Chinese Journal of Natural Medicines

Esculetin triggers ferroptosis via inhibition of the Nif2—xCT/GPx4 axis in hepatocellular carcinoma

Zhixin Qu, Jing Zeng, Laifeng Zeng, Xianmei Li, Fenghua Zhang

Citation: Zhixin Qu, Jing Zeng, Laifeng Zeng, Xianmei Li, Fenghua Zhang, Esculetin triggers ferroptosis via inhibition of the
Nrf2—xCT/GPx4 axis in hepatocellular carcinoma, Chinese Journal of Natural Medicines, 2025, 23(4), 443-456. doi: 10.1016/S1875-
5364(25)60853-3.

View online: https://doi.org/10.1016/S1875-5364(25)60853-3

Related articles that may interest you

Polygalacin D inhibits the growth of hepatocellular carcinoma cells through BNIP3L-mediated mitophagy and endogenous apoptosis
pathways

Chinese Journal of Natural Medicines. 2023, 21(5), 346-358 https://doi.org/10.1016/S1875-5364(23)60452-2

Esculetin protects against early sepsis via attenuating inflammation by inhibiting NF— k B and STAT1/STAT3 signaling
Chinese Journal of Natural Medicines. 2021, 19(6), 432-441 https://doi.org/10.1016/S1875-5364(21)60042-0

FEucommia lignans alleviate the progression of diabetic nephropathy through mediating the AR/Nrf2/HO-1/AMPK axis in vivo and in

vitro

Chinese Journal of Natural Medicines. 2023, 21(7), 516-526 https://doi.org/10.1016/S1875-5364(23)60427-3

Network pharmacology and experimental validation of Maxing Shigan decoction in the treatment of influenza virus—induced

ferroptosis

Chinese Journal of Natural Medicines. 2023, 21(10), 775-788 https://doi.org/10.1016/S1875-5364(23)60457-1

Dahuang Zhechong pills inhibit liver cancer growth in a mouse model by reversing Treg/Th1 balance

Chinese Journal of Natural Medicines. 2022, 20(2), 102-110 https://doi.org/10.1016/S1875-5364(22)60160-2

Exosomes derived from Nr-CWS pretreated MSCs facilitate diabetic wound healing by promoting angiogenesis via the

circlARS1/miR-4782-5p/VEGFA axis
Chinese Journal of Natural Medicines. 2023, 21(3), 172-184  https://doi.org/10.1016/S1875-5364(23)60419—-4



http://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(25)60853-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(25)60853-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(25)60853-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60452-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60452-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60452-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60042-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60427-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60457-1
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60457-1
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60457-1
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60160-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60160-2
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60419-4

Chinese Journal of Natural Medicines 23 (2025) 443-456

Contents lists available at ScienceDirect

Chinese Journal of Natural Medicines

journal homepage: www.cjnmcpu.com/

Original article

Esculetin triggers ferroptosis via inhibition of the Nrf2-xCT/GPx4 axis = g
in hepatocellular carcinoma e fr

Zhixin Qu?, Jing Zeng®, Laifeng Zeng’, Xianmei Li*’, Fenghua Zhang®’

* Key Laboratory of Gastrointestinal Cancer (Ministry of Education), School of Basic Medical Sciences, Fujian Medical University, Fuzhou 350122, China
® Fujian Key Laboratory of Integrative Medicine on Geriatrics, Academy of Integrative Medicine, Fujian University of Traditional Chinese Medicine, Fuzhou 350122, China

ARTICLE INFO ABSTRACT

Esculetin, a natural dihydroxy coumarin derived from the Chinese herbal medicine Cortex
Fraxini, has demonstrated significant pharmacological activities, including anticancer proper-
ties. Ferroptosis, an iron-dependent form of regulated cell death, has garnered considerable
attention due to its lethal effect on tumor cells. However, the exact role of ferroptosis in escu-
letin-mediated anti-hepatocellular carcinoma (HCC) effects remains poorly understood. This
study investigated the impact of esculetin on HCC cells both in vitro and in vivo. The findings
indicate that esculetin effectively inhibited the growth of HCC cells. Importantly, esculetin
promoted the accumulation of intracellular Fe*, leading to an increase in ROS production
through the Fenton reaction. This event subsequently induced lipid peroxidation (LPO) and
triggered ferroptosis within the HCC cells. The occurrence of ferroptosis was confirmed by the
elevation of malondialdehyde (MDA) levels, the depletion of glutathione peroxidase (GSH-Px)
activity, and the disruption of mitochondrial morphology. Notably, the inhibitor of ferroptos-
is, ferrostatin-1 (Fer-1), attenuated the anti-tumor effect of esculetin in HCC cells. Further-
more, the findings revealed that esculetin inhibited the Nrf2-xCT/GPx4 axis signaling in HCC
cells. Overexpression of Nrf2 upregulated the expression of downstream SLC7A11 and GPX4,
consequently alleviating esculetin-induced ferroptosis. In conclusion, this study suggests that
esculetin exerts an anti-HCC effect by inhibiting the activity of the Nrf2-xCT/GPx4 axis,
thereby triggering ferroptosis in HCC cells. These findings may contribute to the potential
clinical use of esculetin as a candidate for HCC treatment.
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1. Introduction

Liver cancer is the sixth most commonly diagnosed cancer
worldwide and the third leading cause of cancer-related deaths .
Hepatocellular carcinoma (HCC) accounts for approximately 90%
of primary liver cancers *, posing significant challenges due to its
high morbidity and mortality rates. While surgical intervention is
an effective treatment option for early-stage HCC, it is often not
applicable to patients in advanced stages. As a result, many HCC
patients rely on chemical drugs, such as Sorafenib and Renvatin-
ib, to extend their survival time. However, these drugs frequently
come with notable side effects and may not be effective for all pa-
tients °. Consequently, there is an urgent need to discover novel,
effective drugs for the treatment of HCC.

Esculetin, an active component of the Chinese herbal medi-
cine Cortex Fraxini, has been reported to possess various biolo-
gical activities, including anti-inflammatory * antiviral °, antiox-
idant °, and anti-tumor ’ properties. Regarding its anticancer ef-
fects, esculetin has been found to induce apoptosis in different
cancer types, including HCC. For example, inthe HCC cell line
SMMC-7721, esculetin has been shown to increase the activity of
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Zhang)
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caspase-3 and caspase-9, reduce mitochondrial membrane poten-
tial, increase the expression of Bax, and decrease the expression
of Bcl-2, thereby demonstrating its potential anti-HCC effects
through the initiation of a mitochondrial-dependent apoptosis
pathway . In pancreatic cancer, esculetin has been found to bind
to KEAP1, inhibiting its interaction with Nrf2 and promoting the
nuclear accumulation of Nrf2, which subsequently induces anti-
proliferative and apoptotic responses by attenuating NF-«B sig-
naling °. In endometrial cancer, esculetin has been shown to ex-
ert anti-tumor effects by binding to hnRNPA1 and downregulat-
ing the transcription and translation of BCLXL and XIAP mRNA,
thereby inducing apoptosis and arresting proliferation °. Further-
more, esculetin has been demonstrated to induce apoptosis and
autophagy in leukemia cells and inhibit the Raf/MEK/ERK signal-
ing pathway '°. Additionally, recent findings have shown that es-
culetin induces apoptosis in ovarian cancer cells through the ac-
cumulation of excessive reactive oxygen species (ROS) and inhibi-
tion of the JAK2/STAT3 signaling pathway ''. However, it is still
unclear whether esculetin can induce other forms of cell death,
such as ferroptosis, in tumor cells.

Ferroptosis is a novel form of programmed cell death charac-
terized by intracellular iron accumulation and lipid peroxidation
(LPO) **. Morphologically, ferroptotic cells can be distinguished
by the presence of shrunken mitochondria with increased mem-
brane density and reduced ridges . The Fenton reaction

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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between fatty acids and iron ions in the cytoplasm generates lip-
id ROS. The Nrf2-xCT/GPx4 axis plays a central role in regulating
ferroptosis. XCT facilitates the transport of cystine into the cyto-
plasm, where it serves as a raw material for the production of the
antioxidant glutathione (GSH). GPX4 utilizes GSH to eliminate lip-
id ROS, thereby preventing cellular damage . Nrf2 is a key tran-
scription factor that controls the expression of both xCT and
GPX4 . Moreover, various proteins and genes, including ferritin
heavy chain 1 (FTH1), achaete-scute family bHLH transcription
factor 4 (ASCL4), and NADPH oxidase 1 (NOX1), contribute to the
regulation of ferroptosis by controlling iron storage, polyunsatur-
ated fatty acid (PUFA) metabolism, and redox balance, respect-
ively "%, Cancer cells often exhibit increased iron uptake, which
can sensitize them to ferroptosis '°. In recent years, inducing fer-
roptosis in tumor cells has emerged as a promising approach for
cancer treatment. Several chemicals derived from traditional
Chinese medicines (TCMs) have been found to exert anticancer
effects by triggering ferroptosis ****. However, whether esculetin
can induce ferroptosis in HCC cells remains uncertain.

The zebrafish tumor xenograft model provides a novel al-
ternative platform for investigating the anticancer properties of
drugs in vivo. This model is cost-effective and time-saving, and
the transparent zebrafish embryos enable direct assessment of
tumor cell proliferation and metastasis using fluorescence ima-
ging, which is advantageous compared to mouse models. This
model has already demonstrated utility in elucidating the anti-
HCC effects of natural compounds such as aloperine (ALO) and
theabrownin (TB) ****,

This study demonstrates that esculetin significantly inhib-
ited the growth of HCC cells both in vitro and in vivo. Mechanistic-
ally, esculetin triggered ferroptosis by suppressing the Nrf2-
xCT/GPx4 axis signaling pathway. These findings suggest the po-
tential of esculetin as a therapeutic candidate for HCC treatment.

2. Materials and Methods

2.1. Cell culture

The human HCC cell lines Hep3B, Huh-7, and MHCC97H were
obtained from the American Type Culture Collection (ATCC, USA).
The cell lines were authenticated through short tandem repeat
profiling. The cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) (Boster, China) supplemented with 10% fetal
bovine serum (FBS) (PAN, Germany) and 1% penicillin-strepto-
mycin solution (HyClone, USA). The cells were cultured in a 5%
CO, incubator at 37 °C.

2.2. Reagents and antibodies

Esculetin and ferrostatin-1 (Fer-1) were obtained from Med-
ChemExpress (MCE, New Jersey, USA), and the compounds were
dissolved in dimethylsulfoxide (DMSO) (Sigma, USA) and stored
at -20 °C for subsequent use. Z-VAD-FMK and necrostatin-1 were
purchased from Beyotime (Shanghai, China). The primary anti-
bodies utilized in this study included ACTB (1:2000) (Servebio,
China), H3 (1:1000) (Beyotime, China), NRF2 (1:1000) (AB-
clonal, China), ACSL4 (1:1000) (ABclonal, China), NOX1 (1:500)
(ABclonal, China), FHC (1:1000) (ABclonal, China), GPX4
(1:1000) (ABclonal, China), and SLC7A11 (1:1000) (ABclonal,
China).

2.3. Zebrafish husbandry and maintenance
The experiments involving animals were conducted in adher-

ence to the Guide for the Care and Use of Laboratory Animals at
Fujian Medical University.
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The wild-type (WT) zebrafish line, obtained from the China
Zebrafish Resource Center (Wuhan, China), was maintained at
28 °C with a 14 h/10 h light and dark cycle. Embryos were collec-
ted from natural fertilization, and the stages of embryonic devel-
opment were determined according to established guidelines *°.

2.4. Cell viability assay

Cells were seeded into 96-well plates at a density of 4 000
cells per well. After 12 h, the experimental groups were treated
with esculetin at concentrations of 28, 56, 112, 224, and 448
umol-L™". The control group received 0.1% DMSO. Cell viability
was assessed using a Cell Counting Kit-8 (CCK-8) (Servicebio,
China) according to the manufacturer’s protocol. Cell viability =
100% x absorbance of (experimental group - blank control
group)/absorbance of (control group - blank control group). The
half-maximal inhibitory concentration (ICs,) value was determ-
ined through non-linear regression analysis.

2.5. Cell death assay

Cell death was assessed by trypan blue exclusion assay. After
treatment with varying concentrations of Esc (0-448 pmol-L™") at
different time points, both suspended and adherent cells were
collected and stained with 0.4% trypan blue dye for 3 min at
room temperature. The stained cells were then counted using a
hemocytometer under a light microscope.

2.6. Colony formation assay

Hep3B cells were seeded in 6-well plates at a density of 1,000
cells per well. The following day, the cells were treated with vary-
ing concentrations of esculetin (28, 56, and 112 pmol-L™) or
0.1% dimethylsulfoxide (DMSO) as a control. After 10 days, the
cells were fixed with 4% paraformaldehyde (PFA) for 20 min and
stained with crystal violet solution (Servicebio, China) for 10 min.
The colony formation rate was calculated as (number of colonies/
cells seeded) x 100%, and the results were normalized to the con-
trol group.

2.7. EdU proliferation assay

Cell proliferation was assessed using a Yefluro 594 EdU Ima-
ging Kit (Yeasen, China) according to the manufacturer’s pro-
tocol. Briefly, Hep3B cells were seeded into 48-well plates pre-fit-
ted with coverslips. The cells were treated with varying concen-
trations of esculetin (28, 56, and 112 pmol-L™") or 0.1% DMSO as
a control for 24 h post-adhesion. Cells were then incubated with
10 umol-L™" EdU for 2 h, fixed with 4% PFA for 15 min at room
temperature, and washed with 3% BSA in phosphate-buffered sa-
line (PBS). The remaining fixative was neutralized by incubating
the cells with a 2 mg-mL™ glycine solution for 5 min at room tem-
perature. Subsequently, the cells were permeabilized with 0.5%
Triton X-100 for 20 min. The cells were then incubated with Click-
iT solution for 30 min at room temperature in the dark. Hoechst
33342 was used for nuclear staining. Finally, the coverslips were
mounted on slides and observed under a TCS SP8 laser confocal
scanning microscope (Leica, Germany). EdU-positive cells =
(Number of EdU - positive cells per field)/Number of all cells per
field x 100%.

2.8. Wound healing assay

HCC cells were seeded in a 6-well plate and cultured until
they reached 90%-100% confluency. A uniform wound was cre-
ated using the tip of a pipette. The detached cells and cellular
debris were removed using PBS, and serum-free media contain-
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ing varying concentrations of esculetin (28, 56, and 112 pmol-L™)
or 0.1% dimethyl sulfoxide (DMSO) were added. After 24 h, im-
ages of the wound were captured using an inverted microscope
for further analysis. The wound healing rate was calculated as fol-
lows: (initial scratch width - final scratch width)/initial scratch
width x 100%. 112 pmol-L™" or 0.1% DMSO were added. After 24
h, images of the wound were taken using an inverted microscope
for additional analysis. Wound healing rate = (initial scratch
width - final scratch width) /initial scratch width x 100%.

2.9. Transwell assay

Hep3B cells were pretreated with different concentrations of
esculetin (28, 56, and 112 pmol-L™") or 0.1% DMSO as a control
for 24 h. The cells were then trypsinized, diluted with serum-free
medium, and seeded into the upper chamber at a density of
40 000 cells per well. The lower chamber contained medium sup-
plemented with 20% FBS. After 48 h of incubation, the cells in the
upper chamber were removed using a cotton swab. The invaded
cells were then fixed with 4% PFA and stained with crystal violet.
Images were captured under an inverted microscope at maxim-
um magnification, and the number of invaded cells per field was
quantified.

2.10. Cell apoptosis assay

Cell apoptosis was measured by employing a Fluorescein
(FITC) TUNEL Cell Apoptosis Detection Kit (Servicebio, China) ac-
cording to the manufacturer’s instructions. The cell culture and
drug treatment conditions were consistent with the EAU assay.
Cells were washed with 1 x PBS, fixed with 4% PFA for 20 min,
and then permeabilized with 0.5% Triton X-100 for 5 min. After a
10-minute incubation with equilibration buffer, the cells were in-
cubated with TdT incubation buffer at 37 °C for 1 h in the dark.
Cell nuclei were counterstained with DAPI (Biosharp, China). Fi-
nally, apoptotic cells were observed and photographed under a
TCS SP8 laser confocal scanning microscope. TUNEL-positive
cells = Number of apoptotic cells per field/Number of all cells per
field x 100%.

2.11. Nuclei and cytoskeleton staining

Cells were treated with 112 pmol-L™ esculetin or 0.1% DMSO
for 24 h, then fixed in 4% PFA for 10 min. Following treatment
with 0.1% Triton X-100 in PBS for 5 min, the cells were incub-
ated in rhodamine-phalloidin staining solution (MesGen Biotech,
China) at room temperature for 30 min. Cell nuclei were counter-
stained with DAPI. Finally, the cells were visualized and captured
using a TCS SP8 laser confocal scanning microscope.

2.12. Ferrous ion (Fe”*) detection

The intracellular Fe** levels were measured using a FerroOr-
ange probe (Dojindo, Japan) according to the manufacturer’s pro-
tocol. The cell culture and drug treatment procedures were con-
sistent with the EdU assay. Following three washes with serum-
free DMEM, the cells were incubated witha 1 pmol-L™ FerroOr-
ange working solution in a 5% CO, incubator at 37 °C for 30 min.
The cells were then observed, and images were acquired using a
TCS SP8 laser confocal scanning microscope.

To quantify the ferrous iron content, a Cell Ferrous Iron Col-
orimetric Assay Kit (Elabscience, China) was utilized. The ferrous
iron content of HCC cells was determined following the manufac-
turer’s instructions.

2.13. Detection of ROS

ROS levels were measured using a DCFH-DA fluorescence
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probe, following the manufacturer’s instructions. Cells were cul-
tured in a 24-well plate, and the drug treatment protocol aligned
with the EAU assay. The cells were washed twice with 1x PBS and
then incubated with a 10 pmol-L™" DCFH-DA fluorescence probe
at 37 °C for 1 h. Cell nuclei were counterstained with DAPI. Fi-
nally, the cells were observed and photographed under a Zeiss
Axio Vert.Al inverted fluorescence microscope (Zeiss, Germany).

2.14. Assessment of LPO

LPO was measured by employing Liperfluo (Dojindo, Japan)
in accordance with the manufacturer’s instructions. The cell cul-
ture and drug treatment procedures were consistent with the
EdU assay. Cells were washed with serum-free Dulbecco’s modi-
fied Eagle’s medium (DMEM) and then incubated witha 5
umol-L™ Liperfluo working solution diluted with DMEM in an in-
cubator at 37 °C for 30 min. Finally, the cells were observed and
photographed under a Zeiss Axio Vert.Al inverted fluorescence
microscope.

2.15. Mitochondrial Membrane Potential Assessment

Mitochondrial membrane potential was evaluated using a
JC-1 Mitochondrial Membrane Potential Assay Kit (Servicebio,
China) according to the manufacturer’s protocol. Cells were cul-
tured in a 24-well plate, and the drug treatment regimen matched
that of the EdU assay. Following drug exposure, the cells were
washed twice with JC-1 dye buffer. Subsequently, equal volumes
of serum-free DMEM and JC-1 staining solution were added, and
the cells were incubated in a CO, incubator for 30 min in the dark.
Finally, the cells were washed twice with JC-1 dye buffer and ob-
served under a Zeiss Axio Vert.Al inverted fluorescence micro-
scope.

2.16. Determination of malondialdehyde (MDA), glutathione perox-
idase (GSH-Px), GSH, hydrogen peroxide (H,0,), and catalase (CAT)

The biochemical indicators were determined using commer-
cial kits, including the MDA assay kit (Servicebio, China), GSH-Px
determination kit (Nanjing Jiancheng Bioengineering Institute,
China), GSH assay kit (Beyotime, China), H,0, Assay Kit
(Beyotime, China), and CAT assay kit (Nanjing Jiancheng Bioen-
gineering Institute, China), following the manufacturer’s instruc-
tions.

2.17. Western blotting analysis

The cells were lysed with RIPA lysis buffer (Servicebio,
China) and collected using a cell scraper. Nuclear protein was ex-
tracted using a commercial kit (Beyotime, China). The super-
natant was collected after centrifugation, and the protein concen-
tration was determined by a BCA Protein Assay Kit (Boster,
China). Following denaturation at 98 °C, equal amounts of pro-
tein were separated by SDS-PAGE (Servicebio, China) and elec-
trotransferred onto a PVDF membrane. The membrane was
blocked in 5% fat-free milk for 1 hour at room temperature and
then incubated with the primary antibodies overnight at 4 °C.
After washing with 1 x TBST (Servicebio, China) three times, the
membrane was incubated with secondary antibodies for 2-3 h at
room temperature the following day. Finally, Amersham Image
600 (Cytiva, USA) was used to capture the exposure photos. ACTB
or H3 was used as the internal control.

2.18. Immunofluorescence assay

Cells were initially fixed with 4% PFAin PBS. After thor-
oughly removing the PFA using PBS, non-specific antibody bind-
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ing was blocked by incubating the cells in an ice-cold PBST solu-
tion containing bovine serum albumin (BSA) and DMSO (0.1%
Triton-100, 1% BSA, and 1% DMSO in PBS, pH 7.4) for 1 h at
room temperature. Subsequently, the cells were incubated
overnight at 4 °C with a primary antibody against NRF2 (AB-
clonal, A21729) diluted in the blocking solution. Following this
incubation, the cells were washed and then incubated overnight
at 4 °C with a secondary antibody (anti-Rabbit IgG, Alexa Fluor
594) diluted at 1:1000 inthe blocking solution to detect the
primary antibodies. After extensive washing, the cells were coun-
terstained with DAPI to label the nuclei and then imaged using a
TCS SP8 confocal microscope.

2.19. RNA extraction and RT-qPCR

Total RNA was extracted using the TRIZOL method. One mi-
crogram of RNA samples was reverse transcribed to generate
first-strand cDNA utilizing the PrimeScriptTMRT Reagent Kit
with the gDNA Eraser Kit (Takara, Beijing, China), and 1 pL of
cDNA was employed for each reaction. RT-qPCR amplification
was conducted using the iTaq™ Universal SYBR Green Supermix
(Bio-Rad) on a CFX Connect Real-Time System (Bio-Rad, Wuhan,
China). Actin served as the reference gene. The primers utilized
are listed in Table S1, and fold-change values were calculated em-
ploying the 27**“ method.

2.20. Transmission electron microscopy

Following treatment with various chemicals, the cells were
washed twice with 1x PBS, then digested with 0.25% trypsin and
collected in a microtube. Subsequently, the cells were fixed in
2.5% glutaraldehyde for 1-2 h. The samples were then dehyd-
rated, embedded, and cut into ultrathin sections (60-80 nm).
After negative staining, the samples were observed under a
transmission electron microscope (HT7800, HITACHI, Japan).

2.21. Cell transfection

The Nrf2 overexpression vector pCS2°-Nrf2-SV40 was sub-
cloned from the commercial plasmid pEnCMV-EGFP-2 x Linker-
NFE2L2-SV40-Neo purchased from Miao Ling Biotechnology Co.,
Ltd. (Wuhan, China). Cells were seeded on 60 mm dishes and cul-
tured until they reached 70%-80% confluence. Subsequently, the
cells were transfected with 4 pg of the pCS2°*-Nrf2-SV40 plasmid
or the pCS2* empty vector as a negative control, using Lipo-
fectamine 2000 reagent (Biosharp, China) according to the manu-
facturer’s instructions. The transfected cells were then incubated
with 112 pmol-L™ esculetin or 0.1% DMSO for 24 h before har-
vesting.

2.22. Depletion of Nrf2 mRNA in Hep3B cells by shRNA interference

Lentiviral particles were produced through the cotransfec-
tion of VSVG, VPR, and pLKO.1 lentiviral vector containing the in-
serted Nrf2 shRNA sequences, as listed in Table S2. Viral-contain-
ing supernatants were harvested 48 h post-transfection. Expo-
nentially growing cells were infected using the viral supernatant
supplemented with 8 pg-mL™" Polybrene. In the lentiviral sShRNA
experiments, transduced cells underwent continuous selection in
the presence of 2 pg'mL™" puromycin.

2.23. Zebrafish tumor xenograft assay
Hep3B cells were dissociated with 0.25% trypsin and washed

with PBS three times. The cells were labeled with the red fluores-
cent cell tracker CM-Dil (Invitrogen, USA) according to the manu-
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facturer’s protocol. Approximately 500 or 300 labeled cells were
then injected into the yolk sac or ventral perivitelline space of 48-
hour post-fertilization (hpf) zebrafish larvae to establish a xeno-
graft model for evaluating the proliferation or migration ability of
HCC cells in vivo, respectively. At 2 h post-transplantation (hpt),
embryos with comparable fluorescence areas in the yolk sac or
ventral perivitelline space were selected for chemical treatment.
Images were captured using a Nikon SMZ1270i stereo fluores-
cence microscope (Nikon, Japan) and analyzed with Image] soft-
ware °,

2.24. Statistical analysis

All experiments were conducted in triplicate. The data are
presented as the mean * standard error of the mean (SEM). Stat-
istical comparisons between groups were performed using
GraphPad Prism software version 8. Student’s t-test and one-way
analysis of variance (ANOVA) were utilized for statistical analysis.
A P-value < 0.05 was deemed statistically significant.

3. Results

3.1. Esculetin inhibits HCC proliferation, migration, and invasion

To investigate the anticancer effect of esculetin on HCC, three
HCC cell lines, including Hep3B, MHCC97H, and Huh7, were util-
ized. CCK-8 assays demonstrated that esculetin significantly in-
hibited cell viability in all three HCC cell lines, with ICs, values of
74.87, 349.6, and 522.6 pmol-L™" at 24 h for Hep3B, MHCC97H,
and Huh?7 cells, respectively (Figs. 1A-1C). Furthermore, the CCK-
8 assay revealed that esculetin robustly inhibited the growth of
Hep3B, MHCC97H, and Huh7 cells (P < 0.05), with the degree of
inhibition increasing in a dose-dependent manner from 0 to 448
pumol-L™" (Figs. 1D-1F) and in a time-dependent manner at 112
pumol-L™" from 24 to 72 h (Figs. 1G-11). To confirm the occur-
rence of cell death, a cell death assay by trypan blue staining was
performed, and the results showed that esculetin also caused cell
death of all three HCC cell lines in a dose and time-dependent
manner (Fig. S1). Based on the ICs, values and the degree of in-
hibition, Hep3B cells were found to be more sensitive to escu-
letin compared to the other two HCC cell lines. Therefore, Hep3B
cells were selected for further experiments, and esculetin concen-
trations of 28, 56, and 112 umol-L’1 were chosen as low, medium,
and high concentrations to test the dose-dependent effects.

As shown in Figs. 2A-2D, the colony formation and EdU as-
says revealed a significant, dose-dependent inhibition of Hep3B
proliferation by esculetin at concentrations ranging from 0 to
112 pmol-L™. Additionally, the wound healing and Transwell as-
says demonstrated that esculetin significantly decreased the mi-
gration and invasion abilities of Hep3B cells compared to the con-
trol group (Figs. 2E-2H). Notably, a lower concentration (14
umol-L™") of esculetin, which had no effect on cell viability, could
still obviously reduce cell migration and invasion abilities, con-
firming that esculetin can specifically inhibit cell migration and
invasion (Fig. S2).

3.2. Esculetin induces ferroptosis in Hep3B cells through inhibiting
the Nrf2-xCT/GPx4 axis signaling

The potential pro-apoptotic effect of esculetin on Hep3B cells
was assessed using a TUNEL assay. However, the results indic-
ated that few apoptotic cells were observed, with or without ex-
posure to esculetin (Figs. 3A and 3B). Interestingly, it was ob-
served that Hep3B cells enlarged in size in a dose-dependent
manner after treatment with esculetin (Figs. 3C and 3D). An ex-
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amination of the ultrastructural characteristics of esculetin-
treated Hep3B cells revealed that the cell membrane was not
broken but rather blistered (Figs. 3E and 3F), a phenomenon con-
sistent with some features of ferroptosis *’.

Ferroptosisis a form of programmed cell death character-
ized by iron overload and LPO **. To confirm the pro-ferroptosis
effect of esculetin on Hep3B cells, the Fe®* content was measured
using FerroOrange staining and a cell ferrous iron colorimetric
assay kit. FerroOrange staining revealed a dose-dependent in-
crease in red fluorescence intensity, indicating elevated Fe*" con-
tent in the esculetin-treated groups (Fig. 4A). Direct analysis of
ferrous iron content further confirmed the accumulation of iron
induced by esculetin in Hep3B cells (Fig. 4B). Excessive ferrous
iron can trigger ferroptosis by promoting the accumulation of
ROS and initiating Fenton reactions that mediate LPO *°. The
levels of LPO were detected using the Liperfluo probe, and escu-
letin was found to significantly promote LPO production in a dose-
dependent manner (Figs. 4C and 4D).

Molecular investigation reveals that esculetin inhibits the
activity of the Nrf2-xCT/GPx4 axis signaling pathway and modu-
lates the expression of key regulators involved in ferroptosis. The
xCT/GPx4 axis is a critical pathway regulating ferroptosis *°, and
NRF2 plays a crucial role in controlling the expression of both
XCT and GPX4 . According to RT-qPCR results, 56 and 112
umol-L™" esculetin could downregulate the mRNA expression of
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Nrf2 in Hep3B cells (Fig. S3). Western blotting analysis demon-
strated that the protein levels of NRF2, SLC7A11 (xCT), and GPX4
were significantly reduced following esculetin treatment com-
pared to the control group (Figs. 4E-4H). Additionally, the ex-
pression of FTH1, a subunit of ferritin responsible for iron stor-
age '°, decreased upon esculetin exposure (Figs. 41 and 4]). Con-
versely, the expression levels of two pro-ferroptosis factors, AS-
CL4 and NOX1, which are involved in PUFA metabolism ' and
redox regulation '°, respectively, were significantly upregulated
after esculetin treatment (Figs. 41, 4K and 4L).

In conclusion, this study demonstrates that esculetin induces
ferroptosis in HCC cells primarily by inhibiting the activity of the
Nrf2-xCT/GPx4 axis signaling pathway.

3.3. Esculetin induces oxidative stress and mitochondrial damage in
Hep3B cells

Ferroptosis and oxidative stress are intrinsically connected
biological processes. The Fenton reaction, characterized by the
interaction of iron with H,0,, plays a fundamental role in driving
ferroptosis *’. This reaction generates highly reactive hydroxyl
radicals ( *OH) that initiate LPO, leading to the production of
harmful lipid peroxides that compromise cell membrane integ-
rity 1,

To evaluate the level of oxidative stress in Hep3B cells fol-
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Fig. 1 Esculetin inhibits the viability of HCC cells in a dose- and time-dependent manner. (A-C) The ICs, of esculetin was determined in Hep3B, MHCC97H, and Huh7 cell
lines after 24 h of treatment. (D-F) The cell viability of Hep3B, MHCC97H, and Huh?7 cells was reduced by 0-448 pmol-L" esculetin. (G-I) The cell viability of Hep3B,
MHCC97H, and Huh? cells was inhibited by 112 pmol-L™ esculetin over a period of 24 to 72 h. Each experiment was performed in triplicate (n = 3); the data are presented as
mean * standard error of the mean (SEM). Esc, esculetin; 'P<0.05, P <0.01,and “"P < 0.001 vs Control.
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Fig. 2 Esculetin inhibits the proliferation, migration, and invasion of HCC cells in a dose-dependent manner. (A-B) Esculetin (0-112 pmol-L™) reduced the clonality of
Hep3B cells in a dose-dependent manner, as quantified through analysis. (C-D) The EdU proliferation assay demonstrated that esculetin inhibited the proliferation of Hep3B
cells in a dose-dependent manner, with the proliferation rates calculated. (E-F) The wound healing assay showed that esculetin inhibited the migration of Hep3B cells, with
the results quantified. (G-H) Transwell assays revealed that esculetin impaired the invasion of Hep3B cells with the quantitative analyses provided. Each experiment was

replicated 3 times (n = 3), with the results presented as mean * SEM. Con: control; Esc: esculetin; “P < 0.01,

lowing esculetin treatment, several measurements were conduc-
ted. Firstly, the level of ROS was significantly elevated by escu-
letin at different concentrations, as demonstrated by DCFH-DA
staining (Figs. 5A and 5B). MDA, a byproduct of LPO, was
markedly increased by the administration of 56 and 112 pmol-L™
esculetin for 24 h, indicating a higher degree of oxidative stress
(Fig. 5C). Furthermore, the intracellular content of H,0, was sig-
nificantly increased (Fig. 5D), while the activity of GSH-Px and
CAT was strongly inhibited by esculetin treatment in Hep3B cells
(Figs. 5E and 5F). Moreover, GSH content was also significantly
decreased when treated with 112 pmol-L™ esculetin for 24 h
(Fig. S4).

Furthermore, the study assessed mitochondrial membrane
potential (MMP) as an indicator of mitochondrial function. The
loss of MMP signifies mitochondrial dysfunction, which is associ-
ated with ferroptosis **. Typically, a healthy mitochondrial elec-
trochemical potential gradient leads to the accumulation of the
dye JC-1 in the mitochondrial matrix, forming red fluorescent ag-
gregates. Conversely, a loss of MMP prevents this accumulation,
resulting in a shift from red fluorescence (JC-1 aggregates) to
green fluorescence (JC-1 monomers). The analysis revealed that
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esculetin-treated Hep3B cells exhibited a significantly higher pro-
portion of JC-1 monomers compared to the DMSO-treated group,
indicating a reduction in MMP (Figs. 5G and 5H).

The presented cytobiological and biochemical evidence indic-
ates that esculetin induces oxidative stress and mitochondrial
damage, ultimately resulting in ferroptotic cell death in Hep3B
cells.

3.4. Fer-1 reverses the anti-tumor effect of esculetin in HCC cells

To confirm the involvement of ferroptosis in the anti-HCC
activity of esculetin, the ferroptosis inhibitor Fer-1 was utilized to
reverse the suppressive effect of esculetin on HCC cells. It was ob-
served that Fer-1 significantly alleviated the cytotoxicity induced
by esculetin (Fig. 6A). However, when both necroptosis and ap-
optosis inhibitors (necrostatin-1 and Z-VAD-FMK, respectively)
were combined to test the resistance to cell death induced by es-
culetin, it was found that the inhibited cell viability induced by es-
culetin could not be rescued by either of the inhibitors, indicating
that the effect of esculetin was not due to apoptosis or necrosis
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Fig. 3 Effects of esculetin on cell apoptosis and morphological changes in Hep3B cells. (A-B) A TUNEL assay kit was employed to detect apoptotic Hep3B cells after treat-
ment with varying concentrations of esculetin (0-112 pmol-L™), and the quantification was examined. (C-D) The morphological changes in Hep3B cells were observed after
exposure to esculetin (0-112 pmol-L™") for 6 or 48 h, and the statistics of cell area were analyzed. (E-F) Representative images of Hep3B cells co-stained with phalloidin and
DAPI are shown after treatment with 112 umol~L’1 esculetin or 0.1% DMSO for 24 h. The white arrows indicate the blistering of the cell membrane, and the number of cells

with a blistered membrane was calculated. Each experiment was replicated 3 times (n = 3); mean + SEM; Con: control; Esc: esculetin; NS: not significant;

(Fig. S5A). Moreover, the accumulation of intracellular Fe** in-
duced by esculetin was significantly suppressed by Fer-1, as de-
tected by FerroOrange staining and a commercial quantification
kit (Figs. 6B and 6C).

Mitochondrial damage is a well-documented trigger of fer-
roptosis, a form of programmed cell death *>*. To assess the as-
sociation between esculetin and ferroptosis in HCC, we examined
the morphological changes in mitochondria using transmission
electron microscopy. The results showed that esculetin induced a
decrease in mitochondrial volume and cristae, as well as an in-
crease in membrane density in Hep3B cells compared to the
DMSO-treated group (Fig. 6D, a and b). However, these disrupted
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mitochondrial morphology changes could be rescued by Fer-1,
(Fig. 6D, b and d), indicating that esculetin-induced morphologic-
al changes in mitochondria were a consequence of ferroptosis.
Furthermore, the accumulation of LPO (Figs. 6E and 6F) and ROS
(Figs. 6G and 6H) induced by esculetin in Hep3B cells could be
significantly decreased by Fer-1, as detected by Liperfluo and
DCFH-DA staining, respectively. Fer-1 also significantly inhibited
the upregulation of MDA content and restored the reduced GSH-
Px activity as well as GSH content induced by esculetin in Hep3B
cells (Figs. 61 and 6], Fig. S4).

At the molecular level, the ferroptosis inhibitor Fer-1 par-
tially reversed the downregulation of the NRF2, SLC7A11 (xCT),
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Fig. 4 Esculetin triggers ferroptosis in Hep3B cells via inhibition of the Nrf2-xCT/GPx4 axis signaling. (A) Fe** accumulation was examined using a Ferrorange probe in es-
culetin-treated Hep3B cells. (B) Intracellular ferrous ion content was determined using a commercial kit. (C-D) LPO of esculetin-treated Hep3B cells was detected by Liper-
fluo staining, and the fluorescence area was quantified. (E-H) The protein levels of NRF2, SLC7A11, and GPX4 in esculetin-treated Hep3B cells were examined by Western
blotting and quantified. (I-L) The protein levels of FTH1, ASCL4, and NOX1 in esculetin-treated Hep3B cells were examined by Western blotting and quantified. Each experi-
ment was replicated 3 times (n = 3); mean * SEM; Con: control; Esc: esculetin; ACTB: actin beta; P< 0.05, “P< 0.01, and P <0.001 vs Con.

and GPX4 protein expression induced by esculetin (Figs. 6K-6N).
However, co-treatment with both necroptosis and apoptosis in-
hibitors could not reverse the suppressed expression of these
three proteins (Fig. SSB-S5E). Notably, immunofluorescence and
Western blotting analyses revealed that esculetin significantly in-
hibited the translocation of the NRF2 protein into the nuclei of
Hep3B cells, while Fer-1 prevented this inhibitory effect to some
extent (Fig. S6).

To validate the capacity of esculetin to induce ferroptosis in
additional HCC cell lines, we performed a series of experiments,
including CCK-8 assays, GSH-Px and MDA detection, and FerroOr-
ange, LPO, and ROS staining in both MHCC97H and Huh7 cells.
Firstly, the ferroptosis inhibitor Fer-1 could attenuate the cyto-
toxicity induced by esculetin in both MHCC97H and Huh7 cells
(Figs. S7A-S8A). Additionally, esculetin treatment resulted in a
significant reduction in GSH-Px activity and an increase in MDA
levels in these two cell lines, whereas Fer-1 co-treatment signific-
antly increased GSH-Px activity and decreased MDA levels (Figs.
S7B-S7C and S8B-S8C). Furthermore, esculetin exposure also led
to the accumulation of intracellular Fe*", LPO, and ROS, but these
effects were prevented by Fer-1 (Figs. S7D-S71 and S8D-S8I).

The findings presented indicate that the ferroptosis inhibitor
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Fer-1 can ameliorate the phenotypes associated with ferroptosis
and reverse the anti-tumor effects of esculetin in HCC cells.

3.5. Nrf2 overexpression alleviates esculetin-induced ferroptosis in
Hep3B cells

The results demonstrate that esculetin inhibits the Nrf2-
xCT/GPx4 axis signaling activity in HCC cells. As Nrf2 plays a
central role in this pathway, the study investigated whether over-
expression of Nrf2 could potentially reverse the effects of escu-
letin-induced ferroptosis. As depicted in Figs. 7A-7D, the en-
forced overexpression of Nrf2 partially mitigated the downregu-
lation of NRF2, SLC7A11, and GPX4 caused by esculetin treat-
ment. Notably, Nrf2 overexpression also alleviated the substan-
tial inhibition of cell viability induced by esculetin to some
extent (Fig. 7E). Conversely, knockdown of Nrf2 by shRNA meth-
od significantly reduced the cell viability of Hep3B cells (Fig. S9).
Additionally, the increased MDA content triggered by esculetin
was downregulated upon Nrf2 overexpression (Fig. 7F), and the
GSH-Px activity impaired by esculetin was significantly enhanced
(Fig. 7G). Furthermore, overexpression of Nrf2 effectively con-
strained the accumulation of LPO induced by esculetin in HCC



Z. Quetal

cells (Figs. 7H and 7I). These findings collectively indicate that
Nrf2 overexpression alleviates esculetin-induced ferroptosis in
HCC cells, thereby highlighting the role of esculetin in triggering
ferroptosis through the modulation of the Nrf2-xCT/GPx4 axis
signaling.

3.6. Fer-1 partially reverses the anti-tumor effect of esculetin in a
zebrafish xenograft model

To validate the anti-HCC effect of esculetin in vivo, a zebrafish
tumor xenograft model was established to evaluate its ability to
inhibit proliferation and metastasis in zebrafish embryos. Ini-
tially, the developmental toxicity of esculetin on zebrafish embry-
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os was assessed by administering doses ranging from 0 to 1120
umol-L™" from 4 to 72 hpf. At 72 hpf, the embryos were classified
into phenotypes: WT-like, C1 (mild malformations), C2 (moder-
ate malformations), and C3 (severe malformations) (Fig. S10A).
Statistical analysis revealed that treatment with 1120 pumol-L™
esculetin resulted in approximately 43.3% C3, 46.3% C2, and
10.4% C1 phenotypes, while treatment with 560 pmol-L™" escu-
letin led to approximately 3.3% C2, 85.6% C1, and 11.1% WT-like
phenotypes. Concentrations < 280 pumol-L™ did not induce any
defects (Fig. S10B). Additionally, only treatment with 1120
umol-L™" esculetin significantly reduced the hatching rate at 72
hpf and caused an approximate 4.4% death rate at 24 hpf (Figs.
S10C and S10D).
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Fig. 5 Esculetin induces oxidative stress and mitochondrial damage in Hep3B cells. (A-B) The levels of ROS were detected through DCFH-DA staining in Hep3B cells treated
with varying concentrations of esculetin. The fluorescence intensity was normalized to the DMSO-treated control group. (C-F) The contents of MDA, H,0,, and the activities
of GSH-Px and CAT were examined in esculetin-treated Hep3B cells using commercial assay kits. The results for MDA, GSH-Px, and CAT were normalized to the correspond-
ing total protein content. (G-H) Mitochondrial membrane potential was measured by JC-1 staining, and the ratio of red to green fluorescence was determined. Each experi-
ment was replicated 3 times (n = 3); mean + SEM; Con: control; Esc: esculetin; P< 0.05, “p< 0.01, and P <0.001 vs Con.
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Fig. 6 Fer-1 reverses the anti-tumor effect of esculetin in HCC cells. (A) The cell viability of Hep3B cells was measured using the CCK-8 assay. (B) Fe** accumulation was ex-
amined in Hep3B cells treated with different chemicals, utilizing the FerroOrange probe. (C) The intracellular ferrous ion content was determined using a commercial kit.
(D) Representative transmission electron microscopy images show the mitochondrial morphology, with a'-d' as magnifications of the images in the red boxes of a-d. (E-F)
LPO in Hep3B cells treated with various chemicals was detected using Liperfluo staining, and the fluorescence area was quantified. (G-H) ROS levels in Hep3B cells treated
with different chemicals were measured using DCFH-DA staining, and the fluorescence intensity was normalized to the DMSO-treated group. (I-]J) The contents of MDA and
GSH-Px were examined using commercial kits. (K-N) The qualitative and quantitative expression of NRF2, SLC7A11, and GPX4 in Hep3B cells treated with 112 pmol-L™" es-
culetin and/or 1 pmol-L™" Fer-1 for 24 h was evaluated by Western blotting. Each experiment was replicated 3 times (n = 3); mean * SEM; Con: control; Esc: esculetin; ACTB:

actin beta; P <0.05, "P<0.01,and "'P < 0.001 vs Con.

Based on the developmental toxicity test results, we determ-
ined that 280 pmol-L™ esculetin was a safe concentration and,
therefore, administered it to the zebrafish xenografted embryos.
To assess cell proliferation in vivo, approximately 500 Hep3B
cells labeled with fluorescence were microinjected into the yolk
sac of 2 days post-fertilization (dpf) WT zebrafish embryos. Escu-
letin and other chemicals were directly added to the culture me-
dia and incubated at 36 °C for 3 d. The proliferation of HCC cells
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could be evaluated by measuring changes in the fluorescence
area. The results demonstrated that 280 pmol-L™" esculetin effect-
ively inhibited the proliferation of HCC cells in zebrafish embryos,
while co-treatment with 10 pmol-L™" Fer-1 partially reversed the
inhibitory effect of esculetin in vivo (Figs. 8A and 8B). Similarly,
we microinjected approximately 300 fluorescently labeled Hep3B
cells into the ventral perivitelline space to assess cell migration in
zebrafish embryos. The fluorescence area in the tail region was
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trol; Esc: esculetin; ACTB: actin beta; P< 0.05, “p< 0.01, and “P<0.001.

measured at 2 and 48 h post-transplantation (hpt). Esculetin at
280 pmol-L™ also suppressed the migration of HCC cells to the
tail region, while co-treatment with Fer-1 relieved this inhibition
effect (Figs. 8C and 8D).

The findings collectively suggest that esculetin inhibits the
proliferation and migration of HCC cells in vivo by inducing fer-
roptosis. Based on these results, we propose a mechanistic mod-
el to elucidate the underlying mechanism of the anti-HCC effect of
esculetin (Fig. 9).

4. Discussion

HCC is the most prevalent form of liver cancer, and its incid-
ence and mortality rates have been increasing annually *°. The
five-year survival rate for HCC is only around 30%-50%, and the
rate of metastasis and recurrence within 5 years after surgery ex-
ceeds 60%, making it one of the most challenging prognoses
among malignant tumors *°. Consequently, there is an urgent
need to develop new therapeutic drugs or approaches for HCC
treatment. TCMs offer a unique resource for the development of
frontline anti-tumor drugs. Several natural compounds derived
from TCMs, such as ginsenoside and baicalin, have been found to
exert anti-tumor effects against various cancer types, including
HCC and 0S *” . However, the underlying molecular mechan-
isms of these TCM-derived drugs in cancer treatment are still
poorly understood. In the present study, we discovered that escu-
letin, a natural product found in the TCM Fraxini Cortex, could
suppress HCC growth both in vitro and in vivo by inducing ferrop-
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tosis through the inhibition of the Nrf2-xCT/GPx4 axis signaling.

Previous research has documented that various natural com-
pounds, including ALO, lappaconitine sulfate (LS), and TB, exert
anti-HCC effects by inducing apoptosis **** **, Similarly, studies
have shown that esculetin possesses anti-HCC properties by stim-
ulating apoptosis in the SMMC-7721 HCC cell line ~*°. Addition-
ally, esculetin has been found to induce apoptosis in other cancer
cell types, such as human submandibular salivary gland tumor
cells A253 *°, human endometrial cancer cells Ishikawa and HEC-
1B ’, and human colorectal cancer cells HCT116, SW480, and HT-
29 *“* However, in the current study, we observed that the cell
death triggered by esculetin in the Hep3B HCC cell line was a res-
ult of ferroptosis rather than apoptosis. A recent study also
demonstrated that esculetin can inhibit the growth of liver can-
cer cells (HUH7 and HCCLM3) by inducing ferritinophagy *,
which supported the findings of the present investigation. These
studies collectively suggest that esculetin may induce either ap-
optosis or ferroptosis depending on the specific cancer cell lines
being targeted.

Ferroptosis is characterized by iron overload and LPO result-
ing from oxidative stress. To investigate the ferroptotic pheno-
types induced by esculetin in Hep3B cells, we measured intracel-
lular Fe*" content, ROS and LPO levels, as well as MDA and H,0,
content, and the activity of GSH-Px and CAT. As expected, the
levels of pro-ferroptotic factors increased, while anti-ferroptotic
factors decreased. Additionally, the well-characterized ferroptos-
is inhibitor Fer-1 partially reversed the phenotypes induced by
esculetin, including decreased cell viability, MDA and iron accu-
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mulation, loss of GSH-Px activity, and excessive ROS and LPO pro-
duction. Morphological changes in mitochondria have also been
identified as indicators of ferroptosis “*°
morphological changes, including shrunken mitochondria,

. We indeed observed
in-
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creased mitochondrial membrane density, and decreased mito-
chondrial cristae. Notably, Fer-1reversed the disrupted mito-
chondrial morphology induced by esculetin. These findings
provide confirmation that esculetin can induce ferroptosis in HCC
cells. It is important to note that using another HCC cell line to
verify these results would further strengthen the findings. Addi-
tionally, while the apoptosis and necrosis inhibitors Z-VAD-FMK
and necrostatin-1 did not reverse the anti-HCC effect of esculetin,
other forms of cell death, such as pyroptosis and autophagy, can-
not be ruled out. Further experiments using targeted inhibitors
specific to these types of cell death should be conducted to clarify
the modes of cell death induced by esculetin.

The transcription factor Nrf2 plays a crucial role in antioxid-
ant responses. Under oxidative stress, Nrf2 becomes activated
and translocates into the nucleus, where it interacts with antiox-
idant response elements (AREs) to induce the expression of anti-
oxidative genes *°. Previous research has demonstrated that Nrf2
can protect against ferroptosis in HCC cells, and key proteins in-
volved in ferroptosis, such as SLC7A11 and GPX4, are direct tar-
gets of Nrf2 *”**, This study found that esculetin significantly sup-
pressed the expression levels of NRF2, SLC7A11, and GPX4.
However, treatment with the ferroptosis inhibitor Fer-1 preven-
ted the esculetin-induced inhibition of NRF2, SLC7A11, and GPX4.
Furthermore, overexpression of Nrf2 partially reversed the
downregulation of SLC7A11 and GPX4 induced by esculetin and
alleviated the ferroptosis phenotype. These findings suggest that
esculetin induces ferroptosis in HCC cells by inhibiting the Nrf2-
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xCT/GPx4 axis signaling. Nevertheless, it remains unclear wheth-
er esculetin directly regulates Nrf2. Some studies have shown
that compounds like baicalin can directly interact with Nrf2 and
affect its stability by inducing ubiquitin degradation, leading to
ferroptosis in osteosarcoma cells *’. In human endometrial can-
cer cells, esculetin can target hnRNPA1, thereby downregulating
BCLXL and XIAP expression, resulting in apoptosis and cell prolif-
eration arrest . Therefore, it is important to explore the specific
target protein of esculetin in HCC cells and elucidate the gene reg-
ulation network involved in its anti-tumor effects.

This study established a zebrafish tumor xenograft model to
assess the anti-HCC effect of esculetin in vivo. The ferroptosis in-
hibitor Fer-1 partially reversed the anti-tumor effect of esculetin
in zebrafish embryos, suggesting esculetin may inhibit HCC gro-
wth by inducing ferroptosis. Further elaborative experiments are
required to conclusively confirm esculetin’s ability to trigger fer-
roptosis and inhibit HCC growth in the zebrafish embryo model.

In summary, the findings of this study suggest that ferroptos-
is, a novel and significant mechanism, underlies the anti-HCC ef-
fects induced by esculetin. Esculetin triggers ferroptosis in HCC
cells primarily through iron accumulation, mitochondrial disrup-
tion, and LPO. Inhibition of ferroptosis with the ferroptosis inhib-
itor Fer-1 orthe enforced overexpression of the transcription
factor nuclear factor erythroid 2-related factor 2 (Nrf2) effect-
ively alleviates the ferroptosis outcome induced by esculetin, in-
dicating that esculetin-triggered ferroptosis is caused by the inac-
tivation of the Nrf2-xCT /glutathione peroxidase 4 (GPx4) axis sig-
naling pathway. These findings may contribute to the develop-
ment of esculetin as a potential therapeutic agent for the treat-
ment of HCC.

5. Conclusion

The study demonstrated that esculetin, a natural compound
derived from TCMs, possesses potent anti-HCC activity. Esculetin
was found to induce ferroptosis, a form of regulated cell death
characterized by iron overload and LPO, in HCC cells. This induc-
tion of ferroptosis was associated with the inhibition of the Nrf2-
xCT/GPx4 axis signaling pathway. Esculetin treatment resulted in
iron accumulation, disruption of mitochondrial morphology, in-
creased levels of ROS and LPO products, as well as decreased
activity of antioxidant enzymes. The ferroptosis inhibitor Fer-
1 partially reversed the effects of esculetin, confirming its role in
ferroptosis induction.

This study underscores the potential of esculetin as a thera-
peutic agent for the treatment of HCC. It elucidates the molecular
mechanisms underlying esculetin’s anti-HCC effects, identifying
ferroptosis as a novel mechanism of action. These findings ad-
vance the understanding of the biological activities of esculetin
and lay the groundwork for further research and development of
esculetin-based therapies for HCC.
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