MGST3 Promotes Endometriosis Progression by Suppressing Ferroptosis
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Abstract 
Background: Endometriosis (EMs) is characterized by dysregulated persistence and enhanced invasiveness of ectopic endometrial cells. Current treatment strategies remain limited by high recurrence rates and considerable adverse effects. Although iron overload is a recognized feature of EMs, ectopic lesions paradoxically demonstrate resistance to ferroptosis, an iron-dependent cell death mechanism. The mechanistic involvement of microsomal glutathione S-transferase 3 (MGST3) in this process remains to be clarified.
Methods and Results: This study examined MGST3 expression and its functional role in EMs using in vitro assays and an in vivo murine model. MGST3 expression was markedly increased in ectopic endometrial cells compared with controls. Functional analyses indicated that MGST3 enhances the invasive phenotype of immortalized human ectopic endometrial stromal cells while concurrently inhibiting apoptosis. Furthermore, treatment with GSTO-IN-2 in the mouse model attenuated ectopic lesion growth and significantly altered ferroptosis-associated markers. However, due to the lack of specificity of GSTO-IN-2 for MGST3, these in vivo findings cannot be directly attributed to an MGST3-specific effect.
Conclusion: Collectively, these results indicate that MGST3 may play a role in the regulation of ferroptosis in EMs, with its overexpression contributing to ferroptosis-associated survival phenotypes in endometrial stromal cells. MGST3 may therefore serve as a potential biomarker and requires further investigation as a therapeutic target in EMs.
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Introduction
Endometriosis (EMs) is defined by the ectopic implantation and growth of functional endometrial-like tissue, comprising both glandular and stromal components, at sites outside the uterine cavity and myometrium. Clinically, it is classified into three distinct phenotypes: ovarian, peritoneal, and deep infiltrating EMs. As a common gynecological disorder, it affects approximately 6%–10% of women of reproductive age worldwide[1].This condition is a major contributor to chronic pelvic pain and infertility. Its multifactorial etiology involves diverse biological processes, including retrograde menstruation, hormonal dysregulation, and coelomic metaplasia, together with dysregulated immune-inflammatory signaling and epigenetic reprogramming[2]. However, the underlying pathogenesis of EMs remains poorly defined[3]. The current clinical management strategies of EMs primarily involves pharmacological therapy and surgical intervention. However, both standalone medical treatment and postoperative therapy largely rely on nontargeted hormonal approaches, which are frequently associated with a range of adverse effects[4]. Therefore, elucidation of the key molecular mechanisms driving its pathogenesis and the development of precise targeted therapeutic strategies have become major research priorities in this field.
EMs is recognized as an inflammatory disorder characterized by a markedly altered immune microenvironment[5].Redox imbalance and consequent lipid peroxidation are considered central mediators governing the progression of endometriotic lesions[6]. A fundamental pathogenic mechanism involves depletion of the antioxidant defense system resulting from excessive generation of reactive oxygen species (ROS) within the peritoneal cavity. This disequilibrium between pro-oxidant and antioxidant systems ultimately leads to localized or systemic oxidative stress[6]. This disrupted microenvironment directly enhances the survival capacity of ectopic endometrial cells and establishes a self-reinforcing cycle with chronic inflammation, in which both processes potentiate each other and collectively drive disease progression.
The glutathione S-transferase (GST) family represents a critical phase II detoxification enzyme system in cells. Multiple GST isoforms are localized to, or function within, mitochondria and serve as essential regulators of mitochondrial redox homeostasis. These enzymes mediate detoxification by catalyzing the conjugation of glutathione (GSH) to toxic metabolites, including lipid peroxides and electrophilic compounds, thereby protecting mitochondrial membranes, proteins, and mitochondrial DNA from oxidative damage. Their expression is regulated by transcription factors such as SKN-1, and activation of this pathway enhances mitochondrial antioxidant capacity while maintaining metabolic stability. Accordingly, GSTs function as a key link between intracellular antioxidant defense and mitochondrial health[22][23]. Microsomal glutathione S-transferase (MGST3) is primarily localized to the endoplasmic reticulum and mitochondria-associated membranes. It catalyzes the conjugation of GSH to electrophilic substrates, thereby protecting cells and modulating inflammatory signaling through detoxification of ROS and attenuation of oxidative stress[7][8][9][10][11]. However, the role of MGST3 in EMs remains to be elucidated.
In EMs, cyclic bleeding and the accumulation of retained blood lead to erythrocyte rupture, resulting in the release of hemoglobin, heme, and iron derivatives, and consequently a marked increase in iron concentration within cysts[13]. Iron-driven Fenton reactions and autoxidation promote ROS generation, inducing extensive lipid peroxidation and triggering ferroptosis. This iron-dependent form of regulated cell death is characterized by the excessive accumulation of intracellular Fe2+, which drives lethal membrane lipid peroxidation and distinguishes it from other forms of programmed cell death. Therefore, iron is causally linked to ferroptosis, acting not only as an initiating factor but also as a driver that sustains and amplifies this process by enhancing oxidative stress and depleting antioxidant defenses. Although ferroptosis is typically induced under conditions of intracellular iron overload, compromised antioxidant capacity, and elevated oxidative stress, endometriotic lesions exhibit an iron-rich microenvironment in which cells paradoxically display increased resistance to ferroptosis, thereby facilitating their survival, progression, and establishment[14]. While ferroptosis resistance appears to be a defining feature of EMs, the mechanisms underlying this refractory phenotype remain incompletely understood.
This study highlights the important contribution of MGST3-associated ferroptosis resistance to the progression of endometriotic lesions. Our findings demonstrate that MGST3 enhances the survival of endometriotic cells by attenuating ferroptosis sensitivity in immortalized human endometrial stromal cells (ihESCs). Upregulation of MGST3 in EMs inhibits ferroptosis in ihESCs and promotes disease progression. The therapeutic potential of targeting MGST3 was further supported in a murine model of EMs, in which pharmacological inhibition of the GST family combined with erastin effectively suppressed lesion growth. Collectively, these results suggest that MGST3 serves as a potential molecular target for the treatment of EMs.
Methods
Clinical samples
This study protocol was approved by the Ethics Committee of Shenzhen Maternity and Child Care Hospital, Women’s and Children’s Medical Center of Southern Medical University (ethics number: SFYLS [2024] 060). Written informed consent was obtained from all participants before enrollment. The study cohort included female patients with EMs diagnosed by laparoscopic surgery and confirmed by postoperative histopathology at Shenzhen Maternal and Child Health Hospital, Women’s and Children’s Medical Center of Southern Medical University from January 2024 to June 2025. Participants were aged 25–50 years and had regular menstrual cycles. The exclusion criteria included receipt of hormone therapy within the preceding 3 months, presence of pelvic cysts, or coexisting endocrine or metabolic disorders. Due to ethical and practical constraints, eutopic endometrial tissues from completely healthy women are difficult to obtain. Therefore, control samples were obtained from patients undergoing diagnosis and treatment for benign gynecological conditions (such as uterine prolapse, endometrial hyperplasia, endometrial polyps, or benign cervical lesions). The control group was required to have no clinical symptoms or signs indicative of EMs or adenomyosis. Detailed clinicopathological data for all enrolled patients, including age, menstrual phase, disease type, pathological stage, pairing status, and assay allocation, are provided in Supplementary Table 1. This study was conducted in accordance with the principles of the Declaration of Helsinki (2013 revision) and was approved by the institutional review board.
Cell culture
ihESCs were purchased from IMMOcell and cultured in Dulbecco’s modified eagle medium/F-12 (Absin, China) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Thermo Fisher, USA). Cells were maintained in a humidified incubator at 37°C with 5% CO2. Cell purity (>90%) was confirmed by Vimentin immunofluorescence staining. The cells were verified to be pathogen-free (negative for human immunodeficiency virus type 1, hepatitis B virus, and hepatitis C virus, and microbial contamination). Cell line authentication was performed using short tandem repeat profiling, with additional bioinformatics verification using ExPASy.
The hESC line was obtained from Shanghai Zhongqiao Xinzhou Biotechnology Co., Ltd. Cell purity (>90%) was confirmed by Vimentin immunofluorescence staining. Cells were pathogen-free (negative for human immunodeficiency virus type 1, hepatitis B virus, and hepatitis C virus, and microbial contamination) and were cultured in ZMY046 medium (Zhongqiao Xinzhou) under standard conditions (37°C, 5% CO2). Cell line authentication was performed using short tandem repeat profiling, with additional bioinformatics verification using ExPASy.
Immunohistochemistry
Tissues fixed in 4% paraformaldehyde were embedded in paraffin and sectioned at 4-μm thickness for staining. The sections were incubated at 60°C for 60 min, followed by deparaffinization in xylene and rehydration through a graded ethanol series. Endogenous peroxidase activity was blocked using 3% H2O2 for 15 min. Antigen retrieval was performed by microwave heating in sodium citrate buffer (pH = 6.0). Primary antibodies (Supplementary Table 2) were applied and incubated overnight at 4°C. The sections were then incubated with HRP-conjugated goat antirabbit IgG at room temperature for 60 min, followed by visualization using 3,3′-diaminobenzidine (E-IR-R101, Elabscience) for 5 min. After hematoxylin and eosin counterstaining, the sections were dehydrated and mounted.
RNA extraction, quantification, and complementary DNA (cDNA) synthesis
Total RNA was extracted using the NucleoSpin RNA Plus system (MACHEREY-NAGEL). RNA concentration and purity were assessed using an ND-1000 spectrophotometer. cDNA synthesis and reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) were performed using the Evo M-MLV reverse transcription kit (Erico), which includes a genomic DNA removal step to prevent interference with quantitative analysis. The synthesized cDNA is suitable for both dye-based and probe-based RT-qPCR applications.
RT-qPCR
cDNA synthesis was performed using 1000 ng of total RNA with a commercial kit, following the manufacturer’s instructions. mRNA expressions were quantified using the SYBR Green Pro Taq HS gene expression system (Accurate Biology, Hunan, China). The primers were obtained from Ruibo Biology. Glyceraldehyde 3-phosphate dehydrogenase mRNA was used as the internal reference. Relative gene expression was calculated using the comparative threshold cycle method, as previously described. Primer sequences are listed in Supplementary Table 3.
Western blot
Cells were lysed in radioimmunoprecipitation assay buffer supplemented with protease inhibitors (Beyotime) following three washes with Tris-buffered saline with 0.1% Tween® 20 detergent. Lysates were subjected to ultrasonic disruption and centrifuged at 12,000 × g for 15 min at 4°C. Protein concentrations were determined using the Bradford assay (Thermo Scientific). Equal amounts of protein were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto PVDF membranes (Merck). Membranes were blocked with 5% skimmed milk in Tris-buffered saline with 0.1% Tween® 20 detergent for 60 min and incubated overnight at 4°C with primary antibodies (Supplementary Table 2). After washing, membranes were incubated with HRP-conjugated antirabbit IgG secondary antibody for 1 h at room temperature. Protein bands were visualized using an enhanced chemiluminescence kit (STP262, Seyotin), and band intensities were quantified using ImageJ software.
Cell viability assessment
For cell viability analysis, logarithmic-phase cells were seeded into 96-well plates at a density of 5 × 103 cells per well. After overnight attachment, the cells were incubated with medium containing 10 μL of Cell Counting Kit-8 (CCK-8) reagent (Beyotime) for 90 min at 37°C. Absorbance was measured at 450 nm using a Promega GloMAX microplate reader.
Transwell assay
Cell migration was assessed using 24-well Transwell inserts (Corning; 8 μm pore size, 6.5 mm diameter). Briefly, 2 × 105 ihESCs transfected with small interfering RNA (siRNA) or plasmids were suspended in serum-free medium and seeded into the upper chamber. The lower chamber was filled with Dulbecco’s modified eagle medium/F-12 medium containing 10% fetal bovine serum to establish a chemotactic gradient. After incubation for 72 h at 37°C, nonmigrated cells on the upper surface were removed using a cotton swab. Migrated cells on the lower surface were fixed with paraformaldehyde for 30 min, stained with crystal violet, and imaged using a Leica DMIL LED Fluo microscope.
Wound healing test
The cells (2.5 × 106 cells/well; three replicates per group) were seeded into 6-well plates and cultured to confluence. Linear scratches were created using a pipette tip, and the monolayer was washed with serum-free medium to remove detached cells. Migration was observed under a Leica DMIL LED Fluo microscope (Germany), and representative images were captured at 0, 12, and 24 h. Cells were maintained in serum-free medium throughout the experiment to minimize the influence of proliferation and ensure assay reliability.
Flow cytometry
Apoptosis was evaluated using Annexin V–fluorescein isothiocyanate/PI staining (Absin) according to the manufacturer’s instructions. Briefly, cells were washed with cold PBS, incubated with Annexin V–fluorescein isothiocyanate for 15 min and propidium iodide for 10 min at room temperature in the dark, and then analyzed by flow cytometry. The percentage of apoptotic cells was calculated based on the distribution of stained populations.
Cell transfection (plasmid and siRNA)
ihESCs were cultured to approximately 80% confluence before transfection. Plasmid transfection was performed using the Lipofectamine 3000 system (Thermo Fisher Scientific) according to the manufacturer’s protocol. The constructs included pcDNA3.1 empty vector and pcDNA3.1-MGST3 plasmid (You Bio Bioscience). RNA and protein were extracted from cells at 24 or 48 h post-transfection.
For siRNA transfection, ihESCs at 80% confluence were transfected with MGST3-targeting siRNA (100 nM) using riboFECT CP (RiboBio). Cells were maintained in antibiotic-free complete medium during transfection without medium replacement. After 24 or 48 h, the cells were collected for RNA and protein extraction. The siRNA sequences are provided in Supplementary Table 4.
Intracellular iron levels
Intracellular ferrous ion (Fe2+) levels were assessed using FerroOrange (Servicebio). ihESCs were incubated with 1 μM FerroOrange in serum-free medium for 30 min at 37°C with 5% CO2. Fluorescence signals were measured at excitation 543 nm and emission 580 nm using a Promega GloMAX detection system.
ROS Level Detection
[bookmark: _GoBack]We used a ROS detection kit (Servicebio, China) to detect intracellular ROS levels in ihESCs. Cells were incubated with 2′,7′-dichlorodihydrofluorescein diacetate (10 μM) in serum-free medium for 30 min at 37°C with 5% CO2. Fluorescence intensity was measured at 525 nm using a Promega GloMAX microplate reader.
Malondialdehyde assay (MDA)
Lipid peroxidation was evaluated by measuring MDA levels using a commercial kit (Beyotime). Cells were lysed on ice for 30 min (lysis buffer for WB/IP), and protein extracts were reacted with thiobarbituric acid working solution. Absorbance was measured at 532 nm using a GloMAX microplate reader.
GSH assay
Intracellular GSH levels were determined using a commercial assay kit (Servicebio, China). ihESCs were subjected to ten freeze–thaw cycles to ensure complete lysis. The lysates were then incubated with GSH detection reagent, and absorbance was measured at 412 nm using a GloMAX microplate reader (Promega, USA).
Lipid peroxidation assay
Lipid peroxidation was assessed using the C11-BODIPY 581/591 fluorescent probe (MCE, HY-D1301). Briefly, ihESCs in the control and si-MGST3 groups were incubated with C11-BODIPY 581/591 working solution at 37°C for 30 min in the dark. After incubation, the cells were washed three times with PBS to remove excess dye. Fluorescence signals were observed and captured using a fluorescence microscope. Oxidized C11-BODIPY fluorescence was detected in the green channel, whereas nonoxidized fluorescence was detected in the red channel. Lipid peroxidation levels were evaluated by comparing fluorescence intensity changes between groups.
Transmission electron microscopy（TEM）
Cell pellets were collected by centrifugation and immediately fixed in electron microscopy fixative at 4°C for 2–4 h. Samples were embedded in 1% buffered agarose (0.1 M PB, pH 7.4) and subsequently fixed with 1% osmium tetroxide in 0.1 M PB at room temperature in the dark. Samples were then dehydrated at room temperature. For embedding, samples were incubated in a 1:1 mixture of acetone and 812 embedding medium (SPI, USA) at 37°C for 2–4 h, followed by infiltration in a 1:2 mixture at 37°C overnight, and finally in pure 812 embedding medium at 37°C for 5–8 h. Polymerization was performed at 60°C. Resin blocks were sectioned into 60–80 nm ultrathin sections and stained before observation under a transmission electron microscope (HITACHI, Japan).
Mouse model of EMs
A total of 35 female C57BL/6 mice (6–8 weeks old) maintained under specific pathogen-free conditions were randomly assigned into seven experimental groups (n = 5 per group). These groups included erastin and ferrostatin-1 treatment groups, vehicle controls (DMSO and corn oil), and three dose groups of GSTO-IN-2 (low, medium, and high). The EMs model was established as follows. In brief, after anesthesia of estradiol-stimulated mice (0.2 mL/mouse), the abdominal cavity was opened with scissors and forceps at approximately 0.5 cm above the urethral orifice, and adipose tissue was separated to expose the uterine horn and Y-shaped uterus. One side of the uterus and its blood vessels was ligated, and the tubular uterus was excised and immersed in normal saline. The uterus was then longitudinally incised, spread flat, and the endometrial tissue was isolated. The endometrium was sutured to the abdominal wall of the mice, the abdominal cavity was wiped and disinfected with iodophor, and the incision was sutured to close the abdomen. Endometriotic lesions developed after 3 weeks. Mice were then treated intraperitoneally with erastin or ferrostatin-1 (20 mg/kg; MCE) or low dose of GSTO-IN-2 ( 10 mg / kg ) or medium dose of GSTO-IN-2 ( 15 mg / kg ) or high dose of GSTO-IN-2 ( 20 mg / kg ) for 2 weeks, following approval by the Ethics Committee of Shenzhen Maternal and Child Health Hospital (Ethical No.: SZMCHH 21-2509-23). DMSO and corn oil served as vehicle controls. At the endpoint, animals were sacrificed, and lesion volumes were calculated using the formula V = 1/2 × A × a2 (A: long radius; a: short radius).
EndometDB - Turku EM Database
MGST3 expression was further validated using EndometDB, which includes mRNA data from 115 patients and 53 controls. This platform provides transcriptomic profiles of over 24,000 genes along with detailed clinical information. MGST3 expressions across different EMs phenotypes (ovarian, peritoneal, and deep infiltrating) were compared with those in healthy endometrial samples. Data were visualized using database-generated box plots. Detailed study design information is available in the original publications[34].
Statistical analysis
All quantitative data are presented as mean ± SD from at least three independent experiments. Statistical analyses were performed using GraphPad Prism (version 10). Comparisons between groups were conducted using unpaired t-tests or one-way or two-way analysis of variance, as appropriate. All quantitative data were derived from at least three independent biological replicates. Technical replicates in each experiment were averaged before statistical analysis. A p-value of <0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001), while p ≥ 0.05 was considered not significant (ns).
Results
MGST3 expression is upregulated in EMs
MGST3 expression was significantly upregulated in EMs. Using EndometDB (including gene expression data from 115 patients and 53 controls), we analyzed MGST3 expression across deep infiltrating EMs (bladder, intestine, rectum), peritoneal lesions, ovarian EM (OMA), and eutopic endometrium. Compared with control endometrium, MGST3 expression was markedly elevated in all types of endometriotic lesions (Fig. 1A). Validation using clinical samples demonstrated consistency between immunohistochemical findings and bioinformatics analysis. MGST3 protein expression was strongly positive in both epithelial and stromal components of OMA tissues (Figs. 1B and C). In addition, Western blot analysis of clinical samples confirmed a significant increase in MGST3 protein levels in OMA tissues (Fig. 1D). Furthermore, mRNA and protein were extracted from ihESCs and human endometrial stromal cells (HESCs). Compared with HESCs, MGST3 mRNA (Fig. 1E) and protein (Fig. 1F) expressions were significantly increased in ihESCs.
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Fig. 1 Microsomal glutathione S-transferase 3 (MGST3) expression is upregulated in EMs A. Differential expression analysis using EndometDB. B. Immunohistochemical (IHC) analysis of MGST3 expression. Representative images (200× and 400×) showing MGST3 immunoreactivity in control endometrium and ectopic epithelial tissue (n = 8). C. MGST3 expression in normal endometrium (NE) and ovarian EM (OMA). Representative IHC images showing MGST3 immunoreactivity in normal endometrial stroma and ectopic ovarian lesions (200× and 400×; n = 8). D. Western blot analysis of MGST3 protein expression in NE and OMA tissues. E. MGST3 mRNA expression in immortalized human endometrial stromal cells (ihESCs) and human endometrial stromal cells (HESCs) determined by reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR). F. Western blot analysis of MGST3 protein expression in HESCs and ihESCs. Statistical significance is indicated as **p < 0.01 and ***p < 0.001.

MGST3 enhances cell survival and migration while inhibiting apoptosis in ihESCs
Following transfection of ihESCs with MGST3-targeting siRNAs or plasmids, knockdown and overexpression efficiencies were validated by RT-qPCR and Western blotting (Figs. 2A and B). These initial validations confirmed the reliability of the selected sequences for subsequent functional analyses. Among the tested siRNAs, si-MGST3-003 exhibited the highest knockdown efficiency and was therefore used in subsequent experiments. Subsequently, ihESCs were transfected with an MGST3 overexpression plasmid, and transfection efficiency was confirmed by RT-qPCR and Western blotting (Figs. 2C and D). Cell viability was then assessed at 0, 24, 48, and 72 h. MGST3 knockdown significantly reduced ihESC viability compared with the untreated group (Fig. 2F), whereas MGST3 overexpression significantly increased cell viability (Fig. 2E). Flow cytometry analysis showed that, compared with the control group, the proportion of apoptotic cells was increased in MGST3-knockdown ihESCs and decreased in MGST3-overexpressing ihESCs (Fig. 2G). Transwell assay was used to evaluate the longitudinal migratory capacity of cells. MGST3 knockdown significantly inhibited the longitudinal migration of ihESCs, whereas MGST3 overexpression markedly enhanced their migratory capacity (Fig. 3A). Scratch assays were used to evaluate the lateral migratory capacity of cells. MGST3 knockdown reduced the lateral migratory capacity of ihESCs, whereas MGST3 overexpression enhanced this capacity (Fig. 3B). Taken together, these results indicate that MGST3 plays a critical role in regulating the survival and migratory capacity of ihESCs.
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Fig. 2 Microsomal glutathione S-transferase 3 (MGST3) enhances cell survival and inhibits apoptosis in ihESCs. A and B. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) and Western blot were used to detect MGST3 mRNA and protein levels in ihESCs after transfection with siMGST3 (50 nM) or siCON (50 nM) for 24 h. C and D. RT-qPCR and Western blot were used to detect MGST3 protein level in ihESCs 48 h after plasmid (2 μg/μL) transfection. E. ihESCs were treated with the indicated concentration of plasmid for different durations (24, 48, and 72 h), and cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay. F. ihESCs were treated with siMGST3 at the indicated concentration for different durations (24, 48, and 72 h), and cell viability was assessed using the CCK-8 assay. G. Apoptosis was analyzed by flow cytometry in ihESCs transfected with plasmids and/or siRNA to evaluate the effect of MGST3 on apoptotic rate. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.[image: figure3]

Fig. 3 Microsomal glutathione S-transferase 3 (MGST3) promotes migration of ihESCs. A. ihESCs were transfected with plasmids (2 μg/μL) and/or siRNA (50 nM), and migration was assessed using Transwell chambers at 48 h (n = 3; scale bar = 500 μm). B. Wound healing assays were performed in ihESCs transfected with plasmids (2 μg/μL) and/or siRNA (50 nM), along with control groups (original magnification 20×). Quantitative analysis was performed using Student’s t-test based on three independent biological replicates, with data presented as mean ± SD. Statistical significance is indicated as **p < 0.01, ***p < 0.001, and ****p < 0.0001.

MGST3 suppresses ferroptosis in ihESCs
To further elucidate the specific role of MGST3 in the regulation of ferroptosis, gain- and loss-of-function experiments were performed. First, MGST3 expression was silenced in ihESCs using siRNA, followed by systematic evaluation of key ferroptosis-related indicators. Compared with the control group, MGST3-knockdown cells exhibited a significant increase in MDA levels, reflecting enhanced lipid peroxidation. Concurrently, intracellular GSH levels were markedly reduced, whereas ROS levels and lipid peroxidation were significantly increased, indicating impairment of the cellular antioxidant defense system (Figs. 4A, C, E, and F). Furthermore, transmission electron microscopy revealed characteristic ferroptosis-associated mitochondrial morphological changes in MGST3-knockdown cells, including mitochondrial shrinkage and increased membrane density (Fig. 4G). These findings collectively indicate that MGST3 depletion promotes ferroptosis in ihESCs. Interestingly, the intracellular labile Fe²⁺ pool was reduced following MGST3 knockdown (Fig. 4B). Although this observation appears inconsistent with the conventional iron accumulation model of ferroptosis, it may reflect rapid consumption of free iron during intensified Fenton reactions, as well as dynamic compensatory changes in iron metabolism under conditions of severe oxidative stress. In contrast, MGST3 overexpression reversed these biochemical alterations, restoring GSH levels and enhancing resistance to lipid peroxidation (Fig. 4D).
To determine whether the reduction in cell viability induced by MGST3 depletion was specifically mediated by ferroptosis, rescue experiments were conducted using selective cell death inhibitors. Notably, only the ferroptosis inhibitor Ferrostatin-1 significantly restored the viability of si-MGST3-transfected ihESCs. In contrast, the apoptosis inhibitor Z-VAD-FMK exerted only a modest effect, and the necroptosis inhibitor Necrostatin-1 showed minimal protection (Fig. 4H), indicating that ferroptosis is the primary mode of cell death under these conditions. Finally, to investigate the molecular basis underlying these phenotypic changes, RT-qPCR and Western blot analyses were performed. MGST3 knockdown markedly reduced the expression of key antiferroptotic regulators, including GPX4 and SLC7A11, accompanied by corresponding alterations in the NRF2 signaling pathway (Fig.4I and J). Collectively, these results identify MGST3 as a critical negative regulator of ferroptosis in ihESCs. 
[image: figure4]
Fig. 4 Microsomal glutathione S-transferase 3 (MGST3) suppresses ferroptosis in ihESCs. A. Intracellular malondialdehyde (MDA) levels in ihESCs at 48 h after transfection with MGST3 siRNA (knockdown) or MGST3 overexpression plasmid.
B. Relative intracellular labile iron (Fe²⁺) levels measured using the FerroOrange probe in control and MGST3-knockdown ihESCs. C, D. Intracellular glutathione (GSH) levels at 48 h following MGST3 knockdown (C) or MGST3 overexpression (D). E. Representative images of intracellular reactive oxygen species (ROS) levels detected by 2′,7′-dichlorodihydrofluorescein diacetate staining (original magnification 20×). Left panels (a): ROS levels in control and MGST3-knockdown cells treated with or without the ferroptosis inhibitor Ferrostatin-1 (Fer-1, 1 μM). Right panels (b): ROS levels in vector control and MGST3-overexpressing cells treated with or without the ferroptosis inducer erastin (10 μM). F. Lipid peroxidation assessed by C11-BODIPY 581/591 staining in control and si-MGST3 groups. Red fluorescence indicates nonoxidized lipids, whereas green fluorescence indicates oxidized lipids (original magnification 20×). G. Representative transmission electron microscopy (TEM) images showing mitochondrial morphology in control and MGST3-knockdown ihESCs. Black arrows indicate normal mitochondria, whereas white arrows indicate shrunken mitochondria with increased membrane density characteristic of ferroptosis. Scale bar = 2.0 μm. H. Cell viability [Cell Counting Kit-8 (CCK-8) assay] of MGST3-knockdown ihESCs co-treated for 24 h with specific cell death inhibitors: Ferrostatin-1 (ferroptosis inhibitor, 1 μM), Z-VAD-FMK (apoptosis inhibitor, 10 μM), or Necrostatin-1 (necroptosis inhibitor, 10 μM). I. Relative mRNA expressions of ferroptosis-related genes in ihESCs at 24 h after transfection with si-Control or si-MGST3. J. Western blot analysis of key ferroptosis regulatory proteins in ihESCs at 48 h after transfection with si-Control or si-MGST3. Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

Pharmacological inhibition of the GST family or activation of ferroptosis attenuates the development of EMs
Currently, highly selective pharmacological inhibitors specifically targeting MGST3 are not available. Therefore, to evaluate the broader therapeutic potential of disrupting the GST-mediated ferroptosis defense network, we employed GSTO-IN-2, a well-characterized broad-spectrum GST inhibitor. Initially, ihESCs were treated with increasing concentrations of GSTO-IN-2 in vitro. The results showed that the IC50 (inhibitory concentration 50) of GSTO-IN-2 in ihESCs was 12.62 μM. Based on these findings, an appropriate dosage range was estimated for subsequent in vivo experiments. A mouse model of EMs was then successfully established, and animals were divided into seven groups: erastin, Ferrostatin-1, DMSO, corn oil, low-dose GSTO-IN-2, medium-dose GSTO-IN-2, and high-dose GSTO-IN-2 (Fig. 5A). Notably, treatment with the ferroptosis inducer erastin significantly delayed disease progression, whereas the ferroptosis inhibitor Ferrostatin-1 promoted lesion growth (Fig. 5B). Mice were sacrificed 2 weeks after drug administration, and ectopic lesions were collected for analysis. Key ferroptosis-related indicators were systematically evaluated. We found that compared with the control group, GSTO-IN-2 treatment at different concentrations significantly increased MDA levels, reflecting enhanced lipid peroxidation. Meanwhile, GSH levels significantly decreased, indicating impairment of the antioxidant defense system (Figs. 5C and D). Terminal deoxynucleotidyl transferase dUTP nick end labeling staining showed no significant differences in apoptosis among the GSTO-IN-2 treatment groups (Fig. 5E). To evaluate the potential toxicity and overall safety of the treatment strategy, body weight changes in mice were systematically monitored following establishment of the EM model. The experimental period lasted 33 days, and no significant differences in initial body weight were observed among the groups. Compared with the control group, body weight change curves in the treatment groups were largely comparable. Notably, two transient decreases in body weight were observed during the study, which may be attributable to laparotomy. Hematoxylin and eosin staining of heart, liver, lung, and kidney tissues from GSTO-IN-2-treated mice showed no obvious pathological lesions or adverse effects on major organs (Fig. 5F).
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Fig. 5 Pharmacological inhibition of the glutathione S-transferase (GST) family or activation of ferroptosis attenuates the development of endometriosis. A. Representative images of ectopic lesions in seven groups of mice before and after treatment (n = 5). B. Comparison of lesion volume among the seven groups after treatment. Lesion volume was calculated using the formula V = 1/2 × A × a2 (A: long radius; a: short radius）. C. GSH levels in ectopic lesions after treatment with different concentrations of GSTO-IN-2 in mice. D. MDA levels in ectopic lesions after treatment with different concentrations of GSTO-IN-2 in mice. E. Representative terminal deoxynucleotidyl transferase dUTP nick end labeling staining images of ectopic lesions from GSTO-IN-2-treated groups (original magnification 20×). F. Representative hematoxylin and eosin (H&E) staining images of heart, liver, kidney, and lung tissues from GSTO-IN-2-treated mice (original magnification 200×). Data are presented as mean ± SD from three independent biological replicates. Statistical analyses were performed using Student’s t-test for two-group comparisons and one-way analysis of variance followed by Tukey’s multiple comparisons test for multiple-group comparisons. Probability values of p < 0.05, p < 0.01, and p < 0.001 are indicated by *, **, and ***, respectively.

Discussion
To the best of our knowledge, this study is the first to reveal the important modulatory role of MGST3 in the development of EMs at the molecular level. Our data demonstrate that MGST3 is significantly upregulated in ectopic lesions and stromal cells compared with eutopic endometrium. Through a series of in vitro gain- and loss-of-function experiments, we found that MGST3 functions not only as a potential biomarker of disease progression but also as a key regulator of the pathological phenotype of ihESCs. Specifically, MGST3 silencing markedly inhibited proliferation and migration of ihESCs and induced cell death, whereas its overexpression conferred a pronounced survival advantage. These findings suggest that aberrant upregulation of MGST3 may represent an adaptive mechanism that enables ectopic endometrial cells to establish and maintain lesions within the heterogeneous microenvironment of the peritoneal cavity and ovary.
The GST superfamily has long been regarded as a central component of the cellular antioxidant defense system, mitigating oxidative stress by catalyzing the conjugation of reduced GSH to electrophilic substrates. Previous studies have primarily focused on cytosolic (GST subfamilies; for example, GSTM2 has been implicated in the regulation of redox homeostasis and aging[20], while deletion of GSTM1 and GSTT1 genes has been associated with increased susceptibility to EMs due to impaired detoxification ability[24]. In contrast, MGST3 belongs to the membrane-associated proteins in eicosanoid and glutathione metabolism family. Its upregulated expression has been linked to chemoresistance and poor prognosis in hepatocellular carcinoma, ovarian cancer, and testicular cancer, indicating a broad cytoprotective role[8][12][21]. However, the function of MGST3 in EMs remains unclear. Using EndometDB, we confirmed that MGST3 is significantly upregulated in deep infiltrating, peritoneal, and OMA. Unlike cytosolic GSTs, MGST3 is localized to the endoplasmic reticulum and the outer mitochondrial membrane. This subcellular localization enables MGST3 to act directly at sites of lipid peroxidation, facilitating the detoxification of membrane lipid peroxides through its GSH-dependent activity. These findings extend current understanding of antioxidant mechanisms in EMs, suggesting that ectopic lesions rely not only on cytosolic detoxification systems but also on membrane-associated defense mechanisms to preserve organelle integrity.
Endometriotic lesions are characterized by an iron-overloaded microenvironment resulting from repeated hemorrhage, which promotes lipid peroxidation via Fenton chemistry and thereby induces ferroptosis[12][16]. However, ectopic endometrial stromal cells exhibit increased tolerance to this process[17]. In EMs, the ATF4–xCT signaling axis is significantly upregulated, enhancing antioxidant defenses and sustaining cell survival under iron-overloaded conditions[25]. Fibrillin-1 has also been identified as a key mediator that promotes proliferation and migration by suppressing ferroptosis[28]. Ferroptosis resistance is not only critical for the persistent progression of endometriotic lesions but also contributes to impaired ovarian function and abnormal embryonic development, ultimately leading to infertility[26][27]. Similarly, in endometrial cancer, SENP5 stabilizes β-catenin through deSUMOylation, thereby enhancing GPX4 transcription, strengthening antioxidant defenses, and inhibiting ferroptosis[29]. In addition, ACAA1, a mitochondrial fatty acid β-oxidation enzyme, promotes Nrf2 nuclear translocation, enabling cancer cells to survive under iron-overloaded conditions while supporting metabolic reprogramming and tumor growth[30]. Collectively, these studies highlight that ferroptosis resistance confers a significant survival advantage in uterine-derived diseases, particularly EMs. However, the precise regulatory mechanisms of ferroptosis in EMs remain insufficiently characterized and warrant further systematic investigation.
Our data support that MGST3 plays a critical role in the regulation of ferroptosis in ihESCs, and that Ferrostatin-1 effectively rescues the growth inhibition induced by si-MGST3. MGST3 knockdown induced ferroptosis, as evidenced by increased lipid peroxidation products and ROS levels, depletion of GSH, and mitochondrial structural damage; these effects were partially reversed by Ferrostatin-1. Conversely, MGST3 overexpression inhibited erastin-induced ferroptosis. Interestingly, although NRF2 expression was increased and KEAP1 expression was decreased following MGST3 knockdown, the downstream ferroptosis-protective proteins SLC7A11 and GPX4 were both reduced. This pattern suggests that NRF2 activation represents a compensatory response to excessive oxidative stress rather than an effective restoration of antioxidant capacity. In other words, despite activation of the NRF2 stress response, the SLC7A11/GSH/GPX4 axis remained functionally impaired, thereby promoting lipid peroxidation and ferroptosis. This observation may also explain why ferroptotic features were enhanced despite a reduction in measured Fe²⁺ levels at the examined time point. Collectively, these findings indicate that MGST3 contributes to the establishment of an antiferroptotic environment in ectopic endometrial cells by suppressing the ferroptotic pathway. This observation is consistent with previous studies showing that enhanced antioxidant defenses promote tumor growth in endometrial cancer[15][17][25], and further identifies MGST3 as an important molecular link between dysregulated iron metabolism and the survival of endometriotic lesions.
Another notable finding of this study is that treatment with GSTO-IN-2, a broad-spectrum GST inhibitor, significantly reduced the viability of ihESCs in vitro in a dose-dependent manner. This is consistent with previous reports demonstrating that erastin promotes ferroptosis in ihESCs and attenuates EMs progression[15][18]. In oncology, ferroptosis induction has emerged as a promising therapeutic strategy. For example, Yang et al. reported that ferroptosis inducers inhibit the growth of liver cancer cells[12], and Niu et al. demonstrated that ferroptosis induction enhances tumor sensitivity to immunotherapy[19]. Antioxidant-based approaches have also shown therapeutic potential in EMs, including supplementation with exogenous antioxidants, use of natural compounds with anti-inflammatory and antioxidant properties[31], correction of metabolic abnormalities to reduce oxidative stress[32], and modulation of the microbiome to indirectly enhance antioxidant defense[33]. Here, we propose that disrupting the ferroptosis defense system, particularly the GST family, represents a potential therapeutic strategy for EMs. Inhibition of MGST3 reduces the tolerance of ihESCs to ferroptosis and also promotes ferroptotic cell death in ihESCs.
To further evaluate this concept in vivo, we established a mouse model of EMs and administered erastin or varying doses of GSTO-IN-2. Broad inhibition of GST activity by GSTO-IN-2 significantly suppressed lesion growth, demonstrating an in vivo efficacy comparable to that of erastin. Currently, clinical management of EMs relies predominantly on hormone therapy, which is often limited by adverse effects such as hot flashes, night sweats, and bone loss. While antioxidant-based therapies can alleviate disease progression, our findings propose a distinct therapeutic paradigm: actively inducing ferroptosis by disrupting endogenous defense mechanisms. Importantly, although our in vitro genetic experiments identify MGST3 as a key regulatory node, our in vivo pharmacological data demonstrate that targeting the broader GST-mediated ferroptosis defense network is therapeutically effective. Therefore, targeting the GST–ferroptosis axis, particularly MGST3, pending the development of highly selective inhibitors, represents a promising therapeutic strategy for EMs, especially in hormone-resistant or recurrent cases.
In conclusion, this study identifies MGST3 as a key negative regulator of ferroptosis in EMs, linking antioxidant defense mechanisms to ferroptotic cell death in EMs. While previous studies have implicated MGST3 in ferroptosis regulation in other biological contexts[35], our findings extend this role to EMs and highlight MGST3 as a previously under-recognized mediator of ferroptosis resistance in ectopic endometrial stromal cells.
Limitations
Although our in vitro data strongly support MGST3 as a specific therapeutic vulnerability, several limitations of the present study should be acknowledged. First, with respect to in vivo validation, MGST3 remains a relatively novel target in the ferroptosis field, and highly selective small-molecule inhibitors specifically targeting MGST3 are not yet available. Consequently, the use of the broad-spectrum GST inhibitor GSTO-IN-2 primarily reflects the effect of disrupting the broader GST-mediated antioxidant defense network, rather than selective inhibition of MGST3. Second, although we established an MGST3-mediated antiferroptotic phenotype, the underlying molecular mechanisms remain incompletely defined. In particular, the precise regulatory interactions between MGST3 and key signaling pathways, such as the NRF2/GPX4 axis or lipid metabolic remodeling networks, require further detailed investigation. Finally, although our analysis of human tissues provides important translational relevance, the clinical sample size remains relatively limited.
Future studies should adopt a multifaceted approach to facilitate clinical translation. These include the use of Mgst3 knockout mouse models and the development of highly selective MGST3 inhibitors for precise in vivo validation, as well as in-depth characterization of the molecular signaling pathways linking MGST3 to ferroptosis. In addition, validation in larger, multicenter clinical cohorts will be necessary. Collectively, these efforts will advance the development of precise targeted therapies for EMs.
Conclusion
In summary, we demonstrate for the first time that MGST3 regulates ferroptosis and promotes the development of EMs. We identify the MGST3–ferroptosis axis as a potential therapeutic target for EMs, providing new insights into the molecular mechanisms underlying EMs and offering a foundation for the development of novel treatment strategies.
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