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Abstract: The natural product auraptene can influence tumor cell proliferation and invasion, but
its effect on hepatocellular carcinoma (HCC) cells is unknown. Here, we report that auraptene can
exert anti-tumor effects in HCC cells via inhibition of cell proliferation and ferroptosis induction.
Auraptene treatment induces total ROS and lipid ROS production in HCC cells to initiate ferroptosis.
The cell death or cell growth inhibition of HCC cells induced by auraptene can be eliminated by the
ROS scavenger NAC or GSH and ferroptosis inhibitor ferrostatin-1 or Deferoxamine Mesylate (DFO).
Mechanistically, the key ferroptosis defense protein SLC7A11 is targeted for ubiquitin—proteasomal
degradation by auraptene, resulting in ferroptosis of HCC cells. Importantly, low doses of auraptene
can sensitize HCC cells to ferroptosis induced by RSL3 and cystine deprivation. These findings
demonstrate a critical mechanism by which auraptene exhibits anti-HCC effects via ferroptosis
induction and provides a possible therapeutic strategy for HCC by using auraptene or in combination
with other ferroptosis inducers.
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1. Introduction

Hepatocellular carcinoma (HCC), the main type of liver cancer, accounts for 75%
to 85% of primary liver cancer cases and is the leading cause of cancer-related deaths
worldwide [1-3]. Because of the limitations of strategies for HCC treatment, the overall
survival rates of HCC patients are very low. Clinically, the multikinase inhibitor sorafenib
is currently the effective first-line therapy drug used for late-stage HCC treatment [4].
Unfortunately, acquired resistance to sorafenib is increasing in patients with HCC and
this problem needs to be addressed urgently [5-7]. Recently, sorafenib has been found to
induce ferroptosis via inhibiting the cystine/glutamate antiporter subunit solute carrier
family 7 member 11 (SLC7A11) [8,9]. Therefore, it is a promising therapeutic strategy for
the treatment of HCC patients via using new compounds, especially natural products, in
combination with sorafenib or any other medications.

Ferroptosis is a programmed cell death characterized by iron-dependent lipid peroxi-
dation [10,11], which is tightly regulated by cellular iron and reactive oxygen species (ROS)
levels. It is controlled by multiple cellular activities, including cell metabolism [12-15],
redox homeostasis regulation [16], iron handling [17], and other signaling pathways [18].
There are two major mechanisms that suppress ferroptosis. One is mediated by the
selenium-containing enzyme glutathione peroxidase 4 (GPX4) that catalyzes the reduction
of phospholipid peroxides to lipid alcohols using glutathione (GSH) as a cofactor. The
cystine/glutamate antiporter SLC7A11 is a major cystine transporter to mediate extracel-
lular cystine uptake for glutathione biosynthesis [19]. Another pathway is mediated by
cellular metabolic enzymes that can directly catalyze the production of radical-trapping
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antioxidants (RTA) [20,21], such as ferroptosis suppressor protein 1 (FSP1) [22,23] and dihy-
droorotate dehydrogenase (DHODH) [24]. FSP1 reduces ubiquinone to ubiquinol, which
is an endogenous antioxidant metabolite that inhibits propagation of lipid peroxidation
through radical trapping. DHODH is a mitochondrial enzyme that catalyzes the conversion
of dihydroorotate to orotate with the reduction of CoQ10 to CoQ10H2, which acts as an
RTA to defend lipid peroxidation in the mitochondria. Intriguingly, it was reported that
tumor cells, especially metastatic or chemotherapy-resistant tumor cells, are sensitive to
ferroptosis induction, thereby targeting tumor cell ferroptosis, and therefore this may be a
promising strategy for cancer treatment [25,26].

Auraptene, the major coumarin derived from citrus plants and various citrus fruits
such as Grapefruit and Poncirus trifoliata [27], is the most well-known and abundant
coumarin found in nature which includes a geranyloxyl at its C-7 position. It has been
reported that auraptene exerts anti-tumor, anti-inflammatory, antigenotoxic and neuropro-
tective activities [28]. Auraptene can function as an anti-tumor compound by inhibiting cell
proliferation [29,30], migration and invasion [31,32], or inducing cell apoptosis [33] in a va-
riety of cancer cells. Intriguingly, auraptene can exert cytotoxic effects via induction of ROS
in the mouse colon cancer cell line CT-26 [33] and acute myeloid leukemia cell lines [30].
Excess cellular ROS levels can induce ferroptosis. However, whether auraptene has the
effect of ferroptosis regulation in cancer cells and the detailed anti-tumor mechanism,
especially in HCC cells, is largely unknown.

In this study, we demonstrated that the natural product auraptene targets SLC7A11
for ubiquitin—proteasome degradation, thereby exerting anti-tumor effects in HCC cells via
ferroptosis induction.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

HCC cell lines (HCCLMS3 [34] and HLE [35]) were obtained from the Cell Bank of
the Chinese Academy of Sciences. The cells were cultured in Dulbecco’s modified eagle
medium (DMEM, Solarbio, Cat# 11965, Beijing, China) containing 10% fetal bovine serum
(FBS, Excell Bio, FSP500, Shanghai, China). The cell lines were maintained at 37 °C with
5% CO; in a humidified incubator. For cystine deprivation experiments, HCC cells were
washed twice with phosphate-buffered saline (PBS) and then cultured in cystine-free
DMEM containing 10% FBS for the indicated time.

2.2. Reagents and Antibodies

The reagents used in this study were Dimethyl sulfoxide (DMSO, Solarbio, Cat#
D8371, Shanghai, China); 0.25% trypsin digestion solution (Servicebio, Cat# G4012, Wuhan,
China); Cell lysis buffer (CST, Cat# 9803S, Danvers, MA, USA), PMSF (Wuhan Dingguo
Biotechnology, Cat# 329-98-6, Wuhan, China); Auraptene (TargetMol, Cat# T4115, USA); N-
acetyl-L-cysteine (NAC, MCE, Cat# HY-B0215, China); L-Glutathione reduced (GSH, MCE,
Cat# HY-D0187, China); Ferrostatin-1 (Fer-1, TargetMol, Cat# T6500, USA); Deferoxamine
Mesylate (DFO, TargetMol, Cat# T1637, Boston, MA, USA); Propidium lodide (PI, Target-
Mol, Cat# T2130, USA); DCFH-DA (MCE, Cat# HY-D0940, China); C11-BODIPY 581/591
(MCE, Cat# HY-D1691, China); RAS-selective lethal small molecule 3 (RSL3, CSNpharm,
Cat# CSN17581, Arlington Heights, IL, USA); Z-Leu-Leu-Leu-CHO (MG132, Biovision,
Cat# 1791-5, San Francisco, CA, USA); Cycloheximide (CHX, MCE, Cat# HY-12320, China);
Cell Counting Kit-8 (CCK-8, TargetMol, Cat# C0005, USA); GSH test kit (Servicebio, Cat#
G4305-48T, China).



Antioxidants 2024, 13, 1015

30f13

The antibodies used were as follows: Vinculin (Santa Cruz, Cat# sc-73614, Santa Cruz,
CA, USA, used at 1:10,000); GPX4 (Proteintech, Cat# 67763-1-Ig, Wuhan, China, used at
1:2000); SLC7A11 (Proteintech, Cat# 18790-1-AP, China, used at 1:3000); FSP1 (Santa Cruz,
Cat# sc-377120, USA, used at 1:3000); ACSL4 (Proteintech, Cat# 22401-1-AP, China, used
at 1:8000); Flag (Sigma, Cat# 66008-31g, Burlington, MA, USA, used at 1:5000); HA (Santa
Cruz, Cat# sc-7392, USA, used at 1:5000); HRP conjugated goat anti-mouse IgG (Thermo
Fisher Scientific, Cat# 31437, Waltham, MA, USA, used at 1:8000) or goat anti-rabbit IgG
secondary antibody (Thermo Fisher Scientific, Cat# 31460, USA, used at 1:8000).

2.3. Cell Viability Assay

Cell viability was assayed by Cell Counting Kit-8 (CCK-8, TargetMol, Cat# C0005,
Boston, MA, USA). Briefly, HCCLM3 or HLE cells were plated into a 96-well plate at the
density of 20,000 cells/well. After culture or treatment with the indicated periods, the
culture medium was replaced with 200 uL CCK-8 reagents which were mixed with DMEM
containing 5% FBS at a ratio of 1:10. The cells were incubated at 37 °C and 5% CO; for 1 h.
After incubation, the absorbance at 450 nm was measured with a microplate reader and
cell growth curves were analyzed with GraphPad Prism 9.

2.4. Colony Formation Assay

Colony formation was performed as described previously [36]. Briefly, HCC cells were
counted and plated into a 6-well plate and cultured at 37 °C and 5% CO; for 24 h. The
indicated compounds were added in the culture medium, and the cells were cultured for
the indicated periods, then washed three times with PBS and fixed with paraformaldehyde
(Solarbio, Cat# P1110, China) for 15 min at room temperature. After fixation, the cells were
washed three times with PBS and then stained with crystal violet solution (0.1% crystal
violet in 20% methanol) for 5 min. Finally, the stained cells were washed three times with
PBS to remove free crystal violet and photographed.

2.5. Cell Death Analysis

Cell death rate was measured using Propidium Iodide (PI) staining. In brief, adherent
cells and dead cells in the culture medium were collected and washed with PBS. The
collected cells were then stained with 10 pg/mL PI for 15 min at room temperature in the
dark. After staining, the cells were washed three times with PBS and resuspended with
500 uL PBS, followed by analysis with flow cytometry. Flow]Jo 10 and GraphPad Prism 9
software were used for analyzing and calculating the data.

2.6. ROS and Lipid ROS Levels Detection

The cellular ROS and lipid ROS levels were measured by flow cytometry. Briefly, cells
were seeded in a 6-well plate and stimulated with the indicated compounds according
to the experiment design. Then, the cell culture medium was removed and the probe
DCFH-DA (for total ROS analysis) or C11-BODIPY 581/591 (for lipid ROS analysis) in
1 mL PBS was added into the plate and cultured for another 30 min in the cell incuba-
tor. DCFH-DA, a green fluorescent dye, is a probe for the detection of intracellular ROS
(Ex/Em = 488/525 nm) with cell membrane permeability. C11-BODIPY 581/591 itself has
red fluorescence (reduced; Ex = 581 nm, Em = 591 nm) and binds to lipids to produce green
fluorescence (oxidized type; Ex = 500 nm, Em = 510 nm). After incubation, the cells were
digested by 0.25% trypsin digestion solution (Servicebio, Cat# G4012, China), centrifuged
at 1500 rpm at 4 °C for 2 min, washed twice with PBS and resuspended in PBS. The ROS
and lipid ROS levels were detected by flow cytometry in the channel of FITC-H. The data
were analyzed with Flow]o 10 and GraphPad Prism 9 software.
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2.7. Western Blot

Cells were harvested and lysed with lysis buffer (CST, Cat# 9803S, USA) containing
1% protease inhibitor PMSF (Wuhan Dingguo Biotechnology, Cat# 329-98-6, China) at
4 °C for 15 min, then the lysed cells were transferred into a new 1.5 mL EP tube and
centrifuged at 4 °C at 12,000 rpm for 15 min. The supernatants were collected into a new
1.5 mL EP tube followed by an addition of a 2 x SDS loading buffer at the ratio of 1:1
and boiled at 100 °C for 5 min. Finally, the lysate was used for SDS-PAGE analysis after
electrophoresis. The proteins were transferred to the PVDF membrane (Millipore, Cat#
03010040001, USA) which was blocked in 5% skim milk (Solarbio, Cat# D8340, China) at
room temperature for 1 h and then incubated with the indicated primary and secondary
antibodies. An ECL chemiluminescence solution kit (Meilunbio, Cat# MAQ186, China) was
used for immunoblot color development.

2.8. Measurement of Glutathione (GSH)

GSH is an important cellular antioxidant, and its oxidation type is GSSG. GSSG is
reduced to GSH by glutathione reductase, and GSH is the main form in mammalian cells.
GSH can react with the probe in the GSH test kit (Servicebio, Cat# G4305-48T, China) to
produce a yellow product, and the absorbance of the reaction product at 412 nm can be
measured to determine the GSH content. Briefly, cells seeded in the 6 cm dish were collected
and resuspended with 400 uL PBS for ultrasonication at 40 W. Next, the ultrasonicated cells
were centrifuged at 12,000 rpm at 4 °C for 15 min, then the supernatants were transferred
into a new tube and mixed with deproteinizing reagent at the ratio of 1:1 followed by
centrifugation at 12,000 rpm at 4 °C for 15 min. After centrifugation, the supernatants
were collected and reacted with the probe for 5 min at 25 °C, the absorbance at 412 nm
was detected by a microplate reader, and the data were analyzed by GraphPad Prism 9
software.

2.9. Statistical Analysis

Statistical analysis of the data was performed by GraphPad Prism 9. All quantitative
data are presented as the mean & SD of at least three independent experiments. Student’s ¢
test was used for two-group comparison, and a one-way analysis of variance (ANOVA)
was used for simultaneous comparison of more than two groups. p < 0.05 was considered
statistically significant.

3. Results
3.1. Auraptene Exerts Anti-Tumor Effects in HCC Cells

Auraptene, a natural product, was reported to inhibit cell proliferation and invasion
in some tumors, which include geranyloxyl at the C-7 position (Figure 1A). In order to
explore whether auraptene has anti-tumor effects in HCC cells, we firstly treated HCCLM3
and HLE cells with different concentrations of auraptene and CCK-8 assay, which showed
that auraptene inhibits HCC cell viability in a dose-dependent manner (Figure 1B). Colony
formation also showed that auraptene impedes HCC cell growth (Figure 1C). Through
microscopy observation, we found that auraptene can induce HCC cell death in a dose-
dependent manner (Figure 1D). To further confirm whether auraptene has the ability to
induce HCC cell death, HCC cells with different concentrations of auraptene were stained
with PI for flow cytometry analysis. The results revealed that auraptene can significantly
induce HCC cell death (Figure 1E). In summary, these results demonstrate that auraptene
exerts anti-tumor effects in HCC cells via inducing cell growth inhibition and cell death.

3.2. ROS Induction Is Responsible for Auraptene-Induced Cell Growth Inhibition and Cell Death

It has been reported that auraptene can increase ROS levels in mouse colon cancer cell
lines [33] and acute myeloid leukemia cell lines [30]. However, it is elusive whether ROS
production is the main reason that auraptene exerts anti-tumor effects in HCC cells. We
then analyzed the total cellular ROS levels after auraptene stimulation. The results showed
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that auraptene significantly increases the cellular ROS levels of HCCLM3 and HLE cells,
and this upregulation was eradicated by the ROS scavenger N-acetyl-L-cysteine (NAC) and
reduced L-glutathione (GSH) (Figure 2A). Importantly, the inhibitory effects of cell viability
(Figure 2B) and colony formation (Figure 2C) induced by auraptene were diminished with
the pretreatment of NAC or GSH. Next, we wanted to know whether ROS production is
critical for auraptene-induced HCC cell death. The microscopic photographs (Figure 2D)
and cell death analysis with flow cytometry (Figure 2E) showed that pretreatment with
the ROS scavenger NAC and GSH impedes the cell death induced by auraptene in HCC
cells. Taken together, these data suggest that auraptene-induced ROS production plays an
important role in its anti-tumor effects in HCC cells.
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Figure 1. Auraptene exerts anti-tumor effects in HCC cells. (A) The molecular formula of auraptene
with a molecular weight of 298.38. (B) HCCLM3 and HLE cells were plated into a 96-well plate at a
density of 20,000 cells/well and treated with the indicated concentrations of auraptene for 24 h. Cell
viability was detected with CCK-8 reagent and the IC50 was calculated. (C) HLE and HCCLMS3 cells
treated with the indicated concentrations of auraptene for 24 h were stained with crystal violet and
photographed. (D) HLE and HCCLMS3 cells treated with the indicated concentrations of auraptene for
16 h were photographed. Scale bar: 200 um. (E) HLE and HCCLMS3 cells treated with the indicated
concentrations of auraptene for 16 h were stained with PI for flow cytometry analysis. Calculated
cell death rate (Top) and representative pictures (Bottom) are shown. Aura: Auraptene. (E) Data are
represented as the mean & SD (n = 3), *** p < 0.0001 (one-way ANOVA).

3.3. Auraptene Induces HCC Cell Ferroptosis

Given our results indicating that auraptene induces HCC cell death via excessive ROS
production, we wanted to examine in detail the exact form of cell death. Ferroptosis is a
recently discovered programmed cell death characterized by ROS- and iron-dependent
lipid peroxidation. Whether auraptene induces HCC cell ferroptosis is unknown. To answer
this question, we used two ferroptosis inhibitors: ferrostatin-1 (Fer-1), and deferoxamine
mesylate (DFO). A cellular total ROS-level analysis of HCCLM3 and HLE cells revealed
that Fer-1 and DFO can significantly inhibit auraptene-mediated upregulation of ROS
production (Figure 3A). Accumulation of lipid ROS is the key characteristic of ferroptosis,



Antioxidants 2024, 13, 1015

6 of 13

so we used the lipid ROS probe C11-BODIPY 581/591 to detect lipid ROS levels. The results
showed that auraptene treatment can increase lipid ROS levels in HCCLM3 and HLE cells
(Figure 3B). These data imply that auraptene can induce HCC cell ferroptosis. Next, we
wondered whether the anti-tumor effects of auraptene in HCC cells are dependent on
ferroptosis initiation. Colony formation (Figure 3C) and cell viability assay (Figure 3D)
showed that Fer-1 or DFO treatment reversed the growth inhibition mediated by auraptene
in HCC cells. More importantly, treatment with Fer-1 or DFO can inhibit HCC cell death
induced by auraptene (Figure 3E,F). Overall, these results demonstrate that auraptene
inhibits HCC cell growth and induces cell death via ferroptosis induction.
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Figure 2. ROS induction is responsible for auraptene-induced cell growth inhibition and cell death.
(A) HCCLM3 and HLE cells treated with or without 100 uM auraptene and 5 mM NAC or 5 mM GSH
were stained with DCFH-DA for 1 h, followed by flow cytometry analysis. The calculated relative
cellular ROS levels (Top) and histogram of flow cytometric pictures are shown (Bottom). (B) The cell
viability of HCCLM3 and HLE cells treated with or without 100 uM auraptene, 5 mM NAC, or 5 mM
GSH for 24 h was analyzed with CCK-8. (C) HCCLM3 and HLE cells treated with or without 100 uM
auraptene, 5 mM NAC or 5 mM GSH for 24 h were stained with crystal violet and the photographs
are shown. (D) HCCLM3 and HLE cells treated with or without 100 uM auraptene, 5 mM NAC, or
5 mM GSH for 16 h were photographed and the representative images are shown. Scale bar: 200 pm.
(E) HCCLM3 and HLE cells treated with or without 100 uM auraptene, 5 mM NAC, or 5 mM GSH for
16 h were harvested and stained with 10 ug/mL PI followed by flow cytometry analysis. Calculated
cell death rate (left) and representative flow cytometric pictures (right) are shown. (A,B,E) Data are
represented as the mean + SD (n = 3); ** p < 0.01, *** p < 0.0001 (one-way ANOVA).
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Figure 3. Auraptene induces HCC cell ferroptosis. (A) HCCLM3 and HLE cells treated with or
without 100 uM auraptene, 2 uM Fer-1, or 50 uM DFO for 4 h were incubated with the ROS probe
DCFH-DA for 1 h followed by flow cytometry analysis. The calculated total ROS levels (Top) and
histogram of flow cytometric pictures (Bottom) are shown. (B) HCCLM3 and HLE cells treated
with or without auraptene (100 uM) for 10 h were incubated with lipid ROS probe C11-BODIPY
581/591 for 1 h followed by flow cytometry analysis. The calculated lipid ROS levels (Top) and
histogram of flow cytometric pictures (Bottom) are shown. (C) HCCLM3 and HLE cells treated with
or without 100 pM auraptene, 2 M Fer-1, or 50 uM DFO for 24 h were stained with crystal violet
and photographed; the images are shown. (D) HCCLM3 and HLE cells treated with or without
100 uM auraptene, 2 uM Fer-1 or 50 pM DFO for 24 h were incubated with CCK-8 followed by an
analysis with a microplate reader. (E,F) HCCLM3 and HLE cells treated with or without 100 pM
auraptene, 2 uM Fer-1 or 50 uM DFO for 16 h were photographed. Scale bar: 200 um. (E) or stained
with PI followed by analysis with flow cytometry. (F) The calculated cell death rate (F, Top) and the
representative flow cytometric pictures (F, Bottom) are shown. (A,B,D,F) Data are represented as
the mean =+ SD (n = 3); *** p < 0.001, *** p < 0.0001 (Unpaired Student’s ¢ test for (B) and one-way
ANOVA for (A,D,F)).

3.4. A Low Dose of Auraptene Sensitizes HCC Cells to Ferroptosis

The above data show that a high concentration of auraptene can directly induce
HCC cell ferroptosis. A high concentration of auraptene may have side effects when
used in clinical trials; therefore, we wanted to evaluate whether a low dose of auraptene
can sensitize HCC cells to ferroptosis. The compound RSL3 (RAS-selective lethal small
molecule 3) and cystine deprivation are two classical ferroptosis inducers. Therefore, we
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firstly used different concentrations (less than IC50 value) of an auraptene combination with
RSL3 or cystine deprivation treatment to evaluate HCC cell growth inhibition. The colony
formation assay showed that treatment with a low concentration of auraptene can increase
the cell growth inhibition mediated by RSL3 or cystine deprivation (Figure 4A). Consistent
with these results, treatment with a low concentration of auraptene can significantly increase
RSL3- or cystine deprivation-induced HCC cell death (Figure 4B,D). Overall, these results
reveal that a low auraptene concentration can sensitize HCC cells to ferroptosis, so a
combination of auraptene with classical ferroptosis inducers may be a promising strategy
for HCC treatment.
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Figure 4. A low dose of auraptene sensitizes HCC cells to ferroptosis. (A) HCCLM3 and HLE cells
treated with or without the indicated concentrations of auraptene, RSL3 (2 uM) for 24 h, or cystine
deprivation for 36 h were stained with crystal violet and photographed; the images are shown.
(B) HCCLM3 and HLE cells treated with or without the indicated concentrations of auraptene,
RSL3 (2 uM) for 24 h, or cystine deprivation for 36 h were photographed and the representative
images are shown. Scale bar: 200 pm. (C) HCCLM3 and HLE cells treated with or without indicated
concentration of auraptene or RSL3 (2 uM) for 24 h were stained with PI followed by flow cytometry
analysis. The calculated cell death rate (left) and the representative flow cytometric pictures (right)
are shown. (D) HCCLM3 and HLE cells treated with or without the indicated concentrations of
auraptene or cystine deprivation for 36 h were stained with PI followed by flow cytometry analysis.
The calculated cell death rate (left) and the representative flow cytometric pictures (right) are shown.
(C,D) Data are represented as the mean + SD (n = 3); ns: no significance, ** p < 0.01, **** p < 0.0001
(one-way ANOVA).

3.5. Auraptene Degrades SLC7A11

Ferroptosis initiation or defense is tightly controlled by some key proteins such as
SLC7A11, GPX4, acyl-CoA synthetase long-chain family member 4 (ACSL4), and FSP1. To
gain insights into the molecular mechanism of auraptene on HCC ferroptosis, we treated
HCCLM3 and HLE cells with auraptene, and the Western blot showed that auraptene
significantly decreases the expression of SLC7A11 instead of GPX4, ACSL4 and FSP1
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(Figure 5A,B). In line with this finding, the ubiquitin—proteasome inhibitor MG132, but
not the protein synthesis inhibitor chlorhexidine (CHX), eliminated downregulation of
SLC7A11 protein levels induced by auraptene (Figure 5C). To determine whether the
ubiquitin—proteasomal degradation of SLC7A11 was involved, we performed an immuno-
precipitation assay, and the experimental data confirmed that auraptene treatment did
promote the ubiquitination modification of SLC7A11 (Figure 5D). It is known that SLC7A11
plays an important role in the transport of cystine, and cystine was further used to synthe-
size GSH to inhibit peroxidation and ferroptosis. Therefore, we further detected the cellular
GSH in HCC cells treated with auraptene. The results showed that auraptene treatment
significantly decreased the cellular GSH levels of HCCLM3 and HLE cells (Figure 5E). These
data demonstrate that auraptene targets SLC7A11 for ubiquitin—proteasomal degradation,
implying that auraptene may initiate HCC ferroptosis via degrading SLC7A11.
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Figure 5. Auraptene degrades SLC7A11l. (A) HCCLM3 and HLE cells treated with indicated
concentrations of auraptene for 10 h were harvested for WB analysis with indicated antibodies, with
Vinculin as the loading control. (B) HLE cells treated with 100 uM auraptene at the indicated time
points were harvested for WB analysis with indicated antibodies, with Vinculin as the loading control.
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(C) HLE cells were pretreated with 100 uM auraptene for 2 h and then treated with or without CHX
(100 ng/mL) or MG132 (10 uM) for another 8 h, then cells were harvested for WB analysis with
indicated antibodies. (A—C) The data of SLC7A11/Vinculin are represented as the mean + SD (n = 3);
ns: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (one-way ANOVA). (D) HLE
cells were transfected with the specified plasmids for 15 h and then treated with or without 100 pM
auraptene for 10 h. Cells were lysed for immunoprecipitated with anti-flag antibodies followed by
Western blotting with the specified antibodies. (E) HCCLM3 and HLE cells were treated with or
without 100 uM auraptene for 10 h and the cellular GSH levels were determined by a microplate
reader at 412 nm. Data are represented as the mean & SD (n = 3); **** p < 0.0001 (Unpaired Student’s
t test).

4. Discussion

Ferroptosis, the non-apoptotic programmed cell death, was firstly discovered by Brent
R. Stockwell in 2012 [37]. To promote growth, cancer cells exhibit higher iron requirements
compared to normal cells in the body. This iron dependence makes cancer cells more
susceptible to iron regulation and ferroptosis [38]. The liver is the main storage site for
iron in the body. Since the liver acts as an important site for iron metabolism, ferroptosis
plays an important role in HCC carcinogenesis [39]. Ferroptosis is initiated by excessive
lipid peroxidation, which is produced by ROS and iron-dependent oxidation reaction. The
SLC7A11-GPX4 axis is one of the important cellular ferroptosis defense pathways [40,41].
SLC7A11 is the cystine transporter which is critical for extracellular cystine uptake into
cells [42]. Intracellular cystine can be metabolized to produce GSH, which is a cofactor of
GPX4 that catalyzes the toxic lipid hydroperoxides (L-OOH) to non-toxic lipid alcohols
(L-OH) [43], thereby eradicating ferroptosis. Recently, research about ferroptosis, especially
in the field of tumor therapy, has attracted much attention [44]. The accumulation of ROS,
induced by activated oxidative phosphorylation and upregulated lipid metabolism in
tumor cells, makes them more susceptible to ferroptosis, so targeting ferroptosis may be a
promising therapeutic strategy for cancer-specific treatment.

Auraptene is a natural organic compound with a molecular weight of 223 that can
be extracted from citrus peel and has a characteristic orange fragrance and strong solvent
properties. Many studies have reported that auraptene has anti-cancer activities. However,
the detailed mechanism of its anti-tumor activity, especially in HCC, is largely elusive.

In this study, we focused on the effects of auraptene on HCC cells and found that
auraptene induces HCC cell death via the ferroptosis pathway. Mechanistically, auraptene
treatment inhibits SLC7A11 expression, and this inhibition can be eradicated by the addition
of the ubiquitin—proteasome inhibitor MG132 instead of the protein synthesis inhibitor
chlorhexidine (CHX). Moreover, auraptene treatment increases the poly-ubiquitination
level of SLC7A11, implying that auraptene targets SLC7A11 for ubiquitin—proteasomal
degradation in HCC cells. However, the specific ubiquitin E3 ligase or deubiquitinase
involved in auraptene-induced SLC7A11 degradation needs to be explored in the future.
Furthermore, SLC7A11 degradation leads to the decline of GSH and imbalance of cellular
redox characterized by total ROS and lipid ROS accumulation, eventually resulting in
ferroptosis and growth inhibition of HCC cells (Figure 6). Intriguingly, a low dose of
auraptene can sensitize HCC cells to ferroptosis, implying the possibility of using auraptene
alone or in combination with other ferroptosis inducers for cancer treatment. Although we
found that auraptene targets SLC7A11 for ubiquitin—proteasomal degradation, the detailed
molecular mechanism remains to be further studied.
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Figure 6. The working model of auraptene in HCC ferroptosis induction. Auraptene, the major
coumarin of citrus plants, targets SLC7A11 for ubiquitin—proteasomal degradation, leading to lipid
ROS production and ferroptosis of HCC. Ub: ubiquitin.

5. Conclusions

Our study identified a new role for and the mechanism of the natural product au-
raptene in anti-tumor effects in HCC cells via ferroptosis induction. It provides a lead
compound and therapeutic strategy using auraptene alone or in combination with other
ferroptosis inducers for HCC treatment.

Author Contributions: Conceptualization, X.B. and D.L.; methodology, D.L., Y.L. and L.C.; software,
B.D. and W.Y,; validation, H.Y.; formal analysis, ].P; investigation, C.G.; resources, D.L.; data curation,
D.L.; writing—original draft preparation, X.B. and D.L.; writing—review and editing, X.B. and Y.L.;
visualization, Y.L.; supervision, X.B.; project administration, X.B.; funding acquisition, X.B. and D.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Talent Plan of Jiangxi Province of China (jxsq2023101080),
National Natural Science Foundation of China (32370829, 82360516), the Outstanding Youth Fund of
Jiangxi Province (20224ACB216010).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Antioxidants 2024, 13, 1015 12 of 13

References

1. Nagaraju, G.P; Dariya, B.; Kasa, P,; Peela, S.; El-Rayes, B.F. Epigenetics in hepatocellular carcinoma. Semin. Cancer Biol. 2022, 86 Pt
3, 622-632. [CrossRef]

2. Vogel, A.; Meyer, T.; Sapisochin, G.; Salem, R.; Saborowski, A. Hepatocellular carcinoma. Lancet 2022, 400, 1345-1362. [CrossRef]

3. Yang, ].D.; Hainaut, P.; Gores, G.J.; Amadou, A.; Plymoth, A.; Roberts, L.R. A global view of hepatocellular carcinoma: Trends,
risk, prevention and management. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 589-604. [CrossRef]

4. Tang, W.; Chen, Z.; Zhang, W.; Cheng, Y.; Zhang, B.; Wu, E; Wang, Q.; Wang, S.; Rong, D.; Reiter, F.P; et al. The mechanisms of
sorafenib resistance in hepatocellular carcinoma: Theoretical basis and therapeutic aspects. Signal Transduct. Target. Ther. 2020, 5,
87. [CrossRef] [PubMed]

5. Gao, R; Kalathur, RK.R.; Coto-Llerena, M.; Ercan, C.; Buechel, D.; Shuang, S.; Piscuoglio, S.; Dill, M.T.; Camargo, E.D.; Christofori,
G.; etal. YAP/TAZ and ATF4 drive resistance to Sorafenib in hepatocellular carcinoma by preventing ferroptosis. EMBO Mol.
Med. 2021, 13, €14351. [CrossRef] [PubMed]

6. Ladd, A.D.; Duarte, S.; Sahin, I.; Zarrinpar, A. Mechanisms of drug resistance in HCC. Hepatology 2024, 79, 926-940. [CrossRef]

7. Xia, S.; Pan, Y;; Liang, Y.; Xu, J.; Cai, X. The microenvironmental and metabolic aspects of sorafenib resistance in hepatocellular
carcinoma. EBioMedicine 2020, 51, 102610. [CrossRef]

8. Xu, X.; Li, Y,; Wu, Y.; Wang, M.; Lu, Y.; Fang, Z.; Wang, H.; Li, Y. Increased ATF2 expression predicts poor prognosis and inhibits
sorafenib-induced ferroptosis in gastric cancer. Redox Biol. 2023, 59, 102564. [CrossRef] [PubMed]

9. Li, Z.].; Dai, H.Q.; Huang, X.W.; Feng, J.; Deng, ].H.; Wang, Z.X.; Yang, X.M.; Liu, Y.J.; Wu, Y.; Chen, PH,; et al. Artesunate
synergizes with sorafenib to induce ferroptosis in hepatocellular carcinoma. Acta Pharmacol. Sin. 2021, 42, 301-310. [CrossRef]
[PubMed]

10. Chen, X;; Li, J.; Kang, R.; Klionsky, D.J.; Tang, D. Ferroptosis: Machinery and regulation. Autophagy 2021, 17, 2054-2081. [CrossRef]
[PubMed]

11. Yang, W.S,; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317-331. [CrossRef] [PubMed]

12. Liang, D.; Minikes, A.M.; Jiang, X. Ferroptosis at the intersection of lipid metabolism and cellular signaling. Mol. Cell 2022, 82,
2215-2227. [CrossRef]

13.  Zheng, J.; Conrad, M. The Metabolic Underpinnings of Ferroptosis. Cell Metab. 2020, 32, 920-937. [CrossRef] [PubMed]

14. Bian, X;; Liu, R;; Meng, Y.; Xing, D.; Xu, D.; Lu, Z. Lipid metabolism and cancer. J. Exp. Med. 2021, 218, €20201606. [CrossRef]

15. Bian, X; Jiang, H.; Meng, Y.; Li, Y.P; Fang, J.; Lu, Z. Regulation of gene expression by glycolytic and gluconeogenic enzymes.
Trends Cell Biol. 2022, 32, 786-799. [CrossRef] [PubMed]

16. Stockwell, B.R. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic applications. Cell 2022, 185,
2401-2421. [CrossRef]

17.  Fang, X.; Ardehali, H.; Min, J.; Wang, F. The molecular and metabolic landscape of iron and ferroptosis in cardiovascular disease.
Nat. Rev. Cardiol. 2023, 20, 7-23. [CrossRef]

18. Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,
266-282. [CrossRef]

19. 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] [PubMed]

20. Soula, M.; Weber, R.A ; Zilka, O.; Alwaseem, H.; La, K.; Yen, F.; Molina, H.; Garcia-Bermudez, J.; Pratt, D.A.; Birsoy, K. Metabolic
determinants of cancer cell sensitivity to canonical ferroptosis inducers. Nat. Chem. Biol. 2020, 16, 1351-1360. [CrossRef]

21. Yang, X,; Wang, Z.; Zandkarimi, F,; Liu, Y,; Duan, S.; Li, Z.; Kon, N.; Zhang, Z; Jiang, X.; Stockwell, B.R.; et al. Regulation of
VKORCIL1 is critical for p53-mediated tumor suppression through vitamin K metabolism. Cell Metab. 2023, 35, 1474-1490.e8.
[CrossRef] [PubMed]

22.  Bersuker, K.; Hendricks, ].M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P.H.; Roberts, M. A ; Tong, B.; Maimone, T.].; Zoncu, R.; et al.
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688-692. [CrossRef]

23. Doll, S.; Freitas, EP.; Shah, R.; Aldrovandi, M.; da Silva, M.C,; Ingold, I.; Goya Grocin, A.; Xavier da Silva, T.N.; Panzilius, E.;
Scheel, C.H.; et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature 2019, 575, 693-698. [CrossRef]

24. Mao, C; Liu, X.; Zhang, Y.; Lei, G.; Yan, Y.; Lee, H.; Koppula, P.; Wu, S.; Zhuang, L.; Fang, B.; et al. DHODH-mediated ferroptosis
defence is a targetable vulnerability in cancer. Nature 2021, 593, 586-590. [CrossRef] [PubMed]

25. Bi, ], Yang, S.; Li, L.; Dai, Q.; Borcherding, N.; Wagner, B.A.; Buettner, G.R.; Spitz, D.R.; Leslie, K.K.; Zhang, J. Metadherin
enhances vulnerability of cancer cells to ferroptosis. Cell Death Dis. 2019, 10, 682. [CrossRef] [PubMed]

26. Liu, X.,; Zhang, Y.; Wu, X,; Xu, F; Ma, H,; Wu, M,; Xia, Y. Targeting ferroptosis pathway to combat therapy resistance and
metastasis of cancer. Front. Pharmacol. 2022, 13, 909821. [CrossRef] [PubMed]

27.  Kazunori, O.; Akemi, K.; Toshio, Y.; Hirohisa, N.; Michihiko, N.; Yoshinori, I.; Masamichi, Y. Evaluation of Auraptene Content in
Citrus Fruits and Their Products. J. Agric. Food Chem. 2000, 48, 1763-1769.

28. Yoichi, S.; Shogo, K.; Yusuke, M.; Yasufumi, K.; Masafumi, F.; Kana, S.; Satoshi, S.; Toshihide, H.H.; Yuto, K.; Maki, K.; et al.

Auraptene, a citrus peel-derived natural product, prevents myocardial infarction-induced heart failure by activating PPAR«x in
rats. Phytomedicine 2022, 107, 154457.


https://doi.org/10.1016/j.semcancer.2021.07.017
https://doi.org/10.1016/S0140-6736(22)01200-4
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1038/s41392-020-0187-x
https://www.ncbi.nlm.nih.gov/pubmed/32532960
https://doi.org/10.15252/emmm.202114351
https://www.ncbi.nlm.nih.gov/pubmed/34664408
https://doi.org/10.1097/HEP.0000000000000237
https://doi.org/10.1016/j.ebiom.2019.102610
https://doi.org/10.1016/j.redox.2022.102564
https://www.ncbi.nlm.nih.gov/pubmed/36473315
https://doi.org/10.1038/s41401-020-0478-3
https://www.ncbi.nlm.nih.gov/pubmed/32699265
https://doi.org/10.1080/15548627.2020.1810918
https://www.ncbi.nlm.nih.gov/pubmed/32804006
https://doi.org/10.1016/j.cell.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24439385
https://doi.org/10.1016/j.molcel.2022.03.022
https://doi.org/10.1016/j.cmet.2020.10.011
https://www.ncbi.nlm.nih.gov/pubmed/33217331
https://doi.org/10.1084/jem.20201606
https://doi.org/10.1016/j.tcb.2022.02.003
https://www.ncbi.nlm.nih.gov/pubmed/35300892
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1007/s13238-020-00789-5
https://www.ncbi.nlm.nih.gov/pubmed/33000412
https://doi.org/10.1038/s41589-020-0613-y
https://doi.org/10.1016/j.cmet.2023.06.014
https://www.ncbi.nlm.nih.gov/pubmed/37467745
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-021-03539-7
https://www.ncbi.nlm.nih.gov/pubmed/33981038
https://doi.org/10.1038/s41419-019-1897-2
https://www.ncbi.nlm.nih.gov/pubmed/31527591
https://doi.org/10.3389/fphar.2022.909821
https://www.ncbi.nlm.nih.gov/pubmed/35847022

Antioxidants 2024, 13, 1015 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

Akasaka, Y.; Hasei, S.; Ohata, Y.; Kanna, M.; Nakatsu, Y.; Sakoda, H.; Fujishiro, M.; Kushiyama, A.; Ono, H.; Matsubara, A;
et al. Auraptene Enhances AMP-Activated Protein Kinase Phosphorylation and Thereby Inhibits the Proliferation, Migration
and Expression of Androgen Receptors and Prostate-Specific Antigens in Prostate Cancer Cells. Int. J. Mol. Sci. 2023, 24, 16011.
[CrossRef]

Ghorbani, M.; Soukhtanloo, M.; Farrokhi, A.S.; Hassanian, S.M.; Ghorbani, E; Afshari, A.R.; Taherian, M.; Sadeghian, M.H.
Auraptene-induced cytotoxic effects in acute myeloid leukemia cell lines. Med. Oncol. 2023, 40, 231. [CrossRef]

Hosseini, F.; Ahmadi, A.; Hassanzade, H.; Gharedaghi, S.; Rassouli, F.B.; Jamialahmadi, K. Inhibition of melanoma cell migration
and invasion by natural coumarin auraptene through regulating EMT markers and reducing MMP-2 and MMP-9 activity. Eur. |.
Pharmacol. 2024, 971, 176517. [CrossRef] [PubMed]

Izadi, A.; Soukhtanloo, M.; Mirzavi, F,; Jalili-Nik, M.; Sadeghi, A. Alpha-Lipoic Acid, Auraptene, and Particularly Their
Combination Prevent the Metastasis of U87 Human Glioblastoma Cells. Evid. Based Complement. Altern. Med. 2023, 2023, 8618575.
[CrossRef] [PubMed]

Ebrahimi, S.; Soukhtanloo, M.; Mostafavi-Pour, Z. Anti-tumor effects of Auraptene through induction of apoptosis and oxidative
stress in a mouse model of colorectal cancer. Tissue Cell 2023, 81, 102004. [CrossRef] [PubMed]

Li, Y,; Tang, Z.; Ye, S.; Liu, B.; Liu, Y.; Chen, J.; Xue, Q. Establishment of a hepatocellular carcinoma cell line with unique metastatic
characteristics through in vivo selection and screening for metastasis-related genes through cDNA microarray. J. Cancer Res. Clin.
Oncol. 2003, 129, 43-51. [CrossRef] [PubMed]

Dor, I.; Namba, M.; Sato, J. Establishment and some biological characteristics of human hepatoma cell lines. Gann = Gan 1975, 66,
385.

Bian, X.L.; Chen, H.Z,; Yang, P.B.; Li, Y.P; Zhang, EN.; Zhang, ].Y.; Wang, W.J.; Zhao, W.X,; Zhang, S.; Chen, Q.T.; et al.
Nur77 suppresses hepatocellular carcinoma via switching glucose metabolism toward gluconeogenesis through attenuating
phosphoenolpyruvate carboxykinase sumoylation. Nat. Commun. 2017, 8, 14420. [CrossRef] [PubMed]

Scott, ].D.; Kathryn, M.L.; Michael, R.L.; Rachid, S.; Eleina, M.Z.; Caroline, E.G.; Darpan, N.P.; Andras, ].B.; Alexandra, M.C.; Wan
Seok, Y.; et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell 2012, 149, 1060-1072.

Hassannia, B.; Vandenabeele, P.; Berghe, T.V. Targeting ferroptosis to iron out cancer. Cancer Cell 2019, 35, 830-849. [CrossRef]
Bekric, D.; Ocker, M.; Mayr, C.; Stintzing, S.; Ritter, M.; Kiesslich, T.; Neureiter, D. Ferroptosis in hepatocellular carcinoma:
Mechanisms, drug targets and approaches to clinical translation. Cancers 2022, 14, 1826. [CrossRef]

Chen, Q.; Zheng, W.; Guan, J.; Liu, H.; Dan, Y,; Zhu, L.; Song, Y.; Zhou, Y.; Zhao, X.; Zhang, Y.; et al. SOCS2-enhanced
ubiquitination of SLC7A11 promotes ferroptosis and radiosensitization in hepatocellular carcinoma. Cell Death Differ. 2023, 30,
137-151. [CrossRef]

Zhang, H.; Pan, ].; Huang, S.; Chen, X.; Chang, A.C.Y,; Wang, C.; Zhang, ].; Zhang, H. Hydrogen sulfide protects cardiomyocytes
from doxorubicin-induced ferroptosis through the SLC7A11/GSH/GPx4 pathway by Keap1 S-sulfhydration and Nrf2 activation.
Redox Biol. 2024, 70, 103066. [CrossRef] [PubMed]

Yizhong, Y.; Hongqi, T.; Qinglei, H.; Lavanya, K.; Guang, L.; Amber, H.; Xiaoguang, L.; Chao, M.; Shiqi, W.; Zhuang, L.; et al.
SLC7A11 expression level dictates differential responses to oxidative stress in cancer cells. Nat. Commun. 2023, 14, 3673.
Deguang, L.; Yan, E; Fereshteh, Z.; Hua, W.; Zeda, Z.; Jinnie, K.; Yanyan, C.; Wei, G.; Brent, R.S.; Xuejun, J. Ferroptosis surveillance
independent of GPX4 and differentially regulated by sex hormones. Cell 2023, 186, 2748-2764.e22.

Guang, L.; Zhuang, L.; Boyi, G. Targeting ferroptosis as a vulnerability in cancer. Nat. Rev. Cancer 2022, 22, 381-396.

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/ijms242116011
https://doi.org/10.1007/s12032-023-02088-5
https://doi.org/10.1016/j.ejphar.2024.176517
https://www.ncbi.nlm.nih.gov/pubmed/38537805
https://doi.org/10.1155/2023/8618575
https://www.ncbi.nlm.nih.gov/pubmed/37496822
https://doi.org/10.1016/j.tice.2022.102004
https://www.ncbi.nlm.nih.gov/pubmed/36603499
https://doi.org/10.1007/s00432-002-0396-4
https://www.ncbi.nlm.nih.gov/pubmed/12618900
https://doi.org/10.1038/ncomms14420
https://www.ncbi.nlm.nih.gov/pubmed/28240261
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.3390/cancers14071826
https://doi.org/10.1038/s41418-022-01051-7
https://doi.org/10.1016/j.redox.2024.103066
https://www.ncbi.nlm.nih.gov/pubmed/38359744

	Introduction 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Reagents and Antibodies 
	Cell Viability Assay 
	Colony Formation Assay 
	Cell Death Analysis 
	ROS and Lipid ROS Levels Detection 
	Western Blot 
	Measurement of Glutathione (GSH) 
	Statistical Analysis 

	Results 
	Auraptene Exerts Anti-Tumor Effects in HCC Cells 
	ROS Induction Is Responsible for Auraptene-Induced Cell Growth Inhibition and Cell Death 
	Auraptene Induces HCC Cell Ferroptosis 
	A Low Dose of Auraptene Sensitizes HCC Cells to Ferroptosis 
	Auraptene Degrades SLC7A11 

	Discussion 
	Conclusions 
	References

