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Abstract 

Type II high-grade serous ovarian cancer (HGSOC) accounts for 80% of all ovarian cancers. Tumor 
metastasis and chemotherapy resistance are predominantly caused by cancer stem cells (CSCs). 
n-butylidenephthalide (BP) has showed promise as an anti-tumor drug in a variety of malignancies. The 
purpose of this study was to examine the ferroptosis influence of BP on HGSOC. CSCs were isolated 
from the HGSOC cell lines KURAMOCHI and OVSAHO by employing the CSC marker ALDH. The 
study assessed cell survival, proliferation, IC50 (the concentration at which 50% growth suppression 
occurs), terminal deoxynucleotidyl transferase (TdT) dUTP nick end labeling (TUNEL) assay, and 
Western blot analysis of ovarian cancer cells and CSCs. qPCR was performed to assess 
ferroptosis-related gene expression. Furthermore, animal studies were carried out using a mouse model 
with subcutaneous xenografted stemness-enriched ovarian CSCs and evaluated with an IVIS scan. In this 
in vivo investigation, control, BP with or without taxol or ferrostatin were intended as cancer treatments. 
The findings indicated that BP inhibits HGSOC growth via ferroptosis mediated by the GPX4 
conventional and HMBOX-1 noncanonical pathways. Furthermore, the anti-tumor effects of BP and 
Taxol were significantly improved when tumor-bearing mice were treated with both simultaneously, 
compared to their sole therapy. BP may increase the susceptibility of ovarian cancer cells to Taxol, 
implying its potential to improve the therapeutic effects of this standard ovarian cancer treatment. 
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Introduction 
Ovarian cancer is one of the most fatal 

gynecological cancers among women. In Taiwan, 
statistics from 2002 to 2015 revealed that ovarian 
serous carcinoma was the most frequent histology, 
accounting for 30.9% of ovarian cancer patients [1, 2]. 
Recent advances in pharmacological therapy have 

resulted in a moderate improvement in ovarian cancer 
survival rates. Nonetheless, even with screening 
programs in nations like the United Kingdom and the 
United States, the fatality rates associated with 
ovarian cancer remain the same [3, 4]. 
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Based on histological, molecular, and genetic 
research, ovarian tumors have lately been divided 
into two major types to better understand their 
carcinogenesis. Mucinous carcinomas, endometrioid, 
clear cell, transitional cell, and low-grade serous 
carcinomas are all examples of type I malignancies. 
Type II consists of undifferentiated carcinomas, 
carcinosarcomas, and high grade serous ovarian 
carcinomas (HGSOC) [5, 6]. Tumors are made up of 
cells with variable degrees of malignancy. Tumor 
growth is controlled by specialized, pluripotent, 
self-renewing cells with tumorigenic properties 
known as cancer stem cells (CSCs). These CSCs 
frequently resist traditional treatments, prompting the 
development of medications that specifically target 
them. CSCs can be identified and isolated for 
investigation in the most frequent type of ovarian 
cancer, HGSOC, utilizing aldehyde dehydrogenase 
activity (ALDH) as a marker [7-9].  

The current strategy to ovarian cancer treatment 
consists of debulking surgery and adjuvant 
chemotherapy with platinum and paclitaxel. Despite 
this treatment, ovarian cancer has a significant 
recurrence rate. Resistance to existing 
chemotherapeutic drugs may develop, especially after 
many rounds of chemotherapy. Furthermore, the 
toxicity associated with these medications frequently 
prevents some patients from finishing their treatment 
[10, 11]. This highlights the need for novel 
medications or techniques to improve the efficacy of 
existing ones. Taxol was an FDA approved cancer 
drug used to treat ovarian cancer. Ovarian cancer 
exhibits resistance to the taxol treatment through 
GPX4-mediated ferroptosis. GPX4 knockout in 
ovarian cancer cell OVCAR-3 reduced the cell 
viability and colony formation [12]. Thus, there is a 
need for identifying a compound which could 
sensitize or act synergistically with taxol to induce cell 
death in the ovarian cancer cells. 

Ferroptosis differs from apoptosis, necrosis, and 
autophagy in that it is dependent on intracellular iron. 
Extensive investigations have revealed the crucial 
function of ferroptosis in tumor suppression, so 
giving a new technique for cancer treatment, 
particularly in ovarian [13, 14]. Ferroptosis is defined 
by the accumulation of lipid peroxides in cells, which 
causes oxidative damage and death. It differs from 
other types of cell death, such as apoptosis and 
necrosis. Ferroptosis occurs when cellular iron 
homeostasis is disrupted and reactive oxygen species 
(ROS) accumulate, notably lipid peroxides. This 
process is driven by the inhibition of important 
enzymes such as glutathione peroxidase 4 (GPX4) and 
ferroptosis suppressor protein 1 (FSP1), which play 
crucial roles in protecting cells against oxidative 

damage [15, 16]. Jiang et al. have suggested that 
ferroptotic cancer cells have the potential to induce 
robust immune responses and improve antitumor 
immunity by activating immunogenic cell death [17]. 
This means that ferroptosis is a key mechanism in 
ovarian cancer treatment. There is hope for a new 
approach to treating ovarian cancer if the associated 
mechanism is better understood and the target of 
action is defined. 

Angelica sinensis, a popular Chinese herbal 
medication, has been used to treat coughs, headaches, 
angina, and muscle strengthening. N-butylidene-
phthalide (BP) is an active component of A. sinensis’ 
chlorinated layer [18]. BP has been investigated for its 
therapeutic potential in a variety of cancers, including 
brain tumors [19], gastric cancer [20], and liver cancer 
[21], primarily by apoptotic cell death. The effect of BP 
on HGSOC death through ferroptosis has yet to be 
determined. Ferroptosis-based cancer therapy is 
emerging as a unique approach to cancer treatment. 
This study seeks to determine whether BP can 
eradicate HGSOC CSCs through ferroptosis. In this 
study, we describe how BP induces ferroptosis in 
ovarian cancer and CSCs. 

Materials and Methods 
Chemicals and antibodies 

BP (ThermoFisher Scientific) was dissolved in a 
vitamin K solution (Sigma-Aldrich). The stock 
solution had a concentration of 200 μg/μl. Antibodies 
used included GPX1 (#3286), GPX4 (#52455) (Cell 
Signaling Technology, Danvers, MA, USA), GPX2 
(sc-133160), GPX3 (sc-58361), and GAPDH (sc-32233) 
(Santa Cruz Biotechnology, Santa Cruz, California, 
USA).  

Cell culture 
The HGSOC cell lines (KURAMOCHI and 

OVSAHO) used in this investigation were obtained 
from Japan Cell Bank. Both cell lines had gene 
expressions that mimicked HGSOC [22]. The cell line 
was cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Sigma, St. Louis, MO, USA) with 10% Fetal 
bovine serum (FBS), 0.1% non-essential amino acids 
(NEAA), 2 mM L-glutamine, and 1% penicillin- 
streptomycin. The cells were incubated at 37 °C with 
5% CO2. 

Isolation of ovarian CSC by flow cytometry 
We isolated ALDH+ cells from the 

KURAMOCHI and OVSAHO cell lines using 
fluorescence-activated cell sorting (FACS) [23]. The 
Aldefluor test kit (Stem Cell Technologies, 
Cambridge, MA, USA) was used to measure ALDH 
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activity. The activated ALDEFLUOR reagent was 
trypsinized and treated with cells for 50 minutes at 
37°C. Cells were treated with the inhibitor DEAB as 
control cells to detect ALDH+ and ALDH- cell 
populations. The stained cells were then examined 
and analyzed using a BD FACSVerse flow cytometer 
(BD Biosciences, San Jose, California, USA). The BD 
FACSAria Fusion flow cytometer (BD Biosciences) 
was used to sort ALDH+ cells. After sorting, ALDH+ 
and ALDH- cells were cultured in the aforesaid 
culture media for no more than five passes. According 
to our analysis, the percentage of ALDH+ cells was 
greater than 80% within five passages. 

Assessment of cell viability 
Cell viability was evaluated using the XTT assay 

(Biological Industries Ltd., Kibbutz Beit HaEmek, 
Israel) according to the manufacturer’s instructions. 
We seeded 2 × 103 cells/cm2 in 96-well plates with 
different doses of BP (0, 25, 50, 75, 100 and 125 μg/ml) 
for KURAMOCHI and OVASAHO cells for 48 hours. 
The half-maximal inhibitory concentration (IC50) for 
both cell types was then calculated. The previous 
literature outlined the four-parameter logistic 
regression (4PL) method that was applied [24]. The 
equation is written as follows: Y=d+(a-d)/(1+(X/c)b), 
where Y represents the response and X represents 
concentration. The variables a and d represent the 
curve’s bottom and top, respectively. The variable b is 
the slope factor, and c is the concentration that 
corresponds to the response halfway between a and d 
[25]. The XTT solutions and N-methyl dibenzopyran-
zine methyl sulfate (PMS) were promptly defrosted in 
a water bath set to 37 °C. To each 100-μL culture in 
96-well plates, 50 μL XTT/PMS was applied. After 2-5 
hours of incubation at 37 °C, plates were 
spectrophotometrically examined to determine the 
optical density of the solutions at 450 nm (650 nm 
being the reference wavelength). All experiments 
were performed three times in triplicates. 

siRNA transfection 
 Ovarian cancer cells were transfected with 

siHMBOX1 sequence: GGAAGTTCATATGGGAATA 
(siHMBOX1-1: 25 nM and siHMBOX1-2: 50 nM) 
(synthesized by Invitrogen) and siNC (scrambled) 
using LipofectamineTM 2000 according to the 
manufacturer’s instructions. 

Quantitative real-time PCR 
2 × 105 KURAMOCHI cells were seeded per well 

in a 6-well plate. KURAMOCHI cells were treated 
with BP (25 and 50 μg/ml) for 48 hrs and harvested. 
Gene expressions in the treatment group were 
measured using Reverse Transcription Quantitative 

Polymerase Chain Reaction (RT-qPCR). 
Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) served as an internal control. Table 1 shows 
the primer sequences used. In brief, real-time PCRs 
were carried out using FastStart Universal SYBR 
Green Master (ROX, Roche, Indianapolis, IN, USA) 
and a qPCR detection system (ABI Step One Plus 
system, Applied Biosystems, Foster City, CA, USA). 
Expression levels of each target gene were determined 
using the 2-ΔΔCt method [20]. Each gene of interest 
was measured three times per experimental sample. 
Furthermore, the experiments were performed three 
times. 

 

Table 1. Primer sequence used in the study 

Gene 
Name 

Forward (5’->3’) Reverse ((5’->3’) Base 
pair 

GPX4 AGAGATCAAAGAGTT 
CGCCGC 

TCTTCATCCACTTCCACAGCG 104 

GAPDH GGTCTCCTCTGACTT 
GAACA 

GTGAGGGTCTCTCTCTTCCT 221 

 

Western blot analysis 
At the end of treatment cells were washed with 

ice cold Phosphate-buffered saline (PBS) and lysed 
with Radioimmunoprecipitation (RIPA) lysis buffer 
system (sc-24948, Santa Cruz). Protein content was 
estimated and equal volume of protein (50 µg) was 
separated using 10-12 % sodium dodecyl 
sulfate-polyacrylamide gradient gel at 120 V for 90 
mins. Following electrophoretic separation, the 
proteins were transferred to a polyvinylidene 
difluoride membrane (Bio-Rad) at 100 V for 60 mins at 
4 °C. The membrane was then blocked with 5% nonfat 
dry milk in TBST at room temperature, then washed 
with Tris-buffered saline with 0.1% Tween 20 (TBST) 
for 5 mins thrice. Blots were incubated with respective 
primary antibody (1:1000) at 4°C overnight in rocker. 
The blots were then washed with TBST for 5 mins 
thrice and incubated with respective secondary 
antibody (1:5000) conjugated with horseradish 
peroxidase (HRP) at room temperature. Blots were 
washed with TBST for 10 mins thrice HRP signals 
were identified using an electrochemiluminescence 
kit (Promega, Fitchburg, WI, USA). GAPDH proteins 
(Santa Cruz Biotechnology, Santa Cruz, California, 
USA) served as internal controls [26]. 

ROS and Lipid peroxidation measurement 
ROS measurement was performed using 

DCFDA/H2DCFDA - Cellular ROS Assay Kit 
(ab113851, Abcam) according to the manufacturer’s 
instructions. In brief, each 2 × 104 cells (KURAMOCHI 
ALDH+ and OVSAHO ALDH+) were seeded with per 
well in 96-well plate. Following the drug treatment 
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(BP 50 µg/ml, Sorafenib-20µM, Ferrostatin-20µM) for 
1 hr, media was removed, washed with PBS, 100 µl of 
25 µM DCFDA was added to the cells and incubated 
for 45 mins at 37°C. Fluorescence intensity in different 
treatment groups was read using BioTek Synergy 
fluorescence microplate reader (excitation=485 nm; 
emission=535 nm). All experiments were performed 
three times in triplicates. 

Lipid peroxidation in the ovarian cancer cells 
(KURAMOCHI and KURAMOCHI ALDH+) was 
measured as previously described method [27]. 
Briefly, 2 × 105 cells were seeded per well in a 6-well 
plate. The cells were treated with treatment BP (50 
µg/ml) and Ferrostatin (20µM) for 48 hr and collected 
for the analysis. Then cells were resuspended in 500 μl 
PBS containing DHR123 and C11-BODIPY (581/591) 
and incubated for 10 minutes at 37 °C. Cells were then 
resuspended in 500 μl of PBS containing SytoxBlue 
and analyzed by flow cytometry (BD Biosciences). 

Annexin V/PI staining assay 
Cells were grown in the presence or absence of 

BP at IC50. Apoptotic cells were analyzed using 
annexin V-FITC detection kits (BD Pharmingen™) as 
per manufacturer’s instructions. Cells were collected, 
treated with 5 µl of FITC Annexin V and 5 µl of PI, and 
incubated for 15 minutes in the dark. After incubation, 
analyze the cell mortality by flow cytometry within an 
hour. 

Assessment of BP activity in vivo 
The animal experiment techniques were 

approved by the Buddhist Tzu Chi General Hospital’s 
Animal Research and Care Committee (109-62). All 
procedures followed the National Institutes of 
Health’s Guide for the Care and Use of Laboratory 
Animals. Non-obese, diabetic-severe combined 
immunodeficiency mice (NOD-SCID) (strain 
NOD.CB17-Prkdcscid/JTcu) acquired from Tzu Chi 
University were utilized in this study. 

KURAMOCH ALDH+ cells had previously been 
transfected with luciferase. We employed Firefly 
Luciferase Lentivirus (Hygromycin) (Catalog #: 
79692-H, BPS Bioscience, San Diego, CA) to transfect 
luciferase into KURAMOCHI ALDH+ cells. 
Approximately 20,000 cells per well were infected 
with 200,000 TU (Transduction Units) with firefly 
luciferase lentivirus using spinoculation. After 66 
hours of transduction, the culture medium was 
replaced with a standard growth medium. The 
luciferase test was carried out using the ONE-StepTM 
Luciferase assay system (BPS Bioscience, #60690), 
following the protocol given in the user handbook. 
The resultant cells are named KURAMOCH 
ALDH+/luc.  

KURAMOCHI ALDH+/luc cells (1× 106) were 
injected subcutaneously into the backs of female mice 
aged 4-5 weeks. After the tumors had grown to a 
volume of 50 mm3, mice were randomly divided into 
six groups (control, taxol (10 mg/kg), BP (200 
mg/kg), BP (200 mg/kg) + Ferrostatin-1 (1 mg/kg in 
1% DMSO), BP + taxol (5 mg/kg), BP + taxol (10 
mg/kg); (n = 3 per group). BP was supplied via 
subcutaneous injection near the tumor location. Taxol 
and ferrostatin-1 were injected intraperitoneally. The 
control group was treated solely with the vehicle 
(DMSO). In contrast, the experimental group received 
a 5-day prescription of BP (200 mg/kg) in 
combination with other medicines. Taxol was 
supplied once weekly, completing three injections, 
while ferrostatin-1 was administered over a period of 
five days. After the IVIS CT imaging or the tumor 
reached a volume of 500 mm3, the mice were killed in 
a box filled with 100% CO2. Tumor samples were 
fixed in 4% paraformaldehyde prior to histological 
analysis.  

TUNEL assay 
A small portion of tumor tissue stored in 

formalin solution was embedded in paraffin wax and 
cut into 6 µm thickness using microtome and fixed in 
a clean glass slide. The slide was deparaffinize and 
rehydrated. TUNEL assay was performed in the tissue 
section according to the manufacturer’s instructions 
using TUNEL Assay Kit (Roche, IN, USA).  

Statistical analysis 
Data are presented as the mean ± SD of at least 

three independent experiments. The Mann-Whitney 
U test was used to compare two independent 
variables, and one-way ANOVA with post-hoc 
analysis with the Bonferroni test was used to compare 
three independent variables. Statistical analysis was 
performed using GraphPad Prism 8 (La Jolla, CA, 
USA). P < 0.05 was considered a significant difference. 

Results 
Survival of cancer cells after BP treatment 

Figure 1 shows how BP therapy affected the 
survival of KURAMOCHI and OVSAHO, as well as 
their stem-like cells (ALDH+). We found that 
N-butylidenephthalide (BP) treatment greatly 
decreased the survival and viability of KURAMOCHI 
and OVSAHO cells (Figure 1A). Co-treatments with 
ferroptosis inhibitors such as ferrostatin, 
sulfasalazine, and vitamin E were also investigated, 
and the results showed that they reversed cell 
survival (Figure 1B). ALDH+ ovarian cancer stem-like 
cells appeared to be more susceptible to BP than 
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cancer cells, and treatment with ferrostatin restored 
their mortality (Figure 1C). These findings showed a 
potential therapeutic influence of BP on these ovarian 
cancer cells, specifically ferroptosis, a type of 
controlled cell death. 

BP suppresses GPX4 in KURAMOCHI cells  
The effect of BP on the expression of the 

ferroptosis regulating gene GPX4 was explored 
further. The data imply that BP treatment reduced 
GPX4 gene expression at both the mRNA and protein 
levels in KURAMOCHI cells (Figure 2A and 2B). In 
addition, the study found that BP treatment reduced 
the expression of GPX1 and GPX4 proteins in 
KURAMOCHI ALDH+ CSCs (Figure 2B). Ferroptosis 
is a controlled kind of cell death characterized by the 
iron-dependent buildup of lipid peroxides. GPX4 is 
an important regulator in this process. Thus, these 
findings shed light on the potential role of a 
GPX4-mediated ferroptosis mechanism in the cellular 
response to BP. 

BP-induced lipid peroxidation and reactive 
oxygen species (ROS) in ovarian cancer cells 

Next, the effects of BP on lipid peroxidation and 

ROS production in ovarian cancer cells were 
examined, with a focus on KURAMOCHI ALDH+ 
and OVSAHO ALDH+ cells. BP causes lipid 
peroxidation in these ovarian cancer cells. Treatment 
with BP raised levels of C11-BODIPY, a lipid 
peroxidation marker, indicating membrane damage 
(Figure 3A). This impact of BP was prevented by 
adding ferrostatin, an inhibitor of ferroptosis, 
indicating that BP may induce this cell death 
pathway. 

BP raises ROS levels in KURAMOCHI ALDH+ 
(Figure 3B) and OVSAHO ALDH+ cells (Figure 3C). 
H2DCFDA, a ROS indicator, was shown to be 
increased following treatment with BP or sorafenib 
(20 µM). Sorafenib was an anticancer drug acts by 
inhibiting kinases, which have been used in many 
cancer types including ovarian cancer. Ferrostatin 
reversed the effect, demonstrating ferroptosis’ 
involvement. Overall, the findings imply that BP 
induces ferroptosis in ovarian cancer cells via 
increasing lipid peroxidation and ROS generation. 
This mechanism can be used for targeted therapy, 
particularly in ALDH+ ovarian tumors. 

 

 
Figure 1. N-butylidenephthalide (BP) treatment reduced KURAMOCHI and OVSAHO cell survival. (A) Chemical structure of N-butylidenephthalide (B) An ELISA reader 
measured cell survival after KURAMOCHI cells were treated with different concentrations of BP (25, 50, 75, 100 and 125 µg/ml) at a wavelength of optical density (OD) 570 nm. 
***p<0.001 vs control. (C) Cell viability of KURAMOCHI and KURAMOCHI ALDH+ cells, after treating BP (50 µg/ml) with or without ferrostatin (20 µM). ***p<0.001 vs 
control, ###p<0.001 vs BP. 
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Figure 2. The expression of ferroptosis-related gene and protein in KURAMOCHI cells after n-butylidenephthalide (BP) treatment. (A) qPCR revealed GPX4 expression in 
KURAMOCHI cells after treating BP 25 or 50 μg/ml for 48 hrs was decreased. ***p<0.001 vs control. (B) Western blot revealed reduced expression of both GPX1 and GPX4 
proteins in KURAMOCHI ALDH+. 

 
Figure 3.  n-butylidenephthalide (BP) induced lipid peroxidation and reactive oxygen species (ROS) in ovarian cancer cells. (A) Lipid peroxidation (represented by C11-BODIPY) 
was increased after BP treatment and was reversed by adding ferrostatin. (B) The ROS levels of different treatments (BP 50 µg/ml, sorafenib 20 µM and ferrostatin 20 µM) on 
KURAMOCHI ALDH+ cells. H2DCFDA (2’,7’-dichlorodihydrofluorescein diacetate, a ROS indicator) was measured after the treatment. ***p<0.001 vs control, ###p<0.001 vs 
BP, ∭p<0.001 vs sorafenib. (C) The ROS levels of different treatments on OVSAHO ALDH+ cells. After BP (50 µg/ml), sorafenib (20 µM) treatments, the H2DCFDA increased 
and could be reversed by adding ferrostatin (20 µM), which meant BP could induce ferroptosis. ***p<0.001 vs control, ###p<0.001 vs BP, ∭p<0.001 vs sorafenib. 
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Impact of siHMBOX1 on mRNA expression 
and cell proliferation in KURAMOCHI and 
KURAMOCHI ALDH+ cells 

To investigate any other mechanisms that may 
be involved in BP-induced ferroptosis, gene 
expression in BP-treated cells was investigated using 
DNA microarrays. GeneOntology analysis revealed 
that BP had a significant impact on the expression of 
ferroptosis-related genes, including HMBOX-1 (heme 
oxygenase 1) (Figure 4A-C). HMBOX-1 regulates iron 
metabolism and is frequently increased during 
ferroptosis. The involvement of HMBOX-1 in BP 
function was studied further. BP (100 μg/ml) 
significantly increased HMBOX-1 mRNA expression 
levels in KURAMOCHI cells and KURAMOCHI 
ALDH+ cells compared to the control group (***p < 
0.001) (Figure 4D). In cells treated with siHMBOX1-1 
and siHMBOX1-2, HMBOX-1 mRNA expression 
levels were significantly lower compared to the 
control and siNC groups (***p < 0.001) (Figure 5A). 
Similar to KURAMOCHI cells, KURAMOCHI 
ALDH+ cells treated with siHMBOX1-1 and 
siHMBOX1-2 revealed a significant drop in relative 
mRNA expression of HMBOX-1 compared to the 
control and siNC groups (***p < 0.001; Figure 5B). At 
72 hours, the siHMBOX1-1 and siHMBOX1-2 groups 
had considerably lower cell proliferation (OD at 450 
nm) than the control (CTRL) and siNC groups (***p < 
0.001). The addition of BP (100 µg/ml) did not 
significantly affect the decreased proliferation 
observed with siHMBOX1 treatments (Figure 5C). 
These findings suggest that HMBOX1 is involved in 
BP-induced cell death in ovarian cancer.  

Cell viability of cancer cells (OVSAHO) after 
BP and taxol treatments 

The survival of OVSAHO cells after BP 
treatment was dose dependent. At BP concentrations 
above 50 µg/ml, cancer cell survival was dramatically 
reduced (Figure 6A). The cytotoxicity increased 
significantly when BP was combined with taxol 
(p<0.001, Figure 6B). Flow cytometry further revealed 
that OVSAHO cells’ apoptosis percentage rose greater 
following BP + taxol treatment than with BP or taxol 
alone (Figure 6C). Adding ferrostatin dramatically 
reduced cell viability in BP plus taxol treated 
OVSAHO cells and OVSAHO ALDH+ cells (p<0.001, 
Figure 6D). In conclusion, ferroptosis played a role in 
the cell-killing process during BP + taxol treatment.  

BP inhibited xenograft tumor growth via 
ferroptosis 

To explore BP’s anti-tumor impact in vivo, a 
xenograft cancer animal model was constructed using 

KURAMOCHI ALDH+/luc cells. Tumor size was 
assessed weekly for 5 weeks using an IVIS CT scan 
(Perkin Elmer, Waltham, MA, USA). The pictures 
were taken using the IVIS Spectrum CT and analyzed 
with the Living Image 4.4 software. D-luciferin 
(potassium salt, PerkinElmer Inc.) was delivered 
intraperitoneally to mice at a dose of 150 mg/kg prior 
to bioluminescence imaging. Following that, the 
animals were sedated with a mixture of oxygen and 
2% isoflurane and placed in the imaging chamber. For 
2D bioluminescence imaging (BLI), the device was 
designed to acquire images without employing an 
emission filter (open configuration). This was done to 
increase sensitivity and lower the detection threshold. 
Following the CT scan, a series of 2D bioluminescence 
surface radiance images were taken at different 
emission wavelengths. Both BP and taxol suppressed 
tumor growth separately. The administration of 
ferrostatin-1 reversed BP’s growth inhibitory impact. 
BP and Taxol worked together to decrease tumor 
growth (Figures 7A and 7B). The TUNEL analysis of 
tumor tissue indicated significantly increased 
TUNEL+ cells after BP and taxol (10 mg/kg) 
treatment, which were decreased by ferrostatin-1 
administration (Figure 7C). The results show that BP 
reduced type II ovarian cancer stem cell-derived 
tumor development by causing ferroptosis. 

Discussion 
Ferroptosis is a kind of regulatory cell death 

(RCD) caused by the iron-dependent fatal 
accumulation of membrane-localized lipid peroxides, 
which is triggered by reactive oxygen species. Cells 
undergoing ferroptosis differ from other types of 
RCDs like as apoptosis, autophagy, cuproptosis, 
necroptosis, and pyroptosis. Ferroptotic cells 
accumulate ferrous ions and ROS, and they have 
dysmorphic tiny mitochondria with condensed 
membranes and reduced crista. The driving 
mechanism for cell death in ferroptosis has not yet 
been fully understood, however it is commonly 
believed that ferroptosis cell death occurs when the 
accumulation of oxidized phospholipids (PLs) and 
membrane permeability exceeds a particular 
threshold, leading to rupture [28-31]. Cells, on the 
other hand, have many systems in place to prevent 
ferroptosis from occurring. The Glutathione 
peroxidase 4 (GPX4) antioxidant system is a key 
cellular defense mechanism against ferroptosis. GPX4 
is an antioxidase that controls the availability of 
reduced glutathione (GSH) and effectively prevents 
lipid oxidation. Reduction of GPX4 expression in cells 
was demonstrated to cause cells to undergo 
ferroptosis [32, 33].  
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Figure 4. Up regulation of HMBOX-1 expression in BP treated KURAMOCHI cells. (A-C) gene expressions in BP treated KURAMOCHI cells were accessed with DNA 
microarray and GeneOntology analysis. Expression of ferroptosis-related genes including the HMBOX-1 are a group of the major altered genes in the BP treated cells. (D) 
KURAMOCHI cells and the KURAMOCHI ALDH+ cells treated with BP (25, 50, 100 μg/ml). BP (100 μg/ml) significantly increased HMBOX-1 mRNA expression levels in the cells 
compared to the control group (*p<0.05, ***p<0.001 vs control). 
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Figure 5. HMBOX1 was involved in BP-inducing ferroptosis in ovarian cancer. (A) The analysis of mRNA expression levels of HMBOX-1 in KURAMOCHI cells with or without 
siRNA of HMBOX-1. (B) The analysis of mRNA expression levels of HMBOX-1 in KURAMOCHI ALDH+ cells with or without siRNA of HMBOX-1. (C) Cell proliferation curve 
of KURAMOCHI ALDH+ cells at various treatments, including siRNA of HMBOX-1 and BP (100 μg/ml). ***P<0.001 vs control. 

 
Figure 6.  The cell viability of OVSAHO and OVSAHO ALDH+ cells treated with different concentrations of BP and Taxol. (A) Cell viability after treating different dosages of 
BP.  BP reduced cell viability at a concentration from 25 to 125 µg/ml. *p<0.05, ***p<0.001 vs control. (B) Cell viability after treatment with BP (75 µg/ml), taxol (10 µM), and 
BP+taxol. ***p<0.001 vs control, ###p<0.001 vs BP and Taxol. (C) Flow cytometry of Annexin V revealed cell death percentage. (D) Cell viability after treatment with BP (75 
µg/ml), taxol (10 µM), BP+taxol, and BP+taxol+ferrostatin. ***p<0.001 vs control, ###p<0.001 vs BP and Taxol, ∭p<0.001 vs BP+taxol. 
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Figure 7. An in vivo investigation of n-butylidenephthalide (BP)-induced ferroptosis using NOD-SCID mice in a xenograft experiment. The experiment utilized KURAMOCHI 
ALDH+/luc cells. Both BP and taxol independently demonstrated the ability to inhibit tumor growth. (A) The upper panel displays the final tumor size of the xenograft, with a scale 
of 1 cm. (B) The lower panel depicts the tumor growth over the four weeks of the experiment. The growth-inhibitory impact of BP was nullified by the addition of ferrostatin-1 
(a ferroptosis inhibitor). BP exhibited an adjuvant effect on Taxol, leading to a reduction in the Taxol dosage. The IVIS CT scan image represents each group, with a total of n = 
3 in each group. (C) TUNEL assay of tumor tissue with or without BP and Taxol treatment. (D) Quantification of TUNEL positive cells in different treatment groups ***p<0.001 
vs control, ###p<0.001 vs BP and Taxol. 

 
Figure 8. Schematic representation of mechanism of action of n-butylidenephthalide inducing ferroptosis in ovarian cancer cells 
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The importance of ferroptosis in tumor biology 
has received more attention in recent years. On the 
one hand, ferroptosis appears to be an intrinsic 
tumor-suppression mechanism. Cancer cells, on the 
other hand, might develop several methods to avoid 
ferroptosis and so encourage their proliferation. 
Furthermore, CSCs, which are often resistant to 
apoptosis and standard therapies, are very susceptible 
to ferroptosis [13, 14]. These support ferroptosis-based 
therapy as a novel and realistic cancer treatment 
method. 

Contemporary strategies for managing ovarian 
cancer are specific to individual patients based on 
tumor histology and staging. These strategies include 
debulking surgery, platinum-based and taxane 
chemotherapies (such as paclitaxel and docetaxel), 
angiogenesis inhibitors, poly ADP-ribose polymerase 
(PARP) inhibitors, and immunotherapies [34]. Zhang 
et al. reported the correlation between ferroptosis and 
p53 in ovarian cancer [35]. Mitochondrial alterations, 
aberrant ROS production, and potential ferroptosis 
contribute to increased chemosensitivity in human 
ovarian cancer [36]. PARP inhibitors induce lipid 
peroxidation and ferroptosis in ovarian cancer cells 
through the downregulation of SLC7A11 in a 
p53-dependent manner, consequently inhibiting 
tumor cell growth [36]. miR-424-5p exerts a negative 
regulatory effect on ferroptosis in ovarian cancer cells 
through the targeting of ACSL4. The downregulation 
of miR-424-5p resulted in an increase in ACSL4 
expression, which serves as a positive mediator of 
ferroptosis [37]. This present study was an attempt to 
elucidate the molecular mechanism of BP in inducing 
ferroptosis in ovarian cancer cells. 

Natural products may be exploited to develop 
less harmful anti-tumor agents [38, 39]. BP, a naturally 
occurring chemical obtained from A. sinensis, has 
being explored as a cancer therapy. It has been found 
to cause apoptotic cell death in many types of cancer 
cells via distinct mechanisms. BP inhibits AP-2α and 
telomerase activity in lung cancer cells, leading to 
apoptosis [40]. BP regulates endoplasmic reticulum 
stress, resulting in apoptosis in prostate cancer cells, 
and stimulates Nur77 translocation from nucleus to 
cytoplasm, culminating in cytochrome c release and 
caspase-3-dependent apoptosis in hepatocellular 
carcinoma cells [21]. In addition, BP increases REDD1 
expression in gastric cancer cells, inhibiting the mTOR 
signal pathway [20]. However, whether this 
phytochemical can promote ovarian cancer cell death 
by ferroptosis is unknown. This study tested if BP can 
reduce HGSOC via ferroptosis. 

One of CSC’s characteristics is its ability to 
self-renew and differentiate, which can aid in 
carcinogenesis, development, and advancement [41, 

42]. A small number of CSCs in ovarian cancer can 
influence tumor aggressiveness, treatment resistance, 
and disease recurrence. These are the characteristics 
of HGSOC, a type II ovarian cancer [5, 6]. As a result, 
ovarian CSC targeting is critical for cancer treatment, 
and medicines that target both cancer cells and CSCs 
might yield significant therapeutic benefits [43]. 
Ovarian CSCs have significant levels of ALDH [44, 
45]. In this study, we employed ALDH as a marker to 
differentiate CSCs from KURAMOCHI and OVSAHO 
ovarian cancer cells. These cancer cells and extracted 
CSCs were employed to investigate the anticancer 
function and mechanism of BP. According to our 
findings, BP reduced the viability of these ovarian 
cancer cells and CSCs by inducing ferroptosis. 
Furthermore, when BP and Taxol were administered 
in combination for treatment, they had a cooperative 
cell killing effect. Ferroptosis cell death was evidenced 
by inhibition of GPX4 expression, increase of ROS, 
and lipid peroxidation in BP-treated cells. The 
canonical ferroptosis involves these cellular 
mechanisms. Additionally, BP has been demonstrated 
to up regulate HMBOX-1 expression in cells, 
indicating a non-canonical ferroptosis. HMBOX-1 
degrades haem and releases Fe2+, which promotes 
ferroptosis by increasing lipid peroxidation [46]. In 
other words, BP increased the execution of ferroptosis 
while decreasing the cellular protective mechanism in 
cells.  These findings suggest that BP could be a 
phytochemical for the ferroptosis-based therapy of 
ovarian cancer.  

A xenograft tumor model was constructed using 
ovarian KURAMOCHI ALDH+/luc cells to evaluate 
BP’s anticancer effect in vivo. These KURAMOCHI 
ALDH+/luc cells are stemness-enriched cancer cells, 
hence tumors produced from them are HGSOC. Both 
BP and Taxol inhibited tumor development. The 
addition of ferrostatin-1 counteracted BP’s growth 
inhibitory effects. This finding suggested that BP 
inhibited tumor growth via a ferroptosis-dependent 
mechanism. In addition, similar with the in vitro 
studies, the combination of BP and Taxol 
demonstrated a cooperative anti-tumor activity. The 
TUNEL assay of tumor samples revealed a 
considerable increase in cell death following BP and 
taxol therapy.  

According to Zhou et al., erastin has a 
remarkable ability to counteract the effects of 
overexpressed ATP binding cassette subfamily B 
member 1 (ABCB1), which leads to ferroptosis and 
makes ovarian cancer cells more susceptible to 
docetaxel chemotherapy [47]. This suggests that 
erastin and docetaxel work together synergistically. 
Limited in vitro studies have demonstrated significant 
antitumor effects of ferroptosis in ovarian cancer; 
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however, there is a lack of in vivo applicable 
ferroptosis inducers that could be developed as 
potential therapeutic agents [34]. Taxol is a widely 
used chemotherapeutic drug for ovarian cancer [48]. 
Taxol stabilizes microtubules, resulting in cell death 
and mitotic arrest. This medicine, however, is 
extremely toxic and can cause severe adverse effects 
such as hypertension, angioedema, and urticaria. As a 
result, acute toxicity prohibits patients from finishing 
the full treatment cycle [49]. Several investigations on 
lowering the toxicity of chemotherapy medicines 
were conducted. Previous research investigated the 
use of proadifen, cucurbitacin B, and gold 
nanoparticles to make ovarian cancer cells more 
susceptible to chemotherapeutic drugs [50-52], 
allowing for lower doses of the damaging substances. 
Another issue with taxol-based ovarian 
chemotherapy is drug resistance, which is the leading 
cause of failure in the treatment of ovarian cancer 
with this chemotherapeutic [53]. In this study, we 
looked at the combination of BP and taxol. This study 
found a cooperative anti-tumor impact of BP and 
taxol, implying that BP may help make cells more 
responsive to taxol. In line with this, a prior study 
found that GPX4 inhibition accelerated ferroptosis 
and increased ovarian cancer cell sensitivity to taxol 
[12]. 

Conclusion 
In summary, this study identifies BP as a 

promising phytochemical with multifaceted 
anti-tumor potential in HGSOC. Mechanistically, BP 
induces ferroptosis through both canonical (ROS 
accumulation and GPX4 inhibition) and 
non-canonical (HMBOX1-mediated) pathways, 
effectively targeting both bulk tumor cells and cancer 
stem cells. Notably, its combination with Taxol 
demonstrated a synergistic antitumor effect, 
enhancing chemotherapeutic efficacy while 
potentially overcoming key clinical challenges such as 
drug resistance and toxicity. These mechanistic 
insights, coupled with the observed therapeutic 
synergy, highlight BP as a strong candidate for 
integration into ferroptosis-based combination 
therapies. Collectively, the findings lay a strong 
foundation for further in vivo validation and clinical 
translation of BP as a novel adjunct in the treatment of 
HGSOC. 
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