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ABSTRACT

The antitumor effect of Portulaca oleracea L. polysaccharide (POL) has been demonstrated, but whether it
curbs the development of ovarian cancer has not been reported. Here, we treated ovarian cancer cells with
different concentrations of POL, detected cell activity by CCK-8 assay, and apoptosis rate by flow cytometry.
The results showed that SKOV3 and Hey cell survival decreased with increasing POL concentration in a dose-
dependent manner. POL significantly inhibited ovarian cancer cell migration and increased cell death compared
with the control group. Ferroptosis inhibitors, but not apoptosis, necrosis, and autophagy inhibitors, reversed
POL-induced cell death. Further studies revealed that POL promoted the accumulation of lipid reactive oxygen
species (ROS), Fe**, malondialdehyde (MDA), and decreased glutathione (GSH) production. Moreover, POL
significantly increased the mortality of ovarian cancer cells. In vivo studies confirmed that POL reduced the
volume and weight of tumors and increased the levels of Fe?* and MDA in mice in vivo. Western blot assay
revealed that POL increased the expression of ACSL4 in ovarian cancer cells as well as in tumors in mice in vivo.
More importantly, the POL-mediated increase in lipid ROS, Fe?*, MDA, and decrease in GSH were significantly
reversed after knocking down ACSL4 in ovarian cancer cells. Thus, POL can effectively inhibit ovarian cancer
development, which may be achieved by increasing ACSL4-mediated ferroptosis. These results suggest that POL
has the potential to be a potential drug for targeted treatment of ovarian cancer.

INTRODUCTION for the treatment and prognosis of ovarian cancer [5, 6].
Ferroptosis, proposed by Dixon et al. in 2012, is a non-
Ovarian cancer is one of the common malignant tumors apoptotic form of cell death that is highly dependent on
of the female reproductive system, and the 5-year intracellular iron ions and lipid peroxides accumulation
survival rate of ovarian cancer is just 30% due to the as its main feature, and can selectively kill cancer cells
lack of early screening means, the susceptibility to such as ovarian tumor cells [7]. Therefore, ferroptosis
chemotherapy resistance, and the high recurrence rate can be used as a new strategy for the diagnosis and
[1, 2]. Although surgery, chemotherapy, angiogenesis treatment of ovarian cancer.
inhibitors, poly (adenosine  diphosphate-ribose)
polymerase (PARP) inhibitors and immunotherapy Ferroptosis is characterized by two major aspects: first,
provide more options for ovarian cancer treatment, but in terms of cellular morphology, ferroptosis leads to
in most cases, it is still difficult for patients to obtain smaller cellular mitochondria, increased membrane
satisfactory treatment results [3, 4]. Therefore, finding a density, and reduced cristae, while morphological
newer, reliable and potent new drug is more meaningful changes in the nucleus are not obvious; second, in terms
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of cellular composition, ferroptosis manifests itself as an
imbalance in redox homeostasis caused by an abnormal
increase in iron-dependent lipid reactive oxygen species
(ROS) [7-9]. Polyunsaturated fatty acids (PUFA) are
important components of biological membranes and are
essential for cellular life by increasing the fluidity of
membrane phospholipids and maintaining cellular
function [10, 11]. However, the weak carbon-hydrogen
bonds between adjacent carbon-carbon double bonds of
PUFA in membrane phospholipids can be oxidized by
intracellular ROS via lipoxygenase to form lipid
peroxides that induce ferroptosis [11, 12]. Acyl
coenzyme A synthase long chain family member 4
(ACSLA) is a regulator of lipid metabolism that mediates
the insertion of PUFA into membrane phospholipids for
remodeling [13, 14]. Specifically, ACSL4 converts
polyunsaturated fatty acids (PUFA), including
arachidonic acid (AA) to AA-CoA, and then catalyzes
AA-CoA to phosphatidylethanolamines (PEs) in the
presence of lysophosphatidylcholine acyltransferase 3
(LPCAT3) [15, 16]. Subsequently, PEs are oxidized into
PE-AA-OOH by acid-15-lipoxygenase (ALOX15) [16].
Once the cells are deficient in glutathione peroxidase 4
(GPX4)/glutathione (GSH), PE-AA-OOH undergoes a
Fenton reaction with Fe?*, which then triggers
ferroptosis [15, 16].

Portulaca oleracea L. is an annual herbaceous plant in
the family of Portulacaceae, widely distributed in
China, and is a dual-use plant [17]. Portulaca oleracea
L. has been found to possess a wide range of
antimicrobial, anti-inflammatory, antioxidant, and
anticancer activities, and these properties are related to
the pharmacological properties of the various
compounds (flavonoids, alkaloids, polysaccharides,
fatty acids, terpenes, etc.,) [18]. In hepatocellular
carcinoma, colon cancer, and pancreatic cancer,
Portulaca oleracea L. has been shown to have
significant anticancer effects [19-21]. However, there is
no definite conclusion as to which compound plays a
major role. Unlike other compounds, Portulaca oleracea
L. polysaccharide (POL) is a polymeric carbohydrate
composed of several monosaccharides, which has the
advantages of low toxicity and high biological activity
[22]. The anti-tumor effects of POL have been
demonstrated. For example, in cervical cancer, POL
induced apoptosis in tumor cells by inhibiting the
TLR4/NF-kB pathway [23, 24]. In addition, POL can
suppress the growth of transplanted sarcoma, and its
main mechanism is related to the elevated ratio of
CD4+/CD8+ cells [25]. Therefore, studying the
anticancer activity of POL is of great significance for
expanding its application prospects.

However, whether POL inhibits the development of
ovarian cancer has not been reported. In the present

study, we investigated for the first time whether POL
inhibits the development of ovarian cancer and its
specific molecular mechanism, with a view to exploring
potential drugs for the active prevention and treatment
of ovarian cancer.

MATERIALS AND METHODS
Cell culture

Ovarian cancer cell lines SKOV3 and Hey were
purchased from Punosai (https:/www.procell.com.cn/,
Wuhan City, China). Ovarian epithelial cells HOSE
were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were cultured
in RPMI-1640 medium with 10% fetal bovine serum
and 1% penicillin-streptomycin in a cell culture
incubator at a constant temperature of 37°C and 5%
CO..

Cell-counting-kit-8 (CCK-8) assay

SKOV3, Hey and HOSE cells were cultured to
logarithmic growth, digested with 0.1% EDTA-
containing trypsin (Sigma-Aldrich; Merck KGaA),
centrifuged, and resuspended in complete medium.
After that, the concentration of suspension was counted
and adjusted to 1 x 103 cells/900 pl. Then, 10 ul of
Portulaca oleracea L. Polysaccharide (POL, purity:
98%, Shaanxi Snout Biotechnology Co., Xi’an city,
China; working solution concentration gradients were
25, 50, 100, 200, 400, 800, 1600 pg/ml) was added to
the 96-well plate and 90 ul of cell suspension was
added. After 48 h of incubation, the supernatant was
discarded. Subsequently, 110 pl CCK-8 working
solution (100 pl complete medium + 10 pl CCK-8
reagent) was added and incubated at 37°C for 30 min.
Then, the OD450 was determined and the IC50 of the
drug on different cells was calculated.

5-ethynyl-2’-deoxyuridine (EdU) cell proliferation
assay

SKOV3 and Hey cells were inoculated in six-well plates
at 5 x 10%well and incubated at 37°C for 48 h. We
diluted EdU (10 mM) with pre-warmed cell culture
solution in advance, prepared a working solution of EQU
at a concentration of 20 pM, and added it to the six-well
plates (1 ml/well) and incubated at 37°C for 2 h. After
the supernatant was discarded, the cells were fixed with
1 ml of 4% paraformaldehyde (Beijing Solarbio Science
and Technology Co., Ltd.) in each well of the six-well
plate for 15 min at room temperature. After three washes
with PBS, 1x Hoechst 33342 working solution (Beijing
Solarbio Science and Technology Co., Ltd.) was added
to each well and incubated for 5 min at room
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temperature. Then, the cells were observed under a
fluorescence microscope and counted.

Flow cytometry assay

SKOV3 and Hey cells were inoculated in six-well plates
at 5 x 10°/well and incubated at 37°C for 48 h. After
collecting the culture fluid, we centrifuged the cell
suspension at 4°C for 10 min at 1000 rpm and discarded
the supernatant. Cells were resuspended with 250 pl
binding buffer and the concentration was adjusted to 1 x
10%ml. 100 pl of cell suspension was then incubated
with 5 pl Annexin-V-PE and 10 pl 7-AAD (Annexin
V-PE/7-AAD Apoptosis Detection Kit, Beijing BioLab
Technology Co.) at room temperature for 15 min and
subsequently analyzed by flow cytometry (CytoFLEX,
Life Sciences). Data processing was performed using
FlowJo TM10 software (Shanghai, China).

Real-time quantitative PCR (RT-qPCR)

Cellular RNA was extracted by RiboPure RNA
Purification Kits (Thermo Fisher), and RNA purity and
concentration were determined by Nano Drop 2000
(Thermo Fisher). After that, SuperScript IV Reverse
Transcription Kit (Thermo Fisher) was used to reverse
transcribe the RNA into cDNA (the reaction program
was 15 min at 37°C, 5s at 85°C, and 5 min at 4°C), and
quantitative PCR was carried out by a 2 x SYBR Green
gPCR master mix (Tarkara). qRT-PCR reaction system
was (10 pl): 2 x SYBR Premix, 5 pl of SYBR Green
gPCR master mix, 5 pul of SYBR Green qPCR master
mix, 5 pul of SYBR Green qPCR master mix, 5 pl of
SYBR Green qPCR master mix. The gRT-PCR reaction
system was (10 pl): 2 x SYBR Premix, 5 pl; F-primer
(10 uM), 0.4 pl; R-primer (10 pM), 0.4 pul; cDNA, 2 pl
cDNA, 2 ul;dd HyO, 2 pl. Reaction procedures were:
95°C for 2 min, 40 cycles (95°C for 5s, 60°C for 30s),
95°C for 5s. GAPDH was used as an internal reference
and the relative gene content was detected by the 2724¢t
method. The primer sequences were as follows:

F-ptgs2 (prostaglandin-endoperoxide synthase 2):
CTGTGTCAAGCACTGTGGGT; R-ptgs2: ACACAA
CCCAAATTCCCAGGT; F-Chacl (ChaC glutathione
specific gamma-glutamylcyclotransferase 1): CTCAG
CCCAGCCATCCATAG; R-Chacl: CAAGTGGG
TAAGAGGCCCAG; F-GAPDH (glyceraldehyde-3-

phosphate  dehydrogenase): CCAGCAAGAGCAC
AAGAGGA; R-GAPDH: GGGGAGATTCAGT
GTGGTGG.

Transwell assay

Cells (2 x 10* cells/100 ul) were spread in the upper
chamber coated or uncoated with 50 pl of Matrigel (BD

Biosciences, USA) serum-free medium. Meanwhile,
RPMI-1640 containing 10% FBS was added to the
lower chamber. After incubation at 37°C for 12 h, cells
migrating to the bottom of the membrane were fixed
with 4% paraformaldehyde (Beijing Solarbio Science
and Technology Co., Ltd.) and stained with crystal
violet solution for 30 min. All cells were counted under
a microscope at 200x magnification.

Scratch test

Logarithmic growth stage cells were selected and
inoculated in 6-well culture plates. Then, 20 pl pipette tip
was used to scratch the line vertically in the 6-well plates.
PBS was used to wash away the floating cells, and
complete medium containing different POL concentrations
was added. After that, the pictures were taken under the
microscope at 24 h. Migration rate was calculated, and all
the experiments were repeated for three times.

Lipid peroxidation

Log phase SKOV3 and Hey cells were inoculated at a
density of 1 x 10%/cell in six-well plates at 37°C for 24 h.
After the cells were adhered overnight, the cells were
sequentially divided into control group and POL group for
24 h. Then C11 BODIPY 581/591 working solution (2
UM, MCE, USA) was added, and incubated at 37°C for 30
min. The cells were then photographed with a fluorescence
microscope (Zeiss, Germany), and relative fluorescence
intensities were calculated by Image] software.

Detection of intracellular Fe?" concentration

Log phase SKOV3 and Hey cells were inoculated at a
density of 1 x 105/cell in six-well plates at 37°C for 24 h.
After the cells were adhered overnight, the cells were
sequentially divided into control group and POL group
for 24 h. The cells were then continued to be incubated
with 5 uM FerroOrange (MCE, USA) at 37°C for 1 h.
The cells were then photographed with a fluorescence
microscope (Zeiss, Germany), and relative fluorescence
intensities were calculated by ImagelJ software.

Mitochondrial membrane potential (MMP) assay

1 mL of JC-1 staining working solution (Abcam,
Cambridge, England) was added to 6-well plate and
incubate in CO> incubator at 37°C for 20 min. The cells
were then photographed with a fluorescence microscope
(Zeiss, Germany).

Western blot

After 24 h of POL treatment, the cells were centrifuged
at 3000 r/min for 10 min. Cells were washed twice with
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PBS, lysed by adding RIPA lysis solution (After 24 h
of drug treatment, the cells were centrifuged at 3000
r/min for 10 min. Cells were washed twice with PBS,
lysed by adding RIPA lysis solution for 30 min, and
centrifuged at 12,000 r/min for 10 min at 4°C. We
collected the supernatant, and protein concentration
was determined by the BCA method (Thermo Fisher).
20 ul of the upper sample was taken for SDS-PAGE
gel electrophoresis at 120 V for 1.5 h. After the
electrophoresis, the membrane was washed by TBST
and blocked with 8% non-fat milk at room temperature
for 1 h. The membrane was incubated with ACSL4
(CST, USA) and GAPDH (CST, USA) primary
antibody (1:1000) at 4°C overnight, and then the
secondary antibody (Beijing Solarbio Science and
Technology Co., Ltd., 1:5000) was added and
incubated at room temperature for 1 h. The membrane
was washed with TBST, and the intensity was
developed by ECL method. The relative expression of
target protein was analyzed by Imagel] software, and
the relative expression of target protein was represented
by the gray value of target protein bands/GAPDH
bands.

Determination of reduced glutathione (GSH) and
malondialdehyde (MDA)

Cells were inoculated into 6-well plates and collected
after full growth. The intracellular GSH and MDA
levels were determined using the reduced glutathione
(GSH) assay kit (Beijing Solarbio Science and
Technology Co., Ltd.) and malondialdehyde (MDA)
assay kit (Beijing Solarbio Science and Technology
Co., Ltd.). The experimental procedures were carried
out in strict accordance with the instructions.

Nude mice tumor assay

Nude mice (Sipeifu biotech, Beijing, China) were
acclimatized and fed for one week to prevent stress
caused by changes in the environment and feeding
conditions. SKOV3 cells were collected and the
concentration was adjusted to 5 x 10%/ml. Nude mice
were induced by ether anesthesia, and then anesthetized
by intraperitoneal injection of 1% pentobarbital sodium
solution at a dose of 10 pl/g body weight. After the
nude mice were completely anesthetized, the abdominal
wall was disinfected and 10 pl of cell suspension was
injected with a micro syringe. Two weeks later, all the
nude mice were randomly grouped into the PBS group
and the POL group, and 100 pl of PBS or POL was
injected twice a week at a dose of 50 mg/kg for 3
weeks. During this period, the nude mice were closely
observed in terms of their appetites, spirits and body
weights. After the drug administration, the mice were
asphyxiated by CO», some fresh tissue samples were

directly embedded by OCT, and some other tissues
were cut into small pieces and stored at —80°C in a low-
temperature refrigerator.

Immunohistochemistry (IHC)

Tumor tissues obtained from previous animal
experiments were fixed with 4% paraformaldehyde.
After further dewaxing and dehydration for antigen
repair, washing, sealing, the slides were incubated with
anti-ACSL4 antibody (1:100) at 4°C overnight. The
sections were rinsed 3 times with 1x PBS slowly, and
the tissue on the sections was incubated with the
secondary antibody for 15 min followed by prepared
DAB color development solution at room temperature
for 5 min. Subsequently, the blocks were re-stained,
differentiated, reversed blue, dehydrated and
transparent. Finally, a small amount of neutral resin was
added and the coverslips were sealed. And
representative images were taken with a Nikon DS-Ri2
microscope.

TdT-mediated dUTP nick end labeling (TUNEL)

Tumor tissues obtained from previous animal
experiments were fixed with 4% paraformaldehyde.
After further dewaxing and dehydration for antigen
repair, washing, sealing, sections were blocked with
PBS containing 5% goat serum (BSA) for 1 h at room
temperature, followed by three rinses with TBST at
room temperature. The Enzyme Solution and Label
Solution were mixed 1:10 and kept away from light. A
drop of 20 ul mixture was added to each slide and
incubated for 10 min at room temperature away from
light and rinsed three times with PBS at room
temperature. Subsequently, 10 pl of DAPI staining
solution was added to each slide and incubated at
room temperature for 5 min. After rinsing with PBS
for three times at room temperature, the slides were
sealed with sealing agent, and the results were
observed under a fluorescence microscope. By
image pro software, the positive points of DAPI were
counted as the total number of cells, and the
positive points of TUNEL were counted as the tunel
points (TUNEL/DAPI x 100% as the ratio of
apoptotic cells).

Statistical analysis

All the data were analyzed and graphed using GraphPad
Prism software. The experimental data are presented as
the mean = SD. Two-group comparisons were analyzed
by Student’s two-sided #-test, and multiple group
comparisons were analyzed by one-way ANOVA +
Tukey’s two-sided test. P < 0.05 was statistically
significant.
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RESULTS

POL reduces ovarian cancer cell proliferation in a
dose-dependent manner

First, we examined the effect of POL on the malignant
proliferation of ovarian cancer cells. As shown in Figure
1A, 1B, POL decreased the viability of SKOV3 and Hey
cells in a dose-dependent manner. Among them, in
SKOV3 cells, the IC50 was 56.7 ug/ml; while in Hey
cells, the IC50 was 102.5 pg/ml. In the next experiments,
we chose 50 and 100 pg/ml of POL to treat SKOV3 and
Hey cells, respectively. We also tested whether the same
concentration of POL affected the proliferation of HOSE
in mammary epidermal cells. CCK-8 assay revealed that
the same concentration of POL had almost no effect on
the proliferation of HOSE (Figure 1C). Moreover, POL
at 24 h, 48 h, 72 h, 50 and 100 pg/ml attenuated the
viability of SKOV3 and Hey cells and showed a time
gradient dependence (Figure 1D, 1E).

POL inhibits migration and induces cell death in
ovarian cancer cells

Scratch assay revealed that 50 and 100 pg/ml of POL
significantly inhibited the migration of SKOV3 and Hey
cells at 48 h (Figure 2A, 2B). Similarly, transwell assay
also confirmed that POL could effectively inhibit the
migration rate of SKOV3 and Hey cells (Figure 2C, 2D).
Flow cytometry results revealed that 50 and 100 pg/ml
of POL significantly increased the mortality of SKOV3
and Hey cells (Figure 2E, 2F). These results suggested
us that POL could effectively improve the malignant
proliferative phenotype of ovarian cancer in vitro.

POL induces ferroptosis in SKOV3 and Hey cells

Next, we analyzed by which way POL induced SKOV3
and Hey cell death. W SKOV3 and Hey cells were pre-
incubated with an apoptosis inhibitor (Z-VAD-FMK,
20 pM), an autophagy inhibitor (3-methyladenine,
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Figure 1. POL reduced the proliferation of ovarian cancer cells in a dose-dependent manner. CCK-8 was assayed whether 25,
50, 100, 200, 400, 800, 1600 pg/ml of POL reduced the cell viability of SKOV3 (A), Hey (B) as well as HOSE (C). At 24 h, 48 h, and 72 h, 50
and 100 pg/ml of POL attenuated the viability of SKOV3 (D) and Hey (E) cells. **P < 0.01; ***P < 0.001 vs. Con.
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3-MA, 20 uM), a necrosis inhibitor (Necrostatin-1, Nec- Hey cells, POL reduced the viability of SKOV3 and

1, 10 uM), and a Ferroptosis inhibitor (Ferrostatin-1 Hey cells to 45% and 50%, respectively, compared with
(Fer-1) and Deferoxamine (DFO), 1 uM) for 1 h, the control. In contrast, Fer-1 (a lipid ROS scavenger)
followed by continued co-incubation with POL for 24 h. and DFO (an iron chelator) elevated SKOV3 and Hey
As a result, it was found that only Fer-1 and DFO were cell viability to 67%, 77% and 78%, 74%, respectively.
able to reverse POL-induced decrease in ovarian cell When the two were combined, SKOV3 and Hey cell
viability (Figure 3A, 3B). Specifically, in SKOV3 and viability increased to 98% and 90%, respectively
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Figure 2. POL inhibits migration and induces cell death in ovarian cancer cells. Scratch assay revealed that 50 and 100 pg/ml of
POL significantly inhibited the migration of SKOV3 (A) and Hey (B) cells at 48 h (4x). Transwell assay revealed that POL effectively inhibited
the migration of SKOV3 (C) and Hey (D) cells (20x). Flow cytometry results assay revealed that 50 and 100 pg/ml of POL significantly
increased the mortality of SKOV3 (E) and Hey (F) cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Con.
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(Figure 3A, 3B), suggesting that POL-induced ferroptosis
is driven by iron-dependent lipid peroxidation. We
further explored the effects of POL on two markers of
ferroptosis, ptgs2 and Chacl. POL was able to
significantly increase the mRNA levels of ptgs2 and
Chacl in SKOV3 and Hey cells (Figure 3C—3F). These
results suggest that ferroptosis plays a dominant role in
POL-induced cell death in ovarian cancer.
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POL increases ACSL4 expression in a concentration
gradient-dependent manner

We examined the effect of POL on MMP. As shown in
Figure 4A, 4B, JC-1 was mainly present as JC-1
monomers in the control group, whereas after POL
treatment, JC-1 was mainly present as JC-1 dimers,
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Figure 3. POL induced ferroptosis in SKOV3 and hey cells. CCK-8 assay showed that ferroptosis inhibitor, Fer-1 and DFO, were able
to reverse the POL-induced decrease in cell viability of SKOV3 (A) and Hey (B) cells. RT-PCR analysis showed that POL was able to
significantly increase the mRNA levels of ptgs2 and Chacl in SKOV3 (C, D) and Hey (E, F) cells. "P < 0.05, *"*p < 0.001 vs. Con; #P < 0.05, #pP <

0.01, ###p < 0.001 vs. POL.
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mitochondrial MMP, which led to mitochondrial
dysfunction and triggered ferroptosis (Figure 4A, 4B).
Meanwhile, POL significantly increased Fe?" levels in
SKOV3 and Hey cells (Figure 4C, 4D). We further
detected the changes in ferroptosis-related protein
expression. The results, as shown in Figure 4E, 4F,
showed that POL increased the protein expression level
of ACSL4 in a concentration gradient-dependent
manner.

Knockdown of ACSL4 reverses
ferroptosis in ovarian cancer cells

POL-induced

Next, we screened siRNAs specifically targeting
ACSL4. si-ACSL4 effectively suppressed ACSL4
expression in SKOV3 and Hey cells as shown in
Figure 5A, 5B. Meanwhile, POL-induced high ACSL4
expression was reversed to some extent by si-ACSL4
(Figure 5A, 5B). In addition, we examined the effect of
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Figure 4. POL increased ACSL4 expression in a concentration gradient-dependent manner. JC-1 analysis showed that POL
decreased MMP in SKOV3 (A) and Hey (B) cells (20x). FerroOrange staining showed that POL increased Fe?* levels in SKOV3 (C) and Hey (D)
cells (20x). Western blot assay revealed that POL increased the protein expression level of ACSL4 in SKOV3 (E) and Hey (F) in a concentration

gradient-dependent manner. P < 0.01, **p < 0.001 vs. Con.
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POL on cell proliferation by EdU staining. Compared
with the control group, POL reduced the proliferation of
SKOV3 and Hey cells, and si-ACSL4 could reverse this
effect (Figure 5C, 5D). Also, silencing ACSL4 reduced
POL-induced lipid peroxidation in SKOV3 and Hey
cells (Figure SE, 5F). This result confirms that ACSL4
plays a major role in POL-mediated ferroptosis in
ovarian cancer cells.

POL inhibits tumor growth in mice in vivo

Next, we explored the effect of POL on tumor volume
in mice in vivo. As shown in Figure 6A, 6B, POL
significantly reduced tumor weight and volume. At the
same time, POL increased the levels of ROS and MDA
in mouse tumor tissues (Figure 6C, 6D). Conversely,
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POL decreased GSH levels in mouse tumor tissues
(Figure 6E). TUNEL staining revealed that POL
increased cellular mortality in tumor tissues (Figure 6F).
IHC staining revealed that POL increased the levels of
ACSLA4 in tumor tissues (Figure 6G). RT-PCR results
revealed that POL increased mouse tumor mRNA levels
of ptgs2 as well as chacl in the tissues (Figure 6H).
Western blot similarly confirmed that POL increased
the protein expression levels of ACSL4 in mouse tumor
tissues (Figure 6I). These results suggest that POL is an
effective cancer inhibitor.

DISCUSSION

Ovarian cancer is the malignant tumor with the highest
mortality rate of the female reproductive system
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worldwide [26, 27]. Most women delay diagnosis due to ovarian cancer consists of surgery and platinum-based

the lack of typical clinical symptoms in the early stage, chemotherapy [28]. Even if patients initially respond
and 75% of the cases are already advanced when well to this treatment, 70% of cases will recur after
diagnosed [28]. Currently, the mainstay of treatment for treatment, and the 5-year survival rate of patients is only
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Figure 6. POL inhibited tumor growth in mice in vivo. POL significantly reduced the weight (A) and volume (B) of mouse tumors. POL
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**p < 0.001 vs. Con.
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20% to 30% [28, 29]. Therefore, the identification of
key biotherapeutic targets and precise mechanisms of
action can provide an effective treatment strategy to
prolong the survival of ovarian cancer patients.

POL plays an extremely important role in life
activities by lowering body glucose, eliminating body
inflammation, changing intestinal morphology,
improving growth performance, and antitumor effects
[30]. Yi S et al. found that Portulaca oleracea L.
extract maintains the balance of intestinal flora by
inhibiting Wnt/B-catenin signaling, which in turn
inhibits colon cancer [31]. In pancreatic cancer,
Portulaca oleracea L. extract promotes apoptosis by
increasing the expression of p53 and decreasing the
protein level of cyclin-dependent kinases [21]. In the
present study, it was found that different doses of POL
could significantly increase the proliferation inhibition
rate, inhibit the migration of ovarian cancer cells and
promote apoptosis. The results of this study suggest
that POL may exert anti-ovarian cancer effects by
inhibiting cell proliferation and inducing apoptosis.
Next, we explored which form of death is primarily
induced by POL. CCK-8 analysis revealed that
ferroptosis inhibitors, but not apoptosis, necrosis, or
autophagy inhibitors, reversed POL-induced decrease
in cell viability. Meanwhile, POL significantly
increased the expression of ferroptosis markers, ptgs2
and Chacl, in ovarian cancer cells, indicating that POL
induced ferroptosis. In Hela and HepG?2 cells, POL can
cause cell cycle arrest and inhibit malignant
proliferation of tumor cells [32]. Also, POL inhibits
the activation of TLR4/NF-kB signaling in Hela cells,
which induces apoptosis [23]. Similar to previous
studies, we found that POL could block the cell cycle
in S phase, and it could hinder the malignant
proliferation of ovarian cancer cells. Differently, we
found that apoptosis inhibitors did not reverse the
POL-induced decrease in ovarian cancer cell viability.
In contrast, two inhibitors of ferroptosis ameliorated
POL-induced cell death, suggesting that ferroptosis,
but not apoptosis, is the main cause of POL inhibition
in ovarian cancer.

Ferroptosis is an important form of programmed cell
death that can be induced by modulating various
endogenous components, such as increasing levels of
iron, glutamate, phospholipids, and PUFA or depleting
GSH, GPX4, and lipid antioxidants [33, 34]. Increasing
evidence suggests that ferroptosis inducers have
anticancer potential [33, 34]. Therefore, exploring
effective ferroptosis inducers provides new options for
future treatment of ovarian cancer by inducing cellular
ferroptosis. So, by what mechanism does POL cause
ferroptosis in ovarian cancer cells? ACSL4 is a member
of the long-chain lipoyl CoA synthetase family and

catalyzes the synthesis of lipoyl CoA in fatty acid
catabolism [35]. ACSL4 has been found to be a key
gene in the ferroptosis pathway. ACSL4 synthesizes
arachidonic acid and adrenic acid into arachidonoyl
CoA and adrenoyl CoA, respectively, to participate in
membrane phospholipid synthesis. Under the treatment
of ferroptosis inducers such as RSL3, long-chain
polyunsaturated fatty acids in the membrane are easily
oxidized, which triggers ferroptosis. Thus, ACSL4 is an
essential molecule for the onset of ferroptosis by
promoting the oxidation of membrane phospholipids
[36]. In mouse embryonic fibroblast (MEF) cells,
knockdown of ACSL4 increased cellular resistance to
RSL3-mediated death, an inducer of ferroptosis [37]. In
glioma cells, knockdown of ACSL4 inhibited glioma
cell ferroptosis and promoted tumor growth [35].
Therefore, ACSL4 is an important factor in ferroptosis
and can be used as a potential therapeutic target to
stimulate ferroptotic cell death. We found for the first
time that POL could promote ACSL4 expression in
SKOV3 and Hey cells. The in vivo results likewise
confirmed that POL significantly inhibited tumor
growth and increased MDA/ROS/Fe2+ levels and
decreased GSH levels in tumor tissues. Moreover, in
tumor tissues, POL similarly inhibited the expression of
ACSLA.

ACSLA4 is a key enzyme that catalyzes the conversion of
PUFA to fatty acyl-CoA esters, which is subsequently
converted by LPCAT3 to AA-PE and thus doped into
phospholipid membranes [38]. AA-PE in the cell
membrane can be converted to AA-OOH-PE by
lipoxygenases (LOXs), and when the GPX4/Xc system
(consisting of the transporter subunit SLC7A11 and the
regulatory subunit SLC3A2) is inactivated, the iron
oxidative defense mechanism is disrupted, leading to
iron-dependent cell death known as ferroptosis [39]. In
the present study, we found that two inhibitors of
ferroptosis, Fer-1 (a lipid ROS scavenger) and DFO (an
iron chelator), both alleviated POL-induced ferroptosis,
suggesting that in ovarian cancer, the mechanism of
POL-induced ferroptosis is iron-dependent lipid
peroxidation.

It has been reported that the absence of ACSL4 results
in the inability of long-chain polyunsaturated fatty
acids in biofilm phospholipids to generate peroxides,
and therefore, a large amount of intracellular lipid
oxides will not accumulate in the cell to cause
ferroptosis in the presence of ferroptosis-inducing
agents [12, 40]. The experimental results also showed
that once the expression of ACSL4 was knocked
down in SKOV3 and Hey cells, the POL-induced
increase in MDA/Fe?"/ROS, as well as the decrease in
GSH, could be significantly reversed. These results
suggest that POL-induced ferroptosis in ovarian
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cancer cells is mainly mediated by increasing ACSL4
expression.

However, there are some limitations in this study. First,
we did not analyze whether other related proteins are
involved in POL-induced ferroptosis. Second, it remains
to be further determined whether any of its molecules
upstream of ACSL4 are involved in the POL-regulated
ferroptosis pathway. Third, one of the major
components of cell membranes or membrane-bound
organelles is lipids, and lipid peroxidation in cell
membranes can impair membrane structure and function
[41]. ACSL4 and LPCAT3 mainly esterify PUFA
thereby encapsulating it into membrane phospholipids,
which in turn serve as substrates for lipid peroxidation
by lipoxygenases (ALOX5, ALOX12, ALOXI2B,
ALOX15, ALOX15B, ALOXE3) [41]. In the presence
of iron overload, the Fenton reaction is initiated with
lipid hydroperoxide, causing ferroptosis [41]. The
upregulation of ALOXs is inextricably linked to
ferroptosis [42, 43]. In the placenta of women with a
first episode of psychosis during pregnancy, ALOXS
expression is significantly elevated along with increased
iron deposition [42]. During myocardial ischemia-
reperfusion injury, overexpression of ALOX15 caused
cardiomyocyte ferroptosis [43]. Therefore, as a next
step, we should deeply explore whether POL affects the
expression of LPCAT3 and ALOXs.

Taken together, we conclude that POL inhibits ovarian
cancer development by inducing ferroptosis in ovarian
cancer cells through up-regulation of ACSL4. This
study reveals for the first time the major molecular
mechanism of ovarian cancer inhibition by POL and
lays the foundation for the discovery of potential targets
for ovarian cancer therapy.
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