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Introduction: β-Elemene, derived from Curcuma zedoaria (Wenyujin), is clinically recognized for inducing apoptosis, inhibiting cell cycle progression, and reversing chemotherapy resistance in various cancers. However, its effects on radioresistant gastric cancer (GC) remain unclear.Methods: In this study, radioresistant GC cell lines (MKN45/IR and AGS/IR) were established via multiple low-dose radiations. The impact of β-elemene on radiosensitivity was assessed using CCK-8 and clonogenic assays, with ferroptosis markers such as ROS, MDA, and Fe2+ levels measured. Additionally, the influence of β-elemene on GPX4 and its interaction with OTUB1 was examined through qRT-PCR, Western blot, immunofluorescence, co-immunoprecipitation, and in vivo studies.Results: Our findings indicate that β-elemene reverses radioresistance in GC cells and significantly inhibits cell growth when combined with radiotherapy. β-Elemene treatment elevated ROS, MDA, and Fe2+ levels, enhancing ferroptosis, which was confirmed by Ferrostatin-1 and Deferoxamine inhibition studies. Mechanistic analysis revealed that β-elemene disrupts the OTUB1-GPX4 interaction, leading to increased GPX4 ubiquitination and degradation, thus promoting ferroptosis. In vivo studies further demonstrated that β-elemene combined with radiotherapy significantly suppressed tumor growth compared to radiotherapy alone.Discussion: These results suggest that β-elemene effectively modulates radioresistance in GC by targeting the GPX4 pathway and inducing ferroptosis. This highlights its potential as a therapeutic adjunct in radiotherapy for resistant GC cases.Keywords: gastric cancer, β-elemene, ferroptosis, ubiquitination, GPx4, OUTB1
1 INTRODUCTION
Gastric cancer (GC) is among the most aggressive malignancies, ranking fifth in global incidence and third in cancer-related mortality worldwide (Ding et al., 2023; Qu et al., 2023). Despite advances in diagnosis and treatment, the prognosis for patients with advanced GC remains poor (Smyth et al., 2020). Radiotherapy, a cornerstone of GC treatment, induces various forms of DNA damage; however, its effectiveness is often hampered by the development of radioresistance (Meng and Lu, 2024; Varghese et al., 2024). As a result, overcoming this resistance to enhance radiotherapy efficacy has become a central focus of research.
Emerging evidence indicates that ferroptosis, an iron-dependent form of cell death characterized by lipid peroxidation, can inhibit the growth of malignant tumors resistant to conventional therapies (Wang et al., 2023; He et al., 2023; Luo et al., 2023). For example, photodynamic therapy (PDT) significantly reduces oral squamous cell carcinoma growth by increasing ROS levels and inducing ferroptosis (Zhu et al., 2019). Similarly, radiotherapy has been shown to trigger substantial ferroptosis, contributing to its anticancer effects. In KEAP1-deficient lung cancer cells, ferroptosis and radioresistance are mediated by the CoQ-FSP1 axis, with sensitization achieved through inhibiting this pathway (Koppula et al., 2022). Unlike apoptosis, necrosis, and autophagy, ferroptosis has unique genetic, biochemical, and morphological characteristics (Zhang et al., 2019). Clinically, combining radiotherapy with chemotherapy, targeted therapy, or immunotherapy is often necessary to effectively target cancer cells (Wang et al., 2018). Notably, the success of these treatments may also relate to the induction of ferroptosis, positioning it as a vital strategy in overcoming drug resistance.
Natural products have long been recognized as promising therapeutic agents, with numerous studies highlighting their potential to sensitize tumor cells to radiation via key molecular mechanisms (Komorowska et al., 2022). Among these, β-elemene, an anti-cancer compound extracted from the Zingiberaceae plant Curcuma zedoaria, stands out. Known chemically as 1-methyl-1-vinyl-2,4-diisopropylcyclohexane, β-elemene has been extensively used in treating various malignancies, including lung, bladder, leukemia, ovarian, and glioblastoma cancers (Wang et al., 2005; Li et al., 2013a; Yu et al., 2011; Li et al., 2013b; Yao et al., 2008). Research has demonstrated β-elemene’s capability to reverse drug resistance and enhance the effects of chemotherapy (Liu et al., 2015). Recent findings also suggest its role as a radiosensitizer, promoting DNA damage and inhibiting repair, and increasing apoptosis in treated lung cancer cells (Zou et al., 2020). Yet, its impact on ferroptosis and the radiosensitivity of GC cells resistant to radiation remains unexplored.
In this study, we aim to investigate the effects of β-elemene on radioresistant GC cells, focusing on its potential to induce ferroptosis and enhance radiosensitivity. By elucidating the underlying mechanisms, we hope to establish β-elemene as a potent therapeutic adjunct in the treatment of radioresistant GC, ultimately improving patient outcomes.
2 MATERIALS AND METHODS
2.1 Cell culture and radiation treatment
Human GC cell lines MKN-45 were obtained from BeNa Culture Collection (Shanghai, China), AGS from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in 1,640 medium (Gibco, United States) supplemented with 10% fetal bovine serum (Clark, Shanghai, China) and penicillin-streptomycin (Gibco, United States), in a humidified environment of 37°C with 5% CO2. To establish radioresistant cell lines, AGS and MKN-45 cells were irradiated at a cell density of 60% with a dose of 4 Gy. Immediately following irradiation, the culture medium was replaced with fresh medium, which was then changed every 2 days. Cells were continuously cultured until they reached 90% confluence, at which point they were enzymatically dissociated using trypsin and transferred to new T25 culture flasks. This process of culturing and irradiation was repeated until a cumulative dose of 60 Gy was achieved (over 15 sessions), resulting in the establishment of the radioresistant cell lines MKN-45/IR and AGS/IR (Li et al., 2014; Petragnano et al., 2020).
2.2 Cell counting Kit-8 (CCK-8), clone formation assay and EDU assay
Cell viability was assessed using the CCK-8 according to the manufacturer’s instructions. Cells were seeded in 96-well plates at a density of 1,000 cells per well. To prevent edge effects, equal volumes of PBS were added to the peripheral wells. Cells were then subjected to irradiation at doses of 0, 2, 4, 6, and 8 Gy or treated with 100 mg/L β-elemene, or a combination of both. After 48 h, 100 μL of diluted CCK-8 solution was added to each well and incubated for 1–2 h. Absorbance was measured at 450 nm using a microplate reader. For the clonogenic assay, logarithmically growing cells were used. After treatment with trypsin to create a single-cell suspension, cells were seeded in 6-well plates at a density of 1,000 cells per well. Twenty-4 hours later, cells were either irradiated at varying doses of 0, 2, 4, 6, and 8 Gy, treated with 100 mg/L β-elemene, or received both treatments. After 14 days of incubation, colonies were fixed with polyethylene glycol for 20 min and stained with crystal violet. Colonies containing at least 50 cells were counted. Colony survival rates for each treatment were calculated. The EDU assay was performed using the BeyoClick™ EdU-555 Cell Proliferation Assay Kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. Images were captured using a Leica Thunder fully automated inverted microscope. The experiment was conducted in triplicate.
2.3 Assessing β-elemene mechanisms with inhibitors
To explore how β-elemene inhibits the proliferation of radioresistant GC, several specific inhibitors were utilized. These included the ferroptosis inhibitor Ferroptosis Inhibitor-1 (Fer-1), the iron chelator Desferrioxamine (DFO), the autophagy inhibitor 3-Methyladenine (3-MA), the apoptosis inhibitor Z-VAD-FMK (Z-Val-Ala-Asp(OMe)-fluoromethylketone), and the necrosis inhibitor Necrostatin-1 (Nec-1). All reagents were sourced from MedChemExpress (the United States) and stored at −20°C.
2.4 Quantitative real-time PCR (qRT-PCR) assay
RNA was isolated utilizing TRIzol reagent (Invitrogen, United States). The qRT-PCR process was carried out in accordance with methods outlined earlier (Sindhuja et al., 2022). Primer sequences are provided: GPX4:F:5′-GAGGCAAGACCGAAGTAAACTAC-3′,R:5′-CCGAACTGGTTACACGGGAA-3’.
2.5 Malondialdehyde (MDA) assay
Operation was performed according to the instructions of the MDA assay kit (Beyotime, China). Prepare the working solution by washing the cells to be tested three times with PBS buffer solution. Then, lyse the cells with RIPA lysis buffer containing 1% PMSF for 30 min. Transfer 0.15 mL of the lysate to the sample tube. Add 0.15 mL of the standard solution to the standard tube and 0.15 mL of distilled water to the blank tube. Add 2.5 mL of TBA to each tube, incubate at 100°C for 40 min, and cool with tap water. Centrifuge at 4,000 rpm for 10 min. Transfer the supernatant to a 96-well plate, set the wavelength to 532 nm, and measure the absorbance using a multifunctional microplate reader.
2.6 Reactive oxygen species (ROS) measurement
Intracellular ROS levels were measured using 2,7-dichlorofluorescein diacetate (DCFH-DA) (Yeasen, Shanghai, China). Cells were incubated with 10 μM DCFH-DA diluted in RPMI-1640 medium at 37°C in the dark for 30 min. Fluorescence intensity was quantified using ImageJ software. Cells were analyzed using flow cytometry.
2.7 Iron ion detection
Operate according to the instructions of the iron ion colorimetric test kit manual (Beyotime, China).
2.8 Western blot assay
Total protein separation and Western blot were conducted following the aforementioned methods (Liu et al., 2020; He et al., 2024). The following antibodies were utilized: anti-GPX4, anti-GAPDH, anti-HA and anti-Flag (Proteintech, China), anti-OTUB1(Affinity, China).
2.9 Co-immunoprecipitation assay (Co-IP)
Total cell lysates were incubated with 1 μg of primary antibody or negative control rabbit IgG overnight at 4°C. Subsequently, 20 μL of Protein A+ G Agarose (Bioworld Technology, St. Louis Park, MN, United States) was added, and the mixture was further incubated for 2 h at 4°C. The protein-antibody mixtures were washed four times with PBS and collected by agarose bead spinning. Following this, proteins were identified through SDS-polyacrylamide gel electrophoresis and subsequent Western blot analysis.
2.10 Immunofluorescence assay (IF)
First, GC cells were washed three times with cold phosphate-buffered saline (PBS) (Gibco, United States). They were then fixed with 4% paraformaldehyde (Beyotime, China) for 25 min, followed by permeabilization with 0.1% Triton X-100 (Beyotime, China) for 10 min. This was followed by a blocking step in 5% bovine serum albumin (Solarbio, China). Subsequently, the cells were incubated with anti-GPX4 antibody overnight at 4°C, followed by three washes with PBS. Next, the cells were incubated with Alexa Fluor 488 conjugated goat anti-Mouse IgG (ABclonal, China) for 1 h, followed by three washes with PBS. The cells were then incubated with anti-OTUB1 antibody overnight at 4°C, followed by PBS washes. Subsequently, the cells were incubated with Alexa Fluor 647 conjugated goat anti-Rabbit IgG (ABclonal, China) for 1 h and stained with DAPI (Cell Signaling Technology, United States) for 15 min. Imaging of the stained cells was performed using a Zeiss LSM 900 confocal microscope.
2.11 Immunohistochemistry (IHC)
IHC were performed according to methods previously described (Zhu et al., 2021; Hu et al., 2020; Yilin Hu et al., 2024). Anti-GPX4, anti-Ki-67, anti-4-HNE antibodies were used. Two experienced pathologists manually scored the staining intensity according to the following criteria: 0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong staining. The proportion of positive cells was scored as 1 (0%–10%), 2 (11%–50%), 3 (51%–80%), 4 (81%–100%) (Lu et al., 2020; Zhu et al., 2019; Xian et al., 2014; Jing-Lin Wang et al., 2023). The final IHC score was calculated by multiplying the intensity score by the percentage of positive cells.
2.12 Animal experiment
Thirty-two 4-week-old male nude mice (purchased from the Model Animal Research Center of Nantong University) were randomly divided into eight groups. Four groups were injected with MKN-45/IR cells (control group, β-elemene group, radiation therapy group, and combination therapy group), and four groups were injected with AGS/IR cells (control group, β-elemene group, radiation therapy group, and combination therapy group), with four mice per group. Each mouse was subcutaneously injected in the right axillary area with 200 μL of MKN-45/IR or AGS/IR cells (2 × 10^6 cells). The growth of the mice was monitored regularly, and once the subcutaneous tumor size reached approximately 150 mm³ (around 15 days), different treatments were administered to the groups. Tumor volume and weight were measured every 3 days. After 36 days, the mice were euthanized, and tumor tissues were harvested, weighed, photographed, recorded, and tumor growth curves were plotted. All animal experiments were approved by the Animal Ethics Committee of Nantong University.
2.13 Statistical analysis
Data were analyzed using GraphPad Prism 8.0 and the R programming language (version 4.2.3). Measurement data with normal distribution were expressed as mean ± SD and statistically analyzed with two-sample t-test. Non-normal distribution measurement data were expressed as median (range) and analyzed by Mann-Whitney U test. For groups of three or more that conform to a normal distribution, one-way ANOVA is utilized, while for those that do not follow a normal distribution, the Kruskal–Wallis test is employed. All statistical analyses were two-sided, and p < 0.05 was used to define statistical significance. All experiments were conducted more than three times.
3 RESULTS
3.1 β-Elemene treatment reverses the radioresistance of GC cells
To investigate whether β-elemene treatment can reverse the radioresistance of GC cells, we first established radioresistant GC cell lines (MKN-45/IR and AGS/IR) (Figure 1A). The radioresistance of MKN-45/IR and AGS/IR cells was assessed using the Cell Counting Kit-8 (CCK-8) assay and clonogenic survival assay. Results showed that MKN-45/IR and AGS/IR cells exhibited higher growth capabilities and survival rates compared to their parental cells (Figures 1B–E). We further determined the mean lethal dose (D0), quasi-threshold dose (Dq), and the sensitization enhancement ratio (SER) of cell survival before and after radiotherapy. The results indicated that the D0 for MKN-45 was 3.130 and the Dq was 2.665, while for MKN-45/IR cells, the D0 was 4.476 and the Dq was 3.052, with an SER of 0.75. For AGS, the D0 was 3.302 and the Dq was 2.376, while for AGS/IR cells, the D0 was 4.441 and the Dq was 2.904, with an SER of 0.74. These findings suggest that the resistant cell lines exhibit stronger radioresistance than their parental cells. To further explore the impact of β-elemene treatment on radioresistance, we validated this effect using a clonogenic formation assay. The results demonstrated that the combination of β-elemene and radiotherapy significantly reduced the colony-forming ability of MKN-45/IR and AGS/IR cells (Figures 1F–I).
[image: Figure 1]FIGURE 1 | β-Elemene treatment reverses the radioresistance of GC cells. (A) Construction of radioresistant GC cell line models. (B–C) Evaluation of radiosensitivity in radioresistant GC cell lines MKN-45/IR and AGS/IR using the CCK-8 assay. (D–E) Assessment of colony formation following treatment with various radiation doses; colonies counted 2 weeks post-treatment. (F–I) Investigation of the impact of β-elemene and/or 4 Gy radiation exposure on the proliferative capacity of GC cells via colony formation.***p < 0.001.
3.2 β-Elemene treatment can induce ferroptosis in radioresistant GC cells
To determine the primary molecular mechanisms by which β-elemene combined with radiotherapy inhibits the growth of radioresistant GC cells, cells were first pre-treated with various cell death inhibitors. Cells were treated with the ferroptosis inhibitor Fer-1, the iron chelator DFO, the autophagy inhibitor 3-methyladenine (3-MA), the apoptosis inhibitor Z-VAD, and the necroptosis inhibitor Necrostatin-1. Cell survival levels were assessed 48 h later. The results indicated that both Fer-1 and DFO significantly reduced the cell death induced by the combination of radiotherapy and β-elemene (Figures 2A,B). This suggests that ferroptosis may play a key role in β-elemene’s ability to reverse radiotherapy resistance. Subsequently, to further validate this hypothesis, we measured levels of reactive oxygen species (ROS), iron ions, and lipid peroxidation in MKN-45/IR and AGS/IR cells. Consistent with previous findings, these indicators were significantly elevated after the combined treatment of β-elemene and radiotherapy (Figures 2C–H). To explore the role of ferroptosis in β-elemene’s reversal of radiotherapy resistance in GC cells, we focused on a key ferroptosis regulatory protein, Glutathione Peroxidase 4 (GPX4). GPX4 is the principal enzyme that prevents the accumulation of peroxidized lipids in cells, and its activity is closely linked to ferroptosis (Liu et al., 2024). Therefore, we assessed the expression of GPX4 in radioresistant GC cells treated with β-elemene via qPCR and Western blot. Although there was no significant change in GPX4 mRNA expression levels, the protein levels decreased significantly, suggesting that β-elemene may regulate the expression of GPX4 by affecting protein stability or degradation pathways, thereby further promoting ferroptosis (Figures 2I–L).
[image: Figure 2]FIGURE 2 | β-Elemene treatment can induce ferroptosis in Radioresistant GC cells. (A–B) MKN-45/IR and AGS/IR cells were treated for 48 h with 4 Gy irradiation and/or β-elemene (100 mg/L) combined with various cell death inhibitors, followed by cell viability assessment using the CCK-8 assay. (C–D) The levels of reactive oxygen species (ROS) in MKN-45/IR and AGS/IR cells were measured 48 h after treatment with β-elemene (100 mg/L) and/or irradiation (4 Gy) using flow cytometry. (E–F) The intracellular levels of Fe2+ in MKN-45/IR and AGS/IR cells were determined 48 h post-treatment with β-elemene (100 mg/L) and/or radiation (4 Gy) using an Fe2+ detection assay kit. (G–H) The levels of malondialdehyde (MDA) in MKN-45/IR and AGS/IR cells were analyzed 48 h after treatment with β-elemene (100 mg/L) and/or various doses of radiation. (I–L) The expression of GPX4 in AGS/IR and MKN-45/IR cells was evaluated 48 h post-treatment with β-elemene (100 mg/L) and/or radiation (4 Gy) using qRT-PCR and Western blot. **p < 0.01, ***p < 0.001.
3.3 β-Elemene promotes the ubiquitination and degradation of GPX4 in radioresistant GC cells
To further clarify how β-elemene affects GPX4 protein levels, we initially treated cells with cycloheximide (CHX) to block new protein synthesis, allowing us to observe the dynamics of protein degradation. Experimental results indicated that in the combination of β-elemene and radiotherapy, GPX4 degraded faster than in the radiotherapy-alone group (Figures 3A–F). This suggests that β-elemene may enhance the degradation of GPX4. Considering that the ubiquitin-proteasome pathway and the autophagy-lysosome pathway are two major routes regulating protein degradation, we used the proteasome inhibitor MG132 and the autophagy inhibitor chloroquine (CQ) to further explore the role of these pathways. Treatment with MG132 significantly inhibited the degradation of GPX4, while treatment with CQ had little effect on the degradation of GPX4 (Figures 3G–J). This result indicates that under the conditions of combined β-elemene and radiotherapy, the degradation of GPX4 primarily occurs through the ubiquitin-proteasome pathway. To verify this, we further examined the ubiquitination levels of GPX4. Compared to the radiotherapy-alone group, the ubiquitination levels of GPX4 were significantly increased in the β-elemene and radiotherapy combination group, supporting our hypothesis that β-elemene may act by promoting the ubiquitination and subsequent proteasome-mediated degradation of GPX4 (Figures 3K, L).
[image: Figure 3]FIGURE 3 | β-Elemene promotes the ubiquitination and degradation of GPX4 in Radioresistant GC cells. (A–F) Western blot analysis of GPX4 protein levels in MKN-45/IR and AGS/IR cells treated with radiation (4 Gy) with or without β-elemene (100 mg/L). Cells were harvested at 0, 2, 4, and 6 h after treatment with CHX. (G–J) Western blot analysis of GPX4 protein levels in MKN-45/IR and AGS/IR cells treated with radiation (4 Gy) with or without β-elemene (100 mg/L). Cells were collected at 0, 2, 4, and 6 h after treatment with either MG-132 or CQ. (K–L) Investigation of ubiquitination levels of GPX4 in cells co-transfected with Ub plasmid, Flag-GPX4, and MG132, treated with radiation (4 Gy) with or without β-elemene (100 mg/L).
3.4 β-Elemene inhibits the interaction between OTUB1 and GPX4 in radioresistant GC cells
In order to delve deeper into the mechanism of GPX4 ubiquitination and degradation, we utilized the IntAct online database to predict potential interacting proteins of GPX4 (Figure 4A). Among these proteins, OTUB1 has been identified as a deubiquitinase that is intricately involved in the ubiquitin-dependent protein degradation pathway. Previous studies have demonstrated that in GC cell lines, OTUB1 can form a complex with GPX4, thereby reducing the ubiquitination levels of GPX4 and inhibiting its proteasomal degradation (Li et al., 2023). We also found this phenomenon in radioresistant GC cell lines. IF assays confirmed the co-localization of OTUB1 with GPX4 (Figures 4B,C), and COIP assays showed that the interaction between GPX4 and OTUB1 was robust in both the control and the radiotherapy-alone groups. However, this interaction was significantly diminished in the group treated with a combination of β-elemene and radiotherapy (Figures 4D, E).
[image: Figure 4]FIGURE 4 | β-Elemene inhibits the interaction between OTUB1 and GPX4 in Radioresistant GC cells. (A) Potential interacting proteins of GPX4 predicted using the IntAct online database. (B–C) IF experiments and mIHC validate the colocalization of GPX4 and OTUB1 in MKN-45/IR and AGS/IR cells. Scale bar, 10 μm. (D–E) Co-immunoprecipitation (Co-IP) assays to detect the interaction between GPX4 and OTUB1 in MKN-45/IR and AGS/IR cells treated with radiation (4 Gy) with or without β-elemene (100 mg/L).
3.5 β-elemene can reverse GC cell radioresistance through ferroptosis in vivo
To explore the therapeutic potential of β-elemene combined with radiotherapy in vivo, we established a subcutaneous tumor model in nude mice by injecting MKN-45/IR or AGS/IR cells subcutaneously (Figure 5A). Once tumors developed, treatments were administered either with β-elemene via gavage (0.2 mL per administration), radiotherapy alone (2 Gy per administration), or a combination of both. Results indicated that tumor growth in the nude mice treated with the combination of β-elemene and radiotherapy was significantly inhibited (Figures 5B–G). Immunohistochemical staining of the tumor tissues showed elevated levels of 4-HNE in the combination therapy group, whereas expressions of Ki-67 and GPX4 were lower compared to the control group (Figures 5H, I).
[image: Figure 5]FIGURE 5 | β-elemene can reverse GC cell radioresistance through ferroptosis in vivo. (A) Flowchart for constructing a nude mouse model of subcutaneous tumors treated with β-elemene combined with radiotherapy. (B–C) Typical images of subcutaneous xenograft tumors. (D–G) Volume and weight of subcutaneous xenograft tumors (n = 4). (H–I) IHC staining of subcutaneous tumors from different groups. Scale bar, 50 μm ***p < 0.001.
4 DISCUSSION
This study elucidates the capacity of β-elemene to reverse radioresistance in GC through the modulation of ferroptosis. Specifically, it has been demonstrated that β-elemene inhibits the interaction between OTUB1 and GPX4, facilitating the ubiquitin-mediated degradation of GPX4, enhancing ferroptosis, and consequently augmenting the radiosensitivity of GC cells (Figure 6). These findings provide a novel perspective on the therapeutic use of β-elemene to overcome radioresistance in GC treatment.
[image: Figure 6]FIGURE 6 | β-Elemene promotes ferroptosis and reverses radioresistance in gastric cancer by inhibiting the OTUB1-GPX4 interaction.
Recent studies have demonstrated the potential of β-elemene as a radiosensitizer across various cancer types. For instance, research in non-small-cell lung cancer showed that β-elemene enhances radiosensitivity by inhibiting EMT and reducing cancer stem cell traits through the Prx-1/NF-κB/iNOS signaling pathway (Zou et al., 2020). Similarly, β-elemene has been reported to promote DNA damage and inhibit repair mechanisms, resulting in increased apoptosis in glioblastoma and bladder cancer cells (Li et al., 2011). In glioblastoma, β-elemene’s ability to enhance both radiosensitivity and chemosensitivity was linked to its inhibition of the ATM signaling pathway (Liu et al., 2015). Our study revealing that β-elemene reverses radioresistance in GC cells primarily by promoting ferroptosis through the inhibition of the OTUB1-GPX4 interaction. This mechanism underscores the unique radiosensitizing capabilities of β-elemene and its potential to improve radiotherapy outcomes in GC.
GPX4 is an important negative regulator of ferroptosis (Chen et al., 2023). The primary intracellular function of GPX4 is to scavenge peroxidized lipids from cell membranes, preventing peroxidative damage (Forcina and Dixon, 2019). It converts reduced glutathione (GSH) to oxidized glutathione (GSSG) while reducing peroxidized lipids to non-toxic lipids. Thus, it plays a crucial role in inhibiting ferroptosis (Xue et al., 2023). In oncology, GPX4 is recognized for its critical role in mitigating lipid peroxidation and averting ferroptosis, thereby supporting cancer cell survival under therapeutic stress.
Recent studies have found that deubiquitinases selectively regulate tumor-associated proteins closely related to tumorigenesis and development (Dewson et al., 2023). OTU domain-containing ubiquitin aldehyde-binding protein B1 (OTUB1) is a member of the DUB family, widely expressed in the kidney, intestine, brain, liver, and lung (Nijman et al., 2005). OTUB1 is a deubiquitinating enzyme involved in the malignant progression of tumors (Liao et al., 2022). For example, OTUB1 promotes colorectal cancer metastasis by promoting EMT and serves as a potential distant metastasis marker in colorectal cancer (Saldana et al., 2019). OTUB1 also promotes esophageal squamous cell carcinoma (ESCC) metastasis by stabilizing the protein Snail. In GC cells, OTUB1 stabilizes GPX4 by inhibiting its ubiquitination, ultimately promoting GC metastasis by inhibiting ferroptosis (Zhou et al., 2018). This led us to speculate whether the ubiquitination modification of GPX4 by elemene is related to OTUB1 (Li et al., 2023). In this study, OTUB1 stabilizes GPX4 in radioresistance GC cells through deubiquitination. This interaction is crucial for maintaining cellular redox homeostasis and resisting cell death, making it a significant target for therapeutic intervention.
The significance of this research lies in uncovering a novel mechanism through which β-elemene enhances radiosensitivity in GC cells by inducing ferroptosis. This newly identified pathway differs from previously known effects of β-elemene, such as inducing apoptosis and causing cell cycle arrest (Liu et al., 2015). Consequently, the study expands the scientific community’s comprehension of the diverse roles of β-elemene in cancer treatment, particularly regarding radiotherapy, and underscores its potential for inclusion in therapeutic regimens. The findings indicate that β-elemene disrupts the GPX4-OTUB1 axis, likely through allosteric modulation or competitive inhibition (Zhao et al., 2023). This interference requires further structural and biochemical analysis to elucidate the precise mechanisms employed by β-elemene. Gaining such detailed molecular insights will aid in developing targeted therapies that exploit the reliance of radioresistant GC cells on the GPX4-OTUB1 interaction.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
No human studies are presented in the manuscript. The animal study was approved by the Animal Ethics Committee of Nantong University. The study was conducted in accordance with the local legislation and institutional requirements. No potentially identifiable images or data are presented in this study.
AUTHOR CONTRIBUTIONS
JH: Writing–original draft. ML: Writing–original draft. JB: Writing–original draft. YP: Writing–original draft. WX: Writing–review and editing. JC: Writing–review and editing. JZ: Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (82203096, 82102720, 82102825), the Natural Science Foundation of Jiangsu (BK20221272), the Jiangsu Commission of Health (M2021037), the Scientific and Technological Innovation and Demonstration Project of Nantong City (QA2023002), Natural Science Foundation of Nantong (JC2023092), Science and Technology Bureau of Nantong (JC12022107), China Postdoctoral Science Foundation (2022M711717), Fundation of Jiangsu Province Research Hospital (YJXYY202204-ZD18) and the Postgraduate Research and Practice Innovation Program of Jiangsu Province (Grant No. KYCX23_3432, SJCX23_1793).
ACKNOWLEDGMENTS
We thank all contributors and the Animal Research Center of Nantong University for their invaluable support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Chen, W., Li, Z., Yu, N., Zhang, L., Li, H., Chen, Y., et al. (2023). Bone-targeting exosome nanoparticles activate Keap1/Nrf2/GPX4 signaling pathway to induce ferroptosis in osteosarcoma cells. J. Nanobiotechnology 21 (1), 355. doi:10.1186/s12951-023-02129-1
 Dewson, G., Eichhorn, P. J. A., and Komander, D. (2023). Deubiquitinases in cancer. Nat. Rev. Cancer 23 (12), 842–862. doi:10.1038/s41568-023-00633-y
 Ding, P., Liu, P., Meng, L., and Zhao, Q. (2023). Mechanisms and biomarkers of immune-related adverse events in gastric cancer. Eur. J. Med. Res. 28 (1), 492. doi:10.1186/s40001-023-01365-3
 Forcina, G. C., and Dixon, S. J. (2019). GPX4 at the crossroads of lipid homeostasis and ferroptosis. Proteomics 19 (18), e1800311. doi:10.1002/pmic.201800311
 He, J., Yi, J., Ji, L., Dai, L., Chen, Y., and Xue, W. (2024). ECHDC2 inhibits the proliferation of gastric cancer cells by binding with NEDD4 to degrade MCCC2 and reduce aerobic glycolysis. Mol. Med. 30 (1), 69. doi:10.1186/s10020-024-00832-9
 He, P., Xu, S., Miao, Z., Que, Y., Chen, Y., Li, S., et al. (2023). Anti-Her2 affibody-decorated arsenene nanosheets induce ferroptosis through depleting intracellular GSH to overcome cisplatin resistance. J. Nanobiotechnology 21 (1), 203. doi:10.1186/s12951-023-01963-7
 Hu, Y. L., Feng, Y., Chen, Y. Y., Liu, J. Z., Su, Y., Li, P., et al. (2020). SNHG16/miR-605-3p/TRAF6/NF-κB feedback loop regulates hepatocellular carcinoma metastasis. J. Cell Mol. Med. 24 (13), 7637–7651. doi:10.1111/jcmm.15399
 Jing-Lin Wang, L. Z., Xu, C.-Z., Qin, X.-Q., Liu, S.-J., Wen, B.-J., Ren, H.-Z., et al. (2023). KRT17 serves as an oncogene biomarker of poor survival in patients with hepatocellular carcinoma. Biomed. Technol. 3, 18–25. doi:10.1016/j.bmt.2022.12.002
 Komorowska, D., Radzik, T., Kalenik, S., and Rodacka, A. (2022). Natural radiosensitizers in radiotherapy: cancer treatment by combining ionizing radiation with resveratrol. Int. J. Mol. Sci. 23 (18), 10627. doi:10.3390/ijms231810627
 Koppula, P., Lei, G., Zhang, Y., Yan, Y., Mao, C., Kondiparthi, L., et al. (2022). A targetable CoQ-FSP1 axis drives ferroptosis- and radiation-resistance in KEAP1 inactive lung cancers. Nat. Commun. 13 (1), 2206. doi:10.1038/s41467-022-29905-1
 Li, D., Wang, Y., Dong, C., Chen, T., Dong, A., Ren, J., et al. (2023). CST1 inhibits ferroptosis and promotes gastric cancer metastasis by regulating GPX4 protein stability via OTUB1. Oncogene 42 (2), 83–98. doi:10.1038/s41388-022-02537-x
 Li, L. J., Zhong, L. F., Jiang, L. P., Geng, C. Y., and Zou, L. J. (2011). β-Elemene radiosensitizes lung cancer A549 cells by enhancing DNA damage and inhibiting DNA repair. Phytother. Res. 25 (7), 1095–1097. doi:10.1002/ptr.3367
 Li, Q. Q., Lee, R. X., Liang, H., Wang, G., Li, J. M., Zhong, Y., et al. (2013b). β-Elemene enhances susceptibility to cisplatin in resistant ovarian carcinoma cells via downregulation of ERCC-1 and XIAP and inactivation of JNK. Int. J. Oncol. 43 (3), 721–728. doi:10.3892/ijo.2013.1996
 Li, Q. Q., Wang, G., Liang, H., Li, J. M., Huang, F., Agarwal, P. K., et al. (2013a). β-Elemene promotes cisplatin-induced cell death in human bladder cancer and other carcinomas. Anticancer Res. 33 (4), 1421–1428.
 Li, W. F., Zhang, L., Li, H. Y., Zheng, S. S., and Zhao, L. (2014). WISP-1 contributes to fractionated irradiation-induced radioresistance in esophageal carcinoma cell lines and mice. PLoS One 9 (4), e94751. doi:10.1371/journal.pone.0094751
 Liao, Y., Yang, M., Wang, K., Wang, Y., Zhong, B., and Jiang, N. (2022). Deubiquitinating enzyme OTUB1 in immunity and cancer: good player or bad actor?Cancer Lett. 526, 248–258. doi:10.1016/j.canlet.2021.12.002
 Liu, J., Tang, D., and Kang, R. (2024). Targeting GPX4 in ferroptosis and cancer: chemical strategies and challenges. Trends Pharmacol. Sci. 45, 666–670. doi:10.1016/j.tips.2024.05.006
 Liu, J. S., Che, X. M., Chang, S., Qiu, G. L., Fan, L., He, S. C., et al. (2015b). β-elemene enhances the radiosensitivity of gastric cancer cells by inhibiting Pak1 activation. World J. Gastroenterol. 21 (34), 9945–9956. doi:10.3748/wjg.v21.i34.9945
 Liu, J. Z., Hu, Y. L., Feng, Y., Jiang, Y., Guo, Y. B., Liu, Y. F., et al. (2020). BDH2 triggers ROS-induced cell death and autophagy by promoting Nrf2 ubiquitination in gastric cancer. J. Exp. Clin. Cancer Res. 39 (1), 123. doi:10.1186/s13046-020-01620-z
 Liu, S., Zhou, L., Zhao, Y., and Yuan, Y. (2015a). β-elemene enhances both radiosensitivity and chemosensitivity of glioblastoma cells through the inhibition of the ATM signaling pathway. Oncol. Rep. 34 (2), 943–951. doi:10.3892/or.2015.4050
 Lu, H., Feng, Y., Hu, Y., Guo, Y., Liu, Y., Mao, Q., et al. (2020). Spondin 2 promotes the proliferation, migration and invasion of gastric cancer cells. J. Cell Mol. Med. 24 (1), 98–113. doi:10.1111/jcmm.14618
 Luo, G., Wang, L., Zheng, Z., Gao, B., and Lei, C. (2023). Cuproptosis-Related Ferroptosis genes for Predicting Prognosis in kidney renal clear cell carcinoma. Eur. J. Med. Res. 28 (1), 176. doi:10.1186/s40001-023-01137-z
 Meng, K., and Lu, H. (2024). Clinical application of high-LET radiotherapy combined with immunotherapy in malignant tumors. Precis. Radiat. Oncol. 8 (1), 42–46. doi:10.1002/pro6.1225
 Nijman, S. M., Luna-Vargas, M. P. A., Velds, A., Brummelkamp, T. R., Dirac, A. M. G., Sixma, T. K., et al. (2005). A genomic and functional inventory of deubiquitinating enzymes. Cell 123 (5), 773–786. doi:10.1016/j.cell.2005.11.007
 Petragnano, F., Pietrantoni, I., Camero, S., Codenotti, S., Milazzo, L., Vulcano, F., et al. (2020). Clinically relevant radioresistant rhabdomyosarcoma cell lines: functional, molecular and immune-related characterization. J. Biomed. Sci. 27 (1), 90. doi:10.1186/s12929-020-00683-6
 Qu, X., Liu, B., Wang, L., Liu, L., Zhao, W., Liu, C., et al. (2023). Loss of cancer-associated fibroblast-derived exosomal DACT3-AS1 promotes malignant transformation and ferroptosis-mediated oxaliplatin resistance in gastric cancer. Drug Resist Updat 68, 100936. doi:10.1016/j.drup.2023.100936
 Saldana, M., VanderVorst, K., Berg, A. L., Lee, H., and Carraway, K. L. (2019). Otubain 1: a non-canonical deubiquitinase with an emerging role in cancer. Endocr. Relat. Cancer 26 (1), R1–R14. doi:10.1530/ERC-18-0264
 Sindhuja, S., Amuthalakshmi, S., and Nalini Nagarajan, C. (2022). A review on pcr and POC-pcr - a boon in the diagnosis of COVID-19. Curr. Pharm. Anal. 18 (8), 745–764. doi:10.2174/1573412918666220509032754
 Smyth, E. C., Nilsson, M., Grabsch, H. I., van Grieken, N. C., and Lordick, F. (2020). Gastric cancer. Lancet 396 (10251), 635–648. doi:10.1016/S0140-6736(20)31288-5
 Varghese, T. P., John, A., and Mathew, J. (2024). Revolutionizing cancer treatment: the role of radiopharmaceuticals in modern cancer therapy. Precis. Radiat. Oncol. 8 (3), 145–152. doi:10.1002/pro6.1239
 Wang, G., Li, X., Huang, F., Zhao, J., Ding, H., Cunningham, C., et al. (2005). Antitumor effect of beta-elemene in non-small-cell lung cancer cells is mediated via induction of cell cycle arrest and apoptotic cell death. Cell Mol. Life Sci. 62 (7-8), 881–893. doi:10.1007/s00018-005-5017-3
 Wang, Y., Deng, W., Li, N., Neri, S., Sharma, A., Jiang, W., et al. (2018). Combining immunotherapy and radiotherapy for cancer treatment: current challenges and future directions. Front. Pharmacol. 9, 185. doi:10.3389/fphar.2018.00185
 Wang, Y., Wu, X., Ren, Z., Li, Y., Zou, W., Chen, J., et al. (2023). Overcoming cancer chemotherapy resistance by the induction of ferroptosis. Drug Resist Updat 66, 100916. doi:10.1016/j.drup.2022.100916
 Xian, H., Zhang, H., Zhu, H., Wang, X., Tang, X., Mao, Y., et al. (2014). High APRIL expression correlates with unfavourable survival of gastrointestinal stromal tumour. Pathology 46 (7), 617–622. doi:10.1097/PAT.0000000000000162
 Xue, Q., Yan, D., Chen, X., Li, X., Kang, R., Klionsky, D. J., et al. (2023). Copper-dependent autophagic degradation of GPX4 drives ferroptosis. Autophagy 19 (7), 1982–1996. doi:10.1080/15548627.2023.2165323
 Yao, Y. Q., Ding, X., Jia, Y. C., Huang, C. X., Wang, Y. Z., and Xu, Y. H. (2008). Anti-tumor effect of beta-elemene in glioblastoma cells depends on p38 MAPK activation. Cancer Lett. 264 (1), 127–134. doi:10.1016/j.canlet.2008.01.049
 Yilin Hu, Y. C., Wu, M., Qian, C., Chen, J., Wang, K., Xue, W., et al. (2024). Integrin-based prognostic model predicts survival, immunotherapy response, and drug sensitivity in gastric cancer. Biomed. Technol. 5 (2949-723X), 26–45. doi:10.1016/j.bmt.2023.04.002
 Yu, Z., Wang, R., Xu, L., Xie, S., Dong, J., and Jing, Y. (2011). β-Elemene piperazine derivatives induce apoptosis in human leukemia cells through downregulation of c-FLIP and generation of ROS. PLoS One 6 (1), e15843. doi:10.1371/journal.pone.0015843
 Zhang, F., Li, F., Lu, G. H., Nie, W., Zhang, L., Lv, Y., et al. (2019). Engineering magnetosomes for ferroptosis/immunomodulation synergism in cancer. ACS Nano 13 (5), 5662–5673. doi:10.1021/acsnano.9b00892
 Zhao, L. P., Wang, H. J., Hu, D., Hu, J. H., Guan, Z. R., Yu, L. H., et al. (2023). β-Elemene induced ferroptosis via TFEB-mediated GPX4 degradation in EGFR wide-type non-small cell lung cancer. J. Adv. Res. 62, 257–272. doi:10.1016/j.jare.2023.08.018
 Zhou, H., Liu, Y., Zhu, R., Ding, F., Cao, X., Lin, D., et al. (2018). OTUB1 promotes esophageal squamous cell carcinoma metastasis through modulating Snail stability. Oncogene 37 (25), 3356–3368. doi:10.1038/s41388-018-0224-1
 Zhu, B., Chen, J. J., Feng, Y., Yang, J. L., Huang, H., Chung, W. Y., et al. (2021). DNMT1-induced miR-378a-3p silencing promotes angiogenesis via the NF-κB signaling pathway by targeting TRAF1 in hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 40 (1), 352. doi:10.1186/s13046-021-02110-6
 Zhu, L. F., Ma, P., Hu, Y. L., Feng, Y., Li, P., Wang, H., et al. (2019b). HCCR-1 is a novel prognostic indicator for gastric cancer and promotes cell proliferation. J. Cancer 10 (15), 3533–3542. doi:10.7150/jca.22462
 Zhu, T., Shi, L., Yu, C., Dong, Y., Qiu, F., Shen, L., et al. (2019a). Ferroptosis promotes photodynamic therapy: supramolecular photosensitizer-inducer nanodrug for enhanced cancer treatment. Theranostics 9 (11), 3293–3307. doi:10.7150/thno.32867
 Zou, K., Li, Z., Zhang, Y., Mu, L., Chen, M., Wang, R., et al. (2020). β-Elemene enhances radiosensitivity in non-small-cell lung cancer by inhibiting epithelial-mesenchymal transition and cancer stem cell traits via Prx-1/NF-kB/iNOS signaling pathway. Aging (Albany NY) 13 (2), 2575–2592. doi:10.18632/aging.202291
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 He, Li, Bao, Peng, Xue, Chen and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1469180-g005.gif





OPS/images/fphar-15-1469180-g006.gif
polomens

Radioresistant gestric cances call





OPS/images/fphar-15-1469180-g003.gif





OPS/images/fphar-15-1469180-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		β-Elemene promotes ferroptosis and reverses radioresistance in gastric cancer by inhibiting the OTUB1-GPX4 interaction		Introduction

		Methods

		Results

		Discussion

		1 Introduction

		2 Materials and methods		2.1 Cell culture and radiation treatment

		2.2 Cell counting Kit-8 (CCK-8), clone formation assay and EDU assay

		2.3 Assessing β-elemene mechanisms with inhibitors

		2.4 Quantitative real-time PCR (qRT-PCR) assay

		2.5 Malondialdehyde (MDA) assay

		2.6 Reactive oxygen species (ROS) measurement

		2.7 Iron ion detection

		2.8 Western blot assay

		2.9 Co-immunoprecipitation assay (Co-IP)

		2.10 Immunofluorescence assay (IF)

		2.11 Immunohistochemistry (IHC)

		2.12 Animal experiment

		2.13 Statistical analysis





		3 Results		3.1 β-Elemene treatment reverses the radioresistance of GC cells

		3.2 β-Elemene treatment can induce ferroptosis in radioresistant GC cells

		3.3 β-Elemene promotes the ubiquitination and degradation of GPX4 in radioresistant GC cells

		3.4 β-Elemene inhibits the interaction between OTUB1 and GPX4 in radioresistant GC cells

		3.5 β-elemene can reverse GC cell radioresistance through ferroptosis in vivo





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

B-Elemene promotes
ferroptosis and reverses
radioresistance in gastric cancer
by inhibiting the OTUB1-GPX4
interaction





OPS/images/fphar-15-1469180-g001.gif
0..
@80

HH? i ﬁfﬂ






OPS/images/fphar-15-1469180-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





