC was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. It was initially
dissolved in DMSO to create a 10 mM stock solution and subse-
quently diluted with culture medium to the desired working
concentrations. HepG2 cells were obtained from the Cell
Bank of the Chinese Academy of Sciences (cat. no. SCSP-510).
Huh?7 cells were purchased from Shanghai Zhong Qiao Xin
Zhou Biotechnology Co., Ltd. (cat. no. ZQ0025; https:/www.
zqxzbio.com/Index/p_more/pid/478.html). HepG2 and Huh7
were employed for subsequent in vitro functional assays and
were maintained in DMEM supplemented with 10% FBS
(Wuxi NEST Biotechnology Co., Ltd.) and 100 U/ml peni-
cillin and 100 pg/ml streptomycin. Cells were cultured in a
humidified incubator at 37°C with 5% CO,. Both cell lines
were routinely tested and confirmed to be free of Mycoplasma
contamination.

Cell viability and rescue assays. Cell viability was assessed
using a Cell Counting Kit-8 (CCK-8; Shandong Topscience
Biotech Co., Ltd.). Briefly, HepG2 and Huh7 cells were seeded
in 96-well plates at a density of 5x10* cells/well and incubated
overnight at 37°C with 5% CO,. For dose-response analysis,
cells were treated with increasing concentrations of SC (0, 1,
2,5, 10 and 20 uM) for 48 h at 37°C. For rescue assays, cells
were co-treated with SC (2 uM) and either ferrostatin-1 (Fer-1;
20 uM) or deferoxamine (DFO; 50 uM) for 48 h. Subsequently,
10 pl CCK-8 solution was added to each well and the plates
were incubated for an additional 1-2 h. Absorbance at 450 nm
was measured using the EnSpire PerkinElmer microplate
reader.

Cell morphology and TEM. To examine ultrastructural
changes, HepG2 and Huh7 cells were seeded in 10-cm dishes
and treated with the indicated concentrations of SC. After
treatment, both adherent and detached cells were collected
and centrifuged at 1.5093x10° x g for 5 min at 4°C. Cell pellets
were fixed in 2.5% glutaraldehyde for 2 h at 4°C, washed three
times with PBS and postfixed in 1% osmium tetroxide at 4°C.
Samples were then dehydrated through a graded ethanol series
(30 to 100%). Ultrathin sections (60-80 nm) were prepared
using an ultramicrotome, double-stained with 2% uranyl
acetate and lead citrate at room temperature for 15 min and
imaged using an HT7700 transmission electron microscope
(Hitachi, Ltd.).

Assessment of lipid ROS and MDA levels. Lipid ROS and
MDA levels in HepG2 and Huh7 cells were assessed after
48 h of treatment. Cellular lipid ROS levels were measured
using C11-BODIPY 581/591 (cat. no. GC40165; GlpBio
Technology) according to the manufacturer's instructions,
with SC-treated cells compared with DMSO vehicle controls.
MDA levels were quantified using a commercial MDA assay
kit (cat. no. A003-1-2; Nanjing Jiancheng Bioengineering
Institute) according to protocol's instructions, with SC-treated
cells compared with DMSO vehicle controls. Each experiment
was performed with at least three biological replicates.

Colony formation assay. Clonogenic capacity of cells was
assessed using a colony formation assay. HepG2 and Huh7 cells
were seeded in 6-well plates at a density of 600 cells/well. After
24 h of attachment, cells were treated with SC (0, 1 or 2 yM)
at 37°C. After 7 days, the medium was removed and the cells
were washed three times with PBS. Colonies were fixed with
4% paraformaldehyde for 15 min at room temperature and
stained with 1% crystal violet for 15 min at room temperature.
The plates were then washed with ultrapure water, air-dried
and photographed. Colonies (defined as containing >50 cells)
were manually counted.

Molecular docking. Molecular docking was performed to
investigate interactions between SC and ferroptosis-asso-
ciated proteins. The three-dimensional structure of SC
was obtained from PubChem (https://pubchem.ncbi.nlm.
nih.gov/compound/68635) and the protein structures were
downloaded from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (https://www.rcsb.
org/structure/2GS3). Before docking, the ligand structure
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was energy-minimized using Avogadro (https://avogadro.cc;
version 2.0). Docking simulations were performed using
AutoDock Vina (https://ccsb. scripps.edu/adfr/; version 1.0) and
binding sites were defined using AutoDockTools (version 2.0).
The exhaustiveness parameter was set to 100. The resulting
complexes were analyzed for hydrogen-bonding and other
interactions and visualized using PyMOL (https:/www.pymol.
org/pymol.html; version 3.1).

MD simulations. MD simulations were performed using
GROMACS (version 2020.1). Topology files for small molecules
were generated using the LigParGen server (https://traken.
chem.yale.edu/ligpargen/) and the ‘CHARMM36’ force field
was applied to both proteins and ligands. Each system was
solvated in a dodecahedral box with a 10 A buffer using the
TIP3P water model and neutralized with 35 Na* and 27 CI’
ions to achieve a physiological salt concentration of 0.15 M.

Energy minimization was performed using the
steepest-descent algorithm for 10,000 steps. This was followed
by 10 ns of equilibration under the NVT ensemble (constant
number of atoms, volume and temperature) at 310 K and a
100 ns production simulation under the constant number
of particles, pressure and temperature ensemble at 310 K
and 1 atm. Bond lengths were constrained using the Linear
Constraint Solver algorithm. A 2 fs integration time step was
used, with a 1.2 nm cut-off for both Coulomb and van der
Waals interactions. Long-range electrostatic interactions were
calculated using the particle mesh Ewald method (24).

Independent 100 ns simulations were performed for
apo-GPX4 and the GPX4-ligand complex with the lowest
docking energy. Trajectories were analyzed for hydrogen
bonding, root mean square deviation (RMSD), solvent-acces-
sible surface area (SASA), radius of gyration (Rg) and root
mean square fluctuation (RMSF). Binding free energy was
estimated using the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method implemented in the
‘g_mmpbsa’ tool.

Prediction of absorption distribution metabolism excre-
tion (ADME) and drug-likeness properties of SC. ADME
prospects and drug-likeness properties of SC were
predicted using ADMET]Iab version 2.0 (https://admetmesh.
scbdd.com/service/evaluation/index) and SwissADME
(http://www.swissadme.ch/index.php) tool. The SMILES
sequence of SC was initially retrieved from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) and subse-
quently inputted into the database, resulting in the retrieval of
the predicted results.

Measurement of GPX4 activity. GPX4 activities were measured
using the respective Speedy™ Human GPX4 One-Step ELISA
Kit (cat. no. SE50108-96T; Proteintech Group, Inc.). Briefly,
cells were cultured in 10 cm? plates overnight and treated with
DMSO, 1 and 2 uM SC for 48 h at 37°C. After treatments,
cells were washed with PBS and collected to measure intra-
cellular GPX4 activity in accordance with the manufacturer's
instructions.

Western blot analysis. HepG2 and Huh7 cells were lysed in
RIPA buffer (cat. no. PO013VS; Beyotime Biotechnology)
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supplemented with protease inhibitors. Protein concentra-
tions were determined using a BCA Protein Assay Kit
(cat. no. POO11; Beyotime Biotechnology). Equal amounts
of protein (30 ug) were separated by SDS-PAGE and trans-
ferred to PVDF membranes. After blocking with 5% non-fat
milk in Tris-buffered saline with 0.05% Tween-20 (TBST)
for 1 h at room temperature, the membranes were incubated
overnight at 4°C with primary antibodies against GPX4
(cat. no. AFRMO0237; 1:1,000; Hunan Aifang Biological Co.,
Ltd.) and B-tubulin (cat. no. 10094-1-AP; 1:5,000; Proteintech
Group, Inc.). After washing with TBST (0.05% Tween-20),
the membranes were incubated with the appropriate
HRP-conjugated Goat Anti-Rabbit IgG (H+L) secondary
antibodies (cat. no. A21220; 1:10,000; Abbkine Scientific Co.,
Ltd.) for 1 h at room temperature. Protein bands were visu-
alized using an ECL Prime Western Blotting Detection Kit
(cat. no. BMP3010; Abbkine Scientific Co., Ltd.).

In vivo mouse study. Experimental protocols were approved
by the Ethics Committee for Biomedical Research of Hunan
Normal University (approval no. 20250908). All mice
were housed under specific pathogen-free conditions with a
controlled environment (temperature: 20-25°C; humidity:
50-60%) and a 12-h light/dark cycle. Animals were provided
with a standard rodent diet and water ad libitum. HepG2
cells (2x106 cells in 100 ul PBS/Matrigel mixture; 1:1; v/v)
were subcutaneously injected into the flanks of nude mice.
When tumor volumes reached ~100 mm?, the mice were
randomly assigned to two experimental groups (n=5 per
group). A total of 10 mice bearing established HepG2 tumors
(mean volume: ~100 mm?®) were randomly assigned to two
groups: A vehicle control group and an SC treatment group.
SC was formulated in a vehicle containing 5% DMSO, 10%
polyethylene glycol 300, 1% Tween-80 and 84% saline and
administered intravenously at 5 mg/kg every 2 days. Tumor
dimensions were measured every 2 days using digital calipers
and tumor volume was calculated as follows: volume=length
x width?/2. On day 14, all animals were euthanized. No mice
met the predefined humane endpoints, defined as =20% body
weight loss or moribund status. At the experimental endpoint,
euthanasia was performed by intraperitoneal injection of
pentobarbital sodium (50 mg/kg) followed by cervical dislo-
cation. Mortality was determined by visual confirmation of
cardiac and respiratory arrest. At the present study endpoint,
tumors were excised, weighed and subjected to immunohisto-
chemical (IHC) staining to assess GPX4 expression.

IHC staining. Mouse tumor specimens were fixed with a
4% paraformaldehyde solution at room temperature for 24 h,
followed by paraffin embedding and serial sectioning (thick-
ness, 4 ym). For THC staining, the sections were rehydrated
and antigen retrieval was performed in high-temperature
citric acid solution at 160°C for 10 min and washed with
PBS. Sections were blocked with 3% H,O, at room tempera-
ture for 10 min, followed by blocking with PBS containing
5% BSA at room temperature for 30 min. Primary GPX4
antibodies (cat. no. AFRMO0237; 1:1,000; Hunan Aifang
Biological Co., Ltd.) were added at 4°C in the dark overnight.
The sections were incubated with a universal secondary
antibody (HRP-conjugated goat anti-mouse/rabbit 1gG;
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cat. no. TBAG0036; Wuhan Servicebio Technology Co.,
Ltd.) at a dilution of 1:200 at room temperature for 1 h. DAB
substrate chromogen (cat. no. G1212-200T; Wuhan Servicebio
Technology Co., Ltd.) was added for 20 min. For nuclear
counterstaining, the sections were stained with hematoxylin at
room temperature for 1-2 min. The sections were observed and
images were captured using a light microscope (magnification,
x100 and x400; OLYMPUS IX73; Olympus Corporation)
and analyzed using ImageJ software (version 1.8.0; National
Institutes of Health).

Statistical analysis. Quantitative data are presented as the
mean = SEM. Data were assessed for normality and homo-
geneity of variance before statistical testing. Comparisons
between two groups were performed using an unpaired,
two-tailed Student's t-test, whereas comparisons among
multiple groups were performed using one-way ANOVA. A
two-sided P<0.05 was considered to indicate a statistically
significant difference. Statistical analyses were performed
using GraphPad Prism (version 10.0; Dotmatics). Statistical
significance is indicated in the figures as follows: "P<0.05,
"P<0.01, ""P<0.001 and “""P<0.0001.

Results

SC inhibits liver cancer cell viability and clonogenic growth.
To assess the antiproliferative effects of SC, a CCK-8 assay
was used to measure the viability of HepG2 and Huh7 cells.
Resulting dose-response curves are shown in Fig. 1A and B.
After 48 h of treatment, SC significantly reduced the viability
of both cell lines in a concentration-dependent manner.
The IC,, values of SC in HepG2 and Huh7 cells were
3.099 and 2.796 uM, respectively. Colony formation assays
further showed that SC significantly reduced clonogenic
growth in both cell lines in a concentration-dependent manner
(Fig. 1C). These results demonstrated that SC suppressed the
viability and clonogenic growth of liver cancer cells.

SC induces ferroptosis in liver cancer cells. To determine
whether ferroptosis contributes to SC-induced cell death,
HepG2 and Huh7 cells were treated with SC alone or in
combination with the ferroptosis inhibitors Fer-1 or DFO.
In HepG?2 cells, SC treatment alone was shown to signifi-
cantly reduce cell viability compared with the Fer-1 or DFO
alone, whereas co-treatment with either Fer-1 or DFO
partially restored this viability relative to SC treatment alone
(Fig. 2A and B). A similar rescue effect was observed in Huh7
cells (Fig. 2C and D). These findings support the involvement
of ferroptosis in SC-induced death of liver cancer cells.

To obtain biochemical and ultrastructural evidence of
ferroptosis, lipid ROS and MDA levels were measured and
mitochondrial morphology was examined. Fluorescence
microscopy revealed an increase in Cl11-BODIPY
(an oxidation-sensitive fluorescent fatty acid analogue) oxida-
tion in SC-treated HepG2 and Huh7 cells (Fig. 3A and B),
with quantitative analysis demonstrating significant lipid ROS
accumulation (Fig. 3C and D). MDA levels were also found
to be significantly increased after SC treatment in both cell
lines (Fig. 3E and F). Morphological examination revealed
no prominent apoptotic features, such as membrane blebbing

or chromatin condensation. Instead, TEM showed ferrop-
tosis-associated mitochondrial alterations, including increased
membrane density and loss of cristae (Fig. 4). Together, these
biochemical and ultrastructural findings supported the induc-
tion of ferroptosis by SC in HepG2 and Huh?7 cells.

SC downregulates GPX4 and induces ferroptosis. To identify
potential ferroptosis-associated targets of SC, molecular
docking simulations were performed. SC exhibited favor-
able predicted binding affinities for a number of ferroptosis
regulators, including GPX4 (-7.50 kcal/mol), long-chain
acyl-CoA synthetase 4 (-7.43 kcal/mol), ferritin light chain
(-6.65 kcal/mol), ferritin heavy chain (-6.44 kcal/mol), six-trans-
membrane epithelial antigen of prostate 3 (-7.19 kcal/mol),
solute carrier family 3 member 2 (-6.14 kcal/mol), solute
carrier family 7 member 11 (-7.20 kcal/mol) and solute carrier
family 1 member 5 (-6.65 kcal/mol).

GPX4 is a key glutathione peroxidase that suppresses
ferroptosis (25-29). Molecular docking predicted a favorable
interaction between SC and GPX4, with a binding energy of
-7.50 kcal/mol. The docked GPX4-SC complex contained five
hydrophobic and five non-bonded interactions (Fig. SA and B).
SC formed a hydrogen bond with LYS58 and van der Waals
interactions with Met129, Phel27, Val54, I1e49 and Alal2l1. In
addition, pi-cation interactions were predicted with Lys117 and
Asp50 and pi-anion interactions with Asp48 and Asp128. GPX4
protein expression was next examined by western blotting. SC
treatment significantly reduced GPX4 protein levels in both
HepG2 and Huh7 cells compared with vehicle-treated controls
(Fig. 5C). The effect of SC on GPX4 enzymatic activity was
evaluated in HepG2 and Huh7 cells. As presented in Fig. 5D,
treatment with SC resulted in a significant reduction in GPX4
activity in both hepatocellular carcinoma cell lines. Together,
these in silico and experimental findings suggested that GPX4
downregulation was associated with SC-induced ferroptosis in
liver cancer cells.

To evaluate the stability and dynamics of the SC-GPX4
complex, MD simulations were performed. The SC-GPX4
complex exhibited an average RMSD of 1.6 A, indicating
overall structural stability during the simulation (Fig. 6A).
The Rg remained below 15 A throughout the simulation,
suggesting minimal changes in protein compactness and
conformational integrity (Fig. 6B). SASA exhibited moderate
fluctuations consistent with local ligand-induced changes in
solvent exposure (Fig. 6C). A single stable hydrogen bond was
maintained throughout the 100 ns simulation, indicating a
persistent interaction between SC and GPX4 (Fig. 6D). RMSF
analysis showed generally low residue flexibility in the pres-
ence of SC (Fig. 6E). Principal component and free-energy
landscape analyses identified one intermediate state and one
dominant deep-energy basin, suggesting a predominant, stable
binding conformation (Fig. 6F). MM-PBSA analysis yielded a
binding free energy of -16.32 kcal/mol (Fig. 6G), with major
contributions from Met129, Val125, Alal21, Lys117, Alal20
and Ile49 (Fig. 6H). Overall, the MD simulations supported a
stable interaction between SC and GPX4.

ADME and drug-likeness properties of SC: An in silico
prediction. SC possessed well-balanced counts of hydrogen
bond donors, hydrogen bond acceptors, rotatable bonds,
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Figure 1. Effects of SC on liver cancer cell viability and clonogenic growth. Viability of (A) HepG2 and (B) Huh7 cells after treatment with increasing
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Figure 2. Ferroptosis inhibitors partially rescue SC-induced cytotoxicity. Viability of HepG2 cells treated with SC in the presence or absence of (A) Fer-1 or
(B) DFO. Viability of Huh7 cells treated with SC in the presence or absence of (C) Fer-1 or (D) DFO (n=3). "P<0.05 vs. control and P<0.05 vs. SC alone. SC,

sanguinarine chloride; Fer-1, ferrostatin-1; DFO, deferoxamine.

heteroatoms and heavy atoms, satisfying classic thresholds
for standard molecular descriptors and drug-likeness criteria.
In silico absorption simulations predicted favorable gastro-
intestinal absorption for SC, accompanied by robust Caco-2
permeability with an apparent permeability value of -5.042,
moderate MDCK permeability at 5.7x10” cm/s, moderate
human intestinal absorption and an estimated oral bioavail-
ability of 20%.

Notably, SC exhibited minimal inhibitory activity against
core cytochrome P450 isoforms, namely Cyp2C9, Cyp2C19,
Cyp2D6 and Cyp3A4,implying low risk of metabolic drug-drug
interactions. Further pharmacokinetic distribution assess-
ments demonstrated promising tissue distribution behavior:
SC exhibited moderate plasma protein binding (84.06%), a
relatively large steady-state volume of distribution (1.433 1/kg)
and theoretical capability to penetrate the blood-brain barrier.

In addition, SC fully passed five mainstream drug-likeness
filters, including Lipinski's Rule of Five, Ghose's filter, Veber's
rule, Egan's filter and Muegge's filter. It displayed a medium
elimination half-life >3 h and attained a bioavailability score
of 0.55 (Fig. S1).

SC induces ferroptosis and exerts antitumor effects in vivo.
In vitro results indicated that SC induces ferroptosis in liver
cancer cells. To evaluate its antitumor activity in vivo, a subcu-
taneous HepG2 xenograft model was established (Fig. 7A).
When the mean tumor volume reached ~100 mm?, the mice
were randomly assigned to a control group or an SC treatment
group and received SC at 5 mg/kg as aforementioned.

SC markedly suppressed tumor growth in vivo (Fig. 7B).
Body weight did not differ significantly between the control and
SC-treated groups (Fig. 7C). Plasma alanine aminotransferase
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Figure 4. Representative transmission electron microscope images of HepG2
and Huh?7 cells treated with DMSO (left) or SC (2 #M; right). Red arrowheads
indicate mitochondria. Scale bar = 1 um. DMSO, dimethyl sulfoxide; SC,
sanguinarine chloride.

and aspartate aminotransferase levels also remained
comparable between groups (Fig. 7D and E), suggesting no
detectable hepatotoxicity under the experimental conditions.

Tumor weight was significantly lower in the SC-treated group
compared with the control group at the endpoint (Fig. 7F).
Tumor volume was also reduced throughout the treatment
period, with a significant difference observed on day 14
(Fig. 7G and H). These findings demonstrated that SC exerted
notable antitumor activity in the HepG2 xenograft model.

To determine whether the in vivo antitumor effects of
SC were associated with ferroptosis, ferroptosis-associated
markers were analyzed in resected tumor tissues. Consistent
with the cellular findings, SC treatment significantly increased
MDA levels (Fig. 71). IHC staining further exhibited signifi-
cantly reduced expression of GPX4, a key negative regulator
of ferroptosis, in tumors from the SC-treated group compared
with the control group (Fig. 7J). These findings indicated that
the in vivo antitumor effects of SC were associated with GPX4
downregulation and ferroptosis induction in HepG2-derived
xenografts.

Discussion
GPX4 is a central suppressor of ferroptosis that uses

glutathione to detoxify phospholipid hydroperoxides and
protect cells from ferroptosis death (25-34). In liver cancer,
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GPX4 has been reported to promote metastasis through
transcriptional repression of GRHL3 and activation of the
PTEN/PI3K/Akt pathway (28). The long noncoding RNA
linc01134, the upregulation of which is associated with
poor clinical outcomes in liver cancer, recruits Nrf2 to the
GPX4 promoter and increases GPX4 transcription. Inhibition
of linc01134 has been shown to increase lipid ROS and
MDA accumulation, reduce the glutathione/glutathione
disulfide ratio and sensitize liver cancer cells to oxali-
platin by promoting ferroptosis (32). In radioresistant liver
cancer, tripartite motif (TRIM)-14-mediated recruitment
of ubiquitin-specific protease 14 (USP14) stabilizes GPX4;
disruption of the TRIM14/USP14 axis promotes GPX4
degradation and enhances the response to radiotherapy (34).
Targeting the TRIM34-associated GPX4 regulatory pathway
has also been shown to increase ferroptosis sensitivity and
improve immunotherapy efficacy in liver cancer (33). Despite
evidence associating GPX4 with liver cancer progres-
sion and treatment resistance, the clinical development of
canonical GPX4 inhibitors, including RSL3, ML162 and
FINS56, remains limited by off-target toxicity, poor chemical
stability, cell-type-dependent effects, formulation challenges,
insufficient preclinical validation and the absence of clinical
approval (21,23). These limitations underscore the need to
identify new and potentially more well-tolerated agents that
modulate the GPX4-ferroptosis axis in liver cancer.

SC has demonstrated anticancer activity across multiple
cancer cell lines (10-14); however, its association with GPX4 in
liver cancer remains poorly understood. In the present study,
molecular docking and MD simulations predicted a favorable
and stable interaction between SC and GPX4. Consistent
with the reported upregulation of GPX4 in liver cancer
tissues (27), the present western blotting results showed that

SC significantly reduced GPX4 protein levels in HepG2 and
Huh?7 cells. In addition, Fer-1 and DFO partially rescued the
reduction in cell viability caused by SC, providing functional
evidence that ferroptosis contributes to its cytotoxic effects. In
the xenograft model, SC also decreased GPX4 expression and
inhibited tumor growth. Collectively, these results suggest that
SC induces ferroptosis in liver cancer cells in association with
GPX4 downregulation. As a naturally derived benzophenan-
thridine alkaloid, SC may provide a useful lead scaffold for
the development of ferroptosis-inducing therapies. However,
the computational evidence presented here does not establish
direct target engagement and the pharmacological selectivity
and safety of SC require further investigation. Ki-67 and
TUNEL staining were not performed in the present study,
limiting the assessment of proliferation and apoptosis in vivo.
In addition, GPX4 overexpression rescue experiments are
needed to establish a direct causal association between GPX4
downregulation and SC-induced ferroptosis.

Beyond ferroptosis induction, accumulating
evidence (10-14) has demonstrated that SC modulates
multiple regulated cell death pathways, including apoptosis,
necroptosis and proptosis, which may jointly contribute to its
anti-liver cancer activity. The present study primarily focused
on characterizing the ferroptosis-triggering effect of SC, as the
present phenotypic verification using Fer-1 and DFO rescue
experiments demonstrated that ferroptosis serves as adominant
effector pathway mediating SC-induced tumor suppression.
However, the potential auxiliary involvement of apoptosis or
other RCD subtypes in SC-mediated anti-tumor outcomes
cannot be ruled out. Concurrent activation of apoptotic
signaling may synergize with lipid peroxidation-driven ferrop-
tosis to amplify the growth-inhibitory effect on liver cancer
cells. Future systematic investigations, including combined
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detection of apoptotic markers (such as cleaved caspase-3
and Bax/Bcl-2) and specific inhibitors targeting necroptosis
or proptosis, are required to dissect the relative contribution
and crosstalk between distinct cell death pathways upon SC
treatment.

Intracellular ROS accumulation, lipid peroxidation and
glutathione depletion are recognized hallmarks of ferrop-
tosis (25,29). MDA is widely used as an indirect indicator
of ROS-driven lipid peroxidation and oxidative damage.
Consistently, genetic depletion of GPX4 induces ferroptosis
accompanied by notable intracellular ROS accumulation (18).
In the present study, SC significantly increased lipid ROS
and MDA levels and induced characteristic mitochondrial
alterations, including increased membrane density and loss of
cristae, in liver cancer cells. These findings support a ferrop-
tosis mode of cell death. Despite this, the precise molecular

sequence associating SC exposure, GPX4 downregulation and
lipid peroxidation remains to be clarified.

Numerous limitations of the present study should be consid-
ered. First, although SC significantly reduced GPX4 protein
levels, the upstream mechanism remains unknown; specifically,
it is unclear whether SC affects GPX4 transcription, translation
or protein degradation. Second, molecular docking and MD
simulations provide predictive rather than direct evidence of
SC-GPX4 binding. Cellular thermal shift assays, drug-affinity
responsive target stability assays, surface plasmon resonance
or associated biophysical approaches are required to establish
direct target engagement. Third, GPX4 overexpression rescue
and complementary genetic experiments are needed to further
determine the causal role of GPX4 in SC-induced ferroptosis.
Finally, the antitumor efficacy and safety of SC should be vali-
dated in additional preclinical models.
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significant.

In conclusion, SC suppresses liver cancer growth and
induces ferroptosis in association with GPX4 downregulation.
Further studies are required to verify direct target engage-
ment, define the mechanism by which SC regulates GPX4 and
establish its pharmacokinetic, safety and therapeutic profiles
before clinical translation.
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