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Icariside Il induces ferroptosis through the
down-regulation of SLC7A11 in ovarian cancer

Donglan Yuan'!, Ting Guo®', Xiaotong Zhu', Weiwei Song®, Dengyun Nie* and Hong Yu*®"

Abstract

Background Ovarian cancer (OV) is the leading cause of death among gynecological malignancies. This study
aimed to investigate the influence of Icariside Il on OV in vitro and in vivo and to elucidate whether Icariside Il induces
ferroptosis in OV cells by regulating SLC7A11 expression.

Methods SKOV3 cells and OV nude mice were treated with Icariside II, a control-plasmid or an SLC7A11-plasmid. EdU
assay, flow cytometry, wound-healing assay, and Transwell assays were used to assess cell proliferation, apoptosis,
migration, and invasion respectively. Total iron, Fe?* levels, and intracellular lipid reactive oxygen species (ROS)
stimulation were evaluated in both cells and tissues. Levels of cysteine (Cys), glutathione (GSH), and glutathione
peroxidase 4 (GPX4) were also analyzed. Ferroptosis markers, including Ptgs2, Chac1, SLC7A11, and apoptosis-
associated genes (Bax and Bcl-2), were detected using gRT-PCR, western blotting, and immunohistochemistry (IHC).
SLC7A11 expression in OV was explored using data from The Cancer Genome Atlas (TCGA), and validated with IHC
staining.

Results Icariside ll-induced ferroptosis in OV cells was confirmed by elevated Fe* and total iron levels, enhanced
lipid ROS levels, higher Ptgs2 and Chac1 mRNA levels, and reduced levels of SLC7A11, Cys, GSH, and GPX4 in

both in vitro and in vivo models. These effects were partially reversed by the SLC7A11-plasmid. Moreover, Icariside

Il suppressed SKOV3 cell proliferation, inhibited cells migration and invasion, and promoted apoptosis by
downregulating SLC7A11 expression. Furthermore, we found that SLC7A11 expression was upregulated in OV tissues
compared to adjacent non-tumor tissues.

Conclusion Icariside Il induces ferroptosis in OV by downregulating SLC7A11 expression in vitro and in vivo. Our
study identified Icariside Il as a promising therapeutic agent for the treatment of OV.

Keywords |Icariside Il, Ferroptosis, SLC7A11, Ovarian cancer

Donglan Yuan and Ting Guo contributed equally o this work. 3Department of Traditional Chinese Medicine, Affiliated Taizhou People’s
Hospital of Nanjing University of Traditional Chinese Medicine,

*Correspondence: Taizhou 225300, China

Hong Yu “Nanjing University of Traditional Chinese Medicine, Nanjing

yuhong@njmu.edu.cn 210023, China

'Department of Obstetrics and Gynecology, Affiliated Taizhou People’s °Department of Pathology, Affiliated Taizhou People’s Hospital of Nanjing

Hospital of Nanjing University of Traditional Chinese Medicine, University of Traditional Chinese Medicine, Taizhou 225300, China

Taizhou 225300, China SAffiliated Taizhou People’s Hospital of Nanjing University of Traditional

“Center for Molecular Medicine, Affiliated Taizhou People’s Hospital of Chinese Medicine, No. 399 Hailing Road, Taizhou 225300, China

Nanjing University of Traditional Chinese Medicine, Taizhou 225300, China

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-025-01650-1&domain=pdf&date_stamp=2025-4-2

Yuan et al. Journal of Ovarian Research (2025) 18:71

Introduction

Opvarian cancer (OV) is one of the most common female
cancers among gynecological malignancies in the world
[1]. In 2022, the newly issued case of o varian cancer was
324,398, accounting for 1.6% of the total cancer cases; the
death case was 206,839, accounting for 2.1% of the total
cancer cases [2]. The etiology of OV remains unclear, but
its onset may be associated with factors including age,
fertility, blood type, psychological factors, and environ-
ment [3, 4]. Owing to the high heterogeneity of OV and
lack of reliable detection markers, most patients are diag-
nosed at an advanced stage. Immunotherapy, hormone
therapy, and targeted therapy are the primary treatments
for ovarian cancer [5-7]. Despite the high initial response
rate to chemotherapy, many patients develop recurrent
disease accompanied by chemotherapy resistance, ulti-
mately leading to a low 5-year survival rate. Therefore,
it is crucial to further explore the mechanism underly-
ing OV and identify new therapeutic targets to improve
treatment outcomes.

Ferroptosis is a newly discovered cell death pattern that
relies on intracellular free iron (Fe**) and differs from
other forms of cell death such as apoptosis, necrosis,
and autophagy, in morphology, biochemistry, and genet-
ics [8, 9]. Abnormal increases in intracellular iron lev-
els can cause an imbalance in cell membrane redox and
lipid peroxidation, eventually leading to cell death [10].
In recent years, numerous studies have linked ferropto-
sis to various diseases, including cancer, ischemic organ
damage, and cardiovascular disease [11, 12]. Qi et al.
observed that the IncRNAs GABPB1-AS1 and GABPB1
regulate oxidative stress during erastin-induced ferropto-
sis in HepG2 hepatocellular carcinoma cells [13]. He et
al. found that tanshinone IIA protects human coronary
artery endothelial cells from ferroptosis by activating the
NREF2 pathway [14]. However, the specific mechanisms
underlying ferroptosis in OV require further exploration.

Herba Epimedii, a Chinese herbal medicine with a
long history, is known for its effects in tonifying kidney
yang, strengthening muscles and bones, and dispelling
wind and dampness [15]. Icariin, one of the main active
ingredients in Herba Epimedii, plays an important role
in preventing congestive heart failure and hypertension,
regulating the immune system, and protecting the car-
diovascular system [16]. Icariside II, the main metabolite
of icariin, has various pharmacological activities, includ-
ing liver protection, anti-osteoporosis, anti-inflamma-
tory, and antioxidant activities [17]. Yuan et al. found that
Icariside II suppresses tumorigenesis and the progression
of ovarian cancer by regulating the miR-144-3p/IGF2R
axis [18]. Yu et al. found that Icariside II induces ferrop-
tosis in renal cell carcinoma cells by regulating the miR-
324-3p/GPX4 axis [19]. However, the role of Icariside II
in inducing ferroptosis in OV remains unclear.
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Thus, our study was designed to (i) explore whether
Icariside II can induce ferroptosis in OV cells, (ii) inves-
tigate whether Icariside II can regulate the expression of
SLC7A11 in OV, and (iii) analyze the regulatory mecha-
nism by which Icariside II induces ferroptosis in OV
through the regulation of SLC7A11 expression, to iden-
tify a promising target for OV therapy.

Materials and methods

Cell culture

SKOV3 cells were obtained from ATCC and cultured in
DMEM (Gibco; USA) supplemented with 15% FBS and
1% penicillin/streptomycin (Gibco; USA) in a humidi-
fied incubator with 5% CO, at 37 °C. SKOV3 cells were
treated with 0, 20, 40, or 60 uM Icariside II for 48 h for
subsequent experiments.

Iron assay
The total iron (E-BC-K880-M, Elabscience) and Fe?*
(E-BC-K881-M, Elabscience) levels in SKOV3 cells were
measured per as the manufacturer’s instructions. Briefly,
1% 10° cells were collected and added with 0.2 ml reagent
1, then the cells were place on ice for lysis for 10 min.
Subsequently, the cells were centrifuged at 15,000 xg
for 10 min, and the supernatant were collected for later
use. For total iron detection, 80 pl supernatant were
added with 80 pl reagent 2 and then incubated at 37 °C
for 40 min. For Fe?" detection, 80 ul supernatant were
added with 80 pl reagent 3 and then incubated for 40 min
at 37 °C. Finally, absorbance at 593 nm was measured to
determine the total iron and intracellular Fe?* concentra-
tion using a microplate reader (SMR16.1, USCNK).

The total iron (E-BC-K772-M, Elabscience) and Fe?*
(E-BC-K773-M, Elabscience) levels in tumor tissues were
detected following with the manufacturer’s instructions.

Lipid reactive oxygen species (ROS) assay

ROS fluorescent method test kit (E-BC-K138-F, Elab-
science) was used to detect the ROS levels according
to the protocol. After treatment, SKOV3 cells were col-
lected by centrifugation at 4 °C for 5 min. The cells were
then incubated with DCFH-DA staining solution and
cultivated for 30 min at 37 °C. Finally, fluorescence was
examined using a FACSAria II flow cytometer (BD Tech-
nologies). The ROS levels in tumor tissues were deter-
mined using the microplate reader (SMR16.1, USCNK)
according to the manufacturer’s instructions.

qRT-PCR analysis

After treatment, the levels of Ptgs2, Chacl, SLC7A1l,
Bax, and Bcl-2 were measured using qRT-PCR. RNA
was isolated from SKOV3 cells or tissues using TRIpure
Total RNA Extraction Reagent (EP013, ELK Biotechnol-
ogy), following the manufacturer’s protocol. Total RNA



Yuan et al. Journal of Ovarian Research (2025) 18:71

was then reverse transcribed into cDNA using the cDNA
Synthesis Kit (Eq. 031, ELK Biotechnology), and qRT-
PCR analysis was conducted using SYBR Green Mas-
ter mix (Eq. 001, ELK Biotechnology) with an ABI 7500
Real-Time PCR System (Life Technologies). Target gene
expressions were quantified using the 2742 method.
Primer sequences for PCR were listed in Table 1.

Western blot assay

After treatment, proteins were extracted from SKOV3
cells using radioimmunoprecipitation assay (RIPA) buf-
fer (AS1004, ASPEN) for 30 min on ice. Proteins were
separated using SDS-PAGE (AS1012, ASPEN) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked with 5% skimmed milk for
2 h to avoid nonspecific binding and then incubated with
primary antibodies against SLC7A11 (ab175186, 1:3000,
Abcam), Bax (#2772, 1:2000, CST), Bcl-2 (ab196495,
1:3000, Abcam), or p-actin (EA014, 1:10000, ELK Bio-
technology) at 4 °C overnight. After washing the mem-
brane thrice with TBST, the membranes were incubated
with secondary antibodies for 2 h. Protein signals were
assessed using the ECL method (AS1059, ASPEN)
according to the manufacturer’s instructions.

Cysetine (Cys), glutathione (GSH) and glutathione
peroxidase 4 (GPX4) level measurements

After treatment, the SKOV3 cells were gently washed
with pre-cooled PBS, trypsinized, and centrifuged at
1000xg for 5 min. The cells were then washed three times
with pre-cooled PBS, and resuspended in fresh lysis buf-
fer. The levels of Cys, GSH, and GPX4 were measured
using the Human Cysteine ELISA Kit (ELK9092, ELK

Table 1 Primer sequences for PCR

Gene Sequences(5°-37)
H-ACTIN sense GTCCACCGCAAATGCTTCTA
antisense TGCTGTCACCTTCACCGTTC
H-Ptgs2 sense AGATTATGTGCAACACTTGAGTGG
antisense ATTCCTACCACCAGCAACCCT
H-Chac1 sense GTGGTGACGCTCCTTGAAGAT
antisense GCCTCTCGCACATTCAGGTAC
H-SLC7AT1 sense TGTGGGGTCCTGTCACTATTTG
antisense GATATCACAGCAGTAGCTGCAGG
H-Bax sense TCTGAGCAGATCATGAAGACAGG
antisense ATCCTCTGCAGCTCCATGTTAC
H-Bcl-2 sense AGGATTGTGGCCTTCTTTGAG
antisense AGCCAGGAGAAATCAAACAGAG
M-SLC7A11 sense AAGGGCATACTCCAGAACACG
antisense GCCAGCAAAGGACCAAAGAC
M-Ptgs2 sense AGGGAAATAAGGAGCTTCCTG
antisense CCAATGACCTGATATTTCAATTT
M-Chac sense AGCCGGACTTTGCCTATAGTG
antisense TCCCTCACATTCAGGTACTTCAG
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Biotechnology), Glutathione assay kit (A006-2, Nanjing
Jiancheng Bioengineering Institute), and Human GPX4
ELISA Kit (ELK4775, ELK Biotechnology), respectively,
following the manufacturer’s instructions.

Cell transfection

After treatment, the SKOV3 cells were transfected
with control-plasmid or SLC7A11-plasmid using Lipo-
fectamine® 3000 reagent (Thermo) for 24 h following the
instructions. qRT-PCR and western blotting were then
performed to evaluate cell transfection efficiency.

EdU assay

After treatment, the EQU assay was performed on SKOV3
cells using EDU cell proliferation test kit (C10310-3)
according to the manufacturer’s instructions. Briefly,
SKOV3 cells were plated into 96-well plates and cultured
for 2 h after treatment with 50 uM EdU. The cells were
fixed with 4% paraformaldehyde and stained using the
Apollo reaction kit. Results were quantified by count-
ing five random fields using a CytoFLEX flow cytometer
(Beckman Coulter, USA).

Flow cytometry analysis

After treatment, SKOV3 cells were plated into 96-well
plates and cultured for 24 h at 37 °C. The cells were
collected by centrifugation at 4 °C for 5 min and then
washed with PBS. Cell apoptosis was detected using the
Annexin V-FITC/PI Apoptosis Detection Kit (556547,
BD Biosciences) following the manufacturer’s instruc-
tions. Apoptosis was assessed using a BD Aria III flow
cytometer (BD Technologies).

Wound-healing assay

After treatment, the SKOV3 cells were seeded in 96-well
plates. Lines were drawn evenly behind the 96-well plate
using a marker. When the cells reached approximately
90% confluence, the pipette tip was placed perpendicular
to the drawn line to create a linear scratch. The cells were
washed with PBS three times, and the scratched cells
were removed, and serum-free medium was then added.
Cells were cultured in a 5% CO, incubator at 37 °C, and
photographed at 0 and 24 h. The size of the wound gap
was then measured.

Transwell assay

After treatment, SKOV3 cells were incubated in a serum-
free medium for starvation and seeded into the upper
chamber of the Transwell chambers with Matrigel (BD
Biosciences). After culturing for 48 h, the remaining
SKOV3 cells in the upper chamber (non-migrated) or on
the ECM gel-coated surface were removed using a cotton
swab. Cells adhering to the lower surface of the mem-
brane were fixed with 4% paraformaldehyde and stained
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with 0.1% crystal violet for 10 min. Cells were observed
and counted in five random fields under a microscope
(Nikon, Tokyo, Japan).

Animal studies

Nude mice were purchased from the SLAC Labora-
tory Animal Co., Ltd. (Shanghai, China). All mice were
housed in a specific pathogen-free environment with a
standard light-dark cycle at 25 °C for 12 h and had free
access to food and water. SKOV3 cells were then injected
subcutaneously into nude mice with 100 pL normal
saline. Tumor volume (V) was calculated using the for-
mula: V=L x W?/2, where L is the tumor length and W
is the tumor width. Tumors were collected and weighed
from all mice after humane euthanasia. Animal care and
experimental procedures were approved by the Animal
Ethics Committee of Jiangsu Hanjiang Biotechnology
Co., Ltd. (approval number: HJYB-23092001).

IHC analysis

OV tissues and adjacent normal tissues were fixed with
4% paraformaldehyde for 24 h, embedded in paraf-
fin, and sectioned. The slices were incubated in the cit-
ric acid buffer for 10 min and baked in an oven at 62 °C
for 90 to 120 min. The slides were then sealed with 5%
BSA for 30 min and then incubated overnight at 4 °C
using SLC7A11 (1:200, Triple Eagle, 26864-1-AP). These
sections were subsequently incubated with a second-
ary antibody for 30 min, stained with hematoxylin for
3 to 10 min, and observed under an optical microscope
(OLYMPUS).

Clinical samples

Cancer and adjacent normal tissues from patients with
OV were collected aseptically at the Affiliated Taizhou
People’s Hospital of Nanjing University of Traditional
Chinese Medicine. The tissues were rapidly frozen and
stored in liquid nitrogen. Written informed consent was
obtained from each patient before participation. This
study was approved by the Ethics Committee of the Affil-
iated Taizhou People’s Hospital of the Nanjing Univer-
sity of Traditional Chinese Medicine (Approval number
KY-2024-174-01).

Data source

Data of OV patients including expression of SLC7A11
and matching clinical information (such as pathologic
stage, histologic grade, overall survival (OS), and sex)
were obtained from The Cancer Genome Atlas (TCGA)
database. Pan-cancer and OV-related gene expression
data were also retrieved from the TCGA database (https:/
/genomecancer.ucsc.edu/).
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Statistical analysis

Statistical analyses were conducted using GraphPad
Prism software (version 6.0). All findings are displayed
by mean *standard deviation (SD) from three indepen-
dent experiments. Mean differences among groups were
estimated using the unpaired Student’s t-test or one-way
ANOVA. *P<0.05, and **P<0.01 indicated as significant
difference.

Results

Icariside ll-induced ferroptosis in OV cells by regulating
SLC7A11 expression

Ferroptosis is an iron-dependent form of cell death
distinct from apoptosis, necrosis, and autophagy. An
increasing number of studies have shown that the pro-
cess of ferroptosis involves divalent iron or ester oxy-
genase, as well as the antioxidant system of oxygenase
and the cystine/glutamate reverse transporter [20]. To
investigate whether Icariside II induces ferroptosis in OV
cells, SKOV3 cells were treated with 0, 20, 40, or 60 uM
Icariside II for 48 h, and the levels of Fe?, intracellular
total iron concentration, and lipid ROS were evaluated.
Our data showed that Icariside II treatment enhanced
lipid ROS levels compared to those in the control group
(Fig. 1A and B). Furthermore, Icariside II increased the
Fe?* levels (Fig. 1C) and intracellular total iron concen-
trations (Fig. 1D) in a dose-dependent manner. We also
evaluated ferroptosis markers, including Ptgs2 and Chacl
using qRT-PCR. Icariside II significantly increased Ptgs2
and Chacl expression in a dose-dependent manner in
SKOV3 cells, as opposed to the 0 pM Icariside II treat-
ment group (Fig. 1E and F). Further mechanistic analy-
sis revealed that Icariside II suppressed Cys, GSH, and
GPX4 levels in a dose-dependent manner, compared to
the 0 uM treatment group (Fig. 1G-I), indicating that Ica-
riside II induces ferroptosis in OV cells.

Multiple studies have revealed that SLC7A11 is a vital
regulator of ferroptosis in several diseases, including
OV [21]. Therefore, we investigated whether Icariside II
regulates SLC7A11 expression in OV cells. As shown in
Fig. 1] and K, Icariside II significantly inhibited SLC7A11
mRNA levels and protein expression in a dose-depen-
dent manner in SKOV3 cells, suggesting that Icariside II
induces ferroptosis in OV by regulating SLC7A11.

Upregulation of SLC7A11 reversed Icariside ll-induced
ferroptosis in OV cells

To further explore the roles of SLC7A11 in the ferropto-
sis of OV cells, control-plasmid, and SLC7A11-plasmid
were transfected into SKOV3 cells. We observed that
SLC7A11 was significantly upregulated in SLC7A11-plas-
mid transfected SKOV3 cells compared to the control-
plasmid group (Fig. 2A and B). Considering the latent
roles of Icariside II and SLC7A11 in OV cell ferroptosis,
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we evaluated whether Icariside II modulates the effect of
SLC7A11 in OV cell ferroptosis. SKOV3 cells transfected
with control-plasmid or SLC7A11-plasmid were treated
with 60 uM Icariside II for 48 h. We found that Icariside
II reduced SLC7A11 expression, and this inhibition was
reversed in cells after SLC7Al11-plasmid transfection
(Fig. 2C and D). Our results suggest that SLC7A11 upreg-
ulation counteracts the effects of Icariside II on SLC7A11
expression.

Moreover, we investigated the effects of the SLC7A11-
plasmid on Icariside II-induced ferroptosis in SKOV3
cells. Our results revealed that transfection with
SLC7A11-plasmid reversed the effects of Icariside II on
ferroptosis in OV cells, as evidenced by reduced lipid
ROS levels, intracellular total iron concentration, and
Fe?" levels (Fig. 2E-G). Furthermore, the SLC7A11-plas-
mid decreased Ptgs2 and Chacl expression (Fig. 2H-I)
and increased Cys, GSH, and GPX4 levels in SKOV3 cells
(Fig. 2J-L), compared to those in the control-plasmid

group.

Icariside Il inhibits the biological behavior of OV cells by
inhibiting SLC7A11 expression

To illustrate the detailed mechanism of action of
SLC7A11 and Icariside II in OV, the biological behav-
iors of SKOV3, including cell proliferation, apoptosis,
migration, and invasion were assessed. Icariside II was
found to decrease SKOV3 cell proliferation and pro-
mote apoptosis (Fig. 3A-C). Additionally, the expression

of apoptosis-related genes, including Bax and Bcl-2 was
evaluated. The results demonstrated that Bax expres-
sion was upregulated and Bcl-2 expression was down-
regulated in Icariside II-treated SKOV3 cells (Fig. 3D-F).
Furthermore, wound-healing and Transwell assays sug-
gested that Icariside II inhibited SKOV3 cell migration
and invasion (Fig. 3G and H). However, these effects
were reversed in the SKOV3 cells treated with Icariside
II and SLC7A11-plasmid. These results suggest that Ica-
riside II exerts protective effects against OV by regulating
SLC7A11 expression.

Icariside Il inhibits OV tumor growth and induces
ferroptosis by regulating SLC7A11 expression in vivo
Furthermore, an in vivo experiment was conducted to
elucidate the regulatory roles of Icariside I and SLC7A11
in OV development. Xenograft tumor models were
established (Fig. 4A). The xenograft tumor volumes and
weights were calculated. The results suggested that Ica-
riside II significantly inhibited tumor growth (Fig. 4B-C).
Conversely, the Icariside II+SLC7A11-plasmid group
exhibited increased tumor volumes and weights. Addi-
tionally, the effects of Icariside II and SLC7A11 on fer-
roptosis in vivo models were examined and we found that
Icariside II markedly increased lipid ROS levels, intra-
cellular Fe?* concentrations, and total iron (Fig. 4D-F).
Further analysis using qRT-PCR and biochemical detec-
tion assays indicated that Icariside II elevated Ptgs2 and
Chacl levels (Fig. 4G-H) and reduced Cys, GSH, and



Yuan et al. Journal of Ovarian Research (2025) 18:71

Page 6 of 11

<
<
& z
%3 E
E §4 \,ba&\ s & o
‘3 4 2 R
Gg y G§ & 9\"&
-3 ?g N
0o 2 3 \d
2 2
5 5
& SLC7A11 & ]
0 SLC7A11
B-actin | B-actin
E Control Icariside Il Icariside ll+control-plasmid Icariside II+SLC7A11-plasmid 3 10000
0 w00 0 w0 g
§ 8000
004 w7 w07 w1 8 6000
4
€ € € € o
g0 g FES LR S 4000
3 =
S 2000 s
0] 09 0 01 g
o0
. . W0 o o > NN
v " T . ' . ! ] i v i & &) ¥ @ N
T & & 2o
FloAzFITCA FLoALFITCA FLoAFITGA FLoAzFITGA & f" & &{@ oF
O ¢
& ¥
9 ‘.’V
F 5 G 10 H . 1 5
— <
=4 G % 4 Z 4
3 g £s cs
g3 e Fa3 K
3 &3 £ s 21
52 T &4 & S5 S8 &8
b3 : 28 23
1 22 s 1 s 1
x [4
M 0= N L N 0
O N, ¢ O S N N N O S S S N R
& @ SO & oSS & S & S
o & &L [ PR - i < £ STF S’ [V ¢ S
AR S SR A O & L SR & SRR
S P N E A S F XN F N ¥ FNNEN X F N F N
MR e G Mt
& 6\9 & & & & €
J 50 K 30 L 20
40
_ S o 15
B 220 & 2
£E 30 g T %,
=) 3 &
£ _Bi‘_ =2 £10 —I—
@ 20 I 3
9 81" e 5 ##t
10 5
0 L] 0
> . > .
&50 ‘b'z'\ o\\x é‘b 0\\’( (“\b (\\“o & o\\x é‘b e\\x @b «° 4 z\\* @b e\\x 4‘&
S & L J & XSSP & & L PP
[ R\ & N & & R\ & N 8 o NS & &
2 & KR 2 & R ¥R %3 & LR
& NP N @ & P N Y AW
ARORR RS AIPORR RN WO R
& & & & & &
S & 5 P & &

Fig. 2 Effects of SLC7A11-plasmid on Icariside Il-induced ferroptosis in SKOV3 cells. (A-B) SLC7A11 levels in the control, control-plasmid, and SLC7A11-
plasmid groups were assessed using RT-gPCR and Western blotting. (C-D) SLC7A11 levels in the control, Icariside I, Icariside I+ control-plasmid, and
Icariside Il+SLC7A11-plasmid groups were analyzed using RT-gPCR and Western blotting. (E) Lipid ROS production in SKOV3 cells was evaluated using
flow cytometry. Intracellular Fe?* (F) and total iron (G) levels in SKOV3 cells were determined. (H, I) gRT-PCR analysis of Ptgs2 and Chac1 levels. Cys (J), GSH
(K), and GPX4 (L) levels in the SKOV3 cells. **P<0.01 vs. control-plasmid; ## P<0.01 vs. Control; &&& P<0.05, 0.01 vs. Icariside Il +control-plasmid. ROS,
reactive oxygen species; Cys, cysteine; GSH, glutathione; GPX4, glutathione peroxidase 4

GPX4 levels (Fig. 4I-K). However, these effects were
reversed by SLC7A11-plasmid treatment. The expression
of SLC7A11 in OV tissues was also evaluated. qRT-PCR
and IHC results revealed that SLC7A11 overexpression
reversed the effects of Icariside II on SLC7A11 expres-
sion, as confirmed by the enhanced SLC7A1l levels
(Fig. 4L-M). These findings suggest that Icariside II inhib-
its tumor growth and induces ferroptosis in OV by down-
regulating SLC7A11.

High SLC7A11 expression in patients with OV

Previous studies suggested that SLC7A11 plays a vital
role in ferroptosis progression [22]. SLC7A1l expres-
sion in OV was explored using the TCGA database and
IHC staining. We observed that SLC7A11 expression lev-
els were significantly upregulated in most tumor tissues,
compared to normal tissues, in the TCGA databases,
including OV (Fig. 5A and B). Moreover, IHC analysis
showed that SLC7A11 expression was elevated in OV tis-
sues compared to adjacent non-tumor tissues (Fig. 5C).
These observations further confirmed the regulatory
roles of SLC7A11 in the OV progression and indicated
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that Icariside II may be a promising therapeutic agent for
treating OV.

Discussion
OV is one of the three most common gynecological
malignancies, and its pathogenesis involves multiple mol-
ecules, including genes, miRNAs, and IncRNAs [23, 24].
Surgery, chemotherapy, and radiotherapy are the primary
treatment approaches for OV [25, 26]. Unfortunately, the
prognosis remains poor, because of the advanced stage at
diagnosis and the limited treatment options available. Yu
et al. reported that FMO2 could serve as a predictive bio-
marker for OV [27]. Scaletta et al. suggested the role of
the novel biomarker, HE4, in the diagnosis and prognosis
of OV [28]. These findings emphasize the need to identify
novel treatment strategies for OV.

Herba Epimedii is a traditional Chinese medicine with
a long history and icariin is one of its main active ingredi-
ents. Icariin has been reported to play vital roles in knee
osteoarthritis, cardiovascular and neurological diseases,

and gastric cancer [15]. An increasing number of studies
suggest that Icariside II, the main metabolite of icariin,
has anti-inflammatory and antioxidant activities. Jiang et
al. reported the therapeutic effects of icariin and Icariside
II on diabetes mellitus and its complications [29]. More-
over, Zhang et al. suggested that icariin and Icariside II
reciprocally stimulate osteogenesis and inhibit adipogen-
esis in multipotent stromal cells through ERK signaling
[30]. In recent years, studies have shown that Icariside II
plays an anti-cancer role in a variety of tumors [18, 19, 31,
32]. Icariside II has been reported to inhibit resistance to
cisplatin in ovarian cancer cells by suppressing autophagy
via downregulating HIF-1a/ATG5 axis [33]. However, the
role and underlying molecular mechanism of Icariside II
in OV remains largely unclear. Recent studies have found
a close relationship between miR-144-3p and SLC7A11,
showing that miR-144-3p regulates SLC7A11 expression
[34]. Based on these findings, we hypothesized that Icari-
side II may regulate SLC7A11 expression in OV. Ferrop-
tosis is mainly caused by lethal lipid peroxidation due to
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an imbalance in redox homeostasis, and ROS production
plays a vital role in ferroptosis. The cystine/glutamic acid
reverse transport system, Xc-, composed of SLC7A11 and
SLC3A2 subunits, is closely linked to ferroptosis. Yang et
al. revealed that STAT6 inhibits ferroptosis and allevi-
ates acute lung injury by regulating the P53/SLC7A11
pathway [35]. Moreover, Koppula et al. suggested a rela-
tionship between the cystine transporter SLC7A11/
xCT, ferroptosis, and cancer therapy [36]. This study was
designed to explore whether Icariside II induces ferrop-
tosis in OV cells by regulating SLC7A11 expression.

In this study, SKOV3 cells were treated with Ica-
riside II (0, 20, 40, or 60 uM) for 48 h, and ferroptosis-
related markers were analyzed. Consistent with previous
research, we observed that Icariside II elevated the lev-
els of Fe?" lipid ROS, and intracellular total iron concen-
trations in a dose-dependent manner. Moreover, Ptgs2
and Chacl expressions were upregulated in Icariside II-
treated SKOV3 cells compared to the control group. GSH
and GPX4 are established regulators of ferroptosis. Yang
et al. revealed the involvement of the GSH-GPX4 path-
way in ferroptosis of the retinal pigment epithelium [37].
Furthermore, Yang et al. have suggested that Maresinl
protects against ferroptosis-induced liver injury through
ROS inhibition and Nrf2/HO-1/GPX4 activation [38].
To further assess the regulatory factors involved in

ferroptosis, we measured the levels of Cys, GSH, and
GPX4, in SKOV3 cells. Our findings suggest that Icari-
side II significantly reduced Cys, GSH, and GPX4 levels
compared to the control group.

Multiple studies have suggested that SLC7A11 plays an
important role in ferroptosis in many diseases, includ-
ing OV [39, 40]. Therefore, we investigated whether
Icariside II regulated SLC7All expression in OV
cells. We observed that Icariside II inhibited SLC7A11
mRNA levels and expression in a dose-dependent man-
ner in SKOV3 cells. This inhibition was reversed after
SLC7A1l1-plasmid transfection. Further findings sug-
gested that the upregulation of SLC7A11 reversed
the effects of Icariside II on ferroptosis in OV cells. To
further illustrate the detailed mechanism of action of
SLC7A11 and Icariside II in OV, we assessed the biologi-
cal behavior of SKOV3 cells, including cell proliferation,
apoptosis, migration, and invasion. We found that Ica-
riside II exposure resulted in a dose-dependent decrease
in the viability, migration, and invasion of SKOV3 cells.
A marked dose-dependent increase in apoptosis was
observed in the Icariside II-treated SKOV3 cells. Proteins
in the Bcl-2 family exhibit either pro-apoptotic or anti-
apoptotic activities, with the Bcl-2/Bax ratio serving as a
marker of apoptosis [41]. Our results demonstrated that
Bax and Bcl-2 were upregulated in Icariside II-treated
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SKOV3 cells. However, these findings were reversed in
the Icariside II+ SLC7A11-plasmid-treated SKOV3 cells.
Collectively, our findings revealed that Icariside II has the
potential to inhibit OV cell growth and metastasis by reg-
ulating SLC7A11 expression.

Furthermore, Icariside II substantially suppressed the
volume and weight of OV xenografts in vivo. Sun et al.
reported that Icariside II suppresses cervical cancer cell
migration through JNK-modulated matrix metallopro-
teinase-2/9 inhibition in vitro and in vivo [42]. These
findings, together with our results, suggested that Icari-
side II suppresses tumor formation in OV in vivo. Addi-
tionally, we provide strong evidence to support the role of
Icariside I in SLC7A11-regulated OV ferroptosis in vivo.
As confirmed by the increased intracellular concentra-
tions of Fe?, total iron, and lipid ROS levels, and elevated
Ptgs2 and Chacl levels, as well as reduced Cys, GSH,
and GPX4 levels in Icariside II-treated SKOV3 cells, we
observed the opposite results in the SLC7A11-plasmid
group. Further, qRT-PCR and IHC assays revealed that
overexpression of SLC7A11 reversed the effects of Icari-
side II on SLC7A11 expression, suggesting that Icariside
II inhibits tumor growth and induces ferroptosis in OV
by downregulating SLC7A11. SLC7A11 is a cystine/glu-
tamate exchanger involved in the synthesis of the cellular
antioxidant, glutathione. To further analyze the roles of
SLC7A11 in OV tumorigenesis, we evaluated SLC7A11
expression in OV tissues and adjacent non-tumor tissues
by IHC and found that SLC7A11 expression was upreg-
ulated in OV tissues, compared to normal tissues. Data
from TCGA databases further confirmed that SLC7A11
expression levels were elevated in most tumor tissues
compared with normal tissues, including OV. Higher
SLC7A11 expression was observed in tumor samples,
which was correlated with the pathological parameters
of patients with OV. We will further explore the combi-
nation and mode of action of SLC7A11 and Icariside II,
as well as their downstream cascade feedback patterns in
OV in our next research.

In summary, we demonstrated that Icariside II induces
ferroptosis in SKOV3 cells and plays a vital tumor-sup-
pressive role in ovarian carcinogenesis, primarily by
regulating SLC7A11. Our study provides critical insights
into the use of Icariside II in the treatment of OV.
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