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ARTICLE INFO ABSTRACT
Keywords: Danshen, also known as Salvia miltiorrhiza, is a medicinal herb used in traditional Chinese
Dihydroisotanshinone I medicine. Its potential impact on endometrial cancer has not been thoroughly investigated. This

Endometrial cancer study aimed to examine the effect of dihydroisotanshinone I (DT), a compound found in Danshen,

gﬁ:‘ tosis on the viability of ARK1 and ARK2 endometrial cancer cells and its mechanisms. The results
apopfosis showed that 10 pM DT inhibited cell viability of ARK1 and ARK2 cells by inducing apoptosis and

ferroptosis, which was achieved by blocking the expression of GPX4. In vivo experiments using a
xenograft nude mouse model indicated that DT treatment significantly reduced tumor volume
without causing any adverse effects. These findings suggest that DT may be a potential thera-
peutic agent for inhibiting endometrial cancer cell viability, but further research is needed to
confirm these results.

1. Introduction

Endometrial cancer is a common gynecological malignancy in the US and other countries. While the prognosis for early-stage
endometrial cancer is generally positive, around one-third of patients receive a diagnosis at an advanced stage [1]. The 5-year
overall survival rate for stage IV endometrial cancer is reported to be between 0 and 18 % [2,3]. Treatment methods for endome-
trial cancer encompass surgery, chemotherapy, and radiotherapy. In situations where metastatic or recurrent disease cannot be cured,
anti-estrogenic medications may serve as alternative therapies [4]. However, the efficacy of these treatments is limited, as widely
metastatic recurrences of endometrial cancer are often fatal, and none of the treatments are curative [4].

Ferroptosis, a regulated cell death process, depends on iron and reactive oxygen species (ROS) and is characterized by lipid per-
oxidation [5]. A phospholipid hydroperoxidase called glutathione (GSH) peroxidase 4 (GPX4) is essential for preventing the formation
of toxic lipid ROS, which depend on iron (Fe2+) [6]. When GPX4 function is inhibited, lipid-based ROS, particularly lipid hydro-
peroxides, accumulate and ultimately induce ferroptosis [7,8]. Ferroptosis, unlike apoptosis, is a non-apoptotic process. Increasing
evidence suggests that ferroptosis plays a key role in controlling the growth of various cancer cells [9]. Moreover, a previous study
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Fig. 1. The effect of DT on cell viability of endometrial cancer cell lines. A The structure of dihydroisotanshinone I (DT). B, C ARK1 cells (B) or
ARK2 cells (C) were measured by XTT assay after indicated hours of culturing in the presence of indicated compounds. All the results are repre-
sentative of at least three independent experiments. (Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from DMSO
group with p < 0.01.).

showed that early-stage endometrial cancer had higher levels of GPX4 and glutathione synthetase (GSS) than normal tissues, as
identified through proteomic analysis, suggesting that GPX4-suppressed ferroptosis may be critical in endometrial cancer development
[9,10]. Targeting ferroptosis has also shown potential for effectively overcoming drug resistance in endometrial cancer.

This study found that dihydroisotanshinone I (DT) (Fig. 1A), derived from the dried roots of Salvia miltiorrhiza Bunge, had inhibitory
effects on the viability of endometrial cancer cell lines (ARK1 and ARK2 cells). DT was observed to inhibit GPX4 expression and induce
ferroptosis by causing lipid peroxidation. In addition, DT treatment (30 mg/kg via intraperitoneal injection) significantly reduced
tumor growth without adverse effects in a nude mouse model. These results indicate that DT could be a promising therapeutic strategy
for treating endometrial cancer.

2. Methods and materials
2.1. Cell culture and treatment

ARK1 cells and ARK2 cells, which are cell lines derived from human endometrial serous adenocarcinoma, were kindly gifts from Dr.
Tzu-Hao Wang (Department of Obstetrics and Gynecology, Chang Gung Memorial Hospital and Chang Gung University) and cultured
in RPMI-1640 medium supplemented with 10 % fetal bovine serum at 37 °C and 5 % CO2. Dihydroisotanshinone I, a compound with a
purity of 98 % and solubility of >5 mg/mL in DMSO, was obtained from ChemFaces Natural Products Co., Ltd., China (Catalog number:
CFN-90162; PubChem CID:89406). The cells were cultured to 60-70 % confluence before being treated with the indicated compounds
in DMSO at the specified concentrations. Control cells were treated with DMSO alone.

2.2. XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) assay

The cells were seeded in 96-well plates at a density of 1 x 10> cells per well in a medium supplemented with 10 % FBS. After
allowing the cells to attach, the old medium was replaced with fresh medium containing 10 % FBS, and the cells were treated with the
designated drugs for a specified time. The XTT assay kit (Biological Industries, ISRAEL, catalog number: 20-300-1000) was used to
measure the absorbance, in accordance with the manufacturer’s instructions. The XTT formazan complex was quantitatively measured
at 492 nm using an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.3. Flow cytometry for apoptosis

The procedure used to analyze apoptosis via flow cytometry was carried out in the same manner as described previously [11]. First,
the cells were seeded at a density of 1 x 10° cells in a 100-mm plate and allowed to culture overnight before being treated with the
specified compounds for a predetermined period. Subsequently, the treated cells were collected by centrifugation, and the medium was
discarded. To detect apoptosis, the cells were resuspended and subjected to either the Annexin V-FITC Apoptosis Detection Kit (Strong
Biotech Corporation, Taiwan, catalog number: AVK250) or the Mitoscreen JC-1 kit (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA, catalog number: 551302), according to the manufacturer’s instructions. The apoptosis of cells at different developmental
stages was analyzed using the BD FACSCanto flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) by gating the
corresponding population in the Dot Plots.

2.4. Western blot analysis

The cellular extracts obtained after the specified treatments were collected and prepared using the previously described method for
Western blot analysis [12]. Equal amounts of protein were separated by fractionation on a 10 % SDS-PAGE and transferred to poly-
vinylidene difluoride membranes. The membranes were blocked with 5 % nonfat dried milk for 30 min. Next, the membranes were
incubated with the indicated primary antibody for 12 h at room temperature. The list of these primary antibodies were: anti-STAT3
antibody (Cell Signaling, ratio: 1:1000), anti-p-STAT3 antibody (the phosphorylation of STAT3 at Tyr705, Cell Signaling, ratio:
1:1000), anti-SKP2 antibody (Cell Signaling, ratio: 1:1000), anti-PARP antibody (Cell Signaling, ratio: 1:1000), anti-GPX4 antibody
(proteintech, ratio: 1:1000) anti-p-actin antibody (Santa Cruz, IB: 1:10000) and anti-GAPDH antibody (Santa Cruz, IB: 1:10000). The
primary antibodies and secondary antibodies were diluted in 0.1 % TBST (Tris-Buffered Saline Tween-20) with 1 % nonfat dried milk.
The membranes were washed with 0.1 % TBST and then incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibodies (ratio: 1:5000, Santa Cruz) for 1 h at room temperature. The protein signal was detected using the Super Signal
substrate (Pierce Biotechology Inc., Rockfort, IL, USA, catalog number: 34087) via chemiluminescence.
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Fig. 2. The effect of DT on apoptosis in endometrial cancer cell lines. ARK1 cells or ARK2 cells were treated without or with indicated compounds
for 24 h. Cell apoptosis was detected by flow cytometry with annexin-V-FITC/PI dual staining (A) or mitoscreen JC-1 staining (B). A For annexin-V-
FITC/PI dual staining, the representative histograms of flow cytometric analysis using double staining with annexin-V-FITC (FITC-A) and PI (PI-A).
B Cell apoptosis was detected by flow cytometry with mitoscreen JC-1 staining. C, D Total cell extracts of ARK1 cells (C) or ARK2 cells (D) were
harvested from cells treated with DMSO or indicated concentrations of DT for indicated hours. The protein was immunoblotted with polyclonal
antibodies specific for PARP. GAPDH was used as an internal loading control. (Error bars = mean =+ S.E.M. Asterisks (*) mark samples significantly
gifferent from DMSO group with p < 0.01.).

2.5. Determination of GSH (reduced Glutathione)/GSSG (oxidized glutathione)

The level of GSH and the ratio of GSH/GSSG in cell extracts was analyzed using the method described previously [13]. Cellular
extracts from the indicated cells treated with either DMSO or drugs at indicated concentrations for 24 h were collected and prepared
following the manufacturer’s instructions. The level of GSH (reduced glutathione)/GSSG (oxidized glutathione) was detected using the
Glutathione assay kit (Bioversion, catalog number: K264-100).

2.6. Glutathione peroxidase activity assay

The activity of Glutathione peroxidase (GPX) in cell extracts was analyzed using the method described previously [14]. Cellular
extracts of the indicated cells, treated with either DMSO or the designated drug concentrations for 24 h, were collected and prepared in
accordance with the manufacturer’s instructions. The activity of GPX was determined by measuring the absorption change at 340 nm
resulting from NADPH consumption in the presence of HyO,, using the Glutathione Peroxidase Activity Colorimetric Assay Kit
(Bioversion, catalog number: K762-100). The resulting values were normalized based on cell count.

2.7. Mouse xenograft model

The Animal Care and Use Committee at Chang Gung Memory Hospital approved all protocols utilizing the mouse xenograft model
(Approval number: 2020032305). Surgery was conducted under the influence of sodium pentobarbital anesthesia. To establish the
xenograft model, 10 male BALB/c-nu female nude mice weighing 18-20g and aged between 5 and 7 weeks were acquired from
BioLASCO Taiwan Co., Ltd. Subcutaneous injection of ARK1 cells or ARK2 cells (1 x 10%/mouse) was performed in both flanks of the
nude mice. After approximately one week, mice with tumor sizes of approximately 10 mm® were chosen. The mice were then ran-
domized into two groups with five mice in each group. One group was administered vehicle (2.5 % DMSO) intraperitoneally, while the
other group received 30 mg/kg DT every 2 days. Tumor volume and mouse weight were measured every 2-3 days over a period of 3
weeks. Tumor sizes and volume were calculated using the formula: length x width x height x 0.52. The mice were closely monitored
daily for tumor size, body weight, and mortality. After two weeks, the mice were euthanized.

2.8. Statistical analyses

The results are presented as mean + standard error of the mean for the number of replicate samples (n = 3-6, depending on the
experiment), and the experiments were repeated at least three times. To evaluate the statistical differences between two groups, an
unpaired two-tailed Student’s t-test was used. For analysis of more than two groups, ANOVA was conducted, and pairwise group
comparisons were assessed using Tukey’s test as a post-hoc test in one-way ANOVA. A p-value less than 0.01 was considered statis-
tically significant for all comparisons. The calculations were carried out using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. The effect of DT on cell viability of endometrial cancer cell lines

In order to investigate the effect of DT obtained from ChemFaces Natural Products Co., Ltd., China (Catalog number: CFN-90162),
which has a purity of 98 % for dihydroisotanshinone I and is soluble in DMSO at a concentration of >5 mg/mL, on the growth of
endometrial cancer cells, we utilized ARK1 and ARK2 cells as our experimental model and assessed the impact of DT and other
compounds using XTT. As previous studies have demonstrated a stronger suppression effect on cell viability of various cancers
(including lung and breast cancer) at concentrations of 10 pM or higher for DT [15,16], we selected the concentrations of 5 pM and 10
uM for further investigation. The treatment of ARK1 and ARK2 cells with the indicated compounds for a given duration showed a
dose-dependent and time-dependent inhibition of cell viability by DT at concentrations of 5-10 uM (Fig. 1B and C). DT exhibited an
IC50 of 9.353 pM and 2.495 pM after being incubated for 24 h on ARK1 and ARK2 cells, respectively. In comparison to SA at 5-10 pM,
DT demonstrated a more significant inhibitory effect on cell viability of both ARK1 and ARK2 cells. Notably, at a concentration of 10
pM, DT exhibited a more potent inhibitory effect compared to commonly used clinical anti-cancer agents such as oxaliplatin, gem-
citabine, and 5-fluorouracil. Additionally, DT showed the most robust inhibition of cell viability of ARK2 cells, even at a concentration
as low as 5 pM. These findings highlight the potential of DT in the suppression of cell viability of human endometrial cancer cells.
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Fig. 3. The effect of DT on ferroptosis of endometrial cancer cells in vitro. A, E For GPX activity, ARK1 cells (A) or ARK2 cells (E) were treated with
DMSO or indicated drugs for 24 h. Total cell extract was collected and analyzed by GPX activity assay kit. B, F Total cell extracts of ARK1 cells (B) or
ARK2 cells (F) were harvested from cells treated with DMSO or indicated concentrations of DT for 24 h. The protein was immunoblotted with
polyclonal antibodies specific for GPX4. GAPDH was used as an internal loading control. C, D, G, H For GSH level and GSH/GSSG ratio, ARK1 cells
(C, D) or ARK2 cells (G, H) were treated with DMSO or indicated drugs for 24 h. Total cell extract was collected and analyzed by the Glutathione
assay kit. (Error bars = mean + S.E.M. Asterisks (*) mark samples significantly different from DMSO group with p < 0.01.).



C.-Y. Wu et al. Heliyon 9 (2023) 21652
3.2. Effects of DT on apoptosis of endometrial cancer cells in vitro

Our prior research has demonstrated that the suppression of certain cancer cell proliferation by DT is linked to apoptosis [12,17].
To investigate the impact of apoptosis on DT treatment for endometrial cancer cells, we conducted an experiment where ARK1 cells
and ARK2 cells were treated with indicated compounds for 24 h. Apoptosis was then analyzed using flow cytometry with Annexin V/PI
dual staining. The findings revealed that the ARK1 cells and ARK2 cells showed dose-dependent apoptosis after 24 h of treatment with
10 pM DT (Fig. 2A). Additionally, the JC-1 staining assay showed that 10 pM DT resulted in mitochondrial depolarization of ARK1 cells
and ARK2 cells in a dose-dependent manner after 24 h (Fig. 2B). As the significant apoptosis effect was observed in ARK1 cells and
ARK2 cells when treated with 10 pM DT, we further found that this concentration of DT could upregulate the expression of cleaved
PARP, a critical apoptotic protein, in both cell lines (Fig. 2C and D). These findings imply that DT induces apoptosis as a mode of cell
death in endometrial cancer cells.

3.3. Induction of ferroptosis by DT in endometrial cancer cells through downregulation of GPX4 expression

The GSH system, composed of GSH and GSSG, is the main pathway that limits ferroptosis [18]. This system plays a crucial role in
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preserving a reducing environment that reduces the levels of ROS and serves as a vital cellular antioxidant. Furthermore, the absence of
GPX4, which converts GSH into GSSG, can result in a significant increase in GSSG, leading to a decline in the GSH/GSSG ratio.
Additionally, GPX4 protects cells from ferroptosis by eliminating lipid ROS within the cell, and disrupting GPX4 function can trigger
ferroptosis [7,8,19-23]. The inhibition of GPX4 expression by DT has been shown to induce apoptosis and ferroptosis in breast and
lung cancer cells [11,16], raising the possibility that it could also induce ferroptosis in human endometrial cancer cells. To validate
how DT affects endometrial cancer cells, we investigated its mode of action concerning ferroptosis. In our findings, it was observed that
10 pM DT led to a reduction in the GPX activity of ARK1 cells (Fig. 3A) and ARK2 cells (Fig. 3E) after 24 h. Additionally, the protein
expression of GPX4 in ARK1 cells (Fig. 3B) and ARK2 cells (Fig. 3F) was significantly inhibited by 10 pM DT after 24 h. After 24 h, the
levels of GSH were notably decreased in both ARK1 cells (Fig. 3C) and ARK2 cells (Fig. 3G) by 10 pM DT. Furthermore, the GSH/GSSG
ratio in ARK1 cells (Fig. 3D) and ARK2 cells (Fig. 3H) was also decreased by 10 pM DT. These findings suggest that the inhibition of
GPX4 expression caused by 10 pM DT triggered ferroptosis as a mechanism of cell death in endometrial cancer cells.
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(30 mg/kg via intraperitoneal injection, n = 5 per group) over a time course of 3 weeks in ARK1 cells (A) or ARK2 cells (E) xenograft nude mice
model. (Error bars = mean + S.E.M.).



C.-Y. Wu et al. Heliyon 9 (2023) 21652
3.4. Effects of DT on STAT3 phosphorylation, SKP2 protein expression of endometrial cancer cells

STATS3 (Signal transducer and activator of transcription 3) serves as a pivotal regulator in the metastatic behavior of tumors,
including lung neoplasms [24,25]. Additionally, STAT3 functions as an instrumental biomarker for prognostic evaluation and rep-
resents a viable therapeutic target in various solid malignancies [26]. The STAT3 inhibitor BBI608 has been demonstrated to diminish
the viability of patient-derived primary cells in endometrial carcinoma at clinically relevant concentrations [27]. An alternative
investigation demonstrated that the activation of Src and STAT3 is mediated by integrin a6f4, leading to inhibition of ferroptosis [28,
29]. Subsequent analyses were conducted to assess the impact of DT on the phosphorylation of STAT3 at Tyr705 (p-STAT3) utilizing
Western blot techniques. The results indicated that DT, at concentrations ranging from 10 to 20 pM, effectively attenuated STAT3
phosphorylation in both ARK1 and ARK2 cellular models (Fig. 4A). Additionally, a reduction in STAT3 protein levels was observed in
ARK2 cells when treated with DT at the aforementioned concentrations (Fig. 4B).

SKP2 (S-phase kinase-associated protein 2), recognized as a downstream transcriptional effector of STAT3 [30], is pivotal in
modulating both the metastatic and proliferative characteristics of neoplastic conditions [31-33]. Increased levels of SKP2 expression
have been observed in endometrial malignancies and are correlated with unfavorable prognostic indicators [34]. Prior research has
elucidated that YAP (Yes-associated protein 1) facilitates ferroptosis via the modulation of SKP2 expression [35]. Subsequent analyses
were performed to assess the protein expression profiles of SKP2 in endometrial cancer cells treated with DT. Western blotting assays
indicated a reduction in SKP2 protein levels in both ARK1 and ARK2 cell lines post-DT administration (Fig. 4A and B).

3.5. Invivo effect of DT on xenograft nude mouse model

In order to explore the impact of DT in vivo, we employed female mice with a tumor xenograft as a cancer model. Previous research
indicated that treatment with DT (30 mg/kg via intraperitoneal injection) effectively suppressed the ultimate tumor volume in mice
xenografted with either HCT-116 cells (colon cancer) or MCF-7 cells (breast cancer) [12,16]. Thus, we administered 30 mg/kg DT
intraperitoneally to mice xenografted with either ARK1 or ARK2 cells. Following 3 weeks of DT treatment, we noted no instances of
mouse mortality, and no noteworthy changes in either mouse activity or body weight were observed for ARK1 cell-xenografted mice
(Fig. 5A) and ARK2 cell-xenografted mice (Fig. 5E). Additionally, levels of serum creatinine, glutamic oxaloacetic transaminase, and
glutamic pyruvic transaminase remained unchanged between the DT group and control group (Fig. 5B, C, D, F, G, H), indicating that
DT did not result in significant nephrotoxicity or hepatotoxicity in mice with ARK1 and ARK2 cell xenografts. Additionally, we
observed that DT treatment resulted in a significant reduction in the ultimate tumor volume in both ARK1 cell-xenografted mice
(Fig. 6A) and ARK2 cell-xenografted mice (Fig. 6B) after a 3-week period. These findings support our cell line data, indicating that DT
treatment (30 mg/kg via intraperitoneal injection) effectively curbed the final tumor volume without any unfavorable effects in a
xenograft nude mouse model.

4. Discussion

A recent investigation has established a strong connection between ferroptosis and drug resistance in endometrial cancer [36].
Earlier research has revealed that patients with a lower ferroptosis score are at a higher risk of developing resistance to cisplatin and
paclitaxel, based on clinical samples of both tumor and normal tissues [37]. Furthermore, the activation of the HSPA5-GPX4 pathway,
which induces ferroptosis resistance, can lead to gemcitabine resistance in ovarian cancer [38]. Therefore, targeting genes associated
with ferroptosis could potentially be an effective treatment strategy for endometrial cancer [9]. The STAT3 inhibitor BBI608 has been
demonstrated to diminish the viability of patient-derived primary cells in endometrial carcinoma at clinically relevant concentrations
[27]. An alternative investigation demonstrated that the activation of Src and STAT3 is mediated by integrin a6p4, leading to inhi-
bition of ferroptosis [28,29]. In our research, we observed that the viability of both ARK1 and ARK2 cells was significantly reduced by
10 pM DT. Additionally, DT at this concentration induced ferroptosis in endometrial cancer cells by inhibiting the expression of GPX4
and p-STAT3. Notably, the inhibitory effect of 10 pM DT was higher than that of commonly used clinical anti-cancer agents, such as
oxaliplatin, gemcitabine, and 5-fluorouracil, in both ARK1 and ARK2 cells. These results suggest that 10 yM DT may have potential as
an anti-tumor agent for endometrial cancer with drug resistance.

Kong et al. delineated the molecular architecture of Dihydroisotanshinone I [39]. Subsequent research has demonstrated the
significant cardiovascular benefits of unrefined Salvia miltiorrhiza Bunge extracts, including coronary artery relaxation, myocardial
antioxidant rescue, platelet aggregation inhibition, and the prevention of low-density lipoprotein oxidation. Additionally, these ex-
tracts have been shown to enhance the long-term memory retention in rodent models [40-42]. Furthermore, Salvia miltiorrhiza Bunge
extracts have displayed anti-neoplastic properties across a range of human cancer cell types, such as gastric adenocarcinoma, prostate
carcinoma, breast adenocarcinoma, colorectal carcinoma, and lung adenocarcinoma cells [43]. Notably, dihydrotanshinone I was
found to possess elevated cytotoxic capabilities relative to other tanshinones in a majority of the evaluated cancer cell lines [43].
Separate investigations have also revealed that a purified form of Salvia miltiorrhiza Bunge extract, known as PF2401-SF, offers
hepatoprotective effects in vivo and markedly attenuates inflammation in rat models of acute arthritis induced by carrageenan or
dextran [44,45]. In a recent investigation, the administration of C-DM1 extract, which comprises constituents such as dihy-
droisotanshinone, dihydroisotanshinone I, cryptotanshinone, harpagoside, and atractyloside A, was found to ameliorate symptoms of
diabetes in high-fat diet-induced diabetes mice [46]. Concurrently, another research endeavor demonstrated that dihydroisotan-
shinone I mitigates cellular apoptosis and exerts antioxidative properties by diminishing reactive oxygen species levels. Additionally,
this compound modulates circadian gene expression, specifically by upregulating SIRT1 and downregulating BMALL, in an in vitro
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model of 6-OHDA-induced Parkinson’s disease [47]. Separate investigations have also revealed that dihydroisotanshinone I triggers
apoptosis in Detroit 562 cells, partially mediated through the p38 signaling pathway. Dihydroisotanshinone I was effective in shrinking
head and neck squamous cell tumors without manifesting discernible hepatotoxic side effects in a xenograft murine model [48].
Studies conducted recently have revealed that various fat-soluble constituents found in Salvia miltiorrhiza (Danshen), such as tan-
shinone II, tanshinone I, cryptotanshinone, and DT, exhibit promising in vivo and in vitro antitumor effects against gynecological
cancer, operating through distinct molecular mechanisms [49]. DT has been found to exhibit inhibitory effects against various forms of
gynecological cancer, such as breast cancer, cervical cancer, and ovarian cancer, through several mechanisms [16,49-54]. In endo-
metrial cancer, tanshinone I has been shown to impede the proliferation of HEC-1-A cells in a dose-dependent manner by inducing
apoptosis and elevating the ROS level [55]. During our study, we noticed a significant decrease in cell viability for both ARK1 and
ARK2 cells when exposed to a concentration of 10 pM DT. It is plausible that other tanshinone family members, including tanshinone I,
tanshinone IIA, and cryptotanshinone, which possess similar chemical structures to DT, may also exhibit inhibitory effects against
endometrial cancer. In previous study, the IC50 of tanshinone I against HEC-1-A cells was determined to be 20 pM following 24-h
incubation [55]. In our study, we observed that DT exhibited an IC50 of 9.353 pM and 2.495 pM after being incubated for 24 h on
ARK1 and ARK2 cells, respectively. It is worth noting that while HEC-1-A cells are endometrial adenocarcinoma, ARK1 and ARK2 cells
are endometrial serous adenocarcinoma, which may account for the difference in IC50 between DT and tanshinone I. Another possible
explanation is the difference in the side chains between DT and tanshinone I. Further research on the inhibitory effects of other
members of the tanshinone family, including tanshinone II and cryptotanshinone, on endometrial cancer may be necessary.

In phytochemical derivatives, both juglone and plumbagin are naturally occurring quinones proven to instigate apoptotic pathways
in endometrial cancer cells [56,57]. Juglone further elicits ferroptosis in Ishikawa cells of endometrial cancer origin by facilitating
intracellular iron sequestration and glutathione (GSH) depletion [58]. Previous research has elucidated that tanshinone IIA provokes
ferroptosis in gastric carcinoma cell lines BGC-823 and NCI-H87 through the upregulation of p53 and the downregulation of xCT
(SLC7A11) [59]. Tanshinone IIA also attenuates the stem cell-like properties of gastric cancer cells by inducing ferroptosis, accom-
panied by an increase in lipid peroxide concentrations and a decrease in glutathione levels [60]. Our investigations have confirmed
that DT induces ferroptosis across multiple cancer types, including endometrial, breast, and lung cancers, via the suppression of GPX4
expression [11,16]. Structurally analogous compounds within the tanshinone family may similarly hold the capacity to inhibit GPX4
and thereby initiate ferroptosis. Separate studies have revealed that integrin a6p4-mediated activation of Src and STAT3 serves as a
mechanism for ferroptosis inhibition [28,29]. YAP facilitates ferroptosis via the modulation of SKP2 expression [35]. In our experi-
ments, we noted a marked reduction in cell viability for both ARK1 and ARK2 cells when exposed to 10 uM DT. Concurrently, this
concentration of DT suppressed the expression of GPX4, phosphorylated STAT3 and SKP2, thereby inducing ferroptosis in endometrial
cancer cells. The possibility remains that DT could activate ferroptosis pathways independent of GPX4 inhibition.

In the current investigation, limitations arise from the utilization of only two types of endometrial cancer cells, namely ARK1 and
ARK2. A more comprehensive understanding could be achieved by incorporating additional endometrial cancer cell types such as
Ishikawa, HEC-1-A, HEC-1-B, and KLE cells, each possessing distinct cellular characteristics. This would facilitate a more robust
validation of DT’s effects on endometrial cancer prior to clinical trials [61]. Furthermore, the structural similarities among various
members of the tanshinones family with DT warrant exploration in future research to identify more efficacious compounds. Regarding
in vivo studies, the xenografted animal model employed involved ARK1 and ARK2 cells, both of human origin. To enhance the
translational relevance, alternative animal models such as spontaneous or chemically induced endometrial cancer rodent models, as
well as transgenic mouse models, should be considered for future investigations before proceeding to clinical trials [62].

5. Conclusion

To summarize, our findings indicate that a concentration of 10 pM DT can impede the cell viability of endometrial cancer cells via
apoptosis and ferroptosis. The mechanism by which 10 pM DT elicits ferroptosis is through the inhibition of GPX4 expression.
Additionally, in a xenograft nude mice model, DT treatment (30 mg/kg via intraperitoneal injection) effectively decreased the final
tumor volume without any detrimental effects. Therefore, DT may serve as a promising therapeutic option for the treatment of
endometrial cancer. Further research is warranted to verify these results.
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